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ABSTRACT: Apicomplexan-X (APX) is a significant pathogen of the flat oyster Ostrea chilensis in
New Zealand. The life cycle and host range of this species are poorly known, with only the zoite
stage identified. Here, we report the use of molecular approaches and histology to confirm the
presence of APX in samples of green-lipped mussels Perna canaliculus, Mediterranean mussels
Mytilus galloprovincialis and hairy mussels Modiolus areolatus collected from widely distributed
locations in New Zealand. The prevalence of APX infection estimated by PCR was 22.2% (n = 99)
and 50% (n = 30) in cultured green-lipped mussels from Nelson and Coromandel, respectively;
0.8% (n = 258), 3.3% (n = 150) and 35.3% (n = 17) in wild Mediterranean mussels from Nelson,
Foveaux Strait and Golden Bay, respectively; and 46.7% (n = 30) in wild hairy mussels from Foveaux Strait. Histology detected all cases of PCR that were positive with APX and appeared to be
more sensitive. The prevalence of APX estimated by histology in green-lipped mussels from Coromandel was 60% versus 50% by PCR, and 4.3%, 10.7% and 52.9% by histology versus 0.8%,
3.3% and 35.3% by PCR in wild Mediterranean mussels from Nelson, Foveaux Strait and Golden
Bay, respectively. The specific identity of the parasite found in mussels was determined by sequencing PCR products for a portion (676 bp) of the 18S rRNA gene; the resulting sequences were
99−100% similar to APX found in flat oysters. Phylogenetic analyses also confirmed that all isolates from green-lipped, Mediterranean and hairy mussels grouped with APX isolates previously
identified from flat oysters. This study indicates the wide geographical distribution of APX and
highlights the potentially multi-host specific distribution of the parasite in commercially important
bivalve shellfish.
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The phylum Apicomplexa is a group of more than
6000 obligate protozoan parasites that cause morbidity and mortality in a wide range of vertebrates and
invertebrates (Seeber & Steinfelder 2016). Shellfish
such as scallops, clams, cockles, mussels and oysters

host a wide range of apicomplexans (Azevedo &
Matos 1999, Hine 2002a, Uddin et al. 2011, AbdelBaki et al. 2012, Kristmundsson et al. 2015). Some
apicomplexans are free-living in coastal waters and
incidentally accumulate in bivalve tissues through
particle-feeding processes (e.g. Toxoplasma gondii)
(Ben-Horin et al. 2015). When introduced to a naive
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host population, some apicomplexan species cause
little or no apparent negative effects in bivalve hosts
(e.g. Nematopsis sp.) (Azevedo & Matos 1999), while
others have had a significant impact on shellfish species due to the morbidities and mortalities they cause
(e.g. Aggregata sp. in the Iceland scallop Chlamys
islandica; Kristmundsson et al. 2015).
Apicomplexan-X (APX) is an endemic parasite of
the flat oyster Ostrea chilensis in New Zealand. The
infective stages of APX in flat oyster are zoites; other
stages such as oocysts or sporocysts have never been
observed (Hine 2002a). The zoites are elongated and
elliptical in outline (about 8 µm long and 5 µm wide)
with a round nucleus halfway down their length that
occupies almost the entire width of the cell. Transmission electron microscopic examination of APX
zoites has revealed the typical features of an apicomplexan including 2 polar rings, subpellicular microtubules, a conoid, rhoptries and micronemes (Hine
2002a).
In O. chilensis, the mode of infection with APX
zoites is thought to be via division and growth within
the haemocytes, until the haemocyte energy reserves
are depleted and haemocyte lysis occurs (Hine &
Jones 1994, Hine 2002a). Histopathological changes
have been associated with different APX infection
intensities, causing varying degrees of pathology in
oyster organs. In heavy infections of APX, parasites
and haemocytes crowd around the gonads, gut and
digestive diverticulae, often associated with the destruction of connective tissues and gonad follicles
(Hine 2002a). Oysters infected with APX appear
smaller, thinner and watery compared with uninfected
oysters of the same shell size (Hine 2002a). APX is
also strongly suspected of increasing the susceptibility of oysters to Bonamia exitiosa by destroying
haemocytes and connective tissue cells, and depleting host glycogen reserves (Hine 2002a). Mass mortality of commercially important populations of O.
chilensis of up to 91% has been reported in dual
infections with B. exitiosa and APX (Hine 2002a).
Zoite stages of an APX-like organism have been
reported from green-lipped mussels Perna canaliculus, a commercially important species (Diggles et al.
2002), and observed in Mediterranean mussels Mytilus galloprovincialis and hairy mussels Modiolus
areolatus (S. Webb unpubl. data) in New Zealand. In
P. canaliculus, heavy APX infections have been associated with focal destruction of connective tissue
cells (Diggles et al. 2002, Hine 2002b). If APX in flat
oysters and APX-like zoites found in green-lipped,
Mediterranean and hairy mussels are the same species, shared susceptibility could complicate any dis-

