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Abstract 33 

 34 

Pinctada maxima is the most commercially important pearl oyster species in Australia. 35 

However production is currently suffering from oyster oedema disease (OOD), the 36 

symptoms of which include oedema of interstitial tissues resulting in swelling of tissues 37 

such as the kidney and mantle. There have been two well documented mass mortality 38 

events linked to OOD, one in the summer of 2006 and another in 2013, but a definitive 39 

cause is yet to be identified. 40 

 41 

Here, the goal was to analyse the host transcriptomic response to disease, to better 42 

classify and understand OOD, and to test whether anti-viral responses were evident in 43 

OOD-affected oysters. RNA-seq next generation nucleotide sequencing analysed the host 44 

transcriptome of OOD-affected and OOD-unaffected P. maxima and a comparison of 45 

transcriptional responses identified a number of up- and down-regulated genes. These 46 

genes were further classified into functional biological pathways regulated during the 47 

disease state, providing an insight into the causative agent of OOD.  Differentially 48 

expressed genes were able to be segregated into two main categories – general stress 49 

response related genes and immune response/wound healing related genes.  Although the 50 

response was not characteristic to a viral infection, therefore ruling out a viral stressor, the 51 

response profile was not able to further implicate what remaining stressor could be the 52 

cause of OOD. 53 

 54 

 55 

 56 

 57 

 58 

 59 

 60 

 61 

 62 

 63 

 64 

 65 

 66 

 67 
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1. Introduction 68 

 69 

Worldwide aquaculture production has increased dramatically over the last few decades. It 70 

is now comparable to the aquatic wild-harvest industry, at a production rate of 90.43 71 

million tonnes per annum [1]. The rapid development of the global aquaculture industry 72 

has largely been a response to the growing food crisis and inability to maintain sustainable 73 

wild populations of aquatic species [2]. Shellfish, such as pearl oysters, have multiple uses 74 

as aquaculture species. They are reared not solely for food, but also for the harvest of 75 

non-edible products such as pearls [3]. This separates shellfish from other typical 76 

aquaculture species, as they have a place in multiple markets. Worldwide, approximately 77 

27% of total aquaculture production is attributed to shellfish aquaculture [4]. However, after 78 

a period of rapid growth and expansion, the shellfish aquaculture industry is experiencing 79 

a major reduction in production, both due to economic pressure and a lack of major 80 

advancements in management practices, resulting in issues such as mass mortalities from 81 

diseases [5]. 82 

 83 

High production aquaculture industries are especially prone to mass mortalities, which 84 

lead to substantial economic loss. For example, shrimp white-spot disease plagued South 85 

East Asia in the early 1990s, with losses amounting to several billion dollars [6]. One major 86 

contributor to these mass mortality events are diseases driven by pathogenic agents. This 87 

is especially true for the shellfish aquaculture industry. Jones and Creeper [7] tallied many 88 

pathogens implicated in production losses among shellfish species, including Vibrio spp. in 89 

pearl oysters, haplosporidan parasites in rock oysters, microsporidan parasites in mussels, 90 

nematodes in scallops; and trematodes and Perkinsus spp. in abalones. In addition to 91 

pathogenic agents, the diseases suffered by aquaculture shellfish can also be caused by 92 

environmental factors [8], poor management practices [9], or a combination of factors [10]. 93 

For example, in 1987, mass mortality events of the pearl oysters (Pinctada maxima) in 94 

Western Australia were attributed to mass infection by Vibrio spp. resulting from sub-95 

optimal management practices [11]. 96 

 97 

The diversity of disease-causing agents and affected species pose a problem with respect 98 

to disease identification. In many situations, extensive studies may be required to elucidate 99 

and validate the cause of a disease. In France, the first attempt to identify the cause of 100 

summer mortalities of juvenile Crassostrea gigas in the Bay of Morlaix failed to 101 

conclusively implicate any infectious agents, leading to an entirely different approach 102 
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required to eventually identify a Vibrio strain as the infectious agent [12]. In other cases of 103 

shellfish diseases, the causes remain completely unidentified [13]. Oyster oedema disease 104 

(OOD) [14] in pearl oysters is one such uncharacterised disease. OOD has caused mass 105 

mortalities in populations of farmed P. maxima in various areas of northern Australia. 106 

However, no conclusive cause of OOD has been identified through traditional approaches 107 

[15, 16]. Without a clear understanding of the aetiology of the disease, the formulation of 108 

improved management practices, cures or preventions is difficult, and alternative methods 109 

to analyse the cause of disease that can overcome the drawbacks of the traditional 110 

methods are required. 111 

 112 

The analysis of host transcriptomic responses to disease is one such alternative method. 113 

Examination of the host transcriptome can help improve our understanding of disease 114 

states, identify common responses exhibited by different species, and help design more 115 

robust methods to identify and combat disease. 116 

 117 

1.1 Management responses to disease 118 

 119 

The prevalence of diseases result in constant shifts in management practices. Adapting 120 

practices to the presence of diseases to avoid mass mortality events involves three main 121 

strategies. The first is to improve animal husbandry techniques. For example, major 122 

improvements in survivability of pearl oysters came about after a mass mortality event in 123 

1987 [11], when it was discovered that transportation practices back then placed undue 124 

stress on the oysters, resulting in greater susceptibility to infection. By altering 125 

transportation practices, the oysters were able to better cope with Vibrio spp. infections 126 

and therefore greatly reduced mortality. 127 

 128 

The second management strategy involves the application of therapeutic chemicals as a 129 

prophylactic measure against infectious agents. This has been applied successfully to 130 

protect various aquaculture species, primarily fish, from serious biotic agents such as 131 

ectoparasites in Piaractus mesopotamicus [1] and Streptococcus iniae in hybrid striped 132 

bass [17]. However, therapeutic chemicals have yet to be widely explored in shellfish 133 

aquaculture [18]. Therapeutic chemicals in the aquatic environment can also negatively 134 

affect native organisms such as local microalga [19]. In addition, residual therapeutic 135 

chemicals can result in the development and retention of disease resistance in microbes, 136 

making disease outbreaks more difficult to treat [20-22]. 137 
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The third strategy to control disease involves selective breeding for individuals with certain 138 

traits, such as disease resistance or accelerated growth. This is sometimes seen as a 139 

preferable alternative to therapeutic chemicals, because selection for disease-resistant 140 

individuals negates the necessity for repetitive usage of therapeutic chemicals [23, 24]. 141 

Selective breeding allows for disease resistance and other desirable traits to be 142 

established in the population and transferred from one generation to another, such as with 143 

the protection against the protistan parasite Bonamia ostreae by the oyster species Ostrea 144 

edulis in Rossmore, Ireland [25]. One disadvantage is the selection for particular traits 145 

often involves evolutionary trade-offs with other desirable characteristics. Long term 146 

inbreeding can, for example, cause reduction in yield and growth rate in the Pacific oyster 147 

C. gigas [26]. 148 

 149 

1.2. Disease identification and examination 150 

 151 

In most cases, improvements in management practices need to be based on an 152 

understanding of the cause of a disease. The most common method used to identify the 153 

cause of a disease in shellfish aquaculture is histopathology. Here, the histopathological 154 

symptoms of the disease are used to identify potential causes, and each cause is 155 

investigated in turn. This can allow the direct identification of disease causing microbes. 156 

Histopathology has been varyingly successful in identifying the cause of disease in 157 

molluscs, dependent on the disease’s aetiology. The major drawback of histopathology is 158 

that a lack of discovery may not indicate absence of pathogenic agent(s) [12]. 159 

 160 

Transcriptomic analysis of the host responses to disease now represents one of a number 161 

of alternatives to histopathology for disease identification. Many advancements have been 162 

made in genetic technologies over the last decade, making it possible to potentially identify 163 

the pathogenic agent/s responsible for the disease. Rather than identifying visible signs of 164 

a disease, whole transcriptomic analysis focuses instead on the host gene response to the 165 

disease, and how expression of specific genes changes under different stresses and 166 

disease states. Analysis of the host transcriptomic responses to diseases does not require 167 

focusing on investigating one cause at a time, and therefore has a higher potential for 168 

discovery of the cause of disease, regardless of whether the cause is a biological agent 169 

[27-29] or an abiotic factor [30]. This broadens the range of aetiological agents that can be 170 

identified using these methods. Whole transcriptome sequencing provides a broad 171 

understanding of the biology and aetiology of disease, based on host responses [31].  172 
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Finally, since shellfish are sessile or semi-sessile organisms, mass mortalities can occur 173 

very rapidly [32]. A diagnostic tool developed through understanding a host’s 174 

transcriptional response to a disease allows for early detection of diseases, which is 175 

extremely beneficial to shellfish aquaculture industries. 176 

  177 

1.3. Common technologies for host transcriptomic response analysis 178 

 179 

Analysis of the host transcriptomic responses at various stages of different diseases has 180 

been done in numerous studies, and on a wide range of species, and therefore has broad 181 

applications. For instance in animals, the transcriptome analysis of the host response of 182 

non-human primates to an infection by the virus H5N1 has indicated that the severity of 183 

disease is dependent on differential gene expression during the early and late phases of 184 

disease [33]. In plants, the analysis of the Rehmannia glutinosa leaf transcriptome 185 

suffering from replanting disease found that there were excessive differential expression of 186 

genes involved in both the ethylene signalling and metabolism pathways [34]. 187 

 188 

Initially, transcriptome analyses were undertaken on a gene by gene basis. However, 189 

many multi-gene analytical methods have now been established. One well established tool 190 

for transcriptomic analysis is cDNA microarrays, which have the capability to quantify the 191 

expression levels of many genes of interest [35]. However, there are a number of 192 

disadvantages to utilizing microarrays. The design of microarray probes requires sequence 193 

information of genes known to be involved with the disease. Such tools requiring gene-194 

specific probes are therefore only effective when specific sequence information is 195 

available. The amount of sequence data in the public domain for most shellfish 196 

aquaculture species is limited and therefore only a subset of genes can be analysed 197 

without additional sequencing projects. In addition, gene products are known to undergo 198 

substantial changes in terms of deletions, additions and realignments to form the final 199 

gene product. The purpose of these changes is to confer specific functions to the resultant 200 

strand that may not be available otherwise, such as for mediators of RNA-protein 201 

interactions [36]. Finally, the cost of transcriptome-wide screening by microarrays can be 202 

impractical, as the number of probes required can be very high. This also applies to similar 203 

technology such as in situ hybridization [37-39], which generally requires known expressed 204 

sequence tags [40] or cDNA sequences to act as a basis for hybridization. Additionally, 205 

there is a likelihood for cross-hybridization, which results in ‘background noise’ (visible 206 

cues for expression levels that are actually false readings) [41, 42]. 207 
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 208 

Other methods that are commonly used for the transcriptomic analysis of disease are 209 

serial analysis of gene expression [43, 44], cap analysis of gene expression [45-47] and 210 

other technologies [24, 48, 49]. These approaches have the advantage of being high 211 

throughput and they allow for quantification of expression levels. However, they are based 212 

on Sanger sequencing technology, and so are generally costly and do not have the ability 213 

to distinguish between gene isoforms.  214 

 215 

The most powerful and encompassing technology for host transcriptomic analysis is next-216 

generation RNA-seq technology. This method is capable of transcriptome-wide analysis of 217 

gene responses without prior sequence information [50]. Next-generation RNA-seq 218 

technology is a novel high-throughput tool that produces large amounts of sequence data 219 

allowing transcriptome-wide analysis of RNA expression levels [50]. 220 

 221 

By sequencing the entire transcriptome, RNA-seq technology broadly identifies major 222 

differences in expression levels for many gene pathways between samples, providing 223 

substantially more comprehensive information on host transcriptomic responses than any 224 

other tool. In addition, RNA-seq allows for the discovery of novel genes and/or transcripts 225 

[51]. This insight into the biological machinery of a host substantially increases the amount 226 

of information available, including differences in expression levels of alternative splicing of 227 

transcripts [52] and isoforms [53, 54]. 228 

 229 

Its relative high cost is the singular limitation of utilizing RNA-seq technology. This forces 230 

researchers to be highly selective of the targets of their study, and generally they cannot 231 

select as many test subjects as desirable. This tends to limit the scope of a study, when 232 

experiments have to focus on a particular stage of a host’s life cycle or a particular stage 233 

of a disease. Even when studies have been done on the same species at different stages 234 

of their life, the specifics may not be directly comparable [55, 56]. 235 

 236 

1.4. Response profiles 237 

 238 

For RNA-seq technology to allow the aetiology of unknown diseases to be identified 239 

through the discovery of transcriptomic response of hosts, the transcriptomic response 240 

profile identified through RNA-seq analysis must be matched to response profiles to known 241 

stressors. A response profile to a specific stressor must contain a list of genes that are 242 
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differentially expressed in response to the stressor, so that a match to the response profile 243 

would then implicate the stressor as the cause of disease (and a limited or non-existent 244 

match would indicate otherwise). Response profiles must fulfil a number of requirements. 245 

Firstly, profiles must be distinct enough to allow for differentiation between stressors. The 246 

specificity will depend on the individual stressors, and whether or not genes exist that can 247 

be utilized across species to determine the source of stresses. Secondly, profiles must 248 

contain enough information to allow for comparison with results of existing transcriptomic 249 

studies, so that the tested response event can be determined as being consistent or 250 

inconsistent with previous response profiles. 251 

 252 

A transcriptomic response study will yield its own list of up- or down-regulated genes/gene 253 

products, and when matched against these response profiles, can determine or at least 254 

narrow down the stressor involved in uncharacterised diseases. Figure 1 illustrates the 255 

overlap between genes that are regulated in response to varying stressors by C. gigas. In 256 

this study, 80 unique genes were found to be expressed only in response to extremes of 257 

temperature, and not to altered salinity, metal contamination or air exposure. Therefore, a 258 

host response profile matching those 80 unique genes in diseased animals would 259 

implicate temperature as a contributing factor. This is similar for all other stressors. 260 

