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Abstract 

 

The haplosporidian parasites Bonamia exitiosa and B. ostreae have caused significant and 

consequential marine disease epizootics of oysters around the world. Due to the severity of 

disease that these parasites can cause, B. exitiosa and B. ostreae are listed as notifiable 

pathogens to the World Organisation for Animal Health (OIE). Bonamia exitiosa is 

endemic to the New Zealand flat oyster, Ostrea chilensis, where two epizootics in the 

Foveaux Strait, New Zealand, reduced the oyster population to 9% of its pre-disease level. 

Until this thesis research, no other Bonamia parasite had been detected in New Zealand. 

This thesis reports on the detection of the exotic B. ostreae in New Zealand for the first 

time, and presents a series of studies on Bonamia parasite dispersal, pathology, and 

laboratory diagnostics.  

 

Until 2015, B. ostreae had only been detected in the European flat oyster O. edulis from 

the Northern Hemisphere, including Europe and North America. Following a report of 

high-level mortality within two O. chilensis farms from the Marlborough Sounds, New 

Zealand, histological examination, PCR, and DNA sequencing confirmed the detection of 

B. ostreae in New Zealand infecting O. chilensis. In addition to detecting B. ostreae, 

concurrent infections of B. exitiosa and B. ostreae were also reported. Histologically, there 

was little observed difference in infection intensity and presentation of pathology between 

the epidemiological subpopulations. 

 

Diagnostic pooling is a common laboratory practice to increase efficiency and reduce 

expenses. Following the report of B. ostreae, a New Zealand-wide targeted surveillance 

was initiated that resulted in a high number of samples for testing. I investigated the 

efficacy of two published SYBR Green real-time PCR assays when used to detect B. 

ostreae in pooled-samples of infected oyster tissue. Each PCR targets a different gene 

within the B. ostreae genome: the actin 1 gene and the 18S rRNA gene. Experimental 

pools of 3, 5, and 10 individuals with ten replicates of each were created. The PCR 

targeting the actin 1 gene could not reproducibly detect B. ostreae in any pool size, 

whereas the 18S rRNA gene PCR assay reproducibly detected B. ostreae in pools of 5. 

This study highlights that detection efficacy is not comparable between individual and 
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pooled-sample testing and that validation data are imperative before pooled-sample testing 

is implemented.  

 

The large range extension of B. ostreae to New Zealand raised questions of dispersal, 

specifically whether B. ostreae is a recent arrival into New Zealand and from which 

Northern Hemisphere population it originated. I used internal transcribed spacer (ITS) 

rDNA sequences from New Zealand B. ostreae (n = 29) and compared them to published 

Northern Hemisphere B. ostreae sequences from Maine, USA (n = 7), California, USA (n 

= 18), and the Netherlands (n = 6) to investigate intraspecific variation. Low ITS rDNA 

variation within New Zealand isolates combined with no detection of B. ostreae in 

archived O. chilensis samples suggests that B. ostreae is a recent arrival to New Zealand. 

Because of the high level of B. ostreae sequence variation from Northern Hemisphere 

sites, inferences of dispersal origin could not be made and increased sampling of different 

B. ostreae isolates is required to elucidate the genetic relationship among them.  

 

How Bonamia parasites disperse within the environment is uncertain. Bonamia exitiosa 

and B. ostreae do not produce spores and are obligate parasites of oysters. Bonamia 

ostreae can infect oyster larvae, so the hypothesis that Bonamia spp. can disperse between 

oyster beds during the pelagic larval phase of the host was tested. Out of 12 sites from 

around New Zealand, I detected B. exitiosa and B. ostreae in O. chilensis from three sites 

and one site, respectively. Using B. exitiosa ITS rDNA and O. chilensis mitochondrial 

cytochrome oxidase subunit 1 (CO1) gene sequences, I compared the genetic structure of 

host and parasite. Bonamia exitiosa displayed genetic structure across three sites, although 

some haplotypes were shared between them. Genetic structure was detected in O. chilensis 

except for gene flow between Tasman Bay-Marlborough Sounds-Chatham Islands. 

Considering the pattern of genetic structure, it seems that O. chilensis may experience long 

distance dispersal, which is likely influenced by oceanographic factors. A failure to detect 

B. exitiosa in genetically connected O. chilensis populations as well as haplotype sharing 

between B. exitiosa populations, despite strong genetic structuring among respective 

O. chilensis populations, suggest that long-distance co-dispersal of Bonamia parasites with 

O. chilensis is unlikely. Instead, the dispersal of Bonamia parasites among oyster beds is 

more likely influenced by anthropogenic factors.
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Global seafood production and food security 

Food security has been defined as a situation where ‘all people, at all times, have physical, 

social, and economic access to sufficient, safe and nutritious food to meet their dietary 

needs and food preferences for an active and healthy lifestyle’ (FSN Forum 2007; 

http://km.fao.org/fsn/). With the world’s population forecast to reach nine billion by mid-

century (Godfray et al. 2010), a concomitant increase in demand for resources, as well as 

the compounding factor of climate change, will affect how food is produced sustainably 

and efficiently. Without an integrated approach from all sectors, it is expected that current 

food production will be unable to meet future demands. 

 

Aquaculture and fisheries contribute significantly to food security by supplying protein-

rich food, creating employment - particularly in rural areas - and promoting international 

trade (FAO 2016a). In 2014 the total production from these two sectors was at an all-time 

high of 167.2 mt: 73.8 mt from aquaculture and 93.4 mt from wild fisheries. Over the last 

decade, production from wild fisheries has plateaued, and in 2014 the contribution of 

seafood for human consumption from aquaculture over took that of wild fisheries for the 

first time (FAO 2016b). To keep pace with the increased global demand, aquaculture has 

increased its contribution to human seafood diets from 7% in 1974 to 50% in 2014 and an 

outlook of 57% by 2025 (FAO 2016b) (Figure 1.1); as a consequence it is the world’s 

fastest growing food producing sector (FAO 2016a). The dependence on aquaculture to 

produce nutritious and diverse diets – especially in developing regions and low income 

food-deficient countries (LIFDCs) – has never been so high. 

 

According to the FAO (2014), global mollusc production in 2014 was 16.1 mt (US$19 

billion). This production comprised of 104 different mollusc species and varied greatly 

across global regions (14.8 mt from Asia to 3708 t from Africa). In the same year, global 

oyster production was ~5.2 mt, with ~98% of this originating from aquaculture. Consistent 

with the global fisheries trend, during the period 2008 to 2014 production from oyster 

aquaculture increased from 4.1 mt to 5.1 mt whereas production from wild caught oysters 

dropped from 0.132 mt to 0.131 mt (FAO 2014). In 2014, approximately 97% of total 

oyster production was from one species, the Japanese oyster Crassostrea gigas, other 

http://km.fao.org/fsn/
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species including the Eastern oyster Crassostrea virginica (98193 t) and the European flat 

oyster Ostrea edulis (2809 t) making nominally smaller contributions. 

 

Importantly, oysters and certain other aquaculture species (other bivalve molluscs, algae, 

silver carp and bighead carp) are non-fed, i.e., they do not require food to be provided by 

the producer, which underscores their future role as a sustainable contributor to global 

food security. In 2014, the culture of non-fed species was 22.7 mt (30.8% of total 

production) and is expected to rise particularly in developing regions and LIFDCs. 

 

 

Figure 1.1. Current and outlook of global fish production (left) and global fish consumption (right) 

from capture fisheries and aquaculture, respectively (FAO 2016b). 

 

New Zealand’s seafood sector 

In 2015 New Zealand’s seafood sector including fishing, aquaculture, and associated 

processing employed over 7 000 people and generated NZ$786 million in value added to 

the economy (Westpac 2016). Although these are nominally small shares in the country’s 

overall economy, more than 70% of New Zealand’s seafood production is exported; in 

2015, NZ$1.5 billion of seafood products were exported 

(http://atlas.media.mit.edu/en/profile/country/nzl/). New Zealand’s seafood exports are 

concentrated in a small number of markets, with the majority exported to China, Australia, 

or the USA. In 2015, NZ$293 million of molluscs were exported (20% of total seafood 

exports) of which a quarter was sent to the USA (Westpac 2016). New Zealand’s 

aquaculture is currently worth NZ$400 million and aims to be worth NZ$1 billion by 

2025. New Zealand has failed to meet its target set in the late 1990s of a NZ$2 billion 
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growth in seafood exports per year. Reasons for this may include market isolation, 

significant red tape for new aquaculture establishments, or a combination of these. In any 

case, a recent review of New Zealand’s seafood sector highlights two key areas for 

growth: volume and quality (Westpac 2016). As New Zealand’s seafood sector seeks to 

improve its value, it can ill afford to be financially impacted by aquatic disease as has 

already been the case for certain domestic businesses and in other markets around the 

world (see Stentiford et al. 2017). 

 

Disease in oysters 

The main constraint to global aquaculture production is the emergence and dispersal of 

pathogens with the potential to cause serious disease (Stentiford et al. 2017). Molluscs are 

typically reared in open water environments and lack an adaptive immune system, which 

makes them particularly vulnerable to adverse impacts on their production and trade. As 

the future role of molluscs in global food security becomes more apparent, targeted disease 

surveillance has become commonplace and our understanding of mollusc disease has 

deepened. Unfortunately the impact of disease on production of different mollusc species 

has been felt for quite some time (Orton 1923). Described below are some examples that 

highlight the impact of disease on oysters – examples for different aquaculture species can 

be found in the following special issues of aquatic disease journals: Journal of 

Invertebrate Pathology (2012) vol. 110: 139-276; Diseases of Aquatic Organisms (2014) 

vol. 110: 1-164; Journal of Invertebrate Pathology (2015) vol. 131: 1-256; Journal of 

Invertebrate Pathology (2017) vol. 147: 1-168.  

 

Oysters have a relatively long history of epizootic disease (Carnegie 2012), most likely 

exacerbated by oyster aquaculture that has moved oyster disease around the world 

infecting both wild and domestic stock (Lafferty et al. 2015). Bacterial diseases, caused in 

particular by species of the genus Vibrio (Paillard et al. 2004), and viral diseases, have 

caused mortalities in different oyster species throughout the world. However, some of the 

most significant and consequential marine disease epizootics of oysters have been caused 

by intracellular protistan parasites. 
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The haplosporidian parasite Haplosporidium nelsoni first appeared in the Delaware Bay 

and the Chesapeake Bay, USA, in the late 1950s (Andrews 1962; Haskin et al. 1966). 

Haplosporidium nelsoni causes MSX disease in C. virginica and is believed to have been 

introduced by an importation of infected C. gigas from Asia (Burreson et al. 2000). 

Haplosporidium nelsoni devastated C. virginica populations throughout the area and 

caused significant economic disruption to coastal communities that depended on them. 

Mortalities associated with this outbreak exceeded 90% and only recently have the oyster 

industries begun to recover as a result of selective breeding programs (Arzul and Carnegie 

2015). The same area has also been impacted by the apicomplexan parasite Perkinsus 

marinus, which causes Dermo disease in the same oyster species (Ray 1996). After the 

initial description of P. marinus in 1948 (Mackin et al. 1950), it spread northward from the 

south-eastern USA and the Gulf of Mexico to the north-eastern USA where it initiated 

epizootics that still continue today (Bushek and Ford 2016). The loss of production from 

this parasite has been estimated at US$6 million per year and the persistence of susceptible 

oysters in low salinity disease refuges has slowed the evolution of disease resistance 

(Powell et al. 2012). 

 

The first description of the Paramyxean parasite Marteilia refringens (Grizel et al. 1974) 

was associated with mortalities of O. edulis in Brittany, France, in 1968 (Comps 1970; 

Herrbach 1971). These mortalities had significant socio-economic effects on these 

communities as the flat oyster production decreased from 200000 t to 2000 t during these 

years (Alderman 1979). These mortality events and subsequent losses were compounded 

by the appearance of the haplosporidian parasite Bonamia ostreae in 1979 in the same 

region (Pichot et al. 1979). The effects from these two parasites on O. edulis were so 

severe that the flat oyster industry never recovered. The disappearance of Crassostrea 

angulata from France following the emergence of an iridovirus in the 1970s, lead to the 

introduction of C. gigas from Canada and Japan to increase production. Ironically, C. 

gigas was later impacted by the OsHV-1 virus that caused 60-90% mortality in affected 

areas and consequential significant loss of production (Renault et al. 1994). 

 

The effects of oyster disease in New Zealand has been similarly severe. In 2010-2011, 

over 70% of C. gigas growing areas in northern New Zealand were impacted by the 

OsHV-1 virus, including 60-100% stock loss of juvenile and adult C. gigas (Bingham et 
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al. 2013). The most consequential epizootic event in New Zealand, however, was caused 

by the parasite Bonamia exitiosa in New Zealand flat oysters Ostrea chilensis from 

Foveaux Strait. Bonamia exitiosa was first reported from O. chilensis in 1987 (Dinamani 

et al. 1987) and is still the main driver of population size within this fishery (Michael et al. 

2011). Bonamia exitiosa and B. ostreae are the main focus of this thesis. 

 

Bonamia parasites 

Oyster parasites of the genera Bonamia and Mikrocytos are collectively termed microcells 

because of their small size (typically, 1-3 µm) (Katkanksy et al. 1969). Bonamia parasites 

infect oyster haemocytes causing a disease known as bonamiosis. Molecular and 

ultrastructure studies have identified four Bonamia species from a high number of oyster 

hosts and locations throughout the world. These species include B. ostreae (Pichot et al. 

1979), B. exitiosa (Hine et al. 2001; Berthe and Hine 2003) (see Figure 1.2), B. perspora 

(Carnegie et al. 2006) and B. roughleyi (Farley et al. 1988); although whether B. roughleyi 

is in fact a Bonamia species is uncertain and it has been assigned nomen dubium until new 

data becomes available (Hill et al. 2010). Bonamia exitiosa and B. ostreae are notifiable 

pathogens to the World Organisation of Animal Health and the European Union (OIE 

2013; Engelsma et al. 2014) because of the high level of disease they can cause.  

 

 

Figure 1.2. Histopathological haemotoxylin and eosin staining of (A) Bonamia exitiosa infecting 

haemocytes (white arrow) and extracellularly (black arrow) in New Zealand Ostrea chilensis (scale 

bar 20 µm); and (B) Bonamia ostreae infecting haemocytes of New Zealand Ostrea chilensis 

(scale bar 10 µm). 
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Bonamia species infect members of the Ostreidae oyster family (see Englesma et al. 2014), 

and, recently, a Bonamia sp. was detected in the Lophinae oyster Dendostrea sandvicensis 

from Hawaii (Hill et al. 2014). Prior to 2004, Bonamia parasites were viewed as having a 

circumscribed geographic range: B. ostreae was restricted to O. edulis in the temperate 

Northern Hemisphere, B. exitiosa in O. chilensis in southern New Zealand; and B. 

roughleyi was only found in New South Wales, Australia. However, the discovery of a 

Bonamia-like parasite in C. ariakensis in North Carolina, USA, (Burreson et al. 2004), the 

description of B. perspora from Ostrea stentina from the same area (Carnegie et al. 2006), 

the detection of B. ostreae in New Zealand O. chilensis (Lane et al. 2016; see Chapter 

Two), and the reports 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 and Montes 2005), O. 

angasi from Australia, and O. edulis from Europe (Abollo et al. 2008), initiated a change 

in perception of the global distribution of Bonamia parasites. 

 

The increased number of reports has significantly extended the geographical range of these 

parasites, especially B. exitiosa and B. exitiosa-like species. It is uncertain whether these 

new hosts and geographic reports are the result of actual contemporary dispersal, increased 

scrutiny of oyster populations, or wider application of more sensitive molecular methods. 

In any case, ITS rDNA sequences of B. exitiosa and B. exitiosa-like species sampled from 

around the world have detected four reasonably well-defined geographical groups: 

Cosmopolitan, Californian, Western Atlantic, and Southern Hemisphere. Currently, it is 

thought that these groups are likely representative of natural historical dispersal factors, 

although contemporary anthropogenic factors – i.e., fouling, ballast water, stock 

movements – may have also influenced their distribution (Hill-Spanik et al. 2015). The 

contemporary circumscribed geographic distribution of B. ostreae has made similar studies 

for this parasite unnecessary, however, considering the recent range extension of B. 

ostreae (Lane et al. 2016), similar questions of dispersal are now pertinent. 

 

Bonamia phylogeny 

Small sub-unit (18S) rRNA gene sequences place the genus Bonamia within the phylum 

Haplosporidia (Carnegie et al. 2000; Cochennec et al. 2000) and support a sister 
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relationship to the genus Minchinia (Reece et al. 2004; Carnegie et al. 2006; Engelsma et 

al. 2014; Sierra et al. 2016). Haplosporosomes – electron dense bodies – observed within 

the Bonamia ultrastructure further support their placement within this phylum (Hine et al. 

2001; Carnegie et al. 2014; Hill et al. 2014). Haplosporidia was described by Perkins 

(2000) as a group of obligate histozoic and coelozoic parasites found in a variety of 

freshwater and marine invertebrates. Typically, these protozoan parasites form ovoid, 

walled spores with an orifice covered externally by a hinged lid or internally by a flap of 

wall material (Burreson and Reece 2006). Sprague (1979) noted that historically this group 

was treated as a last resort for an array of spore-forming parasites that have plasmodia 

cells in their life cycles and were not easily classifiable elsewhere. 

 

Bonamia ostreae was described by Pichot et al. (1979) after it was detected in O. edulis 

from France in 1979 (Comps et al. 1980). In 1986, large-scale mortalities of O. chilensis in 

Foveaux Strait, New Zealand, were associated with a B. ostreae-like parasite, but it 

presented distinct morphological (Dinamani et al. 1987) and antigenic (Mialhe et al. 1988) 

differences to the Northern Hemisphere species. The advent of DNA sequencing in 

combination with transmission electron microscopy (TEM) recognised the New Zealand 

Bonamia sp. as a novel species that was subsequently described as Bonamia exitiosa 

(originally named Bonamia exitiosus) (Hine et al. 2001; Berthe and Hine 2003). 

 

Currently there are three Bonamia lineages recognised: one is represented by B. ostreae, 

another by B. exitiosa, and the third by B. perspora. The dubious presence of B. roughleyi 

on the same clade as B. exitiosa had previously precluded accurate identification of B. 

exitiosa-like species; however, it is now argued that B. roughleyi is a misidentified B. 

exitiosa (Hill et al. 2010) and all recently identified B. exitiosa-like species should be 

classified as B. exitiosa except for three Bonamia sp. reported from Chile, California, and 

Hawaii that await species description (Hill et al. 2014). The basal position of the Hawaii 

Bonamia sp. based on ITS rDNA and 18S rRNA gene sequences raises questions about the 

evolution of life history traits in the genus Bonamia (see Hill et al. 2014). Of all known 

Bonamia spp., B. perspora is the only species to retain ancestral haplosporidian traits of 

extracellular infection by various vegetative and sporogonic cell forms and, presumably, a 

complex life cycle (Carnegie et al. 2006). Therefore, based on histopathological 

observations B. perspora should be basal to the other Bonamia sp., but molecular 
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phylogenies suggest that this is not the case. Explanations put forward by Hill et al. (2014) 

currently remain untested and provide a rich area of future research for Bonamia parasites. 

 

Oyster immune response to bonamiosis 

Clinical signs of bonamiosis include dead or gaping oysters, occasional yellow 

discolouration, and lesions including perforated ulcers are more often observed in the gills 

than in the mantle and digestive gland (Comps et al. 1980), and gill ‘notches’ (Kroeck 

2010). While these are often associated with a Bonamia sp. infection, these clinical signs 

are not always indicative for infection with Bonamia parasites and could be from other 

pathogens or environmental insults. 

 

Molluscs lack a specific and adaptive immune system, therefore their immune response 

relies on innate cellular and immune memory (Morga et al. 2012). Molluscs distinguish 

self from non-self by using a variety of recognition molecules such as lectins, and several 

other cellular and humoral factors that are activated by the first exposure to foreign 

materials. Although this induced activation of the defence system can be accelerated for 

the second encounter and last for a certain period (Acton et al. 1969), the specificity of 

these factors is too broad and the effective duration of the response is too short to qualify 

as an acquired immune response (Minamikawa 2006). The upshot of this is that Mollusca 

vaccination strategies are ineffective unlike those for salmon and other farmed vertebrates 

(Stentiford et al. 2017). 

 

Apart from physico-mechanical defence systems such as shell, mucus, and melanin, 

circulating cells within the haemolymph called haemocytes play a key role in the immune 

response of oysters. Haemocytes can recognise, locate, ingest, transport, and digest foreign 

particles. Phagocytosis is the main cellular immune response against pathogens (Cheng 

1981) and haemocytes produce hydrolytic enzymes and cytotoxic molecules that facilitate 

their destruction. For those pathogens that are not phagocytised or are resistant to 

intraphagosomal digestion, they can multiply and infect other cells (Alvarez et al. 1992). 

Bonamia spp. contribute to its own internalisation within haemocytes, and the heat shock 

protein 90 seems to be involved in this mechanism (Prado-Alvarez et al. 2013). Once 

phagocytised the parasite blocks the release of hydrolytic enzymes by the haemocytes, 
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suppresses or inhibits respiratory bursts, and the parasite releases enzymes which break 

down the host cell cytoplasm, and continues to infect more host haemocytes (Hervio et al. 

1989; Hine and Wesney 1994). Because of this, Bonamia infections can quickly become 

systemic and eventually the host succumbs and dies. 

 

Preventing the introduction of infected animals into a disease-free area or limiting the 

dispersal of a pathogen is the preferred tool to safeguard production, because once 

introduced the only way to fight disease within oyster populations is to selectively breed 

for disease resistance (Roch 1999). Breeding programs for Bonamia-resistant flat oysters 

have been initiated in Ireland and France since 1998 (Naciri Graven et al. 1998; Culloty et 

al. 2004; Culloty and Mulcahy 2007). Selection of resistant stock was done through 

inoculation tests with the surviving oysters used to produce the next generation. Continued 

selection for disease resistance resulted in families with enhanced survival and lower 

prevalence of the parasite compared with control wild-type oysters. Morga et al. (2012) 

inspected the molecular response of resistant and wild populations of oysters and identified 

1920 expressed sequence tags (ESTs) differentially expressed between the two 

populations. The induction of haemocyte apoptosis appears to be the main host response to 

Bonamia (Gervais et al. 2016) and more data is becoming available to identify biomarkes 

for Bonamia resistance. 

 

Bonamia lifecycle 

A putative lifecycle of B. ostreae has been described through microscopy by Montes et al. 

(1994). The lifecycle includes intraepithelial and haemocytic phases of proliferation 

through binary fission and eventual destruction of cells releasing the parasite to re-infect 

new cells (Figure 1.3). Indeed, Bonamia parasites can be transmitted directly from infected 

oysters to uninfected oysters (Elston et al. 1987), however, after 25 plus years of research 

on Bonamia it has not been determined whether Bonamia’s life cycle is solely 

characterised by direct transmission or if these parasites utilize alternate hosts. 

 

In the absence of molecular and histological evidence for spore formation (i.e., no spore 

forming genes are currently characterised for Bonamia and no spores have been observed 

in any species other than B. perspora), the role played by oysters or other taxa in the 
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lifecycle of Bonamia is important to understand the mechanics of dispersal for these 

parasites. Bonamia ostreae DNA has been detected in 19 zooplankton taxa and several 

different benthic macro-invertebrates including the cosmopolitan species C. gigas and the 

blue mussel Mytilus edulis (Lynch et al. 2007; Lynch et al. 2010; Flannery 2014). 

Laboratory trials also showed that B. ostreae can be transmitted by co-habitation with a 

brittle star, Ophiothrix fragilis, from a B. ostreae-endemic area to two naïve oysters 

(Lynch et al. 2010). 

 

The ability of Bonamia parasites to survive in areas with very few oysters could be 

indicative that other hosts or life stages of the parasite might exist (Flannery 2014). For 

example, Van Banning (1987) reported that naïve oysters reintroduced to an area after 

several years of fallowing can still become infected with Bonamia; this was later 

strengthened when Flannery (2014) failed to detect Bonamia within the sediment of 

fallowed sites. Alternatively, the successful introduction of Bonamia parasites into new 

systems could be a consequence of their simple and direct lifecycle as parasites with 

complex lifecycles would need to construct it anew (Carnegie 2012). Understanding the 

lifecycle of Bonamia parasites is a pertinent area of future research. 

 

Figure 1.3. Bonamia ostreae haemocyte lifecycle proposed by Montes et al. (1994). The lifecycle 

begins with the adhesion of the Bonamia cell to the haemocyte (1) in which it is subsequently 

phagocytised (2), followed by the proliferative stage (3), the eventual destruction of the haemocyte 

(4), and the consequent release of new Bonamia cells (5) reinitiating the cycle. 
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Bonamia epidemiology 

Bonamia exitiosa has an annual infection cycle in New Zealand O. chilensis, proliferating 

from November to May (austral summer to autumn), becoming senescent and dying out by 

August (austral winter), except for a few parasites that remain beneath the basement 

membrane of the gut (Hine 1991a). Similar patterns of infection have been observed for 

European B. ostreae in O. edulis (Arzul et al. 2006; Engelsma et al. 2010). Mean infection 

intensity of B. exitiosa is higher in female and spent oysters than in male and 

hermaphroditic oysters (Hine 1991a; Hine et al. 2002). The majority of female O. chilensis 

do not spawn (Jeffs and Hickman 2000) and all unshed ova are reabsorbed by haemocytes 

at the end of the spawning period (austral summer) (Hine 1991a). Bonamia parasites utilise 

the lipids from the reabsorbed gonads as an important source of nutrition that facilitates 

rapid division (Hine 1991b). There is less concordance between studies on the relationship 

between oyster sex and B. ostreae infection intensity, although intense infections seem to 

more frequently occur in female oysters (da Silva et al. 2009).  

