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Abstract
Blastocystis is an enteric protist and one of the most frequently reported
parasitic infections in humans and a variety of animal hosts worldwide. The
genus Blastocystis consists of numerous genetically distinct groups, referred to
as subtypes (STs). Some STs are highly host specific, while others display
moderate or low host specificity. Therefore, the aims of this study were to
determine the prevalence amongst various animal hosts (captive, free-ranging
and wild), genetic diversity and zoonotic potential of Blastocystis.

As

polyparasitism is considered to be the norm in wildlife, the final aim of this study
was to develop a molecular-based diagnostic method for the simultaneous
detection of Blastocystis, Cryptosporidium sp. and Giardia duodenalis in
Australian native fauna.

These aims were achieved by sampling captive animals and their keepers from
the Perth Zoo. Also, animal samples were obtained from other zoos in Australia
and Europe. Samples from free-ranging and wild non-human primates (NHPs)
and Australian native fauna were also included in this study. All samples were
screened for Blastocystis using Polymerase Chain Reaction (PCR), followed by
phylogenetic analyses to characterise these isolates in order to determine the
genetic diversity and zoonotic potential of isolates within the Blastocystis genus.

Blastocystis was detected in 13 species of animals from the Perth Zoo. It was
also detected in NHPs from Belgian zoos. All wild and free-ranging NHP and
iii

Australian wildlife populations also harboured Blastocystis.

This study

describes the first reports of Blastocystis in the elephant, giraffe, Javan lutung,
quokka, southern hairy nosed wombat and western grey kangaroo.

Similarly, 12 Blastocystis STs, including six novel STs (STs 11 – 13 and 18 –
20), were identified in humans and animal hosts sampled as part of this study.
Blastocystis STs 1, 2, 18 and 19 were identified in captive NHPs. However,
STs 2, 8 and 20 were identified in wild NHPs. Australian native animals at the
Perth Zoo harboured STs 1, 12 and 13, whereas free-ranging animals from
Karakamia Sanctuary (KS) and wild animals from the Upper Warren Region
(UWR) harboured STs 1 – 4 and 7.

Captive elephants and giraffes from

Australian and European zoos harboured STs 11 and 12, respectively.

Higher prevalence of Blastocystis amongst zoo keepers and sequence
homology of isolates from zoo keepers and animals at the Perth Zoo provide
evidence of the zoonotic potential of Blastocystis. High prevalence amongst
zoo keepers may be due to close contact between the animals and the zoo
keepers, and other tasks carried out by the zoo keepers, such as cleaning of
enclosures. Similarly, some Blastocystis isolates from Australian wildlife were
also homologous to human isolates, and it seems that these hosts are natural
hosts for the zoonotic ST 4.

Other parasites, such as strongyle nematodes and coccidia were detected
using microscopy. Various species of Australian wildlife are known to harbour
iv

these

and

other

parasites,

including

zoonotic

parasites,

such

as

Cryptosporidium sp. and Giardia duodenalis. As polyparasitism is considered to
be the norm in wildlife, a multiplex PCR (mPCR) was developed to detect
Blastocystis, Cryptosporidium and Giardia simultaneously from Australian
wildlife. This mPCR was evaluated against other diagnostic methods routinely
used for the detection of these parasites, such as microscopy and nested
PCRs. The multiplex PCR showed comparative and/or greater sensitivity and
specificity to routinely utilised nested PCRs.

The major advantages of the

multiplex PCR are that it is less labour intensive and is cost effective in
comparison to the nested PCRs used to amplify each parasite.

In conclusion, the host range and genetic diversity of Blastocystis is much
greater than previously anticipated. Some STs and/or subgroups of STs appear
to be highly host specific, while others display moderate or low host specificity.
Also, some STs which have a broad host range may be zoonotic. This study
also provides further insight into polyparasitism amongst Australian wildlife.
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Figure 1.1 The four different morphological forms of Blastocystis viewed
using light microscopy. A: The vacuolar form has a large central vacuole
(CV), and the organelles such as the nucleus and MLOs reside in the peripheral
cytoplasm (arrow).

B: The granular form contains numerous granular

inclusions. C: The amoeboid form is irregularly shaped and contains at least
one pseudopod-like cytoplasmic projections (*) when viewed using fluorescence
microscopy after acridine orange staining. D: The cyst form is usually smaller
than other forms of Blastocystis and is refractile under phase-contrast
microscopy. Bar = 10 µm. Reprinted from “Blastocystis in humans and animals:
new insights using modern methodologies” by K.S.W Tan, 2004, Veterinary
Parasitology, 126(1-2), p 128. Copyright 2004 by Elsevier. Reprinted with
permission.

Figure 1.2 The proposed life cycle for Blastocystis.

Cysts develop into

vacuolar forms, which subsequently reproduce by binary fission. Some vacuolar
forms encyst, and these cysts lose their outer fibrillar layer as it matures. The
cyst released into the environment is transmitted to human and animal hosts via
the faecal-oral route, and the cycle is repeated. The transition of other forms on
the vacuolar form is less well understood and is represented by dashed lines.
Reprinted from “Blastocystis in humans and animals: new insights using
modern methodologies” by K.S.W Tan, 2004, Veterinary Parasitology, 126(1-2),
p 130. Copyright 2004 by Elsevier. Reprinted with permission.
xxii

Figure 1.3 Biological illustration of thermal stressed Blastocystis sp. The
vacuolar form is subjected to thermal stress at 41°C and produces HSP70. This
results in the formation of the granular form. When recultured at 37°C, the
granules are released to form viable vacuolar forms. Reprinted from
“Identification and Characterisation of Heat Shock Protein 70 in Thermal
Stressed Blastocystis sp.” by T. Gaythri, K. Suresh, B. Subha and R. Kalyani,
2014,

PLoS

ONE,

9(9),

http://dx.doi.org/10.1371/journal.pone.0095608.

Copyright 2014 by T. Gaythri, K. Suresh, B. Subha and R. Kalyani. Reprinted
with permission.

Figure 1.4

Maximum-likelihood phylogeny of Blastocystis isolates

inferred from SSU rRNA gene sequences. P. lacertae served as the
outgroup. Bayesian posterior probabilities are given as percentages near the
individual nodes. Nodes with values of <50% are not shown. Blastocystis
isolates from humans are indicated in boldface. Groups I to VII are those
previously described by Arisue et al. (2003), and the arrows indicate isolates for
which classification is uncertain. Scale bar, 0.1 substitutions (corrected) per
base pair. Reprinted from “Molecular Phylogenies of Blastocystis Isolates from
Different Hosts: Implications for Genetic Diversity, Identification of Species, and
Zoonosis” by C. Noël, F. Dufernez, D. Gerbod, V.P. Edgcomb, P. DelgadoViscogliosi, L.C. Ho, M. Singh, R. Wintjens, M.L. Sogin, M. Capron, R. Pierce,
L. Zenner and E. Viscogliosi, 2005, Journal of Clinical Microbiology, 43(1), pg
351. Copyright 2005 by American Society for Microbiology. Reprinted with
permission.

xxiii

Figure 1.5 Relationships among Blastocystis sp. subtypes.

The

phylogenetic analysis of Noël et al. (2005) has been redrawn to show the
strongly supported clades with their new subtype designations proposed here.
The Bayesian posterior probabilities are shown. Proteromonas lacertae was
used as the outgroup (not shown). Reprinted from “Terminology for Blastocystis
subtypes – a consensus” by C.R. Stensvold, G.K. Suresh, K.S.W. Tan, R.C.A.
Thompson, R.J. Traub, E. Viscogliosi, H. Yoshikawa and C.G. Clark, 2007,
Trends in Parasitology, 23(3), p 95. Copyright 2007 by Elsevier. Reprinted with
permission.

Figure 1.6 Maximum likelihood phylogenetic tree inferring relationships
among SSU rDNA sequences of Blastocystis. Bootstrap support values and
posterior probabilities are shown next to each node in the order Maximum
Likelihood/Bayesian Analysis/Neighbour-Joining.

As asterisk indicates lower

than 50% bootstrap support or a posterior probability value of less than 0.5. Bar
= estimated number of substitutions per site. Reprinted from “Genetic Diversity
of Blastocystis in Livestock and Zoo Animals” by M.A. Alfellani, D. Taner-Mulla,
A.S. Jacob, C.A. Imeede, H. Yoshikawa, C.R. Stensvold and C.G. Clark, 2013,
Protist, 164(4), p 501. Copyright 2013 by Elsevier. Reprinted with permission.

Figure 2.1

Neighbour-joining tree displaying the relationships among

Blastocystis isolates, inferred by distance based analysis of the SSU
rDNA sequence data using Kimura’s-2-paramater distance estimates.
Some sequences used for comparison were from GenBank. Scale bar shows
0.05 substitutions (corrected) per base pair. Shaded squares indicate animal
xxiv

isolates from the Perth Zoo. Unshaded squares indicate zoo keeper isolates,
while the diamond indicates a human control isolate. The triangle indicates an
isolate from the Perth Zoo from a previous study (Parkar et al. 2007)

Figure 2.2

Neighbour-joining tree displaying the relationships among

Blastocystis isolates, inferred by distance based analysis of the SSU
rDNA sequence data using Kimura’s-2-parameter distance estimates
(bootstrap value on the left or only bootstrap value shown). Maximum
parsimony estimates are also displayed (right). Some sequences used for
comparison were from GenBank.

Scale bar shows 0.02 substitutions

(corrected) per base pair. Isolates marked with shaded squares and circles
indicate animal and zoo keeper isolates from this study. The shaded triangle
indicates a human control isolate.

Isolates marked with unshaded symbols

indicate previously characterised isolates from the Perth Zoo (Parkar et al.
2007)

Figure 2.3 Neighbour-joining tree displaying the relationships amongst
Blastocystis isolates, inferred by distance-based analysis of SSU rDNA
sequence data using Kimura’s-2-parameter distance estimates. Some of
the sequences used for comparison were from GenBank. Scale bar shows 0.02
substitutions (corrected) per base pair. Isolates indicated by circles are from
elephants and those indicated by squares are from giraffes.
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Blastocystis isolates, inferred by distance based analysis of SSU rDNA
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Figure 5.1
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= Venus Bay Conservation Park.
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1 General Introduction

1.1

Blastocystis

Blastocystis was discovered in human faecal samples over a century ago
(Brumpt 1912). It is a ubiquitous anaerobic protist found in the gastrointestinal
(GI) tract of humans and many animals worldwide. Despite the frequency of its
occurrence and the recent advances in our understanding of its biology and
genetic diversity, very little is understood about its pathogenesis, life cycle and
zoonotic potential.

Currently, there are 17 genetically distinct groups of Blastocystis, known as
subtypes (STs) (Alfellani et al. 2013c).

Although molecular epidemiological

studies primarily focus on Blastocystis isolates from humans, limited
sequencing data is available for isolates from hosts other than non-human
primates (NHPs), birds and livestock. There is very little sequencing data from
animals and humans from the same community, which has made it difficult to
ascertain the zoonotic potential of Blastocystis.

The screening of various

animal hosts in this study would provide further information regarding the
genetic diversity and zoonotic potential of Blastocystis.

1.2

Taxonomy and speciation

As Blastocystis isolates from humans and animals are morphologically similar
(Stenzel and Boreham 1996), criteria based on morphology alone cannot be
used to differentiate isolates. This can only be achieved by using molecular
tools, such as polymerase chain reaction (PCR). Phylogenetic studies based
on small subunit ribosomal DNA (SSU rDNA) sequences show that the genus
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Blastocystis consists of 17 distinct groups, known as subtypes (STs) (Alfellani et
al. 2013c).

In 1996, Blastocystis was placed among the stramenopiles following the
complete sequencing and phylogenetic comparison of its SSU rDNA (Silberman
et al. 1996). This was also confirmed by the analysis of the internal transcribed
spacer (ITS) region in Blastocystis (Hoevers and Snowden 2005). Phylogenetic
studies have shown that Blastocystis is most closely related to Proteromonas
lacertae, which is a flagellate of lizards and amphibians (Arisue et al. 2002).
Members of the stramenopiles are characterised by possessing flagella with
mastigonemes. Unlike other members of the stramenopiles group, Blastocystis
does not possess flagella and is non-motile, and therefore it is placed within a
newly created class. The current taxonomic classification for Blastocystis is as
follows: class Blastocystea, subphylum Opalinata, infrakingdom Heterokonta,
subkingdom Chromobiota, kingdom Chromista (Cavalier-Smith 1998).

Previous studies mention that Blastocystis cells may possess more than one
nucleus (Zierdt 1973, Matsumoto et al. 1987, Zierdt 1988, Dunn et al. 1989,
Zierdt 1991, MacPherson and MacQueen 1994), and it is not known how this
may affect the interpretation of molecular and phylogenetic analyses.

It is

unknown if Blastocystis undergoes processes which involve the exchange of
genetic material, which occurs in some organisms such as Giardia (Poxleitner
et al. 2008), and if so, this should be taken into account while constructing
phylogenetic trees (Tan 2008). Further studies are required to determine the
ploidy of the Blastocystis genome and whether or not it is a sexual parasite, as
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such characteristics affect the evolution of genes and may have major
implications for the interpretation of phylogenetic trees (Birky 1996, Odds et al.
2007).

1.3

Life cycle and transmission

1.3.1 Morphology
Blastocystis is a polymorphic organism with four previously described
morphological stages: vacuolar, granular, amoeboid and cyst. Other forms,
such as avacuolar and multivacuolar were also described but are rarely
encountered. Hence, the extensive variation in Blastocystis morphology has
made studies of its cell biology challenging.

Vacuolar
This form is also known as the ‘central vacuole form’ (CV) and is the
predominant cell type seen in in vitro cultures. Although it is present in fresh
faeces, the predominant forms in faeces are the multivacuolar and cyst forms.
The size of Blastocystis is highly variable, as it can range from 2 – 200 µm in
diameter. However, Blastocystis stages within the 4 – 15 µm range are more
common (Stenzel and Boreham 1996, Zhang et al. 2012). This form is easily
recognisable as it contains a large vacuole (Figure 1.1), which usually contains
finely granular or flocculent material that is unevenly distributed throughout the
vacuole. A thin layer of cytoplasm surrounds the vacuole. In the cytoplasm,
organelles such as the nucleus, Golgi complex and mitochondria-like organelles
(MLOs) are also present (Zhang et al. 2012). The exact function of the vacuole
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is not known, but it is hypothesised that it may act as a storage organelle, as
acid-Schiff, Alcian blue, Sudan black B and Nile blue staining suggest it
contains carbohydrates and lipids (Yoshikawa et al. 1995a, Yoshikawa et al.
1995b).

Granular
The granular form is morphologically similar to the vacuolar form except
granules are present in the central vacuole and the cytoplasm (Figure 1.1).
Variation in the appearance of the granules has been reported in the literature,
and they have been described as myelin-like inclusions, small vesicles,
crystalline granules and lipid droplets (Dunn et al. 1989). The granular form
may be an indicator of degenerative changes in the cells, fixation artefact or
both (Vdovenko 2000).

Recently, it was suggested that the production of

granules might be a stress-related response. Gaythri et al. (2014) noted that
granular forms of the parasite were present in significantly higher numbers in
heat-stressed (39°C and 41°C) cultures using ST 3 and 5 isolates. However,
this was not observed when using ST 1 isolates. Therefore, the significance of
the granular form may be ST-dependent, and may not be present in some STs.

Amoeboid
There is minimal, as well as confusing and conflicting information available
about the morphology of the amoeboid stage, as this stage is rarely reported.
Little is known as to what factors induce the transition into the amoeboid form.
However, it has been hypothesised that it is an intermediate form which allows
the cells to feed on bacteria in order to acquire nutrients before converting into
5

cysts (Singh et al. 1995).

Using transmission electron microscopy, the

presence of ingested bacteria was noted. Hence, it seems that this form may
have a phagocytic role (Stenzel and Boreham 1996, Tan 2004).

Figure 1.1 The four different morphological forms of Blastocystis viewed
using light microscopy. A: The vacuolar form has a large central vacuole
(CV), and the organelles such as the nucleus and MLOs reside in the peripheral
cytoplasm (arrow).
B: The granular form contains numerous granular
inclusions. C: The amoeboid form is irregularly shaped and contains at least
one pseudopod-like cytoplasmic projections (*) when viewed using fluorescence
microscopy after acridine orange staining. D: The cyst form is usually smaller
than other forms of Blastocystis and is refractile under phase-contrast
microscopy. Bar = 10 µm. Reprinted from “Blastocystis in humans and animals:
new insights using modern methodologies” by K.S.W Tan, 2004, Veterinary
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Parasitology, 126(1-2), p 128. Copyright 2004 by Elsevier. Reprinted with
permission.

The amoeboid form is smaller than the granular and vacuolar stages, with its
size ranging between 2.6 – 120 µm (Figure 1.1) (Dunn et al. 1989, Zierdt 1991,
Tan and Suresh 2006a). Two types of amoeboid forms have been observed
using transmission electron microscopy – one has a large central vacuole
containing tiny electron-dense particles, and the other contains multiple smaller
vacuoles in the cytoplasm (Tan and Suresh 2006a). The amoeboid forms were
identified in old or drug-treated cultures and faecal samples, and are present in
higher numbers in in vitro cultures of symptomatic isolates compared to
asymptomatic isolates (Tan and Suresh 2006a, Tan and Suresh 2006b,
Rajamanikam and Govind 2013).

Cyst
This form may be environmentally resistant as it is surrounded by a thick multilayered cyst wall, and is much smaller in size (2 – 10 µm) compared to the other
forms (Figure 1.1). These cysts are known to contain multiple vacuoles instead
of a large central vacuole, as well as one to four nuclei, glycogen and lipid
deposits (Zaman et al. 1995, Chen et al. 1999, Moe et al. 1999, Abou El Naga
and Negm 2001). Animal infection studies have indicated that the cyst stage
can withstand exposure to gastric juices, and ingestion of the cyst stage results
in infection (Stenzel and Boreham 1996, Tan 2004, Yoshikawa et al. 2004e,
Tanizaki et al. 2005). Viability studies have shown that the cysts are resistant to
lysis by water, and can survive at room temperature for more than a month (Tan
7

2004, Yoshikawa et al. 2004e). It was also found that the cysts were viable for
more than two months at 4°C, and less than four days at 37°C (Yoshikawa et al.
2004e). However, they seem to be more fragile at the extremes of heat and
cold, and when subjected to common disinfectants (Tan 2004).

Given this

evidence, most authorities consider the cyst stage to be the transmissible stage
in the life cycle.

1.3.2 Life cycle
A number of life cycles were proposed (Zierdt 1973, Zierdt 1991, Boreham and
Stenzel 1993, Singh et al. 1995, Stenzel and Boreham 1996, Tan 2004) due to
conflicting evidence regarding the reproductive processes of Blastocystis (Singh
et al. 1995, Govind et al. 2002, Zhang et al. 2007), and in order to account for
all morphological forms (Stenzel and Boreham 1996, Tan 2004, Tan 2008,
Roberts et al. 2014). Currently, binary fission is the only accepted mode of
reproduction for Blastocystis, as evidence for other reproductive processes are
lacking and most likely due to the pleomorphic nature of Blastocystis (Tan
2008). However, using scanning electron microscopy and transmission electron
microscopy, Zhang et al. (2012) found that Blastocystis may also undergo
plasmotomy and budding.

Experimental infection studies using BALB/c mice, Wistar rats and chickens
demonstrated that the cyst form is the transmissible form of Blastocystis (Moe
et al. 1997, Yoshikawa et al. 2004e, Tanizaki et al. 2005). The life cycle (Figure
1.2) proposed by Tan (2004) is widely accepted and suggests that once the
host ingests Blastocystis cysts, the parasite excysts in the large intestine. It
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may then develop into the vacuolar form, which divides by binary fission (Tan
2004). The vacuolar or cyst forms may also develop into amoeboid or granular
forms (Tan 2004, Roberts et al. 2014). Vacuolar forms undergo encystation in
the large intestine, and the intermediate cyst forms may be covered by a fibrillar
layer which is gradually lost during cyst development and passage into the
external environment (Zaman et al. 1997).

Transmission electron micrographs revealed that cell division of the vacuolar
form may occur while the parasite is still within the cyst wall (Zaman et al.
1999). The vacuolar form may be induced into the granular form in vitro under
certain conditions. The granular form is commonly found in older and antibiotictreated cultures (Tan 2004). Recently, it was also demonstrated that higher
numbers of the granular form were present in heat-stressed cultures (Gaythri et
al. 2014).

Stenzel and Boreham (1996) found that increasing serum

concentration in media and transferring cells to different media may induce the
vacuolar form to become granular. It may be possible that vacuolar forms also
develop into the amoeboid form when they are cultured in agar, as the resulting
colonies contain numerous amoeboid forms (Tan et al. 1996a, Tan et al.
1996b).

Although binary fission is the only accepted mode of reproduction for
Blastocystis, Govind et al. (2002) had hypothesised that Blastocystis possesses
other multiple reproductive processes. These include schizogony, budding and
progeny developing within sac-like pouches. However, Tan and Stenzel (2003)
refuted these findings due to these conclusions being solely based on light and
9

electron microscopy.

Recently, Gaythri et al. (2014) suggested that the

granules found within the granular form may play a reproductive role.

Figure 1.2 The proposed life cycle for Blastocystis. Cysts develop into
vacuolar forms, which subsequently reproduce by binary fission. Some vacuolar
forms encyst, and these cysts lose their outer fibrillar layer as it matures. The
cyst released into the environment is transmitted to human and animal hosts via
the faecal-oral route, and the cycle is repeated. The transition of other forms on
the vacuolar form is less well understood and is represented by dashed lines.
Reprinted from “Blastocystis in humans and animals: new insights using
modern methodologies” by K.S.W Tan, 2004, Veterinary Parasitology, 126(1-2),
p 130. Copyright 2004 by Elsevier. Reprinted with permission.

Blastocystis STs 1, 3 and 5 were cultured at the following temperatures to
determine the parasites response to thermal stress: 37°C (optimum and control
temperature), 39°C and 41°C (thermal stress for 24 hours) (Gaythri et al. 2014).
The thermal stressed ST 3 and 5 cultures showed significantly higher growth
10

and higher expression of heat shock protein 70 (HSP70) in comparison to
cultures incubated at 37°C.

Furthermore, granular forms were present in

significantly higher numbers in thermally stressed cultures whereas higher
numbers of vacuolar forms were present in the control cultures.

Following

incubation at 39°C and 41°C, cultures were re-cultured at 37°C and noted a
doubling effect in growth. The authors concluded this was probably due to the
release of the granules to produce viable vacuolar forms (Figure 1.3).

In summary, it is accepted that Blastocystis is transmitted via the faecal-oral
route and it replicates using binary fission. However, there is some evidence to
suggest there may be other reproductive processes involved in the life cycle. It
has also been demonstrated that the cyst stage is the infective stage for
Blastocystis. Clearly, further study is required to ascertain the true life cycle of
Blastocystis and the significance and roles of each morphological stage.
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Figure 1.3 Biological illustration of thermal stressed Blastocystis sp. The
vacuolar form is subjected to thermal stress at 41°C and produces HSP70. This
results in the formation of the granular form. When recultured at 37°C, the
granules are released to form viable vacuolar forms. Reprinted from
“Identification and Characterisation of Heat Shock Protein 70 in Thermal
Stressed Blastocystis sp.” by T. Gaythri, K. Suresh, B. Subha and R. Kalyani,
2014, PLoS ONE, 9(9), http://dx.doi.org/10.1371/journal.pone.0095608.
Copyright 2014 by T. Gaythri, K. Suresh, B. Subha and R. Kalyani. Reprinted
with permission.

1.3.3 Transmission and waterborne potential
Blastocystis is more prevalent in the tropics, areas with unsanitary conditions
and/or a contaminated water supply (Nimri 1993, O'Gorman et al. 1993, Nimri
and Batchoun 1994, Brandonisio et al. 1999, Basualdo et al. 2000, Hellard et al.
2000, Taamasri et al. 2000, Waikagul et al. 2002, Leelayoova et al. 2004, Tan
2004, Karanis et al. 2007, Li et al. 2007a, Abdulsalam et al. 2012). Resistant
12

properties of the cyst may allow for extended survival in contaminated water.
As mentioned in section 1.3.2, the cyst stage is the transmissible form of
Blastocystis and can be transmitted via the faecal-oral route. Previous studies
indicate that Blastocystis cysts are protected by a multilayered cyst wall (Zaman
et al. 1995, Zaman et al. 1997, Moe et al. 1999), and may survive in water for
up to 19 days to one month at 25ºC (Moe et al. 1996, Yoshikawa et al. 2004e)
and two weeks to two months at 4ºC (Moe et al. 1996, Yoshikawa et al. 2004e).
Yoshikawa et al. (2004e) concluded that the difference in viability amongst
these studies might be due to the isolates utilised.

Since other parasites, such as Cryptosporidium and Giardia are capable of
infecting animals and humans through contaminated water (Fayer 2004,
Karanis et al. 2007), it is also possible that Blastocystis can be acquired by
drinking contaminated water. An epidemiological study involving a Thai army
population found that Blastocystis was the most commonly isolated intestinal
parasite (Leelayoova et al. 2004). As it is known that the cysts are fragile at
extreme temperatures and in the presence of common disinfectants (Moe et al.
1996), it was found that consuming boiled water had a two-fold lower risk of
acquiring infection compared to consuming unfiltered or non-boiled water
(Leelayoova et al. 2004). Furthermore, Blastocystis ST 1 was also found in the
water and school children from a primary school in Thailand (Leelayoova et al.
2008). Ithoi et al. (2011) and Lee et al. (2012b) demonstrated that Blastocystis
was present in rivers in Malaysia and Nepal, respectively.

Sequencing of

Blastocystis isolates in Nepal revealed that the same STs were present in the
faecal and water samples (Lee et al. 2012b), providing further evidence for the
waterborne potential of Blastocystis.
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Other studies have demonstrated that sewage treatments may not completely
remove Blastocystis cysts (Zaman and Khan 1994, Suresh et al. 2005,
Banaticla and Rivera 2011).

Blastocystis cysts from treated sewage were

viable, and therefore able to develop into other stages when using in vitro
cultivation

(Suresh et al. 2005).

These findings demonstrate that there is

evidence of the waterborne transmission of Blastocystis.

1.4

Prevalence and host range of Blastocystis

Many epidemiological studies found that Blastocystis is a commonly occurring
parasite with a wide host range and worldwide distribution. Limited data is
available regarding the prevalence of Blastocystis in animals.

However,

numerous surveys reported Blastocystis to be one of the most frequently
isolated parasites in humans (Amin 2002, Windsor et al. 2002, Baldo et al.
2004, Fletcher et al. 2014). However, the prevalence of Blastocystis is variable.
Prevalence as low as 1% or less (Horiki et al. 1997, Hirata et al. 2007) in Japan,
and up to 60% in developing countries, such as Indonesia (Pegelow et al. 1997)
were reported. Recently, a study reported 100% prevalence of Blastocystis
amongst children in Senegal (El Safadi et al. 2014).

High prevalence of

Blastocystis in developing countries is most likely due to poor hygiene, the
presence of contaminated food and drinking water and contact with animals,
which are risk factors for Blastocystis transmission.

The prevalence of Blastocystis in developed countries such as Australia, the
United Kingdom (UK) and the United States of America (USA) ranged from 6%
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to 57% (Hellard et al. 2000, Amin 2002, Windsor et al. 2002, Roberts et al.
2011, Fletcher et al. 2014).

1.4.1 Blastocystis in Australia
The first report of Blastocystis infections in Australia described the isolation of
the parasite from individuals in New South Wales (NSW) and Queensland
(QLD) (Boreham et al. 1992).

Since then, numerous studies in Australia have

found Blastocystis to be prevalent amongst immuno-compromised individuals
(Stark et al. 2007b), animal handlers (Parkar et al. 2007, Wang et al. 2014b)
and individuals with GI – related symptoms (Roberts et al. 2011, Fletcher et al.
2014). Blastocystis was detected in 57% of samples submitted to four public
hospitals in Sydney (Fletcher et al. 2014), and 19% of samples at St Vincent’s
Hospital in Sydney (Roberts et al. 2011).

Also, few studies describe

Blastocystis infections outside of a clinical setting.

An epidemiological study of pathogenic organisms, as part of a water quality
study in a Melbourne community found 5.95% of asymptomatic individuals to be
infected with Blastocystis, which was the most common microorganism isolated
in the study (Hellard et al. 2000).

Considering that there were no suitable

controls for a statistically significant comparison of attributable risks to be
calculated in this study, and other variables which may also be contributing
factors for acquiring infection, (i.e., infection arising due to consuming
contaminated food), it cannot be assumed that individuals were infected with
Blastocystis from drinking water.

Blastocystis was previously detected in

domestic cats and dogs, chickens, zoo animals and native wildlife in Australia.
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High prevalences of Blastocystis was reported in animal shelters (Duda et al.
1998), commercial chicken farms (Lee and Stenzel 1999) and piggeries in QLD
(Wang et al. 2014b). Greater population density is considered to be a risk
factor for acquiring parasitic infections (Poulin 2014), and this could explain the
high prevalence of Blastocystis in commercial farms and animal shelters. In
contrast, the prevalence of Blastocystis in privately owned dogs (Wang et al.
2013) and pigs (Roberts et al. 2013) is two and 16 percent, respectively.
Molecular characterisation studies reveal that the pig isolates in Australia
belong to STs 1, 3 and 5 (Roberts et al. 2013, Wang et al. 2014b) whereas
isolates in dogs and a chicken belong to ST 1 and 2, respectively (Roberts et al.
2013, Wang et al. 2013). These previous studies were unable to make any
correlations between infection, clinical symptoms and co-infections, as such
data was not available. Therefore, further studies of Blastocystis in Australia
would be beneficial to determine the possible modes of transmission and risk
factors of acquiring an infection, which to an extent is addressed in this thesis.
Blastocystis has also been identified amongst zoo animals and native wildlife in
Australia (Parkar et al. 2007, Roberts et al. 2013).

1.4.2 Blastocystis in zoo animals and zoo keepers
As mentioned earlier, Blastocystis has been identified in numerous animal hosts
and geographical locations. The literature is primarily focused on prevalence,
epidemiological

and/or

molecular

characterisation

studies

based

upon

Blastocystis infections within the human population in various geographical
locations.

However, in recent years there has been keen interest in the

detection and molecular characterisation of Blastocystis isolates from animals.
Blastocystis has been identified in domesticated, captive and wild mammalian
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hosts such as non-human primates (NHPs) (Abe et al. 2002, Parkar et al. 2007,
Santín et al. 2007, Yoshikawa et al. 2009, Santín et al. 2011, Alfellani et al.
2013a, Roberts et al. 2013), livestock (Abe et al. 2002, Santín et al. 2007,
Santín et al. 2011, Fayer et al. 2012), domestic pets (Wang et al. 2013, Ruaux
and Stang 2014), birds (Abe et al. 2002, Santín et al. 2007, Santín et al. 2011,
Roberts et al. 2013), horses (Thathaisong et al. 2003), pigs (Abe et al. 2002,
Santín et al. 2007, Santín et al. 2011, Wang et al. 2014b), carnivores (Roberts
et al. 2013), rodents (Alfellani et al. 2013c) and macropods (Parkar et al. 2007,
Alfellani et al. 2013c, Roberts et al. 2013). It was also detected in reptiles
(Teow et al. 1991, Teow et al. 1992, Suresh et al. 1997) and cockroaches
(Yoshikawa et al. 2007).

In general, higher prevalences of Blastocystis are found amongst captive
animals and their keepers or animal handlers in comparison to wild animals and
individuals without animal contact (Salim et al. 1999). Salim et al. (1999) found
that there is a statistically significant (P = 0.0000313) link between human
interaction with animals and acquiring Blastocystis infection. 41% of animal
handlers surveyed from animal houses, zoos and abattoirs in Malaysia were
infected, compared to 17% of the control group.

Parkar et al. (2007) and

Stensvold et al. (2009a) isolated and characterised Blastocystis isolates from
primates and their zoo keepers from Perth Zoo and an unidentified zoo in the
UK, respectively. Although the Blastocystis isolates from the zoo keepers at the
Perth Zoo were found to be similar to some isolates from the primates, few zoo
keepers participated in the study.

Salim et al. (1999) proposed that

transmission may occur during feeding, washing and changing of the cages, as
well as close contact between the animals and zoo keepers. These studies
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raise some concerns about the zoonotic potential of Blastocystis and hygiene
practices.

Therefore, this study will investigate the prevalence and genetic

diversity of Blastocystis in the zoo environment compared to the general
population.

However, further investigations utilising molecular tools are

required to evaluate how Blastocystis is transmitted in the zoo environment
amongst the animal population and the risks at which zoo keepers are being
subjected to.

Blastocystis is commonly detected in a variety of animal hosts in captivity.
Previous studies describe that the organism is more prevalent amongst NHPs
(Abe et al. 2002, Lim et al. 2008, Pérez Cordón et al. 2008, Stensvold et al.
2009a, Alfellani et al. 2013a, Alfellani et al. 2013c, Roberts et al. 2013) and
avian hosts (Abe et al. 2002, Pérez Cordón et al. 2009). Similarly, Blastocystis
was identified in faecal samples from some NHP species at the Perth Zoo
(Parkar et al. 2007).

