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SUMMARY: 

PART 1: INVESTIGATIONS OF MYCOBACTERIUM ULCERANS 

Buruli ulcer is a skin disease caused by Mycobacterium ulcerans, with endemicity 

predominantly in sub-Saharan Africa and south-eastern Australia. The mode of transmission 

and the environmental reservoir(s) of the bacterium remain elusive. Real-time PCR 

investigations have detected M. ulcerans DNA in a variety of Australian environmental 

samples, including the faeces of native possums with and without clinical evidence of 

infection. This part of the project was undertaken to try to further characterise the disease in 

possums and other animals, and to try to ascertain what role, if any, possums may have as 

reservoir hosts for this organism. 

Chapter 1 details 27 clinical cases of M. ulcerans infection in free-ranging possums 

from southeastern Australia, identified retrospectively and prospectively between 1998-2011. 

Pseudocheirus peregrinus (common ringtail possums), a Trichosurus vulpecula (common 

brushtail possum) and a Trichosurus cunninghami (mountain brushtail possum) were 

included in the clinically affected cohort. Most clinically apparent cases were adults with 

solitary or multiple ulcerative cutaneous lesions, generally confined to the face, limbs and/or 

tail. The disease was minor and self-limiting in the case of both Trichosurus spp. In contrast, 

many of P. peregrinus had cutaneous disease involving disparate anatomical sites, and in four 

cases there was evidence of systemic disease at post mortem examination. Where tested using 

real-time PCR targeted at Insertion Sequence (IS)2404, animals typically had significant 

levels of M. ulcerans DNA throughout the gut and/or faeces. A further 12 possums without 

cutaneous lesions were found to have PCR-positive gut contents and/or faeces (sub-clinical 

cases), and in one of these the organism was cultured from liver tissue. Comparisons were 

made between clinically and sub-clinically affected possums, and 61 PCR-negative, non-

affected individuals, with regards to disease category and the categorical variables of species 

(P. peregrinus v others) and sex. Animals with clinical lesions were significantly more likely 

to be male P. peregrinus.  

There is a significant disease burden in P. peregrinus (especially males) in some areas 

of Victoria endemic for M. ulcerans disease. The natural history of the disease generally 

remains unknown, however it appears that some mildly affected T. vulpecula and T. 

cunninghami can spontaneously overcome the infection, whereas other severely affected 
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animals, especially P. peregrinus, may become systemically, and potentially fatally affected. 

Subclinical gut carriage of M. ulcerans DNA in possums is quite common and in some T. 

vulpecula and T. cunninghami this is transient. Further work is required to determine whether 

M. ulcerans infection poses a potential threat to possum populations, and whether these 

animals are acting as environmental reservoirs in certain geographical areas. 

Chapter 2 details extensive efforts over the duration of the candidature to try to 

establish viability of M. ulcerans in possum intestinal contents and faeces. Techniques to 

overcome contamination of liquid and solid culture by saprophytic fungi and bacteria and to 

maximise the potential numbers of M. ulcerans in inocula are explored. Culture of M. 

ulcerans from the gut contents of clinically affected possums was successful on two 

occasions, but the possibility of laboratory contamination cannot be completely excluded. 

The question of whether IS2404 PCR-positive faeces deposited on the ground by possums in 

endemic areas of Victoria represent a direct infective risk to people and other animals or play 

another role in the chain of transmission in the increasing incidence of M. ulcerans disease 

remains unanswered. 

Chapter 3 outlines efforts to assess whether antibodies to M. ulcerans protein Hsp18 

can be detected in the serum of clinically and sub-clinically affected possums and to compare 

this to sera obtained from a cohort of control possums domiciled in likely non-endemic areas 

of Melbourne, Victoria. Unfortunately, neither indirect ELISA targeting Hsp18 nor Western 

Blot techniques utilising Hsp18 or M. ulcerans whole cell lysate provided clear answers due 

to limitations imposed by cross reactions in the assay. However, there was some evidence 

that all possums tested had seroconverted to either M. ulcerans or antigenically similar 

organisms. Further avenues on how these techniques may be optimised are discussed. 
Chapter 4 describes localised infection caused by M. ulceran in seven dogs domiciled 

in coastal Victoria. The diagnosis was confirmed utilising real-time PCR targeting the M. 

ulcerans-specific insertion sequence (IS2404) in DNA extracted from swabs of ulcerated 

lesions in all cases. Where available, molecular typing confirmed that three of the dogs were 

infected with a strain of M. ulcerans that was indistinguishable from that causing disease in 

people and other animals in Victoria. One dog was still undergoing treatment at the time of 

writing; however, the remaining three dogs were successfully treated with a combination of 

surgical debridement and medical therapy in one case, and medical therapy alone in the other 

two. Investigation of the home environs of three of the dogs using real-time 



xviii	

PCR revealed low amounts of M. ulcerans DNA in various environmental samples. 

Mycobacterium ulcerans infection should be included in the differential diagnoses of any 

ulcerated skin lesions in dogs that live in or visit endemic areas of Victoria and Queensland. 

An ulcerative dermopathy caused by M. ulcerans is also described in two alpacas (Vicugna 

pacos) domiciled in endemic areas of Victoria, Australia. The diagnosis was confirmed in 

both cases via polymerase chain reaction targeting the M. ulcerans-specific insertion 

sequence, IS2404. Extensive wound debridement and bandaging was effective in controlling 

local disease in one case, although the animal was eventually euthanased due to suspected 

disease recurrence at a disparate anatomical site. The potential use of adjunctive antibiotic 

and local therapies directed against M. ulcerans infection in this species is discussed. 

Treatment was not undertaken in the second animal; however, the results of a complete 

necropsy are described. Investigation of the environs of the second animal yielded low levels 

of M. ulcerans DNA associated with a variety of samples. Mycobacterium ulcerans infection 

should be suspected in alpacas domiciled in endemic areas that present with ulcerative skin 

disease. 

PART 2: INVESTIGATIONS OF FASTIDIOUS MYCOBACTERIA CAUSING CUTANEOUS 

NODULAR DISEASE IN CATS (FELINE LEPROSY) 

Chapter 5 provides a detailed description of disease referable to Candidatus 

‘Mycobacterium tarwinense’, the most common cause of ‘feline leprosy’ in Victoria, 

Australia. Cases were sourced retrospectively and prospectively for this observational study, 

describing clinical, geographical and molecular microbiological data for cats definitively 

diagnosed with Candidatus ‘M. tarwinense’ infection. A total of 145 cases of feline leprosy 

were scrutinized; 114 cases were sourced from the Victorian Infectious Diseases Reference 

Laboratory records, veterinary pathology laboratories or veterinarians, and 31 cases were 

derived from six published studies. Forty-two cats were definitively diagnosed with 

Candidatus ‘M. tarwinense’ infection. Typically, cats were between three and 11 years of 

age, with no gender predilection and were generally systemically well. All had outdoor 

access. Most cats underwent surgical resection of lesions with adjunctive medical therapy, 

often utilising a combination of oral clarithromycin and rifampicin for at least 3 months. 

Prognosis for recovery was generally good. Spontaneous resolution of lesions was not 

observed in the absence of treatment, but a number of untreated cats continued to enjoy an 
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acceptable quality of life despite persistence of the disease, which extended locally but did 

not appear to disseminate to internal organs. Preliminary results of draft genome sequencing 

confirmed that the species is a member of the Mycobacterium simiae complex. Candidatus 

‘M. tarwinense’ is capable of causing ‘feline leprosy’ with a tendency to produce lesions on 

the head, particularly involving the eyes and periocular skin. The disease has an indolent 

clinical course and is generally favourable to therapy despite lesions often containing large 

numbers of organisms. Detailed genomic analysis of the organism may yield clues as to the 

environmental niche and culture requirement of this elusive pathogen. Prospective treatment 

trials and/or drug susceptibility testing in specialised systems would further inform treatment 

recommendations. 

Chapter 6 provides a detailed description of disease referable to Mycobacterium 

lepraemurium, the most common cause of ‘feline leprosy’ worldwide. Cases were sourced 

retrospectively and prospectively for this observational study, describing clinical, 

geographical and molecular microbiological data for cats definitively diagnosed with M. 

lepraemurium infection. Sixty-five cats were included in this study. Typically, cats were one 

to three years-of-age when first infected, with a male gender predilection. Affected cats were 

generally systemically well. All had outdoor access. Lesions tended to consist of one or more 

cutaneous/subcutaneous nodules, typically located on the head and/or thoracic limbs, 

possibly reflecting the most likely locations for a rodent bite as the causal point of inoculation 

for organisms. Nodules had the propensity to ulcerate at some stage in the clinical course. 

The cytological and histological picture varied from tuberculoid, with relatively low bacterial 

numbers, to lepromatous with moderate to high bacterial numbers. Treatment was varied, 

although most cats underwent at least marginal surgical resection of lesions with or without 

adjunctive medical therapy. Prognosis for recovery was generally good, and in two cases 

there was spontaneous remission without the requirement for medical intervention. The 

disease had no clinically apparent propensity to disseminate to internal organs. 

Mycobacterium lepraemurium causes high bacterial index, lepromatous or low bacterial 

index, tuberculoid, ‘feline leprosy’. The infection typically causes nodules of the skin and/or 

subcutis, which tend towards ulceration, present on the head and/or thoracic limbs. The 

disease usually has an indolent clinical course and infected cats have a generally favourable 

response to therapeutic interventions, with rare cases undergoing spontaneous resolution. 

Genomic analysis may yield clues as to the environmental niche and culture requirement of 
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this elusive organism. Prospective treatment trials and/or additional drug susceptibility testing 

in specialised systems would further inform treatment recommendations. 

Chapter 7 provides a detailed description of disease referable to the previously un-

named species, Candidatus ‘Mycobacterium lepraefelis’, a close relative of the human 

pathogens, Mycobacterium leprae and Mycobacterium lepromatosis and the bovine and 

pathogen causing nodular thelitis. Cases were sourced retrospectively and prospectively for 

this observational study, describing clinical, geographical and molecular microbiological data 

for cats definitively diagnosed with Candidatus ‘M. lepraefelis’ infection. Thirty-eight cats 

were included in this study. Typically, cats tended to be middle-aged or over when first 

infected, with a preponderance of males. Affected cats typically had widespread cutaneous 

lesions, in some cases after initially localized disease. Advanced cases were often 

systemically unwell. All cats had outdoor access. The histologic picture was lepromatous in 

the majority of patients, although two cases had tuberculoid disease. In one case that 

underwent necropsy, lesions were evident in the liver, spleen and lungs. Treatment was 

varied, although most cats received a combination of oral clarithromycin and rifampicin. 

Prognosis for recovery was variable, but typically poor. Candidatus ‘M. lepraefelis’ typically 

causes a high bacterial index, lepromatous ‘feline leprosy’ that in some cases progresses to 

systemic mycobacteriosis. The disease has a variable clinical course and prognosis. Many 

cases either died or were euthanased due to the infection. Multi-locus sequence analysis 

reveals a heterogenous picture and further analysis of draft genome sequencing may give 

clues to the taxonomy and epidemiology of this organism. Prospective treatment trials and/or 

additional drug susceptibility testing in specialised systems would further inform treatment 

recommendations. 

Comparative aspects of the clinical disease caused by the three fastidious 

mycobacterial agents are covered in the final chapter of the thesis. The three agents differ 

markedly in their age and sex distribution, with the M. simiae complex-related organism 

Candidatus ‘M. tarwinense’ affecting cats with a wide range of ages, and showing no sex 

predilection, M. lepraemurium, related to the M. avium-intracellulare complex, 

predominately affecting young, male cats, and Candidatus ‘M. lepraefelis’, a relative of M. 

leprae and M. lepromatosis, tending to cause disease in older male cats. The clinical picture 

also varied substantially. Candidatus ‘M. tarwinense’ tended to cause a few, non-ulcerated 

nodules on the head, particularly of the ocular and peri-ocular structures, with no evidence of 
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haematogenous spread. Prognosis tended to be variable, with a number of cats unable to be 

cured, although virulence tended to be low, and some cats lived for long periods despite the 

presence of inexorably expanding lesions. Disease caused by M. lepraemurium ranged from 

localised to widespread, likely haematogenously, disseminated skin disease which often 

ulcerated. Prognosis, however tended to be good with the majority of cats achieving cure of 

their disease, some spontaneously. Candidatus ‘M. lepraefelis’ tended to cause widespread 

disease with systemic signs of illness. There was no particular anatomical site preference and 

in one cat organisms were found to be present in the liver and spleen. Prognosis for this 

disease tended to be guarded, with many cats succumbing to the disease or being euthanased 

due to inadequate response to therapy. Geographical distribution of affected cases also varied 

substantially, with Candidatus ‘M. tarwinense’ cases being highly restricted to an area of 

south east of Melbourne, Victoria, Australia (with two outliers in New South Wales). 

Mycobacterium lepraemurium is known to have a world-wide distribution, perhaps related to 

the distribution of a rodent disease reservoir, and cases were located from all areas covered 

by the study, whereas Candidatus ‘M. lepraefelis’ was only found on the eastern coast of 

mainland Australia, both islands of New Zealand, and one suspected historical case from 

British Colombia, Canada. 
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LITERATURE REVIEW-PART1: 

Mycobacterium ulcerans is a pathogenic environmental organism that causes 

cutaneous lesions characterised by necrosis of subcutaneous fat, and subsequent indolent 

ulceration of the overlying skin (Figure 1). Mycobacterium ulcerans infection is classified as 

a “neglected tropical disease” by the World Health Organization (WHO) (World Health 

Organization, 2009), despite its status as the third most significant mycobacterial disease in 

people after tuberculosis and leprosy (World Health Organization, 2000), although in some 

regions of West and Central Africa its prevalence exceeds these diseases (Amofah et al., 

2002; Debacker et al., 2004; Sopoh et al., 2007). Although it is now the focus of considerable 

international research, the definitive ecology and mode of transmission of the disease remain 

unresolved, and it continues to have a negative impact on the lives of thousands of people in 

endemic areas around the world (Figure 2), especially in developing nations where diagnosis 

is often delayed, and treatment may be suboptimal. 

Figure 1: An ulcerative skin lesion caused by M. ulcerans infection in a Victorian patient [Image from Lavender CJ, 
et al. (2011) Risk of Buruli Ulcer and Detection of Mycobacterium ulcerans in Mosquitoes in South-eastern 
Australia. PLoS Negl Trop Dis 5(9): e1305. doi:10.1371/jo] 
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Historical perspective: 

Infection caused by M. ulcerans was likely first documented by the Scottish explorer 

Capt. James Augustus Grant in “A Walk Across Africa” which chronicled his travels around 

the western aspect of Lake Victoria in 1861 (Hayman, 1992). Similarly, anecdotal reports by 

the British physician and missionary, Sir Albert Cook, detailed cases of a mysterious 

ulcerative skin disease treated at Mengo Hospital in Kampala, Uganda in 1897 (Hayman, 

1992). 

In the late 1930’s, two general practitioners, Drs. DG Alsop and JR Searls from 

Bairnsdale, Victoria, first observed patients with indolent skin ulcers (Alsop, 1972). Biopsy 

material was submitted to the Pathology department of the University of Melbourne and 

subsequently patients were referred to the Alfred Hospital, Melbourne, for diagnosis and 

treatment. The clinical details of five patients from the Bairnsdale region and another from 

Colac, [who may have acquired the infection whilst in service in New Guinea (Hayman, 

1992)] were subsequently described in detail by Prof. Peter MacCallum (Pathology 

Figure 2: WHO world map showing areas endemic for M. ulcerans infection in people as of 2015 (Image from 
http://gamapserver.who.int/mapLibrary/Files/Maps/Buruli_2015.png?ua=1 accessed 4th December 2017) 
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Department, the University of Melbourne) in the first formal recognition of the disease in 

1948 (MacCallum et al., 1948). In the same report, Dr. Jean Tolhurst and Mr. Glen Buckle 

(Bacteriology Department, Alfred Hospital) documented their observations of the inoculation 

of three separate patient strains of M. ulcerans into laboratory animals, as well as their 

concerted efforts to cultivate the organism. Also, in this report, Dr. Hubert Sissons 

contributed the first description of pathological lesions in laboratory rats. MacCallum and 

collaborators refrained from naming the organism in this manuscript, but they subsequently 

proposed the name “Mycobacterium ulcerans” (Fenner, 1950), presumably because of the 

striking clinical features of the disease.  

In 1950, van Oye and Ballion briefly reported on a similar clinical syndrome in a six-

year-old Caucasian boy who had returned to the United States of America with his parents 

who had spent time as missionaries in the Belgian Congo1 (van Oye & Ballion, 1950) and 

further details of the case were described in a supplementary publication (Meleney & 

Johnson, 1951). Following this case report, it began to emerge that a large number of cases 

had been observed in this region of Africa. Indeed, during a discussion of van Oye and 

Ballion’s work, Prof. Pieter Janssens (then Chair of Tropical Medicine at the Institute of 

Tropical Medicine, Antwerp) commented that he had seen 81 such cases between 1942 and 

1950, whilst stationed in Kilo Moto, in the Belgian Congo (approximately 540 km northwest 

of Kampala), and that he had succeeded in transmitting the infection to laboratory rats 

(Connor & Lunn, 1965; Janssens et al., 2005; Janssens et al., 1959). 

Over the next few decades, cases emerged in residents of, or visitors to, other areas of 

Australia (Abrahams, 1964; Lane, 1964; Quinn & Crotty, 1963), and Africa [including 

Angola (Bar et al., 1998; Phanzu et al., 2006; Pszolla et al., 2003), Benin, Cote d’Ivoire 

(Perraudin et al., 1980; Richard-Kadio et al., 1990), Gabon (Carayon et al., 1968 ), Liberia 

(Monson et al., 1984; Ziefer et al., 1981), Nigeria (Farber & Tsang, 1967; Gray et al., 1967; 

Oluwasanmi et al., 1976), Uganda (Barker, 1971, 1972, 1973; Barker & Carswell, 1973; 

Barker & Ninkibigaya, 1972; Clancey, 1964; Clancey et al., 1961; Connor & Lunn, 1966; 

Dodge, 1964; Dodge & Lunn, 1962; Lunn et al., 1965; Uganda Buruli Group, 1969, 1971), 

Cameroon (Ravisse, 1977), Togo (Meyers et al., 1996), Ghana (Bayley, 1971; van der Werf 

et al., 1989), Sierra Leone (Monson et al., 1984; World Health Organization, 2004) and 

1 The Belgian Congo became known as the Republic of Zaire in 1971 and subsequently the 
Democratic Republic of Congo in 1997. 
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Gabon (Barker, 1973; Burchard & Bierther, 1986; Carayon et al., 1968 )] as well as Papua 

New Guinea (Forbes et al., 1954; Radford, 1974a; Reid, 1967), Malaysia (Pettit et al., 1966) 

and the Americas [including Mexico (Aguilar et al., 1953), Peru (Gallarday-Vasquez et al., 

1969), French Guiana (Grosshans & Pradinaud, 1979; Pradinaud et al., 1974)]. In Uganda, a 

sharp increase in the incidence of the disease was observed in the 1960’s possibly related to 

two flood events. The condition was called “Buruli Ulcer” because the majority of the 

patients in the first report came from the Buruli County, a sparsely populated region along the 

upper Nile River (Dodge & Lunn, 1962; Janssens et al., 2005). The incidence of disease 

became so frequent and widespread that the Uganda Buruli Group was established in 1967 by 

the Uganda Ministry of Health and Makerere Medical School (Uganda Buruli Group, 1971). 

By 1975 over 1,500 cases of M. ulcerans infection had been recorded in the region (Barker, 

1973). 

Following a visit to Cote D’Ivoire in 1997, the WHO Director-General, Dr. Hiroyoshi 

Nakajima, announced a commitment to an increased effort towards control and research of 

the disease (World Health Organization, 2000). The following year, the “Global Buruli Ulcer 

Initiative” was established and the first International Conference on Buruli Ulcer Control and 

Research was held. From this conference, the Yamoussoukro Declaration emerged, which 

pledged to provide support for treatment, education and epidemiological studies of Buruli 

Ulcer throughout endemic areas of Africa (World Health Organization, 1998). 

More recently other countries such as Sudan (Stragier et al., 2006), Equatorial Guinea 

(Janssens et al., 2005; Toll et al., 2005), Burkina Faso (Ouoba et al., 1998), Guinea (Janssens 

et al., 2005), Suriname (World Health Organization, 2004), Jordan, China (Faber et al., 2000) 

and Japan (Kazumi et al., 2004; Tsukamura et al., 1989) have reported infections caused by 

M. ulcerans or closely related organisms. 

Nomenclature: 

The disease caused by M. ulcerans has the dubious honour of having one of the 

largest collections of synonyms in medical history. In Victoria it was called Searls’ or 

Bairnsdale Ulcer after the initial reports (Alsop, 1972; MacCallum et al., 1948) and many 

variants such as Buruli (Uganda) (Clancey, 1964), Daintree or Mossman (North Queensland) 

(Steffen et al., 2010), Kumasi (Ghana) or Kakerifu (Zaire) (Janssens, 1972), Kasongo or Tora 

(DRC) and Mexican ulcer (Janssens et al., 1959) as well as “sik belong wara Sepik” 
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(translated as the “illness of the Sepik River”) (Papua New Guinea) (Radford, 1974b) have 

been used, depending on the geographical location. Although the WHO has officially adopted 

“Buruli Ulcer” as the internationally recognised eponym, some have (repeatedly) called for 

the disease to be known simply as “ulcerans infection” or “ulcerans disease”. (Anon., 1975; 

Radford, 1973, 2009) The use of synonyms and eponyms is discouraged in modern veterinary 

medicine, thus the terms “Mycobacterium ulcerans infection” or “disease” will be employed 

in this thesis. 

Bacteriology/Microbiology: 

Mycobacterium ulcerans is a slowly-growing organism that can be isolated directly 

from patient lesions (either from swabs or fresh tissue biopsy) on mycobacterial media at 

temperatures between 29 and 33°C.2 Growth is usually observed after 6-12 weeks, although 

some isolates may take up to 6 months to grow (World Health Organization, 2000; Yeboah-

Manu et al., 2004). Molecular methods have indicated that M. ulcerans is likely to be present 

in the environment of endemic areas, however the organism has proved to be extremely 

challenging to isolate from these locations (Fyfe et al., 2007; Portaels et al., 1999; Ross et al., 

1997a). The pathogen has only twice been isolated directly from the environment (Aboagye 

et al., 2016; Portaels et al., 2008), outlined in detail in the introductory section of Chapter 3 

of this thesis. It has been speculated that the difficulty in culturing M. ulcerans directly from 

the environment may be due to a combination of (1) the sampling of inadequate numbers of 

viable organisms, (2) inappropriate handling and transport media and/or (3) overzealous 

decontamination methodologies (Portaels et al., 2008; World Health Organization, 2000). 

The details of previous attempts to cultivate the organism from environmental sites are also 

outlined in Chapter 3 of this thesis. 

Currently, M. ulcerans is classified as a member of the Mycobacterium marinum 

complex (Yip et al., 2007), which includes M. marinum (the causative agent of 

granulomatous disease in fish and so-called ‘fish-tank” or “swimming pool granuloma” in 

people), Mycobacterium shinshuense (which causes ulcerative disease in people in Japan), 

Mycobacterium pseudoschottsi and Mycobacterium liflandi, the latter two species being 

2 The organism’s unusual temperature requirement was serendipitously discovered by 
Tolhurst and Buckle after the failure of an incubator fan whereupon growth was observed on 
egg-yolk media; prior to this the organism could only be maintained via repeated inoculation 
of rats with infected peritoneal fluid (J. Hayman, MD thesis, the University of Melbourne). 
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pathogenic for fish and frogs, respectively (Kaser et al., 2009; Kazumi et al., 2004; Mve-

Obiang et al., 2005; Ranger et al., 2006; Rhodes et al., 2005). Mycobacterium ulcerans, M. 

shinshuense, M. pseudoschottsi, M. liflandii and some strains of M. marinum contain a large 

plasmid (pMUM001) that enables them to manufacture variants of a polyketide toxin, called 

“mycolactone” (Ranger et al., 2006; Stinear & Johnson, 2007). This group of organisms has 

become known as “mycolactone producing mycobacteria” or MPM (Kaser et al., 2009). 

Genetic analysis has shown that MPM have recently evolved from a common M. marinum 

progenitor and can be divided into two distinct ecotypes, although both groups contain 

members that can produce ulcerative lesion in people (Pidot et al., 2010a; Yip et al., 2007). 

They also display variable in vitro phenotypes, such as differing colony morphology and 

growth rates (Pidot et al., 2010a). Despite these differences, there is a strong argument that 

the MPM share enough phenotypic and genotypic characteristics to warrant their recognition 

as strains of M. ulcerans, rather than as separate species (Pidot et al., 2010a). 

The accepted standard for molecular identification of most bacteria is sequencing 

analysis of two hypervariable regions in the 16S rRNA gene, however, M. ulcerans and M. 

marinum share almost identical sequences in these regions (Demangel et al., 2009; Roth et 

al., 1998). Application of multi-locus sequence analysis (MLSA), based on seven genes 

demonstrates a clear distinction between M. ulcerans and M. marinum, and also shows that 

M. ulcerans can be divided into MLSA genotypes based on geographical region; (i) Africa, 

(ii) northern Australia/SE Asia, (iii) south-eastern Australia, (iv) China/Japan, (v) Mexico 

and (vi) French Guyana/Surinam, as well as being distinguishable from other MPMs (Stinear 

et al., 2000b). This genotyping was also corroborated by microarray analyses (Kaser et al., 

2009; Rondini et al., 2007). 

The genome of M. ulcerans contains approximately 200 copies of a repetitive 

insertion sequence, IS2404 (Stinear et al., 1999; Stinear et al., 2007). It was initially proposed 

that this insertion sequence be used as a PCR target to differentiate the organism from M. 

marinum and other mycobacteria in both patient samples and the environment (Ross et al., 

1997a; Ross et al., 1997b), but it has subsequently been found that some other members of 

the M. marinum complex also contain IS2404 (Chemlal et al., 2002; Ranger et al., 2006; 

Rhodes et al., 2003; Rhodes et al., 2005; Trott et al., 2004). Approximately 90 copies of 

another insertion sequence, IS2606, has been found to be present in the M. ulcerans genome 

(Stinear et al., 1999; Stinear et al., 2007). The genome of M. lentiflavum has also been found 
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to contain IS2606, although this organism lacks IS2404, differentiating it from M. ulcerans 

(Stinear et al., 1999; Stinear et al., 2007). Mycobacterium liflandii and M. pseudoshottsii 

contain both IS2404 and IS2606 (Rhodes et al., 2005; Trott et al., 2004), however, analysis of 

the difference between the quantitative real-time PCR cycle threshold (DCT) values (in other 

words, differences in the relative number of copies) for IS2404 and IS2606 can be used to 

differentiate these MPMs from M. ulcerans (Fyfe et al., 2007). The average DCT is 2.37 [95% 

confidence interval (CI) 2.17-2.79] for human disease-causing strains of M. ulcerans 

compared to 7.60 (95% CI 6.94-8.07) for other MPMs (Fyfe et al., 2007). The addition and 

quantification of a further PCR target, the ketoreductase B (KR) domain of the mls genes 

(located on pMUM001), further increases the specificity of this technique (Fyfe et al., 2007). 

Despite these improvements, genotyping is frequently used to confirm the presence of M. 

ulcerans (rather than other MPMs) and to provide definitive epidemiological data. Several 

techniques for typing M. ulcerans strains have been published including restriction fragment 

length polymorphism (RFLP) (Chemlal et al., 2001; Jackson et al., 1995), variable number of 

tandem repeats (VNTR) (Ablordey et al., 2005a; Ablordey et al., 2005b; Hilty et al., 2007; 

Hilty et al., 2006; Lavender et al., 2008; Stragier et al., 2007) and mycobacterial interspersed 

repetitive units (MIRU) (Stragier et al., 2005) which are sometimes paired with DNA 

sequencing (Lavender et al., 2008). Unfortunately, the aforementioned typing methods are 

unable to provide resolution past the sub-continental scale. Whole genotype-derived single 

nucleotide polymorphism (SNP) genotyping has enabled progress in this area (Ablordey et 

al., 2015; Buultjens et al., 2018; Roltgen et al., 2010; Vandelannoote et al., 2017). 

Pathogenesis: 

The idea that M. ulcerans produced a diffusible exotoxin was first advanced in 1965, 

after the observation that the area of necrosis in some lesions extended quite a distance from 

the site of a relatively small bacterial focus (Connor & Lunn, 1965). Later, M. ulcerans 

culture filtrate was found to be cytotoxic to murine fibroblasts and inoculation of the filtrate 

into the skin of guinea pigs produced identical lesions to those caused by inoculation of the 

viable organisms from which the filtrate was derived (Read et al., 1974). It was also shown 

that the culture filtrate had immunosuppressive properties (Pimsler et al., 1988), possibly 

explaining the lack of host response to M. ulcerans infection (Guarner et al., 2003). Attempts 
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at isolating the toxin at first proved futile, but finally the compound was isolated in 1999 

(George et al., 1998; George et al., 1999).  

Mycobacterium ulcerans secretes mycolactone into vesicles within an extracellular 

matrix that surrounds large clusters of the organism organised as a biofilm. (Marsollier et al., 

2004b) Although the importance of mycolactone for the survival of M. ulcerans is currently 

unknown, in its purified form it has been demonstrated to induce apoptosis, cytoskeletal 

rearrangements, and decreased division and function in a range of murine fibroblast, 

macrophage and human dendritic, monocyte and lymphocyte cell lines (Adusumilli et al., 

2005; Coutanceau et al., 2007; Coutanceau et al., 2005; Pahlevan et al., 1999; Snyder & 

Small, 2003; Torrado et al., 2007). The immunosuppressive effects of mycolactone may 

indeed be more widespread, as systemic IFN-g responses are suppressed in patients with M. 

ulcerans infection (Gooding et al., 2001; Gooding et al., 2002; Gooding et al., 2003; Phillips 

et al., 2006; Prevot et al., 2004; Westenbrink et al., 2005; Yeboah-Manu et al., 2006). 

Laboratory engineered mycolactone-deficient M. ulcerans mutants induce inflammation in 

intra-dermally inoculated guinea pigs (Adusumilli et al., 2005). This supports the hypothesis 

that the presence of mycolactone reduces the host immune response (Adusumilli et al., 2005).  

Mycolactone consists of a macrolide core with a polyketide chain (Gunawardana et 

al., 1999; Stinear et al., 2004). The genes that encode the polyketide synthases (mlsA1, mlsA2 

and mlsB, respectively) are located on the M. ulcerans virulence plasmid, pMUM001 (Stinear 

et al., 2004; Stinear et al., 2005). Five distinct subtypes of mycolactone have been described; 

Mycolactone A/B (M. ulcerans strains in Africa, Malaysia and Japan) (Demangel et al., 

2009), Mycolactone C (Australia) (Hong et al., 2008), Mycolactone D (China) (Hong et al., 

2008), Mycolactone E (produced by M. liflandi) (Mve-Obiang et al., 2005) and Mycolactone 

F (produced by M. pseudoshottsii and some M. marinum strains) (Hong et al., 2005; Ranger 

et al., 2006). The type of mycolactone produced by South American strains of M. ulcerans 

has not yet been determined. Mycolactone variants are caused by rearrangements within the 

genes that encode mlsB, producing side chains that differ in length, methylation, oxidative 

state and stereochemistry. This in turn alters the biological activity of the molecule, with 

Mycolactone A/B having the most potency and Mycolactone F having the least (Hong et al., 

2007; Mve-Obiang et al., 2003). 
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Epidemiology: 

General aspects: 

The incidence of M. ulcerans infection has increased dramatically over the past few 

decades in Africa. The disease has seemingly expanded its zone of endemicity westward 

across the middle of the continent, possibly connected to man-made changes to the 

environment including dam construction, irrigation, eutrophication3, deforestation and the 

conversion of areas to farming land and mining (Debacker et al., 2006; Duker et al., 2006; 

Janssens et al., 2005; Johnson et al., 2005a; Merritt et al., 2005; Walsh et al., 2008; 

Wansbrough-Jones & Phillips, 2006). For many years investigators in Africa have noted a 

tendency for sufferers of the disease to reside or work in riparian or wetland environments, 

especially areas prone to flooding (Barker & Carswell, 1973; Debacker et al., 2006; Duker et 

al., 2006; Lunn et al., 1965; Marston et al., 1995; Noeske et al., 2004; Portaels, 1995; Revill 

& Barker, 1972; Wagner et al., 2008; Walsh et al., 2008), however, the reasons why human 

activity near some water bodies but not others is associated with disease remain a mystery 

(Merritt et al., 2005; Williamson et al., 2008). Molecular methods have detected M. ulcerans 

DNA in a variety of environmental samples in these endemic areas including biofilms on 

plants, water filtrates, soil, detritus and a variety of animals including fish, frogs and a 

number of aquatic invertebrate species (Benbow et al., 2008; Eddyani et al., 2004; Marsollier 

et al., 2003; Marsollier et al., 2002; Marsollier et al., 2004a; Marsollier et al., 2004b; Portaels 

et al., 2001; Portaels et al., 1999; Portaels et al., 2008; Vandelannoote et al., 2010; 

Williamson et al., 2008). It has been speculated that increased sedimentation and 

eutrophication may lower aquatic oxygen levels and increase turbidity, in turn attenuating 

ultraviolet light. In addition, reduced shadowing of water bodies by surrounding vegetation 

may increase water temperatures. These factors may serve to enhance the growth of M. 

ulcerans in affected areas (Merritt et al., 2010; Palomino et al., 1998). It has also been 

proposed that M. ulcerans may be associated with freshwater protozoans in endemic areas, 

but M. ulcerans DNA has not so far been detected in amoebae collected from endemic areas 

of Africa (Eddyani et al., 2008). Studies examining the use of local water sources (including 

drinking, cooking, washing, hunting, fishing and recreational activities) on the incidence of 

M. ulcerans disease have yielded variable results (Jacobsen & Padgett, 2010; Merritt et al., 

2010). 

3 The addition of fertilizer and/or sewage to aquatic systems. 
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Although many of the case series and epidemiological surveys from Africa indicate 

that children and adolescents may be preferentially affected (Aguiar & Steunou, 1997; 

Asiedu & Etuaful, 1998; Darie et al., 1993; Ecra et al., 2001; Hospers et al., 2005; Johnson et 

al., 2005b; Kanga et al., 2006; Noeske et al., 2004; Phanzu et al., 2006; Sopoh et al., 2007; 

Uganda Buruli Group, 1971; van der Werf et al., 1989) it is not clear if this reflects the 

population structure, rather than a true predisposition in these age groups (Jacobsen & 

Padgett, 2010). That being said, in these geographical regions there does appear to be a 

difference in the site of lesions between age groups, with children preferentially developing 

lesions on the trunk, head neck and upper limbs, whereas adults are more likely to be affected 

on the lower limbs (Debacker et al., 2004; Johnson et al., 2005b; Stoffel et al., 2005; van der 

Werf et al., 1989). 

It has been postulated that M. ulcerans may be acquired via breaches in the 

integument, either by contamination of wounds or via biting arthropods. There is evidence 

that failure to wash wounds immediately is a risk factor for infection (Pouillot et al., 2007), 

but there are conflicting results between studies that sought to determine the protective utility 

of insect repellents or barriers (Nackers et al., 2007; Pouillot et al., 2007; Raghunathan et al., 

2005) and the recollection of being bitten may be influenced by recall bias (Jacobsen & 

Padgett, 2010). 

South-eastern Australia: 
Since the time of the initial outbreak in the Bairnsdale area of Victoria, sporadic cases have 

occurred as far east as Eden, New South Wales (NSW) (Lavender et al., 2007), however, like 

the situation in Africa, the main focus of infection has shifted westward over time. Over the 

past three decades, the main foci of infection have been in the Westernport area (1980) 

(Johnson et al., 1996), East Cowes, Philip Island (1992-1995) (Flood et al., 1994; Johnson et 

al., 1995; Johnson et al., 1996; Veitch et al., 1997), Langwarrin/Frankston district (1990- 

1998) (Johnson et al., 1996) and the Bellarine Peninsula (particularly in the township of Point 

Lonsdale) (1998-present) (Johnson et al., 2007a; Johnson et al., 2007b) and the Mornington 

Peninsula (2012-present) (Department of Human Services, 2018) (Figure 3).  
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Recent population-based SNP analysis reveals clear geographical clustering, implying 

single introduction events at the key endemic sites in Australia, with the genetic evidence 

suggesting that the Victorian strains emerged from Papua New Guinea, thence via 

Queensland to the Gippsland region, prior to moving westwards to the Western Port and Port 

Phillip regions in the mid 1980s (Buultjens et al., 2018). Genomic evidence from SNP 

analysis of both clinical strains and DNA sourced from possum excreta suggests that a 

second introduction from Gippsland to the Rye area occurred in the early 2000s (Buultjens et 

al., 2018). 

Although people who live in and visit these areas have limited direct contact with the 

environment when compared to Africans in endemic areas, the incidence of the disease, in 

the communities on the Bellarine and Mornington Peninsulas is very high (Johnson et al., 

2007a). Indeed, in 2011 an incidence of 770/100,000 people was calculated for Point 

Lonsdale (Carson et al., 2014). 

Some individuals have become infected despite documented brief exposure to 

endemic areas (Johnson et al., 2007a). From these patients, investigators have been able to 

Figure 3: Key geographical locations in the epidemiology of M. ulcerans infection in people in south-eastern Australia 
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determine a mean incubation period of 4.5 months (Trubiano et al., 2013). 

Anecdotal observations that (i) high levels of mosquito activity may have coincided 

with a subsequent increase in local case numbers, (ii) that many ulcers develop in areas of the 

body that may be prone to mosquito bites (for example, ankle/elbow) or (iii) the patient or 

carer made an observation that an insect bite preceded the lesion, have led to the generation 

of a hypothesis that mosquitoes may be involved in the transmission of M. ulcerans in 

endemic areas of Victoria (Johnson et al., 2007a). An estimated 4.3/1,000 of approximately 

11,000 mosquitoes trapped around the Point Lonsdale area were found to be IS2404 PCR-

positive (Johnson et al., 2007a). Furthermore, a review of the number of notifications in 

Victoria of mosquito borne diseases such as Ross River Virus and Barmah Forest Virus was 

compared to that for M. ulcerans infection for the period 2002-2008, and a statistically 

significant correlation was found, but no association was found with any non-mosquito borne 

diseases (Johnson & Lavender, 2009). 

A case-control study investigating the risk factors for M. ulcerans infection in people 

residing on the Bellarine Peninsula was published in 2007 (Quek et al., 2007). This work 

demonstrated that the probability of acquiring an M. ulcerans infection appeared to be 

reduced if individuals used insect repellent [odds ratio (OR) 0.38, 95% confidence interval 

(CI) 0.20-0.71], wore long trousers when outdoors (OR 0.51, 95% CI 0.27-0.97) or 

immediately washed skin wounds obtained outdoors (OR 0.47, 95% CI 0.47-0.94) but was 

increased if mosquito bites were obtained on the distal arms (OR 2.56, 95% CI 1.23-5.33) or 

legs (OR 2.51, 95% CI 1.18-5.31) (Quek et al., 2007). No particular outdoor activity (for 

example frequenting the beach, swimming, fishing, golf or gardening) was associated with an 

increased risk of M. ulcerans infection (Quek et al., 2007). 

The Mornington Peninsula has emerged over the past five years as an increasingly 

important endemic area for M. ulcerans infection of people (Department of Human Services, 

2018). Interestingly, the number of cases reported in residents of and visitors to the Bellarine 

Peninsula have dropped substantially. The reasons for this epidemiological change are 

unknown. 

Mycobacterium ulcerans infection in animals: 

Experimental studies: 

 Experimental investigation of M. ulcerans infection in laboratory animals was 
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initiated by Dr. Jean Tolhurst at the Alfred Hospital, Melbourne in 1941 (MacCallum et al., 

1948). In the first instance, material from patient lesions was directly inoculated via the 

subcutaneous (SC) route into guinea pigs and mice; however, these animals failed to develop 

lesions. In contrast, intra-peritoneal (IP) inoculation of rats produced widespread disease after 

3-9 months. The rats typically developed a peritoneal effusion containing large numbers of 

acid-fast bacilli (AFB). Sixteen months after IP administration of an aliquot of infected 

peritoneal fluid, another rat developed ulcerated, oedematous limbs and a sloughed tail.4 In 

light of the results of these pilot studies, several strains of M. ulcerans were subsequently 

inoculated via either the IP, SC or intra-cerebral routes into more rats, guinea-pigs, rabbits, a 

white leghorn chicken and three blue-tongued lizards (Tiliqua scincoides)(MacCallum et al., 

1948). 

In male rats inoculated via the IP route, swelling of the scrotum was first observed 

around 4-5 months post-infection (range 2-9 months) followed by abdominal enlargement 

over the next 2 weeks to 3 months. If the rats survived this stage of the disease, the scrotum 

would ulcerate (and sometimes perforate) and then heal. One to two months later oedema of 

the feet, tail and occasionally the face would occur, followed by ulceration of these areas. 

Generally, the animals would die at around 12 months post-infection, with evidence of 

malaise in the terminal stages. A smaller number of female rats also underwent IP inoculation 

and although swelling of the abdomen was not observed in these individuals, oedema and 

ulceration of the limbs and tail were observed after approximately 7 months. Likewise, the rat 

that was inoculated intra-cerebrally also developed ulcerative lesions on the tail and one hind 

foot, and oedema of the nasal region after 8 months. In the 13 rats that were inoculated 

subcutaneously, five developed an ulcer at the site of the injection after 7-20 months and 

were not found to have any macroscopic evidence of systemic disease at necropsy. The 

remaining eight individuals failed to develop significant lesions, even after being observed 

for up to 20 months in one case. There was also no evidence of maternal transmission in an 

infected rat that gave birth to three young (despite the offspring being observed subsequently 

for over a year). The results of these rat experiments were reproduced by Janssens, with a 

Belgian Congo strain of M. ulcerans (Janssens et al., 1959). 

Tolhurst and Buckle also inoculated eight mice via the IP route and two via the SC 

4 At this stage M. ulcerans was evading all attempts at culture on artificial media by Tolhurst 
and Buckle. They were able to maintain the organism via a series of passage inoculations in 
rats for almost four years.  
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route. All mice developed marked generalised swelling of the subcutaneous tissue and 

abdomen after 3-6 months. Surprisingly, these individuals maintained a bright demeanour 

until just prior to death 10-40 days later. Unlike the rats, cutaneous ulcers were uncommon. 

Another intriguing observation was that ascitic fluid from mice contained far fewer AFB than 

that of the rats. 

None of the guinea pigs inoculated either subcutaneously or via the IP route displayed 

any signs of ongoing disease attributable to M. ulcerans - this observation was also noted by 

others (Janssens et al., 1959; Meleney & Johnson, 1951). Two rabbits inoculated via IP alone 

or both intra-venous (IV) and IP injection showed evidence of epididymitis, but no other 

lesions were observed. The chicken was likewise inoculated via the IP route and found to 

have no macroscopic lesions at necropsy 13 months later. Three blue-tongued lizards were 

inoculated IP. The first died after 10 weeks and the remaining two died after 15 and 20 weeks 

respectively, however, none were found to have significant evidence of macroscopic disease 

attributable to M. ulcerans at necropsy.5 

Prof. Frank Fenner extended the work of the original investigators by studying the 

effects of inoculation of the mouse footpad6 (as well as the IV, intra-cerebral, intra-nasal and 

IP routes) with varying dilutions of a M. ulcerans suspension using strains provided by 

Tolhurst and Buckle (Fenner, 1956). He found that inoculation into the hind footpad caused 

erythema and eventually extreme swelling, that was slowly progressive over 3-4 weeks. After 

the swelling occurred, ulceration of the foot developed in all cases and some rats also 

developed SC oedema of the ipsilateral inguinal area. Thence the foot either sloughed off or 

remained swollen and ulcerated, often complicated by secondary bacterial infection. Healing 

of the affected foot was rarely observed. The rate of appearance of the lesions appeared to be 

influenced by the concentration of the inoculum, with large doses (for example, 3x106 

bacterial units) causing evidence of disease within a week, and each logarithmic dilution 

delaying the appearance of lesions by 2 weeks. In some instances, lesions were produced 

after a dose as small as three viable bacterial units, although these took up to 16 weeks to 

appear. These observations led Fenner to suppose that if a local lesion was only caused once 

5 In a review decades later, Glenn Buckle writes that after 1944 he and Jean Tolhurst 
inoculated the organism into a variety of other animals including toads, frogs (results not 
published) and Miniopterus bats without success. 
6 An interesting offshoot to this work was the fact that Shepard, inspired by Fenner’s 
investigations of M. ulcerans and ‘M. balnei’, went on to use the mouse footpad method to 
produce the first culture technique for the investigation of Mycobacterium leprae. 
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a certain concentration of bacteria was achieved in vivo, then the generation time of the 

organism in the mouse footpad could be approximated at 3-4 days7 (Fenner, 1956). 

Intravenous inoculation of mice usually resulted in a local lesion on the tail at the site 

of the injection (presumably due to extravasation of the organism) as well as remote lesions a 

few weeks later (although this latter observation only occurred in animals given the largest 

doses of inoculum). These sites included the scrotum, other parts of the tail, any or all four 

feet, the nose and ears. In some mice, the organism could be cultured from the liver and 

spleen, although no gross lesions were observed at necropsy in these organs. Some mice also 

developed generalised SC oedema after IV inoculation. No local lesions were produced by 

intra-cerebral inoculation, but distal lesions at the sites described previously were observed, 

again at high doses of inoculum. Mice that received a large intra-nasal dose were observed to 

develop disseminated lesions of the nose and then feet, tail and scrotum.  

In this publication, Fenner (1956) also documented the effects of IV inoculation of M. 

ulcerans or M. balnei (now called M. marinum) on chick embryos that were incubated at 

either 33°C or 37°C. He found that at 33°C proliferation of both M. ulcerans and M. balnei 

occurred in the internal organs of the chicks (producing a rapidly fatal infection in the M. 

balnei-inoculated individuals), but when incubated at 37°C, neither organism produced 

disease. Fenner (1956) supposed that temperature dependence rather than tissue tropism may 

be the reason behind the tendency for both organisms to produce lesions on the extremities in 

animals and people.  

In the late 1950s and early 60s, Clancey and Dodge demonstrated almost identical 

results to the Australian investigators in experiments performed on mice, rats, rabbits and 

guinea pigs using isolates recovered from an outbreak of disease in Ugandan patients from 

the Buruli County (Clancey et al., 1961; Dodge, 1964). Even though the clinical disease was 

identical, on the basis of differing morphological, cultural and biochemical characteristics 

they proposed that their organism was a different species to M. ulcerans, which they named 

Mycobacterium buruli (Clancey, 1964). This supposition was later shown to be incorrect 

(Schroder, 1975; Stanford, 1973). Church and Griffin (1968) injected multiple aliquots of a 

suspension of “M. buruli” into the webbing of both wings of an African fruit bat (Eidolon 

7 Dhople and Morrison extended Fenner’s work by observing increased multiplication of M. 
ulcerans in the footpad of mice rendered immuno-incompetent by the IP administration of 
high doses of azathioprine, confirming that immunological processes were involved in the 
limitation of bacterial growth in this animal model 
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helvum). Areas of discrete inflammation containing many AFB were observed on biopsy of 

the inoculation sites at 4 and 8 weeks of the study, although at no point did the lesions 

ulcerate. Recently, African scientists have revisited the mouse footpad model in as a prelude 

to the development of other animal models, particularly the African Grasscutter (see details 

later) (Addo et al., 2005).  

Because T. vulpecula was noted to be highly susceptible to Mycobacterium 

tuberculosis and Mycobacterium bovis (Bolliger & Bolliger, 1948), as well as the observation 

that the normal body temperature of this species is lower than that of placental mammals 

(Backhouse & Bolliger, 1951), the University of Sydney researchers chose to investigate the 

susceptibility of this species to M. ulcerans in the 1950s in two series of experiments 

(Bolliger et al., 1950; Forbes et al., 1954). Inoculation of guinea pigs, rats, mice, blue-

tongued lizards and two chickens were also described in one of the reports from this research 

group (Forbes et al., 1954), with identical results to that described by Tolhurst and Buckle in 

their original paper (MacCallum et al., 1948). 

In the first series of experiments, they inoculated a T. vulpecula in the left hind leg with 

material from a patient whose M. ulcerans infection was presumably acquired in Papua New 

Guinea (Forbes et al., 1954). The possum developed a deep ulcer involving the muscles of 

the leg, undermining the subcutaneous space to the tail base. Material from this lesion was 

then inoculated into four more T. vulpecula, three via the SC route and one by IP injection. 

The three individuals that received SC inoculation developed cutaneous ulcers at the site of 

injection and numerous AFB were recovered from the wounds. One of these possums was 

euthanased seven months post-inoculation at which time the original lesion had expanded 

widely. At necropsy, a few AFB were found in pleural fluid, but no other gross or 

microscopic evidence of M. ulcerans infection could be found. A second subcutaneously 

inoculated possum developed an ulcerative lesion to the cheek area of the face, which 

ultimately led to invasion of the orbit and loss of the eye. At necropsy, there was no evidence 

of systemic infection. In contrast, the third possum that received SC inoculation underwent 

spontaneous healing of the lesion over a few months. The animal that received the IP 

injection developed subcutaneous oedema of the tail base and scrotum at four months post-

inoculation. This entire area later became ulcerated, then underwent spontaneous healing over 

three weeks, but the ulceration subsequently recurred in this area. A non-ulcerative mass 

developed in the right inguinal region, which was discovered to be a lymph node containing 
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numerous AFB. AFB were also found in the SC tissues of the tail-base, scrotum and parietal 

peritoneum at necropsy. Another possum was inoculated subcutaneously with material from 

an ulcer of one of the “second-tier” possums. It developed an ulcer at the site of injection that 

subsequently healed. 

In the second series of T. vulpecula experiments, two females and the offspring of one 

were inoculated from a cultured isolate from the same patient.(Bolliger et al., 1950) One 

animal, inoculated via the IP route, went on to develop a cystic swelling in the region of the 

stifle. This lesion did not ulcerate, but numerous AFB were found in the material aspirated 

from the lesion. This animal also subsequently developed ulcerated areas on the right front 

paw and the tail. The juvenile received a SC inoculation on the tail, which subsequently 

ulcerated. The third individual was inoculated subcutaneously on the abdomen. This area also 

ulcerated, however, it healed spontaneously. A male possum that was housed with two of the 

other individuals in this series (but not inoculated with M. ulcerans) developed an ulcerative 

lesion of the left aural region, from which AFB resembling M. ulcerans were isolated. Two 

other non-inoculated T. vulpecula were reported to have developed cutaneous ulcers after 

exposure to infected animals; the location of the lesions and the manner in which the 

exposure occurred was not detailed in the report, other than that contact was only for a “few 

days” in one instance. 

Following the initial experiments with laboratory animals, Tolhurst and Buckle (with 

Dr. Noel Maddern-Wellington, a Veterinary Officer from the Department of Agriculture, 

Victoria), published an investigation of experimental infection of cattle (Tolhurst et al., 

1959). Six calves (breed and age not specified) were inoculated with Victorian M. ulcerans 

strains in three separate experiments. The first experiment involved SC inoculation of a calf 

in the mid-tail region and behind the right carpus. Initially both sites developed a SC nodule 

with regional lymph node enlargement. These lesions then went on to regress (although not 

completely disappearing) over three months; the pre-scapular lymph nodes remained 

enlarged. At 6-8 months post-inoculation, the tail lesion had increased in size but was not 

ulcerated. Eighteen months after the experiment had been initiated the animal was 

euthanased. At that time, there were no cutaneous lesions. The right pre-scapular lymph node 

contained necrotic material, which contained a few AFB. These organisms could not be 

cultured under conditions suitable for M. ulcerans and rats inoculated via the IP route with 

material from the lymph node remained healthy.  
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The second experiment involved two calves that were inoculated with a “heavy” 

suspension of M. ulcerans in the dermis of the heel and via the SC route on the posterolateral 

aspect of the tibial region. After a month, nodular lesions or soft swellings were noted at each 

of the injection sites. The animals were observed periodically over the next 52 months, and 

the lesions were noted to regress gradually until only slight induration of the skin remained. 

Both animals were slaughtered, and neither was found to have lesions attributable to M. 

ulcerans nor any other mycobacterial species. The third experiment was performed on three 

calves; one was injected with a “heavy” M. ulcerans inoculum as per the second experiment, 

the second was injected via the SC route near the tip of the tail and the third was inoculated 

via the IV route. All were then observed for four months. The first two individuals developed 

minor skin lesions at the sites of injection and the calf that was inoculated via the IV route 

remained completely healthy. All animals were euthanased at 17 weeks post-inoculation and 

subjected to necropsy examination. Apart from minor SC lesions at the injection sites (which 

contained scant AFB), a single enlarged pre-scapular lymph node was found in the first calf; 

no organisms were grown from material retrieved from this lymph node nor was it 

pathogenic to rats. The authors concluded that cattle were an unlikely reservoir of M. 

ulcerans for the residents of the dairy farming Bairnsdale district. 

