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A B S T R A C T

Giardia and Cryptosporidium are amongst the most common protozoan parasites identified as causing
enteric disease in pinnipeds. A number of Giardia assemblages and Cryptosporidium species and geno-
types are common in humans and terrestrial mammals and have also been identified in marine mammals.
To investigate the occurrence of these parasites in an endangered marine mammal, the Australian sea
lion (Neophoca cinerea), genomic DNA was extracted from faecal samples collected from wild popula-
tions (n = 271) in Southern and Western Australia and three Australian captive populations (n = 19). These
were screened using PCR targeting the 18S rRNA of Giardia and Cryptosporidium. Giardia duodenalis was
detected in 28 wild sea lions and in seven captive individuals. Successful sequencing of the 18S rRNA
gene assigned 27 Giardia isolates to assemblage B and one to assemblage A, both assemblages common-
ly found in humans. Subsequent screening at the gdh and β-giardin loci resulted in amplification of only
one of the 35 18S rRNA positive samples at the β-giardin locus. Sequencing at the β-giardin locus as-
signed the assemblage B 18S rRNA confirmed isolate to assemblage AI. The geographic distribution of
sea lion populations sampled in relation to human settlements indicated that Giardia presence in sea
lions was highest in populations less than 25 km from humans. Cryptosporidium was not detected by PCR
screening in either wild colonies or captive sea lion populations. These data suggest that the presence
of G. duodenalis in the endangered Australian sea lion is likely the result of dispersal from human sources.
Multilocus molecular analyses are essential for the determination of G. duodenalis assemblages and sub-
sequent inferences on transmission routes to endangered marine mammal populations.

© 2014 The Authors. Published by Elsevier Ltd on behalf of Australian Society for Parasitology. This is
an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-

nd/3.0/).

1. Introduction

Protozoan parasites are a primary cause of morbidity and mor-
tality in terrestrial and marine mammal populations (Hughes-Hanks
et al., 2005; Ryan et al., 2014). Two genera, Cryptosporidium and
Giardia, are amongst the most common organisms identified as
causing enteric disease in pinniped species (Olson et al., 1997; Deng
et al., 2000; Appelbee et al., 2005, 2010; Hughes-Hanks et al., 2005;
Santin et al., 2005; Dixon et al., 2008; Bass et al., 2012). Currently,
26 Cryptosporidium species are considered valid and over 40 geno-
types or cryptic species have been identified (c.f. Ryan et al., 2014).
Several Cryptosporidium species present in humans and terrestrial
mammals have been identified in marine mammals, including C.

parvum, C. muris and C. hominis (Olson et al., 1997; Deng et al., 2000;
Appelbee et al., 2005, 2010; Hughes-Hanks et al., 2005; Santin et al.,
2005; Dixon et al., 2008). In addition Cryptosporidium seal geno-
types 1 and 2, thought to be specific to marine mammals, have been
identified in the ringed seal (Phoca hispida), and seal genotype 2 in
the harbor seal (Phoca vitulina) and grey seal (Halichoerus grypus)
(Santin et al., 2005; Bogomolni et al., 2008; Dixon et al., 2008). More
recently, novel genotypes of Cryptosporidium have been described
in the southern elephant seal (Mirounga leonina), harp seal
(Pagophilus groenlandicus) and Weddell seal (Leptonychotes weddellii)
(Rengifo-Herrera et al., 2011, 2013; Bass et al., 2012).

Of the six Giardia species, Giardia duodenalis has the broadest
host range (Feng and Xiao, 2011). Molecular characterization of G.
duodenalis has revealed significant genetic diversity, an indicator
of complexity within this species. Accordingly, G. duodenalis is divided
into assemblages A–H (c.f. Feng and Xiao, 2011), with assem-
blages A and B being the most diverse with at least four sub-
assemblage types (I–IV) (c.f. Monis and Thompson, 2003).
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Assemblages A and B are human infective and have also been docu-
mented in wildlife and domestic animals (c.f. Feng and Xiao, 2011).
Assemblages C and D are found in dogs, assemblages E, F and G in
domestic ruminants, cats and rodents respectively, while assem-
blage H has been described in seals (c.f. Cacciò et al., 2005;
Lasek-Nesselquist et al., 2010).

