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ABSTRACT: Apicomplexa is a large phylum of parasitic protists renowned for significant negative
health impacts on humans and livestock worldwide. Despite the prevalence and negative impacts
of apicomplexans across many animal groups, relatively little attention has been given to apicomplexan parasites of invertebrates, especially marine invertebrates. Previous work has reported an
apicomplexan parasite ‘X’ (APX), a parasite that has been histologically and ultrastructurally
identified from the commercially important flat oyster Ostrea chilensis in New Zealand. This apicomplexan may exacerbate host vulnerability to the infectious disease bonamiosis. In this study,
we report 18S rRNA sequences amplified from APX-infected O. chilensis tissues. Phylogenetic
analyses clearly established that the 18S sequences were of apicomplexan origin; however, their
detailed relationship to known apicomplexan groups is less resolved. Two specific probes,
designed from the putative APX 18S rRNA sequence, co-localised with APX cells in in situ
hybridisations, further supporting our hypothesis that the 18S sequences were from APX. These
sequences will facilitate the future development of inexpensive and sensitive molecular diagnostic
tests for APX, thereby assisting research focussed on the biology and ecology of this organism and
its role in morbidity and mortality of O. chilensis.
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The phylum Apicomplexa is a large and diverse
group of parasitic protists that comprises almost 6000
described species of either facultative or obligate intracellular parasites (Adl et al. 2007, Rueckert et al.
2010). While some apicomplexans are well known and
serve as models for understanding apicomplexan infection and disease (e.g. Plasmodium and Toxoplasma),
most apicomplexan groups have yet to be thoroughly
studied. In particular, comparatively little data are
available for apicomplexans parasitising molluscs,

even though lineages of apicomplexans have been associated with harmful effects and mortalities in cultured and wild molluscs (Leibovitz et al. 1984, Whyte
et al. 1994, Friedman et al. 1995, Winstead et al. 2004,
Ceuta & Boehs 2012, Cheng 2012). For example, a
mass mortality event of the Iceland scallop Chlamys islandica stock in Breidafjordur, west Iceland, is believed
to have been caused by an apicomplexan, Aggregata
sp. (Kristmundsson et al. 2015). It was estimated that
during 2000−2006, the main scallop population in Iceland decreased by 84%, despite a halt in commercial
fishing from 2003. By contrast, the ubiquitous coccidian
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Nematopsis sp. is common in bivalves worldwide
(Tuntiwaranuruk et al. 2004, Uddin et al. 2011, Ceuta
& Boehs 2012, Sühnel et al. 2016) but is rarely reported
to cause any tissue reaction (Azevedo & Cachola 1992,
Azevedo & Matos 1999), unlike apicomplexan ‘X’
(APX) reported in this paper which can severely damage its host (Hine 2002).
APX reported from the flat oyster Ostrea chilensis
from Foveaux Strait, New Zealand (NZ), does not
morphologically resemble any other apicomplexans
previously identified in molluscs (Hine 2002). The
only distinct APX developmental stages observed in
specimens of flat oysters were identified as zoites
(Hine 2002). APX zoites appear to be associated with
increased susceptibility of wild flat oysters to infection with the haplosporidian parasite Bonamia exitiosa (see Hine 2002). The infection of flat oysters
with B. exitiosa and APX from late 1985 to 1993 reduced the population of commercially harvestable
oysters (> 58 mm shell diameter) in Foveaux Strait to
9% of its 1975 numbers (Hine 2002).
Although APX is recognized as a major threat to
the viability of the fledgling flat oyster aquaculture
industry in NZ (Diggles et al. 2002), the parasite has
been little studied, due in part to the lack of a costeffective detection method. Currently, the only available method for the detection and enumeration of
APX is the microscopic examination of fixed host
tissues after histological staining. A cost-effective
genetic test for APX would facilitate studies into the
life cycle of APX, as well as aid in efficiently quantifying infection rates within host populations.
Genetic tests based on 18S rRNA gene sequences
have been used to identify and to study the systematics of other apicomplexan species (Allsopp et al.
1994, Criado-Fornelio et al. 2004). Currently, there
are no published sequences representing APX.
Therefore, the aim of our study was to characterise
an 18S rRNA sequence from APX so as to facilitate
the development of cost-effective PCR-based APX
detection methods in the near future.