ease control measures. Since morphological traits
can be inadequate for distinguishing many apicomplexan species, genotypic comparison is an essential
requirement for delimiting parasite ranges (Sabat et
al. 2013). Additionally, information regarding the
prevalence of APX in other bivalve hosts is limited.
18S rDNA has been reported as a reliable marker
gene for apicomplexan identification as it contains
both highly variable and conserved regions (Leander
et al. 2003, Wakeman 2013, Rueckert et al. 2015). In
addition, evolutionary processes are much slower in
the 18S rRNA gene compared with COI, making it
potentially a more informative marker for delimiting
closely related species (see review by Renoux et al.
2017). Recently, a specific PCR and an sequencing
protocol has been established to target the APX 18S
rRNA gene sequence in flat oysters (Suong et al.
2018). The aim of this study is to confirm the identity
of APX and estimate prevalence of infection in
green-lipped, Mediterranean and hairy mussels, by
applying both histological and molecular methods.

2. MATERIALS AND METHODS
2.1. Sample collection sites and histology
Cultured adult green-lipped mussels were sampled
from the Cawthron Aquaculture Park, Nelson (n = 99,
mean length ± SD = 136.1 ± 7.9 mm) in 2016 and from
a mussel farm site near Coromandel Peninsula (n = 30,
mean length = 100.2 ± 7.2 mm) in 2017. Adult wild
Mediterranean mussels were sampled from the Cawthron Aquaculture Park, Nelson (n = 258, mean
length = 69 ± 8.5mm) in 2014; Foveaux Strait (n = 150,
mean length = 34.3 ± 9.2 mm) in 2015; and Golden
Bay (n = 17, mean length = 77 ± 22 mm) in 2017.
Adult wild hairy mussels were sampled from Foveaux
Strait (n = 30, mean length = 51.7 ± 5.5 mm) in 2018
(Fig. 1). One histology slide stained with hematoxylin
and eosin was prepared from each mussel following
the methods outlined in Howard et al. (2004), and the
remaining tissues were kept frozen at −70 °C. Histology slides were screened for presence or absence of
APX-like organisms under an Olympus BX51 compound light microscope at 100× magnification.

2.2. DNA extraction and PCR amplification
Total genomic DNA was extracted from a 25 mg
composite of frozen digestive gland and mantle tissue of each bivalve using a Zymo Genomic DNA
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Following PCR, 10 µl of the PCR products were
visualized on 1% agarose gel stained with Redsafe
(iNtRON Biotechnology) at a concentration of 0.02%
under UV light. The presence of a single band of the
appropriate size on the gels was considered a positive result.

2.3. Sequencing
To confirm that the nested-PCR products were APX,
positive samples from each bivalve species from each
sampling site were selected for direct DNA sequencing as recommended to a parasite in a new host
and/or a new location (OIE 2011). All PCR products
were purified using the Nucleospin® gel and PCR
clean-up kit (Macherey-Nagel) before being sequenced directly in both forward and reverse directions using Massey Genome Service, New Zealand.
The sequences were deposited on GenBank after the
3’ and 5’ primer sequences had been removed. Sequences obtained were compared with sequences in
GenBank using the Basic Local Alignment Search
Tool (BLAST) (Altschul et al. 1990).