Infections of G. duodenalis are reported with a greater frequen-
cy in marine mammals than Cryptosporidium. Giardia assemblages
A and B are the most commonly identified assemblages in pinni-
ped species (Appelbee et al., 2005, 2010; Gaydos and Miller, 2008;
Lasek-Nesselquist et al., 2008, 2010). Assemblages C and D have been
described in harbor seals (Phoca vitulina) and the novel seal geno-
type H identified in grey seals (Gaydos and Miller, 2008;
Lasek-Nesselquist et al., 2010). The presence of human host spe-
cific Giardia assemblages in marine mammals may be an indication
of human impacts on the marine environment which poses poten-
tial concerns for conservation of endangered pinniped species.

The Australian sea lion (Neophoca cinerea) is one of the rarest
seals in the world, with a total population of less than 15,000
(Shaughnessy et al., 2011). Colonies of this endangered pinniped
are distributed on coastal islands and the mainland of Western and
South Australia, many within close proximity to human settle-
ments (Goldsworthy et al., 2007; Goldsworthy and Gales, 2008). As
a tourist icon, populations on Kangaroo Island, South Australia, ex-
perience frequent human visitation and habitat disturbance.
Interactions with, and proximity to, humans and wastewater run-
off increases the likelihood of transmission of Giardia and
Cryptosporidium from humans and domestic animals to seal
populations.

The aim of this study was to detect and characterize Giardia and
Cryptosporidium in wild and captive Australian sea lions within a
phylogenetic framework, and to determine if proximity to human
settlements was related to parasite detection. We hypothesized that
if transmitted through human influences, protozoal strains would
be more likely to be detected in seal colonies in close proximity to
human settlements and would be similar to those found in domes-
tic animals and human populations.

2. Materials and methods

2.1. Sample collection

Faecal samples from wild Australian sea lion colonies (n = 271)
were opportunistically collected over a range of seasons during a
2 year period from 11 coastal and island colonies in Western Aus-
tralia (Fig. 1A) and South Australia (Fig. 1B and C). Captive animal
faecal samples (n = 19) were collected over a period of 4 months
from the resident populations held at Dolphin Marine Magic and
Taronga Zoo, New South Wales, and Sea World, Queensland. Faecal
samples were transported to the laboratory and stored at 4 °C until
processing for genomic DNA extraction.

2.2. DNA extraction

Genomic DNA was extracted from sea lion faecal samples
(n = 290) using the ISOLATE Fecal DNA Kit (Bioline, Sydney, Aus-
tralia). Faecal samples (approximately ~150 mg) were aliquoted into
lysis bead tubes and DNA extraction performed as per the manu-
facturers protocol. Eluted DNA was stored at –20 °C until further
analysis.

2.3. PCR screening for characterization of Giardia duodenalis

The presence of Giardia isolates was determined using the pro-
tocol targeting the 18S rRNA gene described in Hopkins et al. (1997)
and Read et al. (2004). Nested PCR using the primers RH11/RH4LM

in the primary reaction and GiAR18SeR/GiAR18SiR in the second-
ary reaction were used to amplify a ~ 175 bp fragment of the 18S
rRNA gene. Primary and secondary reactions (25 μL) were pre-
pared using the GC-RICH PCR system (Roche Diagnostics,
Indianapolis, IN) (Asher et al., 2012). Thermocycling for both the
primary and secondary reactions were performed using the con-
ditions described by Hopkins et al. (1997).

