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Abstract

Oysters are an ecologically and economically important marine species that contributed over 

AU$94 million (edible oysters only) directly to the Australian economy in 2012-13. During 

their life-time, cultivated and wild oysters are exposed to a variety of environmental stressors, 

including salinity and temperature fluctuations, pollution and pathogens in their natural habitat. 

These stressors are quite likely to act synergistically and can be exacerbated by anthropogenic 

and climate influences (e.g. CO2, extreme weather events). They also have the potential to 

weaken the oysters, causing them to succumb to disease or predation pressures. In an 

aquaculture environment, this could impact on the productivity and profitability of the industry. 

To maintain and potentially improve the health and resilience of oysters, knowledge needs to be 

gained regarding not only the physiological but also molecular responses to stress. Therefore, 

this study was carried out on Sydney rock oysters (Saccostrea glomerata) to examine the genes 

actively expressed in stressed and non-stressed oysters and to determine the molecular response 

of S. glomerata to a range of environmental stressors. S. glomerata were chosen as they are 

commercially grown in estuaries throughout New South Wales (NSW) to as far up as Harvey 

Bay in Queensland, as well as in Western Australia’s Albany, with an economic value of over 

AU$31 million in 2013-14 in NSW alone.

For this study, wild S. glomerata were challenged with sub-optimal levels of a) CO2 and 

temperature, b) copper, c) salinity and temperature and d) polycyclic aromatic hydrocarbons 

(PAHs) to mimic oil contamination. Collected tissues (haemolymph, gill, mantle, adductor 

muscle, digestive system and gonad) of all experimental animals were used to generate a 

S. glomerata transcriptome. Close examination of the transcriptome revealed a wide range of 

transcripts putatively involved in innate immunity, with some of them (e.g. Toll-like receptor 

signalling pathways, apoptosis) appearing to be largely conserved between mammals and 

invertebrates (e.g. oysters). Furthermore, a few selected transcripts were observed to be 

expressed in specific tissues (e.g. only in the haemolymph).

To determine the molecular response of S. glomerata to stress, three of the experimental 

conditions (CO2 & temperature, PAH, salinity & temperature) were also assessed with RNA-

Seq and transcripts differentially expressed between the control and treated samples analysed. 

Examination of transcripts differentially expressed in S. glomerata exposed to elevated pCO2

suggests that the oyster responded to the stress by priming its immune system and strengthening 

of the antioxidant defence system. Furthermore, while transcripts putatively involved in protein 

synthesis were up-regulated, transcripts coding for proteins with a role in cilia and flagella 

formation were suppressed by the pCO2 stress, potentially impacting on feeding and sperm 
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motility in the affected oysters. Expression pattern of transcripts putatively involved in 

biomineralisation varied, indicating that the exposure to the stress could cause a change in the 

composition of the shell.

Exposure of S. glomerata to the two PAHs pyrene and fluoranthene showed that these oysters 

could bioaccumulate both PAHs. Analysis of PAH stressed S. glomerata showed that PAH 

detoxification was centred on a group of transcripts (e.g. cytochrome p450) that were up-

regulated in response to the exposure. Also, pathogen recognition appears to have been 

suppressed along with some protein synthesis pathways, whereas transcripts involved in 

clearance of cell debris were induced in PAH stressed S. glomerata.

S. glomerata stressed with either elevated temperature, low salinity or the combination of both 

displayed a complex response to the respective treatments. Overall, all these treatments affected 

molecular processes such as innate immunity, respiration and antioxidant defence, heat shock 

response and protein synthesis. Of all treatments, the strongest response was observed in 

S. glomerata exposed to the combined stressors, suggesting a synergistic effect of the two 

stressors on the oyster. Transcripts putatively involved in transport of molecules such as water 

or ions during osmotic stress response were also found to be differentially expressed in response 

to the combined stressor and the low salinity exposure, with overall more of these transcripts 

suppressed than induced.

This project was the first large scale transcriptomics study carried out in S. glomerata, showing 

that these oysters have the potential to protect themselves against a range of pathogens and 

stressors. The molecular response to a variety of stressors appears to be complex, with some 

transcripts appearing to respond to more than one environmental stressor. In addition, specific 

transcripts and their expression pattern displayed a unique profile across stressors. Overall, this 

study adds to the current knowledge on immunity and stress response in molluscs in general and 

in the commercially important S. glomerata in particular.
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Chapter 1: Thesis outline

Estuaries are a changing environment, with oysters that call this habitat home having to cope 

with a wide range of natural and anthropogenic stressors such as daily or seasonal fluctuations 

in salinity and temperature, pollution and elevated carbon dioxide (CO2) levels [1-5]. These 

environmental stressors can be exacerbated by the predicted future increases in sea surface 

temperatures, extreme weather events and CO2 uptake by the world’s oceans [6]. Research has 

already shown that these stressors can have a wide range of physiological effects on molluscs 

[7, 8] and that they can be detrimental to the organism’s health and survival [9-11], therefore 

gaining an understanding of the underlying molecular responses could aid in determining the 

resilience and potential adaptability of these animals to environmental stressors. To determine 

the molecular response of oysters to stress, the intertidal, sessile Sydney rock oysters 

(Saccostrea glomerata), which form the basis of one of the oldest aquaculture industries in 

Australia [12] and have a current market value of over AU$31 million [13] were analysed in this 

PhD study.

The chapters that form the body of this work are presented using the formatting and referencing 

style of the respective journals to which the manuscripts have been submitted. The remaining 

work was referenced according to the style preferred by the BMC series journals as the 

remaining manuscripts will be submitted to this journal series. Supplementary Tables and 

Figures for each chapter can be found in the appendices section of the thesis.

The thesis is presented as follows:

Chapter 2: Literature review

A literature review is presented that provides an overview of the current research into the 

physiological and molecular stress response of marine invertebrates, followed by the aims of 

this PhD study.

Chapter 3: Transcriptome analysis

Studies have indicated that stress has an immune-modulatory effect on molluscs that could have 

negative effects on its resilience to additional stressors such as pathogens [9, 11]. This suggests 

that the innate immune system is an important component of the molecular response to stress. 

As little was previously known about the innate immune system components present in 

S. glomerata, a transcriptome was produced from the tissues of stressed and non-stressed 

S. glomerata and analysed for transcripts putatively involved in the innate immune system of 

1 
 



this oyster species. This manuscript was submitted to BMC Genomics and is currently under 

review.

Chapter 4: CO2 & temperature exposure trial

This chapter presents the results of a differential transcript expression analysis that compared 

the molecular responses of control S. glomerata with oysters exposed to elevated levels of CO2.

CO2 levels used in this study are based on predicted near-future ocean acidification levels, with 

the results of the study providing an insight into the effects of this stressor on a range of 

molecular processes. This manuscript was submitted to Molecular Ecology.

Chapter 5: PAH exposure trial

S. glomerata were exposed to two common polycyclic aromatic hydrocarbons (PAHs), pyrene 

and fluoranthene, to mimic oil contamination that can occur in the estuary through human 

activities and the introduction of material treated with creosote tar. Data presented in this 

chapter details the responses seen in PAH stressed oysters when compared to control oysters. 

Sequencing data relevant for this manuscript will be up-loaded to the NCBI sequence read 

archive before the manuscript will be submitted and accession data added to the prepared 

manuscript. This manuscript has been prepared for submission to the BMC journal series.

Chapter 6: Salinity & temperature exposure trial

Data in this chapter show the results of three different types of exposure on the molecular 

response of S. glomerata. The exposure conditions chosen were: a) elevated temperature, b) low 

salinity and c) a combination of both stressors, with the latter carried out as stressors in the 

estuary usually occur together instead of as isolated events. Sequencing data relevant for this 

manuscript will be up-loaded to the NCBI sequence read archive before the manuscript will be 

submitted and accession data added to the prepared manuscript. This manuscript has been 

prepared for submission to the BMC journal series.

Chapter 7: General discussion and conclusions

In this chapter, the results of the PhD thesis are discussed and potential future research, which 

has emerged from this study, is outlined.

For ease of understanding, the workflow diagram below summarises the general experimental 

approach followed in this study.
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Chapter 2: Literature review

Oysters are important commercial and ecological invertebrate species, contributing over 

AU$94 million to the Australian economy in 2012-13 [1]. Aside from its commercial value, 

oysters also provide essential ecosystem services, to which no clear price-tag can be attached. 

For instance, oysters and oyster reefs protect shorelines and salt marshes from erosion through 

wave energy, as well as influence the distribution of sediment. Furthermore, their structure also 

creates a habitat for other benthic and epibenthic species, such as sponges, corals, crustaceans, 

fish and other bivalves, with the loss of this habitat linked to a decline in biodiversity in coastal 

areas. Oysters are also known to sequester carbon (in the form of calcium carbonate) from the 

ocean to deposit it in their shell matrix, thus acting as a global carbon sink. In addition, oysters 

remove nutrients and suspended solids and phytoplankton from surrounding water, lowering 

turbidity and increasing water quality in the process [2-6].

Considering the ecological and economical services these ecosystem engineers deliver, their 

anatomy is surprisingly simple, without eyes, radula or tentacles [7]. The adult oyster is 

protected by bivalve shells that are composed of three layers. The outermost layer, or 

periostracum, is found in varying thickness across different oyster species and made of 

conchiolin. It protects the underlying shell layers, which consist of calcium carbonate crystals 

deposited in an organic matrix composed of conchiolin, from low pH environments. The 

outermost of these layers is found below the periostracum and called ostracum or prismatic 

layer, and the hypostracum or lamellar layer found closest to the oyster body. In some oysters, 

the lamellar layer consists of aragonite and is nacreous, while in others without nacre this layer 

consists of calcite [7-10]. The two shell valves are connected with each other at the dorsal hinge, 

and held together by a conchiolin hinge ligament [7, 8]. Together with the adductor muscle 

(Figure 1) that spans between both shell valves, they function in opening and closing the valves 

[8].
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Figure 1 Anatomy of the oyster Crassostrea virginca [8].

All three layers of the shell valves are secreted by the mantle of the oyster, with cells in the 

mantle edge responsible for secreting the periostracum and ostracum, and cells in the mantle 

surface secreting the hypostracum [7, 8]. Both mantle lobes cover the mantle cavity with the 

gills (Figure 1) [8, 9]. During feeding and breathing, the oysters draw water into the inhalant 

chamber of the mantle cavity, where cilia on the gill move the water from the inhalant chamber 

through the gills to the exhalant chamber of the mantle cavity from where it is expelled [11, 8-

10]. In this process, gills are used for gas exchange and pre-sorting of the particles carried into 

the oyster with the water current. Particles that are too large to pass through the gills are filtered 

from the water, while smaller particles pass through the gills and are trapped by cilia and 

mucous. Once the particles are trapped, they are sorted into food and mineral particles. Food 

particles are transported to the labial palps where further sorting occurs according to particle 

size. From there food particles are transported through the mouth and esophagus to the stomach 

where they are digested. Particles rejected by the gills and labial palps, as well as undigested 

food are removed as pseudofaeces [8, 9].

Energy obtained from the digested food is used for growth and gonad maturation [11, 12].

When the gonads are mature, spawning cues (e.g. environmental cues such as changes in water 

salinity and temperature) trigger the release of gametes (eggs and sperm) [12, 13]. Most oysters 

(e.g. Crassostrea) release their gametes into the water, where fertilisation occurs [11, 12]. In 

general, about 24 h after fertilisation the egg has developed into a ciliated trochophore that then 

develops into a bivalve veliger (D-stage) (Figure 2). The oyster larvae stay in the bivalve veliger 
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stage for approximately two to four weeks in which they swim and feed on phytoplankton (1-

2 [9, 8, 10]. During this time the larvae grows and 

eventually develops a ciliated foot (pediveliger stage) (Figure 2). Once the oysters have reached 

the pediveliger stage they settle (attach to a suitable substrate) and then metamorphose (Figure 

2). In metamorphosis, the larvae looses the velum and foot, and undergoes a range of 

morphological changes (e.g. placement of the mouth moves and the gills continue to develop 

and become functional), as well as loses the ability to swim. During metamorphosis, the larvae 

are unable to feed and depend on the energy store created in the previous developmental stages 

[9, 10]. After metamorphosis, the oyster keeps growing until the cycle is closed with the sexual 

maturation of the new oysters [9].

As exogenous factors (e.g. water temperature, salinity and parasites) can influence growth, 

gametogenesis, spawning, rates of fertilisation and larval development in oysters [10, 14], the 

need arises to obtain a wider knowledge of not only the physiological but also molecular 

changes and responses in these commercially and ecologically important marine animals 

brought on by the current global changing climate.  

Figure 2 Example of a bivalve life-cycle [15].
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Changes in CO2 and its effect on oysters

Global atmospheric carbon dioxide levels have steadily increased over the last 200 years due to 

anthropogenic factors (e.g. fossil fuel burning, land development) and are expected to continue 

to rise in the future [16-18]. So far, approximately 30% of the CO2 emissions have been 

absorbed by the ocean, leading to a reduction in ocean water pH (termed ocean acidification) 

[16, 18]. Also, absorption of CO2 negatively affects the availability of carbonate ions (CO3
-2)

and calcium carbonate (CaCO3) saturation, potentially impacting on calcification [17, 18].

Effects on calcification have been observed on the vent mussels Bathymodiolus brevior in their 

natural habitat [19]. These animals live close to submarine volcanos and are frequently exposed 

to low pH values and low levels of aragonite and calcite saturation [19]. Studying these animals 

and their responses allowed researchers to draw conclusions regarding the effect of future ocean 

acidification levels on calcifying marine invertebrates. Mussels from northwest Eifuku volcano, 

Hine Hina and Monowai volcano were examined, with the lowest pH (5.36-7.29) and lowest 

calcite (0.01-0.61) and aragonite (0.01) saturation values detected in northwest Eifuku volcano 

[19]. It was found that mussels grown at northwest Eifuku volcano had significantly lower 

growth and thinner shells with significantly lower breaking stress than mussels grown at Hine 

Hina and Monowai volcano [19]. These thinner shells were believed to be a result of decreased 

CaCO3 precipitation, as well as dissolution of the shells as a mechanism to provide the animals 

exposed to this unfavourable environment with bicarbonate to buffer their tissue pH [19].

However, while research of extreme environments provides a glimpse of the future, most ocean 

acidification studies appear to concentrate on coastal zones. Coastal areas like estuaries are the 

natural habitat of many oyster and other molluscan species, and are believed to be more affected 

than other regions owing to the combined effect of ocean acidification and additional inputs 

(e.g. from agriculture, rivers or oxidation of organic matter) into these coastal zones, leading to 

CO2 supersaturation [20, 18, 21]. Studies carried out so far have predominantly focused on 

analysing elevated CO2 levels predicted to occur in the future [22-24] and have detected a 

variety of ocean acidification effects on calcifying marine animals, such as effects on 

biomineralisation, respiration, reproduction, development, acid-base regulation and tolerance to 

other environmental stressors [18, 21]. For instance, the Akoya pearl oyster Pinctada fucata was 

exposed to low pH (7.8 and 7.6) for 28 days and showed significantly reduced shell strength at 

declining pH values, but no differences in the organic content of the shell [24]. It was suggested 

that the decline in shell strength was due to shell dissolution in lower pH water, potentially 

leading to a higher susceptibility of affected oysters to predation in the wild [24]. Interestingly, 

the organic matrix or periostracum was not affected in lower pH environments for the duration 

of the experiment, implying that the organic components of the shell were more resistant to 
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lower pH than the mineral component [24]. A similar observation was also made in mussels of 

northwest Eifuku, where scientists found one dead mussel, where the intact body of the mussel 

was enclosed by the periostracum of the shell, with most of the mineral shell component 

dissolved and only a very small section of calcium carbonate left on the periostracum [19]. In

another study, juvenile (post-metamorphic stage) and adult Crassostrea virginica were exposed 

to elevated levels of CO2 (hypercapnia) for 20 and 2 weeks, respectively [21]. A significant rise 

in juvenile mortality and standard metabolic rate, as well as a significantly lower dry shell mass, 

soft tissue mass, shell microhardness and fracture toughness were observed in animals of the 

hypercapnic treatment [21]. In adult oysters, on the other hand, only a small, non significant 

increase in standard metabolic rate was observed, with a significant increase in carbonic 

anhydrase and higher ADP levels in oysters exposed to elevated CO2 [21]. These results showed 

a strong effect of the elevated CO2 on juvenile survival owing to an elevated mortality rate, 

weaker shells, lower growth and potentially higher metabolic cost at hypercapnic conditions, 

with similar outcomes observed in other studies [21]. Furthermore, the lower dry shell mass and 

higher standard metabolic rate suggest that oysters exposed to hypercapnia were overall 

energetically deficient and needed their energy for homeostatic maintenance instead of growth. 

On the other hand, reduced calcium carbonate deposition and elevated shell dissolution could 

have caused a decrease in shell mass, or both processes (energy deficiency and 

biomineralisation) together could have potentially been responsible for the reduced growth [21].

In addition, while an increase in standard metabolic rate was observed in C. virginica, other 

calcifying marine animals responded to hypercapnic treatment with a decrease in standard 

metabolic rate (e.g. Dosidicus gigas), suggesting that there are species specific responses to 

elevated CO2 [21]. Further research is needed to gain a better understanding of the complex 

physiological mechanisms involved in the response of marine invertebrates to ocean 

acidification [21].

Carbonic anhydrase, significantly more highly expressed in the same study in C. virginica

exposed to elevated CO2, functions in the conversion of CO2 to bicarbonate and was believed to 

be increased as a compensatory response to hypercapnia [21, 25]. Little research appears to have 

been done on the response of other enzymes involved in shell mineralisation to hypercapnia, 

which probably is in part attributable to the lack of knowledge on the exact mechanisms 

involved in biomineralisation of oysters and other calcifying marine animals. So far, a general 

model of CO2 fixation has been reported by Hammen & Wilbur [26] that suggested the fixation 

of CO2 by propionic acid to form succinic acid or succinate, which is part of the citric acid 

cycle. The authors also found citric, ketoglutaric, fumaric, malic and pyruvic acids in the mantle 

of analysed oysters that are all known to be a part of the citric acid cycle [26]. Radiolabelled 

carbon, used in the study to analyse the mechanism of CO2 incorporation into bivalve shells, 
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was detected mainly in succinic acid, with lower amounts in fumaric and malic acid, indicating 

the movement of the fixed CO2 through the citric acid cycle [26]. It is thought that keto acids 

produced through the citric acid cycle would be converted to alanine, aspartic acid and glutamic 

acid that have been observed to be part of the organic matrix [26]. Carbonate for the mineral 

part of the shell is believed to be produced in another process by decarboxylation of oxaloacetic 

acid [26]. As the bivalve shell has various protective functions (e.g. extracellular pH buffering, 

predator protection), understanding the mechanisms and important players of biomineralisation 

might allow science to find ways to maintain the shells properties in low pH environments, 

giving oysters exposed to elevated CO2 better survival changes in the future.

The early life stages of oysters and other marine animals generally have a higher sensitivity to 

hypercapnia than adults, probably in part due to the initial shell and skeleton development 

occurring at these stages [23]. However, some species specific responses to elevated CO2 were 

also observed. For instance, studies on the larvae of C. virginica and Crassostrea ariakensis

showed significantly reduced growth and biomineralisation in C. virginica at elevated CO2, as 

well as elevated CO2 and undersaturated aragonite levels, while no significant effects were seen 

for C. ariakensis [16]. Similarly, larvae of Mercenaria mercenaria and Argopecten irradians,

exposed to different levels of CO2 showed a decrease in larval survival, growth rate, rate of 

metamorphosis and shell thickness with increasing CO2 concentrations [27]. Moreover, larvae

of both species had hinge abnormalities, which would severely affect the animal’s ability to 

open or close its shell [27]. A study on C. gigas that observed the developmental stages from 

fertilised egg to fully mineralised larvae found no effects of hypercapnia on embryos up until 

24 h after fertilisation [28]. However, 24 h after fertilisation, only a small number of embryos 

exposed to elevated CO2 developed into D-veliger, with the majority (91% 48 h after 

fertilisation) of these being abnormally shaped with significantly smaller shell length and height 

[28]. In addition, significantly less individuals fully mineralised, with only 4 – 5% developing 

into normal D-veliger in comparison to about 70% in the control group [28]. Considering these 

results, shell synthesis in the developing larvae seemed to be most sensitive to hypercapnia [28].

Larvae of Mytilus galloprovincialis were also not affected by hypercapnia in the early fertilised 

cell stages, but showed strong effects on the D-veliger stage, with only small amounts of larvae 

developing into D-veliger of reduced shell length and height and high levels of morphological 

abnormalities (e.g. mantle protruding from shell, hinge abnormalities), as well as signs of shell 

dissolution [22]. While hypercapnia has been shown to have various effects on the larvae of 

some calcifying marine animals, several studies have found species specific differences in the 

physiological response to hypercapnia, with some species reacting stronger to the exposure than 

others [17, 16]. In addition, individuals of the same species, e.g. Saccostrea glomerata, have 

also shown differences in their response to hypercapnia, with larvae of mass selected lines 
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(breeding lines selected for fast growth and disease resistance), as well as larval offspring from 

CO2 exposed adults coping better with the stressor than wild unselected oysters [29, 30]. So far, 

the factors allowing some S. glomerata larvae to better deal with hypercapnia than others are not 

known and would benefit from molecular analysis of the larval responses. In addition, several 

studies analysing the interaction between temperature stress and hypercapnia on oysters (adults 

and early developmental stages) detected synergistic effects on, for example, gamete 

fertilisation, larval growth and development, and standard metabolic rate [31, 23, 20].

Ocean acidification has been shown to have strong effects on adults and early developmental 

stages of calcifying marine animals, with some effects exacerbated by additional stressors such 

as temperature. However, ocean acidification can also affect water chemistry, such as the 

solubility of compounds or their charge, or the ionisation state of metals [32], which could add 

pressure to the already pH stressed marine animals. To address the prospect of future-proofing 

these animals, progress needs to be made in determining and understanding the molecular 

responses of animals to hypercapnia so that protective adaptive and management strategies can 

be put in place.

Effect of temperature changes on oysters

Oysters and other molluscs are exposed to daily and seasonal temperature fluctuations in their 

natural environment, with a 1 - 3°C increase in sea surface temperatures predicted to occur 

throughout the 21st century [14, 33]. The effects of this stress and the animal’s ability to 

respond to it will largely depend on the animal’s species specific thermal tolerance and 

capability to acclimate to temperatures outside their current tolerance range [34, 14].

Temperature stress on marine invertebrates has been observed to affect the animals on all levels, 

from the molecular to the physiological [33, 34]. For instance, animals exposed to temperatures 

at the lower and higher end of their thermal tolerance (termed pejus thresholds) will show a 

decrease in their aerobic scope [33, 35].This decrease is due to a discrepancy between the 

oxygen supplied by ventilation and circulation and the oxygen needed for optimal cell and body 

function [33, 35]. Temperatures beyond the pejus thresholds will result in sever limitation or 

cessation of the aerobic scope, forcing the animal to switch to anaerobic metabolism to survive 

[33, 35]. Furthermore, molecular protective means (e.g. heat shock proteins) will then be 

employed by the animal to protect its proteins and membranes [35]. In addition, strains on 

aerobic scope can affect the animal’s fitness as less energy will be available for other functions 

such as growth or reproduction [35]. In comparison, animals held at their optimal temperature 

range, for example, between 20°C and 30°C for S. glomerata, show maximal filtration rates and 

nutrient uptake [36].
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To determine the effect of temperature on a molecular and cellular level, oysters and other 

molluscs were examined for their response to temperatures within their pejus thresholds and 

beyond. In C. virginica and Ostrea edulis, haemocyte function (spreading, locomotion, 

phagocytic acitivity) was found to be negatively affected by high temperatures [37]. This was 

also observed in a study on C. gigas, were significant haemocyte mortalities were detected in 

oysters exposed to water temperatures of 40°C and higher for 2 – 4 h [37]. Additionally, 

phagocytic activity was reduced in oysters held at 60°C for 4 h [37]. Similar results were seen in 

studies on Perna viridis, Chamelea gallina and C. virginica [38-40]. During temperature 

exposure, higher mortality rates of P. viridis and C. gallina were found at 30°C than at 20°C or 

25°C, as well as an increase in P. viridis haemocyte mortality, and a reduction of P. viridis

reactive oxygen species (ROS) and lysosomal content at higher temperatures [40, 39]. ROS are 

released from haemocytes during phagocytosis (termed respiratory burst) that, together with 

lysosomal contents are part of the immune defence system [40]. Decreases of both in response 

to an elevated temperature suggest that the immunity of P. viridis was affected by the 

temperature stress [40]. Similar to results in the studies of temperature stress on P. viridis and 

C. gigas, significantly higher amounts of dead hyalinocytes (type of haemocyte) were found in 

C. virginica in response to elevated temperature [38]. Furthermore, temperature stress also 

resulted in a significantly reduced phagocytic activity in C. virginica and C. gallina [38, 39].

While haemocyte mortality was not examined in temperature stressed C. gallina, total 

haemocyte counts were found to be significantly increased in the clams held at 30°C compared 

to 20°C or 25°C, which Monari et al. [39] suggested was due to haemocytes having moved from 

the tissues into the haemolymph. The authors also observed a significant decrease in total 

superoxide dismutase activity (antioxidant defence) in C. gallina exposed to the higher 

temperature [39]. In addition to the cellular and enzymatic reactions to temperature stress, 

changes in gene expression in temperature challenged mussels have also been detected [41].

Molecular analysis of the mussels Mytilus trossulus and M. galloprovincialis, using microarrays 

designed from publicly available ESTs of the mussels, showed genes responsible for protein 

folding and proteolysis differentially expressed in response to temperature stress [41]. Some of 

the genes up-regulated in elevated temperatures were molecular chaperone heat shock protein 

70 (Hsp70) genes and genes specific to ubiquitin-mediated proteolysis (e.g. leucine 

aminopeptidase) [41]. Lockwood et al. [41] also detected genes that appeared to be species 

dependent, with three oxidative genes and one chaperone showing higher gene expression in 

M. galloprovincialis than in M. trossulus [41]. Oxidative genes function as antioxidant systems 

that scavenge ROS and their occurrence in this study indicated that oxidative damage had 

occurred as a response to elevated temperature [41]. While oxidative genes showed higher 

expression in M. galloprovincialis, genes involved in energy metabolism (e.g. NADH 

dehydrogenase) and proteolysis showed stronger expression in M. trossulus [41]. These genes 
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are involved in ATP production and removal of denatured proteins, respectively [41].

Considering that the two mussel species are known to have different thermal tolerances, some 

differences between the two species were expected [41]. However, overall these differences 

were very small, suggesting that the general temperature stress response was conserved between 

the two species, with only a small set of genes needed to develop the different thermal 

tolerances [41].

While temperature stress alone has been seen to have a wide ranging effect on oysters and other 

molluscs, it is usually not the only stressor encountered by marine animals in their natural 

environment [33]. For instance, a temperature dependent effect of cadmium on the standard 

metabolic rate of C. virginica was thought to be the result of increased energy demand due to 

cadmium as well as elevated temperature exposure [33]. This in turn may have forced the 

animals to keep their valves open for longer to satisfy the elevated oxygen demand, which 

would have exposed them to higher levels of cadmium [33]. The same trend was seen with other 

trace metals, where an increase in metal uptake coincided with an increase in temperature [42].

Due to its effect on haemocytes, temperature stress has also been linked to lowered immune 

competency, increasing the susceptibility of oysters to pathogens [37]. As protection of marine 

invertebrates to temperature stress potentially lowers their capability of dealing with other

stressors encountered in their habitat, an effort has to be made to determine the molecular 

responses to temperature in, for example, oysters to better understand potential protective 

measures employed by these marine animals.

Salinity changes and implications for oysters

Estuaries, natural habitats for many bivalves are, among other environmental factors, subjected 

to fluctuating salinity concentrations due to rainfall or tidal cycles [37, 43]. For marine animals 

to be able to survive in this environment, they have to be able to osmoconform to some degree 

[44, 45]. This means that cells in these invertebrates are able to regulate their cell volume when 

exposed to varying external osmotic concentrations [46]. The range in which molluscs are able 

to osmoconform is generally species specific, with, for instance, Modiolus demissus

granosissimus osmoconforming between 3 – 48 ppt salinity, Modiolus squamosus between 22 –

41 ppt and S. glomerata between 15 – 45 ppt [36, 47]. When the molluscs were exposed to 

salinities outside their osmoregulatory range, the animals were stressed and mortalities could be 

observed [36]. For example, in S. glomerata exposed to 5 or 55 ppt salinity for 10 days, 

mortality rates of 22.5 and 65%, respectively were observed [36]. In M. demissus 

granosissimus, mortalities in 1.5 ppt salinity were observed as early as 5 days into the exposure 

trial, and in C. virginica 14 days after exposure to salinities below 6 ppt [47, 48].
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Acclimatisation to the nonlethal salinity ranges of the respective animal usually happens fairly 

fast, but also species dependent, with C. virginica acclimating to salinities of 10 ppt and above 

in approximately 72 h, and S. glomerata conforming to salinity changes from 30 to 45 ppt and 

30 to 15 ppt within 2 days [48, 36]. Once osmoconforming bivalves have acclimated to a certain 

tolerable salinity, their body fluids are slightly hyperosmotic to their environment, a state which 

these marine animals aim to maintain throughout changing salinities [47, 46, 48]. While large 

knowledge gaps still exist regarding the osmoregulatory mechanisms used by invertebrates like 

oysters in a changing salinity environment [49, 46], some mechanisms have been observed so 

far.

The initial cell response of osmoconforming marine animals is to swell in response to a 

hypoosmotic environment (decreased salinity) and the resulting osmotic influx of water [48, 36, 

46]. Partial recovery from this response to the original cell volume is species dependent, with 

recovery times usually faster in animals that have a wider osmoconformity range [46]. During 

the recovery response, excess water is expelled by ionic transport mechanisms or excretory 

systems such as gills or gut [46]. To protect the cell from lysis at the cellular level, water and 

osmotic solutes (mainly free amino acids, some quaternary ammonium compounds) are 

removed, so the cells can recover [46, 49]. The pool of free amino acids used for osmotic 

regulation generally consists of a combination of non-essential amino acids and their derivatives 

such as alanine, glycine, proline, glutamate, glutamine, aspartate and taurin, with variations in 

the amino acids utilised for regulation depending on the cell type and species [46, 50]. This 

variation was shown in C. virginica, collected from sites along the Atlantic coast and 

Chesapeake Bay and exposed to 32 ppt and 12 ppt salinity [44]. Free amino acid pools of 

oysters from the Atlantic coast were not only larger in total size than the amino acid pool of 

Chesapeake Bay oysters, but also consisted predominantly of taurine, with glycine and proline 

also detected in oysters adapted to low salinities [44]. In Chesapeake Bay oysters, on the other 

hand, aspartate and glycine predominated with smaller amounts of taurine and proline found in 

the free amino acid pool of low salinity adapted animals [44]. When both oyster groups were 

moved to higher salinity water, free amino acid pools and individual amino acid concentrations 

in this pool increased in the oysters from the Atlantic coast and Chesapeake Bay in response to 

the hypersalinity (increased salinity) stress, however, the total size of the free amino acid pools 

was still larger in Atlantic coast oysters than Chesapeake Bay oysters [44]. Similar to the free 

amino acids, intracellular glycine betaine (a quaternary ammonium compound) was also 

observed to be higher in Atlantic coast oysters than Chesapeake Bay oysters exposed to low or 

high salinity water [44]. The amino acids expelled in response to a hypoosmotic environment 

are believed to be either catabolised after their release or potentially sequestered for later use 

[46]. Mechanisms controlling the efflux of amino acids have been shown to be ionic and 
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metabolic, as an osmotic pressure change is needed to trigger the release of amino acids and a 

divalent cation concentration for amino acid membrane permeability [46]. Furthermore, the 

movement of amino acids across cell membranes is controlled by a divalent ATPase, with the 

exact mechanisms of the ATPase not known yet [46]. Another important component of the cell 

volume control mechanisms are inorganic ions that also function as osmolyte in salinity stressed 

cells [46, 44]. This was shown in studies into neuronal behaviour in response to hypoosmotic 

stress in which cells also swelled up as initial response; however, these cells used a mechanism 

based on Ca2+ and ATP to protect themselves from lysis [46]. Furthermore, axons from 

Callinectes sapidus or Mytilus, have been shown to contain both, a free amino acid pool and 

inorganic ions (e.g. K+, Na+, Cl-) as osmotic solutes [46]. Further studies, using cells of Glycera

and Limulus, indicated that cell volume regulation depends on two distinct control mechanisms 

or systems [46]. The first mechanism cells employ to protect themselves is triggered by a 

decline in external ionic concentrations during a low salinity event, and consists of the ions Na+,

K+ and Cl- (cell type dependent) [46]. Efflux of these ions (Na+ and Cl-) in Limulus heart cells 

has been shown to happen first, with a decrease in glycine betaine following once the ions 

started to return to their original concentrations [46]. The second mechanism employed by cells 

is the previously described release of free amino acids and their derivatives due to an osmotic 

change [46]. While both of these systems are involved in cell volume regulation, they are able to 

operate independently of each other to protect cells from changes in salinity; however, 

knowledge regarding the mechanism(s) responsible for coordinating the systems is still lacking 

[46].

In a recent study on M. galloprovincialis and M. trossulus, exposed to low salinity for 4 h, the 

mechanisms active during cell volume regulation could be observed at the molecular level,

using microarrays developed from publicly available Mytilus ESTs [51]. Genes detected to be 

differentially expressed in both Mytilus species appeared to be involved in osmoregulation, 

osmotic stress signalling and cell cycle control [51]. For instance, Kcna10, a potassium channel 

gene was found to be up-regulated, while SLC17AA5, Glyt2, Atp1a and Mct were found to be 

down-regulated in low salinities [51]. These genes code for ion and amino acid transporters that 

need to be down-regulated to avoid active transport of amino acids and ions into the cytosol of 

the cells, which would otherwise increase the concentration gradient between the cells and their 

external hypoosmotic environment [51]. As only a small number (12 genes) were found to be 

differentially expressed between the two Mytilus species exposed to low salinity, it was 

suggested that other mechanisms such as pre-existing proteins or post-translational 

modifications could also play a role in salinity tolerance [51]. Another study examined the 

reaction of C. gigas haemocytes (blood cells) to varying salinities and found a significant 

increase in cell mortality at lower salinities in vitro, as well as an increase in phagocytic 
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acitivity in oysters kept at 15 and 45 ppt for 3 and 7 days when compared to oysters held at 

35 ppt [37]. In comparison, phagocytic activity in Ruditapes philippinarum was observed to 

decrease with increased salinity [37]. Considering these results, it was suggested that salinity 

could play a role in the modulation of invertebrate phagocytic activity [37]. Furthermore, as 

haemocytes such as hyalinocytes and granulocytes are known to be involved in invertebrate 

immune defence, mortality of these cells due to salinity stress can affect their immune system, 

potentially increasing their susceptibility to pathogens [37].

In addition to the molecular and cellular responses of marine invertebrates to various salinities, 

studies have shown that salinity also affects filtration rate, shell growth, oxygen consumption as 

well as oyster behaviour (valve opening and closing) [52, 43, 48]. Considering these wide 

ranging affects of salinity on marine invertebrates at a molecular, cellular and physiological 

level, a better understanding needs to be obtained regarding the basis of the salinity stress 

response in marine animals, in order to maintain their health and survival in their natural 

environment.

Disease and its effect on oysters

Queensland unknown, or QX disease is an environmental stressor that severely affects the 

economically important S. glomerata, causing mortalities of up to 98% in these oysters grown 

in the Georges River and Hawkesbury River systems along Australia’s east coast [53-55].

Marteilia sydneyi, the etiological agent of QX disease, is a paramyxean parasite that belongs to 

the phylum Paramyxea, genus Marteilia, with parasites of this phylum known to infect a range 

of marine invertebrates such as molluscs and crustaceans [56, 57]. Aside from M. sydneyi,

Marteilia refringens (causative agent of Aber disease) is another Marteilia parasite that infects 

commercially important mollusc species, the European flat oyster (O. edulis), the blue mussel 

(M. edulis) and the Mediterranean mussel (M. galloprovincialis) [57, 58]. Due to their 

commercial effect on the aquaculture industry, M. sydneyi and M. refringens outbreaks have to 

be reported to the World Organisation for Animal Health (OIE) [57-59]. Furthermore, their 

importance has sparked a wide range of research into their life-cycle, methods to determine their 

presence in hosts and environment, factors supporting or triggering outbreaks, and methods to 

protect the hosts from the parasite (e.g. markers for disease resistance, development of QX 

resistant breeding line) [57, 60-64].

Research to date has elucidated the life-cycle of both parasites in the host oysters, while a clear 

knowledge of potential intermediary hosts is still lacking [57, 64, 63]. In the case of QX disease, 

S. glomerata are believed to contract the parasite M. sydneyi through filter feeding during the 

infectious period from January to April, with mortalities in the infected oysters generally 
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occurring from April to June [64, 65]. After uptake of M. sydneyi, the parasite penetrates into 

the gill and labial palp epithelium (Figure 1), where it is found as a uninucleate stem cell with a 

daughter cell enclosed in a cytoplasmic vacuole [65, 57]. These cells then develop by 

extrasporogenic replication, in which the stem cells enlarge and enclose up to 4 daughter cells 

(produced by binary fission of the original daughter cell), where each daughter cell contains a 

uninucleate inner cell. The bicellular daughter cells are then released from the stem cells, spread 

in the epithelium and then replicate again as stem cells (Figure 3) [65]. After proliferation, the 

bicellular cells travel into the surrounding connective tissue, from where they move into the 

haemolymph to be systemically disseminated (Figure 3) [64, 65, 57]. Once systemic infection 

has occurred, the cells migrate to the digestive gland where they develop into nurse cells in the 

space between the epithelial cells and basal membrane of the digestive tubules (Figure 3) [57, 

64, 65]. There, cell-within-cell proliferation is carried out, where daughter cells, contained in the 

elongated nurse cells, divide and spread along the basal membrane until the digestive tubules 

are completely infiltrated [65, 57]. Once infection is established, nurse cells degrade and 

daughter cells cleave secondary cells internally that then divide to form a sporont primordia 

(Figure 3) [65]. Sporulation proceeds by the enlargement of the plasmodium, forming 

sporangiosori that contain up to 16 sporangia (produced through internal cleavage) [63]. Internal 

cleavage of each sporangium then results in two (sometimes three) spores whose protoplasm is 

built of 3 uninucleate sporoplasm, with the smallest contained in the vacuole of the intermediate 

sporoplasm, and the intermediate contained in the vacuole of the largest sporoplasm [63]. After 

sporulation, mature spores are shed into the digestive tubule lumen from where they are released 

into the environment before the oyster host dies (Figure 3) [57, 64, 65]. Research into the 

shedding behaviour of infected oysters showed that the animal could shed spores for up to 41 

days (without infecting other oysters), with oysters shedding large amounts of spores dying 

within 6 weeks [66]. Mortality of the oyster hosts is believed to be due to starvation of the 

oysters caused by a) parasites directly blocking the digestive gland and b) destruction of the 

digestive gland tissue [57, 64, 67]. While a relatively clear picture exists regarding the life cycle 

of M. sydneyi in its oyster host, little is known about its life cycle outside S. glomerata [57, 68].

In order to detect the parasite in other marine species, detection methods (e.g. polymerase chain 

reaction and in situ hybridisation) have been developed that will aid the search for the parasite 

in the marine environment [69, 56, 62]. To ascertain first, if spores are able to survive in the 

environment without another host until the next QX outbreak occurs, research has been 

conducted that determined, that in general the majority of spores were non-viable without a host 

after 7 days in the water, with a small proportion seen to survive for a maximum of 35 days 

when they were held at 15°C and 34 ppt salinity [68]. When the spores were tested at different 

salinities, spores were unable to survive long in low salinities (24 h in 0 ppt salinity) and high 

temperature (24 h in 60°C). Maximum spore survival was observed at 15°C (33 days) and 30 
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and 40 ppt salinity (non-viable on day 9) [68]. As spores seemed to be unable to mature in the 

environment without a host (lack of energy reserves and morphological changes, short life span 

in experiments) and spores do not appear to be transmitted between oysters, intermediate hosts 

might secure the spore’s survival until the next QX outbreak [68, 66]. In addition, potential 

intermediate hosts have been reported for M. refringens [60, 59, 64], where the parasite was 

detected in the copepod Paracartia grani, the decapod crustacean Portumnus sp. and in 

zooplanktonic hosts (Oithona sp., Acartia discaudata, Acartia clause, Acartia italica and 

Euterpina acutifrons) [60, 59, 64, 57]. As M. refringens from infected A. grani did not cause 

infection in healthy O. edulis, it is possible, that more than one intermediate host might be 

involved in the life cycle of M. refringens [64, 59]. With M. refringens belonging to the same 

genus as M. sydneyi, both parasites sharing some developmental phases in their life cycle (e.g. 

production of secondary cells through internal cleavage), and oyster to oyster transmission of 

M. refringens having also been shown to be unsuccessful [57], it is likely that the life cycle of 

M. sydneyi outside its oyster host employs similar mechanisms of survival as M. refringens.

First experiments, using various fish species (e.g. Acanthopagrus australis, Liza argentea) as 

potential intermediate hosts for M. sydneyi eliminated fish as a potential alternative host for the 

parasite’s spores [66, 68]. Recently, a polychaete worm was implicated as a potential 

intermediate host of M. sydneyi [64, 70].