MATERIALS AND METHODS
Histological detection of APX infections
Live flat oysters (n = 36; shell height = 66−98 mm)
collected from Foveaux Strait in August 2015 were
scrubbed to remove excess debris on the external
surfaces, and each was opened with a separate sterilised knife. Each oyster was examined for any gross
pathology such as weight or colour abnormalities

before dissecting out 2 transverse sections (3−5 mm
thick); each section contained gill, mantle, gonad and
digestive gland. One section was stored in a 5 ml
microcentrifuge tube and frozen at −70°C for molecular assays. The second section was placed into a
labelled histology cassette and fixed for 48 h in 4%
paraformaldehyde in seawater, and then placed in
70% ethanol for histological analysis. Fixed oyster
tissue was then embedded in paraffin, sectioned
(5 µm), mounted on glass slides and stained with
haematoxylin and eosin for histological examination.
Histology slides were examined under an Olympus
BX51 light microscope at 100× magnification.

Amplification and sequencing
of the APX 18S rRNA gene
Total genomic DNA was extracted from frozen flat
oyster digestive gland and gill tissues (n = 12 oyster
individuals) using a Zymo Genomic DNA Tissue Mini
Prep Kit (Zymo Research) following the manufacturer’s instructions. Subsequent amplification of 1.8 kb
of the 18S rRNA gene sequence was achieved in 2
steps. Initially, a product of 0.6 kb was amplified using
the forward primer F2 (5’-GGT AGY GAC AAG AAA
TAA CAA C-3’) paired with reverse primer R2 (5’GAY TAC GAC GGT ATC TGA TCG TC-3’) (Wakeman 2013). Polymerase chain reaction (PCR) mixtures
consisted of 10 µl 2× MyFi Mix (BioLine), 1 µl forward
primer (10 pmol µl−1), 1 µl reverse primer (10 pmol
µl−1), 1 µl extracted gDNA and nuclease-free water to
a final volume of 20 µl. Thermocycling conditions
were 95°C for 2 min; 5 cycles of 95°C for 20 s, 50°C for
30 s, 72°C for 2 min; followed by 35 cycles of 95°C for
20 s, 60°C for 30 s, 72°C for 2 min; final extension of
72°C for 7 min; hold at 15°C. Amplification products
were separated on a 1% (w/v) agarose gel and
stained with ethidium bromide (0.5 µg ml−1) before
visualisation under UV illumination. Amplification
products of the expected size were purified from the
agarose gel with a Nucleospin® gel and PCR cleanup kit (Macherey-Nagel) and sequenced by an external contractor (Massey Genome Service, NZ).
In the second stage of the amplification procedure,
the 18S rRNA sequences obtained from the 0.6 kb
F2/R2 amplification products were used to design
specific primers which were then paired with generic
apicomplexan 18S rRNA primers to extend from the
F2/R2 sequence in both 5’ and 3’ directions. The 5’
extension was obtained using the forward primer
PF1 (5’-GCG CTA CCT GGT TGA TCC TGC C-3’)
(Wakeman 2013) paired with reverse primer 1906Rev1
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(5’-TTT CAC CTC TGA CAG TAC AAA TAC-3’). The
3’ extension was obtained using the forward primer
3011For1 (5’-AAT GCA AGG CAT TTA CTG CTT
TG-3’) paired with the reverse primer SSUR4 (5’-GAT
CCT TCT GCA GGT TCA CCT AC-3’) (Wakeman
2013) using thermocycling conditions of 95°C for
2 min; 35 cycles of 95°C for 30 s, 60°C for 30 s, 72°C for
30 s; final extension of 72°C for 5 min; hold at 15°C.
Amplification products of the expected sizes were
purified from agarose gels and ligated into a T-tailed
cloning vector (pGEM-T Easy, Promega) and sequenced by an external contractor (Massey Genome
Service, NZ).

