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INTRODUCTION

The haplosporidian genus Bonamia contains a
number of morphologically similar species of mol-
lusc parasites. Bonamia microcells are small (typi-
cally 1−3 µm), uninucleated, and infect oyster
hemocytes causing a disease known as bonamiosis
(Hine & Jones 1994, OIE 2012). Molecular and ultra-
structural studies have identified 4 Bonamia species
from a number of hosts and locations throughout the
world (Hine et al. 2001, Carnegie et al. 2006,

Lohrmann et al. 2009, Hill et al. 2014). These
include B. ostreae (see Pichot et al. 1979), B. exitiosa
(see Hine et al. 2001), B. perspora (see Carnegie et
al. 2006) and B. roughleyi (see Farley et al. 1988,
Cochennec- Laureau et al. 2003), although B. rough-
leyi has been assigned nomen dubium and is
unlikely to be a distinct species of Bonamia (see
Carnegie et al. 2014, Hill et al. 2014, Speirs et al.
2014). Due to the severity of disease that these para-
sites cause, B. ostreae and B. exitiosa are listed as
pathogens notifiable to the World Organisation of
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Bonamia prevalence of 96.6%. Detailed histological inspection revealed 2 microcell types. An
infection identified by PCR as B. ostreae histologically presented small microcells (mean ± SE
diameter = 1.28 ± 0.16 µm, range = 0.9−2 µm, n = 60) commonly with eccentric nuclei. A B. exitiosa
infection exhibited larger microcells (mean ± SE diameter = 2.12 ± 0.27 µm, range = 1.5−4 µm, n =
60) with more concentric nuclei. Concurrent infections of both Bonamia species, as identified by
PCR, exhibited both types of microcells. DNA barcoding of the B. ostreae-infected oyster host con-
firmed the identification as O. chilensis. A suite of other parasites that accompany O. chilensis are
reported here for the first time in mixed infection with B. ostreae including apicomplexan X
(76.5%), Microsporidium rapuae (0.7%) and Bucephalus longicornutus (30.2%).
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Animal Health (OIE) and to the European Union
(OIE 2012, Engelsma et al. 2014).

To date, the only Bonamia species re ported in New
Zealand was B. exitiosa. Its type-host (Hine et al.
2001) is the New Zealand dredge, or flat oyster
Ostrea (= Tiostrea) chilensis (= lutaria), a significant
customary, recreational and commercial species pre-
dominantly exploited in the Foveaux Strait (Ministry
for Primary Industries 2014). It is important to note
that Hill et al. (2014) incorrectly reported B. ostreae
in the European flat oyster Ostrea edulis from New
Zealand, when in fact it was reported in O. edulis
from the Netherlands (R. Carnegie pers. comm.), and
that B. ostreae has not been reported from New
Zealand until this study.

Between 1986−1992 and 2000−2005, B. exitiosa
was responsible for 2 epizootic events in O. chilensis
within the Foveaux Strait fishery that caused high
mortalities, reducing oyster density to less than 10%
of their pre-disease level (Doonan et al. 1994, Cran-
field et al. 2005, Michael et al. 2013). B. exitiosa con-
tinues to have a recurrent impact on this fishery and
is the main influence on flat oyster numbers (Michael
et al. 2013). Surveillance of the Foveaux Strait O.
chilensis fishery for Bonamia spp. using histology
and PCR has failed to detect any species of Bonamia
other than the endemic B. exitiosa (Michael et al.
2013, H. Lane pers. obs.). A further possible host for
B. exitiosa in New Zealand is Ostreola stentina from
the Hauraki Gulf. DNA sequences matching B. exi-
tiosa were reported from Hill et al. (2014), although
this was not corroborated by other methods such as
histology or in situ hybridisation (ISH).