Figure 3 Proposed life-cycle of M. sydneyi in its marine host S. glomerata [65].
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With the full life cycle of M. sydneyi and other Marteilia parasites still elusive, effective 

management strategies targeting the parasites in the estuaries and oysters directly have not yet 

been developed, emphasising the need for alternative management strategies such as developing 

disease resistant animals to increase the host’s chance of survival during disease outbreaks [53, 

70-72, 61]. This is of particular importance, as M. sydneyi has been found in most of Australia’s 

east coast estuaries in which S. glomerata are grown, where they cause QX disease of varying 

strength in certain estuaries but not in others [64, 55]. To solve this enigma, research currently 

attempts to determine the factors responsible for QX outbreaks in the infected estuaries, by 

analysing host immune competence and environmental triggers or factors affecting S. glomerata

(or potentially the parasite) [53, 64]. The challenge in these research endeavours is that 

invertebrate immunity differs from vertebrate immunity, with some knowledge gaps evident 

regarding invertebrate immune defences [73].

While vertebrates possess acquired and innate immunity, the invertebrate immune system is 

limited to innate immunity, lacking the ability to build up a memory to recurring pathogens 

[73]. Instead, invertebrates defend themselves using circulating cells that are able to protect the 

animal through phagocytosis of foreign material (e.g. pathogenic and non pathogenic 

organisms) or cytotoxic or inflammatory responses to pathogens [73]. Analysis of the 

haemolymph of oysters and mussels challenged with pathogenic bacteria showed that most 

bivalves responded with the generation of reactive oxygen intermediates (ROIs) that are known 

to mediate vertebrate phagocytic activity; however, their exact function in bivalve immunity is 

not yet clear [73]. In addition to the ROIs, NAD(P)H-oxidase was activated, ultimately leading 

to the production of superoxides, hydrogen peroxide, hydroxyl radicals and singlet oxygen that 

either directly killed the pathogens or caused the destruction of the invading pathogen through

the combined action with other molecules, such as lysosomal enzymes or hypohalides and 

halidamines (products of peroxidases) [73]. Furthermore, nitric oxide (NO)-synthase activity of 

haemocytes and non-specific humoral defence molecules (e.g. agglutinins, lysozymes, serine 

proteases and opsonising lectins) were found in the haemolymph of challenged molluscs [73].

Moreover, anti-microbial peptides (e.g. Myticin, Mytilin, Mytimycin and defensin-like 

peptides) were detected in the haemolymph of challenged mussels, however, little research has 

been carried out regarding these peptides in oysters [73]. Current research, attempting to 

determine the immune mechanisms used by S. glomerata to defend itself from the parasite 

M. sydneyi further sheds light on the various immunological activities at the disposal of 

S. glomerata and molluscs in general. To date, research has highlighted the importance of the 

phenoloxidase system in the defence against M. sydneyi [54, 71]. For instance, Peters & Raftos 

[71] found that phenoloxidase levels of S. glomerata transplanted to the Georges River (known 

site with annual recurring QX infections) were substantially decreased when compared to 
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oysters grown in a control site (no QX outbreaks), with phenoloxidase suppression consistently 

observed in the QX affected oysters throughout the course of the infection. As some pathogens 

have shown the ability to suppress the prophenoloxidase cascade, the authors suggested that the 

observed decline in phenoloxidase levels in QX affected oysters could have been either caused 

by the parasite itself or were due to an environmental parameter [71]. As other oyster species 

and abalone, exposed to environmental stressors such as mercury, water temperature and 

salinity extremes were observed to have a decreased phenoloxidase activity [53], studies were 

carried out to determine whether environmental factors were also able to affect phenoloxidase 

activity in S. glomerata. To determine this, Butt et al. [74] exposed S. glomerata at different 

sites in the Georges River (up and downstream of the river mouth), to seawater of varying 

salinities and to water from a control site, as well as water from the Georges River before and 

after heavy rainfall (low salinity). The authors found that phenoloxidase activity in oysters 

exposed to water from the Georges River after rainfall was significantly lower than in oysters 

exposed to control and before rainfall water [74]. Moreover, oysters exposed to seawater of 

varying salinities showed a gradual decrease in phenoloxidase activity with decreasing salinity 

levels [74]. In addition, oysters held at river sites further inland had significantly lower 

phenoloxidase levels than oysters kept at more seaward sites. These findings, in combination 

with results from other research that found decreased phenoloxidase levels prior to QX 

outbreaks and historical data of a QX outbreak-free year in the Georges River after a severe 

drought, indicate that salinity and QX outbreaks could be linked [74]. Similarly, S. glomerata

were exposed to seawater of varying salinity, sulphuric acid and Al3+ for 48 h, after which 

several immune genes were tested for their response [75]. Results showed a significant down-

regulation of peroxiredoxin 6 in low salinity (15 ppt) compared to normal salinity (35 ppt), with 

the depression of the gene expression still evident 120 h after oysters were returned to normal 

salinity water [75]. Peroxiredoxin 6 codes for a non-selenium glutathione peroxidise that acts as 

a H2O2 scavenger, protecting the host tissue from damage [75]. In comparison, the gene 

encoding the small heat shock protein showed minimal and relatively short-lived effects to the 

tested water parameters, with the protein expression increased at low salinity and decreased in 

sulphuric acid and Al3+ water [75]. While genes involved in immunity (interferon-inhibiting

Cytokine, inhibitor of Rel/NF- B and C1q-like protein) were not affected by the water 

parameters themselves, the C1q-like protein gene was differentially expressed in oysters 

exposed to Vibrio alginolyticus in combination with the different water parameters [75].

Moreover, peroxiredoxin 6 showed the same pattern of expression in oysters exposed to the 

bacterium and salinity as it did for salinity alone [75]. From these results, Green & Barnes [75]

inferred that low salinity could be involved in the suppression of the S. glomerata immune 

system, potentially causing the oyster to be more susceptible to disease [76, 53].
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Another factor analysed for its potential effect on S. glomerata immunity was starvation. Butt et 

al. [76] carried out two experiments to determine the effect of starvation on S. glomerata. In the 

first experiment, oysters were fed at a) full satiation feed rate, b) half satiation feed rate and c) 

no feeding for 3 weeks, and in the second experiment, oysters were fed for two weeks at 

satiation rate, then one group starved for 2 weeks and another for 4 weeks before the oysters of 

both groups were allowed to recover for 6 days at full satiation feed rate [76]. From the 

parameters tested in these two experiments, total haemocyte counts decreased significantly 

between the oysters kept at three different feeding rates (fully, half fed and starved) [76].

Similar results were observed for the 2 and 4 week starvation experiment, where acid 

phosphatase, superoxide and hydrogen peroxide all decreased significantly and then recovered 

to close to, or slightly above the original level [76]. A slightly different pattern of expression 

was seen for phenoloxidase activity where a decrease (although not significant) was observed in 

oysters starved for 2 weeks and between fully and half fed oysters [76]. However, when oysters 

were starved for 4 weeks, phenoloxidase activity decreased and then recovered significantly to a 

far higher level than the original starting level [76]. These results suggest that oysters can retain 

some immune defence components during times of limited food supply [76]. More importantly, 

they show that oysters are able to maintain phenoloxidase activity longer in a stress situation 

such as starvation, than any of the other tested enzymes [76]. This, combined with the high level 

of recovery observed after long term starvation, indicates that phenoloxidase activity might play 

a role in immune defence in S. glomerata [76]. The link between phenoloxidase activity and 

immune defence was examined by Butt & Raftos [53] in S. glomerata kept at different sites in 

the Hawkesbury River. At the onset of trial (between mid January to February), the authors 

observed a rapid decrease in phenoloxidase activity of up to 80%, with the decline in activity 

linked to the time point when M. sydneyi infection was established at the different sites [72]. As 

observed in the starvation trial, phenoloxidase activity rapidly recovered in early March, 

indicating that a temporary environmental stressor might be involved in suppressing host 

immunity [53].

Phenoloxidase activity was also analysed in QX resistant (QXR) oyster lines that were 

developed by interbreeding S. glomerata that had survived QX disease outbreaks in the Georges 

River [72, 77, 67]. As observed before, phenoloxidase activity in oysters challenged with 

M. sydneyi was found to have decreased immediately prior to the detection of the parasite in the 

gill of exposed S. glomerata, confirming the indicated connection between phenoloxidase and 

its function in immune defence against the QX parasite [72, 54]. Analysis of the third and fourth 

generation of QXR oysters showed that they exhibited a significantly higher phenoloxidase 

activity in their haemolymph (cell-free haemolymph and haemocytes) than wild oysters [54, 

77]. Furthermore, phenoloxidase activity in haemocytes was found to be significantly elevated 
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compared to the activity in the cell-free haemolymph, indicating that activation of 

phenoloxidase can occur in the absence of serum [54, 77]. Closer examination of the 

haemolymph also showed that 2 types of phenoloxidase exist, with significantly more QXR 

oysters expressing both types than wild oysters [77]. Moreover, oysters expressing both 

phenoloxidase forms had higher levels of activity than oysters only expressing 1 form [77].

However, further research determined that instead of 2 forms, 5 forms of phenoloxidase exist 

(POa to POe), with the most important appearing to be POb that was tentatively linked to 

susceptibility of S. glomerata to M. sydneyi infections [72]. It is not known yet, whether the 

different phenoloxidase forms are linked to the different levels of activity found between the 

cell-free haemolymph and the haemocytes [54]. In addition, research into QXR oysters also 

indicated that their haemolymph contained significantly higher amounts of large granular 

haemocytes that not only showed a higher phenoloxidase activity than wild oysters, but were 

also observed to more often ingest multiple M. sydneyi sporonts (up to 5) [54]. These results 

imply that the reduced mortality (63% QX mortality in fourth generation QXR) seen in QXR 

oysters is linked to a higher occurrence of large granulocytes and their increased 

phenoloxoidase activity that allows these oysters to defend themselves through phagocytosis 

and subsequent melanisation of the granulocytes that had ingested the parasite [54]. Further 

research into phagocytotic interactions between the haemocyte of QXR and wild S. glomerata

and the parasite M. sydneyi supported these results [70]. It was shown that parasites were 

actively phagocytosed by granulocytes and hyalinocytes and the parasite melanised and 

degraded, indicating that these haemocytes had the ability to recognise and engulf, as well as 

destroy the parasite in the infected oysters [70]. In addition, evidence was found that 

intracellular phenoloxidase was triggered in these haemocytes by the ingestion of the parasite, 

further strengthening the suggested involvement of phenoloxidase in the intracellular 

destruction of M. sydneyi [70].

Aside from haemocytes and phenoloxidase, noradrenalin has also been analysed for its effect on 

the S. glomerata immune system [78]. In the study of Aladaileh et al. [78] noradrenalin that has 

been previously found to be increased during mechanical stress, was injected into S. glomerata

and the impact of noradrenalin examined on various immune parameters (e.g. phagocytosis) 

[78]. The authors observed a significant decrease in phenoloxidase activity 30 min after 

noradrenalin injection that started to recover 1 h after injection [78]. A similar trend was noticed 

for phenoloxidase-positive haemocytes, granulocytes and hyalinocytes, as well as for 

phagocytic activity and acid phosphatase activity [78]. Total protein concentration in turn 

decreased throughout the experiment, while peroxide and superoxide anion production was 

found to be significantly increased after noradrenalin injection [78]. Similar results were 

observed in other invertebrate species as reaction to injection of noradrenalin, except for the 
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increase in peroxide and superoxide anion production, which the authors prescribe to a potential 

species specific action to noradrenalin [78]. Results from this and comparable studies indicate 

that noradrenalin has an inhibitory function on the molluscan immune system [78]. Considering 

that salinity (especially 40 ppt and 10 ppt) and temperature (especially 40°C and 12°C) were 

shown to significantly increase noradrenalin production in S. glomerata [78], further research 

into the effects of noradrenalin on molluscan immunity needs to be carried out. Moreover, while 

research has led to an enhanced knowledge of the molluscan (and invertebrate) immune system, 

there is still much to learn about the various strategies used by molluscs such as S. glomerata to 

protect themselves from diseases like the ones caused by Marteilia and other pathogens. In 

addition, the lack of knowledge regarding the full life cycle of paramyxean parasites and 

environmental factors triggering or augmenting disease in the parasite’s host, emphasises the 

need to gain a better understanding of the various players involved in molluscan health to be 

able to safeguard the survival of wild and cultured molluscs in different environmental 

conditions.

Implications of oil contamination on oysters

On top of stressors such as temperature and salinity variation, anthropogenic factors (e.g. oil 

contamination) can place additional pressure on marine organisms such as oysters [48, 79].

Contaminants such as polycyclic aromatic hydrocarbons (PAHs) have been and still are 

introduced to the marine environment through hundreds of oil spills (crude or refined oil) 

worldwide [80]. Other sources of PAH contamination can be, for instance, creosoted timbers 

used in a variety of applications in estuaries, industrial effluent, sewage and runoff from roads 

[81-83]. PAHs are fairly complex, consisting of a large variety of compounds, with, for 

instance, benzo(a)pyrene, dibenzo(a,h)anthracene, dibenzo(a,h)pyrene and dibenzo(a,l)pyrene 

being strong carcinogenic substances [84, 82]. In addition to being carcinogenic, PAHs are also 

known to be mutagenic and toxic, causing long term effects such as impairment of reproduction, 

growth, feeding and immunological function in marine animals [80, 81, 78, 84, 82]. The 

compounds are stable and can survive for long periods in the environment (water column or 

sediment), where marine organisms such as oysters can ingest them through filter-feeding and 

slowly accumulate high levels of PAHs in their tissues [81, 82, 84, 85]. Research has shown that 

petroleum hydrocarbons were rapidly accumulated by various marine animals (e.g. oysters, 

clams and shrimps), with the more water-soluble aromatic hydrocarbons usually present in 

higher concentrations in the tissues than alkanes [86, 83]. However, most of the n-alkanes were 

generally released quickly during depuration, while the aromatic hydrocarbon naphthalenes 

were released slowly [86, 83]. Crassostrea rhizophorae, for instance, has been shown to fully 

release n-alkanes in about 2 weeks after a 10 day exposure to oil [86]. Also, it has been 
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observed that oysters and clams accumulated PAHs slower than for example fish or shrimp, and 

that accumulation continued for the duration of the exposure to oil [83]. Depuration rates in turn 

appeared to be strongly correlated to the concentration of the contaminant and the length of the 

exposure to the contaminant [87]. There does not seem to have been any research carried out yet 

that would answer questions about the mechanisms of petroleum hydrocarbon transport inside 

marine animals, or the tissues the compounds are retained in until depuration.

While it is important to understand the mechanisms and durations of accumulation and 

depuration of PAHs in molluscs, gaining knowledge regarding the physiological and molecular 

effects of PAHs on molluscan health and survival is crucial, as PAHs have the potential to 

impair the animal’s fitness [88]. Studies have found that the feeding rate of bivalves (e.g. 

C. virginica and M. edulis) decreased when exposed to sublethal levels of petroleum 

hydrocarbons due to lowered amounts of faeces and pseudofaeces produced, as well as a 

reduction in active filter-feeding and clearance rate of filtered particles [88]. It was suggested 

that hydrocarbons might have depressed the feeding rate in these molluscs through interfering 

with the animal’s ability to detect food and by inhibiting the cilia needed for feeding [88].

Closer analysis of the digestive system of molluscs indicated that oil contamination negatively 

affected stability and number of lysosomes in digestive cells, as well as digestive cell size and 

interaction between digestive tubules, potentially leading to lowered absorption efficiency and 

higher breakdown of energy stores [88]. Respiration and excretion was also observed to be 

affected by petroleum hydrocarbons [88]. Results of various studies on bivalves showed that 

oxygen consumption was elevated at low hydrocarbon concentrations, but decreased at high 

hydrocarbon levels, indicating that the animal had either closed its valves or suppressed its level 

of activity [88]. The increase in respiration observed was suggested to be due to higher 

metabolic rate in the bivalves, which along with the lower feeding rate would ultimately affect 

energy availability for functions such as growth (shell and tissue) and reproduction [88, 89].

Furthermore, studies on the effect of PAHs on oyster larvae showed that it could cause 

developmental abnormalities in larvae at levels above 300 ng PAHs/g dry weight, as well as 

result in larvae mortality [84, 82]. While these physiological responses of molluscs to petroleum 

hydrocarbons are the most obvious changes observed in the exposed animals, changes at the 

molecular and cellular level usually happen first and are generally better indicators of stress, and 

therefore are often analysed for their potential as specific bioindicators [90]. For instance, 

specific components of the pathway used to metabolise PAHs in molluscs have been analysed 

for their response to petroleum hydrocarbons [89, 49]. This pathway is split into two parts, a 

biotransformation (phase I) and a conjugation (phase II) step [89, 49]. In phase I, compounds 

like PAHs are oxidised by, for example, hydroxylation and the resulting metabolites conjugated 

with endogenous compounds in phase II [89, 49]. Various enzymes, such as cytochrome P450 
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(phase I) and glutathione S-transferase (phase II) that are involved in the metabolism of PAHs 

have been previously analysed (e.g. through enzymatic or protein assays) [89, 49]. Studies on 

mussels and oysters found an increase in cytochrome P450 and b5 in digestive gland 

microsomes in response to hydrocarbon exposure, as well as a rise in aryl hydrocarbon 

hydroxylase in response to benzo(a)pyrene, a component of PAH [89]. Other enzymes observed

to be increased in molluscs in response to oil contamination were NADPH cytochrome c

reductase and NADPH-neotetrazolium reductase [89]. Research into C. gigas exposed to 

various salinities and diesel oil concentrations focused on glutathione S-transferase and found 

the enzyme activity to be elevated in animals exposed to 0.1 mL.L-1 and 1 mL.L-1 diesel oil at 

25 ppt salinity when compared to control oysters [49]. The function of this enzyme is to 

conjugate electrophilic compounds and to protect cells against toxic effects of, for instance, 

oxidative metabolic byproducts [49]. Lipid peroxidation, a marker for oxidative stress in cells 

and tissues, was also analysed in this study, with its levels found to be increased in response to 

different diesel oil concentrations and salinities, when compared to control oysters [49]. In 

addition to the effects on various enzyme levels observed in response to salinity and diesel oil, a 

53% mortality rate was noted in oysters kept at 35 ppt salinity and 1 mL.L-1 diesel oil [49].

These results indicate that salinity in combination with oil contamination has the ability to affect 

enzymes of the PAH metabolism pathway in oysters, as well as oyster health [49]. This links to 

other studies that suggested that survival of oysters might be compromised when an additional 

stressor was added to the pressure created by PAH exposure [88]. In another study, 

M. galloprovincialis was exposed to PAHs and polychlorinated biphenyls (PCBs) for up to 43 

days [87]. Results indicated that the lowest level of superoxide dismutase and the highest levels 

of peroxisomal catalase and peroxisomal acyl-A oxidase, as well as peroxisomal volume density 

was found at the site with the highest PAH and PCB levels, which implies that peroxisome 

proliferation has occurred in oysters kept at this site [87]. Aside from the above responses, 

cellular responses to petroleum hydrocarbons have been examined [89]. For example, volume 

and surface area of secondary lysosomes in the digestive cells of molluscs were found to be

increased, while their numbers were decreased due to PAH exposure [89]. In addition, PAH 

components are believed to cause lysosomal destabilisation, with the observed lysosomal 

disturbances differing according to the PAHs the animal is exposed to [89]. Other responses 

seen by molluscs exposed to petroleum hydrocarbons are atrophy of digestive tubule epithelium, 

decrease in the volume of mature gametes and mantle tissue storage cells and an increase in 

oocyte degradation [89]. Considering the many sources of petroleum hydrocarbon through 

which the contamination can enter the marine environment, as well as its wide effect on the 

enzymatic, cellular and physiological processes of molluscs, especially when combined with 

other stressors (e.g. temperature or salinity), it is of paramount interest to widen our knowledge 

regarding the molecular responses of molluscs to PAH contamination. While physiological 
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changes will allow us to determine the presence of stressors like PAHs, molecular changes drive 

these physiological changes and will aid the research community in determining appropriate 

ways to protect and enhance the chance of survival of marine animals exposed to PAHs.

Oysters and other molluscs are exposed to a variety of stressors in their environment, from 

temperature and salinity fluctuations to pollution, disease and climate impacts like expected 

increases in temperature, CO2 and extreme rainfall events that have the potential to affect 

salinity further [37, 42, 14]. In the natural environment, many of these stressors occur together, 

with some connection between stressors already observed [14, 33]. For instance, a temperature 

dependent effect of cadmium pollution has been seen on lipid peroxidation and standard 

metabolic rate of C. virginica [33]. Furthermore, some of the stressors also function as cues for 

events such as induction of spawning that is triggered by an increase in water temperature [14].

For these reasons, and the wide range of effects observed for the different environmental 

stressors, it is important to gain a better understanding of the molecular, cellular and 

physiological effects of stressors on wild and aquacultured molluscs such as oysters. 

Furthermore, determining molecular responses to environmental stressors in one species of 

marine invertebrates will allow us to draw inferences for other marine species regarding specific 

and general stress response in these animals. Molecular responses to environmental stressors 

can be analysed through transcriptomics and other gene expression studies. However, the 

employment of these techniques in regards to individual and general stress response in molluscs 

is still in its infancy. This PhD project aims to address these knowledge gaps and will further 

our understanding of the molecular mechanisms underlying environmental stress response in 

bivalves. Detailed knowledge about stress responses in marine invertebrates will ultimately 

allow policy makers, industry and the research community to develop appropriate management 

strategies, policies and potential adaptive strategies for wild and aquacultured marine animals to 

future-proof the survival of these animals.

The aims and objectives of the research

A wide range of research has been carried out and published to date regarding the 

environmental stressors marine bivalves such as oysters are challenged within their natural and 

aquacultured environments. However, most of this research has concentrated on the effects of 

stressors on specific genes, proteins, cells or general physiology of bivalves. For example, 

haemocytes and mechanisms involved in osmoregulation were analysed in bivalves in response 

to temperature and salinity stress [37, 36, 44, 45] and specific genes involved in immune 

protection in response to M. sydneyi infection [63, 64, 66, 68, 71, 91, 70, 53, 54, 74, 75, 77, 73].

Furthermore, broad physiological effects on fertilisation, embryonic and larval development 

[16, 31, 28, 27, 22, 17], as well as shell formation/biomineralisation [24, 21] have been 
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observed in bivalves exposed to varying levels of elevated CO2. While these studies gave some 

insight into the general mechanisms employed by bivalves when exposed to stressors, 

knowledge regarding molecular responses in these animals is still lacking. Comprehensive 

molecular analysis may assist in developing appropriate adaptive and management strategies to 

future-proof marine animals.

This PhD project aims to determine the molecular basis of the stress response in the bivalve 

S. glomerata, with the following more specific aims:

a) to determine the genes actively expressed in the tissues of stressed and non-stressed 

S. glomerata

b) to identify novel genes differentially expressed between stressed and non-stressed 

S. glomerata
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Abstract
 

Background

Oysters have important ecological functions in their natural environment, acting as global 

carbon sinks and improving water quality by removing excess nutrients from the water column. 

During their life-time oysters are exposed to a variety of pathogens that can cause severe 

mortality in a range of oyster species. Environmental stressors encountered in their habitat can 

increase the susceptibility of oysters to these pathogens and in general have been shown to 

impact on oyster immunity, making immune parameters expressed in these marine animals an 

important research topic.

Results

Paired-end Illumina high throughput sequencing of six S. glomerata tissues exposed to different 

environmental stressors resulted in a total of 484,121,702 paired-end reads. Reads and 

assembled transcripts showed overall a low level of similarity with the C. gigas genome at the 

nucleotide level, but relatively high similarity at the protein level. Some transcripts coding for 

cathepsins, heat shock proteins and antioxidant proteins were exclusively expressed in the 

haemolymph of S. glomerata, suggesting a role in innate immunity. Analysis of the 

S. glomerata ORFs showed a wide range of genes potentially involved in innate immunity, from 

pattern recognition receptors, components of the Toll-like signalling and apoptosis pathways to 

a complex antioxidant defence mechanism.

Conclusions

This is the first large scale RNA-Seq study carried out in S. glomerata, showing the complex 

network of innate immune components that exists in this species. The results confirmed that 

many of the innate immune system components observed in mammals are also conserved in 

oysters; however, some, such as the TLR adaptors MAL, TRIF and TRAM are either missing or 

have been modified significantly. The components identified in this study could help explain the 

oysters’ natural resilience against pathogenic microorganisms encountered in their natural 

environment.
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Background

Oysters are important ecological invertebrate species, carrying out a wide range of 

environmental functions. For instance, oysters filter nutrients, suspended solids and 

phytoplankton from the water column which lowers turbidity and increases water quality. 

Furthermore, they act as global carbon sinks, sequestering carbon from the ocean and depositing 

it in their shell matrix as calcium carbonate. Oysters and oyster reefs also protect shorelines and 

salt marshes from wave erosion, influence sediment distribution and can provide a habitat for 

other benthic and epibenthic species [1-5]. In addition to their ecological value, oysters such as 

the iconic Sydney rock oyster (Saccostrea glomerata) also have a substantial economic value, 

having contributed about AU$30 million to the New South Wales (Australia) economy in 

2012/2013 [6]. In their natural habitat, oysters are exposed to a range of pathogens that can 

cause mass mortalities. Some of these pathogens are Haplosporidium nelsoni and Perkinsus 

marinus that cause MSX and Dermo, respectively in Crassostrea virginica Gmelin, with 

mortality rates of infected oysters between 50 – 90% [7]. Mortalities in bivalve hatcheries have 

been attributed to bacteria of the genus Aeromonas, Pseudomonas, Vibrio and Nocardia [8], and 

Ostreid herpesvirus 1 (OsHV-1) is the cause for repeated mass mortalities in Crassostrea gigas,

with a variant of the virus associated with mortalities in Ruditapes phillipinarum, C. gigas and 

Pecten maximus [9]. The paramyxean protozoan of the genus Marteilia has also been shown to 

cause mass mortalities in several oyster species. For example, Marteilia refringens (Aber 

disease) was implicated in mass mortalities in Ostrea edulis and Marteilioides chungmuensis

appears to be a pathogen of C. gigas [10]. Marteilia sydneyi is known to cause Queensland 

unknown (QX) disease in Sydney rock oysters, with mortality rates of up to 98% during an 

outbreak [11, 12]. While breeding of QX survivors has shown improvement in their ability to 

withstand QX disease, mortality in this breeding line was observed to increase during second 

season exposure to QX [13]. Previous studies have shown that environmental stressors (e.g. 

reduced salinity, pollution) to which oysters are exposed to in their natural habitat, can have 

detrimental effects on their immune functions. These in turn can increase their susceptibility to 

diseases such as QX or Dermo [14-17]. For instance, Cherkasov et al. [18] observed a 

significant increase in circulating haemocyte mortality in C. virginica exposed to elevated 

temperature and Kuchel et al. [19] reported a significant decrease in phagocytosis in response to 

air exposure, low salinity and mechanical stress. Considering the ecological and economical 
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importance of oysters and their exposure to environmental stress and pathogens in their natural 

habitat, a strong innate immunity is essential for oyster health and survival. Furthermore, a 

better understanding of the molecular basics of the immune system in oysters and other 

molluscs is needed to develop strategies that increase oyster resilience to environmental 

stressors and diseases. 

Next generation sequencing (NGS) provides large sequencing datasets at a fast sequencing 

speed and more lately at an affordable price [20]. This technology has already been used to 

produce two oyster genomes, the genome of Crassostrea gigas [21] and the draft genome of 

Pinctada fucata [22]. Furthermore, NGS provided insights into a range of biological functions 

in molluscs such as biomineralisation and immunity in Pinctada martensii [23],

biomineralisation in Pinctada margaritifera [24], immunity in Crassostrea virginica and 

Mytilus edulis [25, 26] and sex differentiation in P. margaritifera [27]. While immunity has 

been assessed in some molluscs, it has not yet been assessed in the iconic Sydney rock oysters 

for which only limited sequencing information is publically available [28]. Therefore, in this 

study, we exposed S. glomerata to a range of environmental stressors and sequenced six tissues 

of stressed and non-stressed adult oysters to obtain a broad spectrum of genes expressed in this 

species. Resulting S. glomerata raw Illumina sequencing reads were cleaned, assembled and 

open reading frames (ORFs) analysed for potential immune and immune related genes. The 

results of this analysis are presented in this study.

Results and Discussion

S. glomerata transcriptome sequencing and assembly

In order to capture a broad spectrum of genes actively expressed in S. glomerata in response to 

stress, adult oysters were exposed to different potential stressors (CO2, salinity, temperature, 

copper and polycyclic aromatic hydrocarbons) and tissue samples (haemolymph, gill, mantle, 

adductor muscle, gonad and digestive) extracted at multiple sampling time-points (treatment 

details are presented in Supplementary file 1). Normalised strand-specific libraries, as well as 

non-normalised and non-strand specific libraries were prepared from each of the tissues and 

sequenced using the Illumina technology, resulting in a total of 484,121,702 paired-end reads 

with a GC content of 44-46%. Similar GC contents have been found in other molluscs, for 

example in the snail Bythinia siamensis goniomphalos (44.4%) and the oyster Pinctada maxima

(43.2%) [29, 30]. Of the raw reads, 99.7% were retained past quality control and pre-processing 

and then assembled into contigs with Trinity RNASeq [31]. Two reference transcriptomes were 

produced: one derived only from the strand-specific data and one derived from all the data. 

Assembly statistics before and after redundancy removal are summarised in Table 1. As 
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expected due to increased coverage, the combined transcriptome assembly had 20.7% more 

ORF predictions, a higher N50 value and longer transcripts. However, the increased coverage 

may have caused issues due to the high degree of polymorphism in this species. When assessing 

completeness using the CEGMA approach [32], more core eukaryotic genes were found to be 

present in the strand-specific than the combined transcriptome (Table 1). While the CEGMA 

software was originally developed to assess genomic assemblies for completeness, it has also 

been used to assess transcriptomes [33, 34]. In addition to the CEGMA analysis, the N50 values 

obtained for the S. glomerata transcriptomes were similar to the N50 values of other molluscan 

transcriptomes [25, 35, 36]. Based on these results, both assemblies were considered to be of a 

suitable quality for further analysis and therefore used in this study.

C. gigas comparison and transcript annotation

Reads and reference transcriptomes from S. glomerata were aligned to the C. gigas genome to 

examine the level of similarity of the two oyster species. Strand-specific and normalised reads, 

as well as the strand-specific reference transcriptome showed higher mapping rates to the 

C. gigas genome than the non-normalised and non-strand specific reads and combined 

transcriptome (21.4% and 3.4% versus 15.6% and 2.1%, respectively). The observed low 

transcript alignment percentages (3.4% and 2.1%) indicate that the majority of S. glomerata

transcripts overall have less than 60% similarity to the C. gigas genome at the nucleotide level. 

However, at the deduced protein level C. gigas was the closest match, with 81.2% and 75.7% of 

the best blast matches for the S. glomerata strand-specific and combined ORF’s, respectively 

being to protein sequences of C. gigas. Other molluscan best-hit matches were with Lottia 

gigantean, Aplysia californica, Ostrea edulis, Mytilus galloprovincialis and Crassostrea 

ariakensis (Supplementary Figures 1a and 1b). Similar to our study, Zhang et al. [25] mapped 

C. virginica Illumina paired-end reads to the C. gigas genome, showing that only 3.43% of raw 

reads aligned to the genome, while over 99% of C. virginica contigs could be annotated by the 

C. gigas protein set, thus also showing a much higher similarity at the protein rather than 

nucleotide level.

Functional annotation was carried out on the 85,786 strand-specific and 108,130 combined 

S. glomerata ORFs, using Blast2GO. A total of 83.5% and 81.4% of the strand-specific and 

combined ORFs, respectively were annotated with NCBI’s non-redundant database, using an e-

value cut-off of 1e-5. When all ORFs were searched against the InterProScan database, 80.1% 

and 79.6% of strand-specific and combined ORFs, respectively could be annotated. Of the 

functionally annotated ORFs for both transcriptomes, GO-terms associated with metabolic and 

cellular processes, binding and catalytic activity, and cells and membranes contained the most 
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ORFs (Supplementary Figures 2 and 3). Similar GO-terms have been found in other molluscs 

such as C. virginica and the clam Meretrix meretrix [25, 37]. In addition, both S. glomerata

transcriptomes had a range of GO-terms associated with responses to different stimuli/stress 

(e.g. response to chemical stimulus, detection of stimulus) and to immunity (e.g. immune 

response, death) (Supplementary Figures 2a and 3a). 

Tissue distribution of transcripts

S. glomerata reads (Supplementary Table 1) were mapped to their respective reference 

transcriptome and the transcript expression pattern across the six tissues examined. The largest 

number of S. glomerata transcripts (42.1% and 26.1% for strand-specific and combined, 

respectively) were found to be expressed in all tissues (Figure 1a and 1b). As most eukaryotic 

cells express the same set of cell homeostasis related genes [38], it was expected to see a high 

number of transcripts expressed in all S. glomerata tissues tested, with a smaller amount of 

transcripts specifically expressed in certain cells and tissues depending on the function of these 

cells and tissues. This has been observed in S. glomerata, where transcripts expressed in all 

tissues but the adductor muscle, transcripts only expressed in the digestive system and 

transcripts only expressed in the haemolymph (Figure 1a and 1b) were among the ten highest 

tissue patterns found in the S. glomerata transcriptomes. Some of the transcripts found to be 

expressed only in the haemolymph coded for cathepsins, heat shock proteins, peroxiredoxin and 

superoxide dismutase. Of these transcripts, peroxiredoxin and superoxide dismutase have been 

shown to act as antioxidants [39, 40], while cathepsins are lysosomal proteolytic enzymes 

involved in phagocytosis [41]. Heat shock proteins, on the other hand, are involved in the 

response to stress and have also been shown to act as endogenous ligands for Toll-like receptors 

(TLRs) in mammals, which activate the TLR signalling pathway, resulting in inflammatory 

responses [42, 43].

Immune and immune-related genes

Innate immunity is the first and only line of defence against invading pathogens in invertebrates 

such as oysters. Considering that aquatic habitats harbour a range of bacteria and viruses 

(approximately 1029 and 1010 cells/L of prokaryotes and viruses, respectively), aquatic animals 

such as oysters that inhabit this environment strongly rely on the protective functions of the 

innate immune system [44]. The innate immune response contains cellular (e.g. phagocytes) and 

humoral (e.g. enzymes) components that protect the bivalve host from harmful microorganisms 

that it encounters in its natural environment [45, 46]. In general terms, immune cells (e.g. 

haemocytes) are activated by the stimulation of receptors by pathogen-associated molecular 
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patterns (PAMPs). This immune response involves signalling cascades and the 

release/production of various molecules such as hydrolytic enzymes and antimicrobial peptides 

that are part of the immune arsenal against pathogens [47]. In the following sections we describe 

the different components identified in this transcriptome study that are potentially involved in 

innate immunity in the Sydney rock oyster.

Pattern recognition receptors (PRRs)

Through interactions with their environment, oysters are continuously exposed to a broad range 

of microorganisms. Different to vertebrates, oysters lack an adaptive immune system and thus 

have to rely heavily on the innate immune system as protection from invading microorganisms 

[48]. PRRs are an important part of the innate immune defence as they are able to recognise 

PAMPs (e.g. LPS, bacterial DNA and viral RNA) and endogenous ligands (e.g. heat shock 

proteins), also termed damage-associated molecular patterns (DAMPs), that are generally 

released in response to tissue injury or cell stress [49, 50, 42, 44]. Stimulation of PRRs induces 

intracellular signalling pathways, leading to inflammatory immune responses. In addition, PRRs 

are also linked to phagocytosis and the complement pathway [49, 42]. In mammals, PRRs fall 

into three groups, a) PRRs that occur in the body fluids (e.g. complement component C1q, 

mannose binding lectin), b) PRRs that are part of a plasma membrane (e.g. c-type lectins, 

scavenger receptors), and c) PRRs that are found in the cytoplasm (e.g. CARD helicases, NOD-

like receptors) [49]. Similar to vertebrates, several PRRs have been discovered in invertebrates 

such as crustaceans and molluscs. These include, for instance, gram-negative bacteria binding 

protein (GNBP), Toll-like receptors (TLRs), peptidoglycan recognition proteins (PGRPs), c-

type lectins, galectins, thioester-containing proteins (TEPs), scavenger receptors (SRs), 

fibrinogen-related proteins (FREPs) and Down syndrome cell adhesion molecules [51, 43].

Akin to the PRRs found in other invertebrates, a range of PRRs has also been detected in the 

S. glomerata transcriptomes of this study. Multiple transcripts of TLRs, PGRPs, GNBPs, c-type 

lectins, collectins, ficolins, macrophage mannose receptors, galectins, RIG-I-like receptors 

(RLRs), TEPs, FREPs, SRs, as well as DSCAM were found to be expressed in the S. glomerata

transcriptomes (Table 2). TLRs, which are a key component of the immune system, have been 

studied over many years and appear to be conserved across vertebrates and invertebrates alike 

and are expressed in mammals, flies, crustaceans and molluscs [51, 52, 43]. Along with the 

TLRs found in our study, TLR sequences have also been observed in other molluscs such as the 

mussels Bathymodiolus azoricus and M. edulis, the scallop Pecten maximus and the oyster 

Crassostrea virginica [25, 53, 26, 54]. Furthermore, most of the other PRRs detected in our 

study have also been reported in C. virginica, M. edulis and P. maximus, from SRs, PGRPs, 

GNBPs, c-type lectin and galectin to collectins and TEPs [25, 53, 26]. Contradictory to the 
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observation of Zhang et al. [25], ficolins, which have been linked to the complement system 

[55], have already been detected in molluscs, with transcripts found in the scallop Pecten 

maximus [53] and the C. gigas genome [21], as well as in our S. glomerata transcriptomes. 

Xiang et al. [55] showed an increased expression of a ficolin-like gene in Crassostrea 

hongkongensis after the oyster was challenged with microbes, with the recombinant protein 

being able to agglutinate Escherichia coli K-12 in the presence of Ca2+ and raising the 

phagocytic activity of C. hongkongensis haemocytes. It is conceivable that the S. glomerata

ficolins found in our study could have a similar functionality as the ficolin-like in 

C. hongkongensis, which would allow S. glomerata to not only recognise invading pathogens 

but to also act as opsonins, increasing the likelihood that the pathogens will be cleared from the 

host by phagocytosis.

RLRs (MDA5 and RIG-I), another important PRR group aside from TLRs were first observed 

in M. edulis [26]. RLRs are important sensors for viruses in the cytoplasm, with downstream 

immune signalling initiated after virus recognition [26, 49]. These PRRs have also been 

detected in the S. glomerata transcriptomes of our study (Table 2), suggesting that the immune 

system of S. glomerata might be able to defend the oyster from intracellular viruses. One other 

family of PRR found in mammals aside from TLRs are NOD-like receptors (NLRs) that are 

able to recognise and elicit an immune response to bacterial motifs in the cytoplasm [49]. While

sequence homology searches revealed matches to NLRs in our S. glomerata transcriptomes, 

these matches could not be confirmed with InterProScan and comparison to curated NLR 

sequences on uniprot. Similar to our study, Philipp et al. [26] also did not find any NLRs in 

their M. edulis transcriptome, indicating that in contrast to TLRs and RLRs, NLRs might not be 

conserved in bivalves.

Some of the PRRs found in invertebrates have also been examined for their involvement in 

innate immunity. For instance, SR expression in the scallop Chlamys farreri was induced in 

-glucan), with the SR recombinant protein being able to 

bind LPS, PGN and the fungal particles mannan and zymosan in the presence of Ca2+ [56].

