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Abstract 

 

Water temperature influences basic life history traits of the American lobster 

(Homarus americanus) such as survival, growth and reproduction. Yet, relatively 

little is known about the effects of water temperature on the immune response of H. 

americanus. White spot syndrome virus (WSSV) is currently one of the largest 

impediments to the shrimp aquaculture industry worldwide. The World Organization 

for Animal Health (Office International de Epizootic; OIE) lists WSSV as a 

notifiable disease with the potential to infect all crustacean decapods. This project 

investigates the constraints imposed by a range of temperatures (10 
o
C, 15 

o
C, 17.5 

o
C, 20 

o
C) on the clinical, tissue and molecular immune responses of H. americanus 

experimentally infected with WSSV. Haemocyte concentration and qPCR testing of 

haemolymph were used to monitor the hostôs clinical response over time and to 

determine presence of viral infection, respectively. A decrease in clinical condition 

of H. americanus was observed at 17.5 
o
C and 20 

o
C but not at 10 

o
C and 15 

o
C. 

WSSV-qPCR revealed viral amplification was associated with higher ambient 

temperature. A combination of light and electron microscopy, as well as qPCR 

testing of various tissues was used to elucidate changes within infected H. 

americanus at the various temperatures. Of the 11 host tissues examined, 

hypertrophied nuclei (indicative of WSSV infection) were most easily identifiable 

within the antennal gland and intestine of infected animals at warmer temperatures 

(17.5 
o
C and 20 

o
C). At colder temperatures (10 

o
C) no WSSV associated 

histopathological changes were identified in any of the examined tissues. Electron 

microscopy was used to explore the general ultrastructure of the antennal gland and 

the confirmed presence of WSSV rod-shaped and enveloped virions. In infected 

animals the two main regions of the antennal gland, the coelomosac and labyrinth, 

contained randomly distributed infected nuclei with marginated host chromatin and 

WSSV virions in various stages of replication. In marine decapods, the antennal 

gland is involved in osmoregulation and excretion suggesting that the antennal gland 

may be a preferred site for WSSV viral replication and inclusion within the 

excretory product. Lastly, a lobster specific microarray was used to monitor 

transcriptomic changes across 14,592 genes during viral infection at the different 

temperatures. Using one-way ANOVA analyses, a total of 717 genes were identified 

as significantly differentially expressed between infected and control H. americanus 

at the various temperatures. Differentially expressed genes included, ribosomal 

proteins (L27a, L13, L11, and L39), mitogen-activated protein kinase organizer 1, 

prolyl-4-hydroxylase-alpha, laminin subunit gamma-3, short-chain dehydrogenase 

and acute phase serum amyloid A. Microarray results were verified using RT-qPCR. 

Clinical, tissue and molecular immune results from this study provide a thorough 

assessment of the impact of temperature and WSSV in H. americanus. The use of a 

range of approaches and experimental temperatures is critical for broadening our 

understanding of how temperature influences host pathogen interactions in the 

economically important American lobster H. americanus. 
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 1 

1.0 GENERAL INTRODUCTION  

1.1 The Canadian Lobster Fishing Industry 

The American lobster, Homarus americanus, is one of Canadaôs most 

profitable marine commodities. H. americanus inhabits coastal waters that span from 

North Carolina, USA increasing in latitude to Northern Newfoundland, Canada 

(Aiken and Waddy, 1986). The Canadian lobster fishery is situated over much of the 

lobsterôs northern geographic range, but is primarily based in Nova Scotia, New 

Brunswick and Prince Edward Island with smaller fisheries also existing in Quebec 

and Newfoundland and Labrador. In 2014, 92 000 metric tonnes of live H. 

americanus was harvested from Atlantic Canada (Fisheries and Oceans Canada, 

2016). The majority (78%) of harvested H. americanus is sold within Canada and 

exported to the US, however it is also shipped to over 50 countries worldwide 

(Fisheries and Oceans Canada, 2015). H. americanus exports average approximately 

one billion dollars per year (Fisheries and Oceans Canada, 2015).  

Exploitation of the fishery is of major concern for the Canadian government 

(Fisheries and Oceans Canada, 2013). H. americanus population parameters such as 

health, age distribution, and natural mortality rates are difficult  to acquire, which 

makes forecasting trends in abundance a formidable endeavour (Wahle et al., 2004). 

In an attempt to offset this, Fisheries and Oceans Canada regulates the fishery 

through ñinput control,ò placing limits on fishing efforts. The fishery is divided into 

45 distinct lobster-fishing areas (LFAôs) each with a tailored integrated fisheries 

management plan governing fishing seasons, fishing licenses, trap allocation and 

harvest size (Fisheries and Oceans Canada, 2013). 
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1.2 Lobster Biology 

H. americanus is a member of the largest crustacean order, Decapoda 

(Barker and Gibson, 1977). It has a segmented body comprised of a head, thorax, 

and abdomen (Factor, 1995). The head and thorax region are fused together forming 

a cephalothorax, which is covered by the carapace. The cephalothorax contains the 

animalôs sensory, feeding and locomotory appendages such as the antennae 

(antennae and antennules), mouthparts (mandibles, maxillae and maxillipeds), and 

walking legs (pereiopods),  respectively (Factor, 1995). The abdomen bears 

locomotory and reproductive appendages, such as the swimmerets (pleopods) and 

the tail fan (Factor, 1995).  

1.2.1 Mating and Spawning  

H. americanus is dioecious (Talbot and Helluy, 1995). Gross external 

features of morphology, such as position of gonopores, form of first pleopods, 

carapace size, and shape of sternal spines can be used to distinguish the sexes 

(Talbot and Helluy, 1995). In H. americanus, mating typically occurs during the late 

summer months, following the female moult, when a male transfers his 

spermatophore to a female who stores it within the seminal receptacle until it is 

required for fertilization (Talbot and Helluy, 1995). During fertilization the females 

eggs are extruded and adhere to the underside of the abdomen, where they incubate 

over winter for nine to twelve months (Helluy and Beltz, 1991; Templeman, 1940). 

The eggs undergo embryonic development into nauplii while attached to the female 

(Helluy and Beltz, 1991). Females tend to moult and mate one summer, with 

fertilization occurring the following summer (Aiken and Waddy, 1986).  
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1.2.2 Life Cycle 

H. americanus exhibit a complex life cycle that is divided into a series of 

pelagic and benthic phases (Factor, 1995). Nauplii are hatched from mid-May 

through early September as free-swimming, pre-larvae (Ennis, 1995). Pre-larvae 

rapidly undergo development into the first of three larval stages. The three larval 

stages of H. americanus (Stage I, II, III)  are free-swimming, planktonic and inhabit 

warmer (15 
o
C - 25 

o
C) pelagic zones of the ocean (Factor, 1995). During the final 

larval stage, stage III,  larvae undergo a metamorphosis into post-larval stage IV 

marking an ecological transition from the planktonic water column to the benthic 

environment (Ennis, 1995). Duration of pelagic larval stages can vary from two to 

eight weeks depending on environmental conditions (Aiken and Waddy, 1986). The 

moult following post-larval stage IV yields the first of three juvenile stages. 