2.4. Phylogenetic analyses
Fig. 1. Sample collection sites Coromandel, Golden Bay, Nelson
and Foveaux Strait. Pie charts represent sample size (n) and
histological prevalence of APX (p) for each mussel species
collected at each site

Tissue Mini Prep Kit (Zymo Research) following the
manufacturer’s instructions. For detecting the APX
DNA in the host-tissues, a nested PCR approach was
used. The apicomplexan primers 3011For1 (Suong
et al. 2017) and SSUR4 (Wakeman 2013) were first
employed and the amplified products were then
used as a template in a second PCR reaction to
amplify a 723 bp APX-specific DNA fragment with
APX-For and APX-Rev primers (Suong et al. 2018).
The 18S rRNA gene sequences (723 bp) spanned
the variable regions V2 to V7 as described by Renoux et al. (2017). Each PCR reaction (20 µl final
volume) contained 10 µl 2 × MyFi Mix (BioLine),
10 pmol of each primer, 1 µl (150 ng) template DNA
and ultra-pure distilled water (Invitrogen). Thermal
cycling conditions used were 95°C for 2 min; 35
cycles of 95°C for 30 s, 60°C for 30 s, 72°C for 30 s;
72°C for 5 min and hold at 15°C. Ultra-pure distilled
water and DNA of flat oyster infected with APX
were used as template in the negative and positive
controls, respectively.

The sequences generated from samples infected
with APX-like zoites from cultured green-lipped
mussels from Nelson and Coromandel, wild Mediterranean mussels from Nelson, Foveaux Strait, and
Golden Bay, and wild hairy mussels from Foveaux
Strait were aligned with 4 APX sequences previously
isolated from flat oysters (GenBank accession numbers KX774501, KX774502, MH375571, MH375569)
using ClustalW incorporated in MEGA version 6.06
(Tamura et al. 2013), forming the first data set of 26
sequences. These sequences were distributed into 4
groups based on host species (green-lipped mussels,
flat oysters, Mediterranean mussels, hairy mussels)
using the ‘Select taxa and group’ function of MEGA
version 6.06 (Tamura et al. 2013). Overall mean
genetic distance of 26 APX isolates and intraspecific
convergence of APX isolates within each host species, and interspecific APX distances among different
host species, were calculated in Mega using a
Kimura 2 parameter (K2P) model (Kimura 1980). Species identification using genetic data are dependent
on genetic distances among specimens. Kimura’s 2parameter model (K2P) (Kimura 1980) is the de facto
standard metric for computing these distances.
Collins et al. (2012) have shown that differences in
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distance calculated by the best fitting model and the
K2P model estimates were usually minimal, and importantly, identification success rates were largely
unaffected by model choice even when interspecific
threshold values were reassessed.
To determine the evolutionary relationship of the
novel sequences generated in the present study, the
first data set of 26 sequences were aligned with 25
additional sequences downloaded from GenBank
from an array of aquatic apicomplexans (Eimeria
tenella, Colpodella tetrahymenae, Margolisiella islandica, Tridacna hemolymph apicomplexan, Colpodella pontica, Besnoitia besnoiti, Toxoplasma gondii,
Cryptosporidium serpentis, Cryptosporidium parvum,
Colpodella edax), Cercozoa (Chlorarachnion sp.),
aveolates (Alveolata sp., Stentor coeruleus, Chromera
velia), fungi (Phytophthora megasperma, Hyphochytrium catenoides), ciliates (Paramecium tetraurelia,
Sterkiella histriomuscorum), Perkinsozoa (Perkinsus
atlanticus), diatoms (Cylindrotheca closterium, Chrysolepidomonas dendrolepidota), and dinoflagellates
(Alexandrium catenella, Gonyaulax polyedra, Akashiwo sanguinea, Pfiesteria piscicida), forming the
second data set of 51 sequences. Phylogenetic trees
for both data sets were estimated using the maximum
likelihood method with the Tamura-Nei model (Tamura & Nei 1993), and bootstrap support for each
node was estimated from 1000 pseudoreplicates in
MEGA version 6.06 (Tamura et al. 2013). The tree
was rooted with the diatom group.

occurred in 46.7% (14 of 30) of individuals. All histology-positive samples had only a very light level of
infection with only a few of APX-like zoites scattered
or aggregated in small groups of 3−5 zoites, mostly in
the connective tissue of the digestive gland and mantle tissue. Histopathological changes were restricted
to the presence of brown cells, the accumulation of
haemocytes and detached connective tissues leaving
voids in the tissue structure (Fig. 2A,B,D).