Other PRRs examined were TEP, FREPs and DSCAM, which were observed to respond to 

bacteria in invertebrates, with DSCAM also associated with phagocytosis [43, 51]. These results 

indicate that PRRs in invertebrates also function in PAMPs detection, as their mammalian 

counterparts do. Of the PRRs found in invertebrates and the S. glomerata transcriptome of this 

study, members of the c-type lectin superfamily have also been linked to the complement 

system in vertebrates [57-59]. This family consists of c-type lectins, collectins, macrophage 

mannose receptor and MBL, with the macrophage mannose receptor associated with the cell 

membrane and linked to phagocytosis [57]. MBL and the related family of ficolins on the other 

hand are serum proteins (except M-ficolin) that have been shown to activate the complement 
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pathway [58, 59]. Having a range of PRRs that act in different compartments (e.g. 

haemolymph), respond to a wide range of pathogens and activate different pathways (e.g. TLR 

signalling pathway) might give S. glomerata an edge against invading pathogens, especially as 

the innate immune system is the only defence system oysters possess, making it essential to 

have a broad range of PAMPs recognition molecules to activate downstream defence 

mechanisms.

TLR signalling pathway

TLRs are well characterised and have been found in both vertebrates and invertebrates. They 

have a key role in the recognition of microbes and their stimulation leads to the activation of a 

highly conserved signalling pathway [51, 26, 44]. Mammalian TLRs are split into two groups, 

TLRs associated with the cell surface (TLR1, TLR2, TLR5, TLR6, TLR10 and TLR11) and 

TLRs that localise to the endosomes (TLR3, TLR7, TLR8, TLR9 and TLR13), with TLR4 

being localised at both sites [42, 52]. These TLRs are stimulated by a range of exogenous and 

endogenous ligands, thus allowing the host to respond to a variety of invading pathogens. For 

instance, TLR3 recognises double-stranded viral RNA, while TLR4 responds to LPS, HSP60 

and HSP70 [42, 44, 60]. Aside from LPS as a ligand, TLR4 also needs proteins such as MD-2

and CD14 that facilitate the binding of LPS [61, 50]. Once the ligand interacts with its 

respective TLR, the receptor is activated and forms hetero- or homodimers. The TLR signalling 

domain then dimerises and recruits adaptors through the interaction of its cytoplasmic TIR 

(toll/interleukin-1 receptor)-domain with the respective domain of the adaptor proteins [50, 42].

Five adaptor proteins have been found so far, myeloid differentiation primary-response protein 

88 (MyD88), MyD88-adaptor-like protein (MAL, also called TIRAP), TIR domain-containing 

adaptor protein inducing interferon [IFN]- -related adaptor molecule 

(TRAM, also termed TIRP) and sterile- -and armadillo-motif-containing protein 1 (SARM1) 

[42, 50, 49]. While the first four adaptor proteins lead to downstream signalling, SARM1 has 

been found to inhibit TRIF [52]. Of the five adaptor proteins, only MyD88 and SARM1 were 

found in the S. glomerata transcriptome along with multiple ORFs coding for TLRs (Table 2). 

Even though MAL appears to be important in mammalian TLR signalling, this adaptor, as well 

as TRIF and TRAM have not been found in S. glomerata, which overall appears to be consistent 

with results in M. edulis and Strongylocentrotus purpuratus where distinct orthologues of 

TRAM and TRIF could not be found [62, 26]. Furthermore, as MAL, TRIF and TRAM have 

only been detected in chordates so far [63], it seems that neither of these adaptors might be used 

in molluscs. Although SARM1 acts as an inhibitor in the mammalian TLR signalling pathway, 

contradictory functions of SARM1 have been observed in horseshoe crabs and Caenorhabditis 

elegans [64]. In the crustacean, SARM1 functioned as inhibitor, whereas in C. elegans its 
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function resulted in the production of antimicrobial peptides [64], suggesting that SARM1 could 

potentially act as a second adaptor next to MyD88 in S. glomerata, leading to downstream 

signalling and the induction of the innate immune system. However, further studies are needed 

to clarify the exact function(s) of SARM1 in invertebrates and especially in molluscs. Research 

into the expression levels of nine TLRs and three MyD88s in M. edulis challenged with the 

bacteria Vibrio splendidus, V. anguillarum and Micrococcus luteus and the fungus Fusarium 

oxysporum, showed that one TLR responded to the bacteria and fungus with an increase in gene 

expression [65]. In addition, all three MyD88 had increased levels of expression after challenge 

with bacteria, with only one of the MyD88 also stimulated by the fungus [65]. A similar pattern 

was shown in M. galloprovincialis, where bacterial challenge resulted in an increase in 

expression levels in one out of five TLRs and all three tested MyD88s [66]. These results 

indicate that both TLRs and the adaptor protein MyD88 respond to a range of pathogens and 

play an important role in the innate immunity of bivalves such as S. glomerata.

In mammals, the specific adaptor(s) recruited to the individual TLR determines the downstream 

signalling pathway, activating either the MyD88-dependent or the TRIF-dependent pathway. 

All TLRs but TLR3 have been shown to utilise the MyD88-dependent pathway that eventually 

results in the production of inflammatory cytokines. TLR3 on the other hand uses the TRIF-

dependent pathway that leads to the production of inflammatory cytokines as well as the 

expression of type I IFNs [50, 49]. Different to most TLRs, TLR2 and TLR4 appear to depend 

on the bridging adaptor MAL that aids in the recruitment of MyD88 to these two receptors [52, 

50]. TLR4 has also been shown to be able to initiate both, the MyD88-dependent and the TRIF-

dependent pathway [49, 50]. TLR4 is also different in that it needs the adaptor protein TRAM to 

link with TRIF, whereas TLR3 only interacts with TRIF to activate the TRIF-dependent 

signalling pathway [52, 49]. Previous studies in bivalves [65, 66] have shown that both, TLRs 

and MyD88, are induced by a variety of pathogens. More importantly, in vitro studies using 

TIR-domains of Toll receptor and MyD88 genes from the mussel Hyriopsis cumingii showed 

that the domains were able to induce the expression of antimicrobial peptides, suggesting that a 

MyD88-dependent signalling pathway is present in molluscs [67, 68]. Considering these results 

and that our S. glomerata transcriptomes contain multiple TLR and MyD88 transcripts, it is 

likely that a MyD88-dependent TLR signalling pathway also exists in S. glomerata.

MyD88-dependent pathway

Once MyD88 has associated with the receptor, IL-1R-associated kinase 4 (IRAK4) is recruited 

to the receptor complex, where its death domain interacts with the death domain of MyD88 [52, 

50]. This leads to the phosphorylation and subsequent activation of IRAK 1 and/or IRAK 2

[50]. Phosphorylation of IRAK 1 allows TRAF 6 (tumor necrosis factor [TNF] receptor-
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associated factor 6) to bind to the complex, after which IRAK 1 – TRAF 6 dissociates from the 

receptor complex [50, 52, 60]. Under certain circumstances (signalling through TLR1, TLR2 or 

TLR4), TRAF 6 can move to the mitochondria where it interacts with ECSIT (evolutionarily 

conserved signalling intermediate in Toll pathways), resulting in the production of 

mitochondrial reactive oxygen species (ROS) [69]. ORFs coding for ECSIT, TRAF and IRAK 

were observed in our S. glomerata transcriptomes (Table 2), indicating that both TLR signalling 

pathways (MyD88-dependent and signalling through ECSIT) appear to exist in S. glomerata.

This would enable S. glomerata to trigger the production and release of the important innate 

immune components ROS and cytokines in response to pathogens. While cytokine release can 

lead to the activation of other immune cells, ROS can kill pathogens as well as act as a 

secondary messenger in cellular signalling pathways, such as the MyD88-dependent pathway 

(involvement in the activation of transcription factors activator protein 1 and nuclear factor-

and the RLR signalling pathway [70, 39, 71]. Simulation of both pathways would lead to a 

strong, protective immune response in S. glomerata.

In the general signalling pathway, IRAK 1 – TRAF 6 interact with the TAK1 (transforming-

growth-factor- -activated kinase 1) – TAB1 (TAK1-binding protein) – TAB2/TAB3 protein 

complex, leading to the phosphorylation of TAK1 and TAB2/TAB3. The complex then moves 

into the cytoplasm of the cell where TAK1 is activated [60, 72, 50]. It has been shown that 

- -kinase) and that 

both, TAB2 and TAB3, appear to be involved in the downstream NF- -

activation [50, 72]. Furthermore, it is known that in order to activate NF-

need to be activated by phosphorylation of two serine residues. In addition, along with the 

-

has been shown to be important for NF- [72]

ally be degraded by 

the proteasome [72, 73, 50] -

-

where it actives the transcription of inflammatory cytokine genes [73, 72, 69]. AP-1 (activator 

protein 1), another transcription factor, can also be activated through the action of TAK1 [69, 

49, 52]. AP-1 activation appears to involve a phosphorylation cascade that moves from 

mitogen-activated protein kinase kinase kinase (MEKK) to MEK to the MAPKs JNK (c-JUN 

N-terminal kinase) and p38, ultimately leading to the activation of the transcription factor [69].

All the components involved in the MyD88-dependent pathway have been found in our 

S. glomerata transcriptomes. Aside from the previously described TLRs, MyD88, IRAK and 

TRAF transcripts, the S. glomerata transcriptomes contained ORFs coding for TAK1, TAB1, 

TAB2, IKK, NF- -1 and a range of MAPKs, MEK, MAP4K and MEKKs 
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(Table 2). This suggests that the MyD88-dependent TLR signalling pathway is conserved in 

S. glomerata. Similar results have been seen in high throughput sequencing datasets of mussel 

(M. edulis, Bathymodiolus azoricus) and oyster (C. virginica) tissues [25, 54, 26]. Aside from 

TLRs, M -1 were observed in all three studies [54, 26, 25]. In 

addition, IKK, NF- C. virginica and M. edulis, ECSIT in 

M. edulis and various mitogen-activated kinases across all three studies [54, 26, 25]. Many of 

the MyD88-dependent pathway components found in our S. glomerata study, were also 

examined in M. galloprovincialis after a bacterial challenge [66]. The authors analysed the 

expression levels of IRAK-a and -b, ECSIT, TRAF3, TRAF6, TAK1, IKK-1 and -2, NEMO, 

-1 and -2, Rel and NF-

and TRAF3 expression was shown to be decreased after Gram-negative challenge, while the rest 

was found to be up-regulated in response to bacteria [66]. The results of these studies suggest 

that the TLR signalling pathway in molluscs also functions in innate immunity in response to 

invading pathogens, using similar pathways to those described in mammals.

TRIF-dependent pathway

After interaction of TRIF with its receptor, TRIF associates with TRAF 3 that links TRIF with 

the IKK- – TBK1 (TRAF-family-member-associated NF-

activator [TANK]-binding kinase 1). The complex then phosphorylates IRF3 (IFN-regulatory 

factor 3), which leads to IRF3 dimer formation and its localisation into the nucleus. There, IRF3 

triggers the expression of type I IFN genes with the aid of p300 and CBP (cAMP-responsive-

element-binding protein [CREB]-binding protein) [60, 50]. Type I IFN in turn appears to be 

able to increase IFN production through the activation of the JAK-STAT (Janus activated kinase 

– signal transducer and activator of transcription) signalling pathway and subsequent induction 

of IRF7 [60].

TRIF has also been shown to activate NF- o pathways, involving TRIF’s N- and 

C-terminal region. In one pathway, TRAF 6 is recruited to TRIF, which eventually leads to the 

activation of NF- -

RIP1 (receptor-interacting protein 1) through its C-terminal region [60, 50]. Although TRIF has 

not been found in our study, it is interesting to note that components of the TRIF-dependent 

pathways were detected in the S. glomerata transcriptomes. These components were TBK1, 

TRAF, IRF, p300/CBP, RIP1, JAK and STAT (Table 2). TBK was also found in C. virginica

and M. edulis, STAT in M. edulis and B. azoricus, and IRF and JAK2 in M. edulis [54, 26, 25],

with the RIP-like not induced by bacteria, while the expression level of TRAF3 decreased after 

Gram-negative challenge in the mussel M. galloprovincialis [66]. Furthermore, similar to 

findings in M. edulis [26], no transcript for interferon was found in our S. glomerata
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transcriptomes. However, based on GO annotation results, Bettencourt et al. [54] detected 

interferon in their study on B. azoricus, indicating that interferon might be expressed in 

molluscs, even though it was not found in S. glomerata or M. edulis. Considering that most 

components of the TRIF-dependent TLR signalling pathway (excluding TRIF and TRAM) have 

been found in our study, as well as in other molluscs, it is possible that a TRIF-related pathway 

exists in molluscs that can be triggered either independently of the adaptor protein TRIF or 

through the actions of an as yet unknown adaptor protein.

Other molecules involved in TLR signalling pathways

While inflammatory responses induced by TLR signalling are an important protective 

mechanism, an excessive response can be detrimental to the health of the host and therefore 

needs to be tightly regulated [74, 75]. Aside from cytokines and cytokine receptors, components 

such as pellino, Toll-interacting protein (TOLLIP), interleukin-1 receptor-associated kinase 1-

binding protein 1 (IRAK1BP1), suppressor of cytokine signalling (SOCS), NF- -like 

protein 1 (NFKBIL1) and heat shock proteins, all thought to be involved in the regulation of 

TLR signalling pathways and inflammatory responses, were found in our S. glomerata

transcriptome (Table 2). In mammalian TLR signalling pathways, pellino is thought to act as a 

type of scaffolding protein by forming a complex with IRAK 1, once the TLRs have been 

activated through interaction with their ligand. Similar to pellino, TOLLIP appears to carry out 

its function by interacting with IRAK 1. In non-stimulated cells, TOLLIP inhibits the 

phosphorylation of IRAK 1, effectively stopping the activation of NF- [60]. Different to 

pellino and TOLLIP, IRAK1BP1 appears to act on NF- -regulation of 

proinflammatory cytokine transcription [76]. A study in the abalone Haliotis diversicolor

showed that the strongest expression of IRAK1BP1 was in the haemocytes of this mollusc, with 

the expression levels of IRAK1BP1 increased after H. diversicolor was challenged with the 

bacterium Vibrio parahaemolyticus [75]. These results suggest that IRAK1BP1 is involved in 

the immune response of molluscs. NFKBIL1, another regulatory component is believed to be a 

- [77, 78]. SOCS proteins can be 

induced through the stimulation of TLRs and are able to modulate the sensitivity of immune 

cells such as macrophages to cytokines and therefore mediate inflammatory responses [74].

Similar to pellino and TOLLIP, heat shock proteins, which can stimulate TLRs by acting as 

endogenous ligands [42], appear to also be linked to the IKK complex of the TLR signalling 

pathway. While Hsp 90 seems to have a stabilising function on the kinases, interaction of 

Hsp 70 with NEMO negatively affects NF- [72]. All these components have been 

found in our S. glomerata study (Table 2), as well as in the C. gigas genome (SOCS, NFKBIL1, 

heat shock proteins) [21], in C. virginica (pellino) [25], M. edulis (TOLLIP, SOCS) [26] and 

48 
 



H. diversicolor (IRAK1BP1) [75], indicating that these proteins are also important in molluscs, 

with a potential function in immunity. Further studies are needed to determine their exact 

function the in the innate immunity of S. glomerata and other molluscs.

Another molecule of interest that has been connected to several components of the TLR 

signalling pathway is the adaptor molecule MAVS (mitochondrial antiviral signalling protein), 

which has also been detected in our S. glomerata transcriptomes (Table 2). MAVS has been 

found to be linked to the outer mitochondrial membrane where it functions in antiviral 

signalling by activating NK-

mechanism of this activation has not yet been fully elucidated. Current knowledge is that 

MAVS can interact with cytosolic RIG-I (retinoic acid-inducible gene I, or DDX58) and MDA5 

(melanoma differentiation-associated gene 5), which are RIG-I-like receptors that can recognize 

viruses. MAVS has also been shown to bind TRAFs (e.g. TRAF 6, TRAF 3), an interaction that 

needs to be facilitated by the dimerisation of MAVS. In addition to TRAFs, MAVS have been 

shown to interact with TRADD (TNFR1-associated death domain protein) to activate IRF3 and 

IRF7 through a signalling pathway that involves TRAF3, TANK, I -

activation is believed to involve TRADD, FADD (FAS-associated death domain protein) and 

[79]. While 

the exact pathway involved in MAVS signalling has not been fully elucidated in mammals, the 

main components so far associated with MAVS have also been found in our S. glomerata study. 

Along with MAVS, ORFs coding for MDA5/DDX58, RIP1 and FADD were detected in our 

S. glomerata study (Table 2), suggesting that S. glomerata could potentially recognise and 

respond to viruses. While Philipp et al. [26] only observed MDA5 and DDX58 but not MAVS 

in M. edulis, MAVS was also found in C. gigas, where its inhibition led to a decrease in TRAF3 

expression [80]. The results of this recent study not only showed that MAVS exists in other 

oyster species aside from S. glomerata, but also that MAVS expression seems to be linked to 

some degree with the expression of TRAF3 as has been observed in mammals. With mass 

mortalities of oysters caused by viral diseases such as Ostreid herpesvirus-1 (OsHV-1) [81], an 

effective innate immune response against viruses would be essential for the health and survival 

of oysters such as S. glomerata. Considering that mammalian MAVS and RIG-I-like receptors 

can recognise and respond to viruses, eventually leading to an innate immune response against 

these pathogens, MAVS might be a promising target for further research in oysters.

Hypoxia-inducible factors (HIFs)

Oxygen availability is important for vertebrate and invertebrate alike and has roles in many 

biological functions (e.g. energy productions). Oysters such as S. glomerata are often exposed 
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to hypoxia in their natural habitat (e.g. during low tide or high nutrient load in the water) and 

need mechanisms that allow it to adapt to a low oxygen environment [82, 83]. HIF are genes 

that have been shown to play a role in adaptation to hypoxia in animals [82], with HIF- -

- S. glomerata transcriptome (Table 2). While the 

observation of HIF genes in S. glomerata would be expected, HIF have recently been linked to 

the innate immune response in mammals and could potentially have a similar secondary role in 

S. glomerata next to their protective function against hypoxia. The heterodimeric HIF functions 

as a transcription factor, and through the genes whose expression is regulated by HIF, has a role 

in various cellular pathways such as metabolism, cell differentiation and apoptosis [84]. HIF is 

comprised of two subunits, HIF- - -

HIF- - - [85]. Of the three HIF- ave 

been carried out on HIF-

insulin-like growth factor, interleukin- -

degraded by prolyl hydroxylases (PHDs) or otherwise regulated by factor inhibiting HIF that is 

also known as hypoxia-inducible factor 1-alpha inhibitor (HIF1AN) [84, 86]. However, 

bacterial LPS for instance, has been shown to be able to increase HIF-

only in hypoxic but also in normoxic conditions [87, 88]. This LPS induction of HIF-

expression appears to involve TLR4 and p44/42 MAPK and NF- [84, 87, 

88]. Under hypoxic conditions, for example during inflammation/infection where the 

metabolism of pathogens and host inflammatory cells and decreased perfusion creates a 

localised low oxygen environment, PHDs and HIF1AN are inhibited and HIF-

p300-CBP (CREB-binding protein). HIF- - p300-CBP then moves to the nucleus where the 

HIF heterodimer forms and the HIF complex binds to the hypoxic-response elements (HREs), 

resulting in the regulation of target gene expression. These elements are found in the promoter 

region of, for example, glycolytic enzymes and glucose transporters whose expression allows 

immune cells to generate energy in hypoxic environments [84]. In addition, HIF is thought to 

boost neutrophil and macrophage migration to areas of infection, PAMPs detection, 

phagocytosis, bactericidal activity (e.g. antimicrobial peptides, tumour necrosis factor and nitric 

oxide) and the survival of neutrophils, macrophages and monocytes [85, 84, 86]. HIF-1 has also 

been indicated in the transcriptional regulation of TLR4 expression in macrophages exposed to 

hypoxia and in the direct regulation of TLR2 and TLR6 expression [89, 90]. The S. glomerata

reference transcriptomes of this study contain ORFs for all components of the HIF pathway, 

from HIF- HIF- - (Table 2) based on sequence 

homology as well as InterProScan domain and family matches. Some of these genes have also 

been found in other molluscs, such as HIF-

cloned from C. virginica and C. gigas [83, 82] and HIF1AN that was found in the C. gigas

genome [21]. However, to the best of our knowledge, HIF-
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oysters and is therefore reported here for the first time in the oyster S. glomerata. While most 

research into HIF’s roles in immunity appears to have been carried out in vertebrates, one study 

in C. gigas has observed a link between HIF-

haemocytes, indicating that HIF-

this oyster species [91]. Although HIF’s main role might be in allowing S. glomerata to adapt to 

short-term hypoxia, the study in C. gigas suggests that HIF could also have a role in immunity, 

similar to mammalian HIF. Furthermore, with ORFs for all components of the HIF pathway 

found in the S. glomerata transcriptomes, as well as ORFs for the TLR signalling pathway, a 

dual role of HIF in S. glomerata could be possible. Further research is necessary to determine 

HIF’s exact role(s) in S. glomerata and other oyster species. Sequence information gained in our 

transcriptome study could be beneficial for such future research endeavours.

Phagocytosis and antioxidant defence

Phagocytes, such as macrophages and neutrophils are an important part of the innate immune 

defence in response to microorganisms and phagocytic activity of immune cells has been shown 

not only in vertebrates, but also in invertebrates such as M. galloprovincialis and S. glomerata

[92, 93, 11]. In these and other bivalves, phagocytosis is the most important cellular defence 

mechanism, with a large number of immune cells (2 – 4 x 106 cells/ml) contained within the 

haemolymph [93, 46]. The basic principle behind phagocytosis is the recognition of 

microorganisms or cells, their internalisation and destruction [92]. Recognition of particles 

occurs through a variety of receptors, for example, TLRs and other PRRs (e.g. mannose 

receptor, dectin-1 and scavenger receptor A), opsonic receptors (e.g. complement receptors and 

- V 3 integrins) [92, 94]. Some of these 

receptors, such as TLRs, macrophage mannose receptors, SRs and the apoptotic corpse receptor 

stabilin-2 have also been found in our S. glomerata transcriptomes (Table 2). Receptors that 

S. glomerata and also do not appear to have been observed in the C. gigas genome [21]. As 

oysters do not possess adaptive immunity, it is likely that these receptors are not used in oysters. 

The receptors found in S. glomerata (e.g. TLR, SRs) could potentially fulfil the important innate 

immune function of foreign particle recognition for phagocytic clearance, therefore ensuring 

that the host is protected from potentially harmful microorganisms or accumulating apoptotic 

bodies. Furthermore, as described previously, a ficolin-like recombinant protein from 

C. hongkongensis was shown to increase the phagocytic activity of C. hongkongensis

haemocytes by acting as an opsonin [55]. Having these multiple receptors that directly or 

indirectly (e.g. through opsonins) result in the successful phagocytic clearance of cells or 

invading microbes would be beneficial for S. glomerata as these oysters are continuously 
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exposed to bacteria in their natural environment and would therefore need a strong protective 

immune mechanism such as phagocytosis to maintain their health.

Depending on the receptor(s) that recognise the particles, specific signalling pathways are 

triggered that eventually lead to the engulfment of the particles and their internalisation into the 

phagosome [94]. Some receptors (e.g. dectin- lfment of the 

target but also elicit inflammatory signalling pathways, resulting in the release of inflammatory 

cytokines [95]. Once the target has been internalised, the phagosome then undergoes maturation 

in which it becomes increasingly more acidic before it fuses with lysosomes to form a 

phagolysosome [94]. Along with the acidic (pH 4.5-5.0) environment, phagolysosomes contain 

active cathepsins, ROS (e.g. superoxide anions, hydrogen peroxide and hydroxyl radicals), 

reactive nitrogen intermediates (RNI) and antimicrobial proteins and peptides (e.g. lysozyme, 

defensins) that allows phagocytes to destroy the engulfed targets [94, 70]. Enzymes that are 

involved in the production of ROS and RNI as well as ORFs coding for cathepsins, 

antimicrobial proteins and peptides have been found in the S. glomerata transcriptome of this 

study (Table 2) and are discussed in detail in the following sections. 

ROS and RNI

In response to proinflammatory cytokines or PAMPs, phagocytes express nitric oxide synthase 

(NOS) which catalyses the reaction that produces nitrous oxide. Nitrous oxide then reacts with 

ROS to create a range of potent RNI (e.g. peroxynitrite) that are effective against lipids, proteins 

and nucleic acids [71, 94]. NOS activity has been detected in a variety of molluscs, for example, 

in the haemocytes of the freshwater snail Viviparus ater and the mussel M. galloprovincialis

and NOS sequences have been found not only in our study (Table 2) but also in A. californica

and other marine invertebrates [96-98]. With NOS activity observed in other molluscs, it is 

likely that the NOS found in this S. glomerata study also functions in the production of nitrous 

oxide.

ROS, which can interact with nitrous oxide to form toxic RNI, are produced as a by-product of 

biological reactions as well as specifically formed by phagocyte NADPH oxidase (NOX). To 

date, seven NOX isoforms have been discovered, NOX 1-5, dual oxidase 1(DUOX 1) and 

DUOX 2, with all members of the family functioning as electron transporter, reducing oxygen 

to superoxide in the process [99]. Similar to mammalian studies, multiple transcripts coding for 

NOX and DUOX have been found in the S. glomerata of our study (Table 2). In addition, 

DUOX has been found in the C. gigas genome [21] and also in the scallop Mizuhopecten 

yessoensis, where DUOX expression was found to be induced in the gill after exposure to 

copper [100]. While NOX 2 has also been shown to be expressed in non-phagocytic cells (e.g. 
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neurons, hepatocytes), its function appears to be the production of ROS in phagocytes [99, 71, 

94]. Proinflammatory stimuli trigger the formation of the NOX 2 (also known as gp91phox)

complex in phagocytes that forms between NOX 2 and p22phox, a transmembrane protein. Once 

the two proteins have associated with each other to form flavocytochrome b558 the complex is 

activated by cytosolic components (p47phox, p67phox and p40phox) that translocate once p47phox has 

been phosphorylated, allowing p47phox to interact with p22phox [94, 99]. Another important 

molecule NOX 2 interacts with during complex assembly and activation is the small GTPase 

Rac [99, 94], which has also been detected in the transcriptomes of this study (Table 2). As one 

transcript coding for gp91phox (NOX 2) has also been found in our study (Table 2), it is possible, 

that NOX 2 and Rac could interact in a similar way with each other in S. glomerata as it does in 

mammals, potentially resulting in the production of ROS.

Aside from NOX 2, mitochondria can also produce ROS that aid macrophages in their 

bactericidal activity. Mitochondrial ROS is generated through TLR signalling (TLR1, TLR2 and 

TLR4) during which TRAF6 translocates to the mitochondria where it interacts with ECSIT 

(evolutionarily conserved signalling intermediate in Toll pathways), leading to a rise in 

mitochondrial ROS production [79]. One ORF coding for a 451 amino acid long ECSIT has 

been detected in this study (Table 2), as well as in C. gigas. In their study, Zhang et al. [101]

showed ECSIT expression levels were significantly up-regulated in the haemolymph of C. gigas

challenged with the bacterium V. anguillarum when compared to control oysters, indicating that 

ECSIT plays a role in innate immune defence of oysters. Additionally, the authors observed 

ECSIT gene expression in the haemolymph, gill, digestive gland, muscle, mantle and gonad of 

C. gigas [101]. This is in accord with our data, where the ECSIT transcript was detected in the 

haemolymph, gill, mantle, adductor muscle, gonad and digestive system of S. glomerata.

Furthermore, comparison of the C. gigas ECSIT with the S. glomerata ECSIT, using Clustal 

Omega showed that the 452 amino acid long S. glomerata ECSIT shared a 72.3% sequence 

identity with the C. gigas ECSIT (Supplementary Figure 4) and a 38.2% sequence identity with 

a M. galloprovincialis ECSIT (AHI17287). Based on the results of the study by Zhang [101], as 

well as the sequence identity of the C. gigas and S. glomerata ECSIT, it is likely that 

S. glomerata ECSIT also functions in innate immune defence.

In addition to Rac, ECSIT, NOX, DUOX and gp91phox, p22phox and p67phox have also been found 

in our study (Table 2). Interestingly, based on amino acid (aa) length, S. glomerata NOX and 

NOX-related genes appear to be very similar to the mammalian orthologous genes. For instance, 

mammalian NOX are 564 - 747 aa long [99] and S. glomerata NOX between  568 and 851 aa. 

Similarly, S. glomerata DUOX (396 to 1,627 aa, with the majority between 1,392 - 1,627 aa), 

gp91phox (568 aa), p22phox (172 aa) and p67phox (185 aa – partial sequence) transcripts are 

comparable to DUOX (1,548-1,551 aa), gp91phox (570 aa),p22phox (195 aa) and p67phox (526 aa) 
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gene length in mammals [99]. Research into non-mammalian species indicates that ROS 

production by NADPH oxidase might not be limited to mammals. For instance, Adema et al.

[102] used haemocytes of the pond snail Lymnaea stagnalis to test inhibitors of NADPH-

oxidase and compounds that inhibit NOX complex assembly in mammalian cells and showed 

that phagocytosis was inhibited by these compounds in the pond snail. Another study assessed 

the effect of V. splendidus challenge of C. gigas haemocytes on the expression of genes 

involved in phagocytosis and observed a significant increase of NADPH oxidase after a 

secondary challenge with the bacterium [103]. While these studies suggest that NADPH oxidase 

also produces ROS in non-mammalian cells, we only found an ORF for one of the three 

cytosolic components (p67phox) of the NOX2-complex in our transcriptome, but no ORFs for 

p47phox or p40phox. In addition, no apparent hits for p40phox (alternative name: SH3 and PX 

domain-containing protein 4) or p47phox (alternative name: SH3 and PX domain-containing 

protein 1A) could be found in the C. gigas genome [21]. This suggests that these two cytosolic 

components might not be needed for NOX2-complex formation in oysters. Alternatively, other 

molecules not yet found might carry out the roles of p40phox and p47phox in oysters, or the 

sequences have diverged in molluscs and therefore could not be detected in our S. glomerata

study. Further research is needed to elucidate the exact process by which the NOX2-complex 

forms and functions in oysters. In addition, while one p22phox was observed in the C. gigas

genome [21], p67phox and gp91phox do not appear to have been found in any other oyster yet and 

have been reported for the first time in our S. glomerata study.

Considering the environment S. glomerata inhabit, immune components with strong bactericidal 

activity (e.g. ROS) are essential to the health and survival of these bivalves. In this study we 

have found genes necessary to produce both nitrous oxide and ROS. Furthermore, fundamental 

components of two ROS production pathways were found in S. glomerata: NOX 2 and ECSIT. 

Possessing two pathways that potentially lead to the synthesis of ROS could allow S. glomerata

oysters to produce sufficient amounts of ROS, nitrous oxide and RNIs to successfully protect 

themselves from pathogens. Furthermore, ROS production by the mitochondria through TLR 

signalling, whose individual components have also been found in this study, would allow 

S. glomerata to directly respond to endogenous (stress related) or exogenous (bacterial 

challenge) ligands.

Antioxidants

While RNI and ROS are an important part of the innate immune defence mechanism, ROS have 

also been shown to play roles in, for instance, cellular signalling, apoptosis, cell growth and 

differentiation. However, while ROS can be beneficial, a fine balance has to be maintained of 

the level of ROS produced and removed, as any disruption in the balance can lead to oxidative 
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stress which may result in damage to a variety of macromolecules like DNA, RNA and proteins 

[39, 70, 40]. This balance is maintained by non-enzymatic (e.g. minerals and carotenoids) and 

enzymatic antioxidants such as superoxide dismutase (SOD), glutathione peroxidase (GPX) and 

catalase (CAT), as well as redox proteins like thioredoxin, glutaredoxin and peroxiredoxin, 

which allow the host organisms to protect itself from the harmful effects of ROS [39, 40, 104].

In this S. glomerata transcriptome study, ORFs encoding the proteins SOD, GPX and CAT were 

found (Table 2). These three enzymatic antioxidants protect organisms from oxidative stress, 

caused by ROS such as superoxide anion and hydrogen peroxide. SOD, which exists in three 

forms in humans (cytosolic copper/zinc-SOD, mitochondrial manganese-SOD and extracellular 

SOD), reacts with superoxide anions, generating hydrogen peroxide in the process. Hydrogen 

peroxide in turn is catalysed by CAT and GPX, resulting in the formation of water and 

molecular oxygen. Whereas both CAT and GPX can remove hydrogen peroxide, only GPX 

needs glutathione (GSH) to catalyse the reaction [39, 40]. GSH is synthesised in the cytosol 

from glutamate, cysteine and glycine through the sequential catalytic action of the two enzymes 

-glutamylcysteine synthetase (GCS) that consists of a catalytic (also called glutamate--cysteine

ligase catalytic subunit) and a regulatory polypeptide (also called glutamate--cysteine ligase 

regulatory subunit) and glutathione synthetase (GS) [105, 106]. Once GSH has been oxidised to 

glutathione disulfide (GSSG) during the reduction of hydrogen peroxide, it can be reduced back 

to GSH by the action of glutathione reductase [39]. These enzymes (GS, both GCS subunits and 

glutathione reductase) involved in the synthesis and reduction of GSH have also been found in 

the transcriptomes of this study (Table 2), indicating that GSH synthesis and GSSG reduction 

are conserved and also provide the necessary GSH for the removal of hydrogen peroxide in 

S. glomerata. In addition, we have also found thioredoxin, thioredoxin reductase, peroxiredoxin, 

glutaredoxin, glutathione S-transferase (GST) and two methionine sulfoxide reductases (MSRs) 

in the S. glomerata transcriptomes (Table 2). The thioredoxin system is another major 

antioxidant system that functions, among others, in oxidative stress defence by transferring 

electrons to, for instance peroxiredoxin, that is able to react with and remove H2O2, ROOH and 

ONOO- [39, 107]. Reaction efficiency of peroxiredoxin in terms of H2O2 removal appears to be 

on par with GPX and CAT. Once peroxiredoxin has disposed of H2O2, it is reduced to its active 

state by the thioredoxin antioxidant system. Similar to peroxiredoxin, MSRs also receive 

electrons from the thioredoxin system; however, MSRs function only indirectly as ROS 

scavengers. Oxidative stress can oxidise methionine to methionine sulfoxide, impacting on the 

protein’s function. MSRs is able to transform methionine sulfoxide back into methionine, 

restoring protein function [107]. More importantly, one MSR was found to be up-regulated in 

the clam Ruditapes decussates in response to the parasite Perkinsus oleni, indicating that MSR 

is involved in the immune response of this mollusc [108]. Oxidised thioredoxin itself can be 

reduced by thioredoxin reductase, as well as by GSH and glutaredoxin. In turn, the thioredoxin 
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system appears to be able to reduce oxidised GSH, interlinking the GSH and thioredoxin 

antioxidant systems [107]. Another more indirectly acting antioxidant family are GSTs that 

protect against molecules, such as epoxides and hydroperoxides produced by oxidative stress 

[105].

Of the antioxidants and antioxidant related genes found in the S. glomerata transcriptomes of 

this study, peroxiredoxin, GPX and GST have also been detected in Akoya pearl oysters 

(Pinctada fucata), when the oysters were exposed to stressors such as mechanical agitation and 

air [109]. Green et al. [110] also found peroxiredoxin 6 and SOD differentially expressed in 

S. glomerata selected for disease resistance when compared to wild oysters. In addition, CAT 

and GPX have been cloned in C. gigas and their expression and activity along with SOD 

measured in C. gigas, Saccostrea cucullata, and Bathymodiolus azoricus [111-113].

Furthermore, GSH levels have been measured in S. glomerata and C. gigas [114, 115]. Taken 

together, these results suggest that the main antioxidants CAT, SOD and GPX might function 

similarly in vertebrates and invertebrates such as oysters. In addition to the main antioxidants, 

the activity of glutathione reductase, thioredoxin reductase and GST was measured in the gills 

of C. gigas [115] and an EST for thioredoxin found in C. virginica [116]. Expressed sequence 

tags were found for GST, thioredoxin, thioredoxin reductase, GPX and SOD in 

M. galloprovincialis exposed to stressors such as pollutants, bacteria and temperature [117].

Furthermore, sequences for thioredoxin reductase, glutaredoxin, GS, both glutamate--cysteine 

ligase subunits, glutathione reductase and both MSRs were also found in the C. gigas genome 

[21]. These and our S. glomerata results show that antioxidants and antioxidant related genes 

are conserved across a wide range of molluscs, indicating that antioxidant defence is an 

important mechanism for S. glomerata and other molluscs. Moreover, taking into account the 

complex set of antioxidant and antioxidant related genes found in our S. glomerata

transcriptomes, antioxidant defence appears to be well developed in this oyster species. This 

will allow S. glomerata oysters to guard themselves against the detrimental effects of ROS and 

RNIs, while benefiting from their protective functions. Additionally, as S. glomerata appear to 

not only have the GSH but also the thioredoxin system and GSTs to defend themselves from 

oxidative stress, they might still be sufficiently protected should a specific pathway or 

component be inhibited.

Proteases and antimicrobial proteins and peptides

Among the defensive arsenal of host cells are cysteine, aspartic and serine proteases, also called 

cathepsins, whose gene expression is controlled by a range of inflammatory stimuli. Of the three 

cathepsin groups, cysteine proteases appear to be the largest group, consisting of cathepsins B, 

C, F, H, K, L, O, S, V, X and W. Cathepsins D and E are known as aspartic proteases, 
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cathepsins A and G as serine proteases [41, 118, 119]. The synthesised pre-proenzymes of these 

proteases are initially inactive and have to undergo a range of modifications until the enzymes 

reach their active state. The main function of cathepsins in the lysosomal system is the 

degradation of proteins; however, their proteolytic activity depends on the pH of their 

environment. For instance, mammalian cathepsin S, which functions intra- and extracellularly, 

is stable at neutral pH while most other cysteine cathepsins show their optimal activity when 

exposed to a slightly acidic environment [118, 119]. While most studies into cathepsins have 

been carried out in mammals, 59 transcripts coding for cathepsins have also been found in this 

S. glomerata transcriptome study (Table 2), as well as in the haemocytes of C. virginica and the 

mussel Cristaria plicata [116, 120]. Furthermore, cathepsin B and C expression was shown to 

be induced in the clam Sinonovacula constricta by the bacterium V. anguillarum [121, 122].

These results suggest that cathepsins could also play an important role in the innate immune 

defence of oysters and other molluscs. Moreover, the range of cathepsins found in our 

S. glomerata transcriptomes indicates that these proteases are an important component of the 

S. glomerata innate immunity.

In addition to cathepsins, the S. glomerata transcriptomes contained transcripts coding for 

lysozyme, big defensin, hydramacin and bactericidal permeability increasing protein (BPI)

(Table 2). Lysozymes are hydrolytic enzymes that act on bacterial peptidoglycan to destroy 

bacterial pathogens, with cDNA sequences for this enzyme also isolated from a variety of other 

molluscs, such as Bathymodiolus thermophilus, Calyptogena sp. 1, M. galloprovincialis, Mactra 

veneriformis and others [123, 124]. Gene expression levels of an i-type lysozyme increased in 

the mussel C. plicata after exposure with Aeromonas hydrophila, and the recombinant lysozyme 

produced in the same study demonstrated bacteriolytic activity against a range of bacteria (e.g. 

A. hydrophilia, Bacillus subtilis, Staphylococcus aureus and Escherichia coli) [125]. Moreover, 

Zhao et al. [126] cloned a lysozyme from the scallop Chlamys farreri with sequence similarity 

to g-type lysozymes. The authors also assessed the lytic activity of the recombinant lysozyme 

protein, showing that the protein was bactericidal against the Gram-positive bacteria 

Micrococcus lysodikicus and Micrococcus luteus, with only weak lytic activity against Gram-

negative bacteria (e.g. V. parahaemolyticus and V. anguillarum) and no activity against E. coli

and S. aureus [126]. These studies showed that not only vertebrate, but also invertebrate 

lysozymes have a bactericidal ability against a wide range of bacterial targets. Considering that 

invertebrates do not have adaptive immunity, expressing lysozymes with lytic activity towards a 

variety of bacterial pathogens could allow S. glomerata oysters to protect themselves from the 

bacteria they encounter in their natural environment.