Marcus and colleagues supposed that the preferred body temperature (32°C) of 

reptiles and amphibians might make them useful as animal models for M. ulcerans infection 

(Marcus et al., 1975). They reported that they had successfully inoculated M. ulcerans into 

several species of herpetofauna, although only the results of their experiments on anole 

lizards (Anolis carolinensis) appear in the literature (Marcus et al., 1975, 1976). In the first 

experiment, a Ugandan strain of M. ulcerans was injected subcutaneously into 21 lizards 

(Marcus et al., 1975). At 1-3-week intervals up to 21 weeks, a small number of the lizards 

was sacrificed. The subcutaneous space at the site of the injection was swabbed for culture on 

mycobacterial media and impression smears at the site were stained for AFB. Internal organs 

were examined for gross lesions. The skin and thoracic wall at the site of the injection as well 

as the liver and spleen were examined histologically. Any M. ulcerans that were cultured 

from the lizards were inoculated into the hind footpads of mice. Lesions in the mice were 

examined for AFB (via impression smears and histopathology) and subjected to culture. 

Of the 21 lizards inoculated with viable M. ulcerans, 19 developed SC nodules at the 

site of injection by 6 weeks post inoculation. One lizard developed gross lesions on the 
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pericardium, pleural surface of one lung and the capsule of the liver. In all of the lizards 

injected with the viable culture, AFB were histologically observed at the inoculation site and 

M. ulcerans could be recovered in pure culture. AFB were found in the liver of three lizards, 

and one of these individuals had scant AFB in the spleen. The mice inoculated with M. 

ulcerans retrieved from the lizards displayed typical signs of disease (Dodge, 1964; Fenner, 

1956). 

The second study describes the results of alimentary infection of the Lizards (via 

stomach intubation) utilising the same Ugandan strain of M. ulcerans (Marcus et al., 1976). 

Lizard faecal pellets (collected prior to inoculation, daily for 7 days post inoculation, twice 

weekly during the next week, and once weekly for 6 weeks thereafter) were cultured for AFB 

following decontamination with cetyl pyridinium chloride monohydrate (Ceepryn CLâ). As 

before, the M. ulcerans recovered by culture from the lizards was inoculated into the hind 

footpads of mice. The lizards were sacrificed at weekly intervals from 54 to 82 days post 

inoculation and underwent necropsy examination. Cultures were made of liver, bile, stomach, 

small intestine and rectal contents. When the liver was culture-positive for M. ulcerans, the 

organ was examined histologically for AFB. Mycobacterium ulcerans was recovered from 

the faeces of 17/20 lizards from Day 1 to Day 11 post inoculation, although viable M. 

ulcerans was only excreted up to three times in any one individual. None of the lizards 

displayed signs of disease referable to M. ulcerans, and the organism could not be retrieved 

from any bile or gut content samples. Mycobacterium ulcerans was cultured from the liver of 

three of the individuals (day 69 post-inoculation in one and day 75, in the other two). These 

lizards also had M. ulcerans culture-positive faeces at days 5, 6 and 7 days post inoculation 

respectively. A small number of AFB were histologically observed in the bile ductules in two 

of these individuals, suggesting ascending infection from the gut. Mycobacterium ulcerans 

isolates recovered from the lizard faeces retained their pathogenicity for mice. The authors 

concluded that there was no evidence that M. ulcerans multiplied in the gut of Anolis 

carolinensis, although in some individuals the organism persisted in the liver for an extended 

period. 

Singh and colleagues used the rodent Praomys (Mastomys) natalensis, [also known as 

the common African rat or Natal multimammate mouse, a species found in abundance sub-

Saharan Africa (Granjon et al., 2008; Tofts)] as an animal model because of its, supposedly, 

naturally depressed immune system (Singh et al., 1984). They found that inoculation of 
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varying doses of M. ulcerans into the lateral tail vein caused ulceration, and occasionally 

sloughing of the tail, at the injection site in almost all of the animals, followed by widespread 

involvement of internal organs, including the lungs, liver and spleen, as well as footpad 

ulcers in a small number of individuals (Singh et al., 1984). This is in contrast to the situation 

in laboratory mice and rats where, although AFB can be observed in or cultured from the 

liver and/or spleen in some cases, pathology in these organs is not noted to be a feature of the 

disease (Addo et al., 2005; Fenner, 1956; Janssens et al., 1959). 

Walsh et al. (1999) sought to find an animal model that more closely mimicked the 

disease in humans. The nine-banded armadillo (Dasypus novemcinctus) was chosen because 

of its established utility as an animal model for leprosy (Walsh et al., 1986), partially 

attributable to its low core body temperature of 32-35°C (Binford et al., 1982). Nineteen 

wild-caught adult armadillos were inoculated intra-dermally with an African strain of M. 

ulcerans and observed every 2-4 weeks for 6 months or until death. Seven animals developed 

progressive cutaneous disease; three had transient nodules at the site of injection; three died 

of unknown causes within a week of inoculation; and six failed to develop any clinical signs. 

In the animals in which M. ulcerans infection became established, the lesions were grossly 

and histologically similar to those observed in people. All of these individuals died between 

4-6 months following inoculation. Although the exact cause could not be determined it was 

supposed that they may have succumbed to secondary infection and/or the systemic effects of 

mycolactone. As with most other species there was no evidence of internal disease 

attributable to M. ulcerans infection. 

Seeking to find an experimental model of M. ulcerans infection in an animal 

phylogenetically closer to humans, Walsh and collaborators turned their attention to the 

Cynomolgus monkey (Macaca fascicularis) (Walsh et al., 2007), an established animal 

model for tuberculosis (Walsh et al., 1996). A single individual was inoculated intra-dermally 

with an African strain of M. ulcerans on the medial aspect of the right thigh. The monkey 

developed ulcerative skin lesions with regional lymphadenopathy by the 6th week post 

inoculation and healing was completed by 12 weeks. Subsequently, the left medial thigh was 

inoculated with a larger dose of infective organisms, and although this time the monkey 

developed ulcers by 1-2 weeks post inoculation, the lesions had completely healed again by 

12 weeks. Histopathology of lesions lacked some classic features of the disease in humans 

such as coagulation necrosis and vessel damage (Hayman & McQueen, 1985). 
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A recent experimental animal model is Thryonomys swinderianus (Greater cane rat or 

Grasscutter), a large African rodent with a predominately riparian habitat, selected for study 

mainly because of its wide prevalence in the M. ulcerans-endemic environs of sub-Saharan 

Africa and its established role as a laboratory animal in Ghana (Addo et al., 2007). Twenty 

juvenile laboratory-bred T. swinderianus were inoculated subcutaneously with a Ghanaian 

strain of M. ulcerans. The animals were observed daily for one month and thrice weekly 

thereafter. Faeces, urine and blood of the T. swinderianus were examined for AFB once a 

month. Likewise, lesions were cultured for AFB and for other organisms that may have 

influenced the clinical picture. Once cutaneous ulcers had developed, individuals were 

euthanased and underwent necropsy examination including detailed histopathological and 

microbiological evaluation. The infected T. swinderianus developed progressive cutaneous 

lesions characterised by erythema, sometimes severe localised oedema and papules, nodules, 

scabs and ulceration of the skin. Accompanying myositis and osteomyelitis were observed in 

some animals, although these lesions were devoid of AFB. In all animals, the lesions 

developed away from the site of inoculation, in some occasions on the contralateral limb. As 

with other experimental species, it appeared that a higher infective dose is predictive of an 

earlier onset of disease (Addo et al., 2005; Fenner, 1956). All early cutaneous lesions were 

observed to heal, however 90% of individuals relapsed with more severe disease with lesions 

ultimately becoming ulcerated. In two of the relapsed animals, these ulcerations healed over 

the month prior to scheduled euthanasia. No evidence of systemic infections was found in 

any animal. 

Guinea pigs (Cavia porcellus) have been used a number of times as an animal model 

for M. ulcerans infection (George et al., 2000; Krieg et al., 1974; MacCallum et al., 1948; 

Read et al., 1974). They differ somewhat to the mouse model in that they are more prone to 

undergo spontaneous healing (Silva-Gomes et al., 2015). Hairless Hartley guinea pigs were 

used recently in an infection model due to the similarity of the fat layer of their skin to that of 

humans (Williamson et al., 2014). Anaesthetised animals underwent dermal abrasion with a 

wire brush until capillary bleeding was observed. Variable concentrations of M. ulcerans 

suspension were then applied topically to these areas. Negative controls (M. ulcerans applied 

to unabraded skin and S. aureus applied to abraded skin) and positive controls (intra-dermal 

inoculation) were used for purposes of comparison. The principal populations of interest were 

allowed to survive for 90 days before undergoing euthanasia and post-mortem examination. 
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No evidence of M. ulcerans infection was detected either grossly or histologically in the 

abraded skin sites. Mycobacterium ulcerans DNA was detected in 2/7 sites where 108 

bacteria had been applied. 

The domestic pig (Sus scrofa) is the most recently explored animal model in the study 

of the role of mycolactone in the pathogenicity of M. ulcerans infection. (Bolz et al., 2016) 

Recent transmission studies in mice have demonstrated that skin breaches caused by 

either needle punctures or bites from certain mosquito species may lead to the development 

of M. ulcerans disease when the organisms are applied to the skin surface before (Wallace et 

al., 2017) or even after the event (Azumah et al., 2017). 

 

Naturally acquired infection: 

No evidence of naturally occurring M. ulcerans infection in wild or domestic animals 

(specifically, T. vulpecula, black rats, house mice and insectivorous microbats) in the 

Bairnsdale area was found by investigators during the decades immediately following the 

first definitively documented human cases (Buckle, 1972; Tolhurst et al., 1959), although an 

outbreak of the disease in koalas (Phascolarctos cinereus) domiciled on Raymond Island8 

was detected between 1980 and 1985 (McOrist et al., 1985; Mitchell et al., 1984; Mitchell et 

al., 1987). 

The disease variably affected the koalas; four were found in a moribund state and the 

remaining individuals were in apparently good health, despite the presence of numerous 

cutaneous lesions in some cases. Undermined, necrotic skin ulcers were found on the palmar 

and plantar aspects of multiple paws (5), face (3), antebrachium (4), rump (1) and under the 

scrotum (1) (McOrist et al., 1985; Mitchell et al., 1984). Three animals with facial lesions 

and one with an ulcer on the forearm also had localised bone involvement. Two of the 

aforementioned koalas with lesions on the nasal area of the face also had extension of the 

disease into the nasal cavity, with lesions containing occasional AFBs in the lungs 

(presumably inoculated by inhalation from the upper respiratory tract) (McOrist et al., 1985). 

The authors followed the initial case reports with details of an epidemiological study 

of the area carried out in December 1980 after the first four koala cases were observed. 

(Mitchell et al., 1987) The entire island was searched for adult koalas, which were either 

                                                
8 Raymond Island is 16 kilometres southeast of Bairnsdale, and a known endemic area for 
human M. ulcerans infection. 
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captured and examined, or examined from a distance via the use of binoculars, for evidence 

of cutaneous M. ulcerans lesions. It was found that older male koalas were possibly 

overrepresented for M. ulcerans infection and that ulcers tended to be located on anatomical 

areas that were prone to wounds or maceration from genitourinary infections, which lead the 

authors to propose that M. ulcerans may have been inoculated during fighting, mating or 

climbing. This epidemiological study also documented that small numbers of black rats, 

house mice, blue-tongued lizards, skinks, possums, swamp wallabies, foxes and domestic 

cats were trapped or examined via spotlight, however no cutaneous lesions attributable to M. 

ulcerans infection were observed in these species. Between January 1980 and August 1985, 

30 additional sick or dead koalas from the Gippsland area were examined for M. ulcerans 

infection, but this also yielded negative results.  

The disease has only rarely been diagnosed in farm animals, the first being in 1997 in 

an alpaca domiciled on a property in an endemic area of east Gippsland (Portaels et al., 

2001). Clinical details, results of microbiological and histopathological testing as well as 

investigation of the environment of this and another affected alpaca are documented in 

Chapter 4 of this thesis.  

A 21-year-old Quarter horse-cross mare and a 32-year-old Standardbred gelding, 

domiciled in Mallacoota and Nicholson, Victoria, respectively, were diagnosed with M. 

ulcerans infection in 2006 (van Zyl et al., 2010). The first case presented in poor general 

condition with an apparent respiratory tract infection. A crusting alopecic lesion was noted on 

the anterior aspect of the right fore fetlock, which was accompanied by mild to moderate 

swelling of the limb from the cannon to the pastern. There was an additional non-healing full-

thickness ulceration of the skin on the wither. The animal was prescribed antibiotic treatment 

for the respiratory tract infection (sulfadiazine/trimethoprim) and anabolic steroids. The 

owner was also instructed to improve the plane of nutrition. After one month, the horse was 

re-evaluated because of progression of the wound on the right forelimb. The fetlock area 

remained swollen and a single discharging sinus had developed. The wound on the wither 

was unchanged. Cytological examination of a swab of the sinus was positive for AFB, as was 

a Ziehl Neelsen (ZN)-stained smear from a mycobacterium indicator growth tube (MGIT) 

incubated for 8 weeks at 31°C. A mycobacterial isolate grown on a Lowenstein-Jensen (LJ) 

slope was eventually found to be positive on real-time IS2404 PCR and identified by VNTR 

as being a strain of M. ulcerans indistinguishable from that causing disease in people and 
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other animals in Victoria. The horse was euthanased due to the guarded prognosis and the 

owner’s unwillingness to commit to an extended period of wound management and topical 

and/or systemic antibacterial therapy.  

The second case was presented for a non-healing wound subsequent to an injury of 

the left caudal thigh area, sustained from a splinter that had penetrated the skin. The horse 

failed to respond to an initial course of antibiotics (sulfadimidine/trimethoprim) and 

subsequently the wound was biopsied and then subjected to a single treatment of cryotherapy, 

due to the suspicion that the lesion represented an equine sarcoid (non-replicative bovine 

papillomavirus-induced lesion). Histologically the lesion was characterised by large areas of 

dermal necrosis with a mixed chronic active inflammatory response. ZN staining revealed 

numerous AFB. Real-time PCR targeting IS2404 performed on paraffin-embedded material 

was positive and molecular typing confirmed the presence of a Victorian strain of M. 

ulcerans. The wound sloughed following cryosurgery and subsequently healed without 

further intervention over the ensuing months.  

Although in an extensive review of feline dermatology published in 1980 there is 

mention that M. ulcerans had been isolated from feline cutaneous granulomata, the author 

provided no references and an extensive search of the literature pertaining to non-tuberculous 

mycobacterial disease in cats prior to the publication of the paper failed to uncover the source 

of this information (Scott, 1980). A recent case of M. ulcerans disease in an otherwise 

healthy 10 year-old, castrated male, medium-haired domestic cat domiciled in Longford, 

Victoria was definitively diagnosed via IS2404 real-time PCR (Elsner et al., 2008). VNTR 

profiling confirmed that the cat was infected with a strain which was identical to that causing 

disease in humans and other animals in Victoria (Elsner et al., 2008). The animal presented 

with a cutaneous nodule on the bridge of the nose and was successfully treated with surgical 

debulking and subsequent antibacterial therapy with clarithromycin. Given the location of the 

lesion the authors proposed that the organism might have been acquired via a scratch-injury, 

although, inoculation via an insect vector could not be ruled out.  

A small outbreak of disease in seven domestic dogs domiciled on the Bellarine 

Peninsula occurred during the course of this study (2008-2013). Clinical and microbiological 

details of these animals are included in Chapter 5 of this thesis.  

Sporadic, briefly described cases of M. ulcerans infection in small native mammals 

domiciled in endemic areas, including T. vulpecula and P. peregrinus (Portaels et al., 2001), 



LITERATURE REVIEW-PART 1 

PART 1: INVESTIGATIONS OF MYCOBACTERIUM ULCERANS 

	

25	

a T. cunninghami (Fyfe et al., 2010) and a long-footed potoroo (Potorous longipes) (Elsner et 

al., 2008) also appear in the literature. Chapter 2 of this thesis expands the details of M. 

ulcerans infection of the possum cases. 

Surprisingly, until recently, no evidence of naturally infected mammalian hosts has 

been identified in Africa (Durnez et al., 2010; Revill et al., 1972). In a recent publication, 

investigators found evidence of skin lesions in five common African rats (M. natalensis) 

trapped in Côte d’Ivoire, that contained IS2404 sequences that were 98% and 94% 

homologous to M. ulcerans strain Agy99 (Dassi et al., 2015). These strains were not PCR-

positive for enoyl reductase. Further genetic analysis would be helpful in determining the full 

identity of the potentially infective agent in this species. 

  

Recent investigations into the ecology and transmission of M. ulcerans in Victoria: 

In 2002 the first locally acquired human cases of M. ulcerans infection were 

diagnosed in the Point Lonsdale area, and over the ensuing eight years there have been over 

100 laboratory confirmed cases in residents and visitors (Fyfe et al., 2010). Environmental 

analysis using the aforementioned highly sensitive real-time PCR technique targeting the M. 

ulcerans-specific sequences IS2404, IS2606 and KR commenced in mid-2004 in an attempt 

to ascertain the source of the outbreak in this area (Fyfe et al., 2007; Fyfe et al., 2010; 

Lavender et al., 2008). During these investigations it was discovered that M. ulcerans DNA 

was present in low levels in plant biofilms, vegetation, soil samples and local mosquitoes 

(Johnson et al., 2007a) and in much higher levels (in some instances greater than 106 

organisms/gram), in the faeces of P. peregrinus and T. vulpecula, although the culture of 

viable organisms from these samples has remained elusive (Fyfe et al., 2010). 

To characterise these findings further, structured surveys of P. peregrinus and T. 

vulpecula faecal pellets were conducted by collecting material from the ground at 

geographical points described by a transecting grid across the whole of Point Lonsdale (Fyfe 

et al., 2010; Legione, 2010). It was found that 70/164 (43%) of P. peregrinus and 2/28 (29%) 

of T. vulpecula faecal samples were positive for M. ulcerans DNA, with median bacterial 

loads estimated to be 104 organisms/gram (range 102-108) in P. peregrinus and 102-103 

organisms/gram (range 102-106) in T. vulpecula faeces (Fyfe et al., 2010). Areas of lower 

endemicity (Phillip Island, Barwon Heads, Ocean Grove, Queenscliff) were also surveyed 

and 0-26% of P. peregrinus and 0-19% of T. vulpecula faecal samples were positive for M. 
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ulcerans DNA (Fyfe et al., 2010; Legione, 2010). Possum faecal samples collected from 

metropolitan Melbourne and parts of country Victoria that have never recorded locally 

acquired human M. ulcerans infection were all found to be negative, except for a single P. 

peregrinus faecal sample in Torquay, Victoria (Fyfe et al., 2010). 

VNTR and MIRU typing of the DNA extracted from Point Lonsdale possum faeces 

was indistinguishable from that of the Victorian human outbreak strain of M. ulcerans (Fyfe 

et al., 2010; Lavender et al., 2008). Likewise, a comparison of the sequenced genome of a M. 

ulcerans isolate from a clinically affected Point Lonsdale P. peregrinus to that of a human 

isolate from the same geographical area demonstrated an extremely close genetic relationship 

between the two isolates, differing by only two SNPs across 5.6 megabases (Fyfe et al., 

2010). 
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CHAPTER 1: MYCOBACTERIUM ULCERANS INFECTION IN POSSUMS 

 
Introduction: 

Pseudocheirus peregrinus (Boddaert, 1785), known at the common ringtail possum 

and Trichosurus vulpecula (Kerr, 1792), known as the common brushtail possum, are small 

marsupials (approximately 700-900g and 2-3 kg body weight, respectively) found in 

abundance in temperate and tropical areas of Australia. Trichosurus cunnighami 

Lindenmayer et al., 2002), also known as the mountain brushtail possum or southern bobuck, 

has a more limited range, inhabiting the Victorian Alps. All are protected species in Victoria 

under the Flora and Fauna Guarantee Act of 1988, and all other Australian states and 

territories have similar legislation. 

Pseudocheirus peregrinus resides mainly along the eastern coast of mainland 

Australia, the entire island of Tasmania and in small pockets of south-western West 

Australia. It prefers a dense bush habitat, ideal for the building of communal arboreal dens, 

known as dreys, although it is often found in urban and suburban areas. Pseudocheirus 

peregrinus is exclusively arboreal, and prefers to feed at night on Eucalyptus foliage, but it 

will also feed on the young shoots of other shrub and tree species, especially the tea-tree, 

Leptospermum. Because this diet is depleted in nitrogen, the animals practice coprophagia of 

caecal material (caecoliths) during the day to maximise the return of nitrogen to the 

gastrointestinal tract by way of re-ingested microorganisms (Chilcott & Hume, 1985; O’brien 

et al., 2013). Although there is a reasonable body of literature addressing the ecology and 

nutrition of this species (Crowe & Hume, 1997; Green, 1999; Lindenmayer et al., 2008; 

Marsh et al., 2003; Munks & Green, 1997; Munks et al., 1991; Pahl, 1987a, 1987b; Russell et 

al., 2003; Russell et al., 2009; Smith et al., 2003), relatively little has been published with 

regards to specific disease conditions, (Baker & Beveridge, 2001; Beveridge, 1985; Holz & 

Graham, 2008; Hough, 2000) and the majority of the information available appears in non-

peer reviewed resources (Johnson & Hemsley, 2008; Munday, 1978). 

Trichosurus vulpecula has the largest range of any possum in Australia, although its 

numbers are quite restricted in the central, arid areas of the continent. Its preferred habitats 

are dry sclerophyll forest, Eucalyptus woodlands and treed water-courses; however, it is also 

found in sub-alpine woodlands, pine plantations, and farmland areas with relatively few trees 

(Kearle, 1984). A predominately solitary animal, it is remarkably successful in the urban 

environment and although its preferred den sites are the hollows of trees, it may commandeer 
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the roof space of houses and other man-made structures. Although largely arboreal, it does 

venture to the ground at night to forage for food. The diet is dependent on availability, and it 

is known to eat a wide variety of foodstuffs such as Eucalyptus leaves and flowers and shoots 

of a variety of native and introduced ornamental and orchard plants, fruits and vegetables, 

seeds and pasture species. It has also been known to eat insects and animal matter such as 

eggs and meat. Unlike P. peregrinus, they do not have an extensively ridged caecum and are 

not known to be coprophagic. There is a large body of literature surrounding the ecology and 

biology of this possum species, primarily because of its role as a feral pest and reservoir of 

M. bovis in New Zealand (NZ) and as a laboratory animal in Australia. 

Trichosurus cunninghami are much less populous than the other species. They have a 

semi-arboreal lifestyle, located in wet scerophyll forests (Viggers & Lindenmayer, 

2002).They are herbivorous and frugivorous and are known to eat acacia leaves, lichen, bark 

and fungi (Irlbeck & Hume, 2003). 

An apparent increased susceptibility of a number of Australian marsupial species to 

mycobacterial infection has been noted for some time.(Buddle & Young, 2000) The first 

recorded cases were a tuberculous tree kangaroo in 1860 (Crisp, 1860) and M. bovis-infected 

T. vulpecula in 1895, (Moore, 1903) with several other reports to follow in the 1920’s. 

(Lucas, 1925; Scott, 1928; Stableforth, 1929) Outbreaks of M. bovis infection have also been 

reported in captive Bennett’s wallabies (Macropus rufogriseus rufogriseus) (Teuscher, 1957). 

In the early 1970s T. vulpecula was implicated as a wildlife reservoir of M. bovis in NZ 

(Ekdahl et al., 1970; Smith, 1972), and is a continuing source of tuberculosis (TB) to cattle 

and farmed deer. Mycobacterium avium-intracellulare complex (MAC) infections have been 

recorded in a number of marsupial species, particularly macropodids, with reports involving 

the Matschie’s tree kangaroo (Dendrolagus matschiei) (Burns, 1994; Joslin, 1990; Kennedy 

et al., 1978; Mann et al., 1982; Montali et al., 1998), Bennett’s wallaby (Tilden & 

Williamson, 1957), the Kangaroo Island kangaroo (Macropus fuliginosus fuliginosus) 

(Lesslie, 1958), black-faced kangaroo (Macropus fuliginosus melanops) (Lesslie, 1958), red-

necked wallaby (Macropus rufogriseus) (Lesslie, 1958), the Parma wallaby (Macropus 

parma) (Mann et al., 1982; Schoon et al., 1993), the tammar wallaby (Macropus eugenii) 

(Peet et al., 1982), the quokka (Setonix brachyurus) (Munday, 1978), the Ursine tree 

kangaroo (Dendrolagus ursinus) (Mann et al., 1982) and the black-gloved wallaby 

(Macropus irma) (Peet et al., 1982). Other marsupial species in which MAC infections have
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been recorded include the North American opossum (Didelphis virginiana) (Moore et al., 

1971; Sevy & Cameron, 1968), the rufous rat-kangaroo (Aepyrprymnus rufescens) (Lesslie, 

1958; Lucas, 1925), the numbat (Myrmecobius fasciatus) (Gaynor et al., 1990), the long-

nosed potoroo (Potorous tridactylus) (Mann et al., 1982), the long-footed potoroo (Potorous 

longipes) (Phelan et al., 1996), the eastern bettong (Bettongia gaimardi) (Canfield & Hartley, 

1992), the brush-tailed bettong (Bettongia penicillata) (Richardson & Read, 1986) and the 

Tasmanian devil (Sarcophilus harrisii) (Michael & Sangster, 2010). 

It has previously been speculated that the reason some marsupial species may have an 

increased susceptibility to mycobacterial infection may be due inherent defects in either cell-

mediated or humoral immunity. (Buddle & Young, 2000; Moriarty, 1973) It was previously 

thought that marsupials had more primitive, “weaker”, immune responses, (Jurd, 1994), but 

via the sequencing of marsupial genomes it is now recognised to likely be just as complex as 

that of eutherian mammals (Belov et al., 2013). 

Shortly after the initial reports of M. ulcerans infection in people, it was shown that T. 

vulpecula was experimentally susceptible to the disease (Bolliger et al., 1950; Forbes et al., 

1954). These investigations were undertaken because this marsupial species was noted to be 

highly susceptible to infection caused by members of the M. tuberculosis complex (Bolliger 

& Bolliger, 1948). As discussed earlier, ulcerative lesions could be induced by local 

subcutaneous inoculation of organisms, and two animals inoculated via the IP route 

developed lesions containing AFB at peripheral sites (tail or tail base, scrotum, inguinal 

lymph node, stifle and front paw). 

Despite this apparent susceptibility, there was no evidence of the infection in the wild 

T. vulpecula population in an endemic area of Victoria in the decades immediately following 

the initial outbreak, despite ongoing sporadic disease in the human population (Buckle, 

1972). However, following an outbreak of the disease in people on Phillip Island, Victoria in 

the late 1990’s, two local P. peregrinus were confirmed to have M. ulcerans infection 

(Portaels et al., 2001).  

Since 2002, there has been an ongoing and expanding outbreak of M. ulcerans disease 

in residents and visitors to both the Bellarine and Mornington Peninsulas of Victoria (Fyfe et 

al., 2010; Tai et al., 2018). Analysis of environmental samples using a highly sensitive real-

time PCR technique targeting sequences within IS2404, IS2606 and KR (Fyfe et al., 2010; 

Fyfe et al., 2007; Lavender et al., 2008) has confirmed low levels of M. ulcerans DNA in 
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plant biofilms, vegetation, soil samples and local mosquitoes (Johnson et al., 2007a), and 

much higher levels (in some instances greater than 106 organisms/gram), in the faeces of 

local wild P. peregrinus and T. vulpecula (Fyfe et al., 2010). Despite this, the culture of 

viable organisms from these samples has remained elusive (Fyfe et al., 2010). VNTR profiles 

of the DNA extracted from Point Lonsdale possum faeces was indistinguishable from that of 

the Victorian human outbreak strain of M. ulcerans (Fyfe et al., 2010; Lavender et al., 2008).  

This chapter expands on the previous work by describing in detail the clinical, 

microbiological and pathological features of M. ulcerans infection in 27 clinical and 12 sub-

clinical possum cases domiciled in three endemic areas of southern Victoria, Australia: 

Cowes (Phillip Island), Bellbird Creek (East Gippsland) and Point Lonsdale (Bellarine 

Peninsula). This work represents the largest case series of naturally occurring M. ulcerans 

infection in any non-human species to date. Possible links between the disease in people and 

the resident possum population, and future avenues of investigation are discussed. 

 

Materials and Methods: 

 
Case definitions: 

‘Clinical’ cases were defined as any possum with ulcerative skin lesions from which 

M. ulcerans was cultured, or was detected by IS2404 PCR from clinical material, including 

swabs and necropsy tissues. ‘Subclinical’ cases9 were defined as any possum from which M. 

ulcerans was cultured or was detected by PCR from clinical material, including gut contents 

and/or faeces, where there was no gross or histopathological evidence of disease. During the 

course of the investigation, any possum in which no M. ulcerans DNA could be detected via 

PCR in any clinical sample was classified as ‘non-affected’. 

 

Retrieval of cases: 

Cases were identified by a review of the record database of the Mycobacterium 

Reference Laboratory of the VIDRL from 1998 to 2011, and from prospective capture and 

sampling of possums indigenous to some known M. ulcerans-endemic areas of Victoria; 

                                                
9 There was some debate about how to classify animals that were clinically unaffected, but 
PCR-positive. Given that it is unknown whether the presence of the organism within the gut 
qualifies as colonisation, commensalism or disease persistence,(Casadevall & Pirofski, 2000) 
the more nebulous term, ‘subclinical’, was chosen. 
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Bellbird Creek, between 2007-2012, as part of a routine surveillance program conducted by 

the Department of Environment and Primary Industries, and Point Lonsdale between 2008-

2010, as part of an epidemiological study of M. ulcerans disease in these species.  

Clinical and/or necropsy data were also retrieved from case records of Newhaven 

Veterinary Clinic, Phillip Island, Victoria and the veterinary department of Melbourne Zoo, 

Parkville, Victoria, and the laboratory records of the Veterinary Clinic and Hospital, the 

University of Melbourne, Werribee, Victoria and the Department of Environment and 

Primary Industries, Veterinary Diagnostic Services, Victoria. Where available, data such as 

species, sex, estimated age at diagnosis (juvenile/adult), year of diagnosis, geographical 

location of domicile, anatomical location and nature of lesions, and results of necropsy 

examination (including histopathology) were recorded. Fresh faeces from T. cunninghami 

trapped at Bellbird Creek were collected from within or underneath traps (performed by Tony 

Mitchell, Biodiversity Officer, Department of Environment and Primary Industries) 

 

Details of possum trapping: 

The capture of possums in this study was based on standard operating procedures for 

the handling of wildlife developed by Dr. Kath Handasyde (School of Biosciences, Faculty of 

Science, the University of Melbourne), approved by the University of Melbourne then 

Faculty of Veterinary Science Animal Experimentation Ethics Committee (project no. 

0706769 Appendix I) and under permit from the Victorian Department of Sustainability and 

Environment (DSE permit no. 10004406 Appendix II).  

 
Field Site and trapping frequency: 

Cage traps were set 1-2 hours before dark either in trees, on carport rooftops, or at 

ground level in concealed locations in domestic gardens, parks and roadside vegetation 

around Point Lonsdale, Victoria (Figure 4). Trapping was carried out over a period of 30 

months on nine separate occasions (February, June, July and November 2008, February, July 

and November 2009, and April and July 2010), totalling 25 trapping nights.  
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Animal capture:  

Specifically, P. peregrinus and T. vulpecula were captured in cage traps suitable in 

size for these species (see Figures 5 and 6). Traps were covered with plastic or metal at one 

end to provide protection and baited with apple smeared with peanut butter (T. vulpecula 

traps) or a rolled oats and peanut butter mixture (P. peregrinus traps).  

 

 

 

 

 

 

Figure 4: Possum trapping sites (red stars) in Point Lonsdale, Victoria 
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In addition, some P. peregrinus were hand-caught using a purpose-built noosing pole; 

achieved by gently passing the noose around the neck and shoulder of an individual and 

pulling it into a hand-held net placed directly under the animal. After removal from traps or 

nets, the possums were placed in sacks within a cardboard animal transport box and 

transported by car to a central area for immediate processing. After handling and sampling, 

Figure 6: A T. vulpecula trap in situ in a suburban back yard in Point Lonsdale, Victoria. 

Figure 6: A P. peregrinus trap located on the branch of a Banksia sp. on a roadside verge in Point 
Lonsdale. 
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animals were returned to their transport box in a quiet area until release at the original site of 

capture at dusk on the same day. In extreme weather, for example, very cold and wet, severe 

winds or very high temperatures, trapping was suspended. 

 
Animal handling and data collection: 

The possums were anaesthetised with an intra-muscular injection of 

zolazepam/tiletamine (ZoletilÒ, Virbac Pty Ltd, Milperra, NSW) (5-8 mg/kg) to facilitate 

physical examination, collection of clinical samples and the placement of identification 

tattoos and microchips. 

Data such as age (juvenile/adult) and sex (as well as the presence of pouch-young in 

females), body weight and estimated body condition were recorded in a field logbook. Each 

animal was marked by a tattoo in one (P. peregrinus) or both (T. vulpecula) ears with a 

unique number to permit identification for longer-term components of the field study and to 

avoid re-sampling during a particular field trip. Animals were implanted with a microchip 

(ID-100KB Animal Transponder, TrovanÒ, Ltd) under the dorsal interscapular skin. One to 

two millilitres of blood were collected from the cephalic, medial saphenous, or tail vein and 

stored in a plain or ethylenediaminetetraacetic acid (EDTA)-anticoagulated tube. The blood 

sample was centrifuged at 16100 g (Eppendorf 5415D, Hamburg, Germany) for 2 minutes 

before the serum was separated and stored at -80°C, the pellet was used for IS2404 PCR 

analysis. Urine was collected via percutaneous cystocentesis using a 25-gauge needle, where 

possible. Buccal and nasal swabs were obtained from some individuals. Fresh faeces were 

collected from underneath traps or from holding bags; a cloacal swab was collected if no 

faeces were obtained. The appearance, number and location of any ulcerative skin lesions 

were recorded and were swabbed for microbiological culture and PCR.  

In the event that an animal was deemed to be severely affected by M. ulcerans 

infection (evidence of multiple skin lesions and/or poor body condition suggesting systemic 

involvement) it was euthanased with an overdose of pentobarbitone (150 mg/kg, Lethabarb, 

Virbac) by intra-cardiac administration whilst still under anaesthesia. These individuals were 

then subjected to necropsy examination. For the purpose of this study, permission was also 

granted by the Animal Ethics Committee of the (then) Faculty of Veterinary Science, the 

University of Melbourne to euthanase and necropsy three individuals identified being M. 
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ulcerans “PCR-positive” on either a lesion swab or faecal sample, regardless of clinical 

status. 

Apart from one case, which was found deceased, the animals that underwent necropsy 

were euthanased with an overdose of sodium pentobarbitone, and tissues collected were 

either fixed in 10% buffered formalin or were submitted fresh for microbiology. Formalin-

fixed tissues were then embedded into paraffin blocks and processed routinely prior to 

staining with haematoxylin and eosin (H&E) and/or acid-fast staining with either ZN stain or 

Wade’s modification of the ZN stain (Wade, 1952). 

 
Microbiological methods: 

Initially, IS2404 PCR was performed by the Microbiological Research Unit, Royal 

Children’s Hospital (prior to 2002) and thence at VIDRL, utilising the methods published by 

Ross et al. (1997b). Since 2003, a real-time PCR assay has been used to test clinical and 

environmental samples for the presence of M. ulcerans DNA (Fyfe et al., 2007). The 

previously published details of the methodology, sensitivity and specificity of this assay have 

been included in Appendix III to aid the reader’s interpretation of the results in this thesis. 

Culture of M. ulcerans from lesions and necropsy tissue was carried out after 

decontamination via incubating at room temperature for 15 minutes with either 2 or 4% w/v 

sodium hydroxide, followed by neutralisation with 10% v/v orthophosphoric acid. The 

samples were then centrifuged at 3082 g [Beckman Coulter Allegra X-22, Pasadena, 

California, United States of America (USA)] for 20 minutes and the resultant pellet was re-

suspended in 2 ml of Ringer’s solution. 400 µl was then used to inoculate Brown and Buckle 

slopes, and Mycobacterium Growth Indicator Tubes (MGIT™, BD, Franklin Lakes, N. J.) 

admixed with 0.8 ml of polymyxin B, amphotericin B, nalidixic acid, trimethoprim, and 

azlocillin antibiotic mixture (PANTA; BBL MGIT PANTA antibiotic mixture BD, Franklin 

Lakes, N. J.) and incubated for up to 12 weeks at 31°C, with weekly or fortnightly 

monitoring by either visual inspection or IS2404 real-time PCR. 

Isolates were typed by either RFLP typing (Jackson et al., 1995), VNTR typing 

(Ablordey et al., 2005b; Hilty et al., 2007) and in two instances, whole genome sequencing 

(Doig et al., 2012). 
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Statistical analysis: 

The two-tailed Fischer exact test was used to test for associations between categorical 

variables. The t-test was performed when comparing the mean of continuous variable data 

sets. P values <0.05 were considered significant.  

 

Results: 
 
Clinical cases: 

Twenty-seven clinically affected animals were identified for inclusion in the study 

(Table 1). There were 23 P. peregrinus, one T. vulpecula and one T. cunninghami. For two 

possums, species was not recorded. Of the 25 animals for which sex was recorded 17 (69%) 

were male. Of the 24 animals in which an age estimate was performed, one was a juvenile 

and 23 were estimated to be adults (although more objective data such as dental examination 

were not utilised).  
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Table 1: Data for possums with confirmed clinical M. ulcerans infection. 

Cas
e 
ID: 

Domicile: Year 
Diag: Species: Sex: Est 

age: Comments: 

1 Phillip Island 1998 P. peregrinus NR Adult Ulcers on nasal bridge and hind feet. 

2 Phillip Island 2000 P. peregrinus F Adult Ulcer on dorsal nasal bridge. 

3 Phillip Island 2000 P. peregrinus M Adult  Ulcers on distal tail, lateral right tail, bilateral medial 
distal tibia, ventral tail, scrotum, medial left eye. 

4 Phillip Island 2001 NR M NR NR 

5 Phillip Island 2001 P. peregrinus M Adult Good BCS. Severe ulceration right side of the face 
and mandible, extending down to facial bone. 

6 Phillip Island 2002 P. peregrinus M NR NR 

7 Phillip Island 2002 P. peregrinus NR Adult Ulcer lateral face/jaw. 

8 Phillip Island 2003 NR M Adult Ulcer dorsal tail base and mid-tail. 

9 Phillip Island 2003 P. peregrinus F Adult Severe ulcerations on tail, both hind feet, carpi and 
dorsum of nose. 

10 Bellbird Creek 2005 T. cunninghami M Adult Ulcer on left hind foot. 

11 Phillip Island 2007 P. peregrinus M Juvenile Ulcers on nose and feet. 

12 Point Lonsdale 2008 P. peregrinus  F Adult Poor BCS. Ulcers on tail tip and toe of right hind 
foot. 

13 Point Lonsdale 2008 P. peregrinus  M Adult Numerous small ulcers on ventral tail. 

14 Point Lonsdale 2008 P. peregrinus M Adult Good BCS. Ulcer ventral tail. Euth. and full 
necropsy exam. 

15 Point Lonsdale 2008 P. peregrinus M Adult Good BCS. Ulcer dorsal tail. Euth. and full necropsy 
exam. 

16 Point Lonsdale 2008 P. peregrinus  F Adult Fair BCS. Ulcers on nose and tail. Lip, face and front 
paws oedematous. Euth. and full necropsy exam. 

17 Phillip Island 2008 P. peregrinus M Adult Ulcers on face, hock and tail. 

18 Phillip Island 2009 P. peregrinus M NR Ulcer on ear. 

19 Point Lonsdale 2009 P. peregrinus M Adult Good BCS. Small ulcer on toe of front foot. 

20 Point Lonsdale 2009 T. vulpecula F Adult Good BCS. Small ulcer on left front toe. Lesion 
resolved when re-trapped 11 months later. 

21 Point Lonsdale 2009 P. peregrinus M Adult Good BCS. Small ulcer on left hind toe. 

22 Point Lonsdale 2009 P. peregrinus M Adult Good BCS. Oedematous ulcer on tail. 

23 Point Lonsdale 2009 P. peregrinus F Adult Good BCS. Large oedematous ulcer tail and small 
ulcer on ear. 

24 Point Lonsdale 2009 P. peregrinus M Adult Poor BCS. Oedematous ulcer ventral tail, nose, left 
antebrachium, right face. Euth. and full necropsy 
exam. 

25 Point Lonsdale 2009 P. peregrinus F Adult Poor BCS. Oedematous ulcer on tail. Left corneal 
opacity. Oedema left nostril and lips. Euth. and 
Necropsy exam. 

26 Point Lonsdale 2010 P. peregrinus M Adult Ulcer on tail. Radio collar fitted later found dead 
with large necrotic lesion on chest. 

27 Phillip Island 2011 P. peregrinus F Adult Poor BCS. Ulcers on right medial tibia and caudal 
hock, left medial tibia and caudal hock, bilateral fore 
caudal carpus and cranial antebrachium, ventral tail 
near base and tip. Euth. and necropsy exam 

 
ID = identification, Diag = diagnosed, Est = estimated, NR=not recorded, F=female, M=male, BCS= body condition score, Euth = 
euthanased 
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Thirteen of the animals (11 P. peregrinus and two species not recorded) were from 

the Cowes region of Phillip Island, Victoria (Figure 7). These animals had been surrendered 

to the local veterinary hospital (Newhaven Veterinary Clinic) because of illness or trauma 

between 1998 and 2011. The T. cunninghami was captured in 2005, at Bellbird Creek (Figure 

7). This animal was transferred to Melbourne Zoo, Parkville, Victoria, for management. 

Thirteen animals (12 P. peregrinus and one T. vulpecula) were from Point Lonsdale (Figure 

7), Victoria; all were trapped between 2008-2010 as part of the prospective epidemiological 

study. 

 
The nature and anatomical location of lesions were recorded for 25 possums. Twelve 

animals had single skin lesions, five had two skin lesions and eight animals had multiple skin 

lesions, involving three or more anatomical sites. Only P. peregrinus were recorded to have 

two or more lesions, with six disparate anatomical sites in two instances.  

The T. vulpecula had a small ulcer on a front toe (Figures 8A and B) and the T. 

cunninghami had a single ulceration on the left hind foot (Figure 9). Both of these animals 

Figure 7: Map of south-eastern Victoria, showing the geographical location of possum cases (red dots). 
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were noted to have spontaneous healing of lesions without specific treatment over a 3-6-

month period. 

Figure 8: A. Possum case 20. Lesion on toe of a T. vulpecula possum (arrow) B. the same lesion, 4 months later (arrow). (Images Dr. Kath 
Handasyde) 
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Lesions recorded on P. peregrinus were located on the face and/or head (n=13), feet 

and/or limbs (n=11) and tail and/or tail base (rump) (n=14) (Figures 10-15). One animal also 

had scrotal ulcers (as well as multiple lesions at other sites). One P. peregrinus fitted with a 

radio-tracking collar (case 26), noted to initially have a solitary tail lesion, was found 

deceased several months later with a large IS2404 PCR-positive lesion on the ventrolateral 

thorax. 

 

Figure 9: Ulceration caused by M. ulcerans on the left hind foot of a T. cunninghami (case 10). This lesion later underwent 
spontaneous resolution. (Image Dr. Helen McCracken) 
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Figure 10: Case 14. Ulcer on ventral tail 

Figure 11: Case 15. Ulcer on dorsal tail 
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Figure 12: Case 16. This animal had multiple affected sites characterised by ulceration and/or oedema. (Image Drs. Christina 
McCowan and Janet Fyfe) 

 
 

Figure 13: Case 22. Oedematous ulcer on tail. 
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Figure 14: Case 24. Small ulcer on ear and large, oedematous ulcer on tail. (Image Dr. Kath Handasyde) 

 

 
Figure 15: Case 25. Oedematous ulcers on tail. This P. peregrinus was in poor body condition and also had oedema of the left 

nostril and lips. It was euthanased on humane grounds and underwent full necropsy examination (Image Dr. Kath. Handasyde) 

 

Sub-clinical cases: 

Twelve animals met the criteria for classification as a sub-clinical case (Table 2). 

These were all adult animals, comprising one male and three female T. vulpecula, four female 

P. peregrinus, and one male and three female T. cunninghami. The animals were domiciled 

in Point Lonsdale (T. vulpecula and P. peregrinus), and Bellbird Creek (T. cunninghami).  
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Table 2: Data for sub-clinically affected possums. 

Case 

ID: 
Domicile: 

Year. 

Diag.: 
Species: Sex: Est. age: Comments: 

28 Point Lonsdale 2007 T. vulpecula M Adult 

Found dead by resident. No external 

lesions or internal pathology at necropsy. 

Culture +ve from liver tissue. 

29 Bellbird Creek 2008 T. cunninghami F Adult 
No external lesions. PCR +ve faeces (++) 

on one trapping occasion. 

30 Point Lonsdale 2008 T. vulpecula F Adult 

No external lesions. PCR +ve faeces (+/-) 

on one trapping occasion. Blood, buccal 

swabs, nasal swabs and urine repeatedly 

PCR –ve. 

31  Point Lonsdale 2008 P. peregrinus F Adult 
Poor BCS. No external lesions. PCR +ve 

faeces (++) 

32  Point Lonsdale 2008 P. peregrinus F Adult 
No external or internal lesions on full 

necropsy. PCR +ve gut contents. 

33 Bellbird Creek 2009 T. cunninghami M Adult 
No external lesions. PCR +ve faeces (+/-) 

on one trapping occasion. 

34 Bellbird Creek 2009 T. cunninghami F Adult 
No external lesions. PCR +ve faeces (++) 

on one trapping occasion. 

35  Point Lonsdale  2009 T. vulpecula F Adult 

No external lesions. PCR +ve faeces (+) on 

one trapping occasion. Blood, buccal swabs 

and nasal swabs repeatedly PCR –ve. 

36  Point Lonsdale  2009 T. vulpecula F Adult No external lesions. PCR +ve faeces (+/-) 

37  Point Lonsdale  2009 P. peregrinus F Adult No external lesions. PCR +ve faeces (+/-) 

38  Point Lonsdale  2009 P. peregrinus F Adult 
No external lesions. PCR +ve faeces (+), 

buccal swab (+/-) 

39 Bellbird Creek 2011 T. cunninghami F Adult 
No external lesions. PCR +ve faeces (+/-) 

on one trapping occasion. 

 
ID = identification, Diag = diagnosed, Est = estimated, M = male, F = female, PCR = polymerase chain reaction targeted against insertion 
sequence 2404, +ve = positive, (+/-)  
 

One animal (case 28) was identified by a Point Lonsdale resident, while the remainder 

were trapped as part of the aforementioned studies (cases 29-39). Some T. vulpecula and T. 

cunninghami were trapped multiple times; the time-line of results from PCR analysis on 

faecal samples from these animals is presented in Figure 16. 
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Necropsy results: 

Ten animals (cases 5, 8, 14-16, 24, 25, 27, 28 and 32) underwent partial or complete 

necropsy examination. Apart from case 28, which was found deceased, these animals were all 

euthanased with an overdose of sodium pentobarbitone, and tissues collected at necropsy 

were either fixed in 10% v/v buffered formalin or were submitted fresh for microbiology. 

Formalin-fixed tissues were then embedded into paraffin blocks and processed routinely prior 

to staining with H&E and/or acid-fast staining with either ZN stain or Wade’s modification 

of the ZN stain (Wade, 1952). 

In all clinical cases that underwent necropsy, the necrotic skin ulcers appeared grossly 

and histologically similar to those described in other species (Hayman & McQueen, 1985; 

Mitchell et al., 1984). The lesions were characterised by extensive loss of the epidermis. A 

superficial crust composed of serous exudate and degenerate leukocytes was present, 

overlying a necrotic base (Figure 17). The margins of the lesions were characterised by 

proliferative epidermis overlying fibrotic and sometimes, oedematous dermal tissue admixed 

with pyogranulomatous and/or lymphoplasmacytic inflammation. In ZN-stained sections, 

abundant numbers of AFB were present in the dermis, either extra-cellular, or within 

macrophages (Figure 18a). 

 

Figure 16: Graphical representation of PCR results of faecal samples collected from sub-clinically affected T. vulpecula and T. cunninghami 
that were repeatedly trapped during the period of the study. In the majority of these individuals the gut carriage of M. ulcerans DNA was 
demonstrated to be transient. 
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Four animals with extensive cutaneous disease (cases 16, 24, 25 and 27) also had 

evidence of systemic involvement, with patchy granulomatous, neutrophilic and/or 

lymphoplasmacytic lesions in the liver and lung. Rare AFB were present in macrophages in 

some sections of liver (Figure 18b). 

 

Figure 17: Photomicrograph of a skin lesion obtained from case 16. The lesion is characterised by proliferative epidermis overlying fibrotic 
dermal tissue admixed with inflammatory cells, and superficial crust composed of serous exudate and degenerate leukocytes overlying a 
necrotic base. (H&E stain) (Image Dr. Christina McCowan). 
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Figure 18: (a): Demonstration of numerous acid-fast bacilli (AFB) in an ulcerated skin lesion of case 16 (modified ZN stain), (b): the liver 
lesions in this case contained rare AFB, mostly within macrophages (arrow) (modified ZN stain). (Images Dr. Christina McCowan) 

Two sub-clinical cases (case 28 and 32) underwent necropsy examination. Case 28, 

had been seen at ground level during the late afternoon by a local resident and had appeared 

unusually docile. The animal was found deceased the following day and its body was 

submitted for necropsy evaluation at the Department of Veterinary Pathology, the University 

of Melbourne a few days later. Although there was significant tissue autolysis and cause of 

death could not be determined, there were no cutaneous lesions consistent with M. ulcerans 

infection. Low levels of M. ulcerans DNA were detected by IS2404 real-time PCR in tissue 

from the liver, spleen, lung and gut wall, as well as small and large bowel contents and faecal 

pellets retrieved from the rectum. Mycobacterium ulcerans as also cultured from the liver 

tissue. The carcass also contained fly larvae (species not identified), which were also weakly 

IS2404 PCR-positive. Case 32 was found to have IS2404 PCR-positive faeces and was 

euthanased and underwent necropsy as part of the epidemiological study. The animal had no 

gross or histopathological lesions. A moderate level of M. ulcerans DNA was detected in all 

gut compartments, and salivary gland tissue was also weakly PCR-positive. 

 

Microbiological investigations: 

The results of the microbiological investigations for clinically affected animals 

performed on either lesion swabs and/or necropsy material and, in most cases, gut contents or 

faeces are presented in Tables 3 and 4. 
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Table 3: Microbiological data for possums with clinical M. ulcerans infection. 

Case: IS2404 PCR results: Culture results: Typing results: 

1 PCR +ve: nose lesion Culture +ve: nose lesion NA 

2 PCR +ve: nose lesion Culture +ve: nose lesion NA 

3 PCR +ve: site not specified Culture +ve: site not specified NA 

4 PCR +ve: site not specified Not cultured NA 

5 PCR +ve: lesion swab and stomach wall. PCR –ve: 
liver 

Culture +ve: facial ulcer tissue. Culture –
ve: liver and stomach wall RFLP ‘V1’ 

6 PCR +ve: site not specified Culture +ve: site not specified 
RFLP ‘V1’ 
VNTR ‘Victorian’ 

7 PCR +ve: site not specified Culture +ve: site not specified 
RFLP ‘V1’ 
VNTR ‘Victorian’ 

8 PCR +ve: tail base and mid-tail lesions Culture +ve: both tail lesions RFLP ‘V1’ 

9 PCR +ve: site not specified Culture contaminated NA 

10 PCR +ve: site not specified Culture +ve: left hind foot lesion VNTR ‘Victorian’ WGS 

11 PCR +ve: site not specified Culture +ve: site not specified VNTR ‘Victorian’ 

12 PCR +ve: tail and toe lesions, buccal swab. PCR –
ve: blood sample Culture +ve: toe and tail lesions VNTR ‘Victorian’ 

13 PCR +ve: tail lesions. PCR -ve blood, faeces, 
cloacal and nasal swab Culture not performed NA 

14 
PCR +ve: tail lesion, gut contents, faeces. PCR –ve: 
buccal and nasal swabs, blood, bile, urine, salivary 
gland, lung, liver, spleen, kidney 

Culture +ve: tail lesion. Culture –ve: gut 
contents VNTR ‘Victorian’ 

15 
PCR +ve: tail lesion, faeces, salivary gland, gut 
contents. PCR –ve: buccal and nasal swabs, blood, 
bile, urine, lung, liver, spleen, kidney 

Culture +ve: tail lesion. Culture –ve: 
salivary gland, gut contents VNTR ‘Victorian’ 

 16 

PCR +ve: multiple limb lesions, facial lesions, tail 
lesion, lung, liver, spleen, kidney, mandibular lymph 
node, heart, mesenteric lymph node, salivary gland, 
buccal swab, gut contents 

Culture +ve: liver, nose lesion, mandibular 
lymph node, spleen. Culture –ve: hind leg 
muscle, colon, right hock, stomach tissue, 
gut contents 

VNTR ‘Victorian’ 
WGS 

17 PCR +ve: from swab of multiple combined sites Culture +ve: swab of multiple combined 
sites VNTR ‘Victorian’ 

18 PCR +ve: ear tissue Culture –ve: ear tissue NA 

19 PCR +ve: faeces, toe lesion. PCR –ve: blood, buccal 
and nasal swab Culture not performed NA 

20 PCR +ve: toe lesion, faeces. PCR –ve: blood, buccal 
and pouch swabs Culture +ve: toe lesion VNTR ‘Victorian’ 

21 PCR +ve: toe lesion, faeces, buccal swab. PCR –ve: 
blood Culture –ve: toe lesion NA 

22 PCR +ve: tail lesion, faeces, buccal swab. PCR –ve: 
blood Culture +ve: tail lesion VNTR ‘Victorian’ 

23 PCR +ve: pouch, buccal swab, nasal swab, tail and, 
ear lesion swabs, faeces. PCR –ve: blood  Culture not performed NA 

24 
PCR +ve: faeces, tail, eye and nose lesions, buccal, 
and pouch swabs, spleen, lung, kidney, liver, gut 
contents 

Culture +ve: tail lesion. Culture –ve: gut 
contents VNTR ‘Victorian’ 

25 PCR +ve: eye lesion, nasal lesion, lung, liver, 
spleen, kidney, buccal swab, gut contents  

Culture +ve: tail lesion. Culture –ve: gut 
contents VNTR ‘Victorian’ 

26 PCR +ve: tail lesion, buccal. PCR –ve: cloacal swab Culture +ve: caudal abdominal cavity VNTR ‘Victorian’ 

27 PCR +ve: tail and hind leg lesions, liver, lung, gut 
contents 

Culture +ve: tail and hind leg lesions, liver, 
lung and SI contents. Culture –ve: 
stomach, caecum and LI contents 

VNTR ‘Victorian’ 

 
IS2404 PCR = polymerase chain reaction targeted against insertion sequence 2404, +ve = positive, -ve = negative, NA = not available, RFLP = 
restriction fragment length polymorphism, VNTR = variable numbers tandem repeats, WGS= whole genome sequencing, SI = small intestinal, LI = 
large intestinal, real-time PCR cycle threshold (CT): (+/-) = CT >35, (+) = CT >30-35, (++) = CT >25-30, (+++) = CT >20-25, (++++) CT £ 20 
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Table 4: Relative real-time IS2404 PCR signal from gut contents of possums 

Case: Stomach Contents: SI Contents: Caecal Contents: LI Contents: 

14 + + +/- + 

15 +/- + + +/- 

16 +++ ++ ++ ++ 

24 +++ ++ +++ +++ 

25 +++ ++ +++ ++ 

27 ++ + +++ ++ 

28 ++ ++ NP + 

32 ++ ++ + ++ 

 

SI = small intestinal, LI = large intestinal, real-time PCR cycle threshold (CT): (+/-) = CT >35, (+) = CT >30-35, (++) = CT >25-30, (+++) = 
CT >20-25, (++++) CT £ 20, NP= not performed 

 

M. ulcerans was cultured from skin lesions only in 19 animals, the liver, spleen and a 

mandibular lymph node in case 19, and skin lesions, liver, lung and small intestinal contents 

in case 27. The organism was also cultured from the abdominal cavity of the decomposing 

carcass of case 26. 