 261 

Figure 1: Adapted from Zhang et al. [57]. Venn diagram of common and unique genes 262 

expressed by C. gigas in response to temperature, salinity, air exposure and heavy-metal 263 

stress (zinc, cadmium, copper, lead and mercury), showing overlap of responses. 264 

 265 

 266 
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One current gap in our knowledge is that many specific response profiles remain unknown. 267 

The study by Zhang et al. on C. gigas only investigated four potential stressors [57], 268 

whereas there are many other stressors, including infectious agents that can affect 269 

productivity. In such cases, the number of unique genes found to be expressed in 270 

response to specific stressors will be limited.  271 

 272 

Additionally, many response studies do not meet the criteria for forming response profiles. 273 

Studies that have managed to identify a large range of differentially expressed genes, or 274 

broad biological pathways, may not be specific enough to generate response profiles for 275 

diagnostic purposes. For example, Fu et al. was able to identify five major biological 276 

pathways differentially expressed in response to thermal stress in the Zhikong scallop 277 

Chlamys farreri [58]. However, they did not investigate specific genes/gene products in 278 

detail limiting the diagnostic value of the study. Many studies also lack information on the 279 

direction (up or down regulation) of the differential expression [59, 60], which may be 280 

important in dictating the presence of a disease state. 281 

 282 

1.5. Transcriptomic response of shellfish to stressors 283 

 284 

In the shellfish aquaculture industry, the focus of transcriptomic response studies has been 285 

on high value species, including oysters, mussels, scallops and abalones [61]. Overall, the 286 

research has been focused on gene discovery and broader expression differences, as 287 

opposed to uncovering specific genes that can act as diagnostic markers. Table 1 lists 288 

examples of commonly studied stressors, and the response of the host to the stressors. 289 

Although there have been studies of responses to both abiotic and biotic factors, the focus 290 

has been on abiotic stressors, predominantly environmental contaminants [62-65] and 291 

changing water quality parameters [58, 66-68]. 292 

 293 

 294 

 295 

 296 

 297 

 298 

 299 

 300 

 301 
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 302 

Table 1: Differentially expressed genes in host responses to various commonly studied 303 

stressors of shellfish. Expression is marked with either a downward or upward arrow, to 304 

respectively identify down/up-regulation of the gene, gene family or biological pathway 305 

involved (if it was stated in the study). Those that were unclear/unstated are marked as ‘-’. 306 

Stressor Differentially expressed genes/gene products Species 

Abiotic 
 

Thermal Apoptosis regulation-related genes (↓) 

mRNA binding-related genes (↓) 

Mitochondrial envelope formation-related genes (↓) 

Oxidation reduction-related genes (↓) 

Cytoskeletal protein binding/chaperones (↑) 

 

Chlamys farreri 

[58] 

Translation-related genes (↓) 

Protein folding related genes (↑) 

Genes involved in chitin metabolism (↑) 

 

Mytilus 

galloprovincialis 

(Lam.) [67] 

Copper NADH2 gene (↓ 1-4 days, ↑ day 6 and 8) 

Heat shock proteins (molecular chaperones) (↑) 

GPx (a peroxidase enzyme) (↑) 

Cavortin (↑) 

Pernin (↑) 

Ferritin (↑) 

Phr1 gene (↑) 

IGF1 gene (↑) 

Alpha tubulin (↑) 

EF1A gene (↑) 

Tributylin binding protein type 1 (↑) 

Cellulase (↓) 

 

Argopecten 

purpuratus 

(post-larvae) 

[65] 

Toll-like receptors (-) 

NOD-like and RIG-like receptors (-) 

Apoptosis pathway (-) 

Lysosome and C-type lectin (-) 

 

 

Mizuhopecten 

yessoensis 

(gills) [63] 
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Copper 

(continued) 

NADH dehydrogenase subunit 4 (↑ <24h, ↓ 24-168h) 

Ferritin (↓) 

Laminin (↓) 

Senescent protein (↓) 

EF1α gene (↓) 

EF2 genes (↓) 

Calponin 2 (cytoskeleton structural protein) (↓) 

vdg3 gene (↓) 

LPr1 (signalling/multifunctional scavenger molecule) (↓) 

 

 

Haliotis 

rufescens [64] 

Cadmium ABC, HSP and CYP protein families (↑) 

ADH dehydrogenase (↑) 

ATPase (↑) 

cytochrome c oxidase-related genes (↑) 

cytochrome P450 families (↑) 

 

M. yessoensis 

[62] 

Ocean 

Acidification 

(CO2) 

Chitinase (catalyze the degradation of chitin polymers) (↓) 

Calponin-like protein (↓) 

TYR1 (a tyrosinase) (↑) 

F-ATPase subunits (from F.sub.O] and the [F.sub.1] complex) (↓) 

EFalpha (support binding of aminoacyl tRNA to ribosomes) (↑) 

 

 

Mytilus edulis 

[66] 

Salinity LTrpC-8 gene (↓) 

Na/Pi-cotransporter (↓) 

C-type lectin (↑) 

thioester-containing protein (↑) 

C1q domain containing proteins (↑) 

Molecules related to antimicrobial activity (↓) 

Heat shock protein 70 (↑) 

Ca2+-binding proteins (↓) 

Apoptosis (↓) 

Ankyrins (↑) 

Tubulin (↑) 

Actin (↑) 

MEGF10 (↓) 

 

 

Crassostrea 

gigas [68] 
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Biotic 

Bacterial Scavenger receptors cysteine-rich (SRs) (-) 

C1qDC proteins (-) 

C-type lectins (-) 

Serine protease inhibitor-2 (↑) 

Glutathione s-transferase (-) 

Cytochrome p450 (-) 

Heat shock proteins (molecular chaperones) (-) 

Inhibitor of apoptosis (IAP) (-) 

GTPase of the immunity-associated protein (GIMAP) (-) 

epididymal secretory protein E1 (-) 

Cadherin (-) 

Legumain (-) 

vdg3 gene (-) 

Dermatopontin 2 (-) 

Apextrin (-) 

Furin (↑) 

Interleukin 17 (IL-17) (-) 

Arginase (nitric oxide modulator) (-) 

 

Crassostrea 

virginica [59] 

Viral Myeloid differentiation 88 (MyD88) (↑) 

Interferon induced protein 44 (IFI44) (↑) 

Glypican (Gly) (↓) 

Inhibitor of nuclear factor kappaB kinase beta (IkB2) (↑) 

Inhibitor of Apoptosis (IAP) (↑) 

 

C. gigas [69] 

Combined Stressors 

Heat and 

nickel 

Proteolysis-related genes (↑) 

Genes encoding small molecular chaperones (↑) 

Genes involved in the chitin metabolic process (↑) 

M. 

galloprovincialis 

[70] 

Heat and 

copper 

Translation-related genes (↑) 

Genes encoding heat shock proteins (molecular chaperones) (↑) 

"Microtubule-based movement" proteins (↑) 

M. 

galloprovincialis 

(Lam.) [67] 

Heat and 

salinity 

Molecular chaperones (↑) 

NADH dehydrogenase (-) 

Arginine kinase (-) 

Actin-binding regulatory proteins (-) 

GTPases (-) 

Mitogen-activated protein kinases (-) 

Mytilus spp. 

[60] 
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Oysters have been more intensively studied than other molluscs, with C. gigas being a 307 

model organism for many genome-wide studies. These studies have delved into the 308 

interplay between differentially expressed genes in response to various stressors. They 309 

have revealed that genes can be differentially expressed in response specifically to a 310 

particular stressor, or in response to multiple stressors (Figure 1). Pearl oysters in 311 

particular are sought after for their pearls, more so than many other molluscs. Therefore, in 312 

addition to stressors, there have also been transcriptomic studies of pearl oyster species 313 

to understand the mechanics behind biomineralization, and its relationship to both biotic 314 

and abiotic cues [71-73] 315 

 316 

There are a number of genes, gene products and pathways that have been identified in 317 

multiple response studies. Molecular chaperones (heat shock proteins) are differentially 318 

expressed in response to thermal [58], salinity [60], copper [67], nickel [70] and bacterial 319 

[59] stressors, indicating that they play a wide, generalistic stress-response role. In almost 320 

all cases, there is an up-regulation of molecular chaperones in response to stress. 321 

 322 

Apoptosis-related genes and gene products are also commonly differentially expressed, 323 

being involved in response to thermal [58], copper [63], salinity [60], and viral [69] stress., 324 

with viral apoptosis-related genes specifically belong to a singular family (IAP), 325 

characterized by amino-terminal baculovirus IAP repeats (BIRs) [74]. 326 

 327 

NADH dehydrogenases are among the most common differentially expressed genes in 328 

response to stress, even though their expression is temporally variable. In response to 329 

copper contamination, expression of NADH2 in post-larval A. purpuratus was found to 330 

decrease over the first four days of exposure, before increasing once again between day 331 

six and eight post-copper contamination [65]. In contrast, expression of NADH 332 

dehydrogenase subunit 4 in Haliotis rufescens under the same environmental conditions 333 

has been shown to increase within the first 24 hours, before decreasing expression 334 

between 24 and 168 hours [64]. This highlights the significance of addressing the various 335 

stages of both the host and disease cycle. 336 

 337 

Anderson et al. [75] undertook a meta-analysis of the effects of environmental stress on 338 

edible to identify the most commonly affected genes by stressors. Overall, in response to 339 

stress, they found more up-regulation than down-regulation of genes. The most commonly 340 

differentiated genes were also identified, and the top ten are listed in Figure 2. Anderson et 341 
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al. also identified that in response to certain broad categories of stressors, biological 342 

pathways are affected differently. Genes involved in transcription and/or translation were 343 

more commonly differentially expressed in response to temperature than other stressors. 344 

In contrast, metabolism-related genes were more commonly differentially expressed in 345 

response to hypoxia and contamination than the other two stressors. 346 

 347 

These authors were also able to identify a general response pathway, whereby response 348 

to stress induces energy production, which produces by-products (reactive oxygen 349 

species) that could lead to apoptotic cell death, if not controlled by molecular chaperones 350 

and the anti-oxidant system.  351 

 352 

 353 

Figure 2: Adapted from Anderson et al. [75]. The top ten most commonly identified 354 

differentiated genes (not including those encoding ribosomal proteins) in response to ten 355 

different stressors. Numbers in brackets denote the number of times a gene was identified 356 

as differentially expressed in all treatments. 357 

 358 

1.6. Shellfish response profiles to stressors 359 

 360 

One clear finding of existing transcriptomic studies is that there are relatively unique 361 

genes/gene products that can be used to construct disease specific response profiles, 362 

particularly for viral diseases. Of the genes/gene products identified in Table 1, response 363 

to viral infection by C. gigas involves the up-regulation of two specific genes, myeloid 364 

differentiation factor 88 (MyD88) and interferon induced protein 44 (IFI44) [69]. These two 365 

genes are of significance, as they have been previously identified to be specific to viral 366 

infections [76-78]. Green and Montagnani [79] reported in addition toll-like receptor (TLR) 367 
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and protein kinase R (PKR) as also up-regulated in response to viral infection. A different 368 

study also found the inhibitor of Rel/NF-KB (IKB) and interferon-inhibiting cytokine (I), are 369 

also up-regulated during viral infections [80]. None of the genes/gene products involved in 370 

response to viral infection have been classified as up- or down-regulated in response to 371 

other stressors, including biotic stresses such as bacterial infections (Table 1). In non-372 

shellfish models, interferon has also been implicated in responses to viral infections. For 373 

example, interferon is part of the response of Marsupenaeus japonicus to viruses such as 374 

white spot syndrome virus [81] and Taura syndrome virus [82]. However, the interferon 375 

involved in response to white spot syndrome virus by M. japonicas has been found to not 376 

be an alpha-interferon, but rather a mitochondrial F0-ATP synthase [83]. This could be the 377 

case in other organisms as well. Nonetheless, these data suggest that the current and 378 

main value of transcriptomic analyses of disease in molluscs is in the differentiation of viral 379 

diseases from those caused by other types of stress. 380 

 381 

Table 2: A collated list of anti-viral responses in molluscs (C. gigas as a model organism), 382 

as reported by various authors.   383 

Affected gene/gene products Response Species 

Toll-like receptor (TLR)  Up-regulated Crassostrea gigas [79] 

MyD88 Up-regulated C. gigas [69, 79] 

Interferon regulation/induction 

(IRF/IFI44) 

Up-regulated C. gigas [69, 75, 79] 

Protein kinase R  (PKR) Up-regulated C. gigas [79] 

Glypican (Gly) Down-regulated C. gigas [69, 75] 

Inhibitor of nuclear factor kappaB 

kinase beta (IkB2) 

Up-regulated C. gigas [69, 80] 

Inhibitor of Apoptosis (IAP) Up-regulated C. gigas [69] 

 384 

On the other hand, bacterial infections and abiotic stressors induce very similar responses, 385 

as can be seen by response to bacterial infection by Crassostrea virginica in Table 1. 386 

Here, a C-type lectin, cytochrome p450, molecular chaperones, GIMAP, vdg3 gene and 387 

arginase are all shown to be differentially expressed mainly in response to thermal, metal 388 

and salinity stressors. Therefore, at the current state of knowledge, only transcriptional 389 

responses to viral infections are distinct enough for molluscs to generate a definitive 390 

response profile. The key genes involved in this antiviral response profile are shown in 391 

Table 2. 392 

 393 
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1.7. Transcriptomic response profile to OOD 394 