Juveniles are small in size but resemble adults in form and are entirely benthic, 

relying heavily on their shelter for protection (Factor, 1995). As the animal increases 

in size, it becomes better equipped to defend itself from predators and decreases its 

shelter dependence (Lawton and Lavalli, 1995). The onset of physiological but not 

functional sexual maturity marks adolescence whereas completion of a successful 

mating event marks the adult phase (Lawton and Lavalli, 1995). The H. americanus 

life cycle typically requires 5-8 years before the animal is of legal minimum size to 

be commercially harvested (Waddy et al., 1995).  

1.2.3 Growth and Moulting 

H. americanus are indeterminate growers since they continue moulting 

throughout their entire lifespan. Moulting is divided into a series of inter-moult, pre-
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moult, ecdysis and post-moult phases, that are further subdivided into stages A, B, 

C1-3, C4, D, E (Wahle and Fogarty, 2006). Stage E, is ecdysis, where ecdysial 

sutures break and the exoskeleton is shed (Wahle and Fogarty, 2006). Stage A, B, 

and C1-3, define the post-moult phase when the soft lobster uses calcium stores 

(gastroliths) to harden critical appendages (Wahle and Fogarty, 2006). Stage C4 

marks the beginning of the inter-moult phase, when the new exoskeleton is at 

maximum rigidity (Wahle and Fogarty, 2006). Inter-moult lasts until physiological 

changes associated with the next moult begin. The pre-moult period, stage D, occurs 

when the new cuticle begins to form under the exoskeleton. During pre-moult the 

shell is decalcified and shell constituents are absorbed and stored for later 

reabsorption (Ahearn et al., 2004). Stage D is also when the lobster begins ingesting 

water in preparation of the final stage, ecdysis (Waddy et al., 1995; Wahle and 

Fogarty, 2006). During moulting H. americanus can increase its volume up to 50% 

(Waddy et al., 1995). Moulting occurs frequently (several times per year) in the first 

5-7 years of the lobstersô life. After which, H. americanus tend to moult once per 

year (males) or every two years (female) typically during the summer months 

(Waddy et al., 1995).  

Ecdysteroid, a hormone synthesized from cholesterol and produced in the 

moulting gland (Y-organ or YO), is largely responsible for initiating the moulting 

sequence (Devaraj and Natarajan, 2006). Ecdysteroid levels are negatively regulated 

by the presence of the moult-inhibiting hormone (MIH)  (Mykles, 2011). MIH peaks 

in haemolymph during the inter-moult phase and decreases during pre-moult, in turn 

increasing ecdysteroid levels, transitioning the animal to moult (Chang and Mykles, 
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2011). 

1.2.4 Genomics 

Genomic resources for H. americanus are slowly growing (Clark and 

Greenwood, 2016; McGrath et al., 2016). However, H. americanus still lacks a 

whole published genome, with the exception of the mitochondrial genome which has 

been sequenced (Kim et al., 2011). Sequencing of crustacean genomes remains a 

daunting endeavour given that many new crustacean sequences are not found in 

public DNA sequence databases and that there exists large evolutionary distance 

between species whose genomes have been sequenced (other insects) and 

crustaceans (Richards, 2015). Clark and Greenwood (2016) recently annotated a 

significant number of crustacean immune genes (with an emphasis on H. 

americanus) which forms the basis for the immune processes described later in this 

thesis. While the Clark and Greenwood (2016) paper functions as a great resource it 

is worth noting that the transcript number in total is likely over estimated given that 

the total number of genes is still unknown.    

1.3 Environmental Variables 

The geographical range of H. americanus presents the animal with a wide 

array of environmental conditions (Aiken and Waddy, 1986). The interactions 

between these environmental variables, whether in combination or individually, and 

the biological processes of H. americanus are complex (Aiken and Waddy, 1986).  
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1.3.1 Salinity 

H. americanus are considered osmoconformers in ideal environments but 

weak osmoregulators near salinity extremes (Dall, 1970; Jury, 1994; McMahon, 

1995). H. americanus are typically limited to coastal waters where salinities remain 

above 25 parts per thousand (ppt); however, spring run-off and heavy rainfall events 

can expose them to varying salinities (Dall, 1970; Jury, 1994). The lethal salinity 

limit  for H. americanus is dependent on temperature and dissolved oxygen 

(McMahon, 1995). At cold temperatures (5 °C) and increased dissolved oxygen 

concentrations (6.4 mg O2/L) a lethal salinity of 6 ppt has been recorded (McLeese, 

1956). Warmer water temperatures and low salinities (below 15 ppt) are 

metabolically stressful and energetically costly to H. americanus likely resulting in 

death (Mercaldo-Allen and Kuropat, 1994). The favoured salinity of H. americanus 

is 30-31 ppt (McMahon, 1995). 

1.3.2 Dissolved Oxygen 

Atmospheric exchange, upwelling, respiration, photosynthesis, temperature 

and salinity can all affect the availability of dissolved oxygen in the environment 

(Davis, 1975). H. americanus are surprisingly tolerant of low oxygen 

concentrations; with the exception of when the animal is approaching moulting, as 

this is when oxygen consumption peaks (Mercaldo-Allen and Kuropat, 1994). The 

lower lethal oxygen level ranges from 0.2 mg O2/L at 5 °C to 1.2 mg O2/L at 25 °C 

(Aiken and Waddy, 1986; Mercaldo-Allen and Kuropat, 1994). At lower oxygen 

concentrations, H. americanus decrease oxygen consumption while increasing 

branchial water flow and increasing oxygen transport through an increase in the 
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oxygen affinity of the respiratory pigment haemocyanin (Mercaldo-Allen and 

Kuropat, 1994). 

1.3.3 Nitrogen 

The main excretory product in H. americanus is nitrogen waste ammonia. 

Lobsters are often housed in recirculating water systems, for experimental and 

commercial use, where concentrations of ammonia can accumulate and become 

toxic if  uncontrolled (Young-Lai et al., 1991). Larvae and post-larvae are the most 

sensitive to ammonia with an LC50 value of 1.4 mg/L (Mercaldo-Allen and Kuropat, 

1994). Adult H. americanus are more tolerant to ammonia as tolerance increases 

with development (Mercaldo-Allen and Kuropat, 1994). Concentrations less than 

0.14 mg/L are considered optimal for culture facilities (Ennis, 1995). Ammonia 

toxicity is less of a concern in the marine environment as it is very rare that 

ammonia levels would reach a critical high that would cause mortality (Ennis, 1995). 