 

Water temperature and salinity could affect the infective capacity and dispersal of 

Bonamia parasites. Both B. exitiosa and B. ostreae survive better at lower temperature and 

higher salinity water (Audemard et al. 2008; Arzul et al. 2009). Moreover, Hine et al. 

(2002) reported that other biotic and abiotic stressors such as host starvation, handling, or 

heavy infections from other parasites (Hine 2002) can alter the disease dynamics of a 

system.  

 

The infective form and way of entry and egress of Bonamia parasites includes gills, and it 

is likely infective particles are ingested by the oyster and enter the haemolymph from the 

gut, whereas the death of the host is the most likely cause of parasite egress (Hine 1991a). 

Bonamia do not parasitize viable gonad so cannot be vertically transmitted, however, B. 

ostreae has been observed in oyster larvae incubated in the pallial cavity of adult O. edulis 

suggesting a possible transmission between these two age groups (Arzul et al. 2011). Both 

0+ and 1+ year-old oysters can be susceptible to infection, although, 2+ year-old 

individuals appear to be more susceptible (Dinamani et al. 1987; Engelsma et al. 2010). 
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Biology and ecology of Ostrea chilensis 

The New Zealand flat oyster Ostrea chilensis is also known as the dredge oyster, Bluff 

oyster, and Tio Point oyster. Ostrea chilensis was originally described by Hutton (1873) as 

Ostrea lutaria after morphologically distinguishing it from the Chilean oyster Ostrea 

chilensis (Philippi 1845). These two species were later moved into a new genus, Tiostrea, 

by Chanley et al. (1980), and were shortly after synonymized into one species, Tiostrea 

chilensis (Buroker et al. 1983). As part of a comprehensive reclassification of oysters, 

Harry (1985) synonymized T. chilensis along with several other oyster species as Ostrea 

puelchana on the basis on shell and soft-part morphology. This was later refuted through 

mitochondrial DNA analysis by Jozefowicz and Ó Foighil (1998) and T. chilensis was 

reverted back to the original name and description of Ostrea chilensis made by Philippi 

(1845). The original description of O. chilensis was based on specimens from Chile and 

was made a few decades before its discovery by Hutton (1873) in New Zealand, however, 

Ó Foighil et al. (1999) presented strong evidence that O. chilensis is endemic to New 

Zealand and had naturally extended its geographic range to Chile by trans-Pacific rafting. 

In addition to New Zealand and Chile, small wild populations exist in the United Kingdom 

after intentional introductions of Foveaux Strait oysters in 1963 and 1966 (Walne 1974) to 

trial an alternative growing species to the native O. edulis (Jeffs and Creese 1996). There 

are also records of O. chilensis being introduced into Tasmania, Australia, in the 1920s 

and 1930s (Dartnall 1969). 

 

The less common Ostrea stentina Dinamini and Beu 1981 is also found in New Zealand. 

Originally named Ostrea auporia, this species was synonymized with Ostrea equestris and 

Ostrea stentina as O. stentina (Shilts et al. 2007). This non-commercial species has a 

global distribution ranging from the northwest Atlantic/Caribbean, to the Mediterranean, 

and New Zealand. In New Zealand, O. stentina is distributed throughout the east coast of 

northern New Zealand (Shilts et al. 2007). Other oyster species found in New Zealand are 

C. gigas and the native rock oyster Saccostrea glomerata. 

 

In New Zealand, O. chilensis reaches its greatest natural abundances in the colder waters 

of the Foveaux Strait, although it is commonly found throughout New Zealand from 

intertidal sites to depths up to 150 m (Beu and Maxwell 1990) in both muddy substratum 
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(Powell 1979) and sandy-pebble bottom (Cullen 1962). Ostrea chilensis can tolerate a 

wide range of water temperatures and salinities: salinities in the Foveaux Strait are 

typically around 31-35 ppm whereas salinities within the inlets of Stewart Island can be as 

low as 3-5 ppm (Westerskov 1980; Buroker et al. 1983); and water temperatures in 

southern New Zealand around ~10°C compared to water temperatures in northern New 

Zealand that can reach ~25°C. 

 

Ostrea chilensis is a protandrous hermaphrodite that may breed all year round, although 

breeding peaks in the spring and summer months (Jeffs and Creese 1996). Ostrea chilensis 

reach maturity at a minimum shell size of 60 mm, a size at which only a small proportion 

of adults will spawn as females (10-12%), whereas significantly more will spawn as males 

(70-90%) (Jeffs and Hickman 2000). Brooding is common among all members of the 

genus Ostrea, however, there is great variability in the length of incubation time within 

Ostrea spp. Ostrea chilensis broods for the longest, up to eight weeks (Jeffs and Creese 

1996; Chaparro et al. 1999). Larvae are brooded for almost the entire developmental 

period, and released as well developed pediveliger larvae that have a short pelagic life. 

Cranfield and Michael (1989) estimated that larvae could disperse 20 km in 5-12 days, but 

a more recent study concluded that although a small portion may travel a few kilometres, 

the majority will disperse no further than a few hundred meters from the parent (Brown et 

al. 2008). 

 

In addition to being an important human food source, oysters play crucial roles in the 

ecosystem by creating subtidal reefs, which can harbour many invertebrate species 

including tunicates, bryozoans, and mussels (Cranfield et al. 2004). Like many other 

bivalve molluscs, oysters are active suspension feeders and can influence water quality by 

filtering phytoplankton and other suspended particles from the water, as well as play vital 

roles in influencing calcium carbonate budgets that buffer against ocean acidification 

(Waldbusser et al. 2013). Oysters also link primary production to the higher trophic levels, 

being preyed on by brittlestars Ophiopsammus maculate (Stead 1971), star fish 

Coscinasterias calamaria and Astrostole scabra (Cranfield 1979) and flatworms 

Enterogonia orbicularis (Handley 2002). 
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New Zealand Ostrea chilensis wild fisheries 

All three commercial dredge fisheries for Ostrea chilensis are located in the South Island 

of New Zealand: the Foveaux Strait, the Nelson/Marlborough, and the Challenger Quota 

Management Areas (QMAs) (Figure 1.4). The customary and recreational limit of O. 

chilensis is negligible for all three fisheries (MPI 2014a-c). Ostrea chilensis is also landed 

as a bycatch in the Chatham Island scallop fishery. 

 

The Challenger Fishery was introduced in the Quota Management System in 2005 and is 

the smallest fishery by tonnage, with current total allowable commercial catch (TACC) at 

62 t (MPI 2014a). Despite being historically more productive, the Nelson fishery only has 

a TACC at 505 t (MPI 2014c). Reasons for the 40-fold decrease in catches within the last 

40 years are unclear, but mortalities from the parasite B. exitiosa, apicomplexan parasites, 

and algal blooms, as well as poor recruitment from a change in the benthic substrate are 

likely to have all played a part to a lesser or greater extent (MPI 2014c). 

 

The Foveaux Strait fishery is commonly referred to as the Bluff fishery, named after the 

small port town. The Foveaux Strait fishery is an iconic fishery that has been fished for 

around 140 years and is socioeconomically important to the Southland communities 

(Michael et al. 2011). The Foveaux Strait oysters are traditionally harvested over a six-

month season, 1 March to 31 August, where traditionally landings were recorded in sacks. 

In 1996, the catch limit was converted to a catch quota of 1475 t using a conversion factor 

of 801 oysters per 79 kg sack, with catches recorded as numbers of oysters (MPI 2014b). 

The TACC for the Foveaux Strait fishery is 14.95 million oysters, although the catch limit 

has fluctuated in response to high mortalities caused by the parasite B. exitiosa (MPI 

2014b). Between 1986-1992 and 2000-2005, B. exitiosa was responsible for two epizootic 

events among O. chilensis within the Foveaux Strait that caused high mortalities in the 

oyster population, reducing oyster density to 9% of their pre-disease level (Doonan et al. 

1994). During the first epizootic, oyster management used changes to catch limits and 

spatial fishing strategies to minimize the effects of the disease and limit the spread of 

infection (MPI 2014b). The fishery was closed from 1993-1995 to allow stocks to rebuild 

(MPI 2014b). During the second epizootic, half of the TACC was voluntarily shelved 

between 2003 and 2008, with harvests of only around 7.5 million oysters annually in order 

for the population to recover. In 2011 the population size began to increase and the amount 
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of tonnage shelved was slowly reduced so the catch currently sits at 13.2 million oysters in 

2013. During the epizootics, the mean catch-per-unit-effort (CPUE) of the fishery dropped 

from around 13 sacks of oysters per hour to around 3 sacks per hour, causing severe 

economic loss for the region. 

  

Since dredge fishing began in 1867, the Foveaux Strait epifaunal reefs have been 

significantly altered and several oyster beds have been depleted (Cranfield et al. 1999). 

Overall, the combination of fishing effort and disease mortality from B. exitiosa has likely 

reduced the Foveaux Strait oyster population to less than 4% of that present before fishing 

began (Cranfield et al. 1999). Experimental dredging in B. ostreae-infected O. edulis in 

Netherlands revealed dredged oyster beds had higher incidences of Bonamia infection than 

undredged beds (van Banning 1991); similarly, Hine et al. (2002) found higher levels of B. 

exitiosa infection in stressed O. chilensis. The relationship between the physical stress on 

the oyster by fishing activity and the onset of bonamiosis is unlikely to be straightforward 

because it also likely involves environmental, host, and parasitic interactions (Sniezko 

1974), and the nature of these relationships requires further investigation. 

 

Bonamia exitiosa-related oyster mortalities are a recurrent feature of the Foveaux Strait 

oyster population (Michael et al. 2011). The size of the oyster population in Foveaux Strait 

is primarily drive by disease mortality and to a lesser extent recruitment (Fu and Dunn 

2009). Ongoing, annual fishery-scale surveillance of Bonamia sp. within the Foveaux 

Strait provides management information and guides fishing strategies (Michael et al. 

2015). As oyster density increases so too does the risk of another epizootic event by direct 

oyster-to-oyster parasite transmission (Hine 1996; Michael et al. 2011). Thus, a key aspect 

of this monitoring is to predict oyster mortality in a time frame that allows oyster density 

in infected areas to be fished down by targeted fishing to minimise losses to the fishery 

from Bonamia mortality (Michael et al. 2015). The chance of eradicating B. exitiosa from 

the Foveaux Strait fishery is negligible. Therefore, ongoing management and targeted 

research of the effects of the disease within this fishery is crucial for its future 

sustainability.  
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Figure 1.4. South Island of New Zealand showing the approximate areas of the three commercial 

Ostrea chilensis fisheries. Blue denotes the Nelson-Marlborough fishery; Red denotes the 

Challenger fishery; Green denotes the Foveaux Strait fishery. 

 

New Zealand Ostrea chilensis aquaculture 

Unlike the global trend where oyster aquaculture has a higher production than wild oyster 

fisheries, aquaculture of O. chilensis is an emerging industry therefore production is lower 

than that of the wild fishery. Ostrea chilensis farming is becoming more favourable than 

wild capture because oysters can be harvested all year round. Established O. chilensis 

farms are located in the Marlborough Sounds and Big Glory Bay, Stewart Island, with a 

proposed on-growing facility to be constructed within the Otago Harbour (Stuff 2015 

http://www.radionz.co.nz/news/rural/266597/proposal-to-farm-bluff-oysters-in-otago-

harbour). The annual production of a farm is expected to be around the hundreds of 

thousands of oysters, with one company aiming to produce 3.6 million oysters annually by 

2020 (http://www.sanford.co.nz/operations/aquaculture/bluff-oyster/). 

http://www.sanford.co.nz/operations/aquaculture/bluff-oyster/
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Bonamia parasites in New Zealand 

The history of bonamiosis in New Zealand is unclear (Hine 1996b), but Bonamia is 

present in archived histological material of O. chilensis from Foveaux Strait collected in 

1964 (Hine and Jones 1994). The cause of mass mortalities in Foveaux Strait O. chilensis 

in the early 1930s is undetermined, although similar mortalities in the 1960s were 

attributed to sporocysts of the digenean trematode Bucephalus longicornutus (Howell 

1967). The accuracy of this diagnosis is disputed and since then B. longicornutus has not 

been associated with oyster mortalities despite occurring at a high prevalence (Hine 

1996b). Bonamia exitiosa was first described from New Zealand and may well be an 

ancient enzootic parasite of Southern Hemisphere O. chilensis that has caused other past 

epizootics in the Foveaux Strait shellfishery (Hine 1996b). However, recent genetic work 

on B. exitiosa from Tunisia revealed higher genetic diversity than in New Zealand B. 

exitiosa, which could be evidence of a Mediterranean origin for this parasite (Hill-Spanik 

et al. 2015). 

 

Bonamia exitiosa has been reported from a number of locations throughout New Zealand 

including Foveaux Strait (Hine and Jones 1994), Marlborough Sounds (Webb et al. 2008; 

Lane et al. 2016), Wellington Harbour (B. Jones, pers. comm.), the Hauraki Gulf, 

Auckland (Webb et al. 2008; Hill-Spanik et al. 2015), and also in O. stentina from the 

Hauraki Gulf. The history, direction, and routes of dispersal among these localities are 

unknown – although suspected to be influenced by anthropogenic processes – and that 

population genetic data of parasite and host may shed light on this (Hill-Spanik et al. 

2015). Until 2015, B. exitiosa was presumed to be the only Bonamia species in New 

Zealand, however, this changed with the detection of B. ostreae in O. chilensis.  

 

Detecting Bonamia parasites 

Diagnostic tests for Bonamia spp. recommended by the OIE include traditional methods of 

histopathology, TEM, and cytology (ventricular heart smears), as well as molecular 

techniques of PCR, restriction fragment length polymorphism (RFLP) and in-situ 

hybridisation (OIE 2012; Ramilo et al. 2013; Ramilo et al. 2014). Currently, the OIE 

recommends that histology, heart smears or PCR should be used for targeted surveillance 
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and presumptive diagnosis, whereas TEM or DNA sequencing should be used for 

confirmatory diagnosis. 

 

Each diagnostic method has certain advantages and limitations. Light microscopy-based 

methods such as ventricular heart smears and histopathology are useful in quantifying the 

intensity of an infection and discerning any other pathologies within the screened host. 

However, these methods are time-consuming, require a trained observer to screen samples, 

are less sensitive, and less specific because B. exitiosa and B. ostreae are morphologically 

similar (see Chapter Two; Lane et al. 2016). Molecular-based methods are more sensitive 

than light microscopy-based methods (Diggles et al. 2003; Da Silva and Villalba 2004; 

Flannery et al. 2014), but until recently molecular-based methods lacked species-

specificity (e.g. Carnegie et al. 2000; Cochennec et al. 2000; Corbeil et al. 2006; Marty et 

al. 2006). Distinguishing between Bonamia species relied on DNA sequencing or RFLP 

(Cochennec et al. 2000), which is time-consuming but still important considering that both 

species are notifiable to the OIE. Therefore, the development of species-specific methods 

became a priority (Diggles et al. 2003). In addition to greater specificity, species-specific 

molecular methods are more sensitive than methods that detect a wide range of taxa 

(Carnegie et al. 2000). Recently, a species-specific SYBR Green real-time assay that 

amplifies a fragment of the actin 1 gene of B. ostreae was designed by Robert et al. (2009) 

and a conventional PCR as well as a SYBR Green real-time assay was also developed by 

Ramilo et al. (2013) for specific amplification of a fragment of the 18S rRNA gene of B. 

exitiosa and B. ostreae. The added advantage of Ramilo et al.’s (2013) method is that these 

species-specific primers can be used as multiplex that can simultaneously detect both 

parasites, although the test somewhat is less sensitive in the case of mixed infections. 

Indeed, these new PCRs have increased sensitivity and specificity in detecting Bonamia 

parasites. However, reporting the occurrence of either parasite in an area for the first time 

should not be based exclusively on PCR results but should be further confirmed through 

other methods as outlined by the OIE (Ramilo et al. 2013; OIE 2013). Moreover, as the 

diversity of Bonamia parasites becomes more widely recognised, continued optimisation 

of tests is advised to ensure future reliable detection of these important marine parasites. 
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Thesis structure 

The report of the exotic Northern Hemisphere Bonamia ostreae from New Zealand Ostrea 

chilensis was an unexpected discovery of this thesis that has shaped its progression and 

direction. The overall aim of this thesis is to address several questions relating to dispersal, 

diagnostic testing, and pathology of B. ostreae in New Zealand O. chilensis. In 

undertaking these studies, I also investigate aspects of dispersal of the endemic B. exitiosa 

around New Zealand and its pathology in the same host. This thesis is intended to extend 

and deepen existing knowledge of these enigmatic parasites that have affected socio-

economic prosperity in parts of New Zealand and other locations around the world through 

high mortalities and subsequential production losses. On a broader scale, this thesis also 

aims to promote the importance of disease research on aquatic animals in New Zealand 

and to highlight areas of future research that can facilitate international multilaboratory 

collaboration to ensure seafood’s future role in global food security. 

 

Included in this thesis are five data chapters that are bookended by a General Introduction 

(Chapter One) and a General Discussion (Chapter Seven); the latter identifies key areas of 

future research, summarises the findings of the thesis and discusses them in a broader 

context. All data chapters included in this thesis are written in manuscript format for 

publication in scientific journals. Consequently, there may be minor elements of repetition 

among chapters although every effort has been made to minimise this. Cross referencing 

between chapters has been used where possible. Chapter Two and Chapter Three have 

been published in peer-reviewed journals, and Chapter Five is currently under review as 

explained in the respective chapter descriptions below. I am the first author of all 

published studies from this thesis. The co-authors on all publications provided constructive 

feedback during the design and implementation of each study as well as comments on text 

drafts. 

 

The five data chapters of this thesis are as follows: 

1. Chapter Two: Bonamia ostreae in the New Zealand oyster Ostrea chilensis: a new 

host and geographic record for this haplosporidian parasite. 
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Publications details: Lane HS, Webb SC, Duncan J (2016) Bonamia ostreae in the 

New Zealand oyster Ostrea chilensis: a new host and geographic record for this 

haplosporidian parsaite. Diseases of Aquatic Organisms vol. 118: 55-63. 

 

The first data chapter of thesis presents the first report of B. ostreae infecting New 

Zealand O. chilensis from New Zealand. This report marks a large range extension 

as well as new host for this parasite. Within this chapter, I detail the molecular and 

histological findings leading to this report. I also report on concurrent infections of 

B. ostreae and B. exitiosa plus other New Zealand pathogens in O. chilensis for the 

first time. 

 

2. Chapter Three: Pooled sampling testing for Bonamia ostreae: a tale of two SYBR 

Green real-time PCRs 

 

Publication details: Lane HS, Jones JB, McDonald WL (2017) Pooled sampling 

testing for Bonamia ostreae: a tale of two SYBR Green real-time PCR assays. 

Journal of Veterinary Diagnostic and Investigation doi: 

10.1177/1040638717717558 

 

A targeted surveillance was implemented in New Zealand following the report of 

B. ostreae. This involves testing a high number of samples, which is expensive. 

Diagnostic pooling is a common laboratory method to increase testing efficiency 

and reduce the cost of testing. However, diagnostic pooling is often implemented 

without data on how pooling may affect diagnostic test performance. In Chapter 

Three, I investigate the efficacy of two published B. ostreae species-specific real-

time PCRs to detect B. ostreae in pools of 3, 5, and 10 host samples. 

 

3. Chapter Four: Low internal transcribed spacer rDNA variation in New Zealand 

Bonamia ostreae: evidence of a recent arrival but from origin unknown. 

 

In this chapter, I use new and published B. ostreae ITS rDNA sequences to address 

questions of dispersal for this parasite: specifically, whether B. ostreae is a recent 

introduction to New Zealand, and from where it has been introduced.  

https://doi.org/10.1177/1040638717717558
https://doi.org/10.1177/1040638717717558
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4. Chapter Five: Comparative population genetic structure of an important marine 

parasite, Bonamia exitiosa, and its valuable oyster host, Ostrea chilensis, in New 

Zealand. 

 

Publication details: Lane HS, Jones JB, Poulin R (2018) Comparative population 

genetic structure of an important marine parasite from New Zealand flat oysters. 

Marine Biology 165: 9 doi: 10.1007/s00227-017-3260-4 

 

In this chapter, I survey O. chilensis beds from throughout New Zealand to 

investigate the prevalence of B. exitiosa and B. ostreae. Bonamia ostreae was only 

detected from one location, whereas B. exitiosa was detected from several. Using 

new and published B. exitiosa ITS rDNA sequences, I investigate the genetic 

diversity and phylogeography of this parasite from New Zealand. Moreover, I use 

new mitochondrial CO1 sequences of O. chilensis to compare the population 

genetic structure of the host and parasite and to test the hypothesis that Bonamia 

parasites can be dispersed between oyster beds during the pelagic life history phase 

of O. chilensis. 

 

5. Chapter Six: Comparative pathology of the endemic Bonamia exitiosa and the 

introduced Bonamia ostreae in New Zealand Ostrea chilensis. 

 

Bonamia exitiosa is endemic and B. ostreae is exotic to New Zealand O. chilensis. 

Therefore, in this chapter I explore the comparative pathology of B. exitiosa and B. 

ostreae within the same host to provide insights into whether infections from these 

different parasites elicit a different pathology. Moreover, considering their similar 

modus vivendi, I investigate whether these parasites may competitively interact 

during concurrent infections.
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Chapter Two 

Bonamia ostreae in the New Zealand oyster Ostrea 

chilensis: a new host and geographic record for this 

haplosporidian parasite 

 

 

 

 

 

 

 

 

 

Early morning on a flat oyster oyster farm, Port Underwood. 



 Chapter Two: Bonamia ostreae in Ostrea chilensis, New Zealand  

 
 
 

24 

 

Abstract 

Previous reports of the Haplosporidian parasite Bonamia ostreae have been restricted to 

the Northern Hemisphere, including Europe, and both eastern and western North America. 

This species is reported for the first time in New Zealand infecting the flat oyster Ostrea 

chilensis. Histological examination of 149 adult oysters identified 119 (79.9% prevalence) 

infected with Bonamia microcells. Bonamia genus PCR of several oysters followed by 

DNA sequencing of a 300 bp portion of the 18S rRNA gene produced a 100% match with 

that of B. ostreae. All DNA sequenced products also produced a B. ostreae PCR-RFLP 

profile. Bonamia species-specific PCRs further detected single infections of Bonamia 

exitiosa (2.7%), B. ostreae (40.3%), and concurrent infections (53.6%) with these two 

Bonamia species identifying overall Bonamia prevalence of 96.6%. Detailed histological 

inspection revealed two microcell types. An infection identified by PCR as B. ostreae 

histologically presented small microcells (mean diameter = 1.28 µm, SE = 0.16, range = 

0.9-2, n = 60) commonly with eccentric nuclei. A B. exitiosa infection exhibited larger 

microcells (mean diameter = 2.12 µm, SE = 0.27, range = 1.5-4, 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 

confirmed 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 (APX) (74.5%), Microsporidium rapuae (0.7%) and Bucephalus 

longicornutus (28.9%). 
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Introduction 

The Haplosporidian genus Bonamia contains a number of morphologically similar species 

of mollusc parasites. Bonamia microcells are small (typically 1-3 µm), uninucleated, and 

infect oyster hemocytes causing a disease known as bonamiosis (Hine and Jones 1994; 

OIE 2012). Molecular and ultrastructural studies have identified four 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. roughleyi 

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 parasites cause, B. ostreae and B. exitiosa are listed as pathogens notifiable to the 

World Organisation of Animal Health (OIE) and to the European Union (OIE 2012; 

Engelsma et al. 2014). 

 

Until this report, the only Bonamia species reported 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 

predominantly 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 

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 two 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; Cranfield et 

al. 2005; Michael et al. 2013). Bonamia exitiosa continues 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 
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Zealand is Ostrea stentina from the Hauraki Gulf. DNA sequences matching B. exitiosa 

were reported from Hill et al. (2014), although this was not corroborated by other methods 

such as histology or in situ hybridisation. 

 

Historically, Bonamia parasites were viewed as having a localised distribution, with B. 

ostreae restricted 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 Crassostrea ariakensis in North Carolina, USA 

(Burreson et al. 2004), and the description of another parasite as Bonamia perspora from 

O. stentina from the same area (Carnegie et al. 2006), in combination with the discovery 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), O. puelchana from Argentina 

(Kroeck and Montes 2005), O. angasi from Australia, and O. edulis from Europe (Abollo 

et al. 2008; Longshaw et al. 2013) have initiated a change in perception of the global 

distribution of Bonamia (see Engelsma et al. 2014). This global range extension of these 

Bonamia parasites has seen their known geographic ranges overlap (Abollo et al. 2008; 

Arzul et al. 2010; Narcisi et al. 2010; Carrasco et al. 2012; Longshaw et al. 2013), and led 

to documentation of a concurrent infection of B. exitiosa and B. ostreae within the same 

host O. edulis (Abollo et al. 2008; Narcisi et al. 2010). 