Aside from lysozymes, the invertebrate innate immune defence system also depends on 

antimicrobial peptides (AMPs) like defensins. These cationic antimicrobial peptides carry out 
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their defence function by forming pores in the bacterial membrane, which ultimately leads to an 

osmotic imbalance in the bacterial cell [94, 127]. Research into big defensins in the 

haemolymph of horseshoe crabs indicated that this invertebrate AMP is active against fungi as

well as Gram-positive and Gram-negative bacteria [128]. A similar pattern was observed in the 

scallop Argopecten irradians, where big defensin was shown to be active against Gram-positive 

bacteria, weakly against Gram-negative bacteria (no effect on E. coli), and a potential fungicidal 

activity against the yeast Pichia pastoris [129]. Furthermore, big defensin expression levels 

increased in the haemolymph of the clam Venerupis philippinarum after V. anguillarum

challenge. In addition, big defensin also showed an inhibitory activity against other Gram-

negative and Gram-positive bacteria [130]. Interestingly, one study assessed the expression 

levels of three big defensins in the haemolymph of C. gigas and found two of them upregulated 

in response to bacterial challenge. It was hypothesised by the authors that the third big defensin 

might be constitutively expressed in the haemocytes of this oyster [128]. Together these results 

suggest that big defensins in invertebrates are active against a wide range of targets and that not 

all big defensins might be regulated in the same manner. When the S. glomerata big defensins 

of this transcriptome study were compared with each other, two of the five big defensin ORFs 

(m.22175 and m.22176) found in this transcriptome showed 87% sequence identity with each 

other, but only between 33 to 48% with the other three ORFs (m.6735, m.28084 and m.24530) 

(Supplementary Figure 5). These results show that S. glomerata big defensin protein sequences 

display a fairly high variability. Interestingly, the five S. glomerata big defensins also appeared 

to be expressed in different tissues. While transcripts of three of the big defensins (m.22175, 

m.22176 and m.24530) were expressed in all six tissues, m.6735 was only expressed in the 

digestive tissue and transcripts of m.28084 were detected in all tissues but the gill and adductor 

muscle. It is unclear why some S. glomerata big defensins appear to be only expressed in some 

but not all of the tested tissues. Nevertheless, it was interesting to note that only the 

S. glomerata digestive tissue had all five big defensins expressed. Considering that the particles 

that are filtered from the water column by S. glomerata also contain bacteria, it might be 

beneficial for this oyster to have an as broad as possible range of big defensins expressed in the 

digestive system to protect itself from ingested bacteria. Aside from aligning the five 

S. glomerata big defensins with each other, they were also aligned to the putative protein 

sequences of the big defensins of the scallop A. irradians, clam V. philippinarum and C. gigas

studies above. Based on the sequence identities, S. glomerata big defensins mapped closer to the 

big defensins of C. gigas (27 – 30% with m.6735, 46 – 54% with the other four) than to the big 

defensins of V. philippinarum and A. irradians that had identities between 22% (m.6735) and 

18 – 35% (Supplementary Figure 5). This was expected to be seen as S. glomerata are more 

closely related to C. gigas then to either clam or scallop.
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Bactericidal permeability increasing protein (BPI), another AMP found in our study (Table 2), 

has been shown to counteract the effects of LPS (e.g. TNF- -inflammatory 

properties and a role in opsonisation that leads to an increase in phagocytosis. In addition, BPI 

expression can be triggered by LPS (TLR – MyD88-independent pathway) and carries out its 

bactericidal activity by causing damage to the bacterial membrane [131, 132]. This

antimicrobial peptide has been identified in C. gigas haemocytes, where the recombinant 

protein was able to bind LPS, damage bacterial membranes and had antibacterial activity against 

the strain E. coli SBS363. BPI expression levels were also observed to increase in response to 

bacterial challenge [132], indicating that C. gigas BPI had similar functionality to vertebrate 

BPI. While the majority (18) of the S. glomerata BPIs appear to be expressed in all six tissues 

studied, six of the BPIs were expressed in all tissues but the adductor muscle, and one each were 

expressed in a) haemolymph, gill and mantle, b) haemolymph and mantle and c) all but 

adductor muscle and digestive tissue. Hydramacin, an AMP detected for the first time in the 

clam V. philippinarum [133] was also expressed in all S. glomerata tissues of this study. This 

coincides with the tissue expression pattern of hydramacin in V. philippinarum, where it was 

found in the adductor muscle, mantle, gill, haemocytes, shiphon and foot of the clam [133].

Similar to other AMPs, hydramacin transcript expression was shown to increase after clams 

were challenged with the bacterium Vibrio tapetis [133]. Alignment of the S. glomerata and 

V. philippinarum hydramacin showed a sequence identity of 37% (Supplementary Figure 6) 

indicating that the two putative protein sequences are not closely related.

Considering that S. glomerata oysters are directly exposed to a variety of microorganisms in 

their natural environment, phagocytosis with its various protective components (e.g. AMPs, 

hydrolytic enzymes) is an important innate immune defence mechanism that allows the animals 

to combat the harmful effects of invading pathogens. Furthermore, expressing more than one

type of AMP in different tissues as has been seen in this study, would allow S. glomerata

oysters to protect themselves from a diversity of bacterial pathogens. Future research into 

expression levels of different AMPs and different types of the same AMP in S. glomerata in 

response to stress or bacterial challenge would give us a more detailed view on the protective 

function of AMPs in this animal, with potential implications for other molluscs.

Apoptosis

Apoptosis is an evolutionary conserved mechanism with essential functions in homeostasis and 

innate immunity that removes damaged cells without triggering inflammation [134, 135]. This 

was shown in a study in C. virginica, where a basic level of apoptosis of up to 25% was 

observed in circulating haemocytes. Furthermore, infection of the oyster with the parasite 
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Perkinsus marinus resulted in increased haemocyte apoptosis levels, indicating that apoptosis is 

an important immune response in oysters such as C. virginica that allows the immune system to 

remove infected haemocytes [136]. Current knowledge suggests that vertebrate and invertebrate 

apoptosis share many components of apoptotic cascades, with detailed descriptions of the 

apoptotic cascades in vertebrates and to some degree in molluscs available [134, 137, 138]. In 

short, the apoptotic signalling cascades are generally split into two interconnected pathways, an 

intrinsic and an extrinsic cell death pathway [137, 138], with environmental stressors (e.g. 

pollution, salinity fluctuations) believed to stimulate the intrinsic pathway in molluscs [134].

Induction of the intrinsic pathway involves pro-apoptotic proteins (e.g. Bax and interferon 

alpha-inducible protein 27 [IFI27]) and results in the release of proteins (cytochrome c, 

Smac/DIABLO [second mitochondrial activator of caspases/direct IAP-binding protein of low 

isoelectric point] and AIF [apoptosis-inducing factor]) from the mitochondria into the cytosol 

[137, 139]. These mitochondrial factors interact with other components of the signalling 

cascade to promote apoptosis. Cytochrome c, for instance, interacts with apoptotic protease-

activating factor-1 (Apaf-1) and ATP/dATP after which caspase-9 is activated, that in turn 

activates caspases 3 and 7. Baculoviral IAP repeat-containing proteins (IAPs) inhibit caspase 

activity, with the inhibitory action of IAPs removed through binding with Smac/DIABLO. AIF 

in comparison causes apoptosis in a caspase-independent manner [137]. Our S. glomerata

transcriptomes contained multiple transcripts of caspases, IAPs, DIABLO and one transcript for 

AIF, along with transcripts for the two pro-apoptotic proteins, Bax and IFI27 (Table 2). Similar 

to our study, caspases and AIFs were found in P. maximus and M. edulis [26, 53], caspases, 

IAPs and Bax in C. virginica [25], IFI27 in C. gigas [21] and DIABLO in A. californica

[GenBank:XP_005110230] (http://www.ncbi.nlm.nih.gov). While these results show that many 

of the components of the intrinsic apoptosis pathway are also found in molluscs, we did not find 

any transcripts for Apaf-1 in S. glomerata. Moreover, to the best of our knowledge, no Apaf-1

transcripts have been observed yet in any other mollusc. This suggests that while the majority of 

the intrinsic pathway appears to be conserved in S. glomerata, this pathway either acts 

independent of the action of Apaf-1 or contains an as of yet unknown component with similar 

functions to Apaf-1 in mammals.

Apart from the intrinsic apoptosis pathway, the extrinsic apoptosis pathway also seems to exist 

in molluscs [138]. Ligand binding (e.g. TNF) to a death receptor of the TNF receptor 

superfamily induces apoptosis through the extrinsic pathway that involves the recruitment of 

FAS-associated death domain protein (FADD) and the action of several caspases [138, 137].

These components of the extrinsic pathway have also been detected in our S. glomerata

transcriptome, with ORFs potentially coding for FADD, TNF receptor superfamily members 

and TNF superfamily members (Table 2). FADD, TNF and TNF receptor superfamily members 
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have also been found in C. virginica [25], indicating that these proteins are important in oysters. 

Overall, having found components of both, the intrinsic and extrinsic cell death signalling 

pathways, in our S. glomerata transcriptomes, suggests that apoptosis is an integral part of the 

S. glomerata immune response to maintain its health.

Conclusions

In this study, we have exposed the economically and ecologically important oyster species 

S. glomerata to a range of environmental stressors to obtain sequencing data for six different 

tissues (haemolymph, gill, mantle, adductor muscle, gonad and digestive). Many of the 

transcripts expressed in S. glomerata were found across all six tissues, with a smaller number of 

transcripts specifically expressed in the haemolymph of the oyster, suggesting a function in the 

innate immune system of S. glomerata. Some of the transcripts exclusive to the haemolymph 

were involved in phagocytosis (e.g. cathepsins), antioxidant defence (e.g. SOD, peroxiredoxin) 

and potentially TLR signalling (e.g. heat shock proteins). Closer examination of the 

S. glomerata transcriptomes revealed a wide range of transcripts potentially involved in the 

innate immune defence against invading pathogens. Pathways such as TLR signalling or 

apoptosis appear to be largely conserved in S. glomerata, indicating that these pathways are also 

important in invertebrates such as oysters. In addition, HIF genes, generally associated with 

hypoxia, but recently also linked to immunity in mammals, have been found in S. glomerata,

with HIF-

immune functions such as phagocytosis and antioxidant defence were also observed in 

S. glomerata, with to the best of our knowledge p67phox and gp91phox reported for the first time 

in oysters. Overall, this study examined for the first time the complex machinery of the 

S. glomerata innate immune system and will be a valuable source for further research into the 

innate immune system of S. glomerata and other oyster species.

Methods

Illumina sequencing

Wild, adult S. glomerata oysters were collected from Cromarty Bay (NSW, Australia) and 

exposed to a variety of environmental stressors in a controlled setting (Supplementary File 1).

Different levels of a) CO2 and temperature, b) salinity and temperature, c) copper and d) pyrene 

and fluoranthene were chosen as experimental stressors. In addition, wild and selectively bred 

(for fast growth and disease resistance) adult oysters were exposed to different levels of CO2,

spawned and their offspring also exposed to different levels of CO2 as larvae and adult. This 

was done for three generations of oysters. Six tissues (haemolymph, gill, mantle, adductor 

61 
 



muscle, digestive system and gonad) were extracted from each of the third generation adult 

offspring from this experiment, from the wild oysters of the above four experiments, and from 

non-stressed control oysters at multiple time-points throughout the experiments. Small amounts 

of tissue were pooled per tissue type from the collected samples and total RNA extracted, using 

TRIsureTM (Bioline, Australia) according to the manufacturer’s protocol. Quantity and quality of 

the total RNA was tested with the NanoDrop2000 spectrophotometer (Thermo Fisher Scientific, 

USA) and gel electrophoresis before samples were freeze dried and sent to BGI (Hong Kong) 

for sequencing. On arrival, BGI checked the quality of the total RNA samples with an Agilent 

Bioanalyzer®, carried out a DNase I digestion for each of the samples, then prepared strand-

specific and normalised, as well as non-normalised and non-strand specific libraries for paired-

end 101 bp sequencing for each of the six samples, using Illumina HiSeq-2000. Normalisation 

of the strand-specific libraries was chosen to increase the possibility of detecting low expressed 

genes. This, in addition with using tissue from non-stressed and stressed oysters should give an 

as broad as possible transcriptome. Raw sequencing reads were deposited in the NCBI sequence 

read archive under the BioProject number PRJNA272756.

Quality control and de novo assembly

Quality of the sequencing data of the six tissues was assessed with FastQC 

(http://www.bioinformatics.babraham.ac.uk/projects/fastqc/) pre- and post-trimming, after 

which adapter sequences were removed and the sequences trimmed with Trimmomatic [140],

using the following parameters: TRAILING:3, MINLEN:36 and HEADCROP:1. Furthermore, 

the sequences were filtered for artefacts such as E. coli, plasmid or human sequences, as well as 

ribosomal sequences. Post-processed reads of the six tissues were combined into two reference 

data sets and both sets assembled with Trinity [31]. The two data sets were comprised of: a) 

strand-specific and normalised reads only and b) non-normalised and non-strand specific reads 

and reverse complement of strand-specific and normalised reads, with the resulting two 

reference assemblies considered as strand-specific transcriptome and combined transcriptome, 

respectively throughout the rest of the text. Redundancy was removed from both data sets with 

cd-hit-est [141], using a 99% cut-off, and potential coding regions determined with 

TransDecoder (http://transdecoder.sourceforge.net/) and used for further analysis. Completeness 

of both non-redundant assemblies was assessed with CEGMA (Core Eukaryotic Genes Mapping 

Approach) [32].

62 
 



Functional annotation and tissue distribution

Blastp similarity searches were carried out on the open reading frames (ORFs) of both 

transcriptomes against the NCBI non-redundant (nr) database (downloaded 01 October 2013) 

with an e-value cut-off of 1e-5 and a hit number threshold of 25. Blast2GO [142] with default 

parameters (hit adjusted to 25) was used for mapping and annotation of the ORFs, with 

InterProScan results merged with the already existing annotations. Furthermore, Kyoto 

Encyclopedia of Genes and Genomes (KEGG) pathway annotations were also obtained via 

Blast2GO. To obtain information on the transcript expression pattern across different tissues, 

reads of the six individual tissues were mapped back to the non-redundant strand-specific and 

combined reference transcriptomes, using the CLC Genomics Workbench version 7.5 (CLC 

Bio, USA) with default parameters except for length and similarity fraction that were set to 1.0 

and 0.9, respectively. General transcript patterns across the six tissues were determined, with the 

tissue distribution of specific transcripts determined based on the CLC mapping information.

Sequence comparison to Crassostrea gigas

Non-normalised and non-strand specific and normalised and strand-specific reads were mapped 

to the C. gigas genome [21] with Bowtie 2 [143]. Furthermore, both non-redundant reference 

transcriptomes were mapped to the C. gigas genome with CLC Genomics Workbench version 

7.5 to determine similarity at the nucleotide level. S. glomerata transcripts had to match over 

their entire length with a similarity of at least 60% to the C. gigas genome to be considered a 

valid alignment.

Immune and immune-related genes

In the context of this study, only S. glomerata ORFs with the following characteristics were 

considered potential immune genes: 1) sequence homology to known immune and immune-

related genes, and 2) annotated with an immune or immune-related GO term (e.g. GO:0006955, 

GO:0016265 and GO:0006950) and/or containing typical domain organisations as determined 

with InterProScan. Typical domain organisations for each potential immune and immune-

related gene were determined based on curated (reviewed) entries in uniprot 

(https://www.uniprot.org). Redundancy in the ORFs of interest, caused by using ORFs from 

both reference transcriptomes, was removed with cd-hit [141], using a sequence identity 

threshold of 1.0 at the protein level. In addition, where sequence alignments are shown or 

% sequence identities given, they have been carried out with Clustal Omega 

(https://www.ebi.ac.uk/Tools/msa/clustalo/).
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Figure 1 Transcript patterns across six different S. glomerata tissues.

A) non-normalised and non-strand specific tissue reads were mapped to the combined reference transcriptome and b) strand-specific and normalised tissue 

reads were mapped to the strand-specific reference transcriptome, using CLC Workbench version 7.5. Graph shows the number of transcripts that are 

common across individual tissue patterns, with 1 standing for “transcript present in tissue” and 0 for “transcript not present in tissue”. The order in which the 

tissues are listed is as follows: haemolymph (closest to the x-axis label), gill, mantle, muscle, gonad and digestive. The respective top graphs show the full-

scale graph, with the respective lower graphs emphasising the fine scale features of the same graph by adding a graph break.
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Tables

Table 1 Summary of S. glomerata assembly, ORF prediction and CEGMA 

analysis.

strand-specific transcriptome combined transcriptome

Total transcripts (#) 519,639 502,645

N50 length (bp) 949 1,238

Mean transcript length (bp) 633 701

Min transcript length (bp) 201 201

Max transcript length (bp) 27,590 30,775

Non-redundant transcripts (#) 414,578 453,096

N50 length (bp) 768 937

Mean transcript length (bp) 564 613

Min transcript length (bp) 201 201

Max transcript length (bp) 27,590 30,775

n transcripts < 500 bp 292,626 318,450

n transcripts 500-1000 bp 72,056 73,425

n transcripts > 1000 bp 49,896 61,221

ORF predictions (#) 85,786 108,130

Min length (bp) 300 300

Max length (bp) 25,917 29,883

CEGMA

Complete proteins (%) 95.56 91.94

Partial proteins (%) 99.19 95.56
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Table 2 Potential S. glomerata immune and immune related ORFs 

determined by GO and/or InterProScan annotation.

 
# of 

ORFs Details

Pattern recognition receptors (PRRs)

peptidoglycan recognition proteins (PGRPs) 23

gram-negative bacteria binding proteins (GNBPs) 3

collectins 53

ficolins 30

c-type lectins 110

macrophage mannose receptors 237

scavenger receptors (SRs) 26 based on domain information 
in [56]

thioester-containing proteins (TEPs) 31

fibrinogen-related proteins (FREPs) 40

down syndrome cell adhesion molecule (DSCAM) 11

galectins 20

Toll-like receptors (TLRs) 220

interferon-induced helicase c domain-containing 
protein 1 (MDA5)/(also RIG-I called) DDX58 22

stabilin-2 3

Immune signaling pathways

myeloid differentiation primary response protein 
88 (MyD88) 14

sterile alpha and TIR domain containing protein 
(SARM1) 3

IL-1R-associated kinase (IRAK) 1

tumor necrosis factor [TNF] receptor-associated 
factor (TRAF) 31

TRAF7 (8), TRAF6 (3), 
TRAF2 (3), TRAF4 (3), 
TRAF3 (1), TRAF6-like 
isoform 1 (1)

inhibitor of nuclear factor kappa-b kinase (IKK) 6

transforming-growth-factor [TGF]- -activated 
kinase 1 (TAK1, also called MEKK7)

6
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# of 
ORFs Details

TAK1-binding protein (TAB1) 3

TAK1-binding protein 2 (TAB2) 2

nuclear factor [NF]-
(NEMO) 2

TRAF-family-member-associated NF-
activator-binding kinase 1 (TBK1) 13

inhibitor of nuclear factor- 4

nuclear factor of kappa light polypeptide gene 
enhancer in b- 2

activator protein 1 (AP-1) 1

interferon regulatory factor (IRF) 7

janus activated kinase (JAK) 2

signal transducer and activator of transcription 
(STAT)

4

mitogen-activated protein kinases (MAPK) 13
MAPK3 (1), MAPK14 (4), 
MAPK15 (2), MAPK6 (3) and 
MAPK7 (1)

mitogen-activated protein kinase kinase (MEK 
also called MKK)

11

mitogen-activated protein kinase kinase kinase 
(MAP3K or MEKK)

34

MEKK1 (2), MEKK19 (8), 
MEKK2 (1), MEKK10 (1), 
MEKK15 (1), MEKK9 (1), 
MEKK13 (2)

mitogen-activated protein kinase kinase kinase 
MLT-like isoform 1 (also called ZAK isoform 1)

1

mitogen-activated protein kinase kinase kinase 
kinase (MAP4K)

10 MAP4K3 (6) and MAP4K5 
(4)

receptor-interacting protein 1 (RIP1) 3

pellino 2

toll-interacting protein (TOLLIP) 1

suppressor of cytokine signaling (SOCS) 5

NF-kappa-B inhibitor-like protein 1 (NFKBIL1) 1

interleukin-1 receptor-associated kinase 1-binding 
protein 1 (IRAK1BP1) 1

81 
 



# of 
ORFs Details

mitochondrial antiviral-signaling protein (MAVS) 1

nuclear factor of activated T-cells (NFAT) 1

c-jun-amino terminal kinase-interacting protein 4 
(JIP4) 12

c-jun-amino terminal kinase-interacting protein 1 
(JIP1) 1

endogenous ligands

-chain) 8

heat shock protein [Hsp]20 family 13

Hsp70 family 40

Hsp90 family 25

Hsp60 2

Hsp10 1

stress-induced-phosphoprotein 1 (STIP1) 2

intraflagellar transport protein 25 homolog 
(Hspb11)

2

Hypoxia-inducible factors (HIFs)

HIF- - 6

HIF- 2

hypoxia-inducible factor 1- (HIF1AN) 1

prolyl hydorxylases (PHD) 2

p300 / CREB-binding protein (CBP) 13

Immune effectors

Antioxidant defence system/phagocytosis

superoxide dismutase (SOD) 25

with mitochondrial 
manganese-SOD domains (4) 
and copper/zinc-SOD domains 
(21)
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# of 
ORFs Details

catalase (CAT) 7

glutathione peroxidase (GPX) 7

nitric oxide synthase (NOS) 2

thioredoxin 6

thioredoxin reductase 4

peroxiredoxin 11

glutaredoxin 6

glutathione S-transferase (GST) 53

glutathione synthase (GS) 2

glutamate--cysteine ligase regulatory subunit 1

glutamate--cysteine ligase catalytic subunit 3

methionine sulfoxide reductase A 3

methionine-R-sulfoxide reductase B3 4

glutathione reductase (mitochondrial) 1

NADPH oxidase (NOX) 4

p67phox 1

cytochrome b-245 heavy chain-like (gp91phox) 1

cytochrome b-245 light chain-like (p22phox) 1

dual oxidase (DUOX) 7

small GTPase Rac 2

evolutionarily conserved signaling intermediate in 
toll pathways, mitochondrial (ECSIT)

1

cathepsin 59
cathepsin B (9), F (3), L (17), 
C (1), O (2), Z (1), D (3)

lysozymes 16

Antimicrobial peptides

big defensins 5

hydramacin 1
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# of 
ORFs Details

bactericidal permeability increasing protein (BPI) 27

cytokines and cytokine receptors

macrophage migration inhibitory factor (MIF) 3

interleukin [IL]-17 3

interleukin-17 receptor d 5

interleukin-6 receptor 12

Others

septin 7

c4b-binding protein alpha/beta chain 8

Apoptosis

FAS-associated death domain protein (FADD) 3

TNF receptor superfamily members 9

TNF superfamily members 8

apoptosis-inducing factor 1, mitochondrial (AIF) 1

Bax 2

caspases 114

baculoviral IAP repeat-containing proteins (IAPs) 75

direct IAP-binding protein of low isoelectric point 
(DIABLO)

4

interferon alpha-inducible protein 27 (IFI27) 25
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Supporting information

Supplementary File, Table and Figures for this chapter can be found in the appendices section 

of the thesis.

Supplementary File 1 Detailed methods of experimental exposure trials.

Supplementary Figure 1 Blast top-hit species distribution of a) combined 

and b) strand-specific S. glomerata ORF’s.
Left graphs for both, a) and b) show the respective full-scale graphs, with the respective right 

graphs emphasising the fine scale features of the same graphs by adding a graph break.

Supplementary Figure 2 GO analysis of combined transcriptome ORF’s.

GO-terms were determined with Blast2GO, using default parameters except for seq filter that 

was set to 50. Terms listed are based on a) biological process (Level 3), b) molecular function 

(Level 3) and c) cellular component (Level 4).

Supplementary Figure 3 GO analysis of strand-specific transcriptome 

ORF’s.

GO-terms were determined with Blast2GO, using default parameters except for seq filter that 

was set to 50. Terms listed are based on a) biological process (Level 3), b) molecular function 

(Level 3) and c) cellular component (Level 4).

Supplementary Figure 4 Clustal Omega alignment of ECSIT sequences.

Alignment of S. glomerata ECSIT transcript (c383034.graph_c0_seq1|m.66044) with ECSIT 

from C. gigas [GenBank:HQ225834] and M. galloprovincialis [GenBank:AHI17287].

Supplementary Figure 5 Clustal Omega alignment of big defensin 

sequences.

Alignment of S. glomerata big defensin transcripts (c211420.graph_c0_seq1|m.6735, 

c349903.graph_c0_seq1|m.22175, c349903.graph_c0_seq2|m.22176, 

c359623.graph_c0_seq5|m.28084 and c354390.graph_c0_seq1|m.24530) with big defensins 

from C. gigas [GenBank:AEE92778, GenBank:AEE92768 and GenBank:AEE92775], 

A. irradians [GenBank:DQ334340] and V. philippinarum [GenBank:HM562672].
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Supplementary Figure 6 Clustal Omega alignment of hydramacin.

Alignment of S. glomerata hydramacin transcript (c328639.graph_c0_seq1|m.16116) with 

V. philippinarum hydramacin [GenBank:AGM14601].

Supplementary Table 1 Mapping statistics.

CLC Genomics Workbench (version 7.5) mapping statistics of individual tissue reads for 

determination of transcript distribution across the six tissues.

 

86 
 



Chapter 4: CO2 & temperature exposure trial

Molecular analysis of the Sydney rock oyster (Saccostrea 

glomerata) CO2 stress response

Nicole G Ertl1,2, Wayne A O’Connor1,3, Aaron N Wiegand1, Abigail Elizur1,§

1University of the Sunshine Coast, Sippy Downs, Queensland, Australia

2Australian Seafood Cooperative Research Centre, South Australia, Australia

3Department of Primary Industries, New South Wales, Australia

§Corresponding author

Email addresses:

NGE: nertl@usc.edu.au

WAO: wayne.o’connor@dpi.nsw.gov.au

ANW: awiegand@usc.edu.au

AE: AElizur@usc.edu.au

87 
 



Abstract

Human activities have led to a substantial increase in carbon dioxide (CO2) emission, with 

further increases predicted. A RNA-Seq study on adult Saccostrea glomerata was carried out to 

examine the molecular response of this bivalve species to elevated pCO2. A total of 1626 

S. glomerata transcripts were found to be differentially expressed in oysters exposed to elevated 

pCO2 when compared to control oysters. These transcripts cover a range of functions, from 

immunity (e.g. pattern recognition receptors, antimicrobial peptides), to respiration (e.g. 

antioxidants, mitochondrial respiratory chain proteins) and biomineralisation (e.g. carbonic 

anhydrase). Overall, elevated levels of CO2 appear to have resulted in a priming of the immune 

system and in producing countermeasures to potential oxidative stress. CO2 exposure also seems 

to have resulted in an increase in the expression of proteins involved in protein synthesis, 

whereas transcripts putatively coding for proteins with a role in cilia and flagella function were 

down-regulated in response to the stressor. In addition, while some of the transcripts related to 

biomineralisation were up-regulated (e.g. carbonic anhydrase 2, alkaline phosphatase), a small 

group was down-regulated (e.g. perlucin). This study highlighted the complex molecular 

response of the bivalve S. glomerata to expected near-future ocean acidification levels. While 

there are indications that the oyster attempted to adapt to the stressor, gauged by immune 

system priming and the increase in protein synthesis, some processes such cilia function appear 

to have been negatively affected by the elevated levels of CO2.

Keywords

Saccostrea glomerata; mollusc; RNA-seq; stress; CO2; immunity

Background

Anthropogenic activities such as deforestation and burning of fossil fuels have led to a 36% 

increase in atmospheric carbon dioxide (CO2) over the last few hundred years. This is expected 

to further increase to between 540 to 970 ppm by 2100. Of the anthropogenic CO2 produced, 

about one third has been taken up by oceans, leading to a 0.1 unit decrease in the ocean’s 

surface pH, with predictions of further pH reductions of 0.14 – 0.35 units by 2100. Furthermore, 

CO2 uptake affects carbonate chemistry through changes to the saturation state of, for instance, 

aragonite and calcite (Doney et al. 2009; Harley et al. 2006; IPCC 2007; Lee et al. 2010; Miller

et al. 2009; Poloczanska et al. 2013; Przeslawski et al. 2008; Zeebe et al. 2008). During CO2

uptake, water (H2O) interacts with CO2 to produce carbonic acid (H2CO3) in the first instance, 

which then dissociates to form bicarbonate (HCO3
-) and carbonate ions (CO3

2-) that, in the 
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presence of calcium ions (Ca2+), eventually leads to the formation of calcium carbonate (CaCO3)

(Doney et al. 2009; Lee et al. 2010). Calcium carbonate is an important component of the 

bivalve shell, as well as coral reefs and other marine calcifiers, with its formation and 

dissolution strongly dependent on the carbonate saturation state of the water column (Doney et 

al. 2009; Zeebe et al. 2008). Ocean acidification, the term that encompasses the effects of CO2

uptake by the ocean, can affect shell formation, shell growth and thickness with potential flow-

on effects of reduced protection from predators and suboptimal environments (Doney et al.

2009; Gazeau et al. 2013; Przeslawski et al. 2008). In addition, ocean acidification can 

potentially affect the metabolic rate of benthic invertebrates, protein synthesis and ion exchange 

(Harley et al. 2006; Przeslawski et al. 2008).

A number of studies examining the effects of ocean acidification on molluscs have been 

undertaken, with responses varying between species and changing with ontogeny (Gazeau et al.

2013). For instance, within genera comparison of larval shell growth and calcification in 

Crassostrea virginica and Crassostrea ariakensis in response to elevated pCO2, show that while 

C. ariakensis larvae are not affected, C. virginica larvae displayed a slower shell growth and 

decreased calcification (Miller et al. 2009). C. virginica larvae, as well as larvae of the clam 

Mercenario mercenaria and Argopecten irradians, also showed delayed metamorphosis and 

decreased larval size at elevated CO2. In addition, mortality rates of M. mercenaria and 

Argopecte irradians larvae were higher at elevated CO2 than ambient CO2 (Talmage& Gobler 

2009). A study on the mussel Mytilus galloprovincialis observed no effect on fertilisation in 

response to elevated levels of CO2, but fertilised eggs exposed to elevated CO2 showed delayed 

development into D-veliger larvae compared with the control fertilised eggs. Moreover, the 

majority of the fertilised eggs that eventually developed into D-veliger larvae showed a range of 

morphological abnormalities (e.g. indentation of shell margin) and had also smaller shells 

(Kurihara et al. 2007).

The Sydney rock oyster, Saccostrea glomerata, is native to the east coast of Australia, where it 

is both ecologically and economically important (O'Connor& Dove 2009). Due to its 

importance, several studies have also been carried out to assess the potential effects of ocean 

acidification on this species. For instance, elevated pCO2 has been shown to decrease 

fertilisation rate and reduce the percentage of S. glomerata gametes that develop to D-veliger 

stage. As observed in M. galloprovincialis, S. glomerata D-veliger larvae that had been exposed 

to elevated pCO2 were smaller and had higher percentages of morphological abnormalities at 

24 h (Parker et al. 2009). While much of the ocean acidification research has concentrated on 

the early life-stages of molluscs, studies indicate that not only larvae, but also juvenile and adult 

molluscs can be affected by ocean acidification. Observed effects were decreased shell strength, 
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reduced growth (lower dry shell and soft-tissue mass) and increased metabolic rate in response 

to elevated levels of CO2 (Beniash et al. 2010; Welladsen et al. 2010).

Estuaries, the habitat of many molluscs such as oysters, are believed to be more vulnerable to 

increases in pCO2 and its effects than the open ocean as they often already show high levels of 

CO2 and are much shallower (Lannig et al. 2010; Miller et al. 2009; Talmage& Gobler 2009),

which may affect the rate in which the local pH changes. Considering the potentially severe and 

varied impacts ocean acidification can have on all molluscan life-stages, it is essential to gain a 

better understanding of the mechanisms underlying the observed effects of ocean acidification 

on estuarine bivalves. To address this question, we carried out a pCO2 exposure study using 

adult S. glomerata. In this study, S. glomerata, acclimatised to elevated temperature (28°C) was 

exposed to elevated temperature and elevated pCO2 (1000 ppm) and the molecular response of 

the oysters to these challenges analysed with RNA-Seq.

Methods

Stress exposure and sample collection

Adult, wild Saccostrea glomerata, collected from Cromarty Bay, Port Stephens (NSW, 

Australia), were exposed to either a) CO2 and temperature, b) salinity and temperature or c) 

polycyclic aromatic hydrocarbons (PAH). Full details of experimental set-up, oyster husbandry 

and exposure are as previously described (Ertl et al. In review). Only the results from the CO2

and temperature exposure are discussed in this paper; however, sequencing reads from the 

samples of all treatments were used to build the reference transcriptome.

CO2 and temperature

In the CO2 treatment, S. glomerata were acclimatised to elevated temperature (28°C) for four 

days, then exposed to 1) 28°C and ambient (385 ppm) pCO2 (control) or 2) 28°C and elevated 

(1000 ppm) pCO2 in three replicate 750 L header tanks per treatment for four weeks. Six oysters 

(n=2 per replicate) were sampled randomly from each treatment at the end of the experiment.

Sample preparation and sequencing

Tissues used for RNA-Seq analysis were gill, mantle, adductor muscle, gonad and digestive 

(PAH and CO2 experiment) or gill, mantle, adductor muscle and digestive (salinity). Total RNA 

was extracted from 25 mg (24 mg for salinity samples) of pooled tissue (5 mg per tissue for CO2

and PAH samples, 6 mg per tissue for salinity samples) from each of the oysters according to 
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the manufacturer’s guidelines, using the Direct-zol RNA MiniPrep kit (Zymo Research 

Corporation, USA) including the DNase I digestion step. Quality and quantity of the extracted 

RNA were tested by gel electrophoresis, bioanalyzer (2100 Bioanalyzer, Agilent Technologies, 

USA) using the RNA 6000 Nano Chip kit (Agilent Technologies) and with the QuantusTM

fluorometer (Promega, Australia). ERCC RNA spike-in control mixes (Ambion, Australia) were 

diluted 1:100, then 2 x2 added to 1

treated samples, respectively. RNA-Seq libraries were then prepared from each of these 

samples, using the TruSeq RNA sample prep kit-v2 (Illumina, Australia) according to the kit’s 

preparation guidelines. Quality and quantity of the 48 cDNA libraries were tested with the 2100 

Bioanalyzer, using the High Sensitivity DNA chip kit (Agilent Technologies) and with the 

QuantusTM fluorometer (Promega). Libraries were sent to AGRF (Australia) for 100 bp paired-

end sequencing, where the 48 libraries were randomly distributed across four lanes and run on 

an Illumina HiSeq 2000 sequencer.

Read processing and de novo reference transcriptome assembly

Paired-end read quality was examined pre- and post-cleanup with FastQC 

(http://www.bioinformatics.babraham.ac.uk/projects/fastqc/). Reads were trimmed for quality 

with Trimmomatic (Bolger et al. 2014), and adapter sequences and reads with a size below 

40 bp after cleanup removed. In addition, reads were assessed for artefacts like E. coli, phiX, 

human sequences, as well as for the level of ribosomal sequences. Processed reads, along with 

S. glomerata processed non-strand specific and non-normalised reads from a previous Illumina 

HiSeq 2000 sequencing run (Ertl et al. In review) were assembled into transcripts, using Trinity 

(Grabherr et al. 2011) with the in silico read normalisation option. Assembled transcripts were 

aligned to the ERCC and phiX reference sequences, using BLAT (Kent 2002) and transcripts 

mapping to either references removed from the S. glomerata reference transcriptome assembly 

with an in-house script. The removed ERCC transcripts functioned as indicators of how 

successful the assembly of the reference transcriptome was and were closely examined in the 

CLC workbench (CLC Bio, USA, version 7.5). In addition, redundancy was removed with cd-

hit-est (Li& Godzik 2006), using a 99% cut-off, and completeness of the assembly was 

examined with CEGMA (Core Eukaryotic Genes Mapping Approach) (Parra et al. 2007). In 

order to eliminate any potential bias of the analysis, ERCC reference sequences were added to 

the clean S. glomerata reference transcriptome that was then used as a reference for the 

differential gene expression analysis.
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Differential gene expression analysis of CO2 samples

Transcripts significantly differentially expressed between control and elevated CO2 samples 

were determined with RSEM (Li& Dewey 2011) and EBSeq (Leng et al. 2013). Post-processed 

reads of the 12 CO2 samples were aligned to the S. glomerata reference transcriptome with 

Bowtie (Langmead et al. 2009) (Supplementary Table 1), using a RSEM internal script. Read 

counts were estimated with RSEM, after which read count data for transcripts that had received 

a zero estimated count for all 12 samples was removed from the analysis. Transcripts with mean 

counts of >0 across all samples were then further analysed with EBSeq in R (version 3.1.1). As 

a de novo assembled reference transcriptome was used for differential gene expression analysis 

where the gene-isoform relationship was not known, mapping ambiguity clusters were produced 

with the RSEM script rsem-generate-ngvector. Median normalisation of the estimated count 

data was carried out in EBSeq, after which EBTest was run for 12 iterations until convergence 

had been reached. A false discovery rate (FDR) threshold of 0.05 was applied to determine 

isoforms/transcripts significantly differentially expressed between control and elevated CO2

samples. Fold change values used throughout the text were based on the posterior fold change 

values.

Functional annotation of differentially expressed transcripts

Blastx similarity searches were carried out on transcripts found to be significantly differentially 

expressed against the NCBI non-redundant (nr) database (downloaded 08.09.14), using an e-

value cut-off of 1e-5 with a hit number threshold of 25. Mapping and functional annotation of 

the transcripts was carried out with Blast2GO (Conesa et al. 2005), using standard parameters 

(hit adjusted to 25). In addition, InterProScan searches were run through Blast2GO with the 

results merged with the already existing annotations. Where domain/family information was 

available for transcripts with a sequence description of “---NA---“ or “hypothetical 

protein/uncharacterised protein”, and this information offered an indication as to the potential 

identity of the transcript, it was added to the respective transcript. Furthermore, transcripts of 

interest were mapped to the tissue specific S. glomerata transcripts (Ertl et al. In review), using 

the CLC Genomics Workbench version 7.5 (CLC Bio, USA) with default parameters (minimum 

length fraction: 0.7, similarity: 0.8), to determine their putative tissue distribution in 

S. glomerata.
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Results and Discussion

S. glomerata reference transcriptome

For this study, a S. glomerata reference transcriptome was produced and then used to analyse 

the molecular response of adult, wild S. glomerata exposed to elevated pCO2 (1000 ppm) and 

temperature (28°C), when compared to control S. glomerata that were exposed to elevated 

temperature and ambient pCO2 (385 ppm). A pCO2 concentration of 1000 ppm was chosen 

based on predictions for the year 2100 (IPCC 2007). In order to obtain a comprehensive 

reference transcriptome, tissue (gill, mantle, adductor muscle, gonad and digestive) of 

S. glomerata exposed to CO2 and temperature, salinity and temperature, and PAH was extracted 

and non-strand specific and non-normalised libraries (n=48) for each individual oyster prepared. 

Libraries were sequenced with Illumina, resulting in a total of 818,834,356 paired-end reads 

with a GC content of 42-44%. A similar GC content has also been found in other molluscs 

(Cantacessi et al. 2013; Deng et al. 2014). Raw reads were processed and the resulting 

processed reads (98.7%), along with the processed non-strand and non-specific reads of our 

prior S. glomerata study (Ertl et al. In review), assembled into a reference transcriptome. 

Assembly statistics before and after redundancy removal are summarised in Table 1. 

Completeness of the reference transcriptome assembly was assessed with CEGMA (Parra et al.

2007), as well as by the successful assembly of ERCC (External RNA Control Consortium) and 

phiX sequences. Even though the CEGMA software was originally developed to assess the 

completeness of genomes, various studies (Hu et al. 2011; Nakasugi et al. 2013) have also used 

this software to determine the completeness of transcriptomes. Of the original 92 ERCC 

reference sequences and one phiX sequence, 89 ERCC’s and one phiX sequence were found in 

the S. glomerata reference transcriptome, with all sequences close to full length. The N50 value 

(836 bp) of the non-redundant reference transcriptome is comparable to the N50’s observed for 

other molluscan de novo transcriptomes (Gerdol et al. 2014; Wang et al. 2013; Wit& Palumbi 

2013). Based on these results, the assembly was considered to be of suitable quality for the 

differential gene expression analysis.