1.3.4 pH 

Historically, ocean pH was slightly basic at 8.2; however, over the past two 

decades it has experienced a drop of 0.1 pH units leaving the current ocean pH to be 

8.1 (Meehl et al., 2007). As CO2 emissions continue to enter our oceans, pH is 

predicted to decline to 7.7 by the year 2100 (Meehl et al., 2007). A decrease in ocean 

pH correlates to lower concentrations of carbonate ions available for the 

biosynthesis of calcium carbonate, suggesting that marine calcifiers, like H. 

americanus, may experience difficulty hardening their shells (Green et al., 2014; 

Keppel et al., 2012). Keppel et al. (2012) found that larval H. americanus reared in 

acidified seawater (pH 7.7) conditions have significantly shorter carapace lengths 
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and slowed larval development relative to controls (Keppel et al., 2012). A more 

recent study, conducted by Waller et al., (2016) examined the interactive effects of 

elevated temperature and pCO2 in larval H. americanus and found that increased 

pCO2 treatments caused no significant change in larval survival or development time 

but a significant increase in feeding rates, swimming speeds and carapace length 

relative to controls (Waller et al., 2016).  

1.3.5 Temperature 

H. americanus can be exposed to temperature extremes ranging from 0 
o
C to 

30 
o
C (Aiken and Waddy, 1986; Lagerspetz and Vainio, 2006). As a result, different 

life stages of the animal demonstrate different thermal tolerances and preferences. 

Embryos require temperatures between 10 
o
C and 20 

o
C for development, whereas 

larvae require waters between 16 
o
C and 25 

o
C for optimal growth (Mercaldo-Allen 

and Kuropat, 1994; Waddy et al., 1995). Juveniles and adults can tolerate the 

broadest temperature range, with various studies reporting temperatures spanning 

from approximately 6 
o
C to 22 

o
C (Harding, 1992; Mercaldo-Allen and Kuropat, 

1994; Waddy et al., 1995). Variable water temperatures directly impact H. 

americanus, as temperatures outside of the ideal thermal limit  pose challenges for 

biological, physiological, molecular and immunological processes. It must also be 

noted that often suboptimal environments result in secondary stress impacts 

observed in H. americanus. 
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1.3.5.1 Larval Development, Growth and Reproduction 

In H. americanus embryogenesis and larval development are heavily 

influenced by water temperature. Egg development is two months longer in colder 

waters compared to warmer waters, and at temperatures below 6 
o
C egg 

development is rare (Talbot and Helluy, 1995). In laboratory conditions, H. 

americanus larvae raised at 19 
o
C develop twice as fast as those raised at 16 

o
C 

(Waller et al., 2016). Additionally, larvae hatched in temperatures below 5 
o
C rarely 

survive to post-larval stage IV and moulting to juveniles does not occur below 10 
o
C 

(Ennis, 1995). In adults temperatures below 6 
o
C inhibit moulting all together 

(Waddy et al., 1995). The most rapid growth rate in H. americanus adults occurs 

when lobsters are held between 20 
o
C and 22 

o
C (Waddy et al., 1995). In H. 

americanus growth rate increases as a function of temperature throughout the 

animalôs optimum temperature range and quickly begins to decrease when near the 

thermal limits (Green et al., 2014). 

Temperature also stimulates early ovarian development in female H. 

americanus, causing reproductive maturity to occur earlier at higher temperatures 

(Green et al., 2014; Pugh et al., 2013). Egg extrusion and hatching are regulated by 

temperature in that temperatures below 5 
o
C cause females to delay egg extrusion in 

favour of warmer waters (Aiken and Waddy, 1986). Waters around 12 
o
C are 

required in order to ensure larval survival upon hatching and release (Aiken and 

Waddy, 1986; Green et al., 2014).   
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1.3.5.2 Physiology  

Changes in environmental temperatures alter ion channels, neural circuits 

and contractile machinery in H. americanus (Qadri et al., 2007; Worden et al., 

2006). For example, serotonin, a neurohormone known to regulate cardiac 

performance in H. americanus, is temperature dependent which contributes to the 

increased heartbeat frequency observed at warmer temperatures (Worden et al., 

2006). Temperature is also inversely related to haemolymph pH, where abrupt 

increased temperatures can cause haemolymph acidosis, which in H. americanus can 

be compensated by an increase in ventilation rate (Qadri et al., 2007). Waller et al. 

(2016) also found increased oxygen consumption rates in larval H. americanus 

reared at warmer temperatures (19 
o
C) compared to colder temperatures (16 

o
C). 

Larvae at warmer temperatures also experienced increased growth rates suggesting 

that increased oxygen consumption rates may be the result of increased metabolic 

requirements at warmer temperatures (Waller et al., 2016). 

1.3.5.3 Genes and Proteins  

Temperature can also impact the rate of transcription of many genes (Hazel 

and Prosser, 1974). In H. americanus previous studies have examined the effect of 

thermal stress on heat shock protein (HSP) and polyubiquitin gene expression 

(Chang, 2005; Spees et al., 2002). HSPs are a highly conserved class of proteins that 

play an important role in protein stabilization (Usman et al., 2014). HSP 90 mRNA 

expression in muscle tissue has been found to increase during acute thermal stress in 

H. americanus (Chang, 2005). Polyubiquitin gene expression has been found to 

increase with thermal stress in hepatopancreas tissue, but not in muscle tissue 
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(Chang, 2005). Polyubiquitin is considered an indicator of protein degradation or 

permanent damage. As proteins become damaged, a larger number of polyubiquitin 

transcripts are required to support the degradation pathway (Spees et al., 2002).  

Results from Spees et al. (2002) suggest that different tissues may be more or less 

susceptible to protein degradation from thermal stress (Chang, 2005; Spees et al., 

2002). Similarly, Edge et al. (2005), found 6 genes differentially expressed during 

thermal stress exposure in the Mountainous Star coral Montastraea faveolata. 

Carbonic anhydrase and three ribosomal genes showed down-regulation in response 

to increased temperature, indicating decreased ribosomal function at warmer 

temperatures in M. faveolata (Edge et al., 2005).  

1.3.5.4 Immune Function  

Increased temperatures, outside of the preferred thermal range, negatively 

influence the ability of H. americanus to deal with disease (Maynard et al., 2016; 

Steenbergen et al., 1978). Steenbergen et al., (1978) found that at temperatures 

above 22 
o
C H. americanus haemocytes show a significant decrease in their ability 

to phagocytize the pathogen Aerococcus viridans var. homari. More recently, 

Groner et al., (2016) found that susceptibility to epizootic shell disease (ESD) is also 

influenced by temperature, with disease being most prevalent in warmer 

temperatures around 20-22 
o
C.  