 

Bonamia 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 declines in production of O. edulis along the European Atlantic coast (Grizel et 

al. 1988) and eastern USA (Carnegie and Cochennec-Laureau 2004). Bonamia 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 United Kingdom 

by Bucke and 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 and Hepper 1987); however, there are still limited scientific 
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data on the susceptibility 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 phylogenetically 

group with B. exitiosa (see Hill et al. 2010; Carnegie et al. 2014). Here, in contrast, this is 

a new geographic report for B. ostreae. In January 2015, B. ostreae was identified in New 

Zealand from the New Zealand flat oyster, Ostrea chilensis. This finding is the first report 

of B. ostreae from the Southern Hemisphere and represents a further change in global 

distribution of this parasite as well as a possible incursion of an exotic pathogen to New 

Zealand. 

 

Methods 

Sample collection and histology 

Ostrea chilensis (n = 149) from the Marlborough Sounds (Figure 2.1) were collected on 18 

November 2014 after a report of increased mortality. 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 sections were placed into pre-labelled histo-cassettes and 

fixed in formalin/seawater (4% formaldehyde) for 48 hours, after which they were stored 

in 70% EtOH 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) staining. Cover-slipped 

histology slides were examined under an Olympus BX51 light microscope at 400X, and 

1000x with oil immersion. Tissues examined included palps, gills, mantle, digestive gland, 

gastrointestinal tract, heart, kidney, nerve and muscle. 
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Presence or absence of Bonamia microcells was recorded and these data allowed 

prevalence of Bonamia infection (by histology) to be estimated. Any other 

pathogens/conditions seen during this examination were also recorded. 

 

Molecular methods (see below) distinguished 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 representative histology slide preparations under oil immersion. Microcells 

were measured and intensity 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 from smallest to largest (range 60-

105 mm) by shell height and all distributions of infection for pathogens noted 

(histopathology and PCR) were inspected for any size dependent changes in frequency. 

 

 

Figure 2.1. Map of New Zealand showing the Marlborough Sounds where Bonamia ostreae was 

first identified in New Zealand, as well as the Foveaux Strait where the largest flat oyster fishery of 

New Zealand is located. Hauraki Gulf and Chatham Islands are also shown. Insert shows the global 

location. 
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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 twelve 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 four of these 12 

samples – hereafter referred to as sample one, two, three, and four – were gel-cut and 

purified using a Zymo Gel Purification kit. These four samples were chosen because they 

produced the strongest bands after electrophoresis. DNA sequencing was performed at 

EcoGene (Landcare Research, New Zealand) using primers described above. The returned 

DNA sequences were imported in Geneious version 7.1.5 (http://www.geneious.com 

Kearse et al. 2012), where they were assembled, Geneious aligned, and submitted to 

BLAST (Altschul et al. 1990) for species identification using default parameters. 

 

In addition to DNA sequencing, the four samples were subjected to RFLP analysis 

described by Cochennec et al. (2000). All PCR positive samples were run in triplicate: 

PCR control, uncut control and restriction digest. One triplicate of each sample was 

electrophoresed 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 1 

restriction enzyme (Bioline) was added to one of each triplicate. All samples, except for 

the PCR control, were then incubated at 37 °C for two hours. After incubation, all samples 

http://www.geneious.com/
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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’-

GCGCGTTCTTAGAAGCTTTG-3’) was paired with the reverse primer BEXIT-R (5’-

AGATTGATGTCGGCATGTCT-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’-TTACGTCCCTGCCCTTTGTA-3’) was paired with the reverse primer 

BOSTRE-R (5’-TCGCGGTTGAATTTTATCGT-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, chromogenic in situ hybridisation (ISH) assay 

specific for B. ostreae and performed with a 5’ digoxigenin-labelled probe, Bost171 (5’-

CCG CCG AGG CAG GGT TTG T-3’) at 3 ng/µl (Hill et al. 2014). All experiments 

included a no-probe control (25 µl of hybridisation buffer only), a negative control 

(Crassostrea gigas), and the experimental sample. Tissue sections were processed for ISH 

as described by Stokes and Burreson (1995) including 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. ostreae. To rule-
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out the possibility of a New Zealand incursion of O. edulis and, therefore with it, an 

incidental incursion of B. ostreae, the species of the oyster host was identified by DNA 

Barcoding. The four DNA templates described above in the Bonamia Genus PCR assay, 

had their respective cytochrome oxidase 1 (CO1) gene DNA barcoded using the Lobo et 

al. (2013) conventional PCR assay. The forward primer Lobo-F1 (5’-

KBTCHACAAAYCAYAARGAYATHGG-3’) was paired with the reverse primer Lobo-

R1 (5-TAAACYTCWGGRTGWCCRAARAAYCA-3’) to produce an expected amplicon 

of 708 bp. Thermal cycling was performed on a VeritiR Dx Thermal Cycler (Applied 

Biosystems): 95 °C for 2 min, followed by 40 cycles of 95 °C for 15 s, 48 °C for 15 s, and 

72 °C for 15 s. The electrophoresed bands were gel-cut and purified using a Zymo Gel 

Purification kit. DNA sequencing was performed at EcoGene (Landcare Research, New 

Zealand) using primers described above. The returned DNA sequences were imported in 

Geneious 7.1.5, assembled, and submitted to BOLD systems database (Ratnasingham and 

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 

UPGMA tree using default parameters. 

 

Results 

Histology 

Histology results and shell dimension summary statistics are presented in Table 2.1, where 

gross prevalences of other pathogens/parasites are also noted. New concurrent and 

multiple infections were noted with B. ostreae (Table 2.1b and d). These include B. 

ostreae with B. exitiosa, and an apicomplexan known as APX (see Hine 2002), 

Bucephalus longicornutus (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 2.1a) of histopathology preparations. 

Microcells (Figure 2.2) from an oyster determined by species-specific PCR to be infected 

with B. exitiosa measured 2.12 µm mean diameter (SE = 0.27, range = 1.5-4, n = 60). The 

nuclei were commonly concentric or nearly so. 
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Microcells (Figure 2.3) from a B. ostreae species-specific PCR positive individual were 

smaller (mean = 1.28 µm, SE = 0.16, range = 0.9-2, n = 60). They occurred, commonly 

with eccentric nuclei. Infected hemocytes contained a mean number of 2.3 microcells 

(range = 1-7, n = 20). Distribution of infection was patchy with most infected hemocytes 

occurring 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 infrequent: most being seen in 

connective tissue just outside the reproductive 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 (infection as indicated by histopathology and PCR) changes in frequency for 

any of the parasites/pathogens noted. 

 

Molecular Analyses 

PCR results presented in Table 2.1 distinguish three Bonamia infection-related 

subpopulations within the 149 oysters in this study. An overall Bonamia prevalence of 

96.6% was observed (Table 2.1), with 80 (53.7%) having concurrent infection of B. 

exitiosa and B. ostreae (Table 2.1b); 4 (2.7%) infected only by B. exitiosa (Table 2.1c); 60 

(40.3%) infected only by B. ostreae (Table 2.1d), and 5 (3.4%) infected by neither 

Bonamia species.  

 

Bonamia sequencing 

All samples assayed by the Bonamia-genus conventional PCR produced a band of the 

expected size. DNA sequencing of this product from all four samples produced high 

quality sequence reads. After sequence assembly and trimming, the DNA sequences 

ranged from 187 bp to 299 bp. Sequence alignment of four consensus sequences show 

100% base pair match to one another. The consensus sequence from all four samples was 

extracted and submitted to BLAST. The 299 bp sequence matched 100% with published 
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SSU rRNA gene sequences of B. ostreae (JQ936481, JN040831, AF192759), in 

comparison with only a 90% match to B. exitiosa (JF831802). All samples, 1c-4c, as 

shown in Figure 2.4, produced two bands of 120 bp and 180 bp when digested with Bgl 1. 

This is the expected profile for B. ostreae. There was no digestion of the B. exitiosa 

positive control. 

 

Figure 2.2. Bonamia exitiosa microcells (arrows) in Ostrea chilensis hemocytes. Scale = 20 µm. 

 

Figure 2.3. Ostrea chilensis hemocytes infected with Bonamia ostreae microcells (arrows) in 

connective tissue between the digestive tubules. Scale = 20 µm. 
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Table 2.1. Ostrea chilensis summary shell height (mm) and pathogens noted by histology. a) total 

oysters in study; b) oysters PCR positive for Bonamia exitiosa and Bonamia ostreae; c) oysters 

PCR positive for Bonamia exitiosa only; d) oysters positive for Bonamia ostreae only. Histology 

results note Bonamia only to genus; Ciliates: ciliates in digestive tubule (DT) lumen, connective 

tissue, Rickettsia: rickettsia in DT epithelium. 

Histology results 
Prevalence 

(%) 
n 

Shell height (mm) 

Mean SD Max. Min. 

(a) Total oysters surveyed - 149 77.76 7.7 105 60 

Bonamia sp. 79.9 119 

 

Bucephalus longicornutus 32.2 48 

Apicomplexan X 78.5 117 

Microsporidium rapuae 0.7 1 

Ciliates 33.6 50 

Rickettsia 8.7 13 

(b) Bonamia exitiosa and Bonamia 

ostreae by PCR 
53.7 80 77.8 6.8 93 66 

Bonamia sp. 49 73 

 

Bucephalus longicornutus 12.1 18 

Apicomplexan X 40.9 61 

Microsporidium rapuae 0.7 1 

Ciliates 22.8 34 

Rickettsia 4.7 7 

(c) Bonamia exitiosa only by PCR 2.7 4 74.5 9.3 85 64 

Bonamia sp. 2.7 4 

 

Bucephalus longicornutus 1.3 2 

Apicomplexan X 2 3 

Microsporidium rapuae 0 0 

Ciliates 0 0 

Rickettsia 0.7 1 

(d) Bonamia ostreae only by PCR 40.3 60 77.4 8.1 105 60 

Bonamia sp. 28.2 42 

 

Bucephalus longicornutus 16.8 25 

Apicomplexan X 33.6 50 

Microsporidium rapuae 0 0 

Ciliates 8.7 13 

Rickettsia 3.4 5 

Total Bonamia by PCR 96.6 144  
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Figure 2.4. PCR-RFLP analysis. Molecular weight marker (100 bp); Lanes 1, 2, 3, 4 represent 

samples one, two, three, four. Lane a is the PCR control; Lane b is the uncut control; Lane c is the 

digested sample by the Bgl 1 restriction enzyme; lanes 5 and 6 are no-template-controls; lane 7 is 

the Bonamia exitiosa positive control; lane 8 is Bonamia ostreae positive control. 

 

In situ hybridisation 

Bonamia ostreae microcells hybridised to the B. ostreae probe (Figures 2.5 and 2.6) and 

all controls performed as expected. That the probe is species specific can be inferred from 

Figure 2.6 that shows smaller labelled B. ostreae near unlabelled B. exitiosa - all 

approximating to the expected dimensions for their respective microcell types. This 

corroborates the concurrent B. exitiosa and B. ostreae PCR result (data not shown) and the 

concurrent B. exitiosa and B. ostreae histology result from the same individual (Figure 

2.7). 
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Figure 2.5. In situ hybridisation of Ostrea chilensis. The blue colour is representative of 

hybridisation signals to the Bost171 probe specific to Bonamia ostreae. Scale = 10 µm. 

 

 

Figure 2.6. In situ hybridisation of Ostrea chilensis tissue at higher magnification using the 

Bost171 probe. Bonamia ostreae microcells (black arrows) stain blue while the larger Bonamia 

exitiosa cells (red arrows) remain unlabelled. Scale = 20µm. 
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Figure 2.7. Concurrent infection in Ostrea chilensis with microcells of Bonamia exitiosa (red 

arrows) and Bonamia ostreae (white arrows). Scale = 20µm. 

 

DNA Barcoding of Ostrea chilensis 

CLUSTAL-W alignment of CO1 DNA sequences showed a 99% similarity between 

samples 1-4 and the reference CO1 sequence of O. chilensis (AF112285). When all four 

samples were compared with reference sequences of O. edulis (AF540599), O. angasi 

(AF112287), O. puelchana (DQ226521), and O. stentina (AF112288), there was an 81%-

87% sequence match. The alignment view of the UPGMA phylogenetic tree) also shows 

samples 1-4 grouping with O. chilensis (data not shown). BLAST results and Boldsystems 

ID of all four samples match O. chilensis. 

 

Discussion 

The confirmed identification of B. ostreae was guided by the OIE diagnostic manual (OIE 

2012) and has been demonstrated by histopathology (Figures 2.2 and 2.7), ISH (Figure 

2.5), DNA sequence data, and an expected PCR-RFLP profile (Figure 2.4). This first 

record of B. ostreae from the Southern Hemisphere also documents a concurrent infection 
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with B. exitiosa (Figures 2.5 and 2.7; Table 2.1) and previously unreported co-infections of 

B. ostreae with APX, Bucephalus longicornutus, Microsporidium rapuae, and digestive 

rickettsia (Table 2.1). Similar concurrent infection of B. exitiosa and B. ostreae has been 

reported in O. edulis (Abollo et al. 2008) and Hine (2002) has documented co-infection of 

APX with B. exitiosa in O. chilensis from Foveaux Strait (NZ). 

 

The source of this B. ostreae infection is currently unclear, but the introduction of flat 

oyster vectors, whether by natural or anthropogenic means (Howard 1994; Peeler et al. 

2010) seems likely. Bonamia is directly transmissible between oysters (Elston et al. 1987) 

but an exclusively direct life cycle is not yet confirmed. 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. There is, moreover, likely to be no other, more resistant, water-borne stages as 

there is no molecular or histological evidence for spore formation, i.e., no spore forming 

genes are currently characterised for Bonamia and spores have been observed only in B. 

perspora (see Carnegie et al. 2006). 

 

Flat oysters of the genus Ostrea are similar in appearance (Edgar 1997; Morton et al. 

2003) and should such a vector have arrived in New Zealand, either through anthropogenic 

or natural (Ó Foighil et al. 1999) means, it could easily have gone undetected among 

native species (Morton et al. 2003). In this respect, O. edulis and O. chilensis are difficult 

to distinguish by morphology. Reported opportunities for introductions are sparse but two 

O. edulis individuals surviving transhipment from the United Kingdom were placed among 

O. chilensis in the Otago Harbour in 1896 (Cranfield et al. 1998). A parallel example is the 

advent of B. exitiosa in C. ariakensis near a port in eastern USA that is attributed to oyster 

vector transhipment (Burreson et al. 2004; Bishop et al. 2006). 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 as a vector for the spread of this parasite within 

New Zealand. The ongoing collection and analysis of molecular data may clarify this 

issue. 
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The world-wide range extension of Bonamia parasites is to be expected as a result of a) an 

actual increase in geographic spread of the parasite, b) increased global surveillance of 

oyster populations, and/or c) a wider application of molecular diagnostic tools that aid 

detection of Bonamia (see Engelsma et al. 2014). The influence of b) and c) above will be 

particularly telling. Whichever, there will be implications for disease management due to 

the destructiveness of these parasites (OIE 2012). Since pathogens have optimal 

environmental ranges and hosts, any such change is likely to modulate their infectivity 

(Snieszko 1974). In response, the Ministry for Primary Industries has initiated 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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Chapter Three 

Pooled-sample testing for Bonamia ostreae: a tale of 

two SYBR Green real-time PCR assays 

 

 

 

 

 

 

 

 

Suspended lantern nets each containing shelves of New Zealand flat oysters, 

Port Underwood. 
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Abstract 

Pooled testing of samples is a common laboratory practice to increase efficiency and 

reduce expenses. We investigated the efficacy of two published SYBR Green real-time 

PCRs when used to detect the haplosporidian parasite Bonamia ostreae in pooled-samples 

of infected oyster tissue. Each PCR targets a different gene within the B. ostreae genome: 

the actin 1 gene or the 18S rRNA gene. Tissue homogenates (150 mg) of the New Zealand 

flat oyster Ostrea chilensis were spiked with ~1.5 x 103 purified B. ostreae cells to create 

experimental pools of 3, 5, and 10 individuals. Ten positive replicates of each pool size 

were assayed twice with each PCR and at two different DNA template amounts. The PCR 

targeting the actin 1 gene was unable to reproducibly detect B. ostreae in any pool size. 

Conversely, the 18S rRNA gene PCR could reproducibly detect B. ostreae in pools of up 

to 5. Using a general linear model, there was a significant difference in the number of 

pools that correctly detected B. ostreae between each PCR (p < 0.01) and each pool size (p 

< 0.01). It is likely that the single copy actin 1 gene is more likely to be diluted and not 

detected by pooling than the multi-copy 18S rRNA gene. Our study highlights that 

validation data are necessary for pooled-sample testing because detection efficacy may not 

be comparable to individual sample testing. 
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Introduction 

The haplosporidian parasite Bonamia ostreae was first reported in New Zealand from the 

New Zealand flat oyster Ostrea chilensis in 2015 (Lane et al. 2016). Bonamia ostreae is a 

pathogen listed by the World Organization for Animal Health (OIE) that has caused 

significant disease within farmed and wild flat oyster populations throughout Europe and 

North America (Elston et al. 1986; Grizel et al. 1988). After a significant range extension, 

it is now present within New Zealand - only reported from the Marlborough Sounds (Lane 

et al. 2016) - and a Controlled Area Notice has been implemented within this area by the 

Ministry for Primary Industries (MPI) to prevent the spread of B. ostreae to other New 

Zealand flat oyster beds. In addition to this, MPI initiated a national B. ostreae surveillance 

plan to monitor oyster beds to ascertain the geographic spread of this important parasite. 

 

A nation-wide sampling effort generates a high number of laboratory samples for testing, 

which is expensive. To reduce this cost as well the effort of testing, we investigated pooled 

testing for B. ostreae. Pooling is when a number of individuals are combined into one 

sample for laboratory testing. Pooling is advantageous because more individuals can be 

tested at the same laboratory cost as that for a single individual. A theoretical limitation of 

pooling is a loss of test sensitivity as a result of either inhibition of the test reaction or 

dilution of the analyte (Christensen and Gardner 2000). However, some cases have shown 

that pooling samples can actually increase sensitivity, especially at the population level 

(Tavornpanich et al. 2004; Muñoz-Zanzi et al. 2006). 

 

Studies have been reported of pooled testing for pathogens affecting livestock, such as 

Mycobacterium avium subsp. paratuberculosis (MAP) (Tavornpanich et al. 2004) and 

Bovine viral diarrhea virus (Muñoz-Zanzi et al. 2006). The interpretation of pooled-test 

results should be made using sensitivity and specificity values that have been calculated or 

estimated for that particular testing procedure and for the pool size being used (OIE 2013). 

Laboratories often implement pooling without prior validation. For example, a recent study 

(McBeath et al. 2009) used pooled testing during surveillance for Infectious salmon 

anemia virus (ISAV), but the authors noted that the effect of pooling on test performance 

was uncertain. Similarly, the effects of pooled testing for B. ostreae have not been 

investigated and the OIE does not recommend pooling until such data become available. 
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There have been a number of studies comparing the performance of diagnostic tests for B. 

ostreae, with PCR accepted as the most sensitive and rapid detection method for B. ostreae 

(Flannery et al. 2014). There are two B. ostreae species-specific SYBR real-time PCRs 

currently available (Robert et al. 2009; Ramilo et al. 2013), as well as other non-species-

specific Bonamia real-time PCRs (Corbeil et al. 2006; Marty et al. 2013). Both B. ostreae-

specific assays were published with extensive accompanying validation data for individual 

sample testing, however, the effects of pooling on efficacy were not explored. The aim of 

our study was to test for B. ostreae in an early detection surveillance context, i.e., 

maximum sensitivity of the assay is desirable when the quantity of the target is expected to 

be low, with no clinical signs or lesions to support detection. Standard testing procedure of 

the New Zealand’s Animal Health Laboratory, Ministry for Primary Industries, is followed 

in evaluating the efficacy of two species-specific SYBR Green real-time PCRs to detect B. 

ostreae in pools of 3, 5, and 10 individuals. 

 

Methods 

Sample collection 

Bonamia ostreae-positive O. chilensis were previously collected from the Marlborough 

Sounds (see Chapter Two). Bonamia-negative O. chilensis were collected from the 

Chatham Islands during MPI’s B. ostreae targeted surveillance where they were sent 

whole and chilled to the laboratory. 

 

Parasite purification 

Whole oysters were not available, so only gill and mantle tissue was used to purify B. 

ostreae from infected O. chilensis. These oysters had previously been shown to be B. 

ostreae-positive and B. exitiosa-negative by species-specific PCR (Ramilo et al. 2013; see 

Lane et al. 2016). The purification of B. ostreae from 18 O. chilensis followed the protocol 

of Mialhe et al. (1988) including the modifications of Diggles and Hine (2002). Following 

parasite purification, 3 µL of cell suspension was mixed with 3 µL of 0.4% trypan blue 

and the total number of Bonamia cells were quantified using a Malassez hemocytometer 

under a light microscope. The remaining purified cells were stored at 4°C. 
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DNA was extracted from 150 µL of purified cells using a QiaMP Mini Kit (Qiagen) 

following the manufacturer’s instructions. DNA was quantified using a Qubit® and 

amplifiable nucleic acid was confirmed using an 18S rRNA gene real-time PCR (Applied 

Biosystems). The identity of the purified cells was confirmed using B. ostreae and B. 

exitiosa species-specific conventional PCRs. The primer pairs BOSTRE-F + BOSTRE-R 

and BEXIT-F + BEXIT-R amplify 208 bp and 246 bp amplicons of the B. ostreae and B. 

exitiosa 18S rRNA gene, respectively (Ramilo et al. 2013). Thermocycling conditions for 

B. ostreae were 95°C for 2 min, followed by 35 cycles of 95°C for 10 s, 55°C for 10 s, and 

72°C for 1 s. The thermocycling conditions for B. exitiosa were the same, but with an 

annealing temperature of 58 °C. All amplicons were visualised under UV and bands of the 

correct size were gel-cut and purified for DNA sequencing. DNA sequencing was 

performed at EcoGene using the PCR primers described above. DNA sequence reads were 

imported into Geneious version 7.1.5 (http://www.geneious.com; Kearse et al. 2012) 

where they were assembled and identified using BLAST. 

 

Pooling 

After B. ostreae purification, ten Bonamia-negative O. chilensis were selected for 

homogenising. These oysters had previously tested negative for B. ostreae by SYBR 

Green real-time PCR (Robert et al. 2009) and B. exitiosa by conventional PCR (Ramilo et 

al. 2013). Oyster tissue was homogenized to enable greater accuracy when producing 

pools. Gill and mantle tissue (~150 mg) was placed in 600 µL of PBS and homogenized 

using a MagNAlyser for 2 x 30 s at 5,000 × g. Once homogenized, the first homogenate 

was selected as the ‘B. ostreae-positive’ oyster and spiked with ~1.5 x 103 B. ostreae cells. 

This is well below the calculated 50% lethal dose of B. ostreae (Hervio et al. 1995) and B. 

exitiosa (Diggles and Hine 2002) at 8 x 104 and 11 x 104, respectively, and reflects a low 

target quantity expected when testing for early detection of B. ostreae. The remaining nine 

oyster homogenates were not spiked and were used as ‘B. ostreae-negative’ oysters. 

 

Pool sizes of 3, 5, and 10 were created to test positive for B. ostreae. All pools were 

created using aliquots from the ‘B. ostreae-positive’ homogenate and, depending on pool 

size, either two, four, or nine ‘B. ostreae-negative’ homogenates. Following standard 

procedure of extracting nucleic acid from ~100 µL of homogenate for testing, pools were 

http://www.geneious.com/
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prepared to a similar volume, i.e., for pools of 3: 33 µL of the ‘positive’ oyster was pooled 

with 66 µL of two ‘negative’ oysters; for pools of 5: 20 µL of the positive oyster was 

pooled with 80 µL of four ‘negative’ oysters; and for pools of 10: 10 µL of the positive 

oyster was pooled with 90 µL of nine ‘negative’ oysters (Figure 3.1). Ten positive 

replicates were created for each pool. Because the aim of this study was to determine 

whether B. ostreae can be detected in a pooled-sample by using a SYBR green real-time 

assay, replicated testing of the same set of homogenates was appropriate. However, to 

determine the efficacy of detecting B. ostreae in pooled-samples sourced from wild 

populations as part of a targeted surveillance program, a different experimental design 

would need to be employed. The B. ostreae-positive homogenate was vortexed between 

creating each pool replicate to evenly distribute B. ostreae cells throughout the 

homogenate and ensure accurate distribution of B. ostreae. Once prepared, nucleic acid 

was extracted from each pool along with the B. ostreae-positive homogenate (i.e., the 

‘positive’ oyster), and each homogenized oyster used to create that pool (i.e., the 

‘negative’ oyster). All nucleic acid was extracted, quantified, and confirmed as above. 