Differential transcript expression analysis of CO2 samples

EBSeq, an R based program was used to determine S. glomerata transcripts differentially 

expressed between control oysters (exposed to pCO2 of 385 ppm and 28°C) and oysters exposed 

to elevated pCO2 (1000 ppm and 28°C). EBSeq uses an empirical Bayesian approach and was 

chosen in this study as it takes the estimation uncertainty inherent in isoform expression 

analysis into consideration (Leng et al. 2013). Graphical results of the standard diagnostics on 
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the differential transcript expression analysis with EBSeq are presented in Supplementary 

Figures 1 to 4. A total of 1626 S. glomerata transcripts were found to be differentially expressed 

(DE) between control and elevated pCO2 S. glomerata, using a false discovery rate (FDR) 

threshold of 0.05. Functional annotation of the DE transcripts with Blast2GO against NCBI’s 

non-redundant database with an e-value cut-off of 1e-5 resulted in the annotation of 75.2% of the 

DE transcripts. Annotation information for 73.9% of DE transcripts could be obtained when 

transcripts were searched against the InterProScan database through Blast2GO. Of the 

functionally annotated DE transcripts, GO-terms associated with cellular and metabolic 

processes, cell and membrane, and catalytic activity and binding contained the most DE 

transcripts (Figure 1a, 1b and 1c). While the DE transcripts present only a small section of the 

S. glomerata reference transcriptome, this pattern of GO-terms is comparable to the most 

common GO-terms found in the transcriptomes of other molluscs (Huan et al. 2012; Zhang et 

al. 2014). In addition to the main GO-terms, terms associated with response to stimulus, 

immune system process, biological regulation, signalling and transporter activity were also 

observed for the DE transcripts (Figure 1a, 1b and 1c), indicating that the DE transcripts are 

potentially involved in a wide range of processes and functions.

Immunity

Multiple transcripts, potentially involved in innate immunity, were found among the 1626 

S. glomerata DE transcripts. Innate immune responses are triggered by the recognition of 

pathogen-associated molecular patterns (e.g. lipopolysaccharides) or damage-associated 

molecular patterns (DAMPs) through pattern recognition receptors (PRRs) (Lee& Kim 2007; 

O'Neill et al. 2013). DAMPs are molecules such as heat shock proteins, RNA, DNA, galectins, 

defensins and annexins, that are released from stressed (e.g. hypoxia), injured or necrotic cells 

(Boone& Lotze 2014; Vos et al. 2014). Many of these DAMPs have been found to be 

differentially expressed in S. glomerata exposed to elevated CO2 (Supplementary Table 2). For 

instance, S. glomerata DE transcripts of the heat shock Hsp20 family were up-regulated in 

response to elevated CO2, while six out of eight Hsp70 transcripts were 4-fold and higher down-

regulated. Aside from heat shock proteins, two out of four annexins were also up-regulated (2-

fold and higher) in CO2 challenged oysters. In addition, the antimicrobial peptide mantle 

defensin was 4-fold and higher up-regulated and galectins, which also function as a PRR, had 

one transcript 4-fold and higher up and one transcript 4-fold and higher down-regulated in 

challenged oysters. Other PRRs found to be differentially expressed in S. glomerata were gram-

negative bacteria binding proteins (GNBP), scavenger receptors (SRs), fibrinogen-related 

proteins (tenascins, fibrinogen c domain-containing proteins and fibroleukins), c-type lectins, 

collectins, peptidoglycan recognition proteins (PGRPs), c-type mannose receptors/macrophage 
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mannose receptors and C1q domain containing proteins (Supplementary Table 2). Overall, 

slightly more PRRs (53.8%) were up-regulated in response to elevated CO2 than down-

regulated, with, for instance, GNBP transcripts 2-fold and higher down-regulated and four out 

of six collectins 4-fold and higher up-regulated. This indicates that prolonged CO2 exposure 

induced the innate immune defence system of S. glomerata, likely due to the action of the 

mostly up-regulated DAMPs that were also detected in this study. In addition, SRs which were 

found to be 4-fold and higher up-regulated in response to CO2, are also linked to phagocytosis 

(Underhill& Goodridge 2012). Aside from SRs, other molecules associated with phagocytosis, 

such as antimicrobial peptides (bactericidal permeability increasing protein and mantle 

defensin) and lysozyme were also observed to be 4-fold and higher up-regulated in S. glomerata

exposed to elevated CO2 (Supplementary Table 2). Phagocytosis is a mechanism of the innate 

immune system that recognises and removes dead cells, foreign bodies (e.g. bacteria) and 

environmental debris (Flannagan et al. 2012; Underhill& Goodridge 2012), and its induction in 

CO2 stressed S. glomerata might be a preventive mechanism or a response to damage at the 

cellular level. A similar expression pattern has also been observed in invertebrates exposed to 

different types of stress. For instance, the impact of injury on the immune responses of Hydra

was analysed and showed an up-regulation of antimicrobial peptides (hydramacin and arminin), 

a lectin (L-rhamnose binding lectin CSL3) that functions as a PRR and small heat shock 

proteins in response to injury (Wenger et al. 2014). The authors suggested that the small heat 

shock proteins might act as cytoprotectors against ROS and injury stress, while the Hydra 

antimicrobial peptides could have additional roles in functions such as regeneration (Wenger et 

al. 2014). Exposure of C. virginica to elevated levels of CO2 (800 and 2000

weeks in turn showed decreased Hsp70 mRNA levels and an increase in haemocyte lysozyme 

activity in response to the stressor (Ivanina et al. 2014). In contrast, Hsp70 gene expression of 

the coral Desmophyllum dianthus to elevated pCO2 (997

up-regulated, along with the gene expression of mannose-binding C-type lectin (Carreiro-Silva

et al. 2014). Allograft inflammatory factor 1-like, another S. glomerata DE transcript that was 

found to be 2-fold and higher up-regulated in CO2 stressed oysters (Supplementary Table 2) has

been shown to be induced by bacterial challenge, tissue injury and shell damage in the pearl 

oyster Pinctada martensii, suggesting a role in innate immunity (Li et al. 2013). These results 

indicate that stressors such as pCO2 and tissue injury appear to result in the similar induction of 

the affected animal’s immune system, as has been seen in the S. glomerata exposed to elevated 

pCO2 of this study. This might be a pre-emptive strategy to protect the oyster from potential 

infection during stress exposure or a tissue protective measure in response to potential damage 

at the cellular level due to four weeks of continuous pCO2 challenge. While no apparent tissue 

damage or infection was observed throughout the experiment and during sample collection, 

damage at the cellular level could still have occurred, as has been implied by the increase in 
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DAMPs in CO2 challenged S. glomerata. Furthermore, considering the presence of potentially 

opportunistic bacteria in the oyster’s natural habitat (Green& Barnes 2010; Labreuche et al.

2006), non-specific priming of the innate immune system might protect stressed S. glomerata

from such invading opportunistic bacteria. That stress can affect the composition of the bacterial 

community in oysters has already been shown in a study in S. glomerata, where individuals 

infected with the protozoan paramyxean parasite, Marteilia sydneyi, showed a different bacterial 

community in their digestive gland than non-infected S. glomerata (Green& Barnes 2010).

Interestingly, one transcript putatively coding for a macrophage-expressed gene 1 (MPEG1) 

protein and multiple laccase transcripts were found to be 2-fold and higher down-regulated in 

the pCO2 stressed S. glomerata (Supplementary Table 2). MPEG1 of the disk abalone Haliotis 

discus discus showed antibacterial activity against Gram-positive and –negative bacteria and 

was up-regulated in response to bacteria and viral hemorrhagic septicaemia virus (Bathige et al.

2014). Similarly, a laccase of the sponge Suberites domuncula was up-regulated in response to 

bacterial lipopolysaccharide and also showed antibacterial activity when the laccase mediator 

ABTS [2,2’-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid)] was present (Li et al. 2015).

Considering the function of MPEG1 and laccase in these invertebrates and their down-

regulation in the S. glomerata exposed to elevated pCO2, it is possible that a) both are only 

induced as a direct response to specific invading pathogens, or b) protection from potential 

infection might not be the primary reason for the up-regulation of the other immune factors (e.g. 

antimicrobial peptides and PRRs) in S. glomerata.

Other DE transcripts observed to be differentially expressed in CO2 challenged S. glomerata are 

putatively involved in apoptosis. Caspase, which has a role in cell death signalling (Ashe& 

Berry 2003), was 2-fold and higher down-regulated in S. glomerata exposed to elevated pCO2,

while anti-apoptotic transcripts such as Bcl-2, Fas apoptotic inhibitory molecule (FAIM) and 

some transcripts of the inhibitor of apoptosis protein (IAP) family were up-regulated in response 

to elevated pCO2 (Supplementary Table 2). FAIM was shown to protect a variety of cell types 

such as hepatocytes from cell death (Huo et al. 2013), and Bcl-2 suppressed irradiation-induced 

apoptosis in transgenic zebrafish (Langenau et al. 2005). Similar to FAIM, IAPs can protect 

different cell types (e.g. neurons, macrophages) from stress induced apoptosis (Dubrez-Daloz et 

al. 2008). In our study, two out of five IAP transcripts were 4-fold and higher up-regulated in 

CO2 stressed S. glomerata, indicating that a) some apoptotic activity was still occurring or b) as 

different types of IAPs can have a range of functions in different cells (reviewed in (Dubrez-

Daloz et al. 2008)), it is possible that the different expression pattern seen is linked to separate 

anti-apoptotic functions of the individual IAPs. A discordant expression pattern of IAPs was 

also observed in the clam Ruditapes philippinarum exposed to ibuprofen for seven days (Milan

et al. 2013). Aside from anti-apoptotic transcripts, the pro-apoptotic interferon alpha-inducible 
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protein 27 (IFI27) and programmed cell death protein 7, along with TNF (tumor necrosis factor) 

ligand superfamily member and TNF receptor superfamily member proteins were also 

differentially expressed in S. glomerata exposed to elevated pCO2 (Supplementary Table 2).

IFI27 that was 4-fold and higher up-regulated in CO2 stressed S. glomerata, has pro-apoptotic 

functions in vertebrates, which might be blocked by the simultaneous expression of Bcl-2

(Cheriyath et al. 2011). While sparse research is available on IFI27, it could act similarly in 

oysters, suggesting that the concomitantly up-regulated Bcl-2 could function as an IFI27 

mediator in S. glomerata. Another pro-apoptotic S. glomerata DE transcript was programmed 

cell death protein 7 (less than 4-fold down-regulated), which was shown to cause increased cell 

apoptosis in mice when over-expressed (Nagaoka-Yasuda et al. 2007). TNF and TNF receptor 

superfamily members that were also observed in the S. glomerata DE transcripts (both 4-fold 

and higher up-regulated), have diverse functions, such as roles in apoptosis and acute 

inflammation (Locksley et al. 2001). TNF-mediated cell death signalling is complex, activating 

different components through varied pathways and resulting either in cell death (dependent on 

ROS [reactive oxygen species] and JNK [Jun NH2-terminal kinase] signalling) or cell protection 

(Ashe& Berry 2003). Similar to our study, a TNF receptor was 

found to be up-regulated in regenerating tissue of Hydra after injury (Wenger et al. 2014).

While CO2 exposed S. glomerata had no obvious injuries, it is possible that the increased TNF 

and TNF receptor expression in the oysters also had a cell protective function. Overall, it 

appears that apoptosis was decreased in S. glomerata subjected to 1000 ppm pCO2 for four 

weeks, potentially to protect its cells from the CO2 apoptotic stimuli. Comparable to our study, 

brine shrimps (Artemia sinica) exposed to elevated pCO2 for 14 days up-regulated the anti-

apoptotic factor Apoptosis inhibitor 5, with the authors suggesting that this might be a 

mechanism to deal with the toxic effect of this stressor (Zheng et al. 2015). Another study, 

assessing molecular differences between drought intolerant (Pyganodon grandis) and tolerant 

(Uniomerus tetralasmus) freshwater mussels showed overall an induction of apoptosis in 

intolerant mussels and an inhibition of apoptosis in drought tolerant mussels, suggesting that 

apoptosis inhibition might be an important mechanisms in drought tolerance of U. tetralasmus

(Luo et al. 2014). In summary, priming of the innate immune system and suppressing cell 

apoptosis appear to be two mechanisms by which S. glomerata exposed to elevated pCO2 cope 

with potentially detrimental effects of ocean acidification.

Respiration and antioxidant defence

S. glomerata transcripts potentially involved in antioxidant defence, ROS production and 

respiration were also observed among the DE transcripts (Supplementary Table 2). Dual 

oxidase, which is linked to phagocytosis and the production of ROS (Bedard& Krause 2007),
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was found to be 4-fold and higher down-regulated in the elevated treatment when compared to 

control oysters (Supplementary Table 2), suggesting that CO2 stressed oysters aim to limit their 

ROS production to protect themselves from oxidative stress. This differs from the expression 

pattern seen for S. glomerata transcripts which are part of the mitochondrial respiratory chain, 

where NADH dehydrogenase [ubiquinone] iron-sulfur protein 2 (complex I protein), 

cytochrome b-c1 complex subunit 7 (complex III protein) and alternative oxidase were 4-fold 

and higher up-regulated and cytochrome c oxidase subunit 5A mitochondrial (complex IV 

protein) 4-fold and higher down-regulated in the elevated treatment when compared to control 

oysters (Supplementary Table 2). Both, complex I and complex III are considered to be the 

major sources of ROS production in the mitochondrial respiratory chain (Chen et al. 2003; 

Munro et al. 2013), suggesting that up-regulation of mitochondrial respiration in CO2

challenged S. glomerata would lead to an increase in ROS production, elevating the risk of 

oxidative damage to the tissues of the oysters. However, this appears to be counteracted by two 

measures in the S. glomerata exposed to the elevated CO2 treatment. Firstly, alternative oxidase 

(Supplementary Table 2), located in the inner mitochondrial membrane, allows the animal to 

circumvent complex III by transferring electrons from coenzyme Q to oxygen and therefore 

limits the amount of ROS produced during cellular respiration (Munro et al. 2013; Sussarellu et 

al. 2013). Secondly, ROS originating from complex I are thought to be removed by 

mitochondrial matrix antioxidants such as glutathione peroxidase and catalase (Chen et al.

2003). In S. glomerata exposed to elevated pCO2, both catalase (4-fold and higher) and 

glutathione peroxidase (2-fold) were up-regulated (Supplementary Table 2) when compared to 

control oysters, potentially protecting the animal from ROS produced by complex I. While 

transcripts coding for the antioxidants peroxiredoxin and glutatredoxin were 4-fold and higher 

down-regulated in CO2 challenged S. glomerata, nearly half (two out of five) of the transcripts 

coding for glutathione S-transferase were 2-fold and higher up-regulated in S. glomerata

exposed to elevated pCO2 for four weeks (Supplementary Table 2). Of the antioxidants found in 

the DE transcripts of S. glomerata, catalase (CAT), glutathione peroxidase (GPX), 

peroxiredoxin and glutaredoxin are able to remove the ROS hydrogen peroxide (H2O2), with 

GPX also functioning in the removal of organic hydroperoxides (e.g. fatty acid and 

phospholipid hydroperoxides) (Birben et al. 2012; Matés et al. 1999). Glutathione S-

transferases, on the other hand, are active against secondary metabolites (e.g. epoxides, 

hydroperoxides and unsaturated aldehydes), thus offering protection from the effects of 

oxidative stress (Birben et al. 2012; Hayes& McLellan 1999). Ferritin, which is involved in 

hydroxyl radical scavenging (Sussarellu et al. 2012), was also found to be 2 to 4-fold up-

regulated in S. glomerata exposed to elevated pCO2 (Supplementary Table 2). Up-regulation of 

CAT, GPX, ferritin and glutathione-S-transferase transcripts, as well as transcripts involved in 

cellular respiration in the CO2 challenged S. glomerata suggest that the elevated CO2 treatment 
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led to oxidative stress, which S. glomerata attempted to counteract by up-regulating a range of 

antioxidants that act on a variety of substrates. Furthermore, S. glomerata increased the 

expression of alternative oxidase to potentially reduce production of ROS from cellular 

respiration (mainly complex III), and decreased expression of dual oxidase whose main function 

is the production of ROS. A similar pattern of expression has been observed in Crassostrea 

gigas exposed to hypoxia and in Crassostrea virginica exposed to elevated pCO2 (Sussarellu et 

al. 2013; Sussarellu et al. 2012; Tomanek et al. 2011). Alternative oxidase and pyruvate kinase, 

another S. glomerata transcript found to be 4-fold and higher down-regulated in pCO2

exposed S. glomerata (Supplementary Table 2) of our study, were measured in Crassostrea 

gigas removed from water for 3 h, then re-immersed into either normoxic or hypoxic water 

(Sussarellu et al. 2012). They showed an increase in alternative oxidase mRNA levels in 

C. gigas re-immersed into normoxic water, and a higher level of pyruvate kinase mRNA levels 

in oysters under normoxic conditions when compared to oysters in hypoxic water (Sussarellu et 

al. 2012). The authors suggested that the increase in alternative oxidase was linked to increased 

oxygen consumption and would protect the oyster from the resulting ROS production 

(Sussarellu et al. 2012). Similarly, alternative oxidase mRNA levels in the gills and digestive 

gland of C. gigas exposed to 12 h and 24 h of hypoxia were shown to be upregulated when 

compared to normoxic conditions, suggesting that hypoxia could cause changes to the 

respiratory function of mitochondria in C. gigas (Sussarellu et al. 2013). Furthermore, 

comparable to the S. glomerata DE transcripts, a varied antioxidant defence response was 

observed in C. virginica (one peroxiredoxin protein down-regulated, three peroxiredoxins up-

regulated) in response to two weeks of elevated CO2 exposure (Tomanek et al. 2011), and the 

spider crab Hyas araneus in response to different concentrations (390

2 for ten weeks, where peroxiredoxin and ascorbate peroxidase were up-

regulated and thioredoxin and thioredoxin peroxidase down-regulated in crabs exposed to 1120 

of CO2 (Harms et al. 2014). Moreover, GPX was up-regulated in H. araneus exposed to 

of CO2, while superoxide dismutase and thioredoxin were down-regulated under the 

same CO2 conditions (Harms et al. 2014). These results indicate that stressors like hypoxia and 

pCO2 can affect a range of genes that function in ROS protection, with the specific antioxidant 

response potentially influenced by the concentration of CO2 that the invertebrates are exposed 

to. This has also been observed in the S. glomerata of our study, showing that S. glomerata

exposed to 1000 ppm of pCO2 appear to employ a range of mechanisms (e.g. antioxidants, 

alternative oxidase) to cope with oxidative stress, potentially caused by exposure to elevated 

CO2.
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Biomineralisation and cytoskeleton

Bivalve shells consist of an outer layer (periostracum) made up of conchiolin, a prismatic layer 

(ostracum) and a lamellar layer (hypostracum) which is found closest to the bivalve body. The 

layers below the periostracum consist of calcium carbonate crystals deposited in an organic 

matrix (proteins, glycoproteins, polysaccharides and lipids), with the lamellar layer containing 

aragonite and calcite (Gosling 2003; Healy 2001; Lucas 2003; Ruppert et al. 2004; Werner et al.

2013). Several studies have been carried out in molluscs such as the mussel Mytilus edulis, the 

pearl oysters Pinctada margaritifera and Pinctada maxima, the clam Laternula elliptica and the 

sea snail Patella vulgata to determine genes potentially associated with shell formation (Clark et 

al. 2010; Freer et al. 2014; Gardner et al. 2011; Joubert et al. 2010; Werner et al. 2013). Some

of the many genes suggested to be involved in biomineralisation are tyrosinase, chitinase, chitin 

synthase, calponin, carbonic anhydrase, perlucin, nacrein-like, silk-like, perlustrin, lustrin, 

follistatin, sarcoplasmic calcium binding and calmodulin (Clark et al. 2010; Freer et al. 2014; 

Joubert et al. 2010). In our study, three S. glomerata carbonic anhydrase transcripts were found 

to be differentially expressed, with two carbonic anhydrase 2 transcripts 4-fold and higher up-

regulated and carbonic anhydrase 15-like 4-fold and higher down-regulated (Supplementary

Table 2). Carbonic anhydrase, which catalyses the reaction of CO2 to bicarbonate (HCO3)

(Clark et al. 2010), has been examined in different invertebrates and showed varying responses 

to elevated levels of CO2. In M. edulis (two months exposure) carbonic anhydrase was shown to 

be not significantly affected by elevated pCO2 (Hüning et al. 2013), while a novel carbonic 

anhydrase of Hyriopsis cumingii (two weeks exposure) was significantly down-regulated in 

elevated pCO2 (Ren et al. 2014). In contrast, carbonic anhydrase was found to be up-regulated 

in juvenile Crassostrea gigas (28 days exposure) (Wei et al. 2015), in the coral D. dianthus

(eight months exposure) (Carreiro-Silva et al. 2014) and in the crab Hyas araneus (ten weeks 

exposure) (Harms et al. 2014) exposed to elevated pCO2. These results suggest that carbonic 

anhydrase expression in response to CO2 stress is not consistent across marine species and 

exposure times, emphasising the necessity to determine the response of individual marine 

animals to potential future changes in pCO2. Furthermore, the different expression pattern 

observed for the two types of carbonic anhydrase in the S. glomerata of this study indicates that 

there might also be some variation within a species. As carbonic anhydrases also have roles in 

processes such as respiration, ion transport or pH homeostasis (Henry 1996; Ren et al. 2014), it 

is possible that the difference in expression seen in our S. glomerata study was due to different 

roles of the two types of carbonic anhydrase.

Metabolism of chitin, a biopolymer that has been detected in molluscan shells, involves chitin 

synthase, chitin deacetylase and chitinase (Bai et al. 2013; Joubert et al. 2010; Tetreau et al.
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2015), which have all been found to be differentially expressed in the S. glomerata of this study 

(Supplementary Table 2). Chitin synthase (synthesises chitin) and chitinase (degrades chitin) 

were 2-fold and higher down-regulated in response to elevated CO2, whereas chitin deacetylase 

(modifies chitin) was less than 2-fold up-regulated, suggesting that oysters exposed to 

1000 ppm pCO2 protect the chitin shell component from degradation and concentrate on chitin 

modification instead of chitin synthesis. Additional work is needed to determine the effect 

(detrimental or beneficial) of chitin modification on S. glomerata shells. A similar pattern of 

expression has been shown in M. edulis, where elevated levels of CO2 exposure resulted in a 

decrease in chitinase; however, chitin synthase showed no response to high CO2 levels (Hüning

et al. 2013). DE transcripts putatively coding for follistatin, silk like protein, perlucin, alkaline 

phosphatase, sarcoplasmic calcium-binding protein (one transcript 2-fold and higher up-, one 

transcript 4-fold and higher down-regulated), calmodulin and calmodulin-like, which have also 

been associated with biomineralisation in molluscs (Clark et al. 2010; Freer et al. 2014; Joubert

et al. 2010; Xiao et al. 2002), were also found in S. glomerata exposed to elevated pCO2

(Supplementary Table 2). While perlucin and calmodulin were 4-fold and higher down-

regulated, silk like protein, follistatin, calmodulin-like and alkaline phosphatase were up to 4-

fold and higher up-regulated in CO2 stressed S. glomerata. Contrary to our results, sarcoplasmic 

calcium-binding protein and silk like protein expression in M. edulis did not change under 

elevated pCO2 (Hüning et al. 2013). Alkaline phosphatase on the other hand, was also found to 

be up-regulated in A. sinica exposed to two levels of CO2 for seven days, but showed a decrease 

in expression levels at day 14 (Zheng et al. 2015). A study in Pinctada fucata examined 

calmodulin (role in calcium metabolism (Li et al. 2004)) and calmodulin-like and their potential 

functions in biomineralisation and found that both had a role in biomineralisation but were 

differently distributed in the mantle tissue of the oyster (Fang et al. 2008). In general, these 

results suggest that elevated pCO2 levels might have affected the shell composition of 

S. glomerata by causing a down-regulation of some of the biomineralisation genes (e.g. 

perlucin), and up-regulation of others (e.g. chitin deacetylase, calmodulin-like), which could 

have consequences in regards to shell strength. This could potentially explain the decrease in 

shell strength that has been observed in P. fucata exposed to low pH (Welladsen et al. 2010), as 

well as the significant changes in shell strength observed in C. gigas exposed to the same 

elevated CO2 conditions used within our study (Wright et al. 2014). Also, in accord with the 

molecular results of our study in S. glomerata, research analysing the shell ultrastructure of the 

mussel M. edulis exposed to projected near-future ocean acidification levels (550, 750 and 

1000 pCO2) showed changes in shell composition and crystal formation (Fitzer et al.

2014). While shell growth did not appear to be affected by exposure to 1000 pCO2, a 

significant reduction in aragonite thickness and a significant increase in calcite thickness was 

observed under this treatment condition (Fitzer et al. 2014). In addition, new calcite crystals 
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formed in the shell of M. edulis exposed to elevated ocean acidification levels were 

disorientated and could potentially result in reduced shell strength in the exposed mussels 

(Fitzer et al. 2014).

Other S. glomerata DE transcripts found are putative elements of the cytoskeleton and 

- -

tubulin), microfilaments (actin) and intermediate filaments (proteins of the keratin family), 

maintains cell shape and has a role in motility (e.g. movement of organelles) (Janmey 1998; 

Liang& MacRae 1997). Among the S. glomerata DE transcripts, one beta tubulin and one actin 

transcript were less than 2-fold up-regulated, while four actin transcripts were 4-fold and higher 

down-regulate in S. glomerata exposed to elevated pCO2 (Supplementary Table 2). Similar 

transcript expression has been observed in H. araneus in response to different levels of elevated 

pCO2, where alpha and beta tubulin transcripts, as well as actin transcripts were up-regulated in 

response to the CO2 treatment (Harms et al. 2014) -actin transcript and different 

actin proteins of D. dianthus and C. virginica, respectively, were also found to be up-regulated 

in response to elevated pCO2 (Carreiro-Silva et al. 2014; Tomanek et al. 2011). While the 

majority of actin transcripts were down-regulated in our study, one tubulin and one actin 

transcript were up-regulated, indicating that the increase in pCO2 for four weeks might have had 

some impact on the cytoskeleton, forcing the oysters to compensate by slightly increasing the 

expression of cytoskeletal transcripts. It has been suggested that oxidative stress could affect the 

cytoskeleton (Harms et al. 2014), which, considering the increase in complex I and complex III 

transcripts along with the up-regulation of antioxidant defence mechanisms appears to be 

supported by the results of our S. glomerata study. Integrin, a transmembrane receptor that 

connects the ECM with the actin cytoskeleton (Frantz et al. 2010; Morse et al. 2014) was 4-fold 

and higher up-regulated in CO2 exposed S. glomerata (Supplementary Table 2). As integrins are 

also involved in transmitting mechanical and chemical information to the cytoskeleton (Morse

et al. 2014), it is possible that the up-regulation of the S. glomerata integrin transcript is a 

coping mechanism of the oyster to the CO2 stress to protect the cytoskeleton. In addition to 

cytoskeletal components, transcripts putatively coding for ECM components were also found to 

be differentially expressed in S. glomerata exposed to elevated pCO2 for four weeks. The ECM 

in eukaryotes, which is composed of the macromolecules glycoproteins and fibrous proteins, 

provides a physical scaffold for cells and has other roles such as transmitting mechanical cues 

(Brown& Badylak 2014; Frantz et al. 2010; Mouw et al. 2014). Collagens, which are the most 

abundant proteins of the ECM (Frantz et al. 2010; Mouw et al. 2014), and an aggrecan core 

protein that is also a component of the ECM (Mouw et al. 2014) were differentially expressed in 

the S. glomerata of our study (Supplementary Table 2). While the aggrecan core protein 

transcript was 4-fold and higher down-regulated in CO2 challenged S. glomerata, five collagen 
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transcripts were 4-fold and higher up-regulated and eight were 4-fold and higher down-

regulated in response to elevated pCO2. In addition, one ADAMTS (a disintegrin and 

metalloproteinase with thrombospondin motifs) transcript was found to be less than 2-fold 

down-regulated and two TIMPs (metalloproteinase inhibitors) were 4-fold and higher up-

regulated in S. glomerata exposed to elevated pCO2 (Supplementary Table 2). ADAMTS are a 

family of proteinases that function in ECM degradation (Brown& Badylak 2014), whereas 

TIMPs are regulators of ADAMTS and have a role in the continuous remodelling of the ECM, 

which is important in maintaining homeostasis during, for instance, injury (Brown& Badylak 

2014; Frantz et al. 2010; Mouw et al. 2014; Murphy 2011). The differential expression pattern 

of S. glomerata ECM transcripts suggests that ECM degradation is inhibited, while a small 

number of collagen transcripts are up-regulated to potentially counteract any detrimental effects 

caused by the elevated CO2 stress exposure. A slightly different response was observed in 

C. virginica exposed to elevated pCO2 for two weeks, where the cytoskeletal component actin 

was up-regulated but one collagen protein down-regulated (Tomanek et al. 2011), indicating 

that hypercapna negatively affected the ECM but induced actin to potentially protect the 

cytoskeleton against ROS in this oyster species. Interestingly, studies on TIMP function in 

oysters surmised that it could have additional roles. For instance, a TIMP in P. martensii was 

shown to have a putative role in nacre formation as suppression of TIMP expression resulted in

disordered growth of the oyster’s nacre (Yan et al. 2014). Similarly, TIMP expression in 

C. gigas was up-regulated in oysters with damaged shells (Montagnani et al. 2001). Based on 

these studies, it is possible that the up-regulation of S. glomerata TIMPs of this study could also 

have been in response to putative damage caused by the prolonged CO2 exposure of the oysters.

Protein synthesis

Nuclear respiratory factor 1 (NRF-1), which is a nuclear transcription factor that is involved in 

the transcriptional expression of mitochondrial respiratory chain components and other 

mitochondrion-related genes (Huo& Scarpulla 2001), has been found to be up-regulated (less 

than 2-fold) in S. glomerata in response to elevated concentrations of CO2 (Supplementary

Table 2). Based on the function of NRF-1 in vertebrates, its’ up-regulation in S. glomerata

could potentially be linked to the up-regulation of mitochondrial respiratory chain components,

which was also observed in this study, indicating that maintenance of the respiratory apparatus 

was of importance to the CO2 challenged S. glomerata. Comparable to NRF-1, transcripts, 

putatively coding for ribosomal proteins, were found to be 2-fold and higher up-regulated 

(seven out of eight transcripts) in S. glomerata after CO2 exposure (Supplementary Table 2). 

Ribosomal proteins have a role in protein synthesis (Korobeinikova et al. 2012) and similar to 

our study, were up-regulated in D. dianthus and C. virginica following CO2 exposure (Carreiro-
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Silva et al. 2014; Tomanek et al. 2011), showing that protein synthesis was not only affected by 

CO2 in our S. glomerata study but also in other marine organisms. Aside from ribosomal 

proteins and NRF-1, transcripts belonging to the family of mRNA helicases and RNA-binding 

proteins were also differentially expressed in CO2 challenged S. glomerata (Supplementary

Table 2). Of these transcripts, three are putatively coding for eukaryotic translation initiation 

factors (eIFs), with eIF4A2, eIF4B and eIF3h less than 2-fold up-regulated in the elevated CO2

treatment. In eukaryotes, eIF4 and eIF3 are involved in translation initiation, where they unwind 

secondary structures in the mRNA 5’ untranslated region (Parsyan et al. 2011). Similarly, 

heterogeneous nuclear ribonucleoproteins (hnRNPs) are RNA-binding proteins with functions 

in the nucleus and cytoplasm of the cells (Krecic& Swanson 1999) that were mostly less than 2-

fold up-regulated in the S. glomerata of this study. The roles of hnRNPs range from 

transcription to mRNA transport, splicing, 3’-end processing and mRNA stability (Krecic& 

Swanson 1999), showing that hnRNPs are an important group of transcriptional regulation 

proteins. In P. fucata, a hnRNP was cloned and shown to be expressed in the gonad, gill and 

viscera of the oyster, with its localisation inside the cell restricted to the nucleus (Xiong et al.

2007). Increasing the expression of transcripts putatively coding for proteins involved in protein 

synthesis would allow CO2 stressed S. glomerata to express molecules that might make them 

more resilient to the stressor. In addition, a slightly higher percentage of the total 1626 DE 

transcripts were up-regulated (53.3%) than down-regulated, which might make it necessary to 

increase the number of proteins involved in translation and post-translational processing.

Ciliary function

In bivalves, cilia are found on a variety of tissues such as gill, mantle or stomach, with 

important functions in, for instance, filtration, respiration and pseudofeces expulsion 

(Beninger& Veniot 1999; Micallef& Tyler 1990; Millar 1955; Ward 1982). Multiple 

S. glomerata DE transcripts putatively involved in cilia formation or function (e.g. tektin, 

CCDC65, CCDC176) were found to be less than 4-fold down-regulated in oysters exposed to 

elevated pCO2 for four weeks (Supplementary Table 2). Tektins are a family of proteins that 

have been observed in eukaryotic organisms such as mammals, insects and sea urchins and in a 

wide range of tissues (e.g. testis, brain), and are vital components of cilia and flagella (Amos 

2008). Similarly, analysis of the putative tissue distribution of the tektin transcripts found to be 

differentially expressed in our study showed that they were expressed in the haemolymph, gill, 

mantle, adductor muscle, digestive system and gonad of S. glomerata (mapping data not 

shown). Comparable to the results of our study, tektin has also been found to be down-regulated 

in C. gigas larvae exposed to a pH of about 7.5 for six days (Dineshram et al. 2012). In 

addition, another study in C. gigas showed that two forms of tektin were present in the 
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spermatozoa of the oyster (Kingtong et al. 2013). Correspondingly, CCDC135 (coiled-coil 

domain-containing protein lobo homolog), a flagellar protein, has been shown to localize in the 

testis and along the sperm flagellum of the fly Drosophila melanogaster, with some sperm 

motility defects seen in the single and double mutants (Yang et al. 2011). Another coiled-coil 

domain containing protein (CCDC65) was detected in the human sperm tail and the cilia of 

airway epithelial cells, with a mutation or silencing of the protein negatively affecting cilia 

motility (Horani et al. 2013). Based on these studies and the importance of the flagellum for 

sperm movement, down-regulation of tektin, CCDC135 and CCDC65 in the S. glomerata of our 

study could mean a potential impairment of sperm motility in the affected oysters. While some 

research has examined sperm motility, contradictory results have been obtained in these studies, 

with C. gigas sperm exposed to elevated CO2 for 48 h showing a decrease in motility and 

Strongylocentrotus nudus sperm (20 min exposure) not affected by elevated CO2 (Barros et al.

2013; Sung et al. 2014). Although knowledge regarding the effect of increased pCO2 on

gametes is important, exposure of the adult before it reaches gravid stage could already 

potentially impact on the gametes before they are released into the water column.

Other S. glomerata DE transcripts putatively involved in cilia function and formation are 

CCDC179 (coiled-coil domain-containing protein 176), CC2D2A (coiled-coil and c2 domain-

containing protein 2A), CEP131 (5-azacytidine-induced protein 1) and bardet-biedl syndrome 

proteins (Supplementary Table 2). A study of CCDC179 in Xenopus laevis showed an up-

regulation of the gene during the formation of motile cilia and an involvement in the alignment 

and maintenance of cilia orientation (Chien et al. 2013). The authors also observed that 

misalignment of the cilia in X. laevis appeared to have negatively affected the flow generated by 

the beating cilia (Chien et al. 2013). Bardet-biedl syndrome (BBS) genes play a role in 

intraflagellar transport and ciliary function, with BBS2, BBS4 and BBS6 observed to affect 

flagella formation of sperm in mice and BBS2 and BBS4-BBS8 loss in zebrafish was associated 

with maintenance or survival of cilia of Kupffer’s vesicle (Yen et al. 2006). CEP131 and 

CC2D2A, on the other hand, have both been implicated in ciliogenesis in vertebrates (Veleri et 

al. 2014; Wilkinson et al. 2009). While research on the effects of stress on bivalve ciliary 

motility appears to be sparse, studies in M. edulis showed a decrease in ciliary activity in 

response to gamma radiation and loss of cilia in mussels exposed to environmental pollution 

(Cappello et al. 2013; Karpenko& Ivanovsky 1993). Overall, the molecular response of CO2

stressed S. glomerata of our study suggest that elevated pCO2 could also negatively affect cilia 

function in oysters, potentially resulting in impairments to the oyster’s ability to generate flow 

for filtration and sperm movement.
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Conclusions

RNA-Seq examination of the molecular response of adult S. glomerata exposed to expected 

near-future ocean acidification levels for four weeks showed that overall slightly more of the 

DE transcripts were up-regulated than down-regulated. The expression patterns suggest that 

S. glomerata protects itself from the stressor by priming its immune system, suppressing cell 

apoptosis and adjusting antioxidant defence mechanisms to compensate for what appears to be 

an increase in mitochondrial respiration and its respective leakage of ROS. Aside from this 

protective mechanism, that is similar to what has been seen in response to injury and pathogens 

in other marine organisms, transcripts associated with maintenance and repair were also up-

regulated in S. glomerata. These transcripts have putative roles in translation and post-

translational processing and were likely increased to cover the elevated expression of protective 

molecules such as antioxidants and other immune related proteins. Contrary to this, prolonged 

exposure to elevated CO2 seems to have negatively affected structural proteins (e.g. actin) and 

proteins putatively involved in cilia and flagella function. Cilia are important structures with 

many functions, such as facilitating filtering and particle transport into the stomach. The 

decrease in the expression of transcripts implicated in cilia and flagella function suggests that 

increased pCO2 might impair processes in the oyster that rely on their optimal action, such as 

feeding or sperm motility, which in the long-term could be life-threatening. While some ocean 

acidification studies have been carried out in regards to its effect on sperm motility, these 

studies only assessed how a very short exposure to elevated pCO2 impacts the released sperm, 

ignoring that projected near-future ocean acidification levels could also potentially affect sperm 

production and maturation, which could have downstream effects on its motility and success in 

fertilizing an egg. Expression patterns of transcripts putatively involved in biomineralisation, 

suggest that continuous exposure of S. glomerata to elevated CO2 resulted in a change of the 

shell composition with potential downstream effects on shell strength. In contrast to larvae that 

quite likely have to extend more energy into the initial formation of the shell, adults only need 

to maintain and slowly grow their shells. As our study assessed the effects of elevated CO2 on

adult S. glomerata, the increase in biomineralisation transcript expression seen might be 

sufficient to maintain an adequate level of biomineralisation. In summary, this study detailed the 

complex molecular response of S. glomerata to projected near-future levels of ocean 

acidification. However, to fully elucidate the molecular and physiological response of bivalves 

to future ocean acidification levels, long-term studies need to be carried out that include 

recovery periods to assess the potential of bivalves to reverse any detrimental effects of ocean 

acidification.
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Figure 1 GO analysis of S. glomerata DE transcripts.

GO-terms were determined with Blast2GO, using default parameters. Level 2 GO-terms are 

associated with a) biological process, b) cellular component and c) molecular function are 

depicted.
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Tables

Table 1 Assembly statistics.

Statistics of “total transcripts” includes assembled ERCC and phiX transcripts. All other 

statistics are excluding ERCC and phiX transcripts.

reference transcriptome

Total transcripts (#) 718,804

N50 length (bp) 913

Mean transcript length (bp) 620

Min transcript length (bp) 201

Max transcript length (bp) 36,260

Non-redundant transcripts (#) 708,463

N50 length (bp) 836

Mean transcript length (bp) 595

Min transcript length (bp) 201

Max transcript length (bp) 36,260

n transcripts < 500 bp 485,634

n transcripts 500-1000 bp 129,025

n transcripts > 1000 bp 93,805

CEGMA

Complete proteins (%) 93.15

Partial proteins (%) 98.79

119 
 



Supporting information

Supplementary Figures and Tables for this chapter can be found in the appendices section of the 

thesis.

Supplementary Figure 1 Variance versus mean plot for each Ng group (C1).

This plot shows the mean-variance relationship (using polynomial regression) for each isoform 

(Ng) group of condition 1 (control samples). Mapping ambiguity clusters were produced with 

RSEM (rsem-generate-ngvector), while the plot was visualised in R using EBSeq’s PolyFitPlot 

function.

Supplementary Figure 2 Variance versus mean plot for each Ng group (C2).

This plot shows the mean-variance relationship (using polynomial regression) for each isoform 

(Ng) group of condition 2 (elevated CO2 samples). Mapping ambiguity clusters were produced 

with RSEM (rsem-generate-ngvector), while the plot was visualised in R using EBSeq’s 

PolyFitPlot function.

Supplementary Figure 3 Quantile-quantile plot.

QQ-plots show the fitted Beta prior distributions within each condition and each Ig group 

(uncertainty group) and were visualised in R using EBSeq’s QQP function.

Supplementary Figure 4 Density plot.

Plot shows the prior distribution fit within each condition and each Ig group, visualised in R 

using EBSeq’s DenNHist function.

Supplementary Table 1 Bowtie alignment statistics.

Table shows the number of raw reads and reads surviving the processing, with the total 

alignment percentage based on the post-processed reads aligning to the S. glomerata reference 

transcriptome, using Bowtie.
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Supplementary Table 2 S. glomerata DE transcripts.