In other marine invertebrates significant interaction occurs between 

temperature and immunocompetence (Cheng and Chen, 1998; Hernroth et al., 2012; 

Parry and Pipe, 2004; Vargas-Albores et al., 1998). Mussels Mytilus edulis, 

challenged with the bacterial pathogen Vibrio tubiashii, show a decrease in 
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haemocyte phagocytic function in warmer temperatures relative to controls (Parry 

and Pipe, 2004). In the giant freshwater prawn Macrobrachium rosenbergii, 

increased levels of mortality are observed in prawns challenged with an 

Enterococcus-like bacterium at high temperature and pH levels (Cheng and Chen, 

1998). In the yellowleg shrimp Penaeus californiensis, increased water temperature 

correlates with a decrease in total haemocytic prophenoloxidase (proPO) (Vargas-

Albores et al., 1998). Lastly, in the Norway lobster Nephrops norvegicus, negative 

impacts of ocean acidification on the immune system are exacerbated at increased 

temperatures, with a decrease in phagocytic capacity occurring at warmer 

temperatures (Hernroth et al., 2012). 

The fruit fly Drosophila melanogaster, provides insights into the relationship 

between temperature and immunity on a molecular level (Cataln et al., 2012; Linder 

et al., 2008). D. melanogaster infected with a gram-positive bacteria, show an 

increase in expression of immune genes, such as Spätzle, Metchnikowin and HSP 

83, at colder temperatures compared to warmer temperatures, indicating a more 

active and efficient immune system may be present at colder temperatures in the 

species (Catalán et al., 2012; Linder et al., 2008).  

1.4 Immunity 

Immunity is commonly classified into two parts, the innate (natural) response 

and the acquired (adaptive) response (Jiravanichpaisal et al., 2006). Adaptive 

contributions from lymphocytes however, are absent in invertebrates as they lack 

true lymphocytes (Rowley and Powell, 2007). As a result, the immune systems of 
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invertebrates rely solely on innate responses; which are comprised of complex 

interactions between cellular and humoral mechanisms (Hauton, 2012).   

In arthropods, the exoskeleton is the first line of defence against potential 

pathogens (Hillyer, 2015). However, moulting, injuries (resulting in cracks and 

breaks in the cuticle), and the alimentary canal (ingestion) provide portals of entry 

for pathogens to gain access to the host (Hillyer, 2015; Söderhäll and Cerenius, 

1992). Once a pathogen enters a host, non-self recognition results in the activation of 

immune signalling pathways, proteolytic immune cascades, and cellular and 

humoral defence mechanisms (Jiravanichpaisal et al., 2006; Sritunyalucksana and 

Söderhäll, 2000; Vazquez et al., 2009).  

1.4.1 Pathogen Recognition  

Microorganisms contain pathogen-associated molecular patterns (PAMPs), 

which are highly conserved molecular signatures that are absent from multicellular 

organisms (Goto and Kurata, 2012) and enable pathogens to be recognized by the 

host.  PAMPs consist of cell wall components, such as bacterial lipopolysaccharides 

(LPSs) and peptidoglycans (PGNs), lipoteichoic acid (LTA), fungal glucans, 

unmethylated CpG DNA, and at times viral double-stranded RNA and envelope 

proteins (Cerenius et al., 2010a; Vazquez et al., 2009).  

Crustaceans have a variety of haemocyte and plasma derived proteins, 

molecules and receptors whose main functions are to identify and signal the 

presence of these PAMPs (Cerenius et al., 2010a). These are termed pattern 

recognition proteins (PRPs) such as lipopolysaccharide and glucan binding protein 

(LGBP), gram-negative binding protein (GNBP), ɓ-1,3-glucan binding protein 
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(BGBP), peptidoglycan recognition protein (PGRP), masquerade-like proteins such 

as serine proteinase homologues (SPHs), Down syndrome cell adhesion molecules 

(DSCAMs) and lectins (Cerenius et al., 2010a).  

LGBP and GNBP bind fungi and gram-negative bacteria, resulting in 

initiation of the Toll pathway and melanization (Cerenius et al., 2010a). BGBP 

actively binds to ɓ-1, 3-glucans and can also initiate the proPO system (Cerenius et 

al., 2010a; Wang and Wang, 2013). Within the H. americanus transcriptome 605 

GNBP, 1 LGBP, 8 BGBP, and 31 PGRP putative immune transcripts have been 

identified (Clark and Greenwood, 2016).  

Masquerade-like SPHs identified in crayfish are primarily involved in 

proteolytic cascades resulting in production of opsonins and immune signalling 

(Cerenius et al., 2010b; Wang and Wang, 2013). Interestingly, a masquerade-like 

SPH in Penaeus monodon appears to be a multifunctional immune molecule 

showing binding affinity for LPS and displaying opsonic activity (Jitvaropas et al., 

2009; Wang and Wang, 2013). The H. americanus transcriptome contains 1760 

serine proteinase transcripts and 24 masquerade-like protein transcripts (Clark, 2014; 

Clark and Greenwood, 2016).   

DSCAMs are immunoglobulin-related proteins that contain highly variable 

extracellular regions speculated to function as pathogen binding sites (Cerenius and 

Söderhäll, 2013; Wang and Wang, 2013). Traditionally invertebrate immunity has 

been considered void of hypervariable antibodies but the presence of DSCAM 

isoforms suggests otherwise (Cerenius and Söderhäll, 2013). In H. americanus, 33 

DSCAM isoforms have been identified (Cerenius and Söderhäll, 2013; Clark, 2014; 
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Clark and Greenwood, 2016). In crayfish, bacterial challenges result in the 

production of DSCAM protein isoforms, which are believed to act both as a 

phagocytic receptor and as an opsonin (Cerenius and Söderhäll, 2013; Wang and 

Wang, 2013).  

Lastly, lectins are proteins that recognize and bind to specific sugar moieties, 

typically found in the cell wall of fungi and bacteria (Cerenius et al., 2010a). 

Binding of lectins to microbial surfaces mediates binding between haemocyte 

surface and pathogen, in turn enhancing the removal of pathogens (Cerenius et al., 

2010a). Of particular interest are two C-type lectins, present in Litopenaeus 

vannamei LvCTL1, and Penaeus monodon PmAV, which have been found to 

function in virus defence by binding to the white spot syndrome virus (WSSV) 

envelope protein VP28 (Cerenius et al., 2010a). Within the H. americanus 

transcriptome 45 C-type lectin transcripts, 2 C-type lectin receptor transcripts, 2 

agglutinin biogenesis protein transcripts and a single agglutinin receptor transcript 

have been identified (Clark and Greenwood, 2016).  