 395 

In the current study, the Australian South Sea pearl oyster, P. maxima, has been chosen 396 

as the focus of differential gene expression analysis to develop a response profile for the 397 

currently uncharacterized disease, OOD. The goal is to determine whether OOD may be 398 

caused by viral infection. 399 

 400 

Mass mortalities in populations of P. maxima have been reported in Western Australia 401 

since 2006 and no definitive causative agent has been identified to date. These mass 402 

mortalities have been attributed to oyster oedema disease (OOD), which Jones et al. [7] 403 

characterise by the reported loss of epithelial cells, mantle retraction and mild watery 404 

swelling (oedema) of the mantle tissues and palps, digestive gland, pericardial region and 405 

intestines of diseased P. maxima specimens. Affected oysters are slow to close their 406 

shells and high mortality (80 to 100%) can be evident, with thousands of freshly dead 407 

oyster shells (valves still attached at the hinge) present on cultured panels. No mortality 408 

was reported for other species settled on the affected panels (including other Pinctada 409 

species such as P. margaritifera). 410 

 411 

Whilst OOD can be characterized by gross signs and histopathology, the cause of the 412 

disease remains unknown. No study has been able to show conclusively that the disease 413 

is caused by environmental or infectious factors (or a combination of the two) [15, 16]. One 414 

implication of a histopathological study that yields no conclusive results, is that the 415 

causative agent is not visible upon examination – such as is the case with many viruses. 416 

The enigmatic nature of OOD provides a valuable opportunity to functionally annotate and 417 

group transcriptomic data available for P. maxima suffering from this disease to identify 418 

potential gene families or pathways that can be informative in regards to identification of a 419 

causative agent. Specifically, comparison to known viral infection response profiles from 420 

other species provides the opportunity to test whether OOD is a viral disease. 421 

 422 

Hence, the aims of the current study are to: 423 

• Determine changes in gene expression in P. maxima associated with OOD. 424 

• Identify specific pathways regulated during the disease state that may provide an 425 

indication of the causative agent of OOD, and specifically, 426 

• Determine whether the transcriptomic response of P. maxima to OOD is 427 

characteristic of a viral infection or otherwise. 428 
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2. Materials and Methods 429 

 430 

2.1. Sampling, RNA extraction and sequencing 431 

 432 

A total of 20 P. maxima (adult production stock approximately 80-90 mm in size) were 433 

collected from two sites in north-western Australia in October 2013. The two sites were 434 

separated by approximately 600km of coastline. Additional site-specific information is 435 

confidential and cannot be disclosed by request of the pearling industry. Of these 436 

specimens, ten from one site fitted the formal case definition for OOD as defined by 437 

AusVet Animal Health Services and had obvious histopathological signs consistent with 438 

the criteria for this disease described in Jones et al. [16] (henceforth referred to as ‘OOD-439 

positive’ specimens). The ten oysters from the other site did not fit the case definition, and 440 

did not have obvious histopathological signs of OOD (henceforth referred to as ‘OOD-441 

negative’ specimens).  442 

 443 

Tissue from five major organs (gills, gonads, mantle, foot and digestive tract) were 444 

collected from all 20 specimens. Immunocompetent cells in oysters are preliminarily 445 

hemocytes [84], which generally reside in high numbers in oyster gills [85, 86]. As such, 446 

the gills used for sample preparation would have contained large numbers of hemocyte 447 

suitable for analysis. Half of each tissue was stored in 4% formaldehyde in seawater for 448 

histopathological analysis to determine if oysters had clinical signs of OOD, and the other 449 

half was stored in RNAlater® (Ambion) at 4 °C overnight, then at -20 °C until RNA 450 

extraction. A modified Tri-Reagent (Sigma-Aldrich) protocol was used to extract RNA from 451 

the five tissues of each specimen [87].To ensure that the highest possible quality RNA was 452 

submitted for sequencing, a number of stringent quality control (QC) measures were 453 

undertaken including NanoDrop quantification and Illumina Bioanalyzer (Agilent) analysis. 454 

 455 

Of the 20 specimens, four OOD-positive and four OOD-negative specimens were 456 

randomly selected and RNA from the five tissue types was pooled in equimolar amounts 457 

before being sent for library preparation and sequencing on an Illumina HiSeq 2000 458 

platform at the Ramaciotti Centre for Genomics at the University of New South Wales. 459 

During library preparation using a TruSeq RNA Access kit, polyadenylation selection of 460 

mRNA molecules was undertaken and mRNA was fragmented to 200-300bp in length. 461 

mRNA fragments were then barcoded and pooled to be sequenced on one lane of 462 

Illumina’s HiSeq 2000 platform (100bp paired-end reads).  463 
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 464 

 465 

 466 

 467 

2.2. Quality control 468 

 469 

FastQC was used to access the quality of all eight libraries (4 OOD-positive specimens 470 

and 4 OOD-negative specimens), through an evaluation of various parameters. The ‘per 471 

base sequence quality’, ‘per sequence quality score’, ‘per base sequence content’ and ‘per 472 

base GC content’ were investigated to determine the quality of raw sequence data. For the 473 

eight libraries examined, a large portion of the reads were of high quality (bases with a 474 

quality score of 28 or above). A number of reads had quality scores that fell below the 475 

quality score of 28 and therefore trimming the reads based on their quality score was 476 

necessary.  477 

 478 

QC of all sequences was conducted in Trimmomatic Version 0.32 [88] using the following 479 

parameters: a sliding window of 4:25, leading quality score trimming of 3, trailing quality 480 

score trimming of 3 and a minimum read length of 30. Trimming at this stringency ensured 481 

that the remaining reads were of high quality. The leading and trailing trimming scores 482 

were used to remove all bases of qualities 1 or 2, which are common unwanted artefacts 483 

from sequencing. This was verified by utilizing FastQC after quality trimming, to double-484 

check the improved quality of the reads within each library. 485 

 486 

Trimmomatic retained paired-end information of reads during sequence clean-up and 487 

removed entire sequences that post-enhancement consisted of lower than 30 base pairs. 488 

Some reads were retained post-enhancement, but were left without a complementary 489 

read. As sequence data is most valuable when existing as pairs, these sequences were 490 

ignored in further steps. Therefore, only paired, high quality sequences were kept for 491 

further analysis. 492 

 493 

2.3. De novo assembly 494 

 495 

As P. maxima does not have existing whole transcriptome or genome information 496 

available, the construction of the P. maxima transcriptome was performed de novo using 497 

the CLC Genomics workbench. First, the optimal kmer length was determined. The initial 498 
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assembly used an automated determination of the optimal kmer length. Once the kmer 499 

length provided by the automated software was obtained, kmer lengths both lower and 500 

higher in steps of 5 were tested manually (lengths 20, 25, 30, 35, 40, 45 and 50). 501 

 502 

Two assembly procedures were also tested after defining the optimal kmer length of 25. 503 

The first procedure constructed a transcriptome using pooled data from all eight libraries at 504 

the optimal kmer length. The second procedure assembled libraries independently and 505 

removed redundancy in all assemblies resulting from the different kmer lengths using 506 

CD_Hit, a clustering software designed specifically for this purpose. A significance 507 

threshold of 0.95 was used, all other parameters were set to default. The output data 508 

showed that assembling all libraries using CD_Hit did not improve the quality of the final 509 

assembly. Therefore, the first procedure (simultaneous assembly of all libraries) was 510 

chosen to generate the assembly used in later steps. 511 

 512 

2.4. RNA-seq analysis 513 

 514 

RNA-seq analysis of the eight libraries (four OOD-positive versus four OOD-negative) was 515 

carried out in the CLC Genomics workbench. The analysis was performed for a number of 516 

candidate assemblies, chosen based on optimal values of contig length and quality. The 517 

RNA-seq analysis (legacy) tool from the CLC Genomics workbench was used to generate 518 

these initial analyses. The following parameters were chosen; a maximum number of 519 

mismatches of 2, minimum length fraction of 0.8, minimum similarity fraction of 0.8 and a 520 

maximum number of hits for a read of 20. All other parameters were set to default. This 521 

generated read count data for all eight libraries. The differential expression of contigs in 522 

the OOD-positive libraries versus the OOD-negative libraries was then undertaken in the 523 

CLC workbench. Empirical analysis of DGE (EDGE) was then performed to yield more 524 

statically precise results, allowing for better extraction of information on differential 525 

expression. 526 

 527 

Contigs were deemed to be significantly differentially expressed between the OOD-528 

positive and OOD-negative libraries when the FDR adjusted EDGE test p-value was 529 

<0.05. The differentiated contigs were then subjected to verification and manual 530 

annotation as described below. 531 

 532 
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RNA-seq results were subjected to principal component analysis (PCA) depicting either all 533 

contigs or the final subset of significantly differentially expressed contigs, relying on 534 

original expression values to group the eight libraries. Heat maps were also generated to 535 

graphically represent the expression levels of different contigs in all eight libraries, by 536 

sample clustering the libraries (again based on original expression values). Distance 537 

correlation (statistical dependence between two variables) is measured using Pearson 538 

correlation, with single linkage. Both the PCA and heat map were generated on the CLC 539 

Genomics workbench. 540 

 541 

2.5. Annotation 542 

 543 

Differentially expressed sets of transcripts were matched to known sequences (homologs) 544 

via Blast algorithms to determine the identity and putative functions of each differentially-545 

regulated transcript. Blastx searches were performed against the NCBI Molluscan non-546 

redundant protein sequence database. 547 

 548 

Blast x annotations were then matched to Gene Ontology (GO) terms, through a mapping 549 

process that matched GO protein IDs to those sequences. Specific GO terms were then 550 

extracted from the pool for each mapped sequence, using default parameters (E-value of 551 

1.0E-06, GO Weight of 5). This filtered the terms based on reliability and specificity. 552 

Domain/motif information was also extracted for each sequence within the blastx results, 553 

predicted through InterProScan 5.0 [89]. The scan processed sequences based on the 554 

presence of valid sequence strings.  555 

 556 

Manual validation of the 147 most differentially expressed contigs was conducted to 557 

ensure their validity. The results were verified by cross-referencing with public databases, 558 

whereby the automated annotations was either validated and accepted, or modified if there 559 

was a discrepancy. For automated annotations without a clear result, manual annotation 560 

relied on Blasting against the NCBI non-redundant database first using blastn, before 561 

moving on to blastx if there are no conclusive results from the blastn similarity search. 562 

 563 

2.6. Validation of expression levels 564 

 565 
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To accurately quantify the expression levels of genes of interest (identified through NGS), 566 

RT-qPCR was performed. This was to ensure that the semi-quantitative differential 567 

expression fold differences obtained from the RNA-Seq analysis were reliable. 568 

 569 

 570 

 571 

Gene specific primers were designed using OligoCalc [90] for 15 genes that were found to 572 

be most differentially expressed in the RNA-seq analysis (see Table 3). Four reference 573 

genes were also chosen. A total of 24 primer sets were generated for the 15 contigs of 574 

interest and four potential reference genes, with two of the contigs of interest and three of 575 

the reference genes having a second primer set. 576 

 577 

Table 3: Contigs of interest and RT-qPCR primer information. For the sequence 578 

information, ‘F’ denotes the forward primer, whilst ‘R’ denotes the reverse primer. A (Y) 579 

next to the primer name denotes the primer set chosen for the final validation of relative 580 

expression step. 581 

Contig 

Number 

Reference 

Gene? 

Primer 

Name 

Sequence (5’-3’) Amplicon 

Size 

11368 No P11368 (Y) F: GATTCCTCACAAAGAAGCCTG 

R: GAATCGACCCATAATGATCCAC 

83bp 

12018 No P12018 F: CTTCTTGGTGAACTGATAATCTG 

R: CTCTCTAATGTCCGCTCAAAG 

90bp 

1456 No P1456-1 F: GACCTTTAACCTCACTTACCAG 

R: CTGTATGGCTACGTCAATCTTG 

118bp 

P1456-2 (Y) F: CTGTGATAGAACGACCAACAC 

R: CTGATCTGACTTCGCCCTC 

83bp 

14728 No P14728 F: GATGCTGCCTTGTGAGAATG 

R: CATCCCAGCAGTGTCATAATG 

110bp 

30564 No P30564 (Y) F: CTGGTATAAGGTTCAACACGAG 

R: GTGTCCCATTCAACCAAACAG 

110bp 

3489 No P3489 F: GACCCAACGACAGCGTTTG 

R: GAGTTCTGCGGATAATTCGTTC 

94bp 

3750 No P3750 (Y) F: GACGCGTGTCACGTACAG 

R: GATCCTATTGGTCATCGCAATC 

112bp 

3889 No P3889 (Y) F: GACCATATAGAAGGCAACCTC 

R: GTGCCACTCAAGGAAACTATC 

87bp 

48 No P48 F: CACGACAACCGATACACCAG 

R: GACAGTTCGGTCCCTATCTG 

104bp 
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6728 No P6728 F: CTATGATGGCAAAGACGTGTC 