3.2. PCR screening
PCR screening of the tissues using APX specific
primers (APX-For and APX-Rev) amplified a product
specific to APX (ca. 723 bp) in specimens of greenlipped, Mediterranean and hairy mussels. The prevalence of APX infection estimated by PCR was at
22.2% (22 of 99) in cultured green-lipped mussels
from Nelson, and 50% (15 of 30) from Coromandel.
APX occurred as indicated by PCR in wild Mediterranean mussels from Nelson, Foveaux Strait and
Golden Bay at 0.8% (2 of 258), 3.3% (5 of 150) and
35.3% (6 of 17) respectively. In wild hairy mussels
from Foveaux Strait, amplification of APX DNA was
achieved in samples from 46.7% (14 of 30) of individuals. All the PCR-positive samples had positive histology results.

3.3. Sequencing
3. RESULTS
3.1. Histology
Histological observations showed typical characteristics of APX-like zoites (e.g. indistinct nucleus
and scattered glycogen granules; Hine 2002a) in the
connective tissues of all 3 bivalve species examined
(Fig. 2A−D). The zoites were oval in shape with a
width and length of 3.9−5.2 × 5.2−9.2 µm (n = 70) in
green-lipped mussels; 4.0−5.9 × 5.7−8.0 µm in Mediterranean mussels (n = 30) and 3.9−5.7 × 5.2−8.4 µm
in hairy mussels (n = 30).
The prevalence of APX-like zoites estimated by
histopathology was 22.2% (22 of 99) in cultured
green-lipped mussels from Nelson, and 60% (18 of
30) from Coromandel. APX-like zoites occurred in
wild Mediterranean mussels from Nelson, Foveaux
Strait and Golden Bay at 4.3% (11 of 258), 10.7%
(16 of 150) and 52.9% (9 of 17) respectively. In wild
hairy mussels from Foveaux Strait, APX-like zoites

Sequencing representative samples from each
bivalve species from each sampling site that were infected with APX-like organisms resulted in 22 sequences. Five sequences were obtained from cultured green-lipped mussels from Nelson (GenBank
accession numbers MH375556, MH375557, MH3755
58, MH375559 and MH375560), and 6 sequences
from Coromandel (GenBank accession numbers MH
375551, MH375552, MH375553, MH375554, MH375
555 and MH375564). One sequence was obtained
from wild Mediterranean mussels from Nelson (GenBank accession number MH375573), 2 sequences
from Foveaux Strait (GenBank accession numbers
MH375572 and MH375570), 3 sequences from Golden Bay (GenBank accession numbers MH375550,
MH375562 and MH375563). Five sequences were
obtained from wild hairy mussels from Foveaux
Strait (GenBank accession numbers MH375561, MH375565, MH375566, MH375567 and MH375568). A
BLAST analysis found the sequences we obtained
were 99−100% similar to APX 18S rRNA gene se-
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Fig. 2. Histological sections of (A−B) Perna canaliculus, (C) Modiolus areolatus, and (D) Mytilus galloprovincialis. Black
arrows: APX-like zoites; red arrows: accumulation of haemocytes around APX-like cells; green arrows: brown cells; yellow
arrows: empty space in the connective tissue due to the APX-like zoites. D*: normal digestive tubule. Scale bars: 10 µm

quences previously isolated from flat oysters (KX774501, KX774502, MH375571 and MH375569) with
99% to 100% query coverage (E value = 0).

