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The Leadbeater’s possum (Gymnobelideus leadbeateri) is a critically endangered marsupial in south-eastern
Australia. Among other conservation efforts, free-ranging animals in the two remaining geographically sepa-
rate populations (highland and lowland) have been extensively studied; however, little is known about their

23;?:2 Alarioidea health and mortality. Although some wild populations are frequently monitored, cadavers are rarely recovered
Microﬁlalr) i.ae for post mortem examination. In June 2019, a recently deceased, wild, adult male lowland Leadbeater’s possum

was collected from a nest box and a comprehensive post mortem examination was conducted. Microfilariae of a
filarioid nematode were observed in testes, liver, lung and skin samples in tissue impression smears and upon
histopathological examination. No gross or histological changes were seen associated with the parasites, except
for a focal area of tissue damage in the skin, suggesting that the possum is a natural host. Using a PCR-coupled
sequencing method the filarioid was identified as a species of Breinlia. Species of Breinlia occur in other

Australian marsupials and rodents.

1. Introduction

The Leadbeater’s possum (Gymnobelideus leadbeateri) is a critically
endangered marsupial with a restricted geographical distribution in
south-eastern Australia. Two genetically distinct populations, highland
and lowland, are recognised (Hansen et al., 2009). The population of
highland possums is found in montane ash forests and subalpine
woodlands in the Central Highlands of Victoria (Department of Envi-
ronment, Land, Water & Planning, 2014). The last extant population of
lowland possums inhabits a remnant swamp forest habitat in Yellingbo
Nature Conservation Reserve (Smales, 1994; Harley et al., 2005). Listed
as critically endangered since 2005 (Harley, 2016), Leadbeater’s pos-
sums continue to be vulnerable to fire and anthropogenic changes,
including the long term legacy of logging (Lindenmayer et al., 1991).
Small family colonies of Leadbeater’s possums build woven bark-strip
nests in multiple tree hollows in mature trees (>190 years of age)
which are a critically scarce resource across much of the species range
(Smith and Lindenmayer 1988; Lindenmayer et al., 2012). Conservation

measures for this species include habitat protection, revegetation, nest
box provision and translocation, in order to maintain breeding habitat
and facilitate population genetic diversity and growth (Harley, 2016).
The lowland possum population has declined to <40 individuals; a ge-
netic rescue programme is presently underway that involves the for-
mation of mixed lowland-highland pairs in captivity to alleviate
inbreeding in the lowland population (Zilko et al., 2020).

Morbidity and mortality predilections in free-ranging Leadbeater’s
possums are not known, and cadavers of adults from wild populations
have not previously been studied (Booth, 1995; Lynch, 2012). There is
some knowledge of ectoparasites of wild Leadbeater’s possums based on
a study of live animals examined during conservation efforts (Linden-
mayer et al., 1994). The 1994 study and an earlier investigation (Dunnet
and Mardon, 1974; Lindenmayer et al., 1994; C. Steventon et al. unpubl
data) found mites (including Haemolaelaps anticlea sp. n. and Haemo-
laelaps cleptusa sp. n.), a tick (Ixodes tasmani) and fleas (including Cho-
ristopsylla tristis, Acanthopsylla rothschildii sp., Stephanocircus domrowi
and Wurunjerria warnekei).
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Fig. 1. Photomicrographs of microfiliariae (arrows) in longitudinal orientation in impression smears of tissues of an aged, adult male Leadbeater’s possum. (A) Lung.
D-Q stain ( x 40 magnification). (B) Lung. D-Q stain ( x 40 magnification). (C) Testis. D-Q stain ( x 40 magnification). Scale-bar indicates 100 ym.

Previous records of endoparasites are few. In 2015, a lowland
Leadbeater’s possum died from a respiratory illness soon after collection
from lowland habitat and introduction to the captive breeding program;
histopathological examination of lung tissue by electron microscopy
suggested that a protozoan parasite was involved (proposed was a spe-
cies of Plasmodium) (Scheelings et al., 2016). In a necropsy report from
1977, a filarioid nematode was reported in granulomatous lesions in the
liver of a captive highland possum, but no further investigation was
undertaken. In this study, we examined tissues from a recently deceased,
adult male lowland Leadbeater’s possum found in a nestbox. Molecular
approaches were used to characterise and identify a filarioid nematode
of the genus Breinlia in a lung sample from this individual.