R: CACTTCCTCTACGATATGTATC 

100bp 

73 No P73-1 F: GTATCGAATGGGAATTCATTGAC 

R: CATGCATTCCTCTTCAAGGATG 

104bp 

P73-2 (Y) F: CACTGCCAATAATCTGGAGAG 

R: GATTCTCTATTGACGCGATCTAC 

111bp 

73887 No P73887 (Y) F: GTTCCAATCAAATCTGCTTCATG 

R: GAACATCCACTGGGGAAATTAC 

81bp 

78929 No P78929 (Y) F: GAAATTGATGATGCAGAACCTTC 

R: CATCGTGCCATTTCCTTCATTC 

90bp 

78949 No P78949 (Y) F: CAAGGGACATTAGACTTTCCATC 

R: CTTTCCAGATATGATTACGTGTG 

102bp 

990 No P990 F: CACCATCAATCGGTATCGAC 

R: GTGGTTCTGTTACCCTGGTC 

103bp 

1342 Yes P1342-1 F: GAACATAATGAGAGCCAGTCTC 

R: GATCTATCCTCCTCTCCATC 

89bp 

P1342-2 (Y) F: GAAGATGGCAGCCACTGTC 

R: CAGTCCCAGAGCTTACTCAG 

98bp 

20 Yes P20-1 (Y) F: GTTGTCACCATGCCATCCAG 

R: GAGGCACGTTTCAGTGAAATTC 

111bp 

P20-2 F: CTCTGACCTCAATTCAAACTGTG 

R: CAATAAGATGGACAGCACTGAC 

115bp 

21224 Yes P21224 F: GAATTACCCGATGGTCAAGTC 

R: CACCTGGAGCGTTCAGTC 

100bp 

2161 Yes P2161-1 F: CTGTGCAAGTTGTAGCTGTC 

R: CTTATACTGACCATGTGTAGAG 

92bp 

P2161-2 (Y) F: GTAGTGATTTCTGCTCCATCTC 

R: CACATTAAGATCGTTGGTGTAC 
84bp 

 582 

The amplification efficiency equation was E = [10(− 1/M)] – 1, whereby an E (amplification 583 

efficiency value) of 100% indicated a doubling of amplicons for every RT-qPCR reaction, 584 

signifying that the primers were working correctly. A primer set did not meet the selection 585 

criteria if the E value was significantly higher than 100%, which signified that there was 586 

more than a doubling of RT-qPCR products per reaction; or a low value of E which 587 

signified that the primers were not able to properly amplify the target genes. A final nine 588 

out of the 17 contigs of interest primer sets and three of the seven reference gene primer 589 

sets (primer sets marked with a ‘(Y)’ in Table 3) were selected from those that produced a 590 

single amplicon via the melt curve analysis for validation and had a coefficient (R2) value  591 
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higher than 0.9. Here, three reference primer sets were tested to ensure a higher 592 

probability that at least one was able to act as a reference. 593 

 594 

cDNA of four OOD-positive and four OOD-negative libraries was used for validation 595 

purposes. Whenever possible, the libraries chosen were the same as those that 596 

underwent RNA-seq analysis. The purpose of this validation step was simply to confirm 597 

that the RNA-seq analysis results were accurate in terms of fold difference. Hence 598 

validation focused on the eight libraries analysed by NGS, rather than all 20 libraries 599 

collected, to best avoid variabilities that may otherwise be captured. As C6A (an OOD-600 

negative library) cDNA was not available, another OOD-negative library was chosen by 601 

random to make up the four x four analysis. RT-qPCR runs were performed for each 602 

primer set against each of the eight libraries.  603 

 604 

To select the reference gene from the three potential reference primer sets chosen, 605 

standard deviation (sd) and coefficient of variation (cv) was calculated for each. The primer 606 

set (P1342-2) with the smallest sd and cv was chosen as the reference for all further 607 

analysis. The Livak method [91] was used to calculate relative eaxpression. All expression 608 

values are normalized to the reference gene (contig number 1342), and each OOD-609 

positive expression value was then calculated to be relative to an OOD-negative 610 

expression value of 1. 611 

 612 

Wilcoxon rank sum tests were carried out to compare the expression levels of each target 613 

amplicon to determine whether there were statistically significant differences in expression 614 

between cDNAs from four OOD-positive and four OOD-negative libraries. 615 

 616 

The normalized relative expression values of the significantly differentially expressed 617 

contigs as determined by the Wilcoxon rank sum test were compared to the normalized 618 

relative expression values of the same contigs obtained from the RNA-seq analysis using 619 

the correlation coefficient similar to Liu et al. [92]. This determined if the relative 620 

expression values obtained from RT-qPCR validated the values from the RNA-seq 621 

analysis. 622 

 623 

 624 

 625 

 626 
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3. Results and Discussion 627 

 628 

The RNA-seq analysis showed substantial differences in the transcriptional profiles of 629 

OOD-positive versus OOD-negative libraries, providing evidence that OOD is a distinct 630 

disease state in pearl oysters. The data indicated the presence of a typical wound 631 

healing/immune response that is characteristic of the general stress response pathway 632 

characterized by Anderson et al. [75]. There was a lack of genes that are known in other 633 

species to be differentially expressed in response to viral infection. The general stress 634 

response pathway identified, and the lack of differentially expressed viral response genes, 635 

suggests that the causative agent of OOD is not viral.  636 

 637 

3.1. Quality control 638 

 639 

The number of reads obtained per library ranged from 19 to 32 million, with a total of over 640 

192 million reads over the eight libraries. Quality checking via FastQC yielded average 641 

quality scores in the medium to high range (a quality score of 20 to 28; and 28 and above 642 

respectively) for all eight libraries. 643 

 644 

The trimming process removed 6% of all reads, comprising those that did not meet the 645 

30bp cut-off point post-trimming. A further 19% of reads did not have complimentary reads 646 

(either forward or reverse) after the trimming process, and hence were not included in the 647 

downstream analysis. Therefore, 75% of reads (144 million) were retained after the QC 648 

process. All these reads were of high quality (quality scores of 28 or above). 649 

 650 

3.2. Assembly results 651 

 652 

3.2.1. Optimal assembly kmer length 653 

 654 

Parameters for each assembly with kmers from 20 to 50 at steps of 5 were used to 655 

determine the optimal assembly settings (Table 4). As expected, the N50 values and 656 

average lengths decreased as kmer length increased, although the variations in N50 657 

values were not large. The relative consistency of N50 results did not significantly promote 658 

one assembly over the other. However, the highest number of contigs of 1000 bp in length, 659 

the largest contig and the highest number of resultant bp peaked for the assembly using a 660 

kmer length of 25. A higher number of larger contigs were desirable for this study, as the 661 
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focus was for de novo transcriptome assembly. This process prefers a larger number of 662 

better, more fully assembled contigs, as de novo annotation relies on the ability to 663 

generate similarity matches to non-P. maxima organisms. Hence, the kmer length of 25 664 

was deemed optimal. To confirm this, a further examination of the largest contigs for each 665 

assembly was conducted. The results indicated that there was little redundancy or contigs 666 

that could have potentially been merged together. 667 

 668 

Table 4: Results for the different assemblies for each kmer length tested (at steps of kmer 669 

length 5). All other parameters were the same in each assembly. 670 

Parameter Kmer 20 Kmer 25 Kmer 30 Kmer 35 Kmer 40 Kmer 45 Kmer 50 

Number of 

contigs 69,579 81,236 82,900 82,521 79,696 75,711 70,257 

Total 

number of 

bp 34,113,692 39,246,796 38,919,791 37,492,046 35,187,020 32,255,854 28,869,006 

Number of 

contigs with 

length of 

1000 bp 5,351 5,547 5,212 4,537 4,036 3,389 2,771 

N75 328 329 322 314 307 298 290 

N50 509 498 480 459 442 422 401 

N25 1,122 990 929 858 811 755 796 

Average 

contig 

length 490 483 469 454 442 426 411 

Largest 

contig (bp) 23,447 25,381 17,607 15,473 12,535 12,989 10,490 

 671 

3.2.2. Optimal assembly method 672 

 673 

To test all assembly options that could potentially yield viable, desirable results, a number 674 

of further assembly methods were examined. These included generating assemblies for 675 

individual libraries, before assembling all eight assemblies (designated ‘separate’ in Table 676 

5) and generating an assembly of assemblies of all seven kmer lengths tested (designated 677 

‘multiple kmer’ in Table 5). The output of these alternative methods were compared to the 678 

original method of a ‘single’ assembly of all eight libraries, using a kmer length of 25. From 679 

the results, it was determined that a single assembly of all eight libraries was preferable to 680 

either the ‘separate’ or ‘multiple kmer’ assemblies. 681 
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Although both the N50 and average contig length were higher for the assembly of 682 

individual library assemblies, the number of large contigs (determined by higher values for 683 

number of contigs of 1000 bp in length, the largest contig and the highest number of 684 

resultant bp) still indicated that the single assembly of kmer length 25 was the preferable 685 

of the two. Examination of the resultant contigs from the assembly of individual libraries 686 

identified more redundancy due to the collapsing of sequences for each library separately. 687 

This prevented many contigs from being further matched together during the second 688 

assembly. Conversely, individual assemblies meant that there were a larger number of 689 

shorter contigs produced that could not be assembled either, and hence were removed 690 

from the assembly. This explained the lower number of contigs obtained by this method 691 

(almost a six-fold decrease), despite a much higher proportion of larger contigs. 692 

 693 

Table 5: A comparison of different assembly methods.* 694 

  (A) Single Assembly (B) Separate Assemblies (C) Multiple kmer assembly 

Number of Contigs 81,236 13,573 161,283 

Total number of bp 39,246,796 11,240,225 77,092,263 

Number of contigs with 

length of 1000 bp 5,547 2,803 10,873 

N50 498 962 342 

Average Length 483 828 478 

Largest Contig (bp) 25,381 20,201 25,381 

*Method A involves a single assembly of contigs from all libraries, using a kmer length of 25. Method B 695 
involves the assembly of contigs from each assembly separately, before assembling those assemblies 696 
together, both using a kmer length of 25. Method C involves the assembly of all libraries using different kmer 697 
lengths first (20 to 50, step of 5) before assembling all assemblies together. 698 

 699 

In contrast, the multiple kmer assembly consisted of approximately double the number of 700 

contigs, total number of base pairs, and number of contigs with length of 1000 bp 701 

compared to the single assembly. A comparison of the distribution of contigs in terms of 702 

proportions indicated that it was very similar for both the multiple kmer and single 703 

assemblies (Figure 3). This suggests that the assembly of assemblies of different kmer 704 

lengths only doubled the contigs already present, producing more redundancy. 705 

 706 
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In summary, both of the two ‘assembly of assemblies’ yielded contigs that were unsuitable 707 

for further analysis. Regardless of the method, the assembly of assemblies yielded 708 

unnecessary duplicates, which would pose problems downstream in the RNA-seq 709 

analysis. It was therefore concluded that a single assembly was the optimal output for 710 

RNA-seq. 711 

 712 

 713 

Figure 3: The contig length distribution for both the individual assembly of kmer 25, and 714 

the combined assembly of assemblies of all tested kmer lengths. The two distributions 715 

overlap over the majority of the contig length range. 716 

 717 

3.3. Differential gene expression 718 

 719 

RNA-seq analysis and subsequent DGE analysis identified 147 genes that were 720 

significantly differentially expressed between OOD-positive and OOD-negative libraries 721 

(FDR adjusted p-value < 0.05) in either direction (up-regulated and down-regulated in 722 

OOD-positive libraries versus OOD-negative libraries). The selection criteria used 723 

resembled ‘double-filtering’ [93], whereby large fold changes without significant p-values 724 

(as those fold changes can be caused by one or two large outliers) were ignored, as were 725 

those with low fold changes (yet with significant p-values), as these could be false signals 726 

simply due to the low variance. Through this method, both potentially undesirable types of 727 

outliers were ignored. Figure 4 depicts this selection procedure graphically, with red dots 728 

representing contigs of interest whilst blue dots represents non-differential contigs. 729 
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 730 

 731 

Figure 4: Volcano plot of the distribution of contigs in terms of fold change and p-value 732 

(non-FDR-adjusted) in RNA-seq comparisons of OOD-positive versus OOD-negative 733 

libraries. Red dots denote contigs that were deemed to be significantly differentially 734 

expressed. Blue dots denote no significant difference. 735 

 736 

Principle component analysis (PCA) of the differential expression analysis of all 81,236 737 

contigs showed a segregation of contigs from the OOD-positive libraries compared to 738 

those belonging to OOD-negative libraries (Figure 5A). This segregation is far more 739 

distinct for the subset of 147 contigs deemed to be significantly differentially expressed, as 740 

seen in the PCA of this subset (Figure 5B). It is also interesting to note that the cluster of 741 

OOD-negative libraries in the PCA of the 147 differentially expressed contigs appear to be 742 

more variable in transcriptomic responses. This suggests that OOD causes a restricted 743 

transcriptomic response in oysters, hence reducing the variability. However, it cannot be 744 

discounted that some of the OOD-negative oysters had sub-clinical infections that could 745 

lead to distinct transcriptomic responses, leading to greater variability in this group. 746 
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  747 

 748 

Figure 5: Principle component analysis of relative expression data for (A) the entire array 749 

of contigs obtained from the de novo assembly process and (B) the subset of 147 contigs 750 

deemed to be significantly differentially expressed between OOD-positive versus OOD-751 

negative libraries. For both PCA plots, red dots signify OOD-negative libraries, whilst 752 

green dots signify OOD-positive libraries. 753 

 754 

The validity of the 147 differentially expressed contigs was confirmed through a heatmap 755 

representation of their expression levels (Figure 6). Due to the large range of fold-756 

differences (in either direction), not all differential contigs are visible under the resolution 757 

shown in Figure 6. However, the heat maps clearly show a marked division between OOD-758 

positive and OOD-negative libraries. 759 

(A) 

(B) 
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Figure 6: Heatmap showing the expression levels of 760 

the 147 contigs of interest calculated by RNA-seq 761 

analysis. Here, a scale from blue to red signifies the 762 

level of expression, with blue signifying no or 763 

undetectable expression, whilst increasing red 764 

colours signify increasingly levels of expression. Due 765 

to the level of resolution required for the generation 766 

of the heat map, not all differences between gene 767 

expression levels are represented. The four OOD-768 

negative libraries (C4A, C9A, C6A and C10A) are on 769 

the left (numbered 1-4 in order), the four OOD-770 

positive libraries (I7A, I3A, I4A, I6A) are on the right 771 

(numbered 5-8 in order). 772 

 773 

 774 

 775 

 776 

 777 

 778 

 779 

 780 

 781 

 782 

 783 

 784 

 785 

 786 

 787 

 788 

 789 

 790 

 791 

 792 

 793 

  1       2      3       4       5       6        7     8 



30 
 

In terms of fold-differences for the subset of 147 contigs, the majority of differentially 794 

expressed contigs (126) had fold-differences of less than 100 for OOD-positive versus 795 

