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The common brushtail possum (Trichosurus vulpecula) is one of the most abundant native marsupials in
urban Australia, having successfully adapted to utilize anthropogenic resources. The habituation of possums
to food and shelter available in human settlements has facilitated interaction with people, pets, and zoo
animals, increasing the potential for transmission of zoonotic Cryptosporidium pathogens. This study sought to
examine the identity and prevalence of Cryptosporidium species occurring in possums adapted to urban settings
compared to possums inhabiting remote woodlands far from urban areas and to characterize the health of the
host in response to oocyst shedding. Findings indicated that both populations were shedding oocysts of the
same genotype (brushtail possum 1 [BTP1]) that were genetically and morphologically distinct from zoonotic
species and genotypes and most closely related to Cryptosporidium species from marsupials. The urban
population was shedding an additional five Cryptosporidium isolates that were genetically distinct from BTP1
and formed a sister clade with Cryptosporidium parvum and Cryptosporidium hominis. Possums that were
shedding oocysts showed no evidence of pathogenic changes, including elevated levels of white blood cells,
diminished body condition (body mass divided by skeletal body length), or reduced nutritional state, suggesting
a stable host-parasite relationship typical of Cryptosporidium species that are adapted to the host. Overall,
Cryptosporidium occurred with a higher prevalence in possums from urban habitat (11.3%) than in possums
from woodland habitat (5.6%); however, the host-specific nature of the genotypes may limit spillover infection
in the urban setting. This study determined that the coexistence of possums with sympatric populations of
humans, pets, and zoo animals in the urban Australian environment is unlikely to present a threat to public

health safety.

Cryptosporidium is a genus of protozoan parasite that causes
enteric disease in a range of vertebrates with potentially fatal
consequences for young or immunocompromised individuals
(17). While most species within the Cryptosporidium genus
exhibit strong adaptation to the host (55), eight Cryptospo-
ridium species and genotypes from animals (C. parvum, C.
meleagridis, C. suis, C. baileyi, C. canis, C. felis, C. muris, and
the cervine genotype) have zoonotic capacity and present a
public health risk (8, 33, 41). To assess the threat of spillover
infection, a growing number of studies have characterized
Cryptosporidium species circulating in wildlife populations. To
date, most studies have focused on rodents (5, 9, 13) and a
range of animals that, by inhabiting natural watersheds, pose a
risk of contaminating human drinking water supplies (2, 22, 31,
34, 36, 58). In contrast, few studies have investigated the epi-
demiology of Cryptosporidium in wildlife that live directly at
the interface of urban settlements, despite their coexistence
with high densities of humans and domestic pets, a situation
that has proven conducive to spillover infection of a number of
zoonotic pathogens (10, 14, 24, 27). With urbanization of nat-
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ural landscapes intensifying worldwide, characterization of
Cryptosporidium occurring in urban wildlife may be an impor-
tant step to identify new reservoirs for the parasite that pose a
threat to public health safety.

The common brushtail possum (Trichosurus vulpecula) is
one of the most abundant and widespread native marsupial
species in urban Australia. Possums have flourished in urban
areas by adapting their diet to include food scraps and garden
plants found in abundance in residential areas, public parks,
botanic gardens, and metropolitan zoos. These aspects of pos-
sum ecology have promoted interaction with humans, domestic
pets, and other introduced animals, facilitating the transmis-
sion of zoonotic pathogens, such as Toxoplasma gondii (15, 23)
and Leptospira spp. (16); however, there has been no system-
atic investigation of Cryptosporidium in urban-environment-
adapted possums. Studies of other marsupials have identified
host-adapted Cryptosporidium species and genotypes, including
Cryptosporidium fayeri from the red kangaroo (Macropus rufus)
(40), Cryptosporidium macropodum from the eastern gray kan-
garoo (Macropus giganteus) (35), and opossum genotypes I and
II from the Virginia opossum (Didelphis virginiana) (55). Re-
cent species description of C. fayeri has classified opossum
genotype I as a subtype belonging to the species (40). How-
ever, natural infection of captive bilbies (Macrotis lagotis) (49)
with C. muris from the domestic mouse Mus musculus is evi-
dence that conditions which place marsupials in close proxim-
ity to nonnative animal hosts can promote transmission of
introduced Cryptosporidium species. Examination of possums
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that cohabitate with an array of nonnative animals and humans
in an urban environment offers an ideal scenario to assess the
potential of marsupials to act as a host for Cryptosporidium
with zoonotic capacity.