Recently, there has been more interest in the screening of other animal hosts
for Blastocystis (Parkar et al. 2007, Alfellani et al. 2013c, Roberts et al. 2013),
with molecular-based tools as the diagnostic method of choice. As a result,
further STs were described (Fayer et al. 2012, Alfellani et al. 2013c). Previously,
the majority of studies surveying zoos were dependent upon microscopy to
detect all parasitic infections (Lim et al. 2008, Pérez Cordón et al. 2008, Pérez
Cordón et al. 2009). Considering that microscopy displays the lowest sensitivity
and specificity from all of the available techniques utilised for the detection of
Blastocystis (Stensvold et al. 2007a, Roberts et al. 2011), most infections in
these studies may not have been found.
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This could also explain why

Blastocystis was not detected in a study surveying NHPs from four zoos in
Belgium (Levecke et al. 2007). Hence, molecular tools will be utilised in this
study to detect Blastocystis in various hosts due to its greater sensitivity and the
ability to identify STs.

1.4.3 Prevalence of Blastocystis in wild animals
Blastocystis has also been detected in wild animal populations, namely NHPs.
The prevalence of Blastocystis in NHPs varies between three and 85 percent
(Ashford et al. 2000, Freeman et al. 2004, Legesse and Erko 2004,
Muehlenbein 2005, Yoshikawa et al. 2009, Labes et al. 2010, Petrášová et al.
2011, Alfellani et al. 2013a, Sá et al. 2013, Drakulovski et al. 2014, Helenbrook
et al. 2015, Kouassi et al. 2015). One reason to account for such a significant
difference is the detection methods used in these studies. Legesse and Erko
(2004) and Drakulovski et al. (2014) reported a 3% prevalence of Blastocystis in
the baboon and chimpanzee, where the parasite was detected using
microscopy. In contrast, Petrášová et al. (2011) used a direct PCR method to
report a prevalence of 85% in each of the three NHP species sampled in
Tanzania.

However, very little is known about Blastocystis in other wildlife species.
Blastocystis was also detected in wild boars and stray cats in Iran. 25% of wild
boars screened were infected with Blastocystis (Solaymani-Mohammadi et al.
2004). Similarly, 16% of the stray cats harboured Blastocystis (Mohsen and
Hossein 2009).

Recently, Blastocystis was also identified in 50% of brown

bears (Ursus arctos) surveyed in Slovakia (Valenčáková et al. 2014).
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1.4.4 Blastocystis in Australian native animals
Three studies have reported the presence of Blastocystis in Australian native
fauna (Parkar et al. 2007, Alfellani et al. 2013c, Roberts et al. 2013). To date,
eight species have been reported to harbour Blastocystis infections (Table 1.1),
with most isolates belonging to ST 4. However, other STs (13 and 16) have
been identified. Due to the limited data available, this thesis describes the
prevalence and genetic diversity of Blastocystis in free-ranging and wild
Australian native fauna in Chapter 4.

Table 1.1 Blastocystis detected in Australian native fauna. N/A =
information not available.
Scientific
Subtype
Host
Location
Reference
name
(ST)
Trichosurus
(Parkar et al.
Brushtail
Julimar
4
vulpecula
possum
2007)
Dasyurus
Parkar et al.
Chuditch
Julimar
N/A
geoffroii
(2007)
Macropus
Roberts et al.
Eastern grey
Taronga Zoo
4
giganteus
kangaroo
(2013)
Macropus
(Roberts et al.
Eastern
Bushland NSW
4
robustus
2013)
wallaroo
Isoodon
(Parkar et al.
Quenda
Julimar
N/A
obesulus
2007)
(Roberts et al.
Taronga Zoo
4
2013)
Macropus
Red kangaroo
rufus
Alfellani et al.
N/A
16
(2013c)
(Parkar et al.
Macropus
Western grey
Taronga Zoo
13
2010, Roberts
fuliginosus
kangaroo
et al. 2013)
Bettongia
(Parkar et al.
Woylie
Julimar
N/A
penicillata
2007)
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1.5

Clinical relevance and pathogenesis

The pathogenicity of Blastocystis is controversial, with some studies concluding
that it is a commensal organism and may be pathogenic under certain
conditions. Over the last decade, evidence from epidemiological, in vitro and
animal studies suggest that Blastocystis may be a pathogen (Boorom et al.
2008, Tan 2008, Tan et al. 2010, Poirier et al. 2012, Scanlan 2012). Infected
individuals may have non-specific symptoms such as: diarrhoea, abdominal
pain, nausea, bloating, weight loss, fatigue, vomiting, constipation and
excessive flatulence (Stenzel and Boreham 1996, Boorom et al. 2008, Tan
2008, Tan et al. 2010). However, some studies have concluded that many
infected individuals may also be asymptomatic (Dogruman-Al et al. 2008,
Eroglu et al. 2009, Souppart et al. 2009). A link between Blastocystis infection
and irritable bowel syndrome (IBS) has also been reported (Hussain et al. 1997,
Giacometti et al. 1999, Yakoob et al. 2004, Jimenez-Gonzalez et al. 2012,
Olivo-Diaz et al. 2012).

1.5.1 Links between Blastocystis and conditions such as irritable bowel
syndrome and colorectal cancer
High prevalence of Blastocystis was reported among IBS patients in
comparison to IBS-negative individuals with GI symptoms (Giacometti et al.
1999, Yakoob et al. 2004, Jimenez-Gonzalez et al. 2012). Some studies found
that levels of Immunoglobulin G (IgG) antibody to Blastocystis were significantly
higher in patients with IBS in comparison to healthy individuals (Hussain et al.
1997, Yakoob et al. 2004). Olivo-Diaz et al. (2012) described the association
between interleukin-8 (IL-8) and IL-10 gene polymorphisms in individuals with
Blastocystis infections and IBS. Although there seems to be a link between
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Blastocystis infection and IBS, it cannot be concluded that Blastocystis is the
cause of this disease as abnormal intestinal conditions may be favourable for
Blastocystis replication (Udkow and Markell 1993).

Chen et al. (2003) also

speculated that Blastocystis was more likely to be an indicator of intestinal
dysfunction instead of being a causative agent.

Although some studies suggest that there may be a link between Blastocystis
infection and IBS, a comprehensive case-controlled study of 2800 people
concluded that there is no significant difference in the presence of Blastocystis
in symptomatic and asymptomatic individuals, and that clinical symptoms were
not linked to the abundance of the parasite (Leder et al. 2005).

Recently, it was suggested that Blastocystis infections might play a role in the
growth of colorectal cancers. Increased cell proliferation was observed when
human colon cancer cells (cell line HCT116) were exposed to Blastocystis
antigens (Chandramathi et al. 2010, Chan et al. 2012).

Also, HCT116 cell

proliferation was significantly higher when these cells were exposed to antigens
from symptomatic Blastocystis isolates compared to those from asymptomatic
isolates (Chan et al. 2012). It is hypothesised that Blastocystis may inhibit the
apoptotic effect of colonic cancer cells, thus resulting in the growth of colorectal
cancers (Chandramathi et al. 2010, Chan et al. 2012), as significant
upregulation of interleukin-6 (IL-6), which promotes growth of colorectal tumours
(Becker et al. 2005) was observed in HCT116 cells exposed to Blastocystis
antigens (Chandramathi et al. 2010). Also, genes which could inhibit tumour
proliferation, such as interferon gamma (IFN-γ) (Zaidi and Merlino 2011) and
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tumour suppressor p53 (Surget et al. 2014) were significantly downregulated in
HCT116 cells exposed to Blastocystis (Chandramathi et al. 2010).

1.5.2 Infection studies
One of the reasons why it's hard to ascertain the pathogenesis of Blastocystis is
due to the absence of a suitable animal model. Rats, mice, guinea pigs and
chickens were experimentally infected with Blastocystis (Suresh et al. 1993,
Moe et al. 1998, Yoshikawa et al. 2004e, Tanizaki et al. 2005, Iguchi et al.
2007, Hussein et al. 2008), providing evidence that rats and chickens were
susceptible to Blastocystis infections (Yoshikawa et al. 2004e, Iguchi et al.
2007), and may be appropriate animal models. However, care should be taken
when choosing which Blastocystis isolates to infect animals with, as some are
host specific and/or do not infect some animal hosts (Iguchi et al. 2007).

Similarly, one study experimentally infected rats using isolates from
symptomatic and asymptomatic patients (Hussein et al. 2008). Isolates from
symptomatic patients induced moderate to severe pathological changes in
infected rats compared to isolates from asymptomatic individuals.

It was

concluded that ST 1 was pathogenic, which was also supported by Kaneda et
al. (2000). Furthermore, it has also been demonstrated that Blastocystis can
invade the lamina propria, submucosa and muscle layers in mice (Elwakil and
Hewedi 2010). However, the authors of this study did not specify the isolate/s
used to infect their mice. In contrast, Wang et al. (2014a) investigated the
pathogenic potential of Blastocystis in pigs and found no obvious pathology or
invasion in the small and large intestines.
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1.5.3 Pathogenicity, genetic diversity and morphology
Other studies have also hypothesised that pathogenicity may be influenced by
the genetic diversity of Blastocystis (Tan 2008, Tan et al. 2010, Scanlan 2012),
with ST 4 being highly prevalent amongst symptomatic individuals in Europe
(Domínguez-Márquez et al. 2009, Stensvold et al. 2011, Forsell et al. 2012).
Similarly, there may be a correlation between the presence of STs 2 and/or 3
with cutaneous disorders and urticaria (Vogelberg et al. 2010, Zuel-Fakkar et al.
2011). In contrast, some studies have concluded that there is no correlation
between symptoms and Blastocystis STs (Özyurt et al. 2008, Dogruman-Al et
al. 2009, Souppart et al. 2009, Jantermtor et al. 2013). Further studies are
required to ascertain the pathogenic potential of each Blastocystis ST.

Although pathogenicity may be due to genetic subtype, it has also been
reported that the amoeboid stage may also be responsible (Tan and Suresh
2006b, Katsarou-Katsari et al. 2008). Valsecchi et al. (2004) proposed that the
amoeboid form adheres to the intestinal epithelium, therefore affecting the
intestine’s immune homeostasis and resulting in an immune response against
the parasite. Recently, a number of studies have examined the immunological
response to Blastocystis infections.

Some studies have described the expression of Blastocystis cysteine proteases
(Sio et al. 2006, Wawrzyniak et al. 2012). Cysteine proteases are crucial in the
following processes: invasion of host cells, immune invasion, pathogenesis,
virulence and cell cycle regulation (Roberts et al. 2014).

Similarly, other

pathogenic enteric protozoa, such as Entamoeba and Giardia, also possess
cysteine proteases (North 1982, McKerrow et al. 1993) which can disrupt
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epithelial integrity and modulate host immune responses (Zhang et al. 2000,
Buret 2007, Panaro et al. 2007).

Previous studies have described that Blastocystis ST 2 proteases can degrade
human secretory IgA (Puthia et al. 2005) and that Blastocystis ST 4 cysteine
proteases can induce IL-8 production in human colonic epithelial cells (T84) and
cause contact-independent apoptosis in IEC-6 (rat intestinal epithelial) cells
(Puthia et al. 2006, Puthia et al. 2008). Furthermore, variations in cysteine
protease activity between Blastocystis STs 4 and 7, and two isolates within ST
7 have been reported (Mirza and Tan 2009). This variation in cysteine protease
activity could also explain the possibility of pathogenicity being ST dependent.
It is also believed that there may be phenotypic differences between isolates
from symptomatic and asymptomatic individuals (Suresh and Smith 2004,
Stensvold et al. 2009b). Further research is required to determine the roles of
genetic subtype and phenotypic variation in the pathogenicity of Blastocystis.

1.6

Diagnosis

Several different methods can be used to facilitate the detection of Blastocystis
infections. These include but are not limited to: direct wet mounts, staining
techniques, concentration methods, serology, in vitro cultivation and molecular
methods.

1.6.1 Direct wet mounts and staining
This is one of the least sensitive and least reliable methods for detecting
Blastocystis, even though it is quick and cost effective. This is primarily due to
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the polymorphic nature of Blastocystis, as some stages are misinterpreted as
yeast or fat globules (Tan 2008) and the technician’s expertise.

In most cases, microscopy is performed with stained specimens. Wet mounts
with Lugol’s iodine, and permanent-stained smears with acid-fast, Giemsa,
Field’s, and the popularly utilised Trichrome stains have been used for the
detection of Blastocystis (O'Gorman et al. 1993, Windsor et al. 2002,
Termmathurapoj et al. 2004, Aksoy et al. 2007, Noor Azian et al. 2007,
Stensvold et al. 2007a). It has been reported that Blastocystis is twice more
likely to be detected when using Trichrome staining compared to a direct wet
mount (Termmathurapoj et al. 2004). However, the use of this technique is
heavily reliant upon the technician’s expertise and is more time consuming than
direct wet mounts and in vitro cultivation (Termmathurapoj et al. 2004).

1.6.2 Concentration methods
The most commonly used concentration method, the formol ethyl acetate
concentration technique (FECT), exhibits a low sensitivity for Blastocystis
detection (Leelayoova et al. 2002, Suresh and Smith 2004, Stensvold et al.
2006, Stensvold et al. 2007a).

However, this method is more sensitive in

comparison to direct wet mounts (Leelayoova et al. 2002).

1.6.3 In vitro cultivation
Previous studies have shown that short-term (24 – 72 hours) in vitro culture has
greater sensitivity for the detection of Blastocystis compared to the screening of
stained specimens using microscopy (Leelayoova et al. 2002, Termmathurapoj
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et al. 2004, Stensvold et al. 2007a). Various enrichment media and protocols
have been employed to amplify Blastocystis. However, it has been suggested
that the usefulness of in vitro techniques depend on the reagents and protocols
employed (Leelayoova et al. 2002), as they may influence the growth
characteristics of Blastocystis isolates (Parkar et al. 2007). Leelayoova et al.
(2002) found that culturing in Jones’ medium may affect Blastocystis
morphology, as the parasite seemed larger in size when compared to
Blastocystis detected using other methods.

This could be due to the

Blastocystis cells’ sensitivity to environmental conditions and physical factors
(Stenzel and Boreham 1996, Tan 2004). Hence, it was concluded that this
medium could not be used if trying to determine a relationship between human
pathogenicity or clinical outcome and morphology (Leelayoova et al. 2002).

Although in vitro culturing is a sensitive method for Blastocystis detection, its
use before the genetic characterisation of isolates should be discouraged. It
has been reported that some animal isolates may not be able to grow in Jones’
medium (Parkar et al. 2007), and that in vitro culturing methods may not detect
mixed subtype infections due to the preferential amplification of one subtype
over another (Parkar et al. 2007, Yan et al. 2007).

1.6.4 Serology
Blastocystis infections can be detected using serological methods, such as
indirect fluorescent antibody (IFA) and enzyme-linked immune-sorbent assay
(ELISA) (Zierdt and Nagy 1993, Zierdt et al. 1995, Hussain et al. 1997, Kaneda
et al. 2000, Mahmoud and Saleh 2003), as the parasite can trigger IgG and IgA
responses.

Some studies associate high ELISA titres with symptomatic
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infections (Zierdt and Nagy 1993, Zierdt et al. 1995, Hussain et al. 1997,
Mahmoud and Saleh 2003), while others indicate that it may be difficult to elicit
a reaction for dilutions greater than 1:50 (Zierdt and Nagy 1993, Zierdt et al.
1995, Kaneda et al. 2000). This could be due to the isolates utilised as the
coating antigen (Tan 2008).

Recently, a commercial ELISA-based test for

Blastocystis (CoproELISA™ Blastocystis, Savyon Diagnostics, Israel) has been
developed using a mixture of rabbit polyclonal antibodies raised against STs 1 –
3 and 5. This test has been evaluated against other routinely used methods,
such has microscopy and culturing (Dogruman-Al et al. 2015). Although this
test was shown to have 92% sensitivity and 87% specificity compared to
culturing and microscopy, the authors had not provided subtyping results to
confirm if isolates from STs other than 1 – 3 and 5 were also evaluated in this
study.

Therefore, serology cannot be used as a reliable diagnostic method for

Blastocystis infections, as the genetic and antigenic diversity of Blastocystis
isolates need to be taken into account when developing such methods and it is
highly likely that some isolates would not be detected.

1.6.5 Molecular methods
Molecular methods such as PCR are considered to be the gold standard for
detecting Blastocystis infections.

Blastocystis DNA was amplified and

characterised directly from faecal samples with sensitivities greater than or
equal to in vitro methods (Parkar et al. 2007, Stensvold et al. 2007a). Although
molecular methods are sensitive for the detection of Blastocystis, it is not
possible to determine which Blastocystis morphological stages are present in
the sample. Similarly, the viability of parasitic stages cannot be assessed using
these methods alone. Several different approaches are available, such as PCR
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followed by restriction fragment length polymorphism (RFLP) (Böhm-Gloning et
al. 1997, Clark 1997, Abe et al. 2003c, Abe et al. 2003b, Abe et al. 2003a,
Thathaisong et al. 2003, Yoshikawa et al. 2003, Rivera and Tan 2005, Yan et
al. 2007, Wong et al. 2008), PCR and dideoxy sequencing (Scicluna et al. 2006,
Parkar et al. 2007, Stensvold et al. 2007a, Rivera 2008, Santín et al. 2011),
PCR and pyrosequencing (Stensvold et al. 2007c) and real-time PCR (Jones II
et al. 2008, Poirier et al. 2011, Stensvold et al. 2012a). The major limitation
with the PCR-RFLP, the pyrosequencing and real-time PCR methods described
is the difficulty in detecting mixed ST infections. For this reason, it is preferred
that samples be screened with at least two different primer sets in order to
accurately screen all samples for Blastocystis (Stensvold et al. 2009b) before
dideoxy sequencing, which can identify mixed ST infections, or utilise cloning.
PCR and dideoxy sequencing using two primer sets was the diagnostic
approach used to detect Blastocystis in this study. This method was chosen as
molecular methods exhibit the greatest sensitivity for Blastocystis detection
compared to the other methods described. Also, it is the only method which
allows for the detection of mixed ST infections.

1.7

Genetic diversity of Blastocystis

Prior to the use of molecular-based methods, Blastocystis was identified and
described based upon its electrophoretic karyotype, dissimilarity of optimal
growth temperature, in vitro culture characteristics and the host it was isolated
from (Belova and Kostenko 1990, Teow et al. 1991, Belova 1992b, Belova
1992a, Singh et al. 1996, Chen et al. 1997b, Krylov and Belova 1997). This led
to the speciation of Blastocystis. Isolates described from humans were known
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as Blastocystis hominis, with most isolates detected from other mammals
referred to as Blastocystis sp. However, Blastocystis isolates from rats were
called Blastocystis ratti, and isolates detected from reptilian hosts to be known
as Blastocystis cycluri, Blastocystis lapemi and Blastocystis pythoni (Singh et al.
1996, Chen et al. 1997b).

As Blastocystis isolates from humans are morphologically indistinguishable to
those from other animal hosts (Yoshikawa et al. 2004c, Noël et al. 2005),
techniques such as random amplified polymorphic DNA (RAPD) and PCRRFLP (Clark 1997, Yoshikawa et al. 2000, Kaneda et al. 2001) were initially
used to describe and determine the genetic diversity of Blastocystis.

Genes such as the small subunit ribosomal RNA (SSU rRNA) gene, elongation
factor-1 alpha (EF-1α) and internal transcribed spacer (ITS) region, and
techniques described in section 1.6.5 were used to investigate Blastocystis at a
molecular level.

Due to the variations in morphology and the sequence data

available in Genbank, most phylogenetic analyses utilise sequences of the SSU
rRNA gene, while few studies focused on the other two genes.

1.7.1 Small subunit ribosomal RNA (SSU rRNA) gene
Molecular characterisation studies based on the SSU rRNA gene began in the
late 1990’s, with an overwhelming number published in the past ten years,
resulting in multiple genetic-name terminologies. In one of the first molecularbased studies, Clark (1997) amplified and compared a total of 30 isolates from
humans using PCR-RFLP, revealing seven distinct ribodemes.

Subsequent

studies then also identified the presence of an additional three ribodemes
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(Yoshikawa et al. 2000, Kaneda et al. 2001).

Furthermore, based upon PCR-

RFLP, Böhm-Gloning et al. (1997) had also described six different subgroups of
Blastocystis, which correlated to the previously described ribodemes.

The first phylogenetic study of Blastocystis revealed the presence of seven
genetically distinct groups (Arisue et al. 2003) and was corroborated by other
studies which referred to these genetic groups as subtypes (STs) (Yoshikawa et
al. 2003, Abe 2004).

Diagnostic PCR primers were also developed to

distinguish and classify isolates based on genetic similarity. Seven sets of
primers, referred to as sequence-tagged sites (STS) primers were developed
(Yoshikawa et al. 1998, Abe et al. 2003c, Abe et al. 2003a, Arisue et al. 2003),
and were able to amplify isolates from groups I – VII (or STs 1 – 7).

The first detailed phylogenetic tree based on sequence homology was
constructed by Noël et al. (2005), confirming the presence of the previously
described seven genetic STs/groups (Arisue

et al. 2003, Yoshikawa et al.

2003, Abe 2004, Yoshikawa et al. 2004d), with a possibility of another five
groups existing in nature (Figure 1.4). The isolates in this study were also
amplified with the STS primers. Following this study, Scicluna et al. (2006)
developed primers used to amplify a 600 bp ‘barcoding’ region of the SSU rRNA
gene. For many years, different terminologies (clades, clusters, ribodemes,
subgroups and subtypes) were used to describe the genetic variation in
Blastocystis, which made comparing data from the relevant studies difficult
(Stensvold et al. 2007b).

Thus, it was proposed that future molecular

phylogenetic studies should use standardised terminology (consensus) based
on the collation of data from various studies (Stensvold et al. 2007b).
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Figure 1.4
Maximum-likelihood phylogeny of Blastocystis isolates
inferred from SSU rRNA gene sequences. P. lacertae served as the
outgroup. Bayesian posterior probabilities are given as percentages near the
individual nodes. Nodes with values of <50% are not shown. Blastocystis
isolates from humans are indicated in boldface. Groups I to VII are those
previously described by Arisue et al. (2003), and the arrows indicate isolates for
which classification is uncertain. Scale bar, 0.1 substitutions (corrected) per
base pair. Reprinted from “Molecular Phylogenies of Blastocystis Isolates from
Different Hosts: Implications for Genetic Diversity, Identification of Species, and
Zoonosis” by C. Noël, F. Dufernez, D. Gerbod, V.P. Edgcomb, P. DelgadoViscogliosi, L.C. Ho, M. Singh, R. Wintjens, M.L. Sogin, M. Capron, R. Pierce,
L. Zenner and E. Viscogliosi, 2005, Journal of Clinical Microbiology, 43(1), pg
351. Copyright 2005 by American Society for Microbiology. Reprinted with
permission.
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1.7.2 Blastocystis subtypes
Stensvold et al. (2007b) suggested the use of the term subtype (ST) and
concluded that there were nine mammalian STs of Blastocystis based upon the
heterogeneity of the SSU rRNA gene.

Distinct clades were present in the

phylogenetic trees which were supported by maximum posterior probabilities
and high bootstrap values in Bayesian and maximum likelihood (ML) analyses,
respectively (Figure 1.5). The minimum divergence between STs was around
five percent. Since the publication of the consensus, a further eight subtypes
were discovered and confirmed using phylogenetic analysis (Figure 1.5)
(Stensvold et al. 2009a, Fayer et al. 2012, Alfellani et al. 2013c).

To date, 17 (mammalian) Blastocystis STs have been described based on
phylogenetic analyses (Figure 1.6). In addition to these STs, there are also
Blastocystis isolates from reptilian hosts and arthropods. Furthermore, some
STs seem to be host specific, while others display low host specificity (Table
1.2).

The emergence of new STs has primarily been due to the increasing use of
molecular tools for the detection of Blastocystis and the interest in screening a
variety of animal hosts. At least eight STs have been identified in the past six
years. According to Clark et al. (2013), the emergence of new STs has resulted
in the increasing diversity within existing STs, and the possibility of new STs
differing by less than five percent.

33

Figure 1.5 Relationships among Blastocystis sp. subtypes.
The
phylogenetic analysis of Noël et al. (2005) has been redrawn to show the
strongly supported clades with their new subtype designations proposed here.
The Bayesian posterior probabilities are shown. Proteromonas lacertae was
used as the outgroup (not shown). Reprinted from “Terminology for Blastocystis
subtypes – a consensus” by C.R. Stensvold, G.K. Suresh, K.S.W. Tan, R.C.A.
Thompson, R.J. Traub, E. Viscogliosi, H. Yoshikawa and C.G. Clark, 2007,
Trends in Parasitology, 23(3), p 95. Copyright 2007 by Elsevier. Reprinted with
permission.

Some STs, such as ST 3, are strongly supported clade consisting of sequences
from a variety of animal hosts (including humans). Clark et al. (2013) explain
that the most divergent sequences within ST 3 differ by almost three percent.
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Therefore, if a sequence differs by 1.5% or less, it is most likely to belong to an
established ST. The concern highlighted by the authors is the designation of
new STs based on divergence between three and five percent. Sequences with
the divergence of around three percent may either belong to an established ST
or possibly a new ST. However, this would be difficult to determine without
further sampling which would result in one of the two situations:
1. Other sequences are discovered and may create a new branch between
a new sequence and previously described sequences.

This would

indicate that the new sequence belongs to an established ST; or
2. Other sequences are identified which are related to the new sequence,
which would confirm that it should be considered as a new ST.
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Figure 1.6 Maximum likelihood phylogenetic tree inferring relationships
among SSU rDNA sequences of Blastocystis. Bootstrap support values and
posterior probabilities are shown next to each node in the order Maximum
Likelihood/Bayesian Analysis/Neighbour-Joining. As asterisk indicates lower
than 50% bootstrap support or a posterior probability value of less than 0.5. Bar
= estimated number of substitutions per site. Reprinted from “Genetic Diversity
of Blastocystis in Livestock and Zoo Animals” by M.A. Alfellani, D. Taner-Mulla,
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A.S. Jacob, C.A. Imeede, H. Yoshikawa, C.R. Stensvold and C.G. Clark, 2013,
Protist, 164(4), p 501. Copyright 2013 by Elsevier. Reprinted with permission.

Further sampling of other animal hosts is required to ascertain the genetic
diversity of Blastocystis and whether or not other STs exist in nature. Due to
the emergence of a significant number of new STs, a consensus has been
proposed regarding the designation of new STs. Clark et al. (2013) suggested
that isolates which may represent new STs should:
•

not be based on a small fragment of the SSU rDNA (such as the
barcoding region), and should be based upon complete and/or almost
complete sequences;

•

new sequences must differ by at least four percent to be considered a
new ST with confidence;

•

if divergence is between 1.5 and four percent, new sequences can be
tentatively assigned as new STs subject to confirmation by further
sampling (Boenigk et al. 2012).

1.7.3 Intra-subtype (intra-ST) relationships
The genetic distance between STs range from five to seven percent based on
sequences of the SSU rRNA gene (Stensvold et al. 2007b, Alfellani et al.
2013c), and it is possible that each ST represents a distinct species (Noël et al.
2005).

However, investigating intra-ST diversity using the current subtyping

approach is difficult. Multilocus sequence typing (MLST) may be useful to infer
intra-ST diversity and is commonly utilised to characterise other parasites, such
as Cryptosporidium, Giardia and Toxoplasma (Mendonça et al. 2007, Wielinga
and Thompson 2007, Pan et al. 2012, Ryan and Cacciò 2013). Recently, the
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genetic diversity of Blastocystis has been investigated using sequences from
the MLO and ITS regions in an MLST approach (Stensvold et al. 2012b,
Villalobos et al. 2014).
Recently, a complete Blastocystis ST 7 genome was sequenced and analysed,
which revealed the presence of at least 17 variable copies of the SSU rDNA
(Denoeud et al. 2011, Poirier et al. 2014). Based on these findings, the SSU
rDNA would not be suitable to infer intra-ST relationships, and the suitability of
other loci need to be determined.

Recent studies have explored the

appropriateness of the MLO and ITS regions to infer intra-ST relationships.

Sequencing of the MLO genomes for STs 1, 4 and 7 reveal these genomes are
approximately 30 kb in size (Pérez-Brocal and Clark 2008, Wawrzyniak et al.
2008).

The MLO genome consists of 45 genes and high gene synteny is

evident amongst all MLO genomes sequenced (Poirier et al. 2014). Analysis of
the MLO genome revealed that the SSU rDNA heterogeneity roughly
corresponds to that seen in the MLO genome (Stensvold et al. 2012b).
advantage of using the MLO genome are:

The

it is similar to a mitochondrial

genome, and therefore, it is haploid; the MLO consists of numerous single copy
genes; and excluding the SSU rDNA, there is enough sequencing information
publicly available to design primers and use this approach to characterise
Blastocystis isolates further.

Poirier et al. (2014) successfully characterised isolates from STs 1 – 10 based
on a ~440 – 536 bp region of the MLO-rDNA, and found congruency when
characterising isolates using both the MLO-rDNA and the SSU rDNA. Similarly,
Stensvold et al. (2012b) developed schemes using the MLO to further
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characterise isolates from STs 3 and 4. ST 3 consists of at least four clades –
one of which is specific to human isolates, while the others contained isolates
from both NHPs and humans (Stensvold et al. 2012b). ST 4 comprises of at
least two clades and displays lower genetic diversity compared to ST 3
(Stensvold et al. 2012b, Poirier et al. 2014).

Although the ITS regions of Blastocystis were first sequenced by Hoevers and
Snowden (2005), the aim of their study was to confirm the taxonomic position of
Blastocystis.

Recently, the ITS regions were also evaluated as potential

markers to investigate the genetic diversity of Blastocystis (Villalobos et al.
2014).

It was found that the ITS regions in STs 1 – 3 and 7 were more

polymorphic compared to the SSU rDNA.

However, other STs were not

evaluated using this protocol. Therefore, further work is required to determine if
this region is suitable to evaluate intra-ST relationships.

1.7.4 The genetic and host diversities of Blastocystis subtypes
Blastocystis isolates from some animal hosts have been identified using
molecular tools. Blastocystis STs 1 – 9 were identified in humans (Table 1.2),
with 90% of these isolates belonging to STs 1 – 4 (Alfellani et al. 2013b).
However, it seems STs 1 and 3 are commonly detected in all geographic
regions, and other STs seem to dominate in specific regions. STs 2 and 4 are
commonly found in humans in the Americas and Europe, respectively. Most
human isolates in STs 6 and 7 were from in Africa and Asia. In contrast, ten or
fewer human isolates have been identified as STs 5, 8 and 9 (Alfellani et al.
2013b).
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All STs, except ST 9 were identified in animal hosts (Table 1.2). STs 1 and 2
have been identified in numerous of animal hosts and humans. Both these STs
display low host specificity, and each consists of at least 22 alleles according to
the Blastocystis Sequence Typing website (http://pubmlst.org/blastocystis)
developed by Jolley and Maiden (2010) (Table 1.3).

Table 1.2 Blastocystis STs identified in humans and animal hosts.
Order
Host
Blastocystis ST(s)
Old world monkeys
1 – 3, 5, 8 and 13
New world monkeys
1 – 4 and 8
NHPs
Prosimians
1, 2, 4, 8, 10 and 15
Lesser apes
1 – 3, 5, 8 and 15
Great apes
1 – 3, 5, 11 and 15
Camel
1, 3, 5, 10 and 15 – 17
Cattle
1, 3, 5, 10 and 16
Giraffe
3 and 12
Goat
3, 7 and 10
Artiodactyla
Mouse deer
13
Pig
1 – 3 and 5
Sheep
3 and 10
Roe deer
10
Perissodactyla
Horse
3
Brown bear
3
Carnivores
Cat
1, 3, 10 and 14
Dog
1 – 3 and 10
Guinea pig
4
Gundi
14
Rat
4
Rodents
Chinchilla
3
Yellow necked mouse
3
Wood mouse
3
Black vole
1
Kangaroo
4, 12, 13 and 16
Marsupials
Possum
4
Wallaroo
4
Proboscidea
Elephant
11
Birds
1, 2, 4 and 6 – 8
Other
Human
1–9
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Table 1.3 Number of alleles present in each Blastocystis subtype based
upon the barcoding region of the SSU rRNA gene as per the Blastocystis
Sequence Typing website.
Subtype (ST)
Number of alleles (n)
1
22
2
22
3
40
4
8
5
9
6
6
7
19
8
2
9
3
10
1

STs 1 and 2 contain isolates from various NHP species, cats, dogs, cattle, pigs,
camel and birds (Noël et al. 2005, Scicluna et al. 2006, Parkar et al. 2007,
Stensvold et al. 2009a, Alfellani et al. 2013a, Alfellani et al. 2013c, Wang et al.
2013, Ruaux and Stang 2014, Wang et al. 2014b) (Table 1.2). ST 1 consists of
at least two distinct clades (Ramírez et al. 2014, Villalobos et al. 2014).
According to the sequence typing website, STs 1 and 2 each comprises of 22
alleles based on the SSU rDNA (Table 1.3).