 

 

Figure 3.1. Schematic of the pooling experiment. P denotes a positive oyster, N denotes a negative 

oyster. Ten positive replicates were created for each of 3, 5, and 10 pool sizes. 
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Each pool was assayed with two real-time B. ostreae SYBR PCRs (Robert et al. 2009; 

Ramilo et al. 2013). The two published SYBR assays target different regions of the B. 

ostreae genome: the actin 1 gene (Robert et al. 2009) and the 18S rRNA gene (Ramilo et 

al. 2013). The actin 1 gene assay paired the forward primer BoA1f (5’-

GCTTCGACCGAAAGTTCCG-3’) with the reverse primer BoA2r (5’-

GGCGAAGAGGTCTTTTCTGA-3’) to produce a 201 bp amplicon. The 18S rRNA gene 

assay employed the same B. ostreae primers as above, except that the primers were HPLC 

purified by the manufacturer (Sigma-Aldrich) so were able to perform on a real-time 

platform. Local thermocycling conditions for the actin 1 gene assay was 98°C for 2 min, 

followed by 40 cycles of 98°C for 5 s, 60°C for 10 s, and a melt step of 60-95°C for 5 s. 

The 18S rRNA gene assay had similar conditions except for an annealing temperature of 

55°C and a melt step of 55-95°C. 

 

The ten replicates of each pool size were tested twice with each PCR in two separate runs, 

except for pools of 3 assayed with the actin 1 gene PCR, which was run four times to test 

for result reproducibility. All PCRs used two different DNA template amounts of 2 µL and 

5 µL. Ct value and melt temperature were recorded for all pools tested. A positive result 

was determined by the melt temperature being within the pre-determined range of 85 ± 

0.5°C for the actin 1 gene assay and 83 ± 0.5°C for the 18S rRNA gene assay. For all PCR 

runs, molecular-grade water was used as PCR template for the negative control and B. 

ostreae-infected tissue at 10 ng/µL was used as template for the positive control. The 

number of Bonamia cells within the genomic DNA extracted from the B. ostreae-infected 

tissue is uncertain; however, the lower Ct values of the positive control suggests there are 

more Bonamia cells than the 5 x 103/500 µL purified in our study. 

 

For each pool size, the minimum number of pools required to be tested to detect B. ostreae 

at 2% prevalence with 95% confidence was explored using EpiTools epidemiological 

calculators (http://epitools.ausvet.com.au). The 18S rRNA gene assay was only used 

during this analysis due to the superior performance of this assay in comparison to the 

actin 1 gene assay. Test sensitivity for each pool size was estimated from the dichotomized 

results. This was then entered into EpiTools to calculate the minimum number of pools 

required for the respective pool size. 

 

http://epitools.ausvet.com.au/
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Analytical sensitivity and specificity 

Despite both of these assays being published with extensive validation data, a dilution 

series was run to determine the analytical sensitivity of each SYBR assay for local 

conditions. Genomic DNA extracted from B. ostreae-infected tissue was run using a ten-

fold dilution series from 1 to 1x10-7 ng/µL. Each dilution was run in triplicate. Positive 

results were determined as per the melt temperature and the lowest amplified dilutions 

were sequenced using PCR primers and the sequencing service identified above. 

 

Actin 1 and 18S rRNA are conserved genes and to ensure that the respective assays were 

not cross-reacting with non-targeted DNA, relevant and common New Zealand marine 

taxa that were not included in the original validation work were assayed: O. chilensis, 

Crassostrea gigas, and Ostrea stentina. 

 

Statistics 

Only experimental pools were used in the following analyses. A general linear model 

(GLM) and Bayesian general linear model (BGLM) were used to test for the main effects 

on the detection of B. ostreae. The main factors in this experiment were pool size (3, 5, 

and 10), test (actin 1 gene and 18S rRNA gene), and DNA template amount (2 µL and 5 

µL). Marginal plots were created that visualize a change in the probability of detecting B. 

ostreae in response to a change in a factor averaged across all levels. Because some 

combinations of factors have either all positive or negative results, we were unable to test 

for the interaction of factors using the GLM, rather this was tested for using the BGLM. 

All statistical analyses were performed in R (R Core Team 2015). 

 

Results 

Intact 5 x 103/500 µL Bonamia cells as well as some microbial contamination were 

observed under light microscopy. The effects of this microbial contamination is considered 

negligible because the individual oyster homogenate spiked with Bonamia cells was 

consistently detected (see Table 3.4). Bonamia microcells presented a visible eccentric 
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nucleus, which is typical of B. ostreae (see Lane et al. 2016). The purified cells were 

confirmed as B. ostreae by DNA sequencing. No B. exitiosa was detected. 

 

Pooling 

The individual oysters, i.e., the positive spiked oyster and negative oysters, all produced 

expected results. The 5 µL template detected significantly more B. ostreae than the 2 µL 

template across both assays. For the 5 µL template, the actin 1 gene assay was only able to 

detect up to 80% of B. ostreae in pools of 3, 30% in pools of 5, and 0% in pools of 10 

(Tables 3.1B-3.3B). Conversely, the 18S rRNA gene assay detected 100% of B. ostreae in 

pools of 3 and 5, and 60% in pools of 10 (Table 3.1A-3.3A). Using these estimated test 

sensitivity values for the 18S rRNA gene assay for all three pool sizes – 100% for pools of 

3 and 5, and 60% for pools of 10 – it was calculated that 50 pools of 3 would be required 

to detect B. ostreae at 2% prevalence with 95% confidence, whereas 30 pools of 5 and 26 

pools of 10 would be required when testing at the same level. The actin 1 gene assay only 

detected B. ostreae in one replicate of pools of 3 across all four runs, despite despite all 

PCR controls performing as expected and the B. ostreae-positive homogenate and B. 

ostreae cells amplifying in each run (Table 3.4). 

 

Analytical sensitivity and specificity 

The 18S rRNA and actin 1 gene intra-assay coefficient of variation was 2.73% and 2.96%, 

respectively. The 18S rRNA gene assay had a limit of detection two orders of magnitude 

lower than the actin assay (1x10-3 and 1x10-1, respectively). Neither assay amplified any 

taxa other than B. ostreae.
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Table 3.1. Ct value, melt temperature (Tm), and result for ten replicates of pools of 3 across two runs for (A) 18S rRNA assay and (B) actin 1 assay. 

A 

Pools of 3; 18S rRNA 

2 µL template 5 µL template 

Ct Tm Result Ct Tm Result Ct Tm Result Ct Tm Result 

Run #1 Run #2 Run #1 Run #2 

1 30.6 82.5 POS 28.7 82.5 POS 29.0 82.5 POS 27.2 82.5 POS 

2 31.0 82.5 POS 28.0 82.5 POS 29.2 82.5 POS 27.4 82.5 POS 

3 30.3 82.5 POS 28.3 82.5 POS 29.0 82.5 POS 27.0 82.5 POS 

4 30.4 82.5 POS 28.6 82.5 POS 29.4 82.5 POS 27.9 82.5 POS 

5 29.1 82.5 POS 28.6 82.5 POS 29.4 82.5 POS 27.5 82.5 POS 

6 31.2 82.5 POS 29.2 82.5 POS 30.0 82.5 POS 28.2 82.5 POS 

7 31.0 82.5 POS 29.1 82.5 POS 30.0 82.5 POS 29.1 82.5 POS 

8 30.5 82.5 POS 28.6 82.5 POS 28.5 82.5 POS 28.0 82.5 POS 

9 30.6 82.5 POS 29.6 83 POS 30.0 82.5 POS 28.0 83 POS 

10 30.9 82.5 POS 29.1 82.5 POS 30.8 82.5 POS 28.3 82.5 POS 

 

B 

Pools of 3; actin 1 

2 µL template 5 µL template 

Ct Tm Result Ct Tm Result Ct Tm Result Ct Tm Result 

Run #1 Run #2 Run #1 Run #2 

1 NA NA NEG NA NA NEG 31.4 84.5 POS 33.9 84.5 POS 

2 39.2 NA NEG 34.1 84.5 POS 33.6 84.5 POS 33.8 84.5 POS 

3 38.2 NA NEG NA NA NEG 38.2 84.5 POS 34.4 84.5 POS 

4 38.8 82 NEG 34.6 84.5 POS 39.3 85 POS NA NA NEG 

5 39.4 NA NEG NA NA NEG 34.6 84.5 POS NA NA NEG 

6 37.0 82 NEG 34.3 84.5 POS 32.3 84.5 POS 33.9 84.5 POS 

7 NA NA NEG NA NA NEG NA NA NEG 33.8 84.5 POS 

8 34.3 82.5 NEG NA NA NEG NA NA NEG 34.7 84.5 POS 

9 37.9 81.5 NEG NA NA NEG 34.3 84.5 POS NA NA NEG 

10 36.2 81.5 NEG NA NA NEG 35.1 84.5 POS NA NA NEG 
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Table 3.2. Ct value, melt temperature (Tm), and result for ten replicates of pools of 5 across two runs for (A) 18S rRNA assay and (B) actin 1 assay. 

A 

Pools of 5; 18S rRNA 

2 µL template 5 µL template 

Ct Tm Result Ct Tm Result Ct Tm Result Ct Tm Result 

Run #1 Run #2 Run #1 Run #2 

1 34.2 83 POS 32.9 83 POS 32.2 83 POS 31.8 82.5 POS 

2 38.6 NA NEG 32.5 83 POS 31.0 82.5 POS 32.5 82.5 POS 

3 33.2 83 POS 33.2 83 POS 32.1 82.5 POS 31.2 82.5 POS 

4 33.5 83 POS 35.2 79.5 NEG 33.5 83 POS 32.0 82.5 POS 

5 31.7 83 POS 37.0 80 NEG 32.00 82.5 POS 31.1 82.5 POS 

6 33.2 83 POS 32.4 83 POS 31.6 82.5 POS 31.6 82.5 POS 

7 33.8 83 POS 35.0 79 NEG 32.4 83 POS 32.9 82.5 POS 

8 NA NA NEG 34.5 79.5 NEG 32.3 82.5 POS 32.1 82.5 POS 

9 33.6 83 POS 33.2 83 POS 31.2 82.5 POS 33.3 83 POS 

10 32.6 83 POS 32.2 83 POS 33.5 82.5 POS 33.8 82.5 POS 

 

B 

Pools of 5; actin 1 

2 µL template 5 µL template 

Ct Tm Result Ct Tm Result Ct Tm Result Ct Tm Result 

Run #1 Run #2 Run #1 Run #2 

1 38.61 NA NEG NA NA NEG NA NA NEG 37.51 81.5 NEG 

2 NA NA NEG NA NA NEG 38.22 NA NEG 36.09 83 POS 

3 38.23 84.5 POS NA NA NEG 39.61 NA NEG NA 82 NEG 

4 NA NA NEG NA NA NEG NA NA NEG 39.58 81.5 NEG 

5 NA NA NEG NA NA NEG 38.2 NA NEG 39.62 76.5 NEG 

6 NA NA NEG NA NA NEG 39.68 NA NEG 39.01 81.5 NEG 

7 NA NA NEG NA NA NEG NA NA NEG 35.62 82.5 POS 

8 36.52 NA NEG NA NA NEG NA NA NEG 38.5 81 NEG 

9 NA NA NEG NA NA NEG 39.38 NA NEG NA 75 NEG 

10 37.09 84.5 POS NA NA NEG 38.41 NA NEG 37.35 82.5 POS 
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Table 3.3. Ct value, melt temperature (Tm), and result for ten replicates of pools of 10 across two runs for (A) 18S rRNA assay and (B) actin 1 assay. 

A 

Pools of 10; 18S rRNA 

2 µL template 5 µL template 

Ct Tm Result Ct Tm Result Ct Tm Result Ct Tm Result 

Run #1 Run #2 Run #1 Run #2 

1 33.37 83 POS NA NA NEG NA NA NEG 38.64 79 NEG 

2 39.12 80 NEG 31.48 82.5 POS NA NA NEG 32.53 82.5 POS 

3 38.08 77 NEG 35.47 79 NEG NA NA NEG NA NA NEG 

4 34.5 84.5 NEG 37.39 78.5 NEG NA NA NEG NA NA NEG 

5 37.73 80.5 NEG 33.37 82.5 POS NA 83.5 POS 34.43 82.5 POS 

6 35.61 84.5 NEG 37.24 82.5 POS 35.03 83 POS 38.24 79 NEG 

7 37.4 76.5 NEG 36.63 79.5 NEG 35.06 83 POS 32.03 82.5 POS 

8 38.06 80 NEG 36 79 NEG NA NA NEG NA NA NEG 

9 34.23 83 POS 35.66 78 NEG 34.74 83 POS 33.09 82.5 POS 

10 36.99 80 NEG 38.41 82.5 POS 35.45 83 POS NA NA NEG 

 

B 

Pools of 10; actin 1 

2 µL template 5 µL template 

Ct Tm Result Ct Tm Result Ct Tm Result Ct Tm Result 

Run #1 Run #2 Run #1 Run #2 

1 NA NA NEG NA NA NEG NA NA NEG NA NA NEG 

2 NA NA NEG NA NA NEG NA NA NEG NA NA NEG 

3 NA NA NEG 39.76 77 NEG NA NA NEG NA NA NEG 

4 NA NA NEG 38.74 83 NEG 37.52 81.5 NEG NA NA NEG 

5 NA NA NEG NA NA NEG NA NA NEG NA NA NEG 

6 NA NA NEG NA NA NEG NA NA NEG NA NA NEG 

7 NA NA NEG NA NA NEG NA NA NEG NA NA NEG 

8 39.79 83.5 NEG NA NA NEG 36.12 81 NEG NA NA NEG 

9 NA NA NEG NA NA NEG NA NA NEG NA NA NEG 

10 NA NA NEG NA NA NEG NA NA NEG NA NA NEG 
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Table 3.4. PCR results for 10 replicates across four runs for pools of 3 individuals tested with the 

actin 1 gene assay. + denotes that the correct melt temperature was detected and – denotes that 

either an incorrect melt temperature was detected or no melt temperature; POS represents the 

individual spiked oyster i.e., the positive oyster; POS* denotes the purified Bonamia ostreae cells. 

 

 
Pools of 3; actin 1 

Run #1 Run #2 Run #3 Run #4 

1 + + + + 

2 + + - + 

3 + + + - 

4 + - + - 

5 + - - + 

6 + + - - 

7 - + - + 

8 - + + + 

9 + - - - 

10 + - - - 

POS + + + + 

POS* + + + + 

 

Statistics 

Under the GLM, all main effects were significant, i.e., there were differences in the 

proportions of positive and negative across the levels of all of the factors, including pool 

size (p < 0.01); DNA template amount (p < 0.01); and PCR assay (p < 0.01). This is 

corroborated by the GLM estimate values (Table 4) where a negative logit value represents 

a reduction in the probability of detecting B. ostreae, and vice versa, as well as the 

marginal plots (Figure 3.2). The 18S rRNA assay and the 5 µL template is more likely to 

detect B. ostreae. Further, there is a significant difference across all three pool sizes, 

although the significant difference between the performances of the two assays likely 

explains the high variance shown for pools of 5 in Figure 2C because the plots average the 

results across both PCR tests. No interaction between the main effects was observed under 

the BGLM. 
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Figure 3.2. Marginal plots of the probability of detecting Bonamia ostreae as a function of (A) two 

SYBR Green PCRs; (B) two different DNA template amounts; (C) three different pool sizes. 

A 

B 

C 
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Table 3.5. General Linear Model testing for the main effects. Only five parameters are required for 

the main effects model to fit the data, therefore the intercept is a reference, i.e., pools of 3, DNA 

Template (2 µL), test 18S rRNA; the values for other parameters are the differences from that 

reference. 

Main effects Estimate Std. Error p-value 

(Intercept) 4.3956 0.8516 2.45e-07 

5 Pool -3.1435 0.7915 7.14e-05 

10 Pool -5.6650 0.9370 1.48e-09 

DNA Template (5 µL) 1.5675 0.4374 0.000339 

Test actin 1 -5.4951 0.8389 5.73e-11 

 

Discussion 

The actin 1 gene assay was unable to reproducibly detect B. ostreae in any experimental 

pools. The intra-assay coefficient of variation for both assays is low, therefore, these 

results are most likely to be caused by dilution of the target gene during pooling, where the 

likelihood of detecting B. ostreae decreases as the pool size increases. The actin 1 gene is 

most likely a single copy locus within the B. ostreae genome and, therefore, more 

vulnerable to the effects of dilution than the multi-copied 18S rRNA gene (Selim and 

Gaede 2015). It was not the original aim of this study to compare the performance of these 

real-time assays, however, given the inability of the actin 1 gene assay to detect B. ostreae 

in pools of 3, subsequent troubleshooting led to implementing the 18S rRNA gene assay 

and, thus, comparing the two PCRs. 

 

Using genomic B. ostreae DNA as template, the 18S rRNA gene assay had a reproducible 

lower detection limit than the actin 1 gene assay, which is likely to be influenced by the 

frequency of the target. Similar results have been observed in a study (Selim and Gaede 

2015) comparing three MAP real-time PCRs; the multi-copy (20-30 copies) IS900 PCR 

had a lower limit of detection than the triple-copied ISMAV2-PCR or the single-copied 

F57 PCR. One disadvantage of a high-copy number genetic target is that it can be prone to 

false-positives (Cousins et al. 1999). In such cases, screening is recommended with the 

more sensitive assay, and confirming identification with a lower-copied, more specific 

assay (Tavornpanich et al. 2004). Both of the real-time assays used in this study were 
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published with extensive validation data (Robert et al. 2009; Ramilo et al. 2013) and it is 

not surprising that all DNA sequences were specifically B. ostreae. Moreover, no other 

assayed taxa had a melt temperature within the acceptable temperature range. 

 

For comparison, the MPI B. ostreae targeted surveillance required 150 individual oysters 

to be collected and tested from each location to test for B. ostreae at the same level. 

Therefore, all three pool sizes used in this study would reduce the number of tests required 

to test for B. ostreae at this level. Despite the 18S rRNA gene assay having a lower 

estimated test sensitivity for pools of 10 individuals compared to pools of 3 or 5 

individuals, testing in pools of 10 required the fewest number of pools. However, taking 

into consideration the higher number of individuals initially needed to be sampled for 

pools of 10 individuals, i.e., 260, it may be more viable to test in pools of 5 individuals 

because only four more pools are required given the higher test sensitivity of the 18S 

rRNA gene assay at this pool size. Calculating potential cost savings of pooled-testing is 

outside the scope of this study, but changing from a sample size of 150 individuals to 30 

pools of 5 individuals would significantly reduce the amount of laboratory reagents used 

and laboratory effort expended. 

 

The actin 1 gene assay performs as the published validation data suggests (Robert et al. 

2009) when testing individual samples, and it has been used extensively with success 

during MPI’s B. ostreae targeted surveillance (H. Lane, pers. obs.). This is corroborated by 

the reproducible detection of B. ostreae within the individual spiked oyster. An upshot of 

this study is the recommendation that target genes need to be considered carefully during 

assay design. Furthermore, and more importantly, the performance of an assay during 

individual testing does not necessarily equate to its performance during pooled testing. It 

has been surmised1 that the sensitivity (Se) and specificity (Sp) values of an individual test 

are unlikely to be the same as those of a pooled test (PSe; PSp, respectively). The authors 

(Christensen and Gardner 2000) explain that PSe will likely be lower than Se, especially 

when the true prevalence within a population is low and pool sizes are large. Moreover, the 

PSp should exceed that of Sp because dilution should make it less likely to have a false-

positive pooled test than a false-positive individual test. 

 

Our findings indicate that pooling 5 individuals is a viable option for detecting B. ostreae 

using the 18S rRNA gene assay. It is important to note that until PSe and PSp is calculated 
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for pooled testing of B. ostreae, pooling should be applied cautiously. Test validation for 

pooled-testing can be complex, time-consuming, and expensive, but a recent published 

experimental approach (Hall et al. 2014) enables PSe and PSp to be calculated in 

accordance with OIE guidelines. In light of this, work is ongoing to build upon our study’s 

data and generate reliability parameters of PSe and PSp for pooled testing of B. ostreae, 

which will likely be influential in validating pooled testing for other important aquatic 

pathogens in the future. 
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Chapter Four 

Low internal transcribed spacer rDNA variation in 

New Zealand Bonamia ostreae: evidence of a recent 

arrival but from origin unknown. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

New Zealand flat oyster haemocyte phagocytising a 

Bonamia parasite (arrow). 
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Abstract 

Bonamia ostreae is a haplosporidian parasite of oysters that was first reported in 2015 in 

New Zealand infecting the New Zealand flat oyster Ostrea chilensis. Until this report, B. 

ostreae had been restricted to populations of Ostrea edulis within the Northern 

Hemisphere. This large range extension raised questions regarding B. ostreae dispersal 

including whether B. ostreae is a recent introduction and from which Northern Hemisphere 

population it originated. A 1687 bp product of the whole rDNA small subunit (SSU) of 

New Zealand B. ostreae revealed 99.9%-100% sequence homology to other published B. 

ostreae rDNA SSU sequences. Internal transcribed spacer (ITS) rDNA sequences (n = 29) 

were generated from New Zealand B. ostreae and compared to published B. ostreae 

sequences from three Northern Hemisphere sites: California, USA (CA) (n = 18), Maine, 

USA (ME) (n = 7), and the Netherlands (NED) (n = 6) to investigate intraspecific 

variation. I found low ITS rDNA variation within New Zealand B. ostreae isolates (h = 

0.503; π = 0.001) and high levels of variation observed within Northern Hemisphere B. 

ostreae, CA: h = 0.974, π = 0.010; ME: h = 1.000, π = 0.004; NED: h = 1.000, π = 0.011. I 

hypothesise that the low ITS rDNA diversity found in New Zealand B. ostreae is the result 

of a founder effect resulting from a single introduction from a limited number of 

propagules. The high level ITS rDNA variation from the Northern Hemisphere prevented 

inferences of dispersal origins. New Zealand B. ostreae were genetically differentiated 

from CA (ɸst = 0.529), ME (ɸst = 0.978), and NED (ɸst = 0.756), and although this could be 

indicative of a Southern Hemisphere lineage, additional genetic data and sampling would 

be required to test this hypothesis. 
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Introduction 

Haplosporidian parasites of the genus Bonamia are a major threat to the health of oyster 

populations throughout the world. Bonamia ostreae and B. exitiosa are listed pathogens by 

the World Organisation of Animal Health (OIE) because of the severity of disease they can 

cause. In 2015, B. ostreae was first reported in New Zealand infecting the New Zealand 

flat oyster Ostrea chilensis (Chapter Two; Lane et al. 2016). This observation of B. ostreae 

represents a large range extension and a new host record for this parasite. Before this, B. 

ostreae had only been reported from the European flat oyster O. edulis and had a known 

geographic range limited to the Northern Hemisphere, including the west and east coasts 

of North America (Elston et al. 1986; Marty et al. 2006), Europe (Grizel et al. 1983; 

Longshaw et al. 2013) and Morocco (Belhensen et al. 2005). 

 

Unlike B. ostreae, B. exitiosa has been observed in several commercial and non-

commercial oyster hosts in a number of locations throughout the world (see Hill et al. 

2014). Hill-Spanik et al. (2015) used internal transcribed spacer (ITS) rDNA sequence data 

to determine how B. exitiosa came to achieve its wide distribution. The authors concluded 

that natural and anthropogenic dispersal of Ostrea stentina most likely shaped the 

geographic distribution of B. exitiosa and that the dispersal of B. exitiosa isn’t necessarily 

a recent one. In light of the recent range extension of B. ostreae, similar questions relating 

to the dispersal of this parasite are now being asked. 

 

Bonamia ostreae contributed greatly to the collapse of O. edulis cultured populations and 

wild fisheries within Europe (Grizel et al. 1988) and high levels of mortality have been 

reported from cultured stocks of O. chilensis from New Zealand (Lane et al. 2016). In New 

Zealand, initially B. ostreae was only reported from the Marlborough Sounds, and the risk 

of B. ostreae spreading to other commercial flat oyster beds, including New Zealand’s 

most iconic and valuable oyster fishery in the Foveaux Strait, was a major concern for 

oystermen and disease managers alike. In May 2017, B. ostreae extended its range within 

New Zealand when it was detected from a flat oyster farm in Stewart Island 

(http://www.mpi.govt.nz/news-and-resources/media-releases/mpi-detects-oyster-parasite-

on-stewart-island/). Therefore, understanding how B. ostreae reached New Zealand can 

highlight potential routes of entry that can enable more accurate and effective management 

http://www.mpi.govt.nz/news-and-resources/media-releases/mpi-detects-oyster-parasite-on-stewart-island/
http://www.mpi.govt.nz/news-and-resources/media-releases/mpi-detects-oyster-parasite-on-stewart-island/
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of this parasite on a local and international scale. Moreover, if the report of B. ostreae from 

New Zealand represents a recent introduction rather than a long-established presence, it is 

imperative to minimise the risk of accidental introductions elsewhere. 

 

Proposed Bonamia dispersal hypotheses include the introduction of an infected flat oyster 

host into New Zealand and the concomitant introduction of the parasite. This could either 

be via ship ballast water (Kroeck and Montes 2005; Bishop et al. 2006) or the intentional 

introduction of oyster stock (Burreson et al. 2000). Although this seems likely, there have 

been no reports of O. edulis or any other flat oyster host from New Zealand. Evidence for 

other dispersal pathways including passive transmission by water currents (Cranfield et al. 