The primary aim of this study was to determine the preva-
lence and identity of Cryptosporidium isolates from common
brushtail possums that live at high density at the urban inter-
face. This study also sought to characterize changes in host
physiology associated with shedding of Cryptosporidium oocysts
to gain insights into the pathogenicity of the host-parasite
relationship and ultimately the level of host adaptation of the
parasite. Finally, this study aimed to clarify whether the con-
ditions of urbanization promote heightened transmission of
Cryptosporidium among the possum population compared to a
population that inhabited native, woodland habitat, remote
from urban areas. These findings were used to assess the ca-
pacity of urban-environment-adapted possums to act as a res-
ervoir host for Cryptosporidium spp. of public health signifi-
cance.

MATERIALS AND METHODS

Study sites. The principal study area was Taronga Zoo (33°50’S 151°14'E) and
adjacent residences in the northern Sydney suburb of Mosman, Australia. The
zoo is inhabited by an abundant, free-ranging common brushtail possum popu-
lation that forage nightly on leftover foodstuffs in the animal exhibits, anthro-
pogenic food from waste bins, and plants in the zoo gardens. Also included in the
“urban” field site were the properties of Mosman residents who lived in prox-
imity to the zoo (<1 km) and had experienced possum activity. Preliminary
estimates suggested possums inhabiting this urban area achieved a population
density of 5.03 ha™!, one of the highest recorded in Australia (N. J. Hill and
E. M. Deane, unpublished data). For comparison, trapping took place at a
nonurban site located within Jenolan Caves Reserve Trust land, Blue Mountains,
Australia (33°48'S 125°29'E). The reserve was characterized by eucalyptus wood-
land and was inaccessible to the public. The site was bound by fencing to prevent
incursion by feral cats and foxes and protect the endangered brush-tailed rock
wallaby (Petrogale penicillata) that inhabited the reserve. Ethics approval for this
project was obtained from the Macquarie University Animal Ethics Committee
(2004/16), the Zoological Parks Board of New South Wales Animal Care and
Ethics Committee (4¢/08/04), and the New South Wales Department of Envi-
ronment and Climate Change (S11107).

Trapping and fecal collection. At the urban site, trapping was performed on a
monthly basis between March 2005 and November 2006 (20 trapping surveys). At
the woodland site, the remote location limited trapping to November 2005, May
2006, and October 2006 (3 trapping surveys). All possums were permanently
implanted with a passive integrated transponder (Microchips Australia, Victoria,
Australia) to enable identification of recaptured animals. Recaptured possums
were included in the survey if the time since original capture exceeded 3 months
(to avoid pseudoreplication). Fecal samples were collected directly from the
floor of the traps. In total, 221 samples were collected from 133 individual
possums in urban habitat and 39 samples were collected from 18 individual
possums in woodland habitat.

Health assessment. Possums were anesthetized with 5% isoflurane in oxygen
via a face mask prior to the health assessment. Age was estimated from the
degree of molar tooth wear (51) and then pooled into two groups, juveniles
(tooth wear score of =2) and adults (tooth wear score of >3) corresponding to
sexual maturity. Body condition (BC) was calculated by dividing body mass (BM)
by the skeletal body length (BS) of possums (BC = BM/BS). Skeletal body length
was measured from the tip of the nose to the cloaca, while body mass was
measured on electronic scales to the nearest gram. This method provided an
estimate of body condition previously validated for the closely related mountain
brushtail possum, Trichosurus caninus (47). Approximately 5 ml of blood was
drawn from the lateral tail vein and distributed between two vacuette tubes
(Interpath Services, Sydney, Australia), one tube lined with EDTA for hematol-
ogy analysis and a serum clot activator tube for biochemistry analysis. After the
blood clotted, the serum clot activator tube was centrifuged at 200 X g for 10 min,
and the serum was transferred to a microtube. All testing was conducted at
Pacific Laboratory Medicine Services (New South Wales, Australia) as previ-
ously described (29) within 72 h of blood collection.
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Sample purification and DNA extraction. Fecal samples were concentrated
using immunomagnetic separation (IMS) as previously described (37). In brief,
a fecal slurry was mixed with paramagnetic beads conjugated with Cry104 (50),
a monoclonal antibody that targets the Cryptosporidium oocyst wall (BTF Aus-
tralia, Sydney, Australia). The resulting bead-oocyst complex was separated from
the fecal debris by magnetic concentration, and the beads were resuspended in
sterile water. DNA extraction was performed directly on the bead-oocyst com-
plex using the FastDNA spin kit for soil (MP Biomedicals, Sydney, Australia)
with minor modifications to the manufacturer’s instructions to optimize DNA
yield (57).