1.4.2 Immune Signalling 

There are three well-characterized immune pathways in invertebrate 

immunity: Toll (or Toll-like), immune deficiency (Imd) and Janus kinase-signal 

transducer and activator of transcription (JAK-STAT) (Murdock et al., 2012). The 

activation of these pathways produces signal transduction cascades or proteolytic 

cascades that result in the production or release of transcription factors that trigger 

release of immune effector molecules (Murdock et al., 2014). The Toll and Imd 

pathways are responsible for the regulation of various antimicrobial peptide (AMP) 
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encoding genes, whereas JAK-STAT is involved in antiviral responses (De Gregorio 

et al., 2002; Liu et al., 2009).  

1.4.2.1 Toll 

Several components of the Toll pathway have been identified in the H. 

americanus transcriptome (Clark, 2014; Clark and Greenwood, 2016). Most notably, 

970 Toll transcripts, 57 Spätzle transcripts, 73 Myeloid differentiation primary 

response gene 88 (MyD88), 22 Dorsal, and 14 tube transcripts (Clark and 

Greenwood, 2016). The Toll pathway is well characterized in Drosophila, where it 

is activated by the presence of gram-positive bacteria and fungi (De Gregorio et al., 

2002). The binding of PGRP-SA or GNBP1 to PGN, or the binding of GNBP3 to 

fungal ɓ-1, 3-glucans triggers activation of a serine proteinase cascade. The serine 

proteinase cascade mediates the cleavage of pro-Spätzle (an inactive proenzyme), 

into Spätzle (Cerenius et al., 2010a). Spätzle is the ligand that binds to the Toll-like 

receptor (TLR) protein present on the membrane of the hostôs immune cells 

(Hoffmann and Reichhart, 2002). The binding of Spätzle to TLR, results in an 

intracellular signalling cascade involving adapter proteins, MyD88, tube and kinase 

Pelle (Hoffmann and Reichhart, 2002). The TLR adapter complex signals to an 

inactive transcription factor of the nuclear factor kappa-light-chain-enhancer of 

activated B cells (NF-əB) family which kinase Pelle then complexes the degradation 

of the inhibitor of kappa B-like (Iə-B) protein cactus, resulting in the nuclear 

translocation of the NF-əB-like transcription factors Dorsal and Dorsal-related 

immunity factor (Dif) (De Gregorio et al., 2002; Hoffmann and Reichhart, 2002). 
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Dorsal and Dif activate transcription of genes encoding antimicrobial peptides 

(Hoffmann and Reichhart, 2002).  

1.4.2.2 Imd 

The immune deficiency pathway acts against gram-negative bacteria 

(Hoffmann and Reichhart, 2002). In Drosophila, the pathway is initiated by the 

binding of PGN to a variety of PGRPs (Myllymäki et al., 2014). PGRP-LC is 

believed to be a primary component of Imd pathway activation (Choe et al., 2005; 

Myllymäki and Rämet, 2014). PGRP-LE, a soluble receptor present in the 

haemolymph, also plays a role in Imd activation by binding to PGN and transporting 

it to PGRP-LC (Myllymäki et al., 2014). The end product of the Imd pathway is 

Relish, a NF-əB-like transactivator (Hoffmann and Reichhart, 2002). Imd activation 

results in the recruitment of signalling complex components (signalosome 

equivalent), including Imd, dFADD adapter protein and Dredd (Myllymäki et al., 

2014). Dredd cleaves Imd leading to the recruitment of TAK1/TAB2 complex. The 

TAK1/TAB2 complex activates the Iə-B complex which in turn phosphorylates 

Relish, cleaving it from the inhibitory ankyrin repeat domain, allowing it to regulate 

AMP transcription (Hoffmann and Reichhart, 2002; Myllymäki et al., 2014). Imd 

pathway components including Relish, Iə-B related protein and several caspase 

isoforms have been identified in the H. americanus transcriptome (Clark, 2014; 

Clark and Greenwood, 2016).  

1.4.2.3 JAK-STAT 

The JAK-STAT pathway is involved in the production of antiviral cytokines 

and responds to invading viral infections (Myllymäki and Rämet, 2014). JAK-STAT 
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activation occurs when the Upd3 ligand binds to the Dome receptor (Myllymäki and 

Rämet, 2014). The Dome receptor contains an extracellular fibronectin type III  

domain, a cytokine-binding module, a janus kinase (JAK) tyrosine, a hopscotch 

(hop) and a signal transducer and activator of transcription (STAT) transcription 

factor coined STAT-92E (Myllymäki and Rämet, 2014). Activation of the pathway 

follows a canonical signalling model, where binding of the ligand to the receptor 

causes receptor dimerization and activation of the JAK (Myllymäki and Rämet, 

2014). Activated JAK phosphorylates itself, a tyrosine residue, and the STAT 

molecule. The phosphorylation creates a docking site for the SH2 domains of the 

STAT molecule, which causes the STAT to translocate into the nucleus and bind to 

promoters of target genes responsible for cytokines, stress, and immune responses 

(Myllymäki and Rämet, 2014).  

The mechanism by which virus is detected and the effectors of the JAK-

STAT signalling pathway are not yet fully elucidated (Myllymäki and Rämet, 2014). 

However, Ren et al., (2015) recently presented microRNA (miRNA)-mediated 

regulation of the JAK-STAT signalling pathway, via thioester-containing proteins 

TEP1 and TEP2, following WSSV infection in Penaeus japonicus. Several of the 

JAK-STAT pathway components have identified homologues in the H. americanus 

transcriptome, including 220 Domeless transcripts, 2 cytokine receptor transcripts, 

120 JAK-STAT signalling protein transcripts, 326 hopscotch transcripts and 4 JAK-

STAT transcription factor transcripts (Clark and Greenwood, 2016). A striking 

feature of the JAK-STAT pathway is its benefit for white spot syndrome virus (Chen 

et al., 2008). In WSSV infected Penaeus monodon, the activated STAT has been 
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found to enter infected nuclei and activate the promoter region of the WSSV ie1 

gene responsible for viral transcription (Chen et al., 2008; Liu et al., 2009).  

1.4.3 RNAi  

In addition to the JAK-STAT signaling pathway, the RNA interference 

(RNAi) pathway is also involved in antiviral defence. There are two main classes of 

RNAi, small interfering RNAs (siRNA) and micro-RNAs, which function to 

regulate transcriptional and post-transcriptional gene expression (Nowotny and 

Yang, 2009). Typically, RNAi bind to complementary sequences in the mRNA of 

target genes and regulate expression by either repressing or inducing translation 

(Verbruggen et al., 2015). Upon detection of a virus within a host, RNAi can limit 

viral replication or alter cellular processes that disadvantage the virus (Verbruggen 

et al., 2015). However, it has also been found that RNAi (or miRNAs) present within 

the genome of a virus can regulate either viral genes or host genes in an attempt to 

manipulate immune response and cellular functions to advantage the virus 

(Verbruggen et al., 2015).  