2005) or by oyster larvae (Arzul et al. 2009) seems insufficient to explain the large 

geographic range extension. Additionally, Feng et al. (2013) detected B. ostreae in an 

import of frozen O. edulis into China, and acridine orange-ethidium bromide staining 

indicated cell viability; however, entry through this route is unlikely because New Zealand 

does not import O. edulis. 

 

ITS rDNA sequences have been used to elucidate intraspecific variation for other protistan 

parasites including B. exitiosa (Hill et al. 2014; Hill-Spanik et al. 2015), Perkinsus marinus 

(Brown et al. 2004), Myxobolus cerebralis (Whipps et al. 2004), and Mikrocytos mackini 

(Abott et al. 2011). Compared to B. exitiosa there is less genetic information available for 

B. ostreae. This is probably due to reliable data on the introduction of B. ostreae into 

Europe from North America from a transhipment of infected oysters (Elston et al. 1986) 

where it has maintained a circumscribed geographic and host range (Engelsma et al. 2014). 

The lack of genetic data on New Zealand B. ostreae precludes the elucidation of 

relationships among B. ostreae populations in North America, Europe, and New Zealand. 

Using ITS rDNA sequences, this study aims to address two questions pertinent to the 

report of B. ostreae from New Zealand: 1) is B. ostreae a recent arrival to New Zealand?; 

and 2) from which geographic location has B. ostreae been introduced? 
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Methods 

Sample collection and DNA extraction 

Adult Ostrea chilensis were sampled from two oyster farms located in the Tory Channel 

and Port Underwood (Figure 4.1). Gill and mantle tissue was sampled from each oyster 

and placed in a 30 ml tube with 70% EtOH for molecular analyses. At the same time a 3-5 

mm section was taken from each oyster for histological analysis (see Chapter Six for 

histology). All molecular samples were transported on ice back to the laboratory. Genomic 

DNA was extracted using the QiAxtractor 96-sample Automated Robot. 

 

Additional archived formalin-fixed paraffin embedded (FFPE) O. chilensis from the same 

area were selected for DNA extraction (Figure 4.1; Table 4.2). In previous studies 

Bonamia-like microcells were observed microscopically in all selected FFPE samples. 

Histological sections were cut using a microtome. DNA was extracted from the sections 

using a NucleoSpin® Tissue XS (Macherey-Nagel) kit following the manufacturer’s 

instructions. All DNA was quantified using a Qubit® and all samples were tested for the 

presence of amplifiable nucleic acid using an 18S rDNA Internal Control real-time PCR 

(Applied Biosystems). 

 

Figure 4.1. Location of sample sites within the Marlborough Sounds. * denotes that Oyster Bay 

and Tio Point are located within Tory Channel; ** denotes Cloudy Bay; black box within inset 

denotes location of the Cawthron Institute. 



Chapter Four: Bonamia ostreae in NZ: when did it arrive, where did it come from? 

 

62 

 

PCR amplification and primer design 

All tissue samples and FFPE samples were tested for B. exitiosa and B. ostreae using 

Bonamia-species-specific primers (Ramilo et al. 2013): for B. exitiosa, the forward primer 

BEXIT-F (5’-GCGCGTTCTTAGAAGCTTTG-3’) was paired with the reverse primer 

BEXIT-R (5’-AAGATTGATGTCGGCATGTCT-3’) to produce a 246 bp amplicon of the 

B. exitiosa ribosomal small subunit (rSSU). For B. ostreae, the forward primer BOSTRE-F 

(5’-TTACGTCCCTGCCCTTTGTA-3’) was paired with the reverse primer BOSTRE-R 

(5’- TCGCGGTTGAATTTTATCGT-3’) to produce a 208 bp amplicon of the B. ostreae 

rSSU. All PCRs consisted of Kapa2G Fast Hotstart Mix (Kapa Biosystems), which 

consists of proprietary reaction buffer including 0.2mM of each dNTP at 1X, 1.5mM 

MgCl2, 0.5 U of Kapa2G Fast Hotstart DNA Polymerase, 0.4 uM of forward and reverse 

primer and 2 µl of DNA template (~20 ng/µl). Thermocycling was performed on a VeritiR 

Dx Thermal Cycler (Applied Biosystems) and the conditions for B. exitiosa 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. The 

thermocycling conditions for B. ostreae were the same except it had an annealing 

temperature of 55 °C. The resultant amplicons were electrophoresed on a 1.5% agarose gel 

stained with gel-red and visualised under UV. A representative sample was sequenced 

from each assay to ensure specific amplification. DNA sequencing was performed at 

EcoGene (Landcare Research, New Zealand) using primers described above. The returned 

DNA sequences were imported into Geneious 9.1.6 (http://www.geneious.com, Kearse et 

al. 2012), where they were assembled, and submitted to BLAST for species identification 

using default parameters. 

 

One B. ostreae-positive oyster was selected for whole rSSU sequencing. Amplicons from 

three different PCR assays were used; the primer pairs were: 16S-A (Medlin et al. 1988) 

and Bon745R (Carnegie et al. 2006), CF and CR (Carnegie et al. 2000), and Bon925F 

(White 2008) and 16S-B (Medlin et al. 1988). Thermocycling conditions followed Hill et 

al. (2014) and all PCR reactions contained the same reagents as the BEXIT-F + R and 

BOSTRE-F + R PCRs described above. Because of the conserved nature of the rSSU only 

one sample was selected as it was unlikely to be informative when investigating 

intraspecific variation (Hill et al. 2014). As above, DNA sequencing was performed at 

EcoGene and all sequences were imported and assembled in Geneious 9.1.6 to create a 

contiguous sequence. 

http://www.geneious.com/
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Published Bonamia ITS rDNA primers are not species-specific (Goggin et al., 1994; Hill et 

al. 2010). Because of concurrent infections observed within this study, B. ostreae and B. 

exitiosa species-specific primers that amplify the entire ITS rDNA were designed in 

Geneious 9.1.6. For B. ostreae, the forward primer Ostreae-F (5’-

ACTTGAGACTTTTGTCGATCTA-3’) was paired with the reverse primer Bonamia-R 

(5’-GGAAGGAAAAGTCGTAACAA-3’). For B. exitiosa, the forward primer Exitiosa-F 

(5’-ACTTCACTTGAGACTTTTGTATG-3’) was paired with the same reverse primer. 

Both PCRs produce amplicons of ~600 bp which includes 3’ end of the rSSU, ITS-1, 5.8S 

gene, ITS-2, and a short fragment of the 5’ ribosomal large subunit. PCR thermocycling 

conditions for both PCRs 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. 

 

Only the B. ostreae ITS rDNA PCR was used in this study (see Chapter Five for B. 

exitiosa). The first 20 B. ostreae-positive samples were selected for ITS rDNA sequencing. 

PCR reactions contained the same reagents as described above. All amplicons were 

electrophoresed on 1.5% agarose gel stained with gel-red and visualised under UV. In 

some instances, to get an appropriate amount of DNA for sequencing faint bands were re-

amplified using 1 µl of PCR product as template. All amplified PCR products were gel-cut 

and purified using a Zymo gel purification kit. Two purified PCR products were cloned 

into plasmid vector pCR4-TOPO using the TOPO TA Cloning Kit (Invitrogen), and then 

transformed into One Shot Top10 competent Escherichia coli cells (Invitrogen). Bacterial 

colonies containing plasmid inserts of the appropriate size were cultured and then 

extracted using the QIAprep Spin Miniprep Kit protocol (Qiagen). The remaining B. 

ostreae-positive samples were directly sequenced from purified PCR products. PCR 

primers described above were used for bi-directional sequencing performed at EcoGene. 

To allow for intragenomic variation of the multicopy ITS rDNA locus, cloning was used to 

resolve any genetic variation that might have been missed by direct sequencing as a 

consequence of preferential PCR amplification. Subsequent DNA sequencing of both 

cloned and directly sequenced amplicons revealed the same level of variation, therefore 

sequences from both methods were included for analyses. 

All FFPE samples that did not amplify from either BEXIT-F + R or BOSTRE-F + R 

PCRs, were assayed with two haplosporidian PCRs that amplify short regions of the rSSU 

from most haplosporidian parasites (Renault et al. 2000). The primer pair HAP-F1 (5’-
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GTTCTTTCWTGATTCTATGMA-3’) and HAP-R1 (5’-CTCAWKCTTCCATCTGCTG-

3’) produce a ~180 bp amplicon, whereas the pair HAP-F2 (5’-GCCRTCTAACTAGCTS-

3’) and HAP-R1 produce a ~100 bp amplicon. Thermocycling conditions were as 

described by Renault et al. (2000). PCR reaction mixes and electrophoresis were as 

described above. 

 

Sequence alignment 

Published B. ostreae rSSU sequences from California, USA (GenBank accession number 

JN040832), the Netherlands (JN040831), and Maine, USA (AF262995) were imported 

into Geneious 9.1.6 and aligned with the New Zealand B. ostreae rSSU consensus 

sequence using the Geneious plugin MAFFT v.7.222 (Katoh et al. 2002; Katoh and 

Stadley 2013). 

 

ITS rDNA sequences from New Zealand B. ostreae and published ITS rDNA sequences, 

including B. ostreae from O. edulis of California, USA [(JF831830−JF831843, 

JF831845−JF831848) Hill et al. 2014], the Netherlands [(JF831857−JF831862) Hill et al. 

2014], and Maine, USA [(EU709105−EU709111) White et al. 2008] were aligned using 

MAFFT v.7.222 as above. The alignment was inspected by eye for erroneous alignments 

and the ends of longer sequences were removed so that, with gaps, the sequences were of 

equal length. One ITS rDNA sequence from California (JF831844) was not included in the 

analysis because it was too short. The ITS rDNA alignments were inspected for tandem 

repeats using the Tandem Repeat Finder (Benson 1999) with default settings. 

 

Genetic diversity and structure 

Only B. ostreae ITS rDNA sequences were used in the following analyses. The number of 

unique sequences (Nh), gene diversity (h), segregating sites (S), and nucleotide diversity 

(π) were all calculated in Arlequin v.3.1.5.3 (Excoffier and Lischer 2010). Testing for 

genetic signatures of demographic history was achieved with Tajima’s D neutrality test, 

where the test statistic is expected to be negative in the case of population expansion. 

Values for Tajima’s D (Tajima 1989) were also calculated in Arlequin v.3.1.5.3 using 
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1000 permutations. The average number of pairwise nucleotide differences within and 

between sequences from different sites was calculated in Arlequin 3.1.5.3. 

 

Haplotype frequencies of B. ostreae ITS rDNA sequences were calculated as a proportion 

of the total number of haplotypes within each site using FaBox v.1.41 (Villensen 2007), 

graphed in Microsoft Excel and visually represented in Adobe Illustrator. To examine the 

genealogical relationship among sequences, the ITS rDNA sequence alignment was 

analysed using TCS (Clement et al. 2000). Gaps were treated as a fifth state for the 

network analysis, and the program calculated the maximum connection steps at 95%. The 

resulting network was edited in tcsBU (Santos et al. 2015) and Adobe Illustrator.  

 

Population pairwise ɸst values were calculated between sites as an estimate of gene flow. 

Conventional ɸst were calculated using Arlequin 3.1.5.3 and their significance was 

assessed using 1000 permutations. An analysis of molecular variance (AMOVA) was 

conducted on sample sites to determine the maximum proportion of the total genetic 

variation that could be attributed to differences between groups. One structure was tested 

based on Hemisphere: (i) California-Maine-Netherlands, and (ii) New Zealand.  

 

Phylogenetic analysis 

An evolutionary model for the ITS rDNA sequence alignment was selected based on the 

lowest Bayesian information criterion score in jModelTest 0.1.1 (Posada 2008). A 

phylogenetic tree was built using a Neighbour Joining method in Geneious 9.1.6 using the 

HKY evolutionary model with Bonamia perspora (EU709129) as an outgroup. The 

bootstrap node support was estimated by 1000 replicates and the resulting tree was edited 

in FigTree v1.4.2 (http://tree.bio.ed.ac.uk/software/figtree/).  

 

Results 

Bonamia exitiosa and B. ostreae were detected at both sample sites, and in some cases in 

the same host (Table 4.1). There was a higher prevalence of Bonamia parasites at Tory 

Channel than at Port Underwood. Similarly, there was a higher prevalence of B. ostreae-

only infections and concurrent infections at Tory Channel than Port Underwood, however, 

http://tree.bio.ed.ac.uk/software/figtree/
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there was a higher number of B. exitiosa-only infections at Port Underwood (Table 4.1). 

Bonamia ostreae was not detected in any of the archived FFPE samples (Table 4.2), 

although B. exitiosa was detected in over half of the samples. The remaining samples did 

not produce any Bonamia spp. or haplosporidian PCR amplicons (Table 4.2) despite the 

18S rDNA internal-control real-time PCR showing the presence of amplifiable DNA. 

 

Table 4.1. Prevalence data for total Bonamia detected, Bonamia ostreae, Bonamia exitiosa and 

concurrent infections from New Zealand sites. Prevalence (%) is given in parentheses.  

Location N Total Bonamia B. extiosa  B. ostreae  Concurrent 

Tory Channel 33 19/33 (58%) 1 (3%) 10 (30.3%) 8 (24.2%) 

Port Underwood 30 11/30 (36%) 6 (20%) 1 (3.3%) 4 (13.3%) 

 

 

Table 4.2. Detection data of Bonamia ostreae and Bonamia exitiosa (Ramilo et al. 2013), and 

haplosporidian spp. (Renault et al. 2000) from microscopically Bonamia-positive archived FFPE 

blocks from sites around the Marlborough Sounds. 

Location Year N B. exitisoa  B. ostreae haplosporidian spp. 

Oyster Bay 2008-2010 25 10 0 0 

Tio Point 2012-2013 15 8 0 0 

Tory Channel 2008 24 20 0 0 

Cloudy Bay 2012 3 0 0 0 

Cawthron Institute 2011-2012 4 1 0 0 

Total  71 39 (55%) 0 0 

 

Genetic diversity 

The total length of the New Zealand B. ostreae rSSU was 1687 bp long. Once aligned, the 

sequences were 99.9% identical across all four B. ostreae rSSU sequences. The New 

Zealand and Netherlands rSSU sequences were 100% identical. The Maine rSSU sequence 

had two transitions (T/C) at 304 bp and 642 bp of the aligned sequence. The California 

rSSU sequence had one transition (T/C) at 642 bp. 

 

The ITS rDNA lengths ranged from 486 bp (California, JF831836) to 520 bp (Netherlands, 

JF831859). Tandem repeats were observed in 14 samples, but only in the ITS-1 region. 

New Zealand B. ostreae sequences had much lower genetic diversity than Northern 

Hemisphere B. ostreae (Table 4.3). From New Zealand 29 ITS rDNA sequences were 

recovered: 11 sequences were recovered from two clones whereas the remaining 18 
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sequences were direct sequences of PCR amplicons. From these 29 sequences there were 

only two unique sequences that differed by one transversion at base pair 150: 58.6% had 

nucleotide base ‘T’ and 41.4% had nucleotide base ‘G’. From the Northern Hemisphere, 

31 ITS rDNA sequences produced 28 unique sequences, which included six and seven 

unique sequences from one B. ostreae isolate from Netherlands (Hill et al. 2014) and 

Maine (White 2008), respectively. The Northern Hemisphere B. ostreae ITS rDNA 

sequences were highly polymorphic, including as much nucleotide difference observed 

within a site as that observed between sites (Table 4.4). The highest portion of the genetic 

variation was observed within the ITS-1 and ITS-2 regions (Figure 4.2), and BLAST 

search results, including the search setting ‘excluding Bonamia ostreae’, showed that this 

variation is indeed specific to B. ostreae. 

 

Genetic structure 

Significant genetic variation (p < 0.05) was detected between New Zealand and all 

Northern Hemisphere sites (Table 4.5). Significant variation was found within the 

populations within the groups (p < 0.001), however, no significant variation was found 

between the Southern Hemisphere and Northern Hemisphere groups despite 51% of the 

variation observed being between the groups (Table 4.6). 

 

The two haplotypes detected in New Zealand were found at both New Zealand sample 

sites only. In the Northern Hemisphere only three haplotypes were detected more than 

once, and only two of these were shared across sites: one haplotype was detected three 

times from California; the other two haplotypes were shared between California and Maine 

(Figure 4.3). The network analysis revealed a complex genealogy of haplotypes (Figure 

4.4), with a potential Northern Hemisphere-New Zealand geographic pattern. The New 

Zealand sequences could not be included into a genealogy with all other sequences, as well 

as one sequence each from California (JF831836), and the Netherlands (JF831858), and 

four sequences from California (JF831830; JF831831; JF831838; JF831843) and one from 

Maine (EU709110).
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Table 4.3. ITS rDNA diversity indices for Bonamia ostreae from all sampling locations. N the number of sequences analysed; Nh haplotype diversity; S 

segregating sites with standard deviation (SD); π nucleotide diversity; D Tajima’s D value for neutrality. *denotes significance (p < 0.05). Acronyms of 

sampling sites used in analyses are in parentheses. 

Location N Nh h S (SD) π D 

California (CA) 18 15 0.974±0.003 8.431 (3.252) 0.010±0.006 -1.892* 

Netherlands 

(NED) 
6 6 1.000±0.096 5.690 (3.495) 0.011±0.007 -0.387 

Maine (ME) 7 7 1.000±0.076 2.041 (1.223) 0.004±0.003 -0.099 

New Zealand (NZ) 29 2 0.503±0.040 0.254 (0.254) 0.001±0.001 1.534 

 

 

 

 

Table 4.4. Pairwise nucleotide differences between sampling sites for Bonamia ostreae are shown above the diagonal. The average number of pairwise 

differences within sampling locations is shown on the diagonal shaded grey and in italics. Corrected average pairwise differences between populations 

(πbetween xy –(πwithinx + πwithiny)/2) are shown below the diagonal. 

 California Netherlands Maine New Zealand 

California 4.472 4.866 3.125 4.643 

Netherlands -0.077 5.414 3.614 4.883 

Maine -0.118 -0.101 2.015 3.451 

New Zealand 2.407 2.176 2.444 0.000 
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Figure 4.2. Schematic alignment of the whole ITS rDNA region showing the IT-1, 5.8S gene, and ITS-2. Indels are noted by gaps and 

polymorphic bases are noted by coloured lines: blue for nucleotide base C; red for T; black for G; green for A. Note the higher frequency of 

indels within the ITS-1 and ITS-2 compared to the 5.8S. The 13 bp indel observed within the New Zealand B. ostreae sequences are shown by 

the purple bar. Note the T and G of the New Zealand samples represent the nucleotide base at position 150  
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Table 4.5. Population pairwise ɸst values among all sampling locations of Bonamia ostreae. Significance was assessed using 1000 permutations. * denotes 

significance p < 0.001. 

 California Netherlands Maine New Zealand 

California - - - - 

Netherlands -0.0048 - - - 

Maine -0.0639 -0.0161 - - 

New Zealand 0.5924* 0.7562* 0.8779* - 

 

 

 

Table 4.6. AMOVA between two groups: (i) Northern Hemisphere (California-Maine-Netherlands); and (ii) Southern Hemisphere (New 

Zealand). 

Source of variation d.f. Percent of variation p 

Among groups 1 51.73 0.252 

Among populations 

within groups 
2 2.40 0.771 

Within populations 56 45.87 <0.001 

Total 59   
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Figure 4.3. World locations (black closed circles) where Bonamia ostreae ITS rDNA sequences 

were available. The vertical panel on the right shows the haplotype frequency for each site. Unique 

sequences are shaded purple with the respective portion of the total number of haplotypes detected 

at each site shown by the white outlines. The red and green shaded portions represent two 

haplotypes that were shared among at least two sites. Number of oyster hosts used to generate 

Bonamia ostreae sequences are shown in parentheses. *denotes that >1 oysters were pooled for 

testing. 

 

 

Figure 4.4. TCS genealogy of Bonamia ostreae ITS rDNA sequences. Putative groups have been 

shown in (A) Northern Hemisphere sites, and (B) New Zealand. The numbers within the enclosed 

circles represent the number of sequences of that respective haplotype. The small open circles 

represent putative mutational steps. 
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Phylogeny 

A Neighbour Joining tree showed that New Zealand B. ostreae is clustered with all B. 

ostreae ITS rDNA sequences (Figure 4.5). There is no evidence for more than one clade of 

B. ostreae that could be based on geographic location. 

 

Figure 4.5. Neighbour-Joining analysis using an HKY substitution model of Bonamia ostreae ITS 

rDNA sequences. Bonamia perspora was selected as an outgroup and node support is determined 

by 1000 bootstraps. New Zealand sequences are highlighted in yellow, with the respective 

nucleotide base labelled. 

 

Discussion 

The low ITS rDNA sequence diversity of New Zealand B. ostreae found within this study 

suggests a recent introduction to New Zealand, although the geographic location from 

which it was introduced is less certain because of high intraspecific ITS rDNA variation 

observed within the Northern Hemisphere. 
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The neutral theory of molecular evolution suggests that the highest levels of genetic 

diversity within a species will occur at its geographic origin, where genetic changes have 

been accumulating for the longest evolutionary time period (Kimura 1983). The high ITS 

rDNA diversity reported for all Northern Hemisphere sites (Table 4.3), as well as the 

negative Tajima’s D value, are indicative of a B. ostreae population that has expanded or 

that has been stable for a length of time (Tajima 1989; Grant and Waples 2000). Bonamia 

ostreae was first detected in France in 1979, after being introduced into Europe by a 

transhipment of infected oysters from its putative origin on the west coast of North 

America (Elston et al. 1986); therefore, these results are consistent with available 

anecdotal data about movements of B. ostreae between these areas. Conversely, the low 

ITS rDNA diversity of New Zealand (h = 0.503, π = 0.001) and the positive Tajima’s D 

value (1.534) are often associated with a population that has undergone a recent bottleneck 

(Tajima 1989; Grant and Waples 2000). A founder effect associated with the introduction 

of B. ostreae into New Zealand is therefore likely (Nei et al. 1975), and it suggests that the 

range extension of B. ostreae is more likely a stochastic event rather than a gradual one. It 

is unknown whether the source of the infected O. chilensis used in this study are derived 

from the same cohort of hatchery-reared spat or from gathered wild spatfall. Whichever, it 

is unlikely to influence the observed low level of B. ostreae genetic diversity detected in 

this study because the same levels of B. ostreae genetic variation were detected in infected 

O. chilensis sampled from Stewart Island (H. Lane pers. obs.). This suggests that the levels 

of genetic diversity detected in B. ostreae is real and not an artefact of sampling. Similar 

results have been reported from other introduced pathogens including the parasites 

Mikrocytos mackini (Abott et al. 2011) and Myxobolus cerebralis (Whipps et al. 2004). A 

past review has highlighted a number of studies documenting higher-than-expected genetic 

diversity in introduced populations (Roman and Darling 2007). This ‘genetic paradox’ is 

influenced by propagule pressure, i.e., the number of propagules transported per 

introduction event and the actual number of introduction events. Considering this and the 

data presented, the introduction of B. ostreae into New Zealand probably occurred via a 

single event with a limited number of propagules. 

 

This high level of ITS rDNA sequence variation between and within sites makes it difficult 

to infer the provenance of New Zealand B. ostreae. Hill et al. (2014) reported that 

intraspecific divergence within the B. ostreae clade was higher by a factor of 3-5 compared 

to B. exitiosa and other Bonamia spp. lineages. The high level of genetic variation between 
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B. ostreae samples is expected because of neutral genetic variation that has accumulated 

over time as well as their presumed clonal mode of reproduction (Montes et al. 1994; 

Culloty and Mulcahy 2007). Deviations from panmixia are characteristic of clonality 

(Thompson et al. 2011) and a priori expectations are that all sites would be differentiated. 

However, only New Zealand B. ostreae was significantly differentiated (Table 4.5). A 

significant proportion of the genetic variation observed within this study comes from 

within Northern Hemisphere sites (Tables 4.4 and 4.6). ITS rDNA sequences from Maine 

and the Netherlands were all recovered from one respective B. ostreae isolate (White 

2008; Hill et al. 2014). Intragenomic variation is common in multi-copy loci such as ITS 

rDNA (Harris and Crandall 2000), despite the effect of concerted evolution, where 

individual repeats of a multi-copy locus evolve in concert resulting in sequence 

homogenisation (Brown et al. 1972). The B. ostreae ITS rDNA sequences do not appear to 

be pseudogenes because of the low substitution rate observed within the 5.8S gene 

(Márquez et al. 2003). Given the different sequences are not pseudogenes, increased 

genetic sampling is required to understand the level of intragenomic variation of B. ostreae 

before other intraspecific relationships can be fully elucidated. Achieving this will provide 

better genetic distance estimates between New Zealand and Northern Hemisphere sites that 

can resolve relationships, and enable an insight into whether the observed difference 

between the two groups is, in fact, evidence of different B. ostreae sequence groups similar 

to what has been reported for B. exitiosa (Hill-Spanik et al. 2015).  

 

Explanations for the lower ITS rDNA variation of B. exitiosa (Hill et al. 2014) compared 

to B. ostreae remain uncertain but one scenario could be that B. exitiosa is under stronger 

selective pressure within this region of the genome than B. ostreae. Although ITS rDNA 

does not become part of the functioning ribosome, it does form secondary structures post-

transcription that are crucial for correct functioning of the rDNA transcript (Musters et al. 