3.4. Phylogenetic analyses
Analyzing the larger data set affirmed that all APX
isolates from green-lipped mussels, Mediterranean
mussels, hairy mussels and flat oysters belonged to
the same group that formed sister relationships with
3 apicomplexan clades consisting of Cryptosporidium serpentis and Cryptosporidium parvum, Margolisiella islandica and Tridacna hemolymph, Besnoitia
besnoiti, Toxoplasma gondii and Eimeria tenella, respectively (Fig. 3). The overall mean genetic distance
between the 26 APX isolates was 0.28%. By contrast,
a BLASTN search showed 18S rRNA sequences from

APX and its closest sequenced relative Colpodella
edax differed by 10% for the 1764 bp portion of the
18S rRNA gene. The maximum intraspecific divergence observed in APX isolates from Mediterranean
mussels collected from Nelson, Foveaux Strait, and
Golden Bay was 0.24% (Table 1). The maximum interspecific divergence was 0.6% between APX isolates
from flat oysters collected from Foveaux Strait and
APX isolates from green-lipped mussels collected
from Nelson and Coromandel (Table 2). Phylogenetic
analysis of the APX sequences found 2 clades. One
clade was formed with APX sequences isolated from
flat oysters (KX774501, KX774502, MH375569, MH375571), 2 APX sequences from Mediterranean mussels (MH375562, MH375563) and one APX sequence
from green-lipped mussel (MH375564) with 96%
bootstrap support. The remaining 19 APX sequences
clustered in another clade albeit with low bootstrap
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APX isolate F4 from O. chilensis (MH375569)
APX isolate F2 from O. chilensis (KX774502)
APX isolate C1 from P. canaliculus (MH375564)
APX isolate G3 from M. galloprovincialis (MH375563)
APX isolate G2 from M. galloprovincialis (MH375562)
APX isolate C3 from P. canaliculus (MH375552)
APX isolate C2 from P. canaliculus (MH375551)
APX isolate G1 from M. galloprovincialis (MH375550 )
APX isolate N1 from M. galloprovincialis (MH375573)
APX isolate F1 from M. galloprovincialis (MH375572)
APX isolate F2 from M. galloprovincialis (MH375570)
APX isolate F5 from M. areolatus (MH375568)
99
APX isolate F4 from M. areolatus (MH375567)
APX isolate F3 from M. areolatus (MH375566)
APX isolate F2 from M. areolatus (MH375565 )
APX isolate F1 from M. areolatus (MH375561)
APX isolate N3 from P. canaliculus (MH375558)
APX isolate N2 from P. canaliculus (MH375557)
APX isolate N1 from P. canaliculus (MH375556)
APX isolate C6 from P. canaliculus (MH375555)
APX isolate C5 from P. canaliculus (MH375554)
APX isolate C4 from P. canaliculus (MH375553)
APX isolate F3 from O. chilensis (MH375571)
APX isolate F1 from O. chilensis (KX774501)
APX isolate N4 from P. canaliculus (MH375559)
86 APX isolate N5 from P. canaliculus (MH375560)
Cryptosporidium serpentis (AF151376)
98
Cryptosporidium parvum (AF040725)
99 Margolisiella islandica (JN227668)
Tridacna hemolymph apicomplexa (AB000912)
Eimeria tenella (AF026388)
Besnoitia besnoiti (AY833646)
96
99 Toxoplasma gondii (M97703)
Colpodella edax (AY234843)
Chromera velia (DQ174731 )
Colpodella tetrahymenae (AF330214)
79
Colpodella pontica (AY078092)
Perkinsus atlanticus (AF509333)
82
Alexandrium catenella (AY347308)
Gonyaulax polyedra (AF377944)
90
Akashiwo
sanguinea
(AY831412)
96
Pfiesteria piscicida (DQ991382 )
Alveolata sp. (HM245049)
99
Stentor coeruleus (AF357145)
Paramecium tetraurelia (AF149979)
94
Sterkiella histriomuscorum (FJ545743)
69
Chlorarachnion CCMP1408 (U02075)
Phytophthora megasperma (M54938)
Hyphochytrium catenoides (X80344)
78
Cylindrotheca closterium (DQ082742)
Chrysolepidomonas dendrolepidota (AF123297)

0.02

Table 1. Mean pairwise 18S genetic distances within each
host group of APX isolates
APX host group

Fig. 3. Phylogenetic tree showing the
relationship of 26 parasitic Apicomplexan-X isolates to an array of aquatic
apicomplexans, Cercozoa, Perkinsozoa,
aveolates, fungi, ciliates, diatoms and
dinoflagellates. The tree was inferred
using the maximum likelihood method
based on the Tamura-Nei model. Bootstrap support values > 50% (of 1000 replicates) are shown above the branches.
Initial tree(s) for the heuristic search
were obtained by applying the neighbor-joining method and the BioNJ algorithm to a matrix of pairwise distances
estimated using the maximum composite likelihood approach. The tree is
drawn to scale; branch lengths are proportional to the number of substitutions
per site. All positions containing gaps
and missing data were eliminated. Evolutionary analyses were conducted in
MEGA6

support. Clearly, these clades were not correlated
with geographic distributions and did not group according to host-species (data not shown).

