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Abstract 
 
 
The Sydney rock oyster (SRO; Saccostrea glomerata) is native to Australia and is the most 

intensively farmed oyster species in the country. However, diseases such as Queensland 

unknown (QX) disease have caused substantial losses and impeded productivity. The 

aetiological agent of QX disease is the parasite Marteilia sydneyi causing disease seasonally, 

generally in the late summer and early autumn. QX infection initiates at the palps and gills 

before migrating into the digestive gland where sporulation occurs causing blockage and 

eventual starvation and death in the oyster. Emerging evidence suggests that QX disease 

outbreaks are driven by a series of complex environmental and host factors such as salinity and 

oyster genetics. To mitigate the impacts of QX disease, the New South Wales Department of 

Primary Industries (NSW DPI) has led a selective breeding program using both mass selection 

methods and family-based breeding to create lines that are resistant. Some families have shown 

approximately 85% survival through one cycle of disease however, the mechanisms that drive 

this resistance are poorly understood. One potential factor influencing QX disease resistance is 

the microbiota which is investigated in this thesis. 

 

In other oyster species, the microbiota is emerging as a key factor in disease dynamics and 

studies have begun to unravel the environmental factors that influence its structure such as 

location, season, genetics and disease state. For the SRO, there is a paucity of studies examining 

the microbiota and the factors that influence the SRO microbiota composition. Therefore, this 

thesis aimed to explore the influence of geographic location, season (comparing summer and 

winter) and genetics (selectively bred SROs with a range of resistance to QX disease) on the 

SRO microbiota (Chapter 2). It also investigated microbiota dynamics prior to and during a 

QX disease event (Chapter 3) and, compared the SRO microbiota across families for 



xvi 
 

identifying taxa that could be used as indicators for healthy and QX-infected oysters (Chapter 

4).  

 

Overall, this thesis provides new knowledge of the SRO microbiota and the factors that 

influence the SRO microbiota assemblage and contributes valuable information on how the 

SRO microbiota shifts during a QX disease event and identifies putative key taxa that may be 

important for health and disease states and/or good indicator taxa of these states. A better 

understanding of the SRO microbiota, its potential involvement in health and disease may 

enable effective disease prevention in the future.  
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1.1  Introduction 
 

The Sydney rock oyster (SRO; Saccostrea glomerata) is endemic to Australia and is a popular 

seafood product (Hussain et al., 2017; Kow et al., 2008; Liu et al., 2006). SROs have been 

cultivated since the 1870s in New South Wales however, the production of this species has 

declined steadily since the mid-1970s. Diseases such Queensland unknown (QX) and winter 

mortality are major factors in the decline of SRO cultivation (Schrobback et al., 2014). This 

thesis will focus on investigating the microbiota of the SRO and interrogate its possible role in 

QX disease susceptibility. To prepare the reader for the data in this thesis, this chapter will 

provide an overview of the SRO including its distribution and growth cycle, factors affecting 

its survival and growth including diseases, selective breeding methods for producing disease 

resistant families and, the microbiota of oysters.  

 

1.1.1 Sydney rock oyster – distribution, growth cycle and anatomy 
 

The SRO is a native species in Australia with a long history of culture (Schrobback et al., 2014) 

with most SRO populations occurring along Australia’s eastern coastline, including estuaries 

in New South Wales (NSW) and south eastern Queensland (Schrobback et al., 2014). Intertidal 

estuarine environments including rocky habitats and mangrove forests are recognized as the 

natural habitats for the SRO however, they are also found on natural subtidal dredge beds 

(FAO, 2005).  

 

The SRO is a bisexual aquatic animal meaning their sex changes during their life. Individuals 

usually begin as males at the first spawning (Dinamani, 1974) therefore, the percentage of 

males among younger oysters (one year or less than one year in age) is generally higher than 

in that of older oysters (Roughley, 1933). The main spawning season of the SRO is from 
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November to May (Dove & O'Connor, 2012) with one SRO female capable of producing up 

to 20 million eggs (O’Connor et al., 2008). After eggs are fertilized by sperm in the water 

column, they proceed through a series of larval developmental stages before developing into 

small oysters called spat (Figure 1-1) (King et al., 2019a; O’Connor et al., 2008; Wallace et 

al., 2008). The trochophore stage occurs around 6 hours after fertilization and is a free-

swimming larval stage. Normally, the trochophore stage lasts about 12 - 14 hours before 

development to the veliger stage (also called the D-stage) which is able to ingest algae (Helm 

et al., 2004; O’Connor et al., 2008). The pediveliger stage appears approximately 18 days after 

spawning and consists of a veliger with a foot allowing it to crawl along surfaces (O’Connor 

et al., 2008). The foot helps the pediveliger find a suitable substrate for final settlement before 

developing into spat (Wallace et al., 2008), that take approximately 2 - 3 years to grow to 

marketable size (O'Connor et al., 2014).  

 

Generally, the anatomy of the oyster is not variable between species (Evseev et al., 1996; 

Galtsoff, 1964; Thomson, 1954) and a general structure is shown in Figure 1-2. As other 

bivalve species, oysters have two shell valves which act as a skeleton for the attachment of the 

adductor muscle and to protect oyster against predators (Gosling, 2015). Surrounding the soft 

organ system is the mantle which has many different functions such as protection of organs, 

aids inflow of water and directs food particles onto the gills (Galtsoff, 1964; Gosling, 2015). 

The gills have a respiratory role and filter water to collect food particles which move to the 

palps where sorting occurs before food particles enter the digestive system (Galtsoff, 1964; 

Gosling, 2015; Kennedy et al., 1996). The digestive gland consists of a large number of 

compact tubules (Galtsoff, 1964) containing digestive enzymes which are utilised by the 

stomach for food digestion (Gosling, 2015).  
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The adductor muscle is a large organ located in the posterior region of the body (Kennedy et 

al., 1996). This muscle controls opening and closing of the shell (Zhu et al., 2016) and contains 

large haemolymph sinuses (Gagnaire et al., 2008). Haemolymph sinuses ramify throughout 

major organ systems and is the main haemolymph supply for the gills where then it returns to 

the heart for circulation (Bayne, 2017).  

 

Figure 1-1: The general life cycle of an oyster. Trochophore stage occurs around 6 hours after 

fertilization and this stage takes 12 - 14 hours at 26°C before development to the Veliger (Helm 

et al., 2004; O’Connor et al., 2008). Then, the Pediveliger stage appears about 18 days at 26°C 

after spawning and metamorphose into to small oysters called spat that take around 2- 3 years 

to grow to marketable size (O'Connor et al., 2014; Wallace et al., 2008). Adapted with 

permission from Elsevier (King et al., 2019a). 
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Figure 1-2: The anatomy of an oyster. Reproduced with permission from the Australian 

Government, Department of Agriculture, Water and the Environment (Department of 

Agriculture, Water and the Environment, 2020).  

 

1.1.2 The Sydney rock oyster industry 
 

The Sydney rock oyster is one of the most intensively cultivated oyster species in Australia 

(O'Connor & Dove, 2009; Schrobback et al., 2014). The historical development of the SRO 

industry can be divided into five stages (Figure 1-3), including pre – European settlement, early 

commercialization, gradual expansion, growth and maturity and consolidation (Schrobback et 

al., 2014). At the first stage (from Pre-European settlement to before 1788), oysters were 

collected and consumed by aboriginal people. In the second early commercialisation stage 

(around 1790s to early 1900s), large scale gathering of oysters occurred by hand picking from 
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beds and banks in the intertidal zone and using a dredging basket from a boat to collect oysters 

from 4 meters below the water line. Additionally, farmers used sticks, rocks and shell for oyster 

collecting and growing for human consumption (Nell, 1993; Roughley, 1922). In the gradual 

expansion stage (1910s to 1950s), the stick culture method was introduced which involves 

collecting oyster larvae using bundled sticks that are then separated and inserted into the ground 

to grow oysters to market size (Roughley, 1922). Consequently, oyster production increased 

(Schrobback et al., 2014). In the growth and maturity stage (1960s to early 1980s), the SRO 

industry developed significantly reaching peak production as a result of improvement of 

production methods and increased culture area (Schrobback et al., 2014). In the last 

consolidation stage (mid-1980s to present), the number of oyster growers and production 

volume has decreased due to several issues such as disease (such as QX and winter mortality 

– described in section 1.1.4) and environmental degradation leading to increased research and 

development into SRO disease such as breeding programs that enhance SRO disease resistance 

(Schrobback et al., 2014).  

 

Because of improved farming methods, the production volume of the SRO industry increased 

rapidly during the first part of the 20th century, and production output peaked in the late 1970s 

with this industry leading aquaculture production in Australia until the early 1990s 

(Schrobback et al., 2014). Production output peaked at 17 million dozen oysters in 1976/1977 

(Department of Primary Industries, 2016). However, since the mid-1970’s, production of this 

species has been impacted by disease and environmental degradation (Schrobback et al., 2014), 

particular QX disease, which can recurrently cause up to 90% mortality in affected estuaries 

(Department of Primary Industries, 2016; Nell, 2007; O'Connor & Dove, 2009; Peters & 

Raftos, 2003; Schrobback et al., 2014), and has since declined to about 4.55 million dozen 

oysters in 2011/2012 (Livingstone, 2013). Currently, the production output of SRO in New 



7 
 

South Wales is approximately 6 million dozen (Jefferson, 2019) with a value of about $48.74 

million AUD and accounting for 89% of aquaculture output in this state (Jefferson, 2019).  

 
 

Figure 1-3: The developmental stages of the Sydney rock oyster industry in Australia. The 

Pre-European settlement stage consisted of consumption by indigenous aboriginals with 

consumption increasing upon European settlement and subsequent commercialisation and 

increased scale of production. Disease and environmental degradation have decreased 

production from its peak reached in the 1980’s. Image originally produced using information 

from Schrobback et al. (2014). 
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1.1.3 Factors affecting the survival and growth of Sydney rock oysters 
 

Environmental parameters affect the physiology and development of oysters as well as disease 

outbreaks (Shumway, 1996). Salinity and temperature are the main factors that influence the 

early stages of SRO development and survival (Dove & O'connor, 2007; Nell & Holliday, 

1988). The optimal salinity and temperature for growth and survival of SRO larvae occurs 

within the ranges of 27 – 39 ppt (part per thousand) and 26 – 300C respectively (Dove & 

O'connor, 2007; Nell & Holliday, 1988), with an optimal salinity and temperature of 35 ppt 

and 300C when the SRO reach the spat stage (Dove & O'connor, 2007). A decrease in water 

pH has been demonstrated to have adverse impacts on SRO larval development, growth and 

survival (Dove & Sammut, 2007b; Parker et al., 2009; Parker et al., 2011; Wilson & Hyne, 

1997). The filtration rate of SROs at pH 5.5 decreases significantly and the mantle and gill soft 

tissues of the oyster changes after short term exposure to acid sulfate soil-affected water (Dove 

& Sammut, 2007a). Specifically, these changes include the occurrence of necrosis of the gill 

filaments, necrosis and sloughing of the mantle epithelial cells in oysters (Dove & Sammut, 

2007a). Other studies have shown that ocean acidification (as resulting of increasing pCO2 

levels) negatively impacts the development of SRO larvae, leading to slower progress, 

abnormalities and smaller sizes (Parker et al., 2009). For example, increasing pCO2 reduced 

25% in shell growth of selectively bred SROs (Parker et al., 2011). Additionally, declining 

water quality derived from anthropogenic disturbance including clearing of catchment for 

agriculture and urban development have negative effects on the survival and growth of SROs 

(Diggles, 2013; Gillies et al., 2018; Paterson et al., 2003) and environmental degradation is 

considered as a factor that affects the production output of SRO farms (Schrobback et al., 

2014). Besides environmental factors, growth of SRO can also be impacted by diseases 

including mudworm, flatworm, winter mortality and QX disease (Nell, 2007). 
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1.1.4 Sydney rock oyster diseases 

1.1.4.1 Mudworm and flatworm 

 
A parasitic worm from the polychaete family spionidae affecting SROs was first reported in 

the Hunter River, NSW in 1882 (Read, 2010). Since then, it has spread through estuaries in 

NSW and subsequently in Queensland (Ogburn et al., 2007). Among all species, Polydora 

websteri is considered as the most damaging to the oyster (Nell, 2007; Read, 2010) and is 

commonly called mudworm (Nell, 2007). Mudworm larvae enter, live and grow inside of the 

oyster shell which causes slowing of growth, reduction in oyster health and in some case oyster 

mortality (Nell, 2007; Read, 2010). The occurrence of mudworm led to a decrease in SRO 

production of NSW in 1891 (Ogburn et al., 2007). Mudworm can be controlled by the 

combination of drying and bathing the oysters in an iodine-based disinfectant solution (Nell, 

2007; Nell, 2001). Besides mudworm, survival of SROs also is threatened by flatworm 

(Imogine mcgrathi) which have long been recognised as common predator of bivalves and 

oysters with each flatworm consuming about one oyster per month (Nell, 2007; O'Connor & 

Newman, 2001). Flatworm disease of SRO was first identified in NSW in the early 1890's 

(Nell, 2007; Nell, 2001). Exposure to freshwater for 5 mins is recognised as an effective 

method to kill the adult flatworms (Nell, 2007). 

 

1.1.4.2 Winter Mortality disease  

 

Winter mortality (WM) was first observed in 1923 in the Georges River (Nell, 2007; Roughley, 

1926; Spiers et al., 2014). The disease is found mainly in oysters that are 2 - 3 years old (Nell 

& Perkins, 2006; Wolf, 1967) with mortality rates sometimes exceeding 80 % (Nell, 2007). 

The first investigation into the cause of WM was in the Georges River, NSW between 1924 

and 1925 (Roughley, 1926) where it was determined that cold temperature correlated with the 
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mortality (Roughley, 1926). In 1988, WM was observed in the Georges River and Woolooware 

Bay, NSW (Farley et al., 1988) and since 2010, has been observed in many other NSW 

estuaries, from Pambula Lake in the south to Port Stephens in the north (Spiers et al., 2014). 

Gross clinical signs of WM include the presence of pustules, abscesses, and ulcerations in 

different tissues such as the mantle, palps, gills, adductor muscle, gonad, digestive diverticulum 

and alimentary tract (Farley et al., 1988; Roughley, 1926; Spiers et al., 2014). However, winter 

mortality can also occur without gross clinical signs and histological changes characteristic of 

this disease (Spiers et al., 2014) indicating that the mortality is unpredictable making sampling 

to study the disease challenging.  

 

There has been considerable confusion related to the identification of a WM pathogen. Based 

on ultrastructural observations of a parasite within the SRO gill and digestive gland tissue, the 

pathogen of WM was first identified as the protozoan parasite Mikrocytos roughleyi (Farley et 

al., 1988), which is small (2 – 3 µm) and it is difficult to diagnose from either tissue imprints 

or histological preparations (Adlard & Lester, 1995). Using molecular phylogenetic analyses 

of small-subunit ribosomal DNA (SSU rDNA) sequence, the pathogen was reclassified as 

Bonamia roughleyi (Cochennec et al., 2003), a species closely related to Bonamia exitiosa and 

sharing an identical SSU rDNA sequences (Carnegie & Cochennec-Laureau, 2004).  

 

A longitudinal study of WM was conducted from February to November 2010 in Georges and 

Shoalhaven Rivers (Spiers et al., 2014). Although mortalities occurred in both study sites, gross 

clinical signs and histological changes characteristic of WM were only observed in oyster 

samples from Georges River, and PCR results showed a very low prevalence of Bonamia sp. 

relative to histological changes characterized by the microcell-like structures located within 

haemocytes (Spiers et al., 2014). Therefore, it is still unclear whether Bonamia sp. is the sole 
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pathogen responsible for WM or whether more than one pathogen is responsible (Spiers et al., 

2014).  

 

Winter mortality is dependent on environmental conditions, with high salinities and low 

temperatures increasing the likelihood of a severe WM event (Nell, 2007). Therefore, impacts 

of the mortality can be reduced by moving oysters further upstream to areas of lower salinity 

sites before May (Nell, 2007) and increasing the growing height to 150 mm above normal 

growing height (Nell, 2007; Smith & Longmore, 1980) or harvesting before winter (Nell, 

2007). Furthermore, the SRO breeding program has improved resistance levels to this disease 

in selected stock. Mortality in fourth generation selected lines of SROs was only 23%, with 

52% in control oysters when exposed to winter mortality (Dove et al., 2013b).  

 

1.1.4.3 QX disease  

 
QX disease is a major disease impacting SRO culture in NSW and southern Queensland, 

causing annual losses of nearly 100% in some areas (Peters & Raftos, 2003). This disease was 

first detected in SRO from Moreton Bay, Queensland in the late 1960s (Wolf, 1972). Since the 

late 1970s, this disease has spread extensively in the south eastern Queensland through to the 

Macleay River on the mid-north coast of NSW (Adlard & Ernst, 1995) and has consistently 

been observed in several NSW estuaries (Nell, 2007; Raftos et al., 2014). After the first 

significant case of this disease in northern NSW estuaries, production of SRO in NSW declined 

significantly. For example, within 26 years (from 1974/75 to 2000/01), SRO production in the 

Tweed, Richmond and Clarence Rivers was reduced by 56% (Nell, 2001). In particular, QX 

has resulted in the collapse of SRO culture in the Georges River in 1994 and Hawkesbury River 

in 2004 (Dove et al., 2013b).  
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The pathogen responsible for QX disease was first described in 1976 and is a spore-forming 

protozoan parasite called Marteilia sydneyi (Perkins & Wolf, 1976). This pathogen is known 

to infect the SRO as a uninucleate stem cell and then undergoes developmental stages within 

the oyster as described in Figure 1-4 (Kleeman et al., 2002). The parasite infiltrates the oyster 

through the palps and gills where extrasporogonic replication occurs in the epithelium resulting 

in four daughter cells contained within an enlarged stem cell produced from a daughter cell 

within a vacuole in the cytoplasm of the uninucleate stem cell by binary fission (Kleeman et 

al., 2002). The stem cell degenerates to release the bicellular daughter cells which penetrate 

the basal membrane haemolymph spaces in the surrounding connective tissue resulting in the 

parasite being distributed systematically throughout the oyster. Nurse cells (infected cells) are 

established at the base of the epithelial cells in the digestive gland tubules and daughter cells 

are formed within the nurse cells. Consequently, all available sites within the digestive tubule 

are occupied by daughter cells. Each daughter cell internally cleaves a secondary cell, and the 

nurse cells degrades (Kleeman et al., 2002). Sporulation proceeds in the digestive gland with 

8 or 16 sporonts (an encysted spore) formed within a sporangiosorus causing a blockage and 

oysters slowly starve to death (Wolf, 1979). Each sporont has two spores and each spore has 

three concentric cells (Perkins and Wolf 1976). Finally, mature sporonts (Sp) containing two 

tricellular spores are shed into the tubule lumen (Kleeman et al., 2002), and can be detected 

approximately 2 weeks after infection (Peters & Raftos, 2003). Sporonts are shed into the 

environment before oyster death (Roubal et al., 1989) surviving for a relatively short period of 

7 to 35 days, well below the 10 - 12 months infection cycle (Wesche et al., 1999). As a result, 

an environmental reservoir for the pathogen is assumed with a recent study identifying this 

parasite in a polychaete worm (Nephtys australiensis) (Adlard & Nolan, 2015).  
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Figure 1-4: The life cycle of Marteilia sydneyi in Sydney rock oyster. The parasite from 

unknown source enters the gill/palp epithelium (A) then, the parasites mitigate through 

haemolymph (B) into the digestive tubule epithelium (B) where sporulation proceeds to 

forming mature sporonts (Sp). Reproduced with permission from Elsevier (Kleeman et al., 

2002). 

 

QX disease infection often occur from January to April (Nell, 2007; Rubio et al., 2013) with 

mortalities occurring from February to October (Wolf, 1979). The main signs of infection 

include extremely poor oyster condition with the gonads completely resorbed, a shrinking body 

(Wolf, 1979) and a change in the digestive gland from a dark to a pale yellowish colour (Figure 

1-5) (DAWE, 2020). The colour change is a result of the development of QX spores in this 

tissue (Wolf, 1979). There is no difference in mortality rates between oysters of 1 year and 2-
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3 years old (Wolf, 1979) with mortality rates of up to 97% after one season of exposure for 

both (Dove et al., 2013a).  

 

 

Figure 1-5: Disease symptom in a QX infected oyster. The digestive gland of a QX infected 

oyster has a pale yellowish colour (on left) while the digestive gland of a healthy oyster has a 

dark colour (on right). Reproduced according to conditions required by the Australian 

Government, Department of Agriculture, Water and the Environment (Department of 

Agricultre, Water and the Environment, 2020). 

 
Given that gross signs of QX infection are not always specific, and a diagnostic presence of 

the parasite is needed, there are three methods that can be used to identify the parasite, 

including histology, tissue imprints and DNA based methods (Adlard & Wesche, 2005; 

Department of Agriculture, Water and the Environment, 2020; Kleeman & Adlard, 2000). The 

digestive gland is selected for the presence of the pathogen because it is the target organ of the 

parasite (see Figure 1-3 – The life cycle of M. sydneyi in SRO). In tissue imprints, a fresh 

sample of the digestive gland is taken, and excess water removed before imprinting onto a glass 

slide and staining with Hemacolor (Merck). The pathogen can then be easily observed under a 

light microscope (Figure 1-6) (Adlard & Wesche, 2005; da Silva & Villalba, 2004). For 
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histology, tissue sections are fixed with approximately 5 m thick sections cut and placed onto 

a glass slide and stained using Hematoxylin and Eosin (H&E). The presence of the pathogen 

is easily observable under a light microscope (Adlard & Wesche, 2005; Department of 

Agriculture, Water and the Environment, 2020). Tissue imprints are quicker and cheaper than 

the histological technique (da Silva & Villalba, 2004). Tissue imprints and histology have 

lower sensitivity than DNA-based diagnostic methods, such as the polymerase chain reaction 

(PCR) (Adlard & Wesche, 2005; Kleeman & Adlard, 2000). For PCR detection of the QX 

pathogen, primers that target the ITS1 rDNA of M. sydneyi are used and amplify a 195-bp 

fragment which is sensitive enough to repeatedly amplify a DNA concentration equivalent to 

0.01 sporont (Kleeman & Adlard, 2000).  

 

Figure 1-6: Tissue imprint of the digestive gland of SRO infected with Marteilia sydneyi. 

Various development stages of the parasite include daughter cells (Dc), daughter cells 

containing secondary cells (DcSc), immature sporonts (ImSp), and mature sporonts (MSp) 

showing in the tissue section. Reproduced with permission from the Australian Government, 

Department of Agriculture, Water and the Environment (Department of Agriculture, Water and 

the Environment, 2020).  
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It is notable that M. sydneyi can be present in SRO and not be associated with mortality (Adlard 

& Wesche, 2005) indicating that other factors, beyond the presence of the pathogen, are 

important for infection or progression of disease. As with other diseases, QX disease outbreaks 

are likely driven by the specific interactions between the oyster, the M. sydneyi parasite and 

the environment (Department of Agriculture, Water and the Environment, 2020; Green et al., 

2011; King et al., 2019a; Raftos et al., 2014) (Figure 1-7). There is evidence that QX outbreaks 

do not regularly occur in all oyster culture areas with some estuaries having never experienced 

this disease despite the presence of the pathogen (Adlard & Wesche, 2005; Department of 

Agriculture of Agriculture, Water and the Environment, 2020). QX disease outbreaks often 

occur after heavy rain resulting in reducing salinity and pH in the water column (Anderson et 

al., 1994; Lester, 1986; Rubio et al., 2013). Whilst there is no correlation between fluctuation 

in pH and QX disease (Anderson et al., 1994; Wesche, 1995), there is a link with low salinity 

(Butt et al., 2006; Newton et al., 2004; Peters & Raftos, 2003). Low salinity has been shown 

to correlate with decreased phenoloxidase (PO) activity in SROs (Butt et al., 2006), an enzyme 

in invertebrates involved in immune responses (Söderhäll & Cerenius, 1998). There is evidence 

that QX disease can be terminated when a significant decrease in water temperature occurs at 

a rate of approximately 3.7 0C per month (Rubio et al., 2013), and no QX disease outbreak has 

been recorded with water temperature less than 21.5 0C (Rubio et al., 2013). Additionally, there 

is a link between anthropogenic disturbance of the catchment including clearing land for 

agriculture and urban development and QX disease outbreaks (Department of Agriculture, 

Water and the Environment, 2020). Declining water quality delivered from highly modified 

catchments is known to affect immunity of the oysters which likely increases susceptibility to 

the QX pathogen (Diggles, 2013).  



17 
 

 

Figure 1-7: The relationship between host, pathogen, and environmental factors in disease 

occurrence. In terms of host factors, genetics is as an important variable in host susceptibility 

to disease (Hedrick, 1998). Oyster genetics also influences the microbiota (King et al., 2019c; 

Wegner et al., 2013) however, how the microbiota might influence disease 

susceptibility/resistance is largely unknown. With that said, it is known is that the host 

microbiota can enhance host immunity (Desriac et al., 2014; Kamada et al., 2013) and can host 

opportunistic pathogens (Cerf-Bensussan & Gaboriau-Routhiau, 2010).  

 
 
1.1.5 Breeding for QX disease resistance  

 
The government agency responsible for managing aquaculture activities in estuaries where 

SROs are cultivated – the New South Wales Department of Primary Industries (NSW DPI) - 

has led a selective breeding program since 1990 (Nell et al., 2000). Initially, the breeding 

program aimed to increase growth rate and resistance to winter mortality (WM) with success 

leading to second generation SROs having a reduced time to market size (50g whole weight) 

of 3 months. Breeding strategies on reducing the impact of WM still require further 

investigation (Nell et al., 2000). When QX disease occurred in Georges River in 1994 it killed 
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approximately 85% of the breeding population in this estuary which disrupted the breeding 

program (Nell et al., 2000). In 1997, the program was modified to include breeding for QX 

disease resistance using mass selection methods. Second generation QX survivors were used 

as parents and exposed to QX disease in the George River with the best QX survivors selected 

as parents for the third generation of SROs (Nell et al., 2000) and fourth generation (Dove et 

al., 2013a; Dove et al., 2013b). Studies have indicated WM resistance of third and fourth 

generations of SROs from the breeding program to have approximately 10% to 20% lower 

mortality, respectively, compared to controls (Dove et al., 2013b; Nell & Perkins, 2006). Third 

generation selectively bred SROs for QX disease resistance had approximately 29% reduced 

mortality compared to controls (Nell & Perkins, 2006) and fourth generation reduced mortality 

from QX disease to 50% compared to controls (Dove et al., 2013a; Dove et al., 2013b). A 

recent study has confirmed these results with the breeding program greatly reducing SRO 

mortalities in the field, with some families having 85% survival through one cycle of QX 

disease (Dove et al., 2020). 

 

In terms of the mechanism for QX disease resistance, selectively bred oysters have higher 

phenoloxidase (PO) activity when compared to non-selected oysters (Butt & Raftos, 2008; 

Newton et al., 2004). As mentioned above, PO is involved in oyster immunity (Aladaileh et 

al., 2007a; Aladaileh et al., 2007b; Aladaileh et al., 2007c; Butt & Raftos, 2008) and is 

implicated in the synthesis of antimicrobial metabolites such as the pigment melanin which has 

been observed surrounding M. sydneyi in the hemolymph of SROs (Butt & Raftos, 2008). 

Melanin works by physically shielding and, preventing growth of pathogens and by producing 

highly reactive and toxic quinone intermediates (Cerenius & Söderhäll, 2004). Previous studies 

have observed that PO is inhibited in QX-affected disease estuaries with low salinities which 

may be partly responsible for driving QX disease outbreaks (Butt et al., 2006; Peters & Raftos, 
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2003). Furthermore, oysters bred for QX disease resistance have significantly higher 

expression of an extracellular superoxide dismutase (ecSOD) and they have lower 

peroxiredoxin 6 (Prx6) expression than non-resistant oysters (Green et al., 2009). Proteomic 

and mass spectrometry revealed six proteins correlated in the hemolymph of QX disease 

resistant oysters with two proteins homologous to superoxide dismutase proteins from other 

oyster species (Simonian et al., 2009). Therefore, it is likely that SROs selectively bred for QX 

resistance generate the antiparasitic compound, hydrogen peroxide (H2O2), at a higher 

concentration than non-selectively bred SROs (Green et al., 2009). 

 

Despite the important role of oyster immunity in QX disease, the full mechanism(s) for QX 

disease resistance is likely unresolved. A recent study has shown that Pacific oysters bred for 

resistance to the viral pathogen OsHV-1 have different microbiotas (King et al., 2019c) and 

that the microbiota composition may be associated with a differential outcome when 

challenged with OsHV-1 (Pathirana et al., 2019). 

 

1.1.6  Microbiota 

1.1.6.1  The microbiota and host health 

 
Microbiota is defined as the collection of microorganisms found in a defined environment 

(Marchesi & Ravel, 2015). In aquatic organisms, there are multiple relationships that may exist 

between the microbiota and a host that may affect physiological functions such as nutrient 

absorption, immune responses and disease susceptibility/resistance (Crosby et al., 1990; 

Desriac et al., 2014; Mueller & Sachs, 2015; Rawls et al., 2004). Additionally, the microbiota 

may be a food source (Brown et al., 1996; Prieur et al., 1990), provide synthesised nutrients 

such as amino acids (Brown et al., 1996), promote fatty acid absorption (Semova et al., 2012) 

or enhance digestion (El-Shanshoury et al., 1994; Erasmus et al., 1997). The microbiota can 
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enhance the hosts’ immunity by providing resistance from external pathogens (Desriac et al., 

2014; Kamada et al., 2013) by competing for colonization sites (Reid et al., 2001), competing 

for nutrients, stimulate the host immune system (Gatesoupe, 1999) or provide anti-pathogen 

activities such as production of inhibitory compounds (Offret et al., 2019; Prado et al., 2009). 

However, the microbiota can also have negative impacts on the host organism, for example, 

opportunistic pathogens such as Vibrio species are often members of a microbiota (Alsina & 

Blanch, 1994; Cerf-Bensussan & Gaboriau-Routhiau, 2010) that can cause mass mortalities in 

bivalves (Beaz‐Hidalgo et al., 2010). For the remainder of this section, the microbiota will be 

the focus since most research on oyster microbial communities have focussed on the bacterial 

component and, because this is what was investigated in this thesis.  