2. Materials and methods
2.1. Signalment and history

In June 2019, a male lowland Leadbeater’s possum was found
deceased in a nest box during annual population monitoring in Yellingbo
Nature Conservation Reserve (37° 51’ S, 145° 29’ E; c¢. 110 m asl),
located ~50 km east of Melbourne, Victoria, Australia. The reserve in-
cludes ~640 ha of riparian forest and swamp forest, extending along
four watercourses — the Woori Yallock, Sheep Station, Macclesfield and
Cockatoo Creeks. This location receives ~1100 mm of rainfall annually.
Daily mean temperatures fluctuate from 13.6 °C in winter to 25.6 °C in
summer.

This population has been monitored intensively since 1996. The
male individual in this study was first captured in May of 2010 as a
young adult of 18-24 months of age. During 2017-2018, when he was
>9 years of age, he had been observed to have alopecia and a dermatitis-
like lesion along his dorsum and tail. The possum was estimated to be 11
years of age at the time of death, the oldest longevity reported for a wild
Leadbeater’s possum.

2.2. Post mortem examination

Upon discovery, the cadaver was immediately transported at
ambient temperature from the field to the Australian Wildlife Health
Center, Healesville Sanctuary, Zoos Victoria, Australia, for post mortem
examination. Impression smears of lung, spleen and testicle were
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performed and stained routinely with Diff Quik (Australian Biostain,
Victoria, Australia). Representative tissue samples of all viscera and skin
were stored in 10% neutral-buffered formalin and submitted for histo-
pathological examination (Gribbles Veterinary Pathology). These tissues
were embedded in paraffin, sectioned at 5 pm and stained with hae-
matoxylin and eosin. Additional sections of lung, brain, liver and spleen
were collected and stored individually at —20 °C. This stored lung tissue
was subsequently subjected to molecular investigation.

2.3. Molecular analyses

PCR-coupled sequencing was used for the molecular identification of
nematode larvae observed in lung tissue. First, total genomic DNA was
isolated from frozen lung tissue containing such larvae; ~0.2 g of tissue
was placed in 400 pl of extraction buffer (20 mM Tris—HCI [pH 8.0], 100
mM EDTA, and 1% SDS) and 20 pl of proteinase K 20 mg/ml (Promega,
WI, USA) overnight and mini-column purification (Wizard DNA Clean-
Up Promega, WI, USA), and eluted into 50 pl of Hy0. Subsequently, 2
pl of this DNA sample were subjected to PCR, targeting 830 bp of the
small subunit of the nuclear ribosomal RNA gene (SSU) (cf. Lefoulon
et al., 2015) employing primers F18ScF1 (forward: 5'- ACC GCC CTA
GTT CTG ACC GTA AA -'3) and F18ScR1 (reverse: 5'- GGT TCA AGC CAC
TGC GAT TAA AGC -'3) using the following cycling protocol: 94 °C for 5
min (initial denaturation), followed by 35 cycles of 94 °C for 30 s
(denaturation), 58 °C for 45 s (annealing) and 72 °C for 1 min (exten-
sion), with a final extension of 72 °C for 5 min. A second nested-PCR
assay targeting 650 bp of the mitochondrial cytochrome ¢ oxidase 1
gene (cox1) employing primers FColextdF1 (forward: 5'- TAT AAT TCT
GTT YTD ACT A -/3) and FColextdR1 (reverse: 5'- ATG AAA ATG AGC
YAC WAC ATA A -'3) in the primary PCR (Lefoulon et al., 2015) and
primers COIlintF (forward: 5'- TGA TTG GTG GTT TTG GTA A -'3) and
COIintR (reverse: 5'- ATA AGT ACG AGT ATC AAT ATC -'3) in the sec-
ond PCR (Casiraghi et al., 2001). Both PCRs employed the following
cycling protocol: 94 °C for 5 min (initial denaturation), followed by 35
cycles of 94 °C for 30 s (denaturation), 52 °C for 45 s (annealing) and
72 °C for 1 min (extension), with a final extension of 72 °C for 5 min. All
PCRs were conducted in a volume of 50 pl containing GoTagq Flexi buffer
(Promega, WI, USA), 3.0 mM of MgCl,, 200 pM of each deoxynucleotide
triphosphate, 25 pmol of each primer and 1 U of GoTaq DNA polymerase
(Promega, WI, USA).
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KP760170 Breinlia jittapalapongi, Asian house rat, Laos
MT754705 Breinlia (Johnstonema) annulipapillata, Human, Australia
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KP760203 Onchocerca dewittei japonica
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Fig. 2. Relationship of the novel Breinlia sp. Taxon (bold-type) from the lung of the Leadbeater’s possum with members of the Onchocercidae, established by
phylogenetic analysis of small subunit of nuclear ribosomal RNA gene (SSU) sequence data employing the Bayesian method. Posterior probabilities are indicated at

nodes. Mastophorus muris was used as an outgroup.