ST 3 is the most common ST isolated from humans (Alfellani et al. 2013b), and
has been isolated from a range of animal hosts including NHPs, artiodactyls,
carnivores and rodents (Stensvold et al. 2009a, Alfellani et al. 2013a, Alfellani et
al. 2013c, Valenčáková et al. 2014) (Table 1.2). This ST seems to have the
greatest genetic diversity, as it consists of 40 alleles based on the SSU rDNA
(Table 1.3). Although ST 3 displays low host specificity, analysis of the MLO
genome has revealed the presence of at least four intra-ST clades. Generally,
all human isolates belonging to ST 3 were restricted to one clade (MLO Clade
1), while the remaining clades consisted of isolates primarily from NHPs
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(Stensvold et al. 2012b). However, NHP isolates also clustered into MLO Clade
1, and two human isolates (from zoo keepers) grouped into one of the other
clades. It is most likely that ST 3 consists of additional clades based on its low
host specificity as only NHP and human isolates were utilised by Stensvold et
al. (2012b).

Initially, it was considered that ST 4 consisted of rodent and human isolates
(Noël et al. 2005). However, recent studies have shown that the host range for
this ST is greater than previously anticipated. Isolates from various Australian
marsupials, NHPs, deer, ostrich and a snow leopard also cluster into ST 4
(Parkar et al. 2007, Alfellani et al. 2013c, Roberts et al. 2013) (Table 1.2). The
analysis of the MLO genome using human, NHP and rodent isolates reveals the
presence of at least two clades in ST 4, and both clades consist of human and
animal isolates (Stensvold et al. 2012b). It is also possible that ST 4 comprises
of additional clades, as isolates from other animal hosts were not included in the
study.

STs 5 – 8 are rarely found in humans. ST 5 primarily consists of isolates from
pigs, NHPs and livestock (Abe et al. 2003c, Arisue et al. 2003, Yan et al. 2007,
Stensvold et al. 2009a, Alfellani et al. 2013a, Wang et al. 2014b) (Table 1.2).
STs 6 and 7 are usually isolated from avian hosts and are rare in mammals
(Stensvold et al. 2009a) (Table 1.2). However, recently ST 7 has been isolated
from guinea fowl (Roberts et al. 2013) and humans (Yan et al. 2006, Yan et al.
2007, Forsell et al. 2012) (Table 1.2). ST 8 is commonly found in NHPs (Abe
2004, Scicluna et al. 2006, Stensvold et al. 2009a, Alfellani et al. 2013a) but has
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also been isolated from marsupials and birds (Abe et al. 2003a, Ramírez et al.
2014) (Table 1.2).

During this study, STs 10 – 17 were discovered for the first time. Stensvold et
al. (2009a) first identified ST 10 in cattle and NHP isolates, and this ST
comprises of two clades (Stensvold et al. 2009a, Alfellani et al. 2013c). It is
considered that ST 10 is the most common ST found in cattle (Stensvold et al.
2009a, Santín et al. 2011, Alfellani et al. 2013c). Recently, ST 10 has also
been isolated from camels, cats and dogs (Alfellani et al. 2013c, Ruaux and
Stang 2014).

STs 11 – 13 were isolated from various animal hosts. STs 11 and 12 were
recently detected in chimpanzees and giraffes at Taronga Zoo (Roberts et al.
2013). Similarly, ST 13 was recently isolated from a colobus monkey, mouse
deer and western grey kangaroo (Petrášová et al. 2011, Alfellani et al. 2013c,
Roberts et al. 2013). These STs seem to have a broad host range.

Recently, ST 14 and STs 15 – 17 were identified by Fayer et al. (2012) and
Alfellani et al. (2013c), respectively. ST 14 has been isolated from cattle, cats
and camel (Fayer et al. 2012, Alfellani et al. 2013c, Ruaux and Stang 2014).
ST 15 comprises of isolates from NHPs, camel and sheep (Alfellani et al.
2013a, Alfellani et al. 2013c). STs 16 and 17 may be host specific as only two
isolates from red kangaroos cluster into ST 16, and ST 17 has only been found
in a gundi (Alfellani et al. 2013c).
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The heterogeneity displayed in the SSU rRNA gene is a controversial issue.
The alignment of the major part of this gene’s sequences is conserved among
different isolates.

However, there are several regions which are divergent

among these isolates (Arisue et al. 2003).

It was found that all of the

heterogeneous sequences from each single isolate were located within an
independent clade with no exception and the sequence variation among
different clones for each isolate is not so remarkable. This suggests that the
heterogeneity might be due to the presence of multi-copy genes of SSU rRNA
in the Blastocystis genome (Arisue et al. 2003, Denoeud et al. 2011, Poirier et
al. 2014). However, it could also be due to mixed infections present in the
infected host.

Hence, it is necessary to determine the extent of sequence

heterogeneity that exists in this gene as it adds to the difficulty in analysing and
characterising isolates.

1.7.5 Zoonotic potential of Blastocystis
The possibility of Blastocystis being a zoonotic parasite was first raised by
Yoshikawa et al. (1996) and Clark (1997), as riboprints of human isolates were
identical to isolates from animals. Clark (1997) found three human isolates had
identical riboprints to an ST 7 guinea pig isolate (NIH-1295-1). Similarly, the
sequences of the human Nand II strain were homologous to a chicken isolate
(CK86-1), which was previously identified as a zoonotic strain (Arisue et al.
2003).

Generally, sequence homology has been used to determine the

zoonotic potential of Blastocystis isolates due to the lack of morphological
differences (Yoshikawa et al. 1996, Clark 1997, Yoshikawa et al. 1998,
Snowden et al. 2000, Arisue et al. 2003, Noël et al. 2003, Yoshikawa et al.
2004c, Noël et al. 2005, Parkar et al. 2007, Stensvold et al. 2009a).
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At present, STs 1 – 8 contain isolates from both humans and other animals.
SSU rDNA sequences that are closely related coexist in both humans and other
animals (Arisue et al. 2003, Parkar et al. 2007, Stensvold et al. 2009a). This
suggests that Blastocystis is not host-specific but may be cross-infective among
various host species (Arisue et al. 2003, Noël et al. 2003, Noël et al. 2005).
This has also been confirmed using experimental infection studies, where
chickens and rats were successfully infected with Blastocystis isolated from
humans (Iguchi et al. 2007).

1.8

Aims

Further sampling of other animal hosts is required to be able to determine the
genetic diversity of Blastocystis and whether or not other STs exist in nature.
Also, as an individual host is more likely to harbour a community of parasites,
rather than a single infection, this study also aims to investigate GI parasites in
Australian wildlife. The overall purpose of this research was to investigate the
genetic and host diversities of Blastocystis infecting a range of captive, freeranging and wild animals. More specifically, this study aimed to:
•

Detect and genetically characterise Blastocystis isolates from a diverse
range of captive, free-ranging and wild animals from various locations;

•

Understand the epidemiology and zoonotic potential of Blastocystis;
These aims address the genetic and host diversities, and the zoonotic
potential of Blastocystis.

•

Determine the diversity of GI parasitic infections and frequency of
polyparasitism in Australian wildlife; and
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As current knowledge of the GI parasites in free-living Australian native
fauna is relatively poor, this aim investigates which GI parasites are
present, the parasitic diversity and polyparasitism in Australian wildlife.
•

Develop a multiplex PCR to amplify Blastocystis, Cryptosporidium and
Giardia DNA from Australian native wildlife and to compare this
technique to other diagnostic methods routinely used to detect these
parasites.
Infectious disease is considered to play a major role in the population
dynamics of wildlife. To facilitate screening large sample sizes using a
less labour intensive and cost effective method, a multiplex PCR was
developed.
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2 Molecular Characterisation of
Blastocystis Isolates from Zoo Animals
and Their Animal-keepers
A form of this chapter has been published and reprinted from “Molecular
characterisation of Blastocystis isolates from zoo animals and their animalkeepers” by U. Parkar, R.J. Traub, S. Vitali, A. Elliot, B. Levecke, I. Robertson,
T. Geurden, J. Steele, B. Drake and R.C.A. Thompson, 2010, Veterinary
Parasitology, 169 (1-2), p 8 – 17. Copyright 2010 by Elsevier. Reprinted with
permission.
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2.1

Introduction

Blastocystis is an enteric protist and one of the most frequently reported
parasitic infections in humans and a variety of animal hosts (Amin 2002,
Windsor et al. 2002, Abe 2004). It has also been reported in numerous parasite
surveys of animals in zoological gardens, especially in non-human primate
(NHP) species (Abe et al. 2002, Lim et al. 2008, Pérez Cordón et al. 2008,
Stensvold et al. 2009a).

Previous studies have shown that Blastocystis is common among animal
handlers, namely zoo keepers and abattoir workers, indicating that animals may
pose a significant zoonotic source of Blastocystis for humans (Salim et al.
1999). This, however, is difficult to determine considering that few of these
isolates from such environments have been characterised using molecular tools
(Parkar et al. 2007, Stensvold et al. 2009a, Wang et al. 2014b).

Blastocystis displays a considerable degree of genetic heterogeneity and there
are currently 17 subtypes (ST 1 – 17) that have been isolated from mammalian,
avian, reptilian and amphibian hosts (Noël et al. 2003, Yoshikawa et al. 2004c,
Noël et al. 2005, Stensvold et al. 2007b, Stensvold et al. 2009a, Fayer et al.
2012, Alfellani et al. 2013c). Some subtypes (STs), for example, ST 5, appears
to be highly host specific for NHPs, pigs and cattle, while other STs display
moderate or low host specificity (Noël et al. 2005, Stensvold et al. 2009a) and
may be considered zoonotic. However, to date, a limited variety of mammalian
species have been screened for Blastocystis, making it likely that further yet
undiscovered STs may exist. Exploration of the genetic diversity of Blastocystis
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is crucial in order to ascertain transmission patterns, host range and potential
markers for virulence of Blastocystis (Clark et al. 2013).

The taxonomy of

Blastocystis is still a controversial area, and it has been proposed that each ST
may correspond to different species of Blastocystis (Noël et al. 2005). Each
species may possess unique phenotypic characteristics that may well dictate its
zoonotic potential.

The aim of the present study was to determine the occurrence of Blastocystis
amongst animals and their handlers at an urban Australian zoo and from
animals from four additional locations, and to genetically characterise positive
samples to understand the epidemiology and zoonotic potential of this parasite.

2.2

Materials and methods

2.2.1 Study sites and collection of samples
Animal samples
The Perth Zoological Gardens (Perth Zoo) in South Perth, Western Australia
(WA), houses approximately 1300 animals from 200 different species. A total of
76 fresh faecal samples were collected from a variety of animals.

Some

animals had previously been screened for Blastocystis. Animals had variable
levels of contact with zoo keepers. Several Australian native fauna species
were included in the study (Table 2.1). Samples were collected from animals in
eight of the 15 general exhibits at the Perth Zoo between April and August
2007.
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Table 2.1 Animals sampled from the Perth Zoo in this study.
General
Exhibit
African
savannah

Asian
rainforest

Samples
(n)
7
3

Positive
(n)
0
3

4

4

2

0

4

4

Aonyx cinereus

2

0

Hylobates moloch

4

2

Macaca nigra nigra

4

2

Pongo pygmaeus abelii
Panthera tigris
sumatrae
Helarctos malayanus
Hylobates leucogenys
Setonix brachyurus

4

4

2

0

2
4
2

0
2
2

Lasiorhinus latifrons

1

1

Macropus fuliginosus
Calyptorhynchus
banksii
Cebus apella
Callithrix jacchus
Saguinus oedipus
Saguinus imperator
Callithrix pygmaea
Lemur catta
Cebus albifrons
Varecia variegata
variegata

2

1

2

0

2
2
2
1
2
4
2

0
0
0
0
0
1
0

4

4

Woma

Aspidites ramsayi

1

0

Fishing cat

Prionailurus viverrinus
Cacatua pastinator
pastinator
Macaca tonkeana

2

0

2

0

2

2

Cacatua galerita

1

0

76

32

Host

Scientific Name

African painted dog
Hamadryas baboon

Lycaon pictus
Papio hamadryas
Giraffa camelopardalis
rothschildi
Ceratotherium simum
simum
Elephas maximus

Rothschild’s giraffe
Southern white
rhinoceros
Asian elephant
Oriental small-clawed
otter
Silvery gibbon
Sulawesi crested
macaque
Sumatran orang utan
Sumatran tiger

Australian
bushwalk
Cockatoo
exhibit

Lesser
primates

Main lake
Reptile
encounter
Other
animals

Sun bear
White cheeked gibbon
Quokka
Southern hairy nosed
wombat
Western grey kangaroo
Red tailed black
cockatoo
Black-capped capuchin
Common marmoset
Cotton-top tamarin
Emperor tamarin
Pygmy marmoset
Ring-tailed lemur
White-fronted capuchin
Black and white ruffed
lemur

Muir’s corella
Tonkean macaque
Sulphur crested
cockatoo

Total

50

Fresh faecal samples were also obtained from elephants and giraffes at the
Melbourne Zoo and giraffes from the Werribee Open Range Zoo in Victoria,
Australia (Table 2.2).

Faecal samples from elephants and giraffes were

collected from Amsterdam (The Netherlands) and Antwerp (Belgium) zoos
(Table 2.2) and fixed in 70% ethanol.

Perth Zoo, Melbourne Zoo and Werribee Open Range Zoo were included in this
study due to the ease and convenience of obtaining faecal samples from these
locations. Amsterdam and Antwerp Zoos were also selected as collaborators
were able to organise the collection of samples from these sites.

Table 2.2 Samples collected from Melbourne Werribee, Amsterdam and
Antwerp Zoos.
Scientific
Samples (n) Positive (n)
Zoo
Host
name
Elephas
Asian
5
5
maximus
elephant
Melbourne
Giraffa
camelopardalis
Giraffe
1
1
rothschildi
Giraffa
camelopardalis
Werribee
Giraffe
2
1
rothschildi
Elephas
Asian
14
6
maximus
elephant
Amsterdam
Giraffa
Giraffe
15
12
camelopardalis
Elephas
Asian
2
1
maximus
elephant
Antwerp
Giraffa
giraffe
5
5
camelopardalis
Total
44
31
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Questionnaire and collection of human samples
Zoo keepers working with animals in the study groups were approached to
voluntarily participate in the study by providing a faecal sample and completing
a questionnaire. Questionnaires were designed to obtain information regarding
the participant’s general health and lifestyle, occupational experience and
current contact with zoo animals (refer to appendix 2). Questionnaire data and
single faecal samples from 19 zoo keepers (40% response rate) were collected
between April and August during two consecutive years (2007 and 2008).
Faecal samples and questionnaire data from 22 individuals who did not have
close interactions with exotic animals were also collected as part of the control
population in the same period in 2007 (refer to appendix 1). These individuals
were approached at random during the teaching semesters at Murdoch
University and selected community events. To determine suitability, individuals
were verbally questioned to ensure they do not work with animals and/or have
close interactions with exotic animals on a regular basis. Permission was
obtained from both the Murdoch Human Ethics Committee and the Zoo’s
Research and Ethics Committees for the collection of faecal samples and
questionnaire data from the respondents.

2.2.2 Microscopy screening
All human samples collected were screened for gastrointestinal (GI) parasites
using the zinc sulphate flotation method. Approximately one gram of faeces
was placed in a 10 ml centrifuge tube emulsified with 2 ml distilled water. Once
evenly suspended, a further 7 ml of distilled water was added to the tube and
mixed thoroughly. The faeces was pelleted by centrifugation at 800 g for five
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minutes. The supernatant was discarded, and then the pellet was resuspended
in 33% zinc sulphate solution, which was added to the 10 ml mark.

This

solution was centrifuged at 800 g for five minutes. With a steel loop, droplets of
material from the meniscus of the liquid were taken and placed in a cluster onto
a glass slide, which was examined using light microscopy at a magnification of
x100 for the presence of parasites (Weller et al. 1945).

2.2.3 DNA extraction
DNA was extracted from fresh faeces using the QIAamp DNA Stool Mini Kit
(Qiagen, Germany) according to the manufacturer’s protocol with the following
modifications: faecal material was suspended in 1.4 ml of ATL lysis buffer and
ruptured by 3 – 5 freeze-thaw cycles in liquid nitrogen and 95ºC water bath,
respectively; and the DNA was eluted twice from the matrix with 50 µl AE
elution buffer each time. DNA from samples fixed in 70% ethanol were washed
five times with milliQ water before the extraction method for fresh faeces.

2.2.4 Polymerase chain reaction (PCR)
At the beginning of this study, the nested PCR protocol from a previous study
(Parkar et al. 2007) was used to amplify a ~1100bp region of Blastocystis SSU
rDNA.

The primary PCR utilised previously published forward and reverse

primers (RD3, 5` – GGG ATC CTG ATC CTT CCG CAG GTT CAC CTA C-3`;
RD5, 5` – GGA AGC TTA TCT GGT TGA TCC TGC CAG TA – 3`) as described
by Clark (1997). The secondary PCR utilised previously published forward and
reverse primers (F1, 5` – GGA GGT AGT GAC AAT AAA TC – 3`; R1, 5` – CGT
TCA TGA TGA ACA ATT AC – 3`) as described by Böhm-Gloning et al. (1997).
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PCRs were carried out in 0.2 ml tubes in a Perkin Elmer GeneAmp 2400
thermocycler or a Veriti Thermal Cycler (AB Biosystems, USA). Both primary
and secondary reactions were performed in a total volume of 25 µl and
contained 1x TaqTi Reaction buffer (Fisher Biotec, Australia), 2.0 mM MgCl2
(primary PCR) or 1.5 mM MgCl2 (secondary PCR), 200 µm each
deoxynucleoside triphosphates (dNTPs) (Fisher Biotec, Australia), one unit
TaqTi polymerase (Fisher Biotec, Australia), 12.5 pmoles of each forward and
reverse primer, and 1 – 2 µl template in the primary reaction, and 1 – 2 µl of the
primary reaction as the template for the secondary reaction.

Positive controls containing cultured Blastocystis gDNA and Blastocystis gDNA
isolated from NHPs were run with every reaction. Negative controls of ultra
pure PCR water were also run with every reaction. The optimised thermocycling
conditions are mentioned below.

Primary PCR
One cycle of

95ºC for seven minutes (min)

45 cycles of

94ºC for 45 seconds (s)
65ºC for 45 s
72ºC for one min

One cycle of

72ºC for seven min

Secondary PCR
One cycle of

95ºC for seven min

45 cycles of

94ºC for 30 s
54ºC for 30 s
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72ºC for 30 s
One cycle of

72ºC for seven min.

However, it was later discovered that the secondary PCR primers described by
Böhm-Gloning et al. (1997) do not amplify all Blastocystis isolates (Wong et al.
2008), in particular, ST 3.

Consequently, PCR negative samples were

screened again using previously published forward and reverse primers by
Stensvold et al. (2006) in the secondary PCR (bl1400ForC, 5`- GGA ATC CTC
TTA GAG GGA CAC TAT ACA T-3`; bl1710RevC, 5`- TTA CTA AAA TCC AAA
GTG TTC ATC GGA C-3`). Reactions were performed in a total volume of 25 µl
by using 1x PCR GoTaq® buffer (Promega Corporation, USA), 1.5 mM MgCl2,
200 µm each dNTPs (Fisher Biotec, Australia), one unit of GoTaq® (Promega
Corporation, USA), 12.5 pmoles each primer and 1 µl template.

Negative

controls of ultra pure PCR water and positive controls containing Blastocystis
gDNA were run with every reaction. 35 PCR cycles (95ºC for 30 s, 60ºC for 30
s 72ºC for 30 s) were carried out with an initial denaturation (95ºC for 2 min)
and a final extension (72ºC for 5 min).

As bl1400ForC and bl1710RevC amplify ~310bp region of Blastocystis SSU
rDNA, another secondary PCR using previously published primers by Wong et
al. (2008) (F1, 5`-GGA GGT AGT GAC AAT AAA TC-3`; R2, 5`-ACT AGG AAT
TCC TCG TTC ATG-3`) was used to reamplify positive isolates in order to
obtain larger fragments (~1100 bp) for phylogenetic analysis. Reactions were
performed in a total volume of 25 µl using the same protocol and conditions as
specified for the secondary nested PCR.
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2.2.5 Gel electrophoresis
Gel electrophoresis of PCR products was performed using horizontal 1.5% (w/v)
agarose (Promega Corporation, USA) gels in 1x TAE buffer (40 mM Tris-HCl;
20 mM acetate; 2 mM EDTA; pH 8.0). The gels were stained with SYBR® Safe
DNA Gel Stain (Invitrogen Corporation, USA) and a 3000 bp molecular weight
marker (GeneRuler 100 bp Plus DNA Ladder by Thermo Fisher Scientific
Incorporated, USA) was run against all PCR products for size and quantity
comparison. Electrophoresis was performed in a Mini-Sub Cell GT Cell (BioRad Laboratories Incorporated, USA) at 90 V for 45 min. Bands on the gels
were visualised by illumination with ultraviolet (UV) light using a Bio-Rad Gel
Doc 1000 transilluminator.

2.2.6 Sequencing and phylogenetic analysis
Bands representing the 1100 bp amplified PCR products were excised from a
gel and purified using the UltraClean GelSpin DNA Purification Kit (MO BIO
Laboratories, Inc, USA). Manufacturer’s kit protocols were followed, except that
DNA was eluted using 30 µl ultrapure PCR water and incubated at room
temperature for ten min before centrifugation at 10 000 g for 30 s.

PCR

products were also purified from reactions using the Wizard SV Gel and PCR
Clean-Up System (Promega Corporation, USA) according to the manufacturer’s
kit protocol. The PCR products were sequenced in both directions using the
BigDye™ Terminator v3.1 Cycle Sequencing Kit (Applied Biosystems, USA) as
per the manufacturer’s protocol on an Applied Biosystems 3730XL DNA
Analyser.

Sequences

were

analysed

using FinchTV

1.4

(Geospiza

Incorporated, USA) and compared with previously published sequences from
GenBank using the BLAST 2.2.9 program (http://www.ncbi.nlm.nih.gov/blast).
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Blastocystis STs 11, 12 and 13 sequences were deposited in GenBank
(GU256899 – GU256937).

Phylogenetic trees were constructed using sequence data from the amplified
segments of the SSU rDNA (Figure 2.1: ~160 bp; Figure 2.2: ~700 bp; Figure
3.3: ~965 bp). Sequences of isolates obtained from the present study were
aligned with previously published sequences of Blastocystis obtained from
GenBank (Table 2.3) and isolates from the Perth Zoo (Parkar et al. 2007) using
the program CLUSTAL W (Thompson et al. 1994) and then manually adjusted
where necessary. Phylogenetic analyses were performed using MEGA v4.0.2
(Tamura et al. 2007).

Distance-based analyses were undertaken using the

Kimura-2-parameter and the trees were constructed using the NeighbourJoining (NJ) algorithm. Bootstrap values were calculated by the analysis of
1400 replicates from the NJ trees. Analysis was also undertaken using the
Maximum Parsimony (MP) algorithm. Bootstrap values were calculated by the
analysis of 500 replicates from the MP tree. Proteromonas lacertae was used
as the outgroup.
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Table 2.3 Blastocystis isolates obtained from GenBank for phylogenetic
analysis.
Host

Country of origin

Cattle

Denmark

Cattle
Duck
Human
Human

Japan
France
France
Japan

Human

Japan

Human

Japan

Human
Human
Human
Human
Human
Human
Human
Human

Japan
Japan
Japan
Japan
Japan
Japan
Japan
N/A

Human

Japan

Human

Singapore

Human

Thailand

Monkey
Monkey
Monkey
Monkey
Monkey
Pheasant
Pig
Rat
Rat

Japan
Japan
Japan
Japan
Japan
Japan
Japan
Japan
Singapore

Reference
Stensvold et al.
(2009a)
Abe (2004)
Noël et al. (2003)
Noël et al. (2003)
Arisue et al. (2002)
Yoshikawa et al.
(2004d)
Yoshikawa et al.
(2004d)
Arisue et al. (2003)
Arisue et al. (2003)
Arisue et al. (2003)
Arisue et al. (2003)
Arisue et al. (2003)
Arisue et al. (2003)
Arisue et al. (2003)
Arisue et al. (2002)
Yoshikawa et al.
(2004c)
Arisue et al.
(2003); Noël et al.
(2005)
Thathaisong et al.
(2003)
Arisue et al. (2003)
Abe (2004)
Abe (2004)
Abe (2004)
Abe (2004)
Abe (2004)
Arisue et al. (2003)
Arisue et al. (2003)
Noël et al. (2005)
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Accession
number
FM164412
AB107964
AY135412
AY135402
AB023578
AF408426
AY244621
AB070987
AB070988
AB070989
AB070990
AB091238
AB091239
AB070986
AB023499
AF408425
AF408427
AF439782
AB070997
AB107969
AB107970
AB107967
AB107968
AB107971
AB091248
AB091251
AY590114

2.3

Results

2.3.1 Occurrence of Blastocystis in animals
From the total number of 76 samples screened for Blastocystis from the Perth
Zoo, 32 (42%) tested positive using PCR.

Amongst the 40 NHP samples

collected, 50% were positive for Blastocystis.

Blastocystis was identified in

eight of the 14 NHP species at the Perth Zoo.
The occurrence of Blastocystis in elephants and giraffes from Amsterdam,
Antwerp, Melbourne and Werribee was 57% (12/21) and 82% (19/23),
respectively.

2.3.2 Occurrence of Blastocystis in the zoo keepers and control group
Questionnaire data revealed that all participants from the zoo had been working
at the zoo for at least a year and that it was common for them to care for a
variety of different animal species from more than one exhibit. Only three zoo
keepers cared for animals from one exhibit, with only one of them caring
specifically for elephants.

Zoo keepers were accordingly classified as NHP

keepers (working exclusively with NHPs), non-primate keepers (working
exclusively with non-primates) or generalist keepers (working with both NHP
and other animal hosts).

In total, 12 out of 19 (63%) zoo keepers were infected with Blastocystis. Five
from nine of the non-primate zoo keepers and all five generalist zoo keepers
were positive for Blastocystis. All of these individuals reported experiencing
gastrointestinal (GI) related symptoms. Two of five of the NHPs zoo keepers
were also positive for Blastocystis. No other parasites were detected using the
zinc sulphate flotation method and microscopy. However, it is possible that
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non-parasitic infections, such as Salmonella could account for the presence of
these symptoms in the zoo keepers (Friedman et al. 1998, Silva-Hidalgo et al.
2013). Only two out of 22 (9%) individuals from the control group were positive
for Blastocystis, with one individual reporting GI related symptoms. Again, no
other parasites were detected using the zinc flotation method and microscopy.

2.3.3 Phylogenetic analysis
DNA sequences obtained from 34 Blastocystis isolates in Genbank were
included in the phylogenetic tree (Table 2.3).

All sequences obtained from

Genbank originated from Blastocystis in vitro isolates and were included in
previously reported phylogenies (Arisue et al. 2003, Noël et al. 2005). The
limitation of using these sequences from Genbank is that the genetic diversity
within Blastocystis subtypes may be greater in nature than previously
anticipated. The rooted neighbour-joining tree identified 13 clades (Figures 2.1,
2.2 and 2.3). Ten of these clades correspond to STs identified in the consensus
based on previous molecular studies (Figure 2.1). There was strong support
placing all elephant, giraffe and quokka isolates within separate novel clades or
STs that are assigned as ST 11, 12 and 13, respectively. The other isolates
from this study clustered within STs 1 – 4.

Blastocystis isolates from NHPs at the Perth Zoo belonged to STs 1 and 2.
Three isolates from NHP zoo keepers also belong to ST 1 and were similar to
the NHP isolates, as well as previously characterised isolates from NHP zoo
keepers. The only isolates from this study in ST 1 that did not belong to the
NHPs or NHP zoo keepers were isolated from the southern hairy nosed wombat
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(from the Australian bushwalk exhibit) and zoo keeper 14, who cared for
animals in the Australian bushwalk exhibit.

Other isolates from this study belonged to STs 3 and 4.

Three isolates

belonging to generalist zoo keepers were characterised as ST 3, and were
similar to previously characterised human isolates. An isolate from the control
group belonged to ST 4, and was identical to previously characterised isolates
from a human and a rat.

61

32

Baboon, 16-6
Monkey Ab107967 St1
Orang utan 086007
White cheeked gibbon 990374
Baboon, 6-6
82 Human Ab070989 St1
Subtype 1
Human AB023499 st1
Crested macaque 1
Human AF439782 St1
Tonkean macaque 2
98
Southern hairy nosed wombat
Monkey Ab107968 St1
Elephant 920267, GU256900
62
Elephant 920269, GU256904
Subtype 11
94
Elephant 570001, GU256901
Elephant 920268, GU256903
Human Ab070987 St2
Monkey Ab107969 St2
95
Monkey Ab070997 St2
Subtype 2
18
Lemur, Culture
12
20
Orang utan 086004
73 Human Ab091238 St6
Subtype 6
Human Ab070990 St6
98
Human AF408426 St9
Subtype 9
57
71 Human AF408425 St9
Human Ab091239 St7
Subtype 7
99
Human Af408427 St7
50
Subtype 13
■ Quokka 49a, GU256935
98 Cattle Ab107964 St5
Subtype 5
45
Pig Ab091248 St5
Giraffe 930296, GU256902
30
Giraffe 970471, GU256905
96
Giraffe 910152, GU256906
Subtype 12
19
Giraffe A50284, GU256899
13
19
W. grey kangaroo 970613, GU256936
Zoo keeper 060708 St 3
98
93
Zoo keeper 010812 St 3
Subtypes 3 and 10
Cow FM164412 St10
99 Monkey AB107970 St8
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Subtype 8
Pheasant AB107971 St8
Rat Ab091251 St4
49
Human
Ay244621 St4
68
Subtype 4
Control human 23
96
42 Rat Ay590114 St4
P.lacertae U37108

0.05

Figure 2.1 Neighbour-joining tree displaying the relationships among
Blastocystis isolates, inferred by distance based analysis of the SSU
rDNA sequence data using Kimura’s-2-paramater distance estimates.
Some sequences used for comparison were from GenBank. Scale bar shows
0.05 substitutions (corrected) per base pair. Shaded squares indicate animal
isolates from the Perth Zoo. Unshaded squares indicate zoo keeper isolates,
while the diamond indicates a human control isolate. The triangle indicates an
isolate from the Perth Zoo from a previous study (Parkar et al. 2007)
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Figure 2.2 Neighbour-joining tree displaying the relationships among
Blastocystis isolates, inferred by distance based analysis of the SSU
rDNA sequence data using Kimura’s-2-parameter distance estimates
(bootstrap value on the left or only bootstrap value shown). Maximum
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parsimony estimates are also displayed (right). Some sequences used for
comparison were from GenBank.
Scale bar shows 0.02 substitutions
(corrected) per base pair. Isolates marked with shaded squares and circles
indicate animal and zoo keeper isolates from this study. The shaded triangle
indicates a human control isolate. Isolates marked with unshaded symbols
indicate previously characterised isolates from the Perth Zoo (Parkar et al.
2007)
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Figure 2.3 Neighbour-joining tree displaying the relationships amongst
Blastocystis isolates, inferred by distance-based analysis of SSU rDNA
sequence data using Kimura’s-2-parameter distance estimates. Some of
the sequences used for comparison were from GenBank. Scale bar shows 0.02
substitutions (corrected) per base pair. Isolates indicated by circles are from
elephants and those indicated by squares are from giraffes.
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2.4

Discussion

2.4.1 Blastocystis in zoo animals
Previous studies of Blastocystis in zoo environments have found high
prevalences of the organism amongst NHP and avian hosts (Abe et al. 2002,
Pérez Cordón et al. 2008). The present study has also shown that many of the
NHPs at the WA zoo are infected with Blastocystis and that these isolates are
similar to previously characterised isolates (Figure 2.2). This confirms previous
studies showing that ST 1 and ST 2 appear to be zoonotic and primarily
consisting of isolates from humans and NHPs.

However, few studies have

screened other zoo animals for Blastocystis (Abe et al. 2002, Lim et al. 2008,
Pérez Cordón et al. 2008). This study is the first to report the isolation of
Blastocystis from the following hosts: Asian elephant, giraffe, quokka, southern
hairy nosed wombat and western grey kangaroo.

Elephants and giraffes were screened previously at Osaka Zoo but were
negative for Blastocystis (Abe et al. 2002). However, it is possible that these
animals may harbour the parasite as in vitro cultivation was used as the method
for detection, which is known to preferentially amplify some STs over others
(Parkar et al. 2007), and may lack sensitivity due to several factors which may
affect the viability and reproduction of Blastocystis (Zaman and Khan 1994,
Leelayoova et al. 2002).

The significance of Blastocystis infections and these novel STs in elephants,
giraffes and Australian native fauna is not clear. The limited parasitological data
recorded for elephants and giraffes in the past 50 years have largely been
confined to helminths and Sarcocystis (Bengis et al. 1998, Vidya and Sukumar
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2002, Garijo et al. 2004, Goossens et al. 2005).