RFLP typing of isolates was performed in four cases and found to be “V1” type. 

VNTR typing was performed in 15 cases and was found to be indistinguishable from M. 

ulcerans strains causing human and animal disease in Victoria. Analyses of the whole 

genome sequences of the isolates from cases 10 and 16, which have been described 

previously(Doig et al., 2012), confirmed a close genetic relationship with M. ulcerans 

isolates from Victorian human patients.  

The duodenum of case 16 also contained a large tapeworm (species not identified), 

which was PCR-negative, despite the moderate real-time PCR-positivity of the small-

intestinal contents of this animal. PCR-positive fly larvae (species not identified) were also 

retrieved from the carcass of case 26, however M. ulcerans, could not be cultured 

successfully from these larvae. 

Numerous samples were collected from 69 possums (Appendix IV) (including cases 

12-16, 19-26 and 29-35) captured in Point Lonsdale. Faecal samples were collected from 57 

individual animals; in the first instance, 14 (25%) of these samples were PCR-positive for M. 
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ulcerans DNA. In six animals, multiple faecal samples were collected over the course of the 

study; in three cases 2/2 samples were negative, in one case 2/2 were positive (case 20) and 

in three cases 1/2, 1/5 and 1/6 samples were PCR-positive respectively (cases 21, 36 and 35).  

Blood samples were collected from 63 individuals. All underwent PCR testing; none 

were positive. Buccal swabs were obtained from 67 individuals; 7 (16%) were PCR-positive. 

Urine samples were collected from 16 animals; all were PCR-negative. Pouch swab samples 

were collected from 15 possums; 3 (20%) of which were weakly PCR-positive. Twenty 

cloacal swab samples were collected (often in lieu of a faecal sample); the one instance where 

this sample was PCR-positive, the animal was concurrently documented to have PCR-

positive faeces (case 16).  

Sixty-nine faecal samples were collected from 15 T. cunninghami that were trapped 

(some repeatedly) in Bellbird Creek from 2007-2012. Four animals (27%) had a PCR-

positive faecal sample10 on a single occasion (cases 29, 33, 34 and 39).  

 

Non-affected possums: 

Of the 69 animals trapped in Point Lonsdale, 50 (72%) had no detectable M. ulcerans 

DNA via IS2404 real-time PCR, in any clinical sample. This cohort comprised 13 male and 6 

female T. vulpecula, and 13 male and 18 female P. peregrinus. 

Eleven (73%) T. cunninghami had PCR-negative faecal samples on all trapping 

occasions. This group of animals comprised 7 males and 4 females. 

 

Comparison of clinically, sub-clinically and non-affected possums: 

Categorical variables of species (P. peregrinus and non-P. peregrinus), sex (male and 

female) and case type (clinical, sub-clinical and non-affected) were compared (Table 5).  

  

                                                
10 Performed by Dr. Janet Fyfe. 
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Table 5: Numbers of P. peregrinus and non-P. peregrinus (T. vulpecula and T. cunninghami) possums categorised by sex and case category. 

Case 
Category: 

Male P. 
peregrinus 

Female P. 
peregrinus 

Sex unknown P. 
peregrinus 

Male Non-P. 
peregrinus 

Female Non-P. 
peregrinus 

Male Unknown 
Species 

Clinical 14 7 2 1 1 2 

Sub-clinical 0 4 NA 2 6 NA 

Non-affected 13 18 NA 20 10 NA 

NA – not applicable 

 

Clinical cases were significantly more likely to be P. peregrinus (rather than the other 

two possum species), compared to sub-clinical cases (odds ratio [OR] 20.2; 95% confidence 

interval [95% CI] 2.78-264.4; P= 0.0009)]. Likewise, clinical cases were more likely to be 

male than sub-clinical cases (OR 9.891; 95% CI 1.585-113.7; P=0.009). A comparison of 

animals with (clinical) and without cutaneous lesions (sub-clinical and non-affected possums) 

was made; the former animals were more likely to be P. peregrinus (OR 12.22; 95% CI 

2.696-114.5; P=0.0001), or male (OR 2.288; 95% CI 0.8126-6.941; P=0.1). When the 

variables of sex and species were combined, male P. peregrinus were statistically more likely 

to have clinical lesions than other animals (OR 6.991; 95% CI 2.278-22.89; P=0.0003).  

When comparisons were made between animals with a PCR-positive sample (both 

clinical and sub-clinical cases) and non-affected animals, these individuals were more likely 

to be P. peregrinus (OR 2.587; 95% CI 1.003-7.081; P=0.05). There was no sex predilection 

for PCR-positivity (OR 0.8459; 95% CI 0.3461-2.065; P = 0.8).  
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The mean IS2404 real-time PCR signal strength (CT) of approximately 100 mg of faeces 

collected from clinically (n=10) and sub-clinically affected (n=12) animals was calculated as 

29.32 (SD ±5.43) and 33.54 (SD ±4.82), respectively (raw data not shown) (Figure 19). 

When the values were compared, the difference was not statistically significant (P = 0.075). 

 

Figure 19: Box-and-whisker plot of real-time IS2404 real-time PCR cycle threshold (CT) values of faeces collected from clinically and sub-
clinically affected possums. 
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Discussion: 

Although there are previous reports of M. ulcerans infection in possums (Fyfe et al., 

2010; Portaels et al., 2001), this is the first study to examine the clinical, pathological and 

microbiological aspects of the disease in detail, and also represents the largest and most 

comprehensive case series of the disease in any non-human species. Affected possums have 

only been recorded from areas of known M. ulcerans-endemicity in Victoria, Australia. This 

is true for all reports of the infection in non-human mammalian species, despite the fact that 

the disease has been reported in many disparate areas of the world. The reasons for this 

epidemiological discrepancy are currently unknown but may be due to specific host or 

environmental factors (for example, the presence of particular insect vectors in a temperate 

climate), or genomic differences related to virulence or host specificity of the ‘Victorian’ 

strain of M. ulcerans, compared to strains found elsewhere. There has been some attempt to 

identify animal cases in endemic areas of Africa and other parts of Australia, however this 

research has not yet yielded any positive results to date (J. Fyfe, C. Lavender, PDR. Johnson 

unpublished observations) (Durnez et al., 2008; Durnez et al., 2010). 

It has been reported that some species of marsupials appear prone to particular 

mycobacterial diseases (Buddle & Young, 2000) (for example, T. vulpecula and M. bovis 

infection, macropods and infections caused by the MAC) and it is noteworthy that the next 

animal species most commonly reported with M. ulcerans infection is another Australian 

arboreal marsupial, the koala (McOrist et al., 1985; Mitchell et al., 1984; Mitchell et al., 

1987). The prevalence of M. ulcerans infection in the possum populations in this study 

cannot be accurately estimated due to the inherent difficulties in sampling from a wild 

population; however, it appears that P. peregrinus are significantly more susceptible to 

clinical M. ulcerans infection than other possum species. Male P. peregrinus appeared to be 

particularly predisposed to clinical lesions, perhaps due to behaviours such as fighting [which 

was touted as a possible reason why male koalas appeared over-represented in an earlier 

study (Mitchell et al., 1987)] or as a result of stress associated with competition for 

territories. More extensive trapping and sampling and/or captive studies would be 

informative in revealing whether P. peregrinus have higher susceptibility to infection and 

disease across all M. ulcerans-endemic areas in Victoria. Further, it is noteworthy that only 

P. peregrinus were observed with advanced clinical disease, with a number of animals 
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displaying multiple lesions at disparate anatomical sites, and that some cases progressed to 

systemic disease involving the liver and lungs. 

It is unclear whether the apparent susceptibility of P. peregrinus is a function of 

impaired immunity or epidemiological factors such as high rates of environmental exposure, 

perhaps via communal sharing of contaminated dens [P. peregrinus are more social than 

most other possum species (Kerle, 2001)], inoculation of the bacterium via penetrative 

wounds or insect vectors, or possibly via the practice of auto and/or allocoprophagy (Stevens 

& Hume, 2004). Due to the economic impact of T. vulpecula as reservoirs for M. bovis in 

NZ, much effort has been expended in assessing the immunobiology of this species. No such 

data exist for P. peregrinus and testing of the immunological competence of non-infected 

controls is needed to establish whether there are any inherent immunological deficiencies in 

these populations and would be helpful in differentiating any local or systemic 

immunosuppressive effects of mycolactone in infected individuals.  

The significance of variable levels of M. ulcerans DNA in the gastrointestinal tract of 

both clinically and sub-clinically affected possums in endemic areas is unknown. There were 

no lesions consistent with established gastrointestinal infection in any animals where 

histopathological examination of the gut was performed. The question as to whether these are 

viable organisms (and therefore represent a significant source of potentially infective 

organisms to other animals and people) remains unanswered, despite concerted attempts to 

culture M. ulcerans from fresh and aged PCR-positive faecal material collected from the 

environment, and fresh gut contents collected at necropsy. A single isolate was recovered 

from the small intestinal contents of a systemically affected P. peregrinus from Phillip Island, 

however the possibility of cross-contamination from lesions cannot be ruled out in this 

instance. Alternative methods to demonstrate metabolic activity of M. ulcerans within 

possum gut contents/faeces, for example, via messenger RNA or mycolactone detection 

remain a possibility, although negative findings may theoretically result if the organisms have 

become metabolically dormant.  

Based on real-time PCR signal strength, there is no evidence that the organism is 

amplified in any particular region of the gut of affected animals. Nor does it appear that 

clinically affected cases have significantly greater amounts of M. ulcerans DNA in the gut 

compared to sub-clinical cases. There is also no sex predilection for PCR-positivity in the gut 

contents or faeces, perhaps suggesting a common environmental source of oral inoculation in 
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all animals, even though there may be separate risk factors for clinical disease between the 

sexes. 

If the organisms are viable within the gut, the daily practice of autocoprophagy in P. 

peregrinus (Chilcott & Hume, 1985) provides a possible route for re-inoculation and 

amplification of organisms in the gut of an individual, and thus ongoing 

colonisation/infection. It is not known whether this represents a source of horizontal 

transmission to other individuals - thus maintaining colonisation/infection in the population - 

via allocoprophagy. This seems most likely, perhaps, in juveniles approaching weaning. In 

the koala, which like P. peregrinus is also a specialist folivore, establishment of normal gut 

flora in dependent juveniles occurs during weaning via allocoprophagy (Osawa et al., 1993). 

An alternative significant environmental source of oral inoculation, for example, a 

contaminated food source, remains elusive, although interrogation of a variety of plant 

species potentially foraged by P. peregrinus in some endemic areas via IS2404 real-time 

PCR demonstrated low levels of M. ulcerans DNA (data not shown). Except in one instance, 

only animals with cutaneous lesions were found to have positive buccal swabs, which might 

suggest that the positive PCR of these samples may be due to contamination of the oral cavity 

via licking of ulcers. However, it cannot be conclusively shown that these findings are not 

due to ingestion of M. ulcerans DNA from the environment or contaminated caecotrophs.  

The fact that the non-coprophagous T. vulpecula has also been noted to have similar 

levels of M. ulcerans DNA in the faeces (Fyfe et al., 2010) also argues for a potential oral 

environmental source. It is unknown at this stage whether the finding of M. ulcerans DNA in 

the gut of possums represents transient or persistent gut contamination, colonisation or 

infection, although in two T. vulpecula and four T. cunninghami trapped repeatedly over the 

course of the study low level faecal PCR-positivity was found to be transient. No such 

comparisons could be made for P. peregrinus due to the difficulties of repeat trapping of this 

species, even with the aid of radio-tracking collars (A. Legione, K Handasyde unpublished 

observations). 

It is also not known whether gut colonisation/infection is directly linked with prior or 

eventual clinical disease. The only clinically affected individual without PCR-positive faeces 

(case 13) had numerous superficial cutaneous lesions on the tail that were different in 

appearance from the typically deep, undermined ulcers observed in other animals in the 

study. Whilst these lesions were weakly PCR-positive, the possibility cannot be excluded that 
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they were actually caused by a different disease entity [such as pox-virus infection 

(Vogelnest et al., 2012)] that was contaminated with M. ulcerans DNA from the 

environment. 

Based on real-time PCR results of urine samples, it does not appear that M. ulcerans 

is shed via the urinary tract, nor is there evidence of mycobacteraemia in the animals from 

which blood samples were obtained. Thus, it is unlikely that possums are a significant source 

of potentially infective blood meals for vectors such as mosquitoes or flies, although 

mechanical transmission from the wounds of infected possums to humans via contaminated 

insect vectors cannot be ruled out. 

While the natural history of this disease in possums is generally unknown, lesions 

were observed to undergo spontaneous remission in a single T. vulpecula and a single T. 

cunninghami in this study. It is not known if either of these two individuals eventually 

suffered disease relapse (one individual was kept in captivity but has been lost to follow-up, 

and one was released back into the wild). It seems that at least in some P. peregrinus the 

disease becomes progressive, leading to systemic illness and possibly death. Unfortunately, 

in the two animals found deceased (cases 26 and 28) the cause of death could not be 

determined due to the state of decomposition (compounded by myasis of the carcass in one 

instance), thus it is impossible to say what role, if any, M. ulcerans played in their demise. 

The systemically affected P. peregrinus had histopathological evidence of 

disseminated disease in both the lungs and liver. Lower respiratory tract infections have been 

previously reported in koalas with extensive nasal cavity disease, presumably due to 

inhalation of the organisms (McOrist et al., 1985). The authors speculated that due to the 

organism’s strict temperature requirements (27-33ºC) the infection was possibly maintained 

in this anatomical site due to a sub-normal core body temperature that could occur in a 

moribund animal. Unfortunately, the core body temperature of the severely affected possums 

in this study was not measured, although the normal core body temperature of P. peregrinus 

is 35-36ºC (Jackson, 2003), thus it is conceivable that these individuals may become 

sufficiently hypothermic to permit growth of M. ulcerans within the body (Buddle & Young, 

2000). Circulating mycolactone has been detected in human patients (Sarfo et al., 2011), and 

may also play a role in producing systemic immunosuppression in animals with extensive 

disease. 
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Conclusions and avenues for further study: 
 

The disease burden in P. peregrinus (especially males) in some areas of Victoria 

endemic for M. ulcerans disease appears substantial. Whilst it appears T. vulpecula and T. 

cunninghami with solitary cutaneous lesions have the ability to spontaneously overcome the 

infection, the natural history of the disease generally remains unknown. In some instances, 

severely affected animals, especially P. peregrinus, may become systemically, and 

potentially fatally affected. As previous work has shown, sub-clinical gut carriage of M. 

ulcerans DNA in possums is quite common (Fyfe et al., 2010), and this study has shown that 

in some T. vulpecula and T. cunninghami it is transient. It is unknown whether this is also the 

case for P. peregrinus.  

This study of M. ulcerans infection in possums has highlighted a number of areas that 

warrant further investigation. More detailed studies are necessary to document the natural 

history of the disease and the level of M. ulcerans DNA shed in the faeces over time, in both 

naturally and experimentally infected animals (especially P. peregrinus). One difficulty is 

that the stress of bringing wild possums into captivity is likely to confound results from any 

such investigations, and although ideally such aims could be achieved via radio-tracking of 

wild animals, the heavy attrition of P. peregrinus in their natural habitat(Augee et al., 1996), 

makes this work difficult, as a pilot study by the group has confirmed (K Handasyde, A. 

Legione unpublished observations). Sick or deceased possums may be predated or scavenged 

by carnivores such as owls, foxes, dogs and cats. Likewise, only a small proportion of 

diseased or dead animals are identified and submitted for examination, and sick individuals 

may be euthanased and disposed of by veterinarians who are unaware of the significance of 

the typical signs of M. ulcerans infection, such as ulcerated cutaneous lesions.  

Additionally, scanning surveillance does not detect individuals who are sub-clinically 

affected. Targeted surveys such as trapping programs, generally represent point sampling in 

the case of P. peregrinus (attempts at radio-tracking individuals was not previously 

successful), thus difficulties arise in collecting longitudinal data on disease progression or 

resolution. Additional problems with targeted surveillance are that it is labour and cost-

intensive, requires specialised expertise, and a significant length of time (months/years) may 

be needed to generate a representative cohort of animals. Surveillance of faeces from the 

ground is a very attractive alternative, however it is unknown how long possum faeces (and 

their corresponding M. ulcerans-positive PCR signal) persist in the environment.  



CHAPTER 1 

PART 1: INVESTIGATIONS OF MYCOBACTERIUM ULCERANS 

	

58	

Although T. vulpecula have been used extensively in captive experimental programs, 

particularly involving investigations into disease susceptibility and routes of transmission of 

M. bovis, no controlled captive studies involving mycobacterial infections of P. peregrinus 

have been conducted to date. Although experimental studies may not necessarily reflect the 

natural situation, they provide an important starting point from which to cross-validate 

findings into the field situation with regards to potential routes of infection, transmission, 

disease pathogenesis and progression. 

 

Key research questions arising from the work performed in this aspect of the study are listed 

below. 

1. How are P. peregrinus infected with M. ulcerans? 

a. Via a food source for example, foliage containing M. ulcerans organisms?  

b. Via an insect vector for example, mosquito or sandfly bite 

c. Via contact with other infected possums 

2. How does the possum transmit infection to humans (if at all)? 

a. Via environmental exposure through skin contact with M. ulcerans-containing 

substances for example, soil/faeces  

b. Via an insect vector for example, mosquito or sandfly? 

c. Via handling of infected possums? 

d. Via aerosolisation or ingestion of possum faeces contaminated water sources? 

3. Are M. ulcerans organisms in possum faeces viable and transmissible for example, to 

mice or other possums? (Chapter 2 of this thesis seeks to answer the first aspect of 

this research question). 

4. If viable, how long do M. ulcerans organisms remain so in possum faeces exposed to 

the elements? 

5. Can testing of possums and the selective removal of those infected with M. ulcerans 

from a geographical region reduce the incidence of M. ulcerans disease in people 

living in that community compared to other endemic regions? 

6. Can we monitor wild possums as sentinel animals for the emergence of M. ulcerans in 

a new human community? 
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Further research that would seek to answer some of these questions would include: 

1. Continued IS2404 real-time PCR surveys of fresh possum faeces (for example, 

collected via ground coverings under trees) in selected geographical areas. 

2. Estimation of faeces decomposition rate and potential loss of real-time PCR signal 

3. Inoculation of decontaminated samples of M. ulcerans derived from possum faeces 

into laboratory animals (for example, mice or captive P. peregrinus) 

4. Observational studies of experimental disease in captive P. peregrinus infected via a 

variety of routes. These studies would track the natural history of the disease in 

captivity, from which speculative extrapolations of the behaviour of the disease in the 

wild population could be made. Likewise, infected animals could be co-housed with 

uninfected individuals to observe the capacity for contagious spread of the disease, 

via either direct or indirect means. 

5. Eventual trial culling of PCR-positive possums from a geographically suitable site 

after sufficient data gathering from previous aspects of the study. 
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CHAPTER 2: EFFORTS TO DETERMINE MYCOBACTERIUM ULCERANS VIABILITY IN 

POSSUM FAECES 

 

Introduction:  

Detection of M. ulcerans DNA in the gut contents and faeces of possum species in 

endemic areas of Victoria may simply represent carriage of non-viable organisms or gut 

contamination. However, if the bacteria are viable, and potentially infective, these animals 

may play a role in the amplification and persistence of this organism in the environment. 

Culture is the gold standard for demonstration of viability, but M. ulcerans is particularly 

difficult to cultivate from samples other than those from human and animal lesions (Portaels 

et al., 2008). 

It was not until the original investigative microbiologists, Tolhurst and Buckle, 

inadvertently discovered that M. ulcerans has a preference for growing at temperatures 

between 30-33°C, that the organism could be grown with relative ease on artificial media 

from the wounds of patients and experimental animals (MacCallum et al., 1948). Until then, 

the organism had to be maintained via a series of peritoneal inoculations of rats, which was 

done for a period of up to four years (Hayman, 1990). 

Attempts to culture the organism directly from endemic environments have been 

fraught with difficulty. The first such documented attempts were in 1972-73 where Barker 

and colleagues were able to culture numerous mycobacterial species from vegetation and soil 

in Uganda, however failed to cultivate any organisms that phenotypically resembled M. 

ulcerans (Barker, 1973; Barker et al., 1972). Other investigators collected many samples of 

water, mud, soil, grasses and fish in M. ulcerans-endemic areas of Zaire over a period of 4 

years in the early 1970s, but were likewise unable to culture the organism (Portaels, 1978, 

1995). Numerous attempts to culture the organism from the environment in M. ulcerans-

endemic areas of Australia and New Guinea (including water, silt and aerosols) have also 

been attempted without success (Hayman, 1991). 

During an outbreak of disease in people on Phillip Island, Victoria, a series of water 

samples were collected from a variety of sources - including a sewerage recycling plant, a 

tank associated with an irrigation pump, a residential rainwater tank and the town water 

supply - at the end of 1994 and again one year later (Ross et al., 1997a). These samples were 

inoculated into BACTEC 12B broth and onto Brown and Buckle slopes after filtration and/or
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decontamination and while a variety of environmental mycobacteria were grown, M. ulcerans 

was not. Although attempts at growing the organism in this instance were unsuccessful, this 

work lead to the development of a technique to test water samples by PCR targeting IS2404, 

which led to the first direct detection of M. ulcerans DNA in the environment, a major 

contribution to epidemiological investigations around the world (Ross et al., 1997a). 

Portaels and colleagues published an account of the first successful culture of M. 

ulcerans from an environmental source in 2008 (Portaels et al., 2008). In summary, a 

homogenised and decontaminated Gerris (water strider insect) species11 collected from a 

watercourse in M. ulcerans-endemic Benin was inoculated into BACTEC 12B broth. After 

the broth became positive by IS2404 PCR it was inoculated into a mouse footpad. Following 

two further mouse footpad passages, it was then grown in pure culture on LJ medium. It was 

subjected to a variety of genotyping methods, which revealed it to be indistinguishable from 

the predominant strain of M. ulcerans causing disease in African patients. 

A subsequent study published in 2016, isolated M. ulcerans from moss and soil, using 

a 4% (1M) sodium hydroxide decontamination followed by 5% v/v oxalic acid (Yeboah-

Manu et al., 2004). The investigators added mycobactin J to the LJ medium and a polymyxin 

B, amphotericin B, nalidixic acid, trimethoprim, and azlocillin mixture (PANTATM) 

(Aboagye et al., 2016). 

It has been postulated that M. ulcerans may be difficult to culture from the 

environment because:  

(i) The specimens are often heavily contaminated with other microorganisms 

(Hayman, 1991; Ross et al., 1997a), including other mycobacteria; 

(ii) It has a comparatively long generation time, and faster growing bacteria may 

overgrow the organism (Marsollier et al., 2004b);  

(iii) It may exist in low numbers from sampled sites (Ross et al., 1997a); 

(iv) The presence of oxygen and ultraviolet light may reduce the viability of 

organisms (Palomino et al., 1998); 

                                                
11 The fact that the source of this organism was an aquatic insect was not surprising, given 
that investigators had previously identified M. ulcerans DNA by IS2404 PCR in carnivorous 
water bugs from this area 
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(v) The ambient temperatures at which the samples are transported and stored 

(especially if temperatures are above 32°C) may negatively impact organism survival 

(Eddyani & Portaels, 2007; Meyers et al., 1974); 

(vi) Decontamination methods may have a negative impact on viability (Palomino 

& Portaels, 1998) or alternatively; 

(vii) The organism may be living in a viable but non-culturable (VBNC) dormant 

state in the environment (Ross et al., 1997a; Sachidanandham & Yew-Hoong Gin, 2009). 

The culture of mycobacterial species from the faeces of affected hosts has been the 

subject of much investigation, particularly for M. avium subsp. paratuberculosis (Whitlock & 

Rosenberger, 1990), M. bovis and M. tuberculosis, although the use of molecular methods 

has now supplanted many of these techniques with regards to diagnosis. A variety of 

techniques have been employed to improve the sensitivity of mycobacterial culture from 

contaminated samples, including sedimentation, centrifugation, antibody-capture 

paramagnetic bead separation and pre-incubation of the inoculum with antibiotics, as well as 

additional antibiotic supplementation of culture broths (Foddai et al., 2010; Peres et al., 2011; 

Stabel, 1997; Sweeney et al., 2007; Sweeney et al., 2006; Whitlock & Rosenberger, 1990; 

Whitlock et al., 2000; Whittington, 2009). There are two studies that couple peptide-mediated 

magnetic capture and immunomagnetic capture, respectively, of M. avium subsp. 

paratuberculosis in milk and faecal samples, followed by application of a phage assay for the 

detection of viable organisms (Foddai et al., 2011; Stewart et al., 2013). 

To facilitate the potential culture of M. ulcerans from possum faeces and gut contents 

a variety of these techniques were employed, the methods and results of which are the subject 

of this chapter. 

 

Materials and Methods: 

 
Microscopic examination of possum gut contents and faeces: 

 

IS2404 PCR-positive P. peregrinus faeces (CT 23-24) collected from beneath traps 

and on the ground at Point Lonsdale Victoria were macerated in 1000 µl of sterile phosphate-

buffered saline (PBS). Small aliquots were heat fixed onto glass microscope slides, ZN 

stained and then examined via light microscopy at 100x and 400x magnification.  
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Approximately 0.5 grams of IS2404 PCR-positive fresh gut contents from the small 

intestine, large intestine and caecum of an affected possum (CT 25-30) underwent a standard 

passive faecal flotation technique (Fecalyser® Jorvet) with a zinc sulfate solution and 

examined via light microscopy at 40x and 100x magnification. Examination of small aliquots 

mixed with PBS were placed on a microscope slide, covered with a coverslip and examined 

at 40x, and100x magnification for evidence of faecal parasites. 

 

Results: 

 

Examination of macerated IS2404 real-time PCR-positive possum gut contents and 

faeces demonstrated low to moderate numbers of apparently intact, acid-fast organisms. 

There was no evidence of protozoal or helminth infection with the guts of affected possums 

on light microscopy. 

 

Culture efforts 
 

As the possum faecal and gut specimens are heavily contaminated with other, likely faster 

growing microorganisms, it was decided to trial a variety of decontamination methods, and/or 

increased exposure to antimicrobial agents, some of which had precedence in successfully 

growing mycobacteria from contaminated samples (Marcus et al., 1976; Peres et al., 2011). 

It was also decided to investigate if the organism possibly required other factors (for 

example, mycobactin J) to stimulate growth in vitro from these samples.  

 
1. Culture using media containing mycobactin J  

 

The appropriate medium was not available in the Mycobacterium Reference 

Laboratory, so 2 grams of fresh IS2404 PCR-positive possum faeces were submitted 

to the Victorian Department of Primary Industries (Attwood) microbiological 

laboratory for radiometric culture using “M. avium subsp. paratuberculosis” culture 

broth medium (BACTEC). The protocol utilised has been provided by the Victorian 

Department of Primary Industries (now the Dept. of Environment and Primary 

Industries) in Appendix V. 
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2. Routine processing of IS2404 PCR-positive possum faeces with the addition of 

PANTA antibiotic mixture, cycloheximide and/or amphotericin B to the MGIT culture 

broth: 

 
Approximately 0.35 grams each of IS2404 PCR-positive and PCR-negative possum 

faeces were crushed and added to two separate glass bead bottles, each containing 

4000 µl of Ringers solution. The samples were vortexed for 1-2 minutes. 1000 µl of 

the resultant suspensions was transferred to a separate tube and mixed with an equal 

volume of 2% w/v sodium hydroxide and incubated at room temperature for 15 

minutes. The sample was then neutralised with 10% v/v orthophosphoric acid and 

centrifuged at 3082 g (Beckman Coulter Allegra X-22, Pasadena, California, USA) 

for 20 minutes. The supernatants were then discarded, and each sample was re-

suspended in 2500 µl of Ringer’s solution.  

500 µl of each sample was then inoculated into MGIT broth tubes as follows: 

a. 800 µl PANTA (made as per the manufacturer’s instructions to contain 

polymyxin B 2000 units/ml, trimethoprim 200 µg/ml, amphotericin B 200 

µg/ml, azlocillin 200 µg/ml and nalidixic acid 800 µg/ml) 

b. 800 µl PANTA plus 800 µg cycloheximide (Actidione) 

c. 800 µl PANTA plus 50 µg amphotericin B (Fungizone) 

d. 800 µl PANTA plus 400 µg cycloheximide and 25 µg amphotericin B  

 

The original bead bottle samples and MGIT tubes were then incubated aerobically at 

31°C for 12 weeks. 500 µl of the original samples and broth from each MGIT tube 

underwent DNA extraction using the FastDNATM SPIN Kit for Soil (MP 

Biomedicals, Solon, Ohio, USA) as per the manufacturer’s instructions and IS2404 

real-time PCR (Fyfe et al., 2007) on a weekly basis for 12 weeks to monitor for 

growth of M. ulcerans. 

 

3. Decontamination with 4% w/v sodium hydroxide: 
 

The body of a deceased adult female P. peregrinus domiciled on Phillip Island was 

submitted to the VIDRL for investigation of possible M. ulcerans infection  
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Samples of liver, lung, tissues from an ulcerative tail lesion and hind leg lesions, 

stomach contents, small intestinal contents, caecal contents and large intestinal 

contents were diced finely (if needed) and homogenised with 2 ml of Ringer’s 

solution by vortexing in a glass bead bottle. 

1000 µl of the resultant suspensions was transferred to a separate tube and mixed with 

an equal volume of 4% w/v sodium hydroxide and incubated at room temperature for 

15 minutes. The sample was then neutralised with 10% v/v orthophosphoric acid and 

centrifuged at 3082 g for 20 minutes. The supernatants were then discarded, and each 

sample was re-suspended in 2500 µl of Ringer’s solution with 800 µl PANTA. 100 µl 

of the sample was then inoculated into MGITs and onto Brown and Buckle slopes. 

 

500 µl of MGIT broth was extracted periodically over 13 weeks underwent DNA 

extraction and IS2404 real-time PCR as per the previous samples (page 64), on a 

weekly basis to monitor for growth of M. ulcerans. Brown and Buckle slopes were 

inspected visually for growth and representative colonies underwent DNA extraction 

and IS2404 real-time PCR (as per page 64) to check for the presence of M. ulcerans. 

 

The same decontamination technique was also used to process samples from a 

clinically affected P. peregrinus found deceased in a home garden in Sorrento, on the 

Mornington Peninsula of Victoria. Swabs from ulcerated lesions on the left and right 

hind and left forepaw were decontaminated and then inoculated into MGITs and onto 

Brown and Buckle slopes. Samples of liver, lungs, stomach, small intestinal, large 

intestinal and caecal contents were also decontaminated with this method. The 

samples were then mixed with 800 µl double-strength PANTA and incubated at 31°C 

for 48 hours. It was then inoculated into a MGIT with twice the normal volume of 

PANTA, and also onto Brown and Buckle slopes and incubated aerobically at 31°C. 

 

4. Decontamination with 0.04% w/v cetyl pyridinium chloride monohydrate  
 

To 0.07 grams IS2404-PCR-positive P. peregrinus caecal contents the following was 

added: 

a. 20 ml 0.04% w/v cetyl pyridinium chloride monohydrate (Ceepryn CL, 

Calbiochem Inc, La Jolla CA) buffered at pH 8.0 
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b. 20 ml sterile nuclease-free water 

c. 100 µl viable M. ulcerans suspension (IS2404 real-time PCR CT=18.81 

corresponding with an estimate of approximately 107-108 orgs/ml) + 20 ml 

0.04% w/v cetyl pyridinium chloride monohydrate  

d.  100 µl viable M. ulcerans suspension + 20 ml sterile nuclease-free water 

 

All samples were incubated for 20 hours at room temperature, then centrifuged at 

3082 g for 20 minutes. The supernatant was discarded, and the pellet was re-

suspended in 1000 µl of Ringer’s solution. 100 µl of each sample was inoculated into 

MGIT tubes with 800 µl PANTATM and 100 µl inoculated onto Brown and Buckle 

slopes in duplicate and incubated aerobically at 31°C. 500 µl of MGIT broth 

underwent DNA extraction and IS2404 real-time PCR as per the previous samples 

(page 64), periodically over a 19-week period to monitor for growth of M. ulcerans. 

Brown and Buckle slopes were inspected visually for growth and representative 

colonies underwent DNA extraction and IS2404 real-time PCR (as per page 64) to 

check for the presence of M. ulcerans. 

 

Results: 
 

Culture using media containing mycobactin J was reported as negative after 12 weeks 

of incubation. 

 

Routine processing of IS2404 PCR-positive possum faeces with the addition of 

PANTA antibiotic mixture, cycloheximide and/or amphotericin B to the MGIT 

culture broth, resulted in no growth of M. ulcerans. All MGIT tubes became positive 

for growth (as signalled by a manual fluorescence reader) of other organisms within 

1-3 weeks. 

 

Using decontamination with 4% w/v sodium hydroxide, M. ulcerans was successfully 

cultured from the lung, liver, cutaneous ulcers and small intestinal contents of a P. 

peregrinus from Phillip Island (case 27 in Chapter 2; Figure 20). This was confirmed 
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as being the same VNTR type as human patients in Victoria (Figure 21) The Brown 

and Buckle slopes became almost immediately overgrown with fungal organisms. 

 

Using the 4% w/v sodium hydroxide decontamination method, plus an additional step 

of an overnight soak of the inoculum in PANTA, a positive M. ulcerans culture was 

Figure 20. Demonstration of the growth of M. ulcerans in Mycobacterial Growth Indicator Tubes after decontamination of samples with 4% 
w/v sodium hydroxide, indicated by IS2404 real-time PCR signal. 

Figure 21: Variable Number Tandem Repeats profile of the M. ulcerans isolate from an affected P. peregrinus from Philip Island (lane 2) 
compared to a strain isolated from a human case in Victoria (lane 1) 
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also obtained from the cutaneous lesions and from the stomach contents of the 

Sorrento P. peregrinus (as indicated by strong IS2404 real-time PCR signal obtained 

from DNA extraction of colonies observed on Brown and Buckle slopes). MGIT 

sample not positive – presumed overgrowth (positive for oxygen depletion via 

detection of fluorescence, but IS2404-PCR negative). 

The colony count was low (2-3), but it is difficult to use this to extrapolate the number 

of potential organisms in the original sample. An estimate of potential organisms from 

the real-time PCR value of original sample obviously may also be inaccurate as this 

simply reflects the DNA load rather than an actual estimate of viable organisms.  

 

Using decontamination with 0.04% w/v cetyl pyridinium chloride monohydrate, M. 

ulcerans was grown from the spiked samples, but failed to grow in the naturally 

infected caecal contents (Figure 22). 

 

 
Figure 22. IS2404 real-time PCR testing of Mycobacterial Growth Indicator Tubes inoculated with samples decontaminated with cetyl 
pyridinium chloride monohydrate (Ceepryn). MU susp = M. ulcerans-spiked samples. 

 
 
The effects of a variety of processing methods on IS2404 real-time PCR cycle threshold (CT) 

for possum faeces naturally containing M. ulcerans DNA: 

 
Low numbers of organism in inocula has been cited as a possible reason for failure of 

M. ulcerans to grow in culture from environmental specimens (Ross et al., 1997a). Indeed, it 

was discovered early in this project that a large amount of the real-time PCR signal (and 

therefore possibly culturable organisms) remained within the sediment of the faeces and gut 

samples from which inocula were derived (data not shown). Given the propensity for the 
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mycobacterial cell wall to display hydrophobic properties, and the fact that M. ulcerans is 

known to form a biofilm (Marsollier et al., 2004b), a variety of methods were employed to try 

to potentially coax the organisms away from cellulose and other particulate matter within the 

possum ingesta. 

  

1. Variable dilutions of polysorbate 80 (Tween 80Ò)  

 
Approximately 0.375 grams of crushed IS2404 PCR-positive possum faeces were 

placed into glass bead bottles and the following was added to each sample: 

a) 2000 µl 0.05% w/v polysorbate 80 (Tween® 80, Sigma-Aldrich, Sweden) 

b) 2000 µl 0.1% w/v polysorbate 80 

c) 2000 µl of 0.5% w/v polysorbate 80 

d) 2000 µl PBS 

 

The resultant mixture was then vortexed for 1 minute. After a short period to allow 

the particulate material to settle via gravity, 1000 µl of sample was removed and 

centrifuged for 2 minutes at 3430 g to remove the bulk of the remaining faecal 

detritus.  

 

The supernatant was then transferred into another tube and again centrifuged for 5 

minutes at 16100 g. The resulting pellets and a 0.375 grams sample of faeces 

underwent DNA extraction and IS2404 real-time PCR as before (page 64). 

 

 

 

2. Sieving, sonication and 0.05% w/v polysorbate 80 soaking: 

a. Crushed, pooled IS2404 PCR-positive possum faeces were divided into 3 x 
0.18 grams samples.  
 
Sample 1 underwent DNA extraction and IS2404 real-time PCR as previously 

described (page 64). 

Sample 2 was mixed with 1000 µl of kit-supplied Sodium Phosphate Buffer 

(SPB) and was vortexed for 1 minute. This sample was then passed through a 
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fine sieve (utilising kit-supplied plastic “spin filters”12, modified by removing 

filter paper, estimated aperture 0.5 mm). The particulate material as well as the 

filtered liquid from the first and second passages through the filter underwent 

DNA extraction and PCR as per Sample 1. Sample 3 was mixed with 1000 µl 

of kit-supplied SPB and sonicated for 10 minutes in warm water. The sample 

then underwent centrifugation at 3430 g for 5 minutes to separate the 

particulate material. The supernatant was removed and underwent another 

centrifugation at 16100 g for 10 minutes. The sample was then divided into a 

final supernatant and “pellet”. The three resulting samples: particulate 

sediment, supernatant and pellet underwent DNA extraction and PCR as per 

the previous samples (page 64).  

Sample 4 was soaked in 1000 µl of 0.05% w/v polysorbate 80 for 48 hours. 

The resulting sample was passed through a modified “spin filter” by 

centrifugation at 3430 g for 2 minutes. The resulting filtered particulate 

material and fluid fractions underwent DNA extraction and real-time PCR as 

per previous samples (page 64)  

 

b. Crushed and pooled IS2404 PCR-positive possum faeces were divided into 7 

samples, each weighing approximately 0.08 grams. 

 

Sample 1 underwent DNA extraction and PCR as per samples in part (a). 

Sample 2 was mixed with 2000 µl of Ringer’s solution in a glass bead bottle 

and vortexed for 1 minute. 1000 µl of supernatant was transferred to a separate 

tube and centrifuged at 16100 g for 10 minutes. The resultant supernatant and 

pellet were then subjected to DNA extraction and PCR as per samples in part 

(a)  

Sample 3 was mixed with 1000 µl of kit-supplied SPB and vortexed for 1 

minute and then centrifuged through a modified spin filter at 3430 g for 2 

minutes. The filtered fluid was then subjected to a second centrifugation at 

16100 g for 10 minutes. This resulted in three final samples: filtered 

                                                
12 FastDNATM SPIN Kit for Soil, MP Biomedicals, Solon, Ohio, USA 
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particulate material, a centrifuged pellet and supernatant derived from the 

filtered fluid.  

Sample 4 was mixed with 1000 µl of 0.05% w/v polysorbate 80 for 1 minute 

then centrifuged through a modified spin filter at 3430 g for 2 minutes. The 

filtered fluid was then subjected to a second centrifugation at 16100 g for 10 

minutes. As with 3, this resulted in three final samples.  

Sample 5 was mixed with 1000 µl of 0.05% w/v polysorbate 80 and vortexed 

for 1 minute. This mixture was then left to soak for 7 days, and then was 

processed as per Sample 3.  

Sample 6 was mixed with 1000 µl of kit-supplied SPB and vortexed for 1 

minute. This sample then underwent sonication for 1 minute then was 

processed as per Sample 3.  

Sample 7 was mixed with 1000 µl of kit-supplied SPB and vortexed for 1 

minute. This sample then underwent sonication for 5 minutes then was 

processed as per Sample 3.  

 

3. The effect of using immunomagnetic capture of M. ulcerans: 

 

Mycobacterium ulcerans spiking strain details: 

Actively growing M. ulcerans colonies were selected from a Brown and 

Buckle slope and mixed with 2000 µl of Ringers solution in a glass bead 

bottle. This solution was then compared to a McFarland Standard for 

estimation of cell numbers in solution. 

 

Mycobacterium ulcerans spiked samples: 

Approximately 1 x 107 cells of M. ulcerans (McFarland standard 0.5) were 

spiked into sterile Ringer’s solution (500 µl), sterile culture medium (MGIT 

broth) (500 µl) and IS2404 PCR-negative possum faeces (0.5 grams). These 

were then incubated for 2 days at 31°C. 1000 µl aliquots of each were 

obtained – one was submitted for DNA extraction (as per page 64), and two 

were processed for immunomagnetic capture as follows. 
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Naturally infected samples: 

Approximately 7 grams of caecal contents from the deceased M. ulcerans-

affected Sorrento P. peregrinus was made up to 50 ml with sterile PDS. The 

sample was then shaken at 100 RPM for 2 hours. The sample was then 

allowed to settle under gravity for 30 minutes and the supernatant was 

removed. The resultant wet sediment with mixed and 0.2 grams was taken for 

extraction. The supernatant was centrifuged at 3082 g for 20 minutes. The 

resultant pellet was re-suspended with 3000 µl of sterile Ringer’s solution 

after removal of all of the “second” supernatant. This was then divided into 

1000 µl aliquots – one was submitted for DNA extraction (as per page 64), 

and two were processed for immunomagnetic capture as follows. 

 

Immunomagnetic capture: 

1. The samples were blocked with an equal volume of 5% v/v sheep serum 

overnight at 4°C. 

2. 50 µg of rabbit polyclonal anti-MUP045 antibodies (Porter et al., 2013) (26 

µl) were added to 5 mg (500 µl) of sheep anti-rabbit immunomagnetic beads 

(Dynabeads® Magnetic Beads, Thermo Fisher Scientific, Waltham, 

Massachusetts, USA) incubated for 2 hours with shaking at 4°C. 

3. The bead/antibody mixture was then added to the samples and incubated for a 

further 2 hours with shaking at 4°C. 

4. Cells were then captured and separated with a magnetic particle concentrator. 

5. Captured cells were then washed three times with PBS containing 1% w/v 

nonylphenoxypolyethoxylethanol (NP-40) (Igepal® CA-630, Sigma-Aldrich, 

St Louis, Missouri, USA), then re-suspended in 200 µl of PBS.  

 

The sample was then mixed with 800 µl double-strength PANTA and incubated at 

31°C for 48 hours. It was then inoculated into a MGIT with twice the normal 

volume of PANTA and also onto Brown and Buckle slopes and incubated 

aerobically at 31°C. The MGIT  
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Results: 
 

 

Pre-treatment of possum faecal samples with variable dilutions of polysorbate 80 was 

unsuccessful in improving the yield of potential organisms in supernatant (Figure 23).  

 

 

 

 

Likewise, there was no appreciable difference between DNA (and therefore potential 

organism) yields in polysorbate 80 pre-treatment of possum faecal samples and 

supernatant obtained by centrifugation, sieving, sonication or (Figures 24 and 25). 
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Figure 23: The effect of sieving, sonication and 0.05% w/v polysorbate 80 soaking on IS2404 real-time PCR cycle 
threshold (CT) for samples derived from possum faeces containing M. ulcerans DNA part (a) 
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Figure 25: The effect of sieving, sonication and 0.05% w/v polysorbate 80 soaking on IS2404 real-time PCR cycle threshold (CT) 
for samples derived from possum faeces containing M. ulcerans DNA part (b) 

 

Figure 24: The effect of a variety of polysorbate 80 (Tween 80) dilutions on IS2404 real-time PCR cycle threshold 
(CT) for samples derived from possum faeces containing M. ulcerans DNA 
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For samples that underwent immunomagnetic capture, quantitative IS2404 real-time 

PCR results of all final inocula showed low amounts of potentially viable M. 

ulcerans. Typically, CT results were in the range of 29-31, which would equate to an 

estimated final result of 10-1-100 genomes (Fyfe et al., 2007). No growth of M. 

ulcerans was detected in MGITs or on the Brown and Buckle slopes after 12 weeks of 

incubation of the M. ulcerans-spiked samples. Likewise, no growth of M. ulcerans 

was detected in MGITs or on the Brown and Buckle slopes after 12 weeks of 

incubation for the samples obtained from the IS2404 real-time PCR-positive caecal 

material from the Sorrento P. peregrinus. 

 
Discussion: 

Mycobacterium ulcerans grows optimally on Brown and Buckle slopes (J Fyfe and A 

Sievers, unpublished observations) at 30-33°C, although some authors prefer LJ medium 

(World Health Organization, 2000) but under these conditions the appearance of visible 

colonies typically takes up to 12 weeks (J Fyfe, personal communication). Culture-based 

microbiological techniques are considered to be the gold standard for the confirmation of 

bacterial viability, but these have limitations with slow-growing organisms and/or those in a 

VBNC state. Although rapid and convenient, a major drawback of conventional and real-time 

PCR is the inability to differentiate DNA from viable versus non-viable cells. “Viability 

PCR” is one technique developed to overcome this limitation. Typically, microbes are 

incubated with a membrane-impermeable reagent, for example, ethidium monoazide or 

propidium monoazide, which intercalate with free DNA and also that within in membrane-

compromised (and presumably non-viable) cells, rendering it unusable for PCR amplification 

(Nocker et al., 2006). Propidium monoazide pre-treatment has been shown to be of use in 

differentiating viable from non-viable isolates of MAC (Kralik et al., 2010; Nocker et al., 

2006). However, the technique has limitations when applied to environmental samples, and 

careful selection of parameters such as the choice and concentration of dye, incubation 

conditions, the light source, the properties of the sample, including the amount of biomass, 

pH and the specifics of the target gene is required (Fittipaldi et al., 2012).  

Detection of 16S ribosomal RNA or mRNA via the use of reverse transcriptase PCR 

have been utilized for the detection of viable M. leprae in soil and clinical samples (Lavania 

et al., 2008; Martinez et al., 2010; Patel et al., 1993; Sharma et al., 2008). The expression of a 
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variety of other gene targets to demonstrate mycobacterial viability have been utilized. The 

ideal reverse transcription-PCR target for M. ulcerans viability in environmental samples has 

not yet been elucidated, and ideally one would need to know persistence and decay 

characteristics of mRNA in possum faeces for accuracy, which was beyond the scope of this 

project. 

Acid-fast organisms could be visualised microscopically in some strongly IS2404-

PCR-positive possum faeces. Direct assessment of bacterial membrane integrity and 

therefore, possible viability, via microscopic examination with the fluorophores STYO® 9 

and propidium iodide stains (for example, BacLightTM, LIVE/DEAD®, ThermoFischer 

Scientific) could possibly be utilized in these samples using fluorescence microscopy – 

however unless there was some way of also identifying these concurrently as M. ulcerans (for 

example, fluorescent in situ hybridisation) it would be difficult to differentiate them from 

other morphologically similar bacterial organisms in the samples. It has been postulated that 

some mycobacteria may reside within an intra-cellular environmental niche, for example 

amoebae; however, there was no evidence in this study that M. ulcerans was located within 

protists in the gastrointestinal tract of affected possums. 

With regards to the issue of low numbers of the organism in environmental samples, 

use of a quantitative real-time PCR targeting IS2404 has been able to demonstrate that failure 

to culture M. ulcerans from inoculates prepared from some human lesions correlates with 

estimates of <500 genomes per PCR well (Fyfe et al., 2007). To date, most PCR-positive 

environmental samples collected from endemic areas in Victoria have indicated likely low 

bacterial loads with the exception of T. vulpecula and P. peregrinus faeces, which in some 

instances have similar numbers of organisms/gram to culture-positive samples derived from 

people and other animals (J Fyfe, personal communication). Thus, theoretically, if all or a 

great majority of the organisms detected are viable, there may be enough bacteria in each 

gram of faeces to produce a positive M. ulcerans culture, if other factors such as 

inaccessibility due to adherence to particulate matter are excluded. 

The problem of low numbers of bacteria in inocula derived from possum gut contents 

and faeces was confirmed via real-time PCR. Processing of samples indicated that the 

majority of the IS2404 real-time PCR signal (and by inference M. ulcerans bacteria) was 

associated with the particulate material collected after initial straining and /or soft 

centrifugation, regardless of efforts to “dislodge” the bacteria via various concentrations and 
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duration of soaking with polysorbate 80 detergent. The close relative of M. ulcerans, M. 

marinum has been shown to bind to hydrophobic surfaces (Bardouniotis et al., 2003), mostly 

under aerobic conditions (Alavi et al., 2007). The hydrophobic properties of the cell wall of 

M. ulcerans has also been used to facilitate reduction of bacterial loads in Buruli ulcer 

wounds via adhesion to dialkyl carbamoyl chloride-coated wound dressings (Geroult et al., 

2014). It does not appear that the extracellular matrix (ECM) known to form around M. 

ulcerans colonies in axenic culture is involved in the adherence of the organism to the 

particulate material in the possum faeces, as the ECM has been shown to be readily removed 

by mechanical disruption and polysorbate 80 treatment (Marsollier et al., 2004b). 

Given the apparent difficulties of separating M. ulcerans from the particulate material 

in the possum faeces and gut contents, the literature concerning other mycobacteria from 

faecal and environmental samples was studied; specifically, techniques used to culture M. 

avium subsp. paratuberculosis from herbivore faeces (Stabel, 1997; Whipple et al., 1991; 

Whitlock & Rosenberger, 1990; Whitlock et al., 2000; Whittington, 2009) and M. bovis from 

naturally infected soil and faeces (Sweeney et al., 2007). Immunomagnetic capture has been 

used to selectively capture M. bovis from these samples, however, there appeared to be a 

large loss in recovery rates when the resultant colony forming unit counts were compared to 

real-time PCR findings for the inocula. The relatively low rate of recovery of M. ulcerans, as 

indicated by the relatively high CT values, using an anti-MUP045 antibody immunomagnetic 

technique may have contributed to failure of these samples to grow. In the protocol used for 

immunocapture (Sweeney et al., 2007) the bead mixture was not washed after the incubation 

step to remove the monoclonal antibodies that had not bound to the beads. This would have 

likely resulted in free monoclonal antibodies in the mixture that would likely bind to the 

organism but would not be captured on magnetic beads. This have contributed to the poor 

recovery of M. ulcerans using this technique. 

When attempting to selectively culture organisms such as M. ulcerans from samples 

that are likely to be heavily contaminated with other microorganisms (for example soil, 

detritus, or faeces), decontamination methods are employed to selectively kill non-acid fast 

bacteria and fungi. Such methods need to strike a balance between being effective enough to 

kill the majority of potentially contaminating rapidly growing non-acid fast bacteria and 

fungi within the sample but avoid an overzealous reduction in the number of viable 

mycobacteria. A number of decontamination methods have been shown to have detrimental 



CHAPTER 2 

PART 1: INVESTIGATIONS OF MYCOBACTERIUM ULCERANS 

	

78	

effects on the viability of M. ulcerans from patient samples (which may to some extent, be 

strain-related) although this effect seems somewhat mitigated by the addition of supplemental 

egg-yolk to the culture medium (Palomino & Portaels, 1998). The use of 2% w/v (Palomino 

& Portaels, 1998; Portaels et al., 2008) and 4% w/v sodium hydroxide (Tsang & Farber, 

1973), the “reversed Petroff” method (Palomino & Portaels, 1998), mild hydrochloric acid 

(Palomino & Portaels, 1998), oxalic acid (Palomino & Portaels, 1998) and 0.04% w/v cetyl 

pyridinium chloride monohydrate buffered at pH 8.0 (Marcus et al., 1976) have all been 

documented in the preparation of a variety of samples for successful M. ulcerans culture.  