Historically, Bonamia parasites were viewed as
having a localised distribution, with B. ostreae re -
stricted to the European flat oyster O. edulis in the
temperate Northern Hemisphere, and B. exitiosa to
O. chilensis from southern New Zealand. However,
the discovery of a Bonamia-like parasite in Crass-
ostrea ariakensis in North Carolina, USA (Burreson
et al. 2004), and the description of another parasite as
B. perspora from O. stentina from the same area
(Carnegie et al. 2006), in combination with the dis-
covery of B. exitiosa and B. exitiosa-like parasites in
O. stentina from the Mediterranean (Hill et al. 2010),
O. chilensis from Chile (Campalans et al. 2000,
Lohrmann et al. 2009), O. puelchana from Argentina
(Kroeck & Montes 2005), O. angasi from Australia,
and O. edulis from Europe (Abollo et al. 2008, Long-
shaw et al. 2013) have initiated a change in percep-
tion of the distribution of Bonamia (Engelsma et al.
2014). Some Bonamia species are now reported with
overlapping geographic ranges (Abollo et al. 2008,

Narcisi et al. 2010, Carrasco et al. 2012, Longshaw et
al. 2013) and in one case to the point of a concurrent
infection of B. exitiosa and B. ostreae within the same
O. edulis host (Abollo et al. 2008).

B. ostreae was first described from O. edulis in
France (Pichot et al. 1979) and is considered to have
been introduced into Europe by a transhipment of
infected oysters from its putative endemic area of
eastern USA (Elston et al. 1986). Since then, it has
spread throughout Europe and has been responsible
for extensive oyster mortalities and subsequent de -
clines in production of O. edulis along the European
Atlantic coast (Grizel et al. 1988) and eastern USA
(Carnegie & Cochennec-Laureau 2004). B. ostreae
has also been reported from western North America
and Morocco (Friedman et al. 1989, Marty et al. 2006,
Belhsen et al. 2008).

A putative B. ostreae infection was first reported
from O. chilensis in the UK by Bucke & Hepper (1987)
using histology. The reported infection of B. ostreae
in O. chilensis occurred after the oyster host had
been transferred to a B. ostreae endemic area in
Cornwall, England (Bucke & Hepper 1987); however,
there are still limited scientific data on the suscepti-
bility of O. chilensis to infection by B. ostreae
(Engelsma et al. 2014). Moreover, it is also uncertain
if B. ostreae can infect other oyster species such as O.
angasi (see Bougrier et al. 1986), O. puelchana (see
Pascual et al. 1991) and C. gigas (see Lynch et al.
2010).

With the advent of molecular tools, reports of other
Bonamia from new geographic regions (Burreson et
al. 2004, Carnegie et al. 2006, Abollo et al. 2008, Hill
et al. 2010, Carrasco et al. 2012) have proliferated.
Most of these new Bonamia occurrences phylogenet-
ically group with B. exitiosa (see Hill et al. 2010,
Carnegie et al. 2014). In January 2015, B. ostreae was
identified in New Zealand from the New Zealand flat
oyster O. chilensis. This finding is the first report of B.
ostreae from the Southern Hemisphere and repre-
sents a further change in global distribution of this
parasite as well as a possible incursion of an exotic
pathogen to New Zealand.

MATERIALS AND METHODS

Sample collection and histology

Ostrea chilensis (n = 149) from the Marlborough
Sounds (Fig. 1) were collected on 18 November 2014
during a health survey of a population that had
shown significant (60−70%) mortality (A. Elliot pers.
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comm.). Shell height was measured to the nearest
mm, and, after shucking, oysters were prepared for
histology following Howard et al. (2004): a 3−5 mm
thick section was taken from each oyster, including
gills, digestive gland, gonad and mantle. The sec-
tions were placed into pre-labelled histo-cassettes
and fixed in formalin/seawater (4% formaldehyde)
for 48 h, after which they were stored in 70% ethanol
until histological processing. Concurrently, a sample
of the oyster tissue including gills and mantle was
stored in a 1.5 ml microcentrifuge tube and frozen at
−70°C for molecular analyses. All histo-cassettes
were processed using standard medical histological
techniques with haematoxylin and eosin (H&E) stain-
ing. Cover-slipped histology slides were examined
under an Olympus BX51 light microscope at 400×,
and 1000× with oil immersion. Tissues examined in -
cluded palps, gills, mantle, digestive gland, gastro -
intestinal tract, heart, kidney, nerve and muscle. Pre -
sence or absence of Bonamia microcells was recorded,
and these data allowed prevalence of Bonamia in -
fection (by histology) to be estimated. Any other
pathogens/ conditions seen during this examination
were also recorded.