The RNAi pathway has been well characterized in Drosophila and several 

shrimp species. Major RNAi pathway proteins such as Drosha, Dicer 1 and Dicer 2 

proteins, Argonaute proteins, as well as several members of transactivation response 

RNA-binding protein have been characterized in a variety of shrimp species (Huang 

and Zhang, 2013). RNAi also play a critical role in WSSV infections, where a 

siRNA in Marsupenaeus japonicus has been found to target the VP28 gene of 

WSSV (an envelope protein required for WSSV infection) and exhibit antiviral 

activity (Xu et al., 2007).  
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1.4.4 Haemocytes 

Haemocytes are the primary immune cells in crustaceans and are responsible 

for cell-mediated immune actions such as phagocytosis and encapsulation (Hillyer, 

2015; Jiravanichpaisal et al., 2006; Johansson et al., 2000). They also contain several 

key proteins and enzymes critical for processes such as coagulation and 

melanization (Söderhäll, 2016). The regulation, storage and release of haemocytes 

occurs in the haematopoietic tissue (Johansson et al., 2000). Molecular regulation of 

haematopoiesis is only recently beginning to be elucidated in crustaceans, where 

P1Runt, a transcription factor, belonging to the Runx protein family, has been 

identified as a necessary component for haematopoiesis (Söderhäll, 2016). 

Haemocytes are classified into three main cell types; hyaline haemocytes, 

granulocytes and semi-granulocytes (Martin and Hose, 1995). Hyaline haemocytes 

are morphologically characterized by their ovoid shape, high nucleocytoplasmic 

ratio and absence of granules (Hose et al., 1990; Söderhäll and Cerenius, 1992). 

Granulocytes are larger than hyaline cells and contain large cytoplasmic granules 

(>1 ɛm in diameter) (Battison et al., 2003). Granulocytes are responsible for the 

storage and release of components of the proPO system (Johansson et al., 2000). 

Semi-granulocytes are similar to granulocytes but contain smaller and fewer 

cytoplasmic granules (<1 ɛm in diameter) (Battison et al., 2003; Martin and Hose, 

1995). Semi-granular cells contain lysosomal enzymes that aid in phagocytosis and 

encapsulation as well as storage and release of the proPO system (Johansson et al., 

2000). In H. americanus, 11 different haemocyte types have been identified; 
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however several are considered precursors of the three main cell types mentioned 

above (Battison et al., 2003).  

1.4.5 Effector Mechanisms 

1.4.5.1 Clotting 

Clotting acts as a means of sealing a wound and preventing loss of 

haemolymph during injury (Shields et al., 2006). Clotting also traps and isolates 

foreign particles within the body (known as nodule formation), preventing pathogen 

spread (Martin and Hose, 1995; Shields et al., 2006). The crustacean clotting process 

is initiated by rupture of hyaline haemocytes through cytolysis, releasing 

transglutaminase (TGase) which covalently bonds clotting proteins 

(Sritunyalucksana and Söderhäll, 2000). In crustaceans, coagulogen is a known 

plasma clotting protein (Martin and Hose, 1995). In the presence of Ca
2+

, TGase 

cross-links with coagulogen resulting in the formation of a clot (Sritunyalucksana 

and Söderhäll, 2000). In freshwater crayfish Pacifastacus leniusculus, an Ŭ2-

macroglobulin (Ŭ2-m), is responsible for exposing free lysine and glutamine 

residues, suggesting TGase likely utilizes Ŭ2-m to crosslink to the coagulogen 

(Theopold et al., 2004). In H. americanus, a variety of transglutaminases, clotting 

proteins, and coagulation transcription factors have been identified (Clark, 2014; 

Clark and Greenwood, 2016).    

1.4.5.2 ProPO and Melanization 

Melanization in crustaceans involves a series of enzymatic and proteolytic 

cascades that result in pathogen death through oxidative damage and the formation 
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of melanin, which encloses the pathogen (Hillyer, 2015). Formation of a PRR-

PAMP complex initiates a serine protease cascade that activates the 

prophenoloxidase activating enzyme (PPAE), responsible for the cleavage of the 

zymogen prophenoloxidase into phenoloxidase (PO) (Hillyer, 2015). PO then 

hydroxylates tyrosine into DOPA and dopaquinone, which is further converted into 

dopachrome, followed by 5,6-dihydroxyindole, via the dopachrome conversion 

enzyme (Hillyer, 2015). PO further oxidizes 5,6-dihydroxyindole into indole-5,6-

quinone which polymerizes to form melanin (Goto and Kurata, 2012; Hillyer, 2015). 

In the H. americanus transcriptome, 129 DOPA decarboxylase, 11 PPAE and 79 

prophenoloxidase transcripts have been identified (Clark and Greenwood, 2016).  

In crustaceans phenoloxidase is synthesized and released from the granular 

and semi-granular haemocytes (Jiravanichpaisal et al., 2006). The recognition of 

non-self triggers degranulation of granular haemocytes, in turn releasing the key 

proteins and enzymes (Jiravanichpaisal et al., 2006). The by-products of this 

pathway include quinones, which are extremely toxic metabolites and reactive 

oxygen species, therefore making pathway activation efficient at killing invading 

pathogens (Goto and Kurata, 2012). Gene knockdown studies conducted in shrimp 

have found that a reduction in total PO activity results in increased susceptibility to 

bacterial infections (Tassanakajon et al., 2013).  

1.4.5.3 Phagocytosis and Encapsulation 

In H. americanus, phagocytosis is accomplished primarily by the semi-

granular haemocytes and aided by the hyaline and granular haemocytes (Martin and 

Hose, 1995). Phagocytosis occurs when PRRs, present on phagocytic cells, such as 
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PGRPs and DSCAM bind to PAMPs (Hillyer, 2015). Binding causes cytoskeleton 

modifications that lead to pathogen uptake (Hillyer, 2015; Jiravanichpaisal et al., 

2006). Vesicular transport brings the pathogen to a membrane-delimited phagosome, 

which fuses with a lysosome that uses hydrolytic enzymes to digest the pathogen 

(Hillyer, 2015). Protozoans, bacteria, fungi and some viruses can be phagocytized 

via the PAMP mediated pathway (Rowley and Powell, 2007). Opsonization factors 

present in the plasma also circulate and mark particles or pathogens for phagocytosis 

(Jiravanichpaisal et al., 2006).  

When a parasite is too large to be phagocytized, haemocytes will  encapsulate 

the foreign particle sealing it off from circulation (Söderhäll and Cerenius, 1992). 

Encapsulation is carried out by granular and semi-granular haemocytes and results in 

a multilayered overlapping sheath of haemocytes (Jiravanichpaisal et al., 2006). The 

binding of haemocytes to the larger pathogen is dependent on binding of integrins to 

specific sites defined by Arg-Gly-Asp (RGD) sequences (Hillyer, 2015). 

Encapsulation can also be accompanied by melanization and production of toxic 

quinones that aid in pathogen death (Jiravanichpaisal et al., 2006). 