The Mycobacterium Reference Laboratory of the VIDRL typically processes patient 

samples (lesion swabs and fresh tissue biopsies) by initial agitation with phosphate buffered 

saline (PBS) in a glass bead bottle, then an aliquot of this material is decontaminated with 2% 

w/v sodium hydroxide, which is buffered with 10% v/v orthophosphoric acid [Petroff method 

(Petroff, 1915)] prior to inoculation onto slopes or MGIT broths containing PANTA. For 

contaminated samples the “faecal” decontamination method that employs 4% w/v sodium 

hydroxide is routinely used. During the course of this project positive M. ulcerans cultures 

could be readily obtained from afflicted possums, even from cutaneous wounds that were 

heavily contaminated with dirt and detritus, presumably because of high numbers of 

metabolically active organisms in the inoculum. For the gut content samples, the additional 

step of a pre-inoculation incubation in PANTA (Peres et al., 2011) appeared to reduce the 

amount of contamination substantially.  

Unfortunately, due to budget restrictions, the only resource available to the author for 

culturing the samples in media containing mycobactin J was submission of a faecal sample to 

an external laboratory. At the time, specific details of the protocol were not available, 

however, subsequent information provided (Appendix V) reveals that the samples were only 

incubated at 37°C (rather than 31°C and 36°C, the standard incubation temperatures for 

faecal culture in the Mycobacterium Reference Laboratory at VIDRL). Culture at 37°C 

would have almost certainly have compromised the ability to isolate M. ulcerans from these 

samples. 

Some mycobacterial bacterial species have been shown to enter a “dormant” survival 

state due to environmental challenges such as temperature alterations, oxygen reduction, 

nutrient deprivation, and exposure to toxic agents. When an organism is in a VBNC state it is 

unable to form colonies on solid media but still retains indicators of cellular integrity, an 
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active membrane potential and/or the capacity to undergo metabolic activity (although these 

may be variably detectable) (Pinto et al., 2015). The ultimate test of viability of these cells is 

resuscitation to a culturable state. A number of authors have speculated on how cells awaken 

from a VBNC state including the theory that “scout cells” randomly resuscitate to then 

produce resuscitation promotion factors to stimulate neighbouring organisms (Epstein, 2009). 

An alternative theory is that VBNC cells are globally exposed to an external resuscitation 

stimulus (Freestone et al., 1999). Reversal of a VBNC state in the laboratory can be a simple 

as provision of an optimal environment (for example, an ideal source of energy, ratios of 

carbon to inorganic elements, a source of visible light in some cases etc.), co-culture with 

eukaryotic cells, or the provision of resuscitation-promotion factor(s) (Rpf) (Ramamurthy et 

al., 2014). Mycobacterium tuberculosis complex and M. smegmatis have been shown to enter 

a VBNC state (Shleeva et al., 2004; Young et al., 2009), and Rpf-induced resuscitation of 

both have been demonstrated (Shleeva et al., 2004; Zhu et al., 2003). It is unknown whether 

this applies to M. ulcerans, however analysis of the genome indicates that M. ulcerans Agy99 

contains potentially functional dormancy genes (Gerasimova et al., 2011) and also 

homologues of rpfA, rpfB, rpfC and rpfE (Stinear et al., 2007). 

 

Conclusions and avenues for further investigation: 
 

Definitive results were not achieved in this study and unfortunately, it was beyond the 

resources and the time frame of the project with respect to repetition of the experiments 

described to validate the findings and to provide enough data for statistical analysis of results. 

Mycobacterium ulcerans was only grown twice from the gut contents (small intestine and 

stomach) of possums in this study, but not from faecal pellets and the question of whether the 

latter represents a significant source of infective organisms for the people who co-inhabit the 

areas of Victoria with infected animals remains unanswered. Deriving inocula with an 

adequate number of potentially viable organisms, while reducing contamination of samples 

remains a challenge. The organisms cultured could possibly represent ingested material 

licked from wounds rather than gut colonisation, so further work on possums that are 

clinically unaffected but have IS2404 PCR-positive gut contents might be clarifying. The 

possibility that the organisms grown represent laboratory contamination is unlikely given the 

strict adherence to the protocols of the working Mycobacterium Reference Laboratory in 

which the work was carried out. Further studies to optimize the efficiency and specificity of 



CHAPTER 2 

PART 1: INVESTIGATIONS OF MYCOBACTERIUM ULCERANS 

	

80	

the immunomagnetic capture method using fresh faecal material would be of interest, for 

example utilising antibodies against MUL_3720, which has already shown potential for use 

in antigen capture assays for diagnostic purposes (Dreyer et al., 2015) as would the 

possibility of inoculation of decontaminated or antibiotic-treated samples into animal models. 

Studies of the propensity of M. ulcerans to go into a VBNC state under various condition and 

the possibility of resuscitation using Rpf would also provide insights as to how the organism 

may cope with the stresses of existing in an inhospitable environmental niche. 
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CHAPTER 3: MYCOBACTERIUM ULCERANS SEROSURVEYS OF ANIMALS IN ENDEMIC 

AND NON-ENDEMIC AREAS 

 

Introduction: 

 
Seroepidemiological studies in both people and animals has the potential to assess 

exposure of populations in endemic areas. If certain populations are shown to have a high 

level of seroconversion, valuable epidemiological clues with regards to exposure may be 

inferred. Also of interest, would be if sub-clinically infected possums have seroconverted, the 

absence of which might possibly imply gut contamination with relatively non-antigenic 

derivatives of the organism (e.g. free DNA) rather than colonisation or infection (Casadevall 

& Pirofski, 2000). 

MacCallum et al. (1948) noted that despite no clinical evidence of TB infection, some 

patients with M. ulcerans infection were Mantoux test-positive to “Old Tuberculin”. To 

investigate this finding further, experiments were conducted by Fenner on Guinea pigs 

sensitised to various mycobacterial species including M. ulcerans. He found that animals 

sensitised with M. ulcerans showed a strong positive cross-reaction to mammalian purified 

protein derivative (PPD) Fenner (1952). Likewise, investigations of M. ulcerans infection in 

cattle employed the use of ‘ulceranin’, as well as human tuberculin, ‘mammalian’ tuberculin 

(both prepared from M. tuberculosis), ‘avian’ tuberculin and ‘johnin’ (Tolhurst et al., 1959). 

This work demonstrated the possibility that infection with M. ulcerans may cause false 

positive reactions to mammalian tuberculin.  

Further work in Uganda confirmed that there was considerable antigenic cross-

reactivity between M. ulcerans and M. tuberculosis infections and indeed, BCG vaccination 

conferred some protection, albeit relatively short-lived, against the development of M. 

ulcerans disease (Uganda Buruli Group, 1969). Fenner (1957) also found that BCG 

vaccination in mice provided good protection against low-dose M. ulcerans inocula but failed 

to protect against a large dose of the bacterium. The Uganda Buruli Group (1969) also found 

that patients with early M. ulcerans lesions were often tuberculin-negative but converted to 

positivity as the lesions progressed, likely coinciding with a specific cellular host response. 

Stanford and colleagues sought to investigate the utility of an intra-dermal test utilising M. 

ulcerans antigens that they called ‘burulin’ (akin to the methods employed by Tolhurst et al 

in Australian cattle) (Stanford et al., 1975). It was demonstrated that there was
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 significant cross-reactivity between tuberculin and burulin, with individuals becoming skin-

test positive to both agents as their M. ulcerans lesions progressed but were negative to both 

in the early stages of the disease. Dobos et al. (2000) had similar findings with regards to 

intra-dermal delayed type hypersensitivity responses observed in patients with established or 

healed infections, rather than early lesions. 

Other tests of cell-mediated immunity in M. ulcerans patients have been performed by 

measuring peripheral blood mononuclear cell proliferation and interferon–gamma production 

after stimulation with whole M. ulcerans and M. bovis cells (Gooding et al., 2001). T-cell 

anergy was evident in affected and recovered BU patients compared to unexposed or exposed 

controls (Gooding et al., 2001). This has led investigators to question whether is this due to 

M. ulcerans-induced immunosuppression and/or immune deviation [a predominately CD4+ 

T-helper- dominated response (Th1) to a CD8+ cytotoxic-dominated response (Th2)], 

primarily mediated by the toxin, mycolactone (Pahlevan et al., 1999; Pimsler et al., 1988), or 

perhaps this may reflect an inherent inability in individual patients to develop a strong Th1 

response to mycobacterial antigens (Gooding et al., 2002). 

Although Stanford et al. (1975) mention that the detection of a humoral response 

coincides with the development of ‘Burulin’13-positivity in M. ulcerans patients, Dobos et al. 

(2000) found that serological testing for antibodies against M. ulcerans culture filtrate 

antigens did not appear to correlate with disease stage, although the specificity of the results 

was somewhat questionable, as there appeared to be a significant amount of cross-reactivity 

in the sera of a ‘control’ group of TB patients. Gooding et al. (2001) performed 

immunoblotting with crude whole cell extracts of M. ulcerans with sera from M. ulcerans-

infected patients and tuberculin-positive and negative controls. In 9/11 of the patients an 

antibody response was observed, whilst no response was observed with the sera from the 

control subjects. 

Common mycobacterial antigens could affect the specificity of humoral tests for M. 

ulcerans, as had been shown for TB, and the identification of immuno-dominant, species-

specific antigens underpin the development of diagnostically accurate serological tests. 

Mycobacterium ulcerans antigen Hsp18, a putative cell-wall associated stress protein, which 

has no homologues in M. tuberculosis or M. bovis, was shown to be a reasonable target for 

serological studies to determine exposure rather than the diagnosis of disease(Ampah et al., 

                                                
13 A crude M. ulcerans whole cell lysate. 
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2016; Diaz et al., 2006; Yeboah-Manu et al., 2012). The gene in M. ulcerans that encodes for 

Hsp18 (MUL_2232) does have homologues in the genomes of M. leprae, MAC, and M. 

marinum (Diaz et al., 2006), but in M. marinum, at least, Hsp18 expression in repressed by an 

upstream transcriptional regulator (Pidot et al., 2010c).  

The objective of this study was to establish preliminary observations regarding the 

serological response of possums to the whole cell lysate of and an immunodominant protein, 

Hsp 18, expressed by M. ulcerans. 

 

Materials and Methods: 

 
Serum samples were collected from P. peregrinus trapped in areas known to be endemic for 

M. ulcerans infections in people (Point Lonsdale) and from euthanased possums in non-

endemic areas (Boronia, Mt Evelyn and Ringwood14) and stored at -20°C until required.  

 

Quantitative detection of P. peregrinus antibodies against Hsp18 using ELISA 

Part 1:  
 
Purified recombinant M. ulcerans Hsp18 (full-length protein with a C-terminal 6xHis tag) 

was adsorbed onto rows 1-6 and columns 1-6 of three 96-well plates at 0.5 µg per well in 

carbonate coating buffer and incubated at 4°C overnight. Rows 1-6, columns 7-12 were 

deliberately left blank. The plates were then washed five times with PBS containing 0.05% 

w/v polysorbate 80 (Tween20) and then five times with PBS before being blocked with 5% 

w/v bovine serum albumin (BSA) in PBS for 1 hour at 37°C. Plates were washed as 

described above and then 50 µl of possum serum was added to each well in 1/50 (Plate 1), 

1/25 (Plate 2) and 1/100 dilutions (Plate 3) respectively. Plates were incubated at room 

temperature for 2 hours before being washed as described above.  

 

Polyclonal rabbit anti-P. peregrinus antibodies15 were added to each well in the dilutions of 

1/50, 1/100, 1/200, 1/500, 1/1000 and 1/2000 in rows 1-6 respectively and incubated for 1 

hour at room temperature before being washed as described above. 

                                                
14 At the request of the author, serum samples were collected post-mortem and stored by 
veterinarians working in non-endemic areas. These possums were surrendered and 
euthanased on humane grounds for reasons other than this study (for example, illness or 
injury and deemed unsuitable for rehabilitation). 
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Goat anti-rabbit antibodies-HRP were added to each well in the dilutions of 1/1000 (columns 

1 and 7), 1/2500 (columns 2 and 8), 1/7500 (columns 3 and 9), 1/1500 (columns 4 and 10), 

1/30000 (columns 5 and 11) and 1/45000) (columns 6 and 12) and incubated for 1 hour at 

room temperature before being washed as described above. 

 

Plates were developed by adding 50 µl of 2,2′-Azino-bis(3-ethylbenzthiazoline-6-sulfonic 

acid) (ABTSTM solution, Invitrogen) to each well and incubating for 5 minutes. The reaction 

was then stopped by adding 50 µl of 0.1M citric acid and 0.01% w/v sodium azide. The 

colour change reaction was then measured at 405 nm in a microplate reader (Multiscan 

Ascent, Thermo Fisher Scientific).  

 

The process was repeated using ½ Hsp 18 adsorbed wells and ½ blank wells. The primary 

antibodies consisted of a 1/50 dilution of serum from Possums #62, 23, 22, Secondary 

antibodies were 1/50, 1/100, 1/200, 1/500, 1/1000, 1/2000, 1/4000 and 1/8000, going down 

the rows of the plate. Tertiary antibody was diluted to 1/7500. A 10% BSA blocking solution 

was used. 

 

Qualitative detection of P. peregrinus antibodies against Hsp18 using SDS-Page and 

Western blotting 

 
1. 1µg of purified recombinant M. ulcerans Hsp 18 underwent sodium dodecyl-

polyacrylamide gel electrophoresis (SDS-PAGE) on 12% w/v polyacrylamide gels under 

reducing conditions as described previously (Laemmli, 1970). They were then transferred 

to nitrocellulose membranes in Tris-glycine buffer containing 20% v/v methanol. The 

membranes were blocked with 5% w/v skim milk, PBS 0.1% w/v polysorbate 80 at room 

temperature overnight. The membranes were then incubated with possum sera at a 1/100 

or 1/200 dilution, (primary antibody) (Table 6), then rabbit anti-P. peregrinus IgG 

antibody at either 1/500 (first round) or 1/1000 dilution (second round) (secondary 

antibody), then Goat anti-rabbit IgG horseradish peroxidase (HRP)-conjugated tertiary 

                                                                                                                                                  
15 Pooled P. peregrinus sera were submitted to the Walter and Eliza Hall Institute for 
manufacture of polyclonal rabbit anti-P. peregrinus antibodies for this project 
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antibody at 1/7500. Membranes were washed repeatedly in PBS-0.1% w/v polysorbate 80 

between incubations. Bands were detected by chemiluminescence using a Western 

LightningTM (Perkin Elmer) kit. 

2. 60 µl (300 µg) of M. ulcerans whole-cell lysate16 (WCL) was loaded into SDS-PAGE on 

12% (w/v/) polyacrylamide gels under reducing conditions, transferred to nitrocellulose 

membranes and blocked over night as described above. The membranes were then 

incubated with possum sera at a 1/50, 1/100 or 1/200 dilution, (primary antibody) (Table 

6), then rabbit anti-P. peregrinus IgG antibody at 1/1000 dilution (secondary antibody), 

then Goat anti-rabbit IgG horseradish-peroxidase (HRP) conjugated tertiary antibody at 

1/7500. Membranes were washed, and bands detected as before. 

 
Table 6: Details of possums from which sera were used in Western Blot experiments 

1st 
Western 
Blot Lane 
(Hsp18): 

(Fig 29) 

2nd 

Western 
Blot Lane 
(Hsp18): 

(Fig 30) 

Western 
Blot 
Lane 
(WCL): 

Possum trapping 
number:* Details (IS2404 PCR status) 

1 1 1 58 PL male juvenile P. peregrinus (negative) 

2 2 2 59 PL female adult P. peregrinus (positive faeces and buccal swab) 

3 3 3 61 PL male adult P. peregrinus (systemically affected) 

4 4 4 50 PL male juvenile P. peregrinus (negative) 

5 5 5 52 PL female adult P. peregrinus (negative) 

6 NA 24 51 PL female adult P. peregrinus (negative) 

7 6 6 32 PL female adult P. peregrinus (positive faeces, skin lesions) 

8 7 7 22 PL female adult P. peregrinus (positive faeces) 

9 8 8 23 PL male adult P. peregrinus (positive faeces, skin lesions) 

10 9 9 60 PL male adult P. peregrinus (negative) 

11 10 10 53 PL male adult P. peregrinus (negative) 

12 11 11 38 PL female adult P. peregrinus (negative) 

13 12 12 57 PL female adult P. peregrinus (negative) 

14 13 13 55 PL male adult P. peregrinus (negative) 

                                                
16 Prepared by Dr. Sacha Pidot, Stinear Laboratory, Department of Microbiology and 
Immunology, the University of Melbourne 
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15 14 14 62 PL female adult P. peregrinus (systemically affected) 

NA 15 15 46 PL male adult P. peregrinus (positive faeces, skin lesions and buccal swab) 

NA 16 16 48 PL female adult P. peregrinus (negative) 

NA 17 17 30 PL male adult P. peregrinus (positive faeces, skin lesions) 

NA 18 18 39 PL female adult P. peregrinus (negative) 

NA 19 19 40 PL female adult P. peregrinus (negative) 

NA 20 20 42 PL female adult P. peregrinus (negative) 

NA 21 21 43 PL male adult P. peregrinus (negative) 

NA 22 22 24 PL male adult P. peregrinus (negative) 

NA 23 23 27 PL male adult P. peregrinus (negative) 

16 24 25 NA Boronia P. peregrinus 

17 25 26 NA Boronia P. peregrinus 

18 26 27 NA Boronia P. peregrinus 

19 27 28 NA Boronia P. peregrinus 

20 28 29 NA Boronia P. peregrinus 

21 29 30 NA Boronia P. peregrinus 

22 30 31 NA Mt Evelyn P. peregrinus 

23 31 32 NA Ringwood P. peregrinus 

24 32 33 NA Ringwood P. peregrinus 

25 33 34 NA Ringwood P. peregrinus 

26 34 35 NA Ringwood P. peregrinus 

27 35 36 No primary 
antibody  

28 36 37 No secondary 
antibody  Primary antibody Possum #22 diluted to 1/10) 

29 
37 

38 
No primary or 
secondary 
antibodies 

 

 

WCL = whole-cell lysate, PL=Point Lonsdale NA=not applicable 

*Appendix III  
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Results: 
 
Elisa: 
 

An attempt was made to select optimal assay conditions with regards to selection of 

secondary and tertiary antibodies by comparing performance with three different possum 

serum dilutions (Figures 26-28). Unfortunately, there appeared to be a large amount of cross 

reactivity, with the blank wells showing an equal amount of reactivity in plates 2 and 3. The 

blank wells in plate 1 showed discordant results and could not be interpreted. 

 
 

 
Figure 26: Comparison of the performance of an Hsp18-based ELISA with varying dilutions of secondary and tertiary antibodies (left) 
compared to negative control wells (right) when possum serum was diluted to 1/50 

 

 
Figure 27: Comparison of the performance of an Hsp18-based ELISA with varying dilutions of secondary and tertiary antibodies (left) 
compared to negative control wells (right) when possum serum was diluted to 1/25 
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Figure 28: Comparison of the performance of an Hsp18-based ELISA with varying dilutions of secondary and tertiary antibodies (left) 
compared to negative control wells (right) when possum serum was diluted to 1/100 

 

In light of these results, a 10% w/v blocking solution was then chosen to try to reduce 

the amount of non-specific binding of antibodies to the plates. Unfortunately, even at this 

higher concentration, 2/3 plates showed unacceptably high levels of non-specific binding of 

antibodies (Figures 29 and 30). One plate performed as expected (Figure 31) which suggested 

that this assay could be adjusted to provide an adequate level of performance, however this 

could not be done in the time frame of this project. 

 

 
Figure 29: Plot of optical density vs secondary antibody concentration in a sub-clinically affected P. peregrinus (positive faeces) 
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Figure 30: Plot of optical density vs secondary antibody concentration using a 1/50 dilution of serum from a clinically affected P. 
peregrinus (systemic disease) 

 

 
Figure 31: Plot of optical density vs secondary antibody concentration using a 1/50 dilution of serum from a clinically affected P. 
peregrinus (skin lesions and positive faeces) 
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Western Blot: 
 

Serum antibody responses against antigen Hsp18 were not able to discriminate 

between clinically, sub-clinically and un-affected endemic possums and those domiciled in 

non-endemic areas as all of the endemic and most of the non-endemic possums had a positive 

band. There was a faint band also apparent in lane 27 and possibly 28 which corresponded to 

the lane in which the test possum serum and the rabbit anti-P. peregrinus antibodies were 

omitted respectively, calling into question the validity of the results in the first round (Figure 

32); this resolved when the secondary antibody was diluted to 1/1000, but persisted in the 

absence of secondary antibody (thus indicating that in some cases the tertiary antibodies may 

have affinity for the primary antibodies (Figure 33). 

 

 
 

Figure 32: Results of Hsp 18 western blot when 1/100 primary antibody dilution, 1/500 secondary antibody dilution and 1/7500 tertiary 
antibody dilution was used. Numbers inciate individual possums, details of which are provided in table 6. 

 
 

 
 

Figure 33: Results of Hsp18 western blot when 1/100 primary antibody dilution (*except sera in lanes 2,8,9, 19, 20 33 and 34) which were 
diluted to 1/200), 1/1000 secondary antibody dilution and 1/7500 tertiary antibody dilution. Note the positive band in lane 36 indicating 
affinity between the primary and tertiary antibodies (blue arrow). Numbers inciate individual possums, details of which are provided in table 
6. 

Serum antibody responses against a M. ulcerans WCL once again failed to 

discriminate between possums from endemic and non-endemic locales, with all lanes 
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displaying a band at approximately 36kD. As before, affinity was demonstrated between the 

primary and tertiary antibodies, as evident in lane 37 of Figure 34. 

 

 
Figure 34: Results of a whole cell lysate western blot with primary antibody dilutions of 1/50 (lane 4), 1/100 (lanes 1,3,5-7, 10-14, 16-18, 
21-23, 25-27, 30-33) and 1/200 (lanes 2, 8-9, 15, 19-20, 24, 28-29, 34-35), 1/1000 secondary antibody dilution and 1/75000 tertiary 
antibody dilution. Note the positive band in lane 37, which indicates affinity between the primary and tertiary antibodies. Numbers inciate 
individual possums, details of which are provided in table 6. 

 

Discussion: 
 

The techniques used in this project appeared to have an unacceptable level of non-

specific binding using the techniques described in this chapter. Unfortunately, it was beyond 

the resources and the time frame of the project to continue with this avenue of enquiry. The 

fact that an indirect method was used increases the chance of non-specific staining. 

Modifications that might further improve the sensitivity and specificity of the technique 

include variations in type and concentration of blocking agents (as there was a large degree of 

background interference in some lanes), improved wash buffer formulation (for example, 

variation on the concentration of detergent used, or the addition of blocking solution to the 

wash buffer) or reducing the concentration of antibody in the assays.  

 

It may be that possums in all areas tested are exposed to high levels of Mycobacteria 

that potentially express either Hsp18 or an antigenically similar protein. Due to their 

predominately arboreal lifestyle of P. peregrinus, the organism(s) would likely need to have a 

plant-based, rather than saprophytic niche, unlike most known environmental mycobacteria. 

It is unknown whether the non-endemic possums represented true controls, as they were not 

tested for the presence for the presence of M. ulcerans DNA in any sample. There have also 

not been any possum faeces surveys to look for evidence of IS2404-PCR positivity in 
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populations in the Boronia, Ringwood and Mt Evelyn areas (although no human cases have 

been reported from these areas). 

Finally, the use of a more discriminatory M. ulcerans antigen (for example, Hsp65) or 

a suite of antigens (for example, MUL_0513, AT-propionate or KR-B), as suggested by Pidot 

et al. (2010b). MUL_3720 (Dreyer et al., 2015) may also potentially be useful once 

confounding factors within the assay performance have been addressed, and more thorough 

faecal surveys have been undertaken to distinguish between endemic and non-endemic areas 

of M. ulcerans infection in Victorian possums. 
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CHAPTER 4: MYCOBACTERIUM ULCERANS INFECTION IN OTHER ANIMALS 

 

Canine Case reports: 
 

Case 1: 
 
A 14-month old speyed female kelpie (18 kg) was presented for a small, ulcerated 

wound (1 cm diameter) on the medial aspect of the right tarsus. The lesion had become 

evident five days prior to presentation. The dog was domiciled on a farm, just near St 

Leonards, on the Bellarine Peninsula of Victoria. She was normally housed in a raised run, 

but had access to the entire property, where she was used to work beef cattle and sheep. Two 

days prior to presentation the owner had noticed that the affected area had become swollen 

and warm, although the dog was not lame and did not appear to be in discomfort.  

The wound was flushed with saline and the dog was given SC injections of 

amoxicillin/clavulanate (NoroclavÒ, Norbrook Laboratories; dose not recorded) and 

meloxicam (MetacamÒ, Boehringer Ingelheim; dose not recorded) and prescribed a course of 

amoxicillin/clavulanate [NoroclavÒ; 250 mg per os (PO) q12h for 5 days]. 

The dog was re-examined one week later. The wound had enlarged, and two further 

ulcerated areas had developed 5-10 mm above and below the original lesion. The dog was 

anaesthetised so that the area could be explored surgically, and representative samples 

obtained for cytology, histopathology and microbiology. The area consisted of three 

connected sinuses overlying a SC pocket. After procurement of diagnostic specimens, the 

wound was flushed, and a latex Penrose drain inserted. The dog was prescribed both 

cephalexin (Ilium CephalexinÒ, Troy Laboratories; 15 mg/kg PO q12h) and orbifloxacin 

(OrbaxÒ, Schering Plough; 75 mg PO q24h) pending the results of the diagnostic tests. 

AFB were detected in smears made from the lesion and a real-time PCR assay (Fyfe 

et al., 2007) targeting the M. ulcerans-specific sequence IS2404 established a diagnosis of M. 

ulcerans infection. VNTR typing (Ablordey et al., 2005b) from DNA extracted from the 

original patient sample confirmed that the dog was infected with a strain of M. ulcerans that 

was indistinguishable, on this basis, from isolates causing disease in people and other animals 

in Victoria.
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Four days following the original procedure, extensive debridement and curettage of 

the lesion was performed under general anaesthesia. The wound was left open to heal by 

secondary intention and was dressed with alginate (AlgisiteÒ, Smith & Nephew). The dog 

was prescribed rifampicin (RimycinÒ, Alphapharm; 300 mg PO q12h) and the owner was 

instructed to continue orbifloxacin at the previously prescribed dose. Bandage changes were 

performed every four days and the wound healed completely over the next four weeks. 

Approximately eight months after the original diagnosis, the dog was presented with a 

small granulating wound at the site of the previous infection. The owner could not rule out 

trauma but given the possibility of a persistent sub-clinical infection the wound was swabbed, 

and testing procedures were repeated. Staphylococcus xylosus was isolated, however no AFB 

were identified on smears and real-time PCR was negative for M. ulcerans. The lesion was 

treated as an open wound and the dog was prescribed orbifloxacin pending laboratory results. 

The wound healed within three weeks and at 9-years post-diagnosis there has been no 

recurrence. 

 

Case 2: 
A three-year-old speyed female Kelpie (15 kg), housed on a suburban block in Point 

Lonsdale as a domestic pet, was presented with an acutely swollen distal right hind limb. The 

swelling extended from paw to tarsus. The patient was otherwise well and was not considered 

lame on the affected limb. She was administered a single dose of meloxicam (MetacamÒ, 

Boehringer Ingelheim; 0.2 mg/kg SC) and was prescribed cephalexin (Ilium CephalexinÒ, 

Troy Laboratories; 300 mg PO q12h for 7 days). 

Four days later the foot was re-examined. It remained extensively swollen. The dog 

was now noted to be licking the dorsal aspect of the lateral digits. There was no obvious point 

of penetrative injury although a grass seed foreign body or insect bite were still suspected to 

be the most likely aetiology. Carprofen (RimadylÒ, Pfizer Animal Health; 25 mg PO q24h) 

was prescribed in an attempt to reduce the swelling. 

The following day, the swelling was considered slightly reduced. An Elizabethan 

collar was fitted to prevent self-trauma and it was recommended to soak the foot in saltwater 

baths. Oral carprofen and cephalexin were continued. 
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The dog was re-examined three days later. The wound had ulcerated on the cranial 

metatarsus and dorsal surface of multiple toes. Close inspection of the lesions revealed 

necrotic tissue but no obvious sinus tracts. A venomous arachnid bite [for example, a White-

tailed spider (Lampona spp.)] was considered the most likely cause of the wounds [although 

recent work has called into question their role in ulcerative dermatopathy (White & 

Weinstein, 2014)]. The owners were instructed to continue with medications as previously 

prescribed. 

Four days later, the lesions were essentially unchanged (Figure 35). A swab for 

diagnostic material was collected under the rim of one of the ulcers and a core biopsy of the 

proximal edge of the lesions was obtained under local anaesthesia. The wound was dressed 

with an alginate dressing (AlgisiteÒ, Smith & Nephew). AFB were detected in smears 

stained with Auramine O and ZN (1-9 AFB/10 high-powered fields). A real-time PCR assay 

(Fyfe et al., 2007) targeting IS2404 was positive, indicating the presence of M. ulcerans 

DNA.  

Figure 35:Medial aspect of hind paw of case 2 at the time of diagnosis. Note the extensive ulceration of the skin 
of the digits, sparing underlying structures. 
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A culture of the organism from the clinical sample was obtained three months later 

following incubation of a MGIT and a Brown and Buckle agar slope, at 31°C. The VNTR 

profile of the isolate was the same as previously described for Victorian strains of M. 

ulcerans. Cephalexin was discontinued and enrofloxacin (BaytrilÒ, Bayer; 50 mg PO q 24h) 

was added to the therapeutic regimen. Oral carprofen was continued as before. Several days 

later, the swelling was reduced, and the patient was walking and running happily. In the light 

of the laboratory findings, rifampicin (RimycinÒ, Alphapharm; 20 mg/kg PO q12h) was 

added to the therapeutic regimen. 

 

Four days after rifampicin was prescribed, the dog’s owner noticed discolouration of 

the urine. The rifampicin was temporarily discontinued pending the results of blood tests, 

which were performed a few days later. These did not show any elevation in liver enzymes or 

serum bilirubin. 

Over the course of the following eight weeks the wounds continued to heal 

uneventfully. The dog continues to do well and there has been no relapse 7 years after 

discontinuation of antibiotic treatment. 

 

Case 3: 
A six-year-old male neutered Whippet (17 kg), housed on a suburban block in Point 

Lonsdale, was presented with an ulcerated lesion for approximately six weeks on the left side 

of the rump, near the tail base. Initially the ulcer was quite superficial, however over the 

weeks preceding presentation it had become deeper and had developed undermined edges 

with surrounding induration (Figure 36). At diagnosis, the ulcer measured approximately 10 

mm in diameter, and the surrounding induration was approximately 8-10 mm in width. A 

swab taken from under the edge of the ulcer revealed AFBs and a real-time PCR assay(Fyfe 

et al., 2007) targeting the IS2404 confirmed the diagnosis. VNTR typing using DNA 

extracted directly from the specimen confirmed that the strain of M. ulcerans was 

indistinguishable from isolates causing disease in Victoria.  

Treatment with ciprofloxacin (CiframÒ, Ranbury; 250 mg PO q24h) and rifampicin 

(RifadinÒ, Sanofi Aventis; 150 mg PO q12h) was given for a total of 8 weeks. According to 

the treating veterinarian, the dog developed a subsequent lesion, however clinical details 

were unavailable. 
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Case 4: 

A three-year-old male Koolie (26 kg) domiciled on a large suburban block in Ocean 

Grove was presented for an ulcerated wound on the right lateral antebrachium immediately 

proximal to the metacarpal area, of two days duration. Physical examination revealed a 3-4 

cm diameter, firm cutaneous mass with a central area of ulceration. The initial clinical 

assessment was either penetrative trauma or a SC foreign body reaction. The dog was 

prescribed amoxicillin/clavulanate (NoroclavÒ, Norbrook Laboratories; 250 mg PO q12h) 

and the owner was instructed to bathe the wound daily in salt water. 

At re-examination three weeks later there was no evidence of clinical improvement, 

therefore the dog was anaesthetised to facilitate exploration of the wound. Although no 

foreign material was found within the wound, this was still considered the most likely 

aetiology and the dog was continued on the previously prescribed antibiotic regimen. A 

Figure 36: M. ulcerans infection on the rump of case 3 before treatment. Note the indurated skin surrounding the 
well-demarcated central area of ulceration 
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single injection of meloxicam (MetacamÒ, Boehringer Ingelheim; 5 mg SC) was 

administered and the wound was flushed with sterile saline and bandaged with a dry poultice 

dressing. The dressing was changed twice over the following week; however, no 

improvement was observed (Figure 37). The possibility of infection with M. ulcerans was 

considered highly likely and the dog was re-anaesthetised to allow the collection of samples 

for microbiology, histopathology and M. ulcerans PCR. The wound was superficially 

debrided and partially closed with two horizontal mattress stitches before being bandaged 

with a non-adherent dressing. Treatment with oral amoxicillin/clavulanate was continued 

pending the results of the tests.  

Figure 37: Ulcerative lesions on the lateral aspect of the right antebrachium of case 4 
prior to debridement and collection of biopsy samples. 
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A swab from under the edge of the ulcer was negative with Auramine O staining for 

AFB, but a real-time PCR assay (Fyfe et al., 2007) targeting IS2404 was positive. 

Histopathology revealed pyogranulomatous inflammation with AFB located within the 

necrotic areas on the margin of the tissue, consistent with M. ulcerans infection.  

Given the results of the PCR and histopathology, the dog was prescribed enrofloxacin 

(BaytrilÒ, Bayer; 150 mg PO q24h) and rifampicin (RimycinÒ, Alphapharm; 300 mg PO 

q12h) and the lesion healed uneventfully. There was no recurrence at the time of writing  

 
Case 5: 

A 2-year-old female entire Kelpie crossbred (17.4 kg) was presented because of a 

non-healing skin ulceration on the medial aspect of the left front paw. The dog was 

prescribed oral antibiotics (cephalexin 300 mg PO q24h) and the paw was bandaged to 

prevent self-trauma.  

On re-presentation 8 days later, the wound was essentially unchanged. The following 

day the dog was anaesthetised, and the ulcer was swabbed for aerobic culture and two tissue 

samples were obtained for histopathology. The wound was partially closed with glyconate 

monofilament suture (Monosyn®, B Braun) and dressed with a support bandage. 

Enrofloxacin (85 mg SC) and meloxicam (3 mg SC) were administered and the dog was 

discharged with oral enrofloxacin (Baytril ®, Bayer; 75 mg PO q12h for 5 days) and 

carprofen (Carprieve ®, Norbrook Laboratories; 25 mg PO q12h for 5 days).  

The bandage was changed two days later. It was noted that the size of the lesion was 

significantly reduced. The previously prescribed oral medications were continued for a 

further 5 days. Histopathology of the lesion was reported as necrotising pyogranulomatous 

dermatitis. An Enterococcus faecalis strain was cultured. Oral antibiotic therapy was changed 

to amoxicillin/clavulanate (Noroclav®, Norbrook Laboratories; 250 mg PO q12h for 14 

days) and oral carprofen was continued as previously prescribed.  

When the dog was rechecked 9 days later it was noted that the wound was smaller, 

but two new ulcerated areas had emerged medially and distally (Figure 38). A swab from the 

edge of the initial wound was submitted for IS2404 real-time PCR which confirmed the 

presence of M. ulcerans. The dog was subsequently prescribed oral enrofloxacin at previous 

doses and oral rifampicin was added to the treatment regimen (dose not recorded).  

After 20 days of combined oral enrofloxacin and rifampicin, the dog developed 

hyporexia and daily vomition. Examination revealed a low of body condition. Maropitant 
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(Cerenia ®, Zoetis; 7.5 mg SC) was administered for anti-emesis and the rifampicin was 

discontinued. The wound appeared to be almost completely healed. Re-examination one 

month later for another clinical problem demonstrated complete resolution of the lesion. The 

dog was subsequently lost to follow-up. 

 

 
Figure 38: An ulcerative wound on the medial left metacarpal area caused by M. ulcerans infection (case 5). 

 

Case 6: 
 An 11-year-old female desexed Labrador Retriever crossbred (36 kg) was presented 

because of an acutely swollen right carpus. Approximately 5 ml of purulent material was 

aspirated from the location, and the dog was prescribed a 10-day course of 

amoxicillin/clavulanate (Noroclav, Norbrook laboratories; 500 mg PO q12h). 

 No improvement was noted, so the dog was anaesthetised, and the area was debrided, 

and an indwelling latex rubber drainage tube was inserted at the wound site to facilitate 

drainage of exudate. The antibiotic therapy was changed to cephalexin (600 mg PO q12h) for 

7 days. 
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 On re-presentation, the area continued to be extensively ulcerated (Figure 39), 

increasing the suspicion of M. ulcerans infection, so a swab was obtained from the deep 

edges of the wound and submitted for IS2404 real-time PCR, which returned a positive 

result. The dog was prescribed oral enrofloxacin (Baytril, Bayer; 150 mg PO q24h) and oral 

rifampicin (dose not specified), which was continued for a total of 4 weeks. Correspondence 

with the owner 6 weeks later confirmed complete resolution of the lesion. Examination of the 

dog 6 months later for an unrelated medical condition demonstrated no recurrence of the 

lesion. The patient was subsequently lost to follow-up. 

 

 
Figure 39: Cutaneous ulceration of the lateral right carpus due to M. ulcerans infection (case 6). 

 

Case 7: 
 A 10-year-old female spayed pet Greyhound domiciled in Rosebud, Victoria was 

presented for a non-painful wound on the dorsomedial aspect of the right metacarpus (Figure 

40). The popliteal lymph node in this leg was also noted to be enlarged, but non-painful, on 

palpation. A traumatic aetiology was suspected. The wound was superficially flushed with 
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physiological saline and a plain dressing was applied to be removed in 5 days. The dog was 

prescribed a 5-day course of amoxicillin/clavulanate (Noroclav® 375 mg PO q12h).  

Figure 40: Ulcerative lesion on the dorsomedial aspect of the right metacarpal area due to M. ulcerans infection (case 7). 

 

The dog was re-presented after 1 week. The owner had noted that the dog was 

constantly licking the area after bandage removal 48 hours prior to the visit. The clinician 

noted that the wound appeared to be very inflamed and exuding a serous discharge, with a 
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surrounding area of alopecia. In-house cytology of the wound revealed neutrophils and 

bacteria. The dog was prescribed oral cephalexin tablets (dose not specified), with 

instructions for the owner to bathe the wounds with dilute chlorhexidine and an inflatable 

collar (Kong CloudTM collar) to limit self-trauma. 

The dog was seen again after 3 days as the bandage had been dislodged. A swab was 

taken from the ulcerated area for aerobic bacterial culture. A bandage was re-applied, and the 

owner was instructed to continue the previously prescribed antibiotics. 

Results of aerobic culture revealed a scant growth of a gram-positive cocci which was 

noted to be resistant to penicillin and amoxicillin (full culture results not supplied in clinical 

record). Haematology and serum biochemistries were within normal limits except for a mild 

neutropenia and a mild elevation in creatine kinase. 

Fifteen days after first presentation the dog was admitted for general anaesthetic. 

Radiography of the right tarsus did not reveal and abnormalities. Several biopsies were 

obtained from the periphery of the lesion. A needle aspirate was obtained for cytology of the 

enlarged draining lymph node. Manuka honey was applied to the area and a bandage was 

reapplied. The dog was discharged home with further oral cephalexin and oral carprofen was 

prescribed (Carprieve® 100 mg tablets, Norbrook Laboratories; 75 mg PO q24h).  

Cytological examination of the lymph node revealed lymphoid hyperplasia and 

pyogranulomatous inflammation. Dressing changes (including re-application of Manuka 

honey) and oral cephalexin therapy were continued for a further 3-weeks. 

AFB were visualised in the biopsies prompting a provisional diagnosis of M. ulcerans 

infection. Oral enrofloxacin (dose not specified) and rifampicin 5 mg/kg q12hr) were 

prescribed. The foot was kept bandaged to restrict self-trauma and the dog was prescribed 

gabapentin (3 mg/kg q12h) for analgesia, although the dog was not displaying obvious signs 

of discomfort.  

Material obtained from underneath the undermined edge of the ulcer via a swab 

underwent real-time PCR targeting IS2404 was positive, confirming the diagnosis of M. 

ulcerans infection. 

The wound healed rapidly over the ensuing 6-8 weeks, although the anti-

mycobacterial antibiotic regimen was continued for a total of 17 weeks. During this time, a 

reduction in appetite was noted and blood and urine tests showed mild renal insufficiency, 

and persistence of mild neutropenia.  
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The dog was relocated to Queensland, Australia about 6-months after cessation of 

therapy and was reported to have died suddenly of unknown causes a short period thereafter. 

No recurrence of the wound was apparent. 

 

Environmental Investigations: 
 

A survey of the environs of case 1 was carried out approximately two months after 

diagnosis. Samples were collected from water troughs and a dam located near where dogs 

were housed, and dog and rat faeces were collected from under grain silos and a dog run 

(Figure 41) for real-time PCR analysis. Water from a trough near the dog kennel (Figure 42) 

and rat faeces from under the kennel were positive for M. ulcerans DNA.  

Figure 41: The dog kennel in which case 1 was housed. Rat faeces collected from under the structure were IS2404 real-time 
PCR-positive. 
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Figure 42: IS2404 real-time PCR-positive water was collected from this trough. Case 1 was known to frequently stand in this 
trough while drinking. 

 

Environmental samples were also collected from around the domicile of Case 2 

shortly after diagnosis. Low levels of M. ulcerans DNA were detected in faeces from P. 

peregrinus and also soil collected from the owner’s yard, although samples from various 

water sources (bird bath, dog bowl and garden pond) were found to be negative. Interestingly, 

two out of three “aliquots” from a single sample of the dog’s faeces were weakly PCR-

positive for M. ulcerans DNA. 

The domestic environs of case 3 were the site of an epidemiological investigation of 

M. ulcerans infection in P. peregrinus and T. vulpecula and black rats (Fyfe et al., 2010). 

Indeed, there have been several confirmed human M. ulcerans infections in the surrounding 

neighbourhood and in February 2008 an adult P. peregrinus trapped at the site was found to 

have M. ulcerans DNA in its faeces, although no external lesions were observed on the 

animal. As for case 2, 2/3 “aliquots” from a single sample of the dog’s faeces were also 

weakly PCR-positive for M. ulcerans DNA (CT  34-36).  
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Investigations of the domestic environs of case 6 were also undertaken shortly after 

diagnosis. Dirt from the dog’s yard, as well as faecal material from P. peregrinus and T. 

vulpecula yielded negative results with IS2404 real-time PCR testing. Again, 2/3 samples of 

the dog’s faeces were weakly PCR-positive for M. ulcerans DNA (CT  34-36). 

 
Discussion: 

 

Although M. ulcerans infection has been reported in numerous mammalian species, 

this is the first report in dogs. At this stage, it is unclear how the dogs came to acquire the M. 

ulcerans infections. Mycobacterium ulcerans DNA has been identified in mosquitoes in the 

local area (Johnson et al., 2007a), so it is possible that the disease was transmitted via a biting 

vector. Alternatively, the organism may have been inoculated into an existing wound via 

exposure to contaminated water or other material, or via contaminated penetrative foreign 

material, such as a grass awn.  

The generally low incidence of the disease in dogs, and other domestic pets, may 

possibly be explained by either an inherent immunological resistance, or factors that may 

reduce exposure, such as a preference for local mosquito species to choose humans and 

possums as the source of a blood meal. It is worth noting also that M. marinum infections of 

cats or dogs are yet to be recorded. The emergence of the canine cases over the past 5-6 years 

may simply be co-incidental, however, more likely, it may also reflect an increase in 

environmental load of the organism (Fyfe et al., 2010) and/or perhaps an increased awareness 

of the disease in dog owners and veterinarians in this endemic area. 

The significance of the finding of low levels of M. ulcerans DNA in various local 

environmental samples for these cases is unknown at this stage. Mycobacterium ulcerans 

DNA has previously been found in the faeces of possums, potoroos and black rats although 

this is the first report of PCR-positivity in dog faeces. It is unclear whether this represents 

gastrointestinal colonisation/infection of the dogs, possibly as a result of wound licking, or 

surface contamination of the faeces by soil or detritus containing M. ulcerans DNA. 

The clinical presentation of these cases was similar to that observed in other affected 

species. Human M. ulcerans infection is characterised by painless necrotic ulcers, papules, 

nodules, plaques and/or oedema of the skin and subcutis. Lesions are mostly located on the 

limbs, although any dermal area may be affected (O'Brien et al., 2007). Occasionally 

osteomyelitis is observed (O'Brien et al., 2008), either via contiguous or haematogenous 
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spread, although there was no gross evidence of this in the current canine cases. Because 

these cases were diagnosed expeditiously, lesions were relatively small. This is in 

comparison to some neglected human cases where single ulcers have been known to cover 

>15% of the body surface and up to 25% of affected individuals are left permanently disabled 

if lesions are not treated in a timely manner (Johnson et al., 2005a; Stinear et al., 2004). In 

three of the canine cases, alternative diagnoses such as SC foreign body or necrotising spider 

bite were considered prior to confirmation of a definitive diagnosis of M. ulcerans infection. 

Unless clinicians in endemic areas have a high index of suspicion for M. ulcerans infection in 

any dog with unexplained ulcerative dermal lesions, the diagnosis may easily be missed and 

delays in treatment can lead to the establishment of extensive wounds that can be difficult 

and expensive to treat. 

Recommendations regarding diagnosis of the condition in people can be extrapolated 

for use in the veterinary setting (Johnson et al., 2007b).The identification of AFB in 

cytological smears taken from lesions is suggestive, but not diagnostic. A definitive diagnosis 

may be quickly established by real-time PCR for M. ulcerans DNA in material collected on 

cotton-tipped swabs from under the edges of ulcers. These can be submitted to a standard 

veterinary pathology service, although it should be specified that M. ulcerans infection is 

suspected so that the material can be forwarded to a Mycobacterium reference laboratory. 

PCR may also be performed on fresh tissue biopsies and paraffin embedded tissue sections.  

As there are no specific guidelines for therapy of M. ulcerans infection in the dog, 

treatment in these cases was also extrapolated from established recommendations for human 

patients. (Johnson et al., 2007b) Although occasional spontaneous resolution of small lesions 

has been observed in people [and also T. cunninghami and T. vulpecula (Chapter 2)] it is 

traditionally recommended that patients undergo surgical debridement (leaving important 

underlying structures such as major blood vessels, nerves, bones and connective tissues 

intact) followed by adjunctive antimicrobial therapy using agents such as rifampicin and 

either clarithromycin and/or a fluoroquinolone. Recently, however, the necessity for 

mandatory surgery for small M. ulcerans lesions has been called into question and antibiotic 

therapy alone has been documented to sterilise such lesions in people (Chauty et al., 2007; 

Etuaful et al., 2005; Gordon et al., 2010; Nienhuis et al., 2010). Similar treatment protocols 

are used in dogs for the treatment of “canine leproid granuloma syndrome” and are generally 

well tolerated, although hepatotoxicity has been observed with the use of rifampicin (Malik et 
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al., 2001). Apparent relapse after 1-2 months of successful antibiotic therapy due to a 

“paradoxical” immune-mediated reaction has also been observed in some human patients 

(O'Brien et al., 2009); however, this was not observed in any of the dogs in this report. 

In summary, M. ulcerans infection should be considered as the cause of ulcerative and 

oedematous dermal lesions in dogs in endemic areas. Diagnosis can be easily established 

using real-time PCR and antibiotic regimens utilising rifampicin plus a fluoroquinolone, with 

or without surgical debridement, appear to be an effective treatment for early lesions in this 

species. 
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Alpaca Case Reports: 
 

Case 1: 
An 11-year-old, female alpaca was examined in September 1997, for an ulcerated 

wound of less than two week’s duration, on the cranial aspect of the left pastern. The animal 

was kept on a property 6 km north of Lakes Entrance, Victoria with approximately 20 other 

alpacas and 10 horses.  

The lesion failed to heal with routine treatment involving wound dressing and 

systemic penicillin-based antibiotic therapy (actual drug and dose not recorded), and 12 days 

later samples were obtained for histopathological and microbiological evaluation. No growth 

was recorded on routine aerobic culture (details not recorded), although the presence of 

coagulative necrosis of the dermis, together with many AFB observed with ZN staining, 

prompted a suspicion of M. ulcerans infection. The diagnosis was subsequently confirmed 

via polymerase chain reaction (PCR) targeting the M. ulcerans-specific insertion sequence 

IS2404 (Ross et al., 1997b) from tissue submitted to the Microbiological Research 

Laboratory of the Royal Children’s Hospital, Parkville, Victoria, and the organism was 

cultured on Brown and Buckle slopes at 32º C, at the Mycobacterium Reference Laboratory, 

Fairfield Infectious Diseases Hospital, Fairfield, Victoria. Genotyping using the “2426 PCR” 

method, performed on DNA extracted from formalin-fixed, paraffin-embedded tissue, 

confirmed the organism to be indistinguishable from other M. ulcerans isolates causing 

disease in people and other animals in Victoria (Stinear et al., 2000a). 

Following confirmation of the diagnosis, the wound was extensively debrided and 

kept bandaged. Dressings were changed every 3-4 days. The area had healed by January 1998 

(4 months after the initial appearance). 

In July 1998, the animal was examined for a swollen left carpus. The joint did not 

appear to be painful; however, the range of motion was reduced. The animal was 

systemically well, and a traumatic aetiology was suspected initially. Five months later, 

ulcerating wounds appeared on the craniolateral aspect of this area and also on the medial 

aspect of the right hind leg below the fetlock. A ZN-stained cytology sample of one of the 

wounds revealed many AFB. On this basis, recurrent M. ulcerans infection was suspected, 

and the areas were treated in the same manner as the previous lesion. Both areas had healed 

by mid-February 1999. 
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In May 2000, the second joint of the medial digit of the right hind foot was recorded 

to be hot and swollen, but apparently non-painful. The alpaca was treated with a systemic 

non-steroidal anti-inflammatory (drug and dose not recorded) for a suspected traumatic 

injury. By the end of September 2000, an ulcer had developed on this area, and at this point, 

the animal was euthanased due to suspected recurrent M. ulcerans infection. No necropsy 

was performed. 

 

Case 2: 
An eight-year-old female alpaca domiciled with three other alpacas on a hobby farm 

in Wallington, Victoria, was examined in May 2011 for a non-healing wound on the right 

facial area (Figure 43).  

The wound had been present for approximately two weeks prior to presentation and 

had been treated with three doses of long-acting parenteral penicillin (Benacillinâ, Ilium) at 

Figure 43: Mycobacterium ulcerans infection on the face of an adult alpaca, case 2. A cetrimide-based topical 
antibacterial wound spray (Cetrigen Virbac) had been applied by the owner. The pigment on the lesion and surrounding 
fur is due to indelible blue and red dyes within the spray. 
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a SC dose of 10 mg/kg, at three-day intervals, and a topical wound spray containing cetrimide 

and insect repellents (Cetrigenâ, Virbac), with no improvement. A real-time PCR assay 

(Fyfe et al., 2007) targeting IS2404 performed on a swab taken from the edge of the lesion 

confirmed the diagnosis of M. ulcerans infection. 

Unfortunately, the organism could not be isolated from swabs of the wound due to 

overgrowth of the culture medium by a member of the Mycobacterium avium complex. 

Although there was insufficient M. ulcerans DNA extracted from the original sample to 

perform VNTR typing (Ablordey et al., 2007), the amplification of two further targets 

(IS2606 and the ketoreductase-B domain of the mycolactone polyketide synthase genes) via 

real-time PCR revealed cycle threshold (CT) ratios which were consistent with M. ulcerans 

(data not shown) rather than another mycolactone-producing Mycobacterium species (Fyfe et 

al., 2007). 

The owners did not wish to pursue further treatment. The animal was euthanased, and 

a full necropsy was performed approximately one hour later. The original wound was still 

present, and the right mandibular lymph node was enlarged. It was also noted that there was 

another small, ulcerated lesion on the left side of the face. No other gross abnormalities were 

found. Fresh samples including heart, lung, liver, kidney, spleen and right mandibular lymph 

node tissues and gut contents/faeces were subjected to IS2404 real-time PCR. Low levels of 

M. ulcerans DNA were detected in the lymph node (CT 32.22), spleen (CT 37.63), liver (CT 

38.53), lung (CT 37.08) and the contents of stomach compartments 1 (CT 36.25) and 3 (CT 

36.16), and the contents of the small and large intestines (CT 38.55 and 38.29 respectively). 

Histopathological examination of the lesions on the face showed ulceration of the epidermis 

with a superficial crust of degenerate leukocytes and serous exudate overlying necrotic 

dermis and subcutis (Figure 44). At the margins of the ulcer the epidermis was proliferative, 

with down-growth into proliferative fibroblastic tissue and multifocal to coalescing 

lymphohistiocytic and neutrophilic inflammation, sometimes with mineralization, in the 

underlying dermis. Mononuclear infiltrates were often oriented around small, thick-walled 

blood vessels with activated endothelium and neutrophils sometimes clustered around lipid 

vacuoles.  
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In modified ZN-stained sections, moderate numbers of intra-cellular and, particularly 

in the necrotic tissue, extracellular AFB were present in the dermis (Figure 45). Wade’s 

modification was utilised, which stains mycobacteria dark blue to purple on a pink 

background. Within the local lymph node was a granuloma, consisting of macrophages 

surrounded by lymphocytes and neutrophils within fibrous stroma, in the cortex, well 

developed cortical follicles and moderate numbers of neutrophils were present in the 

subcapsular and paracortical sinuses however, no AFB were identified in these sections. All 

other organs including the right eye, liver, lung, spleen, heart, kidney, sections of the 

omentum, and sections from the various stomach compartments and small and large 

intestines were normal, based on examination of both H&E and ZN-stained histopathological 

sections. 