Molecular methods (see next section) distin-
guished epidemiological subpopulations within the
original 149 oysters, including those infected with

B. exitiosa only, those infected with B. ostreae
only, and those with concurrent infections. This
facilitated detailed comparative examination of re -
presentative histology slide preparations under oil
immersion. Microcells were measured, and inten-
sity of infection was estimated semi-quantitatively
using the scoring method of Diggles et al. (2003).
The data set (not shown) for the 149 oysters was
ranked by shell height from smallest to largest
(range 60−105 mm), and all distributions of infec-
tion for pathogens noted (histo pathology and PCR)
were inspected for any size-dependent changes in
frequency.

Molecular analyses

Bonamia sequencing

Approximately 25 mg of gill and mantle tissue was
excised from the frozen sampled tissue and used for
DNA extraction with the QIAmp Mini Kit following
the manufacturer’s protocol. DNA was quantified
using a Qubit® 2.0 fluorometer and stored at 4°C.

The first 12 Bonamia-positive samples identified
by histology were subjected to molecular testing for
Bonamia species identification. Purified DNA was
first assayed using an 18S rRNA Internal−Control
(#4308329 Life Technologies) real-time PCR to ensure
the presence of amplifiable DNA. For the Bonamia-
genus conventional PCR, the forward primer Bo
(5’-CAT TTA ATT GGT CGG GCC GC-3’) was
paired with the reverse primer Boas (5’-CTG ATC
GTC TTC GAT CCC CC-3’) to produce an amplicon
of ~300 bp (Cochennec et al. 2000). Thermal cycling
was performed on a VeritiR Dx Thermal Cycler
(Applied Biosystems): 95°C for 2 min, followed by
35 cycles of 95°C for 10 s, 60°C for 10 s, and 72°C for
1 s. The resultant amplicons were electrophoresed
on a 1.5% agarose gel stained with gel-red and
visualised under UV. Bands from 4 of these 12 sam-
ples — hereafter referred to as Samples 1, 2, 3, and
4 — were gel-cut and purified using a Zymo Gel
Purification kit. These 4 samples were chosen be -
cause they produced the strongest bands after elec-
trophoresis. DNA sequencing was performed at
EcoGene (Landcare Research) using primers de -
scribed above. The returned DNA sequences were
imported in Geneious version 7.1.5 (www. geneious
.com; Kearse et al. 2012), where they were assem-
bled, Geneious aligned, and submitted to BLAST
(Altschul et al. 1990) for species identification using
default parameters.
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Fig. 1. Hauraki Gulf and Marlborough Sounds, where Bona -
mia ostreae was first identified in New Zealand, and the
Foveaux Strait, where the largest flat oyster fishery of New
Zealand is located. Inset shows global location of New 

Zealand
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In addition to DNA sequencing, the 4 samples were
subjected to restriction fragment length polymor-
phism (RFLP) analysis described by Cochennec et al.
(2000). All PCR-positive samples were run in tripli-
cate: PCR control, uncut control and restriction
digest. One triplicate of each sample was electropho-
resed on 1.5% agarose gel to ensure that successful
amplification was achieved before digestion. Once
successful amplification was observed, 0.5 µl of the
Bgl I restriction enzyme (Bioline) was added to one of
each triplicate. All samples, except for the PCR con-
trol, were then incubated at 37°C for 2 h. After incu-
bation, all samples were electrophoresed on 1.5%
agarose gel and visualised under UV to determine
their RFLP profiles.