PCR screening at 18S rRNA locus. DNA samples were screened using a
previously published nested PCR (54) with minor modifications. The primers
5'-AACCTGGTTGATCCTGCCAGTAGTC-3' (52) and 5'-CCCATTTCCTTC
GAAACAGGA-3' (54) were used to generate a 1,410-bp product, and primers
5'-AAGGAAGGCAGCAGGCG-3' (this study) and 5'-AAGGAGTAAGGAA
CAACCTCCA-3' (54) were used to obtain a 590-bp product. Each primary PCR
mixture contained 1 U of RedTaq polymerase (Integrated Sciences, Sydney,
Australia), 6 mM MgCl,, 1X PCR buffer, 200 uM (each) deoxyribonucleotide
triphosphate, 100 nM (each) forward and reverse primer, bovine serum albumin
at 50 wg/PCR mixture, and sterile water up to a final volume of 25 pl. The
secondary PCR mixture was identical to the first except that 2 ul of the primary
reaction mixture was used as DNA template and the MgCl, concentration was 3
mM in a final volume of 50 pl.

PCR amplification of the actin locus. All samples found to be positive for
Cryptosporidium after 18S rRNA screening were also amplified at the actin locus
using a nested PCR as previously described (42). In brief, each primary PCR
mixture contained 1 U of RedTaq polymerase, 3 mM MgCl,, 1X PCR buffer, 200
pM (each) deoxyribonucleotide triphosphate, 100 nM (each) forward and re-
verse primer, bovine serum albumin at 50 ug/PCR mixture, and sterile water to
a final volume of 25 pl. The secondary PCR mixture was identical to the first
except that 2.5 pl of the primary reaction mixture was used as DNA template and
the final volume was increased to 50 pl.

Verification of PCR-positive results and morphometrics. To confirm the re-
sults of PCR screening, fecal samples identified as Cryptosporidium positive were
processed by IMS and then by flow cytometry (IMS-FC) following a previously
described method (37). In brief, IMS was carried out as described above; how-
ever, the bead-oocyst complex was suspended in antibody dissociation bufter for
flow cytometric analysis. The bead-oocyst complex was labeled with Cry104-
fluorescein isothiocyanate (BTF Australia, Sydney, Australia), sorted with a
FACSCalibur flow cytometer (Becton Dickinson Biosciences, Sydney, Australia),
and counted using an epifluorescence Nikon BH2 microscope. Images of oocysts
(n = 50) were captured with a Nikon DXM digital camera (Coherent Scientific,
Adelaide, Australia) at a magnification of X100. Morphometric analysis was
performed using ImageJ 1.38x software (National Institutes of Health, Bethesda,
MD). To provide a comparison, C. parvum oocysts (n = 50) purified from cattle
feces according to a modified sucrose gradient method (46) were examined using
the same technique.

Minimum detection limits and oocyst recovery using IMS. To establish the
minimum number of oocysts that could be detected with the 18S rRNA PCR
screening technique, C. parvum oocysts from cattle feces (purified as described
above) were sorted using a FACSCalibur flow cytometer into aliquots of 10, 100,
1,000, 10,000, and 100,000 oocysts. Each aliquot was prepared in duplicate and
added to 0.1 g of filtered feces obtained from captive common brushtail possums
(previously confirmed to be negative using IMS-FC). Spiked fecal samples were
processed with IMS, followed by DNA extraction and PCR (per the protocols
described above). Quantities of oocysts that generated gel bands for duplicate
PCR samples were considered inside the detection limits of the screening tech-
nique.

To determine the recovery of oocysts using IMS-FC, feces from a Cryptospo-
ridium-negative possum were spiked with 10 and 100 oocysts (prepared as de-
scribed above). After IMS, flow cytometry was performed, and the oocysts were
sorted on a membrane and counted. Six replicates were processed for each
quantity of oocysts, and the numbers of oocysts recovered were averaged. This
value was used to calculate the oocyst shedding intensity.