Phylogeny of the apicomplexan
18S rRNA sequences
In the first data set, two 1.8 kb 18S rRNA sequences,
‘Isolate from oyster 1’ (GenBank accession number
KX774501) and ‘Isolate from oyster 2’ (KX774502)
were aligned with 18S rRNA sequences (n = 43) obtained from GenBank that represented major eukaryote groups and included apicomplexans and alveolates
(Yubuki & Leander 2008). The 18S rRNA sequence of
the coccidian Toxoplasma gondii (U03070) was included as a representative of the Apicomplexa.
To elucidate the relationship between the novel
sequences among known apicomplexans (especially
marine apicomplexans), the 2 new 18S sequences
generated in this study were aligned with 27 additional sequences downloaded from GenBank representing major apicomplexan lineages and 3 sequences from dinoflagellates and 2 sequences from
colpodellids as the outgroup, forming the second
data set of 34 taxa. Sequences were aligned using
Clustal W and manually edited using Mesquite
(Maddison & Maddison 2016) to exclude hypervariable regions for which homology could not be
assigned confidently.
Phylogenies were estimated using the neighbourjoining method (Saitou & Nei 1987) with the K2P
model (Kimura 1980), and bootstrap support for each
node was estimated from 2000 pseudoreplicates in
MEGA version 6.06 (Tamura et al. 2013).

Amplification and sequencing of the
Ostrea chilensis 18S rRNA gene sequence
To facilitate in situ hybridisation probe design, the
O. chilensis 18S rRNA gene sequence was required
to help reduce the chances of any proposed probes
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hybridising with O. chilensis 18S rRNA. To obtain
1.8 kb of O. chilensis 18S rRNA sequence data, a PCR
product of 1.8 kb was amplified from O. chilensis
gDNA templates using the generic 18S rRNA primer
pair PF1/SSUR4 (Wakeman 2013). PCR reaction mixtures consisted of 10 µl 2× MyFi Mix (BioLine), 1 µl
forward primer PF1 (10 pmol µl−1), 1 µl reverse
primer SSUR4 (10 pmol µl−1), 1 µl extracted gDNA
and nuclease-free water to a final volume of 20 µl.
Thermocycling conditions were 95°C for 2 min; 35
cycles of 95°C for 30 s, 60°C for 30 s, 72°C for 30 s;
final extension of 72°C for 5 min; hold for 15°C.
Amplification products of the expected size were
purified from the agarose gel (Nucleospin® gel and
PCR clean-up kit; Macherey-Nagel) and ligated into
a T-tailed cloning vector (pGEM-T Easy, Promega)
and sequenced by the Massey Genome Service.