Figure 44: Photomicrograph, case 2. Margin of ulcerated skin bordering extensive tissue necrosis and mineralization (#), 
showing epithelial down-growth and regeneration (*) overlying a granulomatous and lymphocytic infiltrate with clusters of 
macrophages surrounding a lipid vacuole (arrow head). Haematoxylin and eosin. 
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Environmental Investigations: 
 

Approximately two months after diagnosis, a thorough survey of the environs of case 

2 was undertaken. Samples were collected from a variety of locations in and around the 

paddock in which the alpacas were kept; these included the leaves of plants (Eucalyptus sp. 

and Photinia sp.), detritus and dried leaf litter/vegetation from the ground, trough water 

(including a dead mosquito), fresh and aged alpaca, T. vulpecula, P. peregrinus and European 

rabbit (Oryctolagus cuniculus) faeces. Detritus from a gully, and water and aquatic plants 

(species not recorded) from a dam on an adjacent property, where the animal had been 

temporarily housed approximately six months prior to diagnosis, were also sampled. The 

owners reported a recent history of witnessed mosquito bites on the dorsal nasal region of all 

of the alpacas, including case 2. The animals had been observed subsequently to rub the 

affected areas on a wooden fence rail, presumably due to the pruritic nature of the lesions. In 

light of this information, samples were collected from this particular location, on the 

Figure 45: Photomicrograph, case 2. Acid-fast staining of necrotic tissue within the ulcer, showing moderate numbers of acid 
fast bacilli (*) within cells, free in stroma and within lipid vacuoles. Modified Ziehl-Neelsen stain (Wade’s modification, 
AFIP 1960.) 
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presumption that perhaps the organism had been inoculated into the facial skin of the affected 

animal as a consequence of this activity.  

A low level of M. ulcerans DNA was found to be associated with detritus and dried 

vegetation collected from a number of locations, the fresh leaves of a Eucalyptus sp. tree 

within the paddock and a Photinia sp. hedge that the alpacas were known to graze. Real-time 

PCR-positive T. vulpecula and P. peregrinus faeces, European rabbit faeces, as well as fresh 

and aged alpaca faeces were also found on the property, although in all instances, the signal 

was low. The mosquito from the trough and water from the dam (and associated aquatic 

plants) also recorded a low level of M. ulcerans DNA by real-time PCR. 

 

Discussion: 
 

Although M. ulcerans infection in one of these alpaca has been reported briefly 

(Portaels et al., 2001), this is the first complete documentation of the disease in this species. 

As with other affected animals, it is unclear how the individuals in this report acquired the 

infection. The bacterium may have been inoculated via contaminated penetrating dermal 

injury or from biting insect vectors (particularly given the anecdotal association of witnessed 

mosquito bites and the anatomical location of the disease in case 2). The recurrent and 

anatomically disparate nature of the lesions in case 1 argues either for repeat inoculation at 

multiple sites or the peripheral manifestation of an ongoing disseminated process.  

The clinical presentation of the disease in these alpacas is in accord with that 

observed in people and other animals (Walsh et al., 2008). The histopathological features of 

the dermal lesions in both cases were also similar to that seen in other animals (Mitchell et 

al., 1984; van Zyl et al., 2010).  

The low levels of M. ulcerans DNA in the gut contents of case 2 is likely to be due to 

ingestion of contaminated food sources (for example, the Photinia spp. hedge). Further 

investigation would be required to confirm whether this represents transient or persistent 

colonization of the gut. The normal appearance of the gut wall on histopathological 

examination argues against an established gastrointestinal infection [as opposed to changes 

seen in animals infected with M. avium subsp. paratuberculosis (Ridge et al., 1995)].  

Likewise, the significance of the low real-time PCR positivity of some internal organs 

is difficult to interpret given the negative histopathological findings but may represent either 

low-grade dissemination of the organism or accidental cross-contamination at necropsy. 
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Unlike the koalas in one report (McOrist et al., 1985), there was no evidence of nasal cavity 

involvement with subsequent extension of the disease into the lung in this animal. 

Whilst some of the lesions in case 1 resolved with local treatment (surgical 

debridement and bandaging), the formation of new lesions at distal sites eventually resulted 

in the owner’s decision to euthanase the animal. It is possible that treatment in this case may 

have been more successful if systemic antibiotic therapy had been employed, however at the 

time of diagnosis the “gold standard” of treatment in people was wide surgical excision with 

the utilisation of skin grafting to cover the (frequently extensive) resultant deficits (Johnson 

et al., 1999; van der Werf et al., 1999). This was deemed to be impractical given the 

anatomical site of the lesions, thus a more conservative approach was chosen.  

South American camelids have been shown to be susceptible to a variety of 

mycobacterial infections including M. avium subsp. paratuberculosis (Johne’s disease) 

(Ridge et al., 1995) and M. avium subsp. avium (Lucas et al., 2003), M. bovis (Garcia-

Bocanegra et al., 2010) M. microti (Pattyn et al., 1970; Zanolari et al., 2009) and 

Mycobacterium kansasii (Braun et al., 2009; Johnson et al., 1993); however, no reports of 

treatment of these infections (perhaps from which treatment of M. ulcerans infection can be 

extrapolated) has been recorded. Likewise, there is a paucity of information pertaining to the 

treatment of mycobacterial infections in dromedaries. Enrofloxacin has been shown to be safe 

in South American camelids (Gandolf et al., 2005), but there are no data on the use of 

rifampicin or macrolides in these species. Streptomycin is no longer approved for general 

veterinary use in Australia, although it may be possible to acquire a permit off-label 

administration, if it can be ensured that the animal is identified and is not used for human 

consumption.  

Even though rifampicin has been used for the treatment of mycobacterial diseases in 

cattle, sheep and goats (Fecteau & Whitlock, 2011), extrapolation of drug doses used in other 

domestic ruminants species can be problematic, as many antibiotics have a longer elimination 

half-life in camelids (Cebra & Cebra, 2006). If rifampicin was administered, the use of 

therapeutic drug monitoring would be ideal, although this would likely add substantially to 

the cost of treatment, which may already be prohibitive for some owners, especially if the 

animal is for production rather than as a pet. As with other animals, regular 

clinicopathological monitoring for evidence of liver toxicity would also be prudent.  

Given these limitations, other options for local therapy might include the use of intra-
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lesional or topical anti-mycobacterial drugs [as has been suggested for the treatment of 

mycobacterial leproid granulomas in dogs (Malik et al., 2011)] or perhaps cryotherapy, which 

was serendipitously successful in managing a localized M. ulcerans infection in a horse (at 

first assumed to be an equine sarcoid) (van Zyl et al., 2010). Obviously, cryotherapy may not 

be suitable for lesions on the distal limb, where ligaments, tendons and bony structures may 

be collaterally damaged. Other topical therapies that have met with variable success in people 

have included phenytoin powder (Adjei et al., 1998), and nitrite ointment (Phillips et al., 

2004). 

Initial trials of local thermotherapy in Africa detailed the use of a device that 

encompassed the limb on which the lesion was located, to maintain the affected area at a 

constant 40° C for 24 hours a day via the circulation of warm water (Meyers et al., 1974). 

Reported duration of therapy needed to heal ulcerative lesions was between 28 and 115 days. 

In a recent trial in Cameroon, patients were treated with portable phase-change material 

packs (akin to pocket hand warmers) that maintained average skin surface temperatures 

above 39° C for between 8-13 hours per day. The heat packs were changed every three days 

and required between 28 and 55 days of treatment for either complete resolution of lesions or 

where punch biopsies revealed no obvious viable mycobacteria prior to skin grafting 

(Junghanss et al., 2009). In field conditions, the avoidance of thermal injury is generally 

reliant on communication by the patient if the device is delivering too much heat to the area, 

thus becoming uncomfortable (the working temperature of a commonly used phase change 

material, sodium acetate trihydrate, is around 58°C, and many people apparently report 

discomfort if the treated area remains above 43°C for more than a few hours) (Junghanss et 

al., 2009). This would be difficult to subjectively assess in animals, and the use of a heat 

sensor device would be recommended to ensure that skin surface temperatures remained at 

the optimal range of between 40-42°C for a sufficient length of time to treat the infection, but 

lower than that which would cause injury to the tissues of the limb. Given the duration of 

treatment required and the relatively heavy bandages needed to maintain thermal insulation in 

the subjects of the aforementioned trials, the practicality of thermotherapy as a sole treatment 

in veterinary patients may be limited, but it may certainly prove to be useful in an abridged 

form, as an adjunct to systemic and/or topical antibiotic therapy.  

In summary, M. ulcerans infection should be considered as the cause of ulcerative 

dermal lesions in alpacas in endemic areas. Diagnosis can be easily and rapidly established 
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using real-time PCR. Effective treatment protocols have not yet been established in this 

animal species but may involve a combination of systemic and localised modalities. 
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LITERATURE REVIEW-PART 2 

 

Aetiology and Epidemiology: 
 

‘Feline leprosy’ is typically caused by mycobacterial species that cannot be cultured 

in the laboratory by routine methods. The condition was first described in 1962, in urban-

dwelling cats from Auckland, NZ, that presented with AFB-positive SC nodules (Brown et 

al., 1962). Assuming that the index case was infected with a member of the M. tuberculosis 

complex, the cat was euthanased and its body submitted for necropsy. When no evidence of 

systemic disease could be found, and the inoculation of the organism failed to produce 

disease in a guinea pig, nor any discernible growth on mycobacterial media (as did clinical 

material from two further cases), the authors concluded that this was likely a new disease 

entity and compared the condition to human and rat leprosy with respect to the clinical and 

histopathologic picture. The disease was reported from eastern Australia (Allan & Wickham, 

1976; Lawrence & Wickham, 1963), western Canada (Gee et al., 1975; Schiefer et al., 1974), 

the United Kingdom (UK) (Robinson, 1975; Wilkinson, 1964), south-western USA (Frye et 

al., 1974) and the Netherlands (Poelma & Leiker, 1974) in subsequent decades. More 

recently the disease has been identified in cats located in France (Hughes et al., 2004; Laprie 

et al., 2013), New Caledonia (Laprie et al., 2013), Italy (Lamagna et al., 2009), the Greek 

islands (Courtin et al., 2007), and Japan (Goto et al., 2002). Historically, NZ and Australia 

seem to have reported the highest incidence of cases worldwide (Thompson et al., 1979), 

which subjectively appears to still be the case today. 

There are a number of historical reports of feline leprosy in the veterinary literature, 

but these precede the use of molecular methods of species identification, and in hindsight, it 

is unclear which species of mycobacteria was actually involved. Only relatively recent 

publications describe clinical data from patients where the etiologic agent has been confirmed 

by PCR analysis, and in some reports, only scant information on the clinical disease 

presentation is provided (Barrs et al., 1999; Davies et al., 2006; Fyfe et al., 2008; Hughes et 

al., 1997; Hughes et al., 2004; Malik et al., 2002).  

Based on rodent inoculation studies (Lawrence & Wickham, 1963; Mori & Kohsaka, 

1986; Poelma & Leiker, 1974), and concordant delayed-type hypersensitivity skin reactions 

between feline ‘lepromin’ and M. lepraemurium (Leiker & Poelma, 1974), it was assumed 
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that this organism was the sole causative agent for many decades. In the late 1990s Hughes et 

al. (1997) showed that despite a similar clinical, histological pattern, the aetiology of feline 

leprosy was heterogenous and could not be ascribed only to M. lepraemurium (the subject of 

the investigations described in chapter 6 of this thesis). This, and subsequent studies have 

identified the involvement of at least two other ‘non-culturable’ species of mycobacteria, 

related to the M. simiae group, at that stage provisionally known as Mycobacterium sp. 

‘Tarwin’ (Fyfe et al., 2008), (the subject of the investigations in chapter 5 of this thesis) and a 

novel, genetically heterogenous mycobacterial species, related to M. leprae, found along the 

in eastern coast of Australia and both islands of NZ (Barrs et al., 1999; Hughes et al., 1997; 

Hughes et al., 2004; Malik et al., 2002) (and the subject of the investigations in chapter 7 of 

this thesis). A mycobacterial disease characterized by diffuse cutaneous infection and 

widespread systemic dissemination has been documented in cats from western Canada and 

states of Idaho and Oregon, USA, caused by the apparently non-culturable Mycobacterium 

visibile (Appleyard & Clark, 2002). This organism is phylogenetically similar to the 

Australia/NZ novel species. 

Many cats with feline leprosy are historically young males (although females, and 

cats of any age may be affected), and the disease has occurred mostly in animals with outdoor 

access. It is supposed that young male cats are more likely to fight and hunt, thus potentially 

being exposed to the organisms via inoculation by contaminated teeth or claws of other cats 

or prey species.  

Recently, M. lepraemurium has undergone whole genome analysis which confirmed 

its position within the MAC (Benjak et al., 2017). Its genome is smaller than the other MAC 

species and contains approximately 1,140 pseudogenes, suggesting reductive evolution 

secondary to intra-cellular specialisation within a host. The relatively poor adenine-thymine 

(AT) content of the genome (compared to, for example, M. leprae) suggests a relatively 

recent divergence from the nearest common ancestor shared with M. avium (Benjak et al., 

2017). 

 

Clinical findings: 
 

Feline leprosy is typically characterized by the finding of single or multiple cutaneous 

and/or SC nodules often located on the head, limbs or trunk (Fyfe et al., 2008; Malik et al., 
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2002). The nodules are generally non-painful, well circumscribed and not adherent to 

underlying tissues. The overlying skin tends to be intact, however it may be alopecic or 

ulcerated, particularly if the lesion is large. Local lymph nodes may be involved.  

The clinical course of feline leprosy infection may be indolent or aggressive. Some 

cases have a tendency towards local spread, ulceration, and development of widespread 

lesions over several weeks to months. The nature of the disease may be influenced by host 

factors (such as age, concurrent illness, immunological status) or the causal species or route 

and size of the inoculum (Malik et al., 2013). Cases of M. visibile infection [and at least one 

Australian case, of undefined aetiology (Donnelly et al., 1982)] have been documented to 

have widespread cutaneous lesions and systemic involvement confirmed at necropsy. 

(Appleyard & Clark, 2002).  

 

Diagnosis: 
 

The diagnosis of feline leprosy is often relatively simple, provided the clinician has a 

high index of suspicion. Romanowski-stained cytological smears [Giemsa or Diff Quik® 

(Baxter Diagnostics, Bellevue, Wash.)] obtained by fine-needle aspiration will demonstrate 

granulomatous to pyogranulomatous inflammation with mycobacterial rods recognised by 

their characteristic “negatively-staining” appearance, usually located within macrophages. 

Typically, mycobacteria are not visible on H&E-stained histopathology sections of biopsy 

samples [except M. visibilie (Appleyard & Clark, 2002) and the novel mycobacterial species 

that causes feline leprosy in Australia and NZ (Barrs et al., 1999; Malik et al., 2002)] and 

must be visualized using acid-fast staining techniques, such as ZN or similar (for example, 

Fite’s), although bacterial numbers may be variable, depending on mycobacterial species and 

host immune response. 

The pathological picture of feline leprosy is subdivided into (i) lepromatous and (ii) 

tuberculoid, and was previously thought to correspond with the host’s immunologic response 

(Schiefer & Middleton, 1983). The lepromatous (or multi-bacillary) form is thought to 

correspond with a poor cell-mediated immune response, characterized by infiltration of tissue 

with many foamy or multinucleate macrophages, containing huge numbers of mycobacteria 

(‘virchowcytes’), no necrosis, and virtually no lymphocytes and plasma cells. Tuberculoid (or 

pauci-bacillary) feline leprosy is thought to occur when the patient exhibits a more effective 
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cell-mediated immune response and is characterized by pyogranulomatous inflammation 

dominated by epithelioid histiocytes, with moderate numbers of lymphocytes and plasma 

cells, and moderate to few observable AFB often in areas of multifocal to coalescing 

necrosis. It has been postulated in cats that the predominant histopathologic picture may be 

influenced by the causative agent (Malik et al., 2002), although this has been disputed by 

other investigators (Davies et al., 2006). A feature of human leprosy, invasion of peripheral 

nerves is not typically observed in cats. That being said, mycobacterial sciatic neuritis has 

been described in a cat (unfortunately the causative species undetermined despite the use of 

molecular methods) (Paulsen et al., 2000).  

PCR has the advantage of providing a rapid and highly accurate diagnosis (except 

where the sample has become contaminated with environmental mycobacteria). Fresh or 

frozen tissue, Romanowsky-stained cytology slides(Reppas et al., 2013) and formalin-fixed 

paraffin-embedded sections can all be used to amplify and identify mycobacterial genetic 

material at diagnostic laboratories with suitable expertise. The use of cytology slides for PCR 

is particularly appealing in feline practice as it may circumvent the need for invasive biopsy 

procedures. 

Amplification and sequencing of 16S rRNA (Tortoli, 2010), hsp65 (Dai et al., 2011) 

or rpoB (Adekambi et al., 2003) genes and/or the 16-23S rRNA internal transcribed spacer 

(ITS) region (Park et al., 2000; Roth et al., 1998), or in some cases multi-gene analysis 

(Devulder et al., 2005) are the most accurate and practical ways to identify the mycobacterial 

species affecting cats. 

Differential diagnoses of nodular lesions of the skin and subcutis include infections 

due to other saprophytic bacterial species (such as Nocardia), fungi and algae, or primary or 

metastatic neoplasia. The slowly growing saprophytic mycobacteria and M. tuberculosis 

complex (and on some occasions, the rapidly growing species) can produce disease that is 

clinically indistinguishable from those that cause feline leprosy.  

 

Treatment and prognosis: 
 

There have been rare instances of spontaneous resolution of feline leprosy infection 

(Roccabianca et al., 1996), but the vast majority of cases require treatment to effect a cure. 

Definitive treatment guidelines for each of the causative agents are yet to be established, 
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because the antibiotic susceptibility of these organisms is largely unknown and there is a 

paucity of data from any large-scale case series. Work on M. lepraemurium grown in 

viability assays within cell culture suggests that it is highly susceptible to rifampicin and 

clofazimine (Mendoza-Aguilar et al., 2012). Although it appears to be somewhat susceptible 

to the ‘human leprosy’ drug dapsone (Mendoza-Aguilar et al., 2012), the potential side 

effects of this drug (hepato- and neurotoxicity and blood dyscracias) limits its use in cats. 

Clarithromycin combined with rifampicin or a fourth generation fluoroquinolone, such as 

moxifloxacin or pradofloxacin (with or without clofazimine), ideally with surgical resection 

of lesions, appears to be the most efficacious treatment regimen (Malik et al., 2002; Malik et 

al., 2013). 

 As with other mycobacterial infections, it is recommended that medical therapy be 

continued for at least 1-2 months past resolution of clinical signs or following resection of all 

visible lesions.  

 

Public Health Aspects: 
 

There appears to be little to no risk of people acquiring M. lepraemurium from cats 

(Rojas-Espinosa & Lovik, 2001). As the ecology and transmission of the other aetiological 

agents of feline leprosy syndrome are poorly characterised at this time, it is difficult to 

ascertain their potential for zoonotic transfer, but it appears to be low. 

 

 

Previous studies of feline leprosy have yielded preliminary insights into the 

epidemiology of this disease, with the majority of the cases in the historical literature not 

definitively diagnosed with respect to causative agent. Generally, where a definitive 

diagnosis was made, the studies are limited by small case numbers and relatively short 

periods of follow-up. This section of the thesis seeks to extend the previous findings by 

providing a detailed description of feline leprosy referable to Candidatus ‘M. tarwinense’, M. 

lepraemurium and Candidatus ‘M. lepraefelis’. 
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CHAPTER 5: FELINE LEPROSY DUE TO CANDIDATUS ‘MYCOBACTERIUM TARWINENSE’: 

FURTHER CLINICAL AND MOLECULAR CHARACTERIZATION OF 15 PREVIOUSLY REPORTED 

CASES AND AN ADDITIONAL 27 CASES 

 
Introduction: 

 

Based on rodent inoculation studies (Lawrence & Wickham, 1963; Mori & Kohsaka, 

1986; Poelma & Leiker, 1974), and delayed-type hypersensitivity skin reactions between 

feline ‘lepromin’ and M. lepraemurium (Leiker & Poelma, 1974), it was assumed for decades 

that this latter organism was the sole causative agent of ‘feline leprosy’. Hughes et al. (1997) 

in their seminal paper, demonstrated that the aetiology of feline leprosy was heterogeneous 

and could not be ascribed to M. lepraemurium alone. That, and subsequent studies by this 

present group and others in North America, identified the involvement of at least three other 

fastidious species of mycobacteria, (i) a novel mycobacterial species that our research group 

propose be provisionally called Candidatus ‘Mycobacterium tarwinense’ (Fyfe et al., 2008), 

related to the Mycobacterium simiae group, (ii) a second novel mycobacterial species related 

to Mycobacterium leprae and Mycobacterium lepromatosis that our research group propose 

be provisionally called Candidatus ‘Mycobacterium lepraefelis’ found along the eastern coast 

of Australia and both islands of NZ (Barrs et al., 1999; Hughes et al., 1997; Hughes et al., 

2004; Malik et al., 2002) [and perhaps Canada (Davies et al., 2006)] and (iii) M. visibile, 

documented in cats from western Canada and states of Idaho and Oregon, in the Pacific 

Northwest of the USA (Appleyard & Clark, 2002). The latter organism is phylogenetically 

somewhat similar to Candidatus ‘M. lepraefelis’, although no further reports of the disease 

have emerged since the studies in the 1990s, so the species remains largely uncharacterised. 

Infections caused by members of the MAC (Malik et al., 1998), M. ulcerans (Elsner et al., 

2008) and other slow-growing mycobacteria can resemble ‘feline leprosy’ in some respects, 

but with careful specimen collection and handling it is possible to isolate these organisms by 

culture in liquid or on solid mycobacterial media in vitro. 

Unravelling the epidemiology of fastidious mycobacterial infections in cats has been 

hampered by the necessity of accessing the technological expertise and finances required to 

establish a definitive diagnosis via molecular methodologies. Indeed, in a recent large case
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 series concerning feline mycobacteriosis in the UK, the causative agent was only established 

in 47% of cases, in large part because molecular methods were not used to augment 

traditional mycobacterial culture and identification methods (Gunn-Moore et al., 2011).  

Previous studies of feline leprosy have yielded preliminary insights into the 

epidemiology of this disease, although these were limited by small case numbers and 

relatively short periods of follow-up. This chapter seeks to extend those findings by 

providing a detailed description of feline leprosy referable to Candidatus ‘M. tarwinense’, the 

most common cause of ‘feline leprosy’ in Victoria, Australia.  

 

Materials and Methods: 

 

Case recruitment, demographics, data retrieval: 

Cases were identified by a review of the record database of the Mycobacterium 

Reference Laboratory of the VIDRL from 1998 to 2015. During the period 2008-2014, active 

case recruitment was carried out by contacting veterinarians and veterinary pathologists, or 

via ‘advertisements’ in a variety of newsletters, e-mail groups, direct mail and other 

publications (for example, the Journal of Feline Medicine and Surgery, Control and Therapy 

series of the Centre for Veterinary Education). Prospective clinical and/or necropsy data were 

retrieved from case records of the primary veterinarians, where possible. Historical cases 

from the literature were sourced via online resources (PubMed, Web of Knowledge, CAB 

Abstracts, Medline and Google Scholar), using the search terms ‘cat’ or ‘cats’ or ‘feline’, 

‘leprosy’ and ‘mycobacteri*’. Cases were only included in the study if the causal species was 

definitively identified using molecular methods. 

Where available, data such as estimated age at time of diagnosis, gender, breed, 

geographical location of domicile (postcode), lifestyle and/or other potentially contributing 

factors (for example, fight wounds, immunosuppressive drug administration), anatomical 

location and nature of lesions (single vs multiple, ulcerated vs intact nodules) and results of 

necropsy examination (including cytology and/or histopathology), retroviral status (where 

available), treatment (drug therapy and/or surgery) and outcome were recorded and entered 

into a spreadsheet (Excel, Microsoft). Clinical disease was classified as either (i) few (1-2) or 

(ii) multiple (≥3) nodules, affecting one or more of the following five anatomical regions: 
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head, front limbs, hind limbs, body, tail/perineum; (iii) cats with innumerable nodules 

covering many areas of the body were classified as having ‘disseminated cutaneous’ disease.  

Most cases were treated with at least some input from the author concerning case 

management. Unfortunately, cats were not treated in a consistent manner as every different 

cat/client situation required a different approach to treatment for example, requirement for 

once daily therapy vs twice daily therapy, surgery allowed vs not permitted, cat difficult to 

medicate, owner financially limited, and so forth. 

 

Cytology/Histology: 

In most cases, fine needle aspirates from representative lesions were stained using ZN 

and/or a rapid modified Romanowsky stain (for example, Diff-Quik®), and the presence of 

mycobacteria was suggested by the observation of AFB or ‘negatively stained bacilli’ (NSB) 

respectively. Biopsy specimens were fixed in formalin for 12-48 hours, embedded in paraffin, 

cut to 5 µm thickness and stained using H&E and either ZN or Fite’s stain, and examined 

using conventional light microscopy. Such cytological and histological preparations were 

also used to harvest material suitable for PCR testing (see later)(Reppas et al., 2013). 

Enumeration of AFB/NSB in either cytological or histopathological samples was ascribed the 

following categories (i) “low bacterial index”; bacterial index (BI) (Ridley, 1964) 1+-2+ 

(Table 7) or where the pathological description noted ‘low numbers of’ or ‘few’ organisms 

and (ii) “high bacterial index”; BI 3+-6+ or where the description noted ‘moderate’ or ‘many’ 

organisms. Use of the terms “paucibacillary” and “multibacillary” to describe bacterial 

numbers in lesions have been used in previous publications (Malik et al., 2002; Malik et al., 

2013). However, to avoid confusion it was preferred not to use these terms. These 

classifications have been expanded in human leprosy to include reference to number and type 

of lesions observed, whether involvement of peripheral nerves is a feature, the presumed 

“infectiousness” of a patient and recommended duration and type of therapy (Parkash, 2009), 

which is not the case for feline patients. As the availability, type and degree of detail of 

reported cytological and histopathological data for each patient varied widely, these data 

were not included in the results. 
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Molecular microbiology methods: 
 

DNA was extracted from fresh tissue, methanol-fixed stained and unstained cytology 

samples (typically aspirates of cutaneous nodules), or de-waxed paraffin-embedded tissue, 

using methods described elsewhere (Fyfe et al., 2008; Reppas et al., 2013). 

Initial identification of the aetiological agent was generally performed by 

amplification and sequencing of the ITS region, using a nested PCR protocol described 

previously (Fyfe et al., 2008), although some later cases were identified via multiplex real-

time PCR assay using the following protocol (this was typically confirmed via subsequent 

sequencing of the ITS region). The 20 µL PCR reaction contained 10 µL of SensiFAST™ 

Probe Lo-Rox mix (Bioline Reagents Ltd; London) forward and reverse primers at a 

concentration of 8 µM (1 µL each), probe at a concentration of 2 µM (1 µL), 3.6 µL of 

nucleotide-free water, and 1 µL of DNA template. Internal positive control reagents 

(TaqMan® Exogenous Internal Positive Control Reagents, Applied Biosystems; 

Massachusetts) were used in the following amounts per reaction: 2 µL 10X Exo IPC Mix, 0.4 

µL 50X Exo IPC. The primers for the conventional and real-time PCR assays are shown in 

Table 8. Amplification and detection were performed with the ABI Prism® 7500 Fast Real-

time PCR system (Applied Biosystems) using the following program: 1 cycle of 95°C for 5 

min and 40 cycles of 95°C for 10 seconds and 60°C for 30 seconds. 

Amplification of the hsp65, rpoB, and sodA regions was also performed using the 

Table 7: Bacterial index scale. 

Scale Bacterial numbers 

1+ 1 to 10 bacilli per 100 high power (oil immersion) fields 

2+ 1 to 10 bacilli per 10 high power fields 

3+ 1 to 10 bacilli per high power field 

4+ 10 to 100 bacilli per high power field 

5+ 100 to 1000 bacilli per high power field 

6+ >1000 bacilli per high power field 
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primers described in Table 8 and using the conditions described by Devulder et al. (2005), 

except for sodA, which was run as a nested PCR. Briefly, 5 µL of template DNA was added 

to 20 µL of the first-round PCR mixture containing 5 µL 10X PCR buffer with 1.5 mM 

MgCl2, 10 µL Q solution (Qiagen Inc., Valencia, CA), 200 µM deoxynucleoside 

triphosphates, primers Z205 and Z212 (at 2 µM each), and 0.25 µL of Taq DNA polymerase 

(Qiagen Inc., Valencia, CA) and 10.75 µL NFW. The amplification was performed with a 

Mastercycler gradient (Eppendorf) using the following profile: 95°C for 5 min, followed by 

38 cycles of 94°C for 1 min, 62°C for 1 min, and 72°C for 1 min. The second-round PCR 

mixture contained 2.5 µL of the first-round PCR product in a final 50 µL volume containing 

PCR buffer with 1.5 mM MgCl2 (Qiagen Inc., Valencia, CA), 200 µM dNTPs, primers 

‘Tarwin long sodAF’ and ‘Tarwin long sodAR’ (at 2 µM each), and 2.5 U Taq DNA 

polymerase (Qiagen Inc., Valencia, CA). After mid-2013 MyTaq™ Mix (Bioline) was used 

as per the manufacturer’s instructions, instead of the Qiagen reagents in conventional PCR 

assays. Negative extraction controls were included in each instance. 
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Table 8: Details of primers used in the PCR methods. 

Primer or probe Sequence (5’-3’) Target 
locus 

Direction Reference 
or source 

Tarwin TF new GCCGGGTGCACAATAACAG ITS Forward This study 
Tarwin TR new GAGTGTTATCTCAGGGCCCAATA ITS Reverse This study 
Tarwin Probe 6FAM-CAGTCGCCAGACACG-

MGBNFQ 
  This study 

Ec16S.1390p  
(1st round) 

TTGTACACACCGCCCGTCA ITS(1) Forward Frothingham 
and Wilson 
(1993) 

Mb23S.44n 
(1st round) 

TCTCGATGCCAAGGCATCCACC ITS(1) Reverse Frothingham 
and Wilson 
(1993) 

SP1 (2nd round) ACCTCCTTTCTAAGGAGCACC ITS(1)  Forward (Roth et al., 
2000) 

SP2(2nd round) GATGCTCGCAACCACTATCCA ITS(1) Reverse (Roth et al., 
2000) 

rRNA1 AGAGTTTGATCCTGGCTCAG 16S 
rRNA 

Forward (Rogall et 
al., 1990) 

MR1 AGTCCCAGTGTGGCCGG 16S 
rRNA 

Reverse (Jackson et 
al., 1992) 

MR3 CCTACGAGCTCTTTACG 16S 
rRNA 

Reverse (Fyfe et al., 
2008) 

Tb11 ACCAACGATGGTGTGTCCAT hsp65 Forward (Ringuet et 
al., 1999) 

Tb112 CTTGTCGAACCGCATACCCT hsp65 Reverse (Ringuet et 
al., 1999) 

Z205 (1st round) ACGTTCACCACAGCAAGCACCA  sodA Forward (Devulder et 
al., 2005) 

Z212 (1st round) TCGGCCCAGTTCACGACGTT  sodA Reverse (Devulder et 
al., 2005) 

Tarwin long sodAF  
(2nd round) 

GGGTTTGAATGACGCATCG sodA Forward This study 

Tarwin long sodAR  
(2nd round) 

TTGACGTAGTCCGCCTTGAC sodA Reverse This study 

GrpoB1 ATCGACCACTTCGGCAACCGCC rpoB Forward (Devulder et 
al., 2005) 

GrpoB2 GGTACGGCGTCTCGATGAASCCG rpoB Reverse (Devulder et 
al., 2005) 

MF CGACCACTTCGGCAACCG rpoB Forward (Kim et al., 
1999) 

TBB rpoB2 TACGGCGTCTCGATGAASCC rpoB Reverse (Kim et al., 
1999) 

 
 
Genetic analysis: 

DNA extraction was performed on paraffin-embedded tissue sections, fresh and 

Romanowsky-stained cytology slides as previously described. (Fyfe et al., 2008; Reppas et 

al., 2013) DNA sequencing was performed as previously described (Fyfe et al., 2008) using 

the primers listed in Table 8. Sequence data were edited and analysed using either the 

Bionumerics v4.0 (Applied Maths, Gent, Belgium) or MacVector v14.0.4 (MacVector Inc., 
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Apex, NC, USA) programs. Sequences were aligned using ClustalW and curated manually 

from chromatographic data. 

 
Mycobacterial culture: 

Attempts at culture of this organism have been described previously (Fyfe et al., 

2008). In summary, fresh tissue samples were homogenized in bead bottles with Ringer’s 

solution and were decontaminated with an equal volume of 2% w/v sodium hydroxide, 

incubated at room temperature for 15 mins and neutralised with 10% v/v orthophosphoric 

acid (modified Petroff method). Samples were centrifuged at 3082 g for 20 mins and pellets 

resuspended in 2 mL Ringer’s solution. 400 µL of the decontaminated suspension was used 

as an inoculum for a variety of liquid and solid media including MGIT broths with PANTA 

added according to the manufacturer’s recommendations (BD, Franklin Lakes, N.J.), 

Lowenstein-Jensen medium [with and without a 1% w/v ferric ammonium citrate 

supplement], Brown and Buckle medium, chocolate agar, 7H10 slopes with antibiotics (25 

µg/mL piperacillin, 50 µg/mL amphotericin, 25 µg/mL vancomycin, 800 mg/mL actidione, 4 

µg/mL aztreonam) and buffered charcoal yeast extract medium (BCE), incubated aerobically 

and in some cases, microaerophilically, at 31, 36 and 43°C. Cultures were monitored weekly 

for up to 12-16 weeks. 

 

Statistical analysis: 

The two-tailed Fisher’s exact and Chi-squared tests were used to assess associations 

between categorical variables and the Mann-Whitney test was used to compare continuous 

variables, using an online epidemiologic statistical resource (OpenEpi17). P values <0.05 

were considered significant. 

 

Results: 

 

Clinical data: 
 

A total of 145 cases of feline leprosy were scrutinized as part of this study. One 

hundred and fourteen cases were sourced from the VIDRL laboratory records, veterinary 
                                                
17 Dean AG, Sullivan KM, Soe MM. OpenEpi: Open Source Epidemiologic Statistics for 
Public Health, Version. www.OpenEpi.com, updated 2013/04/06, accessed 2017/02/12. 
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pathology laboratories or veterinarians, with an additional 31 cases derived from six 

published studies (Courtin et al., 2007; Davies et al., 2006; Fyfe et al., 2008; Hughes et al., 

1997; Laprie et al., 2013; Malik et al., 2002). Of these, 42 cats were infected with Candidatus 

‘M. tarwinense’. Twenty-seven were ‘new’ cases, while 15 had been previously reported, all 

by our group. For the 16 previously reported cases, the follow-up obtained for this case series 

was more detailed and of a much longer duration (15 years in one case). 

Median age at diagnosis was 6.8 years, range 1-18. Where gender was recorded 17/39 

(44%) Candidatus ‘M. tarwinense’ cases were male. Where breed was recorded, 25/36 cases 

were domestic short-hairs (DSH), 1/36 was a domestic medium-hair, 6/36 were domestic 

long-hair (DLH), and there was one each of Burmese cross, Abyssinian cross, Russian Blue 

cross and Ragdoll. Geographical location data were recorded for 37 cats (Figure 46), and all 

but two were from cats domiciled in a limited portion of Victoria. The two discordant cases 

were from Lane Cove, Sydney, NSW and the Central Coast of NSW, near Gosford (Torii et 

al., 2016). 

 

Figure 46: Geographical distribution of feline infections caused by Candidatus ‘M. tarwinense’ shown 
in green, all except for two cases in NSW (one in a suburban portion of Sydney, another on the Central 
Coast near Gosford; arrows) are clustered in a limited geographical distribution in the vicinity of 
southern Victoria. No cases were encountered in New Zealand, Tasmania, or from the rest of the 
world. 
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Where lifestyle was recorded, all cats had unsupervised outdoor access, and many 

were known hunters and/or fighters. Only one cat (case 8) had previous immunosuppressive 

drug therapy prior to the diagnosis of feline leprosy. Feline immunodeficiency virus (FIV) 

status was only recorded in seven cases, with 3/7 cats being antibody-positive. As far as 

could be ascertained from case records, none of the FIV-antigen-positive cases had received 

prior FIV vaccination. No cats were tested for feline leukaemia virus antigen (FeLV).  

Where clinical features and clinical course were well documented in the available 

case notes, 30/40 (75%) of the cases with Candidatus ‘M. tarwinense’ infection had only one 

or two localized nodular lesions. These were predominately located on the head (33 cases), 

specifically ocular and peri-ocular locations (13 cases) (Figures 47 A-F and 48A-F), and 

thoracic limbs (30 cases) (Figure 49A-C). Four cats had intra-oral lesions (Figure 50). Eight 

cases had three or more lesions, often at disparate anatomical sites, with two cats having 

generalized nodular cutaneous disease (one of these cats was recorded as FIV-negative).  

Figure 47: Representative photographs of Candidatus ‘M. tarwinense’ infection in cats in Victoria, Australia, chosen to illustrate the 
occurrence of lesions near the eyes. These six photographs of different patients emphasise the propensity of lesions to occur on ocular 
structures, including the nictitating membrane (A), conjunctiva (B, D-F) and eyelids (C). 
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Figure 49: Representative photographs of Candidatus ‘M. tarwinense’ infections in cats in Victoria, Australia, illustrating the 
presence of lesions on the distal forelimbs. 

Figure 49: Representative photographs of Candidatus ‘M. tarwinense’ infections in cats in Victoria, Australia, chosen to 
illustrate the presence of lesions on the oculonasal skin. These six photographs of different patients illustrate the range of 
lesions which may be encountered, including an ulcerated lesion on the nasal planum (A) involvement of the bridge of the nose 
(B,C), lips (D,E) and adjacent to the naris (F). 
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There was no difference in age within this cohort between cats with 1-2 lesions 

(median 6 years, range 1-17), versus those with three or more nodules (median 6.5 years, 

range 3-14) (p=0.58232). There also did not appear to be an association between number of 

lesions and the likelihood of resolution of disease with therapy (p=0.3544, data not shown). 

The influence of bacterial number in lesions and clinical presentation, disease course and 

outcome could not be assessed due to a paucity of cases classified with “low BI” lesions.  

One cat in the study cohort underwent necropsy examination (case 5). The cat had 

been diagnosed with the disease eight years previously and had received minimal medical 

therapy, and no surgical intervention. Histologic examination of all internal organs, excluding 

the central nervous system, failed to demonstrate any evidence of systemic mycobacteriosis, 

that is, infection was limited to superficial structures, with no involvement within the chest or 

abdomen.  

 

Figure 50: Representative photograph of Candidatus ‘M. tarwinense’ infection in cats in Victoria, Australia, illustrating the 
presence of lesion on the gum. 
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Treatment and outcome data: 
 

As there are no published guidelines concerning the management of fastidious 

mycobacterial infections in cats, treatment protocols varied widely and often were influenced 

by practical considerations such as owner finances and commitment, and the patient’s 

temperament. Where it was possible to implement medical therapy, protocols typically 

included several months of treatment with one or more of the following drugs: rifampicin, 

clarithromycin, clofazimine, a fluoroquinolone (enrofloxacin, marbofloxacin or 

moxifloxacin) and doxycycline. Most cases also underwent surgical resection of most, if not 

all lesions (often as the initial procedure used to establish a diagnosis). 

Reliable follow-up was available for 18 cases (range 1-15 years, mean 5.6 ±4.6). 

Rifampicin plus clarithromycin (with or without surgery) was utilised most commonly (six 

resolved cases), clarithromycin plus moxifloxacin with surgery was utilised in two resolved 

cases, and clarithromycin monotherapy (with or without surgery) was utilized in three 

resolved cases. Clofazimine monotherapy plus surgery was also successful in one case. One 

cat was treated successfully with surgical resection alone (albeit in two attempts when more 

lesions occurred). Overall a combination of surgical resection (often with incomplete margins 

due to the anatomical location of the lesions) and follow-up medical therapy was used in 10 

cases. Medical therapy alone was used in three cases. At least two cats went on to have 

complete clearance of lesions despite having multiple cutaneous lesions persisting at the time 

when medical therapy was discontinued. Four cases had persistent disease where therapy was 

either declined or sub-optimally administered. Five treated cases had no follow-up data and 

were not included in the results above. Unfortunately, case numbers were not sufficient to 

undertake statistical comparison of treatment protocols and outcome. 

The overall outcome was typically favourable, with complete resolution of lesions in 

68% of cases where follow-up was possible. Even if lesions did not resolve completely (or at 

all), two cats continued to live for a relatively long time (8 and 10 years) (Figure 51A-C). 

Where cats were euthanased because of the disease, this was typically due to progressive or 

persistent cutaneous lesions, rather than evidence of systemic illness, such as lassitude, 

anorexia or weight loss. Sadly, two cats in the study were also euthanased at the time of 

diagnosis due to perceived, but likely erroneous, zoonotic risks. 
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A summary of data concerning age, gender and anatomical distribution of lesions for 

cats infected by Candidatus ‘M. tarwinense’ is provided in Table 9. Detailed case data for 

cats infected by Candidatus ‘M. tarwinense’ is provided in Table 10.  

 

 
Table 9: Summary data concerning age, gender and anatomical distribution for cats infected by Candidatus ‘M. tarwinense’. 

Median 
age at 

diagnosis 
(years) 

Male (%) High BI 
(%) 

Anatomical location of lesions (%) 
 

Subjective 
Outcome 
(Resolved 

%) Head Thoracic 
limbs 

Hind 
limbs 

Body Tail/ 
perineum 

Generalise
d skin 

 
7 

 (n=39 cats) 
 

  
(17/39) 

44% 

 
(18/19) 

95% 

 
(33/4

0) 
83% 

  
(12/40) 

30% 

 
(4/40) 
10% 

  
(1/40) 

3% 

 
(1/40) 

3% 

 
 (2/40) 

5% 

 
(15/22) 

68% 

 

Figure 51: Demonstration of the unrelenting progression of lesions in a cat (case 9) that was initially diagnosed in 2006 (A) 
and had the infection with only poor attempts at medical therapy for eight years at the time these images were obtained in 
2014 (B, C) 
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Table 10: Detailed case data for cats infected with Candidatus ‘M. tarwinense’. 

Case 
No. 

Age 
(at 
diagnosis; 
years) 

Gender Breed Location Lifestyle Bacterial  
numbers 

Clinical details Retroviral 
status 

Treatment Outcome Reference 

1 14 FN 

 

DSH 

 

Inverloch, VIC, 
Australia 

 NR High BI Lesions on left foreleg, 
progressed to have lesions 
all over body. 

 NR No treatment 

 

Euthanased due to 
progressive skin disease 
18 months after first 
diagnosis 

 

2 7 FN DSH Lilydale, VIC, 
Australia 

NR NR Lesions on leg and left 
nostril  

NR NR NR  

3 15 FN DSH Bunyip, VIC, 
Australia 

NR NR NR NR NR NR  

4 NR NR NR NR NR NR Lesions on face NR NR NR  

5 8 FN Russian 
Blue Cross 

Kilcuna/Moolami, 
VIC, Australia 

Indoor/outdoor High BI Facial swelling and nasal 
deformity 

 

NR 

 

No treatment 

 

Never resolved. 
Necropsy 8 years later - 
no internal 
mycobacteriosis 
detected 

 

6 7 FN DSH Boronia, VIC, 
Australia 

NR NR Buccal, conjunctival and 
hock lesions 

NR NR NR  

7 3 FE DSH Kew, VIC, 
Australia 

Indoor/outdoor 
(mostly indoor) 

Low BI Single cutaneous nodule in 
left axilla 

NR Surgery, CLM 3 
months 

Resolved  

8 “old” FN NR Yallambie/Macleod, 
VIC, Australia 

NR  NR Lymphoma 2007, 6-month 
multidrug chemotherapy 
completed when diagnosed 
with leprosy, location of 
lesion(s) NR 

NR NR NR  
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Case 
No. 

Age 
(at 
diagnosis; 
years) 

Gender Breed Location Lifestyle Bacterial  
numbers 

Clinical details Retroviral 
status 

Treatment Outcome Reference 

9 13 ME DSH Research, VIC, 
Australia 

 NR  NR Eroded nodule on the nose NR No treatment Not resolved, died of 
other cause (not 
recorded) 2 years later. 

 

10 5 F? NR Boronia, VIC, 
Australia 

 NR  NR Lesion on eyelid NR MOXIFLX NR  

11 NR MN Ragdoll Rye, VIC, Australia Indoor/outdoor 
(co-habitating 
with case 35) 

 NR Lesions on eyelids NR Short courses of CLM 
and RIF (< 1 month) 

Not resolved (5-year 
follow-up) 

 

12 12 F? DLH Wandin, VIC, 
Australia 

NR  NR Three lesions on head, one 
on eyelid 

NR NR NR  

13 4 MN DLH Mulgrave, VIC, 
Australia 

Indoor/outdoor NR Multiple lesions on face and 
right fore leg. Mass on leg 
ulcerated 

FIV +ve CLM, CLFZ and RIF. 
(Masses reduced in size 
with ENFLX) 

NR 

 

 

14 

 

1.5 

 

MN DSH Dromana, VIC, 
Australia 

Outdoor  

 

NR Buccal lesion next to right 
lower canine 

NR Medical treatment only 
- CLM 9 months - 6 
months until clinical 
resolution. Unwell after 
2 weeks on RIF so 
ceased therapy 

Resolved (2-year 
follow-up) 

 

15 

 

3 

 

MN 

 

DLH 

 

Rosebud, VIC, 
Australia 

 

Indoor/outdoor 

 

 NR 

 

 

Ulcerated lesion nasal 
bridge 

 

 

FIV –ve 

 

Surgery, DOXY, 
recurred.  

RIF and CLM 1 month 
(discontinued due to 
RIF reaction) 

Euthanased due to road 
trauma 1 month later 

 

 

16 4 FN DSH Yarrambat, VIC, 
Australia 

Indoor/outdoor  NR Lesion on left upper lip NR No treatment Cat died of road trauma 
shortly after diagnosis 
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Case 
No. 

Age 
(at 
diagnosis; 
years) 

Gender Breed Location Lifestyle Bacterial  
numbers 

Clinical details Retroviral 
status 

Treatment Outcome Reference 

17 

 

9 

 

FN 

 

DSH 

 

Dromana, VIC, 
Australia 

Outdoor  High BI Lesions on gingiva, 3rd 
eyelid and nasal planum 

 NR 

 

DOXY no response. 
Surgery alone. More 
lesions developed. 
Further surgery 

No recurrence but was 
euthanased due to 
unrelated problem about 
12 months later 

 

18 

 

11 FN 

 

DSH Moorolbark, VIC, 
Australia 

Indoor/outdoor 
and may have 
been in a cat 
fight 

High BI 

 

Lesion above lip 

 

 NR 

 

ENFLX subjectively 
slow growth of the 
lesion but did not 
resolve. 

Euthanased at time of 
definitive diagnosis  

 

19 14 MN DSH Sorrento, VIC, 
Australia 

Indoor/outdoor NR Lesion on nasal bridge  NR Surgical excision and 
MOXIFLX and CLM 

Resolved (18 months 
follow-up) 

 

20 10 FN DSH Rosebud, VIC, 
Australia 

 NR High BI Lesion on conjunctiva, 
lower right eyelid 

 NR No response to DOXY. 
Surgical excision and 
MOXIFLX and CLM 2 
months 

Resolved 

 

 

21 2 FN DSH Beaconsfield, VIC, 
Australia 

 NR NR Lesions on left 3rd eyelid 
and muzzle 

FIV +ve Surgical excision, RIF 
and CLM 

Resolved  

22 

 

12 

 

FN 

 

DSH 

 

Cranbourne North, 
VIC, Australia 

 

Suburban, near 
a park 

 

NR 

 

Ulcerated lesion on first 
digit left fore  

 

NR 

 

RIF and CLM. Initial 
improvement (one lump 
resolved completely) 
larger lesion initially 
reduced in size but then 
regrew.  

Surgically debulked 
then 3m MOXIFLX 
and CLM 

Resolved 
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Case 
No. 

Age 
(at 
diagnosis; 
years) 

Gender Breed Location Lifestyle Bacterial  
numbers 

Clinical details Retroviral 
status 

Treatment Outcome Reference 

23 

 

10 

 

FN 

 

DSH 

 

St Andrew's Beach, 
VIC, Australia 

 

Outdoor, 
fighter. 

 

High BI 

 

 

 

Lesions on lip and right 
fore. Subsequently 
developed lesions on tail 
base, lateral canthus of left 
eye, top of head, left 
conjunctiva, left flank and 
left lumbar area 

FIV –ve 

 

Surgery, RIF, CLM 

 

Regrowth of lip lesion 
on medications. 
Underwent surgery 
again. Growth of many 
new lumps while on 
medications. Stopped 
medications and lesions 
resolved spontaneously. 

 

24 6.5 FN DMH Frankston, VIC NR NR Lesions on conjunctiva, 
lower eyelid and hind leg  

NR Surgery then CLM and 
DOXY 

LTFU  

25 4 MN DSH NR NR High BI Lesions on dorsal left paw NR Surgical excision NR  

26 8 MN NR NR NR High BI Lesions on left upper 
eyelid, lump inside right 
nostril 

NR NR NR  

27 

 

2 FN DSH Inverloch, VIC, 
Australia 

Rural, near 
coast, 
occasional 
hunter 

High BI Lesions on caudal right 
hock then front lateral digit 

FIV –ve 

 

Surgery, CLFZ 

 

Resolved (15-year 
follow-up) 

(Malik et 
al., 2002) 
Case 2 

(Fyfe et 
al., 2008) 
Case 1 

28 10 FN DLH Berwick, VIC, 
Australia 

Indoor/outdoor High BI Raised corneal lesion (5-
month history) 

NR Surgery (superficial 
keratectomy), topical 
OFLX and ketorolac 
and then 
dexamethasone drops. 
DOXY, aspirin 

Possibly recurred after 
2 years, LTFU 
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Case 
No. 

Age 
(at 
diagnosis; 
years) 

Gender Breed Location Lifestyle Bacterial  
numbers 

Clinical details Retroviral 
status 

Treatment Outcome Reference 

29 

 

17 

 

FN 

 

Burmese 
Cross 

 

Yea, VIC, Australia Mostly indoor 

 

High BI Central corneal lesion 

 

NR 

 

Surgery (superficial 
keratectomy), topical 
OFLX and ketorolac, 
oral DOXY. Oral 
meloxicam 

Recurred after 6 
months. LTFU 

 

(Fyfe et 
al., 2008) 
Case 3 

 

30  

 

3 MN DLH Blairgowrie, VIC, 
Australia 

Indoor/outdoor, 
fighter 

 

High BI 

 

Lesion on left fore toe, then 
lesion appeared on right 
lip/chin (noticed 1 week 
later) 

NR 

 

Toe amputation. CLM, 
RIF (3 months). Lump 
resected from chin. 

Resolved (10-year 
follow-up) 

(Fyfe et 
al., 2008) 
Case 4 

31 

 

 

 

3 

 

 

MN 

 

 

DSH 

 

Blairgowrie, VIC, 
Australia 

 

NR 

 

NR 

 

Lesion on left fore toe, also 
lesion on left lip, new lesion 
appeared on side of head 
after stopping meds for a 
week.  

Still had lesions on head 
when stopped medications. 

NR 

 

Surgery, RIF, CLM 1.5 
months 

 

Resolved (5-year 
follow-up) 

 

(Fyfe et 
al., 2008) 
Case 5 

32  8 FN Abyssinian 
Cross 

Gladysdale, VIC, 
Australia 

NR NR Firm, rapidly growing 
lesion over frontal sinus 

NR NR  NR (Fyfe et 
al., 2008) 
Case 6 

33  

 

4 MN DLH Boolara, VIC, 
Australia 

Indoor/outdoor, 
fighter 

NR 

 

Lesion on eyelid, 1 cm 
diameter 

NR 

 

Surgery, CLM, RIF 
(stopped due to 
compliance issues), 
DOXY 

Resolved 

 

(Fyfe et 
al., 2008) 
Case 7 
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Case 
No. 

Age 
(at 
diagnosis; 
years) 

Gender Breed Location Lifestyle Bacterial  
numbers 

Clinical details Retroviral 
status 

Treatment Outcome Reference 

34 

 

 

3 

 

MN 

 

DSH 

 

Upwey, VIC, 
Australia 

 

Indoor/outdoor 
hunter 

 

High BI 

 

 

 

Lesions on right fore digit, 
left medial antebrachium, 
face and base of lower 
canines. Developed further 
lesions (query compliance 
issues) 1 week after these 
lesions were removed. One 
further lesion developed on 
lower right lip and right 
fore digit and left carpus 
whilst on adequate doses. 

FIV –ve 

 

CLM, RIF. Some 
masses resected, others 
left in situ. Continued 
CLM, RIF. Further 
lesions developed so 
commenced DOXY 
(7d?) 