OOD-negative libraries. Of the remaining contigs, 20 had fold-differences of between 100 796 

and 500 (Figure 7). One contig returned a fold difference of over 1000 fold. 797 

 798 

 799 

Figure 7: Fold-change (OOD-positive versus OOD-negative libraries) distribution for all 800 

147 contigs, based on RNA-seq data, ordered from the smallest to largest fold difference. 801 

 802 

3.4. Complete Transcriptome Annotation 803 

 804 

Of the 81,236 contigs making up the whole transcriptome of the individuals tested in this 805 

study, 28,732 contigs returned significant Blastx hits (35% hit rate) in searches of the NCBI 806 

database. Of these hits, 17,796 (22%) could be assigned GO terms (Figure 8A). The 807 

subset of 147 contigs that were found to be differentially expressed between OOD-808 

negative and OOD-positive libraries had a higher percentage of Blastx hits at 46% (80/147 809 

contigs), although the percentage of contigs assigned GO terms was similar at 21% (31 810 

contigs) in the subset (Figure 8B). 811 

 812 

The three top species with which contigs shared significant homology were C. gigas 813 

(24,039 hits), Lottia gigantea (1,857 hits) and Aplysia californica (1,030 hits). All of these 814 

species have complete genome sequences [57, 94, 95]. Together, these three species of 815 

molluscs comprised 94% of the top hits. Of these species, C. gigas has the closest 816 

phylogenetic relationship to P. maxima, with both belonging to the family Bivalvia [96]. 817 
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 818 

    819 

     820 

Figure 8: Blast and annotation results for (A) all 81,236 contigs that make up the 821 

transcriptome of the P. maxima libraries sequenced, and (B) the subset of 147 significantly 822 

differentially expressed contigs. 823 

 824 

 825 

 826 

 827 

 828 

(A) 

(B) 

Without Blast 
Results 
 
Without Blast 
Hits 
 
With Blast 
Results 
 
With Mapping 
Results 
 
Annotated 
Sequences 
 
Total Sequences 

Without Blast 
Results 
 
Without Blast 
Hits 
 
With Blast 
Results 
 
With Mapping 
Results 
 
Annotated 
Sequences 
 
Total Sequences 



32 
 

A breakdown of the GO term assignment reveals that of the GO terms obtained for all 829 

contigs in the whole transcriptome, 49% were biological processes, 33% were cellular 830 

components and 18% had molecular functions (Figure 9A). These are similar proportions 831 

to the subset of 147 contigs, of which 47% were biological processes, 31% were cellular 832 

components, and 22% had molecular functions (Figure 9B). 833 

 834 

 835 

 836 

Figure 9: GO terms divided by broad ontologies for (A) the whole transcriptome, and (B) 837 

the 147 differentially expressed contigs identified through RNA-seq analysis. 838 

 839 

The three broad categories could be further broken down into more specific GO terms, 840 

with a total of 18 for biological functions, 14 for cellular components and ten for molecular 841 

functions. Of these, GO terms assigned to the subset of 147 significantly differentially 842 

expressed contigs only consisted of 14 biological functions (Figure 10A), seven cellular 843 

components (Figure 10B) and six molecular functions (Figure 10C). 844 
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Figure 10: Deep hierarchical division of GO terms shared by the whole transcriptome and 845 

the 147 significantly differentially expressed contigs, with a layered breakdown of the 846 

ontologies into specific pathways. The terms are divided into (A) biological processes, (B) 847 

cellular components, and (C) molecular functions. Abbreviations are as follows: CCOB = 848 

cellular component organization or biogenesis, MOP = multicellular organismal process, 849 

MC = macromolecular complex, MEL = membrane-enclosed lumen. 850 

 851 

(Figure overleaf) 852 



34 
 

853 

854 

 855 

 856 

0.00%
2.00%
4.00%
6.00%
8.00%

10.00%
12.00%
14.00%

Biological Processes 

Whole Transcriptome 147 Subset

0.00%
2.00%
4.00%
6.00%
8.00%

10.00%
12.00%
14.00%
16.00%
18.00%

Cellular Components

Whole Transcriptome 147 Subset

0.00%

1.00%

2.00%

3.00%

4.00%

5.00%

6.00%

7.00%

Cell Membrane Organelle MC Extracellular
region

MEL

Molecular Functions

Whole Transcriptome 147 Subset

(B) 

(C) 

(A) 



35 
 

To determine whether for each GO term the proportion of assigned contigs were 857 

significantly different between the whole transcriptome and the subset of 147 contigs, a z-858 

test statistical analysis was performed for each GO term. Table 6 displays all GO terms 859 

that were significantly different proportionally between the whole transcriptome and the 860 

subset of 147 contigs. The proportion of contigs that were assigned cellular process and/or 861 

catalytic activity GO terms in the subset of 147 significantly differentiated contigs was 862 

significantly less than that for the whole transcriptome, suggesting that response to OOD 863 

by P. maxima involved less cellular processes and catalytic activities than average. All 864 

other GO terms had a higher proportion of assigned contigs in the subset of 147 865 

differentially expressed contigs. This suggests that there is a higher degree of involvement 866 

by genes with these GO terms in response to OOD than would be expected on average. A 867 

large proportion of these GO terms (8) were biological processes (Figure 4A), indicating 868 

that broadly, biological processes are most significantly affected during OOD. 869 

 870 

Similar de novo transcriptome sequencing of both molluscs (Crassostrea hongkongensis, 871 

Crassostrea angulata, Bathymodiolus azoricus, and Mizuhopecten yessoensis) [97-100] 872 

and non-molluscs (Apostichopus japonicus and hybrid catfish) [101, 102] yielded between 873 

20,056 and 144,746 (mean of 95,331) contigs, with 24-43% (mean of 33%) of the contigs 874 

having Blast hits, and 12-30% (mean of 18%) assigned GO terms. The RNA-seq analysis 875 

results of this study lies within these ranges from other similar studies, and is very similar 876 

to the mean values provided. This indicates that outputs from our transcriptome analysis 877 

are within a typical range. 878 

 879 

 880 

 881 

 882 

 883 

 884 

 885 

 886 

 887 

 888 

 889 

 890 



36 
 

Table 6: All GO terms that had a significantly different proportion of assigned contigs 891 

between the whole transcriptome and the subset of 147 contigs. There were a total of 892 

66283 annotations for the whole transcriptome, and 123 annotations for the subset of 893 

significantly differentiated contigs. The z-test scores and corresponding p-values are 894 

shown, with all being <0.05. Comparisons that were not significant are not included in the 895 

table. 896 

GO Annotation 

Number of Contigs 

Z-test 
score 

Corresponding 
p-value 

Whole 
Transcriptome 147 Subset 

Cellular process 7985 8 -1.88744 0.02955 

Biological regulation 2838 9 -1.66033 0.048424 

Developmental process 191 2 -2.7537 0.002946 

Multicellular organismal process 138 2 -3.42506 0.000307 

Immune system process 44 1 -3.17905 0.000739 

Multi-organism process 38 1 -3.4561 0.000274 

Reproduction 23 1 -4.5371 2.85E-06 

Reproductive process 15 1 -5.64262 8.37E-09 

Catalytic activity 7378 7 -1.91725 0.027603 

Enzyme regulator activity 325 7 -8.17029 1.54E-16 

Electron carrier activity 52 1 -2.88214 0.001975 

Extracellular region 264 2 -2.1537 0.015632 

 897 

 898 

3.5. Expression validation 899 

 900 

Six of the nine contigs of interest that underwent RT-qPCR analysis were found to be 901 

significantly differentially expressed based on the Wilcoxon rank sums test (p-value 902 

<0.05). The difference in expression levels for the reference contig (contig 1342) was not 903 

significant (p-value >0.05) under the same test, confirming that it was suitable as a 904 

reference. 905 

 906 
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 907 

Figure 11: Relative fold differences (normalized) obtained from the RNA-seq analysis 908 

(blue) and RT-qPCR (orange) plotted against each other. The horizontal axis depicts the 909 

numerical identifiers of each of the six contigs found to be significantly differentially 910 

expressed through the RT-qPCR analysis. 911 

 912 

The normalized relative expression values for the six contigs obtained through both the 913 

RNA-seq analysis and the RT-qPCR is shown in Figure 11, revealing a close correlation 914 

between the two analyses. The correlation coefficient (R2 = 0.94) supports this, indicating 915 

that the RNA-seq analysis results are reliable as validated through RT-qPCR analysis. 916 

 917 

3.6. Mollusc-specific genes that were differentially expressed 918 

 919 

A total of 23 genes (discounting hypothetical proteins, uncharacterized, predicted or 920 

putative matches) matching entries in the molluscan database were found to be 921 

differentially expressed (Table 7). Of the 30 contigs that match these genes, 25 were up-922 

regulated and five were down-regulated in OOD-positive relative to OOD-negative 923 

specimens. This is consistent with the finding by Anderson et al. [75] that in response to a 924 

stressor, there are generally more genes up-regulated than down-regulated. 925 
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Table 7: Automated annotated contigs matching known mollusc genes that were 932 

differentially expressed in the RNA-seq comparison of OOD-positive and OOD-negative 933 

specimens. The number of contigs with matches to known genes is shown, along with the 934 

contig ID for each match and top blast hit result information. Each gene is also assigned 935 

into a specific functional category. 936 

Gene Numb
er of 
Conti

gs 
Match

ed 

Contig 
ID 

Blast Result Functional 
Category Specific Match 

[Organism] / 
Accession 

Number 

E-
value 

Identity Fold 
Change 
(OOD-

negative 
versus 
OOD-

positive) 

Hydrolase 1 1790 hydrolase 

[Helicobacter 

pullorum] / 

WP_005023606

.1 

3.30E

-35 

 

79.45% 

 

19.2 Unknown 

(bacteria) 

chk1 checkpoint 1 5866 CHK1 

checkpoint 

protein 

[Echinococcus 

multilocularis] / 

CDS35417.1 

2.90E

-20 

76.56% 13.0 Cell 

cycle/apoptosis 

carp-1 1 5848 clam ADP-

ribosylating 

protein CARP-1 

[Meretrix 

lamarckii] /  

BAF03560.1 

1.60E

-13 

52.00% -46.0 Immunity 

Collagen alpha-

2 chain 

1 78949 Collagen alpha-

2(VIII) chain 

[Crassostrea 

gigas] / 

EKC36664.1 

4.40E

-28 

60.75% 61.6 Immunity/wound 

healing 

Dispatched 1 73730 dispatched-like 

protein 1 

[Crassostrea 

gigas] / 

EKC41449.1 

5.80E

-29 

80.00% 10.4 Communication 
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DNA mismatch 

repair protein 

1 13133 DNA mismatch 

repair protein 

Msh6 

[Crassostrea 

gigas] / 

EKC25057.1 

1.40E

-24 

76.50% -46.6 DNA repair 

Heat shock 70 

kDa protein 8 

1 990 Hsp70, partial 

[Gallus gallus], 

AAO44919.1 

3.50E

-48 

94.30% -7.7 Stress 

Inter-alpha-

trypsin inhibitor 

heavy chain h3 

5 10635 Inter-alpha-

trypsin inhibitor 

heavy chain H3 

[Crassostrea 

gigas] / 

EKC29055.1 

2.90E

-61 

63.75% 6.4 Protein 

regulation 

1456 Inter-alpha-

trypsin inhibitor 

heavy chain H3 

[Crassostrea 

gigas] / 

EKC23874.1 

0.00E

+00 

63.60% 6.0 

1458 Inter-alpha-

trypsin inhibitor 

heavy chain H3 

[Crassostrea 

gigas] / 

EKC23874.1 

1.50E

-29 

78.00% 168.5 

6990 Inter-alpha-

trypsin inhibitor 

heavy chain H3 

[Crassostrea 

gigas] / 

EKC27555.1 

2.00E

-61 

48.20% 6.6 

938 Inter-alpha-

trypsin inhibitor 

heavy chain H3 

[Crassostrea 

gigas] / 

EKC23874.1 

 

1.10E

-18 

79.15% 7.4 
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Inter-alpha-

trypsin inhibitor 

heavy chain H4 

2 10634 Inter-alpha-

trypsin inhibitor 

heavy chain H4 

[Crassostrea 

gigas] / 

EKC36390.1 

3.00E

-27 

64% 5.3 Protein 

regulation 

12018 Inter-alpha-

trypsin inhibitor 

heavy chain H4 

[Crassostrea 

gigas] / 

EKC36390.1 

 

3.00E

-79 

59.85% 5.5 

Macrophage 

mannose 

receptor 

2 3750 Macrophage 

mannose 

receptor 1 

[Crassostrea 

gigas] / 

EKC31065.1 

 

1.90E

-94 

46.55% 10.1 Immunity 

7045 Macrophage 

mannose 

receptor 1, 

partial 

[Chelonia 

mydas] / 

EMP36986.1 

 

5.50E

-41 

45.75% 7.5 

Metallothionein 1 16434 metallothionein 

[Pinctada 

maxima] /  

ACJ22893.1 

 

2.40E

-18 

94.00% 50.8 Stress 

Myosin heavy 

chain 

1 73 Myosin heavy 

chain, striated 

muscle 

[Crassostrea 

gigas] / 

EKC37566.1 

 

0.00E

+00 

82.15% -36.0 Cytoskeleton 
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NADH 

dehydrogenase 

1 5311 NADH 

dehydrogenase 

[ubiquinone] 

iron-sulfur 

protein 2, 

mitochondrial 

[Crassostrea 

gigas] / 

EKC27484.1 

 

1.40E

-14 

46.00% -35.3 Metabolism 

NADH 

dehydrogenase 

subunit 2 

2 988 NADH 

dehydrogenase 

subunit 2 

(mitochondrion) 

[Pinctada 

maxima] / 

YP_006883012.