 

1.1.6.2  The oyster microbiota  

1.1.6.2.1 The composition of the oyster microbiota  

 

Historically, many studies have isolated bacteria from bivalves using culture-based methods 

(Colwell & Liston, 1960). Using this method, the culturable bacterial community of Pacific 

oysters is dominated by bacteria from genera that include Aeromonas, Alteromonas, 

Pseudomonas, Flavobacterium and Vibrio (Colwell & Liston, 1960; Olafsen et al., 1993; 

Pujalte et al., 1999; Vasconcelos & Lee, 1972). However, the utility of these studies is limited 

because less than 0.001% bacteria can be cultured (Romero & Espejo, 2001). In recent years, 

most studies on the microbiota of oysters have used non-culturable methods such as 16S rRNA 

gene amplicon sequencing from metagenomic DNA providing substantially more resolved 

information on the relative abundance of operational taxonomic units (OTUs) within target 

tissues of oysters (Chauhan et al., 2014; Dubé et al., 2019; King et al., 2019b; King et al., 

2019c; Lokmer et al., 2016a; Pierce & Ward, 2019). These studies have demonstrated that the 
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bacterial communities of oysters are dominated by the Proteobacteria and Tenericutes phyla 

(Chauhan et al., 2014; Dubé et al., 2019; King et al., 2012; Lokmer et al., 2016a; Wegner et 

al., 2013) and genera such as Mycoplasma (King et al., 2012; King et al., 2019b; King et al., 

2019c; Wegner et al., 2013), Arcobacter (Lokmer et al., 2016a; Wegner et al., 2013) and Vibrio 

(King et al., 2019b; King et al., 2019c). Bacteria of the Mycoplasma genus are consistently 

associated in high relative abundance with healthy oysters including Pacific oysters 

(Crassostrea gigas), Eastern oysters (Crassostrea virginica) and SRO (Green & Barnes, 2010; 

King et al., 2012; King et al., 2019b; King et al., 2019c; Wegner et al., 2013) suggesting they 

may have a beneficial role.  Alternatively, some taxa can be problematic such as those of the 

Vibrio genus. For example, Vibrio bacteria are significantly more abundant in Pacific oyster 

families that are sensitive to the viral pathogen OsHV-1 (King et al., 2019b). OsHV-1 is known 

to inhibit the Pacific oyster immune system allowing Vibrio species to cause secondary 

infection (de Lorgeril et al., 2018). As Vibrio bacteria are already part of the microbiota in 

these sensitive families, secondary infection is more likely to occur.  

 

1.1.6.2.2 Factors that influence the oyster microbiota 
 

Despite the extensive filter feeding nature of oysters, their microbiota structure is highly 

distinct from the microbiota in the surrounding seawater (Lokmer et al., 2016a; Lokmer et al., 

2016b) indicating that the oyster microbiota is governed by fundamentally different processes 

than the surrounding water community. The microbiota of oysters can be influenced by 

multiple factors such as location, season, genetics and disease (see Table 1-1 for a summary of 

studies identifying factors affecting microbiota composition). The effect of spatial and 

temporal factors in the oyster microbiota is likely driven by changing environmental conditions 

(Lokmer et al., 2016a; Pierce et al., 2016) such as temperature (Levican et al., 2014; Lokmer 

& Wegner, 2015; Lokmer et al., 2016a; Motes et al., 1998; Pierce et al., 2016; Pujalte et al., 
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1999) and salinity (del Refugio Castañeda Chávez et al., 2005; Froelich et al., 2016; Motes et 

al., 1998). For example, under a set of controlled laboratory conditions, alpha diversity of the 

microbiota of Pacific oysters was significantly higher at a warmer temperature (22 0C) when 

compared to colder temperatures (8 0C) (Lokmer & Wegner, 2015). Additionally, some studies 

have shown that warm temperature positively correlates with the abundance of problematic 

bacteria such as Vibrio in Eastern oysters in the United States (Froelich et al., 2016; Motes et 

al., 1998) and Arcobacter in Pacific oysters collected from Spain (Levican et al., 2014) which 

likely explains (at least in part) the importance of warmer temperature in infectious outbreaks. 

Furthermore, other studies have indicated other environmental parameters such as salinity and 

total suspended solids as factors in the abundance of Vibrio species in Eastern oysters (del 

Refugio Castañeda Chávez et al., 2005; Froelich et al., 2016; Motes et al., 1998).  

 

Besides spatial and temporal factors, the oyster microbiota is variable between individuals 

(Wegner et al., 2013) indicating host factors can also play a role.  For example, Pacific oysters 

bred to be resistant to the viral OsHV-1 pathogen (King et al., 2019c) show modified 

microbiota composition. Specifically, the oyster microbiota was significantly different between 

Pacific oyster families exhibiting different levels of susceptibility to OsHV-1 μvar disease with 

a significant increase in the abundance of potentially pathogenic bacteria such as Vibrio in the 

OsHV-1 sensitive families (King et al., 2019c).  Furthermore, the disease itself is a factor on 

oyster microbiota (Green & Barnes, 2010; King et al., 2019b). The bacterial diversity 

significantly decreased in SROs associated with QX disease with the bacterial community 

being dominated by an OTU closely related to a Rickettsiales-like prokaryote (Green & Barnes, 

2010). In Pacific oysters, summer mortality does not affect bacterial diversity. However, it 

significantly influences the microbiota composition with a significant increase in the 

abundance of Vibrio genus in the summer disease affected Pacific oysters (King et al., 2019b).
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Table 1-1: A survey of studies highlighting factors affecting oyster microbiota 

 

Factor 
Oyster 

species 
Explanation Reference 

Location C. gigas The oyster microbiota significantly different between locations with Oceanospirillaceae 

family was identified as a main driver of the microbiota dissimilarity between locations. 

(Lokmer et al., 

2016a) 

Location C. virginica The oyster microbiota was significantly different between locations with Mycoplasma, 

Planctomyctes, Shewanella and Chloroflexi identified as main drivers of the microbiota 

dissimilarity between locations. 

(King et al., 

2012) 

Season Spondylus 

spinosus 

The oyster microbiota in summer season significantly differed from those in spring and 

winter with alpha diversity (Shannon index) in oysters sampled at a temperature above 300C 

being significantly higher when compared to oysters collected at a temperature below 300C. 

An increase in the relative abundance of the phylum Spirochaetes was observed in oysters 

sampled in summer. 

(Roterman et 

al., 2015) 
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Season Chama 

pacifica and 

C. savignyi 

The microbiota of oysters differed significantly between summer and winter. Species 

richness (Chao1) was significantly higher in summer compared to winter. The relative 

abundance of Proteobacteria was over-represented in summer compared to winter season. 

(Zurel et al., 

2011) 

Season 

  

C. virginica The microbiota significantly differed between colder months (<10ºC) and warmer months 

(>20ºC) with the microbiota more tightly grouped during colder months. Vibrio spp. was only 

observed at temperature above 20ºC. 

(Pierce et al., 

2016) 

Breeding  C. gigas The microbiota was significantly different between families that were susceptible and 

resistant to the viral pathogen OsHV-1 with the relative abundance of Photobacterium, 

Vibrio, Aliivibrio, Streptococcus, and Roseovarius genera higher in susceptible families 

compared to resistant families. 

(King et al., 

2019b) 

Disease C. gigas The microbiota of summer mortality disease-affected oysters is significantly different when 

compared those to disease-unaffected oysters with members belonging to the Vibrio genus 

significantly more abundant in the disease-affected. 

(King et al., 

2019b) 

Disease S. glomerata Bacterial diversity significantly decreased in the SROs associated with QX disease with the 

bacterial community being dominated by an OTU closely related to a Rickettsiales-like 

prokaryote. 

(Green & 

Barnes, 2010) 
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1.1.6.2.3 Core microbiota 
 
 
Because of the diversity, complexity and high dynamic nature of microbiota, it can be quite 

challenging to identify key taxa that may have an important role in a host. To overcome this, 

some studies have focused on the core microbiota in marine organisms such as sponges 

(Schmitt et al., 2012) and coral (Ainsworth et al., 2015; Lawson et al., 2018). A core microbiota 

is defined as the members shared among microbiotas from similar habitats (Shade & 

Handelsman, 2012). Based on this definition, there are several methods that can be used for 

core analysis such as a core based on shared OTU occurrence, shared abundance, shared OTU 

lineages, OTU shared over time and across communities (Shade & Handelsman, 2012). Among 

these methods, a core microbiota based on shared OTU occurrence has been applied in many 

studies (Hernandez-Agreda et al., 2018; Huse et al., 2012; King et al., 2012; King et al., 2019c; 

Lawson et al., 2018; Schmitt et al., 2012). However, the definition of core OTU within the 

community is not unified. For example, a core microbiota has been defined as the OTU present 

in at least 50% of samples (Hernandez-Agreda et al., 2016), or at least 70% (Schmitt et al., 

2012) or 100% (Lawson et al., 2018). Therefore, depending on the ecological question, an 

appropriate definition of core microbiota is applied to identify the stable and consistent 

members across complex microbial assemblages (Shade & Handelsman, 2012). 

 

Only a few studies have characterised the core microbiota in oysters. A core microbiota of the 

Eastern oyster was defined based on phylotypes with OTUs present in 100% of stomach and 

gut samples (King et al., 2012). The result indicated that 5 OTUs in 3 phyla were identified as 

the core stomach microbiota, while the core gut microbiota comprised of 44 OTUs from 12 

phyla (King et al., 2012). In a study looking at the influence of genetics on the microbiota of 

35 Pacific oyster families sampled at the same time from the same environment (King et al., 

2019c), the core microbiota was investigated for OTUs present in at least all but one family 
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replicate (King et al., 2019c). There was no universal core microbiota across all of the 35 

Pacific oyster families however, the Winogradskyella genus and the Bradyrhizobiaceae family 

were identified as core microbiotas from the highest OsHV-1 resistant group (King et al., 

2019c). Although some core taxa were identified, the functions of these members in oysters 

remain unknown (King et al., 2012; King et al., 2019c). 

 

1.1.6.3 The oyster microbiota and disease 

 
The oyster microbiota is comprised of unique bacterial communities (King et al., 2012; Lokmer 

et al., 2016b) and can have positive or negative effects on the oyster health (Lokmer et al., 

2016b). For example, Pseudoalteromonas spp. can produce antibacterial compounds which are 

known to be active against a variety of target organisms (Defer et al., 2013; Desriac et al., 

2014). In contrast, many species are potential oyster (opportunistic) pathogens such as those 

from the Arcobacter (de Lorgeril et al., 2018), Vibrio (de Lorgeril et al., 2018; King et al., 

2019b) and Roseobacter (Boettcher et al., 2000) genera, and, taxa from the Spirochaete phylum 

(Matsuyama et al., 2017). Particularly important are several Vibrio species that have been 

shown to cause mortality in oysters (Table 1-2) (Paillard et al., 2004).  

 

In Pacific oysters, the microbiota is emerging as a factor in disease dynamics (King et al., 

2019b; Petton et al., 2015; Wendling et al., 2014). While specific Vibrio appear necessary for 

summer mortality, non-virulent Vibrio may also play a role by dramatically increasing the 

virulence of pathogenic Vibrio strains when co-provided at low doses (Petton et al., 2015). 

Additionally, antibiotic treatment of oysters prior to disease challenge substantially reduced 

mortality (Petton et al., 2015) indicating that the indigenous microbiota might play an 

important role in Pacific oyster diseases.  
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In regard to SROs, the literature shows only one study exploring the bacterial community and 

these were SROs associated with QX disease. In this study, the digestive gland microbiota of 

M. sydneyi infected SROs was dominated by an OTU assigned to Rickettsiale-like prokaryotes 

(Green & Barnes, 2010). Whether changes in the SRO microbiota is a result of QX disease 

infection or destabilisation of the SRO microbiota prior to infection is unknown (Green & 

Barnes, 2010) so it remains unclear whether the Rickettsiale-like OTU has any role at all.  

Table 1-2: Pathogenic Vibrio species to oysters 

 

Bacteria species 
Oyster 

species 

Growth 

stage 
References 

Vibrio sp. 

C. gigas Larvae (Estes et al., 2004; Garland et al., 1983) 

C. gigas Juveniles (Gay et al., 2004) 

C. virginica Larvae (Elston & Leibovitz, 1980) 

V. tubiashii C. gigas Larvae (Hasegawa et al., 2008) 

V. splendidus C. gigas Juveniles (Lacoste et al., 2001) 

V. aestuarianus C. gigas Adult (Garnier et al., 2007) 

V. anguillarum C. virginica Larvae (Tubiash, 1975) 

 
 
 

1.2  Research aims 
 
 
In other oyster species, the microbiota is influenced by both environmental and host factors 

such as location, season, genetics and disease state. However, there is a paucity of studies 

examining the factors that influence the microbiota assemblage of the SRO. It is hypothesized 

that the microbiota of SROs is different between geographic locations, seasons and genetics, 

and that there are key taxa indicative of healthy and QX infected SROs. To determine whether 

these hypotheses are true, this thesis has set out to address three aims, with the overall objective 
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to characterise the SRO microbiota and, investigate its relationship to QX disease. The specific 

aims of the research are: 

1. To explore the influence of geographic location, season and genetics (breeding for QX 

disease resistance) on the SRO microbiota (Chapter 2). 

2. To characterise the microbiotas of SRO prior to and during a QX disease event (Chapter 

3).  

3. To identify key indicator taxa of healthy and QX-infected oysters (Chapter 4). 
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Chapter 2 The Sydney rock oyster microbiota is influenced by 

location, season and genetics 
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2.1 Abstract 

Queensland unknown (QX) disease is a significant cause of economic loss for the Sydney rock 

oyster (SRO; Saccostrea glomerata) aquaculture industry. Evidence is emerging that QX 

disease is multi-factorial in nature, with a number of environmental and host factors 

contributing to disease dynamics. Efforts to mitigate the impacts of QX disease are primarily 

focused on breeding for disease resistance however, the mechanisms that drive disease 

resistance are poorly understood. One potential factor influencing disease resistance is the 

microbiota. To determine the influence of location, season and disease resistance on the SRO 

microbiota, we used 16S rRNA gene (V1 – V3 region) amplicon sequencing. The microbiota 

of six SRO families with two categorised as QX-resistant and four as QX-susceptible, deployed 

to two different locations (Port Stephens and Wallis Lake, NSW, Australia) and over two 

seasons (Austral summer and winter), were characterised. As expected, the SRO microbiota 

was distinct to the microbial community found in seawater. Further, the SRO microbiota was 

significantly influenced by location and season, with operational taxonomic units (OTUs) 

assigned to the Candidatus Hepatoplasma and Endozoicomonas genera identified as 

significant drivers of microbiota dissimilarity between locations and seasons. Disease 

resistance also significantly influenced the SRO microbiota but only at the winter time point 

which is before the typical QX disease period. Overall, OTUs assigned to the Mycoplasma, 

Borrelia and Endozoicomonas genera were over-represented in QX-resistant SRO microbiota, 

whereas members of the Pseudoalteromonas, Vibrio, and Candidatus Hepatoplasma genera 

were over-represented in QX-sensitive microbiota. These findings confirm the influencing role 

of location and season on the microbiota structure as evidenced in other molluscan species, but 

also provide preliminary evidence that the microbiota assemblage before the QX disease period 

may be important for resistance to disease and may provide new avenues for managing SRO 

aquaculture in the future.  

Keywords: Microbiota, Sydney rock oyster, QX disease, 16S rRNA gene, disease resistance   
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2.2  Introduction 
 

The Sydney rock oyster (SRO; Saccostrea glomerata) is native to Australia, where it is one of 

the most intensively cultivated oyster species (O'Connor & Dove, 2009; Schrobback et al., 

2014). However, since the mid-1970’s production of this species has been impacted by 

Queensland unknown (QX) disease, which can recurrently cause up to 90% mortality in 

affected estuaries (Department of Primary Industries, 2016; Nell, 2007; O'Connor & Dove, 

2009; Peters & Raftos, 2003; Schrobback et al., 2014). The aetiological agent for QX disease 

is a spore-forming protozoan parasite called Marteilia sydneyi. This parasite has an infection 

cycle that typically enters through the palps and gills in summer and ends in the oyster digestion 

gland, impacting nutrient uptake and ultimately causing starvation and death through autumn 

and into winter (Kleeman et al., 2002; Nell, 2007). 

 

To mitigate the impacts of QX disease, the New South Wales Department of Primary Industries 

(NSW DPI) has led a selective breeding program using both mass selection methods and family 

based breeding that has greatly reduced SRO mortalities, with some families showing 85% 

survival through one cycle of disease (Dove et al., 2020). There is evidence that increased 

levels of resistance in some families may be linked to higher activity of phenoloxidase, an 

enzyme thought to be involved in oyster defence mechanisms (Newton et al., 2004), yet the 

full mechanism(s) for resistance remain unresolved. 

 

The oyster microbiota is emerging as a factor in disease dynamics (King et al., 2019a) and is 

an unexplored factor in SRO QX disease resistance. The potential protective role of the mollusc 

microbiota has been characterised previously, with some microbial members providing anti-

pathogen activities (Offret et al., 2019; Prado et al., 2009). In other studies, the microbiota 
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appears to contribute to disease dynamics, for the Pacific oyster (Crassostrea gigas) it has been 

demonstrated that summer mortality in France is due to a progressive replacement of non-

virulent commensal vibrios with pathogenic vibrios indicating that microbiota dysbiosis 

precedes mortality (Lemire et al., 2015). Similarly, Pacific oyster mortality syndrome is 

polymicrobial in nature with a recent study showing that the viral Ostreid Herpesvirus 1 

(OsHV-1) suppresses Pacific oyster immunity, allowing opportunistic bacterial pathogens such 

as Vibrio species to thrive (de Lorgeril et al., 2018). Interestingly, the microbiota of Pacific 

oyster families bred for resistance to OsHV-1 were significantly different to their disease-

susceptible counterparts and had a significantly reduced abundance of Vibrio species (King et 

al., 2019c). In SROs, only one study has investigated the QX disease-affected microbiota by 

comparing the digestive gland of QX-infected and uninfected oysters (Green & Barnes, 2010). 

In QX-infected oysters, bacterial diversity was substantially reduced, with the microbiota 

dominated by a Rickettsiales-like operational taxonomic unit (OTU).  

 

A first step in understanding the role of a microbiota in disease dynamics is characterising its 

composition and determining the factors that shape its structure. In previous studies in other 

oyster species, the oyster microbiota has been shown to be influenced by both environmental 

and host factors including location, temperature, infection state, season, genetics, life stage and 

resistance to disease (Green & Barnes, 2010; King et al., 2012; King et al., 2019b; King et al., 

2019c; Lokmer & Wegner, 2015; Lokmer et al., 2016a). However, there is a paucity of studies 

examining the factors that influence the SRO microbiota assemblage. Therefore, to characterise 

the influence of location, season and disease-resistance (genetics) on the SRO microbiota, six 

SRO families with varying degrees of resistance to QX disease were deployed into two 

locations and sampled in the Austral summer and winter. Understanding the mechanism(s) that 
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drive disease-resistance, including the potential contribution of the microbiota to disease, are 

imperative for the successful and sustainable management of SRO aquaculture. 
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2.3  Materials and methods 

2.3.1  Experimental design and sampling 
 

Fourty-four different Saccostrea glomerata families from the 2015 year class were deployed 

in the Port Stephens (32°43’12.81”S 152°03’40.52”E) and Wallis Lake (32°11’21.3”S 

152°29’09.7”E) estuaries in NSW, Australia. Wallis Lake is a wave-dominated barrier estuary 

whereas Port Stephens is a tide-dominated drowned valley estuary (Roy et al., 2001). These 

estuaries are approximately 70 km apart and are not affected by QX disease. These sites were 

selected to remove the influence of infection- or disease-state on the microbiota. For this study, 

six families from the 2015 class were selected according to their predicted level of resistance 

to QX disease. Estimated Breeding Values (EBVs), which provide an estimation of how well 

families will perform for a particular trait and the likelihood of passing those traits to their 

progeny, were used to select the 6 families employed here. Subsequent exposure of these 

families to QX disease at Lime Kiln Bar in the Georges river (33°59’19”S 151°03’21”E) 

demonstrated that four of the families exhibited 50% survival (characterised as QX-

susceptible), while the other two families displayed >50% survival (QX-resistant; Table 2-1).  

Five oysters per family were collected from each site in the 2017 Austral summer (January) 

and Austral winter (June), four and nine months after deployment respectively (120 oyster 

samples in total). Oysters were randomly collected by farmers from cultivation trays, placed 

into labelled plastic bags, transported to the laboratory on ice (3 - 4 hours) and stored whole in 

their shell at -800C for later processing. Because oyster leases could only be accessed by boat, 

seawater samples were collected from jetties (piers) approximately 800 metres away from the 

oyster leases. The Jetties in which the water were samples have a few meters of water beneath 

it ensuring no sediment was suspended from the bottom during the water collection. Ten litres 

of surface seawater samples were collected and kept on ice during transport to the laboratory. 
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Triplicate seawater samples of 2000 mL for each sampling time were filtered with Durapore 

Membrane Filters (0.22 µm pore size) for subsequent microbiota analyses, respectively. All 

filtered samples were frozen in liquid nitrogen upon collection in sterile 5 mL cryotubes and 

kept at -800C prior to analysis. 

 

Table 2-1: 2015 year class Sydney rock oyster average family survival (n = 3, ± SD) following 

exposure to QX disease at Lime Kiln Bar, Georges river. Oysters were deployed to Lime Kiln 

Bar on 12 December 2016 and oyster survival was counted on 20 September 2017. 

 
Family line QX disease resistance level Average survival (%)* 

F25 Resistant 59.67 ± 0.58 

F22 Resistant 55.33 ± 3.06 

F18 Susceptible 19.67 ± 3.79 

F03 Susceptible 3.33 ± 2.31 

F32 Susceptible 2.67 ± 3.06 

F37 Susceptible 0.67 ± 1.15 

 

2.3.2  Measurement of environmental parameters, nutrients and chlorophyll a in 

seawater 

 

Environmental parameters (temperature, oxygen, pH, and conductivity) were measured at 

jetties adjacent to the oyster leases using a WTW multiprobe meter (Multi 3430, Germany) at 

the time of oyster sample collections. For nutrient analysis, 50 mL triplicate seawater samples 

were syringe filtered through a 0.45 m filter into 50 mL sterile falcon tubes, transported to 

the laboratory on ice, and frozen at -200C. Nutrient analysis (nitrite (NO2
-), nitrate (NO3

-), 

ammonia (NH3) and Phosphate (PO4
3-)) was performed by Envirolab Services Pty Ltd (Sydney, 
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New South Wales, Australia). From the 10 L of seawater collected above, triplicate 200 mL 

aliquots were filtered through glass microfiber filters (0.7 µm pore size) and stored at -200C 

for subsequent chlorophyll-a analyses. Chlorophyll a was analysed based on a 

Spectrophotometric method described previously (Ritchie, 2006).  

 

2.3.3  DNA extractions and 16S rRNA gene amplicon sequencing 

 

DNA extractions commenced only after the last sample had been collected and frozen. Samples 

were randomly thawed in batches of 20 and all samples were processes using a single DNA 

extraction kit. Thawed oysters were washed under running tap water to remove debris. Using 

sterile instruments, each oyster was carefully opened using a shucking knife and the oyster 

flesh excised and placed onto a Petri dish. Approximately 25-50 mg of adductor muscle tissue 

was then excised using a sterile scalpel blade and placed into a 1.5 mL Eppendorf tube for 

subsequent DNA extraction using the Qiagen DNeasy Blood and Tissue DNA extraction Kit 

(Qiagen, Germany), according to the manufacturer’s instructions. Haemolymph is often used 

to study the oyster microbiota (Lokmer et al., 2016a; Lokmer et al., 2016b) but can be difficult 

to extract from small oysters and is not possible to extract once oysters have been frozen. To 

minimise variation, we decided to freeze oysters so they could be later processed together. 

Therefore, the adductor muscle was selected for microbiota analysis as it contains haemolymph 

sinuses thus allowing us to easily sample the haemolymph. This approach has been successfully 

used before (King et al., 2019b; King et al., 2019c). The instruments used to process the 

oysters, including the shucking knife, were cleaned, soaked in 1:15 bleach solution for 15 min 

and then rinsed with sterile Milli-Q water prior to use and between samples. DNA from filtered 

seawater samples were extracted using the PowerWater DNA Isolation Kit (MoBio, USA) 

according to the manufacturer’s protocol. 



39 
 

The V1–V3 region of the 16S rRNA gene was amplified by PCR using the 27F (5′-

AGAGTTTGATCMTGGCTCAG-3′) and 519R (5′- GWATTACCGCGGCKGCTG-3′) 

primer pair (Lane, 1991; Turner et al., 1999). The PCR cycling conditions were as follows: 

94°C for 2 min, followed by 30 cycles of 94°C for 30s, 50°C for 30s and 72°C for 30s and a 

final extension of 72°C for 10 min. Amplicons were sequenced using the Illumina MiSeq 

platform (2 × 300 bp) at the Ramaciotti Centre for Genomics (University of New South Wales, 

Sydney, Australia). Raw data files in FASTQ format were deposited in NCBI Sequence Read 

Archive (SRA) with the study accession number (SRP234946) under Bioproject number 

PRJNA593911.  

 

2.3.4  Bioinformatics analyses  

 

Demultiplexed paired-end reads were combined using FLASH (Magoč & Salzberg, 2011) and 

trimmed using Mothur (Schloss et al., 2009) (Parameters: maxhomop = 5, maxambig = 0, 

minlength = 471, maxlength = 501). Fragments were clustered into operational taxonomic units 

(OTUs) at 97% sequence similarity, and chimeric and singleton sequences were identified and 

removed using VSEARCH (Rognes et al., 2016). Taxonomic assignment of OTUs were 

performed in QIIME version 1.9.1 (Caporaso et al., 2010) using the UCLUST algorithm 

(Edgar, 2010) against the SILVA v128 dataset (Quast et al., 2013). Mitochondrial and 

chloroplast data were filtered out of the dataset and then were rarefied to the same depth to 

remove the effect of sampling effort upon analysis. For beta diversity, the relative abundance 

of OTUs was calculated and all OTUs with a relative abundance below 0.1% were filtered from 

the dataset. Alpha diversity indices, including species richness (Chao1), species evenness 

(Simpson) and species diversity (Shannon index) were calculated using QIIME (Caporaso et 

al., 2010). 
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2.3.5  Statistical analyses 

 

Alpha diversity metrics were compared between groups using a Kruskal-Wallis test. All beta 

diversity analyses were performed with a Bray-Curtis dissimilarity index. To easily visualise 

how samples related to one another and observe distance matrices between groups, non-metric 

multidimensional scaling analysis (nMDS) with three dimensions (3D) was used. Patterns 

elucidated by the 3D nMDS were statistically tested using a permutational multivariate analysis 

of variance (PERMANOVA) with 9999 permutations using transformed (square root(x)) data. 

To identify the OTUs driving the difference between the microbial assemblage at different 

locations or time points, SIMPER analysis was used. All alpha and beta diversity comparisons 

were performed in the PAST statistical environment (Hammer et al., 2001). To determine 

whether the relative abundances of OTUs were significantly different between oyster groups 

with differing QX-resistance, Welch’s T-Test was performed using the STAMP (Statistical 

Analysis of Metagenomic Profiles) software package version 2.1.3 (Parks et al., 2014). A 

relative abundance of OTUs file was used as input data with the STAMP software along with 

a metadata file containing location, sampling time and QX-resistance group information. 

Welch’s T-Test for two groups with a statistical cut-off of p-value >0.05 was used. Extended 

bar error bar plots with corrected p-values were produced using STAMP (Parks et al., 2014) to 

visualise a significant difference in the relative abundance of OTUs between the QX-sensitive 

and resistant groups at a single location in each sampling time.  
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2.4  Results 

 

Following amplicon sequencing of the 132 samples (oysters and seawater), data were rarefied 

to 7,178 reads retaining a total of 753,690 reads from 105 samples (Supplementary Table 2-1). 

After data filtering, a total of 1,889 OTUs were observed across the entire dataset. Of these, 

1,619 and 190 OTUs were unique to the oyster and seawater microbiota respectively, with only 

80 OTUs found in both the oyster and seawater samples.  

 

2.4.1 The SRO microbiota is distinct from the seawater microbiota 

 

Across the entire dataset, species richness, evenness and diversity were higher in seawater 

samples relative to the SRO adductor muscle microbiota (Figure 2-1 and Supplementary Table 

2-2). When grouping all SRO or seawater samples, an 3D nMDS analysis revealed that the 

composition of the SRO and seawater microbiota were distinct from one another 

(Supplementary Figure 2-1), with these differences confirmed as significantly different by 

PERMANOVA (F = 13.54, p = 0.0001). SIMPER analysis revealed a 99.1% dissimilarity 

between the SRO and seawater microbiota, with Candidatus Hepatoplasma genus (OTU 

14887) and Endozoicomonas genus (OTU 3829) over-represented in SRO microbiota and 

driving 5.7% and 2.9% of the difference respectively (Figure 2-2 and Supplementary Table 2-

3). In seawater, the Candidatus Actinomarina genus (OTU 22961) and NS5 marine group 

genus (OTU 5409) were over-represented, driving 4.2% and 3.6% of the difference 

respectively (Figure 2-2 and Supplementary Table 2-3).  
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Figure 2-1: Box and whisker plot of species richness (Chao1) (A), evenness (Simpson) (B) 

and diversity (Shannon index) (C) for SRO and seawater microbiota. The x in the box plot is 

the mean of the dataset.
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Figure 2-2: Microbiota composition of SRO (A) and seawater samples (B) in Port Stephens (upper panels) and Wallis Lake (lower panels) showing 

the top 20 dominant and remaining taxa in January (underlined by blue bar) and June (underlined by red bar). The right bars in each panel show 

the mean abundance of each taxon within each group. Data is summarised at the genus level. 
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2.4.2 Location is a factor shaping the SRO microbiota  

 

Overall, Port Stephens had higher temperatures, pH and chlorophyll a at each time point, 

whereas Wallis Lake had higher levels of dissolved oxygen relative to Port Stephens. A rainfall 

event occurred during the June (winter) sampling at Port Stephens which likely explains the 

decrease in conductivity and increase in nutrients during this time point (Table 2-2).  

 

When the total SRO microbiota deployed in Port Stephens and Wallis Lake were compared, 

species richness and diversity were statistically higher in Wallis Lake (p = 0.029 and p = 0.007 

respectively, Supplementary Figure 2-2A and Supplementary Table 2-4). However, no 

statistical difference in alpha indices was observed when SRO microbiota from Port Stephens 

and Wallis Lake were independently compared in January and June (Supplementary Figure 2-

2B and Supplementary Table 2-4). 