Reamplification of PCR products for cloning. Cryptosporidium-positive sam-
ples that produced a weak PCR signal were reamplified using a previously
described nested PCR with primers 18SiCF2 (5'-GACATATCATTCAAGTTT
CTGACC-3") and 18SiCR2 (5'-CTGAAGGAGTAAGGAACAACC-3") (39) to
obtain a 763-bp product, and a secondary reaction was performed using primers
18SiF (5'-AGTGACAAGAAATAACAATACAG-3") and 18SiR (5'-CCTGCT
TTAAGCACTCTAATTTTC-3") (32) to obtain a 310-bp product. To enhance
amplification, 8 pl of Genereleaser (Integrated Sciences, Sydney, Australia) was
heated with 2 pl of PCR template for 7 min at 500 W in a microwave. The
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resulting mixture was added to the reaction mix, prepared as described previ-
ously (39) and made up to a final volume of 25 pl. Secondary reaction mixtures
were identical in composition to the first with the exception that 1 wl of primary
PCR product was used as DNA template, Genereleaser was not used, and the
final volume was increased to 50 pl. PCR products were purified using the
QIAquick PCR purification kit (Qiagen, Victoria, Australia) per the manufac-
turer’s instructions.
Cloning and

=) q

ing. Purified products were ligated into the pCR2.1 vec-
tor using the TA Cloning Kit (Invitrogen, Victoria, Australia), and Cryptospo-
ridium-positive transformants were cultured overnight in liquid Luria-Bertani
broth. The plasmid DNA was extracted using the QIAprep spin miniprep kit
(Qiagen, Victoria, Australia) in preparation for sequencing. A minimum of two
colonies per PCR product were sequenced. Automatic sequencing of DNA
fragments was performed in both the forward and reverse directions using a
3130xI DNA capillary sequencer (Applied Biosystems, Foster City, CA).

Cryptosporidium species identification. Sequences were analyzed with a
BLASTN search (1) of the BioManager database at the Australian National
Genomic Information Service (ANGIS) (www.angis.org.au). All phylogenetic
analysis was thereafter performed using MEGA version 4.0 (43). Sequences were
aligned with described Cryptosporidium species by using ClustalW (44) with
default settings. Similarities between sequences were calculated using a pairwise
distance matrix corrected with the Jukes-Cantor model (25). Two phylogenetic
trees were generated using the neighbor-joining method. The 18S rRNA tree
included seven isolates of C. parvum and six isolates of C. hominis to represent
the interisolate sequence variation of these two species. The combined tree for
the 18S rRNA and actin loci was generated for the small subset of samples for
which both sequences were obtained. To statistically assess the reliability of the
inferred trees, interior branch tests were used to generate confidence probabil-
ities. This statistical test was chosen to provide a highly conservative estimate of
the reliability of tree topology in view of the short sequence lengths obtained in
the study. All trees were displayed using Eimeria tenella as the evolutionary
outgroup. An additional two Cryptosporidium sequences (P111A and P111B)
from a single possum host trapped in an urban locale of northern Sydney,
Australia, were included in the phylogenetic analysis but were not treated as part
of the study population for the purposes of statistical analysis.

Statistical analysis. Prevalence was calculated by dividing the number of
Cryptosporidium-positive individual possums by the total number of individual
possums screened. The shedding intensity for each individual was calculated as
the oocyst load multiplied by the inverse recovery rate of oocysts from IMS-FC.
Possums were divided into two groups, those that were positive and those that
were negative for Cryptosporidium, and a binary logistic regression was per-
formed to determine whether age, gender, or season influenced prevalence.
Possums were further divided into two groups: low (1 to 10?) or high (101 to 10°)
shedders, and the number of oocysts shed by each possum was log transformed
to minimize the scale of the data. Data were analyzed with a binary logistic
regression to determine whether age, gender, or season influenced the shedding
intensity of possums.

To determine any differences in the shedding pattern of the genotypes iden-
tified from possums, a range of nonparametric analyses was performed. Chi-
square analysis was used to establish whether there was a significant difference in
the prevalence of genotypes. To assess whether shedding of genotypes/isolates
was associated with age, gender, or season, chi-square analysis was also per-
formed. A one-way analysis of variance (ANOVA) was used to determine
whether shedding intensity was associated with genotype.