Known test-positive (Onchocerca volvulus DNA), test-negative and no-
template controls were included in each PCR run. The intensity and size
of all amplicons were assessed by agarose electrophoresis. PCR products
were sequenced bi-directionally using a standard protocol, and the SSU
(712 bp) and cox1 (662 bp) sequences obtained were separately aligned
with reference sequences representing distinct filarioid species and
Mastophorus muris as the outgroup obtained from the National Center for
Biotechnology Information (NCBI) database. Sequences were aligned
using the program MUSCLE (Edgar, 2004), and alignments adjusted
manually using the program Mesquite v.3.61 (Maddison and Maddison,
2015). Phylogenetic analyses of sequence data were conducted by
Bayesian inference (BI) using Monte Carlo Markov Chain analysis in the
program MrBayes v.3.2.6 (Ronquist et al., 2012). The likelihood pa-
rameters set for BI analyses of sequence data were based on the Akaike
Information Criteria test in IQ-TREE v.2 (Minh et al., 2020), with the
number of substitutions (Nst) set at 2 with no rate variation across sites
for SSU and (Nst) set at 6 and an invariant gamma-distribution for cox1.
Posterior probability (pp) values were calculated by running 2,000,000
generations with four simultaneous tree-building chains. Trees were
saved every 100th generation. At the end of each run, the standard
deviation of split frequencies was <0.01, and the potential scale
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reduction factor approached one. For each analysis, a 50% majority rule
consensus tree was constructed based on the final 75% of trees generated
by BI. Analyses were run three times to ensure convergence and insen-
sitivity to priors. The sequences are available from GenBank (NCBI)
under accession nos. MT731343 (SSU) and MT724666 (cox1).

3. Results
3.1. Pathological findings

At gross necropsy, the carcass was emaciated, weighed 84 g and had
moderate to marked autolysis. The teeth had age-related attrition. Su-
perficial dermatitis, with alopecia and crusting, was evident, particu-
larly along the dorsum. Dry scabs were present on the feet and left dorsal
scapular regions and were consistent with conspecific aggression.

Cytology of the impression smears from the lung (Fig. 1A and B)
revealed limited to moderate nucleated cellularity with poor cellular
preservation, and an abundant background of blood cells and bacteria
(the latter being interpreted as post mortem overgrowth). Numerous
microfilariae of up to 180 pm in length and 15 pm in width, with a
rounded anterior end and a tapering tail, were identified in the smears.
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Fig. 3. Relationship of the novel Breinlia sp. Taxon (in bold-type) from lung tissue from the Leadbeater’s possum with members of the Onchocercidae, established by
phylogenetic analysis of cytochrome c oxidase subunit 1 (cox1) sequence data employing the Bayesian method. Posterior probabilities are indicated at nodes.

Mastophorus muris was used as an outgroup.

Similarly, testicular smears were moderately cellular with poor cellular
preservation and occasional microfilariae (Fig. 1C).

The interpretation of histological findings was hindered by tissue
autolysis. Intravascular microfilaria were present in the lung and liver,
and were not associated with inflammation or tissue damage. One sec-
tion of skin had a focal area of subcutaneous tissue damage with an
embedded portion of a microfilaria. Within the lumen of scattered hair
follicles were occasional cross-sections of Demodex parasites. There was
no discernible, associated follicular inflammation. A small focus of bile
duct hyperplasia was detected in the liver.

3.2. Molecular identification of a filarioid of the genus breinlia

The 712 bp SSU sequence obtained from the lung DNA sample
matched (over 700 bp) with reference sequences for the filarioid nem-
atodes Breinlia mundayi and had 99% (711/712) identity with sequences
representing Breinlia (Johnstonema) annulipapillata (GenBank accession
nos. JF934735 and MT752937). The 662 bp of the cox1 sequence ob-
tained had a 92% (552/603 bp) match to Breinlia jittapalapongi and 91%
(601/659 bp) match to B. (J.) annulipapillata (accession nos. KP760170
and MT754705; no cox1 gene sequence of B. mundayi was available in
the GenBank database).

The phylogenetic tree constructed using SSU sequence data for
representative filarioid nematodes and the spiruroid Mastophorus muris
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as an outgroup (Fig. 2) showed a well-supported branch with the filar-
ioid from the Leadbeater’s possum B. mundayi and B. (J.) annulipapillata
grouping with B. jittapalapongi. Similarly, for the cox1 tree (Fig. 3), the
filarioid sequence from this possum grouped on a strongly-supported
branch with B. jittapalapongi and B. (J.) annulipapillata.