1.4.5.4 Apoptosis 

Currently, there exists some ambiguity regarding the benefit of apoptosis in 

viral immunity (Flegel and Sritunyalucksana, 2011). In early infections it is believed 

to help combat infection by limiting virus production, however, in late stages of 

infection many viruses have been found to induce apoptosis in an attempt to spread 

viral progeny to other neighbouring cells (Flegel and Sritunyalucksana, 2011; Liu et 

al., 2009). Caspases are the main effector proteases of apoptosis (Kornbluth and 
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White, 2005). The IAP family of anti-apoptotic proteins is responsible for regulation 

of apoptosis (Kornbluth and White, 2005). In Penaeus monodon, WSSV has been 

shown to inhibit caspase 3 resulting in a decrease in apoptosis and a decrease in host 

mortality in early infection (Liu et al., 2009). However, it is unknown if  this 

correlated with an increase in late-stage host mortality (Liu et al., 2009). Over 600 

caspase isoforms have been recently identified within the H. americanus 

transcriptome (Clark and Greenwood, 2016).  

1.4.5.5 Antimicrobial Peptides 

In H. americanus, Hoa-crustin, CAP-1 (Homarin), CAP-2 and anti-

lipopolysaccharide factors (ALFs) are the most well characterized AMPs (Battison 

et al., 2008b; Beale et al., 2008; Christie et al., 2007; Clark, 2014). Hoa-crustin, 

CAP-1 and CAP-2 belong to a group of WAP domain containing proteins known as 

crustins which display activity against gram-positive bacteria and cultured 

scuticociliate parasites (Christie et al., 2007). Anti-lipopolysaccharide factors are 

small proteins that are involved in defending against bacterial and micro parasitic 

infections (Beale et al., 2008; Clark, 2014). H. americanus have 7 different ALF 

isoforms (Clark, 2014). Differential expression of the various ALF isoforms has 

been examined for bacterial, parasitic and viral infections (Clark et al., 2013a, 

2013b, 2013c). Most notably, during WSSV infection in H. americanus, both 

Homame ALF-B1 and ALFHa-4 were differentially expressed at 24 hours and 96 

hours post infection, indicating a role for ALF in mediating viral immunity (Clark et 

al., 2013c). More recently, AMP pathway components including 9 ALF transcripts, 
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12 crustin transcripts and 3 AMP type 1-precursor transcripts have been annotated in 

the H. americanus transcriptome (Clark and Greenwood, 2016).    

1.5 Pathogens 

The marine environment presents numerous opportunities for interaction 

with pathogens (Hauton, 2012; Söderhäll and Cerenius, 1992). Disease resulting 

from these interactions is of concern for fisheries given the potential for lost 

productivity (Green et al., 2014). Surprisingly though, lobsters have few reported 

diseases compared to other decapod crustaceans (Martin and Hose, 1995). These few 

diseases, however, do pose threats to wild or impounded lobster populations 

(Behringer et al., 2012). Interestingly, there are currently no known naturally 

occurring viral pathogens of H. americanus, yet viral pathogens are of significant 

economic concern to other closely related crustacean species (Behringer et al., 2012; 

Cawthorn, 2011).  

1.5.1 Bacterial Diseases  

Gaffkaemia and shell disease are two of the most common bacterial diseases 

affecting H. americanus (Cawthorn, 2011). Gaffkaemia is the disease caused by the 

gram-positive bacterium Aerococcus viridans var. homari (Greenwood et al., 

2005b). The bacterium, a free-living, tetrad-forming coccus, leads to systemic 

disease in H. americanus (Stewart, 1984). Gaffkaemia prevalence is low in wild 

populations but is a major disease of impounded lobster (Cawthorn, 2011). Increased 

temperatures, handling stress, overcrowding and strain of bacteria all contribute to 

how quickly infection progresses to disease and mortality (Cawthorn, 2011). In 

lobsters, there exist two forms of shell disease, classical shell disease and epizootic 
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shell disease. Classical shell disease presents as lesions that develop slowly on the 

setal pits of the dorsal carapace (Cawthorn, 2011). It has low prevalence and is 

traditionally associated with poor water quality in holding facilities (Martin and 

Hose, 1995; Shields, 2013). ESD however, appears grossly as melanization and 

necrosis of the lobster cuticle, develops rapidly and has been found at high 

prevalence in Southern New England (Cawthorn, 2011). ESD is associated with an 

initial disruption of cuticle coupled with environmental stress and chitinolytic 

bacteria Aquimarina homari (Castro et al., 2012; Cawthorn, 2011; Shields, 2013).  

Vibriosis is also of concern for decapod crustaceans (Shields, 2011). Many 

Vibrio species such as Vibrio harveyi, Vibrio alginolyticus, Vibrio parahaemolyticus 

act as opportunistic secondary pathogens causing disease when lobsters are already 

significantly stressed (Cawthorn, 2011; Shields, 2011). In H. americanus, Vibrio are 

associated with diseases such as Limp lobster disease, classical shell disease and 

ulcerative enteritis (Battison et al., 2008a; Beale et al., 2008; Cawthorn, 2011). 

1.5.2 Fungal Diseases 

In crustaceans, fungal pathogens are of concern mostly for aquaculture and 

hatchery facilities (Cawthorn, 2011; Stewart, 1984). The fungal pathogen 

Lagenidium callinectes has been known to infect embryos and larval H. americanus 

resulting in fouling of eggs and larval death (Cawthorn, 2011). Water mould, caused 

by Haliphthoros mildfordensis is also of concern for eggs and larval lobsters where 

disease is associated with unhealthy rearing conditions (Cawthorn, 2011). Fusarium 

solani a deuteromycete fungus responsible for black gill disease has been reported in 

shrimp, spiny lobsters and clawed lobster from aquaculture facilities where subpar 
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environmental factors are thought to facilitate outbreaks (Alderman, 1981; Lightner 

and Fontaine, 1975; Shields, 2011). The fungus is an opportunistic pathogen that 

infects lobsters through previously dead or damaged tissues resulting in black 

lesions on the exoskeleton and gills of the animal (Trang and Hoa, 2009).  

1.5.3 Protozoal Diseases 

Anophryoides haemophila, the causative agent of bumper car disease, is a 

scuticociliate protozoan pathogen that impacts both wild and impounded H. 

americanus (Cawthorn, 1997; Greenwood et al., 2005a). Upon infection, ciliates 

initially (1-4 weeks post infection) replicate locally in the vesicular spaces and are 

undetectable in the haemolymph (Athanassopoulou et al., 2004). However, at late 

stage infections (4+ weeks post infection) the ciliates begin to spread throughout the 

body to tissues and organs resulting in haemocyte granulomas and a marked 

haemocytopenia  (Athanassopoulou et al., 2004; Battison et al., 2004).  