To establish whether health parameters, such as body condition (body mass
divided by skeletal body length), white blood cell counts (lymphocytes, neutro-
phils and eosinophils), and nutritional state (triglyceride, cholesterol, and lipase),
were associated with shedding intensity, a linear regression was performed. To
carry out the regression, shedding intensity values for the 16 Cryptosporidium-
positive animals were log transformed and treated as the independent variable,
while health parameters were treated as the dependent variable. To determine
whether health parameters differed significantly between possums that were
shedding oocysts and those that were not, a one-way ANOVA was performed.

A one-way ANOVA was performed to determine whether the length, width,
and length-to-width ratio of oocysts shed by possums varied significantly from the
those of the C. parvum control oocysts. For all analysis, an alpha value of =0.05
indicated a significant difference. Statistics were performed using SPSS version
15 software for Windows.

Nucleotide sequence accession numbers. The partial Cryptosporidium se-
quences isolated from T vulpecula for 18S rRNA and actin have been deposited
in the GenBank database under accession numbers EU546846 to EU546869 and
EU647729 to EU647733.
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RESULTS

Sensitivity of IMS and PCR screening. The 18S rRNA PCR
screening technique produced a strong signal for duplicate
samples containing 100 and 1,000 oocysts; however, 10 oocysts
produced a weak signal for both duplicate samples. Conse-
quently, the minimum detection limit was determined to be
between 11 and 100 Cryptosporidium oocysts/g. The recovery of
oocysts using IMS-FC was low, averaging 19% (*+1.2%) for
fecal samples spiked with 10 oocysts and 21% (*2.8%) for
fecal samples spiked with 100 oocysts.

Sequence analysis. Cloning and sequencing were attempted
for all PCR-positive samples and were successful for 13 of the
16 samples. Partial nucleotide sequencing of the 18S rRNA
locus revealed that possums shed a distinct Cryptosporidium
genotype, brushtail possum 1 (BTP1), and another group of
isolates henceforth referred to as brushtail possum 2 (BTP2).
Distance matrices indicated that similarities among BTP1
clones ranged from 97.6 to 100% and similarities among BTP2
clones ranged from 95.4 to 100%. The two groups shared
between 95.0% and 97.8% similarity and did not match iden-
tically with known Cryptosporidium species or genotypes from
the GenBank database.

Distance matrices of the 18S rRNA locus indicated that
BTP1 was most similar to C. fayeri subtype opossum genotype
I (95.9 to 97.0% identity) and C. parvum (95.0 to 96.3%). At
the actin locus, partial nucleotide sequences were obtained for
three clones of BTP1. Similar to the 18S rRNA locus, distance
analysis of the actin locus revealed that BTP1 was also most
similar to C. fayeri opossum genotype I (86.5% identity) and C.
parvum (85.9% identity). Inferred phylogenetic trees based on
the combined 18S rRNA and actin loci grouped all BTP1
isolates in a monophyletic clade with a confidence probability
of 99% (Fig. 1). The BTP1 cluster formed a sister clade with C.
felis, opossum genotype II, and C. canis, which were encom-
passed in a monophyletic grouping by C. macropodum (49%
confidence probability). Phylogenetic analysis of the 18S rRNA
locus grouped the BTP1 isolates together as a sister clade of C.
macropodum with a 32% confidence probability (Fig. 2).

For BTP2 isolates, distance matrices of the 18S rRNA locus
revealed that the isolates were equally similar to C. parvum
(98.5 to 99.3% identity) and C. hominis (98.5 to 99.3% iden-
tity). Sequences of BTP2 at the actin locus were not obtained
due to the weak signal generated by PCR products, presumably
caused by low oocyst burdens. Inferred phylogenetic trees of
the 18S rRNA locus grouped the BTP2 isolates as a monophy-
letic cluster (34% confidence probability) that formed a sister
clade with C. parvum and C. hominis with an 81% confidence
probability (Fig. 2).