However, this study has

demonstrated that ST 11 was not detected in any other species at the study
site, and was found in elephants from four different geographic locations (Figure
2.3). Recently, ST 11 was also detected in a chimpanzee from Taronga Zoo
(Roberts et al. 2013).

Further studies are required to determine whether

Blastocystis occurs in African elephants, and if so whether these isolates are
genetically similar or distinct from those in ST 11.

This is the second study to report Blastocystis infection in Australian native
fauna, although novel STs were identified in the present study. The western
grey kangaroo isolate, like the giraffe isolates, belongs to ST 12 (Figures 2.2
and 2.3). The quokka isolates (ST 13), and the western grey kangaroo isolate,
are distinct from the brushtail possum isolate previously characterised (Parkar
et al. 2007). Some studies had recorded novel and/or zoonotic genotypes of
Cryptosporidium and Giardia in various species of Australian native fauna
(Adams et al. 2004, McCarthy et al. 2008, Thompson et al. 2008, Thompson et
al. 2010b, Ng et al. 2011, Yang et al. 2011), and the significance of these
findings are not entirely understood. Further studies are required to determine
the incidence in other populations, host specificity and zoonotic significance.
These results also stress the importance of screening other hosts for
Blastocystis to determine the genetic diversity and taxonomy of this parasite.

2.4.2 Zoonotic potential
High prevalence of Blastocystis infections has previously been reported
amongst zoo keepers (Salim et al. 1999). In the present study, 12 out of 19 zoo
keepers were positive, compared to two out of 22 from the control group. Ten
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isolates from zoo keepers were sequenced and characterised successfully.
Two isolates were found to be similar to some isolates from NHPs in STs 1 and
2, and two isolates were identical to NHPs and the southern hairy nosed
wombat in ST 1 (Figure 2.2). These findings indicate that the high prevalence
amongst zoo keepers may be due to the close contact between the animals and
zoo keepers, which may facilitate the transmission of Blastocystis. Thus, there
is epidemiological evidence to support the zoonotic potential of Blastocystis.

The possibility of waterborne transmission of Blastocystis to occur in the zoo
environment should also be taken into account as Leelayoova et al. (2008)
demonstrated that the high prevalence of Blastocystis ST 1 amongst Thai
schoolchildren might be due to consuming Blastocystis ST 1 contaminated
drinking water from a rainwater tank on school grounds.

One of the tasks

routinely performed by zoo keepers is the cleaning of animal enclosures. The
cleaning of NHP enclosures involves the use of water hoses, and it may be
possible for zoo keepers to acquire infection through contact with contaminated
water. Previous studies found that Blastocystis cysts may be resistant to water
treatment and chlorination (Zaki et al. 1996, Suresh et al. 2005), and it is
possible that cysts may also be resistant to various disinfectants, which may
play a role in the transmission of Blastocystis in the zoo environment. It is also
possible that the parasite may be transmitted from the zoo keepers to the
animals via contaminated food. Further studies are required to determine the
direction of transmission at the Perth Zoo and risk factors for zoonotic
transmission of Blastocystis.
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2.4.3 Host specificity occurring within the genus Blastocystis
Many of the Blastocystis STs display a broad host range, although they may not
all be of zoonotic significance. Based on the evidence from this and other
studies (Abe et al. 2003c, Yoshikawa et al. 2003, Abe 2004, Noël et al. 2005,
Parkar et al. 2007, Yan et al. 2007, Rivera 2008, Stensvold et al. 2009a,
Stensvold et al. 2012b), it is likely that STs 1, 2 and 4 are zoonotic as identical
isolates of human and animal origin were identified and clustered within these
STs. These STs also display a low host specificity (Noël et al. 2005), which is
also likely for other STs containing isolates from different hosts. ST 3 also
contains isolates of animal and human origin. However, human isolates in this
ST are usually restricted to one clade and are distinct from animal isolates with
strong bootstrap support (Noël et al. 2005, Stensvold et al. 2012b) to suggest
there may be high host specificity occurring within this ST. The other clades in
ST 3 may be considered to be zoonotic (Stensvold et al. 2012b). ST 5 and ST
10 also display a broad host range, containing isolates from NHPs, pigs (ST 5
only), and livestock with low host specificity (Noël et al. 2005, Stensvold et al.
2009a, Alfellani et al. 2013a). Whereas STs 6 and 7 seem to display degrees of
host specificity, as human isolates are distinct from avian isolates within these
STs (Arisue et al. 2003, Yoshikawa et al. 2004a, Noël et al. 2005).

ST 8

contains isolates from primates, humans and a pheasant (Stensvold et al.
2009a). ST 9 currently consists of only two isolates, and these are of human
origin (Noël et al. 2005). Elephants and giraffes seem to be natural hosts for
STs 11 and 12, respectively. However, STs 11 and 12 were identified in a
chimpanzee and western grey kangaroo from Taronga Zoo (Roberts et al.
2013). Recently, ST 13 was also detected in a colobus monkey and mouse
deer (Petrášová et al. 2011, Alfellani et al. 2013c).
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However, further

characterisation studies are necessary in order to determine the genetic
diversity, host specificity and zoonotic potential of these newly assigned STs.

Current phylogenetic analyses based on the SSU rRNA gene of Blastocystis
isolates suggest that there is low host specificity occurring within the genus.
From the findings of this study along with an increasing number of
epidemiological and subtyping studies, it is becoming increasingly evident that
the frequency of STs differs significantly between hosts. Thus further studies
focusing upon animal hosts not previously screened for Blastocystis, and the
phylogenetic analysis of these isolates may help resolve the genetic diversity
and taxonomic status of Blastocystis.

2.4.4 The limitations of current screening tools and its implications for the
taxonomy of Blastocystis
A number of different methods used to amplify the Blastocystis SSU rRNA gene
have been described previously (Yoshikawa et al. 1996, Böhm-Gloning et al.
1997, Clark 1997, Yoshikawa et al. 1998, Termmathurapoj et al. 2004, Scicluna
et al. 2006, Stensvold et al. 2006, Stensvold et al. 2007c, Jones II et al. 2008,
Menounos et al. 2008, Wong et al. 2008, Jones et al. 2009, Poirier et al. 2011,
Stensvold et al. 2012a). Some methods primarily focus on the detection and
subtyping of Blastocystis isolates using primers which amplify fragments smaller
than 350 bp (Stensvold et al. 2006, Stensvold et al. 2007c, Menounos et al.
2008) while others amplify products in excess of 600 bp (Scicluna et al. 2006)
and 1000 bp (Yoshikawa et al. 1996, Yoshikawa et al. 1998, Termmathurapoj et
al. 2004, Wong et al. 2008). As these primers are genus-specific, preferential
amplification or no amplification of certain STs is possible. It has previously
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been reported that primers designed by Böhm-Gloning et al. (1997) do not
amplify ST 3 isolates (Wong et al. 2008), while ST 3 is preferentially amplified
by primers described in Stensvold et al. (2006). In order to account for possible
sequence variation within primer sites, it is recommended to use multiple primer
pairs (Stensvold et al. 2009b).

Although using different primer pairs may minimise the likelihood of preferential
amplification, it can be difficult to perform accurate phylogenetic analyses if the
primers amplify small products. The major limitation of performing phylogenetic
analyses using small products is the inability to determine subgroupings and
relationships within individual STs.

Therefore, it is important that future

research focusing on the taxonomy and phylogenetic relationships among
Blastocystis isolates amplify at least 1000 bp of the SSU rRNA gene. Also,
isolates belonging to novel STs should be amplified using primer pairs with
resulting products of at least 1000 bp to create accurate phylogenetic trees.

In order to determine whether STs correspond to different species of
Blastocystis, more discriminatory ST-specific genotyping tools are required to
resolve host specificity and ST subgroupings. At present, most phylogenetic
analyses are derived from sequences of the SSU rRNA gene. Phylogenetic
studies based on other loci, such as the elongation factor-1-alpha (EF-1α) and
internal transcribed spacer (ITS) region, and the mitochondria-like organelle
(MLO) genome may provide further insight into the taxonomic status of
Blastocystis. Recent MLO genome analyses reveal that STs 3 and 4 comprise
of host specific and/or zoonotic clades/subgroups (Stensvold et al. 2012b), and
this may also occur in other STs.
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In conclusion, the present study is the first to report Blastocystis isolated from
elephants (ST 11), giraffes (ST 12), quokka (ST 13) and western grey kangaroo
(ST 12). Further studies are required in order to determine the host specificity
and zoonotic potential of these newly assigned STs, as well as their potential
clinical impact. A high prevalence of Blastocystis was reported in animals and
zoo keepers from the Western Australian zoo. Some isolates from the zoo
keepers were similar or identical to isolates from the animals they work with,
providing evidence to support the zoonotic potential of this parasite.
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3

The Identification of New Blastocystis
Subtypes in Non-human Primates

Some results from this chapter were published in:
Teichroeb, J.A., Kutz, S.J., Parkar, U., Thompson, R.C.A and Sicotte, P. (2009)
Ecology of the gastrointestinal parasites of the Colobus vellerosus at BoabengFiema, Ghana: possible anthropozoonotic transmission. American Journal of
Physical Anthropology 140(3): 498 – 507

3.1

Introduction

Blastocystis is one of the most commonly reported parasitic infections in both
humans and other animal hosts (Abe et al. 2002, Windsor et al. 2002).
Numerous studies have reported the prevalence (Abe et al. 2002, Lim et al.
2008, Pérez Cordón et al. 2008), isolation and identification of Blastocystis
isolates from captive non-human primates (NHPs) (Abe et al. 2003b, Yoshikawa
et al. 2004a, Parkar et al. 2007, Stensvold et al. 2009a, Alfellani et al. 2013a).
Similarly, the prevalence of Blastocystis in free-ranging NHPs has been
reported, and varies between 3 – 85% (Ashford et al. 2000, Freeman et al.
2004, Legesse and Erko 2004, Muehlenbein 2005, Yoshikawa et al. 2009,
Labes et al. 2010, Petrášová et al. 2011, Alfellani et al. 2013a, Helenbrook et al.
2015, Kouassi et al. 2015).

This variation could be due to differences in

sampling methods, such as the time of sampling and the collection of either
single or multiple samples from each individual. It could also be due to the
urbanisation and sanitary infrastructure (Yoshikawa et al. 2009) in each
location. However, it is most likely due to the differences in sensitivities for
each of the diagnostic methods utilised.

PCR-based diagnostic methods are considered to be the most preferred
approach for the detection of Blastocystis from stool (Stensvold et al. 2006,
Parkar et al. 2007, Stensvold et al. 2007a, Stensvold et al. 2009b). Previous
molecular studies have examined the genetic diversity of Blastocystis, revealing
the existence of at least 17 distinct subtypes (STs) (Stensvold et al. 2007b,
Stensvold et al. 2009a, Fayer et al. 2012, Alfellani et al. 2013c), with nine of
these subtypes identified in NHPs. The majority of these characterised isolates
were amplified from captive NHPs. STs 1 and 2 were identified in wild rhesus
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monkeys (Macaca mulatta) living near a temple in Kathmandu, Nepal
(Yoshikawa et al. 2009), and STs 1, 2, 3 and 13 were identified in a number of
NHP species on Rubondo Island in Tanzania (Petrášová et al. 2011, Alfellani et
al. 2013a). Alfellani et al. (2013a) identified STs 1 – 5, 8 and 15 in captive
NHPs, and STs 1 – 3 in wild NHPs from Morocco and St Kitts. Recently,
Roberts et al. (2013)

had also detected ST 11 in a chimpanzee (Pan

troglodytes) at Taronga Zoo, and Helenbrook et al. (2015) detected ST 8 in
mantled howler monkeys (Alouatta palliata aequatorialis) in Ecuador. To date,
Blastocystis has not been detected in NHPs in Central America, although it has
been identified in humans in El Salvador (Reinthaler et al. 1988), Guatemala
(Herwaldt et al. 2001, Cook et al. 2009), Honduras (Kwa et al. 2004) and
Mexico (Jimenez-Gonzalez et al. 2012).

The aims of this study were to detect and genetically characterise Blastocystis
isolates from various captive NHPs in Belgium, and wild NHPs in Central
America and Africa, and to compare these isolates to previously described NHP
isolates.

3.2

Materials and methods

3.2.1 Collection of samples
The study locations were selected opportunistically, based upon the provision of
samples by other collaborators. Samples from captive NHPs were collected
during an epidemiological survey. In this survey the occurrence of
gastrointestinal (GI) parasites (excluding Blastocystis) was conducted in four
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zoological gardens in Belgium (Levecke et al. 2007). Stool samples were
randomly collected from the ground of the enclosures and subsequently
processed using an acid-ether based concentration method. DNA was extracted
from stool samples containing cysts of Giardia (Levecke et al. 2009) and/or
Entamoeba spp. (Levecke et al. 2010). In the present study, a random group of
10 DNA samples collected from NHPs at Antwerp and Olmen Zoo were reexamined for Blastocystis (Table 3.1).

Samples from wild ursine (or white-thighed) colobus monkeys (Colobus
vellerosus) were collected from the Boabeng-Fiema Monkey Sanctuary (BFMS)
in central Ghana (Teichroeb et al. 2009), a dry semi-deciduous forest. BFMS
has a high population density of ursine colobus monkeys (119 individuals/km2)
(Wong and Sicotte 2006) due to the prohibition of hunting through local taboos
and a national bylaw (Saj et al. 2005).

Faecal samples were collected

immediately after defecation and fixed in 70% ethanol prior to processing. All
samples were examined for Giardia and Cryptosporidium using fluoresceinlabelled antibodies, as well as faecal flotation in Sheather’s solution for the
detection of helminth eggs, larvae and other protozoans (Teichroeb et al. 2009).
In this present study, ten samples positive for Giardia were re-examined for
Blastocystis (Table 3.1).

Samples from wild Guatemalan black howler monkeys (Alouatta pigra) were
collected from a study area within a 9600 ha hurricane-damaged forest
comprising riverine, semi-evergreen forest near the Monkey River, in
southeastern Belize.

Faecal samples were collected immediately following
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defaecation and were subsequently fixed in 10% formalin or 95% ethanol. All
samples were examined for parasites using a faecal flotation method (Kowalzik
et al. 2010).

In the present study, 20 samples fixed in 95% ethanol were

randomly selected and re-examined for Blastocystis (Table 3.1).

3.2.2 DNA extraction
All samples fixed in ethanol were washed five times with milliQ water followed
by DNA extraction using the QIAamp DNA Stool Mini Kit (Qiagen, Germany)
according to the manufacturer’s protocol, with the same modifications described
in section 2.2.3. The DNA of ten samples collected from Antwerp and Olmen
Zoos were extracted previously (Levecke et al. 2009, Levecke et al. 2010).

Table 3.1 Samples analysed in this study.
Location

Antwerp
Zoo

Class

Host

Old World
(OW)
monkeys

Colobus
monkey
Northern
plains grey
langur

Belize

Number
of
positive
samples
(n)

Colobus guereza

2

2

Semnopithecus
entellus

3

3

Trachypithecus
auratus

3

3

Lemur catta /
Eulemur albifrons

1

1

Pan troglodytes

1

1

Colobus
vellerosus

10

2

Alouatta pigra

20

2

Javan lutung
Prosimians

BFMS

Scientific name

Number
of
samples
(n)

Ape
Old World
(OW)
monkey
New World
(NW)
monkey

Ring-tailed
lemur / whitefronted lemur
Chimpanzee
Ursine
colobus
monkey
Guatemalan
black howler
monkey
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3.2.3 Polymerase chain reaction (PCR) and gel electrophoresis
The PCR protocols described in section 2.2.4 were used to amplify a ~1100 bp
region of the Blastocystis small subunit (SSU) rDNA. All negative samples were
re-screened

using

previously

published

forward

and

reverse

primers

(bl1400ForC and bl1710RevC) in the secondary PCR to primarily detect STs 3
and 8 as described in section 2.2.4. Gel electrophoresis was performed as
outlined in section 2.2.5.

3.2.4 Sequencing and phylogenetic analysis
PCR products were purified from reactions using the Wizard SV Gel and PCR
Clean-Up System (Promega Corporation, USA) according to the manufacturer’s
kit protocol. The PCR products were sequenced as described in section 2.2.6.

Phylogenetic trees were constructed using the ~800 bp amplified segments of
the SSU rDNA. Sequences of isolates obtained from the present study were
aligned with previously published sequences of Blastocystis obtained from
GenBank (Tables 3.2 and 3.3), and NHP isolates from Parkar et al. (2007) and
using the program CLUSTAL W (Thompson et al. 1994), and then manually
adjusted where necessary. Phylogenetic analysis was performed, and genetic
divergence was estimated using MEGA v5.05 (Tamura et al. 2011). Distancebased analysis was undertaken using Kimura’s-2-parameter and the tree was
constructed using the neighbour-joining (NJ) algorithm. Analyses were also
undertaken using the maximum likelihood (ML) (gamma distributed parameter
0.3) algorithm. Bootstrap values were calculated by the analysis of 1000
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replicates from the NJ and ML trees. Genetic divergence was calculated using
p-distance and ML models. Proteromonas lacertae was used as the outgroup.

Table 3.2
analysis.

Blastocystis isolates from humans used for phylogenetic
Country of
origin
France

Subtype
(ST)
3

HJ96A-29

Japan

1

HJ96-1

Japan

2

HJ96-A26

Japan

3

HJ96AS-1

Japan

6

HJ96AS-1d

Japan

6

HT98-1

Japan

7

HJ00-4

Japan

9

HJ00-5

Japan

9

B

Singapore

7

Thailand

1

Isolate
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Reference
Noël et al. (2003)
Arisue et al.
(2003)
Arisue et al.
(2003)
Arisue et al.
(2003)
Arisue et al.
(2003)
Arisue et al.
(2003)
Arisue et al.
(2003)
Yoshikawa et al.
(2004d)
Yoshikawa et al.
(2004d)
Arisue et al.
(2003), Noël et
al. (2003)
Thathaisong et
al. (2003)

Accession
number
AY135402
AB070989
AB070987
AB070989
AB070990
AB091238
AB091239
AF408425
AF408426
AF408427
AF439762

Table 3.3
analysis.
Isolate
920267
920269
MJ99-132

Blastocystis isolates from animals used for phylogenetic
Host
Asian
elephant
Asian
elephant
Black and
white ruffed
lemur

Country of
origin

Subtype

Reference

Accession
number

Australia

11

This study

GU256901

Australia

11

This study

GU256904

Japan

8

Abe (2004)

AB107970

Alfellani et al.
(2013c)
Alfellani et al.
(2013c)
Alfellani et al.
(2013c)
Alfellani et al.
(2013c)
This study
This study
Alfellani et al.
(2013c)
Arisue et al.
(2003)
Alfellani et al.
(2013c)
Alfellani et al.
(2013c)
This study
Abe (2004)
Abe (2004)
Abe (2004)
Arisue et al.
(2003)
Arisue et al.
(2003)
Noël et al.
(2005)
Alfellani et al.
(2013c)
Alfellani et al.
(2013c)

CA6

Camel

Libya

10

CA25

Camel

Libya

15

Cow1

Cattle

Libya

14

Gibbon

UK

15

Giraffe
Giraffe

Australia
Australia

12
12

Gundi

Libya

17

Japanese
macaque

Japan

2

Mouflon

Czech
Republic

14

Mouse deer

UK

13

49
MJ99-424
BJ99-319
PJ99-188

Quokka
Orang utan
Pheasant
Pig

Australia
Japan
Japan
Japan

13
1
8
5

SY94-3

Pig

Japan

5

RN94-9

Rat

Japan

4

WR2

Rat

Singapore

4

N/A

16

N/A

16

Japan

2

Abe (2004)

AB107969

Australia

12

This study

GU256937

930296
970471

MJ92-2

MKJ04-30
MKJ04-10
MJ99-116
2

Red
kangaroo
Red
kangaroo
Southern
pig-tailed
macaque
Western
grey
kangaroo
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KC148207
KC148210
KC148206
KC148211
GU256902
GU256905
KC148208
AB070997
KC148206
KC148209
GU256934
AB107967
AB107971
AB107964
AB091248
AB091251
AY590114
EU427514
EU427512

3.3

Results

3.3.1 Occurrence and phylogenetic analysis of Blastocystis
Blastocystis gDNA was amplified in all samples (n = 10) from the Antwerp and
Olmen zoos. Blastocystis was also detected in 2/10 and 2/20 of the ursine
colobus monkeys and the black howler monkeys, respectively.

The PCR

amplification of Blastocystis indicates the presence of the parasite in the
obtained samples and sequencing allows for the accurate identification of
isolates, at least to the ST level.

However, it is not possible to detect the

viability of the organism using this technique.

DNA sequences from 35 Blastocystis isolates were obtained from GenBank and
included in the phylogenetic analysis (Tables 3.2 and 3.3). The rooted NJ tree
identified 20 clades (Figure 3.1), with 17 corresponding to existing STs (Alfellani
et al. 2013c). Most Blastocystis isolates from this study clustered within existing
STs 1, 2 and 8 (Figure 3.1 and Table 3.4). However, three isolates did not
cluster within previously described STs and are assigned STs 18 – 20 (Figure
3.1 and Table 3.4).

Most NHP isolates clustered into ST 1. ST 1 primarily consists of isolates
amplified from captive NHPs, namely OW monkeys. The majority of isolates
within this ST are from the Perth Zoo. Isolates obtained from the Perth Zoo are
similar to those found in the Javan lutung and lemur from Belgian zoos.
Previous characterisation studies have demonstrated that this ST also consists
of isolates from a variety of NHP species of different classes.
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ST 2 primarily consists of isolates from wild and captive OW monkeys, with only
one isolate from a ring-tailed lemur. Ursine colobus monkey isolates cluster
within this ST and are identical to each other, and a captive Northern plains
grey langur isolate. These isolates are similar to a colobus monkey and another
Northern plains grey langur isolate from Belgium. In contrast, a Guatemalan
black howler monkey isolate clustered into ST 8, but seems to belong to a
different subgroup compared to the previously described lemur isolate (Table
3.5).

Three isolates in this study do not cluster into previously described STs. These
were isolated from a Javan lutung and a colobus monkey at Antwerp Zoo, and a
Guatemalan black howler monkey.

Each of these isolates most likely

represents a new ST. To confirm that these isolates represent new STs, the
genetic divergence was estimated using p-distance and ML models (Table 3.5).
The minimum genetic distance using both methods for the three isolates
described above were greater than four percent, which is proposed as the
baseline for divergence in describing new STs (Clark et al. 2013). Therefore, as
per Table 3.5, these isolates are assigned to the newly identified STs 18 – 20.

These results also indicate that there is greater ST diversity in zoos in Europe,
as STs 1, 2, 18 and 19 were identified in NHPs from Belgian zoos.

In

comparison, Blastocystis in wild populations seem to be less genetically
diverse, with only STs 8 and 20 identified in Belize and ST 2 in Ghana.
However, the isolate from the captive colobus monkey is similar to the ST 2
isolates from wild ursine colobus monkeys.
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Table 3.4 Blastocystis STs amongst various species of NHPs in this
study. * = not included in the phylogenetic analysis due to short sequence
reads.
Subtypes
Origin
Location
Class
Host
(STs)
Baboon
1
Crested
1
macaque
OW monkey
Tonkean
1
macaque
Vervet
1, 2
White
cheeked
1
Perth Zoo
gibbon
Prosimians
Silvery gibbon
1
Orang utan
1
Ring tailed
1, 2
lemur
Captive
Lemurs
Black and
white ruffed
1
lemur
Javan lutung
1, 2*, 19
Colobus
2, 18
monkey
OW monkey
Northern
Antwerp/Olmen
plains grey
2
Zoos
langur
Ring tailed
Prosimian
lemur / white
1
fronted lemur
Apes
Chimpanzee
1*
Ursine
BFMS
OW monkey
colobus
2
monkey
Wild
Guatemalan
Belize
NW monkey
black howler
8, 20
monkey
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Table 3.5 Genetic divergence for isolates which may represent new STs.
ML = Maximum Likelihood.
Minimum genetic
Closest
Assigned
divergence (%)
Isolate
known
subtype (ST)
subtype (ST)
p-distance
ML
115
79
cc93b2
160

11
2
13
8

5.2
4.2
4.1
1.9
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6.1
4.7
4.7
2.0

18
19
20
8

Baboon, Culture, Perth Zoo

99
42

White cheeked gibbon Fas1, Perth Zoo

12

Crested macaque 1, Perth Zoo
Baboon 6-6, Perth Zoo

38

Crested macaque 2, Perth Zoo

70
41
46

Javan lutung 187, Antwerp
Tonkean macaque 1, Perth Zoo

55

Baboon 16-6, Perth Zoo
Ring tailed lemur/White fronted lemur 235, Olmen

21

Black and white ruffed lemur, Perth Zoo
Baboon, Perth Zoo
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Crested macaque Fs4, Perth Zoo

53
61

Subtype 1

Orang utan, Perth Zoo
Vervet, Perth Zoo
White cheeked gibbon Fbs2, Perth Zoo

90/99

Orang utan 2, Perth Zoo
100/100

46

Ring tailed lemur, Perth Zoo
Silvery gibbon 1rf2, Perth Zoo
White cheeked gibbon 2, Perth Zoo

100
87/79

Human HJ96A-29, Japan, AB070989
Human, Thailand, AF439782

54

Orang utan MJ99-424, culture, Japan, AB107967
Javan lutung 79, Antwerp
Japanese macaque JM92-2, culture, Japan, Ab070997
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99/99

Subtype 19

Human HJ96-1, Japan, AB070987

87
64

Vervet, culture, Perth Zoo
Southern pig-tailed macaque MJ99-116, culture, Japan, AB107969

100/100
99/99

47

Ring tailed lemur, culture, Perth Zoo

48

Colobus monkey 107, Antwerp

Subtype 2

Northern plains grey langur 90, Antwerp
Ursine colobus monkey CC61, Ghana

99
54
76/80

Ursine colobus monkey CC65, Ghana
Northern plains grey langur 99, Antwerp

Colobus monkey 115, Antwerp
Elephant 920267, Australia, GU256901

75/92

100 Elephant 920269, Australia, GU256904
100 Mouse deer, UK, KC148209
75/91

Quokka 49, Australia, GU256934
Black howler monkey cc93b2, Belize
Pig PJ99-188, Japan, AB107964

100

89/89

Pig SY94-3, Japan, AB091248

50/53

Cattle Cow1, Libya, KC148205

99

89/91

Mouflon, Czech Republic, KC148206
100 Giraffe 970471, Australia, GU256905
61
Western grey kangaroo 2, Australia, GU256937
100

65/71

Human HT98-1, Japan, AB091239
Human B, Singapore, AF408427

100 Human HJ96AS-1, Japan, AB070990

100/98

Human HJ96AS-1d, Japan, AB091238
100/100

Human HJ00-4, Japan, AF408425
100 Human HJ00-5, Japan, AF408426

100

Human, France, AY135402
Human HJ96-A26, Japan, AB070988

100/87

Camel CA6, Libya, KC148207

63/78
100

Brown Norway rat RN94-9, Japan, AB091251
Wistar rat WR2, Singapore, ST4, AY590114

Subtype 13
Subtype 20
Subtype 5
Subtype 14

Subtype 12

Subtype 7
Subtype 6
Subtype 9
Subtype 3
Subtype 10
Subtype 4

Black howler monkey 160, Belize

97/100

70/75

Subtype 11

Giraffe 930296, Australia, GU256902

55

95/92

Subtype 18

Black and white ruffed lemur MJ99-132, culture, Japan, AB107970
100
74 Pheasant BJ99-319, Japan, AB107971
Red Kangaroo MKJ04-30, EU427514
100

Red Kangaroo MKJ04-10, EU427512

Gundi, LIbya, KC148208

Subtype 16
Subtype 17

Camel CA25, Libya, KC148210
100

Subtype 8

Gibbon MA7, culture, UK, KC148211

Subtype 15

P.lacertae U37108
0.02

Figure 3.1 Neighbour-joining tree displaying the relationships among
Blastocystis isolates, inferred by distance based analysis of SSU rDNA
sequence data using Kimura's-2-parameter distance estimates (bootstrap
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value on the right or only bootstrap value shown). Maximum likelihood
estimates are also displayed (left). Scale bar shows 0·02 substitutions
(corrected) per base pair. Isolates marked with shaded circles, triangles and
diamonds indicate isolates from Ghana, Belize and Antwerp/Olmen Zoos,
respectively. Isolates marked with unshaded circles and squares indicate
isolates from the Perth Zoo and those which were cultured before sequencing,
respectively.

3.4

Discussion

3.4.1 Blastocystis isolates from primates
14 Blastocystis isolates from eight NHP species belonging to five STs (1, 2, 8
and three new STs) were analysed in this study.

This is the first study to

identify Blastocystis isolates from the Guatemalan black howler monkey and to
genetically characterise NHP isolates from Central America.

Previous studies

identified Blastocystis STs 1 – 5, 8, 10, 11 13 and 15 from over 440 NHP
isolates, with the majority of isolates originating from non-human hominoids and
Cercopithecoids (Yoshikawa et al. 1998, Abe et al. 2003b, Abe 2004,
Yoshikawa et al. 2004a, Scicluna et al. 2006, Parkar et al. 2007, Stensvold et
al. 2009a, Yoshikawa et al. 2009, Petrášová et al. 2011, Santín et al. 2011,
Alfellani et al. 2013a, Alfellani et al. 2013c, Roberts et al. 2013). However, a
limited number (approximately 70) Blastocystis isolates were characterised from
Ceboids and Prosimians (lemurs) (Abe et al. 2003b, Abe 2004, Yoshikawa et al.
2004a, Scicluna et al. 2006, Parkar et al. 2007, Stensvold et al. 2009a,
Petrášová et al. 2011, Santín et al. 2011, Alfellani et al. 2013a).

Blastocystis STs 1 – 3 are frequently identified in isolates obtained from NHPs
(Alfellani et al. 2013a). These STs seem to primarily comprise of isolates from
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non-human hominoids and Cercopithecoids.

Most Blastocystis isolates

analysed in this study belonged to STs 1 and 2.

ST 1 consists of isolates from

OW monkeys, hominoids and lemurs. In contrast, ST 2 primarily consists of
isolates from OW monkeys. Although STs 1 and 2 display low host specificity,
our phylogenetic tree (Figure 3. 1) indicates the presence of at least four
subgroups in ST 1 and three in ST 2. Alfellani et al. (2013a) has described the
presence of at least six and seven alleles based upon SSU rDNA of NHP
isolates in STs 1 and 2, respectively. It is most likely that the subgroups in STs
1 and 2 in this study correspond to previously described alleles. However,
sequencing of the ‘barcode’ region of the SSU rDNA is required to confirm this
is the case.

Currently, Blastocystis alleles are identified based upon a 400 bp region of the
barcoding (600 bp near the 5` end of the SSU rDNA) region. As the sequences
obtained from this study do not contain the barcoding region, alleles cannot be
assigned to any of the isolates identified in this study.

Recently,

characterisation studies have mainly used the barcoding region to characterise
Blastocystis isolates (Forsell et al. 2012, Ramírez et al. 2014, Ruaux and Stang
2014). However, the primers used to amplify the barcoding region can result in
the amplification of non-specific products, and its use to amplify Blastocystis
from faecal DNA is not recommended (Stensvold 2013).

Blastocystis ST 8 primarily comprises of isolates from NHPs, along with one
from a pheasant (Abe et al. 2003b, Abe et al. 2003a, Abe 2004, Scicluna et al.
2006, Stensvold et al. 2009a). In contrast to STs 1 and 2, the majority of NHP
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isolates in ST 8 were identified in ceboids (Scicluna et al. 2006, Stensvold et al.
2009a, Alfellani et al. 2013a).

An isolate from a Guatemalan black howler

monkey also clustered into ST 8 but seems to belong to a different subgroup
than the MJ99-132 isolate and the genetic difference between these isolates is
approximately two percent (Table 3.5). Two alleles (20 and 21) were previously
identified for ST 8, with many isolates from this ST not being assigned an allele
(Alfellani et al. 2013a). As isolate MJ99-132 contains allele 21, the Guatemalan
black howler monkey isolate from our study may either belong to allele 20 or to
one of the alleles which are undescribed. Further study is required in order to
identify these alleles, and these results confirm the presence of further ST 8
alleles in nature.

The phylogenetic analysis of Blastocystis isolates using the complete SSU
rRNA gene identified the existence of 17 STs (Alfellani et al. 2013c). In this
study, isolates amplified from a colobus monkey and Javan lutung from Antwerp
Zoo, and a Guatemalan black howler monkey from southeastern Belize are
assigned to STs 18, 19 and 20, respectively. Although there is a consensus
regarding ST nomenclature (Stensvold et al. 2007b), at present there is no
agreement and/or set criteria for the assignment of new STs. However, Clark et
al. (2013) proposed that the minimum divergence between STs should differ by
at least four percent. The genetic distances of STs 18 – 20 are described in
Table 3.5, and are greater than four percent. Based upon these estimated
divergences, these isolates are assigned to new STs. As suggested by Clark et
al. (2013), at this stage, it can be declared with confidence that the Guatemalan
black howler monkey isolate is representative of a new ST. However, the Javan
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lutung and colobus monkey isolates differ by approximately four percent, which
is the proposed minimum divergence between STs (Clark et al. 2013), when
compared to STs 2 and 11, respectively. Although these isolates are assigned
to new STs, further sampling and characterisation studies may confirm whether
or not these isolates represent new STs, or are subgroups of existing STs.