 

 Resolved 

 

(Fyfe et 
al., 2008) 
Case 8 

 

35 

 

6 

 

MN 

 

DSH 

 

Rye,  

VIC, Australia 

Indoor/outdoor, 
hunter (co-
habitating with 
case 11) 

High BI 

 

Multiple lesions on head, 
forelegs and feet 

NR 

 

Short courses of CLM 
and RIF (< 1 month) 

Never resolved (10 
years follow-up) 

(Fyfe et 
al., 2008) 
Case 9 

36  3 MN DSH Leongatha, VIC, 
Australia 

Indoor/outdoor 
hunter 

NR 

 

Lesions between toes on left 
hind foot and regional 
lymph node 

NR 

 

Surgery, DOXY, 
Surgical removal of 
popliteal lymph node, 
then RIF, CLM 

Resolved (Fyfe et 
al., 2008) 
Case 10 

37 

 

10 

 

FN 

 

DSH 

 

Warawee, NSW, 
Australia (no 
known travel) 

Indoor/outdoor 

 

High BI 

 

Nasal stertor for 1 month. 
Lesions above incisors and 
in caudal nasal cavity 

FIV +ve 

 

None given 

 

Euthanased prior to 
treatment 

(Fyfe et 
al., 2008) 
Case 11 

38 6 MN DSH Whittlesea, VIC, 
Australia 

NR High BI Lesions on upper and lower 
eyelids 

 NR  NR NR (Fyfe et 
al., 2008) 
Case 12 
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Case 
No. 

Age 
(at 
diagnosis; 
years) 

Gender Breed Location Lifestyle Bacterial  
numbers 

Clinical details Retroviral 
status 

Treatment Outcome Reference 

39  

 

 

13 

 

MN 

 

DSH 

 

Upper 
Beaconsfield, VIC, 
Australia 

Outdoor, 
mouse hunter 

 

High BI 

 

 

Swelling lateral to nose 

 

 

 NR 

 

CLM 

 

 

Resolved.  

Euthanased due to renal 
disease several years 
later 

(Fyfe et 
al., 2008) 
Case 13 

40 

 

2 

 

FN 

 

DSH 

 

NR 

 

Indoor/outdoor 
known hunter 
of rats and 
mice 

NR 

 

Lesions on left forelimb 

 

NR 

 

NR 

 

NR 

 

(Fyfe et 
al., 2008) 
Case 14 

41 

 

13.5 MN DMH NR Mainly outdoor NR Lesion on mandible just 
under chin 

NR NR NR (Fyfe et 
al., 2008) 
Case 15 

42 

 

5 

 

FN 

 

DSH 

 

Gosford, NSW, 
Australia (no 
history of travel) 

Indoor/outdoor, 
suburban. 

High BI Two lesions right upper lip 
adjacent to each other. 

NR 

 

Surgery, RIF, CLM. NR 

 

(Torii et 
al., 2016) 

F=female, FN=female spayed, M=male, MN=male castrated, ?=status unknown, DSH= domestic short-haired, DMH = domestic medium-haired, DLH = domestic long-haired, x=cross breed, NSW=New 
South Wales, VIC= Victoria, BI= bacterial index , FIV=feline immunodeficiency virus, FeLV=feline leukaemia virus, +ve=positive, -ve=negative, NR=not recorded, CLFZ=clofazimine, RIF=rifampicin, 
CLM=clarithromycin, DOXY=doxycycline, ENFLX=enrofloxacin, OFLX=ofloxacin, MOXIFLX=moxifloxacin, LTFU=lost to follow up 
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Microbiological and molecular data: 
 

All attempts at isolation, including MGIT and solid media were unsuccessful. Fresh 

tissue, fixed cytological and paraffin-embedded samples from 38 cases for which genetic 

material was available underwent DNA extraction, PCR amplification and sequencing. Multi-

locus sequence analysis demonstrated that this organism was clonal, with 100% genetic 

homogeneity at all five loci examined [V3 region of 16S rRNA (n=31), ITS region (n=37), 

rpoB (n=29), hsp65 (n=31), sodA (n=21)]. 

 

Discussion: 

This study greatly extends the body of knowledge concerning Candidatus ‘M. 

tarwinense’ infections. The original paper on this pathogen concerned a small number of 

cases, with limited and often incomplete follow-up (Fyfe et al., 2008). Infected cats were 

geographically restricted to the Tarwin region of rural Victoria, with a single outlier living in 

the vicinity of Lane Cove National Park in Sydney, NSW. The inclusion of many additional 

cases in this study cohort, including the original cases, but with longer and generally more 

complete follow-up, gives a richer picture of the disease associated with this organism.  

Although the initial cases were initially from the Tarwin region of rural south-eastern 

Victoria, subsequent cases have had a wider geographical footprint, although on a national or 

global scale cases are remarkably restricted (a 900-square kilometre portion of coastal 

Victoria, with a few isolated cases in coastal NSW). The number of infections that have been 

encountered per year has increased progressively since the first identification of this 

organism as a cause of feline leproid lesions suggesting that either this is actually an 

emerging infectious disease, or alternately, that both small animal clinicians and veterinary 

pathologists are more aware, and thus more adept at identifying these cases, and thus 

submitting appropriate material for a definitive molecular diagnosis. The ability to use 

methanol-fixed Romanowsky-stained slides as a source of DNA (Reppas et al., 2013) has 

greatly facilitated the cost-effective and timely diagnosis of this condition in practice, as there 

is no requirement to re-sedate or anaesthetise the patient to obtain additional material for 

molecular diagnostics. The strong propensity for cases to be domiciled in Victoria is 

reminiscent of the situation for people and other animals with M. ulcerans infection, although 
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a close examination of the location of feline Candidatus ‘M. tarwinense’ cases and M. 

ulcerans cases in people (Tai et al., 2018), dogs (Zumla & Grange, 2002), horses (van Zyl et 

al., 2010), alpacas and possums (Fyfe et al., 2010) show them to occur in somewhat different 

specific regions within the broader area of southern Victoria, although, there is a significant 

overlap of endemic range on the Mornington Peninsula (Röltgen & Pluschke, 2015). 

More than any other feline mycobacterial pathogen, this organism has a predilection 

to involve structures about the head, especially the ocular tissues (conjunctiva, cornea, 

eyelids, nictitating membrane) and nasal and periocular skin and subcutis. This poses some 

unique problems therapeutically, as the cornea is a difficult area in which to obtain adequate 

concentrations of many antimicrobials, and hence surgical and topical therapy are needed in 

such patients to affect a cure. The preponderance of lesions located on the face suggests a cat 

scratch injury or a bite/scratch from prey as a potentially important antecedent event (Malik 

et al., 2006; Malik et al., 2004). Furthermore, the propensity for cats to dig with the forelimbs 

prior to defecation affords the opportunity for many saprophytes to be present on the claws, 

and cat scratches provide the break in integrity of the cutaneous epithelial barrier permitting 

saprobes to establish infections in this location (Malik et al., 2006). Alternatively, the habit of 

cats to groom the face with the front paws provides a potential route for the inoculation of 

organisms, especially onto the ocular area. 

The age range of affected cats is wide and the ratio of affected males to females is not 

too disparate to the age/gender pyramid of normal cats (Toribio et al., 2009). Likewise, the 

breakdown of domestic crossbreds as opposed to pedigree cats is in accord with their ratio in 

the overall Australian cat population. There were too few cats subjected to retroviral testing 

to draw any firm conclusions, but it may be that 3/7 (43%) FIV positivity is higher in this 

group of affected cats when compared to the overall prevalence of FIV infection in 

Australian cats, which is approximately 8% (Norris et al., 2007). This might be an 

epiphenomenon, reflecting the tendency of cats with outdoor access and which fight to 

acquire FIV or Candidatus ‘M. tarwinense’ through independent mechanisms.  

The clinical course of Candidatus ‘M. tarwinense’ infections in cats could perhaps be 

described as indolent, with the tendency of lesions to progress inexorably in the absence of 

therapy. There appears to be little tendency to spread via the bloodstream or lymphatics, with 

no suggestion of internal organ involvement in any cat based on clinical criteria, and in the 

one cat that underwent necropsy, with microscopic examination of representative tissues. 
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This behaviour is consistent with an environmental saprophyte not adept to living at 

mammalian body temperature, with cats being an incidental ‘dead end’ host. Although the 

preferred temperature range for growth is not known, it is possible that this organism is not 

capable of replicating at the higher core temperature of the internal organs, and as a result 

infection is limited to the skin and subcutis. If this is the case, the local application of heat 

might represent a useful adjunct to systemic antibacterial therapy, as it is in the management 

of M. marinum and M. ulcerans infections in people (Meyers et al., 1974; Rallis & 

Koumantaki-Mathioudaki, 2007), although this may be logistically difficult in cats. 

The inability of the organism to grow using traditional mycobacteriological methods 

remains a mystery, although it is hoped that detailed examination of the draft genome will 

yield some clues to the metabolic requirements of this organism. Analysis of a number of 

gene targets has demonstrated that all of the clinical isolates that have been so examined are 

remarkably clonal, with complete homogeneity at the five different loci examined. If this 

homogeneity is carried over the entire genome, the variation in clinical severity from cat to 

cat is perhaps a reflection of either inoculum load and/or variability in the innate and acquired 

immunological response of the feline host. This genetic homogeneity is reminiscent of 

another fastidious mycobacterium, the unnamed agent of the canine leproid granuloma 

syndrome, which appears to be clonal over its far more extensive geographical range (Janet 

Fyfe, unpublished observations) (Malik et al., 2013). 

As is typical in an observational study, treatment regimens were not consistent, yet on 

the whole cats responded favourably to veterinary intervention, especially surgical excision 

and long-term use of a combination of two or more antimicrobials usually effective against 

slow-growing mycobacteria. The ability to grow this pathogen in vitro, and thus be able to 

determine in vitro susceptibility, would make therapy more cogent and less empiric and 

likely lead to improved patient outcomes. Other M. simiae complex organisms that can be 

grown in axenic culture have generally been shown to be susceptible to fluoroquinolones 

[especially moxifloxacin, even in the face of ciprofloxacin resistance (Maoz et al., 2008)], 

clarithromycin and clofazimine, but not to doxycycline (Li et al., 2013; van Ingen et al., 

2012). The recent availability of pradofloxacin in Australia provides another option for 

therapy, as this drug has the greatest anti-mycobacterial activity of the veterinary 

fluoroquinolones, is licensed for use in cats, is devoid of retinotoxicity and comes in a 
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palatable liquid formulation which facilitates dose titration, making it a likely component of 

combination drug therapy for future cases.  

Despite all of these limitations, favourable outcomes were obtained for approximately 

70% of patients, and it would be reasonable to state that the prognosis is good for most cats, 

especially when a timely diagnosis is made when the number of lesions is small, and their 

size is limited. Importantly, even where therapy was not successful, and lesions persisted, 

most cats could live a near-normal life for a substantial period, as the pathogen had no 

apparent propensity to disseminate haematogenously or via the lymphatics. 

To date, there has been no instance of spread from cat to cat (although two cats in the 

one household appeared to be infected independently from a common environmental source), 

or from cat to human, and in our view the risk of contagion from cats is slight, perhaps no 

worse than from other environmental sources harbouring this organism, for example, soil. As 

the lesions are generally not ulcerated, organisms are more likely to be inoculated from a 

cat’s claws, than from intact SC nodules. It is fascinating that, to date, infections have not 

been seen in dogs or native animals.  

 

Conclusions and avenues for further investigation: 
 

In conclusion, Candidatus ‘M. tarwinense’, a fastidious relative of the M. simiae 

complex, causes high BI ‘feline leprosy’, with a tendency for lesions to consist of intact 

nodules present on the head, especially in proximity to the eyes and peri-ocular skin, with an 

indolent clinical course and a generally favourable to response to therapeutic interventions. 

The best management approach consists of complete surgical resection of bulky or easy 

accessible lesions, and debulking of lesions in difficult anatomical locations, in concert with 

combination antimicrobial therapy with two or more agents with known activity against 

slow-growing mycobacteria and including topical therapy for lesions involving the cornea. 

Further genomic analysis may yield clues as to the environmental niche and culture 

requirement of this elusive organism, and prospective trials and/or drug susceptibility testing 

in specialized systems such as the microplate alamar blue assay, are needed to further inform 

treatment recommendations. 



 

 

PART 2: INVESTIGATIONS OF FASTIDIOUS MYCOBACTERIA CAUSING 

CUTANEOUS NODULAR DISEASE IN CATS (FELINE LEPROSY) 

	

148	

CHAPTER 6: FELINE LEPROSY DUE TO MYCOBACTERIUM LEPRAEMURIUM: FURTHER 

CLINICAL AND MOLECULAR CHARACTERIZATION OF 23 PREVIOUSLY REPORTED CASES AND 

AN ADDITIONAL 42 CASES 

 

Introduction: 
 

The initial reports of feline leprosy probably were dominated by M. lepraemurium 

infections, and cat-to-cat inoculation studies fulfilled ‘Koch’s postulates’ for disease 

causation. Lesions had a propensity to be situated on the head and/or thoracic limbs, were 

nodular in nature involving the skin and subcutis, with a tendency to ulcerate as the disease 

progressed. The histological appearance was variable, extending from tuberculoid disease 

which comprised a mixture of lymphocytes and macrophages, usually associated with 

relatively small numbers of AFB, while other cases were lepromatous, comprising 

predominantly epithelioid macrophages or giant cells associated with numerous, generally 

intra-cellular, AFB. There was a tendency for tuberculous lesions to develop central caseous 

necrosis, which grossly was correlated with an ulcerated appearance. Many different 

approaches to treatment had been tried over the years, with the anti-leprosy agent clofazimine 

perhaps having the best efficacy in vivo, while rifamycin had documented efficacy in vitro. 

This organism is extremely difficult to grow in the laboratory, although a few specialized 

laboratories in Japan (Nakamura, 1974; Ogawa, 1976) and Belgium (Pattyn & Portaels, 1980) 

could propagate this pathogen in vitro, which permitted limited susceptibility testing and 

other studies. 

This chapter concerns feline patients with skin lesions proven to be caused by M. 

lepraemurium and represents the largest collection of such cases reported to date. Feline 

leprosy case series published prior to the turn of the century could not determine if a mixture 

of different aetiological agents, including M. lepraemurium, but also other mycobacterial 

pathogens such as M. visibile, Candidatus ‘M. tarwinense’ and the novel species Candidatus 

‘M. lepraefelis’, were involved in these cutaneous feline mycobacterial infections. 
 

Materials and Methods 
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Case recruitment, demographics, data retrieval, cytological and histological 

assessment, molecular microbiological methods, genetic analysis, mycobacterial culture and
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statistical analysis were essentially the same as described in chapter 5. Different primers were 

used to partially sequence the sodA gene of M. lepraemurium; ‘AvsodAF’ 

5’ACATCTCGGGGCAGATCAAC3’ (forward), ‘AvsodAR’ 5’ 

GTAGTCCGCCTTGACGTTCT3’ (reverse). 

 

Results: 
 

Clinical data: 
 

A total of 145 cases of feline leprosy were analysed. One hundred and fourteen were 

sourced from the VIDRL records, veterinary pathology laboratories or veterinarians, with an 

additional 31 cases derived from six published studies (Courtin et al., 2007; Davies et al., 

2006; Fyfe et al., 2008; Hughes et al., 1997; Laprie et al., 2013; Malik et al., 2002). Of these, 

65 had M. lepraemurium infection, comprising 42 new cases and 23 cases recorded 

previously in the literature. 

Cats were generally young, with a median age of 2 years, range 0.6-14, at the time of 

diagnosis. The preponderance of young cats was striking, with the great majority of affected 

cats being less than four years-of-age. Of the cats where gender was recorded, 44/62 (71%) of 

M. lepraemurium infections were in male cats, which is significantly more than would be 

expected based on the age/gender pyramid for Australian cats (Toribio et al., 2009). Where 

breed was recorded, 44/54 were domestic short-hair (DSH), 2/54 were domestic long-hair 

(DLH), 2 were Ragdoll, and one each was Burmese, Manx cross, Maine Coon, Siamese, 

Persian and British Shorthair; the crossbred to pedigree ratio was similar to the Australian 

feline population (Toribio et al., 2009). 

Geographical location data was recorded for 65 cats; 16 from Australia, 31 from NZ 

(Figure 52), seven from Canada, seven from France, one from the Greek Island of Kythira 

and one from New Caledonia. Mycobacterium lepraemurium infection was documented to 

have a larger geographical distribution than any of the other species responsible for ‘feline 

leprosy’ and was the only causative species of this condition in the Australian island state of 

Tasmania. Although it could be encountered in almost any geographical location, M. 

lepraemurium infections located in coastal cities and rural areas appeared to be over-

represented. 
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Where lifestyle was recorded, all cats had unsupervised outdoor access, and many 

were known hunters and/or fighters. FIV status was only recorded in nine cats, with only one 

cat being antibody-positive. As far as could be ascertained from case records, none of the 

FIV-antigen-positive cases had received prior FIV vaccination. None of the nine cats tested 

for FeLV were seropositive.  

Where clinical features and clinical course were well documented, 34/49 (69%) had 

1-2 lesions, with only 4/49 cases having generalised nodular skin disease, although the 

remainder had multiple lesions at disparate anatomical sites. There was no difference in age 

within this cohort between cats with 1-2 lesions (median 2 years, range 0.6-7), versus those 

with three or more nodules (median 2 years, range 0.75-14) (p=0.80258) Lesions were 

mainly on the head [21/49 (43%) cases] and thoracic limbs [23/49 (47%)] (Figure 53).  

 

 

Figure 52: Geographical distribution of feline infections caused by M. lepraemurium in the Australasian region, where 
accurate location data was known. Note the prominence of cases in coastal areas. 
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No cats with this aetiology underwent necropsy examination. Of the 40 cases where 

cytology or histology was available for review, a high bacterial BI was observed in 23/40 

(58%) of cases, while the remainder had a low BI. In many cases where a low BI was 

recorded the lesions were ulcerated, however this was also occasionally observed as a clinical 

feature of high BI lesions as well. As the availability, type and degree of detail of reported 

cytological and histopathological data for each patient varied widely, these data were not 

included in the results. 
 

Treatment and outcome data: 
 

Treatment protocols used in cats in this study varied widely and often were influenced 

by owner finances and commitment, and also the patient’s temperament. Where it was 

Figure 53: Representative photographs of M. lepraemurium infections, chosen to illustrate the occurrence of lesions on the 
head (A, B, C) and forelimbs (D, E). Note the tendency of lesions to ulcerate. 
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possible to implement medical therapy, protocols included several months of treatment with 

one or more of the following drugs: rifampicin, clarithromycin, clofazimine, a 

fluoroquinolone (enrofloxacin, marbofloxacin, moxifloxacin or pradofloxacin) and 

doxycycline. A combination of rifampicin and clarithromycin was used most commonly, 

mainly due to favourable cost and drug availability. Many cats were treated with surgical 

resection alone (often with incomplete margins due to the anatomical location of the lesions 

for example, eyelids, distal limbs), or, more commonly, a combination of surgical resection 

and adjunctive medical therapy.  

The outcome was generally favourable for cats with M. lepraemurium, with resolution 

in 24/27 (89%) of cases where sufficient follow up was available to make an assessment, 

even in the face of widespread or disseminated cutaneous disease. Disease burden did not 

appear to influence outcome for this infection, nor did the BI of lesions. Two cats were 

euthanased due to progressive or persistent cutaneous lesions, rather than evidence of 

systemic disease (cases 17 and 43). Spontaneous resolution was observed in two cats infected 

with M. lepraemurium (cases 23 and 24).  

A summary of data concerning age, gender and anatomical distribution of lesions for 

cats infected by M. lepraemurium is provided in Table 11. Detailed case data for cats infected 

by M. lepraemurium is provided in Table 12.  

 
Table 11: Summary data concerning age, gender and anatomical distribution for cats infected by M. lepraemurium. 

Median age 
at diagnosis 

(years) 

Male 
(%) 

High BI 
(%) 

Anatomical location of lesions (%) Subjective 
Outcome 

(Resolved %) 
Head Thoracic 

limbs 
Hind 
limbs 

Body Tail/ 

perineum 

Generalised 
skin 

2 

(n=61) 

42/62 

71% 

23/40 

58% 

21/49 

43% 

23/49 

47% 

7/49 

14% 

6/49 

12% 

2/49 

4% 

4/49 

8% 

24/27 

89% 
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Table 12: Detailed case data for cats infected with M. lepraemurium. 

Case 
No  

 

Age (at 

diagnosis; 

years) 

Gender 

 

Breed Location Lifestyle Bacterial 
Numbers 

Clinical Details Retroviral 
status 

Treatment Outcome Reference 

1 2 MN  DSH Williamstown, 
VIC, Australia 

 NR High BI 

 

Nodule on right upper lip 

 

 NR 

 

Surgical resection, 
medical treatment 
(details NR) 

 NR 

 

 

2 1.5 MN  NR  NR  NR  NR  NR  NR  NR  NR  

3 1 M DSH Glenfield, NZ  NR  NR  NR  NR  NR  NR  

4 2 MN Burmese Paddington, NSW 
but previously 
outdoors in NZ 

Moved to 
Sydney from 
NZ within 6 
months of 
presentation; 
had caught rats 
in NZ 

High BI Lesion on right left lateral 
fore leg 

 NR Surgical resection 
CLFZ and CLM for 10-
11 weeks  

Resolved (4-year follow-
up) 

 

5 1 MN DSH NR NR NR NR NR  NR  NR  

6  NR MN NR Albany, WA, 
Australia 

NR NR NR  NR  NR  NR  

7 1.5 MN  NR TAS, Australia NR NR Lesion on commissure of lip  NR  NR  NR  

8 0.75 FN  DSH NZ NR High BI NR  NR  NR  NR  

9  NR NR  NR Whangarei, NZ NR  NR NR  NR  NR  NR  

10  1  MN  DSH Auckland, NZ Previously 
living in sand 
dunes, Omaha 
Beach 

 NR Excoriated lesions over 
rump and in axillae 

 NR Surgery  Resolved  
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Case 
No  

 

Age (at 

diagnosis; 

years) 

Gender 

 

Breed Location Lifestyle Bacterial 
Numbers 

Clinical Details Retroviral 
status 

Treatment Outcome Reference 

11 

 

 

2 MN DSH 

 

Auckland, NZ NR 

 

 NR 

 

Multiple cutaneous masses 
lateral aspect of left tarsus, 
lateral aspect of nail bed, 
deep SC tissues of right 
shoulder 

 NR 

 

NR 

 

 NR 

 

 

12 

 

 3 MN DSH Wellsford, NZ History of cat 
fights 

NR 

 

Two non-healing wounds 
after fighting left metacarpal 
region and left upper lip 

NR Surgery, CLM, ENFLX Resolved  

13 1 FN DLH Rotorua, NZ NR High BI Small cystic mass on right 
fore 

 NR Surgery Resolved  

14 1.5 FN DSH Launceston, TAS, 
Australia 

Farm mouser NR Ulcerated lump on left lip 
over upper canine, upper 
right gum 

 NR Surgery Resolved  

15 3.5 MN DSH Christchurch, NZ Hunts and lives 
along a river 
bank 

High BI 

 

Lesions on right fore and 
dorsal carpus 

 NR Surgery, RIF and CLM Resolved  

16 2 FN DSH  Christchurch, NZ Prolific hunter 
of rats and lives 
close to a 
stream. 

Low BI 

 

 

Ulcerated lesion below left 
lower lid, rim of lesion 
thickened with large central 
ulcerated area 

 NR 

 

Surgery 

 

Resolved 

 

 

17 

 

4.5 MN 

 

DSH 

 

Tauranga, NZ 

 

Indoor/outdoor 
rural, no history 
of fights 

High BI 

 

Large nodular lesion on 
foreleg 

 NR ENFLX, DOXY 5M no 
change, RIF and CLM 3 
months. No change  

Euthanased after 1 year 
once lesion started to 
enlarge. 

 

18 

 

3 

 

MN 

 

DSH 

 

New Lynn 
Auckland, NZ 

 

NR 

 

NR 

 

NR 

 

FIV –ve 

 

NR 

 

NR 
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Case 
No  

 

Age (at 

diagnosis; 

years) 

Gender 

 

Breed Location Lifestyle Bacterial 
Numbers 

Clinical Details Retroviral 
status 

Treatment Outcome Reference 

19  2  MN  NR Kawerau, NZ NR NR NR NR NR NR  

20 2.5 MN DSH Opotiki, NZ Rural area, 
indoor/outdoor 
cat known to 
hunt 

High BI Single hard lump on chin FIV -ve 

FeLV –ve 

RIF, CLM LTFU  

21 4 FN DSH North Shore 
Auckland, NZ 

Suburban High BI Smooth domed lump on face FIV -ve 

FeLV -ve 

Surgery, DOXY before 
and after 

Resolved  

22 0.75 M Manx x Glenfield, NZ  NR NR Multiple raised nodules on 
both forelegs 

NR NR NR  

23 2 MN DSH Wanganui, NZ  NR Low BI Peri-orbital lesion  NR No treatment Spontaneously resolved 
within a few weeks 

 

24 3 MN DSH Wanganui, NZ  NR High BI Multiple lesions on distal 
limb 

NR No treatment Spontaneously resolved 
within a few weeks 

 

25 0.75 M DSH  Milford, NZ  NR NR Skin mass left flank 
ulcerated 

NR NR NR  

26 1.3 FN DSH New Plymouth, 
NZ 

Indoor/Outdoor NR Skin nodule on hind leg, 
enlarged draining popliteal 
lymph node 

NR Surgical removal and 2 
weeks of ENFLX 

Resolved  

27 14 MN DSH Launceston, TAS, 
Australia 

 NR Low BI Multiple disseminated 
nodules 

FIV +ve RIF and CLM 2-3 
months 

Resolved  

28 14  NR Ragdoll NZ  NR NR Keratitis NR NR NR  

29 1.5 FN DSH Whangarei, 
Northland, NZ 

Farm cat, hunts 
and fights 

NR Anterior aspect of foreleg, 
inguinal lymph node 

NR Surgery, DOXY 1 
month 

Resolved (2-year follow-
up)  
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Case 
No  

 

Age (at 

diagnosis; 

years) 

Gender 

 

Breed Location Lifestyle Bacterial 
Numbers 

Clinical Details Retroviral 
status 

Treatment Outcome Reference 

30  2   FN DSH Havelock North, 
NZ 

Rural Low BI Ulcerated mass on right 
carpus, but 8 other smaller 
masses on the left side of 
body 

FIV -ve 

FeLV -ve 

 

Surgery, DOXY 1 
month 

NR  

31 

 

 1.5 

 

MN DSH New Norfolk, 
TAS, Australia 

Rural, 
corticosteroid 
treatment for 
eosinophilic 
granuloma 

High BI 

 

Disseminated cutaneous 
nodules 

 

NR 

 

RIF and CFZ 

 

Resolved  

32 

 

 

3.5 

 

MN 

 

Persian 

 

Gladesville, 
NSW, Australia 

NR 

 

High BI 

 

Ulcerated lesions on the 
right fore digit pad and dew 
claw region, lumps on 
cranial antebrachium and 
lateral shoulder region. 
Pre-scapular lymph node 
also enlarged 

NR RIF and CLM 

 

NR 

 

 

33 

 

10 

 

MN 

 

DSH 

 

Snug, TAS, 
Australia 

Mainly outdoor High BI 

 

NR 

 

NR 

 

CLM 1 month 

 

NR 

 

 

34 1.5 MN DSH Vineyard, NSW, 
Australia 

Outdoor, hunter 

 

Low BI 

 

Ulcerated lesions on lip and 
chin  

FIV –ve 

FeLV–ve 

RIF, CLM 6 months Resolved  

35 3 MN Maine 
Coon 

Old Beach, TAS, 
Australia 

Hunter of rats 
and mice 

High BI Ulcerated lesion on upper lip 
right 

NR CLM, RIF 6 months Resolved  

36 

 

1.5 MN DSH  Dural, NSW, 
Australia 

Outdoor, hunter 

 

NR Two lesions on right 
forelimb and one on lateral 
upper right eyelid 

NR No response to 
cefovecin, or DOXY. 
CLM and surgical 
resection. Followed by 
RIF 

NR 
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Case 
No  

 

Age (at 

diagnosis; 

years) 

Gender 

 

Breed Location Lifestyle Bacterial 
Numbers 

Clinical Details Retroviral 
status 

Treatment Outcome Reference 

37 

 

NR 

 

 

FN 

 

 

DSH 

 

 

Kingston, TAS, 
Australia 

Semi-rural 

 

 

NR 

 

Oral cavity, face and limbs 
were covered in multiple 
raised, alopecic, 
erythematous, well 
demarcated dermal masses 
(approximately 30 lesions) 

FIV -ve 

FeLV–ve 

RIF, CLM 

 

 

Apparent cure, but 
lesions returned after 
diagnosis of renal 
disease 

 

38 5 FN British 
short-hair 

Balmoral, NZ NR NR NR NR NR NR  

39 

 

2 

 

FN 

 

Ragdoll 

 

Auckland, NZ 

 

Suburban, hunts 
in an adjacent 
bush reserve 

 

NR 

 

 

Five nodular lesions ranging 
from 3-6 mm in diameter. 
Four had ulcerated. One was 
medial to the left pinna. Two 
lesions were on the caudal 
mandibular area. One lesion 
was axillary, and another 
was inguinal. 

NR 

 

 

 

DOXY, MOXIFLX 

 

 

 

Resolving. Still 
undergoing treatment at 
time of writing  

 

 

40 

 

0.6 FN DSH Auckland, NZ Previously feral 

 

NR Lumps on face FIV –ve DOXY, MOXIFLX Resolving. Still 
undergoing treatment at 
time of writing 

 

41 0.6 MN DSH Beaumont, SA, 
Australia 

Suburban, 
fights 

High BI 

 

Lump on point of left elbow NR Surgery, CLM, 
PRDFLX 

Still undergoing 
treatment at time of 
writing 

 

42 2 MN  Bellerive, TAS, 
Australia 

 NR Nodules range from 3-15 
mm in diameter affecting the 
head, feet and legs and trunk 

NR CLM, RIF Still undergoing 
treatment at time of 
writing 

 

43 

 

1.5 ME DSH Narraweena, 
NSW, Australia 

Suburban Low BI Left and right axillae and 
antebrachium, then 
generalized skin with 
ulceration 

FIV –ve Surgery, CLFZ, CLM, 
RIF 

No response, euthanased (Malik et 
al., 2002) 

Case 1 
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Case 
No  

 

Age (at 

diagnosis; 

years) 

Gender 

 

Breed Location Lifestyle Bacterial 
Numbers 

Clinical Details Retroviral 
status 

Treatment Outcome Reference 

44 

 

3 

 

MN 

 

DSH 

 

Winston Hills, 
NSW, Australia 

Suburban Low BI 

 

‘Localised’ NR 

 

Extensive surgery, 
DOXY 

LTFU (Malik et 
al., 2002) 

Case 3 

45 

 

3 

 

M? 

 

 

DSH 

 

 

NZ 

 

 

NR 

 

 

High BI 

 

‘Tumour’ 

 

 

NR 

 

 

NR 

 

 

NR 

 

 

(Malik et 
al., 2002) 

Case 5 
(Hughes et 
al., 2004) 

Case 3 

46 

 

8 

 

 

 

F? 

 

 

 

NR 

 

 

 

NZ  

 

 

 

NR 

 

 

 

High BI 

 

 

 

Domed forehead 

 

 

 

NR 

 

 

 

NR 

 

 

 

NR 

 

 

 

(Malik et 
al., 2002) 

Case 6 
(Hughes et 
al., 1997) 

Case 4 

47 

 

1 

 

 

 

F? 

 

 

 

DSH 

 

 

 

NZ  

 

 

NR 

 

 

 

Low BI 

 

 

Lesion on left shoulder 

 

 

 

NR 

 

 

 

NR 

 

 

 

NR 

 

 

 

(Malik et 
al., 2002) 
Case 7 
(Hughes et 
al., 1997) 
Case 5 

48 

 

2 

 

 

 

M? 

 

 

 

DSH 

 

 

 

NZ  

 

 

NR 

 

 

 

Low BI 

 

 

Generalized skin lesions 

 

 

 

NR 

 

 

 

NR 

 

 

 

NR 

 

 

 

(Malik et 
al., 2002) 
Case 8 
(Hughes et 
al., 1997) 
Case 7) 

49 2.5 MN DSH British Columbia, 
Canada 

NR Low BI* Ulcerated mass on scrotum NR NR NR (Davies et 
al., 2006) 
Case 14 
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Case 
No  

 

Age (at 

diagnosis; 

years) 

Gender 

 

Breed Location Lifestyle Bacterial 
Numbers 

Clinical Details Retroviral 
status 

Treatment Outcome Reference 

50 2 MN Siamese British Columbia, 
Canada 

NR Low BI* Two nodules on skin NR NR NR (Davies et 
al., 2006) 
Case 16 

51 NR ME DSH NZ NR Low BI* Three masses; flank, hind 
limb, chest wall 

NR NR NR (Davies et 
al., 2006) 
Case 12 

52 1.5 MN DSH British Columbia, 
Canada 

NR Low BI* Lesion on right carpus NR NR NR (Davies et 
al., 2006) 
Case 1A 

53 1 FN NR British Columbia, 
Canada 

NR Low BI* Chronic ulcerated mass on 
leg, second small mass 

NR NR NR (Davies et 
al., 2006) 
Case 7A 

54 7 MN DLH British Columbia, 
Canada 

NR High BI* Lesion on lower eyelid NR NR NR (Davies et 
al., 2006) 
Case 18 

55 3 NR NR British Columbia, 
Canada 

NR High BI* Two masses (location not 
specified) 

NR NR NR (Davies et 
al., 2006) 
Case 20 

56 3 FN NR British Columbia, 
Canada 

NR High BI* Large mass on forelimb, 
several other nodules 

NR NR NR (Davies et 
al., 2006) 
Case 23 

57 2 FN DSH Kythira, Greece Hunter of rats High BI Ulcerated nodules on the 
commissures of the mouth, 
enlarged lymph nodes 

FIV -ve 

FeLV –e 

2 months MARBFLX 
no response. 

Surgery 14 weeks 
CLFZ and CLM 

Resolved (Courtin et 
al., 2007) 
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Case 
No  

 

Age (at 

diagnosis; 

years) 

Gender 

 

Breed Location Lifestyle Bacterial 
Numbers 

Clinical Details Retroviral 
status 

Treatment Outcome Reference 

58 3 ME DSH Nimes, France Outdoors High BI Four lesions on back and 
abdomen 

NR Marginal excision Resolved (Laprie et 
al., 2013) 
Case 2 

59 2 ME DSH Marseille, France Outdoors High BI Five lesions on forelimb, 
hind limb, back, popliteal 
lymph node 

NR NR 

 

NR 

 

(Laprie et 
al., 2013) 
Case 3 

60 2 ME DSH Nimes, France Outdoors High BI Multiple lesions on Face, 
forelimb, paw-pads, scrotum 

NR RIF, ENFLX, DOXY Resolved (Laprie et 
al., 2013) 
Case 4 

61 1 FE DSH Nimes, France Outdoors Low BI* Lesion on face  NR Marginal excision, 
DOXY 

Resolved (Laprie et 
al., 2013) 
Case 5 

62 1 ME DSH Nimes, France Outdoors High BI Lesion on head NR Marginal excision, 
DOXY 

Resolved (Laprie et 
al., 
2013)Case 
7 

63 2 MN DSH Aix-en-Provence 
Region, France 

Outdoors Low BI* Lesion on forelimb NR Marginal excision, 
amoxicillin, cephalexin 

Resolved (Laprie et 
al., 2013) 
Case 8 

64 3 M DSH New Caledonia Outdoors Low BI* Multiple lesions on forelimb, 
lymph nodes 

NR CLFZ, cefovecin Resolved (Laprie et 
al., 2013) 
Case 9 

65 2 MN DSH Marseille, France Outdoors Low BI Lesion caudoventral 
abdominal skin 

NR Marginal excision 
cephalexin 

Resolved (Laprie et 
al., 2013) 
Case 10 

 
F= entire female, FN=female spayed, M=entire male, MN=male castrated, NR=not recorded, ?=status unknown, DSH= domestic short-haired, DMH = domestic medium-haired, DLH = domestic long-haired, 
X=cross breed, VIC = Victoria, QLD=Queensland, NSW=New South Wales, TAS = Tasmania, WA= Western Australia, BI = bacterial index, FIV=feline immunodeficiency virus, FeLV=feline leukaemia 
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virus, +ve=positive, -ve=negative, CLFZ=clofazimine, RIF=rifampicin, CLM=clarithromycin, DOXY=doxycycline, ENFLX=enrofloxacin, MARBFLX=marbofloxacin, MOXIFLX=moxifloxacin, 
PRDFLX=pradofloxacin, SC = subcutaneous 
*Although not directly stated, bacterial numbers were presumed from the pathological description of “tuberculoid” as likely being low BI and “lepromatous” likely being high BI by definition.
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Microbiological and molecular data: 

 

Fresh tissue, fixed cytological and paraffin-embedded samples from 37 cases 

underwent DNA extraction, PCR amplification and successful sequencing of 16S rRNA gene 

(n=21), rpoB (n=28), sodA (n=22), hsp65 (n=33) and the ITS region (n=32) respectively. All 

had 100% genetic homogeneity at these loci. 

 

Discussion: 
 
This study greatly extends the body of knowledge concerning M. lepraemurium 

infection in cats. This organism has a predilection to involve structures about the head and/or 

thoracic limbs, but generally without involvement of ocular structures or peri-ocular skin. 

This would be consistent with the theory that this organism is likely a pathogen which is 

inoculated into the feline aggressor via the bite of a rodent suffering from systemic 

mycobacteriosis (Malik et al., 2006). This is in contradistinction to Candidatus ‘M. 

tarwinense’ infections, where lesions often involve the ocular tissues (conjunctiva, corneal, 

eyelids, nictitating membrane) and nasal and peri-ocular skin and subcutis as a result, 

perhaps, of inoculation via inter-cat aggression, or self-inoculation during grooming activity. 

The age range of affected cats is wide (less than one to 14 years), however the vast 

majority of cases occurred in young adult cats (less than 4 years-of-age), presumably because 

cats of this age group are far more likely to roam, explore and exploit territory for hunting. 

Additionally, older cats may acquire resistance to the organism after asymptomatic exposure 

at a younger age. Similar factors may also influence the male predilection as this group, even 

if castrated, generally roam over a larger area and are more aggressive than female cats. The 

breakdown of domestic crossbreds as opposed to pedigree cats is in accord with their ratio in 

the overall Australian cat population, without any suggestion of immunocompromise in 

certain pedigree cats playing a role in predisposing to infection. There were too few cats 

subjected to retroviral testing to draw any firm conclusions, but with only one of nine cats 

tested being FIV-positive, it appears that acquired immunodeficiency is unlikely to be an 

underlying predisposition, especially considering the young age and apparent good health of 

the majority of cats. Indeed, the epidemiology suggests a localised disease of a low-grade 
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pathogen in an immunocompetent host, with a mycobacterial species somewhat adapted to 

mammalian hosts, but much more likely to produce systemic disease in rodents than in 

Felidae. 

The clinical course of M. lepraemurium in the majority of cats could be perhaps 

described as indolent, with no suggestion of internal organ involvement in any case based on 

clinical criteria. Occasional cases have widespread, generalised cutaneous nodules, 

suggestive of haematogenous spread of the organism. We have also observed a limited 

number of cases where there has been what appears to be sporotrichoid spread, that is, via the 

lymphatics from the primary focus of infection. This biological behaviour is consistent with a 

rodent host-adapted environmental saprophyte not adept at living in feline patients, with cats 

being an incidental ‘dead end’ host.  

As is typical of an observational study, treatment regimens were not consistent, 

however, cats tended to respond favourably, especially to surgical excision and long-term use 

of a combination of two or more antimicrobials usually effective against slow-growing 

mycobacteria. The ability to reliably grow this pathogen in vitro, and thus be able to 

determine susceptibility data, would make the choice of drugs more cogent and less empiric 

and perhaps lead to improved patient outcomes. There is some evidence that the rifamicin 

compounds are effective against M. lepraemurium (Mendoza-Aguilar et al., 2012), although 

as a rule rifampicin is not used for monotherapy because of the high likelihood of developing 

resistance to this agent. There is a strong impression from the literature that clofazimine is 

effective in vivo, and this agent may useful for monotherapy, however its use is associated 

with a variety of toxicities in cats, and ideally animals should remain indoors because of the 

risk of photosensitivity (Bennett, 2007). Related MAC organisms have generally been shown 

to be resistant to fluoroquinolones (except the fourth-generation drug, moxifloxacin) and 

doxycycline, but very susceptible to clarithromycin.  

Analysis of a number of gene targets demonstrated that all the clinical isolates so 

examined were remarkably clonal, with complete homogeneity at the five different loci 

examined. If this homogeneity was carried over the entire genome, the variation in clinical 

severity from cat to cat would most likely be a reflection of the number of organisms 

inoculated and/or variability in the innate and acquired immunological response of the feline 

host. The apparent genetic homogeneity of M. lepraemurium is reminiscent of two other 

fastidious mycobacterial species, the unnamed agent of the canine leproid granuloma 
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syndrome, which appears to be clonal over an extensive geographical range and Candidatus 

‘M. tarwinense’, which appears to be clonal, but over a far more restricted geographic range 

(Malik et al., 2013). 

To date, there has been no instance of direct spread from cat to cat. Although it is 

theoretically possible to do this using infectious material in a contrived experimental setting, 

in our view the risk of contagion from cats is slight. It is fascinating that, to date, no M. 

lepraemurium infections have not been recorded in dogs, ferrets, or native animals. 

 

Conclusions and avenues for further investigation: 
 

In conclusion, M. lepraemurium, a fastidious mycobacterium related to M. avium 

(Benjak et al., 2017), is capable of causing both high BI, lepromatous or low BI, tuberculoid 

‘feline leprosy’. It is likely that infections follow an altercation with rodents that inoculate 

infectious propagules into the dermis or subcutis of the feline patient. Lesions generally 

consist of nodules (which tend towards ulceration) present on the head and/or thoracic limbs, 

with or without local lymph node involvement. Cases tend to have an indolent clinical course 

and a generally favourable response to therapeutic interventions. The best management 

approach consists of complete surgical resection of easily accessible lesions, and/or 

debulking of lesions in difficult anatomical locations, with two or more antimicrobial agents 

with known activity against slow-growing mycobacteria.  
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CHAPTER 7: FELINE LEPROSY DUE TO CANDIDATUS ‘MYCOBACTERIUM 

LEPRAEFELIS’: FURTHER CLINICAL AND MOLECULAR CHARACTERISATION OF EIGHT 

PREVIOUSLY REPORTED CASES AND AN ADDITIONAL 30 CASES 

 

Introduction: 

The mycobacterium that is the subject of this chapter was first identified by Hughes et 

al. (1997) in skin biopsy material obtained from two 9-year-old male NZ cats. Sequence 

analysis of the V2 and V3 regions of the 16S rRNA gene revealed a novel species that most 

resembled M. malmoense in the GenBank database. Shortly after this publication, a case 

report of a cat with fastidious mycobacteriosis presenting with multiple cutaneous nodules 

and suspected liver involvement was reported by investigators at the University of Sydney, 

Australia (Barrs et al., 1999). Genetic analysis of variable regions of the 16S rRNA gene 

revealed that it was most closely related to M. haemophilum. It was not recognized at the 

time that this organism was the same as the one previously reported by Hughes et al.  

These two groups subsequently collaborated to further characterise the disease in 

Australia (Malik et al., 2002). From a small cohort of nine cases, it was observed that cats 

with this infection were typically more likely to be older (> 9 years-of-age) and infections 

tended to have a more protracted, and potentially aggressive, clinical course than those 

diagnosed with M. lepraemurium, with the propensity to develop widespread, numerous, non-

ulcerated cutaneous nodules after initially presenting with localised disease. Histological 

examination of biopsy material from these cases demonstrated lepromatous pathological 

change, often with enormous numbers of mycobacteria in macrophages and giant cells within 

the skin lesions. The authors speculated as to whether these aged cats potentially had 

decreased immunologic competence, particularly given that some cases presented with 

concurrent or subsequent conditions such as chronic kidney disease. 

This chapter concerns feline patients with skin lesions proven to be caused by 

Candidatus ‘M. lepraefelis’ using molecular methods. This represents the largest collection 

of such cases reported to date, and greatly extends on the previous observations, both in terms 

of case numbers and duration of follow-up. 
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Materials and Methods: 

Case recruitment, demographics, data retrieval, cytological and histological 

assessment, molecular microbiology methods, genetic analysis, mycobacterial culture and 

statistical analysis were essentially the same as chapters 5 and 6 of this thesis. Different 

primers were used to partially sequence the sodA gene of Candidatus ‘M. lepraefelis’; 

‘ECsodF’ 5’CTTGCCAAACTTGACGAGGC 3’ (forward), ‘ECsodR’ 5’ 

ATTGAGCGCGGAATTTGTCG 3’ (reverse). 
 

Results: 

 

Clinical data: 

One hundred and forty-five cases of feline leprosy were analysed. One hundred and 

fourteen cases were sourced from the VIDRL records, veterinary pathology laboratories or 

veterinarians, with an additional 31 cases derived from six published studies (Courtin et al., 

2007; Davies et al., 2006; Fyfe et al., 2008; Hughes et al., 1997; Laprie et al., 2013; Malik et 

al., 2002). Of these, 38 had Candidatus ‘M. lepraefelis’ infections, comprising 30 new cases 

and eight cases recorded previously. 

The median age at diagnosis was 9.5 years (range 1-14). Only five cats were 6 years-

of-age or less. Of the cats where gender was recorded, 24/37 (65%) of Candidatus ‘M. 

lepraefelis’ infections were in male cats, which is significantly more than would be expected 

based on the age/gender pyramid for Australian cats (Toribio et al., 2009). Where breed was 

recorded, 24/33 were domestic short-hair (DSH), 2/33 were domestic long-hair (DLH), 3/33 

were Persian or cross, and one each was a Maine Coon, Abyssinian, Siamese cross, and 

Russian Blue cross; the crossbred to pedigree ratio was similar to the Australian feline 

population (Toribio et al., 2009). Information in the dataset was generally too sparse to assess 

whether there was association between signalment and clinical presentation or outcome. 
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Geographical location data were recorded for 36 cats, 24 from Australia, 11 from NZ, 

and one from Canada. In the Australasian region, Candidatus ‘M. lepraefelis’ was 

documented to have a geographical range that typically extended along the east coast of 

Australia, with one case as far west as Adelaide, South Australia, and it was present on both 

islands of NZ (Figure 54).  

The infection was not documented in Tasmania, despite a similar longitude and 

latitude and daily maximal temperature to other endemic areas in this region. Again, lack of 

data prevented analysis for associations between location of domicile and signalment, clinical 

presentation or outcome. 

Where lifestyle was recorded, all cats had unsupervised outdoor access, and many 

were known hunters and/or fighters. FIV status was only recorded for 11 cats, with three 

(27%) being antibody-positive. This is higher than published rates of endemicity in pet cats 

from both eastern Australia (8%) (Norris et al., 2007) and NZ (10%) (Jenkins et al., 2013), 

Figure 54: Geographical distribution of feline infections caused by Candidatus ‘M. lepraefelis’ in which accurate location 
data was known. 
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however numbers were too small to make any statistical inferences. None of the six cats 

tested for FeLV was seropositive.  

Where clinical features and clinical course were well documented, 12/31 (39%) had 

1-2 lesions, with the remainder having multiple regional or generalised nodular skin disease 

[the latter occurring in 13/31 (42%) cases]. There was no difference in age within this cohort 

between cats with 1-2 lesions (median 11 years, range 1-14), versus those with three or more 

nodules (median 9.5 years, range 6-14) (p=0.9681). No anatomical region had a predilection 

for involvement (Figure 55A-C). In 11 cases, lesions were anatomically localised (Figure 

55D). 

Ulceration of skin lesions was rarely reported (two cases). Diffuse regional SC 

oedema was noted in four cases, particularly in those with widespread lesions and systemic 

signs of illness (emaciation, pyrexia, inappetence). One cat (case 17) also presented with 

neurological signs, but it could not be confirmed whether this was a direct result of 

mycobacteriosis, as necropsy examination was not undertaken. Likewise, case 14 was noted 

to have dyspnoea and diffuse interstitial changes on thoracic radiography, consistent with 

Figure 55: Representative photographs of cutaneous lesions caused by Candidatus ‘M. lepraefelis’ infection. Cases 8 (A) and 
5 (B) were euthanased due to persistence/progression of disease despite appropriate medical therapy. Case 16 was found to 
have small numbers of acid-fast bacilli in the liver, spleen and lungs at necropsy (C). Case 20 had localized disease and 
responded well to surgical resection and adjunctive antibiotic therapy (D) 
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pulmonary dissemination (Baral et al., 2006), however, this was not further investigated. 

Case 16 was euthanased due to rapid clinical deterioration, despite treatment with 

doxycycline and enrofloxacin. Histopathological examination of tissues collected at necropsy 

demonstrated moderate numbers of small, multifocal granulomas in the liver parenchyma 

(Figure 56A) containing macrophages with intra-cytoplasmic acid-fast bacilli (AFB; Figure 

56B) and AFB-positive macrophages circulating within the hepatic sinusoids (Figure 56C). 

There were also low numbers of macrophages with intra-cytoplasmic AFB in the pulmonary 

interstitium and surrounding alveolar septa and airways, and within the splenic parenchyma. 

Figure 56: Photomicrograph of granulomas (red arrow) within the hepatic parenchyma in a cat (case 16) that underwent 
necropsy (A). Macrophages containing acid-fast bacilli were found within these lesions (B) and circulating within the 
sinusoids (C). 
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 Nodular granulomatous dermatitis with massive numbers of intra and extracellular 

AFB was also observed, consistent with the histopathological description of previously 

reported cases (Malik et al., 2002). Schwann cells around peripheral nerves in the sections of 

affected dermis were specifically examined for evidence of involvement and demyelination, a 

classic microscopic feature of M. leprae infection in people (Renault & Ernst, 2010), but 

none was found. Likewise, endothelial invasion and thrombosis (‘Lucio’s phenomenon’), 

typically found in human patients infected with a related organism, M. lepromatosis (Han et 

al., 2008), were also absent. 

Of the 23 cases where cytology or histopathology of cutaneous lesions was available 

for review, a high BI was observed in 21/23 (91%) of cases, while the remaining two had a 

low BI (both cats had anatomically localised disease). 

 

Treatment and clinical outcome: 

Therapeutic regimens used in patients in this study cohort varied widely and were 

managed with variable input from the authors. As in the previous studies, options were 

usually influenced by owner finances and commitment, and the patient’s temperament. 

Medical protocols included several months of treatment with one or more of the following 

drugs: rifampicin, clarithromycin, clofazimine, a fluoroquinolone (enrofloxacin, 

marbofloxacin or moxifloxacin) and doxycycline. Of the seven successfully treated cats 

where the treatment regimen was recorded, one was treated with a varying combination of 

clofazimine, clarithromycin, rifampicin and moxifloxacin, four were treated with 

clarithromycin and rifampicin (with or without surgical debulking), one received 

moxifloxacin and clarithromycin plus surgical resection, and one received clofazimine, 

doxycycline and ciprofloxacin after surgical debulking of some lesions. Three cases were 

euthanased or died due to disease progression despite being on protocols containing 

clarithromycin and/or rifampicin and/or clofazimine (although adequate compliance was not 

necessarily established). None of the cats treated with protocols containing doxycycline and 

enrofloxacin survived (five cases). 

Overall, outcome was not generally favourable for cats with Candidatus ‘M. 

lepraefelis’ infection, with resolution in only 7/20 (35%) of cases where sufficient follow up 

was available to make an assessment. Widespread or generalised cutaneous disease, 
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particularly with concurrent SC oedema and/or signs of systemic illness, appeared to convey 

a particularly guarded prognosis. 

A summary of data concerning age, gender and anatomical distribution of lesions for 

cats infected by Candidatus ‘M. lepraefelis’ is provided in Table 13. Detailed case data for 

cats infected by Candidatus ‘M. lepraefelis’ is provided in Table 14.  

 
Table 13: Summary data concerning age, gender, anatomical distribution of lesions and outcome for cats infected by Candidatus ‘M. 
lepraefelis’. 