Prevalence and patterns of oocyst shedding. Approximately
11.3% (15/133) of possums from urban habitat were shedding
Cryptosporidium compared to 5.6% (1/18) of the woodland
population. Of the 15 Cryptosporidium-positive animals from
urban habitat, a total of 7 (47%) were shedding BTP1 geno-
type isolates, 5 (33%) were shedding BTP2 genotype isolates,
and sequence data for 3 animals (20%) were not obtained due
to low DNA yield. The single Cryptosporidium-positive animal
from a woodland habitat was shedding isolates with the BTP1
genotype. The BTP1 genotype was significantly more prevalent
across both possum populations than the BTP2 genotype (x> =
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FIG. 1. Phylogenetic relationships of BTP1 genotypes and Crypto-
sporidium species inferred by the neighbor-joining method based on
the combination of a 310-bp fragment of 18S rRNA and 510-bp frag-
ment of actin. Evolutionary distances were computed using interior-
branch analysis with confidence probabilities (=50%) indicated at
each node. Eimeria tenella is included as an evolutionary outgroup.

6.250, df = 1, P = 0.012). The distribution of each genotype
among the study population (urban and woodland pooled) is
depicted in Fig. 3. Cryptosporidium prevalence was not signif-
icantly associated with age (B = 0.72, df = 1, P = 0.95), gender
(B =0.26,df =1, P = 0.31), or season (B = 0.14,df =3, P =
0.23). Nor was there any significant association between the
genotype shed and age (x> = 0.68, df = 1, P = 062), gender
(x> = 2.24 df = 1, P = 0.18), or season (x> = 0.87, df = 1,
P = 0.36).

The shedding intensity of possums from urban habitats av-
eraged 70,581 oocysts per gram (median value of 25 oocysts),
while the single Cryptosporidium-positive animal from a wood-
land habitat shed 10 oocysts per gram. Shedding intensity was
not significantly influenced by age (8 = 0.76, df = 1, P = 0.97),
gender (B = —0.13,df = 1, P = 0.66), or season ( = 22.30, df =
3, P = 0.95). Shedding intensity was significantly associated with
genotype (F, 1, = 228.73, P = 0.04). Figure 3 illustrates that the
majority of animals shed low numbers of oocysts (1 to 10?),
while only a few possums shed high numbers (101 to 10°),
reflecting an overdispersed distribution of parasites in the pop-
ulation.

Oocyst morphometrics. The mean width of BTP1 oocysts
was 3.92 pm (*0.25 pm), and the mean length was 4.12 pm
(£0.34 pm). The dimensions of BTP1 oocysts were signifi-
cantly different from the mean width (5.26 pm = 0.28 pm) and
mean length (5.35 pm * 0.23) of C. parvum oocysts (for oocyst
width, F 140 = 228.73, P < 0.001; for oocyst length, F; 149 =
127.11, P < 0.001). The width-to-length ratio (or size index) of
BTP1 oocysts was 1.06 (=0.10), which was not significantly
different (F, ;oo = 1.28, P = 0.26) from the width-to-length
ratio of C. parvum, 1.02 (£0.08). Due to low oocyst shedding,
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FIG. 2. Phylogenetic relationships of BTP1 and BTP2 isolates and
Cryptosporidium species inferred by the neighbor-joining method
based on a 310-bp fragment of 18S rRNA. Evolutionary distances were
computed using interior-branch analysis with confidence probabilities
(=50%) indicated at each node. The isolate designations are shown in
italic type in parentheses. Eimeria tenella is included as an evolutionary
outgroup.

an adequately large sample size of BTP2 oocysts could not be
measured. Comparison of BTP1 oocyst morphometrics with C.
parvum and close relatives C. macropodum and C. fayeri is
presented in Table 1.
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FIG. 3. Distribution of Cryptosporidium oocysts (BTP1, BTP2, or
untypeable) shed by the possum population (urban and woodland
habitat pooled). Values above the bars indicate the number of possums
belonging to each shedding category.

Health of the host. Shedding intensity did not significantly
influence body condition (body mass divided by skeletal body
length) (R* = 1.77, P = 0.07), white blood cell counts, includ-
ing neutrophils (R* = 0.48, P = 0.37), lymphocytes (R* = 0.15,
P = 0.11), and eosinophils (R*> = 0.07, P = 0.30), or the
nutritional state of the host as indicated by cholesterol (R* =
0.03, P = 0.51) and triglyceride (R? = 0.10, P = 0.20). Possums
that shed oocysts did not differ significantly in their health
parameters compared to possums that were negative for Cryp-
tosporidium (Table 2).