1 

4.90E

-53 

85.00% -442.6 Metabolism 

989 NADH 

dehydrogenase 

subunit 2 

(mitochondrion) 

[Pinctada 

maxima] / 

YP_006883012.

1 

2.70E

-54 

85.00% 1018.6 

Permease 1 195 permease 

[Lactobacillus 

crispatus] / 

WP_013085634

.1 

2.10E

-58 

71.50% 29.9 Unknown 

(bacterial) 

Prism shell 

protein 18 

1 78932 Prism 

uncharacterized 

shell protein 18 

like [Pinctada 

fucata] / 

BAM76253.1 

7.50E

-13 

71.00% 383.7 Biomineralizatio

n 

ALO17 1 79139 Protein ALO17 

[Crassostrea 

gigas] / 

EKC32504.1 

1.60E

-20 

57.67% 35.6 Protein 

regulation 
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Tar1p 1 1962 Tar1p 

[Saccharomyce

s cerevisiae 

S288c] / 

NP_690845.1 

2.10E

-34 

64.35% 8.5 Unknown 

(fungal) 

Sacsin 2 11369 Sacsin 

[Crassostrea 

gigas] / 

EKC26842.1 

9.40E

-26 

47.25% 18.7 Stress 

77244 Sacsin 

[Crassostrea 

gigas] / 

EKC26842.1 

6.30E

-23 

44.70% 9.3 

Short-chain 

collagen c4 

1 14728 Short-chain 

collagen C4 

[Crassostrea 

gigas] / 

EKC34668.1 

1.20E

-44 

56.70% 5.1 Immunity/wound 

healing 

Transforming 

growth factor-

beta-induced 

protein ig-h3 

1 6728 Transforming 

growth factor-

beta-induced 

protein ig-h3 

[Crassostrea 

gigas] / 

EKC23900.1 

0.00E

+00 

51.95% 4.4 Immunity 

Nacre shell 

protein 20 

1 7760 nacre 

uncharacterized 

shell protein 20 

[Pinctada 

margaritifera] / 

CCE46184.1 

1.20E

-17 

95.00% 10.5 Biomineralizatio

n 

von willebrand 

factor d and egf 

domain-

containing 

protein 

1 73887 von Willebrand 

factor D and 

EGF domain-

containing 

protein 

[Crassostrea 

gigas] / 

EKC28789.1 

1.70E

-55 

49.33% 14.8 Immunity/wound 

healing 

 937 

 938 
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Manual annotation against the entire NCBI non-redundant database identified an 939 

additional 41 differentially expressed contigs that matched genes/gene products that were 940 

not hypothetical, putative nor predicted. A large proportion of these were bacterial 941 

(approximately 66%), with seven contigs matching to spirochaetes or similar organisms. 942 

Three matched a specific spirochaete species, Spirochaeta sp. L21-RPul-D2. All 943 

spirochaete genes, however, were down-regulated in OOD-positive individuals, suggesting 944 

no link in the causative effect of the presence of the bacterium. 945 

 946 

A further six contigs were found to match five  molluscan genes after the manual 947 

annotation process (Table 8). These represented matches not identified by the automated 948 

process. The failure of automated searches to identify these matches was likely due to 949 

new additions to the non-redundant NCBI database that did not exist when the molluscan 950 

database used for the Blast processes was constructed. Addition of the manually 951 

annotated genes brought the total number of differentially expressed contigs with a match 952 

to molluscan genes/gene products to 48, with 33 distinct genes/gene products implicated.  953 

 954 

Table 8: Manually annotated contigs identified as host genes that were differentially 955 

expressed in the RNA-seq comparison of OOD-positive and OOD-negative specimens. 956 

The number of contigs with matches to known genes is shown, along with the contig ID for 957 

each match and top blast hit result information. Each gene is also assigned into a specific 958 

functional category. 959 

Gene Number 
of 

Contigs 
Matched 

Contig 
ID 

Blast Result Functional 
Category Specific 

Match 
[Organism] / 
Accession 

Number 

E-
value 

Identity Fold 
Change 
(OOD-

negative 
versus 
OOD-

positive) 

ATP synthase 

beta subunit 

1 3889 ATP 

synthase 

beta subunit 

[Pinctada 

fucata]/ 

ABC86835.1 

 

2.00E-

72 

98% -7.4 Metabolism 

http://www.ncbi.nlm.nih.gov/protein/86156234?report=genbank&log$=prottop&blast_rank=1&RID=CY21CWRR014


44 
 

Metalloproteinase 

inhibitor 3 

1 4712 Metalloprotei

nase inhibitor 

3 

[Crassostrea 

gigas]/ 

EKC31955.1 

1.00E-

13 

30% 11.3 Protein 

regulation 

Sacsin 2 11368 Sacsin 

[Crassostrea 

gigas]/ 

EKC26842.1 

7.00E-

22 

29% -8.3 Stress 

36151 Sacsin 

[Crassostrea 

gigas]/ 

EKC26842.1 

4.00E-

15 

35% 47.5 

Sarcoplasmic 

calcium-binding 

protein 

1 4537 Sarcoplasmic 

calcium-

binding 

protein 

[Crassostrea 

gigas]/ 

EKC29122.1 

1.00E-

27 

53% -25.9 Cytoskeleton 

Uromodulin 1 30564 Uromodulin 

[Crassostrea 

gigas]/ 

EKC21727.1 

8.00E-

41 

35% 7.5 Unknown 

 960 

The characterized differentially expressed genes were placed into ten broad categories as 961 

listed in Tables 6 and 7. These were cell cycle (including apoptosis), immunity, wound 962 

healing, communication, DNA repair, stress response, protein regulation, cytoskeleton, 963 

metabolism, and biomineralization. Seven of these corresponds to intracellular processes 964 

defined by Anderson et al. [75]. Here, metabolism, cell cycle and communication related 965 

genes were less commonly identified than in Anderson et al. [75], whilst protein regulatory 966 

genes and specifically immunity related genes are found at higher rates (Figure 12). 967 

However, the methodology used to assign genes of interest to intracellular processes may 968 

be different, and could be the source of some of the discrepancy. With the three remaining 969 

broad categories fitted into the intracellular processes as described by Anderson et al. 970 

[75], the proportions could differ again. 971 

 972 

 973 

http://www.ncbi.nlm.nih.gov/protein/405966706?report=genbank&log$=prottop&blast_rank=1&RID=CY223EH4014
http://www.ncbi.nlm.nih.gov/protein/405960978?report=genbank&log$=prottop&blast_rank=3&RID=CXEPY9F601R
http://www.ncbi.nlm.nih.gov/protein/405960978?report=genbank&log$=prottop&blast_rank=3&RID=CXEPY9F601R
http://www.ncbi.nlm.nih.gov/protein/405963559?report=genbank&log$=prottop&blast_rank=1&RID=CY223EH4014
http://www.ncbi.nlm.nih.gov/protein/405954226?report=genbank&log$=prottop&blast_rank=1&RID=CXM2WVWT015
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 974 

Figure 12: The proportion of genes belonging to each of the seven overlapping intracellular 975 

processes. (A) dictates the most commonly identified genes in proportion to each other by 976 

Anderson et al. [75], whilst (B) dictates the proportion of genes identified in the current 977 

study. 978 

 979 

There were also a number of genes with unknown functions, two of which are bacterial in 980 

origin. Contig 1790 matches to a hydrolase, which is a large class of enzymes catalysing 981 

the hydrolysis of a chemical bond, such as those of mammalian hepoxilin and soluble 982 

epoxide [103]. As the match was to a bacterial (Helicobacter pullorum) hydrolase, the 983 

specific function of this gene in P. maxima cannot be identified. The second unknown 984 

bacterial match (contig 195) is a permease, which are membrane transport proteins of 985 

molecules such as L-tryptophan [104] oxyanions like molybdite [105]. Similarly to the 986 

hydrolase, the function in P. maxima is highly uncertain, as the match is to a bacteria 987 

(Lactobacillus crispatus). Tar1p (contig 1962) is another non-mollusc gene, which in 988 

Saccharomyces cerevisiae plays a role in respiratory regulation [106, 107], and has been 989 

shown to also play a similar role in at least one other yeast species (Kluyveromyces lactis) 990 

[108]. However, the role of Tar1p has yet to be identified in non-yeast species, and so it is 991 

unclear what role Tar1p plays in P. maxima. Uromodulin (contig 30564) was the final gene 992 

with an uncharacterized molluscan function.  993 

 994 

The remaining genes could be grouped into two broad categories of responses – a general 995 

stress response, involving changes in communication, stress response, protein regulation, 996 

cytoskeleton, and metabolism; and a concurrent wound healing response, involving 997 

changes in the cell cycle, immunity, wound healing, DNA repair and biomineralization. 998 
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3.6.1. General stress response 999 

 1000 

Genes/gene products involved with the cytoskeleton are those that controls the structure 1001 

of cells, and maintenance of such structure. Both sarcoplasmic calcium-binding protein 1002 

and myosin heavy chain are cytoskeletal proteins. In molluscs, sarcoplasmic calcium-1003 

binding proteins are regulatory proteins in the muscle [109], whilst the myosin heavy chain 1004 

is involved in muscle contraction [110]. In this case, both are down-regulated, which is 1005 

consistent with the symptoms of OOD: loss of epithelial cells and mantle retraction. Myosin 1006 

heavy chains are also known to fuse with anaplastic lymphoma kinase (ALK), which can 1007 

also be fused to ALO17 [111, 112]. Contig 79139 was matched to ALO17, and was up-1008 

regulated in response to OOD. Whether there is a relationship between ALO17 and 1009 

myosin heavy chains in this case must be further investigated. Von willebrand factor D and 1010 

EGF domain-containing protein could also play a role in relation to the symptomology of 1011 

OOD. The EGF (epidermal growth factor) links it to the outer layers of tissues and cells, 1012 

whilst the Von willebrand factor D plays a role in blood clotting in humans [113]. However, 1013 

its role in molluscs is unknown.  1014 

 1015 

There were a number of gene products involved in general stress responses which are 1016 

activated ubiquitously in response to varied stressors [75]. These generic stress response 1017 

genes include molecular chaperones (heat shock proteins). Molecular chaperones are 1018 

commonly accompanied by co-chaperones that form complexes together, such as that of 1019 

the heat shock protein 70 (hsp70) DnaK and its co-chaperone, Dna-J [114]. In the current 1020 

study, both a member of the hsp70 family (heat shock 70 kDa protein 8, HSPA8) and an 1021 

hsp70 co-chaperone (sacsin) were found to be differentially expressed. HSPA8 1022 

antagonizes apoptosis [115-117], and therefore its reduction among OOD-positive 1023 

individuals could indicate that apoptosis is uninhibited during OOD. Four contigs are found 1024 

to match the hsp70 co-chaperone, sacsin, with three showing up-regulation in OOD-1025 

positive libraries and one being down-regulated. All four matches have the same 1026 

accession number (EKC26842.1), suggesting that all four contigs could potentially be one 1027 

single read. However, the fact that they are expressed at different levels from one another 1028 

suggests that these could be different sacsin isoforms, and the one down-regulated sacsin 1029 

isoform (contig 11368) could be the co-chaperone to the hsp70 found in this study. 1030 

 1031 

 1032 

http://www.ncbi.nlm.nih.gov/protein/405960978?report=genbank&log$=prottop&blast_rank=3&RID=CXEPY9F601R
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Metallothionein also plays a role in general stress responses, specifically as a potential 1033 

defence against metal toxicity [118] by trafficking metals (mainly zinc) and sequestering 1034 

them [119]. Increased concentrations of vanadium [120] or cadmium [121] for example, 1035 

has been reported to result in increased expression of metallothionein by mussels (Mytilus 1036 

sp.). Metallothionein has therefore been investigated as a potential biomarker of metal 1037 

toxicity. However it is known that there are other factors that can trigger expression of 1038 

metallothioneins as well, including generalized stress [122].  1039 

 1040 

In humans and other mammals, inter-alpha-trypsin inhibitor heavy chains inhibits 1041 

proteases and binds to chemicals such as hyaluronan [123], and is also up-regulated in 1042 

response to infections [124, 125]. Two forms (chains h3 and h4) were identified in the 1043 

current study, with all matched contigs up-regulated in response to OOD. The number of 1044 

matches found in this study and the ubiquitous role inter-alpha-trypsin inhibitor heavy 1045 

chains supports the notion of a general response to infection in OOD-impacted oysters. 1046 

 1047 

Genes involved in metabolism control the production of energy, and the 1048 

catabolism/anabolism of chemicals within an organism. A major proportion of energy 1049 

production takes place in the mitochondria. NADH dehydrogenase is located within the 1050 

inner mitochondrial membrane, and is responsible for catalysing the dehydrogenation of 1051 

NADH into NAD+. The behaviour of NADH dehydrogenases are enigmatic in terms of their 1052 

potential role in OOD. Whilst one NADH dehydrogenase subunit 2 (contig 988) had a 1053 

442.63 negative fold-change (down-regulation) in OOD-positive individuals, the other 1054 