Genetic distance (%)

Ostrea chilensis
Mytilus galloprovincialis
Perna canaliculus
Modiolus areolatus

0.22
0.24
0.23
0.00

4. DISCUSSION

Table 2. Mean pairwise 18S genetic distances between APX
isolates among host species
APX host
group

APX host
group

O. chilensis
O. chilensis
M. galloprovincialis
O. chilensis
M. galloprovincialis
P. canaliculus

M. galloprovincialis
P. canaliculus
P. canaliculus
M. areolatus
M. areolatus
M. areolatus

Genetic
distance (%)
0.41
0.60
0.24
0.56
0.15
0.12

Apicomplexan-X (APX) has significant negative
impacts on the health of flat oysters Ostrea chilensis
in New Zealand (Diggles et al. 2002, Hine 2002a).
However, very little information is available concerning the host range of this parasite. The diagnosis of
APX infection usually relies on histology, but molecular genetic-based tests hasten and improve the
accuracy (i.e. lower the occurrence of false negatives
caused by cryptic parasites) of the testing, and aid in
determining the diversity of this parasite’s host
range. Here we confirm the presence of an apicomplexan identified from histological examination in 3
important bivalve species — green-lipped mussels
Perna canaliculus, Mediterranean mussels Mytilus
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galloprovincialis and hairy mussels Modiolus areolatus — that is genetically very similar to the APX of flat
oysters. The mussel samples came from a range of
geographic locations indicating a widespread distribution of APX.
The highest prevalence of APX was found in
green-lipped mussels from Coromandel (50% by
PCR and 60% by histology), and the lowest was in
wild Mediterranean mussels from Golden Bay (0.8%
by PCR and 4.3% by histology). Prevalence of APX
also differed between mussels populations and varied with the year of collection. Infection in wild populations might be a reservoir of infection for livestock
(Guenther et al. 2011, Ward et al. 2013, Ruiz-Fons et
al. 2014). Therefore, direct comparisons between
APX infection of wild versus reared green-lipped
mussels are recommended in the future, as understanding the epidemiology of infection in wild populations might allow decision-making process to control such a hazard for cultured production and vice
versa (Ward et al. 2013). The lower prevalence of
APX detected by PCR compared with histology can
be explained by the very low intensity of APX, in
which a few cells were scattered in the host tissues
and consequently could have been absent in the
small amount (25 mg) of tissue used for DNA extraction. Additionally, the analytical sensitivity of the
PCR test was reported at 95% compared with histology while detecting APX in flat oysters (Suong et al.
2018), which could also be attributed to the lower
prevalence of APX detected by PCR in green-lipped,
Mediterranean and hairy mussels that were examined. Traditional PCR offers the end products for
DNA sequencing. However, an adaptation of the
conventional PCR to quantitative real-time PCR
(qPCR), which is expected to be more sensitive for
the identification of APX DNA, is necessary in the
future. It has been reported that qPCR allows quantification of very low numbers of target genes, with
detection limits as low as 2 copies of a gene (Smith &
Osborn 2009).
To establish the species-level identity of the parasite, PCR products were sequenced and analyzed
using a BLASTN search, which showed 99−100%
similarity to APX isolates from flat oysters. In addition, the mean uncorrected pairwise genetic distances between the 26 sequences isolated from
green-lipped mussels, Mediterranean mussels, hairy
mussels and flat oysters was 0.28%, suggesting that
the APX sequences were closely related. Phylogenetic analysis also showed low divergence of 26 APX
isolates with an average intraspecific sequence
divergence range from 0.00 to 0.24% (Table 2). The
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low divergence rate of APX isolates could be due the
conservative structure of the target region of the 18S
rRNA gene sequences amplified with the specific
primers. Identification of genetic regions such as the
ITS regions on the ribosomal operon with more variation might be useful to rigorously test for APX differentiation across different hosts. However, it is also
possible that this species has naturally low variability, as has been observed in some other apicomplexan species that are less than 1% different at the