1990). The lack of ITS rDNA divergence may in part explain why B. exitiosa has been so 

successful in colonising a high number of different oyster hosts from a high number of 

locations throughout the world; however, this requires significant further investigation. 

Unfortunately, inferences about Bonamia spp. mode of reproduction cannot be made from 

the available ITS rDNA sequence data: distinguishing between sexual and asexual 

reproduction requires estimates of linkage disequilibrium from several gene regions 

(Thompson et al. 2011). Collecting this type of data could explain the ecological and 
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genetic differences observed between B. ostreae and B. exitiosa as well as provide a new 

perspective on the dispersal of Bonamia parasites. 

 

A recent species introduction is expected to show sequences that are very close or identical 

to sequences from the geographic area from which it was introduced. The New Zealand B. 

ostreae ITS rDNA sequence is characterised by a 13 bp indel tandem repeat within the 

ITS-1 that is not observed in any other B. ostreae sequence (Figure 4.2). Additional 

sampling of B. ostreae isolates from North America and Europe might reveal that this New 

Zealand B. ostreae is not unique. On the other hand, it might also support that the New 

Zealand B. ostreae sequence is not found within the Northern Hemisphere and, therefore, 

unique to the Southern Hemisphere. If the latter is true, then this could be used as an 

epidemiological marker to monitor the dispersal of the New Zealand B. ostreae. However, 

in order for this to be successful some sort of quantitative data on how quickly the ITS 

region accumulates mutations would be needed to actually interpret future B. ostreae ITS 

rDNA sequence data, as well as understanding the intragenomic variation discussed 

earlier. This data could also be used to establish a molecular clock for this locus which 

would be invaluable for illuminating historical dispersal events for B. ostreae and B. 

exitiosa. Future routine sampling of B. ostreae in New Zealand is planned to gather data on 

the evolution of B. ostreae within New Zealand O. chilensis. 

 

Although the introduction of B. ostreae into New Zealand seems to be a recent event and 

the high level of mortality reported by Lane et al. (2016) suggests that O. chilensis is a 

naïve host, it cannot be ruled out that New Zealand B. ostreae has been introduced from a 

Southern Hemisphere population. The comparative pathology observed between Bonamia 

sp. within O. chilensis and O. angasi revealed some interesting differences (M. Hine pers. 

comm.). Pathology of O. chilensis exhibited massive systemic infections of haemocytes by 

presumed eosinophilic B. exitiosa in the connective tissue, whereas pathology of O. angasi 

exhibited cryptic focal basophilic infection of epithelial cells. These differences could 

indeed be mediated by host differences, however, B. ostreae has densely packed ribosomes 

compared to B. exitiosa, therefore it should stain more basophilic (M. Hine pers. comm.). 

These observations made by M. Hine (pers. comm.) in the late 1990s were limited to a few 

cases, however they provide an impetus to sample additional populations of O. angasi for 

B. ostreae. Bonamia ostreae has been shown to prefer higher salinity and colder water 

(Arzul et al. 2009), therefore it is possible that it has been present at subclinical levels in 
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less than optimum environmental conditions and has gone undetected. A prime example of 

this is the report made by Hill et al. (2014) who detected a Bonamia sp. from Dendostrea 

sandvicensis from Hawaii. This highlights that other tropical fauna should be considered in 

future studies. 

 

This study used ITS rDNA sequences to address questions of B. ostreae dispersal to New 

Zealand. From the data, it is conceivable that B. ostreae is a recent introduction from a 

limited number of propagules. Unfortunately no dispersal pathway could be reliably 

identified. It is probable that anthropogenic processes have influenced the introduction of 

B. ostreae but no provenance could be determined. Understanding where this parasite has 

arrived from is crucial to mitigating future incursions of other important mollusc parasites 

that could affect New Zealand’s shellfish industry, such as Marteilia refringens and M. 

mackini. This study discusses future avenues of research on B. ostreae and other Bonamia 

parasites, including generating new genetic data on the level of intragenomic variation of 

B. ostreae, and developing makers for other loci that could enable greater insights into 

evolutionary forces acting upon the Bonamia genome as well as an insight into the mode 

of reproduction that would be useful in understanding dispersal. Moreover, surveying 

populations of O. edulis within Australia (Morton et al. 2003) and South Africa (Haupt et 

al. 2010) in the first instance, but also extending the survey to include other fauna, 

particularly in tropical climes, might also reveal undiscovered populations of B. ostreae. 
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Chapter Five 

Comparative population genetic study of an important 

marine parasite from New Zealand flat oysters. 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

An unhealthy New Zealand flat oyster, possibly indicative of 

bonamiosis. Note the shrivelled appearance of the viscera and the 

retraction of the body from the shell edge (arrow). 
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Abstract 

The comparative genetic structure of hosts and parasites can reveal constraints acting on 

parasite dispersal among host populations and the evolution of local adaptation. We 

sampled New Zealand flat oysters Ostrea chilensis from 12 sites throughout New Zealand 

to (i) determine the distribution and prevalence of the haplosporidian parasites Bonamia 

exitiosa and B. ostreae, and (ii) test for congruent patterns of host and parasite genetic 

structure. Bonamia exitiosa was detected at three sites: Hauraki Gulf (5% prevalence), 

Marlborough Sounds (30%), and Foveaux Strait (7%), whereas B. ostreae was only 

detected in the Marlborough Sounds (37%). Using nuclear internal transcribed spacer 

(ITS) rDNA sequences of B. exitiosa, as well as mitochondrial cytochrome c oxidase 

subunit 1 gene (CO1) sequences of O. chilensis from the same sites plus other key O. 

chilensis growing areas (Tasman Bay and Chatham Islands), we compared the genetic 

structure of host and parasite. Bonamia exitiosa displayed genetic structure across all three 

sites which was reflected in populations of O. chilensis except for gene flow between 

Tasman Bay-Marlborough Sounds-Chatham Islands. The observed patterns reflect the host 

specificity of Bonamia parasites and the limited dispersal capability of oysters. Ostrea 

chilensis may experience long distance dispersal which is likely influenced by 

oceanographic factors. Nonetheless, a failure to detect Bonamia parasites among 

genetically connected O. chilensis populations suggests natural long distance co-dispersal 

of Bonamia parasites with O. chilensis is unlikely. Instead, the dispersal of Bonamia 

parasites is likely influenced by anthropogenic factors. 
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Introduction 

The comparative genetic structure of host and parasite is important for understanding 

parasitic dispersal among host populations as well as the evolution of local host-parasite 

adaptations (Keeney et al. 2009). Dispersal among populations maintains gene flow, which 

is largely determined by the dispersal capabilities of a species and the presence or absence 

of barriers to dispersal e.g., salinity gradients (Haskin and Ford 1982). The lifecycle of a 

parasite is intimately linked with its host, therefore, gene flow among parasite populations 

is often largely dependent on the host, and for parasites with complex lifecycles, 

population genetic structure is determined by the vagility of the most mobile host (Feis et 

al. 2015). Host and parasite population structure is often congruent (Criscione and Blouin 

2007), however different processes can contribute to different dispersal routes for parasites 

that are reflected in their population structure (Blasco-Costa et al. 2012). Indeed, a recent 

meta-analysis of comparative studies of host-parasite genetic structure has indicated that 

host-limited dispersal is not always the rule (Mazé-Guilmo et al. 2016). 

 

The Haplosporidian genus Bonamia contains three described species that are small 

(typically 1–3 μm), uninucleate, and infect oyster haemocytes causing a disease known as 

bonamiosis (Arzul and Carnegie 2015). Due to the severity of disease that these parasites 

can cause, Bonamia exitiosa and B. ostreae area listed as pathogens notifiable to the World 

Organisation of Animal Health. Unique within the haplosporidians, B. exitiosa and B. 

ostreae are directly transmitted between oysters, although whether the Bonamia lifecycle 

is solely characterised by direct transmission or if these parasites use alternate hosts is 

uncertain (Engelsma et al. 2014). A sexual lifecycle has not been documented for either 

parasite and intrahaemocytic reproduction is asexual (Montes et al. 1994). Under direct 

transmission, a parasite must be able to survive in the water column for a period of time. In 

vitro experiments found that up to 58% of B. ostreae cells were alive after one week in 

water at 15°C, and survival rate declined with increasing temperature and decreasing 

salinity (Arzul et al. 2009); similar results were found with B. exitiosa (Audemard et al. 

2008). Under the appropriate environmental conditions, Bonamia spp. may therefore be 

capable of being dispersed by water currents to new areas. However, environmental 

dispersal of B. exitiosa within the Foveaux Strait, which separates Stewart Island from the 

South Island of New Zealand, was found to be less than the movement of water during one 

tidal cycle, and the movement of disease particles does not appear to contribute much to 
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the diffusion of B. exitiosa in this area (Cranfield et al. 2005). Recently, Arzul et al. (2011) 

and Flannery et al. (2016) detected B. ostreae from oyster larvae, which could have 

implications for the parasite’s dispersal during the planktonic phase of the oyster lifecycle. 

To date no data exists on B. exitiosa infection in oyster larvae, however, considering the 

similarities of these two parasites, it is likely B. exitiosa is also capable of larval infection 

and, thus, oyster larvae should be viewed as a possible source of infection and dispersal 

route. 

 

In January 2015 the exotic Northern Hemisphere pathogen B. ostreae was reported from 

two New Zealand flat oyster Ostrea chilensis aquaculture farms in the Marlborough 

Sounds, New Zealand, where it was associated with high levels of mortality (Lane et al. 

2016). Ostrea chilensis is a developing aquaculture species within New Zealand and also 

supports commercial dredge fisheries in the South Island. In response to the report of B. 

ostreae, New Zealand’s government enforced a Controlled Area Notice (CAN) at the top 

of the South Island to prevent the spread of this parasite to other key O. chilensis growing 

areas (see Fig. 2). The CAN restricts movements on certain bivalve molluscs, however, 

this movement control only takes into account intentional translocation of stock and does 

not account for natural dispersal events. Indeed, accounting for natural dispersal within a 

management plan would not be straightforward; however, determining how Bonamia sp. 

are genetically connected within New Zealand can be useful in evaluating the risk of B. 

ostreae dispersal to other oyster beds. 

 

Bonamia exitiosa is endemic to New Zealand and has been retrospectively detected in O. 

chilensis sampled from Foveaux Strait in 1964 (Hine and Jones 1994). In the same area, 

two significant B. exitiosa epizootic events occurred between 1986-1992 and 2000-2005 

that reduced the oyster population to 9% of its pre-disease level (Cranfield et al. 2005). 

Elsewhere in New Zealand, B. exitiosa has been detected from the Hauraki Gulf (Hill et al. 

2014), Tasman Bay and Marlborough Sounds (Hine 1997), and Wellington Harbour (Jones 

unpubl data), although no epizootic event has been reported from these locations, and 

whether B. exitiosa occurs at other beds in New Zealand is likely but has not yet been 

explicitly addressed. 

 

Oysters have a bi-phasic life history, being sedentary as adults, but capable of dispersal as 

larvae. Adult O. chilensis brood their larvae for a period ranging 15-38 days prior to 
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releasing them into the water column (Jeffs and Creese 1996). Fully developed larvae are 

capable of settling within a few minutes of release (DiSalvo et al. 1983), although a small 

proportion may remain pelagic for up to 20 days. A population genetic rule-of-thumb for 

marine organisms is that the longer the larval phase the further larvae are likely to be 

dispersed (Shanks 2009). However, despite larval duration and population connectivity of 

New Zealand marine fauna being directly proportional, this relationship broke down for 

larval durations shorter than 10 days (Ross et al. 2009). Therefore, any assumption 

regarding O. chilensis dispersal based on life-history traits may not accurately reflect 

actual population connectivity. 

 

Ostrea chilensis larval dispersal simulations found only a small portion of larvae settle 

more than 1 km from their natal location (Broekhuizen et al. 2011). However, modelling 

fails to determine whether immigrants to a stock will survive and reproduce, whereas 

genetic markers sample inherited characteristics that are shared by individuals that are part 

of the same reproductive process, thereby providing more accurate estimates of 

connectivity (Faurby and Barber 2012). Ostrea chilensis are genetically differentiated 

between Hauraki Gulf and Foveaux Strait based on mitochondrial DNA (mtDNA) 

cytochrome c oxidase subunit 1 gene (CO1) markers (Ó Foighil et al. 1999) and Thomas 

(2015) detected genetic structure among southern South Island sites using random 

amplifiable polymorphic DNA markers. Therefore, an a priori expectation for our study is 

that O. chilensis will have genetically structured populations. Furthermore, Hill-Spanik et 

al. (2015) found genetic differentiation of B. exitiosa between Hauraki Gulf and Foveaux 

Strait based on nuclear internal transcribed spacer (ITS) rDNA markers. Accurate 

inferences of Bonamia dispersal around New Zealand by O. chilensis cannot be made from 

these studies. Simultaneously collecting genetic information from a parasite and the 

corresponding host enables a specific comparison of population genetic structures that 

these previous studies cannot. Moreover, because of the small number of sample sites used 

in these studies, it is likely that some level of genetic diversity or genetic structuring was 

missed. 

 

In this study, we sample O. chilensis populations throughout New Zealand to determine 

the distribution and prevalence of the enzootic B. exitiosa and exotic B. ostreae within 

oyster beds. We then compare the genetic structure of B. exitiosa with that of O. chilensis 

across New Zealand, using ITS rDNA and mtDNA CO1 markers, respectively. Compared 
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with other commercial New Zealand species, there is little genetic information available 

for O. chilensis, including of stock structure. Mitochondrial DNA is a good first choice 

marker for a genetic assessment of a stock structure because primers are comparatively 

cheap and easy to develop, and loci such as the CO1 are hyper-variable enabling 

elucidation of intraspecific relationships. Similarly, the limited genetic data of Bonamia 

spp. limits marker choice: no Bonamia mitochondrial sequence data is available and 

conserved loci such as actin genes (Lopez-Flores et al. 2007; Prado-Alvarez et al. 2015) 

and a heat shock protein (Prado-Alvarez et al. 2013) are unsuitable for resolving 

intraspecific relationships. The ITS locus accumulates mutations quickly (Hillis and Dixon 

1991), which makes it useful for characterising intraspecific diversity, and has previously 

been used to infer relationships among Bonamia species (see Hill-Spanik et al. 2015) and 

other important marine oyster parasites e.g., Perkinsus marinus (Brown et al. 2004) and 

Mikrocytos mackini (Abbott et al. 2011). 

 

Considering B. exitiosa and B. ostreae have no reported spore, are directly transmissible, 

and have no other known vector, as well as the short pelagic larval duration of O. chilensis, 

it is hypothesised that both host and parasite will display congruent genetically structured 

populations. The comparative nature of the data enables us to test the hypothesis that 

natural dispersal of Bonamia spp. within New Zealand is achieved through short distance 

dispersal of O. chilensis and any longer distance Bonamia dispersal is unlikely to be 

facilitated by the natural dispersal of its oyster hosts. 

 

Methods 

Sample collection 

Adult Ostrea chilensis were collected from 12 sites throughout New Zealand (Figure 5.1): 

Nine sites were wild oyster beds, and three were from O. chilensis aquaculture farms, 

including Tory Channel (sample site 6) and Port Underwood (7) as used in Chapter Four 

(hereafter collectively referred to as Marlborough Sounds), and one site from Stewart 

Island (12). The parentage of the oysters sampled from the aquaculture farms is unknown. 

Sample collections were made between March and April 2015 (austral autumn), which is 

the time of the year when B. exitiosa is typically at its highest prevalence and, therefore, 
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most likely to be detected (Hine 1991). Sample collections aimed for 150 oysters per site 

on the assumption of 2% prevalence of Bonamia spp., however, this was not achieved at 

every site due to low oyster abundance. All oysters were shipped on ice to the laboratory. 

After shucking, any gross pathologies were noted before gill, mantle, and heart tissue was 

sampled for molecular analyses. All sampled tissue was placed in 1.5 ml microcentrifuge 

tube and preserved in 70% EtOH. All remaining tissue was stored at -70°C. An additional 

36 B. exitiosa-positive O. chilensis collected by the National Institute of Water and 

Atmospheric Research (NIWA) during the 2014 Foveaux Strait Bonamia survey were 

added to our data set and used in analyses. 

 

Figure 5.1. New Zealand sampling sites of Ostrea chilensis. The sample number collected are 

noted in parentheses. The locations corresponding to the numbers in the closed circles are listed in 

Table 1. 



Chapter Five: Oyster host and Bonamia parasite genetic co-structure 

 

84 

 

DNA extraction and PCR 

DNA was extracted from ~25 mg of combined gill, mantle, and heart tissue using an 

automated QiaXtractor 96-well robot following the manufacturer’s instructions. From each 

96-well extraction plate, 12 representative samples were quantified using a Qubit® 2.0 

fluorometer and stored at 4°C. All samples were confirmed for amplifiable nucleic acid by 

an 18S rDNA Internal Control real-time PCR (Applied Biosystems). 

 

All samples were tested for B. exitiosa and B. ostreae using species-specific conventional 

PCR assays (Ramilo et al. 2013); the respective PCR protocols are described in Chapter 

Four. Bonamia-positive samples only amplified in the B. exitiosa assay, therefore, all 

amplified samples were then only assayed using a newly designed B. exitiosa species-

specific ITS rDNA conventional PCR (see Chapter Four). The forward primer Exitiosa_F 

(5’-ACTTCACTTGAGACTTTTGTATG-3’) was paired with the reverse Bonamia_R (5’-

GGAAGGAAAAGTCGTAACAA-3’) to produce an amplicon ~600 bp in length. All 

PCRs consisted of Kapa2G Fast Hotstart Mix (Kapa Biosystems), which consists of 

proprietary reaction buffer including 0.2mM of each dNTP at 1X, 1.5mM MgCl2, 0.5 U of 

Kapa2G Fast Hotstart DNA Polymerase, 0.4 uM of forward and reverse primer and 2 µl of 

DNA template (~20 ng/µl). 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, 58 

°C for 10 s, and 72 °C for 1 s. All PCR products were electrophoresed on 1.5% gel and 

visualised under a UV light source. All products were purified prior to sequencing using a 

ZYMO genomic DNA kit. 

 

Selected sites were assayed for O. chilensis mtDNA CO1 sequencing. Sites were selected 

if either: 1) B. exitiosa was detected at that site during this study, or 2) the site is key O. 

chilensis growing area in New Zealand. Newly designed primers, Ochil_F (5’-

TCGGTAGCTTATACATAGTT-3’) and Ostrea_R (5’-ACAGGATCAAAGAAGGAT-

3’) were paired to amplify a ~600 bp CO1 fragment of O. chilensis. The PCR reaction mix 

and protocol used was similar to that described above, except primer concentrations were 

0.3 uM and the annealing temperature was 54 °C.  Gel electrophoresis and purification for 

sequencing was achieved as described above. All DNA sequencing was performed by 

Macrogen, Korea. 
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Genetic diversity 

Bonamia exitiosa and O. chilensis sequences were imported and assembled in Geneious 

9.1.6 then aligned using the MAFFT v7.222 (Katoh et al. 2002; Katoh and Standley 2013). 

Specific amplification was confirmed by submitting the consensus sequence of B. exitiosa 

to BLAST and the consensus sequence of O. chilensis to the validated CO1 database, 

BOLDsystems (Ratnasingham and Hebert 2007). Published B. exitiosa sequences from 

Hauraki Gulf (GenBank accession numbers JF831639-JF831657) and Foveaux Strait 

(JF831658-JF831677) were added to the sequences generated from our study for the 

following analyses unless otherwise stated. The summary statistics of the level of genetic 

diversity in each population for both B. exitiosa and O. chilensis sequence sets that 

included the number of haplotypes (Nh), haplotype diversity (h), nucleotide diversity (π), 

the number segregating sites (S), and the average of number nucleotide differences (K) 

were calculated in Arlequin v.3.1.5.3 (Excoffier and Lischer 2010). Neutrality of the data 

sets was determined by using Tajima’s D test (Tajima 1989) calculated in Arlequin 

v.3.1.5.3 using 1 000 permutations. 

 

Genetic structure 

Pairwise genetic differences (ɸst) were estimated as indicators of gene flow between all 

sampled sites for B. exitiosa and O. chilensis. Conventional ɸst were calculated using 

Arlequin 3.1.5.3 and the significance was assessed using 1000 permutations. For the O. 

chilensis data set, an analysis of molecular variance (AMOVA) was conducted on clusters 

of sampling sites to determine the maximum proportion of the total genetic variation that 

could be attributed to differences between groups. Two different structures were tested, 1) 

three groups were tested based on pairwise comparisons: (i) Hauraki Gulf, (ii) Foveaux 

Strait, and (iii) Tasman Bay-Marlborough Sounds-Chatham Islands; 2) three groups were 

tested based on the detection of B. exitiosa: (i) Tasman Bay, (ii) Chatham Islands, and (iii) 

Hauraki Gulf-Marlborough Sounds-Foveaux Strait. 

 

Haplotype frequencies were calculated as proportion of the total number of haplotypes 

within each site for each data set in FaBox v.1.41 (Villensen 2007), graphed in Microsoft 

Excel and visually represented in Adobe Illustrator. A 95% statistical haplotype network 
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was constructed using TCS (Clement et al. 2000) for the B. exitiosa ITS data set and the O. 

chilensis CO1 data set. The resulting network was edited in tcsBU (Santos et al. 2015) and 

Adobe Illustrator. 

 

Hill-Spanik et al. (2015) reported that B. exitiosa sequences sampled from the Hauraki 

Gulf and Foveaux Strait belong to two different global sequence groups: Cosmopolitan 

and Southern Hemisphere, respectively. Published sequences used (listed in the caption of 

Figure 5.6) were imported in Geneious 9.1.6, aligned with MAFFT v7.222, and trimmed to 

the same length. Then, as above, a 95% haplotype network was constructed in TCS to 

investigate to which sequence group Marlborough Sounds B. exitiosa belong. Marlborough 

Sounds is the only location where B. ostreae has been reported (Lane et al. 2016) and the 

provenance of this parasite has not yet been determined (see Chapter Four). Therefore, 

determining which sequence group includes Marlborough Sounds B. exitiosa could 

provide some information on the provenance of New Zealand B. ostreae, particularly as 

concurrent infections of B. exitiosa and B. ostreae have been reported from the United 

Kingdom (Longshaw et al. 2013), Spain (Ramilo et al. 2014), France (Arzul et al. 2011), 

and Italy (Narcisi et al. 2010), for which there were no B. ostreae sequences available for 

analysis (see Chapter Four). 

 

Migration 

Migration rates among sampling sites were estimated using the Bayesian inference method 

of Migrate v. 3.6.11 (Beerli and Felsenstein 2001; Beerli 2006). The ability of parasites 

and hosts to adapt to local environments will be affected by gene flow among populations 

and genetic drift within. Thus, having estimates of migration rates and effective population 

sizes are key to understanding rates of dispersal and microevolutionary processes. Two 

analyses were run for the migration of O. chilensis and B. exitiosa. Input parameters 

incorporated the transition/transversion ratio acquired from jModelTest (Posada 2008). 

Migrate runs included one long chain, 1000000 visited genealogies, and 50000 recorded 

genealogies with a burn-in of 10000. Convergence of the data set was determined by 

effective MCMC sample sizes being greater than 200. An adaptive heating scheme with 

default start temperatures of 1.00, 1.50, 3.00, and 1000.00 were used to estimate 

boundaries of Θ (2Nefµ for O. chilensis; Nef = female effective population size; µ = 
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mutation rate; and 2Neµ for B. exitiosa; Ne = population size); and M (m µ-1; m = 

migration rate). The difference in the chosen theta value between the two species is based 

on the assumption that the extracted lifestage of B. exitiosa is haploid. Migration rates 

were then estimated as Nemi = 0.50 x Θi x Mj → i, where i = receiving site and j = source 

site. The 95% confidence intervals incorporated the 2.5% and 97.5% estimates of both Θi 

and Mj →i. 

 

Results 

This study generated 69 new B. exitiosa ITS sequences from three sample sites: 8 from 

Hauraki Gulf, 14 from Marlborough Sounds, and 47 from Foveaux Strait (Table 5.1). Only 

14 Marlborough Sounds out of 19 samples were analysed because five of the concurrent 

infection samples had poor sequence quality and had to be omitted. Bonamia exitiosa was 

not detected from any other sampling site in this study and no B. ostreae was detected 

from any new site. Aligned and trimmed sequences were 558 bp long. Summary genetic 

diversity statistics are presented in Table 2 for all three sites. Four haplotypes were shared 

across at least two of sampling sites as well as a high number of private haplotypes 

observed from all three locations (Figure 5.2); there was no distinct geographic pattern 

among B. exitiosa haplotypes. One haplotype made up 46% of all detected haplotypes 

from Foveaux Strait (Figure 5.2), whereas 74% of haplotypes detected in the Hauraki Gulf 

were not detected from any other site. 

 

A 551 bp CO1 fragment was analysed from 162 O. chilensis from five different sites. 