Following the identification of B. ostreae, all 149
collected tissue samples were tested using Bonamia
species-specific conventional PCR assays (Ramilo et
al. 2013) to determine the total number of oysters
infected with B. ostreae and/or B. exitiosa. For the B.
exitiosa species-specific PCR, the forward primer
BEXIT-F (5’-GCG CGT TCT TAG AAG CTT TG-3’)
was paired with the reverse primer B-EXIT-R (5’-
AGA TTG ATG TCG GCA TGT CT-3’) to produce an
amplicon 246 bp in size. Thermal cycling conditions
were 95°C for 2 min, followed by 35 cycles of 95°C for
10 s, 58°C for 10 s, and 72°C for 1 s. For the B. ostreae
species-specific PCR, the forward primer BOSTRE-F
(5’-TTA CGT CCC TGC CCT TTG TA-3’) was paired
with the reverse primer BOSTRE-R (5’-TCG CGG
TTG AAT TTT ATC GT-3’) to produce an expected
amplicon of 208 bp. The thermal cycling conditions
for B. ostreae were similar to B. exitiosa, but with an
annealing temperature of 55°C. All amplicons were
visualised under UV as described above, and the
presence or absence of a band of the expected size
was noted.

In situ hybridisation

Four samples were used for a standard, chro-
mogenic ISH assay specific for B. ostreae and per-
formed with a 5’ digoxigenin-labelled probe, Bost171
(5’-CCG CCG AGG CAG GGT TTG T-3’) at 3 ng µl−1

(Hill et al. 2014). All experiments included a no-
probe control (25 µl of hybridisation buffer only), a
negative control (Crassostrea gigas), and the experi-
mental sample. Tissue sections were processed for
ISH as described by Stokes & Burreson (1995) includ-
ing the modifications made by Hill et al. (2014).
Cover-slipped ISH slides were examined under an
Olympus BX51 light microscope.

Oyster DNA barcoding

Bonamia spp. typically infect flat oysters Ostrea of
the bivalve family Ostreidae (Engelsma et al. 2014),
with O. edulis considered as the type-host for B. os-
treae. To rule out the possibility of a New Zealand in-
cursion of O. edulis and, therefore with it, an inciden-
tal incursion of B. ostreae, the species of the oyster
host was identified by DNA barcoding. The 4 DNA
templates described above in the Bonamia-genus
PCR assay had their respective cytochrome oxidase 1
(cox1) gene DNA barcoded using the Lobo et al.
(2013) conventional PCR assay. The forward primer
Lobo-F1 (5’-KBT CHA CAA AYC AYA ARG AYA
THG G-3’) was paired with the reverse primer Lobo-
R1 (5-TAA ACY TCW GGR TGW CCR AAR AAY
CA-3’) to produce an expected amplicon of 708 bp.
Thermal cycling was performed on a  VeritiR Dx Ther-
mal Cycler (Applied Biosystems): 95°C for 2 min, fol-
lowed by 40 cycles of 95°C for 15 s, 48°C for 15 s, and
72°C for 15 s. The electro phoresed bands were gel-
cut and purified using a Zymo Gel Purification kit.
DNA sequencing was performed at EcoGene (Land-
care Research) using primers described above. The
returned DNA se quences were imported in Geneious
7.1.5, assembled, and submitted to the BOLD systems
database (Ratnasingham & Hebert 2007) for species
identification. Further, all returned DNA sequences
were Clustal-W aligned using default parameters.
The nucleotide alignment was used to create an un-
weighted pair group method with arithmetic mean
(UPGMA) tree using default parameters.

RESULTS

Histology

Histology results and shell dimension summary
statistics are presented in Table 1a, where gross
prevalences of other pathogens/parasites are also
noted. New concurrent and multiple infections were
noted with Bonamia ostreae (Table 1c,e). These
include B. ostreae with B. exitiosa, an apicomplexan
known as APX (see Hine 2002), Bucephalus longicor-
nutus (see Howell 1967, Jones 1975), Microsporidium
rapuae (see Jones 1981) and digestive rickettsia (see
Diggles et al. 2002).

Bonamia-like microcells were seen in 79.9%
(Table 1a) of histopathology preparations. Microcells
(Fig. 2) from an oyster determined by species-specific
PCR to be infected with B. exitiosa measured 2.12 ±
0.27 µm (mean ± SE diameter, range = 1.5−4 µm,
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n = 60). The nuclei were commonly
concentric or nearly so.