DISCUSSION

This investigation revealed that common brushtail possums
inhabiting the urban areas of northern Sydney, Australia, were
shedding Cryptosporidium isolates that were genetically and
morphologically distinct from described species or genotypes.
The dominant genotype, BTP1, exhibited the highest similarity
with opossum genotype I hosted by the North America mar-
supial, Didelphis virginiana, the Virginia opossum (55). Opos-
sum genotype I is considered a subtype of C. fayeri from Aus-
tralian marsupials with the geographic distribution (North
America versus Australia) being the only distinguishing factor
(40). Phylogenetic analysis inferred that BTP1 isolates were
closely related to C. macropodum hosted by the eastern gray
kangaroo (Macropus giganteus) of Australia (35). Therefore,
both distance and phylogenetic analyses were consistent in
finding that BTP1 isolates grouped closely with Cryptospo-
ridium hosted by marsupials. The four species/genotypes iden-
tified from marsupials thus far, opossum genotypes I and II, C.

TABLE 1. Comparison of oocyst morphometrics of Cryptosporidium
genotype BTP1 isolates and C. parvum with C. fayeri and
C. macropodum

Genotype or SV/IIZ?E IIZI If;t?l Width—'to.—length Reference
species (um)  (um) ratio
BTP1 39 4.1 1.06 This study
C. parvum 53 5.4 1.02 This study
C. fayeri 49 43 1.14 Ryan et al. (40)
C. macropodum 4.9 5.4 1.10 Power et al. (35)
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TABLE 2. Physiology of Cryptosporidium-positive possums
compared to Cryptosporidium-negative possums

Mean (£SE) for possums

Health parameter Cryptosporidium  Cryptosporidium P value®
positive negative
Body condition (%)’ 06.64 (£3.06)  67.43 (=0.70) 0.77
Neutrophils (10%/liter) 2.81(+0.41) 3.3(x0.14) 0.34
Eosinophils (10%/liter) 0.07 (£0.03) 0.41 (£0.07) 0.19
Lymphocytes (10%/liter) 3.68 (£0.52) 3.3(x0.17) 0.57
Triglyceride (mmol/liter) 1.60 (=0.29) 1.69 (%0.08) 0.76
Cholesterol (mmol/liter) 3.09 (£0.18) 3.08 (£0.05) 0.94

Lipase (mmol/liter) 1033 (0.89) 1042 (*0.25)  0.93

“ P values of >0.05 indicate that there was no significant difference between
Cryptosporidium-positive and -negative hosts.

> Body condition was calculated by dividing body mass by the skeletal body
length of possums.

fayeri, and C. macropodum, are regarded as host specific: nat-
ural infections have been limited to marsupials, and there are
no reported human cases (35, 40). The narrow host range of
Cryptosporidium from marsupials suggests that the closely re-
lated BTP1 genotype may similarly pose limited infectivity to
other groups of fauna or humans and is unlikely to be zoonotic.

A second group of Cryptosporidium isolates, BTP2, were
most closely aligned with C. parvum and C. hominis, the two
predominant species infectious to humans. Phylogenetic anal-
ysis of the 18S rRNA locus grouped BTP2 isolates as a sister
clade of C. parvum and C. hominis with relatively high boot-
strap support. However, the 98.5 to 99.3% genetic similarity
between BTP2 isolates, C. parvum, and C. hominis is outside
the range normally exhibited by isolates of these two species,
which show high sequence uniformity at the hypervariable re-
gions of the 18S rRNA locus (32). Preliminary findings imply
that BTP2 isolates are genetically distinct from known zoonotic
species. However, the identity of the BTP2 isolates could not
be resolved due to low oocyst shedding by hosts, preventing
sequencing of the actin locus and morphometric analyses. The
inferred phylogeny of BTP2 isolates in relation to zoonotic
species indicates that further investigation at other loci is nec-
essary to assess the capacity of BTP2 isolates to infect humans.