4. Discussion

Using molecular approaches, this study has confirmed the presence
of Breinlia species in a Leadbeater’s possum. Microfilariae were detected
in multiple tissues, but could not be identified conclusively to the genus
or species level using histological and cytological methods. Identifica-
tion to the genus level was achieved using a combined PCR-sequencing
and phylogenetic technique. Specific identification was not possible due
to scant sequence data for Breinlia species in the GenBank database.
Comparisons could only be made to three species of Breinlia, specifically
B. jittapalapongi from an Asian house rat (Rattus tanezumi) from Laos
(Lefoulon et al., 2015), B. (J.) annulipapillata from the eye of a human in
Queensland, Australia (thought to relate to the zoonotic transmission
from a macropodid marsupial) (Koehler et al., 2021) and B. mundayi
from a swamp wallaby (Wallabia bicolor) from New South Wales,
Australia (Laetsch et al., 2012). Based on the results from the phyloge-
netic analysis of SSU and cox1 sequence data, we could confidently
assign this parasite to the genus Breinlia (Fig. 3 and 4).
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Twenty-two species of the genus Breinlia, subgenus Breinlia, are
known from monotreme, marsupial and rodents hosts in Australia and
Papua New Guinea, five species from a sciurid and rodent hosts in South
East Asia, and two species from a sciurid and a lorisid host in India
(Spratt, 2011; Veciana et al., 2015). Host specificity is highly variable as
exemplified by species common to possums, kangaroos and wallabies in
Australia, and rodents and other hosts in South East Asia. Filarioid
nematodes occurring in Australasian hosts include a number of species
of Breinlia, as well as other genera, occurring in the possum families
Petauridae, Pseudocheiridae and Phalangeridae (Spratt, 2011).

Minimal pathology was associated with the presence of microfilariae
in this possum specimen, despite his geriatric age, concurrent demodi-
cosis and a history of chronic dermatitis, which could otherwise indicate
a compromised immune status (Mueller et al., 2020). The cause of death
of this individual is unknown, but was likely age-related. Historical
necropsy records from 1977 from the Melbourne Veterinary School
(Presidente, 1977) describe a granulomatous reaction surrounding small
filarioids in the liver and a sectioned filarioid in diseased cardiac muscle
from a highland Leadbeater’s possum kept in captivity with sugar gliders
in Blackburn, Victoria, Australia. Whether this was the same species of
filarioid as detected here is unknown.

Previously reported pathological changes associated with species of
Breinlia in marsupials are variable. A report of B. oweni in a koala re-
ported only that the parasite was located in the peritoneal cavity (Spratt,
2011). Breinlia pseudocheiri has been identified within the peritoneal and
pleural cavities in a diverse range of host species belonging to the pos-
sum families Petauridae, Pseudocheiridae and Phalangeridae (Spratt,
2011). Sullivan (in Spratt, 2011) reported that this species in
P. peregrinus was associated with host inflammation, including endo-
thelial hypertrophy, perivascular lymphocytic cuffing, meningoen-
cephalitis, and suggested that neurotropism may be a feature of this
parasite. This was not apparent in the present case. A single subcu-
taneous lesion associated with microfilariae of this filarioid concurs with
existing knowledge that members of this nematode group elicit cuta-
neous lesions to attract potential arthopod intermediate hosts to eggs or
larvae (Anderson, 1992). Other pathological changes were not observed
here, although the degree of autolysis in the tissues from this possum
may have masked subtle histological changes.

Four species of Breinlia are known to use species of Aedes mosquitoes
as intermediate hosts (Spratt, 2011). The swamp habitat of the lowland
Leadbeater’s possum may facilitate mosquito-borne parasitism, as was
suggested previously for a protozoan infection in a lowland individual
(Scheelings et al., 2016). The limited pathological changes seen at
necropsy suggests that infection with Breinlia sp. May not cause signif-
icant disease in this possum species. The conservation strategy for the
lowland Leadbeater’s possum relies on translocation of the species to
new localities, coupled with gene-pool mixing with highland individuals
to allieveate inbreeding. Where possible, disease-screening of trans-
located animals should include microscopic examination and, ideally,
the molecular testing of blood samples. As only three species of Breinlia
have been genetically characterised to date (Laetsch et al., 2012;
Lefoulon et al., 2015; Koehler et al., 2021), future molecular studies are
needed to characterise more congeners by their SSU and cox1 sequences.
This would assist in understanding the taxonomy and phylogentic re-
lationships of the genus Breinlia.
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