 

Despite some overlap, a 3D nMDS plot showed that SRO microbiota clustered according to 

location (Figure 2-3A) and were significantly different according to site (PERMANOVA, F = 

8.955, p = 0.0001). This effect of location was also evident within each season in January 

(Figure 3B and 3C; PERMANOVA, F = 5.117, p = 0.0001) and June (PERMANOVA, F = 

11.81, p = 0.0001). Across the entire dataset, the SRO microbiota at Port Stephens and Wallis 

Lake were 90.5% dissimilar to one another. Similarly, in January and June, the SRO microbiota 

from the two sites were 90.3% and 91.9% dissimilar respectively. Interestingly, the main 

dissimilarity contributor, Candidatus Hepatoplasma genus (OTU 14887), was over-

represented at Port Stephens in January contributing 17.7% to the dissimilarity between 

microbiota, however, was over-represented at Wallis Lake in June contributing 9.6% of the 

microbiota dissimilarity (Supplementary Table 2-5). Additionally, a member of the 
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Endozoicomonas genus (OTU 1831) was over-represented in Wallis Lake in both January and 

June contributing 3.0% and 6.4% respectively.
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Figure 2-3: 3D nMDS plots based on Bray-Curtis dissimilarity for the comparison of the SRO microbiota of 94 oysters sampled across two time 

points (A) and 39 oysters sampled in January (B) and 55 oysters sampled in June (C) show separation according to location. Axes 1 and 2 are 

plotted. 
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Table 2-2: Environmental parameters in Port Stephens and Wallis Lake at time of sampling. 
 

Time Temperature 
(0C) pH DO 

(mg/L) 
Conductivity 

(µS/cm) 
NO3 

(mg/L) 

NO2- 

(mg/L) 
NH3 

(mg/L) 
PO43- 

(mg/L) 

Chlorophyll 
a 

(µg/ml) 
Rainfall* 

Port Stephens 
 

January 27.8 8.0 8.18 53.3 <0.005 0.004 ± 
0.0 

0.012 ± 
0.003 

0.014 ± 
0.003 11.41 ± 1.48 

Rainfall 2 days before 
sampling (0.4 mm). 
Monthly total rainfall 
was 69.9mm  

June 24 8.3 8.88 27.6 0.047 ± 
0.01 <0.005 0.038 ± 

0.001 <0.005 23.03 ± 3.13 

Rainfall over 6 days 
including during 
sampling (average 
23.65 mm/day). 
Monthly total rainfall 
was 315.1mm  

Wallis Lake 

January 24 7.2 9.5 53.9 <0.005 0.004 ± 
0.0 

0.013 ± 
0.004 

0.007 ± 
0.001 9.05 ± 0.62 

Rainfall event 2 days 
before sampling (2.0 
mm). Monthly total 
rainfall was 89.2mm  

June 18.3 8.2 9.07 53.6 0.014 ± 
0.014 <0.005 0.018 ± 

0.001 <0.005 9.52 ± 0.57 

Rainfall over 3 days 
before sampling 
(average 5.6 mm/day). 
Monthly total rainfall 
was 188.1mm  

 
*Data obtained from (Bureau of Meteorology, 2019)
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2.4.3  Season is a factor shaping the SRO microbiota  

 

We next examined whether seasonality influenced the SRO microbiota within a given location. 

There were no statistical differences in alpha diversity in either Port Stephens or Wallis Lake 

(Supplementary Figure 2-2C and Supplementary Table 2-4). However, 3D nMDS plots revealed 

the SRO microbiota at both sites tended to cluster according to sampling time (Figure 2-4). This 

seasonal variability was more pronounced in Port Stephens (PERMANOVA, F = 10.42, p = 

0.0001) than Wallis Lake (PERMANOVA, F = 3.451, p = 0.0001). At Wallis Lake, the SRO 

microbiota was 86.5% dissimilar with OTUs assigned as members of the Endozoicomonas genus 

(OTU 1831) and the Candidatus Hepatoplasma genus (OTU 14887) over-represented in January 

and June respectively, contributing 8.1% and 10.4% to the microbiota dissimilarity (Supplementary 

Table 2-6). At Port Stephens, there was 92.7% dissimilarity in SRO microbiota composition 

between seasons, with an OTU assigned to the Candidatus Hepatoplasma genus (OTU 14887) 

over-represented in January and contributing 16.8% to the dissimilarity. In June, OTUs assigned 

as Vibrio (OTU 2), Mycoplasma (OTU 14900) and Pseudoalteromonas (OTU 8917) were over-

represented, contributing 6.6%, 5.6% and 5.0% to the dissimilarity between seasons respectively 

(Supplementary Table 2-6). 

  



 49 

  

Figure 2-4: 3D nMDS plots based on Bray-Curtis dissimilarity for the comparison of the SRO 

microbiota of 45 oysters sampled in Port Stephens (A) and 49 oysters sampled in Wallis Lake (B) 

separate according to time of sampling. Axes 1 and 2 are plotted.  

 

2.4.4  QX-resistance is a factor shaping the SRO microbiota 

 

Across times and sites, we analysed differences in the oyster microbiota between SROs with 

different levels of resistance to QX disease. Families were grouped as QX-sensitive if survival was 

50% and QX-resistant if displayed >50% survival (Table 2-1). Species richness was higher in the 

QX-sensitive group at Port Stephens in January (Average: 74  3.26 vs 143.38  77.87, p = 0.039; 

Supplementary Table 2-7). No other significant differences in alpha diversity indices were 

observed between the QX groups in each location at each time point (Supplementary Table 2-7). 
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PERMANOVA showed statistically significant differences in the microbiota structure of different 

QX-resistance groups only in June at both locations (Table 2-3).  

 

At Port Stephens in June, SIMPER analysis revealed a 75.7% dissimilarity between the QX-

sensitive and QX-resistant groups with two OTUs (OTU 12669 and OTU 14900) from the 

Mycoplasma genus over-represented in the QX-resistant group and contributing 9.6% and 9.2% to 

the microbiota dissimilarity. OTUs belonging to the Pseudoalteromonas (OTU 8917) and Vibrio 

(OTU 2) genera were over-represented in the QX-sensitive group contributing 6.4% and 6.1% to 

the microbiota dissimilarity (Supplementary Table 2-8), while another OTU assigned to the Vibrio 

genus (OTU 1) was over-represented in the QX-resistant microbiota contributing 5.6% 

dissimilarity (Supplementary Table 2-8). Additionally, two Mycoplasma OTUs (OTU 12669 and 

OTU 14900) were over-represented in the QX-resistant group, contributing 9.6% and 9.2% to the 

microbiota dissimilarity. At Wallis Lake in June, SIMPER revealed 77.9% microbiota dissimilarity 

between the QX groups. A member assigned to the Candidatus Hepatoplasma genus (OTU 14887) 

was over-represented in the QX-sensitive group and contributed 15.86% of the microbiota 

dissimilarity, whereas 5 OTUs, all assigned to the Endozoicomonas genus (OTUs 1831, 3829, 

6283, 3483 and 4530), were over-represented in the QX-resistant microbiota. 

 

Table 2-3: PERMANOVA results comparing the microbiota of QX-sensitive and QX-resistant 

families at each location and time point. 

 Port Stephens Wallis Lake 

January F = 1.184, p = 0.2233 F = 1.1, p = 0.263 

June F = 1.562, p = 0.0491 F = 1.614, p = 0.0378 

* QX-sensitive include F03, F18, F32 and F37 families, QX-resistant includes F022 and F025 

families 



 51 

 

To further decipher beta diversity patterns between QX-resistant and -sensitive SRO’s, STAMP 

with a Welch’s T-Test was used. This analysis identified members of the Vibrio (OTU 2, p = 0.003) 

and Colwellia (OTU 3670, p = 0.028) genera with significantly higher relative abundance in the 

QX-sensitive group from Port Stephens in June (Figure 2-5A). In Wallis Lake, a member assigned 

as the Thiohalocapsa genus (OTU 11899) had a significantly higher relative abundance in QX-

sensitive oysters (p = 0.025), whereas OTUs assigned to the Borrelia (OTU 651, p = 0.038) and 

Endozoicomonas (OTU 4530, p = 0.047) genera had a significantly higher relative abundance in 

QX-resistant oysters (Figure 2-5B). 

 

Figure 2-5: Extended error bar plots showing OTUs with a significant difference in relative 

abundance between the QX-sensitive (QX - S) and resistant groups (QX - R) at Port Stephens (A) 

and Wallis Lake (B) in June. 
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2.5  Discussion 

 

This study investigated the influence of location, season and oyster genetics (QX-resistance) on 

shaping the SRO microbiota. Despite the filter-feeding nature of oysters, our results indicate that 

the SRO microbiota is highly distinct from the planktonic microbiota within the surrounding 

seawater. A part of the observed variation may be due to water samples from jetties are slightly 

different from oyster leases. However, the jetties are facing the lease areas, which are 

approximately 800 m away. Nevertheless, most likely that the main bacterial patterns in the waters 

samples would not be varied much across this 800 m. Additionally, it is possible that a part of the 

observed variation is due to the use of different DNA extraction kits for the oysters and water 

samples. Nevertheless, this pattern is consistent with previous studies on the microbiota of the 

Pacific oyster (Lokmer et al., 2016a; Lokmer et al., 2016b).  

 

The microbiota varies between oyster tissues (King et al., 2012; King et al., 2020; Lokmer et al., 

2016b) however, some overlap is observed such as the genus Mycoplasma which is dominant in 

the adductor muscle, gill, stomach, digestive gland and haemolymph (Green & Barnes, 2010; King 

et al., 2012; King et al., 2019b; King et al., 2020; Wegner et al., 2013). Here, we elected to use the 

adductor muscle as it allows sampling of the circulatory haemolymph from the sinuses. Overall, 

the SRO microbiota was dominated by OTUs assigned to the Candidatus Hepatoplasma, 

Endozoicomonas and Mycoplasma genera. Candidatus Hepatoplasma has been found associated 

with various marine organisms such as starfish (Nakagawa et al., 2017), Norway lobsters (Meziti 

et al., 2012), corals (van de Water et al., 2018) and starlet sea anemones (Mortzfeld et al., 2016). 

However, the function of this bacterium in marine organisms, including SROs, is unknown. 

Mycoplasma is consistently identified in healthy oysters including Eastern oysters, Pacific oyster 
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and SROs (King et al., 2012; King et al., 2019b; King et al., 2019c; Wegner et al., 2013) suggesting 

that these bacteria are potentially important for oyster health. Members of the Endozoicomonas 

genus have been found to be associated with numerous marine organisms (Neave et al., 2016) such 

as sponges (Nishijima et al., 2013; Rua et al., 2014) and corals (Bayer et al., 2013; Ziegler et al., 

2016) with members of this genus previously shown to comprise a large proportion of the Indo-

Pacific (Roterman et al., 2015; Zurel et al., 2011) and Black-Lipped pearl oyster (Dubé et al., 2019) 

bacterial communities. In sponges and corals, these bacteria play a role in nitrogen and carbon 

recycling, provision of proteins to their hosts and production of antibiotics (Neave et al., 2017; 

Nishijima et al., 2013; Rua et al., 2014) and may suggest a similar role in SROs.  

 

2.5.1 The SRO microbiota is influenced by location 

 

The same oyster families were deployed in Port Stephens and Wallis Lake reducing the influence 

of genetics as a confounding factor in our analyses and allowing us to investigate whether location 

or season influence the composition of the SRO microbiota. Consistent with previous studies that 

have characterised the influence of location on the oyster microbiota (King et al., 2012; Ossai et 

al., 2017; Roterman et al., 2015; Trabal et al., 2012; Zurel et al., 2011), we observed that SRO 

microbiota was significantly different between two sites which are approximately 70 km apart and 

differ in estuarine type (Roy et al., 2001). Data collected in this study identified higher chlorophyll 

a concentrations and temperature in Port Stephens relative to Wallis Lake. While both estuaries 

have similar percentages of agricultural land usage in their respective catchments (approximately 

30%), Port Stephens has significantly higher sediment and nutrient inputs compared to Wallis Lake 

(Roper et al., 2011). Given the higher nutrient and sediment loads at Port Stephens, these factors 

could explain the microbiota variability between the locations. A member of the Endozoicomonas 

genus (OTU 1831) was more abundant in Wallis Lake than in Port Stephens at both sampling times. 
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In coral species, the anthropogenically influenced coral microbiota (Pocillopora verrucosa and 

Acropora hemprichii) was marked by a reduction of Endozoicomonas relative abundance (Ziegler 

et al., 2016), suggesting that the lower relative abundance of this bacteria in SROs at Port Stephens 

could be related to the higher nutrient and sediment loads. 

 

2.5.2  The SRO microbiota is influenced by season 
 

In a number of marine organisms, including corals (Sharp et al., 2017) and the oyster (Pierce et al., 

2016; Zurel et al., 2011) there is evidence for significant temporal heterogeneity in microbiota 

composition. Consistent with these findings, we observed a significant influence of season 

(summer versus winter) on the SRO microbiota for both locations. At Port Stephens, seasonal shifts 

in environmental conditions were dominated by changing temperature, chlorophyll a and 

conductivity, while at Wallis Lake, seasonal changes in environmental parameters were mostly 

driven by temperature and pH. Previous studies have characterised the influence of temperature on 

the oyster microbiota (Lokmer & Wegner, 2015; Pierce et al., 2016) and salinity perturbations have 

also been observed to influence the oyster microbiota (del Refugio Castañeda Chávez et al., 2005; 

Larsen et al., 2013). Seasonal shifts in the SRO microbiota were characterised by changes in the 

relative abundance of several OTUs, including those assigned to the Candidatus Hepatoplasma 

and Vibrio genera. Interestingly, we observed inverse patterns for the relative abundance of an 

OTU assigned to the Candidatus Hepatoplasma genus (OTU 14887) between the two sampling 

sites. At Port Stephens, this OTU was significantly more abundant in summer, while at Wallis 

Lake, it was considerably more abundant in winter. The environmental data collected at the time 

suggests no similarities between the Port Stephens summer and Wallis Lake winter samples that 

could explain this pattern (conductivity was similar for these two sampling points but conductivity 

did not change between the Wallis Lake summer and winter sampling points) and this OTU was 
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rare or absent in the seawater communities, therefore future studies should increase the suite of 

environmental parameters collected to explain these patterns. At both locations, a member of the 

Vibrio genus (OTU 2) had a higher relative abundance in winter than in summer. This pattern is 

interesting given that Vibrio typically exhibit preferences for warm water temperatures. However, 

some Vibrio species such as Vibrio splendidus, have elsewhere been found to be most abundant 

during winter and spring (Arias et al., 1999; Pujalte et al., 1999). It is also conceivable that other 

environmental factors, such as chlorophyll a or nutrient levels, underpinned the higher winter 

relative abundance of this Vibrio species (OTU 2). 

 

2.5.3  The SRO microbiota is influenced by disease resistance 

 

Oyster genetics have been previously shown to influence the Pacific oyster microbiota structure 

(King et al., 2019c; Wegner et al., 2013), with the microbiota of disease-resistant Pacific oysters 

showing a significantly different structure to disease-susceptible oysters (King et al., 2019c). 

However, the influence of genetics on the Pacific oyster microbiota can be superseded by stress, 

such as temperature perturbations (Wegner et al., 2013). In this study, we observed significant 

differences of the microbiota between QX-resistant and QX-susceptible oysters, but only in winter 

(June). This pattern suggests that there is a synergistic interaction of genetics and environmental 

drivers in shaping the SRO microbiota, which is consistent with previous studies in marine 

organisms such Pacific oyster (Wegner et al., 2013) and corals (Klaus et al., 2005). While QX 

disease typically occurs between November to May (Bezemer et al., 2006; Rubio et al., 2013), 

infections by M. sydneyi that cause no mortality (Adlard & Wesche, 2005) have been observed 

between May to July (Rubio et al., 2013), corresponding to the period where microbiota 

heterogeneity between resistance groups was observed in this study. This could indicate that the 

microbiota assemblage prior to the peak mortality period is important and could contribute to QX 
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disease dynamics, although future studies should consider performing a temporal study to capture 

possible microbiota dynamics.  

 

A previous study characterising the influence of disease-resistance on Pacific oyster microbiota 

identified disease-susceptible oysters as having a higher absolute abundance of Vibrio species 

(King et al., 2019c). Interestingly, this pattern is consistent with observations made in this study, 

where at Port Stephens we observed an over-representation of an OTU assigned to the Vibrio genus 

(OTU 2) in QX-susceptible oysters. Vibrio species are commonly implicated as pathogens affecting 

marine molluscs such as clams, mussels and oysters (Paillard et al., 2004; Travers et al., 2015). 

For example, Vibrio species have a crucial role in summer mortalities of Pacific oysters (de Lorgeril 

et al., 2018; Garnier et al., 2007; King et al., 2019b; Lemire et al., 2015; Petton et al., 2015; 

Saulnier et al., 2010; Sugumar et al., 1998) with a non-virulent Vibrio community replaced by a 

pathogenic one (Lemire et al., 2015). Given their role in marine molluscs and other oyster diseases, 

investigating whether Vibrio species influence QX disease dynamics would be of interest. At 

Wallis Lake, an OTU assigned to the Endozoicomonas genus (OTU 4530) was significantly over-

represented in the QX-resistant oysters. Endozoicomonas bacteria have found to be associated with 

many marine organisms such as sponges, corals and oysters (Dubé et al., 2019; Neave et al., 2016; 

Roterman et al., 2015; Zurel et al., 2011). Given the importance of Endozoicomonas species in 

sponges and corals (Neave et al., 2017; Nishijima et al., 2013; Rua et al., 2014), future studies 

should investigate their potential role in QX-resistant oysters. 
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2.6  Conclusion 

 
There is emerging evidence that the microbiota of benthic organisms, including oysters, are 

dynamic and driven by multiple factors, but the impact of location, season and genetics (disease 

resistance) on the SRO microbiota have not been reported previously. Understanding the factors 

that drive SRO microbiota composition are pivotal when deciphering the role of the microbiota 

during disease events, and to explain microbiota shifts prior to, or during, disease. However, this 

is currently hindered by a paucity of SRO microbiota studies. This study demonstrated that the 

SRO microbiota assemblage is influenced by location and season, which highlights the importance 

of performing temporal studies at individual locations as interpreting microbiota patterns from 

other locations or time points can lead to erroneous microbiota explanations. However, these 

findings are limited as oysters were collected at only two sampling time points and two locations. 

Future work should be aimed at sampling across multiple seasons and locations to confirm the 

influence of these factors on the SRO microbiota. Further, breeding for QX disease resistance 

(genetics) was found to influence the SRO microbiota although this was only observed in the 

winter. This sampling time point is before the typical QX disease period, which may indicate that 

a microbiota shift could be a factor in QX disease dynamics. Overall, these data suggest that there 

is a synergistic interaction of genetics and environmental drivers in shaping the SRO microbiota.  
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2.8 Supplementary information 

 

Supplementary Table 2-1: Remaining samples for each SRO family and seawater after 

rarefication to 7,178 reads. 

Sample 
QX disease resistance 

level 
Port Stephens Wallis Lake 

January June January June 
F18 Susceptible 3 5 5 4 
F22 Resistant 5 5 4 5 
F25 Resistant 2 5 4 5 
F03 Susceptible 2 5 4 4 
F37 Susceptible 3 5 3 5 
F32 Susceptible 1 4 3 3 
Seawater  2 3 3 3 

 

Supplementary Table 2-2: Kruskal-Wallis ANOVA test of alpha diversity indices between total 

SRO and total seawater microbiota, including species richness (Chao1), species evenness 

(Simpson) and species diversity (Shannon).   

 
Comparison H p-value 

Richness of SRO (n =94) vs seawater (n =11) 28.25 1.06E-07 
Evenness of SRO (n =94) vs seawater (n =11) 15.64 7.65E-05 
Diversity of SRO (n =94) vs seawater (n = 11) 20.06 7.52E-06 
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Supplementary Figure 2-1: 3D nMDS plot based on Bray-Curtis dissimilarity for comparing the 

microbiota of 94 oysters and 11 seawater samples and showing separation of the SRO and seawater 

samples. Axes 1 and 2 are plotted. 
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Supplementary Table 2-3: SIMPER analysis of the SRO microbiotas between seawater samples. 

The top 10 OTUs are displayed with their dissimilarity contribution and mean representation. 

Dissimilarity contribution is cumulative. 

Taxon Contrib. % Mean 
SRO 

Mean 
Water 

Candidatus Hepatoplasma genus (OTU 14887) 5.736 10.6 0.0481 
Candidatus Actinomarina genus (OTU 22961) 4.171 0.0467 7.86 
NS5 marine group genus (OTU 5409) 3.641 0.0603 6.75 
Endozoicomonas genus (OTU 3829) 2.917 5.38 0.0101 
Oceanospirillales order (OTU 12673) 2.554 0.0655 4.82 
Endozoicomonas genus (OTU 1831) 2.441 4.5 0 
Vibrio genus (OTU 2) 2.255 4.07 0.485 
Mycoplasma genus (OTU 14900) 1.885 3.48 0 
OM43 clade genus (OTU 6156) 1.867 0.0424 3.47 
Arcobacter genus (OTU 6697) 1.787 3.31 0 
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Supplementary Figure 2-2: Box and whisker plots of species richness, evenness and diversity of 

total SRO microbiota from Port Stephens and Wallis Lake (A), SRO microbiota from Port Stephens 

and Wallis Lake at each season (B) and SRO microbiota from January and June and each location 

(C). The x in the box plot is the mean of the dataset. The single asterisk indicates the statistical 

significance at p <0.05 and two asterisks show the statistical significance at p <0.01. 
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Supplementary Table 2-4: Kruskal-Wallis ANOVA test of alpha diversity indices between 

location and season including species richness (Chao1) species evenness (Simpson) and species 

diversity (Shannon).   

Comparison H p-value 
Location (January and June) 

Richness in Wallis Lake (n =49) vs Port Stephens (n =45) 4.768 0.02899 
Evenness in Wallis Lake (n =49) vs Port Stephens (n =45) 3.769 0.05221 
Diversity in Wallis Lake (n =49) vs Port Stephens (n =45) 7.199 0.007294 

Location (January) 
Richness in Wallis Lake (n =23) vs Port Stephens (n =16) 2.935 0.08667 
Evenness in Wallis Lake (n =23) vs Port Stephens (n =16) 3.134 0.07669 
Diversity in Wallis Lake (n =23) vs Port Stephens (n =16) 3.551 0.05951 

Location (June) 
Richness in Wallis Lake (n =26) vs Port Stephens (n =29) 2.251 0.1335 
Evenness in Wallis Lake (n =26) vs Port Stephens (n =29) 1.201 0.2732 
Diversity in Wallis Lake (n =26) vs Port Stephens (n =29) 3.254 0.07126 

Season in Wallis Lake 
Richness in January (n =23) vs June (n =26) 0.2508 0.6165 
Evenness in January (n =23) vs June (n =26) 0.006421 0.9361 
Diversity in January (n =23) vs June (n =26) 0.04013 0.8412 

Season in Port Stephens 
Richness in January (n =16) vs June (n =29) 2.6 0.1069 
Evenness in January (n =16) vs June (n =29) 0.9918 0.3193 
Diversity in January (n =16) vs June (n =29) 0.506 0.4769 
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Supplementary Table 2-5: SIMPER analysis of the SRO microbiota between Port Stephens and 

Wallis Lake. The top 10 OTUs are displayed with their dissimilarity contribution and mean 

representation. Dissimilarity contribution is cumulative. 

Taxon Contrib. % 
Port 
Stephens 
mean 

Wallis Lake 
mean 

January and June 
Candidatus Hepatoplasma genus (OTU 14887) 10.05 12 9.27 
Endozoicomonas genus (OTU 1831) 4.859 0.0341 8.6 
Vibrio genus (OTU 2) 4.309 7.7 0.73 
Endozoicomonas genus (OTU 3829) 3.961 3.75 6.88 
Mycoplasma genus (OTU 14900) 3.919 6.81 0.423 
Arcobacter genus (OTU 6697) 3.611 3.79 2.87 
Pseudoalteromonas genus (OTU 8917) 3.323 5.88 0.077 
Mycoplasma genus (OTU 12669) 2.896 5.04 0.119 
Mycoplasma genus (OTU 14921) 2.865 2.69 3.2 
Mycoplasma genus (OTU 14937) 2.69 3.81 1.6 

January 
Candidatus Hepatoplasma genus (OTU 14887) 17.66 31.2 0 
Arcobacter genus (OTU 6697) 6.468 6.15 6.12 
Mycoplasma genus (OTU 14921) 5.095 4.66 6.3 
Endozoicomonas genus (OTU 3829) 4.732 5.89 7.02 
Endozoicomonas genus (OTU 1831) 3.028 0 5.35 
Photobacterium genus (OTU 3) 2.826 0.0871 4.87 
Endozoicomonas genus (OTU 6283) 2.761 3.23 4.13 
Mycoplasma genus (OTU 14937) 2.737 2.88 3.35 
Pseudomonas genus (OTU 12985) 2.304 0.589 3.97 
Aquibacter genus (OTU 12017) 2.054 3.63 0.153 

June 
Candidatus Hepatoplasma genus (OTU 14887) 9.6 1.43 17.5 
Endozoicomonas genus (OTU 1831) 6.38 0.0528 11.5 
Vibrio genus (OTU 2) 6.115 11.9 1.31 
Mycoplasma genus (OTU 14900) 5.283 9.45 0.218 
Pseudoalteromonas genus (OTU 8917) 5.051 9.12 0.111 
Mycoplasma genus (OTU 12669) 4.38 7.82 0.0338 
Endozoicomonas genus (OTU 3829) 3.424 2.56 6.76 
Cobetia genus (OTU 2869) 2.916 5.22 0.00536 
Mycoplasma genus (OTU 14937) 2.432 4.32 0.0595 
Endozoicomonas genus (OTU 6283) 2.282 2.03 3.78 
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Supplementary Table 2-6: SIMPER analysis of the SRO microbiota between the two sampling 

times in Port Stephens and Wallis Lake. The top 10 OTUs are displayed with their dissimilarity 

contribution and mean representation. Dissimilarity contribution is cumulative. 

 

Taxon Contrib. % Mean 
January Mean June 

Wallis Lake 
Candidatus Hepatoplasma genus (OTU 14887) 10.37 0 17.5 
Endozoicomonas genus (OTU 1831) 8.142 5.35 11.5 
Endozoicomonas genus (OTU 3829) 4.412 7.02 6.76 
Mycoplasma genus (OTU 14921) 3.803 6.3 0.453 
Arcobacter genus (OTU 6697) 3.623 6.12 0 
Photobacterium genus (OTU 3) 2.96 4.87 0.0177 
Endozoicomonas genus (OTU 6283) 2.756 4.13 3.78 
Pseudomonas genus (OTU 12985) 2.382 3.97 0.0707 
Mycoplasma genus (OTU 14937) 1.995 3.35 0.0595 
Endozoicomonas genus (OTU 1993) 1.965 0 3.33 

Port Stephens 
Candidatus Hepatoplasma genus (OTU 14887) 16.77 31.2 1.43 
Vibrio genus (OTU 2) 6.575 0.00697 11.9 
Mycoplasma genus (OTU 14900) 5.612 2.01 9.45 
Pseudoalteromonas genus (OTU 8917) 5.008 0 9.12 
Arcobacter genus (OTU 6697) 4.553 6.15 2.49 
Mycoplasma genus (OTU 12669) 4.288 0 7.82 
Endozoicomonas genus (OTU 3829) 3.401 5.89 2.56 
Mycoplasma genus (OTU 14937) 3.171 2.88 4.32 
Cobetia genus (OTU 2869) 2.854 0.0313 5.22 
Mycoplasma genus (OTU 14921) 2.695 4.66 1.6 
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Supplementary Table 2-7: Kruskal-Wallis ANOVA test of alpha diversity indices between QX- 

sensitive and QX-resistant groups including species richness (Chao1), species evenness (Simpson) 

and species diversity (Shannon).   

Comparison H p-value 
Port Stephens in January 

Richness in QX-sensitive (n =9) vs QX-resistant (n =7) 4.26 0.039 
Evenness in QX-sensitive (n =9) vs QX-resistant (n =7) 2.692 0.1009 
Diversity in QX-sensitive (n =9) vs QX-resistant (n =7) 2.692 0.1009 

Wallis Lake in January 
Richness in QX-sensitive (n =15) vs QX-resistant (n =8) 0.6003 0.4385 
Evenness in QX-sensitive (n =15) vs QX-resistant (n =8) 0.0375 0.8465 
Diversity in QX-sensitive (n =15) vs QX-resistant (n =8) 0.0375 0.8465 

Port Stephens in June 
Richness in QX-sensitive (n =19) vs QX-resistant (n =10) 0.6086 0.4353 
Evenness in QX-sensitive (n =19) vs QX-resistant (n =10) 1.771 0.1833 
Diversity in QX-sensitive (n =19) vs QX-resistant (n =10) 1.895 0.1687 

Wallis Lake in June 
Richness in QX-sensitive (n =16) vs QX-resistant (n =10) 2.669 0.1023 
Evenness in QX-sensitive (n =16) vs QX-resistant (n =10) 0.1 0.718 
Diversity in QX-sensitive (n =16) vs QX-resistant (n =10) 0.5444 0.4606 
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Supplementary Table 2-8: SIMPER analysis comparing the SRO microbiota of QX-sensitive and 

QX-resistant groups at Port Stephens and Wallis Lake in June. The top 10 OTUs are displayed with 

their dissimilarity contribution and mean representation. Dissimilarity contribution is cumulative. 

 

Taxon Contrib. % Mean  
QX-resistant 

Mean  
QX-sensitive 

Port Stephens 
Mycoplasma genus (OTU 12669) 9.644 10.9 6.19 
Mycoplasma genus (OTU 14900) 9.27 12.7 7.76 
Pseudoalteromonas genus (OTU 8917) 6.394 7.59 9.92 
Vibrio genus (OTU 2) 6.11 7.24 14.4 
Vibrio (OTU 1) 5.662 8.42 0.0667 
Mycoplasma genus (OTU 14937) 5.115 5.42 3.74 
Cobetia genus (OTU 2869) 4.655 2.24 6.78 
Arcobacter genus (OTU 6697) 4.591 6.57 0.345 
Marinilabiaceae family (OTU 2173) 3.33 2.42 4.11 
Endozoicomonas genus (OTU 6283) 2.644 3.69 1.15 

Wallis Lake 
Candidatus Hepatoplasma genus (OTU 
14887) 15.86 15.6 18.6 
Endozoicomonas genus (OTU 1831) 9.846 11.8 11.3 
Endozoicomonas genus (OTU 3829) 4.867 9.2 5.24 
Endozoicomonas genus (OTU 1993) 3.495 1.89 4.23 
Endozoicomonas genus (OTU 6283) 3.248 5.59 2.64 
Gammaproteobacteria class (OTU 6670) 3.003 4.5 0.0679 
Endozoicomonas genus (OTU 3483) 2.109 3.33 1.56 
Flavobacteriaceae family (OTU 12808) 2.105 0.0111 3.16 
Endozoicomonas genus (OTU 1949) 1.975 1.04 2.45 
Endozoicomonas genus (OTU 4530) 1.769 3.25 1.4 
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3.1 Abstract 

 
The Sydney rock oyster (SRO; Saccostrea glomerata) is the most intensively farmed oyster species 

in Australia however, diseases such as Queensland unknown (QX) disease has caused substantial 

losses and impeded productivity. The parasite, Marteilia sydneyi, is the aetiological agent of QX 

disease, and like other diseases outbreaks are likely driven by a series of complex environmental 

and host factors, such as salinity and oyster genetics. A potential but understudied factor in QX 

disease is the role of the SRO-associated bacterial community, which we sought to examine prior 

to and during a QX disease outbreak. Using 16S rRNA gene (V1 – V3 region) amplicon 

sequencing, we examined the bacterial community associated with four SRO families from the 

breeding program deployed in a region where QX disease occurs, with sampling conducted 

fortnightly over 22 weeks. A QX outbreak was detected 16 weeks after the first sampling event, 

with M. sydneyi sporonts observed in the digestive gland 2 weeks after pathogen detection. The 

bacterial community of QX-infected SROs was significantly different from SROs sampled before 

the outbreak (pre-QX) and from those negative for QX during the outbreak (uninfected) by PCR. 