(contig 999) saw a 1018.64 positive fold-change (up-regulation). This was the biggest fold-1055 

change amongst the significantly differentially expressed contigs. Whilst it is known that 1056 

NADH dehydrogenase subunits can show different patterns of expression based on 1057 

different time points during responses to stress [64, 65], there is high sequence similarity 1058 

between the two contigs, and actual expression values for the two contigs suggested that 1059 

they were allelic and unique to the collection sites. Whilst the average expression value of 1060 

contig 988 for OOD-positive oysters was zero, there was a much higher expression value 1061 

for OOD-negative oysters. This was the reverse for contig 999, suggesting that contig 988 1062 

was exclusive to OOD-negative oysters, whilst contig 989 was exclusive to OOD-positive 1063 

oysters. Also in terms of metabolism, ATP synthase beta subunit (contig 3889) was found 1064 

to be down-regulated [126, 127]. 1065 

 1066 

 1067 
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 1068 

Finally, biomineralization, especially in pearl oysters, may be in response to contamination 1069 

or other abiotic and biotic factors [72, 73]. Nacre and prisms are two types of calcium 1070 

carbonate deposits, which are controlled by two very different pathways [71], although they 1071 

can form a highly desirable composite. Both nacre and prism related proteins were up-1072 

regulated in response to OOD, suggesting a more orchestrated stress response. 1073 

 1074 

3.6.2. Immune response and wound healing 1075 

 1076 

In general, genes involved in immune responses and wound healing act to protect the 1077 

organism from harm and when not possible, repair damage done to the organism. A total 1078 

of ten genes were identified in these categories during the current study.  1079 

 1080 

There were a number of genes found to play a role in responding to infections. 1081 

Metalloproteinase inhibitor 3 was found to be up-regulated in response to OOD. 1082 

Metalloproteinase inhibitors are inhibitors of matrix metalloproteinase, with roles in the 1083 

degradation and remodelling of tissues [128]. In molluscs, the gene is found to play a role 1084 

in wound healing and defense mechanisms, specifically in response to shell damage and 1085 

bacterial infections [129, 130]. Although uncovered by Zhang et al. for C. gigas [57], no 1086 

specific function was described for uromodulin. In mammals such as humans, uromodulin 1087 

is secreted by kidneys and seems to play a role in immune responses against urinary 1088 

infections [131, 132]. It is unclear if uromodulin plays a similar role in P. maxima. 1089 

Macrophage mannose receptor-1 is involved in inflammation and wound healing, 1090 

specifically in times of infection [133]. It acts as a receptor for pathogen associated 1091 

molecular patterns. Its differential expression in OOD-positive oysters may suggest that 1092 

there is an infectious agent involved in OOD.  1093 

 1094 

Chk1 is a regulator of the cell cycle and associated DNA damage in mammals such as 1095 

humans [134, 135] and mice [136, 137], amongst other animals such as frogs [138], and 1096 

even fungi [139, 140]. This suggests that the role of Chk1 is ubiquitous, including in P. 1097 

maxima.  Similarly, carp-1 is suggested to play a role in the cell cycle, specifically up-1098 

regulation of the gene induced apoptosis [141, 142]. It (contig 5848) was down-regulated 1099 

in OOD-positive oysters, and therefore suggests a suppression of apoptosis. DNA 1100 

mismatch repair proteins are a large class of proteins, including proteins such as the 1101 

heterodimeric MutS homolog (MSH) [143]. Here, Msh6 (contig 13133) was found to be 1102 
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down-regulated, which has been shown elsewhere to be the direct effect of the presence 1103 

of a stressor [144, 145]. It has been found that Msh6 induces apoptosis [146, 147], and 1104 

therefore the suppression of Msh6 in OOD-positive oysters may inhibit apoptosis. 1105 

 1106 

Transforming growth factor-beta-induced protein ig-h3 (TGFBI), represented by contig 1107 

6728, plays a role in inducing collagen expression [148], of which two were identified to be 1108 

differentially expressed: collagen alpha-2 chain (contig 78949) and short-chain collagen c4 1109 

(contig 14728). Collagen is known to play a role in immune responses by binding to 1110 

pathogens, and antagonizing apoptosis by binding to apoptosis-inducing cells [149]. 1111 

TGFBI is also known to play other roles, such as in inhibiting cell attachment [150]. The 1112 

up-regulation of all three of these genes in OOD-positive oysters strongly suggests an 1113 

immune-response, and once again exhibits a clear indication that apoptosis is antagonized 1114 

in response to OOD. 1115 

 1116 

Dispatched (contig 73730) is a protein that plays a role in membranal molecular trafficking, 1117 

which along with a hedgehog gene is involved in cellular growth and development [151-1118 

153]. However, without the differential expression of the hedgehog gene in this case, it is 1119 

unsure that dispatched plays this same role in response to OOD. 1120 

 1121 

3.7. OOD response profile and comparison to the viral infection response profile 1122 

 1123 

As determined in section 1.6., the viral infection response profile is very specific. Table 1 1124 

lists five proteins/protein families that are differentially expressed in response to a viral 1125 

infection, which are distinct from those involved in response to other stressors. These 1126 

proteins have been definitively implicated in response to viral infections in both oysters [79, 1127 

80, 154] and non-oysters [81, 82]. 1128 

 1129 

A total of 27 genes/gene products make up the OOD response profile. However, no 1130 

gene/gene product determined through the current study matches with any of the 1131 

protein/protein families that makes up the typical viral infection response profile. This 1132 

excludes the viral stressor as a potential cause of OOD. 1133 

 1134 

On the other hand, a large proportion of the OOD response profile matches to other 1135 

genes/gene products identified in Table 1 that are associated with stress, wound healing 1136 

and immune responses. NADH dehydrogenase was commonly found to be differentially 1137 
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expressed, along with molecular chaperones (heat shock proteins and their co-1138 

chaperones). Many proteins that play a role in apoptosis inhibition were also identified. All 1139 

of these changes are characteristic of responses to non-viral infections. Comparison of the 1140 

broad intracellular processes identified in this study found that there was no significant 1141 

difference (p-value=0.282, >0.05) between our data and the meta-analysis of Anderson et 1142 

al. [75]. This indicated that there was a concerted, but generalized response to stress in 1143 

OOD-affected oysters. This is in agreement with the observation that a large portion of the 1144 

OOD response profile (21 genes out of 27) plays a role in stress responses (13 genes) or 1145 

immune responses/wound healing (8 genes). 1146 

 1147 

 1148 

 1149 

 1150 

 1151 

 1152 

 1153 

 1154 

 1155 

 1156 

 1157 

 1158 

 1159 

 1160 

 1161 

 1162 

 1163 

 1164 

 1165 

 1166 

 1167 

 1168 

 1169 

 1170 

 1171 

 1172 
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4. Conclusion 1173 

 1174 

The transcriptomic analysis of the host response of the pearl oyster P. maxima to OOD 1175 

has validated the method as a viable investigative tool for the future. Through RNA-seq 1176 

analysis, a comparison of expression levels of OOD-positive and OOD-negative 1177 

specimens was accomplished, and a set of differentially expressed genes obtained and 1178 

collated into a response profile of 28 genes. A comparison of this response profile to the 1179 

typical viral infection response profile of molluscs yielded no match. In contrast, there were 1180 

clear indications that an alternative stressor, yielding a more ‘general’ response to stress, 1181 

is involved in OOD. In particular, this generalised stress response involved the differential 1182 

expression of genes involved in wound healing and immune responses. 1183 

 1184 

This study has therefore been able to narrow the focus of further research, which will be 1185 

able to concentrate on non-viral stressors. With more stressor response profiles built in the 1186 

future, studies such as this will become more precise and powerful. Even now, this study 1187 

has already established the feasibility of generating the data necessary for comparison. 1188 

 1189 

 1190 

 1191 

 1192 

 1193 

 1194 

 1195 

 1196 

 1197 

 1198 
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There are no strict formatting requirements but all manuscripts must contain the essential elements 
needed to convey your manuscript, for example Abstract, Keywords, Introduction, Materials and 
Methods, Results, Conclusions, Artwork and Tables with Captions. 
If your article includes any Videos and/or other Supplementary material, this should be included in 
your initial submission for peer review purposes. 
Divide the article into clearly defined sections. 
 
Please ensure your paper has consecutive line numbering - this is an essential peer review 
requirement. 

http://ees.elsevier.com/fsim
http://ess.elsevier.com/yfsim
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Figures and tables embedded in text  
Please ensure the figures and the tables included in the single file are placed next to the relevant text 
in the manuscript, rather than at the bottom or the top of the file. 

REVISED SUBMISSIONS  

Use of word processing software  
Regardless of the file format of the original submission, at revision you must provide us with an 
editable file of the entire article. Keep the layout of the text as simple as possible. Most formatting 
codes will be removed and replaced on processing the article. The electronic text should be 
prepared in a way very similar to that of conventional manuscripts (see also the Guide to Publishing 
with Elsevier: http://www.elsevier.com/guidepublication). See also the section on Electronic 
artwork.  
To avoid unnecessary errors you are strongly advised to use the 'spell-check' and 'grammar-check' 
functions of your word processor. 

Subdivision - numbered sections  
Divide your article into clearly defined and numbered sections. Subsections should be numbered 1.1 
(then 1.1.1, 1.1.2, ...), 1.2, etc. (the abstract is not included in section numbering). Use this 
numbering also for internal cross-referencing: do not just refer to 'the text'. Any subsection may be 
given a brief heading. Each heading should appear on its own separate line. 

Introduction  
State the objectives of the work and provide an adequate background, avoiding a detailed literature 
survey or a summary of the results. 

Material and methods  
Provide sufficient detail to allow the work to be reproduced. Methods already published should be 
indicated by a reference: only relevant modifications should be described. 

Results  
Results should be clear and concise. 

Discussion  
This should explore the significance of the results of the work, not repeat them. A combined Results 
and Discussion section is often appropriate. Avoid extensive citations and discussion of published 
literature. 

Conclusions  
The main conclusions of the study may be presented in a short Conclusions section, which may 
stand alone or form a subsection of a Discussion or Results and Discussion section. 

Essential title page information  
 
• Title. Concise and informative. Titles are often used in information-retrieval systems. Avoid 
abbreviations and formulae where possible. 
• Author names and affiliations. Please clearly indicate the given name(s) and family name(s) of 
each author and check that all names are accurately spelled. Present the authors' affiliation 
addresses (where the actual work was done) below the names. Indicate all affiliations with a lower-
case superscript letter immediately after the author's name and in front of the appropriate address. 
Provide the full postal address of each affiliation, including the country name and, if available, the 
e-mail address of each author. 

http://www.elsevier.com/guidepublication
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• Corresponding author. Clearly indicate who will handle correspondence at all stages of 
refereeing and publication, also post-publication. Ensure that the e-mail address is given and 
that contact details are kept up to date by the corresponding author. 
• Present/permanent address. If an author has moved since the work described in the article was 
done, or was visiting at the time, a 'Present address' (or 'Permanent address') may be indicated as a 
footnote to that author's name. The address at which the author actually did the work must be 
retained as the main, affiliation address. Superscript Arabic numerals are used for such footnotes. 

Abstract  
 
A concise and factual abstract is required. The abstract should state briefly the purpose of the 
research, the principal results and major conclusions. An abstract is often presented separately from 
the article, so it must be able to stand alone. For this reason, References should be avoided, but if 
essential, then cite the author(s) and year(s). Also, non-standard or uncommon abbreviations should 
be avoided, but if essential they must be defined at their first mention in the abstract itself. 

Graphical abstract  
 
Although a graphical abstract is optional, its use is encouraged as it draws more attention to the 
online article. The graphical abstract should summarize the contents of the article in a concise, 
pictorial form designed to capture the attention of a wide readership. Graphical abstracts should be 
submitted as a separate file in the online submission system. Image size: Please provide an image 
with a minimum of 531 × 1328 pixels (h × w) or proportionally more. The image should be 
readable at a size of 5 × 13 cm using a regular screen resolution of 96 dpi. Preferred file types: 
TIFF, EPS, PDF or MS Office files. See http://www.elsevier.com/graphicalabstracts for examples.  
Authors can make use of Elsevier's Illustration and Enhancement service to ensure the best 
presentation of their images and in accordance with all technical requirements: Illustration Service. 

Highlights  
 
Highlights are mandatory for this journal. They consist of a short collection of bullet points that 
convey the core findings of the article and should be submitted in a separate editable file in the 
online submission system. Please use 'Highlights' in the file name and include 3 to 5 bullet points 
(maximum 85 characters, including spaces, per bullet point). See 
http://www.elsevier.com/highlights for examples. 
 
Immediately after the abstract, provide 5-10 keywords, avoiding general and plural terms and 
multiple concepts (avoid, for example, 'and', 'of'). Be sparing with abbreviations: only abbreviations 
firmly established in the field may be eligible. 

Abbreviations  
 
Define abbreviations that are not standard in this field in a footnote to be placed on the first page of 
the article. Such abbreviations that are unavoidable in the abstract must be defined at their first 
mention there, as well as in the footnote. Ensure consistency of abbreviations throughout the article. 

Acknowledgements  
 
Collate acknowledgements in a separate section at the end of the article before the references and do 
not, therefore, include them on the title page, as a footnote to the title or otherwise. List here those 
individuals who provided help during the research (e.g., providing language help, writing assistance 
or proof reading the article, etc.). 

http://www.elsevier.com/graphicalabstracts
http://webshop.elsevier.com/illustrationservices/ImagePolishing/gap/requestForm.cfm
http://www.elsevier.com/highlights
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Nomenclature and units  
 
Follow internationally accepted rules and conventions: use the international system of units (SI). If 
other quantities are mentioned, give their equivalent in SI. You are urged to consult IUB: 
Biochemical Nomenclature and Related Documents: http://www.chem.qmw.ac.uk/iubmb/ for 
further information. 