Overall 13 O. chilensis CO1 sequences were detected across all sites, with low haplotype 

and nucleotide diversity (Table 5.3). Marlborough Sounds displayed only one haplotype 

which was also the dominant haplotype in Tasman Bay and Chatham Islands. Different 

dominant haplotypes were detected from Hauraki Gulf and Foveaux Strait (Figure 5.2). 

Genetic sequence neutrality was rejected at Hauraki Gulf and Foveaux Strait for B. 

exitiosa (Table 5.2) and accepted for all O. chilensis locations (Table 5.3). 
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Table 5.1. Summary of the number O. chilensis with detected B. exitiosa or B. ostreae as well as 

the prevalence of B. exitiosa at each sampling site. Acronyms of sampling sites used in analyses 

are shown in parentheses. *includes concurrent B. exitiosa and B. ostreae infections, see Chapter 

Four. †represents 2014 Foveaux Strait sequences 

Location B. exitiosa B. ostreae B. exitiosa prevalence (%) 

1. Haurakai Gulf (HG) 8 0 8/150 (5) 

2. Manakau Harbour 0 0 0/122 (0) 

3. Wellington Harbour 0 0 0/88 (0) 

4. Tasman Bay (TB) 0 0 0/156 (0) 

5. Golden Bay 0 0 0/147 (0) 

6. Tory Channel (MS) 9* 18 1/33 (27) 

7. Port Underwood (MS) 10* 5 10/30 (33) 

8. Cloudy Bay 0 0 0/148 (0) 

9. Chatham Island (CI) 0 0 0/150 (0) 

10. Otago Harbour 0 0 0/127 (0) 

11. Foveaux Strait (FS) 11 (+36)† 0 11/155 (7) 

12. Big Glory Bay 0 0 0/150 (0) 

Total 38 (+36) 23  

 

Genetic structure 

Significant genetic variation (p < 0.05) was detected among all three sites where B. 

exitiosa was found (Figure 5.3A). Genetic differentiation was detected among all O. 

chilensis populations except for the pairwise comparisons involving Marlborough Sounds, 

Tasman Bay, and Chatham Islands (Figure 5.3B). Significant genetic variation (p < 0.001) 

was detected among three regions broadly comprising of northern O. chilensis, mid-

latitude O. chilensis, and southern O. chilensis (Table 5.4). No genetic differentiation was 

detected among regions where B. exitiosa was detected and sites where it was not, despite 

showing a significant p-value, because negative percent of variation is common in the 

absence of genetic structure (Table 5.5).  

 

Bonamia exitiosa had sequences from all three sites mixed (Figure 5.4). There is a marked 

genetic pattern among O. chilensis (Figure 5.5) with both Hauraki Gulf, and some 

Chatham Islands sequences grouping separately. Overall, Bonamia exitiosa displayed a 

more complex haplotype genealogy, although, some sequences from Hauraki Gulf are 

different and are grouped with B. exitiosa Cosmopolitan sequences (Figure 5.6). The 

remaining New Zealand B. exitiosa sequences belong to the Southern Hemisphere group, 

which includes Marlborough Sounds B. exitiosa. This suggests B. ostreae is unlikely to 

have co-dispersed with a different B. exitiosa isolate unless it arrived from either Australia 

or Argentina where B. ostreae has not been reported (see Hill-Spanik et al. 2015). 
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Table 5.2. Sampling sites where B. exitiosa was detected, number of B. exitiosa sequences analysed (N), the number of haplotypes (Nh), haplotype diversity 

(h), the average number of nucleotide differences (K), segregating sites (S), nucleotide diversity (π), Tajima’s D (D). *denotes significant p < 0.001 

Location N Nh h K S (SD) π D 

Hauraki Gulf 27 18 0.949±0.027 1.253±0.817 3.892 (1.546) 0.002±0.002 -2.339* 

Marlborough Sounds 14 8 0.868±0.068 1.723±1.070 1.887 (0.996) 0.003±0.002 -0.328 

Foveaux Strait 67 24 0.773±0.052 0.905±0.637 3.980 (1.355) 0.002±0.001 -2.345* 

Total 108 50 0.908±0.023 1.242±0.793 7.041(2.009) 0.002±0.002 -2.584* 

 

 

 

Table 5.3. Sampling sites of O. chilensis, number of O. chilensis sequences analysed (N), the number of haplotypes (Nh), haplotype diversity (h), the average 

number of nucleotide differences (K), segregating sites (S), nucleotide diversity (π), Tajima’s D (D). 

Location N Nh h K S (SD) π D 

Hauraki Gulf 26 5 0.409±0.117 0.880±0.637 1.572(0.785) 0.002±0.001 -1.448 

Marlborough Sounds 31 1 0.000±0.000 0.000±0.000 0.000(0.000) 0.000±0.000 0 

Tasman Bay 32 3 0.331±0.099 0.347±0.350 0.496(0.367) 0.001±0.001 -0.606 

Foveaux Strait 33 2 0.061±0.056 0.061±0.134 0.246(0.246) 0.001±0.000 -1.140 

Chatham Islands 40 2 0.185±0.076 3.138±1.661 3.997(1.474) 0.006±0.003 -0.696 

Total 162 13 0.837±0.010 5.318±2.581 6.005(1.662) 0.009±0.005 -0.341 
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Table 5.4. AMOVA results of O. chilensis populations grouped by genetic differentiation results (i) HG, (ii) FS, and (iii) MS-TB-CI 

Source of variation d.f. Percent of variation p 

Among regions 2 87.8 <0.0001 

Among populations within regions 2 1.16 <0.05 

Within populations 157 11.04 0.09 

 

 

 

 

Table 5.5. AMOVA results of O. chilensis populations grouped based on whether B exitiosa was detected (i) TB, (ii) CI, and (iii) HG-MS-FS. 

Source of variation d.f. Percent of variation p 

Among regions 1 -25.64 <0.0001 

Among populations within regions 3 108.48 <0.0001 

Within populations 157 17.18 1.0000 
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Figure 5.2. Sampling locations where B. exitiosa was detected and O. chilensis CO1 were 

sequenced. Red and blue closed circles indicate B. exitiosa and O. chilensis were analysed; closed 

blue circles indicate only O. chilensis was analysed. The vertical panel on the right shows the 

haplotype frequency for each sampling location. For B. exitiosa only the four haplotypes shared 

among at least two sites are shown because private haplotypes are too numerous to be shown 

individually. The shaded green and red circles indicate the approximate protected zone and 

controlled zone of the CAN, respectively.
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A B 

Figure 5.3. Pairwise (Φst) genetic differentiation between samples sites for (A) Bonamia exitiosa and (B) Ostrea chilensis. The shaded squares (B. 

exitiosa) and shaded ovals (O. chilensis) represent putative sequence groups based on Φst results. *denotes significant at p < 0.001. 
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Figure 5.4. TCS analysis of ITS rDNA Bonamia exitiosa sequences. The small enclosed circles 

represent putative mutational steps. The size of the circle corresponds to the number of individuals 

with that respective DNA sequence 

 

Figure 5.5. TCS analysis of mtDNA CO1 Ostrea chilensis sequences. The small enclosed circles 

represent putative mutational steps. The size of the circle corresponds to the number of individuals 

with that respective DNA sequence. 
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Figure 5.6. Adapted TCS network analysis of Bonamia exitiosa ITS sequences from Hill-Spanik et 

al. (2015). Numbers within each shaded area correspond to a different sequence group as 

categorised by Hill-Spanik et al. (2015): 1: Western Atlantic; 2: Cosmopolitan; 3: Southern 

Hemisphere; 4: California. Note the position of the Marlborough Sounds B. exitiosa sequences 

within the Southern Hemisphere group. Published sequences include: Argentina (JF831556-

JF831574; JF831603-JF831638); Australia (JF831678-JF831684); West Coast, USA (JF831719-

JF831800); East Coast, USA (JF712867-JF712871; JF831575-JF831602); Tunisia (GU356032-

GU356035; JF831685-JF831718). 

 

Migration 

Mean migration estimates were broadly consistent with results obtained from the genetic 

differentiation analyses. O. chilensis had a low number of effective migrants in all 

comparisons. There was no evidence of skewed, unidirectional gene flow between any 

sites. There was a higher level of unidirectional migration observed from B. exitiosa of 

Hauraki Gulf and Foveaux Strait into Marlborough Sounds (Table 5.6). 
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Table 5.6. Bayesian estimates of Θ and pairwise migration rates of Ostrea chilensis, and B. 

exitiosa. 

Site Ostrea chilensis  Bonamia exitiosa  

Hauraki Gulf Θ 0.00404 (0, 0.00900) 0.00116 (0, 0.00400)  

Marlborough Sounds Θ 0.00026 (0, 0.00200) 0.02172 (0, 0.08150)  

Tasman Bay Θ 0.00210 (0, 0.00700) -  

Foveaux Strait Θ 0.00027 (0, 0.00200) 0.00071 (0, 0.00300)  

Chatham Islands Θ 0.00181 (0, 0.00500) -  

MS → HG 0.20 (0, 1.42) 0.25 (0, 1.81)  

TB → HG 0.32 (0, 2.36) -  

FS → HG 0.25 (0, 1.78) 0.35 (0, 2.00)  

CI → HG 0.38 (0, 2.61) -  

HG → MS 0.06 (0, 0.88) 6.82 (0, 40.75)  

TB → MS 0.06 (0, 0.93) -  

FS → MS 0.06 (0, 0.90) 7.00 (0, 40.75)  

CI → MS 0.07 (0, 1.00) -  

HG → TB 0.33 (0, 2.89) -  

MS → TB 0.58 (0, 3.50) -  

FS → TB 0.57 (0, 3.48) -  

CI → TB 0.47 (0, 2.80) -  

HG → FS 0.05 (0, 0.90) 0.19 (0, 1.50)  

MS → FS 0.06 (0, 0.84) 0.15 (0, 1.25)  

TB → FS 0.06 (0, 0.90) -  

CI → FS 0.06 (0, 0.93) -  

HG → CI 0.25 (0, 1.95) -  

MS → CI 0.48 (0, 2.49) -  

TB → CI 0.56 (0, 2.50) -  

FS → CI 0.45 (0, 2.45) -  

 

Discussion 

Distribution of Bonamia exitiosa in New Zealand 

In our study, we sampled flat oyster beds throughout New Zealand for Bonamia exitiosa 

and B. ostreae. Bonamia ostreae was not detected in any site other than the Marlborough 

Sounds, and B. exitiosa was only detected from three sites: Hauraki Gulf, Marlborough 

Sounds, and Foveaux Strait where it has been reported before. The prevalence of B. 

exitiosa from Foveaux Strait in this study is lower than previously recorded from the same 

area (Michael et al. 2013). Oysters collected for this study were sampled from an oyster 

bed located in the north-west area of Foveaux Strait where B. exitiosa is less prevalent than 

other more eastern oyster beds (see Michael et al. 2013). Previously, B. exitiosa has also 

been detected in Wellington Harbour and Tasman Bay (Hine 1997; Jones unpubl data). 

Reasons for not detecting it from these sites in our study include: 1) B. exitiosa is at a 
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prevalence lower than 2%; 2) B. exitiosa infections could be below the limit of detection of 

the PCR used; or 3) The correct tissue wasn’t sampled to enable detection - very low 

intensity Bonamia infections only occur beneath the basement membrane of the gut (Hine 

1991) and no histology was performed in our study to confirm this. Although 

unconfirmed, it seems likely that B. exitiosa still exists in these location albeit at very low 

levels (Van Banning 1987). Bonamia exitiosa was not detected in the Chatham Islands; 

however, interestingly, Michael et al. (2015) suggest that the Chatham Islands may not be 

free of B. exitiosa. During validation of a B. exitiosa real-time PCR, the authors used 

Chatham Island O. chilensis for B. exitiosa-negative controls and experienced some late 

amplification. This requires further investigation and if B. exitiosa is present within the 

Chatham Islands, sequences from there could be useful in elucidating Bonamia parasite 

dispersal around New Zealand. Biotic factors might explain the failure to detect B. exitiosa 

from Stewart Island despite being adjacent to Foveaux Strait although reasons for failed 

detection could be as outlined above. Bonamia spp. have higher infection intensities in 

higher salinity water (Audemard et al. 2008; Arzul et al. 2009; Audemard et al. 2014) and 

the salinity in some Stewart Island inlets can be as low as 3-5 ppm because of freshwater 

runoff (Buroker et al. 1983). Disease patterns along environmental gradients are 

documented (e.g., Bushek et al. 2012) and identifying spatial disease refuges could be 

beneficial to a developing O. chilensis aquaculture industry. 

 

Comparative genetic structure 

The three populations of B. exitiosa detected in our study displayed significant genetic 

differentiation and low levels of gene flow among them. Populations of O. chilensis 

displayed a similar pattern of genetic structure, except that gene flow is occurring between 

the top of the South Island and the Chatham Islands. The predominant cell form of B. 

exitiosa and B. ostreae in host tissue is a uninucleate naked cell and it is unknown what 

form this cell takes when released into the environment. Some studies have detected B. 

ostreae in other marine organisms (e.g., the brittlestar Ophiothrix fragilis, the Pacific 

oyster Crassostrea gigas, and the blue mussel Mytilus edulis), which suggests that the 

parasite might be able to use additional routes of transmission (Lynch et al. 2007; Lynch et 

al. 2010; Flannery 2014). Nonetheless, Bonamia parasites mainly depend on oysters for 

survival and dispersal (Hill-Spanik et al. 2015). Therefore, the results from our study 
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suggest that natural co-dispersal of Bonamia spp. with O. chilensis could be likely over 

shorter distances, but no evidence presented suggests co-dispersal occurs over longer 

distances. Indeed, the markers used in this study are inherently different i.e., ITS is a 

nuclear marker and CO1 is cytoplasmic, and perhaps comparable markers may present 

higher levels of congruence between host and parasite. Nonetheless, with the clear 

observed patterns of connectivity, inferences of dispersal can still be made. Certainly the 

development of other genomic markers for O. chilensis and Bonamia spp. will build upon 

this study’s data. 

 

The pattern of genetic differentiation among O. chilensis populations suggests that life 

history traits and ocean currents have influenced their distribution. Ostrea chilensis are 

brooders and the time spent as pelagic larvae ranges from minutes to 20 days (Jeffs and 

Creese 1996). This likely explains the significant genetic differences of pairwise 

comparisons between Hauraki Gulf and Foveaux Strait with all sites, which are consistent 

with other genetic data for New Zealand O. chilensis (Ó Foighil et al. 1999; Thomas 

2015). Despite modelling results for the Tasman Bay O. chilensis population indicating 

that only a small proportion of larvae travel more than one km from their natal location 

(Broekhuizen et al. 2011), our study presents evidence of gene flow between Tasman Bay, 

Marlborough Sounds, and Chatham Islands. Although the migration data suggests a bi-

directional flow, in all likelihood it will be in a west-east direction which aligns with Ó 

Foighil et al. (1999), who reported O. chilensis rafted from New Zealand to Chile. Similar 

patterns of genetic structure have been found with other New Zealand marine fauna 

including the clam Austrovenus stutchburyi (Ross et al. 2012), where the easterly flow of 

the subtropical convergence is believed to facilitate the transport of larvae from mainland 

to Chatham Islands (Heath 1985). 

 

Bonamia exitiosa displayed genetic structure across all three sites, despite sharing 

haplotypes among them. Genetic structuring is expected from a parasite with a presumed 

simple direct life cycle and high host specificity, and is concordant with a meta-analysis 

that found a parasite’s lifecycle was the best predictor of genetic structure, highlighting the 

dependence of host mobility for dispersal (Blasco-Costa and Poulin 2013; but see Mazé-

Guilmo et al. 2016). In this light and considering the O. chilensis data presented, we would 

expect B. exitiosa to be detected in the Chatham Islands. Moreover, Hill-Spanik et al. 

(2015) reported B. exitiosa gene flow between Australia, New Zealand, and Argentina, 
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which is putatively facilitated by the dispersal of B. exitiosa-infected oysters by surface 

currents. Although not yet empirically demonstrated, it is inferred that O. chilensis can 

disperse by rafting (Ó Foighil et al. 1999; Castilla and Guinez 2000), which has been 

demonstrated for other marine fauna: marine invertebrates colonising pieces of pumice 

rafts could disperse >5000 km in 7-8 months (Bryan et al. 2012), and successful 

colonisation of ten New Zealand intertidal species occurred after dispersing 400-600 km 

via kelp rafts for a minimum duration of 20-65 days (Fraser et al. 2011). Considering this 

as well as that Bonamia sp.-induced mortalities of naïve pre-recruit O. chilensis exposed to 

environmental levels of B. exitiosa are likely to occur after 3-4 months (Diggles and Hine 

2002), it is conceivable that Bonamia sp.-infected O. chilensis could disperse to the 

Chatham Islands. Rafting is presumably a low-frequency event and given that B. exitiosa is 

at a low prevalence and that only a few successful migrants per generation is sufficient to 

maintain neutral genetic homogeneity, dispersal of B. exitiosa-infected O. chilensis could 

be rare. On the other hand, B. ostreae has been reported at a much higher prevalence in the 

Marlborough Sounds (Lane et al. 2016), which would increase its probability of dispersal. 

Sampling for this study took place concurrently during the B. ostreae epizootic in the 

Marlborough Sounds and there may not have been sufficient time for Bonamia sp.-infected 

O. chilensis dispersal to occur. Future testing of O. chilensis in the Chatham Islands with 

the same assay used in Michael et al. (2015) as well as a B. ostreae real-time PCR (Ramilo 

et al. 2013) would enable greater detection sensitivity to elucidate the dispersal of 

Bonamia parasites around New Zealand. Detecting B. exitiosa from the Chatham Islands 

would support Hill-Spanik et al.’s (2015) postulation, and provide evidence that B. exitiosa 

can co-disperse with O. chilensis or other oyster hosts over longer distances, which would 

alter the conclusion of this study. Until such data become available we cannot conclude 

that B. exitiosa and, as likely, B. ostreae, are co-dispersing with O. chilensis over longer 

distances around New Zealand. Furthermore, because O. chilensis sampled for this study 

were taken from one oyster bed within a site, future sampling efforts across a number of 

oyster beds within a site might reveal finer-scale genetic structure that can provide insights 

into shorter distance co-dispersal of Bonamia spp. and O. chilensis. 

 

The means by which B. exitiosa populations are sharing haplotypes despite the high 

genetic structure of corresponding O. chilensis populations is uncertain. This is 

confounded by the frequent translocations of O. chilensis from Foveaux Strait around the 

country to establish new oyster beds (K. Michael pers. comm.). The concomitant 
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translocation of B. exitiosa with these movements may have influenced the findings of this 

study to a lesser or greater extent, but this is not reflected in the genetic structuring of O. 

chilensis. With the absence of data on alternate hosts for Bonamia, the influence of 

anthropogenic factors could explain this; although, whether this is through intentional 

translocation of infected oyster stock, unintentional dispersal via ballast water or fouled 

ship hulls, or a combination of these is difficult to ascertain. If the former is true, then the 

CAN is likely to be effective in restricting the dispersal of B. ostreae to other New Zealand 

oyster beds. Ballast water and fouled ship hulls are often proposed as vectors for Bonamia 

spp., but this hypothesis remains to be explicitly tested. In addition to the development of 

higher resolution genomic markers for O. chilensis and B. exitiosa to augment the data 

presented in this study, testing the hypothesis that ballast water and ship hull fouling can 

act as vectors for Bonamia is vital to our understanding of how these parasites disperse and 

the effective management of them. 
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Chapter Six 

Comparative pathology of two Bonamia parasites in 

New Zealand flat oysters 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

New Zealand flat oyster infected with sporocysts 

of Bucephalus longicornutus, a common parasite 

of flat oysters. The visceral mass has been teased 

open to display the sporocysts more clearly 

(Howell 1966). 
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Abstract 

Detailed comparative histopathology was carried out on 61 Ostrea chilensis infected with 

the endemic parasite Bonamia exitiosa, the introduced B. ostreae, and both Bonamia 

concurrently. All O. chilensis were sampled from two aquaculture farms located in the 

Marlborough Sounds, New Zealand. Distribution of Bonamia sp. infection throughout the 

host tissue and intensity of infection were recorded and compared between the three 

epidemiological subpopulations. The infection intensities were similar across all three 

infection groups. Overall, little difference in distribution of infection was observed 

between the three groups. All infections resulted in haemocytosis with infiltration of the 

connective tissue, particularly around the digestive tubules and stomach, and of the gills 

and mantle; prevalence of infections within these tissues was proportional to intensity. 

Bonamia exitiosa and B. ostreae were concurrently observed within the same tissue, 

although never parasitizing the same haemocyte. An unidentified haplosporidian-like 

parasite was observed from one sample associated with heavy focal haemocytosis. Overall, 

the pattern of pathology does not appear to change between the three infection groups, 

however, sampling across a full infection cycle would strengthen this conclusion. 
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Introduction 

The haplosporidian oyster parasite Bonamia exitiosa is endemic to the New Zealand flat 

oyster Ostrea chilensis (Hine and Jones 1994). In 2015, the exotic Northern Hemisphere B. 

ostreae was detected in O. chilensis from the Marlborough Sounds, New Zealand, for the 

first time (Lane et al. 2016) with molecular sequence data suggesting that this parasite is a 

contemporary introduction to this area (see Chapter Four). The detection of both B. 

exitiosa and B. ostreae within the same location, as well as the same host, is becoming 

more common as the geographic range of these parasites extend, including reported 

concurrent infections from New Zealand and in European flat oysters O. edulis from 

Europe (Abollo et al. 2008; Narcisi et al. 2010; Longshaw et al. 2013). 

 

In New Zealand, O. chilensis and B. exitiosa have a host-parasite relationship that is 

usually in equilibrium (Hine 1996b), except for two notable epizootics that occurred within 

the Foveaux Strait shellfishery between 1986-1992 and 2000-2005 (Cranfield et al. 2005). 

Reasons for the destabilization of this relationship during these periods are uncertain and 

likely complex (Hine 1996b; Hine et al. 2002). The high level of O. chilensis mortality in 

the Marlborough Sounds coincided with the detection of B. ostreae, however, in New 

Zealand where bonamiosis has always been attributed to B. exitiosa, it can be difficult to 

determine the real effect of the introduced B. ostreae on O. chilensis. The introduction of 

non-native species can affect native communities through predation and competition 

(Daszak et al. 2000; Clavero and Garcia-Berthou 2005), as well as perturb an established 

host-parasite relationship, altering the disease dynamics of that system (Kelly et al. 2009; 

Thieltges et al. 2009). Considering that no non-native host for B. ostreae has yet been 

reported from New Zealand (Chapter Two), it is interesting to investigate the pathology of 

a B. ostreae infection within a new host to understand whether the high levels of mortality 

experienced are in fact attributed to this introduced parasite. 

 

Indeed modern molecular techniques have expedited our understanding of pathogens, 

however, traditional histopathology is required to fully elucidate the health status of an 

organism. Therefore, this study uses histopathology to describe the comparative pathology 

of an introduced parasite and an endemic parasite within the same oyster host. The 

pathology of single Bonamia sp. infections have previously been reported (e.g. Balouet et 

al. 1983; Hine 1991a; Kroeck 2010; Lane et al. 2016), and concurrent infections have been 
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identified (e.g. Abollo et al. 2008; Narcisi et al. 2010; Longshaw et al. 2013). However, 

little consideration has been given to whether the pathology of an infection changes 

between an endemic and introduced parasite, or whether during concurrent infections the 

pathology or tissue distribution of an infection changes through competitive interaction 

(see Mideo 2009). In light of this, we use histological slides of O. chilensis collected from 

the Marlborough Sounds to address three questions: 1) Does a B. ostreae infection produce 

a more intense infection than a B. exitiosa infection?; 2) Does the pathology differ between 

a concurrent and single infection?; and 3) Is there any evidence of competitive interaction 

during a concurrent infection? 

 

Method 

In January 2015 adult O. chilensis were collected from two aquaculture farms from the 

Marlborough Sounds (see Chapter Four, Figure 4.1): Port Underwood (N = 30) and Tory 

Channel (N = 33). Live oysters were shucked and any gross pathology was recorded. A 

standard section was made through the digestive gland including connective tissue, 

digestive system, gonads, gills and mantle. All sections were fixed in 10% formalin for 48 

hours then transferred to 70% EtOH until processed. Concurrently a sample of gill, mantle, 

and heart was placed in a 1.5 ml microcentrifuge tube for molecular analyses (see Chapter 

Four). Fixed tissue was trimmed, placed in histocasettes, and processed using standard 

histological techniques with haemotoxylin and eosin (H&E) staining. Coverslipped 

histology slides were examined under an Olympus CX1 microscope mounted with a 

camera. 

 

All histological sections were scanned at 10x magnification to determine the oyster sex as 

well as the presence of infection. Irrespective of haemocytosis, the gills and mantle, 

digestive system (particularly sub-epithelial), gonad, and connective tissue were examined 

in every oyster at 40x and 100x magnification to confirm the presence of microcells and to 

distinguish between the Bonamia species (B. exitiosa is typically larger with a concentric 

nucleus whereas B. ostreae is smaller with an eccentric nucleus; see Lane et al. 2016). 