The bacterial community shifts associated with QX-infected oysters were principally characterised 

by a relative abundance increase of OTUs assigned to Borrelia and Candidatus Hepatoplasma 

genera and a relative abundance decrease of an OTU belonging to the Mycoplasma genus. Since 

Mycoplasma are a common feature of the bacterial community of SROs and other oysters, we 

propose that there may be an important ecological link between Mycoplasma and the health state 

of SROs. No apparent patterns were observed between the bacterial community of SROs with and 

without digestive gland sporonts, indicating that QX disease progression does impact the bacterial 

community but that shifts in bacterial community structure occurred before sporulation in the 

digestive gland. 
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3.2 Introduction 

 

The Sydney Rock Oyster (SRO; Saccostrea glomerata) is native to Australia, where it is the most 

intensively cultivated oyster species (O'Connor & Dove, 2009; Schrobback et al., 2014). However, 

the SRO industry has been significantly impacted by a disease called QX (Queensland Unknown) 

disease, which has caused annual losses of SRO stocks of up to 100% in some cultivation regions 

(Peters & Raftos, 2003). QX disease was first detected in the late 1960s in Moreton Bay in the 

northern eastern Australian state of Queensland (Wolf, 1972). Since the late 1970s, QX has 

extensively spread across Queensland (Adlard & Ernst, 1995) and southwards into several New 

South Wales (NSW) estuaries (Nell, 2007; Raftos et al., 2014). The disease is caused by a spore-

forming protozoan parasite called Marteilia sydneyi that initiates its infection in the oyster’s palps 

and gills as a uninucleate stem cell, and then over several weeks, migrates through connective 

tissue and the haemolymph into the digestive gland (Kleeman et al., 2002; Wolf, 1979). Once in 

the digestive gland, the parasite undergoes sporulation, forming mature sporonts containing two 

tricellular spores (Kleeman et al., 2002; Wolf, 1979) and causing blockage of the digestive gland, 

resulting in starvation and death (Wolf, 1979). 

 

Notably, the presence of M. sydneyi within an SRO farming estuary does not necessarily result in 

a QX disease outbreak (Adlard & Wesche, 2005) indicating that other factors, beyond the presence 

of the pathogen, are important for infection or progression of disease. As with other oyster diseases, 

QX disease is likely driven by a convergence of environmental (e.g. water chemistry, temperature), 

host-specific (e.g. immunity and stress level) and pathogen-specific factors (Green et al., 2011; 

King et al., 2019a; Raftos et al., 2014). Specifically, low salinity is considered a major contributing 

factor (Lester, 1986; Rubio et al., 2013) possibly through its inhibition of phenoloxidase (PO) 
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activity in SROs (Butt et al., 2006), an enzyme in invertebrates that initiates host immune defences 

(Söderhäll & Cerenius, 1998). Decreased PO activity in SROs is known to be associated with 

increased susceptibility to QX disease (Butt & Raftos, 2007; Peters & Raftos, 2003) although the 

full mechanism(s) by which PO is involved in QX resistance is unresolved.  

 

In the more widely studied Pacific oyster (Crassostrea gigas) , the bacterial community is emerging 

as a key factor in disease dynamics (King et al., 2019a; Petton et al., 2015). For example, Pacific 

oysters with common genetics but varying bacterial communities have different mortality 

outcomes when challenged with the viral pathogen OsHV-1 (Pathirana et al., 2019). This is likely 

explained by the fact that OsHV-1 supresses the Pacific oyster immune response allowing 

opportunistic pathogens such as Vibrio species to infect (de Lorgeril et al., 2018). If Pacific oysters 

contain lower levels of opportunistic pathogens in their bacterial community then they are likely to 

be less exposed to bacterial infection post OsHV-1 infection (King et al., 2019c; Pathirana et al., 

2019; Petton et al., 2015). Additionally, other studies have made links between the oyster bacterial 

community and disease (King et al., 2019d; Lokmer & Wegner, 2015). For example, one study 

demonstrated the progressive replacement of a benign Vibrio population in the Pacific oyster 

bacterial community with a virulent population during a mortality outbreak (Lemire et al., 2015). 

Given the importance of the oyster microbiota within the disease dynamics of other oyster species, 

we propose that shifts in the bacterial community associated with SROs might also play a role 

within QX disease. 

 

Previously, a clone library-based approach demonstrated that the digestive gland bacterial 

community of SROs containing sporulating M. sydneyi is significantly different from uninfected 

oysters, with QX infected oysters dominated by an OTU closely related to a member of the 

Rickettsiales (Green & Barnes, 2010). As sporulation in the digestive gland occurs in the late stages 
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of QX disease, it is not possible to know if this OTU emerged prior to infection or as a consequence 

of infection, and whether it has a role in facilitating infection or driving QX disease progression. 

Using 16S rRNA gene amplicon sequencing, we have recently shown that the bacterial community 

associated with the SRO adductor muscle is dominated by OTUs assigned to the Candidatus 

Hepatoplasma, Endozoicomonas and Mycoplasma genera, and that bacterial community structure 

is significantly influenced by location and season (chapter 2; (Nguyen et al., 2020)). Additionally, 

we found that the structure of the bacterial community was significantly different between resistant 

and susceptible QX disease oysters, but only in our winter sampling before the typical QX disease 

period (late summer or early autumn) with OTUs assigned to the Mycoplasma, Borrelia and 

Endozoicomonas genera over-represented in the QX resistant SRO bacterial community and OTUs 

assigned to the Pseudoalteromonas, Vibrio, and Candidatus Hepatoplasma genera over-

represented in QX-sensitive SRO bacterial community (chapter 2; (Nguyen et al., 2020)). 

However, during this previous work the SROs were deployed in non-QX disease areas and only 

two time points (one time point each in the Austral summer and winter) were compared. Therefore, 

a more comprehensive investigation of the SRO bacterial community in QX disease dynamics is 

warranted. Here we employed fortnightly sampling to examine temporal shifts in the SRO bacterial 

community before and during a QX disease event.  
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3.3 Materials and methods 

3.3.1 Experimental design and sampling 

 

A QX disease field challenge was performed in the Georges River, New South Wales (NSW), 

Australia (33°59'19"S 151°03'21"E), which is a high risk site for QX disease and has been used to 

develop QX disease resistance in SROs since 1997 (Dove et al., 2020; Dove et al., 2013a; Nell & 

Perkins, 2006). SRO families sourced from the NSW Department of Primary Industries SRO 

Breeding Program were used.  Four families (F32, F43, F48 and F67) from 2016 year class were 

used and only families with intermediate levels of QX disease survival (20 – 50% survival) were 

selected.  Three replicates for each family were deployed using the standard method for a QX 

disease exposure trial to measure survival through a QX disease outbreak (Dove et al., 2020).  

Additional oysters from each family were deployed to collect periodic samples for analyses. 

 

Oyster families were deployed on the 20th of September 2017 and left to acclimatise for 7 weeks, 

well before the expected QX disease period at this site which generally occurs in February (Dove 

et al., 2013a; Nell & Perkins, 2006). Sampling was initiated on the 8th of November 2017. Since 

sporonts of the M. sydneyi parasite are identifiable in the digestive gland approximately 2 weeks 

after initial QX detection by PCR (Peters & Raftos, 2003) and the infection lasts weeks to months 

(Rubio et al., 2013), fortnightly sampling was considered to be of sufficient resolution for capturing 

and following a QX mortality event. Initially, five oysters per family per sampling time were 

collected, but to permit comparison of SRO bacterial communities with and without sporonts in 

the digestive gland, this was increased to ten oysters once the QX pathogen was detected by PCR 

(see below). Oysters were randomly collected from cultivation trays, placed into labelled plastic 

bags, kept on ice, and immediately transported to the laboratory (within 2 hrs). Before the QX 
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disease event, oysters were stored at -800C and then thawed for tissue excision and DNA extraction. 

Once the QX pathogen was detected, fresh oysters were immediately processed to check the 

digestive gland for sporonts via tissue imprinting (see below). Other tissues were excised and 

frozen in cryotubes at -800C for later DNA extraction. At each sampling time point, 10 L of 

seawater was collected at a depth of 10-20 cm, kept on ice, and transported to the laboratory. 

Triplicate aliquots of 200 mL seawater were filtered with glass microfiber filters (0.7 µm pore size) 

for subsequent chlorophyll-a analysis and, triplicate aliquots of 2L seawater were filtered with 

Durapore Membrane Filters (0.22 µm pore size) for DNA extraction. These filtered samples were 

frozen in liquid nitrogen and kept at -800C prior to further processing. For nutrient analysis, 

triplicate 50 mL water samples were syringe filtered through a 0.45 m filter into 50 mL sterile 

falcon tubes in the field, transported to the laboratory on ice, and frozen at -200C. 

 

3.3.2 Measurement of environmental parameters, nutrients and chlorophyll a in water 

 

Environmental parameters (temperature, oxygen, pH, and conductivity) were measured at the time 

of collection using a WTW multiprobe meter (Multi 3430, Germany). Nutrient analyses (nitrite 

(NO2
-), nitrate (NO3

-), ammonia (NH3) and phosphate (PO4
3-)) was conducted at Envirolab Services 

Pty Ltd (Sydney, NSW, Australia). Chlorophyll a was analysed based on a Spectrophotometric 

method described previously (Ritchie, 2006).  

 

3.3.3 DNA extractions and 16S rRNA gene amplicon sequencing 

 

Frozen oysters were washed under running tap water to remove debris and allowed to thaw. Using 

sterile instruments, each oyster was carefully opened using a shucking knife and the oyster flesh 
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excised and placed into a Petri dish. Approximately 25-50 mg of adductor muscle tissue was then 

excised using a sterile scalpel blade and placed into a tube. Additional tissues consisting of 10 – 15 

mg of adductor muscle, gill and digestive gland were excised and pooled into a separate tube. All 

samples underwent DNA extraction using the Qiagen DNeasy Blood and Tissue DNA extraction 

Kit (Qiagen, Germany), according to the manufacturer’s instructions. DNA from filtered seawater 

samples was extracted using the PowerWater DNA Isolation Kit (MoBio, USA) according to the 

manufacturer’s protocol. 

 

Extracted adductor muscle DNA were amplified by PCR targeting the ribosomal 16S rRNA gene 

V1–V3 region using the 27F (5′-AGAGTTTGATCMTGGCTCAG-3′) and 519R (5′- 

GWATTACCGCGGCKGCTG-3′) primer pair (Lane, 1991; Turner et al., 1999). The PCR cycling 

conditions were as follows: 940C for 2 min, followed by 30 cycles of 940C for 30 sec, 500C for 30 

sec and 720C for 30 sec and a final extension at 720C for 10 min. Amplicons were sequenced using 

the Illumina MiSeq platform (2 × 300 bp) at the Ramaciotti Centre for Genomics (University of 

New South Wales, Sydney, Australia). Raw data files in FASTQ format were deposited in the 

NCBI sequence read archive with the study accession number SRP266167 under Bioproject 

number PRJNA637460. 

 

3.3.4 Detection of Marteilia sydneyi in oyster tissue and sporont production in the digestive 

gland 

 

Oysters were confirmed as infected with M. sydneyi by PCR using the primers LEG1 (5’-

CGATCTGTGTAGTCGGATTCCGA) and PRO2 (5’-TCAAGGGACATCCAACGGTC) 

(Kleeman & Adlard, 2000) using the pooled adductor muscle, gill and digestive gland DNA extract 

as a template. Each PCR reaction contained 1 µL DNA (25 – 50 ng), 10 µL MangoMix (Bioline), 
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1 µL LEG1 primer (10 M stock), 1µL PRO2 primer (10 M stock) and 7 µL water to a total of 

20 µL. The PCR cycling conditions were as follows: 940C for 2 min, followed by 30 cycles of 940C 

for 30 sec, 500C for 30 sec and 720C for 30 sec with a final extension of 720C for 10 min. DNA 

extracted from an oyster confirmed to be infected with M. sydneyi was used as a positive control. 

PCR products were electrophoresed on a 1% (w/v) agarose gel alongside a low molecular weight 

DNA marker. During the QX disease event, all SROs were tested for the presence of sporulating 

M. sydneyi in the digestive gland by using the tissue imprint method described in (Kleeman & 

Adlard, 2000) using the Rapid Diff kit (Australia Biostain company) for staining.  

 

3.3.5 Bioinformatics and statistical analyses 

 

Demultiplexed paired-end reads were combined using FLASH (Magoč & Salzberg, 2011) and 

filtered by length (471-500 bp) and quality scores (Parameters: maxhomop = 5, maxambig = 0, 

minlength = 471, maxlength = 500) using Mothur (Schloss et al., 2009). Fragments were clustered 

into operational taxonomic units (OTUs) at 97% sequence similarity, and chimeric and singletons 

sequences were identified and removed using VSEARCH (Rognes et al., 2016). Taxonomic 

assignment of OTUs was performed in QIIME version 1.9.1 (Caporaso et al., 2010) using the uclust 

algorithm (Edgar, 2010) against the SILVA v128 dataset (Quast et al., 2013). Mitochondrial and 

chloroplast data were filtered out of the dataset. Alpha diversity indices, including Chao1, Simpson 

and Shannon were calculated using QIIME (Caporaso et al., 2010). 

 

For alpha diversity, differences in species richness (Chao1), species evenness (Simpson) and 

species diversity (Shannon) between groups were performed using a Kruskal-Wallis test.  For beta 

diversity, samples that had less than 1,000 reads were removed, remaining data normalized using 
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the proportion method (McKnight et al., 2019) and then OTUs with less than 0.1% relative 

abundance were filtered out. All analyses were performed with a Bray-Curtis dissimilarity index. 

Non-metric multidimensional scaling (nMDS) analysis was used to elucidate patterns between 

sample groups. To determine if bacterial community structures were significantly different, a One-

way PERMANOVA with 9999 permutations was used with normalised (square root (x)) data. A 

Similarity Percentages (SIMPER) test was used to identify the observed dissimilarity of the 

bacterial communities between groups. These statistical analyses were performed using PAST 

version 3.24 (Hammer et al., 2001). To determine whether OTUs were significantly different 

between oyster groups, a Welch’s t-test was performed using the STAMP software package version 

2.1.3 (Parks et al., 2014). To identify significant associations between environmental variables, 

QX disease and the SRO bacterial community, a correlation analysis was performed using the 

MICtools software package with default parameters and the false discovery rate (FDR) method to 

account for multiple testing (Albanese et al., 2018). Significant correlations with a SpearmanRho 

≥ 0.1 and ≤ - 0.1 were kept for further analyses (Akoglu, 2018). All OTUs with less than 1% in 

relative abundance were filtered out prior to analysis and explanatory variables for inclusion in the 

analysis (i.e. QX infection) were binary transformed. Cytoscape software version 3.6.1 (Su et al., 

2014) was used to visualise significant network correlations.  
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3.4 Results 

3.4.1 Sample categorisation and, sequence reads and data filtering 

 

SROs were deployed on the 20th September 2017 with fortnightly sampling commencing on the 8th 

November 2017. M. sydneyi was detected in oysters by PCR approximately 16 weeks after 

deployment on the 27th of February 2018, signalling a QX outbreak. Before the QX outbreak, a 

total of 160 oysters had been collected over 16 weeks and were categorised as “pre-QX”. During 

this QX disease outbreak, a total of 140 oysters were collected at four discrete sampling times. Of 

the 140 oysters, 77 were classified as negative and 63 as positive for M. sydneyi presence by PCR 

(Supplementary Figure 3-1A). Negative and positive samples were categorised as “uninfected” and 

“QX-infected”, respectively. For the M. sydneyi PCR-positive SROs, 24 were positive for the 

presence of mature sporonts in the digestive gland as determined by tissue imprint (Supplementary 

Figure 3-1B) and categorised as “late QX disease” with those negative categorised as “early QX 

disease”.  

 

Following amplicon sequencing of the 336 samples and removal of samples with less than 1,000 

reads, a total of 2,306,494 reads were obtained from 298 samples (262 SROs and 36 seawater 

samples; Supplementary Table 3-1). After data filtering, a total of 3,750 OTUs were identified 

across the entire dataset with 3,492 and 87 OTUs unique to the oyster and seawater bacterial 

community respectively and, 171 OTUs common to both. Of the 262 oysters, 148 oysters were pre-

QX with the remaining 114 oysters collected after detection of QX disease, with these consisting 

of 52 QX-infected and 62 uninfected (Supplementary Table 3-1). For the 52 QX-infected SROs, 

28 were negative (early QX disease) and 24 were positive for mature sporonts in the digestive gland 

(late QX disease).  



 82 

 

3.4.2 The SRO and seawater bacterial community are distinct 

 

Across the dataset, species richness (Chao1), evenness (Simpson) and diversity (Shannon) were 

significantly higher in the seawater samples compared to the SRO bacterial community 

(Supplementary Figure 3-2 and Supplementary Table 3-2, p < 0.001 for all comparisons). An 

nMDS plot grouped the SRO and seawater bacterial community separately (Supplementary Figure 

3-3), with PERMANOVA confirming that the bacterial communities were significantly different 

(F = 53.58, p < 0.001). 

 

SIMPER analysis identified a 98.9% dissimilarity between the seawater and SRO bacterial 

community. An OTU assigned to the Mycoplasma genus (OTU 11355) and Candidatus 

Hepatoplasma genus (OTU 11357) were over-represented in SROs and contributed 9.26% and 

6.65% of the dissimilarity, respectively. An OTU assigned to the Candidatus Actinomarina genus 

(OTU 16613) and NS5 marine group genus (OTU 4487) were over-represented in seawater 

contributing 7.14% and 4.64% of the dissimilarity, respectively (Figure 3-1 and Supplementary 

Table 3-3).  
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Figure 3-1: Bacterial community of SRO (A) and water samples (B) showing the top 20 dominant and remaining taxa in 12 sampling time 

points. Data is summarised at the genus level. The asterisk in A indicates the first detection of the QX pathogen.
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3.4.3 SRO associated bacterial communities differ according to QX infection state 

 

We examined whether bacterial communities associated with SROs differed according to presence 

of the M. sydneyi parasite by comparing pre-QX, QX-infected and uninfected SRO groups. Alpha 

diversity indices did not significantly differ between these groups (Figure 3-2 and Supplementary 

Table 3-4), except for species richness in QX-infected SROs, which was significantly lower than 

pre-QX SROs (Kruskal-Wallis test, H = 6.928, p = 0.0085). An nMDS plot showed that the 

bacterial community structure in QX-infected oysters was more tightly clustered than the pre-QX 

and uninfected bacterial community (Supplementary Figure 3-4). These patterns were confirmed 

by statistical analyses with the bacterial community associated with QX-infected SROs 

significantly different from pre-QX (PERMANOVA F = 9.423, p < 0.001) and uninfected SROs 

(F = 3.282, p < 0.001). Additionally, the bacterial community of pre-QX SROs differed to 

uninfected SROs (F = 4.868, p < 0.001). Of the QX-infected SROs, the bacterial communities 

associated with early and late QX disease groups did not significantly differ (F = 0.9619, p = 

0.5099). 

 

SIMPER analysis revealed that the bacterial community associated with QX-infected SROs was 

86.5% and 84.9% dissimilar to pre-QX and uninfected oysters, respectively. Among the QX-

infected group, an OTU belonging to the Candidatus Hepatoplasma genus (OTU 11357) was 

substantially over-represented in comparison to pre-QX and uninfected SROs, driving 14.5% and 

15.6% of the dissimilarity, respectively (Figure 3-3 and, Supplementary Tables 3-5 and 3-6). An 

OTU belonging to the Borrelia genus (OTU 1) was also over-represented in the QX-infected group 

responsible for 7.5% and 8.1% of the dissimilarity when compared to the pre-QX and uninfected 

groups. In contrast, an OTU assigned to the Mycoplasma genus (OTU 11355) was over-represented 
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in the pre-QX and uninfected groups contributing 12.5% and 12.9% of the dissimilarity, 

respectively (Figure 3-3 and Supplementary Tables 3-5 and 3-6).  

 

A Welch’s t-test (STAMP; Parks et al. 2014) identified 175 OTUs with statistically different 

relative abundances between the pre-QX and QX-infected groups. Of these, 14 OTUs varied by at 

least 1% relative abundance (Figure 3-4A). In comparisons between the QX-infected and 

uninfected groups, this approach identified 23 OTUs that differed in relative abundance, with 7 

OTUs varying by at least 1% relative abundance (Figure 3-4B). Consistent with the SIMPER 

results, an OTU assigned to the Mycoplasma genus (OTU 11355) was significantly overly 

represented in the pre-QX and uninfected groups relative to the QX-infected group (p < 0.001 and 

p = 0.001, respectively). An OTU assigned to the Borrelia genus (OTU 1) was significantly higher 

in the QX-infected group compared to the pre-QX and uninfected groups (p< 0.001 and p < 0.001, 

respectively). Additionally, a member of the Candidatus Endoecteinascidia genus (OTU 10028) 

was significantly higher in the QX-infected group compared to the pre-QX and uninfected groups 

(p = 0.046 and p = 0.048, respectively). 
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Figure 3-2: Box and whisker plot of species richness (A), evenness (B) and diversity (C) for Pre-

QX, uninfected and QX-infected SROs.  The x in the box represents the mean of the data set. The 

asterisk indicates statistical significance at p <0.01. 

 
Figure 3-3: Bacterial community composition of SRO groups showing the top 20 dominant and 

remaining taxa in pre-QX (underlined by the blue bar), uninfected (underlined by the green bar) 

and QX-infected (underlined by the red bar). Data is summarised at the genus level. 
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 Figure 3-4: Extended error bar plot showing OTUs with a significant difference in relative 

abundance between the QX-infected and, pre-QX (A) and uninfected (B) groups.  

 

3.4.4 Correlation between environmental variables, QX disease and bacterial community 

 

We investigated correlations between measured environmental variables (Table 3-1) and specific 

OTUs to QX disease (Figure 3-5A). The MICtool software with Spearman correlation analysis 

identified 5 environmental parameters were negative and positive correlations with the relative 

abundance of 12 OTUs (SpearmanRho ≥ 0.1 or ≤ - 0.1, p < 0.05, Figure 3-5A, Supplementary 

Table 3-7). Of these environmental parameters, Phosphate displayed the strongest positive 

correlation with QX infection (SpearmanRho = 0.256 and p < 0.001) and pH exhibited the strongest 
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negative correlation with QX disease (SpearmanRho = -0.24 and p < 0.001). Additionally, 

Phosphate also was negatively correlated with a member of the Mycoplasma genus (OTU 11355) 

(SpearmanRho = -0.13 and p = 0.004), and positively correlated with OTU of the Candidatus 

Hepatoplasma genus (OTU 11357) (SpearmanRho = 0.48 and p < 0.001) (Figure 3-5B). 

 

QX disease was negatively correlated to the relative abundance of an OTU assigned to the 

Mycoplasma genus (OTU 11355) (SpearmanRho = -0.33 and p < 0.001) and were positively 

correlated with the relative abundance of with OTUs assigned to the Borrelia genus (OTU 1) 

(SpearmanRho = 0.38 and p < 0.001) and Candidatus Hepatoplasma genus (OTU 11357) 

(SpearmanRho = 0.31 and p < 0.001) to QX disease (Figure 3-5 and Supplementary Table 3-7).  

 

 

Figure 3-5: Network analysis showing significant correlations of QX disease with specific OTUs 

with measured environmental variables. Network analysis showing significant correlations of QX 

disease with specific OTUs with measured environmental variables (A). Correlation of 

environmental variables and QX disease with three dominant OTUs (B). Blue and red lines 

represent negative and positive correlations respectively. The lines (edges) are coloured by 

Spearman correlations – the darker the colour, the stronger the correlation. 
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Table 3-1: Environmental variables at each sampling point throughout the study. 
 

Time pH 
DO 

(mg/L) 

Temp. 

(0C) 

Conduct. 

(µS/cm) 

Nitrate  

(mg/L) 

Ammonia 

(mg/L) 

Phosphate 

(mg/L) 

Chlo. 

(µg/ml) 

Rainfall* 

8-Nov-

17 

9.8 8.7 19.9 50.5 0.027 ± 

0.006 

0.019 ± 

0.009 

0.012 ± 

0.003 

0.033 ± 

0.013 

Rainfall over 3 days occurred the day 

before sampling (5.13 mm/day) 

21-

Nov-17 

7.9 8.9 20.3 32.9 0.037 ± 

0.006 

0.027 ± 

0.008 

0.009 ± 

0.002 

0.030 ± 

0.07 

Rainfall event on day of sampling (1.3 

mm) 

5-Dec-

17 

7.8 7.4 23.8 49.9 0.115 ± 

0.069 

0.029 ± 

0.005 

0.0177 ± 

0.012 

0.138 ± 

0.15 

Rainfall over 3 days occurred 2 days 

before sampling (5.53 mm/day) 

15-

Dec-17 

9.0 7.4 26.4 33.8 0.023 ± 

0.027 

0.023 ± 

0.007 

0.027 ± 

0.002 

0.024 ± 

0.006 

Rainfall a day occurred 5 days before 

sampling (5.4mm) 

3-Jan-

18 

8.1 7.3 26 35.3 0.004 ± 

0.00 

0.013 ± 

0.002 

0.026 ± 

0.003 

0.0290 ± 

0.004 

Rainfall a day occurred 3 days before 

sampling (3mm) and event on day of 

sampling (1.5 mm) 

17-Jan-

18 

7.9 7.9 23.7 52.2 0.005 ± 

0.001 

0.013 ± 

0.002 

0.027 ± 

0.004 

0.034 ± 

0.02 

Rainfall 2 days occurred one week before 

sampling (23 mm) and the day before 

sampling (1.5 mm) 

29-Jan-

18 

8.0 7.1 27.2 52.5 0.005 ± 

0.002 

0.012 ± 

0.002 

0.038 ± 

0.005 

0.021 ± 

0.01 

Rainfall occurred over 2 days including 

day of sampling (1.0 mm/day) 

13-Feb-

18 

8.0 7.7 27.9 52.5 0.006 ± 

0.002 

0.014 ± 

0.004 

0.038 ± 

0.005 

0.019 ± 

0.003 

Rainfall over 2 days occurred one day 

before sampling (accumulated total of 4.0 

mm) 



 90 

27-Feb-

18^ 

7.9 7.0 24 46 0.013 ± 

0.015 

0.026 ± 

0.029 

0.050 ± 

0.009 

0.024 ± 

0.005 

Rainfall 2 events in 4 days occurred one 

week before sampling (accumulated total 

of 44.6 mm) 

13-

Mar-18 

7.5 7.5 24.7 49.4 0.027 ± 

0.006 

0.040 ± 

0.024 

0.044 ± 

0.014 

0.030 ± 

0.004 

Rainfall 4 days occurred 2 days before 

sampling (accumulated total of 18.2 mm 

27-

Mar-18 

7.7 8.0 22.9 47.5 0.011 ± 

0.008 

0.012 ± 

0.007 

0.035 ± 

0.003 

0.031 ± 

0.003 

Rainfall 4 days occurred 2 days before 

sampling (accumulated total of 27.8 mm 

11-

Apr-18 

8.1 7.6 24.9 49.6 0.030 ± 

0.01 

0.012 ± 

0.001 

0.034 ± 

0.002 

0.024 ± 

0.002 

No 

*Data obtain from (Bureau of Meteorology, 2019). Temp: temperature, Conduct: conductivity, Chlo: chlorophyll-a.  
^First week QX was detected.
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3.5  Discussion 
 

This study characterised SRO associated bacterial communities before and during a QX disease 

event. Consistent with previous studies in Pacific oysters (Lokmer et al., 2016b) and SROs 

(Nguyen et al., 2020), our results indicate that SRO associated bacterial communities are highly 

distinct from bacteria in the surrounding seawater. Over the study period, the SRO bacterial 

community was dominated by members of the Mycoplasma, Candidatus Hepatoplasma, 

Arcobacter and Borrelia genera. These findings are also consistent with our previous SRO 

bacterial community observations in two locations and over two seasons (Nguyen et al., 2020). 

Additionally, Mycoplasma are dominant in the microbiota of other oysters including Eastern 

oysters (Crassostrea virginica) (King et al., 2012) and Pacific oysters (King et al., 2019b; King 

et al., 2019c; Wegner et al., 2013). Temporal heterogeneity in the oyster bacterial community 

composition has previously been observed (Lokmer et al., 2016a; Pierce et al., 2016; Pierce & 

Ward, 2019) and was also observed here with a relative decline in Mycoplasma and a relative 

increase in Candidatus Hepatoplasma and Borrelia in the uninfected group when compared to 

the pre-QX group, correlating with SROs sampled during the Austral early autumn and summer 

seasons, respectively.  