Footnotes  
 
Footnotes should be used sparingly. Number them consecutively throughout the article. Many word 
processors build footnotes into the text, and this feature may be used. Should this not be the case, 
indicate the position of footnotes in the text and present the footnotes themselves separately at the 
end of the article. 

Artwork  

Electronic artwork  
General points 
• Make sure you use uniform lettering and sizing of your original artwork.  
• Preferred fonts: Arial (or Helvetica), Times New Roman (or Times), Symbol, Courier.  
• Number the illustrations according to their sequence in the text.  
• Use a logical naming convention for your artwork files.  
• Indicate per figure if it is a single, 1.5 or 2-column fitting image.  
• For Word submissions only, you may still provide figures and their captions, and tables within a 
single file at the revision stage.  
• Please note that individual figure files larger than 10 MB must be provided in separate source 
files.  
A detailed guide on electronic artwork is available on our website:  
http://www.elsevier.com/artworkinstructions. 
You are urged to visit this site; some excerpts from the detailed information are given here.  
Formats  
Regardless of the application used, when your electronic artwork is finalized, please 'save as' or 
convert the images to one of the following formats (note the resolution requirements for line 
drawings, halftones, and line/halftone combinations given below):  
EPS (or PDF): Vector drawings. Embed the font or save the text as 'graphics'.  
TIFF (or JPG): Color or grayscale photographs (halftones): always use a minimum of 300 dpi.  
TIFF (or JPG): Bitmapped line drawings: use a minimum of 1000 dpi.  
TIFF (or JPG): Combinations bitmapped line/half-tone (color or grayscale): a minimum of 500 dpi 
is required.  
Please do not:  
• Supply files that are optimized for screen use (e.g., GIF, BMP, PICT, WPG); the resolution is too 
low.  
• Supply files that are too low in resolution.  
• Submit graphics that are disproportionately large for the content. 

Color artwork  
Please make sure that artwork files are in an acceptable format (TIFF (or JPEG), EPS (or PDF), or 
MS Office files) and with the correct resolution. If, together with your accepted article, you submit 
usable color figures then Elsevier will ensure, at no additional charge, that these figures will appear 
in color online (e.g., ScienceDirect and other sites) regardless of whether or not these illustrations 
are reproduced in color in the printed version. For color reproduction in print, you will receive 
information regarding the costs from Elsevier after receipt of your accepted article. Please 

http://www.chem.qmw.ac.uk/iubmb/
http://www.elsevier.com/artworkinstructions
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indicate your preference for color: in print or online only. For further information on the preparation 
of electronic artwork, please see http://www.elsevier.com/artworkinstructions.  
Please note: Because of technical complications that can arise by converting color figures to 'gray 
scale' (for the printed version should you not opt for color in print) please submit in addition usable 
black and white versions of all the color illustrations. 

Figure captions  
Ensure that each illustration has a caption. A caption should comprise a brief title (not on the figure 
itself) and a description of the illustration. Keep text in the illustrations themselves to a minimum 
but explain all symbols and abbreviations used. 

Tables  
 
Please submit tables as editable text and not as images. Tables can be placed either next to the 
relevant text in the article, or on separate page(s) at the end. Number tables consecutively in 
accordance with their appearance in the text and place any table notes below the table body. Be 
sparing in the use of tables and ensure that the data presented in them do not duplicate results 
described elsewhere in the article. Please avoid using vertical rules. 

References  

Citation in text  
Please ensure that every reference cited in the text is also present in the reference list (and vice 
versa). Any references cited in the abstract must be given in full. Unpublished results and personal 
communications are not recommended in the reference list, but may be mentioned in the text. If 
these references are included in the reference list they should follow the standard reference style of 
the journal and should include a substitution of the publication date with either 'Unpublished results' 
or 'Personal communication'. Citation of a reference as 'in press' implies that the item has been 
accepted for publication. 

Web references  
As a minimum, the full URL should be given and the date when the reference was last accessed. 
Any further information, if known (DOI, author names, dates, reference to a source publication, 
etc.), should also be given. Web references can be listed separately (e.g., after the reference list) 
under a different heading if desired, or can be included in the reference list. 

References in a special issue  
Please ensure that the words 'this issue' are added to any references in the list (and any citations in 
the text) to other articles in the same Special Issue. 

Reference management software  
Most Elsevier journals have a standard template available in key reference management packages. 
This covers packages using the Citation Style Language, such as Mendeley 
(http://www.mendeley.com/features/reference-manager) and also others like EndNote 
(http://www.endnote.com/support/enstyles.asp) and Reference Manager 
(http://refman.com/support/rmstyles.asp). Using plug-ins to word processing packages which are 
available from the above sites, authors only need to select the appropriate journal template when 
preparing their article and the list of references and citations to these will be formatted according to 
the journal style as described in this Guide. The process of including templates in these packages is 
constantly ongoing. If the journal you are looking for does not have a template available yet, please 
see the list of sample references and citations provided in this Guide to help you format these 
according to the journal style. 

http://www.elsevier.com/artworkinstructions
http://www.mendeley.com/features/reference-manager
http://www.endnote.com/support/enstyles.asp
http://refman.com/support/rmstyles.asp
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If you manage your research with Mendeley Desktop, you can easily install the reference style for 
this journal by clicking the link below: 
http://open.mendeley.com/use-citation-style/fish-and-shellfish-immunology 
When preparing your manuscript, you will then be able to select this style using the Mendeley plug-
ins for Microsoft Word or LibreOffice. For more information about the Citation Style Language, 
visit http://citationstyles.org. 

Reference formatting  
There are no strict requirements on reference formatting at submission. References can be in any 
style or format as long as the style is consistent. Where applicable, author(s) name(s), journal 
title/book title, chapter title/article title, year of publication, volume number/book chapter and the 
pagination must be present. Use of DOI is highly encouraged. The reference style used by the 
journal will be applied to the accepted article by Elsevier at the proof stage. Note that missing data 
will be highlighted at proof stage for the author to correct. If you do wish to format the references 
yourself they should be arranged according to the following examples: 

Reference style  
Text: Indicate references by number(s) in square brackets in line with the text. The actual authors 
can be referred to, but the reference number(s) must always be given.  
List: Number the references (numbers in square brackets) in the list in the order in which they 
appear in the text.  
Examples:  
Reference to a journal publication:  
[1] Van der Geer J, Hanraads JAJ, Lupton RA. The art of writing a scientific article. J Sci Commun 
2010;163:51–9.  
Reference to a book:  
[2] Strunk Jr W, White EB. The elements of style. 4th ed. New York: Longman; 2000.  
Reference to a chapter in an edited book:  
[3] Mettam GR, Adams LB. How to prepare an electronic version of your article. In: Jones BS, 
Smith RZ, editors. Introduction to the electronic age, New York: E-Publishing Inc; 2009, p. 281–
304.  
Note shortened form for last page number. e.g., 51–9, and that for more than 6 authors the first 6 
should be listed followed by 'et al.' For further details you are referred to 'Uniform Requirements for 
Manuscripts submitted to Biomedical Journals' (J Am Med Assoc 1997;277:927–34) (see also 
http://www.nlm.nih.gov/bsd/uniform_requirements.html). 

Video data  
 
Elsevier accepts video material and animation sequences to support and enhance your scientific 
research. Authors who have video or animation files that they wish to submit with their article are 
strongly encouraged to include links to these within the body of the article. This can be done in the 
same way as a figure or table by referring to the video or animation content and noting in the body 
text where it should be placed. All submitted files should be properly labeled so that they directly 
relate to the video file's content. In order to ensure that your video or animation material is directly 
usable, please provide the files in one of our recommended file formats with a preferred maximum 
size of 150 MB. Video and animation files supplied will be published online in the electronic 
version of your article in Elsevier Web products, including ScienceDirect: 
http://www.sciencedirect.com. Please supply 'stills' with your files: you can choose any frame from 
the video or animation or make a separate image. These will be used instead of standard icons and 
will personalize the link to your video data. For more detailed instructions please visit our video 
instruction pages at http://www.elsevier.com/artworkinstructions. Note: since video and animation 

http://open.mendeley.com/use-citation-style/fish-and-shellfish-immunology
http://citationstyles.org/
http://www.nlm.nih.gov/bsd/uniform_requirements.html
http://www.sciencedirect.com/
http://www.elsevier.com/artworkinstructions
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cannot be embedded in the print version of the journal, please provide text for both the electronic 
and the print version for the portions of the article that refer to this content. 

AudioSlides  
 
The journal encourages authors to create an AudioSlides presentation with their published article. 
AudioSlides are brief, webinar-style presentations that are shown next to the online article on 
ScienceDirect. This gives authors the opportunity to summarize their research in their own words 
and to help readers understand what the paper is about. More information and examples are 
available at http://www.elsevier.com/audioslides. Authors of this journal will automatically receive 
an invitation e-mail to create an AudioSlides presentation after acceptance of their paper. 

Supplementary material  
 
Elsevier accepts electronic supplementary material to support and enhance your scientific research. 
Supplementary files offer the author additional possibilities to publish supporting applications, 
high-resolution images, background datasets, sound clips and more. Supplementary files supplied 
will be published online alongside the electronic version of your article in Elsevier Web products, 
including ScienceDirect: http://www.sciencedirect.com. In order to ensure that your submitted 
material is directly usable, please provide the data in one of our recommended file formats. Authors 
should submit the material in electronic format together with the article and supply a concise and 
descriptive caption for each file. For more detailed instructions please visit our artwork instruction 
pages at http://www.elsevier.com/artworkinstructions. 

Database linking  
 
Elsevier encourages authors to connect articles with external databases, giving readers access to 
relevant databases that help to build a better understanding of the described research. Please refer to 
relevant database identifiers using the following format in your article: Database: xxxx (e.g., TAIR: 
AT1G01020; CCDC: 734053; PDB: 1XFN). See http://www.elsevier.com/databaselinking for more 
information and a full list of supported databases. 

Submission checklist  
 
The following list will be useful during the final checking of an article prior to sending it to the 
journal for review. Please consult this Guide for Authors for further details of any item.  
Ensure that the following items are present:  
One author has been designated as the corresponding author with contact details:  
• E-mail address  
• Full postal address  
All necessary files have been uploaded, and contain:  
• Keywords  
• All figure captions  
• All tables (including title, description, footnotes)  
Further considerations  
• Manuscript has been 'spell-checked' and 'grammar-checked'  
• All references mentioned in the Reference list are cited in the text, and vice versa  
• Permission has been obtained for use of copyrighted material from other sources (including the 
Internet)  
Printed version of figures (if applicable) in color or black-and-white  
• Indicate clearly whether or not color or black-and-white in print is required.  
• For reproduction in black-and-white, please supply black-and-white versions of the figures for 

http://www.elsevier.com/audioslides
http://www.sciencedirect.com/
http://www.elsevier.com/artworkinstructions
http://www.elsevier.com/databaselinking
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printing purposes.  
For any further information please visit our customer support site at http://support.elsevier.com. 

 

Use of the Digital Object Identifier  
 
The Digital Object Identifier (DOI) may be used to cite and link to electronic documents. The DOI 
consists of a unique alpha-numeric character string which is assigned to a document by the 
publisher upon the initial electronic publication. The assigned DOI never changes. Therefore, it is 
an ideal medium for citing a document, particularly 'Articles in press' because they have not yet 
received their full bibliographic information. Example of a correctly given DOI (in URL format; 
here an article in the journal Physics Letters B):  
http://dx.doi.org/10.1016/j.physletb.2010.09.059 
When you use a DOI to create links to documents on the web, the DOIs are guaranteed never to 
change. 

Online proof correction  
 
Corresponding authors will receive an e-mail with a link to our online proofing system, allowing 
annotation and correction of proofs online. The environment is similar to MS Word: in addition to 
editing text, you can also comment on figures/tables and answer questions from the Copy Editor. 
Web-based proofing provides a faster and less error-prone process by allowing you to directly type 
your corrections, eliminating the potential introduction of errors. 
If preferred, you can still choose to annotate and upload your edits on the PDF version. All 
instructions for proofing will be given in the e-mail we send to authors, including alternative 
methods to the online version and PDF. 
We will do everything possible to get your article published quickly and accurately. Please use this 
proof only for checking the typesetting, editing, completeness and correctness of the text, tables and 
figures. Significant changes to the article as accepted for publication will only be considered at this 
stage with permission from the Editor. It is important to ensure that all corrections are sent back to 
us in one communication. Please check carefully before replying, as inclusion of any subsequent 
corrections cannot be guaranteed. Proofreading is solely your responsibility. 

Offprints  
 
The corresponding author, at no cost, will be provided with a personalized link providing 50 days 
free access to the final published version of the article on ScienceDirect. This link can also be used 
for sharing via email and social networks. For an extra charge, paper offprints can be ordered via 
the offprint order form which is sent once the article is accepted for publication. Both corresponding 
and co-authors may order offprints at any time via Elsevier's WebShop 
(http://webshop.elsevier.com/myarticleservices/offprints). Authors requiring printed copies of 
multiple articles may use Elsevier WebShop's 'Create Your Own Book' service to collate multiple 
articles within a single cover (http://webshop.elsevier.com/myarticleservices/booklets). 

 
 
You can track your submitted article at http://www.elsevier.com/track-submission. You can track 
your accepted article at http://www.elsevier.com/trackarticle. You are also welcome to contact 
Customer Support via http://support.elsevier.com. 

http://support.elsevier.com/
http://dx.doi.org/10.1016/j.physletb.2010.09.059
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http://webshop.elsevier.com/myarticleservices/offprints
http://webshop.elsevier.com/myarticleservices/booklets
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