List of 1626 DE transcripts determined with Bowtie-RSEM-EBSeq, using a FDR threshold of 

0.05. Sequence descriptions are based on blast homology searches against the NCBI nr database 

(e-value cut-off: 10-5, hit number threshold: 25), and on InterProScan domain/family 

information. Posterior fold change (FC) was based on the normalised data, whereas real FC was 

based on the raw data. C1 stands for control, C2 for treatment condition.
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Appendix: QPCR analysis

Methods

RNA extraction method

Direct-zol RNA MiniPrep kit (Zymo Research Corporation, USA) was trialled with test tissue 

to determine the suitability of the kit to produce high quality RNA without genomic DNA 

contamination for subsequent use in RNA-Seq library preparation and quantitative PCR analysis 

work. For this, six samples with 25 mg of pooled tissue each (gill, mantle, muscle, digestive and 

gonad tissue) were prepared and the following extraction methods carried out in duplicate: a) 

TRIsureTM (Bioline, Australia), b) Direct-zol RNA MiniPrep kit without DNase I digestion step 

and c) Direct-zol RNA MiniPrep kit including DNase I digestion step. All RNA extractions 

were carried out according to the respective manufacturer’s guidelines.

Level of genomic DNA contamination in the extracted RNA samples was tested with PCR, 

using 1

reaction buffer, 2 mM of MgCl2, 200 U of Taq (all reagents from Fisher 

Scientific, Australia), 200 nM each of the respective 16S forward (5’ 

GGGCGCCTAGGAAGTAAAAC 3’) and 16S reverse primer (5’ 

CATCGAGGTGCCAATCCTAT 3’), and 17.9

consisted of an initial denaturation for 1 min at 95°C, followed by 35 cycles of denaturation for 

30 sec at 94°C, annealing for 30 sec at 55°C, then extension for 30 sec at 72°C. Final extension 

occurred at 72°C for 10 min, after which gel electrophoresis was carried out on 4

PCR product.

Quantitative PCR (qPCR) analysis

Sample preparation

Gill, mantle, adductor muscle, gonad and digestive tissue were collected from a wild, non-

stressed S. glomerata, and the individual tissue samples stored in RNAlaterTM at 4°C overnight, 

then frozen at -80°C until processing. Four replicates of a total of 30 mg of tissue (6 mg per 

tissue/individual) each were pooled, homogenised and total RNA extracted with the Direct-zol 

RNA MiniPrep kit including the DNase I digestion step, according to the manufacturer’s 

guidelines. Quality of the extracted RNA was tested with the 2100 Bioanalyzer (Agilent 

Technologies, USA) using the RNA 6000 Nano Chip kit (Agilent Technologies), and quantity 
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with the QuantusTM fluorometer (Promega, Australia). cDNA synthesis was carried out on 

500 ng of total RNA for each of the four replicates, using the QuantiTect® reverse transcription 

kit (Qiagen, Australia) as described in the kit’s guidelines, with the resulting cDNA of all four 

replicates combined into one sample (termed test sample). Furthermore, cDNA was also 

produced from 1 control and six CO2 treated S. glomerata

from the CO2 and temperature trial, using the same QuantiTect® reverse transcription kit and 

protocol as for the test samples. In addition, negative reverse transcription (-RT) reactions were 

performed on three out of the 12 samples, where RNase free water was used instead of the 

reverse transcriptase to test for genomic contamination of the samples during qPCR analysis.

Primer design and testing

Of the transcripts found to be significantly differentially expressed between six control and six 

CO2 treated S. glomerata, three transcripts with the following characteristics were chosen for 

qPCR analysis: a) contained an open reading frame (ORF), b) one transcript down-regulated in 

the CO2 treated samples, c) one transcript up-regulated in the CO2 treated samples, and d) one 

transcript over four fold up-regulated in the CO2 treated samples. Four transcript specific primer 

pairs per transcript were determined with Primer3Plus (http://primer3plus.com/cgi-

bin/dev/primer3plus.cgi), with a primer size of 19 – 23 bp, melt temperature of 60 - 61°C and 

low to no self-annealing. Potential primer pairs were mapped back to the S. glomerata reference 

transcriptome with the CLC Genomics Workbench version 7.5 (CLC Bio, USA) to determine

primer pairs that either a) only mapped to the transcript of interest, or b) mapped to the target 

transcript and a very small number of other transcripts with a minimum of two nucleotides 

mismatch at the 3’ end. Next, .bam mapping files, produced during the differential transcript 

expression analysis with Bowtie [1] and RSEM [2] were visualised in the Integrative Genomics 

Viewer (IGV; https://www.broadinstitute.org/igv/) and used to examine potential primer pairs 

for nucleotide mismatches in the primer sequence across control and CO2 treated samples. 

Primer pairs with a) no nucleotide mismatches across either of the primer sequences in all 12 

samples, or b) a maximum of two non-crucial (no 3’) nucleotide mismatches across either of the 

primer sequences in all 12 samples were synthesised by Sigma Aldrich (Australia) for the qPCR 

analysis (Table 1).

A temperature gradient PCR was performed to determine the best primer annealing temperature 

for each of the 12 primer pairs (Table 1). Triplicate PCR reactions were prepared for each of the 

primer pairs, using 0.6

1.5 mM of MgCl2, 200 U of Taq (all reagents 

from Fisher Scientific, Australia), 200 nM each of the respective forward and reverse primer, 
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and 10.74 min at 

95°C, followed by 35 cycles of denaturation for 30 sec at 94°C, annealing for 30 sec at either a) 

58.1°C, b) 60.6°C or c) 61.9°C with the triplicates distributed across the three temperatures, 

then extension for 45 sec at 72°C. Final extension occurred at 72°C for 2 min, after which gel 

electrophoresis was carried out on 3

Fragment preparation for qPCR standard curves

PCR products of a known length were produced for the three transcripts chosen for qPCR 

analysis. Alkaline phosphatase and chitin deacetylase PCR products were obtained by PCR 

amplification, using the primer pair combination of CO2_AL_F2 and CO2_AL_R3, and 

CO2_CH_F2 and CO2_CH_R4 (Table 1), respectively. Four replicate PCR reactions were set 

up for both transcripts, using 1

forward and reverse primer, 12.5 and 10.5

water for a total reaction volume of 25

denaturation for 1 min at 95°C, followed by 35 cycles of b) denaturation for 30 sec at 95°C, c) 

annealing for 30 sec at 60°C, d) extension for 1 min at 72°C, with a final extension for 2 min at 

72°C.

The third transcript (a disintegrin and metalloproteinase with thrombosponding motif 20 –

termed disintegrin throughout the remainder of the text) was the largest (>8000 bp) and was 

split into two overlapping fragments, using the primer pair combination of CO2_dis_F2 and 

CO2_dis_R1, and CO2_dis_F1 and CO2_dis_R4 (Table 1). Four replicate PCR reactions were 

set up for the two disintegrin primer pairs, as has been described for alkaline phosphatase and 

chitin deacetylase. Cycling conditions for PCR amplification were slightly adjusted, with an 

initial denaturation for 2 min at 95°C, followed by 35 cycles of denaturation for 45 sec at 95°C, 

annealing for 30 sec at 60°C, extension for 2 min at 72°C, with a final extension for 2 min at 

72°C. Gel electrophoresis was used to determine single banding of the PCR products, after 

which products for alkaline phosphatase, chitin deacetylase and disintegrin CO2_dis_F1 and 

CO2_dis_R4 were purified with the QIAquick PCR purification kit (Qiagen, Australia) 

according to the kit’s guidelines. For disintegrin CO2_dis_F2 and CO2_dis_R1, the gel band of 

the correct size was excised for all four replicates and the product purified with the QIAquick 

gel extraction kit (Qiagen, Australia), as described in the manufacturer’s protocol. Purified 

products of all three transcripts were assessed with gel electrophoresis and the four replicates of 

each primer pair pooled to obtain a single clean product per primer pair. The four purified 

products were analysed on the NanoDrop2000 spectrophotometer (Thermo Fisher Scientific, 
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USA) three times and the mean concentration value of each product used to determine copy 

numbers of each product with the copy number calculator (http://cels.uri.edu/gsc/cndna.html).

Primer validation, standard curves and qPCR analysis of CO2 samples

Primer efficiency and specificity were determined with qPCR for all 12 primer pairs (Table 1). 

A 1 in 10, 10 point serial dilution was prepared for each of the four purified PCR products. The 

serial dilutions were then used as qPCR templates to determine primer efficiency and specificity 

for all 12 primer pairs. For this, 200 nM each per forward and reverse primer were added to 

1 ®SYBR® Green qPCR SuperMix-UDG (Invitrogen, 

triplicate no template controls (NTCs), using the Rotor-Gene 6000 thermal cycler (Corbett 

Research, Australia). Cycling conditions were as follows: initial holding step at 50°C for 2 min, 

hold at 95°C for 2 min, then 40 cycles of 95°C for 15 sec, 60°C for 15 sec and 72°C for 25 sec, 

with the last step set to acquire to Green. Melt curve analysis was performed by increasing the 

melting temperature by 1°C increments from 72°C to 95°C. The Rotor-Gene 6000 software, 

version 1.7.87 (Corbett Research, Australia), was used for quantification and melt curve 

analysis. Reaction efficiency (E) was calculated for each primer pair by the Rotor-Gene 6000 

software, using the following equation: E = [10(-1/M)] -1, where M stands for the slope of the 

curve.

Absolute transcript expression levels of disintegrin, alkaline phosphatase and chitin deacetylase 

were determined with qPCR in the six control and six CO2 treated S. glomerata samples. For 

this, 200 nM each per forward and reverse primer were added to 3

Platinum®SYBR® Green qPCR SuperMix-

free water. Reactions were carried out in duplicate, including duplicate NTCs, positive controls, 

–RTs, as well as one point of the standard curve in triplicate, with cycling conditions as 

previously described. Primer pairs used for the individual transcripts were: a) CO2_dis_F1 and 

CO2_dis R1, b) CO2_AL_F4 and CO2_AL_R4 and c) CO2_CH_F2 and CO2_CH_R2.

Results and discussion

RNA extraction method

PCR analysis and subsequent examination with gel electrophoresis showed that genomic DNA 

contamination was minimal in total RNA samples extracted with Direct-zol RNA MiniPrep kit 

including DNase I digestion step (Figure 1) and was therefore deemed to be a suitable method 

of RNA extraction for sensitive down-stream applications such as qPCR and RNA-Seq.
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qPCR analysis of control and CO2 stressed S. glomerata

Of the tested qPCR primer pairs, primers CO2_dis_F1/R1, CO2_AL_F4/R4 and 

CO2_CH_F2/R2 showed the best efficiency for the transcripts of interest, with efficiency values 

of 1.009, 0.958 and 0.962, respectively and were therefore used for the absolute qPCR analysis. 

Melt curves displayed one dominant peak, indicating that primer pairs were specific for their 

individual transcripts (Figure 2). Based on the results of the standard curve, values below 69.3, 

16.6 and 274 copies for CO2_dis_F1/R1, CO2_AL_F4/R4 and CO2_CH_F2/R2, respectively, 

were considered to be outside the linear dynamic range for analysis. Comparison between the 

RNA-Seq estimated count data and qPCR analysis results (Table 2) showed that while the 

majority of qPCR results were below the linear range of detection, a similar pattern of transcript 

expression was seen for disintegrin in both the RNA-Seq and qPCR data. Given the low level of 

transcript expression observed across both methodologies, the small variation detected between 

qPCR and RNA-Seq data overall indicates that both methods give comparable results.
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Figures

Figure 1 Level of genomic DNA contamination in total RNA samples.

PCR results of the three RNA extraction methods showing the level of DNA contamination in 

the six trial RNA samples. The lanes show the following samples (from left to right): 100 bp

marker, duplicate RNA samples extracted with TRISureTM, duplicate RNA samples extracted 

with Direct-zol RNA MiniPrep kit without DNase I digestion step, duplicate RNA samples 

extracted with Direct-zol RNA MiniPrep kit including DNase I digestion step.

a)
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b)

c)

Figure 2 Melt curve analysis.

Graphs show the melt curves of the three standard curves with the following primer pairs: a) 

CO2_dis_F1/R1, b) CO2_AL_F4/R4 and c) CO2_CH_F2/R2.

129 
 



Tables

Table 1 Primer pairs used for qPCR analysis.

primer ID primer sequence (5' -> 3') 
length 
(bp) 

CO2_dis_F1 TTTCAGGCTGTTGTCGAAAGCT 22 
CO2_dis_R1 GGGTTAGAATGGCCATACGCAA 22 
CO2_dis_F2 CCTTGTGTCGTAAGGTCGGC 20 
CO2_dis_R2 CGAGACAGTCGCCCCTCTAA 20 
CO2_dis_F3 TTCTATCCAGGCCCCAGTC 19 
CO2_dis_R3 GCATGGAGCGAGTCTTCAA 19 
CO2_dis_F4 TACTTCTCGTAAACCTGCACCAT 23 
CO2_dis_R4 CTACTTACTTGATCGCGTTTGCT 23 
CO2_AL_F1 TGATGGCCATGATCTATACGCC 22 
CO2_AL_R1 AGAATGCGTCTCACAGTTACGT 22 
CO2_AL_F2 GGTGGTATCGACCCCTGTAAGA 22 
CO2_AL_R2 ATGACCAATGATGAGGACACGC 22 
CO2_AL_F3 CCTTCCCACGTACGACTTGC 20 
CO2_AL_R3 ACAGGGCAGACGAGGCTAAT 20 
CO2_AL_F4 GCAGAATCAACCGTCCCCA 19 
CO2_AL_R4 CGGCCATGTTTGACAGTGC 19 
CO2_CH_F1 GTTGGATTGCAATGTTCGTCCG 22 
CO2_CH_R1 CGACCCCGTGTAATGGTTATGG 22 
CO2_CH_F2 GAAGTGGCCGTCCATAGTGT 20 
CO2_CH_R2 TAACGCAAACTGAGCGTCAC 20 
CO2_CH_F3 CAATGTTCGTCCGTGTCCGT 20 
CO2_CH_R3 TCGTAACCAGGAAGGGTGCA 20 
CO2_CH_F4 CCCTTCCTGGTTACGAGAGG 20 
CO2_CH_R4 ATTTGCGTTGTTTCGTCCAC 20 
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Table 2 RNA-Seq and qPCR results for disintegrin, alkaline phosphatase 

and chitin deacetylase transcripts.

Sample 
ID

disintegrin alkaline phosphatase chitin deacetylase
RNA-Seq qPCR RNA-Seq qPCR RNA-Seq qPCR

40 131 347 9.2 49 83.49 BLR
42 25 BLR 0 BLR 65 BLR
49 93 BLR 5 BLR 84 BLR
50 94 BLR 7.42 BLR 123.02 BLR
64 127 717 29.76 322 65 568
66 126 144 11 BLR 56.02 BLR
37 65 BLR 21 BLR 124 BLR
39 76 BLR 17 BLR 138.93 BLR
55 52.83 BLR 396 BLR 142 BLR
57 33 BLR 5 BLR 143 BLR
67 32 BLR 22 BLR 97.99 BLR
69 32 BLR 9 BLR 123 BLR

*BLR = below linear range

131 
 



Chapter 5: PAH exposure trial

Combined exposure to pyrene and fluoranthene and their 

molecular effects on the Sydney rock oyster, Saccostrea 

glomerata

Nicole G Ertl1,2, Wayne A O’Connor1,3, Peter Brooks1, Michael Keats 1, Abigail Elizur1,§

1University of the Sunshine Coast, Sippy Downs, Queensland, Australia

2Australian Seafood Cooperative Research Centre, South Australia, Australia

3Department of Primary Industries, New South Wales, Australia

§Corresponding author

Email addresses:

NGE: nertl@usc.edu.au

WAO: wayne.o’connor@dpi.nsw.gov.au

PB: PBrooks@usc.edu.au

MK: michael.keats@agrisolutions.com.au

AE: AElizur@usc.edu.au

132 
 



Abstract

Background

Polycyclic aromatic hydrocarbons (PAHs) are ubiquitously detected in the water column, 

associated with particulate matter or in the tissue of marine organisms such as molluscs. Studies 

have shown that PAH exposure and their resultant bioaccumulation in molluscs can cause a 

range of serious physiological effects in the affected animals. To examine the molecular 

response of these xenobiotics in bivalves, Sydney rock oysters (Saccostrea glomerata) were 

exposed to pyrene and fluoranthene for seven days.

Results

Chemical analysis of the soft-tissue of PAH stressed S. glomerata confirmed that pyrene and 

fluoranthene could be bioaccumulated by these oysters. RNA-Seq analysis of PAH exposed 

S. glomerata resulted in a total of 765 transcripts differentially expressed between control and

PAH stressed oysters. Closer examination of the transcripts revealed a range of enzymes 

involved in PAH detoxification (e.g. cytochrome P450), innate immune responses (e.g. 

pathogen recognition, phagocytosis) and protein synthesis. Overall, pyrene and fluoranthene 

exposure appears to have resulted in a suppression of pathogen recognition and some protein 

synthesis processes, whereas transcripts involved in clearance of cell debris and some PAH 

detoxification transcripts were induced in response to the stressors.

Conclusions

Pyrene and fluoranthene exposure invoked a complex molecular response in S. glomerata, with 

results suggesting that oysters focus on removing the stressors from their system and dealing 

with the downstream effects of PAH exposure, potentially at the exclusion of other, less 

immediate concerns (e.g. protection from infection). 

Keywords

Sydney rock oyster; Saccostrea glomerata; mollusc; RNA-seq; stress; oil; pyrene; flouranthene; 
detoxification; immunity
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Background

Polycyclic aromatic hydrocarbons (PAHs) are organic contaminants, ubiquitously observed in 

aquatic environments, where they are found in the water column as well as associated with 

particulate matter [1-3]. For example, a wide range of PAH compounds have been measured in 

the seawater and sediment of different inter-tidal areas off the coast of Bushehr province 

(Persian Gulf) [2], from surface sediments in inter-tidal areas of Dar es Salaam (Tanzania) and 

the coastline of Guadeloupe [4, 5], and in surface sediments and suspended particulate matter in 

the Humber Estuary (United Kingdom) [3]. The lipophilic PAHs can be produced naturally or 

are released during fossil fuel combustion and enter aquatic habitats through oil spills, surface 

runoff, atmospheric deposition and industrial and domestic effluent, where they can persist for a 

long period of time [1, 2, 6-8]. Other sources releasing PAHs into the aquatic environment 

include two-stroke engines (e.g. Jet Ski) and creosote treated timber [9-11].

Bivalves, which have been assessed as potential biomonitors for aquatic contamination due to 

their often sessile nature and ability to bioaccumulate many contaminants, take up PAHs from 

the water column through passive diffusion or by ingestion of contaminated sediment that has 

been resuspended by bioturbation or water currents [1, 12]. Bivalve uptake and bioaccumulation 

of these PAHs depends on the molecular and steric properties of the respective PAHs [1, 13],

with PAH bioaccumulation observed in Crassostrea gigas [7], Crassostrea virginica [6],

Saccostrea cucullata [2, 4], Mytilus trossulus [14], Crassostrea rhizophorae [15], and in wild 

oysters from the Hunter River estuary (NSW, Australia) [16], exposed to a range of PAHs in the 

laboratory or along pollution gradients in the field.

Exposure of molluscs to the toxic and carcinogenic PAHs and their metabolites has been shown 

to decrease digestive epithelial thickness, cause gill morphological anomalies (e.g. detachment 

and degeneration of epithelial cells, loss of cilia), delayed gametogenesis and DNA damage, 

affect respiration and filtration rates, lysosomal stability and lysosome number and levels of 

RNA polymerase. Furthermore, long-term exposure to PAHs results in high mortalities and 

decreased growth rates of affected molluscs [17-24]. Considering the widespread distribution of 

aquatic PAH contamination, and the serious physiological effects of PAH exposure can have on 

molluscs and other marine animals, further knowledge regarding the molecular effects of the 

contaminant on marine organisms would be beneficial.

In this study, adult Sydney rock oysters (Saccostrea glomerata) were exposed for one week to 

two PAH compounds: pyrene, which is highly toxic and persistent in the environment [25], and 

fluoranthene, which is toxic, mutagenic and carcinogenic [26]. Both of these compounds are on 

the United States Environmental Protection Agency (US EPA) priority pollutant list [27] and 
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have previously been demonstrated to be accumulated by bivalves [16, 15, 6]. In addition, 

bivalves in nature are generally exposed to a mixture of PAHs, which could potentially interact 

with each other. Therefore, to closer mimic the natural state, more than one PAH contaminant 

was chosen. At the conclusion of the exposure trial, RNA-Seq analysis was carried out on 

control and PAH exposed oysters to determine their molecular response to the two compounds.

Results and Discussion

In this study, S. glomerata were exposed to pyrene and fluoranthene, two common components 

of oil contamination for one week, and their molecular response to the contaminants analysed 

with Illumina RNA-Seq. The presence of the PAHs was chemically measured in the soft tissue 

of non-exposed (time-point 0 h) and exposed (total PAH, final sampling time-point) oysters. 

The molecular responses of the same oysters were analysed to allow observations to be directly 

linked to the PAH stressor. We found that S. glomerata readily bioaccumulated both, pyrene 

and fluoranthene (Table 1), however, even though the feed was spiked with a slightly higher 

level of pyrene than fluoranthene, higher concentrations of fluoranthene were measured in the 

oyster tissues, suggesting that a) fluoranthene uptake and/or retention was greater than that of 

pyrene, or b) that S. glomerata could metabolise pyrene faster than fluoranthene. Considering 

that a range of bacteria (e.g. Mycobacterium sp., Proteus vulgaris) have been shown to be able 

to degrade PAHs such as pyrene and fluoranthene by using them as their sole source for carbon 

and energy [28, 25], it is also possible that the natural microbiota present in the digestive system 

of S. glomerata could have eliminated some of the pyrene parent compound. Differential PAH 

bioaccumulation has also been observed in the clam Mya arenaria exposed to a range of PAH

sources for 30 days [22]. Similar to our study, the pattern of fluoranthene and pyrene 

accumulation in the digestive gland of Mya arenaria did not follow the ratio of these PAHs in 

the different treatments [22], showing that PAHs are not necessarily equally accumulated in the 

soft tissue of molluscs. The ratio and concentration of total PAH used for S. glomerata exposure 

were based on the results of a monitoring study in the Port Stephens estuary (DPI, unpublished 

data), and expected to be potentially stressful but not lethal to the exposed oysters. As 

anticipated, no mortality was observed throughout the exposure trial, showing that the exposure 

was sublethal. Similar to our study, Crassostrea virginica exposed to clay particles spiked with 

different con

resulted in no mortality [29].

Of the 206,585,654 paired-end raw reads sequenced, 98.7% survived processing 

(Supplementary Table 1) and were mapped to a previously assembled S. glomerata reference 

transcriptome [30] for differentially transcript expression analysis.
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Differential transcript expression analysis of PAH samples

EBSeq, an R based program was used to determine S. glomerata transcripts differentially 

expressed between control oysters (fed with dichloromethane spiked rice flour) and oysters 

challenged with total PAH (fed with rice flour spiked with pyrene and fluoranthene dissolved in 

dichloromethane). EBSeq uses an empirical Bayesian approach and was chosen in this study as 

it takes the estimation uncertainty inherent in isoform expression analysis into consideration 

[31]. Graphical results of the standard diagnostics on the differential transcript expression 

analysis with EBSeq are presented in Supplementary Figures 1 to 4. A total of 765 S. glomerata

transcripts were found to be differentially expressed (DE) between control and total PAH 

exposed S. glomerata, using a false discovery rate (FDR) threshold of 0.05. Functional 

annotation of the DE transcripts with Blast2GO against NCBI’s non-redundant database with an 

e-value cut-off of 1e-5 resulted in the annotation of 68.5% of the DE transcripts, whereas 

InterProScan matches were found for 71.4% of DE transcripts when transcripts were searched 

against the InterProScan database through Blast2GO.

The most common GO-terms of the functionally annotated DE transcripts were associated with 

cellular and metabolic processes, cell, organelle and membrane, and catalytic activity and 

binding (Figure 1a, 1b and 1c). While the DE transcripts present only a small section of the 

S. glomerata reference transcriptome, this pattern of GO-terms is comparable to the most 

common GO-terms found in the transcriptomes of other molluscs [32, 33]. Aside from the main 

GO-terms, DE transcripts were also associated with transporter activity, localization, biological 

regulation, response to stimulus and immune system process, suggesting that the DE transcripts 

had roles in a variety of processes and functions.

In marine invertebrates, PAH metabolism is divided into phase I (biotransformation) and phase 

II (conjugation) reactions, with enzymes such as cytochrome P450 (phase I) and glutathione S-

transferases (GST) (phase II) involved in the metabolism, where parent compounds are 

converted into more water soluble metabolites that can be excreted [7, 34]. Exposure of 

S. glomerata to pyrene and fluoranthene resulted in the 4-fold and higher up-regulation of 

cytochrome P450 and carbonyl reductase transcripts, while glutathione S-transferase and 

transcripts of the aldo-keto reductase family were 4-fold and higher down-regulated 

(Supplementary Table 2). Cytochrome P450s, which catalyse the first step of PAH metabolism 

[35], were also observed to be induced in Chlamys farreri after a 10 day exposure to a mixture 

of PAHs [36], and in Crassostrea gigas exposed to a hydrocarbon mixture for 7 and 21 days 

[37]. Carbonyl reductase (CBR), one of the other two phase I enzymes found to be differentially 

expressed in S. glomerata, are NADPH-dependent short chain dehydrogenases/reductases that 
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are localised to the cytosol and found in a wide range of organisms (e.g. insects and fish) [38].

These enzymes reduce carbonyl compounds (e.g. aldehyde and keto groups of steroids and 

biogenic amines) and PAH derived quinones, with the best PAH substrates being K-region 

ortho-quinones from PAHs such as pyrene, benzo(a)pyrene or benzo(a)anthracene [38, 39],

which could contribute to the lower level of pyrene seen in our study. Quinone reduction by 

CBRs yields hydroquinones that can be conjugated (phase II reaction) to more hydrophilic 

compounds; however, quinone reduction can also result in redox cycling and the production of 

reactive oxygen species (ROS) in the absence of the antioxidant superoxide dismutase (SOD) 

[40, 38, 41]. While SOD was not found to be differentially expressed in the PAH exposed 

S. glomerata of this study, a basic level of antioxidants such as SOD would need to exist in a 

healthy organism to maintain the balance between ROS produced as a by-product of aerobic 

respiration and the level of ROS removed to avoid oxidative stress and its deleterious 

downstream effects on the organism [42, 43]. It is possible that basal SOD levels in 

S. glomerata are sufficient to limit the production of ROS during the reduction of quinones by 

CBR. In addition, two transcripts that are part of complex II (succinate dehydrogenase 

cytochrome b560 subunit) and complex III (cytochrome b-c1 complex subunit 7) of the 

mitochondrial respiratory chain were 4-fold and higher down-regulated in PAH exposed 

S. glomerata (Supplementary Table 2). Although complex I and complex III are the key sites of 

ROS production in the mitochondrial respiratory chain, complex II has also been shown to 

produce ROS in mammals [44, 45]. Down-regulation of components from complex II and 

complex III in PAH challenged S. glomerata might be a protective measure to restrict the 

amount of ROS produced during PAH exposure, as limiting ROS production could preserve 

energy that the oyster would have to invest otherwise into antioxidant defence.

Similar to CBR, aldo-keto reductases (AKRs), the other NADP(H)-dependent phase I enzymes 

[41] that was found to be down-regulated in response to PAH in our study, can also lead to 

futile redox cycling. These enzymes reduce aldehydes and ketones, as well as catalyse the 

oxidation of PAH derived trans-dihydrodiols to ketols that then rearrange to catechols, which in 

turn can autooxidise first to o-semiquinone anion radicals in an one-electron oxidation and then 

to o-quinones in a second one-electron oxidation [35, 39, 46, 41, 40]. In the presence of 

NADPH, PAH o-quinones can be reduced to catechols, establishing a futile redox cycle that 

amplifies the ROS produced during each of the one-electron oxidation steps [39, 46]. While 

conjugation of PAH hydroquinones, o-quinones and catechols is an important step in PAH 

metabolism, thio-conjugated o-quinones and hydroquinones conjugated with glutathione are

still able to redox-cycle and produce ROS [38, 39]. These ROS can cause DNA damage and 

production of reactive lipid aldehydes through lipid peroxidation and glycoxidation [47, 46, 40, 

41], whereas o-quinones can react with proteins, DNA and RNA [39, 46]. Although lipid 
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peroxidation and DNA damage were not measured in the S. glomerata of this study, increased 

lipid peroxidation was found in the gill and digestive tissue of Ruditapes decussatus 14 days 

after translocation to a PAH contaminated area [48], and significant DNA damage was observed 

in Mytilus galloprovincialis exposed to benzo(a)pyrene for 72 h [24]. Increased lipid 

peroxidation, along with decreased cell membrane stability was seen in Pecten maximus

exposed to 200 [49], and high protein carbonyl levels were found 

in M. galloprovincialis collected after an oil spill [50]. High levels of protein carbonyl, 

increased lipid peroxidation and a high rate of DNA protein crosslinks were observed in 

C. farreri grown at a metal and PAH contaminated site [23]. Furthermore, while lipid 

peroxidation was not significantly changed in S. glomerata exposed to metal and PAH 

contaminated estuaries for four weeks, an increase in lysosomal membrane destabilisation was 

observed [51]. Reactive carbonyls (e.g. reactive aldehydes) produced by lipid peroxidation and 

glycoxidation may affect the function of enzymes and other proteins, impact signalling 

pathways, damage DNA, trigger apoptosis and lower intracellular glutathione levels. Enzymes 

such as CBR and AKR, which are able to reduce aldehydes to alcohols [47], protect the oysters 

from harmful downstream effects of ROS production. Based on the expression pattern of CBR 

and AKR transcripts (CBR up-regulated, AKRs down-regulated) in PAH stressed S. glomerata,

the oysters appear to preferentially activate CBR over AKRs in the response to the stressor. As 

both enzymes are able to contribute to the metabolism of PAH and deal with the effects of 

oxidative stress, it is possible that a) CBR induction is a specific response to the combination of 

pyrene and fluoranthene and b) increasing the expression of only one type of enzyme allows 

S. glomerata to preserve NADPH and limit the amount of ROS produced during the seven day 

exposure to PAH.

Furthermore, members of the cytochrome P450 family (CYP3A and CYP4A) are also able to 

oxidise aldehydes produced by lipid peroxidation [47], and the up-regulation of both, 

cytochrome P450 and CBR in PAH stressed S. glomerata might have been sufficient to cope 

with the effects of oxidative stress. Similar to our study, the expression of CBR1 was up-

regulated in human lung tissue and lung cancer cells that had been exposed to the PAH 

benzo(a)pyrene [52], and in juvenile rainbow trout exposed to silver nanoparticles for 96 h [53].

In addition, up-regulation of CBR1 in the rainbow trout was significantly correlated with an 

increase in lipid peroxidation [53]. Up-regulation of the S. glomerata CBR transcript of our 

study in response to total PAH might serve a similar dual purpose of PAH metabolism and 

reduction/detoxification of carbonyl compounds produced by lipid peroxidation. Aside from 

lipid peroxidation, DNA damage has also previously been observed in molluscs and although 

DNA damage was not measured in the PAH exposed S. glomerata of this study, one transcript 

putatively coding for deltex-3-like protein (DTX3L or BBAP) and two out of three uracil-DNA
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glycosylase transcripts were 4-fold and higher up-regulated in PAH stressed oysters 

(Supplementary Table 2), suggesting that DNA damage might have occurred to some degree 

during the PAH stress exposure. In mammals, the expression of BBAP, which protects cells 

from DNA damaging agents, was induced in response to DNA damage and has been shown to 

localize to the area of the damage [54, 55]. Uracil-DNA glycosylase, on the other hand, is 

involved in base excision repair where it identifies and excises single base DNA lesions caused 

by oxidative damage [56, 57]. These protective mechanisms might allow the PAH stressed 

S. glomerata to counteract the deleterious effect of ROS on its DNA.

Aside from phase I enzymes, phase II enzymes such as GSTs are also involved in PAH 

metabolism. In this study, one transcript putatively coding for a pi-class GST was found to be 

down-regulated in PAH exposed S. glomerata. A similar down-regulation of GSTs has been 

observed in C. farreri exposed to benzo(a)pyrene for ten days [58] and in C. gigas exposed to a 

mixture of hydrocarbon for 3 weeks, where two GSTs were down-regulated and one GST up-

regulated after seven days of exposure [37]. Contradictory to our results, GST was up-regulated 

in C. farreri exposed to a mixture of PAHs for ten days [36], and in the gill of Crassostrea 

brasiliana exposed to 1000 h, where two out of four GSTs were 

up-regulated, with no significant difference in the expression of the GSTs from the digestive 

gland of these oysters [59]. The range of GST expression patterns seen in the different molluscs 

might be due to differences in the concentration, tissue analysed, length of exposure and type of 

PAH or PAH mixture the animals were exposed to. Down-regulation of GST in the 

S. glomerata of this study, suggests that a) glutathione, the GST conjugate, might have been 

depleted after seven days of exposure to PAHs, affecting GST expression, or b) S. glomerata 

temporarily down-regulated GST expression to limit the possibility of redox-cycling of 

glutathione conjugated PAH intermediates.

Interestingly, laccase that appears to play a role in antibacterial defence in marine organisms 

[60] and was also found to be differentially expressed in the S. glomerata of this study 

(Supplementary Table 2), has also been implicated in PAH metabolism in fungi. For instance, a 

laccase of Trametes versicolour was shown to oxidise a range of PAHs (e.g. acenaphthylene, 

anthracene, fluoranthene and pyrene) in vitro [61], and a commercial laccase was able to 

metabolise 1-hydroxypyrene (a metabolite of pyrene) in vitro [62]. It is unclear whether 

S. glomerata laccases found in our study might have a similar ability to metabolise/detoxify 

pyrene and fluoranthene in vivo.

Closer examination of the DE transcripts also showed a range of transcripts with putative 

immune functions differentially expressed between control oysters and S. glomerata exposed to 

total PAH (Supplementary Table 2). Some of these transcripts are coding for pattern recognition 
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receptors (PRRs) such as peptidoglycan recognition proteins (PGRPs), C1q domain containing 

proteins, toll-like receptors (TLRs), c-type lectins, c-type mannose receptors/macrophage 

mannose receptors, galectin, gram-negative bacteria binding protein (GNBP), scavenger 

receptor (SR), 2’-5’-oligoadenylate synthase 1 and fibrinogen-related proteins (tenascin and 

fibrinogen c domain-containing proteins), with overall slightly more PRRs (53.1%) down-

regulated than up-regulated. These PRRs recognise pathogen-associated molecular patterns

(PAMPs) such as bacterial lipopolysaccharide and peptidoglycan and trigger innate immune 

responses [63-66] to protect the oyster from invading pathogens. An overall down-regulation of 

pathogen recognition indicates that the innate immune system of PAH exposed S. glomerata

might be suppressed by the stressor, making the oysters more susceptible to infections. A 

similar pattern of PRR differential expression was seen in C. gigas exposed to a hydrocarbon 

mixture for up to 21 days [37]. After seven days of exposure, a putative PRR (similar to C1q-

related factor precursor) was down-regulated in exposed oysters, whereas 21 days of exposure 

resulted in the up- -1,3-glucan clone and the down-

regulation of a c-type lectin (hepatic lectin) [37]. Aside from PRRs, transcripts coding for the 

antimicrobial peptides big defensin (4-fold and higher) and bactericidal permeability increasing 

protein (2- to 4-fold) were up-regulated in S. glomerata exposed to pyrene and fluoranthene for 

seven days (Supplementary Table 2). In addition, cathepsin L was 4-fold and higher up-

regulated and cathepsin K less than 2-fold down-regulated in PAH stressed S. glomerata

(Supplementary Table 2). Both, antimicrobial peptides and cathepsins are associated with 

phagocytosis, which recognises and removes foreign bodies (e.g. bacteria) and dead cells [67, 

68]. General up-regulation of these transcripts, in concert with the 4-fold and higher up-

regulation of a SR transcript, which is also linked to phagocytosis [68], suggests an up-

regulation of phagocytosis in S. glomerata in response to PAH exposure, possibly to deal with 

an increase in cell debris removal or as a pre-emptive measure to maintain the health of the 

oyster. Comparable to the results of our study, defensin, cathepsin L2 and cathepsin D were up-

regulated in Venerupis philippinarum exposed to benzo(a)pyrene [69], and cathepsin 1, 

procathepsin L and cathpesin L like protease precursor were up-regulated in C. gigas exposed to 

a hydrocarbon mixture, whereas cathpesin 8 was down-regulated [37]. In addition, while 

P. maximus exposed to 200

activity [49], cytotoxicity and phagocytic activity were increased in M. edulis challenged with 

oil-well produced water [70]. Another transcript associated with phagocytosis was 

deoxyribonuclease-2-alpha (DNase II), which was 4-fold and higher down-regulated in 

S. glomerata exposed to total PAH (Supplementary Table 2). Comparable to our results, DNase 

II expression was also decreased in rat cells exposed to low-level laser irradiation [71]. DNase II 

is found in lysosomes and functions in the degradation of engulfed DNA [72]. Studies in 

Drosophila showed that deficiency of DNase II led to a higher susceptibility to bacterial 

140 
 



infection, as well as to an increase in the expression of antimicrobial peptides in flies with 

reduced DNase II activity [72]. These results are consistent with the expression pattern seen in 

S. glomerata, where DNase II was strongly down-regulated while antimicrobial peptides were 

up-regulated in PAH stressed oysters.

Transcripts associated with apoptosis, a mechanism that removes damaged cells without 

inducing inflammation [73, 74], were also found to be differentially expressed in PAH stressed 

S. glomerata (Supplementary Table 2). Of these transcripts, caspase-7 and TRPM2 (transient 

receptor potential cation channel subfamily M member 2) were 4-fold and higher up-regulated, 

while Bcl-2-like protein, inhibitor of apoptosis protein (IAP) family proteins and death domain-

containing protein cradd (CRADD) were found to be down-regulated in S. glomerata exposed 

to pyrene and fluoranthene. Caspases are involved in apoptotic signalling cascades, with IAP 

family members playing a role in the inhibition of apoptosis [74, 73, 75]. TRPM2, which has 

been shown to be activated by hydrogen peroxide, is a Ca2+-permeable cation channel that has 

been shown to be involved in the induction of cell death in rat cells [76]. CRADD, an adaptor 

protein, plays a role in the tumor necrosis factor receptor (TNFR) mediated apoptosis pathway 

where it interacts with RIP (receptor-interacting protein) to promote inflammation and apoptosis 

[74, 77]. Bcl-2-like protein 13 appears to be an apoptosis inducer and has been indicated to 

interact with the adenine nucleotide translocator (ANT) leading to the loss of mitochondrial 

membrane potential and caspase activation [78, 79]. Overall, these results suggest that apoptosis 

was induced in the PAH stressed S. glomerata of this study, which would allow the oysters to 

clear cells damaged by pyrene and fluoranthene and downstream effects of the PAH exposure.

Besides detoxification and immune related transcripts, heat shock proteins were found to be 

differentially expressed in S. glomerata exposed to total PAH (Supplementary Table 2). Heat 

shock proteins (Hsps) are molecular chaperones with roles in protein folding, assembly, 

translocation and the degradation of misfolded proteins [80-82] that can be modulated by 

different stressors such as extreme temperature, heavy metal, PCBs and PAHs [83, 84]. In our 

study, two Hsp70 transcripts, along with three sacsin transcripts were 4-fold and higher up-

regulated in PAH stressed S. glomerata, while one Hsp70, one Hsp20 and one Hsp90 transcript 

were 4-fold and higher down-regulated in the PAH exposed oysters. Another member of the 

Hsp family, 78-kDa glucose-regulated protein (HSPA5) that functions in protein folding in the 

endoplasmic reticulum [85, 86], was also found to be less than 2-fold down-regulated in PAH 

stressed S. glomerata. Sacsins assist in protein folding [87] and similar to our study have also 

been found to be up-regulated in juvenile corals exposed to elevated pCO2 [88]. Analysis of Hsp 

expression in C. gigas in response to a hydrocarbon mixture showed an up-regulation of Hsp70 

after seven days of exposure and an up- [37],

whereas expression of Hsp70 was down-regulated in C. farreri exposed to a PAH mixture for 
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10 days [36] and in C. farreri challenged with benzo(a)pyrene for 10 days [58]. Also, 

S. glomerata exposed to different metals for four days showed a decreased Hsp70 expression in 

response to copper, zinc and lead, with no difference in response to cadmium, while Hsp90 

expression was up-regulated under cadmium and zinc exposure but down-regulated when 

exposed to copper [84]. Results of our study suggest that after seven days of exposure to pyrene 

and fluoranthene, S. glomerata Hsp70 proteins were the main proteins involved in the stress 

recovery process, with Hsp20 and Hsp90 either temporarily suppressed after longer-term PAH 

exposure to conserve energy or depleted.