 

We observed that the bacterial community of QX-infected SROs was significantly different to 

QX negative SROs (pre-QX and uninfected), consistent with a previous study that observed 

the digestive gland bacterial community of QX infected SROs to be different to those of 

uninfected SROs (Green & Barnes, 2010). Specifically, the QX-infected bacterial community 

appeared to become more tightly clustered than the pre-QX and uninfected bacterial 

communities and had reduced species richness. Parasitic infections reduce the filter-feeding 

capacity of mussels (Stier et al., 2015) which could also be occurring to SROs, thereby 

reducing the allochthonous input of bacteria and decreasing species richness. In this study, 
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bacterial community differences according to QX-infection were driven by changes in the 

relative abundance of OTUs assigned to the Mycoplasma, Candidatus Hepatoplasma and 

Borrelia. An OTU assigned to the Mycoplasma genus (OTU 11355) was significantly lower in 

the QX-infected group when compared to pre-QX as well as uninfected QX groups. This result 

is consistent with a previous study using a clone library approach that characterised the 

bacterial community associated with the digestive gland in QX infected and non-infected SROs 

(Green & Barnes, 2010). Additionally, we’ve previously observed that the relative abundance 

of Mycoplasma is higher in oysters bred for QX resistance compared to QX sensitive oysters 

in winter, but not summer (Nguyen et al., 2020). As Mycoplasma are consistently found to be 

dominant in healthy oysters such as Eastern oysters (King et al., 2012), Pacific oysters (King 

et al., 2019b; King et al., 2019c; Wegner et al., 2013) and SROs (Green & Barnes, 2010), this 

genus of bacteria may have an important role in oyster health with its decline an indication of 

an increased susceptibility to disease. Here, we observed a relative decrease in Mycoplasma in 

uninfected oysters during the QX outbreak compared to the pre-QX oysters with a further 

relative decrease in SROs that were infected. As there was no difference between the bacterial 

communities associated with early and late stage QX infected oysters, the decrease in 

Mycoplasma in QX infected oysters does not appear to decrease further as the disease 

progresses in the SRO. This result is consistent with a previous study showing that the bacterial 

community of the Eastern oyster did not correlate with infection intensity by the protist 

pathogen Perkinus marinus (Pierce et al., 2016). Our data suggests that a threshold reduction 

in Mycoplasma, which in our study positively correlated with phosphate, may be required for 

QX infection to occur rather than facilitating disease progression and may explain why QX 

resistant oysters are protected (Nguyen et al., 2020). Alternatively, it is possible that a relative 

decrease in Mycoplasma is simply a signature of a stressed host that is becoming, or has 

become, susceptible to QX infection.  
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In addition to the decrease in the relative abundance of Mycoplasma, increases in the relative 

occurrence of OTUs identified as members of the Candidatus Hepatoplasma and Borrelia were 

observed in the bacterial community of QX-infected oysters. Candidatus Hepatoplasma 

positively correlated with phosphate and negatively correlated with pH, whereas Borrelia 

positively correlated with nitrate. As was observed with Mycoplasma, increases in relative 

abundance in these OTUs occurred in the uninfected SROs when compared to the pre-QX 

SROs, with further increases in the QX infected group indicating a possible progressive 

replacement of Mycoplasma with bacteria from these genera. Candidatus Hepatoplasma has 

been reported in various other marine organisms such as starfish, lobster, coral (Meziti et al., 

2012; Nakagawa et al., 2017; van de Water et al., 2018) and SROs (Nguyen et al., 2020) 

however, their function in these marine organisms including SROs, if any, is currently 

unknown. In our previous study, a member belonging to the Candidatus Hepatoplasma genus 

was relatively more abundant in QX sensitive oysters compared to QX resistant oysters at one 

of two locations investigated, in winter but not summer (Nguyen et al., 2020). This may 

indicate Candidatus Hepatoplasma is important in QX disease or that its increase is a signature 

of QX disease or susceptibility. On the other hand, our previous study found an OTU belonging 

to Borrelia was overrepresented in QX resistant oysters, whereas in this study Borrelia was 

associated with QX infected oysters (Nguyen et al., 2020). This should be qualified by the fact 

that a 16S rRNA alignment show these Borrelia OTUs to not be identical and therefore, could 

be fulfilling different roles. Borrelia belongs to the Spirochaete phylum and has been detected 

in the crystalline styles (non-cellular cylindrical rods of a gelatinous texture found in digestive 

systems) of Pacific oysters (Husmann et al., 2010) as well as the digestive gland of healthy 

SROs (Green & Barnes, 2010), and sequences belonging to this phylum were recently 

identified as a member of the core Pacific oyster microbiota (King et al., 2020). Notably, a 
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bacterium belonging to the Spirochaete phylum has been implicated as the causative agents of 

Pearl oyster (Pinctada fucata martensii) disease (Matsuyama et al. 2017). As with 

Mycoplasma, whether the relative increase in Candidatus Hepatoplasma or Borrelia facilitates 

QX infection or their increase is a signature of QX susceptibility requires further investigation.  

 

3.6 Conclusion 
 

There is increasing evidence that the oyster bacterial community can play a role in oyster 

disease, but the impact of the SRO associated bacterial community on QX disease is yet to be 

resolved. Observing shifts in the bacterial community before and during a disease event is 

essential when attempting to interpret the interplay between disease and the bacterial 

community. This study has revealed that the bacterial communities associated with QX-

infected oysters are different from those of pre-QX and uninfected oysters. Bacterial 

community variations were mainly driven by the relative abundance changes of several key 

bacterial genera including the Mycoplasma, Candidatus Hepatoplasma and Borrelia, 

indicating possible roles for these bacteria in QX susceptibility. Additionally, this study has 

revealed that the bacteria associated with early QX-infected SROs did not differ from those in 

late QX-infected oysters, implying that the observed shifts in bacterial community composition 

occur shortly before or at the early stage of disease. This data will aid understanding of the 

potential involvement of the SRO bacterial community during QX disease and may identify 

specific bacterial groups that may be useful for monitoring SRO health.  
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3.8 Supplementary Information 
 

 
 
Supplementary Figure 3-1: Gel image of a PCR and tissue imprint for M. sydneyi diagnostic. 

A. Representative gel image of a PCR for M. sydneyi showing the results of 10 SROs. N = 

negative control, P = positive control, M = marker. B. Representative tissue imprint of the SRO 

digestive gland infected with M. sydneyi stained with Rapid diff kit stain showing mature 

sporonts (arrows). Scale bar = 10 µm.  

 
Supplementary Table 3-1: Sample numbers of SROs after removal of those with less than 

1000 reads. 

 Total oysters sampled Total oysters remaining 
after filtering 

Pre-QX 160 148 
QX-infected 63 52 
Uninfected 77 62 
Total 300 262 
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Supplementary Figure 3-2: Box and whisker plot of species richness (A), evenness (B) and 

diversity (C) for SRO and seawater bacterial communities. The x represents the mean of the 

data set. The asterisk indicates statistical significance at p <0.001. 
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Supplementary Table 3-2: Kruskal-Wallis ANOVA test of alpha diversity indices between 

the SRO and seawater bacterial communities. Species richness (Chao1) species evenness 

(Simpson) and species diversity (Shannon).   

Comparison H p-value 
Richness of SRO (n = 262) vs seawater (n = 36) 86.97 1.10E-20 
Evenness of SRO (n = 262 ) vs seawater (n =36) 48.01 4.24E-12 
Diversity of SRO (n = 262) vs seawater (n = 36) 51.29 7.95E-13 
 
 

 

Supplementary Figure 3-3: nMDS plot based on Bray-Curtis dissimilarity comparing the 

microbiota of 262 oysters and 36 seawater samples and showing separation of the SRO and 

seawater samples. Axes 1 and 2 are plotted. 95% ellipses are shown. Stress = 0.3511. 
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Supplementary Table 3-3: SIMPER analysis of the SRO and seawater bacterial communities. 

The top 10 OTUs are displayed with their dissimilarity contribution and mean representation. 

Dissimilarity contribution is cumulative.  

 

Taxon 
Contrib. 

% 
Mean  
SRO 

Mean  
Water 

Mycoplasma genus (OTU 11355) 9.255 17.4 0.00326 
Candidatus Actinomarina genus (OTU 16613) 7.139 0.0463 13.4 
Candidatus Hepatoplasma genus (OTU 11357) 6.645 12.5 0 
NS5 marine group genus (OTU 4487) 4.641 0.0877 8.79 
Arcobacter genus (OTU 17190) 4.151 7.77 0.00281 
Borrelia genus (OTU 1) 3.901 7.36 0 
SAR86 clade family (OTU 7230) 3.497 0.0761 6.65 
OM43 clade genus (OTU 2629) 2.231 0.0302 4.22 
Mycoplasma genus (OTU 11453) 1.939 3.64 0 
NS4 marine group genus (OTU 9352) 1.735 0.0248 3.28 
 
 
Supplementary Table 3-4: Alpha diversity comparisons across pre-QX, QX-infected and 

uninfected bacterial communities including species richness (Chao1) species evenness 

(Simpson) and species diversity (Shannon).   

  H p-value 
Richness 

Pre-QX (n =148) vs Uninfected (n = 62) 0.1781 0.673 
Pre-QX (n=148) vs QX-infected (n =52) 6.928 0.0085 
Uninfected (n = 62) vs QX-infected (n = 52) 2.913 0.0878 

Evenness 
Pre-QX (n =148) vs Uninfected (n = 62) 1.513 0.2188 
Pre-QX (n=148) vs QX-infected (n =52) 0.01368 0.9069 
Uninfected (n = 62) vs QX-infected (n = 52) 1.037 0.3085 

Diversity 
Pre-QX (n =148) vs Uninfected (n = 62) 0.2454 0.6203 
Pre-QX (n=148) vs QX-infected (n =52) 0.06855 0.7935 
Uninfected (n = 62) vs QX-infected (n = 52) 0.03967 0.8422 
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Supplementary Figure 3-4: nMDS plot based on Bray-Curtis dissimilarity comparing the 

microbiota of 148 pre-QX oysters, 62 uninfected oysters and 52 QX-infected oysters and 

showing tighter clustering of the QX-infected bacterial communities compared to those from 

the pre-QX and uninfected groups. Axes 1 and 2 plotted. 95% ellipses are shown. Stress = 

0.4094. 
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Supplementary Table 3-5: SIMPER analysis of the SRO bacterial communities between the 

QX-infected and pre-QX SRO groups. The top 10 OTUs are displayed with their dissimilarity 

contribution and mean representation. Dissimilarity contribution is cumulative. 

 

Taxon Contrib. % 
Mean QX-

infected 
Mean Pre-

QX  
Candidatus Hepatoplasma genus (OTU 11357) 14.54 21.3 8.97 
Mycoplasma genus (OTU 11355) 12.47 6.99 20 
Borrelia genus (OTU 1) 7.543 15.1 5.17 
Arcobacter genus (OTU 17190) 6.487 3.06 8.58 
Mycoplasma genus (OTU 11453) 3.38 0.605 5.64 
Cellulophaga genus (OTU 9296) 1.948 0.854 2.67 
Mycoplasma genus (OTU 14108) 1.333 2.16 0.145 
Algitalea genus (OTU 8064) 1.13 0.344 1.72 
Mycoplasma genus (OTU 11532) 1.116 0.802 1.31 
Mycoplasmataceae family (OTU 375) 1.108 0.282 1.7 

 

Supplementary Table 3-6: SIMPER analysis of the SRO bacterial communities between the 

QX-infected and uninfected groups. The top 10 OTUs are displayed with their dissimilarity 

contribution and mean representation. Dissimilarity contribution is cumulative. 

 

Taxon 
Contrib. 

% 
Mean 

QX-Infected 
Mean 

Uninfected 
Candidatus Hepatoplasma genus (OTU 11357) 15.58 21.3 13.6 
Mycoplasma genus (OTU 11355) 12.85 6.99 19.7 
Borrelia genus (OTU 1) 8.132 15.1 6.09 
Arcobacter genus (OTU 17190) 7.253 3.06 9.81 
Streptococcus genus (OTU 11123) 2.521 1.62 2.9 
Mycoplasma genus (OTU 14108) 1.472 2.16 0.406 
Shewanella genus (OTU 1149) 1.237 0.382 1.72 
Guggenheimella genus (OTU 14367) 1.151 1.35 0.769 
Cellulophaga genus (OTU 9296) 1.144 0.854 1.13 
Mycoplasmataceae family (OTU 375) 1.107 0.282 1.63 
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Supplementary Table 3-7: Mictools identified significant correlations between environmental variables, QX-infected and bacterial communities. 

The strength of the correlation is the MICe estimator of the maximal information coefficient and the Spearman’s rank correlation.  

 
Var1 Var2 TICePVal SpearmanRho MICe 
pH QX disease 1.50E-06 -0.235183 0.321111 
pH Mycoplasma genus (OTU 11355) 3.03E-03 0.147208 0.096662 
pH Candidatus Hepatoplasma genus (OTU 11357) 1.50E-06 -0.404316 0.447098 
pH Mycoplasma genus (OTU 11453) 3.78E-04 0.171785 0.146256 
pH Cellulophaga genus (OTU 9296) 7.42E-06 0.201472 0.253525 
pH Polaribacter 4 genus (OTU 9546) 3.19E-04 0.180566 0.141195 
pH Mycoplasmataceae family (OTU 375) 1.50E-06 0.340097 0.191098 
pH Flavobacteriaceae family (OTU 11123) 1.92E-04 -0.152811 0.151018 
pH Algitalea genus (OTU 8064) 9.21E-06 0.182705 0.25009 
pH Endozoicomonas genus (OTU 2823) 3.34E-05 0.167359 0.139445 
pH Flavobacteriaceae family (OTU 4366) 9.21E-06 0.226591 0.199638 
DO QX disease 1.50E-06 0.110473 0.321111 
DO Candidatus Hepatoplasma genus (OTU 11357) 1.50E-06 0.135766 0.447098 
DO Mycoplasma genus (OTU 11453) 8.81E-05 -0.198085 0.146256 
DO Cellulophaga genus (OTU 9296) 1.50E-06 0.195894 0.295548 
DO Mycoplasma genus (OTU 11532) 2.74E-03 0.136652 0.087691 
DO Algitalea genus (OTU 8064) 1.50E-06 0.258033 0.267426 
DO Family XIII family (OTU 11608) 5.09E-04 -0.156773 0.106174 
DO Flavobacteriaceae family (OTU 4366) 1.50E-06 0.221091 0.232877 

Temperature Algitalea genus (OTU 8064) 1.50E-06 -0.334097 0.267426 
Temperature Cellulophaga genus (OTU 9296) 1.50E-06 -0.276631 0.295548 
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Temperature Endozoicomonas genus (OTU 2823) 1.04E-03 0.116894 0.138374 
Temperature Family XIII family (OTU 11608) 1.47E-04 0.156604 0.155144 
Temperature Flavobacteriaceae family (OTU 4366) 1.50E-06 -0.284532 0.232877 
Temperature Mycoplasma genus (OTU 11453) 4.12E-06 0.228194 0.1552 
Temperature Mycoplasma genus (OTU 11532) 4.06E-04 -0.189773 0.091866 
Temperature Mycoplasmataceae family (OTU 375) 7.42E-06 0.12943 0.191098 
Conductivity Candidatus Hepatoplasma genus (OTU 11357) 1.50E-06 0.209775 0.44696 
Conductivity Cellulophaga genus (OTU 9296) 2.52E-05 -0.126784 0.252389 
Conductivity Algitalea genus (OTU 8064) 4.12E-06 -0.252473 0.248904 
Conductivity Endozoicomonas genus (OTU 2823) 1.08E-04 0.124449 0.132741 
Conductivity Family XIII family (OTU 11608) 2.21E-02 -0.127195 0.110806 
Conductivity Flavobacteriaceae family (OTU 4366) 1.71E-04 -0.108589 0.198777 

Nitrate QX disease 9.21E-06 0.151443 0.27829 
Nitrate Candidatus Hepatoplasma genus (OTU 11357) 4.12E-06 -0.231354 0.363364 
Nitrate Borrelia genus (OTU 1) 2.53E-05 0.233855 0.149747 
Nitrate Cellulophaga genus (OTU 9296) 1.50E-06 0.260755 0.187637 
Nitrate Polaribacter 4 genus (OTU 9546) 1.43E-03 0.108949 0.109901 
Nitrate Mycoplasmataceae family (OTU 375) 1.52E-04 -0.240421 0.128286 
Nitrate Algitalea genus (OTU 8064) 5.20E-06 0.259354 0.195047 
Nitrate Endozoicomonas genus (OTU 2823) 3.34E-04 -0.140059 0.15302 
Nitrate Flavobacteriaceae family (OTU 4366) 4.28E-05 0.214131 0.139136 

Ammonia QX disease 1.50E-06 -0.230525 0.318801 
Ammonia Candidatus Hepatoplasma genus (OTU 11357) 1.50E-06 -0.220919 0.35888 
Ammonia Mycoplasma genus (OTU 11453) 2.53E-05 0.134928 0.138304 
Ammonia Cellulophaga genus (OTU 9296) 1.50E-06 0.294369 0.249948 
Ammonia Polaribacter 4 genus (OTU 9546) 6.00E-04 0.156712 0.103566 
Ammonia Flavobacteriaceae family (OTU 11123) 6.68E-04 -0.117107 0.138616 
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Ammonia Algitalea genus (OTU 8064) 1.50E-06 0.221032 0.245722 
Ammonia Flavobacteriaceae family (OTU 4366) 1.50E-06 0.218199 0.195927 
Phosphate QX disease 1.50E-06 0.256159 0.321111 
Phosphate Mycoplasma genus (OTU 11355) 4.00E-03 -0.126947 0.11536 
Phosphate Candidatus Hepatoplasma genus (OTU 11357) 1.50E-06 0.47678 0.447098 
Phosphate Cellulophaga genus (OTU 9296) 1.50E-06 -0.4111 0.295548 
Phosphate Polaribacter 4 genus (OTU 9546) 2.27E-04 -0.155591 0.12566 
Phosphate Mycoplasmataceae family (OTU 375) 3.09E-04 -0.162255 0.191098 
Phosphate Mycoplasma genus (OTU 11532) 1.47E-03 -0.216891 0.104514 
Phosphate Flavobacteriaceae family (OTU 11123) 1.50E-06 0.233974 0.151018 
Phosphate Algitalea genus (OTU 8064) 1.50E-06 -0.463778 0.267426 
Phosphate Endozoicomonas genus (OTU 2823) 2.00E-03 -0.140369 0.144835 
Phosphate Flavobacteriaceae family (OTU 4366) 1.50E-06 -0.410508 0.232877 

Chlorophyll-a Mycoplasma genus (OTU 11453) 6.04E-05 -0.241065 0.146256 
Chlorophyll-a Cellulophaga genus (OTU 9296) 8.24E-04 0.123293 0.253525 
Chlorophyll-a Mycoplasmataceae family (OTU 375) 3.05E-04 -0.114259 0.191098 
Chlorophyll-a Mycoplasma genus (OTU 11532) 5.34E-04 0.178426 0.119964 
Chlorophyll-a Algitalea genus (OTU 8064) 6.94E-04 0.158673 0.25009 
Chlorophyll-a Flavobacteriaceae family (OTU 4366) 6.67E-04 0.132813 0.199638 

QX disease Mycoplasma genus (OTU 11355) 1.50E-06 -0.32586 0.176362 
QX disease Candidatus Hepatoplasma genus (OTU 11357) 1.50E-06 0.310233 0.155186 
QX disease Borrelia genus (OTU 1) 1.50E-06 0.381101 0.204946 
QX disease Mycoplasma genus (OTU 11453) 9.21E-06 -0.22356 0.135512 
QX disease Cellulophaga genus (OTU 9296) 1.92E-04 -0.221664 0.097147 
QX disease Polaribacter 4 genus (OTU 9546) 1.35E-02 -0.149997 0.097341 
QX disease Mycoplasmataceae family (OTU 375) 1.50E-06 -0.349447 0.198049 
QX disease Mycoplasma genus (OTU 11532) 4.38E-02 -0.116075 0.07005 
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QX disease Flavobacteriaceae family (OTU 11123) 4.79E-04 0.22631 0.141314 
QX disease Algitalea genus (OTU 8064) 6.27E-03 -0.156114 0.083341 
QX disease Endozoicomonas genus (OTU 2823) 8.84E-04 -0.201124 0.08802 
QX disease Flavobacteriaceae family (OTU 4366) 6.55E-05 -0.212611 0.073277 
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4.1 Abstract 

 

We sought to examine the variability in the microbiota of Sydney rock oysters (SROs; 

Saccostrea glomerata) across families and identify taxa indicative of healthy or QX-infected 

SROs. Using 16S rRNA gene (V1 – V3 region) amplicon sequencing, we examined the SRO 

microbiota associated with four SRO families deployed in Georges River, New South Wales 

(NSW) Australia where Queensland unknown (QX) disease is seasonally recurrent. Sampling 

was conducted fortnightly over 22 weeks with a QX disease event detected 16 weeks after the 

first sampling time point. Overall, the microbiota of SRO was significantly different between 

families with the variation mainly driven by OTUs assigned to the Mycoplasma, Arcobacter 

and Candidatus Hepatoplasma genera. OTUs assigned to Mycoplasma, Candidatus 

Hepatoplasma and Borrelia genera were identified as core and linked to the QX disease event. 

Of these, shifts in the Mycoplasma and Borrelia OTUs were consistent across all families and 

were selected for qPCR to measure absolute abundance. The absolute abundance of 

Mycoplasma increased in the QX-infected group compared to the pre-QX group, contrary to 

the 16S rRNA gene sequencing results possibly indicating that one (or more) Mycoplasma 

OTU(s) is replaced by other Mycoplasma OTUs. Additionally, an increase in the absolute 

abundance of Borrelia in QX-infected SRO compared to pre-QX SRO was observed which is 

consistent with the 16S rRNA gene sequencing data and therefore, may be a good taxa for 

assessing the health of SROs or their susceptibility to QX disease. 

Keywords: Core microbiota, Sydney rock oyster, QX disease, Mycoplasma, Borrelia.  
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4.2  Introduction 

 

In many higher marine organisms, the microbiota can benefit their host in multiple ways such 

as assisting nutrient uptake (Ainsworth et al., 2015) or producing antimicrobial substances that 

inhibit pathogens (Bakkiyaraj et al., 2013; Desriac et al., 2014; Shnit-Orland & Kushmaro, 

2009). However, the microbiota can also harbour opportunistic or pathogenic bacteria that can 

cause disease under the right conditions (Roder et al., 2014). Despite the variability in 

microbiota composition, there are often core members that are conserved over geographic 

scales (Ainsworth et al., 2015) and time (Aronson et al., 2017). A core microbiota is defined 

as members that are shared among microbiota from similar habitats (Shade & Handelsman, 

2012). Based on this definition, a core microbiota can be identified based on shared OTU 

occurrence over time and across communities (Hernandez-Agreda et al., 2018; Huse et al., 

2012; King et al., 2012; King et al., 2019c; Lawson et al., 2018; Schmitt et al., 2012), and 

OTUs present from 50 % to 100 % of samples can be considered as core microbiota 

(Hernandez-Agreda et al., 2016; ; Lawson et al., 2018; Schmitt et al., 2012). Depending on the 

research question, an appropriate definition of core microbiota is applied to identify the stable 

and consistent members across complex microbial assemblages (Shade & Handelsman, 2012). 

Due to their conservation across habitats, core microbiota are thought to have an important 

functional role and act as good targets for studies investigating host-microbial interactions 

(Astudillo-Garcia et al., 2017).  

 

In Pacific oysters (Crassostrea gigas), there is increasing evidence for the role of the 

microbiota in health and disease (King et al., 2019b; King et al., 2019c; Lokmer & Wegner, 

2015; Petton et al., 2015; Wegner et al., 2013) with shifts in microbiota composition becoming 

linked to disease (de Lorgeril et al., 2018; King et al., 2019b). However, the microbiota of 
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oysters are influenced by multiple factors such as geographic location and associated 

environmental parameters, time and genetics (King et al., 2019c; Lokmer et al., 2016b; Nguyen 

et al., 2020; Trabal et al., 2012; Wegner et al., 2013). Because of the diversity, complexity and 

high dynamic nature of microbiota in the oysters, studies in the Eastern oyster (King et al., 

2012) and Pacific oyster (King et al., 2019c; Lasa et al., 2019) have characterised the core 

microbiota to assist in understanding the functional role of specific taxa. One previous study 

identified OTUs from the the Winogradskyella genus and the Bradyrhizobiaceae family as core 

in Pacific oyster families resistant to OsHV-1 (King et al., 2019c) and suggested that these 

might may play a role in OsHV-1 disease resistance (King et al., 2019c).  

 

The factors shaping the microbiota of the Sydney rock oyster (SRO; Saccostrea glomerata) are 

only beginning to be studied including in the context of the devastating Queensland unknown 

(QX) disease (Chapter 2; (Nguyen et al., 2020). In chapter 2, we observed that the SRO 

microbiota is dominated by OTUs assigned to the Endozoicomonas, Mycoplasma and 

Candidatus Hepatoplasma genera (Chapter 2; (Nguyen et al., 2020) and that the microbiota of 

SROs is influenced by location, season and genetics associated with selectively breeding for 

QX disease resistance (Chapter 2; (Nguyen et al., 2020)). QX disease resistance was a factor 

in winter and not in the summer however, winter is before the typical QX disease infection 

period. OTUs belong to the Mycoplasma, Borrelia and Endozoicomonas genera were over-

represented in the microbiota of QX resistant SROs whereas, OTUs assigned to the 

Pseudoalteromonas, Vibrio, and Candidatus Hepatoplasma genera were over-represented in 

QX-sensitive SROs (Chapter 2; (Nguyen et al., 2020)). In chapter 3, we observed that the 

microbiota of SROs infected with the QX pathogen Marteilia sydneyi was significantly 

different from SROs sampled prior to the outbreak (pre-QX) and from those negative for QX 

during the outbreak (uninfected). OTUs belonging to the Borrelia and Candidatus 
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Hepatoplasma genera were over-represented in QX infected oysters, while OTUs assigned to 

the Mycoplasma genus were over-represented in pre-QX and uninfected oysters. Here, it is 

hypothesised that there are key indicator taxa that can be used to differentiate QX-diseased and 

healthy Sydney rock oysters. To test this hypothesis, we examined the variability in the SRO 

microbiota across four SRO families and then identify core OTUs for further analyses. Finally, 

we develop and trial two qPCR methods for measuring the absolute abundance of two core 

OTUs before and during a QX disease event.  
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4.3  Methods 

4.3.1 Experimental design and sampling 

 

The experimental design and sampling are provided in detail in chapter 3. Briefly, four families 

within intermediate QX resistance (Table 1) were deployed on the 20th of September 2017 in 

Georges River, NSW Australia (33°59'19"S 151°03'21"E) 7 weeks before the commencement 

of sampling. Oysters were collected every fortnight over 22 weeks with a QX outbreak detected 

16 weeks into the experiment. Oysters were randomly collected from cultivation trays, placed 

into a labelled plastic bag and kept on ice for transport within one hour to the laboratory and 

processed as described in chapter 3.  

 

Table 4-1: 2016-year class Sydney rock oyster average family survival (n = 3, ± SD) following 

exposure to QX disease at Lime Kiln Bar, Georges river.  

Oysters were deployed to Lime Kiln Bar on 8 February 2017 and oyster survival was counted 
on 9 July 2018. 
 

Family line Average survival (%) 
F32 20 ± 10.6 
F43 33 ± 3 
F48 41 ± 3.6 
F67 41.3 ± 11 

 

4.3.2  DNA extractions, 16S rRNA gene amplicon sequencing and bioinformatics 

 

DNA extractions, 16S rRNA gene amplicon sequencing and bioinformatics methodologies are 

provided in detail in chapter 3. Briefly, approximately 25-50 mg of adductor muscle tissue was 

used for DNA extraction using the Qiagen DNeasy Blood and Tissue DNA Extraction Kit 

(Qiagen, Germany), according to the manufacturer’s instructions. Extracted DNA was 

amplified by PCR targeting the 16S rRNA gene V1–V3 region using the 27F (5′-AGAG 
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TTTGATCMTGGCTCAG-3′) and 519R (5′- GWATTACCGCGGCKGCTG-3′) primer pair 

(Lane, 1991; Turner et al., 1999). Amplicons were sequenced using the Illumina MiSeq 

platform (2 × 300 bp) at the Ramaciotti Centre for Genomics (University of New South Wales, 

Sydney, Australia). 

 

Demultiplexed paired-end reads were combined using FLASH (Magoč & Salzberg, 2011) and 

trimmed using Mothur (Schloss et al., 2009). Fragments were clustered into operational 

taxonomic units (OTUs) at 97% sequence similarity, and chimeric and singletons sequences 

were identified and removed using VSEARCH (Rognes et al., 2016). Taxonomic assignment 

of OTUs was performed in QIIME version 1.9.1 (Caporaso et al., 2010) using the UCLUST 

algorithm (Edgar, 2010) against the SILVA v128 dataset (Quast et al., 2013). Mitochondrial 

and chloroplast data were filtered out of the dataset. Alpha diversity indices, including Chao1, 

Simpson and Shannon were calculated using QIIME (Caporaso et al., 2010). 

 

4.3.3 PCR detection of the QX pathogen Marteilia sydneyi 

 

PCR detection of M. sydneyi are given detail in chapter 3 using the primers LEG1 (5’-

CGATCTGTGTAGTCGGATTCCGA) and PRO2 (5’-TCAAGGGACATCCAACGGTC) as 

previously developed by Kleeman and Adlard (2000).  

 

4.3.4 Core microbiota analysis 

 

We used the panbiom.py analysis described in Kahlke (2017) to identify the core microbiota 

for each family within each of the pre-QX, uninfected and QX-infected groups. No core 

microbiota was identified when the replicate threshold (-r parameter) was set at 100 % or 90 
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% therefore, the replicate threshold was set to 80 % defined as OTUs present in at least 80% 

of samples. When showing the core microbiota shared between families within each group, the 

online tool of Bioinformatics & Evolutionary Genomics was used to generate Venn diagrams 

(http://bioinformatics.psb.ugent.be/webtools/Venn/).  

 

4.3.5 Quantitative PCR (qPCR)  
 

In order to quantify Borrelia genus OTU 1 and Mycoplasma genus OTU 11355, the sequence 

of these OTUs were extracted from the 16S rRNA gene sequencing data (Supplementary Table 

4-1). These sequences were aligned against previously published Borrelia and Mycoplasma 

primers (Supplementary Table 4-2) using Molecular Evolutionary Genetics Analysis (MEGA) 

software version 10.1.1 (Kumar et al., 2018) to test the compatibility of these primers to these 

sequences. For the Borrelia primers, the alignment results showed the forward S0775 primer 

to have only one single nucleotide mismatch to the sequence of Borrelia genus OTU 1 

(Supplementary Figure 4-1A). We slightly modified the primer to produce BoR_F 5’-

TCCTACGGGAGGCAGCAGC-3’ (modified nucleotide shaded grey). As the reverse primer 

(S0776) target region was outside of the Borrelia genus OTU 1 sequence (Supplementary 

Figure 4-1A), we designed a new reverse primer from our Borrelia genus OTU 1 sequence 

using the Primer-BLAST tool (Ye et al., 2012) setting BoR_F as the forward primer. From 

this, 10 possible primer pairs were generated and when these were BLASTED to existing 

sequences in the NCBI database, one pair (BoR_F: 5’-TCCTACGGGAGGCAGCAGC-3’ and 

BoR_R: 5’- TCCTAGCTTACCGTCATCGCA-3) consistently aligned with sequences from 

Borrelia species and were selected for qPCR assay development. The primer pair generates a 

product of 156 bp in length. 