To characterize Giardia assemblages 18S rRNA positive isolates
(n = 35) were screened at the gdh and β-giardin loci. For gdh am-
plification the previously described semi-nested protocol of Read
et al. (2004) was used. Primary and secondary reactions (25 μL) were
prepared using the GC-RICH PCR system (Roche Diagnostics) and
the primer set GdheF/GdhiR in the primary reaction and primers
GdhiF/GdhiR in the secondary. Cycling was performed at denatur-
ation for 2 min at 94 °C, 1 min at 56 °C, 2 min at 72 °C; 35 cycles
at 94 °C for 30 s, 56 °C for 20 s and 72 °C for 45 s; and a final ex-
tension step at 72 °C for 7 min (Read et al., 2004). Amplification of
the β-giardin locus was achieved following the nested protocol de-
scribed by Cacciò et al. (2002) and Lalle et al. (2005). Primary
reactions (25 μL) were prepared using 1.5 mM MgCl2, 200 μM dNTPs,
200 nM of each primer G7/G759, 1U of DNA polymerase Tth Plus
(Fisher Biotec, Wembley, Australia) and 2 μL template DNA and the
cycling conditions used by Cacciò et al. (2002). Secondary reac-
tions (25 μL) were prepared using PCR chemistry identical to the
primary reactions, with 2 μL of primary PCR product and follow-
ing the thermocycling conditions described by Lalle et al. (2005).
PCR was performed with the internal primers described by Lalle et al.
(2005) with a slight modification to the internal forward primer (GAA
CGA GAT CGA GGT CCG) after β-giardin sequence comparisons avail-
able on the NCBI GenBank database (http://ncbi.nlm.nih.gov/
genbank/) showed a 4 bp difference between Giardia sequences and
the internal forward primer sequence.

A spike analysis using DNA extracted from an existing Giardia
laboratory trophozoite isolate was performed on 18S rRNA posi-
tive samples that failed to amplify at the gdh and β-giardin loci.

2.4. PCR screening for characterization of Cryptosporidium sp.

Screening for Cryptosporidium was conducted using a nested PCR
protocol targeting the small subunit 18S rRNA (Xiao, 1999). RedHot
Taq (Thermo Scientific, Scoresby, Australia) was used for reactions
and all conditions were as described by Xiao et al. (2000). To confirm
that the absence of Cryptosporidium was not the result of faecal in-
hibitors impairing DNA amplification, all samples (n = 290) were
spiked with Cryptosporidium parvum DNA from an existing labora-
tory isolate (Waldron et al., 2011) and PCR screening repeated as
described above.

All PCRs were performed in an Eppendorf Mastercycler
(Eppendorf, North Ryde, Australia). PCR products (8 μL) were re-
solved by agarose gel electrophoresis (2% w/v, 110 V for 30 min) in
TBE (Tris, boric acid, EDTA pH8) with 2 μL SYBR safe (Invitrogen,
Mulgrave, Australia) using a HyperLadder II DNA marker (Bioline)
to estimate amplicon size.

2.5. DNA sequencing and phylogenetic analyses

To identify Giardia assemblages the 18S rRNA products (n = 35)
from GiAR18SeR/GiaR18SiR secondary reaction were purified for se-
quencing using the QIAquick PCR Purification Kit (Qiagen, Melbourne,
Australia) and sequenced in the forward direction using the inter-
nal primer GiAR18SeR and in the reverse direction using GiAR18SiR.
To identify Giardia sub-assemblage the β-giardin product (n = 1) was
purified and sequenced in the forward and reverse direction using
the secondary β-giardin PCR primers. All sequencing was per-
formed by Macrogen Inc. (Seoul, Korea) on a 3130x1 Genetic Analyser
(Applied Biosystems, Foster City, CA) using the standard run
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Fig. 1. (A) Western Australia sampling locations. Faecal samples were collected from West Australia Sea lion colonies on Beagle and North Fisherman Islands. Coastal settle-
ments and human impacted camping locations within close proximity to Sea lion colonies are indicated. (B) South Australia sampling locations. Australian sea lion faecal
samples were collected from South Australia colonies; Blefuscu, Lewis, Liguanea, Lilliput, Olive and West Waldegrave Islands. Coastal towns and camping areas within close
proximity to Australian Sea lion colonies are identified. (C) South Australia sampling locations: Kangaroo Island. Three colonies were sampled from Kangaroo Island includ-
ing Cape Gantheaume, Seal Bay and Seal Slide. Coastal towns and recreational beach camping sites on the island are indicated.
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protocol for a 50 cm, 16 capillary array using a Big Dye terminator
kit (Applied Biosystems).

Forward and reverse sequences (18S rRNA and β-giardin) were
checked manually and trimmed in GeneiousPRO version 5.0.3
(Biomatters Ltd, Auckland, New Zealand) and a single contiguous
sequence (contig) was assembled for each sample. BlastN se-
quence searches were performed to assign contiguous 18S rRNA and
β-giardin sequences to an assemblage.