3.4.2 Blastocystis in captive and wild NHPs
Currently, the literature primarily consists of reports and characterisation of
Blastocystis isolates from captive NHPs. Isolates from captive NHPs belong to
STs 1 – 5, 8 and 15 (Alfellani et al. 2013a). Recently, Blastocystis has also
been characterised in wild NHPs in Ecuador, Nepal, Tanzania, Morocco and St
Kitts, and fewer STs have been identified in wild NHPs (STs 1 – 3, 8 and 13)
(Yoshikawa et al. 2009, Petrášová et al. 2011, Alfellani et al. 2013a, Helenbrook
et al. 2015). STs 1, 2, 18 and 19 were identified in captive NHPs, and STs 2, 8
and 20 were identified in wild NHPs in this study. ST 2 was identified in a
captive colobus monkey and wild ursine colobus monkeys.

Both of these

isolates were similar to each other. This finding suggests that colobus monkeys
may be a natural host for ST 2. Further sampling of both wild and captive
Colobus species should be undertaken to confirm this. It is also possible that
there may be transmission occurring between the ursine colobus monkeys and
other hosts within the BFMS forest. Teichroeb et al. (2009) reported that the
ursine colobus monkeys are in contact with humans, sheep, chickens and mona
monkeys with evidence of zoonotic transmission of Giardia and Isospora. Again,
further sampling of ursine colobus monkeys, villagers and other animal hosts
are required to determine the transmission of Blastocystis in BFMS.
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2/10 ursine colobus monkey and 2/20 Guatemalan black howler monkey
samples were positive for Blastocystis in this study. Although the occurrence of
Blastocystis in the wild NHPs sampled seems to be low, further sampling is
required to determine the actual prevalence of Blastocystis in these populations.
In contrast, Yoshikawa et al. (2009) and Petrášová et al. (2011) reported that
100% and 77% of free-ranging NHPs sampled were positive for Blastocystis.
The high prevalence of Blastocystis in rhesus monkeys in Kathmandu is most
likely attributed to the poor sanitary infrastructure in the city and the close
interactions between the monkeys and locals who attend the temple
(Yoshikawa et al. 2009).

In contrast, the prevalence of Blastocystis in NHPs on Rubondo Island in
Tanzania may be exaggerated.

The methodologies utilised to detect

Blastocystis were microscopy and direct PCR using primers to amplify the
barcoding region (Petrášová et al. 2011). The prevalence among chimpanzees,
vervet monkeys (Chlorocebus aethiops) and colobus monkeys were 32.5%,
51.4% and 61.2%, respectively via microscopy. In comparison, the prevalence
was higher when using direct PCR: 71.4%, 84.7% and 83.7%. Although PCR is
recognised to be the most sensitive technique for the diagnosis of Blastocystis
(Stensvold et al. 2007a), the specificity of the primers used in the reaction is
crucial when amplifying DNA directly from faecal DNA. The primers used to
amplify the barcoding region of Blastocystis are known to amplify non-specific
products (Stensvold 2013). Furthermore, amplicons were randomly selected for
sequencing. Considering that not all amplicons were sequenced, it is possible
that the prevalence of Blastocystis reported by the authors may not be accurate.
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3.4.3 Significance of new subtypes (STs)
This study has identified Blastocystis STs 18, 19 and 20 in the Javan lutung,
colobus monkey and Guatemalan black howler monkey.

Further sampling of

these hosts from captive and wild populations may provide further insight into
the frequency and host specificity of these STs and their current significance
remains unascertained. The emergence of new STs and/or isolates highlights
the necessity to examine other loci for further detailed phylogenetic studies.
Multilocus sequence typing (MLST) has been used to characterise isolates for
other parasites such as Cryptosporidium and Giardia (Cacciò et al. 2005,
Wielinga and Thompson 2007, Geurden et al. 2009).

Recently, an MLST

system has been developed to further classify Blastocystis STs 3 and 4 isolates
using the mitochondria-like organelle (MLO) genome (Stensvold et al. 2012b).
The MLO genome is a suitable candidate for MLST as the MLO genome is
virtually haploid. MLO genomes from STs 1, 4 and 7 have been sequenced
(Pérez-Brocal and Clark 2008, Wawrzyniak et al. 2008, Denoeud et al. 2011,
Stensvold et al. 2012b), revealing the presence of suitable single copy genes
(Poirier et al. 2014). It is highly likely that such a system would be useful to
determine intra-ST diversity for most Blastocystis STs. However, based upon
template quality and/or quantity and the difficulty of culturing some STs, it may
not be feasible to develop this system for all Blastocystis STs. Recently, the
internal transcribed spacer (ITS) regions have also been evaluated as a
potential locus to investigate intra-ST relationships (Villalobos et al. 2014).
Therefore, the suitability of the ITS regions and other genes for molecular
characterisation and phylogenetic analyses should also be explored.

Such

studies would also confirm whether newly discovered isolates form new STs or
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subgroups of existing STs and possibly provide further insight into the
speciation and taxonomy of Blastocystis.

In conclusion, the present study amplified Blastocystis rDNA from both captive
and wild NHPs. This is the first study to describe Blastocystis in NHPs native to
central America. Three new STs (18, 19 and 20) were described based on
isolates from a Javan lutung, colobus monkey and a Guatemalan black howler
monkey.

Further studies are required to determine the host specificity and

zoonotic potential of these and several other STs discovered in the past few
years.
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4

Blastocystis in Australian Wildlife

A form of this chapter is to be submitted to a journal for review:
Parkar, U., Wayne, A., Traub, R.J., Morris, K. and Thompson, R.C.A.
Blastocystis in Australian wildlife. Parasites & Vectors.

4.1

Introduction

Blastocystis is one of the most frequently encountered parasites in humans and
various animal hosts (Amin 2002, Windsor et al. 2002, Abe 2004, Stensvold et
al. 2009a, Alfellani et al. 2013b, Alfellani et al. 2013c). Blastocystis has also
been identified in wildlife. However, these reports are primarily limited to the
prevalence of Blastocystis in non-human primates (NHPs) in various countries
(Freeman et al. 2004, Legesse and Erko 2004, Teichroeb et al. 2009, Labes et
al. 2010, Petrášová et al. 2011, Sá et al. 2013, Helenbrook et al. 2015, Kouassi
et al. 2015), and stray cats and boars in Iran (Solaymani-Mohammadi et al.
2004, Mohsen and Hossein 2009). Recently, Blastocystis was also detected in
brown bears (Ursus arctos) in the Poloniny National Park in Slovakia
(Valenčáková et al. 2014). Limited data is available regarding Blastocystis in
Australian wildlife.

Blastocystis was previously identified in four species of free-ranging Australian
wildlife:

brushtail possum (Trichosurus vulpecula), chuditch (Dasyurus

geoffroii), quenda (Isoodon obesulus) and woylie (Bettongia penicillata) from the
Julimar Conservation Park in Western Australia (WA) (Parkar et al. 2007).
Recently, it was also identified in wild eastern wallaroos (Macropus robustus) in
New South Wales (NSW) (Roberts et al. 2013). Similarly, Blastocystis has also
been identified in other Australian native species from zoos in Australia and
Japan, such as the southern hairy nosed wombat (Lasiorhinus latifrons) (refer to
Chapter 2), eastern grey kangaroo (Macropus giganteus) (Petrášová et al.
2011, Alfellani et al. 2013c, Roberts et al. 2013), red kangaroo (Macropus rufus)
(Alfellani et al. 2013c), western grey kangaroo (Macropus fuliginosus) (Roberts
et al. 2013) and quokka (Setonix brachyurus) (refer to Chapter 2). Blastocystis
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isolates from most of these hosts have also been characterised using molecular
tools.

Molecular studies have demonstrated that Blastocystis displays considerable
genetic heterogeneity and there are at least 17 subtypes (STs 1 – 17) that have
been isolated from vertebrate hosts (Noël et al. 2003, Yoshikawa et al. 2004b,
Noël et al. 2005, Stensvold et al. 2007b, Fayer et al. 2012, Alfellani et al.
2013c). Some STs are considered to be highly host specific, while others
display low host specificity and may be zoonotic. Previous studies identified
five STs in Australian native fauna, such as the zoonotic ST 1 in the southern
hairy nosed wombat at the Perth Zoo (refer to chapter 2). Also, ST 4 was
detected in the brushtail possum from Julimar (Parkar et al. 2007), eastern
wallaroo in bushland NSW, and eastern grey kangaroo and red kangaroo from
Taronga Zoo (Roberts et al. 2013). STs 12 and 13 were also identified in the
western grey kangaroo and quokka, respectively (Roberts et al. 2013).
Recently, a new subtype ST 16, was identified from red kangaroos at a zoo in
Japan (Alfellani et al. 2013c).

Hence, the current knowledge of the molecular

characterisation of Blastocystis in Australian native fauna is primarily based
upon hosts from captive populations.

Therefore, limited data is available

regarding the prevalence and the molecular characterisation of Blastocystis in
native Australian free-ranging populations.

The aim of this study was to detect and genetically characterise Blastocystis
from various species of Australian wildlife from different locations.
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4.2

Materials and methods

4.2.1 Study sites and collection of animal samples
Faecal samples from four native wildlife species were collected from two
geographic locations in the southwest of Australia, the Upper Warren region
(UWR) and Karakamia sanctuary (KS) (Figure 4.1 and Table 4.1). UWR is
managed by the Department of Parks and Wildlife (DPaW) in Western Australia
(WA). It consists of 240,000 ha of primarily jarrah forest, located approximately
300 km south of Perth, WA. KS is a fenced sanctuary managed by the
Australian Wildlife Conservancy (AWC), was established in 1991 and is located
approximately 50 km east of Perth. It consists of 275 ha jarrah forest enclosed
by a nine kilometre predator-proof fence.

Another 42 samples were collected

from Venus Bay Conservation Park (VBCP) in South Australia (SA). VBCP
comprises of numerous islands and is located in the Eyre Peninsula and
approximately 70 km south west of Streaky Bay (Figure 4.1 and Table 4.1).
The woylie population in KS was established with animals translocated from
Dryandra in 1994, 1995 and 1996 (Pacioni et al. 2013b). The woylie population
in VBCP was established with animals translocated from the Perth Zoo in 1980
(Delroy et al. 1986) whereas the populations in UWR are indigenous. These
sites were selected based upon DPaW’s existing monitoring and trapping
programs.

All samples were collected with permission from the Murdoch University Animal
Ethics committee (NS1182-06 and W2172-08). All animals were live trapped
using Sheffield cage traps placed 50 metres apart from each other, and baited
with a mixture of peanut butter, rolled oats and sardines (Thompson et al.
2010b, Wayne et al. 2015).

Faecal samples were obtained during routine
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animal trapping at all three locations. All samples were fixed in 10% formalin
solution for microscopy screening and 70% ethanol for screening using
molecular-based methods. Other data collected during the trapping sessions in
UWR and KS included body weight, gender, head length, pes length and the
presence of pouch young.

100 km

Figure 4.1 Sampling locations in Australia. Markers with the square,
circle and triangle indicate Karakamia Sanctuary (KS), Upper Warren
Region (UWR) and Venus Bay Conservation Park (VBCP), respectively.
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4.2.2 DNA extraction
Samples fixed in 70% ethanol were washed with milliQ water prior to DNA
extraction by one of the following products. DNA extracted from the washed
samples using the QIAamp DNA Stool Mini Kit™ (Qiagen, Germany) was done
according to the manufacturer’s protocol with the modifications described in
section 2.2.3. DNA extracted from washed samples using the PowerSoil DNA
Isolation Kit™ (MO BIO, USA) was done so according to the manufacturer’s
protocol.

Table 4.1 Faecal samples collected as part of this study.
Location and time of
Species
Number tested (n)
collection
Woylie (Bettongia
Karakamia Sanctuary;
62
penicillata)
July 2006
Woylie (B. penicillata)
68
Brushtail possum
60
(Trichosurus vulpecula)
Upper Warren Region;
Chuditch (Dasyurus
March 2006
17
geoffroii)
Quenda (Isoodon
8
obesulus)
Venus Bay Conservation
Woylie (B. penicillata)
Park;
42
December 2006
Total
261

4.2.3 Polymerase chain reaction (PCR) and gel electrophoresis
The PCR protocols described in section 2.2.4 were used to amplify a ~1100 bp
region of the Blastocystis small subunit (SSU) rDNA. All negative samples were
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screened again using primers bl1400ForC and bl1710RevC as described in
section 2.2.4. Gel electrophoresis was performed as described in section 2.2.5.

4.2.4 Sequencing and phylogenetic analysis
PCR products were purified from reactions using the Wizard SV Gel and PCR
Clean-Up

System™

(Promega

manufacturer’s kit protocol.

Corporation,

USA)

according

to

the

The PCR products were sequenced in both

directions as described in section 2.2.6.

Sequences were analysed using

Sequencher 4.8 (Gene Codes Corporation, USA) and compared with previously
published sequences from GenBank using the BLAST 2.2.9 program
(http://www.ncbi.nlm.nih.gov/blast).

A phylogenetic tree was constructed using ~800 bp of the amplified segments
of the Blastocystis SSU rDNA. Sequences of isolates obtained from the present
study were aligned with previously published sequences of Blastocystis
obtained from GenBank (Tables 4.2 and 4.3) using the program CLUSTAL W
(Thompson et al. 1994) and then manually adjusted where necessary.
Phylogenetic analysis was performed using MEGA v5.05 (Tamura et al. 2011).
Distance-based analysis was undertaken using Kimura’s-2-parameter and the
tree was constructed using the neighbour-joining (NJ) algorithm.

Bootstrap

values were calculated by the analysis of 1100 replicates from the neighbourjoining tree. Proteomonas lacertae was used as the outgroup.
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Table 4.2 Human isolates obtained from Genbank for phylogenetic
analysis. N/A = not available
Accession
Isolate
Subtype (ST)
Reference
number
Li et al. (2007b)
HC07-10502
7
EU082109
Yan et al. (2006)
HC05-10
7
DQ366343
Arisue et al.
HE87-1
1
AB023578
(2002)
Arisue et al.
HJ96A-29
1
AB070989
(2003)
Arisue et al.
HJ96-1
2
AB070987
(2003)
Arisue et al.
HJ96AS-1a
6
AB070990
(2003)
Arisue et al.
HJ96AS-1d
6
AB091238
(2003)
Yoshikawa et al.
HJ00-5
9
AF408426
(2004d)
Yoshikawa et al.
HJ00-4
9
AF408425
(2004d)
Yoshikawa et al.
HJ01-7
4
AY244621
(2004d)
Thathaisong et
N/A
1
AF439782
al. (2003)
Thathaisong et
al. (2004)
84
2
AY618265
Unpublished
Arisue et al.
HT98-1
3
AB070992
(2003)
Silberman et al.
Nand II
1
U51151
(1996)
Stensvold and
MA46
3
Clark (2012)
HQ909889
Unpublished
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Table 4.3 Animal isolates obtained from Genbank for phylogenetic
analysis. N/A = not available
Host

Isolate

Subtype (ST)

920268

11

920269

11

920267

11

CA6

10

CA25

15

CJ99-284

5

Cow1

14

Giraffe

930296

12

Guinea pig

NIH:1295:1

4

Gundi

N/A

17

Monkey

MJ99-568
MJ99-424
MJ99-132

1
1
8

MA7

15

Mouflon

N/A

14

Mouse deer

N/A

13

BJ99-319
MJ99-116
PJ99-154
PJ99-188

8
2
1
5

SY94-3

5

Asian
elephant

Camel

Cattle

Pheasant

Pig

P11
Rat

WR2

4

49

13

1

13

MKJ04-30

16

MKJ04-10

16

970613

12

2

12

Quokka

Red kangaroo

Western grey
kangaroo
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Reference
Refer to Chapter
2
Refer to Chapter
2
Refer to Chapter
2
Alfellani et al.
(2013c)
Alfellani et al.
(2013c)
Abe (2004)
Alfellani et al.
(2013c)
Refer to Chapter
2
Silberman et al.
(1996)
Alfellani et al.
(2013c)
Abe (2004)
Abe (2004)
Abe (2004)
Alfellani et al.
(2013c)
Alfellani et al.
(2013c)
Alfellani et al.
(2013c)
Abe (2004)
Abe (2004)
Abe (2004)
Abe (2004)
Arisue et al.
(2003)
Rivera (2008)
Noël et al.
(2005)
Refer to Chapter
2
Refer to Chapter
2
Alfellani et al.
(2013c)
Alfellani et al.
(2013c)
Refer to Chapter
2
Refer to Chapter
2

Accession
number
GU256903
GU256904
GU256900
KC148207
KC148210
AB107966
KC148205
GU256902
U51152
KC148208
AB107968
AB107967
AB107970
KC148211
KC148206
KC148209
AB107971
AB107969
AB107961
AB107964
AB091248
EU445487
AY590114
GU256934
GU256935
EU427514
EU427512
GU256936
GU256937

4.3

Results

4.3.1 Prevalence of Blastocystis in Australian wildlife
The overall prevalence of Blastocystis in this study was 32.5%. Blastocystis
was detected in 43.3% of samples from UWR. The greatest prevalence of
Blastocystis was found in quenda (50%), and least in woylies (39.7%). Fewer
woylies from KS (24.2%) and VBCP (4.8%) harboured Blastocystis (Table 4.4).
However, only the difference in prevalence between woylies from UWR and
VBCP was statistically significant (Fisher exact test, P < 0.0001).

Table 4.4 Prevalence of Blastocystis in Australian wildlife.
Number
Blastocystis
Location
Species
positive (n)
tested (n)
KS
Woylie
15
62
Woylie
27
68
Brushtail
28
60
possum
UWR
Chuditch
9
17
Quenda
4
8
VBCP
Woylie
2
42
Total
85
261

Prevalence
(%)
24.2
39.7
46.7
52.9
50
4.8
32.5

4.3.2 Molecular characterisation of Blastocystis isolates
DNA sequences from Blastocystis isolates were obtained from Genbank
(Tables 4.2 and 4.3) and included in the phylogenetic analysis. The rooted
neighbour-joining tree identified 17 clades which correspond to STs previously
identified in the phylogenetic consensus and recent Blastocystis phylogenetic
studies (Alfellani et al. 2013c). Blastocystis isolates in this study clustered into
STs 1, 2, 3, 4 and 7. ST 1 consisted of isolates from a quenda, brushtail
possums and woylies in UWR and Karakamia (Figure 4.1 and Table 4.5). Three
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subgroups were evident in this ST. One subgroup consisted of isolates from
woylies, quenda and brushtail possum in UWR and Karakamia. Two woylie
isolates within this subgroup were identical to each other. The other subgroup
consisted of isolates from woylies and brushtail possums in UWR, where two
brushtail possum isolates were identical to a woylie isolate from UWR.

Similarly, ST 2 consists of isolates from woylies and brushtail possums in UWR
and Karakamia. An isolate from a chuditch also belongs to this ST. Three
subgroups are evident in the phylogenetic tree.

One subgroup consists of

isolates from woylies in UWR and Karakamia being identical to isolates from
brushtail possums. The other subgroups consist of isolates from woylies and
chuditch in UWR.

In contrast, ST 4 consists of isolates only from brushtail possums.

These

isolates are identical to another isolate from a brushtail possum in Julimar
(Parkar et al. 2007). Also, the chuditch isolates from this study belong to STs 3
and 7. The isolate in ST 7 is distinct compared to other human isolates in this
ST. However, the ST 3 isolate is identical to a human isolate from Japan.
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Woylie M1 UWR

72

Woylie M31 UWR

99 Monkey MJ99-568, Japan AB107968

Quenda M2 UW

53

Woylie M20 Karakamia

66

BT Possum 4 UWR

92
93

SHN wombat Perth Zoo
Pig PJ99-154, Japan AB107961
Human HE87-1, Japan AB023578

98

100

Subtype 1

Woylie 3 UWR

81

Human Nand II, United States U51151
Human, Thailand AF439782

100

Woylie 47 UWR
61

BT Possum 11 UWR
BT Possum 36 UWR

51
69

Human HJ96A-29, Japan AB070989

45

Orang utan MJ99-424, Japan AB107967
Woylie 62 UWR
Woylie 13 UWR
BT Possum 30 UWR
BT Possum 15 UWR

58

BT Possum M6 UWR
100

100

Woylie 34 Karakamia
Possum M17 UW

62

100

66

Woylie 6 UWR

81

Woylie 9 UWR

Pig P11, Philippines EU445487

Subtype 2

Southern pig-tailed macaque MJ99-116, Japan AB107969

89

Chuditch 12 UWR

70

63

Monkey_Ab070997_St2

85

Woylie 16 UWR
Human HJ96-1, Japan AB070987

63

Woylie 8 UWR
86
77

Woylie 12 UWR

72 Human 84, Thailand AY618265

Elephant 920268, Australia GU256903
100

Elephant 920269, Australia GU256904

Subtype 11

Elephant 920267, Australia GU256900
Quokka 49, Australia GU256934

100

Quokka 1, Australia GU256935

46

Subtype 13

Mouse deer, UK KC148209
Mouflon, Czech Republic KC148206

75 Cattle CJ99-284, Japan AB107966

99

53

Subtype 14

Cattle Cow1, Libya KC148205

99

100 Pig SY94-3, Japan AB091248

Subtype 5

Pig PJ99-188, Japan AB107964
giraffe_misha

27

Giraffe 930296, Australia GU256902

100
43

giraffe_armani

Subtype 12
Western grey kangaroo 2, Australia GU256937

27

Western grey kangaroo 970613, Australia GU256936

100

Human HC07-10502, China EU082109

80
100

50

Human HC05-10, China DQ366343

Subtype 7

Chuditch 10 UWR
100 Human HJ96AS-1a, Japan AB070990

48

Human HJ96AS-1d, Japan AB091238
Human HJ00-5, Japan AF408426

100
100

Subtype 6
Subtype 9

Human HJ00-4, Japan AF408425

100 Human HT98-1, Thailand AB070992
100

Chuditch 7 UWR

Subtype 3

Human MA46 HQ909889
68

Camel CA6, Libya KC148207

82

Subtype 10

100 Pheasant BJ99-319, Japan AB107971

Black and white ruffed lemur MJ99-132, Japan AB107970

91

Subtype 8

Human HJ01-7, Japan AY244621
99

61

Guinea pig NIH:1295:1, United States U51152
Rat WR2, Singapore AY590114

85
100
95

Subtype 4

BT Possum 4 Julimar
BT Possum M21 UWR
BT Possum M25 UWR
Red kangaroo MKJ04-30, EU427514

100

Subtype 16

Red kangaroo MKJ04-10, EU427512
Gundi, Libya KC148208

Subtype 17

Gibbon MA7, UK KC148211
100

Subtype 15

Camel CA25, Libya KC148210
P.lacertae_U37108

0.02

Figure 4.2 Neighbour-joining tree displaying the relationships among
Blastocystis isolates, inferred by distance based analysis of SSU rDNA
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sequence data using Kimura's-2-parameter distance estimates. Scale bar
shows 0·02 substitutions (corrected) per base pair. Isolates indicated with
shaded circles and shaded squares were detected in woylies in UWR and KS,
respectively. Isolates indicated by shaded diamonds and triangles were
detected in brushtail possum and chuditch, respectively. Isolates indicated by
unshaded shapes were previously reported in Australian marsupials

Table 4.5 Blastocystis STs identified in West Australian wildlife. BTP =
brushtail possum; CHU = chuditch; QUE = quenda; WOY = woylie.
Location
Host
Blastocystis STs
BTP
1, 2, 4
QUE
1
UWR
CHU
2, 3, 7
WOY
1, 2
KS
WOY
1, 2

4.4

Discussion

4.4.1 Prevalence of Blastocystis in Australian wildlife
Based on the literature, the prevalence of Blastocystis has been investigated
primarily amongst wild NHPs, bears, stray cats and boars.

Recently,

Blastocystis was identified in a number of captive and free-ranging native
Australian wildlife species (Table 4.6).

However, this is the first study to

investigate the prevalence and molecular characterisation of Blastocystis in
different species and populations of free-ranging Australian marsupials. While
detected in all three locations studied, the prevalence of Blastocystis was
substantially greater in UWR than the fenced populations in KS and VBCP
(39.7%, 24.2% and 4.8%, respectively). Based on these findings, factors that
may contribute to the differences in the prevalence of Blastocystis include
climate and the presence of other animal hosts within or nearby the sampled
locations.
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Table 4.6 Blastocystis STs identified in Australian marsupials.
Population
Subtype
Reference
Host
Location
status
(ST)
Parkar et al.
Free-roaming
Julimar
4
Brushtail
sanctuary
(2007)
possum
UWR
Wild
2 and 4
This chapter
Chuditch
UWR
Wild
2, 3 and 7 This chapter
Roberts et
Eastern grey
Taronga
Captive
4
al. (2013)
kangaroo
Zoo
Roberts et
Eastern
Bushland
Wild
4
al. (2013)
wallaroo
NSW
Quenda
UWR
Wild
1
This chapter
Refer to
Quokka
Perth Zoo
Captive
13
Chapter 2
Roberts et
Taronga
Captive
4
al. (2013)
Zoo
Red
kangaroo
Alfellani et
N/A
N/A
16
al. (2013c)
Southern
Refer to
hairy nosed
Perth Zoo
Captive
1
Chapter 2
wombat
Refer to
Perth Zoo
Captive
12
Western
Chapter 2
grey
Roberts et
Taronga
kangaroo
Captive
13
al. (2013)
Zoo
UWR
Wild
1, 2 and 4 This chapter
Woylie
Free-roaming
KS
1 and 2
This chapter
sanctuary

The prevalence of Blastocystis in UWR may be greater compared to other
locations due to the presence of introduced animal hosts, such as feral cats,
foxes and livestock.

Although the region primarily comprises jarrah forest,

private land holders in the region own pastures for grazing livestock (Wayne et
al. 2013b). Previous studies have described the detection of Blastocystis in
cattle, goats and sheep (Abe et al. 2002, Santín et al. 2011, Fayer et al. 2012,
Alfellani et al. 2013c, Tan et al. 2013). Introduced predators are ubiquitous
across this landscape, and private land owners in the region have observed
native animals on their pastures (Wayne et al. 2013b). Therefore, it is possible
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that Blastocystis may be transmitted from livestock to Australian native wildlife
and/or their predators.

However, Blastocystis has not yet been detected in feral cats and foxes. This is
most likely due to studies investigating parasites in such populations having
relied heavily upon microscopy for the detection of parasites, which is the least
sensitive method for the detection of Blastocystis (Stensvold et al. 2007a).
Blastocystis infections were detected in sheltered, stray and domestic cats
previously (Duda et al. 1998, Mohsen and Hossein 2009, Ruaux and Stang
2014). Considering the wide host range of Blastocystis and the detection of
zoonotic parasites, such as Cryptosporidium and Giardia in feral cats in
Western Australia (Adams 2003), it is most likely that the parasite is capable of
establishing infections in feral cats. However, further investigation is required to
determine if other hosts within the region are also harbouring Blastocystis.

With respect to the possible influence of climate in the prevalence of
Blastocystis,

all

three

locations

sampled

Mediterranean-type conditions (Table 4.7).

in

this

study

have

similar

The highest prevalence of

Blastocystis was detected in UWR, which has the greatest annual average
rainfall and milder annual temperatures in comparison to the other locations
sampled. Some other studies concluded that the prevalence of Blastocystis
may be dependent upon weather conditions. Higher prevalence of Blastocystis
has been observed during the summer (Amin 2002, Suresh and Smith 2004),
and in the tropics (Pegelow et al. 1997). McCarthy et al. (2008) determined that
periods of heavy rainfall and cool temperatures (< 17ºC) appear to be risk
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factors for higher prevalence of Giardia in marsupials, and this may also
account for the higher prevalence of Blastocystis in UWR compared to the other
locations.

The lower prevalence of Blastocystis in VBCP could also be due to

the samples being collected during the summer, when there is minimal rainfall
compared to the other seasons.

The samples from UWR and KS were

collected during autumn and winter, respectively. Furthermore, Blastocystis may
also have the potential to be a waterborne parasite.

Table 4.7 General characteristics of each sampling location.
2006
Blastocystis
2006 Annual
Prevalence
Annual
Vegetation Predators
Location temperature
in woylies
rainfall
(ºC)
(%)
(mm)
Cats
UWR
9.7 – 20.4
1003
Jarrah
39.7
Fox
KS
12.2 – 25.1
683
Jarrah
None
24.2
Coastal
VBCP
12.2 - 23
380
None
4.8
scrub

It is possible that Blastocystis may have been transmitted via water, particularly
in UWR where several tributaries of the Warren River drain from adjacent
farmland into the forest habitats downstream.

In contrast, VBCP has more

limited availability of fresh surface water and is more isolated from adjacent land
with different land uses. The potential for drinking water (Leelayoova et al.
2004, Abdulsalam et al. 2012, Anuar et al. 2013) and rivers (Ithoi et al. 2011,
Lee et al. 2012b) to be a source of Blastocystis infections has been shown
elsewhere, as infected individuals harboured the same Blastocystis STs as
those identified from water sources used by these individuals and their
communities (Leelayoova et al. 2008, Lee et al. 2012b).
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However, further

sampling of animals and nearby water sources are required to confirm the
possibility of transmission via water in these locations.

4.4.2 Blastocystis subtypes in Australian wildlife
Blastocystis STs 1, 4, 12, 13 and 16 were previously identified in isolates from
six Australian marsupial species (Table 4.6). Similarly, STs 1 and 4 were found
in woylies, brushtail possums and quenda in UWR and KS.

However, this

study is the first to find marsupial isolates belonging to STs 2, 3 and 7 (Tables
4.5 and 4.6).

Most isolates from this study clustered into STs 1 and 2. Both STs display low
host specificity, and consist of isolates from humans, camels, NHPs, birds,
dogs, pigs and livestock (Noël et al. 2005, Stensvold et al. 2009a, Alfellani et
al. 2013a, Alfellani et al. 2013b, Alfellani et al. 2013c, Wang et al. 2013,
Ramírez et al. 2014, Wang et al. 2014b), and therefore may be zoonotic as
animal and human isolates may share the same alleles (Alfellani et al. 2013a,
Alfellani et al. 2013b, Ramírez et al. 2014). Indeed, some of the isolates from
this study are identical to human isolates and may be of zoonotic significance.
Developing multilocus sequence typing (MLST) schemes for STs 1 and 2 would
help in ascertaining the intra-ST diversity, intra-ST host specificity and the
zoonotic potential of these STs.

Based on the current understanding of intra-ST diversity, the ST 3 chuditch
isolate from this study is most likely zoonotic as most human ST 3 isolates
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cluster within the same clade (Stensvold et al. 2012b). ST 3 also has a broad
host range similar to STs 1 and 2, and recently, MLST schemes have been
developed for STs 3 and 4 using the mitochondrion-like organelle (MLO)
genome (Stensvold et al. 2012b).

However, as previously inferred, ST 3

displays a degree of host specificity as most human isolates cluster within an
MLO clade containing only human isolates. Therefore, Stensvold et al. (2012b)
have suggested that other ST 3 MLO clades are probably zoonotic.

ST 4 seems to be more host specific in comparison to STs 1 – 3, and this ST
was isolated from brushtail possums in this study. Currently, ST 4 consists of
isolates from humans, rodents, NHPs and marsupials (Parkar et al. 2007,
Stensvold et al. 2009a, Alfellani et al. 2013a, Alfellani et al. 2013b, Roberts et
al. 2013). Based on the MLO genome, ST4 consists of two clades. Stensvold
et al. (2012b) assigned the brushtail possum isolate from Julimar to Clade 1,
which primarily consists of human isolates.

As the other brushtail possum

isolates in this study are identical to the one from Julimar, these would also
belong to Clade 1. No sequencing data is publicly available for the other ST 4
marsupial isolates, and therefore it is not possible to determine which clade
these isolates belong to. In contrast, isolates from rodents and NHPs cluster
into Clade 2. With these results in consideration, it is most likely that both
clades are zoonotic.

The discovery of zoonotic Blastocystis STs in Australian wildlife provides
evidence for the potential of other hosts in UWR and perhaps humans, to be the
sources of infection for Australian wildlife.
110

As previously discussed, other

introduced animal hosts interact with wildlife in UWR. In addition to agricultural
activities in the region, timber harvesting also occurs in some areas (Wayne et
al. 2015), and therefore some STs may be of human origin. Similarly, zoonotic
assemblages of Giardia were previously detected in native wildlife in numerous
locations in WA (Thompson et al. 2008, Thompson et al. 2010b), and it is most
likely that these infections are a result of human and domestic animal activity
(Thompson et al. 2010b, Thompson 2013).

In conclusion, Blastocystis was detected in all three locations sampled as part
of this study. Prevalence and Blastocystis genetic diversity were greater in the
UWR compared to the other fenced sites (KS and VBCP).