 

http://bioinformatics.psb.ugent.be/webtools/Venn/
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For the published Mycoplasma primers, none annealed to our Mycoplasma genus OTU 11355 

sequence due to their targeting of regions outside V1-V3. We made the assumption that if our 

Mycoplasma genus (OTU 11355) sequence was 99-100% match to a sequence in the NCBI 

GenBank database, we could use this to assess the published primers and modify them where 

necessary. On BLASTing our Mycoplasma genus (OTU 11355) sequence against NCBI, we 

retrieved a sequence with 100% coverage and 99.79% identity to a sequence with accession 

number FM995178.1. We then used this sequence for aligning to the previously published 

Mycoplasma primers (Supplementary Table 4-2) with the alignment showing primers F4 and 

R4 having one and four single nucleotide mismatches respectively (Supplementary Figure 4-

1B). We modified the F4 and R4 primers to produce Myco_F: 5’- 

CTCCGCCTGAGTAGTATGC-3’ and Myco_R: ‘5-CACCTGTCTCAATGTTAACCTC-3’ 

(modified nucleotides shaded grey) generating a product of 169 bp. We BLASTED the primer 

pair and they showed consistent alignment with sequences catalogued as Mycoplasma species 

and were therefore selected for qPCR assay development.  

 

Quantitative PCR (qPCR) was conducted using an epMotion 5075l Automated Liquid 

Handling System integrated with a Bio-Rad CFX384 Touch Real-Time PCR Detection 

System. All analyses were performed with three technical replicates with a standard curve 

using synthetic oligonucleotides as negative controls. Each reaction mixture contained: 2.5 L 

iTaq Universal SYBR Green Supermix, 0.2 L of each 10 M forward and 10 M reverse 

primers, 1 L of template DNA, and 1.1 L of sterile water. For the Borrelia qPCR, cycling 

conditions were 95C for 3 minutes followed by 40 cycles of 95C for 15 seconds, 53C for 

30 seconds, 72C for 30 seconds and data collection at 770C for 15 seconds. For the 

Mycoplasma qPCR, cycling conditions were 95C for 3 minutes followed by 40 cycles of 95C 

for 15 seconds, 47.5C for 30 seconds and data collection at 72C for 30 seconds. A melting 
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curve was added to the end of every run to confirm the presence of a single PCR product. All 

qPCR data was normalised to tissue weight. A coefficient of variation (CV) was then calculated 

for the technical triplicates, and where necessary, samples with CV > 2% had a replicate 

removed from the analysis. 

 

4.3.6 Statistical analyses 

 

Comparison of alpha diversity, including richness (Chao1), species evenness (Simpson) and 

species diversity (Shannon) between families were performed using a Kruskal-Wallis test. 

Non-metric multidimensional scaling (nMDS) was used to visualise distance matrices between 

sample groups. To determine significantly different microbiota structures, one-way 

PERMANOVA with 9999 permutations was used. The relative abundance was normalised 

(square root (x) before running a One-way PERMANOVA. Similarity Percentages (SIMPER) 

was used to identify the observed dissimilarity of the microbiota between groups. Beta diversity 

analyses were performed with a Bray-Curtis dissimilarity index. Comparisons of 16S rRNA 

gene copies (16S rRNA qPCR) were performed with a Kruskal-Wallis statistical test. All 

comparisons, including Kruskal-Wallis, nMDS, PERMANOVA and SIMPER were performed 

in the PAST statistical environment (Hammer et al., 2001).   
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4.4  Results 

4.4.1 Sequence reads and data filtering 

 
Following amplicon sequencing of the 300 oyster samples and removal of samples with less 

than 1,000 reads, a total of 1,949,501 reads were obtained from 262 SROs. After data filtering, 

a total of 3,492 OTUs were identified across the entire dataset. A total of 148 oysters were pre-

QX with the remaining 114 oysters collected after detection of QX disease consisting of 52 

QX-infected and 62 uninfected. The numbers of remaining oysters for each family (F32, F43, 

F48 and F67) ranged from 63 to 69 (Table 4-2).  

 

Table 4-2: Number of oysters sampled and remaining after removal of those with less than 

1000 reads for each family within the pre-QX, uninfected and QX-infected groups. 

 

Family Pre-QX Uninfected QX-infected Total 
S R S R S R S R 

F32 40 36 9 6 26 21 75 63 

F43 40 38 25 20 10 9 75 67 

F48 40 36 21 17 14 10 75 63 

F67 40 38 22 19 13 12 75 69 
 
S: oysters sampled, R: oysters remaining after filtering 

 

4.4.2 Variability of the SRO microbiota across families 

 

We examined whether the SRO microbiota for the pre-QX, uninfected and QX-infected groups 

differed across the four families. Overall, alpha indices did not significantly differ between the 

families in each group (Kruskal-Wallis test, p>0.05; Figure 4-1 and Supplementary Table 4-

3), except in the QX-infected group where F32 and F67 were significantly different in species 

diversity (Kruskal-Wallis test, H = 6.961, p = 0.0083) and species evenness (Kruskal-Wallis 
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test; H = 5.25, p = 0.02498) (Figure 4-1 and Supplementary Table 4-3). No clear dissimilarity 

of the microbiota composition between families was observed in a 3D nDMS plots (Figure 4-

2) however, statistical analyses showed that most of the SRO microbiota of the families 

differed from one another in each group (Table 4-3).  
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Figure 4-1: Box and whisker plots of species richness (Chao 1), evenness (Simpson) and 

diversity (Shannon) of each SRO family within the pre-QX (A), uninfected (B) and QX-

infected groups (C). The x represents the mean of the data set. The single and two asterisks 

indicate statistical significance at p<0.05 and p<0.01 respectively.
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Figure 4-2: 3D nMDS plot based on Bray-Curtis dissimilarity for comparison of the SRO microbiota across families within the pre-QX (A), 

uninfected (B) and QX-infected groups (C).  Axes 1 and 2 are plotted.   
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Table 4-3: PEMANOVA results comparing the microbiota between families in each group. 
 
 

Family F32 F43 F48 
Pre-QX 

F43 F = 1.78, p = 0.0059   
F48 F = 1.421, p = 0.0607 F = 1.548, p = 0.0265  
F67 F = 3.696, p = 0.0001 F = 4.4, p = 0.0001 F = 2.759, p = 0.0022 

Uninfected 
F43 F = 1.285, p = 0.164   
F48 F = 1.504, p = 0.0452 F = 1.727, p = 0.0204  
F67 F = 1.401, p = 0.0501 F = 1.872, p = 0.0107 F = 1.143, p = 0.229 

QX-infected 
F43 F = 1.366, p = 0.0648   
F48 F = 2.3, p = 0.0008 F = 1.481, p = 0.0243  
F67 F = 1.887, p = 0.0041 F = 1.72, p = 0.0032 F = 2.182, p = 0.001 

 

When using data summarised at the genus level, SIMPER analysis showed substantial 

variability in the microbiota composition between families in each group and was mainly 

driven by OTUs assigned to the Mycoplasma, Candidatus Hepatoplasma and Arcobacter 

genera (Figure 4-3). In the pre-QX group, SIMPER analyses showed that the microbiota of F32 

was 77.57% and 85.5% dissimilar to those of F43 and F67 respectively. An OTU assigned to 

the Mycoplasma genus (OTU 11355) was under-represented in F32 compared to F43 driving 

18.1% of the dissimilarity (Supplementary Table 4-4) and, an OTU belonging to the 

Arcobacter genus (OTU 17190) was under-represented in comparison to F67 family driving 

14.5% of the dissimilarity (Supplementary Table 4-5). The microbiota of F43 were 77.3% and 

81.2% dissimilar to F48 and F67 respectively. An OTU assigned to the Mycoplasma genus 

(OTU 11355) was over-represented in F43 compared to F48 and F67 driving 19.2% and 16.4% 

of the dissimilarity respectively (Supplementary Table 4-6 and 4-7). The microbiota of F48 

was found to be 83.8% dissimilar to those of F67 with an OTU assigned to the Arcobacter 

genus (OTU 17190) under-represented in F48 and contributing 17.5% dissimilarity 

(Supplementary Table 4-8).  
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Within the uninfected group, SIMPER analyses showed that the microbiota of F32 was 83.6% 

dissimilar to those of F48 with an OTU assigned to the Mycoplasma genus (OTU 11355) over-

represented in F32 compared to F48 and driving 23.1% of the dissimilarity (Supplementary 

Table 4-9). The microbiota of F43 were 85.7% and 84.8% dissimilar to F48 and F67 

respectively. An OTU assigned to the Candidatus Hepatoplasma genus (OTU 11357) was 

over-represented in F43 compared to F48 and F67 driving 17.7% and 18.3% of the dissimilarity 

respectively (Supplementary Table 4-10 and 4-11).  

 

In the QX-infected group, the microbiota of F32 were 81.9% and 83.7% dissimilar to those of 

F48 and F67 respectively with an OTU assigned to the Candidatus Hepatoplasma genus (OTU 

11357) over-represented in F32 compared to F48 and F67 and driving 18.7% of the 

dissimilarity for both (Supplementary Table 4-12 and 4-13). The microbiota of F43 were 79.6% 

and 83.4% dissimilar to F48 and F67 respectively with an OTU assigned to the Candidatus 

Hepatoplasma genus (OTU 11357) over-represented in F43 when compared to F48 and F67 

driving 17.4% and 17.5% of the dissimilarity respectively (Supplementary Table 4-14 and 4-

15). The microbiota of F48 was found to be 85.2% dissimilar to those of F67 with an OTU 

assigned to the Candidatus Hepatoplasma genus (OTU 11357) under-represented in F48 and 

contributing 9.4% of dissimilarity (Supplementary Table 4-16).  
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Figure 4-3: Average microbiota composition of SRO showing the top 20 dominant and grouped remaining taxa (others) in families in the pre-QX, 

uninfected and QX-infected groups. Data is summarised at the genus level. 
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4.4.3 Core microbiota within and across groups 

  

Given the variability in the SRO microbiota across families, we decided to focus on the core 

microbiota for each family in the pre-QX, QX-infected and uninfected groups. Each family 

had a small number of core OTUs ranging from 3 to 15 OTUs (Supplementary Table 4-17). To 

determine core taxa which consistent occurrence across the families in each group (pre-QX, 

uninfected and QX-infected), Venn diagrams were generated using the online tool of 

Bioinformatics & Evolutionary Genomics (Figure 4-4A). An OTU assigned to the Mycoplasma 

genus (OTU 11355) was core only in the pre-QX group whereas, Candidatus Hepatoplasma 

genus (OTU 11357) was core during the QX disease event in the uninfected and QX-infected 

groups (Figure 4-4A). Notably, OTU 1 from the Borrelia genus was core in all groups. We 

further examined shifts of these core microbiota for each family. Our data showed that the 

relative abundance of OTU 11355 from the Mycoplasma genus was over-represented in pre-

QX and uninfected oysters, whereas the relative abundance of OTU 1 from the Borrelia genus 

was more abundant in QX-infected oysters. These shifts were observed in all families (Figure 

4-4B). Changes in the relative abundance of OTU 11357 from the Candidatus Hepatoplasma 

genus in pre-QX and QX-infected SROs differed with this member over-represented in QX-

infected SROs only for F32 and F48 but not for the other families. Therefore, OTU 11355 and 

OTU 1 from Mycoplasma and Borrelia genera respectively were selected for qPCR analyses. 
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Figure 4-4: Core microbiota and shifts according to health group. Core microbiota is defined 

as OTUs present in at least 80% of samples. Shared core microbiota between families within 

pre-QX, uninfected and QX-infected SROs (A). Shifts in average relative abundance of shared 

core microbiota (B).  
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4.4.4 Shifts in abundances of Borrelia and Mycoplasma inferred from qPCR  

  

We performed qPCR to accurately quantify the abundance of Borrelia and Mycoplasma in the 

SRO families. Overall, the assay showed the qPCR performance was sufficient to quantify 

abundance in at least a portion of Borrelia and Mycoplasma OTUs in our data set. When 

analysed using the Bio-Rad CFX Maestro 1.1 software, both qPCR assays displayed 

efficiencies between 96.6% to 98.3% and a single melting curve across all runs. However, this 

wasn’t the case for the Borrelia qPCR assay when it was used on the environmental samples 

with a secondary peak observed between temperatures of 74-76°C in most of the samples and 

the main product observed around 77-85°C. In order to use this assay on our environmental 

samples, data was collected only for 15 sec at 77°C for the analyses (Supplementary Figure 4-

2).   

 

Overall, the number of copies of Borrelia per milligram of adductor tissue was significantly 

higher compared to Mycoplasma (Kruskal-Wallis test, H = 216, p <0.001, Figure 4-5). When 

we compared the abundance of these genera in the QX-infected to both pre-QX and uninfected 

groups, the number of copies of Mycoplasma in QX-infected oysters were significantly higher 

compared to both pre-QX and uninfected oysters (Kruskal-Wallis test, H = 26.88 and 4.195 

respectively, p <0.05, Supplementary Table 4-18, Figure 4-6A). The qPCR shift patterns did 

not correlate with the relative abundance of Mycoplasma OTU 11355 in the 16S rRNA gene 

amplicon sequencing however, relative increases in other Mycoplasma including OTU 11599 

and OTU 14108 might explain this result (Supplementary Table 4-18, Figure 4-6B). The qPCR 

shift pattern in all families did not correlate with the relative abundance of Mycoplasma OTU 

11355 observed in the 16S rRNA gene sequencing data (Supplementary Table 4-19, Figure 4-

7). 
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For the abundance of Borrelia genus (OTU 1), the qPCR data displayed the same shift pattern 

with the 16S rRNA gene sequencing data. The core Borrelia genus was significantly more 

abundant in QX-infected SROs compared to both pre-QX and uninfected SROs (Kruskal-

Wallis test, H = 61.2 and 4.16 respectively, p <0.05, Supplementary Table 4-20, Figure 4-8). 

We then examined the abundance of Borrelia in each SRO family. Statistical analyses indicated 

that shift patterns were consistent between qPCR and 16S rRNA gene sequencing data (Figure 

4-9). 16S rRNA gene data showed the relative abundance of Borrelia genus (OTU 1) was 

substantially more abundant in QX-infected SROs compared to both pre-QX and uninfected 

SROs with all families (Kruskal-Wallis test, p <0.05, Supplementary Table 21, Figure 4-9A). 

Consistent with this data, qPCR showed the number of copies of Borrelia in QX-infected 

oysters was significantly higher compared to pre-QX in all families and, to uninfected for the 

F48 and F67 families (Kruskal-Wallis test, p <0.05, Supplementary Table 21, Figure 4-9B) 

  



 127 

 

 

Figure 4-5: Box and whisker plot showing the average number of 16S rRNA gene copies of 

Mycoplasma and Borrelia per mg of adductor tissue from all SROs as determined by qPCR. 

The x represents the mean of the data set. The asterisk indicates statistical significance at p 

<0.001.
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Figure 4-6: Box and whisker plot showing 16S rRNA gene qPCR-measured absolute abundance of Mycoplasma groups of  SROs (A) and relative 

abundance of multiple Mycoplasma OTUs from 16S rRNA gene sequencing data (B). The x represents the mean of the data set. Single, double, 

and triple asterisks indicate statistical significance at p <0.05, <0.01 and <0.001 respectively. 
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Figure 4-7: Box and whisker plot showing relative abundance of Mycoplasma genus (OTU 11355) from 16S rRNA gene sequencing data (A) and 

16S rRNA gene qPCR-measured absolute abundance of Mycoplasma in groups of SROs for each family (B). The x represents the mean of the data 

set. The single, double and three asterisks indicate statistical significance at p <0.05, <0.01 and <0.001 respectively. 
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Figure 4-8: Box and whisker plot showing 16S rRNA gene qPCR-measured absolute abundance of Borrelia in groups of SROs (A) and relative 

abundance of multiple Borrelia OTUs from 16S rRNA gene sequencing data (B). The x represents the mean of the data set. The single and double 

asterisks indicate statistical significance at p <0.05 and <0.001 respectively. 
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Figure 4-9: Box and whisker plot showing relative abundance of Borrelia genus (OTU 1) from 16S rRNA gene sequencing data (A) and 16S 

rRNA gene qPCR-measured absolute abundance of Borrelia in groups of SROs for each family (B). The x represents the mean of the data set. The 

single, double and three asterisks indicate statistical significance at p <0.05, <0.01 and <0.001 respectively.



 132 

4.5 Discussion  

 

The principal goal of this study was to investigate the SRO microbiota between four SRO 

families with intermediate QX resistance and then to identify a core microbiota relating to  

healthy and QX-infected oysters. Although the familes are genetically distinct, they all showed 

a similar phenotype with regard to resistance to QX disease. In chapter 2, we showed an 

influence of genetics on the oyster microbiota (King et al., 2019c; Nguyen et al., 2020; Wegner 

et al., 2013) with those from SROs resistant to QX having a different structure to susceptible 

SROs however, this effect was observed only in winter (Nguyen et al., 2020). In chapter 3, we 

observed that when the families were grouped according to health or disease state, distinct 

differences in microbiota structure were observed. However, when families were looked at in 

isolation, substantial variation was observed and were principally characterised by differences 

in the relative abundance of an OTU assigned to Candidatus Hepatoplasma genus. Although 

the role of Candidatus Hepatoplasma genus within SROs is unknown, we have previously 

observed that the relative abundance of this genus in QX-sensitive oysters is higher when 

compared to those in QX-resistant oysters (Chapter 2; (Nguyen et al., 2020)) suggesting that 

this bacterium may have an important role in QX disease or disease susceptibility. If this is 

indeed the case, its role may be dependent on the genetics of the SRO. 

 

To identify microbiota trends that were consistent across families, we decided to investigate 

the dynamics of core OTUs (Yao et al., 2018). Despite the significant heterogeneity in the 

oyster microbiota across families, we successfully identified a core microbiota for each family. 

Notably, an OTU belonging to Mycoplasma was identified as core across all families in the 

pre-QX group. Additionally, an OTU belonging to the Candidatus Hepatoplasma was core 

across the families in the uninfected and QX-infected groups and an OTU from the Borrelia 
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genera was core across all families in all groups. Interestingly, Borrelia belongs to the 

Spirochaete phylum (Margos et al., 2020) with sequences from this phylum also identified as 

core in the Pacific oyster across 6 estuaries in NSW, Australia spanning a distance of 

approximately 470 kilometres (King et al., 2020). Of the core OTUs, the relative abundance 

shifts were consistent in all families for Mycoplasma and Borrelia and so these were selected 

for the design of qPCR assays to investigate their absolute abundance in the SRO samples. 

 

Contrary to our expectations, qPCR data indicated that Mycoplasma in QX-infected SROs was 

significantly higher when compared to SROs from the pre-QX and uninfected groups. This 

might be explained by the non-specificity of the qPCR primers which would likely amplify 

more Mycoplasma OTUs than the one that we targeted. In the SRO microbiota, we observed 

an increased relative abundance of two other Mycoplasma OTUs which accounted for a small 

proportion in the SRO microbiota. Combined with our qPCR data, this may indicate a 

replacement of one type of Mycoplasma OTU with others as been observed in Pacific oysters, 

where summer mortality is preceded by a progressive replacement of a benign Vibrio 

population in the microbiota with a virulent population (Lemire et al., 2015). Although the role 

of these Mycoplasma OTUs with QX disease in SROs is unknown, it is the case that 

Mycoplasma have previously been considered as potential pathogens in bivalves (Paillard et 

al., 2004). Future studies are required to investigate this idea and could be accomplished by 

sequencing the Mycoplasma PCR amplicon or determining whether there is a shift in the 

Mycoplasma population using techniques such as denaturing gradient gel electrophoresis 

(DGGE) (Strathdee & Free, 2013).  

 

Consistent with 16S rRNA gene sequencing data, our qPCR data showed the number of 

Borrelia in QX-infected oysters was significantly higher when compared to both pre-QX and 
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uninfected oysters and may indicate that the abundance of Borrelia in SROs could be used for 

assessing the health of SROs. However, when we examined changes in the abundance of 

Borrelia for each family, the shift pattern was not consistent with two families (F32 and F43) 

showing no statistical difference between QX-infected and uninfected SROs during the 

outbreak. Further optimisation of the Borrelia qPCR such as designing and testing other primer 

sets that eliminate the secondary product or increasing specificity by converting this assay to a 

probe assay (Arya et al., 2005) might improve its utility. 

 

4.6  Conclusion 

 

The SRO microbiota displays variation across families however, two core OTUs belonging to 

the Mycoplasma and Borrelia genera were found to have similar patterns in relative abundance 

across all families. qPCR and 16S rRNA gene data indicate a possible replacement of one type 

of Mycoplasma with another either just before or during QX disease. Overall, our qPCR data 

of the Borrelia genera was consistent with the 16S rRNA gene data however, further research 

and development of the qPCR assay is required to better determine its use as an indicator of 

SRO health and/or sensitivity to QX disease.  
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4.7 Supplementary information 
 

Supplementary Table 4-1: The sequences of an OTU assigned to Borrelia genus (OTU 1) 

and Mycoplasma genus (OTU 11355). 

 
OTU Sequence 
OTU 1 AACGAACGCTAGCGGTGCGTTTTAAGCATGCAAGTCGAACGGGATTA 

TTTTTCTATTTTATAGAAAGATATGAGAGTGGCGAACGGGTGAGTAAC 
ACGTAGGTAATCTGCCTATCAAATCGGGATAGCCAGTGGAAACATTG 
GGTAATACCGGATACGTACTATGCAAGGAATTGTATAATAGAAAGGG 
TACTTTTGTGCCGTTGATAGAGGAGCCTGCGCTTGATTAGCTAGTTGG 
TAGGGTAAAAGCCTACCAAGGCGACGATCAATAGCCGGCCTGAGAGG 
GTGATCGGCCACACTGGGACTGAGACACGGCCCAGACTCCTACGGGA 
GGCAGCAGCTAAGAATCTTCCGCAATGGGCGAAAGCCTGACGGAGCG 
ACACCGCGTGAATGATGAAGGCCGTGAGGTTGTAAAATTCTTTTCTAG 
CTGAGGAATAAACATTGTGCGAAAGTGCAGTGCGATGACGGTAAGCT 
AGGAATAAGCCCCGGCTAATTACGTGC 

OTU 
11355 

GATGAACGCTGGCTGTGTGCCTAATACATGCATGTCGAACGAAGCAC 
TTGTGCTTAGTGGCGAATGGGTGAGTAACACGTACTTAATCTGCCCTC 
AAGTCTGGGACAACAGTTGGAAACGACTGCTAATACCGGATATGTAT 
TCTTATCGCATGATAAGTTTATAAAAGGAGCGTTTGCTTCGCTAGAGG 
ATGAGAGTGCGCCATATTAGCTAGTTGGTAGGGTAAGAGCCTACCAA 
GGCGATGATATGTAGCGGGGTCGAGAGGCTGAACCGCCACACTGGGA 
CTGAGATACGGCCCAGACTCCTACGGGAGGCAGCAGTAGGGAATATT 
CCACAATGAACGAAAGTTTGATGGAGCGACACAGCGTGGAGGATGAA 
GGTTTTCGGATCGTAAACTCCTGTTATAAGAGAAGAACAAGCTTAAT 
AGGAAATGATTAAGCCCTGACGGTACCTTATCAGAAAGCACCGGCA 
AACTATGTGCCAG 
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Supplementary Table 4-2: Previously published primers for Mycoplasma and Borrelia species amplification. 
 
 

Bacteria Primer Nucleotide sequence (5’ – 3’) Amplicon size Reference 

Borrelia nTM17.F GTGGATCTATTGTATTAGATGAGGCTCTCG 222 bp (Morrison et al., 1999) 

nTM17.R GCCAAAGTTCTGCAACATTAACACCTAAAG 

p16Swt-fwd GGATATAGTTAGAGATAATTATTCCCCGTTTG 139 bp (O'Rourke et al., 2013) 

p16Swt-rev CATTACATGCTGGTAACAGATAACAAGG 

Bor-16S-F GGTCAAGACTGACGCTGAGTCA 136 bp (De Leeuw et al., 

2014) Bor-16S-F GGCGGCCACTTAACACGTTAG 

S0775 TCCTACGGGAGGCAGCAGT 466 bp* (Nadkarni et al., 2002; 

Panetta et al., 2017) S0776 GGACTACCAGGGTATCTAATCCTGTT 

Mycoplasma 1F GGATTAGATACCCTAGTAGTCCACA 186 bp** (Salling & Bang-

Christensen, 2016) 1R CGTGTACCGTCGAATTAAGCA 

2F ACTAAGTGTTGGCCAAAAGGTC 199 bp*** 

2R CCTCCGAATTTATTTCTAAGCCTTTG 

3R TCATCATGCCTCTTACGAGTG 204 bp**** 

3F GCGGTGTGTACAAGACCCGA 

4F CTCCGCCTGAGTAGTATGC 169 bp***** 

4R CACCTGTCTCAATGTTAACCTC 

 
*: universal primers **: Mycoplasma alvi, ***: Acholeplasma laidlawii, ****: M .adleri, *****: M. capricolum subsp. capricolum 
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Supplementary Figure 4-1: Alignment of primers (S0775/S0776) to Borrelia genus (OTU 1) 

sequence (A). Alignment of Mycoplasma primers 4 (F4/R4) to the 16S rRNA gene nucleotide 

sequence of FM995178.1 with 99.79% identity to the partial 16S rRNA gene sequence of 

Mycoplasma OTU 11355 (B). 
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Supplementary Table 4-3: Kruskal-Wallis results of the alpha diversity indices of each family 

compared to others in the pre-QX, uninfected and QX-infected groups. Alpha indices include 

species richness (Chao1) species evenness (Simpson) and species diversity (Shannon).  

 

Comparison 
Species richness  Species evenness Species diversity 

H p value H p value H p value 
Pre-QX 

F32 vs F43 0.1516 0.697 0.2475 0.6189 0.6063 0.4362 
F32 vs F48 0.1466 0.7018 0.02854 0.8658 0.008118 0.9282 
F32 vs F67 1.302 0.2539 0.0004678 0.9827 0.007485 0.9311 
F43 vs F48 0.007486 0.9311 0.2584 0.6112 0.4211 0.5164 
F43 vs F67 1.342 0.2467 0.04317 0.8354 0.1399 0.7084 
F48 vs F67 1.493 0.2217 0.09836 0.7538 0.009474 0.9225 

Uninfected 
F32 vs F43 0.003704 0.9515 0.3 0.5839 0.1333 0.715 
F32 vs F48 0.1225 0.7263 0.3137 0.5754 0.3971 0.5286 
F32 vs F67 0.03333 0.8551 0.05926 0.8077 0.1333 0.715 
F43 vs F48 0.2232 0.6366 0.008359 0.9272 0.3353 0.5626 
F43 vs F67 0.002927 0.9569 1.171 0.2793 0.7032 0.4017 
F48 vs F67 0.5944 0.8074 2.322 0.1276 2.322 0.1276 

QX-infected 
F32 vs F43 2.299 0.1295 0.32 0.5716 1.037 0.3086 
F32 vs F48 0.4571 0.499 2.187 0.1391 3.002 0.08317 
F32 vs F67 1.767 0.1838 5.25 0.02498 6.961 0.0083 
F43 vs F48 1.127 0.2885 0.54 0.4624 0.54 0.4624 
F43 vs F67 0.2079 0.6484 2.426 0.1194 1.571 0.21 
F48 vs F67 0.1269 0.2599 1.433 0.2313 1.607 0.205 

 
 
  



 139 

Supplementary Table 4-4: SIMPER analysis of the SRO microbiota between F32 and F43 

within pre-QX group. The top 10 OTUs are displayed with their dissimilarity contribution and 

mean representation. Dissimilarity contribution is cumulative. 

 
Taxon Contrib. % Mean F32 Mean F43 

Mycoplasma genus (OTU 11355) 18.08 22.6 29.1 
Candidatus Hepatoplasma genus (OTU 11357) 11.07 15.1 2.81 
Mycoplasma genus (OTU 11453) 6.012 6.02 5.7 
Borrelia genus (OTU 1) 3.967 2.93 7.01 
Cellulophaga genus (OTU 9296) 3.125 2.62 2.89 
Family XIII family (OTU 11608) 2.473 1.52 2.81 
Flavobacteriaceae family (OTU 4366) 2.297 1.66 2.05 
Mycoplasma genus (OTU 11532) 1.945 1.68 2.01 
Algitalea genus (OTU 8064) 1.875 2.56 0.683 
Mycoplasmataceae family (OTU 375) 1.733 1.94 1.55 

 

Supplementary Table 4-5: SIMPER analysis of the SRO microbiota between F32 and F67 

within pre-QX group. The top 10 OTUs are displayed with their dissimilarity contribution and 

mean representation. Dissimilarity contribution is cumulative. 

 
Taxon Contrib. % Mean F32 Mean F67 
Arcobacter genus (OTU 17190) 14.47 0.351 23.8 
Candidatus Hepatoplasma genus (OTU 11357) 13.56 15.1 12.6 
Mycoplasma genus (OTU 11355) 12.91 22.6 6.38 
Mycoplasma genus (OTU 11453) 4.006 6.02 2.22 
Cellulophaga genus (OTU 9296) 3.238 2.62 4.02 
Borrelia genus (OTU 1) 2.603 2.93 4.57 
Flavobacteriaceae family (OTU 4366) 2.432 1.66 2.74 
Algitalea genus (OTU 8064) 2.384 2.56 2.2 
Mycoplasmataceae family (OTU 375) 1.895 1.94 2.07 
Polaribacter 4 genus (OTU 9546) 1.277 2.15 1.08 
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Supplementary Table 4-6: SIMPER analysis of the SRO microbiota between F43 and F48 

within pre-QX group. The top 10 OTUs are displayed with their dissimilarity contribution and 

mean representation. Dissimilarity contribution is cumulative. 

 
Taxon Contrib. % Mean F43 Mean F48 

Mycoplasma genus (OTU 11355) 19.16 29.1 22.3 
Mycoplasma genus (OTU 11453) 7.224 5.7 8.79 
Arcobacter genus (OTU 17190) 6.455 0.0741 9.67 
Candidatus Hepatoplasma genus (OTU 11357) 5.204 2.81 5.52 
Borrelia genus (OTU 1) 4.842 7.01 6.11 
Cellulophaga genus (OTU 9296) 2.325 2.89 1.08 
Endozoicomonas genus (OTU 2823) 2.299 2.3 2.33 
Family XIII family (OTU 11608) 2.161 2.81 0.914 
Polaribacter 4 genus (OTU 9546) 1.768 1.59 2.32 
Mycoplasma genus (OTU 11532) 1.705 2.01 1.08 

 

Supplementary Table 4-7: SIMPER analysis of the SRO microbiota between F43 and F67 

within pre-QX group. The top 10 OTUs are displayed with their dissimilarity contribution and 

mean representation. Dissimilarity contribution is cumulative. 