Median age at 
diagnosis 

(years) 

Male 
(%) 

High 
BI (%) 

Anatomical location of lesions (%) 
 

Subjective 
Outcome 

(Resolved %) 
Head Thoracic 

limbs 
Hind 
limbs 

Body Tail/ 
perineum 

Generalised 
skin 

 
9.5 

(n=35) 

 
24/37 
65% 

 
21/23 
91% 

 
10/31 
32% 

 
6/31 
19% 

  
4/31 
13% 

 
7/31 
23% 

 
1/31 
3% 

 
13/31 
42% 

 
7/20 
35% 
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Table 14: Detailed case data for cats infected with Candidatus ‘M. lepraefelis’ 

Case 
No 

Age at 
diagnosis 
(years) 

Gender Breed Location Lifestyle Bacterial 
numbers 

Clinical details Retroviral 
Status 

Treatment Outcome Reference 

1 14 F NR Eatons Hill 
QLD, Australia 

NR High BI NR  NR NR  NR  

2 13 MN NR Rankin Park, 
NSW, Australia 

NR  NR Lesion on toe  NR NR  NR  

3 7 M?  DSH Port Stephens 
NSW, Australia 

NR High BI Multiple cutaneous lesions 
and draining lymph nodes 

 NR Surgery on some, 
DOXY caused 
shrinkage of others, 
but then recurred 

 NR  

4 6 MN DSH Maroubra 
NSW, Australia 

NR High BI Multiple lesions on most of 
body 

 NR ENFLX in remission 
within 3 months, 
recurrence in 8 months 
later but lesions 
resolving again after 2 
months 

 NR  

5  NR MN DSH Clifton springs 
Victoria, 
Australia 

NR NR Pea-sized nodule on left 
hind leg, second lesion 
developed on head 2 weeks 
later. More lesions on body 
and generalised limb 
oedema. Lesions ulcerated 
on feet 

FIV -ve 

FeLV -ve 

Initially treated with 
amoxy/clav, no 
improvement. 
Cefalexin and 
prednisolone– disease 
progressed. No 
response to DOXY 
and ENFLX, CLM 

Euthanased due to 
progression of 
disease, 
systemically 
unwell 

 

6 13.5 F? DSH Seaspray, 
Victoria, 
Australia 

Outdoor, 
hunter 

High BI Lesions on left 3rd eyelid 
and conjunctiva. 
Developed lesion on lip 
after stopping CLM 

NR DOXY no 
improvement then 
CLM (3-4 months), no 
treatment for 12 
months, then 6 months 
of CLM and RIF 

Disease worsened 
despite treatment. 
Euthanased 
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Case 
No 

Age at 
diagnosis 
(years) 

Gender Breed Location Lifestyle Bacterial 
numbers 

Clinical details Retroviral 
Status 

Treatment Outcome Reference 

7 5 M?  DSH Blackheath 
NSW, Australia 

Outdoor, 
hunter, 
fighter 

High BI Mobile nodule dorsal left 
fore, rapid progression 

FIV +ve 

FeLV -ve 

CLFZ, CLM, RIF 
(skin reaction), 
MOXIFLX 

Resolved  

8 7 M  DSH Buderim, QLD, 
Australia 

 NR High BI Multiple nodules on skin of 
ventrum and hind legs 

 NR  NR Euthanasia due to 
progression of 
disease 

 

9 7 MN  NR Lismore, NSW, 
Australia 

 NR  NR NR  NR  NR  NR  

10 4 FN  NR Bridgewater, 
SA, Australia 

NR  NR  NR  NR NR NR  

11 1 MN DSH Ballarat, 
Victoria, 
Australia 

NR  NR Lesion on ventral abdomen  NR NR NR  

12 10 MN DSH Lismore, NSW, 
Australia 

NR High BI Numerous soft, raised, 
mobile nodules with partial 
alopecia on dorsal head, 
varying in size from 5mm 
to 30 mm. Rapid clinical 
progression to generalised 
skin nodules. 

 NR NR Euthanasia due to 
clinical progression 

 

13 14 FN  DSH Wingham, 
NSW, Australia 

Farm cat High BI Multiple firm subcutaneous 
swellings about head and 
swollen/thickened distal 
feet and limbs 

 NR RIF and CLM 4 
months 

Still had lesions at 
time of euthanasia 
3 years later 
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Case 
No 

Age at 
diagnosis 
(years) 

Gender Breed Location Lifestyle Bacterial 
numbers 

Clinical details Retroviral 
Status 

Treatment Outcome Reference 

14 8 F? DSH Terrey Hills 
NSW, Australia 

Suburban High BI Lesions on fore and hind 
legs Responded to 
treatment but then 
relapsed. Five years later 
presented with multiple 
subcutaneous masses, 
weight loss 

and dyspnoea. Thoracic 
radiographs demonstrated a 
diffuse interstitial infiltrate  

NR Surgical resection then 
DOXY, relapsed. 
Partial response to 
ORBFLX, RIF 
(reaction), DOXY and 
ENFLX –  

Again, given DOXY, 
ENFLX, and improved 
for a while 

Euthanased 6 
weeks later, when 
systemic signs 
returned  

 

15 10 MN Abyssini
an 

Napier, NZ Roams in a 
wooded 
area, lots of 
cat fights 

 NR Lesion on right 
anterolateral carpus and 
two others on trunk 

NR NR NR  

16 11 FN DSH Dairy Flat, NZ Semi-rural 
hunter  

High BI Large lesion behind each 
ear approx. 2.5cm 
diameter, four lesions 
across forehead, both 
lateral elbows, left axillae 
and right carpus, both 
lateral hocks and two on 
left lateral thigh just dorsal 
to the stifle, also has a 
large inguinal mass, 
possible lymph node. 
Emaciated body condition 

NR DOXY and ENFLX  Lesions gradually 
reduced, but 
worsening 
inappetence and 
weight loss 
Euthanased. 
Necropsy 
demonstrated 
systemic 
mycobacteriosis, 
no other pathology 
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Case 
No 

Age at 
diagnosis 
(years) 

Gender Breed Location Lifestyle Bacterial 
numbers 

Clinical details Retroviral 
Status 

Treatment Outcome Reference 

17 9 MN DSH Stanmore Bay, 
Whangaparao, 
NZ 

Urban 
indoor and 
outdoor cat 
who 
regularly 
hunted - 
mice 
predominan
tly. Chronic 
treatment 
with depot 
corticostero
ids for 
dermatitis 

NR Lethargy, weight loss and 
inappetence. Ventral 
abdominal subcutaneous 
masses and patchy 
alopecia, peripheral 
lymphadenopathy, 
neurological signs 
(conscious proprioception 
was absent in the right fore 
and delayed in right hind), 
forelimb oedema, pyrexia  

NR None given Euthanasia due to 
progression of 
neurological signs 

 

18 9 MN DSH Raumati Beach, 
NZ 

 NR NR NR FIV –ve RIF and CLM Resolved  

19 9 MN DLH Christchurch, 
NZ 

NR High BI Several cutaneous nodules 
on top of head and one on 
edge of pinna 

NR NR NR  

20 11 MN DSH Briar Hill, 
Victoria, 
Australia 

Indoor/outd
oor, fighter 

High BI Two soft nodules on left 
flank  

FIV -ve 

FeLV -ve 

Surgical resection, 
RIF, CLM 2 months 

Resolved (2-year 
follow-up) 

 

21 NR M? NR NR NR NR NR NR NR NR  

22 7 MN Maine 
Coon 

Taupaki, NZ Rural High BI Approximately15-20 firm 
nodules of variable sizes 
over body, enlarged 
popliteal lymph node 

FIV -ve 

FeLV -ve 

Surgical resection of a 
couple of lumps, 
DOXY, CLM, RIF 

Developed renal 
failure and 
neurological signs 
and died 3 months 
after diagnosis. No 
necropsy 
performed 
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Case 
No 

Age at 
diagnosis 
(years) 

Gender Breed Location Lifestyle Bacterial 
numbers 

Clinical details Retroviral 
Status 

Treatment Outcome Reference 

23  3  MN Siamese 
X 

New Plymouth, 
NZ 

Rural Low BI Lesions on chin FIV -ve  Surgery – recurrence, 
further surgery. 
MOXIFLX (short 
period) CLM, Further 
resections 

 Resolved  

24 14 F DSH Banks 
Peninsula, NZ 

Was on 
prednisolon
e for about 
5 months 
prior to 
skin lesions 
for URT 
disease 

High BI Pyrexia, ulcerated left main 
paw pad, swollen face and 
ears, also swollen vulva, 

nine days later presented 
with the other front foot 
similarly affected.  

FIV +ve  

FeLV -ve  

DOXY, ENFLX Died after 
progression of 
disease, no 
necropsy 

 

25 9 MN Russian 
Blue X 

Cooranbong, 
NSW, Australia 

NR NR Numerous cutaneous skin 
lesions over legs and trunk 

NR NR NR  

26 11 MN DSH Anstead, QLD, 
Australia 

Rural 
(outside on 
farm) 

NR Numerous lumps on face, 
abdomen, and perineum 

NR MARBFLX 5 months 
– lesions completely 
resolved �
Recurred 3 months 
later. RIF, CLM 
(duration not 
specified) 

Resolved (6-month 
follow-up) 

 

27 13 FN DSH Hawthorn East, 
Victoria, 
Australia 

Urban NR Lesion on conjunctiva right 
eye 

NR Surgery, RIF, CLM 1 
month 

Resolved  

28 8 FS DSH Wellington, NZ NR NR  NR NR NR NR  

29 13 MN Persian X NR NR NR Lesions on nose FIV -ve  

FeLV -ve 

NR NR  
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Case 
No 

Age at 
diagnosis 
(years) 

Gender Breed Location Lifestyle Bacterial 
numbers 

Clinical details Retroviral 
Status 

Treatment Outcome Reference 

30 4 MN DSH Lismore, NSW, 
Australia 

NR NR Subcutaneous masses on 
left lateral thorax and base 
of right pinna 

NR NR NR  

Case 
31 

9.5 FN DSH Terrey Hills, 
NSW, Australia 

Suburban/s
emi-rural 

High BI Lesion on left 
antebrachium, then 
generalized skin and nose 

NR Surgery then DOXY, 
Further surg then 
ENFLX 

Partial control but 
then euthanased 

(Malik et 
al., 2002) 
Case 9 

32 10 MN DSH Hilltop, NSW, 
Australia 

Rural High BI Lesions on tail base, distal 
hind limb, head (possibly 
face) 

FIV +ve DOXY then ENFLX Partial control (Malik et 
al., 2002) 
Case 10 

33 > 10  FN DSH Wynee Point, 
NSW, Australia 

Suburban, 
rural 

High BI Lesions on tail and left 
hock, then generalised skin 

FIV -ve Surgery, CLFZ, RIF Improved, died of 
renal failure 

(Malik et 
al., 2002) 
Case 11 

34 10.5 MC Persian Terrey Hills, 
NSW, Australia 

Suburban, 
rural 

High BI Lesions on tail base and 
left hock, then generalised 
skin  

FIV -ve Surgery, CLFZ, 
DOXY, CFLX 

Resolved (Malik et 
al., 2002) 
Case 12 

35 14 F? DSH Gordon, NSW, 
Australia 

Suburban Low BI Lesions on forehead NR NR NR (Malik et 
al., 2002) 
Case 17 

36 

 

9 M? DLH NZ NR High BI Generalised skin lesions NR NR NR (Malik et 
al., 2002) 
Case 18 

(Hughes et 
al., 2004) 
Case 1 
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Case 
No 

Age at 
diagnosis 
(years) 

Gender Breed Location Lifestyle Bacterial 
numbers 

Clinical details Retroviral 
Status 

Treatment Outcome Reference 

37 9 M? Persian NZ NR High BI Lesion on forelimb NR NR NR  (Malik et 
al., 2002) 
Case 19 

(Hughes et 
al., 2004) 

Case 2 

38 14 FN DSH British 
Columbia, 
Canada 

NR High BI Ulcerated lesion on head NR NR NR (Davies et 
al., 2006) 
Case 22 

 
F= entire female, FN=female spayed, M= entire male, MN=male castrated, NR=not recorded, ?=status unknown, DSH= domestic short-haired, DMH = domestic medium-haired, DLH = domestic long-haired, 
X=cross breed, QLD=Queensland, NSW=New South Wales, NZ = New Zealand, BI= bacterial Index, FIV=feline immunodeficiency virus, FeLV=feline leukaemia virus, +ve=positive, -ve=negative, 
CLFZ=clofazimine, RIF=rifampicin, CLM=clarithromycin, DOXY=doxycycline, CLFX = ciprofloxacin, ENFLX=enrofloxacin, MARBFLX=marbofloxacin, MOXIFLX=moxifloxacin, URT = upper 
respiratory tract 
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Microbiological and molecular data: 

Fresh tissue, methanol-fixed cytological smears and paraffin-embedded formalin-

fixed samples from 37 cases underwent DNA extraction, PCR amplification and sequencing 

(Table 15).  

 
Table 15: Multi-locus sequence data concerning Candidatus ‘M. lepraefelis’. 

16S rRNA 

 

ITS region rpoB hsp65 sodA 

n= 16 

 

Genetically 
heterogenous 

(4 snps) 

n=27 

 

Genetically 
heterogenous 

(4 snps) 

n=15 

 

Genetically 
heterogenous 

(3 snps) 

n=21 

 

Genetically 
heterogenous 

(3 snps) 

n=19 

 

Genetically 
identical 

 

n= number, snps= single nucleotide polymorphisms 

 

In four of the five loci examined, heterogeneity of up to three base pairs was noted 

(Figure 57). There was no discernible geographic clustering of sequence types (Table 16).  
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Figure 57: Candidatus ‘M. lepraefelis’ multi-locus sequence alignments showing specific single nucleotide polymorphisms. 



CHAPTER 7 

 

PART 2: INVESTIGATIONS OF FASTIDIOUS MYCOBACTERIA CAUSING 

CUTANEOUS NODULAR DISEASE IN CATS (FELINE LEPROSY) 

	

182	

 
Table 16: Geographical distribution of Candidatus ‘M. lepraefelis’ multi-locus sequence types. Each row represents a single case. 

Location MLST Type 16S rRNA Type ITS Type rpoB Type hsp65 Type 

Eatons Hill, QLD, Australia  
 

4 
 

1 

Buderim, QLD, Australia ST1 1 4 1 1 

Anstead, QLD, Australia  4 
 

2 1 

Blackheath, NSW, Australia ST2 1 2 3 2 

Lismore, NSW, Australia  
 

4 
 

1 

Lismore, NSW, Australia  
 

4 2 1 

Wingham, NSW, Australia ST3 3 4 2 1 

Terrey Hills, NSW, Australia ST1 1 4 1 1 

Port Stephens, NSW, Australia  
 

4 2 1 

Cooranbong, NSW, Australia  2 
 

1 1 

Maroubra, NSW, Australia  3 4 
 

1 

Clifton springs, VIC, Australia  1 
 

3 2 

Seaspray, VIC, Australia  
 

4 2 1 

Briar Hill, VIC, Australia ST1 1 4 1 1 

Ballarat, VIC, Australia  
 

1 
 

 

Hawthorn East, VIC, Australia  
 

4 
 

 

Bridgewater, SA, Australia  1 3 
 

3 

Napier, NZ  
  

2 1 

Dairy Flat, NZ  
 

4 2 1 

Whangaparaoa, NZ  
 

4 
 

1 

Raumati Beach, NZ  3 
  

 

Christchurch, NZ  
  

1  

Taupaki, NZ  
 

4 
 

 

Reynolds Valley, NZ  
 

4 2  

Wellington, NZ  
 

4 
 

 

 
MLST = multi-locus sequence type, QLD = Queensland, NSW = New South Wales, VIC = Victoria, NZ = New Zealand 
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Discussion: 

This study greatly extends the body of knowledge of Candidatus ‘M. lepraefelis’ 

infections (Malik et al., 2006). The age range of affected cats is wider than previously 

reported, although the majority of infections still occurred in adult cats greater than 7 years of 

age. Older cats may be more susceptible to this infection due to acquired defects in cell-

mediated immunity, acquisition of predisposing comorbidities (early kidney disease, long 

standing FIV infection, etc.),	or it may simply reflect increased exposure over the lifespan 

following a long incubation period. Male cats were somewhat predisposed, which may reflect 

an increased male tendency to hunt potentially infected prey or be subject to predisposing 

traumatic injuries (for example, cat fights) in which there is a breach in the integrity of the 

skin. The ratio of domestic crossbreds to pedigree cats in this cohort is in accord with the 

overall Australian cat population, suggesting that there are no breed-associated genetic 

predispositions towards infection. There was a tendency for affected cats to have a higher 

incidence of FIV-positivity than the general population, although this may not necessarily be 

significant if the data were controlled for gender and age (with FIV infection being possibly 

more common in an older, male cohort due to the cumulative likelihood of being exposed to 

FIV infection). Although none of the FIV-positive cats showed overt evidence of an acquired 

immunodeficiency syndrome (AIDS)-like state, it cannot be excluded that this is a potential 

risk factor for the disease, although current evidence shows that human immunodeficiency 

virus (HIV)-associated AIDS does not impact on the clinical course of leprosy in HIV-

positive people (Gebre et al., 2000).  

The clinical course of Candidatus ‘M. lepraefelis’ infection appears to be variable, 

but with a tendency to progress to widespread, disseminated cutaneous involvement, perhaps 

after initial localized disease. The cutaneous reaction pattern of multifocal skin nodularity in 

these cats is strongly suggestive of haematogenous dissemination from a primary focus of 

infection, possibly with a pathogen whose growth is favoured by temperatures lower than 

mammalian core body temperature. The finding of mild systemic involvement was notable, 

as there is no evidence of this in cases infected with either Candidatus ‘M. tarwinense’ or M. 

lepraemurium. It is unknown what proportion of cases are affected in this manner and at what 

point in the disease course systemic involvement occurs. The finding of systemic disease, and 

indeed the presence of regional oedema, is strikingly reminiscent of M. visibile infection 

reported in North American cats in the early 2000s (Appleyard & Clark, 2002). These 
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findings are also consistent with an early Australian report by Donnelly et al. (1982) in which 

such involvement was documented, but in which no molecular diagnosis was possible, as the 

PCR technique had not been developed.18 Presence of macrophages laden with AFB in liver 

sinusoids is a further marker for haematogenous dissemination, and the presence of such 

widely disseminated disease certainly accounts for signs of inappetence, malaise and other 

features suggestive of systemic disease, and increased transaminase activities reported 

previously in a cat with such signs (Barrs et al., 1999; Malik et al., 2002).  

As with the other studies in this series, treatment regimens were not consistent, and 

indeed this data set was less robust than for the other two causes of feline leprosy in our 

series. It can be said with relative confidence, however, that cats with Candidatus ‘M. 

lepraefelis’ infection tended to respond much less favourably than those infected with the 

other organisms. Spontaneous remission was not recorded in any case. There were a few cats 

in which multidrug therapy (simultaneous and/or sequential) was successful, even in the face 

of multifocal skin involvement (and possibly internal organ involvement). The response to 

treatment was particularly poor in cats that displayed diffuse SC oedema and/or systemic 

signs either before or during therapy. It is interesting to note that peripheral oedema and 

systemic signs may be associated with “reactive” leprosy in people with M. leprae infection 

(Renault & Ernst, 2010). Studies of the lymphocyte expression of interleukin and interferon-

gamma would be revealing with regards to whether a helper T-cell type 1 or cytotoxic T-cell 

type 2 response predominates in these cats (Yamamura et al., 1991), and may inform whether 

the provision of immunomodulating agents, such as thalidomide, could be of benefit in these 

cases. 

The ability to be able to determine drug susceptibility would make anti-infective 

therapy more informed and perhaps lead to improved patient outcomes. Given the similarity 

of this organism to M. leprae, which has lost the ability to grow on synthetic laboratory 

media as a result of reductive evolution (Cole et al., 2001), this may only be achieved via 

labour-intensive and ethically challenging methods such as mouse-footpad inoculation 

studies. First-line treatment regimens in people with M. leprae infection typically include 

dapsone, rifampicin and clofazimine (World Health Organization, 1982), although 

minocycline and fluoroquinolones are included in some cases (Setia et al., 2011). 
                                                
18 The paraffin blocks for this case had been discarded and were thus unavailable for 
retrospective PCR testing and sequence analysis. 
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Moxifloxacin has been shown to be highly effective against M. leprae (Pardillo et al., 2008). 

Dapsone is not widely used in cats due to potential toxicity, although some cats can tolerate a 

dose of 1 mg/kg/day (Gerber et al., 2002). Although no published data exist on the use of 

minocycline in the treatment of Candidatus ‘M. lepraefelis’ infection, the drug appears well 

tolerated at 50mg/cat/day (Tynan et al., 2016), and could be included in regimens in future 

treatment trials of the disease. 

Candidatus ‘M. lepraefelis’ and M. visibile appear related according to the limited 

sequence data available, and both in turn appear related to M. leprae and the closely related, 

and recently characterised organism, M. lepromatosis, based on sequence analysis of the 16S 

rRNA gene and comparison using nucleotide-nucleotide BLAST (blastn). Sequence analysis 

of the hsp65 gene and comparison using blastn also reveals a genetic similarity to an 

organism isolated from red squirrels in Scotland (Meredith et al., 2014) as well as sequence 

analysis of multiple genes from a causative agent of bovine nodular thelitis in France (Pin et 

al., 2014) (and in one case from NZ, unpublished observations J Fyfe). The genetic 

relatedness of all of these organisms ideally should be confirmed and extended using multi-

locus sequence typing (MLST) analysis, or preferably, whole genome sequencing to assess 

whether they meet the criteria for a taxonomic species complex. A recent publication also 

confirms the genetic relatedness of M. leprae/M. lepromatosis to M. haemophilum (Tufariello 

et al., 2015) and given the latter’s larger genome size prompts us to speculate as to whether it 

may be the progenitor species of this group or at least possibly more closely related to the 

most recent common ancestor. 

 Analysis of five gene targets in Candidatus ‘M. lepraefelis’ has demonstrated that all 

the clinical isolates were somewhat heterogenous at four of the loci examined (3-4 snps), 

although MLST analysis did not show a geographical explanation or correlation for this 

genetic diversity. This is quite disparate to the apparent genetic homogeneity of Candidatus 

‘M. tarwinense’ and M. lepraemurium and at this stage it is unknown why the Candidatus 

‘M. lepraefelis’ genome appears less stable. 
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Conclusions and avenues for further investigation: 
 

In conclusion, Candidatus ‘M. lepraefelis’, a fastidious mycobacterium related to the 

human pathogens, M. leprae and M. lepromatosis, typically causes high BI feline leprosy that 

may progress to widespread cutaneous and systemic mycobacteriosis. Lesions generally 

consist of localised or generalised nodules, with an occasionally aggressive clinical course 

and a variable, but generally poor, response to therapeutic intervention. The best management 

approach appears to consist of early, complete surgical resection of easily accessible lesions, 

and/or debulking of lesions in difficult anatomical locations, combined with two or more 

antimicrobial agents having known activity against slow-growing mycobacteria. It is likely 

that the results of draft genome analysis will inform further investigations into the 

epidemiology of this organism and provide an explanation as to why this organism cannot be 

grown readily using routine mycobacteriological methods. 
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CHAPTER 8: COMPARATIVE ASPECTS OF FELINE LEPROSY DUE TO FASTIDIOUS 

MYCOBACTERIA 

 

Genetic insights into fastidious nature and potential environmental niches: 
 

The three distinct mycobacterial aetiologies of feline leprosy in Australia and NZ are 

presented below. Species identification requires PCR and sequencing for differentiation, as 

none of these organisms readily grows on routine synthetic mycobacterial media.  

 

(i) Candidatus ‘M. tarwinense’ – related to the M. simiae complex (Fyfe et al., 2008). 

Other members of this clade, that are all notably fastidious, include M. genavense [a 

common pathogen of birds (Hoop et al., 1996)], M. tilburgii [a cause of disease in 

immunocompromised people in Europe (Palmore et al., 2009)] and the unnamed 

species that causes canine leproid granulomas (Malik et al., 2011).  

 

(ii) M. lepraemurium – related to MAC (including M. avium subspecies paratuberculosis 

-the cause of Johne’s disease in ruminants) (Benjak et al., 2017)  

 

(iii) Candidatus ‘M. lepraefelis’ – related to members of the M. leprae complex and more 

distantly, M. haemophilium (which grows optimally at cooler temperatures than most 

mycobacteria and has a requirement for ferric ammonium citrate). The genome of 

Candidatus ‘M. lepraefelis’ is similar M. leprae and M. lepromatosis (which both 

cause leprosy in human patients). All three species have small genomes as a result of 

reductive evolution, with multiple pseudogenes (C O’Brien, T Stinear, unpublished 

observations). These organisms are therefore likely to be ‘metabolically 

impoverished’. Consequently, they are likely to reside normally as obligate pathogens 

in an intra-cellular niche (that is, within a protozoan or vertebrate host) rather than 

having an extracellular free-living lifestyle in nature. No mammalian reservoir host 

has been identified thus far for Candidatus ‘M. lepraefelis’ in either Australia or NZ, 

although anecdotally, suspected antecedent possum altercations have been associated 

with cases on the central coast of NSW (R Malik, personal communication). It has
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 been shown recently, and surprisingly, that both M. leprae and M. lepromatosis infect 

red squirrels (Sciurus vulgaris) in the United Kingdom (Avanzi et al., 2016; Meredith 

et al., 2014), while their association with wild armadillos in southern USA and 

Mexico has been well described. Surveillance of wildlife for mycobacterial infection 

is a well-established endeavour (vis-à-vis M. bovis monitoring of badgers and rodents 

in the UK and feral species such as T. vulpecula and ferrets in NZ, and M. ulcerans in 

Australia). The possibility of an introduced rodent species common to both Australia 

and NZ, as a putative reservoir of Candidatus ‘M. lepraefelis’ is intriguing especially 

as many the of NZ cases occurred in cats domiciled in suburban Auckland and the 

fact there are only four rodent species documented in NZ – all of which are 

introduced (Rattus exulans, Rattus norvegicus, Rattus rattus and Mus musculus).  

 

Age distribution for the different feline leprosy cohorts: 
 

When age data for patients in the three study cohorts were compared, cats infected by 

M. lepraemurium were significantly more likely to be young adults (p<0.0001) (Figure 58). 

Candidatus ‘M. tarwinense’ infections occurred in cats of any age, and the distribution of 

ages was roughly in proportion to the distribution of the cats in the age/gender pyramid for 

the overall owned cat population, suggesting cats of all ages are at similar risk for 

infection.(Baral et al., 2006) 

Healthy young cats are unlikely to have an acquired immunologic incompetence due 

to medications or illness (for example, FeLV/FIV infection), nor be affected by congenital 

inherited defects, such as those which predispose Abyssinian cats and miniature Schnauzer 

dogs to disseminated M. avium infections. (Baral et al., 2006) Therefore, a possible scenario 

would be that cats may be exposed to mycobacteria at an early age, and then acquire 

resistance to these potential pathogens. Given the propensity for such infections to self-cure, 

it is possible that many cases go undiagnosed, and such, small lesions or sub-clinical disease 

may be more prevalent than previously imagined. It is also possible that young cats may be 

more likely to hunt and thus be bitten by rodents, or they may be less expert at avoiding bites 

from rodents during their capture.  
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The older median age of cats in the Candidatus ‘M. tarwinense’ and Candidatus ‘M. 

lepraefelis’ cohorts may merely reflect a cumulative risk of exposure. Neither of these 

cohorts was particularly old, and thus infection is unlikely to be due to age-related 

immunosenescence per se. Some of the Candidatus ‘M. lepraefelis’ cats had apparent co-

morbidities (for example, renal and or hepatic disease), although it is uncertain whether these 

were pre-existing, or occurred because of the infection. The natural history of specific 

immune responses throughout a cat’s life, in relation to susceptibility to mycobacterial 

diseases, macrophage function and interferon-γ production, are not well understood. Are 

these infections acquired at a young age, but then become latent, constrained by an effective 

Figure 58: Age distribution of cats with different forms of leproid disease, viz. Candidatus ‘M. tarwinense’ on the left, M. 
lepraemurium in the centre and Candidatus ‘M. lepraefelis’ on the right. 



   CHAPTER 8 

 

PART 2: INVESTIGATIONS OF FASTIDIOUS MYCOBACTERIA CAUSING 

CUTANEOUS NODULAR DISEASE IN CATS (FELINE LEPROSY) 

	

190	

cell-mediated immune response, only to emerge later in life? Only experimental inoculation 

experiments (using cats or laboratory rodents) using material from representative biopsy 

material would provide answers to these questions, and such experiments would be 

informative for all three pathogens. Such experiments have been done for M. lepraemurium, 

although the studies were so old that it is uncertain if all cases were attributable to this agent 

(Schiefer & Middleton, 1983). 

 
Gender differences in cats with feline leprosy: 
 

Of patients where gender was recorded, 17/39 (44%) of cats infected with Candidatus 

‘M. tarwinense’ were male, whereas 24/37 (65%) of Candidatus ‘M. lepraefelis’ and 42/60 

(70%) of M. lepraemurium cases, respectively, were male (p=0.043). The propensity for 

males to acquire M. lepraemurium and Candidatus ‘M. lepraefelis’ is most likely related to 

their wider territory, greater likelihood of defending said territory (that is, at risk for cat fight 

injuries) and increased tendency to hunt. A sex hormone effect on immune function would 

seem unlikely, as the great majority of affected male cats had been castrated. It is possible 

that male preponderance was in part a consequence of co-infection with FIV, although only a 

small proportion of cats were tested. 

 

Geographic differences for the different feline leprosy cohorts: 
 

Geographic location data were recorded for 123 cats; 75 from Australia (37 with 

Candidatus ‘M. tarwinense’, 24 with Candidatus ‘M. lepraefelis’, 14 with M. lepraemurium), 

42 from NZ (11 with Candidatus ‘M. lepraefelis’, 31 with M. lepraemurium), eight from 

Canada (one with Candidatus ‘M. lepraefelis’, seven with M. lepraemurium), seven from 

France, one from the Island of Kythira, Greece and one from New Caledonia (all with M. 

lepraemurium).  

Where lifestyle was recorded, all cats had unsupervised outdoor access, and many 

were known hunters and/or fighters. The tight geographical restriction of Candidatus ‘M. 

tarwinense’ cases possibly reflects a localised environmental source or host species, although 

these are unknown at this time. 
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Differences in clinical features for different fastidious mycobacterial species: 
 

Where clinical disease was recorded, 30/40 (75%) of the cases with Candidatus ‘M. 

tarwinense’ infection initially had one or two localized nodules. Lesions on the head were 

significantly more likely to be observed with this agent (p=0.000023). For cases of 

Candidatus ‘M. lepraefelis’, only 12/31 (39%) had 1-2 lesions, the remainder having multiple 

lesions or disseminated cutaneous disease. The tendency for multiple lesions in Candidatus 

‘M. lepraefelis’ infections (compared to the two other agents) was highly significant (p < 

0.00001). For M. lepraemurium, 34/49 (69%) patients had 1-2 lesions, four cases had 

multiple skin lesions suggestive of disseminated disease, while the remainder had multiple 

lesions at disparate anatomical sites, but predominantly on the head and forelimbs.  

The characteristic oculo-facial distribution of lesions of Candidatus ‘M. tarwinense’ infection 

possibly reflects scratches from a feline adversary or a combative prey species during 

fighting and hunting, resulting in inoculation of bacteria into the subcutis through a breach in 

the dermis. An alternative hypothesis is that this lesion predilection is a result of inoculation 

experienced while catching birds (contaminated feathers or claws excoriating the face during 

capture).  

The widespread anatomical distribution of lesions in M. lepraemurium and 

Candidatus ‘M. lepraefelis’ seems most likely a manifestation of haematogenous 

dissemination, perhaps from a primary cutaneous focus, or alternatively, after alimentary 

invasion subsequent to the ingestion of infected prey containing a heavy burden of 

mycobacteria. The tendency for lesions to be located preferentially in skin might reflect the 

propensity for the causal organism to prefer cooler temperatures for growth. The observation 

of Candidatus ‘M. lepraefelis’ in the liver sinusoids of a cat at necropsy is possibly consistent 

with primary alimentary invasion, although these organisms may have entered these vessels 

from the hepatic arterial circulation.  

 

Differences in outcome for the different feline leprosy cohorts: 
 

Outcome was generally favourable for cats with M. lepraemurium infections, with 

resolution in 24/27 (89%) cases, even in the face of widespread or disseminated cutaneous 

disease. When cats with this infection were euthanased, the decision was typically based on 
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persistence of skin nodules rather than due to issues with systemic illness (data from clinical 

patient notes). A positive outcome was less certain for Candidatus ‘M. tarwinense’ and 

Candidatus ‘M. lepraefelis’ patients, with recorded clinical resolution rates of 15/22 (68%) 

and 7/20 (35%), respectively. Several cats infected with Candidatus ‘M. lepraefelis’ had or 

developed severe signs of systemic illness over the course of weeks to months despite 

therapy, resulting in euthanasia or death. No cats with Candidatus ‘M. tarwinense’ died from 

the infection but were euthanased prior to treatment (lack of owner commitment) or due to 

persistence of skin lesions despite therapy, or died from other causes (for example, vehicular 

trauma). 

Spontaneous resolution was observed in at least two cats with M. lepraemurium 

infection, although this was not observed with cats infected with either Candidatus ‘M. 

tarwinense’ or Candidatus ‘M. lepraefelis’. Interestingly, at least two cats with Candidatus 

‘M. tarwinense’ infection achieved clinical resolution despite multiple cutaneous lesions 

persisting at the time that medical therapy had been stopped. 

Only a few cats had immunosuppressive drug therapy (corticosteroids or cytotoxic 

chemotherapy) prior to the diagnosis of leproid disease. Retroviral status was only recorded 

in a small number of cases, with 35% being FIV-antibody positive (7/20; 6/11 Australian 

cats, 1/7 NZ cats), and none (0/11) testing positive for FeLV antigen. The significance of 

positive FIV-status is uncertain, as Australia tends to have a high FIV prevalence in normal 

cats, especially in cohorts that have outdoor access and the propensity to fight. (Westman et 

al., 2016) 

 

Bacterial index: 
 

The cytologic and histologic features of human leprosy were traditionally thought to 

be closely correlated with the immunologic status of affected individuals. By way of a 

simplified explanation, patients with ‘strong’ cell-mediated immunity had ‘tuberculoid’ 

lesions with few visible AFB (that is, low bacterial index), while those at the other end of the 

spectrum with a weak immune response had ‘lepromatous’ lesions, with innumerate AFB 

(that is, high bacterial index). The recent emergence of M. lepromatosis, which invariably 

causes widespread lepromatous disease because of its propensity to invade endothelial cells, 

casts doubt on the historical dogma and supports the contention that the pathogens 
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themselves can influence the clinical and microscopic picture in mycobacteriosis due to slow 

growing mycobacteria (Han et al., 2008). 

The comparative data for the three agents of feline leprosy (Table 17) demonstrates 

distinct differences in bacterial load and thus, perhaps, the strength of the cell-mediated 

immune response of the cat. This did not appear to be influenced by any host variable (for 

example, age, gender, geographical location), nor did it appear to correlate with any clinical 

feature, including outcome, where these could be assessed (primarily in the M. lepraemurium 

cohort due to favourable case numbers). 
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Table 17: Data comparing quantitative aspects of infection with the three different agents of feline leprosy. 

Disease feature Candidatus 

‘M. 
tarwinense’ 

Mycobacterium 
lepraemurium 

Candidatus 

‘M. 
lepraefelis’ 

P value: 

Compared 
to each 
other  

Median age at diagnosis 
(years) 

7 (n=39) 2 (n=61) 9.5 (n=35) <0.0001*  

Gender (male) 17/39 (44%) 
(compared to a 
general Sydney, 

NSW feline 
population 
cohort*** 

p=0.162976) 

 

42/62 (71%) 
(compared to a 
general Sydney, 

NSW feline 
population 
cohort*** 

p=0.001289) 

24/37 (65%) 
(compared to a 

general 
Sydney, NSW 

feline 
population 

cohort 
Reference*** 
p=0.023573) 

0.0429** 

Lesion number (1-2)  30/40 (75%) 34/49 (69%) 12/31 (39%) 0.000064** 

Lesion 
distribution 

Head 33/40 (83%) 21/49 (43%) 10/31 (32%) 0.000023** 

Thoracic limbs 12/40 (30%) 23/49 (47%) 6/31 (19%) 0.0319** 

Hind limbs 4/40 (10%) 7/49 (14%) 4/31 (13%) 0.8286** 

Body 1/40 (3%) 6/49 (12%) 7/31 (23%) 0.0324** 

Tail/perineum 1/40 (3%) 2/49 (4%) 1/31 (3%) 0.91738** 

Generalised 
skin 

2/40 (5%) 4/49 (8%) 13/31 (42%) <0.00001** 

Bacterial Index (high) 18/19 (95%) 23/40 (58%) 21/23 (91%) 0.000933** 

Outcome (clinical resolution) 15/22 (68%) 24/27 (89%)  7/20 (35%) 0.00054** 

	
*Kruskal-Wallis	test	
**Chi-square	test		
***(Toribio	et	al.,	2009)	
	
 

An overall picture of the comparative aspects of disease are outlined in Table 18. 
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Table 18: A summary of the comparative qualitative aspects of infection with the three different agents of feline leprosy. 

 

 

 

Disease feature Candidatus ‘M. 
tarwinense’ 

Mycobacterium 
lepraemurium 

Candidatus ‘M. 
lepraefelis’ 

Age trend Cats of any age Young adults, 
generally less than 4 
years 

Middle aged-older 
adults, invariably older 
than 6 years 

Sex trend No gender 
preponderance 

Male preponderance Male preponderance 

Clinical disease 
trend 

A few non-ulcerated 
nodules particularly on 
the head (often ocular 
and peri-ocular 
structures). No clinical 
evidence of 
haematogenous spread 

Can range from 
localised disease to 
widespread, likely 
haematogenously 
distributed, skin lesions 

Typically causes 
widespread disease, 
with no anatomical 
preference. Can 
develop systemic signs 
of illness. 
Haematogenous spread 
documented at 
necropsy 

Prognosis with 
therapy 

Variable  Good Poor  

Disease virulence 
(chance of death if 
untreated) 

Low Low Moderate to High 

Geographic 
distribution of cases 

Highly restricted 
Victoria (two outliers 
in NSW); never seen 
outside Australia 

World-wide – coastal 
trend 

East coast of mainland 
Australia, both Islands 
of NZ, one suspected 
case in British 
Colombia, Canada 
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Mycobacterium ulcerans is a slow-growing environmental bacterium that causes a severe skin disease known
as Buruli ulcer. PCR has become a reliable and rapid method for the diagnosis of M. ulcerans infection in
humans and has been used for the detection of M. ulcerans in the environment. This paper describes the
development of a TaqMan assay targeting IS2404 multiplexed with an internal positive control to monitor
inhibition with a detection limit of less than 1 genome equivalent of DNA. The assay improves the turnaround
time for diagnosis and replaces conventional gel-based PCR as the routine method for laboratory confirmation
of M. ulcerans infection in Victoria, Australia. Following analysis of 415 clinical specimens, the new test
demonstrated 100% sensitivity and specificity compared with culture. Another multiplex TaqMan assay
targeting IS2606 and the ketoreductase-B domain of the M. ulcerans mycolactone polyketide synthase genes was
designed to augment the specificity of the IS2404 PCR for the analysis of a variety of environmental samples.
Assaying for these three targets enabled the detection of M. ulcerans DNA in soil, sediment, and mosquito
extracts collected from an area of endemicity for Buruli ulcer in Victoria with a high degree of confidence. Final
confirmation was obtained by the detection and sequencing of variable-number tandem repeat (VNTR) locus
9, which matched the VNTR locus 9 sequence obtained from the clinical isolates in this region. This suite of
new methods is enabling rapid progress in the understanding of the ecology of this important human pathogen.

Buruli ulcer (BU) is a skin disease caused by infection with
Mycobacterium ulcerans, a slow-growing environmental myco-
bacterium (11). The disease has been reported in over 30
countries worldwide (9), predominantly in riverine areas with
tropical and subtropical climates but also in temperate cli-
mates, such as southern Australia (10, 30). Infection with M.
ulcerans can lead to extensive destruction of skin and soft tissue
with the formation of large ulcers. The characteristic necrosis
and ulceration is induced by an unusual diffusible cytotoxic
macrocyclic polyketide called mycolactone, which is produced
by M. ulcerans. Mycolactone is the product of three large mul-
tienzyme complexes called polyketide synthases that are en-
coded by the genes mlsA1 (51 kb), mlsA2 (7 kb), and mlsB (42
kb). These genes are located on the M. ulcerans virulence
plasmid known as pMUM001 (25, 29).

Although not generally a fatal condition, BU lesions can
become extensive and heal by scarring. When diagnosis and
treatment are delayed, sufferers are frequently left with long-
term physical and cosmetic disabilities. In areas of endemicity,
the combination of a suspicious skin lesion and a smear posi-
tive for acid-fast bacilli is highly suggestive of BU and can be

definitively diagnosed by culture. However, due to the very
slow growth of the organism, culture confirmation may take 8
to 12 weeks and treatment needs to be initiated much sooner
than this to ensure an optimal outcome for the patient. The use
of PCR for diagnosis of BU has been a major step forward,
particularly in Australia where we have access to molecular
diagnostics and where BU is increasingly common. The most
commonly used target sequence for PCR is IS2404, a multi-
copy insertion sequence that encodes a 328-amino-acid trans-
posase (26). Provided that diagnostic PCR is performed in a
laboratory with high standards to avoid false positives, it is a
reliable and rapid method for laboratory confirmation of dis-
ease caused by M. ulcerans (15).

Despite strong epidemiological evidence linking the source
of M. ulcerans to swamps and slow-flowing water (16), the
precise mode of transmission has yet to be elucidated. Under-
standing the ecology of M. ulcerans has been severely ham-
pered by the extreme difficulty of culturing the organism di-
rectly from the environment (13, 16, 22, 24). This difficulty may
be due partly to contamination by less fastidious mycobacteria
that outgrow M. ulcerans. IS2404 PCR performed on DNA
extracted from environmental samples has proved a major
advance since its first use in the mid-1990s (22). The bacterium
has now been detected in water and detritus (22, 24), aquatic
insects (17) and plants (13), snails (12), and small fish (5).
However, while IS2404 PCR is highly specific and sensitive for
testing diagnostic specimens from humans, its application to
the analysis of environmental samples is less straightforward
due to PCR inhibitors and the existence of other environmen-
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tal mycobacteria that may carry IS2404 (14, 18-20, 32). Ap-
proaches for increasing confidence in the interpretation of PCR-
positive tests for environmental samples and for overcoming the
issues surrounding primer specificity are the use of an internal
probe, such as in the TaqMan assay, to confirm the identity of a
PCR product and to use two or more DNA targets.

In the Australian state of Victoria, there has been a signif-
icant recent increase in the incidence of BU (also known lo-
cally as Bairnsdale ulcer) (8). With increasing numbers of
clinical specimens, we sought to develop a real-time PCR
method based on IS2404 to improve the turnaround time for
diagnosis of M. ulcerans infection. We also wanted to develop
additional real-time PCR assays targeting different regions in
the M. ulcerans genome that could be used as confirmatory
assays for the analysis of environmental samples. This paper
describes the development of two multiplex real-time PCR
assays targeting three distinct repeated sequences in the M.
ulcerans genome: IS2404, IS2606 (26), and a sequence encod-
ing the ketoreductase B domain (KR), present in 15 copies
within the mycolactone polyketide synthase genes mlsA1,
mlsA2, and mlsB (25). These assays have facilitated the rapid
diagnosis of M. ulcerans disease in clinical specimens and the

analysis of environmental samples in less time and with greater
confidence than conventional PCR.

MATERIALS AND METHODS

Mycobacterial strains. Mycobacterial isolates used in this study are listed in
Table 1 (also see Table S1 in the supplemental material).

Clinical specimens. A total of 415 primary clinical specimens received at the
Victorian Mycobacterium Reference Laboratory from July 2003 to June 2005
were included in the study. These specimens consisted of 244 swabs (dry or in
bacterial transport medium), 159 fresh tissue biopsies, 11 formalin-fixed, paraf-
fin-embedded tissue sections, and 1 bone sample. Swab and fresh tissue speci-
mens were split for DNA extraction and culture following maceration and/or
homogenization in a bottle containing glass beads and phosphate-buffered saline.
Specimens were cultured in BACTEC 12B bottles and on Brown and Buckle
medium (11) and incubated at 31°C for up to 12 weeks.

Environmental samples. Mosquitoes and soil samples were collected from
various locations in an area of Victoria where there is currently an outbreak of
M. ulcerans infection. Mosquitoes were trapped using overnight mosquito traps
baited with carbon dioxide and light and stored at !70°C. Both wet and dry
surface soil samples from drains and soak pits were collected in sterile containers
and stored for no more than 5 days at 4°C until DNA extraction was performed.

DNA preparation. Extraction of DNA from mycobacterial cultures was per-
formed as previously described (6). DNA was extracted directly from swabs and
homogenized fresh tissue biopsies by using the Roche AMPLICOR respiratory
specimen preparation kit (Roche Diagnostics Co., Indianapolis, IN), followed by

TABLE 1. Specificity of IS2404, IS2606, and KR real-time PCR assays

Mycobacterial species (strain) Origin Sourceb IS2404 IS2606 KR

M. ulcerans (ATCC 19423) Victoria, Australia VIDRL "c " "
M. ulcerans (63/04) Victoria, Australia VIDRL " " "
M. ulcerans (40/02) Western Australia VIDRL " " "
M. ulcerans (75/04) Northern Territory, Australia " " "
M. ulcerans (20213/91) Queensland, Australia VIDRL " " "
M. ulcerans (38/02) Queensland, Australia VIDRL " " "
M. ulcerans (71/05) Papua New Guinea VIDRL " " "
M. ulcerans (5145) Zaire ITM " " "
M. ulcerans (98912) People’s Republic of China ITM " " "
M. ulcerans (842) Suriname ITM " " "
M. ulcerans (9118) Mexico ITM " " "
M. ulcerans (186510) Malaysia VIDRL " " "
M. liflandii (128FXT) California UTK " " "
M. pseudoshottsii (L15) Chesapeake Bay, United States VIMS " " "
M. marinum (DL045)a Mediterranean Sea, Greece NCM " " "
M. marinum (CC240299)a Fresh water, Israel NCM " NDd "
M. marinum (DL240490)a Red Sea, Israel NCM " " "
M. tuberculosis (H37Rv) Sequence strain VIDRL ND ND ND
M. paratuberculosis (field strain) VIDRL ND ND ND
M. marinum (NCTC 2275) VIDRL ND ND ND
M. marinum (ITM 00–1026) France IP ND ND ND
M. kansasii (NCTC 10268) VIDRL ND ND ND
M. xenopi (NCTC 10042) VIDRL ND ND ND
M. szulgai (NCTC 10831) VIDRL ND ND ND
M. simiae (ATCC 25275) VIDRL ND ND ND
M. marinum (NCTC 2275) VIDRL ND ND ND
M. malmoense (NCTC 11298) VIDRL ND ND ND
M. asiaticum (21674) VIDRL ND ND ND
M. avium (ATCC 25291) VIDRL ND ND ND
M. intracellulare (ATCC 13950) VIDRL ND ND ND
M. lentiflavum (A) Patient isolate VIDRL ND ND ND
M. lentiflavum (B) Patient isolate VIDRL ND ND ND
M. lentiflavum (C) Patient isolate VIDRL ND ND ND

a These isolates were originally designated M. marinum because of their growth characteristics, but they have since been shown to produce mycolactone and are now
described as “other mycolactone-producing mycobacteria” (18, 32).

b IP, Institut Pasteur, Paris, France; ITM, Institute for Tropical Medicine, Antwerp, Belgium; NCM, National Centre for Mariculture, Eilat, Israel; UTK, Department
of Microbiology, University of Tennessee, Knoxville, TN; VIDRL, Victorian Infectious Diseases Reference Laboratory, Victoria, Australia; VIMS, Virginia Institute
of Marine Science, Gloucester Point, VA.

c ", presence of.
d ND, not detected.
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a cleanup to remove potential PCR inhibitors by using the QIAamp DNA Mini
kit (QIAGEN Inc., Valencia, CA). DNA was extracted from formalin-fixed,
paraffin-embedded tissue sections following a 24-h proteinase K digestion of
dewaxed samples, using the QIAamp DNA Mini kit. DNA from mosquitoes was
extracted using the FastDNA kit with the FastPrep instrument (Qbiogene, Inc.,
Carlsbad, CA), according to the manufacturer’s instructions for insects, with the
addition of an extra ceramic bead to the lysing matrix. DNA from 100- to 200-mg
aliquots of soil and sediment samples was extracted by using the FastDNA SPIN
kit for soil with the FastPrep instrument (Qbiogene) according to the manufac-
turer’s instructions. DNA extracts were stored at !20°C.

PCR amplification of a region of IS2404 containing the TaqMan real-time
PCR target. Amplification of a 515-bp product to be used as a positive control in
the IS2404 TaqMan assay for clinical specimens was performed using the primers
MU1-new (5"-GAT CAA GCG TTC ACG AGT GA-3") and MU2 (5"-GGC
AGT TAC TTC ACT GCA CA-3"). The 50-#l PCR contained 5 #l 10$ PCR
buffer with 15 mM MgCl2 (QIAGEN), primers MU1 and MU2 at a final con-
centration of 1 #M, deoxynucleoside triphosphates (200 #M each) and 2.5 U Taq
polymerase (QIAGEN), and 1 ng of M. ulcerans genomic DNA. Amplification
was performed in an Eppendorf gradient thermocycler using the following cy-
cling conditions: 1 cycle of 94°C for 4 min, 35 cycles of 94°C for 40 s, 60°C for 40 s,
and 72°C for 40 s, and a final extension of 72°C for 5 min. The primers and PCR
protocols are those described by the WHO for the molecular diagnosis of M.
ulcerans infection (31) and varies from the original protocol described by Ross et
al. (23). PCR products were visualized following electrophoresis through a 2%
agarose gel, and subsequent purification was performed using the High Pure
PCR product purification kit (Roche), according to the manufacturer’s instruc-
tions.

DNA sequence analysis. Sequence analysis of purified PCR products was
performed using the BigDye Terminator, version 3.1, cycle sequencing kit (Ap-
plied Biosystems, Foster City, CA) according to the manufacturer’s instructions.
Reactions were analyzed on an Applied Biosystems 3730S genetic analyzer
(Applied Biosystems). Sequence data were edited using Bionumerics, version 4.0
(Applied Maths BVBA, Ghent, Belgium), and database searches of GenBank
were performed using the BLASTN algorithm.

TaqMan real-time PCR. Primers and TaqMan MGB probes (Applied Biosys-
tems) (Table 2) were selected from regions of the sequences for IS2404, IS2606,
and KR present on the plasmid pMUM001 (GenBank accession no. BX649209)
by using the Primer Express, version 2.0, software program (Applied Biosys-
tems). Probes IS2404TP and KRTP (Table 2) were labeled with the fluorescent
dye 6-carboxyfluorescein (FAM) at the 5" end and a nonfluorescent quencher at
the 3" end (Applied Biosystems). Probe IS2606TP (Table 2) was labeled with the
fluorescent dye VIC at the 5" end and a nonfluorescent quencher at the 3" end
(Applied Biosystems). IS2404 real-time PCR mixtures contained 1 #l of template
DNA, 0.9-#M concentrations of each primer, a 0.25 #M concentration of the
probe, ABsolute QPCR ROX (500 nM) mix (ABgene), and TaqMan exogenous
internal positive control (IPC) reagents (Applied Biosystems) in a total volume
of 25 #l. IS2606 and KR assays were performed as a multiplex assay (without
IPC). Amplification and detection were performed with the ABI Prism 7000
sequence detection system (Applied Biosystems) using the following program: 1
cycle of 50°C for 2 min, 1 cycle of 95°C for 15 min, and 40 cycles of 95°C for 15 s

and 60°C for 1 min. DNA extracts were tested in at least duplicate, and negative
controls were included in each assay.

Nested PCR protocol for the amplification of variable-number tandem repeat
(VNTR) typing in M. ulcerans (MUVNTR) locus 9 in environmental samples.
Previous research has shown that the concentration of M. ulcerans DNA in
extracts from environmental samples can be low (24), so a nested protocol was
designed to increase the sensitivity of the PCR for VNTR loci which are present
in single copies per genome. MUVNTR locus 9 was chosen in the first instance,
as the size and nucleotide sequence of the amplicon were specific for M. ulcerans
isolates from Victoria and Africa and were different from those of other Aus-
tralian strains and other mycolactone-producing bacteria. The first-round PCR
used primers MUVNTR9NF (5"-ACTGCCCAGACATGGCGA-3") and
MUVNTR9NR (5"-ACGCGAGGTGGAACAAAGC-3"), designed to flank the
published VNTR locus 9 primers (2). Amplification was performed in an Ep-
pendorf gradient thermocycler using the following cycling conditions: 1 cycle of
94°C for 2 min, 35 cycles of 94°C for 15 s, 59°C for 30 s, and 72°C for 30 s, and
a final elongation of 72°C for 5 min. First-round PCR products were used as
templates for a second-round PCR, performed as described by Ablordey et al.
(2). PCR products were visualized on a 2% agarose gel, and sizes were estimated
by comparing fragment sizes with a 100-bp DNA ladder (Promega). Products of
the expected size were purified and sequenced as described above.

Statistical analyses. Statistical analyses were performed using STATA 8.0
(STATA Corporation, College Station, TX). Median differences in cycle thresh-
old (%CT) values (IS2606-IS2404) were compared using the Mann-Whitney non-
parametric test.