Among the DE transcripts were also transcripts putatively involved in protein synthesis, with 

the majority of the transcripts down-regulated (Supplementary Table 2). One of these transcripts 

codes for nuclear respiratory factor-1 (NRF-1) which was 4-fold and higher down-regulated in 

S. glomerata exposed to total PAH. NRF-1 is a nuclear transcription factor with a role in the 

transcription of a range of mitochondrial genes (e.g. components of the mitochondrial 

respiratory chain and mitochondrial transcription factor) [89, 90]. The down-regulation of NRF-

1 in PAH stressed oysters might be linked to the down-regulation of respiratory chain complex 

II and complex III that was also observed, suggesting that the maintenance of the respiratory 

chain could have been compromised in the stressed S. glomerata. Aside from NRF-1, 5-

methylcytosine rRNA methyltransferase nsun4 (4-fold and higher down-regulated) and 28S 

ribosomal protein S29 (4-fold and higher up-regulated) are also associated with the 

mitochondria. 5-methylcytosine rRNA methyltransferase nsun4 has been shown in mammals to 

function in the modification of mitochondrial 12S rRNA (small ribosomal subunit) and in 

combination with mitochondrial transcription termination factor 4 (MTERF4) is involved in the 

assembly of functional ribosomes [91]. Down-regulation of Nsun4 as well as NRF-1 in PAH 

exposed S. glomerata indicates that expression of mitochondrial genes might be further 

compromised in these oysters. In comparison, 28S ribosomal protein S29 (DAP3) plays a role in 

mitochondrial protein synthesis and has also been shown to be involved in apoptosis (TNF-

and Fas-induced apoptosis) in mammals [92, 93]. Based on the function of DAP3 in mammals, 

it is possible that the up-regulation of DAP3 in the PAH stressed S. glomerata might be linked 

to the overall induction of apoptosis that was also observed in these oysters.

Several transcripts linked to transcription initiation were also found to be differentially 

expressed in PAH exposed S. glomerata. Transcription initiation involves a pre-initiation 

complex (PIC) that consists of a DNA template, RNA polymerase II, general transcription 

factors (e.g. TFIID) and Mediator [94]. TFIID, one of the general transcription factors, is 

comprised of the TATA-binding protein (TBP) and multiple TBP-associated factors (TAFs)

such as TAF6, with human TAFs recognising and interacting with promoter elements [94, 95].

One transcript putatively coding for transcription initiation factor TFIID subunit 6 (TAF6) was 
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found to be 4-fold and higher down-regulated in S. glomerata in response to total PAH. Based 

on TAF function in humans, down-regulation of TAF6 in S. glomerata might affect the 

recognition and/or interaction with specific promoter elements, potentially impacting on 

transcription and downstream gene expression in the stressed oysters. PAH exposure of 

S. glomerata also resulted in the down-regulation of one transcript coding for mediator of RNA 

polymerase II transcription subunit 12 (MED12) and one coding for MED15, while two MED15 

transcripts were 4-fold and higher up-regulated. Subunit MED12, as well as MED15 are part of 

the Mediator complex that functions as a master coordinator with a multitude of functions (e.g. 

role in transcription initiation, elongation, termination and mRNA processing) [96, 97].

Biological function of the Mediator complex can be affected by changes in the subunit 

composition (subunit loss or addition), with some subunits seen to be over- or under-represented 

in human and yeast cells [96]. Aside from transcription factors, the spliceosome can also 

interact with the Mediator complex [97]. Gem-associated protein 5 (Gemin5) is a transcript 

associated with the spliceosome and was 4-fold and higher down-regulated in PAH stressed 

S. glomerata. The spliceosome functions in pre-mRNA splicing and its major components are 

small nuclear ribonnucleoprotein particles (snRNPs) that are composed of small RNAs, Sm 

proteins and proteins unique to each snRNP. Gemin5 is a component of the SMN (survival 

motor neuron) complex that assembles the Sm protein cores and brings both, Sm proteins and 

snRNAs together. Studies in mammals have shown that Gemin5 has a key role in snRNA 

recognition as it can bind directly and specifically to snRNAs [98, 99]. It is possible that down-

regulation of Gemin5 in PAH exposed S. glomerata could affect the specificity of the SMN 

complex and its ability to assemble SM protein cores, with downstream effects on pre-mRNA 

splicing. Changes seen in the transcription factor TFIID and the SMN complex of PAH exposed 

S. glomerata might also be responsible for the differential transcript expression of the MED12 

and MED15 subunits of the Mediator complex, causing an adjustment of the subunit 

composition of the Mediator complex and potentially affecting the biological function of the 

complex.

Other S. glomerata transcripts putatively linked to protein synthesis were ribosomal RNA 

processing protein 36 homology (RRP36), 26S proteasome non-ATPase regulatory subunit 5, 

symplekin, elongation factor 2 kinase, eukaryotic translation initiation factor 2 subunit 2 and 

peptidyl-prolyl cis-trans isomerase FKBP14. RRP36 (2- to 4-fold down-regulated) has been 

shown to function in early cleavages of pre-rRNA in yeast and mammalian cells, with RRP36 

depletion resulting in decreased levels of mature 18S rRNA [100]. While levels of mature 18S 

rRNA were not measured in our study, it is conceivable that the decrease in RRP36 transcript 

expression might have a similar effect on 18S rRNA in exposed S. glomerata as was observed 

in yeast and mammalian cells, with potential down-stream effects on protein synthesis. Protein 
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degradation, in turn, might be affected by the 4-fold and higher down-regulation of S. glomerata

26S proteasome non-ATPase regulatory subunit 5 which is a regulatory component of the 

proteasome that catalyses protein degradation [101].

Another transcript with a regulatory role was elongation factor 2 kinase (eEF2 kinase), which 

was 4-fold and higher down-regulated in S. glomerata exposed to pyrene and fluoranthene. This 

kinase catalyses the phosphorylation of elongation factor 2 (eEF2), inhibiting eEF2’s ability to 

bind ribosomes and to mediate ribosome movement along the mRNA during peptide elongation 

[102, 103]. Decreased eEF2 kinase transcript expression in S. glomerata in response to total 

PAH might be a compensatory measure of the oyster to maintain a necessary level of protein 

synthesis of important genes in an environment that appears to promote a general suppression of 

protein synthesis. Symplekin, a component of the polyadenylation complex with an essential 

role in canonical and histone pre-mRNA processing [104], was also 4-fold and higher down-

regulated in PAH exposed S. glomerata. Peptidyl-prolyl cis-trans isomerase FKBP14 aids and 

accelerates the folding of nascent proteins [101], and it’s 4-fold and higher up-regulation in 

PAH exposed S. glomerata indicates that even though many of the protein synthesis and 

modification processes were impaired, energy was extended to ascertain that the expressed 

proteins were correctly folded and could carry out their respective functions.  Overall, it appears 

that a range of protein synthesis mechanisms of S. glomerata have been negatively affected by 

the seven day exposure of the oysters to pyrene and fluoranthene.

Conclusions

This study analysed the molecular effects of the combined exposure of pyrene and fluoranthene 

on S. glomerata, using RNA-Seq. Overall, slightly more transcripts were down-regulated than 

up-regulated, with the expression pattern of immune related transcripts suggesting that the PAH 

treatment resulted in a suppression of pathogen recognition, and an induction of phagocytosis 

and apoptosis. These results indicate that PAH stressed S. glomerata concentrated on 

responding to the internal effects of PAH exposure rather than extending additional energy into 

protecting itself from external pathogens, therefore potentially increasing its susceptibility to 

infections. Aside from immune related transcripts potentially responding to the downstream 

effects (e.g. lipid peroxidation, DNA damage) of PAH exposure/detoxification, several 

transcripts involved in phase I and phase II PAH detoxification were differentially expressed in 

PAH stressed S. glomerata. Responses indicate that S. glomerata employ a small set of enzymes 

to carry out pyrene and fluoranthene detoxification and to limit downstream effects of ROS 

potentially produced through redox cycling during the detoxification process. PAH exposure 

also appears to have affected stress protective mechanisms (heat shock proteins) and protein 
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synthesis, with PAH stressed S. glomerata potentially adjusting their protein synthesis 

machinery to preserve energy during the prolonged exposure to pyrene and fluoranthene while 

maintaining the necessary expression levels of essential genes. In summary, S. glomerata fed 

with pyrene and fluoranthene for seven days showed a complex molecular response to the 

stressors, with the oyster appearing to divert energy from general protective and homeostasis 

mechanisms into processes that allow the oyster to deal with the stressor and its downstream 

effects.

Methods

PAH stress exposure and sample collection

Wild, adult Saccostrea glomerata, collected from Cromarty Bay, Port Stephens (NSW, 

Australia), were experimentally exposed to PAH for one week, with full details of animal 

husbandry, experimental set-up and exposure as previously described [105]. In this experiment, 

rice flour (particle sizes up to 50 -

Aldrich, Australia), two common components of oil contamination. 200 g of rice flour was 

spiked with either a) 40 mL of dichloromethane (Honeywell, USA) (control) or b) 17.96 mg/kg 

pyrene and 17.64 mg/kg fluoranthene dissolved in 40 mL of dichloromethane (total PAH), with 

the level of total PAH used based on results of a sediment monitoring study in the Port Stephens 

estuary (DPI, unpublished data). S. glomerata were acclimatised to seawater of ambient salinity 

and temperature for four days, after which oysters were fed 20 mg/L/oyster of either control or 

total PAH flour five times a day for one week, with each treatment replicated ten times. In order 

to depurate the digestive tract of the experimental S. glomerata, all oysters were fed twice with 

control flour over a time period of at least 8 h at the conclusion of the exposure experiment. Six 

random oysters per treatment were then collected for RNA-Seq analysis. For the chemical 

analysis, tissue not collected for RNA-Seq analysis from the six random oysters per treatment, 

and tissue from nine acclimatised oysters (time-point 0 h) were individually homogenised and 

stored short-term at -80°C in acid-washed glass vials wrapped with aluminium foil until 

chemical analysis was carried out.

Sample preparation and sequencing

For RNA-Seq analysis, total RNA was extracted from 25 mg of pooled tissue (5 mg each of gill, 

mantle, adductor muscle, gonad and digestive tissue) per individual S. glomerata, using the 

Direct-zol RNA MiniPrep kit (Zymo Research Corporation, USA) including the DNase I 

digestion step according to the manufacturer’s protocol. Quality and quantity of the extracted 
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RNA of the 12 samples were tested with gel electrophoresis, the 2100 Bioanalyzer (Agilent 

Technologies, USA) using the RNA 6000 Nano Chip kit (Agilent Technologies) and with the 

QuantusTM fluorometer (Promega, Australia). ERCC RNA spike-in control mixes (Ambion, 

Australia) were diluted 1:100, then 2

RNA of control and total PAH samples, respectively. RNA-Seq libraries were then prepared 

from each of these samples, using the TruSeq RNA sample prep kit-v2 (Illumina, Australia) 

according to the kit’s preparation guidelines. Quality and quantity of the 48 cDNA libraries 

were tested with the 2100 Bioanalyzer, using the High Sensitivity DNA chip kit (Agilent 

Technologies) and with the QuantusTM fluorometer (Promega). Paired-end (100 bp) sequencing 

of the libraries was carried out by AGRF (Australia) as previously described in Ertl et al. [30].

De novo reference transcriptome and differential transcript expression 

analysis

Sequence quality was assessed with FastQC 

(http://www.bioinformatics.babraham.ac.uk/projects/fastqc/) pre- and post-trimming, with 

details of read trimming, de novo assembly of a S. glomerata reference transcriptome, 

redundancy removal and transcriptome assessment described in Ertl et al. [30]. For differential 

transcript expression analysis, post-processed reads of the 12 experimental S. glomerata

samples were mapped to the S. glomerata reference transcriptome with Bowtie [106], using a 

RSEM [107] internal script. Read counts for each sample were estimated with RSEM, sample 

data of all 12 oysters combined into one matrix file and read count data of transcripts with zero 

estimated counts for all 12 samples removed from the matrix file. The new matrix file, along 

with a ngvector file produced with the rsem-generate-ngvector RSEM script were then imported 

into EBSeq [31] in R (version 3.1.1) for further analysis. As gene-isoform relationships are 

unknown in de novo assembled transcriptomes, the mapping ambiguity clusters detailed in the 

ngvector file are necessary for the differential expression analysis. Median normalisation was 

carried out on the imported matrix file, and then EBTest run for 14 iterations until convergence 

was reached. Isoforms/transcripts found to be significantly differentially expressed between 

control and total PAH samples, using a false discovery rate (FDR) threshold of 0.05, were 

closer examined. Fold change values used throughout the text were based on the posterior fold 

change values.

Functional annotation of differentially expressed transcripts

Similarity searches of significantly differentially expressed transcripts were carried out against 

the NCBI non-redundant (nr) database (downloaded 08.09.14) using blastx. E-value cut-off for 
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the similarity searches was set at 1e-5 with a hit number threshold of 25. Blast2GO [108] with 

standard parameters (hit adjusted to 25) was used for mapping and functional annotation of the 

transcripts. Furthermore, the InterProScan functionality of Blast2GO was run on transcripts and 

the results merged with the already existing annotations. Where domain/family information was 

available for transcripts with a sequence description of “---NA---“ or “hypothetical 

protein/uncharacterised protein”, with the information offering an indication as to the potential 

identity of the transcript, it was added to the respective transcript.

Chemical analysis of experimental samples

Preparation of standards

100 ppm stock solutions were prepared in analytical grade acetonitrile (Merck, Kilsyth, 

Australia) for pyrene and fluoranthene. Spike and standard solutions were then prepared in 

hexane (Merck) from the stock solutions. Spike solutions used in the analysis were 4 ppm and 

1 ppm composite solutions, while standard solutions for the calibration curves had the following 

concentrations: 1000, 120, 100, 80, 60, 40 and 20 ppb.

Processing and extraction of samples

Oyster tissues collected from the PAH exposure trial for chemical analysis were blotted dry, 

then homogenised in acid washed glass vials and the homogenate stored at -20°C until analysis. 

The extraction method used in this study was based on two published methods [109, 110]. Here, 

2 mL of deionised water and 4 mL of analytical grade acetonitrile were added to either 2.0 g (± 

0.2 g) of each homogenate or 2.0 g (± 0.2 g) untreated control samples spiked with a) 100

the 4 ppm composite solution (200 ppb recovery) or b) 100 ppm composite solution 

(50 ppb recovery). Next, 1.6 g of anhydrous MgSO4 (Sigma-Aldrich) and 0.4 g of anhydrous 

NaCl (Thermo Fisher Scientific, Australia) were added to each sample, the samples vigorously 

shaken for 1 min, after which they were centrifuged for 10 min at 3500 rpm. After 

centrifugation, 3 mL of the acetonitrile layer containing the analyte were transferred into a new 

PAH free glass centrifuge tube along with 150 mg primary secondary amine sorbent (Agilent 

Technologies, Australia), 900 mg MgSO4 and 150 mg graphitised carbon black (Banksia 

Scientific, Australia). The tubes were then capped, vortexed for 1 min and centrifuged for 

10 min at 3500 rpm. For the final extraction step, 1 mL of the acetonitrile extraction solvent 

containing the analyte was transferred to a fresh centrifugation tube, 3 mL of deionised water 

and 1 mL of hexane (acetonitrile saturated) added, the mixture shaken for 5 min and then 

centrifuged for 3 min at 3500 rpm. The top hexane layer was then transferred into 2 mL gas 

chromatograph vials for direct gas chromatograph and mass spectrometer (GC-MS) analysis.
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GC-MS analysis

The GC-MS used in this study was a Clarus 580 gas chromatograph (Perkin Elmer, Australia) 

with a Clarus SQ 8S single-quadrupole mass spectrometer (Perkin Elmer) controlled by the 

TurboMass software. The column used was a Zebron ZB-5MS (30 m x 0.25 mm with a 0.25

film thickness), with ultra-pure helium as a carrier gas at a constant flow rate of 1.00 mL/min. 

-0.5 to +1.0 min then split at 20:1, inlet temperature 

set to 280°C with the temperature program set to 100°C hold for 0.5 min, then 25.0°C/min ramp 

to 200°C, followed by 15.0°C/min ramp to 310°C for a total run time of 11.83 min. Quantitation 

of PAHs utilised selective ion monitoring, with quantitation at 202 m/z and qualifier 101 m/z 

between 4.0 and 11.8 min.
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Figure 1 GO analysis of S. glomerata DE transcripts.

GO-terms were determined with Blast2GO, using default parameters. Level 2 GO-terms are 

associated with a) biological process, b) cellular component and c) molecular function are 

depicted.
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Tables

Table 1 Levels of pyrene and fluoranthene in S. glomerata soft-tissue.

Sample 

ID
Treatment

Fluoranthene Pyrene

475 time-point 0 h below LOQ below LOQ

476 time-point 0 h below LOQ below LOQ

484 time-point 0 h below LOQ below LOQ

485 time-point 0 h below LOQ below LOQ

486 time-point 0 h below LOQ below LOQ

487 time-point 0 h below LOQ below LOQ

481 total PAH 115.5 76.3

482 total PAH 132.5 56.9

490 total PAH 128.5 85.3

492 total PAH 168.6 96.9

499 total PAH 195.3 106.9

500 total PAH 124.3 120.4
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Supporting information

Supplementary Figures and Tables for this chapter can be found in the appendices section of the 

thesis.

Supplementary Figure 1 Variance versus mean plot for each Ng group (C1).

This plot shows the mean-variance relationship (using polynomial regression) for each isoform 

(Ng) group of condition 1 (control samples). Mapping ambiguity clusters were produced with 

RSEM (rsem-generate-ngvector), while the plot was visualised in R using EBSeq’s PolyFitPlot 

function.

Supplementary Figure 2 Variance versus mean plot for each Ng group (C2).

This plot shows the mean-variance relationship (using polynomial regression) for each isoform 

(Ng) group of condition 2 (total PAH samples). Mapping ambiguity clusters were produced 

with RSEM (rsem-generate-ngvector), while the plot was visualised in R using EBSeq’s 

PolyFitPlot function.

Supplementary Figure 3 Quantile-quantile plot.

QQ-plots show the fitted Beta prior distributions within each condition and each Ig group 

(uncertainty group) and were visualised in R using EBSeq’s QQP function.

Supplementary Figure 4 Density plot.

Plot shows the prior distribution fit within each condition and each Ig group, visualised in R 

using EBSeq’s DenNHist function.

Supplementary Table 1 Bowtie alignment statistics.

Table shows the number of raw reads and reads surviving the processing, with the total 

alignment percentage based on the post-processed reads aligning to the S. glomerata reference 

transcriptome, using Bowtie.
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Supplementary Table 2 S. glomerata DE transcripts.

List of 765 DE transcripts determined with Bowtie-RSEM-EBSeq, using a FDR threshold of 

0.05. Sequence descriptions are based on blast homology searches against the NCBI nr database 

(e-value cut-off: 10-5, hit number threshold: 25), and on InterProScan domain/family 

information. Posterior fold change (FC) was based on the normalised data, whereas real FC was 

based on the raw data. C1 stands for control, C2 for treatment condition.

163 
 



Chapter 6: Salinity & temperature exposure trial

Molecular effects of a variable environment on Sydney rock 

oysters, Saccostrea glomerata: thermal and low salinity stress, 

and their synergistic effect

Nicole G Ertl1,2, Wayne A O’Connor1,3, Abigail Elizur1,§

1University of the Sunshine Coast, Sippy Downs, Queensland, Australia

2Australian Seafood Cooperative Research Centre, South Australia, Australia

3Department of Primary Industries, New South Wales, Australia

§Corresponding author

Email addresses:

NGE: nertl@usc.edu.au

WAO: wayne.o’connor@dpi.nsw.gov.au

AE: AElizur@usc.edu.au

164 
 



Abstract

Background

Bivalves such as Saccostrea glomerata are frequently exposed to salinity and temperature 

fluctuations in the estuary caused by, for example, rainfall and tidal cycles. These environmental 

factors have been shown to modulate immunity and affect respiration, with these effects 

potentially exacerbated by the increase in sea surface temperatures and rainfall events predicted 

for the future due to climate change. In order to determine the molecular effects of low salinity 

and elevated temperature on bivalves, a study was carried out on S. glomerata, where the oyster 

was exposed to either low salinity, elevated temperature or a combined salinity and temperature 

stress.

Results

Differential transcript analysis resulted in a total of 1473, 1232 and 2571 transcripts 

differentially expressed in S. glomerata exposed to low salinity (10 ppt), elevated temperature 

(30°C) or the combined stressors (15 ppt and 30°C), respectively, when compared to control 

oysters. All stress treatments had some effect on molecular processes such as innate immune 

response, respiration and antioxidant defence, heat shock response and protein synthesis, with 

overall the strongest effects seen in S. glomerata exposed to the combined stressors. As 

expected, most transporters putatively involved in osmoregulation were found to be 

differentially expressed in response to the combined stressor and the low salinity exposure with 

overall more transporters suppressed than induced. 

Conclusions

This study showed that S. glomerata exposed to the three different stress conditions has a 

complex molecular response to the stressors, with some variations in their response observed. 

Multiple concomitant stressors are common in the natural habitat of oysters but are not often 

explored. Here, responses to single stressors, as well as to a dual stressor are presented and give 

some insight into the effect of a combined salinity and temperature stress on S. glomerata over a 

one week period.
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Background

During their life-time, oysters are exposed to a varied environment, with both, water 

temperatures and salinities fluctuating daily and seasonally in their estuarine habitat [1-3].

These fluctuations can arise due to tidal cycles, rainfall or terrestrial run-off [3, 2] and can have 

serious effects on marine invertebrates. For instance, temperature affects behaviour (e.g. valve 

closure), as well as molecular, biochemical and physiological processes [3-6], affecting organ 

function and membrane fluidity, altering antioxidant enzyme activity and causing protein 

damage [7, 8, 4]. Changes in temperature and salinity have also been shown to modulate innate 

immunity of marine invertebrates, such as the shrimp Litopenaeus vannamei [9], the oysters 

Saccostrea glomerata [10] and Crassostrea gigas [2], the mussel Perna viridis [11] and the 

clams Ruditapes philippinarum [12] and Chamelea gallina [8], potentially affecting the 

resilience of these marine organisms to invading pathogens. In addition, decreased salinity and 

increased temperature can impact growth rate and functions such as heart rate and respiration 

[13]. These effects might be exacerbated by climate change through the predicted increases in 

sea surface temperatures and extreme rainfall events (e.g. floods), as well as changes in rainfall 

patterns [14, 15].

Increases in temperature might also lead to hypoxia in marine organisms such as bivalves and at 

the temperature extremes, these animals might transit from aerobic metabolism to anaerobic 

metabolism due to a decrease in oxygen uptake [14, 1]. In regards to the effect of salinity, 

research has shown that bivalves such as S. glomerata are hyperosmotic to their environment 

and are able to osmoconform, but are unable to osmoregulate their extracellular fluid [16-19].

During a decrease in salinity, an osmotic gradient is produced between the extracellular fluid of 

the oyster and the external environment that would lead to an influx in water, causing a 

temporary swelling of the oyster tissue cells. To counteract this, osmotic solutes and water are 

expelled from the cells that will eventually lead to their recovery [20-22]. These osmotic solutes 

or osmolytes include inorganic ions (Na+, K+, Ca2+) and small organic molecules (free amino 

acids and quaternary ammonium compounds) [20]. Studies have shown that the predominant 

free amino acids used as osmolytes in molluscs were taurine, proline, alanine, glycine and 

glutamate [23]. Interestingly, a study using two populations of C. gigas (Atlantic and 

Chesapeake Bay oysters) showed differences in the size and composition of the intracellular 

166 
 



amino acid pool between the two populations, along with differences in salinity tolerance [24],

indicating that the free amino acids used by bivalves might be quite specific. Movement of the 

free amino acids is thought to occur through transporters or channels, with an amino acid 

transporter shown to be strongly induced in C. gigas after an 8 h hypo-osmotic stress [21] and a 

C. gigas taurine transporter, belonging to the solute carrier family, also found to be induced in 

response to hyposalinity [23]. More current research in C. gigas [25] and C. virginica [18]

presented some candidate osmoregulatory genes, suggesting the involvement of, for example, 

heat shock proteins, antioxidants, cytochrome p450 and transporters in the response to a salinity 

stress.

Saccostrea glomerata, an intertidal oyster species native to the east coast of Australia [26], is 

frequently exposed to fluctuating temperature and salinity conditions. In oyster cultivation areas 

in New South Wales (NSW), water temperatures as high as 32°C have been recorded in summer 

in northern estuaries, while winter temperatures as low as 6°C have been recorded in the south. 

Within individual estuaries, differences of up to 20°C between the summer maximum and the 

winter minimum are not uncommon. The majority of oyster cultivation areas have recorded 

salinities ranging from 0 to 38 ppt and in one instance, salinity of almost 42 ppt was measured 

[27]. S. glomerata are of great ecological significance, they are the basis of one of the oldest 

aquaculture industries in Australia and are still the most valuable fishery in NSW today [28].

For these reasons, we carried out a study on S. glomerata to determine the effects of elevated 

water temperature, low salinity and the combination of both, to examine transcript expression 

patterns in these oysters. The latter exposure was done to mimic events in the estuary, where 

different environmental factors often occur concomitantly, and act either synergistically, 

additively or antagonistically [14].

Results and Discussion

This study examined the effects of salinity, temperature and the combination of the stressors 

temperature and salinity on adult S. glomerata, using RNA-Seq. Throughout the one week 

exposure trial, faeces and pseudofaeces could be observed in all treatments to varying degrees, 

indicating that oysters from all treatments opened their shells at least intermittently, exposing 

themselves to the different environments. Similarly, visual observation of opening and closing 

behaviour of S. glomerata exposed to the different stressors over a 1 h period showed that 

control (22°C and 33 ppt) and elevated temperature (30°C and 33 ppt) oysters opened their 

shells in less than 5 min and routinely stayed open throughout the 1 h observation period. 

S. glomerata exposed to the combined stressor (30°C and 15 ppt) also opened in less than 5 min, 

but opened and closed a few times over a maximum of 6 min before they closed their shells for 
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the remainder of the observation period. Oysters exposed to low salinity (22°C and 10 ppt), on 

the other hand, appeared to only quickly sample their external environment with a few slight 

openings of their shells after which they seemed to stay closed for the 1 h duration of the 

observation period. Aside from the opening and closing behaviour of the exposed oysters, 

mortality was assessed over the one week exposure trial. Mortality rates (in % of total oysters) 

of the different treatments were 0, 0, 7.7 and 30.8% for control, elevated temperature, low 

salinity and combined stressors, respectively. This suggests that S. glomerata exposed to 15 ppt 

and 30°C were the least resilient among the four treatments, potentially due to a synergistic 

effect of the two stressors on the oysters.

Illumina HiSeq sequencing resulted in a total of 401,137,009 paired-end raw reads, of which 

98.7% survived processing (Supplementary Table 1) and were mapped to a previously 

assembled S. glomerata reference transcriptome [29] for differential transcript expression 

analysis.

Differential transcript expression analysis of salinity and temperature 

samples

EBSeq, an R based program, was used to determine S. glomerata transcripts differentially 

expressed between control oysters, and oysters exposed to a) low salinity, b) elevated 

temperature or c) 15 ppt and 30°C. EBSeq uses an empirical Bayesian approach and was chosen 

in this study as it takes the estimation uncertainty inherent in isoform expression analysis into 

consideration [30]. Graphical results of the standard diagnostics on the differential transcript 

expression analysis with EBSeq are presented in Supplementary Figures 1 to 4. Analysis of the 

three comparisons (control versus low salinity, control versus elevated temperature and control 

versus combined stressors), using a false discovery rate (FDR) threshold of 0.01 showed a total 

of 1473, 1232 and 2571 transcripts, respectively, to be differentially expressed (DE). This, 

together with the high mortality rate in oysters exposed to the combined stressors, further 

suggests that the two stressors acted synergistically on the oysters, affecting a larger number of 

transcripts than the individual stressors by themselves.

Functional annotation of all DE transcripts with Blast2GO against NCBI’s non-redundant 

database with an e-value cut-off of 1e-5 resulted in the annotation of 74.5% (low salinity), 73.9% 

(elevated temperature) and 79% (combined stressors) of DE transcripts, while a total of 73.1%, 

73.3% and 75.5% of transcripts had InterProScan matches when transcripts were searched 

against the InterProScan database through Blast2GO. Similar GO-term distributions were found 

for the functionally annotated DE transcripts of the three comparisons, with GO-terms 

associated with cellular and metabolic processes, cell and membrane, and catalytic activity and 
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binding containing the most DE transcripts in each comparison (Figures 1, 2 and 3). While the 

DE transcripts present only a small section of the S. glomerata reference transcriptome, this 

pattern of GO-terms is comparable to the most common GO-terms found in the transcriptomes 

of other molluscs [31, 32]. Aside from GO-term distribution, the overall expression pattern of 

the three comparisons were also the same, with more DE transcripts down-regulated than up-

regulated in S. glomerata exposed to low salinity (58%), elevated temperature (59.8%) or the 

combined stressors (61.1%) (Supplementary Tables 2, 3 and 4).

Immunity

Bivalves such as S. glomerata are equipped with an innate immune defence system that protects 

these marine organisms from pathogens. One of these innate immune components are pattern 

recognition receptors (PRRs) that recognize pathogen-associated molecular patterns (PAMPs) 

and activate down-stream signalling pathways in the oyster that lead to a range of immune 

responses [33-36]. Among the S. glomerata DE transcripts differentially expressed in all three 

comparisons of this study were a range of PRRs such as c1q domain-containing proteins, c-type 

lectins, toll-like receptors (TLRs), gram negative bacteria binding protein (GNBP), scavenger 

receptors (SRs), fibrinogen-related proteins (tenascins, fibrinogen c domain-containing proteins 

and fibroleukins), collectins, ficolins, galectin, thioester-containing protein (TEP), c-type 

mannose receptors/macrophage mannose receptors, peptidoglycan recognition proteins (PGRPs) 

and Down syndrome cell adhesion molecule (Supplementary Tables 2, 3 and 4). Overall, the 

vast majority of these PRRs were down-regulated in S. glomerata exposed to the combined 

stressors (86%), low salinity (70%) and elevated temperature (66.7%), with some PRR 

transcripts such as TEP, GNBP, PGRPs, galectin and Down syndrome adhesion molecule 

specific to a particular treatment. In addition to PRRs, transcripts involved in down-stream 

signalling pathways were also differentially expressed in S. glomerata exposed to low salinity, 

elevated temperature and the combined stressors (Supplementary Tables 2, 3 and 4). 

S. glomerata exposed to low salinity showed a 4-fold and higher up-regulation of a transcript 

coding for MyD88 (myeloid differentiation primary-response protein 88), which is an adaptor 

protein in the TLR signalling pathway [37]. Exposed oysters also showed a less than 2-fold up-

regulation of mitogen-activated protein kinase 1 (MAPK) and a 2- to 4-fold up-regulation of 

IRAK1BP1 (interleukin-1 receptor-associated kinase 1-binding protein 1), whereas one 

transcript coding for interferon regulatory factor 1 (IRF 1) and one coding for TNFAIP3 (tumor 

necrosis factor [TNF] alpha-induced protein 3) were down-regulated in response to the salinity 

stressor. While overall PRR expression was down-regulated in low salinity stressed 

S. glomerata, one TLR was 2- to 4-fold up-regulated. This, together with the up-regulation of 

MyD88 and MAPK and the down-regulation of IRF 1 and TNFAIP3, suggests that the MyD88-
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dependent TLR pathway was activated in these oysters, potentially as a pre-emptive mechanism 

to protect affected oysters from potential infection from pathogens they might encounter in their 

environment. Additionally, both TNFAIP3 and IRAK1BP1 are linked to NF- -

- argeting ubiquitinated proteins 

such as TRAF 6 (TNF receptor-associated factor 6) [38, 39]. IRAK1BP1, on the other hand, 

appears to act on NF- - -regulation of pro-

inflammatory cytokines and a promotion of the transcription of the anti-inflammatory 

interleukin-10 [40]. This might allow the salinity stressed S. glomerata to induce immune 

protection while simultaneously modulating the inflammatory response triggered through the 

TLR signalling pathway to protect itself from tissue injury or chronic inflammation. A similar 

response has been observed for S. glomerata exposed to elevated temperature, with two 

transcripts coding for TLRs (4-fold and higher) and one coding for TAB 1 (mitogen-activated 

protein kinase kinase kinase 7-interacting protein 1) up-regulated and IRF 4-fold and higher 

down-regulated, suggesting the induction of the MyD88-dependent pathway in response to the 

temperature stressor. Contrary to the results for S. glomerata exposed to low salinity or elevated 

temperature, exposure to the combined stressors resulted in the down-regulation of TLRs and 

multiple down-stream components of the TLR signalling pathway such as MyD88, IRAK 4

(interleukin-1 receptor-associated kinase 4), TRAF 6, IRF and NF- epsilon. These 

results suggest that even though overall expression of PRRs was depressed in response to all 

three stress treatments, oysters exposed to low salinity or elevated temperature appear to have 

maintained part of their immune signalling pathways, whereas S. glomerata challenged with the 

combined stressors had a suppressed TLR signalling pathway, potentially making these oysters 

more susceptible to infection.

Other immune related DE transcripts were cytokines and cytokine receptors that were found to 

be 2-fold and higher down-regulated in S. glomerata exposed to elevated temperature and the 

combined stressors (Supplementary Tables 3 and 4), but not differentially expressed in oysters 

exposed to low salinity alone. Members of the interleukin-17 (IL-17) family of cytokines and 

cytokine receptors play a role in the immune response to pathogens, with IL-17D potentially 

involved in inflammation [41], as well as found to be induced in response to bacterial challenge 

and LPS in Salmo salar [42]. Exposure to elevated temperature or the combined stressors also 

resulted in a 4-fold and higher decrease in laccase expression levels in the challenged 

S. glomerata (Supplementary Tables 3 and 4), whereas transcripts coding for LITAF 

(lipopolysaccharide-induced TNF-alpha factor) were 2-fold and higher down-regulated in 

S. glomerata in response to low salinity and the combined stressors (Supplementary Tables 2 

and 4). Laccase has previously been observed to be induced by bacterial lipopolysaccharide 

(LPS) in Suberites domuncula [43] and LITAF expression in Eriocheir sinensis increased in 
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response to bacterial challenge, LPS and a synthetic analogue of double-stranded RNA [44].

Transcripts coding for macrophage expressed gene-1 (MPEG1; elevated temperature) and 

gamma-interferon inducible lysosomal thiol reductase (GILT; combined stressors), on the other 

hand, were 2-fold and higher down-regulated in only one of the three treatments 

(Supplementary Tables 3 and 4). Of these transcripts, GILT has been shown to be induced in 

Haliotis discus discus and Pinctada fucata in response to Vibrio alginolyticus [45, 46], while 

MPEG1 was up-regulated in H. discus discus after bacterial and viral challenge [47]. It is 

possible that S. glomerata exposed to the three different treatments only expresses these 

transcripts (e.g. LITAF, laccase, GILT) as a direct response to bacterial or viral challenge and 

therefore has depressed their expression levels. Alternatively, akin to the potential pro-

inflammatory cytokines of the IL-17 family that were also found in our study, transcripts such 

as LITAF, MPEG1 or GILT might have other, as of yet unknown, roles in S. glomerata and 

were down-regulated to protect the oysters from any potential detrimental effects these proteins 

might have if expressed over a longer period of time.

Transcripts involved in phagocytosis were also found to be differentially expressed in 

S. glomerata exposed to any of the three treatments (Supplementary Tables 2, 3 and 4). 

Phagocytosis is part of the innate immune defence and functions in the recognition and 

clearance of foreign bodies (e.g. bacteria) and dead cells [48, 49]. Elevated temperature appears 

to have had a fairly limited effect on S. glomerata phagocytosis, with only one transcript coding 

for lysozyme 4-fold and higher down-regulated. Lysozymes are antibacterial enzymes that have 

been shown to be induced in the mollusc H. discus discus after LPS treatment and exposure to 

Vibrio parahemolyticus or Listeria monocytogenes, with the enzyme also demonstrating 

antimicrobial activity against a range of Gram-positive and Gram-negative bacteria [50, 51].

Similar to our results, Scapharca broughtonii exposed to thermal stress (30°C) showed 

decreased lysozyme activity in the hemolymph of the mollusc [52]. Contrary to temperature 

challenged S. glomerata, exposure to low salinity resulted in a 4-fold and higher up-regulation 

of lysozyme, and a 4-fold and higher down-regulation of cathepsin L and the antimicrobial 

peptide (AMP) hydramacin in the stressed oysters. Considering that different types of cathepsin 

(e.g. cysteine cathepsins B, C and S) exist [53, 54], which might have been expressed at a base 

level in the stressed oysters, and that lysozyme expression was up-regulated, it is possible that 

S. glomerata exposed to low salinity might still possess some level of phagocytic defence. A 

similar pattern of expression was observed in low salinity stressed Crassostrea gigas, where a 

cathepsin K-like gene was down-regulated in response to the stress [55], and in Penaeus 

monodon, where lysozyme and cathepsin B were up-regulated in response to low salinity [56].

In comparison to the low salinity and elevated temperature treatments, S. glomerata held at 

30°C and 15 ppt salinity showed up-regulation of two out of three transcripts coding for 
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lysozyme, and one each coding for cathepsin L, cathepsin Z and the AMP bactericidal 

permeability increasing protein (BPI). Defensin, another AMP, was 4-fold and higher down-

regulated, along with one transcript coding for cathepsin L1-like. While the combined stressor 

negatively affected the expression of some phagocytosis related transcripts, up-regulation of 

transcripts such as lysozymes, BPI and cathepsins might allow stressed S. glomerata to at least 

maintain a basic level of phagocytic defence against a broad range of pathogens without 

extending too much energy.

Transcripts involved in apoptosis were also found to be differentially expressed in S. glomerata

exposed to the three treatments (Supplementary Tables 2, 3 and 4). S. glomerata exposed to 

thermal stress appear to suppress apoptosis through the 4-fold and higher down-regulation of 

caspase and programmed cell death protein 5 (PDCD5). Caspases play a role in both, the 

initiation and execution steps of apoptosis [57], while PDCD5 has been shown to accelerate 

apoptosis in a range of cell types [58]. Similarly, transcript expression patterns of low salinity 

stressed S. glomerata also indicate that apopotosis was to some degree suppressed in these 

oysters. Aside from the down-regulation of a caspase transcript, S. glomerata under 

hypoosmotic stress also down-regulated a transcript coding for the TNF receptor superfamily 

and multiple transcripts of the IAP (inhibitors of apoptosis protein) family. TNF receptors are 

part of the death receptor-mediated apoptosis signalling pathways, with additional roles in 

innate immunity (e.g. acute inflammation) [59, 57]. Correspondingly, IAPs are anti-apoptotic

proteins with other functions such as regulating NF-

proliferation [57, 60]. It is possible therefore that the down-regulation observed in salinity 

stressed S. glomerata might not be linked to its function in apoptosis. Different to temperature 

stressed S. glomerata, however, oysters exposed to low salinity also showed a 4-fold and higher 

up-regulation of AIF (apoptosis-inducing factor), which appears to be able to promote apoptosis 

without the aid of caspases [57]. Induction of AIF might allow S. glomerata to retain to some 

degree the ability to remove damaged cells during the salinity stress exposure. In contrast, AIF 

was found to be down-regulated in S. glomerata exposed to the combined stressor, along with 

caspase and one out of two IAPs, while one IAP was 4-fold and higher up-regulated. This 

suggests that similar to temperature stressed S. glomerata, apoptosis was suppressed in oysters 

exposed to the combined stressor.