To allow for assemblage identification sequences were analysed
within a phylogenetic framework. Representative 18S rRNA se-
quences for Giardia assemblages A–G were obtained from the NCBI
GenBank database using accession numbers AF199446, AF199447,
AF199449, AF199443, AF199448, AF199444, AF199450 for 18S rRNA
analyses (Wielinga and Thompson, 2007). 18S rRNA and β-giardin
sequences representing assemblage H were not available on GenBank
and could not be included in analyses. Representative β-giardin se-
quences for Giardia assemblages AI–III to G were obtained from the
NCBI GenBank database using accession numbers X85958, AY072724,
FJ971410, AY072727, AY545646, AY545647, DQ116608, AY647264,
EU769221 (Lalle et al., 2005; Wielinga and Thompson, 2007; Kosuwin
et al., 2010; Lebbad et al., 2010). Contiguous 18S rRNA and β-giardin
sequences generated in this study were aligned to GenBank se-
quences using ClustalW (Thompson et al., 1994) in MEGA version
6.0 (Tamura et al., 2013). For phylogenetic analyses, nucleotide sub-
stitution models were tested for maximum likelihood in MEGA6
(Tamura et al., 2013). Akaike Information Criterion corrected (AICc)
values were used to determine the optimal parameters. Phyloge-
netic trees were constructed for 18S rRNA and β-giardin sequences
using maximum likelihood (Tamura 3-parameter distance model
with the uniform distribution parameter) and bootstrap analysis
(1000 replicates) and compared with existing assemblages (Lalle
et al., 2005; Wielinga and Thompson, 2007; Kosuwin et al., 2010;
Lebbad et al., 2010). 18S rRNA sequences generated in this study
have been submitted to the European Nucleotide Archive (ENA)
under the accession numbers LN610171-LN610198. The β-giardin
sequence generated in this study has been submitted to GenBank
under accession number KM497498.

2.6. Mapping and statistical analyses

Maps illustrating the locations of wild sea lion populations
sampled and proximity of towns and camping grounds were de-
veloped using ArcGIS version 10.0 (ESRI Inc, 2010).

A Pearson’s χ2 test was used to identify differences in the oc-
currence of Giardia duodenalis between wild and captive populations.
For the wild populations only, a generalized linear model (GLM) with
a binomial probability distribution was used to examine the effect
of sea lion colony distance from human settlements and sampling
season on presence/absence of Giardia. For this analysis, colonies
were grouped into three distance-from-settlement categories: <25,
26–69 and >70 km (Table 1). Differences in occurrence between dis-
tance categories were determined using a Tukey’s post-hoc test.

3. Results

3.1. Giardia detection and species identification

Screening of genomic DNA using a Giardia specific 18S rRNA pro-
tocol resulted in the detection of Giardia in 28 samples from wild
sea lions (10.3%) and in seven samples from captive sea lions (36.8%).
There was a significant difference in Giardia presence between wild
and captive individuals (χ2 = 11.758, df = 1, p = < 0.001). In wild colo-
nies, the distance from human settlement had a significant effect
on the presence or absence of Giardia (Wald χ2 = 39.078, df = 2,
p = < 0.001). Colonies less than 25 km from human settlements had
a higher occurrence of Giardia than colonies more than 26 km away

(Table 1). There was no effect of sampling season on Giardia pres-
ence (Wald χ2 = 6.112, df = 3, p = 0.106).

DNA sequences were obtained for 28 of the 35 18S rRNA posi-
tive samples. BlastN search identified 27 sequences as belonging
to Giardia duodenalis assemblage B and one belonging to assem-
blage A. Analysis using the phyologentic framework clustered all
samples from wild sea lions (n = 24) and three samples from captive
animals within a clade that also contained the assemblage B ref-
erence sequence from GenBank (Fig. 2). One captive sample clustered
within a clade containing the reference sequences from GenBank
for assemblages A, E and F. Analysis of clustalW alignment showed
a 2 bp polymorphism between the assemblages with the captive
sample most closely aligned to assemblage A. Alignment of the
sample to representative sequences showed that the sample was
100% identical to assemblage A but not E or F.