These findings

suggest that other introduced animal hosts and human activity may primarily
account for the presence of zoonotic Blastocystis STs in Australian wildlife.

111

5

Polyparasitism in Native Australian
Wildlife

A form of this chapter is to be submitted to a journal for review:
Parkar, U., Lymbery, A.J., Wayne, A., Elliot, A., Morris, K. and Thompson,
R.C.A.
Polyparasitism in Australian wildlife.
International Journal for
Parasitology: Parasites and Wildlife.

5.1

Introduction

Knowledge of the gastrointestinal (GI) parasites in the free-living wildlife
populations of Australian native mammals is relatively poor.

However,

numerous species of helminths and protozoa were previously isolated from
Australian native fauna (Mackerras 1958, Beveridge and Spratt 1996,
O'Donoghue and Adlard 2000, Beveridge and Spratt 2015).

The use of

molecular methods to characterise isolates has revealed the presence of both
unique and zoonotic parasite species/genotypes in Australian wildlife.
example,

For

the identification of the Giardia ‘quenda genotype’ from quendas

(Isodoon obesulus) in Western Australia (WA) (Adams et al. 2004), and
zoonotic Giardia assemblages A and B in kangaroos in WA (McCarthy et al.
2008, Thompson et al. 2008, Thompson et al. 2010b, Ng et al. 2011). Similarly,
Giardia assemblages A and B were also identified in brushtail possums in
Victoria (Thompson et al. 2008), koalas in South Australia (SA) (Thompson et
al. 2008), quendas in WA (Thompson et al. 2010b) and swamp wallabies in
Victoria (Thompson et al. 2008).

Although previous studies have identified

numerous parasites in Australian wildlife, there is little known about pathogen
diversity and susceptibility in wildlife (MacPhee and Greenwood 2013,
Thompson 2013)

The implications of parasitic infections for vertebrate conservation range from
potentially negligible impact, through to reduced fitness or being a significant
threat. Host – parasite relationships are considered to be a driver of ecological
structure and function (Gómez and Nichols 2013). Parasites can influence the
host’s growth (Gorrell and Schulte-Hostedde 2008), reproduction (Schwanz
2008, Watson 2013), behaviour (Lefèvre et al. 2009) and survival (Robar et al.
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2010).

Infectious diseases, including those caused by parasites, can be a

contributing factor in the endangerment and population declines of wildlife hosts
(de Castro and Bolker 2005, Blehert et al. 2009, Gómez and Nichols 2013).
Therefore, the role of parasites should be considered as equally significant to
predation and competition regarding their effects on wildlife populations
(Watson 2013).

In Western Australia, the woylie (Bettongia penicillata) is an example where
predation and infectious disease have been implicated in the recent
catastrophic declines (Wayne et al. 2013a, Wayne et al. 2015) that have
resulted in the woylie being elevated to Critically Endangered (Wayne et al.
2008, Groom 2010). Recently, trypanosomes (Smith et al. 2008, Botero et al.
2013, Thompson et al. 2013, Thompson et al. 2014), Toxoplasma
(Parameswaran et al. 2009, Parameswaran et al. 2010) and Theileria (Rong et
al. 2012) infections were identified in the declining woylie population in the
Upper Warren Region (UWR). Therefore, it is possible that polyparasitism may
be a contributing factor to the recent population decline in woylies.

An individual host is more likely to harbour a community of parasites, rather
than a single infection (Pedersen and Fenton 2007, Boraschi et al. 2008, Telfer
et al. 2008). Polyparasitism, which refers to more than one parasitic infection
within a host, commonly occurs in both humans and wildlife populations.
Polyparasitism may increase the susceptibility of the host to other infections and
play a role in determining the virulence of an infection (Taylor et al. 1998,
Druilhe et al. 2005, Wammes et al. 2010). However, parasites may interact in
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various ways within the host based on the following factors: the type of multiple
infections (i.e. mixed species or mixed genotypes); and competition (i.e. direct
or indirect competition for resources, immune-suppression or cross-immunity)
(Cox 2001, Bordes and Morand 2011). Interactions between parasites may be
synergistic or antagonistic (Pedersen and Fenton 2007, Telfer et al. 2008,
Bordes and Morand 2011). Furthermore, the order of infection by parasites
may influence the host’s response to other parasitic infections (Ezenwa and
Jolles 2011). The role of parasitic infections in causing disease and wildlife
declines could be determined through surveillance to obtain accurate data on
the diversity and abundance of pathogens in natural settings (Polley 2005,
Smith et al. 2009).

The aim of this study was to survey woylies and co-inhabiting native species
from stable and declining populations for GI parasites to determine the diversity
of parasitic infections and frequency of GI polyparasitism in Australian wildlife.
The hypothesis for this study would be that GI parasites are more prevalent and
diverse in the declining population due to interactions with non-indigenous
hosts.

5.2

Materials and methods

5.2.1 Study sites and collection of animal samples
Faecal samples from four native wildlife species were collected from three
geographical locations in Australia:

the Upper Warren Region (UWR),

Karakamia Sanctuary (KS) and Venus Bay Conservation Park (VBCP). These
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sites were selected based upon the existing monitoring and trapping programs.
UWR consists of 240,000 ha of primarily jarrah forest and is located
approximately 300 km south of Perth. UWR is managed by the Department of
Parks and Wildlife in Western Australia (WA). Samples were collected from
woylie (Bettongia penicillata) (n = 68), brushtail possum (Trichosurus vulpecula)
(n = 60), chuditch (Dasyurus geoffroii) (n = 17) and quenda (Isoodon obesulus)
(n = 8).

Samples from 62 woylies in KS were also collected. KS consists of 275 ha
jarrah forest enclosed by a nine kilometre predator-proof fence and is located
50 km east of Perth. The sanctuary was established in 1991 and is managed
by the Australian Wildlife Conservancy (AWC).

The woylie population was

established with animals translocated from an indigenous population in
Dryandra in 1994, 1995 and 1996 (Pacioni et al. 2013b). Another 42 samples
from woylie were collected from VBCP in South Australia (SA). This woylie
population was established with animals translocated from the Perth Zoo in
1980 (Delroy et al. 1986).

The study sites and collection of animal samples was also described in greater
detail in section 4.2.1 and Table 4.1.
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5.2.2 Microscopy and Blastocystis screening
All samples fixed in 10% formalin were screened for GI parasites using the zinc
sulphate flotation method followed by microscopy as described in section 2.2.2.
Samples were also stained using a malachite green background stain to identify
the presence of Cryptosporidium oocysts (Elliot et al. 1999).

All samples fixed in ethanol were subjected to DNA extractions and polymerase
chain reaction (PCR) to amplify Blastocystis DNA as described in sections 4.2.3
and 2.2.4. Gel electrophoresis was performed as described in section 2.2.5 to
visualise amplified products, and sequencing of these bands was performed as
described in section 2.2.6 to confirm the resulting products are Blastocystis.

5.2.3 Data analysis
Each sample was recorded as being positive or negative for any parasitic
infection, and for infection with each taxonomic category of parasites.
Populations of woylies and other species in UWR were compared for
prevalence (percentage of infected hosts), multiple infections (polyparasitism)
and diversity of parasite taxa, as measured by taxon richness (S) and
Margalef’s index (d). Condition score for each woylie was calculated as a
residual from the regression of log weight on log long pes length.

Chi-square or Fisher exact tests were used to determine the statistical
significance of differences in the prevalence of parasitic infections. One way
analysis using Wilcoxon / Kruskal-Wallis tests were used to compare S and d
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between different populations of woylies and all host species within UWR.
These tests were conducted using the software JMP 4.0 (SAS Institute, USA).

The statistical significance of differences in parasite taxon composition between
different host species in UWR and different woylie populations was tested by
using a one way analysis of similarities (ANOSIM) with 999 permutations in
PRIMER 6.0 (PRIMER – E Ltd, UK). The contribution of individual parasite
species to dissimilarities between variables was assessed by averaging the
Bray-Curtis measure of similarity for each taxon over all pair-wise variable
combinations using similarity percentage (SIMPER) in PRIMER 6.0 (PRIMER –
E Ltd, UK).

5.3

Results

5.3.1 Prevalence of gastrointestinal parasites in woylies
All woylies sampled from UWR harboured at least one GI parasite, compared
with almost 92% from KS (Table 5.1) (significant difference in prevalence,
Fisher exact test, P = 0.0355).

Strongyle eggs were identified in 97% and

85.4% of the woylies from UWR and Karakamia Sanctuary (KS) (Tables 5.1 and
5.2). A total of 24.2% and 4.8% of woylies tested positive for Blastocystis from
KS and Venus Bay Conservation Park (VBCP), respectively (Table 5.1). In
contrast, the majority of woylies in VBCP were found to have no parasitic
infection (Table 5.1).
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Table 5.1 Prevalence of GI parasites identified in woylies. Overall infection
= samples positive for at least one parasite.
Prevalence (%)
Prevalence (%)
Prevalence (%)
Parasite
in UWR (n = 68)
in KS (n = 62)
in VBCP (n = 42)
Blastocystis
39.7
24.2
4.8
Strongyle eggs
97
85.4
0
Strongyloides
10.3
11.3
0
eggs
Other nematode
0
0
4.8
eggs
Lungworm Larvae
5.9
0
0
Other nematode
60.3
24.2
0
larvae
Anoplocephalid
0
1.6
0
eggs
Other cestode
0
1.6
0
eggs
Echinowanema
0
1.6
0
eggs
Arthropod eggs
22.0
0
0
Coccidia
7.4
3.2
9.5
Chilomastix
1.5
0
0
Entamoeba
8.8
3.2
0
Pinworm
0
0
14.3
Trichamonas
0
0
2.4
Overall infection
100.0
91.9
21.4

5.3.2 Prevalence of gastrointestinal parasites in UWR
All woylies, chuditch and quenda harboured at least one parasitic infection.
However, no parasites were identified in 21.7% of brushtail possums. Strongyle
eggs were also detected in most samples from all animal hosts in UWR (Table
5.2). The overall prevalence of Blastocystis in UWR was 45%, with the greatest
prevalence found in quenda (Table 5.2). Coccidia and Giardia were identified in
75%

and

25%

of

quenda

samples,
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respectively

(Table

5.2).

Table 5.2 Prevalence of gastrointestinal parasites from different host
species in UWR. WOY = woylie; BTP = brushtail possum; CHU= chuditch;
QUE = quenda; Overall infection = samples positive for at least one parasite.
Prevalence
Prevalence
Prevalence
Prevalence
(%) WOY
(%) BTP
(%) CHU
(%) QUE
Parasite
(n = 68)
(n = 60)
(n = 17)
(n = 8)
Blastocystis
39.7
46.7
52.9
50.0
Strongyle
97.0
53.3
100.0
62.5
eggs
Strongyloides
10.3
5.0
0
0
eggs
Lungworm
5.9
0
0
50.0
larvae
Other
nematode
60.3
6.7
0
12.5
larvae
Arthropod
22.0
0
0
0
eggs
Coccidia
7.4
3.3
5.9
75.0
Giardia
0
0
0
25.0
Entamoeba
8.8
1.7
0
12.5
Chilomastix
1.5
0
0
0
Trematode
0
0
11.8
0
eggs
Overall
100.0
78.3
100.0
100.0
infection

5.3.3 Parasite diversity
Parasite taxon richness (S) and diversity (d) were greater in quenda and
woylies from UWR (Table 5.3). Parasite taxon richness was significantly higher
in woylies from UWR compared to KS (Kruskal-Wallis test, z = 5.20, P <
0.0001) and VBCP (Kruskal-Wallis test, z = 2.65, P = 0.0079).

However,

parasite diversity was only greater in woylies from UWR compared to KS
(Kruskal-Wallis test, z = 3.36, P = 0.0008).
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In UWR, parasite taxon richness was significantly greater in woylies compared
to brushtail possums (Kruskal-Wallis test, z = 6.24, P < 0.0001), chuditch
(Kruskal-Wallis test, z = 3.57, P = 0.0004) and quenda (Kruskal-Wallis test, z = 2.20, P = 0.0278). Parasite taxon richness was also significantly greater in
quenda compared to brushtail possums (Kruskal-Wallis test, z = 4.04, P <
0.0001) and chuditch (Kruskal-Wallis test, z = 3.35, P = 0.0008).

Parasite diversity in UWR was greater in woylies compared to chuditch
(Kruskal-Wallis test, z = 3.21, P = 0.0013) and brushtail possums (KruskalWallis test, z = 3.22, P = 0.0013). Similarly, parasite diversity was also greater
in quenda compared to brushtail possums (Kruskal-Wallis test, z = 3.26, P =
0.0011), and chuditch (Kruskal-Wallis test, z = 3.22, P = 0.0013).

Table 5.3 Mean values of parasite taxon richness (S) and diversity (d).
BTP = brushtail possum; CHU = chuditch; QUE = quenda; WOY = woylie.
Parasite taxon
Parasite diversity
Location
Host species
richness (S)
(d)
BTP
1.45
1.48
CHU
1.70
1.44
UWR
QUE
4.00
2.13
WOY
2.53
1.70
KS
WOY
1.68
1.51
VBCP
WOY
1.67
1.52

Parasite composition was also found to be significantly different between
woylies from UWR and KS (ANOSIM, R = 0.099, P = 0.001), UWR and Venus
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Bay (ANOSIM, R = 0.914, P = 0.001), and KS and VBCP (ANOSIM, R = 0.838,
P = 0.001). SIMPER analysis was performed to identify parasite species which
contributed to dissimilarity in parasites from woylies at all locations (Tables 5.4,
5.5 and 5.6).

Table 5.4 SIMPER analysis results displaying dissimilarity in parasites
from woylies in UWR and KS.
Contribution to
Prevalence in
Prevalence in KS
Parasite
%
dissimilarity %
UWR %
Other nematode
30.93
60.3
24.2
larvae
Blastocystis
24.81
39.7
24.2
Arthropod eggs
11.60
22
0
Strongyloides
9.87
10.3
11.3
eggs
Strongyle eggs
6.00
97
85.4

Table 5.5 SIMPER analysis results displaying dissimilarity in parasites
from woylies in UWR and VBI.
Contribution to
Prevalence in
Prevalence in
Parasite
dissimilarity %
UWR %
VBI %
Strongyle eggs
24.39
97
0
Coccidia
16.63
7.4
9.5
Other nematode
13.78
60.3
0
larvae
Pinworm
11.54
0
14.3
Blastocystis
11.27
39.7
4.8
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Table 5.6 SIMPER analysis results displaying dissimilarity in parasites
from woylies in KS and VBI.
Contribution to Prevalence in KS
Prevalence in
Parasite
dissimilarity %
%
VBI %
Strongyle eggs
28.31
85.4
0
Coccidia
20.35
3.2
9.5
Pinworm
13.71
0
14.3
Blastocystis
12.31
24.2
4.8
Other nematode
8.78
24.2
0
larvae

Parasite composition of woylies was significantly different from chuditch
(ANOSIM, R = 0.118, P = 0.033), quenda (ANOSIM, R = 0.68, P = 0.001) and
brushtail possums (ANOSIM, R = 0.224, P = 0.001) in UWR. SIMPER analysis
identified parasite species which contributed to dissimilarity in parasites from all
species in UWR (Tables 5.7, 5.8 and 5.9).

Table 5.7 SIMPER analysis results displaying dissimilarity in parasites
from woylies and chuditch in UWR. WOY = woylie; CHU = chuditch.
Contribution to
Prevalence in
Prevalence in
Parasites
dissimilarity %
WOY %
CHU %
Other nematode
32.09
60.3
0
larvae
Blastocystis
28.98
39.7
52.9
Arthropod eggs
11.53
22
0
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Table 5.8 SIMPER analysis results displaying dissimilarity in parasites
from woylies and quenda in UWR. WOY = woylie; QUE = quenda.
Contribution to
Prevalence in
Prevalence in
Parasites
dissimilarity %
WOY %
QUE %
Coccidia
20.96
7.4
75
Other nematode
13.69
60.3
12.5
larvae
Blastocystis
13.04
39.7
50
Lungworm larvae
11.45
5.9
50

Table 5.9 SIMPER analysis results displaying dissimilarity in parasites
from woylies and brushtail possums in UWR. WOY = woylie; BTP =
brushtail possum.
Contribution to
Prevalence in
Prevalence in
Parasites
dissimilarity %
WOY %
BTP %
Other nematode
27.81
60.3
6.7
larvae
Blastocystis
27.02
39.7
46.7
Strongyle eggs
18.14
97
53.3
Arthropod eggs
10.11
22
0

Polyparasitism was evident in all species and locations sampled (Figures 5.1
and 5.2).

Polyparasitism was more frequent amongst woylies in UWR

compared to KS and VBCP. However, most woylies in UWR harboured at least
two infections whereas most woylies in KS harboured two or fewer infections
(Figure 5.1). The maximum number of concurrent infections in one individual
woylie and quenda in UWR were six and seven, respectively. In UWR, most
chuditch and brushtail possums harboured two infections or less. In contrast,
most woylies and quendas harboured at least two infections.
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Figure 5.1 Prevalence of co-infections amongst woylies from different
populations. KS = Karakamia Sanctuary; UWR = Upper Warren region; VBCP
= Venus Bay Conservation Park.
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Figure 5.2 Prevalence of co-infections amongst different species in the
Upper Warren region (UWR). BTP = brushtail possum.
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5.4

Discussion

5.4.1 Parasite diversity
All woylies and chuditch in UWR were infected with at least one GI parasite,
and each host species harboured both helminth and protozoan parasites. In
contrast, most woylies from VBCP did not harbour parasitic infections.
Blastocystis was detected in all populations and species sampled, with its
prevalence ranging from 4.8% in woylies from VBCP to 52.9% in chuditch from
UWR (Tables 5.1 and 5.2). Higher prevalences of Blastocystis were evident in
UWR, and this could be due to the presence of introduced animal hosts, human
activity and climate, as discussed previously in section 4.4.1.

Nematode parasites were commonly identified in the animals from UWR and
KS, with the majority belonging to the order Strongylida.

Strongyloid

nematodes are routinely identified in Australian marsupials, including brushtail
possum, woylie, chuditch and quenda (Beveridge and Spratt 1996, Adams
2003, Beveridge and Gasser 2014), and their prevalence in UWR has remained
stable for around ten years (Adams 2003, Parkar et al. 2008). As it is not
possible to identify strongyle eggs to a species level using microscopy, it is
possible that parasite diversity could be greater than the levels reported. Over
400 species of the order Strongylida have been identified in Australian native
fauna (Beveridge and Spratt 2015), and some these species were described
using molecular tools (Beveridge and Gasser 2014).

Therefore, further

investigation is required to classify these nematode infections.

In contrast,

strongyle nematodes were not detected in woylies from VBCP and instead,
another nematode (pinworm) was present in this population.
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Unidentified coccidia were also detected in all species sampled from all sites
(Tables 5.1 and 5.2). Amongst all species and sites, prevalence was less than
10% except in quenda, where it was identified in 75% of samples. The higher
prevalence in quenda most likely would be due to the fewer numbers of
samples (n = 8) included in this study. As the principal aim of the present study
was to survey and identify Blastocystis from various hosts, no further work was
carried out to identify these coccidia. However, based on their size, it is highly
likely these unidentified coccidia are Eimeria sp, which are known to infect
woylies, brushtail possum and quenda (Adams 2003, Power et al. 2009,
Bennett and Hobbs 2011).

A limitation of this study was obtaining single faecal samples from the animals
surveyed.

Due to the irregular shedding of some parasites, such as

Blastocystis (Vennila et al. 1999), it is possible that some infections were not
detected. Therefore, it is possible that parasite diversity and polyparasitism
may be greater than the findings of this study.

In this study, parasite taxon richness was greater in the declining woylie
population compared to the stable populations and some other species in UWR.
According to the literature, the main drivers of parasite taxon richness may be
host body size, host species richness, host geographic range and host
population density (Kamiya et al. 2014, Poulin 2014). In this case, parasite
taxon richness may be influenced by host species richness. Polyparasitism was
also more common in the declining woylie population.
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5.4.2 Polyparasitism
Polyparasitism is common amongst humans and animals.

In this study,

polyparasitism was evident in all species and populations sampled. However,
fewer parasitic infections were identified in woylies from VBCP and brushtail
possums, and some of these hosts had no parasitic infections. Hence, parasite
diversity was also lower in these animals. Fewer parasite infections and lower
parasite diversity in brushtail possums could be due to the arboreal nature of
this host, and therefore they would have limited exposure to parasites in soil
and/or water (Beveridge and Spratt 1996).

The translocated woylie population in VBCP could have fewer parasitic
infections due to limited exposure to other animal hosts. The seven woylies
translocated to VBCP were bred in captivity (Delroy et al. 1986). During the
breeding program, each pen contained one male and usually two or three
females. These pens were fenced to prevent predation and rat control was
utilised (Delroy et al. 1986). Therefore, the risks of acquiring parasitic infections
in VBCP are minimal compared to locations such as UWR, where Australian
native wildlife is in close proximity to livestock and predators, such as feral cats
and fox. It is also possible that the founding individuals of the breeding program
were treated with anthelmintics and antiprotozoal agents while in captivity, and
this could account for the lower number of parasitic infections and parasite
diversity in the SA woylie population compared to the populations in WA.

Polyparasitism was more common in the declining woylie population in UWR
compared to other host species and woylie populations. The higher frequency
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of polyparasitism and greater parasite diversity could be due to the presence
and contact with other animal hosts in the region. Botero et al. (2013) reported
that multiple concurrent trypanosome infections were common in the declining
woylie population in UWR compared to woylies in KS. Also, increased severity
in pathology was noted in individuals with concurrent trypanosome infections.
Similarly, increased mortality was associated with polyparasitism of Toxoplasma
gondii and Sarcocystis neurona in marine sentinels such as California sea lions
(Zalophus californianus), Guadalupe fur seals (Arctocephalus townsendi),
harbour seals (Phoca vitulina), harbour porpoises (Phocoena phocoena), Steller
sea lions (Eumetopias jubatus) and sea otters (Enhydra lutris) (Gibson et al.
2011). Based on these findings, it seems that microorganism interactions within
the host may play a pivotal role in wildlife conservation and further detailed
investigations are required to determine its significance and role in the decline
of the woylie population.

5.4.3 Parasites and the woylie decline
Potential causes of the woylie decline, such as predation, availability of
resources, disease and human interference have been investigated (Wayne et
al. 2011, Wayne et al. 2013a, Wayne et al. 2013b, Wayne et al. 2015). It
appears highly unlikely that the decline is caused by direct human interference
or the lack of resources (Wayne et al. 2015).

Current investigations

hypothesise that woylies are more vulnerable to predation due to disease
(Wayne et al. 2015).
surveyed

for

The declining woylie population in UWR has been

parasites,

specifically

blood-borne

parasites

such

as

trypanosomes (Smith et al. 2008, Botero et al. 2013, Thompson et al. 2013,
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Thompson

et

al.

2014),

Toxoplasma

(Parameswaran

et

al.

2009,

Parameswaran et al. 2010) and Theileria (Rong et al. 2012). Recently, four
trypanosome species infecting Australian wildlife were described (Austen et al.
2009, McInnes et al. 2009, McInnes et al. 2011, Thompson et al. 2013), three of
which were detected in woylies (Smith et al. 2008, Averis et al. 2009, Botero et
al. 2013, Thompson et al. 2013, Thompson et al. 2014). Botero et al. (2013)
found a high prevalence of the Clade A genotype of Trypanosoma copemani in
UWR whereas another genotype of T. copemani (Clade B) was dominant in KS.
Although both clades induce an inflammatory response, single infections of
Clade A and mixed genotype infections showed a stronger response and tissue
degeneration. Botero et al. (2013) and Thompson et al. (2013) have reported a
high prevalence of trypanosomes in woylies in UWR, and it is likely that some
these woylies also harbour nematodes and Blastocystis.

Most woylies from UWR and Karakamia harboured at least one nematode.
Helminths (including nematodes) are known to modulate and regulate the host’s
immune response (McSorley and Maizels 2012) to their benefit, and therefore
strongly affect subsequent parasitic infections (Graham et al. 2007). Helminths
and protozoa have been found to induce T helper (Th) lymphocytes.

The

immune response is mediated by Th1 and Th2 cells in response to protozoan
and helminth parasitic infections, respectively (Cox 2001). Higher lymphocyte
counts were observed in woylies from UWR compared to other populations
(Pacioni et al. 2013a), which suggests that these parasitic infections may be
regulating the host’s immune response.
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Previous studies have evaluated some types of parasite – parasite interactions
using controlled, laboratory-based infection studies. The interactions between
helminths, such as Trichinella and Schistosoma mansoni, and protozoa, namely
trypanosomes, Toxoplasma, Eimeria and Plasmodium have been studied.
Generally, trypanosome infections tend to be enhanced in animals with existing
Trichinella

sprialis,

Nippostrongylus

infections (Cox 2001).

brasiliensis

and

Schistosoma

spp.

However, this phenomenon does not seem to be

universal, as trypanosome infections are not enhanced in the presence of
Heligmosomoides polygyrus.

Whether this is reflective of the nematode –

trypanosome interactions in woylies is currently unknown.

Perhaps these

interactions are influenced by the species and/or fitness of the host, and
species of helminths and/or protozoa.

However, there may also be other

factors involved as limited information is available regarding how each species
within the host’s parasite community contribute to the overall costs of infection
in wildlife (Budischak et al. 2012). Further investigations and ongoing
surveillance are required to determine whether nematode infections in woylies
have resulted in enhanced infections and pathology by trypanosomes as
polyparasitism may be associated with higher mortality (Gibson et al. 2011) due
to competitive interactions.

In conclusion, this study provides evidence that polyparasitism is common in
wildlife. Its frequency and parasite diversity is greater in the declining woylie
population compared to woylie populations which are safe from predation and
are therefore stable. Parasite diversity and polyparasitism may be higher in
UWR due to the presence of other animal hosts, such as feral cats, fox and
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livestock within the region.

It is possible that polyparasitism may be a

contributing factor to the decline of the woylie population in UWR, as some
parasitic infections are known to modulate and regulate the host’s immune
response.

Further investigation and surveillance using molecular-based

diagnostic methods are required to detect parasites with greater sensitivity and
to resolve the parasite diversity in these Australian wildlife populations.
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6

The Development of a Multiplex PCR for
the Detection of Blastocystis,
Cryptosporidium and Giardia in Australian
Wildlife

6.1

Introduction

Zoonotic protozoa and protists, such as Blastocystis spp., Cryptosporidium
parvum and Giardia duodenalis have previously been detected in Australian
wildlife (Mackerras 1958, Millstein and Goldsmith 1997, Adams et al. 2004,
Parkar et al. 2007, McCarthy et al. 2008, Thompson et al. 2008, Thompson et
al. 2010b, Ng et al. 2011, Roberts et al. 2013). Various techniques have been
used

to

detect

these

parasites

from

faeces,

including

microscopic,

immunodiagnostic and molecular-based methods (Stensvold et al. 2007a,
Roberts et al. 2011, Dogruman-Al et al. 2015). Currently, molecular methods
are considered to provide the highest sensitivity and specificity for the detection
of these parasites (Ryan et al. 2005, Parkar et al. 2007, Cacciò and Ryan 2008,
Roberts et al. 2011, Stensvold 2012, Ryan and Cacciò 2013). However, other
more conventional methods are still favourably used in some medical and
veterinary diagnostic laboratories as they are deemed more cost effective
compared to molecular tools.

Polymerase chain reaction (PCR) and real-time PCR have been utilised to
amplify DNA from Blastocystis, Cryptosporidium and Giardia isolates for many
years. Singleplex methods are most commonly utilised, however real time and
bead-based multiplex PCRs have been developed as diagnostic tests to amplify
Blastocystis, Cryptosporidium and Giardia DNA from human faecal samples
(Verweij et al. 2004, Haque et al. 2007, Ten Hove et al. 2007, Li et al. 2010,
Stark et al. 2011, Maas et al. 2014). Commercial kits are also available, such
as the FilmArray Gastrointestinal (GI) Panel developed by BioFire Diagnostics,
USA (Khare et al. 2014); Luminex® xTAG® Gastrointestinal Pathogen Panel
developed by Luminex Corporation, Canada (Mengelle et al. 2013, Beckmann
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et al. 2014, Khare et al. 2014, Perry et al. 2014, Wessels et al. 2014); Savyon
Gastrointestinal Infection Panel (Perry et al. 2014) and the EasyScreen Enteric
Parasite Detection Kit developed by Genetic Signatures, Australia (Stark et al.
2014). The advantage of developing a multiplex PCR (mPCR) is that the
presence of multiple pathogens can be detected simultaneously with greater
sensitivity compared to techniques such as microscopy (Verweij and Van
Lieshout 2011, Nazeer et al. 2013). This often leads to a decrease in both
labour and reagent costs, which could make the use of molecular tools
commercially viable for diagnostic laboratories.

The current multiplex tests

(commercial and non-commercial) available are catered towards the detection
of Blastocystis, Cryptosporidium and Giardia genotypes which may infect
humans. In contrast, only one mPCR targeting Cryptosporidium and Giardia
has been developed and/or tested for use in veterinary diagnostics (Li et al.
2010).

mPCR would be beneficial regarding the monitoring of protozoa in wildlife
populations.

Infectious disease is considered to play a major role in the

population dynamics of wildlife and can cause temporary or permanent
population declines (Daszak et al. 2000, Harvell et al. 2002, Smith et al. 2006,
Wayne et al. 2015).

Previous studies have shown that polyparasitism is

common amongst wildlife (Teichroeb et al. 2009, Bordes and Morand 2011,
Davidson et al. 2014). The role of parasitic infections in wildlife declines could
be determined through surveillance to obtain accurate data on the diversity and
abundance of pathogens in natural settings (Smith et al. 2009). The mPCR
would be an excellent tool for the surveillance of parasite infections in wildlife
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populations as multiple infections are common, and it is a cost-effective and
less labour intensive method to screen large sample sizes.

Based upon the literature, protozoa are prime targets for the mPCR as the
sensitivity and specificity for the detection of protozoa are low when using
microscopy (Webster et al. 1996, Verweij et al. 2004, Haque et al. 2007,
Roberts et al. 2011). The mPCR would be used to complement microscopy
methods to maximise the opportunity to identify as many pathogens as
possible. Zoonotic parasites of public health significance, such as Blastocystis,
Cryptosporidium and Giardia are suitable targets for the mPCR.

These

parasites display considerable genetic heterogeneity, and various Australian
wildlife species are known to harbour these parasites (Parkar et al. 2007,
McCarthy et al. 2008, Thompson et al. 2008, Thompson et al. 2010b, Ng et al.
2011, Alfellani et al. 2013c, Roberts et al. 2013). However, little is known about
pathogen diversity and susceptibility in wildlife (MacPhee and Greenwood 2013,
Thompson 2013).

The aim of this study was to develop a mPCR to amplify Blastocystis,
Cryptosporidium and Giardia DNA from various species of Australian native
wildlife sampled during regular trapping sessions, and to compare this mPCR to
other diagnostic methods (microscopy and singleplex nested PCR) used to
detect these parasites.
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6.2

Materials and Methods

6.2.1 Control material
Control DNA from cultures and faecal samples were used in this study (Table
6.1) and were subjected to each PCR method.

Blastocystis and Giardia

cultures were diluted prior to extractions to determine lower detection limits.
Other cultured isolates were previously extracted.

Sixty faecal samples collected from Australian wildlife (refer to section 4.2.1)
were randomly selected for screening using the mPCR designed in this study.
All samples were collected during trapping sessions in the Upper Warren region
(UWR) in March 2006. Samples were fixed in 10% formalin and 70% ethanol
for microscopy and molecular-based screening, respectively.

6.2.2 Microscopy
All samples fixed in 10% formalin were screened for gastrointestinal (GI)
parasites as described in sections 2.2.2 and 5.2.2.

6.2.3 DNA extraction
Samples fixed in 70% ethanol were washed with milliQ water before the
extraction. DNA was extracted from the washed samples using the QIAamp
DNA Stool Mini Kit (Qiagen, Germany) as described in section 2.2.3, and the
PowerSoil DNA Isolation Kit (MO BIO, USA) according to the manufacturer’s
protocol.
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Table 6.1 Control DNA used in the primer testing and optimisation stages.
ST = subtype.
Pathogen
Isolate
Origin
Genotype
Blastocystis
Ring tailed lemur
culture
ST2
Baboon
culture
ST1
P35
faecal
ST3
Black howler
faecal
ST8
monkey 160
Western grey
faecal
ST12
kangaroo 970613
Quokka 49
faecal
ST13
Chuditch
Faecal
ST7
Brushtail possum
Faecal
ST4
4
Elephant 920269
Faecal
ST11
Cryptosporidium
C. hominis
culture
C. parvum
culture
C. fayerii
faecal
Giardia
BAH 3c3
culture
Assemblage A
P25
faecal
Assemblage A
P2
faecal
Assemblage B
Wolf 25
faecal
Assemblage C
Wolf 20
faecal
Assemblage D

6.2.4 Blastocystis nested PCR
All samples (control and wildlife) were subjected to screening using all PCR
methods outlined below. However, only the control samples were utilised in the
optimisation process for the mPCR.