Microcells (Fig. 3) from a B.
ostreae species- specific PCR-posi-
tive individual were smaller (mean
± SE diameter = 1.28 ± 0.16 µm,
range = 0.9− 2 µm, n = 60), and fre-
quently contained eccentric nuclei.
In fected hemocytes contained a
mean number of 2.3 microcells
(range = 1−7, n = 20). Distribution
of infection was patchy with most
infected hemocytes oc curring in
the connective tissue between
digestive gland tubules, proximal
to the intestine, in clumps at mantle
margins, and in connective tissue
between reproductive follicles. No
microcells or infected hemocytes
were seen in the kidneys or the
interior of reproductive follicles.
Extracellular microcells were infre-
quent, most being seen in connec-
tive tissue just outside the repro-
ductive follicles. Overall grade
(Diggles et al. 2003) of infection
intensity was 3. Inspection of the
shell size-ranked data set for the
149 oysters disclosed no obvious
size-dependent changes in infec-
tion frequency (as indicated by
histopathology and PCR) for any of
the parasites/pathogens noted.

Molecular analyses

PCR results presented in Table 1
distinguish 5 Bonamia infection-
related subpopulations within the
149 oysters in this study. An overall
Bonamia prevalence of 96.6%
was observed (Table 1b), with 80
(53.7%) having concurrent infec-
tion of B. exitiosa and B. ostreae
(Table 1c); 4 (2.7%) infected
only by B. exitiosa (Table 1d); 60
(40.3%) infected only by B. ostreae
(Table 1e), and 5 (3.6%) infected by
neither Bonamia species (Table 1f).
The PCR Bonamia-positive results
(Table 1b) included all of those
detected by histology.
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Histology results                           Prevalence    n           Shell height (mm)
                                                             (%)                    Mean     SD    Max.  Min.

(a) Total oysters surveyed                    –           149     77.76     7.69     105      60
Bonamia sp.                                         79.9         119                                            
Bucephalus                                         32.2          48                                              
APX                                                     78.5         117                                            
M. rapuae                                             0.7            1                                               
Ciliates                                                33.6          50                                              
Copepod                                              5.4            8                                               
Rickettsia                                             8.7           13                                              

(b) Total Bonamia by PCR                 96.6         144      77.5       7.4      105      60
Bonamia sp.                                         79.9         119                                            
Bucephalus                                         30.2          45                                              
APX                                                     76.5         114                                            
M. rapuae                                             0.7            1                                               
Ciliates                                                31.5          47                                              
Copepod                                              5.4            8                                               
Rickettsia                                              8.7           13                                              

(c) Bonamia exitiosa and                   53.7         80       77.8       6.8       93       66
B. ostreae infection by PCR

Bonamia sp.                                          49           73                                              
Bucephalus                                         12.1          18                                              
APX                                                     40.9          61                                              
M. rapuae                                             0.7            1                                               
Ciliates                                                22.8          34                                              
Copepod                                                2             3                                               
Rickettsia                                              4.7            7                                               

(d) Bonamia exitiosa only by PCR     2.7            4        74.5       9.3       85       64
Bonamia sp.                                          2.7            4                                               
Bucephalus                                          1.3            2                                               
APX                                                        2             3                                               
M. rapuae                                               0             0                                               
Ciliates                                                   0             0                                               
Copepod                                              1.3            2                                               
Rickettsia                                              0.7            1                                               

(e) Bonamia ostreae only by PCR     40.3          60       77.4       8.1      105      60
Bonamia sp.                                         28.2          42                                              
Bucephalus                                         16.8          25                                              
APX                                                     33.6          50                                              
M. rapuae                                               0             0                                               
Ciliates                                                 8.7           13                                              
Copepod                                                2             3                                               
Rickettsia                                              3.4            5                                               

(f) No Bonamia detected by PCR       3.6           5        83.8      13.8     105      71
Bonamia sp.                                           0             0                                               
Bucephalus                                            2             3                                               
APX                                                        2             3                                               
M. rapuae                                               0             0                                               
Ciliates                                                   2             3                                               
Copepod                                                0             0                                               
Rickettsia                                                0             0