Histopathology results distinguished epidemiological subpopulations, including O. 

chilensis infected with B. ostreae-only, B. exitiosa-only, and concurrent infections of B. 

ostreae and B. exitiosa. For each epidemiological subpopulation the prevalence and 
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distribution of infection throughout different host tissues were recorded, the intensity of 

Bonamia-infection was estimated semi-quantitatively using the scoring method of Diggles 

et al. (2003), and any other pathologies were recorded. Estimates of prevalence by 

histopathology were cross-referenced to prevalence estimates from molecular methods 

determined earlier (see Chapter Four, Table 4.1). 

 

Results 

In total 61 of 63 collected O. chilensis were analysed. Tissues of two autolytic oysters 

from Tory Channel precluded accurate histopathology and were not included in analyses. 

Gross abnormalities such as watery cysts and abscesses were not observed, although 

sampled O. chilensis appeared watery and emaciated. 

 

There was discordance between histopathology and PCR results: a higher prevalence of 

Bonamia infection was observed from histopathology than PCR. Port Underwood had one 

sample and Tory Channel had three samples that were PCR negative despite observing 

Bonamia microcells (Table 6.1). Bonamia ostreae and B. exitiosa microcells were 

observed concurrently within three oysters whereas only B. ostreae was observed in the 

other. In one of these samples from Port Underwood, no microcells were observed in the 

gills or mantle, which was originally sampled for molecular analyses. Microcells were 

observed in the gills and mantle of the other three samples, although infections were light 

and focal. Conversely, Bonamia microcells were not observed in two oysters collected 

from Tory Channel despite Bonamia having been detected by PCR (Table 6.1). 

 

Overall the prevalence and intensity of Bonamia infection was higher at Tory Channel than 

Port Underwood. Overall and for both sites the mean intensity of infection for each 

epidemiological subpopulation was similar; despite the highest mean infection intensity 

associated with concurrent infections, followed by B. ostreae-only, then B. exitiosa-only, 

the means of each group fall within the standard deviations of the others (Table 6.2 A-C). 

There was no relationship observed between oyster sex and infection intensity (Table 6.3). 

Despite similarities in tissue distribution of infection observed between the three 

epidemiological subpopulations (Table 6.2 A-C), Bonamia parasites were least common 

around the gonad follicles, although, in many cases the oyster was castrated (see Table 6.3) 
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because of heavy infections from the digenean trematode Bucephalus longicornutus. 

Irrespective of intensity, all Bonamia infections resulted in haemocytosis with infiltration 

of the connective tissue, particularly around the digestive tubules and stomach, and of the 

gills and mantle. Parasitized and non-parasitized haemocytes were observed associated 

with this infiltration and, in all tissues, prevalence increased with increasing intensity. 

During heavy infection hyperplasia of gill filaments occurred (Figure 6.1). 

 

The presence or absence of another Bonamia species within the same host did not seem to 

affect the other Bonamia species. Bonamia ostreae and B. exitiosa cells were observed in 

the same field of focus infecting the same tissue (Figure 6.2), however, they were never 

observed parasitizing the same haemocyte. 

 

A lesion with heavy focal haemocytosis was observed associated with a haplosporidian-

like parasite from one Bonamia-negative O. chilensis from Tory Channel. Larger (4-8 μm) 

uni-, bi-, and multinucleated cells were observed (Figure 6.3 and 6.4), possibly indicative 

of early and late stage schizogonic division. No spore-like cell was observed. In addition to 

this and B. longicornutus, Microsporidium rapuae was observed in two samples as well as 

two unidentified cestode parasites. 

 

Table 6.1. Prevalence of Bonamia for each sample site; PU = Port Underwood (N = 30); TC = 

Tory Channel (N = 31), and combined sample sites (Comb; N = 61) from PCR and histopathology 

(Histo). Positive results are denoted by + and negative results are denoted by - 
 

 PU+ PU- TC+ TC- Comb+ Comb- 

PCR 11 (36.7%) 19 (63.3%) 19 (61.2%) 12 (38.7%) 30 (49.2%) 31 (50.8%) 

Histo 12 (40%) 18 (60%) 20 (64.5%) 11 (35.5%) 32 (52.5%) 29 (47.5%) 
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Table 6.2 A-C. The number of oysters infected by Bonamia exitiosa, Bonamia ostreae and concurrently (N); the mean intensity and standard deviation of 

those infections, as well as the proportion (%) of those infections in different tissue types of the host. (A) Port Underwood; (B) Tory Channel; (C) Both 

sample sites. 

 
Port Underwood (N = 30) 

  N Mean Intensity (SD) Connective Tissue Sub-epithelial Suprabranchial Mantle/Gill Gonads 

B. exitiosa 6 2 (0.9) 83.3 83.3 33.3 83.3 33.3 

B. ostreae 1 2 (NA) 0 0 100 100 0 

Concurrent 5 2.2 (1.3) 80 100 40 40 0 

Total 12 2.1 (1) 75 83.3 41.7 66.7 16.7 

 

Tory Channel (N = 31) 

  N Mean Intensity (SD) Connective Tissue Sub-epithelial Suprabranchial Mantle/Gill Gonads 

B. exitiosa 1 2 (NA) 100 100 100 100 0 

B. ostreae 11 2.2 (1.2) 72.7 81.8 45.5 81.8 63.6 

Concurrent 10 2.6 (1.2) 90 90 70 80 80 

Total 22 2.4(1.1) 85.7 90.5 61.9 85.7 71.4 

 

Both Sites (N = 61) 

  N Mean Intensity (SD) Connective Tissue Sub-epithelial Suprabranchial Mantle/Gill Gonads 

B. exitiosa 7 2 (0.8) 85.7 85.7 42.9 85.7 28.6 

B. ostreae 12 2.2 (1.1) 66.7 75 50 83.3 58.3 

Concurrent 15 2.5 (1.2) 86.7 93.3 60 66.7 53.3 

Total 34 2.3 (1.1) 79.4 85.3 52.9 76.5 50 

 

 

A 

B 

C 
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Table 6.3. The number of each sex of oyster (N) for each sample site and both sites together; the number of those with Bonamia infections (N Bonamia) and 

the respective mean intensity and standard deviation (SD) of those infections. NA represents only one sample had a Bonamia infection so SD could not be 

calculated. 

 
  Port Underwood Tory Channel Total 
 N N Bonamia Intensity (SD) N N Bonamia Intensity (SD) N N Bonamia  Intensity (SD) 

Male 4.0 1.0 3 (NA) 19.0 13.0 2.2 (1.1) 23.0 14.0 2.1 (1.0) 

Female 12.0 5.0 2 (0.7) 2.0 2.0 2.5 (0.7) 14.0 7.0 2.1 (0.7) 

Hermaphrodite 2.0 1.0 1 (NA) 7.0 6.0 2.7 (1.4) 9.0 7.0 2.4 (1.4) 

Castrate 11.0 4.0 2 (1.4) 1.0 0.0 / 12.0 4.0 2 (1.4) 

Spent 1.0 1.0 3 (NA) 2.0 1.0 4 (NA) 3.0 2.0 3.5 (0.7) 
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Figure 6.1. Gill hyperplasia (arrow) associated with heavy Bonamia infection. 

 

 

Figure 6.2. Bonamia exitiosa cell (black arrow) within a haemocyte and Bonamia ostreae cells 

(white arrow) free within the connective tissue of Ostrea chilensis 
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Figure 6.3. Extracellular binucleate (black arrow) and trinucleate cells (white arrow) of a 

haplosporidia-like parasite. Note the surrounding cellular debris and haemocytes. 

 

 

Figure 6.4. Multinucleate cell (white arrow) showing signs of schizogonic division. Note 

uninucleate cells (black arrow) and other binucelate cells. 
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Discussion 

Introduced parasites to naïve populations have caused high levels of mortality in shellfish 

species worldwide (Elston et al. 1986; Burreson et al. 2000). Therefore, an a priori 

expectation for this study was for higher infection intensity of B. ostreae than B. exitiosa 

because of its contemporary introduction to the area. However, this was not strictly the 

case: indeed, there was higher prevalence of B. ostreae-only infections, but the mean 

intensity of infection from both epidemiological subpopulations was similar. Lane et al. 

(2016) sampled 150 oysters from the same sites in November 2014, and found higher 

prevalence of B. ostreae-only and concurrent infections compared to B. exitiosa-only 

infections. Although Lane et al. (2016) did not report on the difference of infection 

intensity between each epidemiological subpopulation, a decrease in prevalence for both 

B. ostreae-only and concurrent infections could be indicative of oysters with heavier 

infections dying before this sampling occurred. This assertion is concordant with the 

known infective cycle of B. exitiosa in New Zealand, where proliferation of the infection 

occurs during the peak spawning of O. chilensis during spring and summer when oysters 

are reabsorbing unspawned ova (Hine 1991a; Hine 1991b; Jeffs and Hickman 2000). 

Similar infection cycles of B. ostreae are reported from the Northern Hemisphere 

(Engelsma et al. 2010; Laing et al. 2014), so it is likely that it is the same for B. ostreae in 

New Zealand. 

 

The overall Bonamia sp. pathology was similar to reports from other studies (Balouet et al. 

1983; Hine 1991a; Abollo et al. 2008; Kroeck 2010; Longshaw et al. 2013) and no 

difference was observed in the distribution of infection throughout the host tissue between 

concurrent and single infections or between Bonamia sp. infections. Early studies on the 

pathology of B. ostreae infections (see Balouet et al. 1983; Grizel 1985; Bucke and Feist 

1985) suggest that B. ostreae infections may differ from B. exitiosa infections by its high 

gill pathology and less obvious association with the gonads (Hine 1991a). Ramilo et al. 

(2013) later supported this by reporting from a molecular study that B. ostreae is more 

often detected from the gills whereas B. exitiosa is more often detected from the gonads. 

No such infection pattern was observed in this study and our results corroborate with 

recent comparative histopathology of B. exitiosa and B. ostreae from different Ostrea sp. 

hosts that found infection pattern is more likely related to host histology and biology, 

rather than to the parasites (M. Hine pers. comm.). 
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Bonamia sp. infection with other parasites is common in New Zealand (see Hine 1991a; 

Hine 2002; Lane et al. 2016). Hine (2002) interpreted that 49.2% of O. chilensis 

mortalities within the Foveaux Strait could have occurred from concurrent infections of 

APX and B. exitiosa and explains that concurrent infections are likely to be synergistically 

detrimental of the host for two reasons: 1) infections of pathogens that infect haemocytes 

will result in haemocytes rapidly become depleted facilitating the proliferation of 

infection; 2) host glycogen reserves are depleted to meet the energetic burden of parasite 

infection (Barber et al. 1988), which ultimately results in host death through exhaustion. 

Indeed these hypotheses were proposed in relation to B. exitiosa and APX, however, there 

are similarly applicable to B. exitiosa and B. ostreae infection and further investigation is 

required to test this. 

 

Consequential to reports of Bonamia sp. from new regions, the known geographic range of 

B. exitiosa and B. ostreae now overlaps. The co-occurrence of these parasites may have 

novel evolutionary implications because different species of parasites that co-infect the 

same host may have evolved traits that avoid or utilise different resources (Lagrue and 

Poulin 2008). Considering the similar modus vivendi of these parasites it is expected that 

some degree of intra-host competition would occur. A change in infection dynamics and 

virulence from intra-host competition between parasitic strains and species has been 

reported (Bell et al. 2006). It could be that the co-occurrence of B. exitiosa and B. ostreae 

will be similar to that of B. exitiosa and APX with the greatest effects only impacting the 

host. In any case, the introduction of B. ostreae to New Zealand provides an opportunity to 

explore the interaction of B. exitiosa and B. ostreae more closely. A recent review (Mideo 

2009) discusses the types of intra-host competitive interactions that can occur, but also 

highlights that determining the type of interaction may be difficult. Therefore, to fully 

elucidate any interaction it would be necessary to sample over a full infection cycle as well 

as employ electron microscopy and in situ hybridization that will facilitate observations of 

fine scale interactions and progression of infection throughout different tissues. 

 

A notable observation of this study is the haplosporidian-like parasite from Tory Channel. 

Similar unidentified parasites have been observed from New Zealand marine bivalves: an 

asporous haplosporidian parasite was observed at a low prevalence parasitizing 

haemocytes of Foveaux Strait O. chilensis (M. Hine pers. comm.) and a similar 
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intrahaemocytic parasite was observed at a high prevalence parasitizing the New Zealand 

Greenshell™ mussel Perna canaliculus (H. Lane pers. obs.). The identification of this 

study’s parasite is uncertain and the tentative identification of this parasite as a 

haplosporidian may be erroneous. In any case, identifying this parasite – as well as the 

others – is important because Haplosporidia has historically been considered a last resort 

for sporulating and plasmodia-forming parasites that could not be classified elsewhere 

(Sprague 1979). Therefore, characterization of this species can help deepen our 

understanding of the diversity of this enigmatic phylum. 

 

The higher prevalence of Bonamia from histopathology than PCR is unexpected because 

of the greater sensitivity of PCR tests (Diggles et al. 2003; Flannery et al. 2014). A similar 

result was also found by Engelsma et al. (2010) and attributed the discrepancy to 

differences of infection distribution in tissues, which facilitated inconsistent detection. 

Gill, mantle and heart tissues were used for PCR and those samples that presented 

Bonamia microcells but were not detected by PCR displayed low intensity focal infections 

of the gills and in one case did not have Bonamia cells present. Although Bonamia was 

detected when re-tested by PCR, this serves as an important reminder of the value of 

complementary diagnosis from molecular methods and traditional histopathology. It is 

recommended that sampling a larger amount of tissue, homogenizing, and extracting from 

that homogenate when using PCR in order to mitigate future discordance in the case of 

light focal infections (H. Lane pers. obs.). 
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Looking east over Port Underwood where New Zealand flat oyster farms are located. 

Note the North Island of New Zealand in the background. 
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One of the main constraints to the growth of aquaculture is the emergence and spread of 

disease that can compromise production through significant mortalities (Rodgers et al. 

2015; Stentiford 2017). The impacts from losses in oyster production caused by the 

haplosporidian parasites, Bonamia exitiosa and B. ostreae have been felt for decades 

(Pichot et al. 1979; Dinamani et al. 1987). Since their description, many investigations 

have contributed to our understanding of these pathogens (see reviews Engelsma et al. 

2014; Arzul and Carnegie 2015); however, many aspects of their biology and ecology 

remain unresolved. This was exemplified in this thesis research by the unexpected 

detection of the Northern Hemisphere B. ostreae in the New Zealand flat oyster Ostrea 

chilensis (Chapter Two; Lane et al. 2016). Following this report, many questions were 

raised that subsequently shaped the direction and progression of this thesis. Consequently, 

this thesis consists of a collection of studies on B. ostreae and the New Zealand endemic 

B. exitiosa that aims to answer some of these questions. In this chapter, I highlight the 

main findings of this thesis as well as discuss salient points of future research that fit into 

three broad categories: 1) dispersal; 2) host-parasite relationship; and 3) molecular data.  

 

Bonamia parasites: understanding dispersal 

Maintaining the biosecurity of international and regional aquaculture industries requires 

control of pathogens of concern (Lafferty and Hoffman 2016). This involves the detection 

of pathogens in animals proposed for sale or transfer to prevent pathogen introduction into 

new areas (Berthe 2008; Carnegie et al. 2016). The transfer of infected stock is the primary 

cause of pathogen introduction into new areas (Carnegie et al. 2016); for example, B. 

ostreae was introduced into Europe (Elston et al. 1987) and Canada (Marty et al. 2006) 

from continental USA by transfers of infected O. edulis. Despite movement restrictions, 

the introduction of pathogens into new areas still occurs (see Laing et al. 2014; Madsen 

and Thomassen 2015). As already stated in this thesis, these introductions raise questions: 

for example, are these introductions a result of surreptitious imports of infected animals or 

have they occurred by another vector? 

 

Bonamia ostreae is a recent introduction to New Zealand, although the dispersal origin has 

not been elucidated (Chapter Four). I am collecting more B. ostreae isolates from Ireland, 

Spain, and Maine, USA that I can add to Chapter Four’s data to help resolve intraspecific 
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relationships that can highlight dispersal routes. Bonamia ostreae dispersal hypotheses are 

listed in Chapter Four, including dispersal via ballast water and hull attachment, and co-

dispersal during the pelagic larval stage of O. chilensis. From data presented in Chapter 

Five, dispersal of infected O. chilensis larvae seems unlikely to contribute to the spread of 

Bonamia parasites around New Zealand because: 1) B. exitiosa was not detected in 

connected O. chilensis populations; and 2) B. exitiosa populations share haplotypes despite 

high genetic structure of corresponding O. chilensis populations. The latter is particularly 

telling and by what means these B. exitiosa populations are sharing haplotypes remains 

uncertain; investigating the role of ballast water and hull attachment is therefore 

imperative.  

 

Ballast water and hull attachment have been identified as associated with the emergence of 

the oyster parasites Haplosporidium nelsoni in Nova Scotia, Canada, and Marteilioides 

chungmeunsis in Australia (Hine 1996a; Stephenson et al. 2003), and are frequently 

proposed as vectors for Bonamia (Kroeck and Montes 2005; Bishop et al. 2006; Hill et al. 

2014; Lane et al. 2016). Indeed, reports of Bonamia sp. in new areas have occurred near 

ports of entry, for example, in Argentina (Kroeck and Montes 2005) and North Carolina, 

USA (Bishop et al. 2006). However, this evidence is correlative and empirical data on 

ballast water and fouled ship hulls as vectors for Bonamia is lacking. 

 

Bonamia exitiosa and B. ostreae are directly transmitted between hosts and do not possess 

a resistant water-borne stage. When released into the environment, in optimal conditions, 

these parasites will remain viable, for at most, a week (Audemard et al. 2008; Arzul et al. 

2009). A single parasite can rarely induce an infection (Hervio et al. 1995); the calculated 

50% lethal dose for B. ostreae and B. exitiosa is 8 x 104 and 11 x 104, respectively (Hervio 

et al. 1995; Diggles and Hine 2002). Indeed, there is individual variability in the 

development of bonamiosis (Hervio et al. 1995), but the upshot is that a consequential 

number of parasites would need to be released from an attached oyster or discharged as 

ballast water that soon after would need be taken up by a new oyster for an infection to 

become established. Ballast water and hull attachment often contain highly species rich 

biological communities (Chu et al. 1997; Drake and Lodge 2007; Davidson et al. 2009). 

Although Bonamia are obligate parasites of oysters, B. ostreae has been detected in other 

non-oyster macro-invertebrate taxa and whether these taxa are aberrant hosts, alternate 

hosts, or carriers remains to be determined (Lynch et al. 2007; Lynch et al. 2010; Flannery 
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2014). Specific criteria have been established for assessment of host susceptibility (OIE 

2015) and exploratory surveillance of potential alternative host species will provide data 

on how ballast water and hull attachment may act as vectors for Bonamia and facilitate 

their introduction into new areas. Furthermore, the infective routes of entry and release of 

Bonamia are unknown (Arzul et al. 2009). This is a crucial component of the 

epidemiology of Bonamia that is pertinent to understanding the risk of ballast water and 

hull attachment as vectors. Managing mollusc health is largely an exercise in risk 

management (Carnegie et al. 2016), therefore future research efforts should be directed 

towards testing these dispersal hypotheses so risk can be assessed accurately and 

management can be assigned accordingly. 

 

Bonamia parasites and Ostrea chilensis: an evolutionary perspective 

Disease is a strong selective force on a population and surviving animals are likely to have 

an elevated tolerance or resistance to infection (McKnight et al. 2017). The evolution of 

disease tolerance or resistance is dependent upon the strength of selection (Carnegie and 

Burreson 2011), the heritability of the selected traits (Fisher 1930), and the degree of 

connectivity between the various populations under selective pressure (Sanford and Kelley 

2011). The Eastern oyster Crassostrea virginica has evolved resistance in response to 

disease pressure from H. nelsoni within the Chesapeake Bay (Carnegie and Burreson 

2011) and work is ongoing to investigate the evolution of resistance and tolerance of the 

same host to the alveolate parasite Perkinsus marinus (Carnegie et al. 2017; Huey and 

Carnegie 2017). Considering the following points: 1) the high level of genetic structure of 

O. chilensis and, to a lesser extent, B. exitiosa in New Zealand (see Chapter Five); 2) the 

Foveaux Strait O. chilensis population is rebuilding after two significant epizootics despite 

the continued high prevalence of B. exitiosa and frequency of heavy infections in some 

oyster beds within this area (see Fu et al. 2013; Michael et al. 2013); and 3) O. chilensis 

derived from different New Zealand populations seem to have varying levels of tolerance 

to B. exitiosa (Hine 1996b), it is conceivable that similar evolutionary processes are 

occurring between these organisms. An investigation that would provide a stronger 

scientific basis for conclusions concerning the evolution of disease tolerance within this 

host-parasite relationship should be a future research priority. 
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The introduction of B. ostreae provides a unique opportunity to investigate the effects of 

an introduced pathogen on the established host-parasite relationship of O. chilensis and B. 

exitiosa (Hine 1996b). Bonamia ostreae causes disease within O. chilensis (see Chapter 

Two and Six). However, it is uncertain if the introduction of B. ostreae is going to have its 

greatest effect on the host (Hine 2002) and/or if there will be a change in the virulence and 

infection dynamics of one or both parasites (Bell et al. 2006). The triggers that previously 

upset the O. chilensis-B. exitiosa balance and resulted in two epizootics in the Foveaux 

Strait are unknown, although they may include a change in the external environment 

(Cheng 1987) or an increase in the proportion of susceptible oysters within the population 

(Hine 1996b; Hine et al. 2002). Although other specific studies need to be undertaken to 

test these hypotheses, it is interesting to consider whether B. ostreae may perturb the O. 

chilensis-B. exitiosa relationship in a way that, to a lesser or greater extent, might trigger 

another epizootic. This an important research question that is pertinent to future production 

of the commercial O. chilensis fishery and the developing O. chilensis aquaculture 

industry. No competitive interaction has yet been detected between these Bonamia 

parasites (see Chapter Six); however, the difficult nature of identifying such interactions 

(Mideo 2009) and the small sampling window of the study may have precluded detection. 

Therefore, an investigation into archived and contemporary samples using different 

laboratory techniques should be used to further explore this interaction and to test this 

hypothesis (see Chapter Six). 

 

Molecular data: diagnostics and next generation sequencing 

DNA-based PCR assays have unquestionably improved speed, sensitivity, and specificity 

in detecting Bonamia parasites (Diggles et al. 2003; Flannery et al. 2014). The common 

laboratory practice of pooling samples to increase laboratory efficiency and decreasing 

costs is often implemented without prior validation (McBeath et al. 2009). This can be 

consequential because the performance of an assay when testing pooled samples is not the 

equivalent of testing individual samples (Chapter Three; Lane et al. 2017). Although B. 

exitiosa and B. ostreae assays (Robert et al 2009; Ramilo et al. 2013) are among the very 

few mollusc pathogens that have fulfilled the criteria of the assay validation pathway for 

individual sample testing (see Carnegie et al. 2016), more attention needs to be given to 

the formal assessment of these assays when testing pooled samples. 
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Until recently, the Bonamia ribosomal small subunit and the internal transcribed spacers 

including the ribosomal 5.8S were the only characterised loci of the Bonamia genome 

(Carnegie 2000; Cochennec et al. 2000; Hill et al. 2014). Advances in next generation 

sequencing have allowed for the recent annotation and characterisation of different 

functional genes of B. exitiosa (Prado-Alvarez et al. 2015) and B. ostreae (Lopez-Flores et 

al. 2007; Prado-Alvarez et al. 2013) that have clarified their phylogenetic position among 

the Haplosporidia. Furthermore, a recent genomic and transcriptomic study of a B. 

ostreae-challenged O. edulis has deepened our understanding of this host-parasite 

interaction at the cellular level, which is informative for future efforts in breeding disease 

tolerant stock (Pardo et al. 2016). Understandably, the majority of molecular information 

collected to date, and likely to be collected in the future, is for B. exitiosa and B. ostreae. 

However, similar molecular studies should also be undertaken for B. perspora, because 

through comparative analysis we can test a number of different hypotheses pertinent to the 

evolution and biology of these parasites. 

 

Bonamia perspora is unique within the genus Bonamia because it produces a spore 

(Carnegie et al. 2006). The fact that B. perspora displays the haplosporidian ancestral life 

history trait of spore formation, but is not genetically basal to B. exitiosa and B. ostreae, 

suggests that Bonamia parasites might be capable of switching between life history modes 

(see Hill et al. 2014). Future transcriptomic and genomic studies should aim to identify 

regions of the B. perspora genome that are responsible for spore formation i.e., chitin-

producing proteins (Chen et al. 2013). Identifying any homologous genes related to spore 

formation within the genome of B. ostreae and B. exitiosa may elucidate the evolution, the 

evolutionary ecology, and dispersal biology of these parasites. Genomic studies are 

expensive and are computationally complex, moreover, Bonamia parasites are difficult to 

culture, which makes obtaining suitable genomic material notoriously challenging; 

therefore, a coordinated collaborative approach across different research institutes will be 

required. As new areas of the Bonamia genome become annotated and characterised, 

higher resolution markers can also be developed. Higher resolution markers such as 

microsatellites can be used in population genetic studies to detect finer levels of gene flow 

between and within populations, as well as highlight areas of the genome that are 

undergoing recombination that can shed light on the modes of reproduction for these 

parasites (Thompson et al. 2011). 
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