In situ hybridisation (ISH)
To further support the hypothesis that the 18S gene
sequences amplified from this study belonged to
APX, specific ISH probes were designed. Using
Clustal W (Larkin et al. 2007), the APX 18S rRNA
gene sequences we obtained in this study (GenBank
accession numbers KX774501 and KX774502) were
aligned with a flat oyster 18S rRNA sequence
(KX977494), a Pacific oyster Crassostrea gigas 18S
rRNA sequence (AB064942) and 18S rRNA sequences from Bonamia species, i.e. B. ostreae
(AF262995.1) and B. exitiosa (JF495410.1). From the
aligned 18S rRNA sequences, 2 probes, ISH-APXPr01 (5’-ATC AAA CCG GAT TCT CAC TCA AAG
A-3’) and ISH-APX-Pr02 (5’-GTG AGT CGA GAA
CAA AGA ACA TTC-3’), were designed using Oligo
Calc software (Kibbe 2007) that were specific to APX,
but had mismatches along the non-target 18S rRNA
sequences of flat oysters, Pacific oysters and Bonamia
species. Both probes were labelled with a digoxigenin (DIG) at the 3’ end (Sigma-Aldrich).
Oyster tissue sections for ISH were prepared by the
Institute of Veterinary, Animal and Biomedical Sciences, Massey University, NZ. Briefly, 5 µm thick
cross sections were cut from paraffin-embedded
blocks of paraformaldehyde-fixed tissue taken from
3 flat oysters (12 sections each) that tested positive for
APX by histology and PCR. The cross sections were
placed on Superfrost Plus slides (Menzel Gläser) and
air dried. Nine mounted tissue sections from 2 Pacific
oysters (Cawthron Aquaculture Park, Nelson, NZ)
which were APX-negative were prepared in the
same process.
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Eighteen ISH assays were carried out on a set of 3
slides; a negative control (Pacific oyster), a positive
control (flat oyster sample infected with APX) and a
no-probe control (hybridisation buffer only). Sections
from each flat oyster with APX infections were tested
with the ISH probes ISH-APX-Pr01 and ISH-APXPr02. The ISH procedure (Stokes & Burreson 1995,
Bueno 2015) was modified slightly as follows. Concentration of Proteinase K was 100 µg ml−1. Protease
digestion time was increased to 18 min. The washing
step with 1.0% glycine in 1× PBS for 5 min was
removed. Pre-hybridisation buffer was removed from
the tissue sections and replaced with 80 µl hybridisation solution consisting of the pre-hybridisation
buffer and DIG-labelled DNA probe at the final concentration of 3 ng µl−1. Hybridisation temperature
was 45°C for probe ISH-APX-Pr01 and 42°C for
probe ISH-APX-Pr02. The ISH-labelled specimens
were examined under an Olympus BX51 light microscope for the presence of dark blue to black precipitates in cells.

RESULTS
Histological confirmation of APX infection
of flat oyster tissues
APX zoites were observed in the histological sections of all 36 flat oysters examined, albeit with varying levels of infection intensity (Fig. 1). The zoites
were elongate and elliptical in shape, with a mean ±
SE length of 7.4 ± 0.2 µm (range: 5−10.5 µm, n = 60).
Examination of the tissue sections from 36 infected
flat oysters found that zoites were most commonly
located in the connective tissue between digestive
gland tubules, proximal to the intestine, less commonly in the gill epithelium and mantle. APX was not
observed in gonad tissues. From an initial histological screen of 36 flat oysters, 12 flat oysters heavily
infected by APX were selected for the extraction of
genomic DNA.

Amplification and sequencing of partial APX 18S
rRNA gene sequences
An amplicon of 0.6 kb was generated from flat
oyster gDNA templates using the PCR primer pair
F2/R2 targeting apicomplexan 18S rRNA sequences. The PCR product was directly sequenced,
and a BLASTN search of the GenBank database
found the sequence most closely matched with 18S

Fig. 1. Histopathological differences in the intensity of apicomplexan-X (APX) infection in the examined Ostrea
chilensis. Black arrows: APX, red arrow: Bonamia microcells
within haemocyte, yellow arrows: normal haemocytes. (A)
Light infection: < 5 parasites visible in the field of view. (B)
Light to moderate infection: a few zoites are observed in
most tissues between connective tissue cells. (C) Moderate
to heavy infection: zoites are numerous among and within
the connective tissue cells, and in the gills and mantle (not
shown). The levels of infection intensity are defined based
on the classification of Hine (2002). Scale bars = 10 µm
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rDNA sequence from Eimeria sp. (Apicomplexa,
accession number JF419346, 82% identity, E-value
2 × 10−143).
Concatenation of the 2 putative 18S APX sequences extended from 5’ and 3’ direction using
the primer pairs PF1/1906For1 and 3011For1/SSUR4
generated 917 and 1320 nucleotide portions of the
18S rRNA gene, producing a composite sequence
of 1809 bp. The 2 sequences overlapped by 429
nucleotides allowing unambiguous concatenation
of the 2 sequences. Using this approach, 18S rRNA
sequences were generated from 2 flat oyster gDNA
samples and, after the 5’ and 3’ PCR primer sequences were removed, were deposited in GenBank (isolates from oyster 1 and 2: accession numbers KX774501 and KX774502, respectively) for a
portion of the 18S rRNA gene. The 2 apicomplexan
18S rRNA gene sequences differed at 3 nucleotide
positions.