Respiration

Aside from immune related transcripts, transcripts involved in respiration were also found to be 

differentially expressed in S. glomerata exposed to the three treatments (Supplementary Tables 

2, 3 and 4). The strongest effect on respiration was seen in S. glomerata exposed to the 
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combined stressors, with cytochrome b-c1 complex subunit 2 (UQCRC2), NADH 

dehydrogenase [ubiquinones] 1 alpha subcomplex subunit 13 (NDUFA13), NDUFA6, NADH 

dehydrogenase [ubiquinones] 1 beta subcomplex subunit 5 (NDUFB5), NADH dehydrogenase 

[ubiquinones] iron-sulfur protein 7 (NDUFS7) and NDUFS8 less than 2-fold down-regulated in 

the stressed oysters, while NADH dehydrogenase [ubiquinones] complex I assembly factor 7 

(NDUFAF7) was 4-fold and higher down-regulated and NADH dehydrogenase [ubiquinones] 

flavoprotein 3 (NDUFV3) 4-fold and higher up-regulated in challenged S. glomerata. UQCRC2 

is required for the assembly of ubiquinol cytochrome c reductase, which is also known as 

mitochondrial respiratory chain complex III [61]. Considering its function, down-regulation of 

UQCRC2 suggests that complex III was suppressed in S. glomerata exposed to the combined 

stressors. NDUFA13, NDUFA6, NDUFB5, NDUFV3, NDUFS7 and NDUFS8, in turn, are all 

part of complex I (also called NADH-ubiquinone oxidoreductase) of the mitochondrial 

respiratory chain [62, 63]. Complex I is the largest of the five mitochondrial respiratory chain 

complexes and consists of a membrane arm (P module; located in inner mitochondrial 

membrane) and a peripheral or matrix arm (N- and Q-module; protruding into mitochondrial 

matrix) [62, 63]. NDUFS7 and NDUFS8 belong to the Q-module, where they both bind to other 

iron-sulfur clusters, through which electrons received from the N-module are transferred to 

ubiquinone [62]. NDUFA13, NDUFA6, NDUFB5 and NDUFV3 are accessory subunits, with 

NDUFA13 appearing to be important for complex I assembly [62, 63]. While there are some 

suggestions about the roles of these accessory subunits (e.g. stabilization of the enzyme) [62],

their exact function appears to be unknown and it is therefore unclear why NDUFV3 was the 

lone subunit found to be up-regulated in the 30°C and 15 ppt stressed S. glomerata of this study. 

Aside from accessory subunits, assembly factors such as NDUFAF7 are also linked to complex 

I of the mitochondrial respiratory chain. NDUFAF7 has been shown to function in the 

methylation of NDUFS2 in mammals [64]. Methylation of NDUFS2, which is also a component 

of the Q-module [62], is thought to stabilize the interaction with NDUFS7 [64]. Overall, these 

results indicate that S. glomerata exposed to the combined stressor, suppressed both complex I 

and complex III of the mitochondrial respiratory chain. As both complex I and complex III are 

known to be major sources of reactive oxygen species (ROS) [65, 66], their suppression could 

result in a decrease in ROS production in theses oysters. However, while high levels of ROS 

production can be detrimental to the affected oysters, ROS also have essential roles in, for 

example, innate immunity, cell growth and cell survival [67]. Considering the potential 

reduction in ROS production due to decreased expression of complex I and complex III 

transcripts, salinity and temperature stressed S. glomerata might have elevated ROS production 

through the 4-fold and higher up-regulation of one out of two transcripts coding for dual oxidase 

(DUOX). DUOX is part of the NADPH oxidase family that function in ROS production [68],

and the up-regulation of one DUOX transcript might allow S. glomerata to increase ROS 
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production to a level that is beneficial for the stressed oysters. Along with the up-regulation of 

DUOX, S. glomerata exposed to the combined stressors also down-regulated a wide range of 

transcripts functioning in antioxidant defence (Supplementary Table 4), potentially to adjust for 

decreased ROS production. Antioxidants found to be down-regulated in salinity and 

temperature stressed oysters were superoxide dismutase (SOD), glutathione peroxidase (GPX), 

thioredoxin, peroxiredoxin, glutathione reductase (GR), glutathione S-transferase (GST) and 

methionine-R-sulfoxide reductase (MSR). Of these antioxidants, SOD functions in superoxide 

anion detoxification, GPX catalyses the reduction of hydroperoxides [69], whereas 

thioredoxin’s role in antioxidant defence is the transfer of electrons to peroxiredoxin or MSR to 

remove hydrogen peroxide [70, 71]. GR, on the other hand, functions in the reduction of 

glutathione disulfide to glutathione that is a cofactor for GPX and GST [70]. Aside from GST 

that protects against secondary metabolites (e.g. hypdroperoxides and unsaturated carbonyls) 

[70, 72], transcripts coding for aldo-keto reductase (AKR), carbonyl reductase [NADPH] 

(CBR), cytochrome p450, short chain dehydrogenase/reductase (SDR), alcohol dehydrogenase 

and aldehyde dehydrogenase were found to be differentially expressed in S. glomerata exposed 

to the combined stressor. Similar to GST, these enzymes are able to metabolize reactive 

carbonyls produced by lipid peroxidation and glycoxidation during oxidative stress [73].

Aldehyde dehydrogenase (4-fold and higher up-regulated) and several of the cytochrome p450 

members (less than 2-fold down-regulated) function in the oxidation of aldehydes, while alcohol 

dehydrogenase (4-fold and higher up-regulated) and the 2-fold and higher down-regulated SDR 

(including CBR) and AKR function in the reduction of aldehydes [73]. Overall, expression 

pattern of respiratory and respiratory-related transcripts indicate depressed respiration in salinity 

and temperature stressed S. glomerata, with a resulting decrease in ROS production and 

concomitant reduction in enzymes involved in the protection against ROS and the downstream 

effects of oxidative stress. Furthermore, up-regulation of some of these transcripts (DUOX, 

aldehyde dehydrogenase and alcohol dehydrogenase) might allow S. glomerata to temporarily 

conserve energy without severely compromising its survival. A similar expression pattern was 

also seen in heat stressed and bleached Montastraea faveolata, where NADH-ubiquinone 

oxidoreductase, which is part of complex I of the respiratory chain, was found to be down-

regulated in concert with one out of two GSTs [74]. In addition, down-regulation of 

antioxidants was also observed in Hyas araneus exposed to elevated temperature and increased 

levels of CO2, where SOD and thioredoxin were significantly down-regulated in the stressed 

crabs [75].

In comparison, S. glomerata exposed to hyposalinity appear to have been less impacted then 

oysters challenged with the combined stressors. In these oysters, three transcripts coding for 

alternative oxidase (AOX) and one coding for NDUFAF7 were found to be 4-fold and higher 

174 
 



down-regulated (Supplementary Table 2). Similar to the salinity and temperature stressed 

oysters, down-regulation of NDUFAF7 in hyposalinity stressed S. glomerata might lead to a 

decrease in mitochondrial respiratory chain complex I activity, potentially resulting in a slight 

reduction in ROS production in these oysters. AOX is thought to limit ROS production during 

events such as hypoxia or reoxygenation by transferring electrons directly to oxygen from 

quinone and bypassing complex III in the process [76]. Unlike our study, AOX expression was 

up-regulated in C. gigas exposed to hypoxia or 1 h after re-oxygenation [77, 78], suggesting that 

S. glomerata exposed to hyposalinity for one week might not have suffered from hypoxia nor 

were recovering from hypoxia at the time of sampling. Transcript expression patterns of 

antioxidants and enzymes involved in protection from down-stream effects of oxidative stress 

(Supplementary Table 2) also showed differences to S. glomerata exposed to the combined 

stressors. In low salinity stressed oysters, SOD, catalase (CAT) and thioredoxin reductase, a 

component of the thiol-dependent antioxidant system [71], were found to be down-regulated, 

while expression of GST and peroxiredoxin were 4-fold and higher up-regulated. A similar 

pattern of antioxidant expression was seen in hyposalinity exposed Lepeophtheirus salmonis

larvae where two out of five GST genes were up-regulated at 25 ppt, while the remaining three 

were not differentially expressed at 25 ppt but down-regulated in larvae exposed to 27 ppt for 

24 h [79]. Also, Eriocheir sinensis exposed to a gradual decrease in salinity over a six day 

period increased GST expression, but down-regulated glutathione peroxidase expression in 

response to hyposalinity [80]. In contrast, one thioredoxin reductase was up-regulated in Mytilus 

galloprovincialis and Mytilus trossulus exposed to a sudden drop in salinity for 4 h [81], and 

SOD and CAT were found to be up-regulated in H. discus discus exposed to low salinity for 

24 h [82]. The disparity between the published and our results might be due to the differences in 

the duration of the stress exposure and salinity levels or might indicate a species specific 

response to hyposalinity. Furthermore, as antioxidants function in the maintenance of ROS 

homeostasis, their expression levels might change over time based on environmental conditions, 

as well as the oyster’s ability to cope with any changes in its surrounding environment. Apart 

from antioxidants, reactive aldehyde oxidising/reducing enzymes such as aldehyde 

dehydrogenase (4-fold and higher up-regulation), cytochrome p450 (16 out of 17 2-fold and 

higher down-regulated) and SDR (4-fold and higher down-regulated) were also found to be 

differentially expressed in S. glomerata exposed to low salinity. Up-regulation of GST, 

peroxiredoxin and aldehyde dehydrogenase in low salinity stressed S. glomerata might have 

been sufficient to counteract any potential detrimental effects of ROS production.

In contrast, S. glomerata exposed to elevated temperature showed a 4-fold and higher up-

regulation of cytochrome c oxidase subunit IV (COX IV) and a 4-fold and higher down-

regulation of DUOX (Supplementary Table 3). COX IV is the largest nuclear encoded subunit 
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of the terminal mitochondrial respiratory chain enzyme (complex IV), and has been shown to be 

essential for the assembly and function of complex IV [83, 84]. It is possible that complex IV 

might have been compromised in S. glomerata by thermal stress, thus resulting in the increase 

in COX IV expression to maintain the integrity of the mitochondrial respiratory chain. 

Alternatively, increased COX IV expression could have functioned in speeding up the final 

electron transfer step. Decreasing DUOX expression levels in temperature stressed S. glomerata

would have allowed the oyster to restrict ROS production through non-respiratory chain related 

means, potentially conserving energy that would otherwise have to be extended into increasing 

antioxidant defence mechanisms. Furthermore, this might be linked to the decrease in the 

antioxidant transcripts GST and GR that was observed in S. glomerata exposed to thermal stress 

(Supplementary Table 3). These results differed from responses seen in other molluscs in 

response to temperature stress. For instance, GST and peroxiredoxin were up-regulated in 

Laternula elliptica exposed to a 3°C increase in temperature over a 12 h period [85], while GPX 

expression in temperature stressed C. gigas showed a changing pattern of expression, from up-

regulation in the gills after three days exposure to down-regulation after 14 days [86]. Similarly, 

GPX expression in the C. gigas mantle was down-regulated after three days of thermal stress 

and not differentially expressed after seven days of exposure [86]. These results suggest that 

differences seen between our study and published results could be due to the length of exposure 

or species specific responses to a particular thermal stress. In addition to antioxidants, 

transcripts coding for alcohol dehydrogenase, aldehyde dehydrogenase, AKR, cytochrome p450 

and SDR were also found to be differentially expressed in temperature stressed S. glomerata

(Supplementary Table 3). Of these enzymes, AKR, cytochrome p450 and two out of three 

transcripts of SDR were down-regulated in S. glomerata exposed to thermal stress, whereas 

alcohol dehydrogenase, aldehyde dehydrogenase and one transcript coding for SDR were 2-fold 

and higher up-regulated in response to the stressor. It is possible that the natural level of 

antioxidants (e.g. SOD and CAT) that would need to be expressed in a healthy, non-stressed 

individual to maintain ROS homeostasis, combined with the up-regulation of some of the 

enzymes capable of oxidising/reducing reactive aldehydes, was sufficient to temporarily protect 

temperature stressed S. glomerata from any detrimental effects of ROS production.

Transport

S. glomerata exposed to hyposalinity, elevated temperature or the combined stressors 

differentially expressed a wide range of transporters and channels, putatively involved in 

osmoregulation (Table 1). Among those were transcripts coding for aquaporins, which are water 

channels that allow water and, depending on the aquaporin sub-type, other small and non-polar 

solutes (e.g. urea, glycerol) to pass through cell membranes [87]. One of these channels, 
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aquaporin-4, was found to be down-regulated in both, S. glomerata exposed to the combined 

stressors and oysters challenged with low salinity, while thermal stress resulted in the up-

regulation of this aquaporin. Aquaporin-8, on the other hand, was only found in S. glomerata

exposed to the combined stressors or low salinity, where it was up-regulated in both. 

Considering that the exposure trials lasted for one week, it is possible that the water influx due 

to the osmotic gradient between the oyster’s body fluids and the external environment had 

already been balanced out to the most part and did not necessitate a strong down-regulation of 

all aquaporin transcripts to limit water influx into the cells at the time of sampling. This would 

coincide with a study in S. glomerata that showed that these oysters were able to conform to a 

sudden drop in salinity (from 30 ppt to 15 ppt) in two days [19]. In addition, the down-

regulation of two aquaporin-4 transcripts in low salinity (10 ppt) stressed oysters compared to 

one transcript in oysters exposed to the combined stressors (salinity: 15 ppt) could potentially be 

explained by the differences in salinity and the extra time it would likely require to conform to 

this lower salinity. A similar expression pattern was observed in C. gigas exposed to 

hyposalinity for eight days where aquaporin expression decreased in response to the stressor 

[88]. Different to aquaporins, a transcript coding for sodium/potassium-transporting ATPase 

-NAK) was only found to be up-regulated in S. glomerata exposed to low 

salinity, suggesting that this transcript was specific to hyposalinity stressed oysters. Na+/K+-

ATPase is a sodium pump with a role in osmoregulation that functions in the uptake of ions [89, 

90] and has been shown to be up-regulated in the gill (after 32 h) and hepatopancreas (after 

72 h) of Exopalaemon carinicauda exposed to a salinity of 4 ppt [89], and in the gill of 

Carcinus maenas exposed to hyposalinity [90] -NAK transcript was also found 

to be up-regulated in Lepeophtheirus salmonis exposed to hyposalinity (27 ppt) and one 

transcript was down-regulated under 25 ppt salinity exposure [79]. Acute salinity stress (4 h

exposure), on the other hand, resulted in a down- -NAK in M. galloprovincialis

and M. trossulus [81], whereas a gradual decrease in salinity over six days showed no 

differential expression of Na+/K+-ATPase in Eriocheir sinensis [80]. It is possible that 

expression of Na+/K+-ATPase varies over time or responds differently to the strength or type of 

-NAK was not differentially expressed in 

S. glomerata exposed to the combined stressors. Another transcript only found in one of the 

three stress treatments was coding for amiloride-sensitive sodium channel subunit gamma 

(SCNN1G). SCNN1G was up-regulated in S. glomerata exposed to the dual stressors and has 

been shown to be one of three subunits forming the amiloride-sensitive epithelial sodium 

channel (ENaC) in mammals that plays a role in salt absorption [91]. Other transporters 

putatively involved in osmoregulation are organic cation transporters, which were also found to 

be differentially expressed in S. glomerata exposed to elevated temperature or the combined 

stressors. While transcripts coding for this transporter were down-regulated in temperature 
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stressed oysters, five transcripts were up- and six transcripts were down-regulated in oysters 

exposed to the combined stressor. Comparable to our study, one transcript coding for organic 

cation transporter was also found to be up-regulated in salinity stressed Eriocheir sinensis,

while another transcript was down-regulated [80].

Of the 49 types of transporter and channels listed in Table 1, the large majority (38) belong to 

the solute carrier superfamily (SLC). This family consists of 55 gene families that range from 

passive transporters to symporters and antiporters [92]. The substrates they transport are as 

varied as the family itself and include, for example, inorganic cations and anions (e.g. Na+, K+,

Ca2+, PO4
3-, OH-, H+, Cl-), sugars (e.g. glucose), amino acids, essential metals, choline and fatty 

acids and lipids [92]. Based on their substrates, these transporters can be grouped into, for 

instance, amino acid and oligopeptide transporters or inorganic cation/anion transporters [92].

SLC transcripts differentially expressed in S. glomerata exposed to either of the three treatments 

were part of the amino acid and oligopeptide transporter (SLC1, SLC3, SLC7, SL15 and 

SLC17), inorganic cation/anion transporter (SLC4, SLC8, SLC9, SLC34 and SLC20), 

transporters of glucose and other sugars (SLC2, SLC5), transporter of bile salts and organic 

anions (SLC13 and SLC16), transporters of urea, neutrotransmitters and biogenic amines, 

ammonium and choline (SLC6 and SLC22), transporters of vitamins and cofactors (SLC23 and 

SLC46) and transporter across mitochondrial membranes (SLC25). One other transcript coded 

for SLCO5A1, which is also part of the SLC superfamily and transports unknown organic 

anions [92]. Of the three stress treatments, S. glomerata exposed to the combined stressors had 

the most SLC transcripts differentially expressed (40), followed by hyposalinity stressed (22) 

and temperature stressed (11) oysters. S. glomerata exposed to elevated temperature had five 

SLC transcripts up-regulated and six down-regulated, and mainly functioned in the transport of 

bile salts and organic anions (3), urea, neurotransmitters and biogenic amines, ammonium and 

choline (2), amino acid and oligopeptide (3), across mitochondrial membranes (1) and vitamins 

and cofactors (1). In addition, SLCO5A1 was up-regulated in S. glomerata exposed to elevated 

temperature or low salinity, but not found in the oysters challenged with the combined stressor. 

Overall, the main function of the SLC expressed in temperature stressed S. glomerata appears to 

have been in the transport of monocarboxylate anions (e.g. pyruvate) and aromatic amino acids 

[92]. In contrast, S. glomerata exposed to the combined stressor or low salinity showed a down-

regulation of the majority of the differentially expressed SLC transcripts, with oysters from both 

treatments showing an overall down-regulation of glucose/sugar transporters, which might lead 

to impaired energy production in these oysters. Also, transcripts involved in amino acid and 

oligopeptide transport, were found in both treatments; however, the response appears to have 

been stronger in oysters exposed to the combined stressor, with seven transcripts up- and eight 

transcripts down-regulated compared to hyposalinity stressed oysters (one up- and four down-
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regulated). Similarly, inorganic cation/anion transporters were all down-regulated in 

hyposalinity stressed oysters, whereas oysters challenged with the combined stressors up-

regulated two out of four transcripts in response to the stressors. Expressing a range of these 

transporters and up-regulating some of them might allow S. glomerata exposed to the combined 

stressors to better adjust its internal environment to the external stressors, whereas oysters 

exposed to low salinity appear to have responded with a strong overall reduction in SLC 

transcripts which could affect the oyster’s ability to conform to the changed external 

environment. Similar to our study, members of the solute family were found to be down-

regulated in C. gigas exposed to hyposalinity for 8 h [55], in M. galloprovincialis and M. 

trossulus challenged hyposalinity for 4 h [81], and in salinity stressed E. sinensis, where the 

majority of SLC transcripts were also down-regulated [80].

DE transcripts belonging to the ATP-binding cassette (ABC) transporter family were also found 

in our study. These transporters are ATP-dependent pumps that allow substrate movement in 

both directions [93]. Some of these substrates that can be transported are inorganic anions, 

amino acids, sugars and metal ions [93]. In our study, most of the ABC transporter transcripts 

were expressed in S. glomerata exposed to hyposalinity or thermal stress, with only two 

transcripts differentially expressed in oysters exposed to the dual stressors. This suggests that 

the response to the dual stressors is centred on members of the SLC family, with only a small 

contribution from ABC transporters. ABC transporter transcripts were also found to be 

differentially expressed in E. sinensis, where one transcript was up- and two transcripts down-

regulated in response to a low salinity stress [80].

Cytoskeleton and extracellular matrix (ECM)

Components of the cytoskeleton and ECM were found in S. glomerata exposed to any of the 

three treatments (Supplementary Figures 2, 3 and 4), suggesting that all three treatments 

affected the integrity of the cytoskeleton and ECM to some degree. The cytoskeleton is a 

network of microtubules, intermediate filaments and F-actins that functions among others, in 

cell motility and the maintenance of cell shape and consists of actin, tubulin and intermediate 

filament proteins [94-96]. The ECM, in turn, is a dynamic structure that is composed of a range 

of molecules such as collagens, elastins, laminins, aggrecan, fibrillins and fibronectins and has a 

range of roles such as supporting cell structure, and regulating local pH [97, 98]. Low-salinity 

exposure of S. glomerata resulted in a 2- to 4-fold up-regulation of beta-tubulin and a 4-fold and 

higher down-regulation of a tubulin alpha chain transcript (Supplementary Table 2), suggesting 

that the effect of hyposalinity on the oyster’s cytoskeleton was localised to the microtubules. In 

comparison, hyposalinity seems to have had a stronger impact on the ECM of S. glomerata,
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resulting in the 2-fold and higher down-regulation of fibrillins and three out of six collagen 

transcripts, while one out of two aggrecan transcripts and one laminin subunit alpha transcript 

were 4-fold and higher up-regulated in response to the stressor (Supplementary Table 2). In 

addition, one member of the matrix metalloproteinase family (matrix metalloproteinase-19), 

which functions in ECM degradation [99], was 4-fold and higher down-regulated in response to 

the stressor, whereas one metalloproteinase inhibitor (TIMP) transcript was 4-fold and higher 

up-regulated and two TIMP transcripts were 2-fold and higher down-regulated (Supplementary 

Table 2) in low salinity stressed S. glomerata. TIMPs regulate the activity of matrix 

metalloproteinases (MMPs) and ADAMTS (a disintegrin and metalloproteinase with 

thrombospondin motif) [100], and the up-regulation of one of these transcripts, along with the 

down-regulation of MMP, indicates that salinity stressed S. glomerata attempt to limit ECM 

degradation. Comparable to our study, collagen was down-regulated in M. galloprovicialis and 

M. trossulus after a 4 h low salinity stress [81], and collagen and fibrillin were found to be 

down-regulated in C. gigas exposed to hyposalinity for 8 h [55].

Similar to low salinity stressed S. glomerata, oysters exposed to elevated temperature showed a 

2- to 4-fold down-regulation of one out of two tubulin alpha transcripts (Supplementary Table 

3), suggesting that thermal stress might affect the function of microtubules. This resembles the 

gene expression pattern found in Rimicaris exoculata, where alpha tubulin was down-regulated 

after acute heat shock exposure, however, in these animals a concomitant up- and down-

regulation of actin transcripts was observed [101] that was not seen in our study. Furthermore, 

tubulin alpha and beta chains were also found to be down-regulated in heat stressed Acropora 

espera [102]. Integrins, which physically connect the cytoskeleton with the ECM and 

participate in signalling across the plasma membrane [103], were also found to be 2-to 4-fold 

down-regulated in temperature stressed S. glomerata (Supplementary Table 3). Considering 

their function, suppression of integrin expression in temperature stressed oysters would 

negatively impact both the cytoskeleton and the ECM. Transcripts related to the ECM were also 

differentially expressed in S. glomerata exposed to elevated temperatures (Supplementary Table 

3). Of the 14 transcripts putatively encoding collagen, eleven were down-regulated in response 

to thermal stress, along with fibrillins (2-fold and higher down-regulated), one out of two 

aggrecans (4-fold and higher down-regulated) and MMPs (4-fold and higher down-regulated). 

Three ADAMTS transcripts were also found to be differentially expressed, with two transcripts 

2-fold and higher down-regulated and one transcript 2- to 4-fold up-regulated in response to 

thermal stress. In addition, two TIMPs were 4-fold and higher up-regulated in temperature

stressed S. glomerata. As the overall expression pattern of ECM transcripts points to a 

suppression of the ECM in temperature stressed S. glomerata, up-regulation of TIMPs might 

allow these oysters to temporarily restrict ECM degradation to maintain some of the ECM’s 
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functionality. A similar result to our study, in regards to the effect of thermal stress on ECM and 

cytoskeletal components, was found in Acropora palmata, which showed a decrease in collagen 

expression after two days of heat exposure, with no differences in actin expression [104].

In contrast to hyposalinity stressed S. glomerata, oysters exposed to the combined stressors 

down-regulated actin and one intermediate filament protein transcript (Supplementary Table 4), 

which could lead to a compromised actin cytoskeleton in these oysters. Similar to thermal 

stress, S. glomerata exposed to 15 ppt and 30°C also showed a down-regulation of the 

expression of integrin (2- to 4-fold) (Supplementary Table 4), potentially leading to a disruption 

of the signalling pathways and the physical connection between cytoskeleton and ECM. 

Transcripts coding for components of the ECM were also affected by the combined stressor, 

resulting in the down-regulation of aggrecans (2-fold and higher), the matrilin family member 

[105] cartilage matrix protein (2- to 4-fold) and eleven out of 15 transcripts coding for collagen 

(2-fold and higher). Fibrillins (2-fold and higher), laminin (less than 2-fold), MMP (4-fold and 

higher) and five TIMP transcripts (2-fold and higher), on the other hand, were up-regulated in 

S. glomerata in response to the combined stressor (Supplementary Table 4). Comparable to 

S. glomerata under thermal or hyposalinity stress, oysters exposed to the combined stressor 

might up-regulate TIMPs and some of the ECM components to a) counteract some of the 

potentially damaging effects of the stressors and b) temporarily lower the rate of ECM 

degradation in an effort to sustain some of the functionality of the ECM. In accordance with our 

results, heat stressed and bleached Montastraea faveolata also showed a decreased expression 

of collagen and an increase in MMP expression in response to the dual stressors [74].

Heat shock protein (Hsp) response

Heat shock proteins are molecular chaperones that have a wide range of functions such as 

protein folding, unfolding and translocation, as well as multimeric complex assembly [106, 

107], and have been found to be differentially expressed in response to a variety of stressors 

such as elevated levels of CO2, metal contamination, hypoxia and injury [108-111]. In our 

study, exposure of S. glomerata to elevated temperature resulted in the 4-fold and higher down-

regulation of eight out of eleven transcripts of the heat shock protein 70 (Hsp70) family, the 4-

fold and higher up-regulation of one Hsp90 transcript and the 2- to 4-fold down-regulation of 

peptidyl-prolyl cis-trans isomerase, which assists and accelerates protein folding [112]. Down-

regulation of the majority of these transcripts suggests that the protective function of these 

chaperones was impaired by the one week thermal stress. Considering the length of the stress 

exposure and how energy costly a prolonged heat shock response is [113, 114, 6], this strong 

down-regulation of the molecular chaperones in heat stressed S. glomerata might have been to 
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conserve energy. Comparable to our results, up-regulation of Hsp90 was also observed in 

H. discus hannai exposed to elevated temperature for 96 h [115], and in Rimicaris exoculata

exposed to an acute heat stress that showed up-regulation of Hsp90 and three Hsp70 transcripts 

in response to the stress [101].

In contrast, S. glomerata exposed to low salinity showed a strong stress response with a 4-fold 

and higher increase in the expression of Hsp90, sacsin and 78 kDa glucose-regulated protein 

(GRP78), as well as an up-regulation in four out of five transcripts coding for Hsp70. In 

addition, one peptidyl-prolyl cis-trans isomerase FKBP14 (FKBP14) was less than 2-fold up-

regulated in salinity stressed oysters. Of these transcripts, sacsin assists in protein folding [116],

FKBP14 assists and accelerates protein folding [112], and GRP78, which is a chaperone in the 

endoplasmic reticulum, regulates protein folding [117, 118]. A similarly strong protective 

response was also observed in C. gigas exposed to hyposalinity for 8 h, where three Hsp70 

transcripts and one Hsp20 transcript were found to be up-regulated in response to the stress 

[55]. In addition, up-regulation of GRP78, as well as one Hsp90 and Hsp70 transcript was also 

observed in hyposalinity stressed E. sinensis [80].

The stress response of S. glomerata exposed to the combined stressor, in comparison, was more 

varied. While sacsin, Hsp90 (4-fold and higher) and GRP78 were also up-regulated in this 

treatment, only three out of eleven Hsp70 transcripts were 2-fold or higher up-regulated, with 

the remaining nine transcripts 2-fold or higher down-regulated. Furthermore, one Hsp beta 

transcript was 4-fold and higher up-regulated, whereas peptidyl-prolyl cis-trans isomerase 

transcripts were 2-fold and higher down-regulated along with one Hsp20 transcript (4-fold and 

higher). Overall, this suggests that the heat shock response was partially impaired in 

S. glomerata exposed to the combined stressors, with a shift away from proteins of the Hsp70 

family to small heat shock proteins (Hsp beta) and Hsp90. Comparable to our results, heat 

stressed and bleached M. faveolata up-regulated Hsp90 [74], and exposure of H. araneus to 

pCO2 for ten weeks resulted in the significant up-

regulation of one Hsp70 and two Hsp90 transcripts [75], suggesting a strong involvement of 

Hsp90 in the protective response against the dual stressors.

Protein synthesis and degradation

Other DE transcripts observed in the S. glomerata exposed to any of the three treatments were 

transcripts putatively linked to protein synthesis and protein degradation (Supplementary Tables 

2, 3 and 4), with the transcripts examined in all three treatments based on transcripts expressed 

in the low salinity treatment. Transcripts found to be differentially expressed in all three 

treatments putatively coded for ribosomal proteins. Ribosomal proteins have a role in protein 
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synthesis [119], and were up-regulated in salinity stressed S. glomerata, equally up- and down-

regulated in the temperature treatment and overall down-regulated in oysters exposed to the 

combined stressors. Similar results were seen in heat stressed and bleached M. faveolata that 

strongly down-regulated ribosomal proteins [74] in response to the dual stress. Similarly, 

salinity exposure of M. galloprovincialis and M. trossulus resulted in the up-regulation of a 

ribosomal protein [81], and temperature stressed L. elliptica [85] and R. exoculata [101] showed 

a similar dual expression pattern of ribosomal proteins as our study.

Transcripts coding for basic leucine zipper and W2 domain-containing protein 1 (BZW1), ETS 

domain-containing protein Elk-1 (Elk-1), homeobox protein Hox B7 (HOXB7) and pre-mRNA 

cleavage complex 2 protein Pcf11 (Pcf11) were also differentially expressed in stressed 

S. glomerata. BZW1 regulates gene expression [120] and was found to be down-regulated in 

low salinity and in temperature stressed S. glomerata. Elk-1 and HOXB7 are transcription 

factors [121, 122], with Elk-1 down-regulated in all three treatments and HOXB7 up-regulated 

in low salinity stressed oysters. Similarly, Pcf11, which has roles in pre-mRNA 3’-end 

processing and transcription termination [123], was 2- to 4-fold down-regulated in S. glomerata

exposed to low salinity. Other transcripts involved in protein synthesis were elongation factor 2 

(eEF2) and elongation factor 2 kinase (eEF2 kinase), with eEF2 4-fold and higher down-

regulated and one out of two eEF2 kinase transcripts 4-fold and higher up-regulated in 

hyposalinity stressed S. glomerata. Elongation factor 2 binds to the ribosome and mediates its 

movement along the mRNA during peptide elongation, while eEF2 kinase catalyses the 

phosphorylation of eEF2 which makes it impossible for eEF2 to bind the ribosome to carry out 

its function [124, 125]. Down-regulation of eEF2 and up-regulation of eEF2 kinase in low 

salinity stressed oysters could suppress protein synthesis. Another transcript only found in one 

of the three treatments was nuclear respiratory factor 1 (NRF-1), which was found to be up-

regulated in temperature stressed S. glomerata. This protein is a nuclear transcription factor with 

a role in the transcriptional expression of mitochondrial respiratory chain components and other 

mitochondrion-related genes [126]. This expression pattern could be linked to the up-regulation 

of a complex IV transcript that was also observed in S. glomerata exposed to elevated 

temperatures.

Heterogeneous nuclear ribonucleoprotein (hnRNP) complex transcripts and mRNA helicases 

were also found to be differentially expressed in S. glomerata exposed to either of the three 

treatments. In low salinity exposed oysters, one hnRNP transcript (hnRNPQ) was 4-fold and 

higher up-regulated and two eukaryotic translation initiation factor transcripts were down-

regulated in response to the stressor. A similar pattern was seen in S. glomerata exposed to 

elevated temperature, where three out of four transcripts coding for different eukaryotic 

initiation factors and three out of four hnRNPs were down-regulated. Exposure to the dual 
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stressors resulted in the down-regulation of three out of four transcripts coding for eukaryotic 

translation initiation factors and five out of six transcripts coding for hnRNPs. Eukaryotic 

initiation factors are involved in the initiation of translation [127] and the overall down-

regulation of these transcripts under all three stress conditions suggests that protein synthesis 

was suppressed in these oysters, potentially to preserve energy. In comparison, hnRNPs are 

RNA-binding proteins with a range of functions in the nucleus and cytoplasm of the cells, such 

as transcription, pre-mRNA 3’-end processing, mRNA transport and stability, or splicing [128].

Aside from low salinity stressed S. glomerata which up-regulated hnRNPQ, the majority of 

hnRNP transcripts in oysters exposed to thermal stress or the dual stressors were down-

regulated, indicating that this synthesis machinery was also suppressed under these stress 

conditions.

Apart from transcripts putatively involved in protein synthesis, transcripts linked to protein 

degradation were also differentially expressed in S. glomerata exposed to the three different 

stress conditions (Supplementary Tables 2, 3 and 4). In salinity or temperature stressed 

S. glomerata, 26S protease regulatory subunit 4 was 4-fold and higher up-regulated, whereas 12 

out of 13 transcripts of the 26S proteasome were down-regulated in oysters exposed to the 

combined stressors. A similar pattern was seen in L. salmonis, where the majority of 26S 

proteasome transcripts were down-regulated in hyposalinity (25 ppt) [79]. In eukaryotes, the 

26S proteasome functions in the controlled degradation of a variety of proteins [129], and the 

observed down-regulation of the 26S proteasome in S. glomerata exposed to the dual stressors 

might either be a mechanism to protect existing proteins in an environment that depresses 

protein synthesis or forced onto the oyster due to energy constraints.

Conclusions

In this study, S. glomerata were exposed to three different types of stress (low salinity, elevated 

temperature or 30°C and 15 ppt) and their molecular response to the stressors examined with 

RNA-Seq. Overall expression pattern was similar across all three treatments, with more DE 

transcripts down-regulated than up-regulated in stressed oysters.

S. glomerata exposed to low salinity showed general immune suppression, with some of the 

immune components slightly up-regulated (MyD88-dependent pathway, AIF alternative 

apoptosis pathway). Respiration and ROS protective mechanisms were also affected by the 

stress, resulting in a decrease in complex I of the respiratory chain along with a slight increase 

in ROS protective mechanisms. Heat shock response showed a strong induction, while 

cytoskeletal and ECM components were negatively affected. Salinity stress also resulted in the 
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suppression of a range of transcripts putatively involved in protein synthesis and in the down-

regulation of the majority of transcripts putatively involved in osmoregulation.

Similarly, S. glomerata exposed to elevated temperature showed a general immune-suppression, 

with potentially minimal impact on phagocytosis and induction of some of the MyD88-

dependent pathway components. Impact on respiration appears to be centred on complex IV of 

the respiratory chain, with only a slight impact on ROS protective mechanisms. Heat shock 

response was depressed with a potential shift to Hsp90, and the negative effect on cytoskeleton 

and ECM appeared to be slightly more complex. Furthermore, temperature exposure had 

minimal impact on transporter function but resulted in the suppression of some of the processes 

involved in protein synthesis.   

Strong impacts were observed in S. glomerata exposed to the combined stressors, with overall 

suppression of the innate immune system (slight induction in phagocytosis), respiration 

(complex I and III) and ROS protective mechanisms. Heat shock response was also reduced, 

with a potential shift towards small hsps and hsp90. The combined stressors also resulted in the 

strong down-regulation of several cytoskeletal and ECM components and the suppression of a 

protein synthesis processes. Multiple transcripts putatively involved in osmoregulation were 

induced, with most of the transport activity appearing to be centred on members of the SLC 

transporter family.

In summary, the molecular stress response observed in all three treatments was very complex, 

with the strongest impact on molecular and physical responses of S. glomerata seen in oysters 

exposed to the dual stressors, which could have been due to a synergistic interaction between 

the two stressors. 

Methods

Salinity stress exposure and sample collection

Adult, wild Saccostrea glomerata were collected from Cromarty Bay, Port Stephens (NSW, 

Australia) and acclimatised to seawater of ambient temperature (22°C) and salinity (33 ppt) in a 

temperature controlled room for four days, after which they were exposed to either a) ambient 

temperature and salinity (control), b) ambient temperature and 10 ppt salinity (low salinity), c) 

elevated temperature (30°C) and ambient salinity (elevated temperature) or d) elevated 

temperature and 15 ppt (15_30) for one week. The salinities chosen for this experiment were 

based on the oyster’s optimal salinity range (25 to 35 ppt) and a study by Nell and Dunkley [19]

which showed that S. glomerata were able to osmoconform to salinities between 15 and 45 ppt, 
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but appeared to be unable to do so at a salinity of 5 ppt. Each treatment was carried out in 

triplicate, with full details of experimental set-up, oyster husbandry and exposure described in 

Ertl et al. [37]. Six S. glomerata (n=2 per replicate) per treatment were randomly collected at 

the end of the experiment and closer examined with RNA-Seq.

Sample preparation and de novo transcriptome assembly

For total RNA extraction, 6 mg of each S. glomerata tissue sampled (gill, mantle, adductor 

muscle and digestive) were pooled per oyster for a total of 24 mg of tissue per individual 

S. glomerata. Total RNA was extracted with the Direct-zol RNA MiniPrep kit (Zymo Research 

Corporation, USA) including the DNase I digestion step according to the manufacturer’s 

guidelines. RNA quality and quantity of all 24 samples were tested with gel electrophoresis, 

2100 Bioanalyzer (Agilent Technologies, USA) using the RNA 6000 Nano Chip kit (Agilent 

Technologies) and with the QuantusTM fluorometer (Promega, Australia). Addition of ERCC 

spike in to the samples, library preparation and assessment of library quality and quantity for 

each sample were carried out as previously described [29]. Finished libraries were sequenced 

(100 bp paired-end) on a Illumina HiSeq 2000 sequencer at AGRF (Australia).

Read processing and de novo reference transcriptome assembly

FastQC (http://www.bioinformatics.babraham.ac.uk/projects/fastqc/) was used to assess 

sequence read quality pre-and post-trimming. Read trimming and cleanup, S. glomerata

reference transcriptome assembly, as well as redundancy removal and assessment of the 

reference transcriptome assembly were carried out as described in Ertl et al. [29].

Differential transcript expression analysis of salinity samples

Clean reads of the 24 S. glomerata samples were aligned to the S. glomerata reference 

transcriptome with Bowtie [130], using a RSEM [131] internal script. Estimated read counts for 

each sample were calculated by RSEM, after which three count matrices were prepared. 

Matrices contained read count data of either a) control and low salinity samples, b) control and 

high temperature samples or c) control and 15_30 samples. Transcripts with a zero read count 

for all samples of an individual matrix were removed, after which the three matrices were 

imported into EBSeq [30] in R (version 3.1.1) for further analysis. In addition to the matrix 

files, a ngvector file was produced with RSEM that contained mapping ambiguity clusters in 

lieu of gene-isoform relationship information, which in general is unknown with de novo

transcriptomes. EBSeq was then used to carry out a median normalisation on the estimated 

count data of each matrix, followed by EBTest, which was run for six (15_30 matrix) or 11 (low 
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salinity and high temperature matrices) iterations until convergence was achieved. 

Isoforms/transcripts significantly differentially expressed between control and treated samples, 

using a false discovery rate (FDR) threshold of 0.01, were closer examined. Fold change values 

used throughout the text were based on the posterior fold change values.

Functional annotation of differentially expressed transcripts

Blastx similarity searches (e-value cut-off: 1e-5, hit number threshold: 25) against the NCBI 

non-redundant (nr) database (downloaded 08.09.14) were carried out on the transcripts 

significantly differentially expressed between control and treated S. glomerata samples. 

Mapping, functional annotation and InterProScan searches were performed with Blast2GO 

[132], using standard parameters (hit adjusted to 25). Data obtained in the InterProScan searches 

was added to the already existing annotations. Where domain/family information was available 

for transcripts with a sequence description of “---NA---“ or “hypothetical 

protein/uncharacterised protein”, and this information offered an indication as to the potential 

identity of the transcript, it was added to the respective transcript.
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c)

Figure 1 GO analysis of S. glomerata DE transcripts (biological process).

Level 2 GO-terms were determined with Blast2GO, using default parameters. GO-terms 

associated with biological process are depicted for the following comparisons a) low salinity, b)

elevated temperature and c) 15 ppt and 30°C.
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c)

Figure 2 GO analysis of S. glomerata DE transcripts (cellular component).

Level 2 GO-terms were determined with Blast2GO, using default parameters. GO-terms 

associated with cellular component are depicted for the following comparisons a) low salinity, 

b) elevated temperature and c) 15 ppt and 30°C.
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c)

Figure 3 GO analysis of S. glomerata DE transcripts (molecular function).

Level 2 GO-terms were determined with Blast2GO, using default parameters. GO-terms 

associated with molecular function are depicted for the following comparisons a) low salinity, 

b) elevated temperature and c) 15 ppt and 30°C.
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