Table 1. Ostrea chilensis summary shell height measurements and pathogens
noted by histology. (a) Total oysters in study, (b) all oysters PCR positive for any
Bonamia spp., (c) oysters PCR positive for B. exitiosa and B. ostreae, (d) oysters
PCR positive for B. exitiosa only, (e) oysters positive for B. ostreae only, (f) oysters
PCR negative for any Bonamia. Histology results note Bonamia only to genus. Bu-
cephalus: Bucephalus longicornutus; APX: apicomplexan X; M. rapue: Mi-
crosporidium rapuae; Ciliates: ciliates in digestive tubule lumen; Copepod: cope-
pod in digestive gland connective tissue; Rickettsia: Rickettsia in digestive tubule 

epithelium
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Bonamia sequencing

All samples assayed by the Bonamia-genus con-
ventional PCR produced a band of the expected size.
DNA sequencing of this product from all 4 samples
produced high quality sequence reads. After se -
quence assembly and trimming, the DNA sequences
ranged from 187 to 299 bp. Sequence alignment of 4
consensus sequences show 100% base pair match to
one another. The consensus sequence from all 4 sam-
ples was extracted and submitted to BLAST. The
299 bp sequence matched 100% with published
small subunit ribosomal DNA (SSU rDNA) sequences
of B. ostreae (JQ936481, JN040831, AF192759), in
comparison with only a 90% match to B. exitiosa
(JF831802). All samples, 1c to 4c, as shown in Fig. 4,
produced 2 bands of 120 and 180 bp when digested
with Bgl I. This is the expected profile for B. ostreae.
There was no digestion of the B. exitiosa-positive
control.

In situ hybridisation

B. ostreae microcells hybridised to the B. ostreae
probe (Figs. 5 & 6) and all controls performed as
expected. That the probe is species-specific can be
inferred from Fig. 6, which shows smaller labelled
B. ostreae near unlabelled B. exitiosa — all approxi-
mating to the expected dimensions for their respec-
tive microcell types. This corroborates the concur-
rent B. exitiosa and B. ostreae PCR result (data not
shown) and the concurrent B. exitiosa and B.
ostreae histology result from the same individual
(Fig. 7).

DNA barcoding of Ostrea chilensis

CLUSTAL-W alignment of cox1 DNA sequences
showed a 99% similarity between Samples 1−4
and the reference cox1 sequence of O. chilensis
(AF112285). When all 4 samples were compared with
reference sequences of O. edulis (AF540599), O. an-
gasi (AF112287), O. puelchana (DQ226521), and O.
stentina (AF112288), there was an 81−87% sequence
match. The alignment view of the UPGMA phylo -
genetic tree also shows Samples 1−4 grouping with
O. chilensis (data not shown). BLAST results and
Boldsystems ID of all 4 samples match O. chilensis.
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Fig. 2. Bonamia exitiosa microcells (white arrows) in Ostrea 
chilensis hemocytes. Scale bar = 20 µm

Fig. 3. Ostrea chilensis hemocytes infected with Bonamia os-
treae microcells (white arrows) in connective tissue between 

the digestive tubules. Scale bar = 20 µm

Fig. 4.  PCR-restriction fragment length polymorphism (PCR-
RFLP) analysis. Molecular weight marker (100 bp). Lanes 1, 2, 3,
4 are Samples 1, 2, 3, 4. Lane a: PCR control; Lane b: uncut con-
trol; Lane c: sample digested by the Bgl I restriction enzyme;
Lanes 5 and 6: no-template-controls; Lane 7: Bonamia exitiosa-

positive control; Lane 8: B. ostreae-positive control
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DISCUSSION

The confirmed identification of Bonamia ostreae
was guided by the OIE diagnostic manual (OIE 2012)
and has been demonstrated by histopathology (Figs. 2,
3 & 7), ISH (Fig. 6), DNA sequence data, and an
expected PCR-RFLP profile (Fig. 4). This first record
of B. ostreae from the Southern Hemisphere also doc-
uments a concurrent infection with B. exitiosa (Figs. 6
& 7, Table 1) and previously unreported co-infections
of B. ostreae with APX, Bucephalus longicornutus,
Microsporidium rapuae, and digestive rickettsia
(Table 1). Similar concurrent infection of B. exitiosa
and B. ostreae has been reported in Ostrea edulis
(Abollo et al. 2008), and Hine (2002) has documented
co-infection of APX with B. exitiosa in O. chilensis
from Foveaux Strait, New Zealand.