Phylogeny of the apicomplexan
18S rRNA sequences
Phylogenetic analysis of the data set containing our
putative APX 18S gene sequences and the 43 18S
sequences representing the major eukaryote groups
placed our sequences as a sister-group to the coccidian Toxoplasma gondii with well-supported bootstrap values (data not shown). Phylogenetic analyses
of the 34-taxa data set that focussed on the relationships within the apicomplexans showed that our 2
putative APX sequences formed a sister clade to the
group consisting of T. gondii, Hepatozoon catesbianae and Adelina bambarooniae, albeit with low
bootstrap support (Fig. 2).

Amplification and sequencing of an
oyster 18S rRNA gene sequence
At the time this work was undertaken, only 2
Ostrea chilensis 18S rRNA sequences were available
on GenBank, both of 875 bp (accession numbers
EU660788, EU660789). Using the generic 18S rRNA
primer pair PF1/SSUR4, a PCR product of 1.8 kb was
amplified from O. chilensis gDNA templates. After
trimming off the PCR primer sequences, the resulting
1776 bp sequence was 99.8% identical with both
previously reported O. chilensis 18S rRNA sequences
EU660788 and EU660789. The 1776 bp O. chilensis
18S rRNA sequence was deposited in GenBank
under accession number KX977494.
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In situ hybridisation
From the alignment of APX 18S rRNA sequences
(GenBank accession numbers KX774501 and KX77
4502) with flat oyster (KX977494), Pacific oyster
(AB064942), Bonamia ostreae (AF262995.1) and B.
exitiosa (JF495410.1) sequences, 2 probes (ISH-APXPr01 and ISH-APX-Pr02; Fig. 3) appeared promising
by Oligo Calc analysis and were experimentally evaluated. ISH was performed with both ISH-APXPr01 and ISH-APX-Pr02 probes for the detection of
APX using high-temperature denaturation on paraformaldehyde-fixed, paraffin wax sections of APX-infected flat oysters, and visualised by an alkaline
phosphatase/nitroblue tetrazolium detector system.
Both probes ISH-APX-Pr01 and ISH-APX-Pr02 showed
complete hybridisation to APX cells, which resulted
in a dark, coarsely granular blue reaction product
(Fig. 4). Examination of the cells to which the ISH
probes bound morphologically resembled the APX
cells identified in the histological specimens (Fig. 1).
None of the probes bound to host tissue, and all controls were negative (Fig. 4). Hybridisation results
were reproducible when 18 runs were made.

DISCUSSION
Apicomplexans are known to be important from
both economic and human health perspectives. In
addition, many lineages of apicomplexans are closely
associated with marine invertebrates, including a
number from commercially significant bivalve species from around the world (Morado et al. 1984,
Whyte et al. 1994, Tuntiwaranuruk et al. 2004,
Aranda et al. 2011, Uddin et al. 2011, Kristmundsson
et al. 2015). This includes the unnamed and poorly
understood APX found in NZ flat oysters that has
been associated with mass mortality events in the
largest commercial flat oyster fishery in NZ (Cranfield et al. 2005). From 1986 to 1988, APX infected
80−100% of oysters sampled in Foveaux Strait, and
in association with Bonamia exitiosa, oyster stocks
were reduced by up to 80% (Hine 1989). However,
there is little information on the identity, prevalence
and epidemiology of APX, and the life cycle of APX is
unknown.
Using primers designed for apicomplexans from
other host groups, we obtained sequences for a portion of the 18S rRNA gene from DNA extracted from
flat oysters that were histologically confirmed to be
infected with APX. The 18S sequences obtained
were most similar to apicomplexan sequences in
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Fig. 2. Phylogenetic analyses of 2 apicomplexan-X (APX) isolates from the flat oyster Ostrea chilensis with representatives of
known apicomplexan sequences. Colpodellids and dinoflagellates were used as outgroups. The 2 APX sequences group with
the clade consisting of Toxoplasma gondii, Hepatozoon catesbianae and Adelina bambarooniae and are highlighted in the
box. Numbers above the nodes are bootstrap support values > 50% (of 2000 replicates). GenBank accession numbers of all
sequences used are shown in parentheses