A nested PCR method from a previous study was used to amplify approximately
1100 bp region of the Blastocystis small subunit ribosomal DNA (SSU rDNA) as
described in section 2.2.4. All negative samples were screened again using
previously published primers (bl1400ForC and bl1710RevC) as outlined in
section 2.2.4.
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6.2.5 Giardia nested PCR
A fragment of the Giardia SSU rDNA was amplified using a nested PCR with
previously described primers and performed under the conditions described by
Santín et al. (2007). The primary reaction utilised the forward primer, RH11 (5`
- CAT CCG GTC GAT CCT GCC – 3`) and reverse primer, RH4 (5` - AGT CGA
ACC CTG ATT CTC CGC CAG G – 3`) described by Hopkins et al. (1997). The
primers described by Read et al. (2002), GiarF (5` - GAC GCT CTC CCC AAG
GAC – 3`) and GiarR (5` - CTG CGT CAC GCT GCT CG – 3`) were utilised in
the secondary reaction.

Each reaction was performed in 25 µl volumes

consisting of 1x GoTaq® reaction buffer (Promega Corporation, USA), 2.0 mM
MgCl2, 200 µM of each deoxynucleoside triphosphates (dNTPs), 10 pmol of
each primer, one unit of GoTaq® polymerase (Promega Corporation, USA), 1 µl
5% dimethyl sulfoxide (DMSO) and 1 µl of extracted DNA.

The primary

reaction’s thermocycling conditions consisted of a denaturation of 95ºC for 2
min, followed by 35 cycles of 95ºC for 45 s, 58ºC for 30 s and 72ºC for 45s, and
with a final extension of 72ºC for 7 min. The secondary reaction utilised the
same thermocycling conditions except the annealing temperature was reduced
to 55ºC.

6.2.6 Cryptosporidium nested PCR
A nested PCR was used to amplify a ~590 bp region of the Cryptosporidium
SSU rDNA as per the conditions described by Ryan et al. (2003). The primary
reaction utilised the forward primer, 18SiCF2 (5` - GAC ATA TCA TTC AAG
TTT CTG ACC – 3`) and the reverse primer, 18SiCR2 (5` - CTG AAG GAG
TAA GGA ACA ACC – 3`). The secondary reaction required the forward primer,
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18SiCF1 (5` - CCT ATC AGC TTT AGA CGG TAG G – 3`) and reverse primer,
18SiCR1 (5` - TCT AAG AAT TTC ACC TCT GAC TG – 3`). Each reaction was
performed in a volume of 25 µl, which contained 1x GoTaq® buffer (Promega
Corporation, USA), 1.5mM MgCl2, 200 µM of each dNTP, one unit of GoTaq®
polymerase (Promega Corporation, USA), 12.5 pmol of each primer and 1 µl of
extracted DNA. The thermocycling conditions for the primary and secondary
reactions consisted of an initial denaturation of 95ºC for 2 min, followed by 45
cycles of 95ºC for 40 s, 58ºC for 30 s and 72ºC for 45 s with a final extension at
72ºC for 5 min.

6.2.7 Design of the multiplex PCR
To ensure maximum specificity and to reduce potential cross-reactivity, primers
were designed based on different loci for each parasite. Primers were designed
based on sequences of the SSU rRNA and Glutamate dehydrogenase (gdh)
genes for the detection of Blastocystis and Giardia, respectively (Tables 6.2 and
6.3). These sequences were aligned using the ClustalW program to identify
unique regions of the genes.

Primers were designed for single nucleotide

polymorphism (SNP) analysis using the Pyrosequencing Assay Design
Software (Biotage, Sweden) based upon appropriate variable positions
nominated in the reference sequence. Primers previously described by Haque
et al. (2007) were used to amplify the Cryptosporidium oocyst wall protein
(cowp) gene for the detection of Cryptosporidium. cowp and gdh were selected
as they are genus specific loci for Cryptosporidium and Giardia, respectively.
However, Blastocystis primers had to be designed based on the SSU rDNA due
to the limited amount of sequences publicly available for other loci.
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Table 6.2 Blastocystis SSU rDNA sequences obtained from Genbank for
primer design.
Accession
Reference
Subtype
Host
Isolate/Strain
number
Silberman et
1
Human
NandII
U51151
al. (1996)
Pig-tailed
2
MJ99-116
AB107969
Abe (2004)
macaque
Arisue et al.
3
Human
HT98-1
AB070992
(2003)
Arisue et al.
4
Rat
RN94-9
AB071000
(2003)
5
Cattle
CJ99-284
AB107966
Abe (2004)
Arisue et al.
6
Human
HJ96AS-1c
AB091237
(2003)
Arisue et al.
7
Human
HJ97-2
AB070991
(2003)
8
Lemur
MJ99-132
AB107970
Abe (2004)
Yoshikawa et
9
Human
HJ00-5
AF408426
al. (2004a)
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Table 6.3 gdh sequences obtained from Genbank to design primers to
amplify the Giardia gdh locus. N/A = information not available.
Accession
Reference
Assemblage
Host
Strain
number
Sogin et al.
AI
Human
Portland 1
M84604
(1989)
Ey (2002),
AI
Human
Ad-1
AY178735
Unpublished
data
van der
Giessen et al.
AII
Human
NHL20
AY826194
(2006)
Monis et al.
AII
Human
Ad-2
L40510
(1996)
LasekAI
Human
N/A
EF685695
Nesselquist
et al. (2009)
LasekAI
Human
N/A
EF685693
Nesselquist
et al. (2009)
Monis et al.
B1
Dog
Vanc/89/UBC/059
AY178750
(1998); Ey
(2002)
Ey (2002),
BII
Marmoset
Ad-158
AY178753
Unpublished
data
Monis et al.
(1996) and
BIV
Human
Ad-29/Ad-19
L40508
Monis et al.
(1999)
Monis et al
BIII
Human
BAH-12
AF069059
(1999)
van der
Giessen et al.
BIV
Human
NLH13
AY826191
(2006)
Ey (2002),
BIV
Human
Ad-28
AY178738
Unpublished
data
Monis et al.
C
Dog
Ad-136
U60982
(1999)
Monis et al.
D
Dog
Ad-148
U60986
(1998)
van der
Giessen et al.
D
Dog
NLDE3
AY827498
(2006)
Ey et al.
E
Pig
P-15
U47632
(1997)
Monis et al.
F
Cat
Ad-23
AF069057
(1999)
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6.2.8 Optimisation of the designed primers
Control DNA samples were subjected to each primer set (Table 6.4). Each
primer set was optimised in a singleplex reaction. The 25 µl PCR mixture
consisted of 200 µM of each dNTPs (Fisher Biotec, Australia), 1x GoTaq®
buffer (Promega, USA), 1.5 mM MgCl2, one unit of GoTaq® polymerase
(Promega, USA), 10 pmol each of forward and reverse primers and 1 µl of
extracted DNA. Reactions were performed in a Veriti Thermal Cycler (Applied
Biosystems, USA) using six temperature zones (52 – 57ºC) to perform a
gradient PCR, which would determine the optimum annealing temperature (Ta).
45 PCR cycles (95ºC for 30 s, Ta for 30 s, 72ºC for 30 s) were carried out with
an initial denaturation (95ºC for 2 min) and a final extension (72ºC for 10 min).
The optimum annealing temperatures for the Cryptosporidium, Blastocystis and
Giardia primers were 54ºC, 53ºC and 55ºC, respectively.
(http://www.ncbi.nlm.nih.gov/tools/primer-blast)

primer

Primer-BLAST’s

specificity

checking

parameters were used to determine primer specificity for each primer against
sequences

of

various

organisms
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(Table

6.5).

Table 6.4 Primers for the multiplex PCR for the simultaneous detection of
Blastocystis, Cryptosporidium and Giardia.
Primer
Product
GC
Tm
sequence
length
Reference
Pathogen
locus
(ºC)
%
(5` to 3`)
(bp)
BLF: CGA
ATG GCT
Menounos
et al.
CAT TAT
60
37
(2008)
ATC AGT
SSU
T
Blastocystis
240
rRNA
BR: AGT
CCA ATG
60
50
This study
CAC TAC
CAT CG
Cp583F:
CAA ATT
GAT ACC
61
40
GTT TGT
CCT TCT
Haque et
G
Cryptosporidium cowp
151
al. (2007)
Cp-733R:
GGC ATG
TCG ATT
61
44
CTA ATT
CAG CT
ghdf: CCG
CTT CCA
67
62
CCC CTC
TGT CAA
389
Giardia
gdh
This study
gdhR: CCT
TGC ACA
TCT CCT
64
54
CBA GGA
AGT
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Table 6.5 Primers screened against sequence data to determine primer
cross-reactivity.
Organism
Candida albicans
Candida glabrata
Candida parapsilosis
Fungi
Candida krusei
Geotrichum candidum
Saccharomyces cerevisiae
Aeromonas caviae
Bacillus cereus
Bacillus subtilis
Bacteroides fragilis
Campylobacter coli
Campylobacter jejuni
Campylobacter upsaliensis
Citrobacter freundii
Clostridium difficile
Clostridium perfringens
Enterobacter cloacae
Escherichia coli
Hafnia alvei
Klebsiella pneumoniae
Bacteria
Listeria monocytogenes
Plesiomonas shigelloides
Proteus mirabilis
Pseudomonas aeruginosa
Salmonella enteritidis
Salmonella paratyphi
Serratia marcescens
Shigella dysenteriae
Shigella flexneri
Staphylococcus aureus
Staphylococcus pyogenes aureus
Vibrio cholerae
Vibrio parahaemolyticus
Yersinia enterocolitica
Entamoeba sp.
Eimeria sp.
Sarcocystis
Protozoa
Cyclospora
Isospora
Neospora
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6.2.9 Optimisation of the multiplex PCR
The mPCR was performed in a volume of 25 µl using the Qiagen Multiplex PCR
Kit (Qiagen, Germany). The PCR mixture consisted of 1 x master mix (inclusive
of buffer, Taq polymerase and dNTPs), 10 pmol each Cryptosporidium and
Blastocystis primer, 15 pmol each Giardia primer and 1 µl of extracted DNA.
Reactions were carried out in a Veriti Thermal Cycler (AB Biosystems, USA)
using four temperature zones (53 – 56ºC) to perform a gradient PCR which
would determine the optimum annealing temperature (Ta). Two different cycling
conditions were utilised. The first one consisted of 30 PCR cycles (94ºC for 30
s, Ta for 90 s, 72ºC for 90 s) with an initial hot start (95ºC for 15 min) and a final
extension (72ºC for 10 min), as per the Qiagen Multiplex PCR Kit handbook.
Alternatively, 30 PCR cycles (94ºC for 30 s, Ta for 30 s, 72ºC for 30 s) were
carried out with an initial hot start (95ºC for 15 min) and a final extension (72ºC
for 7 min). The optimum Ta used for screening all samples was 55ºC. All
samples which were negative for all three parasites in the mPCR were also
tested for inhibition by spiking the reactions with 1 µl Cryptosporidium DNA. All
bands were visualised on a 0.8% agarose gel stained with SYBRsafe
(Invitrogen, USA).

Blastocystis, Cryptosporidium and Giardia PCR products

were approximately 240 bp, 150 bp and 390 bp, respectively, when visualised
on an agarose gel (Figure 6.1).

6.2.10 Sensitivity and specificity of the multiplex PCR
To confirm primer specificity, all products obtained using the multiplex primers
were sequenced. PCR products were purified from singleplex reactions using
the Wizard SV Gel and PCR Clean-Up System™ (Promega Corporation, USA)
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according to the manufacturer’s kit protocol. The same kit was also used to
purify the mPCR amplicons, and the same protocol was applied. However all
products were separated using gel electrophoresis and then were excised from
the gel prior to purification. The PCR products were sequenced in one direction
using the BigDye™ Terminator v3.1 Cycle Sequencing kit (Applied Biosystems,
USA) in an Applied Biosystems 3730XL DNA Analyser as described in section
2.2.6.

Sequences were analysed using Sequencher 4.8 (Gene Codes

Corporation, USA) and compared with previously published sequences from
GenBank using the BLAST 2.2.9 program (http://www.ncbi.nlm.nih.gov/blast).

L

B

B

B

C+G

G

B

C

-

500 bp

Figure 6.1 Gel electrophoresis image for the bands amplified using the
multiplex PCR. L = DNA ladder; B = Blastocystis product; C = Cryptosporidium
product; G = Giardia product; C + G = Cryptosporidium and Giardia products; = negative control.
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To determine the sensitivity of the PCRs, different concentrations were used to
determine the lower detection limit of these primer sets in both the singleplex
and multiplex PCRs. The following concentrations (parasites / 200 µl) were
used to determine the detection limit for Blastocystis: 8, 15, 20, 30, 60, 100, 200
and 400.

Similarly, Giardia primers were tested using the following

concentrations (parasites / 200 µl): 5, 10, 19, 37, 75, 150 and 300.

6.3

Results

6.3.1 Sensitivity and specificity testing
The lower detection limit of the Blastocystis and Giardia singleplex PCRs were
15 and 19 parasites per 200 µl, respectively. It was observed that the primer
sets were not as sensitive in the multiplex, with the detection limits for
Blastocystis and Giardia being 30 and 37 parasites per 200 µl, respectively.
Haque et al. (2007) demonstrated that the Cryptosporidium primers were able
to detect 100 oocysts per extraction.

During the optimisation process, singleplex PCRs were performed for each of
the three primer sets using temperature zones to carry out a gradient PCR.
Although the primary purpose for this was to determine the optimum annealing
temperature for each primer set, it was also used to establish if these primers
would result in the amplification of non-specific products. Using an annealing
temperature of 52ºC, non-specific products of various sizes were amplified in
the singleplex reaction using the primers to amplify the gdh locus of Giardia.
Also, the intensity of the bands amplified by the Giardia primers when visualised
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on the gels were strongest when using the annealing temperature of 55ºC
(Figure 6.2), in comparison to the other temperatures evaluated. The cowp
primers were able to amplify products at all annealing temperatures tested.
However, bands representing the Cryptosporidium PCR products were visually
most intense when using an annealing temperature of 54ºC. Fewer products
were amplified by the Blastocystis primers when using annealing temperatures
of 56ºC and 57ºC.

Furthermore, the amplified bands at 55ºC were faint

compared to those amplified at 53ºC.

When following the thermal cycler conditions as outlined in the Qiagen Multiplex
PCR kit handbook, numerous bands of various sizes in each sample were
evident on the gel. However, reducing the annealing and extension times as
previously outlined resulted in the removal of all non-specific bands. Similarly, a
greater number of Giardia PCR products were amplified in the mPCR when the
amounts of Giardia primers were increased.

L

B

B

B+G

B

B

G

C

-

B

55°C

B B+G

B

B

G

C

-

L

56°C

Figure 6.2 Gel electrophoresis image for the bands amplified using the
multiplex PCR with annealing temperatures of 55°C and 56°C. Lanes 1 – 9
contain products amplified using an annealing temperature of 55°C. Lanes 10 –
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18 contain products amplified using an annealing temperature of 56°C. L =
DNA ladder; B = Blastocystis product; C = Cryptosporidium product; G = Giardia
product; B + G = Blastocystis and Giardia products; - = negative control. Arrows
indicate the 500 bp band on the DNA ladder.

The specificity of the primers were tested using Primer-BLAST’s primer pair
specificity checking parameters. Using the sequence data of various organisms
available in Genbank (Table 6.5), the primers designed to amplify Blastocystis
in the mPCR could also potentially amplify a 325 bp region from Sarcocystis.
To confirm the specificity of the primers during the singleplex and multiplex
optimisation process, amplified products were sequenced. All products were
queried using BLAST and matched records for Cryptosporidium, Blastocystis
and Giardia. However, occasionally, 600 bp products were amplified in the
multiplex reaction, and these products were not sequenced successfully. The
mPCR successfully amplified products from all assemblages (for Giardia),
subtypes (for Blastocystis) and species (for Cryptosporidium) tested.

6.3.2 Comparison of the multiplex PCR with nested PCRs and microscopy
Sixty samples from four species in UWR were screened using microscopy,
three different nested PCRs and the mPCR developed as part of this study.
Giardia was detected in three quenda samples using microscopy. Microscopy
and nested PCRs were chosen for comparison as microscopy is the most
utilised technique in diagnostic laboratories and nested PCRs are considered to
be sensitive for not only the detection but also the identification of genotypes.
Blastocystis and Cryptosporidium were not visible using microscopy. Generally,
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the sensitivity of the mPCR was marginally greater than nested PCRs for the
detection of Cryptosporidium and Giardia.

However, the sensitivity for the

detection of Blastocystis was lower in the multiplex PCR compared to the
nested PCR (Table 6.6). Sequencing all products generated from the multiplex
PCR identified Blastocystis subtypes (STs) 1 – 3 and 7; C. parvum and
Giardia’s Assemblage A (Table 6.7).

Table 6.6 Detection of Blastocystis, Cryptosporidium and Giardia using
three different diagnostic methods. mPCR results displayed utilised the
shorter thermal cycling times and increased amounts of Giardia primers.
* = Control samples which were also used in the optimisation process; N/A =
Not applicable as these samples were not screened using microscopy. Crypto =
Cryptosporidium; Blasto = Blastocystis; BTP = Brushtail possum; WOY =
woylie; CHU = chuditch; QUE = quenda; SHNW = southern hairy nosed
wombat; QUO = quokka; WGK = western grey kangaroo.
Host
species and
number of
samples (n)
n
BTP
21
WOY
22
CHU
7
QUE
10
SHNW* 1
QUO*
2
WGK*
2
Total
65

Positive
with
microscopy
(n)
Giardia
0
0
0
3
N/A
N/A
N/A
3

Positive with nested PCR
(n)
Crypto
2
6
6
7
0
0
0
21

Giardia
0
0
2
2
0
0
0
4
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Blasto
3
4
4
5
1
2
2
21

Positive with multiplex
PCR (n)
Crypto
2
7
7
7
0
0
0
23

Giardia
1
0
2
3
0
0
0
6

Blasto
2
3
3
3
1
2
2
16

Table 6.7 Identification of parasites to the lowest possible level using the
nested and multiplex PCRs. BTP = Brushtail possum; WOY = woylie; CHU =
chuditch; QUE = quenda; SHNW = southern hairy nosed wombat; QUO =
quokka; WGK = western grey kangaroo.
Cryptosporidium
Giardia assemblage
Blastocystis
Subtype
species
or genotype
Nested Multiplex
Nested
Multiplex
Nested
Multiplex
Host
PCR
PCR
PCR
PCR
PCR
PCR
C.
C. parvum
BTP
4
4
A
A
parvum
C.
C. parvum
WOY
1, 2
1, 2
N/A
N/A
parvum
C.
C. parvum
CHU
3, 7
3, 7
A
A
parvum
C.
C. parvum
QUE
1
1
quenda
A
parvum

From the 60 UWR samples screened using the multiplex PCR, only one
parasite was detected in most reactions. If two products were amplified, in most
cases they were Cryptosporidium and Giardia (n = 6). Also, Blastocystis and
Cryptosporidium were amplified simultaneously in two samples. However, all
three products were not amplified in any of the samples when using the mPCR.

6.4

Discussion

6.4.1 The purpose of the multiplex PCR
The presence of Cryptosporidium and Giardia in Australian wildlife has been
well documented (McCarthy et al. 2008, Thompson et al. 2008, Thompson et al.
2010b, Ng et al. 2011).

Recently, Blastocystis has also been identified in

captive and wild Australian native fauna in Western Australia (WA) and New
South Wales (NSW) (Parkar et al. 2007, Roberts et al. 2013). This is the first
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mPCR described to simultaneously detect Cryptosporidium, Blastocystis and
Giardia in animal faeces, including Australian wildlife.

The primary reason for the creation of this mPCR was to facilitate the screening
of the large numbers of samples obtained during scheduled trapping sessions
for parasites which are difficult to detect using microscopy. The mPCR enables
the detection of three parasites in one reaction. Currently, nested PCRs are
used to detect each of these parasites, resulting in the set-up of six reactions in
total to identify all three parasites. The mPCR significantly reduces the amount
of labour required for screening these samples. Excluding the cost of the DNA
extraction, the multiplex PCR is priced at approximately AUD$2.50 per 25 µl
reaction per sample whereas each nested PCR costs approximately AUD$2 per
sample, per parasite. The mPCR is useful for detecting these parasites but
provides limited information regarding characterisation.

The general requirements for the mPCR were to create a diagnostic method
with the greatest sensitivity and specificity as possible, and the ability to
distinguish

between

different

species,

subtypes

and/or

assemblages.

Therefore, there were some limitations regarding the design of the mPCR.
Firstly, to ensure maximum specificity and reduce potential cross-reactivity,
primers had to be designed based on different loci for each parasite.

The

abundance of sequencing data available in Genbank for various loci of
Cryptosporidium and Giardia provided choice in regard to the suitable regions
for primer design. cowp and gdh were selected as they are genus-specific loci
for Cryptosporidium and Giardia, respectively.
153

However, as there is limited

sequencing data available for Blastocystis, these primers could only be
designed based on the 18S locus.

Secondly, to ensure maximum sensitivity, each set of primers amplified small
products (preferably not greater than 500 bp), and in addition, products were
designed to be easily distinguishable based on size.

Small products also

ensured maximised sensitivity without affecting specificity to amplify the cowp
and gdh genes, which have lower copy numbers in the Cryptosporidium and
Giardia genomes compared to other loci, such as the 18S. This ensured that
the sensitivity of the mPCR would not be compromised.

Thirdly, it was also intended to be able to characterise isolates to the lowest
possible level. In other words, targeted regions had to be conserved in order to
develop primers but also variable enough to identify a broad range of species
and genotypes. For this reason, it was preferable to use conserved regions
whereby genotypes would be distinguishable based on single nucleotide
polymorphisms (SNPs) within the amplified sequence. This allows the mPCR to
be paired with sequencing technologies which allow for multiplex SNP analysis,
such as Pyrosequencing (Chen et al. 2014). This mPCR can also be modified
to be used as a multiplex real-time PCR or a multiplex digital PCR (Zhong et al.
2011). Sequence analysis showed that the isolates were characterised using
the amplified regions of the Blastocystis 18S and Giardia gdh loci to a
subtype/assemblage level. However, Cryptosporidium isolates could only be
identified to a species level. This was considered to be sufficient as previous
studies

have

indicated

that

numerous
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species

and

genotypes

of

Cryptosporidium exist, and reliable identification usually requires sequencing of
multiple loci (Ryan et al. 2014).

The sensitivity of the mPCR was tested against other well-documented
diagnostic methods used for the detection of these parasites. In congruency
with other studies, both of the molecular-based methods utilised in this study
were superior compared to microscopy for the detection of these parasites
(Stensvold et al. 2009b, Roberts et al. 2011). Generally, the mPCR was more
sensitive for the detection of Cryptosporidium and Giardia than other methods
evaluated in this study. However, the Blastocystis nested PCR was found to be
more sensitive compared to the mPCR for the detection of Blastocystis. The
reason for this outcome would most likely be due to the annealing temperature
used in the mPCR (55ºC), which was greater than the optimum annealing
temperature for the Blastocystis primers (53ºC).

6.4.2 Limitations of the multiplex PCR
Due to the general requirements described previously, there are also limitations
for the mPCR. As mentioned previously, the mPCR provides limited information
regarding characterisation due to the regions targeted and the products
amplified using the mPCR. The Blastocystis primers in the mPCR amplify a
region of the 18S locus that is conserved and allows isolates to be
characterised to a ST level. As the Blastocystis genus comprises of at least 20
STs, it was imperative to design primers based on conserved regions which
would maximise the probability of detecting each of the existing 20 STs and
novel STs. This mPCR was able to amplify DNA from Blastocystis STs 1 – 4, 7,
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8 and 11 – 13. The mPCR was not tested using isolates from STs 5, 6, 9, 10
and 14 – 17 as they were not available. However, based on the sequences of
these STs, the primers theoretically should amplify these STs. Regarding STs
18 – 20, further testing is required as no sequences are available for the region
targeted by the mPCR. Hence, at this time, there is a possibility that the mPCR
may not amplify novel STs.

Similarly, it is possible that the gdh and cowp primers used in the multiplex may
miss novel genotypes. During the testing and optimisation phases, the cowp
primers were able to amplify C. parvum, C. hominis and C. fayeri isolates.
Currently, the genus Cryptosporidium comprises of at least 26 species based
on morphology and/or sequences of at least one locus (Šlapeta 2013, Ryan et
al. 2014, Ryan and Hijjawi 2015). Šlapeta (2013) has also proposed a Roman
numeral system to distinguish between species. Currently, no cowp sequences
are available for the following species: V (C. agni), VI (C. bovis), XV (C. galli),
XIX (C. molnari), XXIV (C. ryanae), XXIX (C. viatorum) and XXX (C. scrofarum)
(Šlapeta 2013). Furthermore, only 18S sequences are available for species XIII
(C. cichlidis) and XXV (C. fragile), and no sequences at any loci are available
for X (C. nasoris) and XXI (C. scophthalmi) (Šlapeta 2013). Considering that
the cowp locus is not strongly conserved, it is possible that some species of
Cryptosporidium may not be detected. However, further testing using isolates
from other species would be required to determine which species would not be
detected by the mPCR.
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Although the gdh primers were designed to amplify Assemblages A – F of
Giardia, they could only be evaluated on and shown to amplify Assemblages A
– D, due to a lack of positive controls.

However, whether the Giardia primers

are able to amplify a region of the ‘quenda genotype’ is uncertain, as only
sequences for the 18S and elongation factor 1-alpha (EF1-α) loci are available
(Adams et al. 2004, Thompson et al. 2010b). In this study, an isolate from a
quenda was characterised as the quenda genotype at the 18S locus but was
then found to belong to Assemblage A at the gdh locus. This indicates that: 1)
the quenda has mixed genotype infections, 2) the gdh primers may
preferentially amplify a particular genotype over another and/or 3) the gdh
primers are unable to amplify the quenda genotype.

One of the major limitations of this study was the inability to test the specificity
of the mPCR against other organisms usually present in faecal samples.
Usually cultures of most common bacteria, parasites and fungi are also used in
the testing process to ensure that the primers used in the PCR would not
amplify DNA from other organisms. However, sequencing amplified products
can determine whether non-specific products may be amplified. Although all
products with sizes between 100 to 400 bp were sequenced successfully and
confirmed the mPCR primers amplified Cryptosporidium, Blastocystis and
Giardia DNA, it was not possible to quantify the specificity of the mPCR with full
confidence until the primers are tested against cultures of other organisms.
Alternatively, the mPCR can also be used as a screening tool, followed by
sequencing and/or for the selection of samples to be screened using PCRs
better suited for genetic characterisation.
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Another limitation of the mPCR is the inability to detect other parasites which
are commonly found in Australian wildlife, such as strongyle nematodes and
coccidia. Developing primers to amplify DNA from these pathogens would be
very useful towards cost-effective parasite surveillance activities.

In conclusion, mPCR for the simultaneous detection of Blastocystis,
Cryptosporidium and Giardia in Australian native wildlife was developed and
shown to work as efficiently as nested PCRs currently used for the detection of
these parasites. The mPCR has the potential to be further modified to be used
on other platforms, such as real-time PCR and/or digital PCR. Further testing is
required in order to ascertain whether the primers would amplify other known
and novel species and/or genotypes of Blastocystis, Cryptosporidium and
Giardia. To my knowledge, no non-specific products of the nominated sizes
were amplified.

However, further specificity testing using DNA from other

bacteria, parasites and fungi commonly found in faeces would be beneficial to
ensure that cross amplification would not occur.
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7 General Discussion

7.1

Introduction

Before the commencement of this study, few studies reported the prevalence
and molecular characterisation of Blastocystis isolates from animal hosts
excluding non-human primates (NHPs) and birds. Recently, there has been an
interest in screening a variety of animal hosts for Blastocystis, which has
resulted in the discovery of 11 new STs. Six of these STs (11 – 13, and 18 –
20) are described in Chapters 2 and 3, respectively. It is anticipated that with
further screening of other animal hosts in both a captive and wild setting would
result in other STs being described in the future.

The foci of this study were to detect and genetically characterise Blastocystis
isolates from a variety of hosts and settings to infer the host and genetic
diversity of the parasite. This study investigated the presence of Blastocystis
amongst various animals in the zoo environment, and also invited zoo keepers
to participate in order to infer the parasite’s zoonotic potential. Similarly, captive
and wild NHPs and Australian native animals were sampled from different
geographical locations. This study showed that the host range and genetic
diversity of Blastocystis are much greater than previously anticipated.

7.2

Blastocystis and its host range

More than 30 years ago, most studies investigating Blastocystis focused upon
the presence and characteristics of isolates from humans, although one of the
first sightings of Blastocystis in animal hosts was by McClure et al. (1980),
where they described Blastocystis in a pig-tailed macaque (Macaca
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nemestrina). Further investigations revealed the identification of Blastocystis in
pigs, various NHP and avian hosts (Yamada et al. 1987, Belova and Kostenko
1990, Pakandl 1991, Belova 1992b, Belova 1992a, Pakandl and Pecka 1992),
as well as reptilian hosts (Teow et al. 1991, Teow et al. 1992). Blastocystis was
also detected in ungulates, livestock and rodents (Stenzel et al. 1993, Quílez et
al. 1995, Chen et al. 1997a, Chen et al. 1997b). Until ten years ago, diagnosis
of blastocystosis was dependent upon the use of microscopy (either a direct wet
mount and/or using concentration-based methods) and/or the use of in vitro
cultivation. It is well documented that microscopy has the lowest sensitivity and
specificity of all methods used to detect Blastocystis (Stensvold et al. 2007a,
Stensvold et al. 2009b, Roberts et al. 2011). Although in vitro cultivation is
sensitive in comparison, the choice of culture medium and growth conditions is
crucial and may affect the viability and reproduction of Blastocystis (Zaman and
Khan 1994, Leelayoova et al. 2002). An example of this is described by Parkar
et al. (2007), where in vitro cultivation was not only shown to preferentially
amplify one ST (ST 2) over another (ST 1) but failed to amplify isolates from
Australian wildlife.

Similarly, Yan et al. (2007) also reported preferential

amplification of Blastocystis ST 3 over ST 5 occurring in vitro.

The availability and proven reliability (in terms of sensitivity and specificity) of
molecular-based tools for the detection of Blastocystis has resulted in the
increasing identification of the parasite from various animal hosts. Hence, in
this study, Blastocystis was identified in elephants, giraffes and Australian
wildlife, whereas a previous study using in vitro cultivation failed to detect the
parasite in elephants and giraffes (Abe et al. 2002). Also, during this study,
Blastocystis was also identified in other animal hosts such as the brown bear,
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deer, snow leopard, cassowary and other species of Australian wildlife (Alfellani
et al. 2013c, Roberts et al. 2013, Valenčáková et al. 2014). The host range for
Blastocystis is clearly diverse. As previously stated, it has been detected in
humans, NHPs, a variety of other mammals, birds, amphibians and arthropods.
However, aquatic organisms (excluding the sea snake) have not yet been
screened for Blastocystis. Therefore, further sampling of other animal hosts
using molecular-based tools would allow for the discovery of new STs and/or to
further our knowledge of the existing STs, their zoonotic and pathogenic
potentials.

7.3

Blastocystis and its genetic diversity

In 2007, a consensus was reached regarding the molecular phylogeny of
Blastocystis. The consensus concluded that nine Blastocystis STs exist, all of
which had been identified in humans (Stensvold et al. 2007b). This study has
extended our knowledge regarding the genetic diversity of Blastocystis,
revealing the existence of 20 STs, six of which were first identified in this study.
Based on the number of STs described, it is clear that the parasite has
considerable genetic heterogeneity. It also has been hypothesised that each
ST may represent a species of Blastocystis (Noël et al. 2005). This is likely
considering that some STs display high genetic heterogeneity and host range,
while others are host specific with very little intra-ST variation.

This study identified STs 1 – 4, 7, 8, 11 – 13 and 18 – 20 in various animal
hosts from different locations. The current understanding of ST 1 is that it is
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distributed worldwide and that the ST displays low host specificity. Isolates
from humans, captive and wild NHPs, livestock, pigs, dogs, birds and camels
cluster into this ST (Noël et al. 2005, Scicluna et al. 2006, Parkar et al. 2007,
Stensvold et al. 2009a, Alfellani et al. 2013a, Alfellani et al. 2013b, Alfellani et
al. 2013c, Wang et al. 2013, Ruaux and Stang 2014, Wang et al. 2014b). This
study also describes the first ST 1 isolate to be identified in Australian wildlife.
Similarly, ST 1 was also identified in isolates from captive NHPs and zoo
keepers.

However, both wild and captive Australian native wildlife species

harboured this ST.

ST 1 consists of 22 alleles and the phylogenetic trees

constructed as part of this study illustrate the presence of such subgroups, and
the status, significance and diversity within these subgroups are currently
unknown.

Similarly, STs 2 and 3 are also distributed worldwide and also seems to have
low host specificity.

ST 2 has been identified in humans, captive and wild

NHPs, dogs, pigs and birds. Some wild and captive NHP isolates in this study
clustered within ST 2.

However, some isolates from woylies and brushtail

possums also clustered within this ST. This is the first time ST 2 has been
identified in Australian wildlife.