18S rRNA positive samples (n = 35) failed to amplify at the gdh
locus. Representative samples all produced a gdh amplicon when
spiked with Giardia isolate DNA. The β-giardin locus amplified in
one of 35 18S rRNA positive samples identified as assemblage B. A
DNA sequence was obtained for the β-giardin positive sample and
a BlastN search identified the sequence as belonging to Giardia
duodenalis assemblage AI. The inferred phylogeny placed the sample
within a clade that also contained the assemblage AI reference se-
quence from GenBank. All samples spiked with Giardia positive DNA
produced an amplicon when screened using β-giardin PCR.

3.2. Cryptosporidium screening

Cryptosporidium was not detected in any of the faecal samples
(n = 290). The purified genomic DNA were deemed PCR compe-
tent using DNA spike analysis with all 290 samples generating an
amplicon when screened using 18S rRNA PCR.

4. Discussion

In this study we examined the occurrence of protozoan para-
sites in the endangered Australian sea lion. Giardia duodenalis
assemblage B, commonly found in humans and terrestrial mammals,
was detected in wild and captive sea lion populations and G.
duodenalis assemblage A was detected in a captive animal. Screen-
ing for Cryptosporidium failed to identify this parasite in any of the
samples. Infections of Cryptosporidium are commonly reported at
lower frequencies than Giardia in marine mammal populations
(Appelbee et al., 2005, 2010; Gaydos and Miller, 2008;
Lasek-Nesselquist et al., 2008, 2010; Hueffer et al., 2011). Of the eight
Giardia duodenalis assemblages A and B are the most commonly iden-
tified in wild seal and sea lion populations (Appelbee et al., 2005,

Table 1
Australian sea lion colony groupings and analysis of Giardia duodenalis presence. Wild
sea lion colony distance-from-settlement categories. Differences in occurrence between
distance categories were determined using a Tukey’s post-hoc test.

Distance
category
(km)

Colonies in category Mean occurrence
of Giardia
duodenalis (%)

Total
number
of samples

<25 Beagle Island
Cape Gantheaume
North Fisherman Island
Seal Bay
Seal Slide

23.8a 80

26–69 Blefuscu Island
Lewis Island
Liguanea Island
Lilliput Island

5.8a 120

>70 Olive Island
West Waldegrave Island

2.8a 71

a Significant difference in Giardia duodenalis presence between groupings.
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2010; Gaydos and Miller, 2008; Lasek-Nesselquist et al., 2008, 2010).
Our findings indicate that assemblage B is the most common
assemblage detected in wild and captive sea lions while assem-
blage A occurs at low frequency. The host range of assemblages A
and B are broad including domestic animals, livestock and humans
(reviewed in Monis et al., 1999; Monis and Thompson, 2003; Monis
et al., 2003). Infections with assemblages A and B are very common
in human cases but based on the absence of subtype characteriza-
tion, it is difficult to assess the association between parasite
transmission and humans.

The presence of G. duodenalis assemblage AI and B in this sea
lion species is a strong indicator of the spread of parasites from ter-
restrial mammals to the marine environment. Giardia duodenalis is
reported in higher frequencies in seal and sea lion species distrib-
uted within close proximity to human settlements and wastewater
runoff localities (Gaydos and Miller, 2008; Appelbee et al., 2010).
The presence of G. duodenalis in seals visiting haul-out sites dis-
tributed near coastal settlements can be up to five times greater than

individuals at more sparsely populated sites with limited human
exposure (Hughes-Hanks et al., 2005; Dixon et al., 2008; Gaydos and
Miller, 2008; Lasek-Nesselquist et al., 2010). Some Australian sea
lion colonies are within close proximity to coastal settlements and
experience high levels of human interaction as a major tourist icon
(Gales et al., 1994; Rodger et al., 2011). Sea lion behaviour such as
hauling-out on human impacted beaches increases the potential for
exposure to parasites from terrestrial sources. Compared with the
more isolated Australian sea lion colonies (>70 km from human set-
tlement), Giardia presence is significantly higher in colonies nearer
(<25 km) to human coastal settlements and those colonies that ex-
perience high human visitation. Australian sea lions have limited
dispersal and a high degree of philopatry so impacts are likely to
be localized (Lowther et al., 2012). Future observation of protozoan
prevalence in South Australian (Seal Bay and Seal Slide on Kanga-
roo Island) and Western Australian colonies (Shoalwater Marine Park,
Perth; North Fisherman Island, Jurien Bay and Recherche Archipel-
ago, Esperance) is therefore essential for monitoring the spread of
parasites and associated potential disease risks, and will assist in
the development of conservation management strategies.