GenBank, and a phylogenetic analysis of 18S rRNA
sequences for 43 eukaryote species downloaded
from GenBank revealed that the putative APX
sequences were most closely related to sequences
from the apicomplexan Toxoplasma gondii. Confirmation of the identity of APX sequences was also
supported by their corresponding ISH probes, which
clearly and exclusively labelled the APX zoites in histological sections of infected oysters. These results
strongly support the contention that we isolated
sequences for the APX infecting flat oysters.
Among marine apicomplexans, use of the small
subunit (SSU) rDNA sequences for evaluating the
diversity of marine gregarines (an apicomplexan
subclass) has been very informative for delimiting
closely related species from one another and for discovering major clades of gregarine species (Rueckert
et al. 2010, Wakeman & Leander 2013). Apicomplexans with similar morphology to the APX zoites found
in flat oysters in NZ have been reported from green-

lipped mussel Perna canaliculus from the Marlborough Sounds (Diggles et al. 2002). The apicomplexans found in green-lipped mussel do not resemble
any other known apicomplexan except the APX
found in NZ flat oysters, and they have not been
reported from any other host (Diggles et al. 2002).
Recently, apicomplexans with similar morphology to
the APX zoites have also been found in NZ blue mussels Mytilus galloprovincialis (S. Webb unpubl. data).
However, the use of morphological characters to distinguish between species can be misleading, especially when variability within an individual species
occurs. Our primers may resolve ambiguities and
uncertainties occurring in this issue.
The phylogeny estimated from the APX 18S sequences and 18S sequences for Apicomplexa downloaded from GenBank found APX grouped with the
apicomplexans Hepatozoon catesbianae, Adelina
bambarooniae and T. gondii. Hepatozoon spp. are
apicomplexan parasites infecting tetrapod verte-
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Fig. 3. Design of probes for in situ hybridisation detection of apicomplexan-X (APX)
18S rRNA in infected oyster Ostrea chilensis tissues. Partial 18S rRNA sequences
of APX (GenBank accession nos. KX77
4501, KX774502), flat oyster (KX977494),
Pacific oyster (AB064942), Bonamia ostreae (AF262995) and B. exitiosa (JF4
95410) were aligned to identify 2 regions
discriminating the APX 18S rRNA sequences from the others. Two in situ hybridisation probes (ISH-APX-Pr01 and ISHAPX-Pr02) were designed which were
reverse-complements of the 2 regions
indicated

brates and hematophagous arthropods (Boulianne et al. 2007), while
coccidian parasites of the genus
Adelina are known to be strictly
entomogenous (Lange & Wittenstein
2001). H. catesbianae has been described inhabiting the erythrocytes
of American bullfrogs Rana catesbeiana, green frogs Lithobates clamitans (Boulianne et al. 2007) and
mosquitoes Culex territans (Desser
et al. 1995), while A. bambarooniae
has been recorded as a parasite of
the cane beetle Dermolepida albohirtum (Harris et al. 2011).
A key advantage of PCR is the ability to detect DNA from parasites
when the tissues available are not
appropriate for histology, for example when they are in a state of
decomposition or have been frozen.
PCR also permits detection of lowintensity infections. However, while