The source of this B. ostreae infection is currently
unclear, but the introduction of flat oysters, whether
by natural or anthropogenic means (Howard 1994,
Peeler et al. 2011) seems likely. Bonamia is directly
transmissible between oysters (Elston et al. 1987), but
an exclusively direct life cycle has not yet been con-
firmed. Other possible transmission pathways appear
more restricted: infective stages are short-lived and
appear to be carried passively by water currents
(Cranfield et al. 2005) or even by oyster larvae (Arzul
et al. 2009), where they may remain viable in the
water column for, at the most, a week (Hollis 1962,
Arzul et al. 2009), which seems insufficient to explain
B. ostreae’s arrival in New Zealand. Transmission via
other, more resistant, water-borne stages seems
unlikely since within the genus Bonamia (with the
exception of B. perspora) there is currently no molec-
ular or histological evidence for spore formation
(Carnegie et al. 2006).

Flat oysters of the genus Ostrea are similar in ap-
pearance (Morton et al. 2003) and should such a host
have arrived in New Zealand, either through anthro-
pogenic or natural (O’Foighil et al. 1999) means, it
could easily have gone undetected among native spe-
cies (Morton et al. 2003). In this re spect, O. edulis and
O. chilensis are difficult to distinguish by morphology.
Reported opportunities for introductions are sparse,
but 2 O. edulis individuals surviving transhipment
from the UK to New Zealand were placed among O.
chilensis in the Otago Harbour in 1896 (Cranfield et
al. 1998). Elsewhere, the advent of B. exitiosa in
Crassostrea ariakensis near a port in eastern USA is
attributed to Bonamia-infected flat oyster tranship-
ment (Burreson et al. 2004, Bishop et al. 2006), and B.
exitiosa epizootics in Argentina first occurred in flat
oyster beds next to an international ship re-fuelling
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Fig. 5. In situ hybridisation of Ostrea chilensis tissue. The
blue colour is representative of hybridisation signals to the
Bost171 probe specific to Bonamia ostreae. Scale bar = 10 µm

Fig. 7. Concurrent infection in Ostrea chilensis with micro-
cells of Bonamia exitiosa (red arrows) and B. ostreae (white 

arrows). Scale bar = 20 µm

Fig. 6. In situ hybridisation of Ostrea chilensis tissue at higher
magnification using the Bost171 probe. Bonamia ostreae mi-
crocells (black arrows) stain blue while the larger B. exitiosa
cells (red arrows) remain unlabelled. Scale bar = 20 µm
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terminal (see Kroeck & Montes 2005). The absence of
exotic flat oysters in New Zealand is thus by no means
assured. Although oysters in the present study were
DNA barcoded as O. chilensis, a larger survey would
be required to rule out an exotic species such as O.
edulis acting to spread the parasite within New
Zealand. The ongoing collection and analysis of mo-
lecular data may clarify this issue.

The world-wide range extension of Bonamia para-
sites is to be expected as a result of (1) an actual in-
crease in geographic spread of the parasite, (2) in-
creased global surveillance of oyster populations,
and/or (3) a wider application of molecular diagnostic
tools that aid detection of Bonamia (see Engelsma et
al. 2014). The influence of (2) and (3) above will be
particularly telling. Since pathogens have optimal en-
vironmental ranges and hosts, any such change is
likely to modulate their infectivity (Snieszko 1974). In
response, the Ministry for Primary Industries has initi-
ated a surveillance plan for B. ostreae to determine
how far it has spread throughout New Zealand within
flat oyster populations. Further, molecular data will
enable the provenance of this parasite to be identified,
which may give insights into incursion pathways.
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