ST 3 displays high host diversity. However, it comprises of what seems to be
host specific subgroups. ST 3 was found in hosts such as humans, captive and
wild NHPs, dogs, pigs, birds, brown bear, livestock, rodents, giraffe and camels
(Alfellani et al. 2013c, Valenčáková et al. 2014). The genetic diversity within ST
3 has been investigated using multilocus sequence typing (MLST).
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The

investigation of mitochondria-like organelle (MLO) genomes for ST 3 isolates
has revealed that there are at least four clades within ST 3 (Stensvold et al.
2012b). It has been hypothesised one clade is specific to human isolates, while
the others contained isolates from both NHPs and humans (Stensvold et al.
2012b). In this study, an isolate from a chuditch in the Upper Warren Region
(UWR) was found to be identical to a human isolate from ST 3. Furthermore,
some isolates from zoo keepers clustered into two subgroups within ST 3.
Further work, such as using MLST would provide insight into the host
specificity, transmission, the pathogenic and zoonotic potential of Blastocystis.

Similarly, ST 4 seems to have a wide host range and consists of isolates from
NHPs, rats, Australian wildlife and humans. Recently, Roberts et al. (2013) also
identified ST 4 in ostriches and a snow leopard.
presence of at least two clades within ST 4.

MLST has revealed the

In this study, a number of

Australian wildlife and a human isolate clustered into this ST. The brushtail
possum isolates in this ST are identical to each other, and evidence suggests
that these isolate cluster into Clade 1 (Stensvold et al. 2012b). However, it has
been noted that there seems to be very little genetic variation within Clade 1
(Stensvold et al. 2012b) and considering the low host specificity of ST 4, it is
likely that ST 4 is a zoonotic ST.

STs 5 and 6 were not identified in this study. Isolates from NHPs, camels, deer,
pigs and livestock tend to cluster into ST 5 (Alfellani et al. 2013c), whereas ST 6
primarily consists of isolates from humans and birds. It is not surprising that
STs 5 and 6 were not identified in this study, as samples from most of these
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hosts were not included in this study.

Furthermore, ST 5 is not commonly

isolated in NHPs compared to STs 1 and 2 (Alfellani et al. 2013a) which may
explain why it was not detected in this study. Similarly, ST 6 is not commonly
identified in humans compared to STs 1 – 4 (Alfellani et al. 2013b). Although
few species of Australian birds were sampled as part of this study, Blastocystis
was not detected in these hosts. Other studies in Australia have described the
identification of STs 5 and 6 in pigs (Roberts et al. 2013, Wang et al. 2014b).

ST 7 consists of isolates from birds, humans and a goat (Alfellani et al. 2013c).
However, this study also described the first Australian wildlife (chuditch) ST 7
isolate, which is identical to a human isolate.

Although the complete

Blastocystis ST 7 genome has been sequenced, an MLST scheme for ST 7 has
not yet been developed. Hence, at the moment, the significance of the chuditch
isolate is unknown, but it is possible that this subgroup in ST 7 may be of
zoonotic significance.

Currently, ST 8 comprises isolates from NHPs, birds and humans (Stensvold et
al. 2009a, Alfellani et al. 2013a, Alfellani et al. 2013b, Alfellani et al. 2013c,
Helenbrook et al. 2015). This study identified an isolate from a Guatemalan
black howler monkey to belong to this ST. Furthermore, this study documents
the first instance where Blastocystis has been identified in animals in central
America. Limited information is available about the intra-ST subgroups for this
ST. In contrast, ST 9 seems to be limited to a few human isolates.
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Within the last six years, STs 10 – 20 were described for the first time.
Currently, these STs do not contain any human isolates. ST 10 was identified
in NHPs, deer, cats, dogs camels and livestock (Stensvold et al. 2009a, Santín
et al. 2011, Alfellani et al. 2013c, Ruaux and Stang 2014) from Europe, Africa
and the Americas. It seems like livestock and camels are most likely natural
hosts for this ST, as it was identified in cattle in the United Kingdom, United
States and Libya. Although Stensvold et al. (2009a) isolated this ST in NHPs,
it was not identified in NHPs in this study. Given the discovery of additional STs
in NHPs, it is most likely that further sampling and characterisation of isolates
from NHPs will be crucial to define the genetic diversity of Blastocystis.

This study documents the detection and characterisation of Blastocystis isolates
from Asian elephants for the first time. All elephant isolates clustered into a
new ST (ST 11). At the time of publication, it was suggested that this ST is
most likely is host specific as it was identified in elephants from four
geographical locations. Recently, Roberts et al. (2013) not only identified this
ST in elephants but also in a chimpanzee in Taronga Zoo. Therefore, this ST
does not seem to be host specific. Phylogenetic analysis reveals that ST 11
consists of at least three subgroups.

Given that Roberts et al. (2013)

sequenced a ~300 bp region of the SSU rDNA, it would be difficult to infer the
intra-ST specificity and/or diversity. Sequencing a larger region of the SSU
rDNA of the ST 11 chimpanzee isolate would be beneficial in ascertaining the
intra-ST 11 relationships.

Furthermore, African elephants should also be

screened to determine if these hosts harbour Blastocystis and if so, it would be
interesting to compare these isolates to those described in this study.
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Similarly, this study also describes the first time Blastocystis was detected and
characterised from giraffes. These isolates also belonged to a novel ST, which
is referred to as ST 12. Phylogenetic analysis reveals the presence of at least
two subgroups: one consisting of isolates from giraffes and the other containing
isolates from western grey kangaroos. This indicates that ST 12 displays a
degree of host specificity, and the possibility of each subgroup being hostspecific. However, further sampling is required in order to determine the intraST relationships.

This study also identified another novel ST (ST 13) in quokkas. Recently, ST
13 has also been identified in a western grey kangaroo, mouse deer and
colobus monkey (Petrášová et al. 2011, Alfellani et al. 2013a, Alfellani et al.
2013c, Roberts et al. 2013). Furthermore, the mouse deer isolate is identical to
the quokka isolate (Alfellani et al. 2013c). Based on limited data, this ST also
seems to have low host specificity. Again, further sampling would be required
to determine if this ST is found in other animal hosts and to infer its intra-ST
diversity.

Recently, STs 14 – 17 were identified. ST 14 was first identified in cattle (Fayer
et al. 2012) and has also been found in camel and mouflon (Alfellani et al.
2013c). ST 15 has been identified in NHPs, camel and sheep (Alfellani et al.
2013a, Alfellani et al. 2013c). STs 16 and 17 were identified in red kangaroos
and gundi, respectively (Alfellani et al. 2013c). In this study, other novel STs
(18 – 20) were identified in three species of NHPs.
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The significance, host

ranges and intra-diversity of these STs are unknown. Further identifications of
these STs would reveal additional characteristics of these STs such as host
ranges, genetic diversity and virulence.

7.3.1 Genetic diversity of Blastocystis isolates from captive animals and their
wild counterparts
Prior to the last ten years, Blastocystis isolates of animal origin were primarily
identified and characterised from captive animals. Recently, there has been
growing interest in also characterising Blastocystis isolates from wildlife.
Petrášová et al. (2011) characterised some isolates from NHPs on Rubondo
Island, Tanzania. The colobus monkeys and chimpanzees sampled in their
study were previously in captivity and introduced onto the Island about 40 years
ago, whereas the vervet monkeys are indigenous (Petrášová et al. 2011). It is
most likely that these chimpanzees were infected with Blastocystis before their
arrival on Rubondo Island as all isolates were identified as ST 1 and exclusively
clustered into their own subgroup. ST 1 was also identified in other NHPs
sampled (including the indigenous vervet monkey), but these isolates belonged
to a different subgroup. STs 2, 3 and 13 were also identified in colobus and
vervet monkeys (Petrášová et al. 2011).

Similarly, Alfellani et al. (2013a)

detected STs 1 – 3 in wild NHPs from Morocco and St Kitts, whereas STs 1 – 5,
8, 10, 11 and 15 were identified in captive NHPs. Recently, ST 8 was identified
in wild mantled howler monkeys in Ecuador (Helenbrook et al. 2015).

In this study, isolates from captive NHPs clustered into STs 1, 2, 18 and 19 and
isolates from wild NHPs belonged to STs 2, 8 and 20. Wild ursine colobus
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monkey and captive colobus monkey isolates were similar to each other and
clustered in ST 2, whereas wild Guatemalan black howler monkey isolates
belonged to STs 8 and 20. Clearly, as summarised by Alfellani et al. (2013a),
the genetic diversity of Blastocystis in NHPs is evident on an ST-level.
However, isolates have mainly been detected in hominoids and old world (OW)
monkeys, with few studies screening new world (NW) monkeys and Prosimians
(lemurs).

The identification of novel STs in both wild and captive NHPs

highlight the need for further sampling of wild populations (especially NW
monkeys and lemurs) in order to determine which subgroups and/or entire STs
are naturally found in NHPs. As fewer STs were identified in wild NHPs, further
sampling of wild hosts would be beneficial in order to investigate whether
zooanthroponotic transmission could account for the genetic diversity of
Blastocystis in NHPs.

Recently, ST 4 was identified in a brushtail possum in Julimar, Western
Australia (WA) (Parkar et al. 2007), captive eastern grey kangaroos and wild
wallaroos in New South Wales (NSW) (Roberts et al. 2013). ST 16 was also
identified in red kangaroos (Alfellani et al. 2013c). In this study, four wild and
four captive Australian native species were also screened for Blastocystis. STs
1, 4, 12 and 13 were identified in captive animals, whereas STs 1 – 4 and 7
were identified in free-ranging animals. Blastocystis ST 4 isolates in this study
were identical to each other and the brushtail possum isolate from Julimar.
These findings indicate that Australian wildlife are most likely natural hosts of
ST 4, as it was found in wild, translocated and captive Australian native fauna.
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The significance of STs 12, 13 and 16 in Australian wildlife is not clear. STs 12,
13 (and most likely 16) were identified in captive Australian wildlife. Limited
data is available about these STs, but it seems that the western grey kangaroo
isolates in ST 12 may be indicative of a host-specific subgroup. In contrast, ST
13 quokka isolates are identical to a mouse deer isolate (Alfellani et al. 2013c),
indicating this ST has a broad host range.

The identification of STs 1 – 4 and 7 in free-ranging Australian wildlife may be
indicative of parasite transmission occurring in these populations. In this study,
STs 1 and 2 were detected in woylies from the Karakamia Sanctuary (KS),
which is a fenced sanctuary and protected from predation. STs 1 – 4 and 7,
which are also known to infect humans, were detected in wild Australian native
fauna in the Upper Warren Region (UWR), and the higher prevalence and
genetic diversity of Blastocystis in this population may be due to factors such as
the presence of other introduced animal hosts, agricultural and other human
activities.

7.4

Zoonotic potential of Blastocystis

The zoonotic potential for Blastocystis is controversial.

The possibility of

Blastocystis being a zoonotic parasite was first raised by Yoshikawa et al.
(1996) and Clark (1997), as riboprints of human isolates were identical to
isolates from animals.

Numerous other studies have also reported the

sequence homology between human and animal isolates (Yoshikawa et al.
1998, Arisue et al. 2003, Noël et al. 2003, Thathaisong et al. 2003, Yoshikawa
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et al. 2003, Abe 2004, Noël et al. 2005), suggesting that Blastocystis is not host
specific and may be cross-infective among various hosts (Iguchi et al. 2007).
Furthermore, Salim et al. (1999) found a significant link between human
interaction with animals and acquiring Blastocystis infections. Other studies
have also reported high prevalence of Blastocystis amongst people in close
contact with animals and/or the identification of the same ST in both groups
(Parkar et al. 2007, Yan et al. 2007, Stensvold et al. 2009a, Yoshikawa et al.
2009, Lee et al. 2012a, Lee et al. 2012b, Wang et al. 2014b). Similarly, this
study found a higher occurrence of Blastocystis amongst zoo keepers (12/19) in
comparison to the control group (2/22), and that some isolates from zoo animals
were homologous to zoo keeper isolates in ST 1.

All participants in this study were also invited to complete a questionnaire in
order to determine possible risk factors for acquiring Blastocystis infections. It
is most likely that the zoo keepers acquired Blastocystis through close contact
with animals, as only one individual from the control group had frequent contact
with animals and was also found to have Blastocystis.

Participants also

provided information about whether they had young children and about their
travelling history, in order to determine if Blastocystis could be acquired by
another means. Only one participant from the control group had a young child,
and Blastocystis was not detected in the parent or the child. Also, participants
from both groups travelled to areas where Blastocystis is prevalent (Africa and
South-east Asia). Based on the frequency of Blastocystis detection in both
groups, it is highly unlikely that Blastocystis would have been acquired while
travelling abroad.

Participants were also asked if they do suffer from

gastrointestinal (GI) symptoms. Based on the results of the questionnaire, 63%
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of zoo keepers were found to have GI symptoms and Blastocystis infections. In
contrast, only 5% of the control group were found to have GI symptoms and
Blastocystis infection.

A major limitation of this study was that there were few participants in both
groups and it is hard to convince people to volunteer. Individuals who were
interested in participating were provided with detailed background information
about the study, which also specified that the data from this study would be
strictly confidential and therefore would not be made available to any other
party. The reasons why some individuals declined to participate were:
1) Most people (in both groups) did not feel comfortable to provide a faecal
sample;
2) Zoo keepers were concerned that the data from this study would be
given to their human resources/management departments; and
3) Zoo keepers feared that the findings from this study would cause drastic
changes to their work practices.

Despite the limitations outlined above, these findings indicate that the close
contact between the animals and zoo keepers may facilitate the transmission of
Blastocystis. However, further studies, such as analysing these isolates using
an MLST scheme for ST 1 would ascertain the status of each subgroup within
the ST and whether all or selected subgroups are potentially zoonotic.
Naturally, further studies are also required to identify if any other factors which
may play a role in the transmission of Blastocystis in the zoo environment.

172

It is also possible that the wide host range of some Blastocystis STs may be
due to anthroponotic transmission. Recently, Petrášová et al. (2011) concluded
that zoonotic transmission on Rubondo Island was unlikely as they were unable
to detect identical isolates in NHPs and researchers on the Island.
Furthermore, some NHPs on the Island frequently approached human
dwellings, which could also facilitate transmission of the parasite. Similarly,
Teichroeb et al. (2009) also found that colobus monkeys at Boabeng-Fiema
Monkey Sanctuary (BFMS) harboured Giardia, Blastocystis and Isospora.

It

was also noted that colobus monkeys were in contact with humans, sheep,
chickens and Campbell’s mona monkeys (Cercopithecus campbelli), and that it
is most likely that some of these parasites (i.e., Giardia and Isospora) are being
transmitted from other hosts to the colobus monkeys.

Based on the MLST analysis, the intra-ST diversity in ST 3 indicates that one
clade (Clade 1) is restricted to human isolates, and the presence of human
isolates in other clades is most likely an indicator of zoonotic transmission
(Stensvold et al. 2012b).

The significance of the ST 3 and ST 7 chuditch

isolates is not clear. However, considering that the ST 3 isolate is identical to a
human isolate, this indicates that either this isolate is zoonotic or that there may
be a spillover from humans and/or domestic animals into wildlife. In this study,
Giardia Assemblage A was isolated from chuditch and a brushtail possum.
Similarly, zoonotic assemblages of Giardia have been identified in various
species of Australian wildlife (McCarthy et al. 2008, Thompson et al. 2008,
Thompson et al. 2010b, Ng et al. 2011), and it has been hypothesised that
humans and domestic animals could be sources of Giardia infections in wildlife
(Thompson et al. 2010a).
173

7.5

Parasite diversity and polyparasitism in Australian wildlife

Australian native fauna are known to harbour a diverse range of parasitic
infections (Beveridge and Spratt 1996, O'Donoghue and Adlard 2000,
Beveridge and Gasser 2014, Beveridge and Spratt 2015).

In this study,

helminth and protozoan parasites were detected in all host species and
locations.

However, parasite diversity was clearly greater in the declining

woylie population and quendas in the Upper Warren Region (UWR) in Western
Australia (WA). Similarly, polyparasitism was also more common in quendas
and woylies from UWR compared to woylies from other locations and host
species sampled in this study. Both parasite diversity and polyparasitism may
be greater in these hosts in UWR due to a number of reasons, such as the
exposure to other animal hosts, host behaviour and conservation efforts.

Australian native fauna in UWR are in contact with other host species, such as
livestock and predators. In contrast, Karakamia Sanctuary (KS) and Venus Bay
Conservation Park (VBCP) are fenced sanctuaries, and therefore these woylie
populations are not in contact with other introduced hosts. Interactions with
other animal hosts may facilitate the transmission of parasites, and this could
explain the presence of greater parasitic diversity, polyparasitism and zoonotic
Blastocystis STs 1 – 4 and 7, Giardia Assemblage A and Cryptosporidium
parvum

in

UWR.

Previous

studies

have

also

detected

zoonotic

genotypes/species of Giardia and Cryptosporidium in Australian wildlife (Hill et
al. 2008, McCarthy et al. 2008, Thompson et al. 2008, Thompson et al. 2010b,
Ng et al. 2011, Dowle et al. 2013), and it is considered that humans and/or
other animal hosts are the sources of these infections (Thompson et al. 2010a,
Thompson et al. 2010b).
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It is also possible that these zoonotic parasites may have been transmitted via
water in UWR. Several tributaries of the Warren River drain from adjacent
farmland and into the forest habitats downstream.

The potential for drinking

water (Leelayoova et al. 2004, Abdulsalam et al. 2012, Loganthan et al. 2012,
Anuar et al. 2013) and rivers (Ithoi et al. 2011, Lee et al. 2012b, Jacob et al.
2015) to be a source of Cryptosporidium, Blastocystis and Giardia infections
has been shown elsewhere.

Furthermore, previous studies have also

highlighted the risk of contamination of water supplies by other animals,
including wildlife and livestock (Loganthan et al. 2012, Ryan and Power 2012,
Ehsan et al. 2015). Sampling of water in these locations would be required in
order to determine if waterborne transmission of these parasites may be
occurring in these populations.

Polyparasitism and parasite diversity may be greater in woylies and quendas in
UWR compared to the other animal hosts due to their feeding behaviour. Both
animal hosts forage for food by digging in leaf litter and soil (Woinarski et al.
2014) and thus may be in contact with infective parasitic stages in the ground.
In contrast, polyparasitism and parasite diversity was less in brushtail possums
in UWR, which may be due to their arboreal nature (Beveridge and Spratt
1996).

Parasite diversity in woylies in KS and VBCP was similar, although there are
clear differences in regard to the parasitic infections present and polyparasitism.
Most woylies (91.9%) in KS harboured at least one parasitic infection, whereas
the majority of woylies in VBCP (78.6%) had no parasitic infections. Similarly, a
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greater number of parasitic taxa were found in KS compared to VBCP. The
differences in the parasitic communities of these populations may be due to the
founding individuals of these populations. The seven woylies translocated to
VBCP were bred in captivity, and during the breeding program, rat control was
utilised, and they were housed in pens which were fenced to prevent predation
(Delroy et al. 1986). It is also possible that these animals were also treated with
anthelmintics and/or antiprotozoal agents while in captivity, and this could
account for the lower number of parasitic infections and parasite diversity in SA.
The woylie population in KS was also established with translocated animals.
However, these animals originated from Dryandra, another indigenous woylie
population in WA (Pacioni et al. 2013b). This could explain the presence of the
same parasitic taxa in both KS and UWR.

7.6

Future research

The increasing interest in sampling animal hosts has led to the discovery of
additional STs. In fact, our knowledge of the genetic diversity in Blastocystis
has doubled in the past five years. Further sampling of various animal hosts,
especially wildlife, will be beneficial not only to further our knowledge of the
parasite’s genetic diversity but to also aid in the recognition of natural hosts and
the pathogenic potential for each ST. However, little is known about how the
genetic and/or phenotypic diversity of Blastocystis may cause disease or
influence conditions in the intestinal tract.
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Similarly, the genetic diversity of Blastocystis also emphasises the need for
investigating intra-ST diversity. Recently, Blastocystis was also characterised
based on sequences from the internal transcribed spacer (ITS) regions and the
MLO genome (Hoevers and Snowden 2005, Stensvold et al. 2012b, Poirier et
al. 2014, Villalobos et al. 2014).

The use of MLST in further classifying

genotypes is useful and is recognised as a necessity in characterising
Cryptosporidium and Giardia isolates. Further research and developing MLST
schemes for all STs would be beneficial, especially for STs that display low host
specificity.

MLST would also be a powerful tool to ascertain the zoonotic

potential of Blastocystis.

However, considering that there is limited data

available for recently discovered STs, it seems like MLST would continue to
remain a work in progress until sufficient material is available for some of the
STs that were recently identified.

Including the findings from this study, 20 Blastocystis STs exist in nature. Most
characterisation studies have focused on identifying isolates at the ST level.
However, there has been no review of the SSU rDNA sequences currently
available to resolve the speciation of Blastocystis. It is possible that each ST
may represent a species of Blastocystis (Noël et al. 2005), as differences of up
to 25% in MLO sequences between different STs has been reported (Scanlan
and Stensvold 2013). To date, only one complete genome of Blastocystis ST 7
has been sequenced (Denoeud et al. 2011). Currently, sequencing of the full
nuclear genome for ST 1 is in progress. Based on its draft genome, there are
differences in the sizes and gene synteny of both the ST 1 and ST 7 genomes.
Further striking differences are also apparent in the gene content and predicted
proteome (Scanlan and Stensvold 2013), which would also explain the
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variations of cysteine protease activity between Blastocystis STs 4 and 7
(Mirza and Tan 2009). Although these findings are preliminary, they do indicate
that the genetic diversity of Blastocystis may to an extent, be responsible for its
pathogenic potential.

Isolates from other Blastocystis STs should also be

sequenced in order to make further comparisons to determine the parasite’s
pathogenic and zoonotic potentials.

Further sampling in natural settings and utilising a multilocus approach would
also be required to identify routes of zoonotic transmission for Blastocystis.
Communities where there are human and other animal hosts with high
frequencies of infection would be preferred in order to determine the routes of
transmission for the parasite.

Such studies would also provide further

information concerning the natural hosts for certain STs. Future studies should
not only aim to sample both humans and animals from the same setting, but
should also aim to obtain samples from the environment.

Considering that

Blastocystis is viable in water, its viability in other conditions should also be
assessed in order to determine other possible routes of transmission.

In regard to the multiplex PCR, further specificity testing is required to ensure
the primers would not cross-react with DNA from other organisms. However,
additional primers should also be designed for the multiplex.

With the

microscopy results in mind, primers to amplify Eimeria and Entamoeba should
also be added to the PCR. However, considering the genetic variation of these
parasites, I understand this may be difficult to achieve.
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In conclusion, the data obtained from this study has increased our
understanding of the host range and genetic diversity of Blastocystis. Six novel
STs were identified in this study from a variety of animal hosts. Furthermore,
the identification of STs 1 – 3 and 7 in Australian native wildlife is also
described.
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Appendix 1 Blastocystis Questionnaire for
the Control Group

Reference number: ___________________
**Please keep this sheet for your own reference**
Blastocystis Questionnaire
Blastocystis is the most common gastrointestinal parasite found in humans. It is
distributed worldwide, but is more commonly found in tropical and warm
climates, and developing countries. To date, there has been little research
conducted in regard to the pathogenic status of Blastocystis. Hence, it is not
certain whether Blastocystis is simply a commensal organism or if it is a
significant pathogen, as it has been linked to various clinical conditions.
The data obtained from this questionnaire will help determine whether or not
Blastocystis is a pathogen of clinical significance amongst the human
population, and/or if it is of clinical significance under certain conditions or
situations which affect a specific group in the population.
Important information
Faecal samples collected as part of this study will only be used for microscopy
analysis, and DNA will be extracted from the samples for molecular analyses to
characterise any Blastocystis isolates found.

Please be aware
Many gastrointestinal symptoms may be caused by other agents and that
staff with recurrent or concerning symptoms should always consult their
doctor and not assume they may be related to Blastocystis.
Participation in this study is completely voluntary and full confidentiality
will be maintained at all times. The participant is to remain anonymous as
part of the survey and their consent is assumed when they complete and
submit the survey. This survey has been approved by the Human Research
and Ethics Committee (HREC) at Murdoch University.

If you have any further queries, please contact Unaiza Parkar as per the contact
details on the attached business card.
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Reference number: ___________________

1. Age: _______ years
2. Gender (please tick):  Male

 Female

3. What is your occupation? _______________________________
Are you in contact with any hazardous chemical and/or biological
material as part of your occupation?  Yes
 No
If so, please specify:
__________________________________________________________
__________________________________________________________
__________________________________________________________
__________________________________________________________
__________________________________________________________
4. Have you cared for any pets in the past 12 months? (Please tick all
which apply).
 None
 Cats
 Dogs
 Fish
 Reptiles
 Birds (please specify): ____________________________________
 Other (please specify): ____________________________________
5. Are you in contact with any children aged five years or younger?
(Please tick).
 Yes
 No
If so, on average how often are you in contact with these children?
(Please tick).
 Daily
 1 – 2 times a week
 3 – 6 times a week
 1 – 2 times a month
6. Please list the countries you have visited in the past 12 months.
__________________________________________________________
__________________________________________________________
__________________________________________________________
__________________________________________________________
__________________________________________________________
7. Have you been treated with anthelmintic (worming) drugs in the
 No
past 12 months? (Please tick)  Yes
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8. Have you previously been diagnosed with any of the following
parasitic infections? (Please tick all which apply).
 Blastocystis
 Balantidium coli
 Cryptosporidium
 Entamoeba
 Giardia
 None
 Other (please specify): ____________________________________
If so, was this confirmed by screening a faecal sample for pathogens?
 Yes
 No
Also, when and where was/were the infection(s) diagnosed and what
course of treatment(s) were undertaken? (Calendar year will suffice if it
is more than 18 months ago).
__________________________________________________________
__________________________________________________________
__________________________________________________________
__________________________________________________________
__________________________________________________________

9. Have you suffered from any of the following symptoms in the past
six months? (Please tick all which apply)
 None
 Abdominal pain
 Abdominal distension
 Anal itching
 Excessive burping
 Constipation
 Diarrhoea
 Fever
 Excessive flatulence
 Flu – like symptoms
 Headaches
 Joint pain/swelling
 Loss of appetite
 Nausea
 Vomiting
 Unintentional weight loss
 Gnawing pains
 Other intestinal complaints (please specify): ____________________
__________________________________________________________
 Other (please specify): ____________________________________
10. Do you currently have any other health concerns? (Please tick all
which apply)
 None
 Asthma
 Heart disease
 Hypertension
 Diabetes
 Pregnancy
 Immuno – suppressive illnesses
 Kidney disease
 Allergies (please specify): __________________________________
 Cancer (please specify): ___________________________________
 Other (please specify): ____________________________________
If so, when was the condition diagnosed and if it is not ongoing, when did
it cease? (Calendar year will suffice if it is more than 18 months ago).
__________________________________________________________
__________________________________________________________
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__________________________________________________________
__________________________________________________________
11. Have you received an organ transplant? (Please tick)
 Yes
 No
If so, when did it occur? (Calendar year will suffice if it is more than 18
months ago). ______________________________________________

Thank you for your participation!
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Appendix 2 Blastocystis Questionnaire for
Perth Zoo Staff
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Reference number: _________________________________

**Please keep this sheet for your own reference**

Perth Zoo Staff Questionnaire
Blastocystis is the most common gastrointestinal parasite found in humans, and
it has been found in a variety of animal hosts. It is distributed worldwide, but is
more commonly found in tropical and warm climates, and developing countries.
To date, there has been little research conducted in regard to the pathogenic
status of Blastocystis (that is, whether it is potentially harmful).

Various studies have found that Blastocystis may be of zoonotic significance.
Previous studies have also shown that Blastocystis is commonly found in
animal handlers, and it is known that some of the primates at Perth Zoo are
infected with Blastocystis. However, it is unknown whether other animals and
zoo keepers at the Zoo are laos harbouring an infection. This will be the first
extensive study to screen both animal and human populations in the same
environment for Blastocystis.

The data obtained from this questionnaire will help determine whether or not
Blastocystis is a pathogen of clinical significance amongst the zoo keepers,
and/or if it is of clinical significance under certain conditions or situations which
affect this specific group in the population. It may also shed light on the
zoonotic significance of this parasite.

Privacy and Consent
Participation in this study is completely voluntary and full confidentiality
will be maintained at all times. The participant is to remain anonymous as
part of the survey. Information such as age, gender, etc. will be used for
aggregate purposes only. Prior to the submission for the publication of any
articles containing any results from this study, the article will be forwarded to the
Murdoch Human Ethics Committee and the Perth Zoo Animal Ethics Committee
to ensure the privacy of all participants is maintained. Consent is assumed
when participants complete and submit the survey.

Important information
•

Faecal samples collected as part of this study will only be used for
microscopy analysis, and DNA will be extracted from the samples for
molecular analyses to characterise any Blastocystis isolates found.
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•

The results of this study may assist the Zoo in further refining its
zoonoses management policies.

Feedback
•

Participants will be notified in writing about the findings of their sample.

•

Perth Zoo will be provided with a summary of the group results. The
group results will be made available to all participants to enable them to
put their individual results into context. An explanation of the GROUP
RESULTS ONLY will be provided by Dr Simone Vitali or Dr Cree
Monaghan.

•

Staff having concerns about their personal results are encouraged to
approach the Manager of Human Resources who will facilitate an
appointment with a medical practitioner.

Please be aware
Many gastrointestinal symptoms may be caused by other agents and that
staff with recurrent or concerning symptoms should always consult their
doctor and not assume they may be related to Blastocystis.

This project has been approved by the Perth Zoo Research Committee, Perth
Zoo Ethics Committee and the Human Research and Ethics Committee (HREC)
at Murdoch University.

If you have any further queries, please contact Unaiza Parkar as per the contact
details on the attached business card or contact Dr Simone Vitali.
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Reference number: _________________________________

1. Age: _______ years
2. Gender (please tick):  Male

 Female

3. In total, how long have you been working at the Zoo? (Please tick).
 0 – 3 months
 4 – 6 months
 7 – 11 months
 1 – 2 years
 More than two years
4. Which animals have you cared for in the past 12 months? (Please
tick all which apply).
Animals

Jun
06

Jul
06

Aug
06

Sept
06

Oct
06

Dec
06

Jan
07

Feb
07

Mar
07

Apr May Jun
07 07
07

Giraffes
Rhinos
Asian
Carnivores
Savannah
Orang
utans
Lesser
primates
Asian
rainforest
Q – block
Elephants
Reptiles
Wetlands
World of
birds
Bushwalk

5. Have you cared for any pets in the past 12 months? (Please tick all
which apply).
 None
 Cats
 Dogs
 Fish
 Reptiles
 Birds (please specify): ____________________________________
 Other (please specify): ____________________________________
6. Are you in contact with any children aged five years or younger?
(Please tick).
 Yes
 No
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If so, on average how often are you in contact with these children?
(Please tick).
 Daily
 1 – 2 times a week
 3 – 6 times a week
 1 – 2 times a month
7. Please list the countries you have visited in the past 12 months.
__________________________________________________________
__________________________________________________________
__________________________________________________________
__________________________________________________________
__________________________________________________________
8. Have you been treated with anthelmintic (worming) drugs in the
past 12 months? (Please tick)  Yes
 No
9. Have you previously been diagnosed with any of the following
parasitic infections? (Please tick all which apply).
 Blastocystis
 Balantidium coli
 Cryptosporidium
 Entamoeba
 Giardia
 None
 Other (please specify): ____________________________________
If so, was this confirmed by screening a faecal sample for pathogens?
 Yes
 No
Also, when and where was/were the infection(s) diagnosed and what
course of treatment(s) were undertaken? (Calendar year will suffice if it
is more than 18 months ago).
__________________________________________________________
__________________________________________________________
__________________________________________________________
__________________________________________________________
__________________________________________________________

10. Have you suffered from any of the following symptoms in the past
six months? (Please tick all which apply)
 None
 Abdominal pain
 Abdominal distension
 Anal itching
 Excessive burping
 Constipation
 Diarrhoea
 Fever
 Excessive flatulence
 Flu – like symptoms
 Headaches
 Joint pain/swelling
 Loss of appetite
 Nausea
 Vomiting
 Unintentional weight loss
 Gnawing pains
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 Other intestinal complaints (please specify): ____________________
__________________________________________________________
 Other (please specify): ____________________________________
11. Do you currently have any other health concerns? (Please tick all
which apply)
 None
 Asthma
 Heart disease
 Hypertension
 Diabetes
 Pregnancy
 Immuno – suppressive illnesses
 Kidney disease
 Allergies (please specify): __________________________________
 Cancer (please specify): ___________________________________
 Other (please specify): ____________________________________
If so, when was the condition diagnosed and if it is not ongoing, when did
it cease? (Calendar year will suffice if it is more than 18 months ago).
__________________________________________________________
__________________________________________________________
__________________________________________________________
__________________________________________________________
12. Have you received an organ transplant? (Please tick)
 Yes
 No
If so, when did it occur? (Calendar year will suffice if it is more than 18
months ago). ______________________________________________

Thank you for your participation!
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