Fig. 4. Detection of apicomplexan-X (APX)
18S rRNA sequences in APX-infected flat
oyster Ostrea chilensis tissue sections by
in situ hybridisation. (A,C) Clear labelling
(blue dye deposition) of APX cells by both
probes ISH-APX-Pr01 (A) and ISH-APXPr02 (C). No labeling of flat oyster host
cells was apparent. (B,D) Negative controls consisting of APX-infected flat oyster
tissue processed but omitting either probe
ISH-APX-Pr01 (B) or probe ISH-APXPr02 (D). (E) Negative control consisting
of non-APX-infected Pacific oyster Crassostrea gigas tissue hybridised with either
probe ISH-APX-Pr01 or ISH-APX-Pr02.
Scale bars = (A,B) 20 µm, (C,D) 50 µm, (E)
100 µm
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10
20
30
40
50
60
....|....|....|....|....|....|....|....|....|....|....|....|
-------------------AGTAGTCATATGCTTGTCTCAAAGATTAAGCCATGCATGTC
-------------------AGTAGTCATATGCTTGTCTCAAAGATTAAGCCATGCATGTC
-------------------AGTAGTCATATGCTTGTCTCAAAGACTAAGCCATGCATGTC
TAACCTGGTTGATCCTGCCAGTAGTCATATGCTTGTCTCAAAGATTAAGCCATGCATGTC
------GGTTGATCCTGCCAGTAGTCATATGCTTGTCTCAAAGATTAAGCCATGCATGTC
----------------------AGTCATATGCTTGTCTCAAAGATTAAGCCATGCATGTC
********************** ***************

ISH-APX-Pr01

KX774501
KX774502
KX977494
AB064942.1
AF262995.1
JF495410.1

610
620
630
640
650
660
....|....|....|....|....|....|....|....|....|....|....|....|
----CGTTGGCCAGTCTCCGCT---CTTTGAGTGAGAATCCGGTTTGATAGGGGCATCCT
----CGTTGGCCAGTCTCCGCT---CTTTGAGTGAGAATCCGGTTTGATAGGGGCATCCT
----AGGCTGGCGGTCCGCCTC---GTTGCGGTCACTGCCTGTCCTGACCCAACCTCTCG
----AGGCTGGCGGTCCGCCTC---GTTGCGGTCACTGCCTGTCCTGACCCAACCTCTCG
GGCCGGCCCGGTCGTCCGCGAC-CGCACACACGTGCAGAGCGGCCGCCCGGGGGCATAAT
GCCCGGGCCGGAC--TCGCGACGCACCTGCGCCTGCGGC-CGGCCGCC--GGGGCATAAT
*
*
*
*
*

ISH-APX-Pr02

1400
1410
1420
1430
1440
1450
....|....|....|....|....|....|....|....|....|....|....|....|
KX774501
KX774502
KX977494
AB064942.1
AF262995.1
JF495410.1

AGAATGT--------------------------TCTTTGTTCTCGACTCACTTCTTAGAG
AGAATGT--------------------------TCTTTGTTCTCGACTCACTTCTTAGAG
CCGATCT--------------------------CGAAACTGTCGGTGCAACTTCTTAGAG
CCGATCT---------------------------ATTGCTGTCGGTGTAACTTCTTAGAG
CTAACCCGGCGCTCGGCGCCAGTTAGCGGGGTGCAGCATTGCGCGCCCGGCTTCTTAGAG
CTAACCCGGCGCCCAGCGCCCGTTAGCGGGGTGCAGCATTGCGCGCCCGGCTTCTTAGAG
*
**********
*
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PCR is a sensitive method for detecting specific
sequences of DNA, PCR does not confirm the presence of a viable pathogen, infection or disease. For
this, other techniques such as histology and ISH are
also required as used here, to allow visualisation of
the parasite in host tissues (Burreson 2008).
In summary, the present study shows that APX in
flat oysters can be detected by PCR, and the results
from ISH tests and phylogenetic analyses supported
our contention that we have obtained sequences for
APX parasitising NZ flat oysters. The sequences we
obtained and the primers we designed will increase
the range of research that can be done on APX. The
method has the potential to confirm the identity of
APX-like cells seen previously by histology in NZ
P. canaliculus and M. galloprovincialis. Additionally,
despite the extensive histopathological examination
of numerous flat oyster individuals, only the zoite
stage of APX has ever been observed (Hine 2002),
and the sister group of APX, T. gondii, is known for
adopting several forms in its life cycle which spread
through several hosts, suggesting the possibility
that APX is heteroxenous. Future work should focus
on validating the PCR methods developed in this
current research and using the test to detect potential secondary host(s) of APX that will ultimately
assist in managing APX in affected populations of
flat oysters.
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