 
Taxon Contrib. % Mean F43 Mean F67 

Mycoplasma genus (OTU 11355) 16.38 29.1 6.38 
Arcobacter genus (OTU 17190) 14.45 0.0741 23.8 
Candidatus Hepatoplasma genus (OTU 11357) 8.448 2.81 12.6 
Mycoplasma genus (OTU 11453) 3.869 5.7 2.22 
Borrelia genus (OTU 1) 3.748 7.01 4.57 
Cellulophaga genus (OTU 9296) 3.345 2.89 4.02 
Flavobacteriaceae family (OTU 4366) 2.562 2.05 2.74 
Family XIII family (OTU 11608) 1.776 2.81 0.247 
Mycoplasmataceae family (OTU 375) 1.723 1.55 2.07 
Endozoicomonas genus (OTU 2823) 1.575 2.3 1.22 
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Supplementary Table 4-8: SIMPER analysis of the SRO microbiota between F48 and F67 

within pre-QX group. The top 10 OTUs are displayed with their dissimilarity contribution and 

mean representation. Dissimilarity contribution is cumulative. 

 
Taxon Contrib. % Mean F48 Mean F67 

Arcobacter genus (OTU 17190) 17.46 9.67 23.8 
Mycoplasma genus (OTU 11355) 13.39 22.3 6.38 
Candidatus Hepatoplasma genus (OTU 11357) 9.843 5.52 12.6 
Mycoplasma genus (OTU 11453) 5.477 8.79 2.22 
Borrelia genus (OTU 1) 3.797 6.11 4.57 
Cellulophaga genus (OTU 9296) 2.603 1.08 4.02 
Flavobacteriaceae family (OTU 4366) 1.928 0.642 2.74 
Algitalea genus (OTU 8064) 1.897 1.48 2.2 
Mycoplasmataceae family (OTU 375) 1.702 1.21 2.07 
Endozoicomonas genus (OTU 2823) 1.652 2.33 1.22 

 

 
Supplementary Table 4-9: SIMPER analysis of the SRO microbiota between F32 and F48 

within uninfected group. The top 10 OTUs are displayed with their dissimilarity contribution 

and mean representation. Dissimilarity contribution is cumulative. 

 
Taxon Contrib. % Mean F32 Mean F48 

Mycoplasma genus (OTU 11355) 23.14 43.5 12.7 
Arcobacter genus (OTU 17190) 9.559 0 15.4 
Borrelia genus (OTU 1) 6.467 0.921 11.2 
Flavobacteriaceae family (OTU 11123) 5.691 1.25 8.6 
Candidatus Hepatoplasma genus (OTU 11357) 4.132 3.95 6.07 
Mycoplasma genus (OTU 11453) 3.456 5.2 0.916 
Shewanella genus (OTU 1149) 3.186 0.31 4.91 
Flexithrix genus (OTU 9477) 1.704 0 2.75 
Planctomycetaceae family (OTU 15557) 1.419 2.02 1.53 
Mycoplasma genus (OTU 11532) 1.309 1.74 0.647 
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Supplementary Table 4-10: SIMPER analysis of the SRO microbiota between F43 and F48 

within uninfected group. The top 10 OTUs are displayed with their dissimilarity contribution 

and mean representation. Dissimilarity contribution is cumulative. 

 
Taxon Contrib. % Mean F43 Mean F48 

Candidatus Hepatoplasma genus (OTU 11357) 17.67 28.9 6.07 
Mycoplasma genus (OTU 11355) 14.91 22.7 12.7 
Arcobacter genus (OTU 17190) 9.282 0.0219 15.4 
Borrelia genus (OTU 1) 6.227 4.44 11.2 
Flavobacteriaceae family (OTU 11123) 5.328 0.521 8.6 
Shewanella genus (OTU 1149) 3.079 0.298 4.91 
Mycoplasmataceae family (OTU 375) 1.698 1.89 1.29 
Flexithrix genus (OTU 9477) 1.69 0.0924 2.75 
Mycoplasma genus (OTU 11532) 1.689 2.48 0.647 
Planctomycetaceae family (OTU 15557) 1.212 1.24 1.53 

 

 
Supplementary Table 4-11: SIMPER analysis of the SRO microbiota between F43 and F67 

within uninfected group. The top 10 OTUs are displayed with their dissimilarity contribution 

and mean representation. Dissimilarity contribution is cumulative. 

 
Taxon Contrib. % Mean F43 Mean F67 

Candidatus Hepatoplasma genus (OTU 11357) 18.3 28.9 7.19 
Mycoplasma genus (OTU 11355) 16.03 22.7 15.4 
Arcobacter genus (OTU 17190) 11.21 0.0219 18.2 
Borrelia genus (OTU 1) 3.08 4.44 4.9 
Cellulophaga genus (OTU 9296) 2.074 0.0595 3.42 
Mycoplasmataceae family (OTU 375) 1.975 1.89 1.88 
Mycoplasma genus (OTU 11532) 1.513 2.48 0.093 
Mycoplasma genus (OTU 11453) 1.073 0.828 1.31 
Guggenheimella genus (OTU 14367) 1.028 0.185 1.56 
Polaribacter 4 genus (OTU 9546) 0.9497 0.626 1.56 
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Supplementary Table 4-12: SIMPER analysis of the SRO microbiota between F32 and F48 

within QX-infected group. The top 10 OTUs are displayed with their dissimilarity contribution 

and mean representation. Dissimilarity contribution is cumulative. 

 
 

Taxon Contrib. % Mean F32 Mean F48 
Candidatus Hepatoplasma genus (OTU 11357) 18.65 30.4 8.06 
Borrelia genus (OTU 1) 9.105 14.4 19.2 
Mycoplasma genus (OTU 11355) 7.595 11.8 1.82 
Arcobacter genus (OTU 17190) 6.674 0.562 10.4 
Mycoplasma genus (OTU 14108) 4.962 0.624 7.97 
Flavobacteriaceae family (OTU 11123) 3.59 0.704 5.57 
Lentimicrobiaceae family (OTU 12134) 2.446 1.04 3.8 
Guggenheimella genus (OTU 14367) 2.014 2.37 1.86 
Desulfobulbaceae family (OTU 2532) 1.34 2.18 0 
Polaribacter 4 genus (OTU 9546) 1.312 0.424 2.33 

 

Supplementary Table 4-13: SIMPER analysis of the SRO microbiota between F32 and F67 

within QX-infected group. The top 10 OTUs are displayed with their dissimilarity contribution 

and mean representation. Dissimilarity contribution is cumulative. 

 
 

Taxon Contrib. % Mean F32 Mean F67 
Candidatus Hepatoplasma genus (OTU 11357) 18.7 30.4 11.7 
Mycoplasma genus (OTU 11355) 7.635 11.8 2.25 
Borrelia genus (OTU 1) 7.41 14.4 10.1 
Mycoplasma genus (OTU_11599) 2.569 0.628 3.8 
Arcobacter genus (OTU 17190) 2.421 0.562 3.63 
Pricia genus (OTU_5718) 2.22 0.788 3.36 
Cellulophaga genus (OTU 9296) 2.125 0.129 3.36 
Prolixibacter genus (OTU 4662) 1.72 0.727 2.3 
Flammeovirgaceae family (OTU 10676) 1.627 0.192 2.6 
Guggenheimella genus (OTU 14367) 1.48 2.37 0.176 

 

 



 144 

Supplementary Table 4-14: SIMPER analysis of the SRO microbiota between F43 and F48 

within QX-infected group. The top 10 OTUs are displayed with their dissimilarity contribution 

and mean representation. Dissimilarity contribution is cumulative. 

 
Taxon Contrib. % Mean F43 Mean F48 

Candidatus Hepatoplasma genus (OTU 11357) 17.36 27.9 8.06 
Borrelia genus (OTU 1) 10.1 18.8 19.2 
Arcobacter genus (OTU 17190) 6.753 0 10.4 
Mycoplasma genus (OTU 11355) 5.348 7.75 1.82 
Mycoplasma genus (OTU 14108) 5.079 0.293 7.97 
Candidatus Endoecteinascidia genus (OTU 
10028) 4.483 6.87 0.144 
Flavobacteriaceae family (OTU 11123) 3.717 1.12 5.57 
Lentimicrobiaceae family (OTU 12134) 2.53 1.02 3.8 
Polaribacter 4 genus (OTU 9546) 1.38 0.432 2.33 
Desulfuromusa genus (OTU 15907) 1.279 0.507 1.71 

 

Supplementary Table 4-15: SIMPER analysis of the SRO microbiota between F43 and F67 

within QX-infected group. The top 10 OTUs are displayed with their dissimilarity contribution 

and mean representation. Dissimilarity contribution is cumulative. 

 
 

Taxon 
Contrib. 

% Mean F43 Mean F67 
Candidatus Hepatoplasma genus (OTU 11357) 17.54 27.9 11.7 
Borrelia genus (OTU 1) 9.339 18.8 10.1 
Mycoplasma genus (OTU 11355) 5.333 7.75 2.25 
Candidatus Endoecteinascidia genus (OTU 10028) 4.324 6.87 0.307 
Mycoplasma genus (OTU 11599) 3.047 1.52 3.8 
Pricia genus (OTU 5718) 2.228 0.553 3.36 
Arcobacter genus (OTU 17190) 2.225 0 3.63 
Cellulophaga genus (OTU 9296) 2.115 0.0451 3.36 
Prolixibacter genus (OTU 4662) 1.902 1.27 2.3 
Flammeovirgaceae family (OTU 10676) 1.597 0 2.6 
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Supplementary Table 4-16: SIMPER analysis of the SRO microbiota between F48 and F67 

within QX-infected group. The top 10 OTUs are displayed with their dissimilarity contribution 

and mean representation. Dissimilarity contribution is cumulative. 

 
Taxon Contrib. % Mean F48 Mean F67 

Candidatus Hepatoplasma genus (OTU 11357) 9.351 8.06 11.7 
Borrelia genus (OTU 1) 8.199 19.2 10.1 
Arcobacter genus (OTU 17190) 7.483 10.4 3.63 
Mycoplasma genus (OTU 14108) 5.001 7.97 1.4 
Flavobacteriaceae family (OTU 11123) 3.356 5.57 0.29 
Mycoplasma genus (OTU 11599) 2.586 0.721 3.8 
Lentimicrobiaceae family (OTU 12134) 2.273 3.8 0 
Cellulophaga genus (OTU 9296) 2.063 0.0968 3.36 
Pricia genus (OTU 5718) 2.01 0.146 3.36 
Mycoplasma genus (OTU 11355) 1.947 1.82 2.25 
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Supplementary Table 4-17: Core microbiotas identified in four SRO families in the pre-QX, uninfected and QX-infected groups. Core 

microbiota was defined as an OTU present in at least 80% of samples. 

 
Family 

line Pre-QX Uninfected QX-infected 

F32 

Borrelia genus (OTU 1) Borrelia genus (OTU 1) Borrelia genus (OTU 1) 
Mycoplasma genus (OTU 11355) DEV007 family (OTU 113) Mycoplasma genus (OTU 11355) 
Comamonadaceae family (OTU 14443) Mycoplasma genus (OTU 11355) Candidatus Hepatoplasma genus (OTU 11357) 

Polaribacter 4 genus (OTU 9546) 
Candidatus Hepatoplasma genus (OTU 
11357) Polaribacter 4 genus (OTU 9546) 

Flavobacteriaceae family (OTU 9833) Haliea genus (OTU 12961)   
  Planctomycetaceae family (OTU 15557)   
  Rhodopirellula genus (OTU 15867)   
  H2-104-2 family (OTU 3233)   
  Mycoplasmataceae family (OTU 375)   

  
JTB255 marine benthic group family (OTU 
6615)   

  Marinifilum genus (OTU 8076)   
  Aureispira genus (OTU 9355)   
  Flavobacteriaceae family (OTU 9833)   

F43 

Borrelia genus (OTU 1) Borrelia genus (OTU 1) Borrelia genus (OTU 1) 
DEV007 family (OTU 113) Mycoplasma genus (OTU 11355) Candidatus Hepatoplasma genus (OTU 11357) 

Mycoplasma genus (OTU 11355) 
Candidatus Hepatoplasma genus (OTU 
11357) 

JTB255 marine benthic group family (OTU 
5026) 

Mycoplasmataceae family (OTU 375) Polaribacter 4 genus (OTU 9546)   
Polaribacter 4 genus (OTU 9546)     
Flavobacteriaceae family (OTU 9833)     
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F48 

Borrelia genus (OTU 1) Borrelia genus (OTU 1) Borrelia genus (OTU 1) 

Mycoplasma genus (OTU 11355) 
Candidatus Hepatoplasma genus (OTU 
11357) Candidatus Hepatoplasma genus (OTU 11357) 

Comamonadaceae family (OTU 14443) Polaribacter 4 genus (OTU 9546) Desulfovibrio genus (OTU 5030) 
Polaribacter 4 genus (OTU 9546) Flavobacteriaceae family (OTU 9833) Marinifilum genus (OTU 8076) 
Flavobacteriaceae family (OTU 9833)   Polaribacter 4 genus (OTU 9546) 
    Flavobacteriaceae family (OTU 9833) 

F67 

Borrelia genus (OTU 1) Borrelia genus (OTU 1) Borrelia genus (OTU 1) 
DEV007 family (OTU 113) Mycoplasma genus (OTU 11355) Candidatus Hepatoplasma genus (OTU 11357) 

Mycoplasma genus (OTU 11355) 
Candidatus Hepatoplasma genus (OTU 
11357)  

Mycoplasmataceae family (OTU 375) Arcobacter genus (OTU 17190)  
Cellulophaga genus (OTU 9296) Flavobacteriaceae family (OTU 9833)   
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Supplementary Figure 4-2: Performance of Borrelia primers (A) and Mycoplasma primers 

(B). Plot of standard curve with linear regression trend line and correlation coefficient for 

Borrelia (A3) and Mycoplasma (B3). The correlation coefficients R^2 of standard curves for 

Borrelia and Mycoplasma assays displayed acceptable results (99.9%). Melting curves of 

standard for Borrelia (A2) showing a secondary peak between temperatures of 74-760C and 

Mycoplasma (B2) showing a single peak. 
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Supplementary Table 4-18: Kruskal-Wallis results of abundance of Mycoplasma in QX-

infected compared to pre-QX and uninfected SROs. 

 

OTU QX-infected vs pre-QX SROs QX-infected vs uninfected SROs 
H p value H p value 

qPCR data (numbers of copies per mg of tissue) 
 26.88 2.17E-07 4.195 0.041 
16S rRNA gene sequencing data (relative abundance) 
OTU 11355 29.23 6.43E-08 13.35 0.0003 
OTU 11453 17.76 2.51E-05 2.25 0.134 
OTU 11532 4.778 0.03 0.5662 0.452 
OTU 14055 12.09 0.0005 2.388 0.122 
OTU 12128 7.298 0.007 0.7419 0.389 
OTU 11599 44.12 3.09E-11 11.26 0.0008 
OTU 14021 EV EV EV EV 
OTU 14108 17.42 2.99E-05 2.521 0.112 
OTU 10424 0.4309 0.512 2.704 0.100 
OTU 10420 2.107 0.147 1.37 0.242 

*EV: all equal values (no variance) 

 

Supplementary Table 4-19:  Kruskal-Wallis results of abundance of Mycoplasma in QX-

infected compared to pre-QX and uninfected SROs for each family. 

Family QX-infected vs pre-QX SROs QX-infected vs uninfected SROs 
H p value H p value 

OTU 11355: 16S rRNA gene sequencing data (relative abundance) 
F32 7.43 0.0064 8.727 0.0031 
F43 9.18 0.003 3.975 0.046 
F48 12.37 0.005 2.052 0.152 
F67 4.131 0.042 5.28 0.022 

qPCR data (numbers of copies per mg of tissue) 
F32 9.991 0.002 0.2591 0.611 
F43 6.075 0.014 0.5526 0.457 
F48 1.079 0.299 4.034 0.045 
F67 17.18 3.39E-05 2.948 0.086 
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Supplementary Table 4-20: Kruskal-Wallis results of abundance of Borrelia in QX-infected 

compared to pre-QX and uninfected SROs. 

 

OTU QX-infected vs pre-QX SROs QX-infected vs uninfected SROs 
H p value H p value 

qPCR data (numbers of copies per mg of tissue) 
 61.2 5.16E-15 4.16 0.0414 
16S rRNA gene sequencing data (relative abundance) 
OTU 1 36.68 1.39E-09 25.24 5.06E-07 
OTU 10 2.917 0.088 3.12 0.077 
OTU 10099 EV EV EV EV 
OTU 12136 0.1457 0.703 0.3779 0.539 
OTU 20 0.9944 0.319 0.9105 0.34 
OTU 11599 EV EV EV EV 

*EV: all equal values (no variance) 

 

Supplementary Table 4-21:  Kruskal-Wallis results of abundance of Borrelia in QX-infected 

compared to pre-QX and uninfected SROs for each family. 

Family QX-infected vs pre-QX SROs QX-infected vs uninfected SROs 
H p value H p value 

OTU 1: 16S rRNA gene sequencing data (relative abundance) 
F32 17.24 3.29E-05 9.544 0.002 
F43 4.003 0.045 6.722 0.01 
F48 11.9 0.001 4.238 0.04 
F67 7.063 0.008 5.344 0.021 

qPCR data (numbers of copies per mg of tissue) 
F32 10.71 0.001 0.3651 0.546 
F43 17 3.42E-05 0.4802 0.488 
F48 19.26 1.14E-05 4.321 0.038 
F67 18.61 1.6E-05 3.884 0.049 
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Chapter 5 General discussion and conclusions 
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5.1 Introduction 
 
 
The overall objective of this thesis was to characterise the Sydney rock oyster (SRO; 

Saccostrea glomerata) microbiota and investigate its relationship to Queensland unknown 

(QX) disease. In achieving this objective, this thesis provides new knowledge of the SRO 

microbiota and the factors that influence its assemblage. This thesis also contributes valuable 

information on how the SRO microbiota shifts during a QX disease event identifying key taxa 

that may be important for, or good indicators of, SRO health and disease. First, it was 

determined that the SRO microbiota is influenced by geographic location, season (comparing 

summer and winter) and genetics (breeding SROs for QX disease resistance) (Chapter 2). 

Specific OTUs were identified as being over-represented in QX resistant and susceptible 

oysters. Second, the SRO microbiome of QX-infected SROs was characterised and compared 

to those sampled prior to the QX outbreak and those that were PCR negative for the QX 

pathogen during the outbreak (Chapter 3). Specific OTUs associated with SRO health states 

were identified, an OTU assigned to Mycoplasma genus was associated with SROs sampled 

prior to the QX outbreak, while OTUs assigned to Candidatus Hepatoplasma and Borrelia 

genera were associated with QX-infected SROs. Additionally, the impact of QX disease 

progression (early infection versus late disease state) on the SRO microbiome was determined 

not be a factor in the SRO microbiota (Chapter 3). Third, the core microbiota was identified 

across four SRO families with intermediate QX disease resistance to identify taxa indicative of 

QX disease or, QX susceptibility and QX resistance. Two core OTUs assigned to the 

Mycoplasma and Borrelia genera (Chapter 4) were selected and used to design preliminary 

qPCR assays for investigating patterns in their absolute quantity. In this final chapter (Chapter 

5), two main themes drawn from all the data in this thesis will be discussed comprising of, i) 

new insights into the SRO microbiota and factors affecting its assemblage and ii) a possible 
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role for the SRO microbiota in QX disease. Finally, possible future directions of this research 

will be discussed.  

 
5.2 New insights into the SRO microbiota and the factors affecting its 
assemblage 

 
 
Studies have identified location, season, temperature and genetics as factors influencing the 

microbiome composition of oysters (King et al., 2012; King et al., 2020; Lokmer & Wegner, 

2015; Lokmer et al., 2016a; Ossai et al., 2017; Pierce et al., 2016; Roterman et al., 2015; Trabal 

et al., 2012; Zurel et al., 2011). However, the impact of location, season and genetics on the 

SRO microbiota have not been previously reported. Chapter 2 identified geographic location, 

season and genetics as having an influencing role on the SRO microbiota. Additionally, the 

results of chapters 3 and 4 corroborated the influence of season and genetics on the SRO 

microbiota assemblage. Specifically, chapter 3 showed that SROs sampled over autumn and 

summer had shifting microbiotas likely driven by changing environmental parameters such as 

temperature, nitrate and phosphate. With regard to SRO genetics, chapter 4 showed that four 

families with intermediate resistance to QX significantly varied in their microbiota. This is 

interesting because the families were similar in their phenotypic resistance to QX disease 

indicating that other underlying genetic factors influence the microbiota. Additionally, chapter 

2 determined that the SRO microbiota did not differ between QX-resistant and QX-susceptible 

groups in summer however, this was not the case for the SROs in chapter 4. It should be pointed 

out that the SROs from chapter 4 were deployed in a different location to those from chapter 2 

and that this location is prone to seasonal QX disease outbreaks. This difference can be 

explained by a previous study on the Pacific oyster (Crassostrea gigas) which demonstrated 

that the influence of oyster genetics on the oyster microbiota can be superseded by 

environmental parameters such as temperature (Wegner et al., 2013). Therefore, it can be 
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safely stated that although the SRO microbiota is influenced by oyster genetics, it is only one 

of a multitude of factors with influence and and the microbiota is is shaped by a synergistic 

interaction of host genetics and environmental drivers.  

 
 

5.3 A possible role for SRO microbiota in QX disease  
 
 
Queensland Unknown (QX) disease is caused by a spore-forming protozoan parasite called 

Marteilia sydneyi (Kleeman et al., 2002; Nell, 2007; Wolf, 1979) however, the presence of the 

pathogen does not necessarily lead to a disease outbreak (Adlard & Wesche, 2005; Department 

of Agriculture, Water and the Environment, 2020) indicating that other factors, beyond the 

presence of the pathogen, are important for infection or progression of disease.  In this thesis, 

the microbiota was investigated as a possible factor and while the data in this thesis showed 

correlations between certain taxa and QX disease, it did not show causation. This thesis is the 

first characterising the SRO microbiota and investigating its role in QX disease and has laid a 

solid foundation for targeting specific taxa for investigating a putative role in QX disease or as 

being indicators for QX-infected/susceptible or healthy SROs. Future studies are required to 

conclusively demonstrate a role (if any) for the SRO microbiota in host susceptibility or 

resistance to QX disease. These studies are worth pursuing as studies on Pacific oysters have 

shown a role of the microbiota in disease (King et al., 2019b; King et al., 2019c; Lemire et al., 

2015; Pathirana et al., 2019; Petton et al., 2015). For example, Pacific oysters with common 

genetics but varying microbiota composition have different mortality outcomes when 

challenged with the viral pathogen OsHV-1 (Pathirana et al., 2019). Additionally, a high load 

of the viral pathogen OsHV-1 μvar cause less disease in Pacific oysters that have had their 

microbiota destroyed using antibiotics (Petton et al., 2015).  
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Importantly, the results of this thesis showed shifts in the relative abundance of OTUs assigned 

to Mycoplasma, Candidatus Hepatoplasma and Borrelia genera in relation to QX disease 

(Chapter 3). Specifically, Mycoplasma was over-represented in SROs prior to QX infection 

and those that were uninfected during the QX outbreak compared to QX infected SROs.  

Additionally, an OTU assigned to the Candidatus Hepatoplasma and Borrelia genera were 

over-represented in QX infected SROs (Chapter 3). These data were supported by the results 

in chapter 2 that showed OTUs assigned to Mycoplasma and Candidatus Hepatoplasma genera 

as the main drivers of microbiota dissimilarity between SROs that were genetically resistant 

and susceptible to QX disease respectively but was not the case for Borrelia genus (Chapter 

2).  The results in Chapter 2 showed that Borrelia was not over-represented in the QX- sensitive 

SROs. This can be explained by a previous study on Pacific oysters which indicated that the 

presence of Borrelia is influenced by location (Lasa et al., 2019) which might override the 

influence of genetics on the relative abundance of this member in SROs. Previous studies have 

indicated that Mycoplasma is consistently dominant in the microbiota composition of healthy 

oysters (Green & Barnes, 2010; King et al., 2012; King et al., 2019b; King et al., 2019c; 

Wegner et al., 2013) and in combination with the results of this thesis, should be investigated 

as a possible protective bacterium. Regarding Candidatus Hepatoplasma, to date, there are no 

studies relating to its presence in oysters and so further studies are required to determine the 

range of this genus in other oyster species and whether it has a role in QX disease in SROs. 

Borrelia has previously been found in Pacific oysters and SROs (Green & Barnes, 2010; Lasa 

et al., 2019), this member belongs to the Spirochaete phylum, which has been implicated as 

the causative agents of Pearl oyster (Pinctada fucata martensii) disease (Matsuyama et al., 

2017). In concert with the findings in this thesis, further studies are needed to determine 

whether Borrelia plays a role in QX disease in SROs.  
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5.4 Future directions 
 
 
QX disease is a major factor in decreased SRO production (Schrobback et al., 2014). Future 

advances in our understanding of this oyster diseases will hopefully allow us to predict and 

control QX disease outbreaks. As previously mentioned, the impact of QX differs across oyster 

estuaries with some having never experienced this disease despite the presence of the pathogen 

(Adlard & Wesche, 2005; Department of Agriculture, 2019). In this thesis, we demonstrated 

the SRO microbiota differs between two locations and two seasons (Chapter 2) however, 

further studies should be conducted to confirm these findings and replicate the amount of 

locations and seasons sampled. Additionally, oysters were sampled from two non-QX disease 

areas therefore, future studies should explore the SRO microbiota across multiple oyster culture 

areas, including QX disease and non-QX disease areas.  

 

The QX parasite initially infects the oyster’s palps and gills, then migrates through connective 

tissue and the haemolymph into the digestive gland where the parasite undergoes sporulation, 

forming mature sporonts (Kleeman et al., 2002; Wolf, 1979). The results of chapter 3 and 4 

showed that the adductor muscle microbiota of QX-infected SROs was significantly different 

when comparing to pre-QX and uninfected SROs. However, there is evidence that the oyster 

microbiota differs between tissues including gills, adductor muscle and the digestive gland 

(King et al., 2012; King et al., 2020; Lokmer et al., 2016b) raising the question of how the 

digestive gland microbiota of SROs changes during an QX disease event. This might reveal 

additional insight. 

 

In this thesis, a possible role for the SRO microbiota was investigated identifying specific taxa 

that may have a protective role, a role in facilitating QX disease or that may be good indicators 

of QX susceptibility or resistance. The next step is to investigate how these taxa interact with 
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the SRO host using culture-based methods or methods that allow visualisation of these taxa 

inside the tissue of the SRO host (e.g., Fluorescent in situ hybridisation). Culturing of these 

taxa could be used to identify the metabolic functionality of the microbiota however, this is 

challenging because they may be unculturable using current methods. Another approach to 

investigate the functional role of the SRO microbiota is metagenomics (Ghosh et al., 2019; 

Handelsman, 2004; Storey et al., 2020) however, there are issues associated with separating 

host DNA from microbiota DNA before sequencing. Methods that enrich bacteria DNA such 

as magnetic breads and magnetic nanoparticles (Sande et al., 2020) or deep sequencing could 

help get around this problem but are expensive. 

 

Predicting QX disease needs us to better understand the factors (e.g., environment, oyster 

genetics) that come together that tip the scales in making an SRO sensitive to QX infection. In 

this thesis, we have made the first step noting possible taxa that may be good indicators of QX 

disease resistance or susceptibility. In this thesis, preliminary qPCR assays were developed to 

quantify the abundance of Mycoplasma and Borrelia (Chapter 4). Overall, qPCR of Borrelia 

may be a good indicator of QX disease in SROs however, the shift patterns were not consistent 

across families. Additionally, the Mycoplasma shift patterns were not consistent with the 16S 

rRNA amplicon sequencing. There are many factors affecting qPCR performance for 

quantifying groups of taxa or specific OTUs, particularly having specific primers (Kralik & 

Ricchi, 2017) however, access to sufficient sequence data is necessary for efficient primer 

design. A limitation of our primer design was the use of a small sequence of the 16S rRNA 

genes which limited our capacity to design specific primers (Johnson et al., 2019; Jovel et al., 

2016). Access to the full length of 16S rRNA gene sequences for the target OTUs and related 

OTUs would aid development of a qPCR assay and there is a recently developed method for 

doing this (Burke & Darling, 2016). An accurate qPCR assay could be useful for identifying 
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danger periods or even identifying SRO families that are more likely to be QX resistant, future 

studies should aim to improve the qPCR assays for measuring the abundance of Mycoplasma 

and Candidatus Hepatoplasma in SROs.  
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A B S T R A C T

Queensland unknown (QX) disease is a significant cause of economic loss for the Sydney rock oyster (SRO)
aquaculture industry. Evidence is emerging that QX disease is multi-factorial in nature, with a number of en-
vironmental and host factors contributing to disease dynamics. Efforts to mitigate the impacts of QX disease are
primarily focused on breeding for disease resistance however, the mechanisms that drive disease resistance are
poorly understood. One potential factor influencing disease resistance is the microbiota. To determine the in-
fluence of location, season and disease resistance on the SRO microbiota, we used 16S rRNA (V1 – V3 region)
amplicon sequencing. The microbiota of six SRO families with two categorised as QX-resistant and four as QX-
susceptible, deployed to two different locations (Port Stephens and Wallis Lake, NSW, Australia) and over two
seasons (Austral summer and winter), were characterised. As expected, the SRO microbiota was distinct to the
microbial community found in seawater. Further, the SRO microbiota was significantly influenced by location
and season, with operational taxonomic units (OTUs) assigned to the Candidatus Hepatoplasma and
Endozoicomonas genera identified as significant drivers of microbiota dissimilarity between locations and sea-
sons. Disease resistance also significantly influenced the SRO microbiota but only at the winter time point which
is before the typical QX disease period. Overall, OTUs assigned to the Mycoplasma, Borrelia and Endozoicomonas
genera were over-represented in QX-resistant SRO microbiota, whereas members of the Pseudoalteromonas,
Vibrio, and Candidatus Hepatoplasma genera were over-represented in QX-sensitive microbiota. These findings
confirm the influencing role of location and season on the microbiota structure as evidenced in other molluscan
species, but also provide preliminary evidence that the microbiota assemblage before the QX disease period may
be important for resistance to disease and may provide new avenues for managing SRO aquaculture in the future.

1. Introduction

The Sydney rock oyster (SRO; Saccostrea glomerata) is native to
Australia, where it is one of the most intensively cultivated oyster
species (O'Connor and Dove, 2009; Schrobback et al., 2014). However,
since the mid-1970's production of this species has been impacted by
QX-disease, which can recurrently cause up to 90% mortality in af-
fected estuaries (Department of Primary Industries, 2016; Nell, 2007;
O'Connor and Dove, 2009; Peters and Raftos, 2003; Schrobback et al.,
2014). The aetiological agent for QX disease is a spore-forming proto-
zoan parasite called Marteilia sydneyi. This parasite has an infection
cycle that typically enters through the palps and gills in summer and

ends in the oyster digestion gland, impacting nutrient uptake and ul-
timately causing starvation and death through autumn and into winter
(Kleeman et al., 2002; Nell, 2007; Wolf, 1979).