Giardia duodenalis presence is significantly greater in captive Aus-
tralian sea lions (36.8%) than wild animals (10.3%) indicating that
occurrence may be the result of atypical habitat interactions. Ex-
posure to humans and interactions atypical to those within the
natural habitat of sea lions may increase the risk of Giardia trans-
mission within captive environments (Beck et al., 2011). Captive
mammals may be exposed to Giardia through human contact during
hand feeding and touching by zoo visitors (Thompson et al., 2008).
The captive facilities observed in this study have varying levels of
visitor interaction programs with sea lions, some even include ac-
tivities such as swimming with and touching the animals. While
Giardia presence in captive marine mammal populations is rarely
observed or indeed investigated, screening of Giardia in other captive
mammal species with similar levels of human interactions would
provide an indication of the extent of transmission in the captive
environment. This in turn may reveal potential avenues of dispers-
al of Giardia in the captive environment, and by deduction, potential
mitigation strategies for improved husbandry.

While the use of molecular tools has facilitated a greater un-
derstanding of protozoan origins and host specificity, we had limited
success in accurately confirming Giardia species sub-assemblage
across multiple loci. This poses significant biological implications
for inferring host specificity and transmission of Giardia. We failed
to amplify 18S rRNA positive isolates at the gdh and β-giardin loci.
Difficulty in confirming positive 18S rRNA detection at the gdh locus
has been observed in other marine and captive mammal studies.
Failure to amplify at the gdh locus in samples from Pacific harbor
seals and captive mammals was attributed to variation in se-
quences and failure of primers to anneal (Lasek-Nesselquist et al.,
2010; Beck et al., 2011). While analyses at the 18S rRNA locus alone
can enable assemblage identification, multilocus gene screening is
required to determine G. duodenalis sub-assemblage and specific host
origin.

Further, we were unable to consistently assign G. duodenalis as-
semblage across multiple loci for the one sample that amplified at
β-giardin. Inconsistent assemblage identification across multiple
loci has been observed in other marine mammal studies
(Lasek-Nesselquist et al., 2008, 2010). Failure to confirm genotype
across multiple loci in samples from grey and Pacific harbor seals
was attributed to target gene amplification biases, where assem-
blages A and B preferentially amplified at different loci, and the
presence of mixed assemblage infection (Lasek-Nesselquist et al.,
2010). Mixed infection of G. duodenalis assemblages A and B are com-
monly reported in human and marine mammal studies, although
there is much debate about whether this is the result of infection
by multiple isolates or the haplotype of a single isolate (Cacciò and
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Fig. 2. Giardia duodenalis 18S rRNA phylogenetic tree. Phylogenetic analysis of Giardia
duodenalis positive samples was performed using a fragment of 18S rRNA gene. Anal-
ysis within the phylogenetic framework placed sea lion samples within the assemblage
B (n = 27) and assemblage A clades (n = 1). Branch values indicate percent boot-
strapping using 1000 replicates.
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Ryan, 2008; Cacciò et al., 2008; Lasek-Nesselquist et al., 2008, 2010;
Feng and Xiao, 2011). While the occurrence of recombination
between G. duodenalis assemblages A and B has been supported by
several studies, the mechanisms involved remain unclear (Cooper
et al., 2007; Teodorovic et al., 2007; Cacciò and Ryan, 2008; Cacciò
et al., 2008; Cacciò and Sprong, 2010; Lasek-Nesselquist et al., 2010).
Consequently, due to limited amplification across multiple loci, we
were unable to draw inferences on the potential for target gene am-
plification biases or the presence of mixed infection. These findings
emphasize the need for multilocus molecular characterization to
definitively assign G. duodenalis assemblages present in wild sea lion
populations and determine the origin of parasite dispersal into the
marine environment.

Increasing exposure to agricultural run-off and untreated waste-
water represents new challenges for managing the dispersal of
protozoan parasites into the marine ecosystem. The high occur-
rence of Giardia and similarity to Giardia species found in humans
in both wild and captive sea lions warrants the need for further mo-
lecular investigation to identify the dispersal routes of parasites from
terrestrial ecosystems into marine vertebrate populations.
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