RESULTS

Development of real-time PCR assays targeting IS2404,
IS2606, and KR. Three TaqMan real-time PCR assays were
designed using the Primer Express software package (Applied
Biosystems) to detect different regions in the M. ulcerans ge-
nome, the insertion sequences IS2404 and IS2606 and the KR
domain of the mls genes. These targets were chosen because
they were reported to be present in multiple copies in the M.
ulcerans genome and are absent in the closely related species
Mycobacterium marinum (7, 26). Primers and probes were se-
lected from the IS2404, IS2606, and KR sequences present on
the M. ulcerans virulence plasmid pMUM001 (GenBank acces-
sion no. BX649209). There are two distinct sequence types
among the KR domains on the plasmid, KR-A (3 copies) and
KR-B (15 copies). The primers and probe for the KR real-time
assay were selected from the KR-B sequence. Table 2 presents
the nucleotide positions of the primers and probes designed,
the corresponding amplicon sizes, the putative function of the

TABLE 2. Primers and probes designed for real-time PCR assays targeting IS2404, IS2606, and KR

Primer or
probea Sequence (5"–3") Nucleotide positionsb Amplicon

size (bp)
Putative gene

function (reference)

No. of copies of
amplicon per

plasmid/chromosomec

IS2404 TF AAAGCACCACGCAGCATCT 27746–27762 59 Transposase (21) 4/201d

IS2404 TR AGCGACCCCAGTGGATTG 27787–27804
IS2404 TP 6 FAM-CGTCCAACGCGATC-MGBNFQ 27768–27781
IS2606 TF CCGTCACAGACCAGGAAGAAG 28912–28932 58 Transposase (21) 8/82
IS2606 TR TGCTGACGGAGTTGAAAAACC 28947–28969
IS2606 TP VIC-TGTCGGCCACGCCG-MGBNFQ 28933–28946
KRTF TCACGGCCTGCGATATCA 3178–3195 65 KR-B domain (20) 15/0
KRTR TTGTGTGGGCACTGAATTGAC 3222–3242
KRTP 6 FAM-ACCCCGAAGCACTG-MGBNFQ 3199–3212

a TF, forward primer; TR, reverse primer; TP, probe.
b Numbering based on the first copy of the amplicon in pMUM001 (GenBank accession no. BX649209).
c Determined by BLAST analysis of the amplicon sequence in WASABI, an in-house, web-interfaced MySQL database for genome analysis.
d A total of 171 were identical copies, with an additional 30 copies identified with 1-nucleotide substitutions within the primer sites which would be unlikely to prevent

amplification.
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target, and the number of copies of each amplicon on the
plasmid and chromosome. Studies of pMUM001 copy number
have shown that it is present in one to two copies per cell (28).
Thus, the theoretical copy numbers for the IS2404, IS2606, and
KR-B target sequences in the genome of M. ulcerans strain
Agy99 are 205 to 209, 90 to 98, and 15 to 30 copies per cell,
respectively (Table 2).

Sensitivity testing of the IS2404, IS2606, and KR real-time
PCR assays. The sensitivities of the IS2404/IPC and the
IS2606/KR multiplex assays were tested by performing real-
time PCR on dilutions of purified M. ulcerans genomic DNA
from strain Agy99 (Table 1). During validation, the IS2606 and
KR assays were evaluated with and without multiplexing. The
results indicated that multiplexing the two assays did not re-
duce the sensitivity (data not shown). The standard curves
obtained with 10-fold serially diluted genomic DNA prepara-
tions were linear over six orders of magnitude for the IS2404
assay and over five orders of magnitude for both the IS2606
and the KR assays (Fig. 1). Based on the complete DNA
sequence, the predicted mass of a single copy of the M. ulcer-
ans genome is 5.8 fg (27). Given the actual number of copies of
the target in the M. ulcerans genome (Table 2), the IS2404
assay reliably detected 0.01 genomes, equivalent to two copies
of the target. As expected, the IS2606 and KR assays were less
sensitive due to the presence of fewer target copies per ge-
nome, with a reliable detection limit of 0.1 genomes (equiva-
lent to 9 copies of IS2606 and 1.5 to 3 copies of KR-B). It was
noted that the !CT between the IS2606 and IS2404 assays
[!CT (IS2606-IS2404)] ranged from 2.77 (for 104 genomes) to
4.1 (for 0.1 genomes), which was slightly higher than expected
based on the 2.3-fold difference in target copy numbers (Table
2). The !CT between the KR and IS2404 assays increased from
1.3 (for 104 genomes) to 4.3 (for 0.1 genomes) but was gener-
ally less than that for the !CT (IS2606-IS2404), further indi-
cating that the IS2606 assay is less sensitive than the KR assay.

To compare the sensitivity of the IS2404 real-time PCR with
the conventional gel-based PCR targeting IS2404 (31), 10-fold
dilutions of purified M. ulcerans genomic DNA were tested
using both methods. The results indicated that the IS2404
TaqMan real-time PCR is 100 to 1,000 times more sensitive
than the conventional single-round gel-based PCR (data not
shown).

Specificity testing of IS2404, IS2606, and KR real-time PCR
assays. To test the specificity of the assays, we conducted
BLASTN searches using the IS2404, IS2606, and KR TaqMan
amplicon sequences (Table 2) and performed the IS2404/IPC
and IS2606/KR multiplex real-time PCRs on purified genomic
DNA from (i) a diverse collection of M. ulcerans isolates, (ii)
five other recently described mycolactone-producing mycobac-
teria (MPM), and (iii) 24 non-MPM (Table 1), including the
isolate (ITM 00-1026) previously considered to be a “missing
link” between M. ulcerans and M. marinum because it was PCR
positive for IS2404 (3). Three isolates of Mycobacterium lenti-
flavum were included, as it had previously been reported that
IS2606 had been detected in a strain of this species (26).

BLASTN searches performed using the target sequences
failed to identify significant homology with any other se-
quences in the NCBI databases. PCR amplification of all three
targets was achieved for M. ulcerans isolates from all geo-
graphic regions tested, demonstrating that the assays are able
to detect M. ulcerans strains from different parts of the world
where M. ulcerans disease occurs (Table 1). All three targets
were also detected in the other MPM tested, with the excep-
tion of the strain designated M. marinum CC240299, for which
IS2606 was not detected (Table 1). None of the three targets
were detected in any of the 24 non-MPM, including M. lenti-
flavum (Table 1), demonstrating the specificity of the assays for
MPM. It was noteworthy that the “missing link” strain, M.
marinum ITM 00-1026 (3), was not detected by the real-time
assay targeting IS2404, despite the fact that a PCR product was

FIG. 1. Standard curve generated using a logarithmic scale by the analysis of known amounts of genomic M. ulcerans DNA with the IS2404,
IS2606, and KR TaqMan real-time PCR assays. Each 10-fold dilution was performed in quadruplicate, and the means of these replicates were used
as data points. One standard deviation on either side of the mean is shown. The regression lines calculated for the data points for the IS2404,
IS2606, and KR assays were as follows: y " # 1.1892Ln(x) $ 29.156, y " # 1.3043Ln(x) $ 32.886, and y " # 1.428Ln(x) $ 32.174, respectively. For
each assay, the coefficient of correlation was greater than 0.99.
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amplified using the IS2404-specific primers MU1-new and
MU2 (31). A BLASTN search of the GenBank database using
the sequence amplified from strain ITM 00-1026 (GenBank
accession no. EF164897) containing the 59-bp target region
revealed only 86% identity with the equivalent region of
IS2404 (GenBank accession no. BX649209), with eight nucle-
otide differences in the 59-bp region targeted in the TaqMan
assay.

The !CT value for the detection of IS2404 and IS2606 dis-
tinguishes between M. ulcerans subsp. ulcerans and other
MPM. The term M. ulcerans subsp. ulcerans has been proposed
to describe the M. ulcerans genotypes which cause disease
outbreaks in humans, are phylogenetically clustered on the
basis of multilocus sequence types (MLST), and have high
copy numbers of IS2606. These MLST types have been isolated
from Africa (ST17), Southeast Asia and northern Australia
(ST18), and southeastern Australia (ST20) (32). Other mem-
bers of the MPM were shown to have fewer (or no) copies of
IS2606 per genome. To determine whether the !CT (IS2606-
IS2404) could distinguish between isolates with multiple and
few copies of IS2606, regardless of the DNA extraction pro-
cedure, DNA extracts from isolates, clinical specimens, and
environmental samples spiked with M. ulcerans isolate 63/04
were appropriately diluted to give CT IS2404 values of 20 to 25
and assayed for IS2606. !CT (IS2606-IS2404) values were then
determined (see Table S1 in the supplemental material).

For the M. ulcerans subsp. ulcerans isolates and the DNA
preparations from Victorian patient specimens and spiked en-
vironmental samples, the median !CT value was 2.37 (95%
confidence interval, 2.17 to 2.79), indicating a similar ratio of
IS2404-to-IS2606 copy number, which has been estimated to
be 2.3:1 for the sequenced strain Agy99 (27). However, M.
ulcerans strains from China (ST19) and Suriname (ST16),
Queensland isolate 20213/91, and the other MPM (ST9, -10,
-11, -12, and -14) had consistently higher !CT values (median,
7.60; 95% confidence interval, 6.94 to 8.07), indicating fewer
copies of IS2606 relative to IS2404. This difference in !CT

values between the subcluster of M. ulcerans isolates with
MLST types ST17, ST18, and ST20 and isolates with the other
MLST types was statistically significant (P " 0.001) and rep-
resents a valuable means of distinguishing between those M.
ulcerans strains causing disease in endotherms (including hu-
mans) and other closely related mycobacteria that also harbor
IS2404 and IS2606.

Application of the IS2404 TaqMan real-time assay for the
detection of M. ulcerans DNA in clinical specimens. The IS2404
TaqMan assay replaced gel-based PCR as the principal
method for laboratory diagnosis of suspected cases of M. ul-
cerans infection in Victoria in 2003. To evaluate the sensitivity
and specificity of the test in a clinical context, we compared
real-time PCR results with culture results for primary speci-
mens tested over a 2-year period from July 2003 to June 2005.
During that period, we tested a total of 415 primary specimens
consisting of 244 swabs (dry or in transport medium), 159 fresh
tissue biopsies, 11 paraffin-embedded, fixed-tissue sections and
1 bone specimen. Of these specimens, 410 were from humans
(Homo sapiens), 4 were from ringtail possums (Pseudocheirus
peregrinus), and 1 specimen was from a koala (Phascolarctos
cinereus). Forty-three specimens (10.4%) were PCR positive
(22 fresh tissue biopsies, 18 swabs, and 3 paraffin sections). The

CT values ranged from 16.01 to 35.52 and averaged 25.83. Of
the 40 PCR-positive specimens that were suitable for culture
(excluding paraffin-embedded, fixed-tissue sections), 35 were
culture positive, indicating that real-time PCR was 12.5% more
sensitive than culture. All specimens that were PCR negative
were culture negative. More recently, we have been able to
detect M. ulcerans DNA in fine-needle aspirates from preul-
cerative lesions by using the IS2404 real-time PCR assay.

Application of the IS2404, IS2606, and KR real-time assays
to the analysis of environmental samples. To determine the
ability of the assays to detect M. ulcerans DNA in environmen-
tal samples, we first performed the IS2404/IPC and IS2606/KR
multiplex PCR assays on DNA extracts from mosquito and soil
samples that had been spiked with known numbers of M. ul-
cerans. This served to test both the inhibitory effects of mos-
quitoes/soil on the real-time PCR assays and the efficiency of
the DNA extraction method (FastDNA kit). The results
showed that all three targets were detected in DNA extracted
from the sample spiked with approximately 10 organisms, with
mean CT values of 35.6 for IS2404, 37.0 for IS260, and 36.8 for
KR (Fig. 2). A single organism per sample with a CT value of
38 to 40 was detected intermittently by using the IS2404 assay;
however, the sensitivities of IS2606 and KR assays were insuf-
ficient to detect less than 10 organisms. No inhibition was
observed (based on the CT values obtained for the IPC [data
not shown]). Similar results were obtained with spiked soil
samples extracted using the FastDNA SPIN kit for soil, except
that for certain soil samples, PCR inhibitors were present in
the DNA extracts, necessitating dilution of the extracts up to
10-fold prior to inclusion in the assay.

To test whether the assays could be used to detect M. ulcer-
ans in association with mosquitoes caught in an area where
cases of infection were occurring, DNA was extracted from 42
pools of insects trapped in six different locations on the same
night. Prior to extraction, mosquitoes were sorted according to
species and sex. Pools contained between 1 and 23 mosquitoes.
Results indicated that two DNA extracts, from pools of 22 and
23 female Aedes camptorhynchus mosquitoes caught in the
same trap, were positive for IS2404, with CT values of 32.4 and
33.0, respectively. These extracts also tested positive for IS2606
and KR, with !CT (IS2606-IS2404) values of 2.7 and 2.8, re-
spectively, suggesting that M. ulcerans DNA was being de-
tected and not DNA from other MPM that we have shown to
have higher !CT values (see Table S1 in the supplemental
material). All extracts for which IS2404 was not detected were
also negative for IS2606 and KR. DNA extracts from soil and
an associated earthworm (class Oligochaeta) collected from a
nearby drain were also positive for all three targets, with !CT

(IS2606-IS2404) values of 3.3 and 2.5, respectively, again sug-
gesting that M. ulcerans DNA was present.

Further evidence that environmental samples contain the
outbreak strain of M. ulcerans. To gain further evidence that
the strain being detected in environmental samples by our
real-time assays is the Victorian M. ulcerans outbreak strain,
we developed a nested PCR targeting MUVNTR locus 9. The
nested PCR was at least 10-fold more sensitive than the con-
ventional single-round PCR. This locus was chosen, as the size
and nucleotide sequence of the amplicon are specific for M.
ulcerans isolates from Victoria and Africa and were different
from those of other Australian strains and other MPM. The
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amplification of a PCR product of the expected size was
achieved for the DNA extracts from a mosquito pool, soil from
a soak pit, and the earthworm. Sequencing of the PCR prod-
ucts confirmed that they were identical to the sequence deter-
mined for locus 9 from Victorian M. ulcerans strains which
contain repeats A9 and C9 (1).

DISCUSSION

The number of cases of M. ulcerans disease in Australia
continues to rise, with 66 new human cases reported in 2006
compared with 41 in 2005 and 26 in 2004 (4). With increasing
numbers of clinical specimens for diagnosis as well as the need
to determine the mode of transmission and the natural reser-
voir of the organism, rapid, sensitive, and specific molecular
tests are needed. We have developed two multiplex, TaqMan,
real-time PCR assays targeting three independent regions in
the M. ulcerans genome for the detection of M. ulcerans DNA
in clinical and environmental samples.

A TaqMan assay targeting IS2404 has been described pre-
viously (21); however, the sequence used for the design of this
assay (GenBank accession no. AF003002) has been shown
subsequently to differ from the IS2404 sequence derived from
pMUM001 (GenBank accession no. BX649209) and the com-
plete M. ulcerans genome (27). It is now known that primer F1
described by Rondini et al. (21) has a single-nucleotide mis-
match, and the probe sequence (P1) has a deletion relative to
the true sequence of IS2404. Consequently, the assay described
in the present study is more sensitive (with a detection limit of
0.01 genome copies compared with 0.2 genome copies) and
robust, particularly when applied to DNA extracts derived
from clinical and environmental samples, which may contain
potential PCR inhibitors. The sensitivity of the assay targeting
the KR-B domain was consistent with the expected number of
copies of this target, although the IS2606 assay was slightly less
sensitive, with a detection limit of 9 copies rather than 1.5 to 3

copies. Reasons for this were not explored as the assay was
robust over a range of sample types and always provided con-
sistent results.

The application of the IS2404 real-time PCR to 415 clinical
samples demonstrated that it is a rapid, reliable, sensitive, and
specific assay for the diagnosis of M. ulcerans infection using a
wide range of clinical specimens, including swabs, biopsies
(fresh as well as formalin-fixed, paraffin-sectioned tissue), and
fine-needle aspirates. Comparison with culture revealed only
five discrepant results. For these five PCR-positive, culture-
negative specimens, all lesions were clinically consistent with
M. ulcerans infection and the patients had epidemiological
links with known regions of endemicity. Possible reasons for
the failure of culture could include (i) small numbers of or-
ganisms in the specimen (the CT values ranged from 23.2 to
33.3, equivalent to approximately 500 and 0.5 genomes per
well, respectively), (ii) delay in receiving the specimen for
processing, or (iii) prior antibiotic treatment. As well as being
100 to 1,000 times more sensitive than the conventional gel-
based IS2404 PCR, the simpler closed-tube format, which
avoids post-PCR handling of samples containing high numbers
of amplicons, may make it easier to perform and provide qual-
ity assurance in more remote locations than gel-based PCR.

In addition to its important role in the diagnosis of M.
ulcerans infection in humans and other animals, the IS2404
real-time PCR has a broad range of applications, including the
analysis of environmental samples. Since environmental sam-
ples often contain complex mixtures of DNA that may gener-
ate false positives, we developed the multiplex TaqMan assay
targeting IS2606 and the KR-B domain to complement the
specificity of the IS2404 PCR. The ability to quantify the
amount of M. ulcerans DNA in the sample using real-time PCR
enabled the detection of differences in the relative numbers of
copies of IS2404, IS2606, and KR in any given sample. The
!CT values between the IS2404 and IS2606 assays allowed for
the distinction between M. ulcerans subsp. ulcerans isolates

FIG. 2. Standard curve generated using a logarithmic scale by the analysis of DNA extracted from pools of 15 Aedes camptorhynchus mosquitoes
spiked with known numbers of M. ulcerans organisms with the IS2404, IS2606, and KR TaqMan real-time PCR assays. Each 10-fold dilution was
performed in quadruplicate, and the means of these replicates were used as data points. One standard deviation on either side of the mean is
shown.

4738 FYFE ET AL. APPL. ENVIRON. MICROBIOL.



   APPENDICES 

	 234	

 

with MLST types ST17, ST18, and ST20 and other closely
related mycobacteria within the M. ulcerans/M. marinum com-
plex that also harbor IS2404 and IS2606. The results obtained
in this study regarding IS2606 copy numbers are consistent
with the recent findings of Yip et al. (32).

Using these assays, M. ulcerans DNA was detected in mos-
quitoes and soil, without the need to use sequence capture,
which has been relied on previously (24). The presence of all
three targets with the expected !CT (IS2606-IS2404), together
with the demonstration that the size and sequence of VNTR
locus 9 were the same as that amplified from the local outbreak
strain, confirms that M. ulcerans DNA consistent with that of
the same strain was present in these samples. However, the
presence of viable bacteria has yet to be confirmed by culture.

The ability to reliably detect M. ulcerans DNA in mosquito
samples was an important first step in our study investigating
the hypothesis that mosquitoes play a role in the transmission
of M. ulcerans infection, which is the subject of another report
(P. D. R. Johnson et al., submitted for publication).

The development of this real-time IS2404 PCR assay for the
diagnosis of BU has improved laboratory efficiency and re-
duced the risk of contamination compared with gel-based
methods. Furthermore, the development of a suite of assays
targeting multiple regions in the M. ulcerans genome has been
a major advance for the screening of environmental samples,
which can now be analyzed with much greater confidence and
with a reduced risk of false positives due to contamination.
This major new tool will assist research into the identification
of the natural reservoir, the route of infection, and the mech-
anism of transmission of this increasingly important environ-
mental pathogen.
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Appendix IV – Details of all possums trapped in Point Lonsdale 2008-2010 

 
Possum 

Number 
Microchip Number 

Date of 

processing 

Trapping 

site 

Method of 

capture  
Species Sex 

Approxi

mate age 

Body 

weight 
Samples PCR results Comments 

1 956000001081523 26/02/2008 

24 Albert 

St, Point 

Lonsdale 

Brush tail 

trap (lawn) 
T. vulpecula Female 

Young 

adult 
2.75kg 

Blood (EDTA), 

Faeces 
Negative 

Good body condition, no external 

lesions, no pouch young. Tattooed. 

Blue collar 

2 956000001083786 26/02/2008 

13 

Alexander 

Cr, Point 

Lonsdale 

Hand capture P. peregrinus Female 
Mature 

adult 
800g 

Blood (EDTA), 

Buccal swab, 

Swab from tail 

and toe lesions 

Positive: 

Blood 

negative, 

Buccal swab 

Ct 38.33, 

Tail swab 

CT 25.62, 

Toe swab Ct 

27.71  

Poor body condition, Ulcerative 

lesions on tail tip and tip of right 

hind D1.Tattooed. Cultures from 

tail and toe - MGIT and Brown and 

Buckle 3/3/08. 

3 956000001080626 26/02/2008 

13 

Alexander 

Cr, Point 

Lonsdale 

Hand capture P. peregrinus  Male 
Mature 

Adult 
900g 

Blood (EDTA), 

Buccal swab, 

Faeces 

Negative 

Possible mate of possum #2?, Good 

body condition, no external lesions. 

Tattooed 

4 956000001077952 27/02/2008 

84 Fellows 

Rd, Point 

Lonsdale 

Ringtail trap 

(fence) 
T. vulpecula  Female 

Juvenile 

(Est 6-

7m) 

600g 

Blood (EDTA), 

Buccal swab, 

Faeces 

Negative 
Good body condition, no external 

lesions. Tattooed, no collar. 

4 956000001077952 23/02/2009 

84 Fellows 

Rd, Point 

Lonsdale 

Trapped T. vulpecula  Female 

Young 

adult 

(lactating) 

2.03kg 

Blood (serum), 

buccal swab, 

faeces, nasal 

swab 

Negative 

Good body cond. No lesions. 

Radiotracking collar fitted 

(150860/857) 

4 956000001077952 14/07/2009 
84 Fellows 

Rd, Point 
Trapped T. vulpecula  Female 

Young 

adult 
1.975Kg 

Blood (serum), 

buccal swab, 
Negative 

Good body condition, injury on toe 

right fore, pouch young 
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Possum 

Number 
Microchip Number 

Date of 

processing 

Trapping 

site 

Method of 

capture  
Species Sex 

Approxi

mate age 

Body 

weight 
Samples PCR results Comments 

Lonsdale faeces, pouch 

4 956000001077952 8/04/2010 

2 Girvan 

Grove, 

Point 

Lonsdale 

Trapped T. vulpecula Female Adult 2.3kg 

Blood (serum), 

buccal swab, 

faeces 

Negative Good BCS, no lesions 

4 956000001077952 16/07/2008 
2 Girvan 

Grove 

Ringtail trap 

(large) 
T. vulpecula Female 

Young 

adult 
1.37kg 

Blood (EDTA), 

Buccal swab, 

Urine, Nasal 

swab 

Positive: 

Faeces low 

positive Ct 

37.31 

Good body condition, no external 

lesions 

5 956000001077154 27/02/2008 

44 Baillieu 

St, Point 

Lonsdale 

Ringtail trap 

(tree) 
P. peregrinus  Male 

Mature 

adult 
1kg 

Blood (EDTA), 

Buccal swab, 

Faeces 

Negative 
Good body condition, no external 

lesions. Tattooed. 

6 956000001076645 27/02/2008 

40 Fellows 

Rd, Point 

Lonsdale 

Brush tail 

trap (carport) 
T. vulpecula  Female 

Mature 

adult 
2.375kg 

Blood (EDTA), 

Buccal swab, 

Faeces 

Negative 

Good body condition, no external 

lesions, no pouch young. Tattooed. 

Red collar 

6 956000001076645 15/07/2008 

40 Fellows 

Rd, Point 

Lonsdale 

Brush tail 

trap (carport) 
T. vulpecula Female 

Mature 

adult with 

est 3-4 

mo pouch 

young 

3.2kg 

Blood 

(EDTA/Serum), 

Buccal swab, 

Faeces, Nasal 

swab 

Negative 
Good body condition, no external 

lesions 

6 956000001076645 17/11/2008 

40 Fellows 

Rd, Point 

Lonsdale 

Brush tail 

trap (carport) 
T. vulpecula  Female 

Mature 

adult with 

est 1 mo 

pouch 

young 

2.13kg 

Buccal swab, 

cloacal swab, 

nasal swab,  

Negative 
Good body condition, no external 

lesions, fleas ++, "ratty" coat 

6 956000001076645 14/07/2009 

40 Fellows 

Rd, Point 

Lonsdale 

Trapped T. vulpecula  Female 
Mature 

adult 
2.62kg 

Blood 

(EDTA/Serum), 

Buccal swab, 

Faeces, Pouch 

Negative 
Good BCS, no lesions, pouch 

young, Radio collar fitted. 
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Possum 

Number 
Microchip Number 

Date of 

processing 

Trapping 

site 

Method of 

capture  
Species Sex 

Approxi

mate age 

Body 

weight 
Samples PCR results Comments 

swab 

6 956000001076645 16/11/2009 Gill Road Trapped  T. vulpecula  Female 
Mature 

adult 
2.5kg 

Blood (serum), 

buccal swab, 

faeces, pouch 

Negative 

faeces, 

buccal swab 

ND pouch 

swab ND 

Good BCS, no lesions, pouch 

young. 

6 956000001076645 25/02/2009 

40 Fellows 

Rd, Point 

Lonsdale 

Trapped T. vulpecula) Female 

Mature 

adult with 

pouch 

young 

3.1KG 

Blood (serum), 

buccal swab, 

faeces, nasal 

swab 

Positive: 

Faeces Ct 

34.89 

Good BCS, no lesions 

7 956000001081450 27/02/2008 

18 Albert 

St, Point 

Lonsdale 

Brush tail 

trap (carport) 
P. peregrinus  Female 

Mature 

adult 
725g 

Blood (EDTA), 

Buccal swab, 

Faeces, Urine 

from external 

cloaca 

Positive: 

Blood and 

Buccal swab 

negative, 

Faeces Ct 

27.25, Urine 

swab Ct 

33.9 

Poor body condition, no pouch 

young, possible "cage wear" 

traumatic alopecia on dorsal nasal 

bridge, no other external lesions 

8 
Lost chip 

(95600001081948) 
24/06/2008 

40 Fellows 

Rd, Point 

Lonsdale 

Brush tail 

trap (carport) 
T. vulpecula  Male 

Mature 

adult 
3.125kg 

Blood 

(EDTA/Serum), 

Buccal swab, 

Faeces, Urine, 

Nasal swab 

Negative 
Good body condition, small circular 

scar right hind main pad 

9 
Replaced chip 

956000001080277 
24/06/2008 

21 

Alexander 

Cres, Point 

Lonsdale 

Hand capture P. peregrinus  Male 
Mature 

adult 
650g 

Blood 

(EDTA/Serum), 

Buccal swab, 

Faeces, Urine, 

Nasal swab, 

Tail and toe 

Positive: 

Low 

positive on 

tail lesions 

Body Condition score 2-3/9, 

multiple lesions on ventral aspect of 

tail, small lesion on 2nd digit right 

hind foot(photo) 
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Possum 

Number 
Microchip Number 

Date of 

processing 

Trapping 

site 

Method of 

capture  
Species Sex 

Approxi

mate age 

Body 

weight 
Samples PCR results Comments 

lesion swabs 

9 956000001080277 14/07/2008 

21 

Alexander 

Cres, Point 

Lonsdale 

Hand capture P. peregrinus  Male 
Mature 

adult 
675g 

Blood (EDTA), 

Buccal swab, 

Rectal swab, 

Nasal swab, 

Tail lesion 

swabs 

Positive: 

Low 

positive on 

tail lesions 

Ct 38.44 

Good body condition, scabs still 

present on tail 

10 956000001084502 28/06/2008 

44 Baillieu 

St, Point 

Lonsdale 

Brush tail 

trap (back 

shed) 

T. vulpecula  Male 
Mature 

adult 
2.9kg 

Blood 

(EDTA/Serum), 

Buccal swab, 

Faeces, Urine, 

Nasal swab 

Negative 
Good body condition, scar right 

medial digit, small scabs on nose 

10 956000001084502 15/07/2008 

44 Baillieu 

St, Point 

Lonsdale 

Ringtail trap 

(large) front 
T. vulpecula  Male 

Mature 

adult 
2.9kg 

Blood 

(EDTA/Serum), 

Buccal swab, 

Faeces, Urine, 

Nasal swab 

Negative Good body conditions, scabs healed 

11 956000001078821 28/06/2008 

24 Albert 

St, Point 

Lonsdale 

Brush tail 

trap (lawn) 
T. vulpecula  Male 

Mature 

adult 
1.95kg 

Blood 

(EDTA/Serum), 

Buccal swab, 

Faeces, Urine, 

Nasal swab 

Negative 
Good body condition, no external 

lesions. Tattooed, no collar. 

12 956000001083349 28/06/2008 

16 

Lockington 

Ave. Point 

Lonsdale 

Hand capture P. peregrinus  Female 
Mature 

adult 
800g 

Blood 

(EDTA/Serum), 

Buccal swab, 

Rectal swab, 

Urine, Nasal 

swab, Tail 

lesion swabs 

Negative 
Good body condition small scabs 

approx. 4 cm from tail tip 
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Possum 

Number 
Microchip Number 

Date of 

processing 

Trapping 

site 

Method of 

capture  
Species Sex 

Approxi

mate age 

Body 

weight 
Samples PCR results Comments 

13 956000001082683 14/07/2008 

1 Laker 

Dve, Point 

Lonsdale 

Ringtail trap 

(Norfolk 

pine) 

P. peregrinus  Female 

Mature 

adult with 

est 1 mo 

pouch 

young 

840g 

Blood (EDTA), 

Buccal swab, 

Cloacal swab, 

pouch swab, 

Nasal swab 

Negative 
Good body condition, no external 

lesions. Tattooed, no collar. 

14 956000001076716 15/07/2008 

84 Fellows 

Rd, Point 

Lonsdale 

Trapped T. vulpecula Female 

Mature 

adult with 

est 3-4 

mo pouch 

young 

3.3kg 

Blood (EDTA), 

Buccal swab, 

Faeces, Nasal 

swab 

Negative 
Good body condition, no external 

lesions 

14 956000001076716 17/11/2008 

2 Girvan 

Grove, 

Point 

Lonsdale 

Trapped T. vulpecula Female 

Mature 

adult with 

est 2 mo 

Pouch 

young 

(X1) 

2.22kg 

Buccal swab, 

cloacal swab, 

nasal swab 

Negative 
Good body condition, no external 

lesions 

14 956000001076716 13/07/2009 

2 Girvan 

Grove, 

Point 

Lonsdale 

Trapped T. vulpecula  Female Adult 2.5kg 

Blood (serum), 

buccal swab, 

faeces, nasal 

swab 

Negative 
Good BCS, no lesions, pouch 

young. 

15 956000001080557 15/07/2008 

9 Victor 

Street, 

Point 

Lonsdale 

Brush tail 

trap (carport) 
T. vulpecula  Male 

Mature 

adult 
2.2kg 

Blood 

(EDTA/Serum), 

Buccal swab, 

Faeces, Nasal 

swab 

Negative 
Good body condition, scars on head 

and right ear. 

16 95600001081935 15/07/2008 

44 Baillieu 

St, Point 

Lonsdale 

Brush tail 

trap (back 

shed) 

T. vulpecula  Female 

Mature 

adult with 

>4 mo 

pouch 

3.05kg 

Blood 

(EDTA/Serum), 

Buccal swab, 

Faeces, Urine, 

Negative 
Good body condition, no external 

lesions 
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Possum 

Number 
Microchip Number 

Date of 

processing 

Trapping 

site 

Method of 

capture  
Species Sex 

Approxi

mate age 

Body 

weight 
Samples PCR results Comments 

young Nasal swab 

17 956000001081935 15/07/2008 

84 Fellows 

Rd, Point 

Lonsdale 

Ringtail trap 

(large) 
P. peregrinus  Male 

Mature 

adult 
600g 

Buccal swab, 

Faeces, Nasal 

swab 

Negative 
Body condition score 2-3/9, no 

external lesions 

18 956000001084597 15/07/2008 

12 Buckley 

Street, 

Point 

Lonsdale 

Ringtail trap 

(large) 
P. peregrinus  Female 

Mature 

adult with 

est 2 mo 

pouch 

young 

(x2) 

700g 

Blood 

(EDTA/Serum), 

Buccal swab, 

Faeces, Urine, 

Nasal swab, 

Tail lesion 

swabs 

Negative 
Body condition score 2-3/9 tail 

lesion 2 inches from tip 

19 956000001081064 16/07/2008 

34 

Winterley 

Street, 

Point 

Lonsdale 

Hand capture P. peregrinus  Female 
Mature 

adult 
655g 

Blood (EDTA), 

Buccal swab, 

Faeces, Urine, 

Nasal swab 

Negative 
Good body condition, no external 

lesions 

20 956000001073451 16/07/2008 

23 Baillieu 

St, point 

Lonsdale 

Hand capture P. peregrinus  Male 
Mature 

adult 
780g 

Blood 

(EDTA/Serum), 

Buccal swab, 

Faeces, Nasal 

swab 

Positive: 

Faeces Ct 

34.89 and 

Tail lesion 

positive Ct 

20.09 

Good body condition, lesion on 

ventral tail (approx. 9-10cm from 

tip (photo). Euthanased and full 

necropsy examination performed.  

21 956000001079720 16/07/2008 

1 Laker 

Dve, Point 

Lonsdale 

Ringtail trap 

(Norfolk 

pine) 

P. peregrinus  Female 
Mature 

adult 
575g 

Blood 

(EDTA/Serum), 

Buccal swab, 

Faeces, Urine, 

Nasal swab 

Negative 
Good body condition, no external 

lesions 

22 No chip 16/07/2008 
93 

Glaneuse 

Ringtail trap 

(large) 
P. peregrinus  Female 

Mature 

adult with 
875g Faeces 

Positive: 

Faeces 

Euthanased and full necropsy 

examination performed. 
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Possum 

Number 
Microchip Number 

Date of 

processing 

Trapping 

site 

Method of 

capture  
Species Sex 

Approxi

mate age 

Body 

weight 
Samples PCR results Comments 

Rd, Point 

Lonsdale 

est 2 mo 

pouch 

young 

(x3) 

positive Ct 

28.68 

23 956000001079756 17/07/2008 

1 Laker 

Dve, Point 

Lonsdale 

Ringtail trap 

(Norfolk 

pine) 

P. peregrinus  Male 
Mature 

adult 
775g 

Blood 

(EDTA/Serum), 

Buccal swab, 

Faeces, Urine, 

Nasal swab, 

Tail lesion 

swabs 

Positive: 

Faeces 

Ct35.9/36.99 

and Tail 

lesion 

positive Ct 

26.12/26.28 

Good body condition, 1cm diam 

ulcerative lesion dorsal tail (photo) 

Euthanased and full necropsy 

examination performed. 

24 978000001506136 17/11/2008 

3 Brookes 

St, Point 

Lonsdale 

Trapped(front 

tree) 
P. peregrinus  Male 

Mature 

adult 
650g 

Blood (serum), 

buccal swab, 

cloacal swab, 

nasal swab, 

urine, fleas 

Negative 
Good body condition, no external 

lesions, fleas +++ 

25 978000001509467 17/11/2008 

65 

Winterley 

St, Point 

Lonsdale 

Trapped P. peregrinus  Male Juvenile 325g 

Blood drop on 

swab, cloacal 

swab, buccal 

swab, nasal 

swab 

Negative 
Good body condition, no external 

lesions 

26 978000001560237 17/11/2008 

84 Fellows 

Rd, Point 

Lonsdale 

Trapped T. vulpecula  Male Juvenile 1.35kg 

Blood (serum), 

buccal swab, 

cloacal swab, 

nasal swab, 

urine, fleas 

Negative 
Good body condition, no external 

lesions 

27 956000001080030 18/11/2008 

12 Buckley 

Street, 

Point 

Trapped P. peregrinus  Male 
Mature 

adult 
660g 

Blood (serum), 

buccal swab, 

cloacal swab, 

Negative 
Good body condition, no external 

lesions 
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Possum 

Number 
Microchip Number 

Date of 

processing 

Trapping 

site 

Method of 

capture  
Species Sex 

Approxi

mate age 

Body 

weight 
Samples PCR results Comments 

Lonsdale nasal swab 

28 956000001079922 18/11/2008 

44 Baillieu 

St, Point 

Lonsdale 

Trapped T. vulpecula  Male 
Mature 

adult 
3.25kg 

Blood (serum), 

buccal swab, 

faeces, nasal 

swab, urine 

Negative 
Good body condition, a few scars 

on shoulders 

29 956000001075498 18/11/2008 

Cnr 

Boorkes 

and 

Killearn 

Trapped T. vulpecula  Female 

Mature 

adult with 

est 1 mo 

pouch 

young 

2.43kg 

Blood (serum), 

buccal swab, 

faeces, nasal 

swab, urine 

Negative 
Good body condition, no external 

lesions 

30 978000001513222 19/11/2008 

9 Baillieu 

St, Point 

Lonsdale 

Trapped P. peregrinus  Male Juvenile 200g 

Nasal swab, 

buccal swab, 

cloacal swab 

Negative 
Good body condition, no external 

lesions 

30 978000001513222 12/07/2009 

8 Baillieu 

St Point 

Lonsdale 

Trapped P. peregrinus  Male 
Young 

Adult 
710g 

Blood (serum), 

buccal swab, 

faeces, nasal 

swab toe 

wound 

Positive: 

Faeces Ct 

32, Toes 

lesion Ct 34 

Good body condition, lesion on left 

front paw on toe. Radio collar fitted 

31 978000001547276 19/11/2008 

Middle 

Brooks 

trap 

Trapped P. peregrinus  Female 
Mature 

adult 
720g 

Blood (serum), 

buccal swab, 

faeces, nasal 

swab 

Negative 
Good body condition, no external 

lesions 

32   19/11/2008 

Cnr Ocean 

and 

Winterley 

Hand capture P. peregrinus  Female 
Mature 

adult 
920g 

Blood drop on 

swab, cloacal 

swab, buccal 

swab, nasal 

swab 

Positive Gut 

contents, 

nasal and 

tail lesions - 

see necropsy 

data 

Lesions on nose and tail, front paws 

both very swollen, lips and face 

swollen. Euthanased on humane 

grounds, body submitted for full 

necropsy by CMcC 

33 978000001511469 23/02/2009 44 Baillieu Trapped T. vulpecula  Male Young 2.75kg Blood (serum), Negative Good BCS, no lesions 
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Possum 

Number 
Microchip Number 

Date of 

processing 

Trapping 

site 

Method of 

capture  
Species Sex 

Approxi

mate age 

Body 

weight 
Samples PCR results Comments 

St, Point 

Lonsdale 

Adult buccal swab, 

cloacal swab, 

nasal swab, 

urine 

34 978000001509214 23/02/2009 

2 Laker 

Dve, Point 

Lonsdale 

Trapped T. vulpecula  Female Adult 2.68kg 

Blood (serum), 

buccal swab, 

faeces, nasal 

swab 

Negative Good BCS, no lesions 

35 978000001515254 25/02/2009 

24 Albert 

St, Point 

Lonsdale 

Trapped T. vulpecula  Male Juvenile 1.81kg 

Blood (serum), 

buccal swab, 

faeces, nasal 

swab, urine 

Negative Good BCS, no lesions 

36 978000001545015 25/02/2009 

44 Baillieu 

St, Point 

Lonsdale 

Trapped T. vulpecula  Male Adult 3.25kg 

Blood (serum), 

buccal swab, 

faeces, nasal 

swab 

Negative 
Good BCS, no lesions, swollen 

across bridge of nose, trap related? 

37 978000001513965 25/02/2009 

40 Fellows 

Rd, Point 

Lonsdale 

Trapped T. vulpecula  Female 
Young 

adult 
2.00kg 

Blood (serum), 

buccal swab, 

faeces, nasal 

swab 

Positive: 

Faeces Ct 

37.39 

Good BCS, no lesions 

38 956000008093944 12/07/2009 

15 

Cheshunt 

St, Point 

Lonsdale 

Hand capture P. peregrinus  Female 
Young 

adult 
750g 

Blood (serum), 

buccal swab, 

cloacal swab, 

nasal swab 

Negative 

Poor coat, fur loss on rump with 

some scabbing, some scabbing 

under base of tail (healing), no 

ulcers 

39 956000008094032 12/07/2009 

38 

Cheshunt 

St, Point 

Lonsdale 

Hand capture P. peregrinus  Female Adult 901g 

Blood (serum), 

buccal swab, 

faeces, nasal 

swab, flea 

Negative 
No ulcers, 2 pouch young, good 

body condition 

40 956000008087131 12/07/2009 Cnr Kirk Hand capture P. peregrinus  Female Adult 890g Blood (serum), Negative Good body condition, 3 small pouch 
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Possum 

Number 
Microchip Number 

Date of 

processing 

Trapping 

site 

Method of 

capture  
Species Sex 

Approxi

mate age 

Body 

weight 
Samples PCR results Comments 

and 

Fellows 

buccal swab, 

cloacal swab, 

nasal swab, flea 

young, no ulcers, missing right front 

paw. Fur wear on rump. 

41 956000008097617 12/07/2009 

43 

Glaneuse 

Rd, Point 

Lonsdale 

Hand capture P. peregrinus  Female Adult 900g 

Blood (serum), 

buccal swab, 

faeces, nasal 

swab 

Negative 

Good body condition no ulcers, 

right ear scarred, scar on tail, 2 

pouch young. 

42 956000008088957 12/07/2009 

12 Girvan 

Gve, Point 

Lonsdale 

Hand capture P. peregrinus  Female 
Young 

adult 
890g 

Blood (serum), 

buccal swab, 

faeces, nasal 

swab toe 

wound 

Negative 

Good condition, no ulcers on face 

and ears, front right foot small 

wound 2mm diam, dry and healing, 

healed scar 5 cm from tail tip, 2 

pouch young. 

43 956000008087429 12/07/2009 

33 

Cheshunt 

St, Point 

Lonsdale 

Hand capture P. peregrinus  Male Adult 700g 

Blood (serum), 

buccal swab, 

faeces, nasal 

swab, fleas, 

swab tail lesion 

Negative 
Good condition healing wound 3 

cm from tail tip. 

44 956000008087107 13/07/2009 

2 Girvan 

Grove, 

Point 

Lonsdale 

Trapped T. vulpecula  Male 
Young 

adult 
2.8kg 

Blood 

(EDTA/Serum), 

Buccal swab, 

Faeces, Nasal 

swab 

Negative Good BCS, no lesions 

44 956000008087107 15/11/2009 

2 Girvan 

Grove, 

Point 

Lonsdale 

Trapped T. vulpecula   Male Adult 3kg 

Blood (serum), 

buccal swab, 

faeces, swab of 

toe lesion 

Negative 

faeces and 

buccal swab 

Good body condition, purulent 

lesion on toe of right fore foot, PCR 

neg. Radio-collar fitted. 

45 956000008087019 13/07/2009 

Cnr 

Anderson 

and 

Trapped T. vulpecula  Female Adult 2.62kg 

Blood (serum), 

buccal swab, 

faeces, nasal 

Negative: 

Faeces Ct 

36, but two 

Good BCS, no lesions, pouch young 

Radio collar fitted. 
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Possum 

Number 
Microchip Number 

Date of 

processing 

Trapping 

site 

Method of 

capture  
Species Sex 

Approxi

mate age 

Body 

weight 
Samples PCR results Comments 

Douglas swab further 

extractions 

neg 

46 956000008087085 14/07/2009 

Middle 

Brooks St 

trap 

Trapped P. peregrinus  Male Adult 790g 

Blood (serum), 

buccal swab, 

cloacal swab, 

Faeces, swab of 

toe and r fore 

paw 

Positive: 

Swab of toe 

Ct 31.1, 

Faeces Ct 

26.6, Buccal 

swab, Ct 

32.6 

Good body condition, scars on tail, 

small healing wound on left hind 

toe. 

47 956000008087490 14/07/2009 

Cnr 

Glaneuse 

and 

Golightly 

Hand capture P. peregrinus  Male 
Young 

adult 
820g 

Blood (serum), 

buccal swab, 

faeces, Tail 

lesion 

Positive: 

Tail lesion 

swab Ct 

26.6, Buccal 

Ct 36.3, 

Faeces Ct 

32.4 

Good body condition, swollen, 

ulcerated lesion on tail 15mmx 

15mm, 8 cm from tip. Radio collar 

fitted 

48 956000008036683 14/07/2009 

Qu'appelle 

33 

Glaneuse 

Hand capture P. peregrinus  Female Adult 985g 

Blood (serum), 

buccal swab, 

faeces 

Negative 
Good body condition, 3 pouch 

young, no ulcers, tear on tip of ear. 

49 956000008036458 14/07/2009 

Park at the 

end of 

Douglas P. 

peregrinus, 

Point 

Lonsdale 

Trapped T. vulpecula  Female Adult 2.075kg 

Blood (serum), 

buccal swab, 

faeces, Pouch 

swab, swab toe 

lesion 

Positive: 

Buccal neg, 

lesion Ct 34, 

Pouch Ct 

37.2, Faeces 

Ct 31 (1/5 

dil) 

Good body condition, left front paw 

3rd and 4th toe ulcerated. Radio 

collar fitted 

49 956000008036458 15/11/2009 
9 Douglas 

Crt Point 
Trapped T. vulpecula  Female Adult 2kg 

Blood (serum), 

buccal swab, 

Positive: 

Faeces 

Perhaps a bit thin. Lesion on left 

front paw still present. 
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Possum 

Number 
Microchip Number 

Date of 

processing 

Trapping 

site 

Method of 

capture  
Species Sex 

Approxi

mate age 

Body 

weight 
Samples PCR results Comments 

Lonsdale faeces, pouch, 

toe swab 

Ct35.19 (1/5 

dilution) toe 

Ct 29.89, 

buccal swab 

ND, pouch 

swab ND 

49   JUNE '10 

9 Douglas 

Crt, Point 

Lonsdale 

Trapped T. vulpecula  Female Adult 2.15kg 
Blood cloaca, 

buccal pouch 
ND Lesion healed 

50 956000008019385 15/11/2009 

2 Girvan 

Grove, 

Point 

Lonsdale 

Trapped P. peregrinus  Male Juvenile 340g 

Blood (serum), 

buccal swab, 

faeces 

Negative 

faeces and 

buccal swab 

Old scar on ventral aspect of tail 

16cm from tip. 

51 956000008036265 15/11/2009 

40 Fellows 

Rd, Point 

Lonsdale 

Trapped P. peregrinus  Female Adult 800g 

Blood (serum), 

buccal swab, 

faeces, pouch 

Positive: 

Faeces Ct 

38.47, 

Buccal swab 

ND, pouch 

swab ND 

Good BCS, no lesions 

52 956000008019664 15/11/2009 

27 

Glaneuse 

Rd, Point 

Lonsdale 

Hand capture P. peregrinus  Female Adult ? 

Blood (serum), 

buccal swab, 

faeces, pouch 

Negative 

faeces, 

pouch and 

buccal 

swabs 

Good BCS, no lesions, two pouch 

young. 

53 956000008036609 15/11/2009 

31 

Glaneuse 

Rd, Point 

Lonsdale 

Hand capture P. peregrinus  Male Adult 925g 

Blood (serum), 

buccal swab, 

faeces 

Negative Good BCS, no lesions 

54 956000008019443 15/11/2009 12 Bailey Hand capture P. peregrinus  Female Young 740g Buccal swab, Negative Good BCS, no lesions 
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Possum 

Number 
Microchip Number 

Date of 

processing 

Trapping 

site 

Method of 

capture  
Species Sex 

Approxi

mate age 

Body 

weight 
Samples PCR results Comments 

St, Point 

Lonsdale 

adult Pouch swab, 

Faeces, 

caecotroph  

faeces, 

caecotroph 

inh, buccal 

and pouch 

swabs ND 

55 956000008036353 15/11/2009 

26 

Golightly 

St, Pint 

Lonsdale 

Hand capture P. peregrinus  Male Adult 900g 

Blood (serum), 

buccal swab, 

faeces 

Negative 

faeces, and 

buccal swab 

Good BCS, scar on ventral surface 

of tail 

56 956000008036193 15/11/2009 

38 

Cheshunt 

St, Point 

Lonsdale 

Hand capture P. peregrinus  Male Adult 850g 

Blood (serum), 

buccal swab, 

faeces, Tail 

lesion 

Negative 

faeces and 

buccal swab 

Lean body weight, small lesion on 

tail tip. 

58 956000002226049 16/11/2009 

Cnr 

Bedgegood 

and Jordan  

Hand capture P. peregrinus  Male Juvenile 405g 

Blood (serum), 

buccal swab, 

faeces 

Negative 

faeces and 

buccal swab 

Good BCS, no lesions 

59 9560000232060 16/11/2009 
Opp 1 

Brookes  
Trapped P. peregrinus  Female Adult 680g 

Blood (serum), 

buccal swab, 

faeces, pouch 

Positive: 

Faeces Ct 

34.04, 

caecotroph 

31.32, 

buccal swab 

35.47 pouch 

swab ND 

Good BCS, no lesions 

60 956000002233901 17/11/2009 

16 

Lockwood 

St 

Hand capture P. peregrinus  Male Adult 790g 

Blood (serum), 

buccal swab, 

cloacal swab, 

faeces 

  Good BCS, no lesions 
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Possum 

Number 
Microchip Number 

Date of 

processing 

Trapping 

site 

Method of 

capture  
Species Sex 

Approxi

mate age 

Body 

weight 
Samples PCR results Comments 

61   17/11/2009 

14 

Lockwood 

St 

Hand capture P. peregrinus  Male Adult 790g   

Positive: 

Faeces Ct 

22.62, 

stomach 

contents 

24.35, SI 

22.71, 

caecum 

25.89 1/5 

dil, LI Ct 

25.68 1/5 

dil, liver Ct 

30.35, Liver 

lesion Ct 

29.39, tail 

lesion swab 

Ct 18.63, 

kidney 31.62 

spleen 32.91 

Multiple lesions on tail, nose, 

forelimbs and lower lip. Euthanased 

on humane grounds, body submitted 

for full necropsy by CMcC? 
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Possum 

Number 
Microchip Number 

Date of 

processing 

Trapping 

site 

Method of 

capture  
Species Sex 

Approxi

mate age 

Body 

weight 
Samples PCR results Comments 

62   18/01/1904 

15 

Lockwood 

St 

Hand capture P. peregrinus  Female Adult 900g   

Positive: 

Faeces Ct 

22.28, 

29.92, 

caecotroph 

23.55 

Cloacal 

swab Neg, 

tail lesion 

swab Ct 

22.94, 

Pouch swab 

Ct 34, eye 

lesion 32.16, 

Buccal Ct 

26.39, Nasal 

lesion swab 

20.08, 

Spleen Ct 

31.47 lung 

29.45, 

caecal 

contents CT 

23.29, 

stomach 

contents 

24.12, faecal 

pellets necr 

Ct 22.39, 

Multiple ulcerative lesions. 

Euthanased on humane grounds, 

body submitted for full necropsy by 

CMcC? 
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Possum 
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Microchip Number 
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processing 

Trapping 

site 

Method of 

capture  
Species Sex 

Approxi

mate age 

Body 

weight 
Samples PCR results Comments 

kidney 

35.51, liver 

28.91, ST 

contents 

27.39, liver 

lesion 28.07, 

LI contents 

23.36, 

Positive: 

Faeces Ct 

22.09,29.92, 

cloacal swab 

ND 

caecotroph 

23.55, pouch 

swab 34, eye 

lesion swab 

32.16, 

buccal swab 

26.39, nasal 

lesion swab 

20.08,25.09. 

buccal swab 

ND, forearm 

lesion swab 

23.09, lip 

lesion swab, 

22.15 

63 956000002230437 7/04/2010 Cnr Hand capture P. peregrinus  Female Adult 910g Faecal sample, Negative Good BCS, no lesions 
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Number 
Microchip Number 

Date of 

processing 

Trapping 

site 

Method of 

capture  
Species Sex 

Approxi

mate age 

Body 

weight 
Samples PCR results Comments 

Killearn 

and 

Lockwood 

buccal, cloacal 

64 956000002325516 7/04/2010 
13 

Lockwood 
Hand capture P. peregrinus  Male Adult 900g 

Tail swab, 

buccal and 

cloacal, no 

faeces 

Positive: 

Tail Ct 

27.12, 

buccal Ct 

39.13, neg 

cloacal 

Tail lesion?? Radiocollar fitted 

found dead in July kept frozen with 

maggots M. ulcerans-positive. 

65 No chip 8/04/2010 

Cnr Gill 

Rd and 

Fellows Rd 

Trapped T. vulpecula  Male Juvenile 2.0kg 

Tail swab, 

buccal and 

cloacal 

Negative Good BCS, no lesions 

66 956000002240177 8/04/2010 

Cnr 

Brookes 

and 

Killearn 

Hand capture P. peregrinus  Female Adult 780g 

Tail swab, 

buccal and 

cloacal 

Negative Good BCS, no lesions 

57a 956000008035963 15/11/2009 

38 Ocean 

Road, 

Point 

Lonsdale 

Hand capture P. peregrinus  Female Adult 855g 

Blood (serum), 

buccal swab, 

pouch swab, 

nasal swab, tail 

lesion swab, ear 

lesion swab, 

Faeces 

Positive: 

Pouch Ct 

30.63, 

Buccal Ct 

31.11, Nasal 

swab Ct 

33.84, Tail 

lesion swab 

Ct 20.61, 

Ear lesion 

swab Ct 

16.31, 

faeces Ct 

Large swollen lesion on tail, 

necrotic ulcer on right ear. 
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Microchip Number 
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processing 

Trapping 

site 

Method of 

capture  
Species Sex 

Approxi

mate age 

Body 
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Samples PCR results Comments 

24.19 

57b 956000002245182 16/11/2009 

Gill Rd, 

Point 

Lonsdale 

Trapped T. vulpecula  Male Adult 2.875kg 

Blood (serum), 

buccal swab, 

faeces 

Negative 

faeces, 

buccal swab 

ND 

Good BCS, no lesions 

67   1-Jun Pelham Trapped T. vulpecula  Male Adult 2.2kg 
Blood, buccal 

swab, faeces 
ND No lesions 

68   July '10 Laker Trapped P. peregrinus  Female Juvenile 450g No samples   Thin body condition, no lesions 

69   July '10 Laker Trapped P. peregrinus  Female Adult 805g 

Faeces, buccal 

swab, Pouch 

swab 

ND No lesions 

 
Key: April '10 trapping Feb '08 trapping Feb '09 trapping July '08 trapping July '09 trapping June '08 trapping Nov'08 trapping Nov'09 trapping June’'10 trapping July'10 trapping 
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Appendix V – Department of Primary Industries protocol for isolation of 
Mycobacterium avium subsp. paratuberculosis utilised for the culture of possum faeces 
sample in Chapter 2 
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Appendix VI – Animal ethics approval for the use of feline biopsy tissues 
 

 