The 18S rRNA gene is highly conserved across Cryptospo-
ridium species; however, cloned PCR products from BTP1 and
BTP2 clones showed marked variation at this locus. The ge-
netic variation between BTP1 clones ranged from 97.6 to 100%
with even greater variation exhibited by BTP2 clones (95.4 to
100%). Clonal variation can arise due to recombination of
DNA during PCR amplification (59). However, polymor-
phisms in BTP1 and BTP2 clones were consistent between
forward and reverse sequences and between samples from
different hosts, eliminating PCR artifacts as a possible cause
for the observed variation. Direct sequencing provides the
genetic identity as a consensus of the entire clonal metapopu-
lation and is favored over cloning for Cryptosporidium geno-
typing. In this study, an additional level of genetic information
about the BTP1 and BTP2 genotypes was gained through clon-
ing. Adopting this technique revealed heterogeneity at the 18S
rRNA locus within the BTP1 genotype for two possum hosts
(ZP21 and P111). The less predominant genotype B had an
insertion of 25 bp at the hypervariable region from approxi-
mately nucleotide 681 of the 18S rRNA locus, evidence for
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heterogenous copies of the gene. The heterogeneity within the
18S rRNA was supported by minimal genetic variation within
the actin locus, precluding the possibility that types A and B
were two distinct genotypes infecting the host. Heterogeneity
of the 18S rRNA has been reported for C. fayeri, C. felis, and
C. parvum; however, the selective advantage of this feature to
the parasite remains unresolved (28, 53).

Evidence for the host-specific nature of the genotypes iso-
lated in this study is reflected by the health of possums in
response to oocyst shedding. To date, the majority of Crypto-
sporidium surveys of wildlife carried out have been based on
opportunistic sampling of feces, which unlike trapping rules
out collection of information on the host biology. Although
body condition (body mass divided by skeletal body length) has
been previously investigated in feral pigs (4), this study is
unique in examining multiple health parameters of the host to
gain insights into the nature of the host-parasite association.
Possums that shed oocysts were asymptomatic and did not
display elevated white blood cell counts, reduced nutritional
state, or diminished body condition, changes reported to occur
in response to infection with helminths (48) and other coccidia
(11). Such changes to the health of small mammals can have
detrimental effects on host fitness, including diminished growth
(21), survival, or reproductive success (18). The ability of the
Cryptosporidium genotypes isolated in the study to parasitize
possums without diminishing host fitness provides evidence of
a nonpathogenic relationship with the host, as parasites pose
little harm to hosts with which they have had time to form a
stable relationship (45). This finding is consistent with a grow-
ing body of work that has suggested that coevolution and,
consequently, host adaptation are common characteristics of
the genus Cryptosporidium (55).

The stability of the host-parasite relationship was reflected
in the overdispersed distribution of the parasite within the host
population, whereby the majority of animals were shedding low
numbers of oocysts and only a few shed high numbers. This
distribution is typical in host populations which have achieved
immunity as a result of coevolution with the parasite (45).
Unable to mount resistance to infection, juveniles from popu-
lations of wild animals (4, 36) and livestock (19, 56) tend to be
the demographic group most susceptible to Cryptosporidium
infection. In addition, seasonal peaks of Cryptosporidium in-
fection tend to coincide with weaning of young animals, when
as a result of learning to forage independently, susceptibility to
fecal-oral transmission is high in the population (3, 36). In
possums, prevalence and shedding intensity were consistent
across age groups and seasons, suggesting that age-related
variation in immunity did not influence the distribution of
Cryptosporidium in the host. This finding presumably reflects
the low number of Cryptosporidium-positive possums in the
study population, which may be too small to account for a
significantly elevated prevalence of Cryptosporidium in juve-
niles.

Comparison of habitat types indicated a higher prevalence
of Cryptosporidium in the urban possum population (11.3%)
than in the woodland possum population (5.6%). Due to the
small sample size of the woodland population, comparisons
between the two habitats should be interpreted with caution.
However, these findings parallel the results of a large number
of studies which have found that suburban landscapes support
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densities of wildlife adapted to urban settings that are often
higher than in their original habitat (20, 30, 38), inadvertently
promoting the transmission of pathogens (7, 24, 26). Studies of
Cryptosporidium have shown that host density and prevalence
are positively correlated in wild animal populations, such as
Soay sheep (Ovis aries) (12), feral pigs (4) and red squirrels
(Sciurus vulgaris) (6). In urban areas, the aggregation of re-
sources, such as refuse sites and water tanks, may encourage
congregation of possums, potentially increasing the fecal-oral
transmission of oocysts. Although urban-environment-induced
changes in the biology of possums are conducive to elevated
rates of Cryptosporidium transmission, host specificity may
limit the potential for spillover of possum genotypes to sym-
patric populations of humans, domestic pets, and captive zoo
animals. Consequently, possums adapted to urban settings
pose minimal risk of disseminating Cryptosporidium of public
heath concern.
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