gene sequence level (Gregarina polymorpha and
Gregarina niphandrodes) (Leander et al. 2003). Low
intraspecific sequence divergence (0.1−0.4%) was
also recorded in another apicomplexan, Lankesteria
hesperidiiformis (Rueckert et al. 2015). The maximum-likelihood analysis grouped the 26 APX isolates into 2 distinct clusters that did not correspond
with host species or geographic location. However, it
is clear that all APX sequences isolated from flat oysters, green-lipped, Mediterranean and hairy mussels
clustered in the same group with 99% bootstrap support (Fig. 3).
APX zoites occurring in green-lipped mussels,
Mediterranean mussels and hairy mussels were consistently at low intensity and associated with a mild
host response, and there were no individuals with
signs of more serious negative consequences from
infection with APX. This contrasts with APX in flat
oysters where APX zoites can be abundant and
intensively affect their host (e.g. severe tissue damage, empty gonad follicles, Leydig cells dissociation
and lysis, haemocytosis) (Hine 2002a). The low intensity of APX infection and mild host response in the 3
mussel species may be the outcome of intrinsic host
factors such as differences in flat oyster and mussel
innate immunity and physiology, parasite factors
such as virulence, and the interaction of these 2 factors with environmental conditions, such as temperature and salinity (Soudant et al. 2013, Ben-Horin et
al. 2015). Other apicomplexan species also have contrasting effects in different host species. For example,
an unnamed apicomplexan in the genus Aggregata
has a high prevalence in the mature Iceland scallop
Chlamys islandica and at high intensity causes
severe damage to its host (e.g. necrosis of muscular
and connective tissues, destroying adductor muscle,
digestive gland and gonads) and triggers mass mortality (Kristmundsson et al. 2015). However, in king
scallop Pecten maximus and queen scallop Aequipecten opercularis from UK waters, the same parasite
has been found only at low intensity and did not
cause any signs of disease in the hosts (Kristmundsson et al. 2011). It has been reported that APX zoites
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most often cause severe disease in austral summer/
autumn (January to April), during the peak spawning
period as well as peak prevalence and intensity of
Bonamia exitiosa infection (Hine 2002a). This implies
that mass mortalities are only triggered under some
specific circumstances, and in the case of APX in flat
oysters, a simultaneous infection with a second pathogen may contribute to the morbidity caused by APX.
It is not known how APX infects green-lipped,
Mediterranean and hairy mussels. Parasite transmission rarely occurs through direct contact between
bivalve hosts. In most cases, the transmission of bivalve parasites occurs by exposure to water-borne
parasite stages through suspension-feeding processes (Ben-Horin et al. 2015), and most protozoan
parasites do not reproduce in the water column (Chu
1996). However, despite the extensive histopathological examination of numerous flat oyster and greenlipped mussel, Mediterranean mussel and hairy mussel individuals, only the zoite stage of APX has ever
been observed, suggesting that the potential secondary hosts of APX could be other taxa, such as polychaetes, as previously proposed by Hine (2002a).
The fact that green-lipped, Mediterranean and
hairy mussels carry APX is of concern, as APX could
be associated with morbidity and mortality in these
species under certain conditions. Further research on
biotic (e.g. host density, common pathogens, host developmental stages) and abiotic factors (e.g. temperature, pH, salinity) that could cause the parasite to proliferate and provoke an epidemic will help clarify the
disease ecology and provide insights for establishing
epidemic control and monitoring strategies.
The present study confirms APX infection in New
Zealand green-lipped mussels, Mediterranean mussels and hairy mussels, highlighting its range of hosts
and geographic distribution across New Zealand. In
addition to seeking further bivalve hosts of APX,
future work should also focus on the detection of
other hosts supporting other stages in the APX life
cycle. This will help elucidate its transmission mode
and will ultimately assist in managing APX in
affected host populations.
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