To mitigate the impacts of QX disease, the New South Wales
Department of Primary Industries (NSW DPI) has led a selective
breeding program using both mass selection methods and family based
breeding that has greatly reduced SRO mortalities, with some families
showing 85% survival through one cycle of disease (Dove et al., 2020).
There is evidence that increased levels of resistance in some families
may be linked to higher activity of phenoloxidase, an enzyme thought
to be involved in oyster defence mechanisms (Newton et al., 2004), yet
the full mechanism(s) for resistance remain unresolved.
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The oyster microbiota is emerging as a factor in disease dynamics
(King et al., 2019a) and is an unexplored factor in SRO QX disease
resistance. The potential protective role of the mollusc microbiota has
been characterised previously, with some microbial members providing
anti-pathogen activities (Offret et al., 2019; Prado et al., 2009). In other
studies, the microbiota appears to contribute to disease dynamics, for
the Pacific oyster it has been demonstrated that summer mortality in
France is due to a progressive replacement of non-virulent commensal
vibrios with pathogenic vibrios indicating that microbiota dysbiosis
precedes mortality (Lemire et al., 2015). Similarly, Pacific oyster
mortality syndrome is polymicrobial in nature with a recent study
showing that the viral Ostreid Herpesvirus 1 (OsHV-1) suppresses Pa-
cific oyster immunity, allowing opportunistic bacterial pathogens such
as Vibrio species to thrive (de Lorgeril et al., 2018). Interestingly, the
microbiota of Pacific oyster families bred for resistance to OsHV-1 were
significantly different to their disease-susceptible counterparts and had
a significantly reduced abundance of Vibrio species (King et al., 2019c).
In SROs, only one study has investigated the QX-disease-affected mi-
crobiota by comparing the digestive gland of QX-infected and unin-
fected oysters (Green and Barnes, 2010). In QX-infected oysters, bac-
terial diversity was substantially reduced, with the microbiota
dominated by a Rickettsiales-like operational taxonomic unit (OTU).

A first step in understanding the role of a microbiota in disease
dynamics is characterising its composition and determining the factors
that shape its structure. In previous studies in other oyster species, the
oyster microbiota has been shown to be influenced by both environ-
mental and host factors including location, temperature, infection state,
season, genetics, life stage and resistance to disease (Green and Barnes,
2010; King et al., 2012; King et al., 2019b; King et al., 2019c; Lokmer
and Wegner, 2015; Lokmer et al., 2016a). However, there is a paucity of
studies examining the factors that influence the SRO microbiota as-
semblage. Therefore, to characterise the influence of location, season
and disease-resistance (genetics) on the SRO microbiota, six SRO fa-
milies with varying degrees of resistance to QX disease were deployed
into two locations and sampled in the Austral summer and winter.
Understanding the mechanism(s) that drive disease-resistance, in-
cluding the potential contribution of the microbiota to disease, are
imperative for the successful and sustainable management of SRO
aquaculture.

2. Materials and methods

2.1. Experimental design and sampling

Fourty-four different Saccostrea glomerata families from the
2015 year class were deployed in the Port Stephens (32°43′12.81”S
152°03′40.52″E) and Wallis Lake (32°11′21.3”S 152°29′09.7″E) estu-
aries in NSW, Australia. Wallis Lake is a wave-dominated barrier es-
tuary whereas Port Stephens is a tide-dominated drowned valley es-
tuary (Roy et al., 2001). These estuaries are approximately 70 km apart
and are not affected by QX disease. These sites were selected to remove
the influence of infection- or disease-state on the microbiota. For this
study, six families from the 2015 class were selected according to their
predicted level of resistance to QX disease using the Estimated Breeding
Values (EBVs), which provides an estimation of how well families will
perform for a particular trait and the likelihood of passing those traits to
their progeny. As EBV is only a predictor, we selected six different fa-
milies with a predicted range of QX disease resistance to ensure that we
had sufficient oyster numbers for comparing the microbiota of oysters
with differing QX disease resistance. Subsequent exposure of these fa-
milies to QX disease at Lime Kiln Bar in the Georges river (33°59′19”S
151°03′21″E) demonstrated that four of the families exhibited ≤50%
survival (characterised as QX-susceptible), while the other two families
displayed>50% survival (QX-resistant; Table 1).

Five oysters per family were collected from each site in the 2017
Austral summer (January) and Austral winter (June), four and nine

months after deployment respectively (120 oyster samples in total).
Oysters were randomly collected by farmers from cultivation trays,
placed into labelled plastic bags, transported to the laboratory on ice
(3–4 h) and stored whole in their shell at -80 °C for later processing.
Because oyster leases could only be accessed by boat, seawater samples
were collected from jetties (piers) approximately 800 m away from the
oyster leases. The jetties face the oyster leases and are suspended over
water that are a few metres deep ensuring no sediment was suspended
from the bottom during collection. Ten litres of surface seawater sam-
ples were collected and kept on ice during transport to the laboratory.
Triplicate seawater samples of 2000 mL for each sampling time were
filtered with Durapore Membrane Filters (0.22 μm pore size) for sub-
sequent microbiota analyses. All filtered samples were frozen in liquid
nitrogen upon collection in sterile 5 mL cryotubes and kept at -80 °C
prior to analysis.

2.2. Measurement of environmental parameters, nutrients and chlorophyll a
in seawater

Environmental parameters (temperature, oxygen, pH, and con-
ductivity) were measured at jetties adjacent to the oyster leases using a
WTW multiprobe meter (Multi 3430, Germany) at the time of oyster
sample collections. For nutrient analysis, 50 mL triplicate seawater
samples were syringe filtered through a 0.45 μm filter into 50 mL sterile
falcon tubes, transported to the laboratory on ice, and frozen at -20 °C.
Nutrient analysis (nitrite (NO2

−), nitrate (NO3
−), ammonia (NH3) and

phosphate (PO4
3−)) was performed by Envirolab Services Pty Ltd.

(Sydney, New South Wales, Australia). From the 10 L of seawater col-
lected above, triplicate 200 mL aliquots were filtered through glass
microfiber filters (0.7 μm pore size) and stored at -80 °C for subsequent
chlorophyll-a analyses. Chlorophyll a was analysed based on a spec-
trophotometric method described previously (Ritchie, 2006).

2.3. DNA extractions and 16S rRNA amplicon sequencing

DNA extractions commenced only after the last sample had been
collected and frozen. Samples were randomly thawed in batches of 20
and all samples were processed using a single DNA extraction kit.
Thawed oysters were washed under running tap water to remove
debris. Using sterile instruments, each oyster was carefully opened
using a shucking knife and the oyster flesh excised and placed onto a
Petri dish. Approximately 25–50 mg of adductor muscle tissue was then
excised using a sterile scalpel blade and placed into a 1.5 mL Eppendorf
tube for subsequent DNA extraction using the Qiagen DNeasy Blood and
Tissue DNA extraction Kit (Qiagen, Germany), according to the man-
ufacturer's instructions. Haemolymph is often used to study the oyster
microbiota (Lokmer et al., 2016a; Lokmer et al., 2016b) but can be
difficult to extract from small oysters and is not possible to extract once
oysters have been frozen. To minimise variation, we decided to freeze
oysters so they could be later processed together. Therefore, the ad-
ductor muscle was selected for microbiota analysis as it contains

Table 1
2015 year class Sydney rock oyster average family survival
(n = 3,± SD) following exposure to QX disease at Lime
Kiln Bar, Georges river. Oysters were deployed to Lime Kiln
Bar on 12 December 2016 and oyster survival was counted
on 20 September 2017.

Family line Average survival (%)

F25 59.67 ± 0.58
F22 55.33 ± 3.06
F18 19.67 ± 3.79
F03 3.33 ± 2.31
F32 2.67 ± 3.06
F37 0.67 ± 1.15
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haemolymph sinuses thus allowing us to easily sample the haemo-
lymph. This approach has been successfully used before (King et al.,
2019b; King et al., 2019c). The instruments used to process the oysters,
including the shucking knife, were cleaned, soaked in 1:15 bleach so-
lution for 15 min and then rinsed with sterile Milli-Q water prior to use
and between samples. DNA from filtered seawater samples were ex-
tracted using the PowerWater DNA Isolation Kit (MoBio, USA) ac-
cording to the manufacturer's protocol.

The V1–V3 region of the 16S rRNA gene was amplified by PCR using
the 27F (5′-AGAGTTTGATCMTGGCTCAG-3′) and 519R (5′- GWATTA-
CCGCGGCKGCTG-3′) primer pair (Lane, 1991; Turner et al., 1999). The
PCR cycling conditions were as follows: 94 °C for 2 min, followed by
30 cycles of 94 °C for 30s, 50 °C for 30s and 72 °C for 30s and a final
extension of 72 °C for 10 min. Amplicons were sequenced using the
Illumina MiSeq platform (2 × 300 bp) at the Ramaciotti Centre for
Genomics (University of New South Wales, Sydney, Australia). Raw
data files in FASTQ format were deposited in NCBI Sequence Read
Archive (SRA) with the study accession number (SRP234946) under
Bioproject number PRJNA593911.

2.4. Bioinformatics analyses

Demultiplexed paired-end reads were combined using FLASH
(Magoč and Salzberg, 2011) and trimmed using Mothur (Schloss et al.,
2009) (Parameters: maxhomop = 5, maxambig = 0, minlength = 471,
maxlength = 501). Fragments were clustered into operational taxo-
nomic units (OTUs) at 97% sequence similarity, and chimeric and sin-
gleton sequences were identified and removed using VSEARCH (Rognes
et al., 2016). Taxonomic assignment of OTUs were performed in QIIME
version 1.9.1 (Caporaso et al., 2010) using the UCLUST algorithm
(Edgar, 2010) against the SILVA v128 dataset (Quast et al., 2013).
Mitochondrial and chloroplast data were filtered out of the dataset and
the remaining reads were rarefied to the same depth to remove the
effect of sampling effort upon analysis. For beta diversity, the relative
abundance of OTUs was calculated and all OTUs with a relative
abundance below 0.1% were filtered from the dataset. Alpha diversity
indices, including species richness (Chao1), species evenness (Simpson)
and species diversity (Shannon index) were calculated using QIIME
(Caporaso et al., 2010).

2.5. Statistical analyses

Alpha diversity metrics were compared between groups using a
Kruskal-Wallis test. All beta diversity analyses were performed with a
Bray-Curtis dissimilarity index. To easily visualise how samples related

to one another and observe distance matrices between groups, non-
metric multidimensional scaling analysis (nMDS) with three dimensions
(3D) was used. Patterns elucidated by the 3D nMDS were statistically
tested using a permutational multivariate analysis of variance (PERM-
ANOVA) with 9999 permutations using transformed (square root(x))
data. To identify the OTUs driving the difference between the microbial
assemblage at different locations or time points, SIMPER analysis was
used. All alpha and beta diversity comparisons were performed in the
PAST statistical environment (Hammer et al., 2001). To determine
whether the relative abundances of OTUs were significantly different
between oyster groups with differing QX-resistance, a Welch's T-Test
was performed using the STAMP (Statistical Analysis of Metagenomic
Profiles) software package version 2.1.3 (Parks et al., 2014). A file
listing the relative abundance of all OTUs was used as input data along
with a metadata file containing location, sampling time and QX-re-
sistance group information. A Welch's T-Test with a p-value of< 0.05
as a statistical cut-off was used. To visualise the significant difference in
the relative abundance of OTUs between the QX-sensitive QX-and re-
sistant groups at a single location at each sampling time, extended error
bar plots with corrected p-values were produced.

3. Results

Following amplicon sequencing of the 132 samples (oysters and
seawater), data were rarefied to 7178 reads retaining a total of 753,690
reads from 105 samples (Supplementary Table 1). After data filtering, a
total of 1889 OTUs were observed across the entire dataset. Of these,
1619 and 190 OTUs were unique to the oyster and seawater microbiota
respectively, with only 80 OTUs found in both the oyster and seawater
samples.

3.1. The SRO microbiota is distinct from the seawater microbiota

Across the entire dataset, species richness, evenness and diversity
were higher in seawater samples relative to the SRO adductor muscle
microbiota (Fig. 1 and Supplementary Table 2). When grouping all SRO
or seawater samples, a 3D nMDS analysis revealed that the composition
of the SRO and seawater microbiota were distinct from one another
(Supplementary Fig. 1), with these differences confirmed as sig-
nificantly different by PERMANOVA (F = 13.54, p = .0001). SIMPER
analysis revealed a 99.1% dissimilarity between the SRO and seawater
microbiota, with Candidatus Hepatoplasma genus (OTU 14887) and
Endozoicomonas genus (OTU 3829) over-represented in SRO microbiota
and driving 5.7% and 2.9% of the difference respectively (Fig. 2 and
Supplementary Table 3). In seawater, the Candidatus Actinomarina

Fig. 1. Box and whisker plot of species richness (A), evenness (B) and diversity (C) for SRO and seawater microbiota. The x in the box plot is the mean of the dataset.
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genus (OTU 22961) and NS5 marine group genus (OTU 5409) were
over-represented, driving 4.2% and 3.6% of the difference respectively
(Fig. 2 and Supplementary Table 3).

3.2. Location is a factor shaping the SRO microbiota

Overall, Port Stephens had higher temperatures, pH and chlorophyll
a at each time point, whereas Wallis Lake had higher levels of dissolved
oxygen relative to Port Stephens. A rainfall event occurred during the
June (winter) sampling at Port Stephens which likely explains the de-
crease in conductivity and increase in nutrients during this time point
(Table 2).

When the total SRO microbiota deployed in Port Stephens and
Wallis Lake were compared, species richness and diversity were sta-
tistically higher in Wallis Lake (p = .029 and p = .007 respectively,
Supplementary Fig. 2A and Supplementary Table 4). However, no sta-
tistical difference in alpha indices was observed when SRO microbiota
from Port Stephens and Wallis Lake were independently compared in
January and June (Supplementary Fig. 2B and Supplementary Table 4).

Despite some overlap, a 3D nMDS plot showed that SRO microbiota
clustered according to location (Fig. 3A) and were significantly dif-
ferent according to site (PERMANOVA, F = 8.955, p = .0001). This
effect of location was also evident within each season in January
(Fig. 3B and C; PERMANOVA, F = 5.117, p = .0001) and June
(PERMANOVA, F = 11.81, p = .0001). Across the entire dataset, the
SRO microbiota at Port Stephens and Wallis Lake were 90.5% dissimilar
to one another. Similarly, in January and June, the SRO microbiota
from the two sites were 90.3% and 91.9% dissimilar respectively. In-
terestingly, the main dissimilarity contributor, Candidatus Hepatoplasma
genus (OTU 14887), was over-represented at Port Stephens in January
contributing 17.7% to the dissimilarity between microbiota however,
was over-represented at Wallis Lake in June contributing 9.6% of the
microbiota dissimilarity (Supplementary Table 5). Additionally, a
member of the Endozoicomonas genus (OTU 1831) was over-represented
in Wallis Lake in both January and June contributing 3.0% and 6.4%

respectively.

3.3. Season is a factor shaping the SRO microbiota

We next examined whether seasonality influenced the SRO micro-
biota within a given location. There were no statistical differences in
alpha diversity in either Port Stephens or Wallis Lake (Supplementary
Fig. 2C and Supplementary Table 4). However, 3D nMDS plots revealed
the SRO microbiota at both sites tended to cluster according to sam-
pling time (Fig. 4). This seasonal variability was more pronounced in
Port Stephens (PERMANOVA, F = 10.42, p = .0001) than Wallis Lake
(PERMANOVA, F = 3.451, p = .0001). At Wallis Lake, the SRO mi-
crobiota was 86.5% dissimilar with OTUs assigned as members of the
Endozoicomonas genus (OTU 1831) and the Candidatus Hepatoplasma
genus (OTU 14887) over-represented in January and June respectively,
contributing 8.1% and 10.4% to the microbiota dissimilarity (Supple-
mentary Table 6). At Port Stephens, there was 92.7% dissimilarity in
SRO microbiota composition between seasons, with an OTU assigned to
the Candidatus Hepatoplasma genus (OTU 14887) over-represented in
January and contributing 16.8% to the dissimilarity. In June, OTUs
assigned as Vibrio (OTU 2), Mycoplasma (OTU 14900) and Pseudoalter-
omonas (OTU 8917) were over-represented, contributing 6.6%, 5.6%
and 5.0% to the dissimilarity between seasons respectively (Supple-
mentary Table 6).

3.4. The effect of QX-resistance on the SRO microbiota

Across times and sites, we analysed differences in the oyster mi-
crobiota between SROs with different levels of resistance to QX disease.
Families were grouped as QX-sensitive if survival was ≤50% and QX-
resistant if displayed>50% survival (Table 1). Species richness was
higher in the QX-sensitive group at Port Stephens in January (Average:
74 ± 3.26 vs 143.38 ± 77.87, p = .039; Supplementary Table 7). No
other significant differences in alpha diversity indices were observed
between the QX groups in each location at each time point

Fig. 2. Microbiota composition of SRO (A) and seawater samples (B) in Port Stephens (upper panels) and Wallis Lake (lower panels) showing the top 20 dominant
and remaining taxa in January (underlined by blue bar) and June (underlined by red bar). The right bars in each panel show the mean abundance of each taxon
within each group. Data is summarised at the genus level. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version
of this article.)
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(Supplementary Table 7). PERMANOVA showed statistically significant
differences in the microbiota structure of different QX-resistance groups
only in June at both locations (Table 3).

At Port Stephens in June, SIMPER analysis revealed a 75.7% dis-
similarity between the QX-sensitive and QX-resistant groups with two
OTUs (OTU 12669 and OTU 14900) from the Mycoplasma genus over-
represented in the QX-resistant group and contributing 9.6% and 9.2%
to the microbiota dissimilarity. OTUs belonging to the
Pseudoalteromonas (OTU 8917) and Vibrio (OTU 2) genera were over-
represented in the QX-sensitive group contributing 6.4% and 6.1% to
the microbiota dissimilarity (Supplementary Table 8), while another
OTU assigned to the Vibrio genus (OTU 1) was over-represented in the
QX-resistant microbiota contributing 5.6% dissimilarity
(Supplementary Table 8). Additionally, two Mycoplasma OTUs (OTU
12669 and OTU 14900) were over-represented in the QX-resistant
group, contributing 9.6% and 9.2% to the microbiota dissimilarity. At
Wallis Lake in June, SIMPER revealed 77.9% microbiota dissimilarity
between the QX groups. A member assigned to the Candidatus
Hepatoplasma genus (OTU 14887) was over-represented in the QX-
sensitive group and contributed 15.86% of the microbiota dissimilarity,
whereas 5 OTUs, all assigned to the Endozoicomonas genus (OTUs 1831,
3829, 6283, 3483 and 4530), were over-represented in the QX-resistant
microbiota.

To further decipher beta diversity patterns between QX-resistant
and -sensitive SRO's, STAMP with a Welch's T-Test was used. This
analysis identified members of the Vibrio (OTU 2, p = .003) and
Colwellia (OTU 3670, p = .028) genera with significantly higher re-
lative abundance in the QX-sensitive group from Port Stephens in June
(Fig. 5A). In Wallis Lake, a member assigned as the Thiohalocapsa genus
(OTU 11899) had a significantly higher relative abundance in QX-
sensitive oysters (p = .025), whereas OTUs assigned to the Borrelia
(OTU 651, p= .038) and Endozoicomonas (OTU 4530, p= .047) genera
had a significantly higher relative abundance in QX-resistant oysters
(Fig. 5B).

4. Discussion

This study investigated the influence of location, season and oyster
genetics (QX-resistance) on shaping the SRO microbiota. Despite the
filter-feeding nature of oysters, our results indicate that the SRO mi-
crobiota is highly distinct from the planktonic microbiota within the
surrounding seawater. It is possible that part of the observed variation
is due to the seawater samples being collected from jetties 800 m from
the oyster leases however, it is unlikely that the main bacterial patterns
in the seawater would substantially vary across this small distance.
Additionally, it is also possible that a part of the observed variation is
due to the use of different DNA extraction kits for the oysters and water
samples. Nevertheless, the patterns we observed are consistent with
previous studies on the microbiota of the Pacific oyster (Lokmer et al.,
2016a; Lokmer et al., 2016b).

The microbiota varies between oyster tissues (King et al., 2012; King
et al., 2020; Lokmer et al., 2016b) however, some overlap is observed
such as the genus Mycoplasma which is dominant in the adductor
muscle, gill, stomach, digestive gland and haemolymph (Green and
Barnes, 2010; King et al., 2012; King et al., 2019b; King et al., 2020;
Wegner et al., 2013). Here, we elected to use the adductor muscle as it
allows sampling of the circulatory haemolymph from the sinuses.
Overall, the SRO microbiota was dominated by OTUs assigned to the
Candidatus Hepatoplasma, Endozoicomonas and Mycoplasma genera.
Candidatus Hepatoplasma has been found associated with various
marine organisms such as starfish (Nakagawa et al., 2017), Norway
lobsters (Meziti et al., 2012), corals (van de Water et al., 2018) and
starlet sea anemones (Mortzfeld et al., 2016). However, the function of
this bacterium in marine organisms, including SROs, is unknown. My-
coplasma is consistently identified in healthy oysters including Eastern
oysters, Pacific oyster and SROs (Green and Barnes, 2010; King et al.,Ta
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2012; King et al., 2019b; King et al., 2019c; Wegner et al., 2013) sug-
gesting that these bacteria are potentially important for oyster health.
Members of the Endozoicomonas genus have been found to be associated
with numerous marine organisms (Neave et al., 2016) such as sponges
(Nishijima et al., 2013; Rua et al., 2014) and corals (Bayer et al., 2013;
Ziegler et al., 2016) with members of this genus previously shown to
comprise a large proportion of the Indo-Pacific (Roterman et al., 2015;
Zurel et al., 2011) and Black-Lipped pearl oyster (Dubé et al., 2019)
bacterial communities. In sponges and corals, these bacteria play a role
in nitrogen and carbon recycling, provision of proteins to their hosts
and production of antibiotics (Neave et al., 2017; Nishijima et al., 2013;

Fig. 3. 3D nMDS plots of total SRO microbiota (A) and those from January (B) and June (C) show separation according to location.

Fig. 4. 3D nMDS plots of SRO microbiota in Port Stephens (A) and Wallis Lake (B) separating according to time of sampling.

Table 3
PERMANOVA results comparing the microbiota of QX-sensitive (F03, F18, F32
and F37) and QX-resistant (F022 and F025) families at each location and time
point.

Port Stephens Wallis Lake

January F = 1.184, p = .2233 F = 1.1, p = .263
June F = 1.562, p = .0491 F = 1.614, p = .0378
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Rua et al., 2014) and may suggest a similar role in SROs.

4.1. The SRO microbiota is influenced by location

The same oyster families were deployed in Port Stephens and Wallis
Lake reducing the influence of genetics as a confounding factor in our
analyses and allowing us to investigate whether location or season in-
fluence the composition of the SRO microbiota. Consistent with pre-
vious studies that have characterised the influence of location on the
oyster microbiota (King et al., 2012; Ossai et al., 2017; Roterman et al.,
2015; Trabal et al., 2012; Zurel et al., 2011), we observed that SRO
microbiota was significantly different between two sites which are
approximately 70 km apart and differ in estuarine type (Roy et al.,
2001). Data collected in this study identified higher chlorophyll a
concentrations and temperature in Port Stephens relative to Wallis
Lake. While both estuaries have similar percentages of agricultural land
usage in their respective catchments (approximately 30%), Port Ste-
phens has significantly higher sediment and nutrient inputs compared
to Wallis Lake (Roper et al., 2011). Given the higher nutrient and se-
diment loads at Port Stephens, these factors could explain the micro-
biota variability between the locations. A member of the En-
dozoicomonas genus (OTU 1831) was more abundant in Wallis Lake
than in Port Stephens at both sampling times. In coral species, the an-
thropogenically influenced coral microbiota (Pocillopora verrucosa and
Acropora hemprichii) was marked by a reduction of Endozoicomonas
relative abundance (Ziegler et al., 2016), suggesting that the lower
relative abundance of this bacteria in SROs at Port Stephens could be
related to the higher nutrient and sediment loads.

4.2. The SRO microbiota is influenced by season

In a number of marine organisms, including corals (Sharp et al.,
2017) and Pacific oysters (Pierce et al., 2016; Zurel et al., 2011), there
is evidence for significant temporal heterogeneity in microbiota com-
position. Consistent with these findings, we observed a significant in-
fluence of season (summer versus winter) on the SRO microbiota for
both locations. At Port Stephens, seasonal shifts in environmental
conditions were dominated by changing temperature, chlorophyll a and
conductivity, while at Wallis Lake, seasonal changes in environmental
parameters were mostly driven by temperature and pH. Previous stu-
dies have characterised the influence of temperature on the oyster
microbiota (Lokmer and Wegner, 2015; Pierce et al., 2016) and salinity
perturbations have also been observed to influence the oyster

microbiota (del Refugio Castañeda Chávez et al., 2005; Larsen et al.,
2013). Seasonal shifts in the SRO microbiota were characterised by
changes in the relative abundance of several OTUs, including those
assigned to the Candidatus Hepatoplasma and Vibrio genera. Interest-
ingly, we observed inverse patterns for the relative abundance of an
OTU assigned to the Candidatus Hepatoplasma genus (OTU 14887) be-
tween the two sampling sites. At Port Stephens, this OTU was sig-
nificantly more abundant in summer, while at Wallis Lake, it was
considerably more abundant in winter. The environmental data col-
lected at the time suggests no similarities between the Port Stephens
summer and Wallis Lake winter samples that could explain this pattern
(conductivity was similar for these two sampling points but con-
ductivity did not change between the Wallis Lake summer and winter
sampling points) and this OTU was rare or absent in the seawater
communities, therefore future studies should increase the suite of en-
vironmental parameters collected to explain these patterns. At both
locations, a member of the Vibrio genus (OTU 2) had a higher relative
abundance in winter than in summer. This pattern is interesting given
that Vibrio typically exhibit preferences for warm water temperatures.
However, some Vibrio species such as Vibrio splendidus, have elsewhere
been found to be most abundant during winter and spring (Arias et al.,
1999; Pujalte et al., 1999). It is also conceivable that other environ-
mental factors, such as chlorophyll a or nutrient levels, underpinned the
higher winter relative abundance of this Vibrio species (OTU 2).

4.3. The SRO microbiota is influenced by disease resistance

Oyster genetics have previously been shown to influence the Pacific
oyster microbiota structure (King et al., 2019c; Wegner et al., 2013),
with the microbiota of disease-resistant Pacific oysters showing a sig-
nificantly different structure to disease-susceptible oysters (King et al.,
2019c). However, the influence of genetics on the Pacific oyster mi-
crobiota can be superseded by stress, such as temperature perturbations
(Wegner et al., 2013). In this study, we observed significant differences
of the microbiota between QX-resistant and QX-susceptible oysters, but
only in winter (June). This pattern suggests that there is a synergistic
interaction of genetics and environmental drivers in shaping the SRO
microbiota, which is consistent with previous studies in marine or-
ganisms such as Pacific oysters (Wegner et al., 2013) and corals (Klaus
et al., 2005). While QX disease typically occurs between November to
May (Bezemer et al., 2006; Rubio et al., 2013), infections by M. sydneyi
that cause no mortality (Adlard and Wesche, 2005) have been observed
between May to July (Rubio et al., 2013), corresponding to the period

Fig. 5. Extended error bar plots showing OTUs with a significant difference in relative abundance between the QX-sensitive (QX - S) and resistant groups (QX - R) at
Port Stephens (A) and Wallis Lake (B) in June.
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where microbiota heterogeneity between resistance groups was ob-
served in this study. This could indicate that the microbiota assemblage
prior to the peak mortality period is important and could contribute to
QX disease dynamics, although future studies should consider per-
forming a temporal study to capture possible microbiota dynamics.

A previous study characterising the influence of disease-resistance
on Pacific oyster microbiota identified disease-susceptible oysters as
having a higher absolute abundance of Vibrio species (King et al.,
2019c). Interestingly, this pattern is consistent with observations made
in this study, where at Port Stephens we observed an over-representa-
tion of an OTU assigned to the Vibrio genus (OTU 2) in QX-susceptible
oysters. Vibrio species are commonly implicated as pathogens affecting
marine molluscs such as clams, mussels and oysters (Paillard et al.,
2004; Travers et al., 2015). For example, Vibrio species have a crucial
role in summer mortalities of Pacific oysters (de Lorgeril et al., 2018;
Garnier et al., 2007; King et al., 2019b; Lemire et al., 2015; Petton et al.,
2015; Saulnier et al., 2010; Sugumar et al., 1998) with a non-virulent
Vibrio community replaced by a pathogenic one (Lemire et al., 2015).
Given their role in marine molluscs and other oyster diseases, in-
vestigating whether Vibrio species influence QX-disease dynamics
would be of interest. At Wallis Lake, an OTU assigned to the En-
dozoicomonas genus (OTU 4530) was significantly over-represented in
the QX-resistant oysters. Endozoicomonas bacteria have found to be
associated with many marine organisms such as sponges, corals and
oysters (Dubé et al., 2019; Neave et al., 2016; Roterman et al., 2015;
Zurel et al., 2011). Given the importance of Endozoicomonas species in
sponges and corals (Neave et al., 2017; Nishijima et al., 2013; Rua
et al., 2014), future studies should investigate their potential role in QX-
resistant oysters.

5. Conclusion

There is emerging evidence that the microbiota of benthic organ-
isms, including oysters, are dynamic and driven by multiple factors, but
the impact of location, season and genetics (disease resistance) on the
SRO microbiota have not been reported previously. Understanding the
factors that drive SRO microbiota composition are pivotal when deci-
phering the role of the microbiota during disease events, and to explain
microbiota shifts prior to, or during, disease. However, this is currently
hindered by a paucity of SRO microbiota studies. This study demon-
strated that the SRO microbiota assemblage is influenced by location
and season, which highlights the importance of performing temporal
studies at individual locations as interpreting microbiota patterns from
other locations or time points can lead to erroneous microbiota ex-
planations. Further, breeding for QX disease resistance (genetics) was
found to influence the SRO microbiota although this was only observed
in the winter. This sampling time point is before the typical QX disease
period, which may indicate that a microbiota shift could be a factor in
QX disease dynamics. Overall, these data suggest that there is a sy-
nergistic interaction of genetics and environmental drivers in shaping
the SRO microbiota.
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