Other protozoal pathogens of H. americanus include Neoparamoeba 

pemaquidensis and Porospora gigantea (Cawthorn, 2011; Shields et al., 2006). 

Neoparamoeba pemaquidensis, is an amoebozoan pathogen, that has been 

previously identified as a primary contributor to the 1999 Long Island Sound 

mortality event (Cawthorn, 2011). The amoeba infects the ventral nerve cord, brain 

and neurosecretory organs of the eye (Shields et al., 2006). The disease is 

transmitted horizontally and spreads rapidly making it a significant problem for 

situations involving high stocking density (Shields et al., 2006). Porospora gigantea 

is an apicomplexan parasite that uses H. americanus as its definitive host (Shields et 

al., 2006). The parasite is found free within the lumen of the mid and hind gut of the 
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animal with epimeres attached to the gut wall (Brattey and Campbell, 1986; Shields 

et al., 2006). No gross pathological changes are associated with infection and 

lobsters tend to appear relatively healthy when infected (Boghen, 1978).  

1.5.4 Viral Diseases in Other Crustaceans 

Naturally occurring viral infections have yet to be conclusively documented 

in H. americanus, however, viral diseases continue to be a significant impediment to 

the growth and sustainability of other wild and cultured crustacean populations 

(Behringer et al., 2001; Cawthorn, 2011). Viral agents include, but are not limited to, 

Panulirus argus virus 1 (PaV1), Penaeus stylirostris Brevidensovirus (PstDNV), 

and white spot syndrome virus (WSSV) (Shields, 2011; Sweet and Bateman, 2015).  

PaV1 is the first recorded naturally occurring viral infection of spiny lobsters 

Panulirus argus (Shields, 2011; Sweet and Bateman, 2015). It infects P. argus 

juveniles only and has been recorded at prevalence levels as high as 50% during 

outbreaks (Sweet and Bateman, 2015). The virus infects haemocytes, soft connective 

tissues and fixed phagocytes, with heavily infected lobsters becoming slow, lethargic 

and losing haemolymph clotting ability (Shields, 2011).  

PstDNV infects a wide variety of Penaeus shrimp species, with Penaeus 

stylirostris being the most susceptible (Chayaburakul et al., 2005). PstDNV is a 

small DNA virus that infects haematopoietic tissue, nervous tissue, gills, gonad, 

connective tissues and antennal gland (Chayaburakul et al., 2005; Sweet and 

Bateman, 2015). The virus is a major impediment to shrimp aquaculture as previous 

outbreaks in shrimp farms have resulted in mass mortalities of 90% (Chayaburakul 

et al., 2005).  
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Similarly, WSSV infects farmed shrimp and has caused serious pandemics to 

the Penaeus shrimp aquaculture industry worldwide (Shekhar and Ponniah, 2015). 

Strikingly though, the virus appears to be non-specific with over 93 crustacean 

species reported as susceptible either from natural or experimental infection 

(Sánchez-Paz, 2010). Included among those experimentally susceptible, are H. 

americanus and the European lobster H. gammarus (Bateman et al., 2012; Clark et 

al., 2013c).  

1.6 White Spot Syndrome Virus  

WSSV was first discovered in the early 1990ôs in shrimp aquaculture 

facilities in Southeast Asia (Soto et al., 2001). Since its emergence the virus has had 

serious economic impact on the cultured shrimp industry with infections in 

aquaculture ponds leading to 100% mortality within three to ten days (Shekhar and 

Ponniah, 2015; Zwart et al., 2010). The virus is highly virulent and spreads quickly. 

The original host of the virus, Penaeus japonicus, inhabited waters in Southeast Asia 

and was one of the original commercially reared shrimp species (Lo et al., 2005). It 

is believed that WSSV first became established in wild populations, amounting to 

little impact, and then spread from wild populations to farms resulting in significant 

economic losses (Lo et al., 2005). International transport of live shrimp and brood 

stock for both consumption and aquaculture has resulted in the distribution of the 

virus to shrimp facilities globally (Lo et al., 2005).  

1.6.1 WSSV Genome and Morphology 

WSSV is a double stranded DNA virus with a 300 kilobase pair genome, 

making it one of the largest animal virus genomes (Zwart et al., 2010). It is the sole 
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member of the Nimaviridae virus family (Zwart et al., 2010). Four WSSV isolates 

have been sequenced with each differing only slightly in genome size and sequence 

suggesting a high degree of genomic stability (Pradeep et al., 2012; Verbruggen et 

al., 2016). The Thai isolate in particular has the smallest genome and has been found 

to be the most virulent in Penaeus shrimp species (Marks et al., 2005).  

WSSV virions (Fig. 1.1) are ovoid to elliptical in shape and range between 

210 and 420 nm in length and 70 and 167 nm in diameter (Sánchez-Paz, 2010). The 

virions possess a striated nucleocapsid core and a long tail like projection at one 

extremity (Bateman et al., 2012). WSSV currently contains 58 known structural 

proteins (Sánchez-Paz, 2010). The most well characterized are envelope proteins 

VP28 and VP26 which constitute 60% of the viral envelope (Sánchez-Paz, 2010). 

VP28 has been found to be critical for virus entry and attachment to host cells, 

whereas VP26 plays a suspected role in movement of virus towards the nucleus 

following host cell entry (Sánchez-Paz, 2010).  
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Figure 1.1: White spot syndrome virus morphology. 
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1.6.2 Virus Entry and Tissue Tropism 

WSSV utilizes an endocytic-mediated pathway to enter shrimp cells (Huang 

et al., 2013). WSSV envelope proteins interact with a variety of host receptors 

including but not limited to C-type lectins, integrins and Rab7 (Verbruggen et al., 

2016). The virus uses either clathrin-mediated endocytosis or caveolae-mediated 

endocytosis to penetrate the cell (Verbruggen et al., 2016). Once inside, the virus 

matures within the endosome, until it exits and travels to the nucleus (Verbruggen et 

al., 2016). The mechanism by which the virus travels to and enters the nucleus is 

currently unknown. However, once inside the nucleus, host transcription factors bind 

to the ie1 promoter gene, which in turn activates viral transcription factors allowing 

for viral replication (Verbruggen et al., 2016).  

WSSV infection in penaeid shrimp is characterized by a rapid reduction in 

food consumption and a lethargic state (Pradeep et al., 2012). The virus gets its 

name from the presence of tiny abnormal calcium deposits that, although rare, 

appear on the cuticular epidermis (Lo et al., 2005). The virus targets tissues of 

ectodermal and mesodermal origin (Lo et al., 2005). Infection can be recognized 

histologically by the presence of enlarged nuclei with inclusion bodies (Bateman et 

al., 2012). At the early stages of infection nuclei show marginated chromatin. The 

stomach, gills, cuticular epithelium, lymphoid organ and haematopoietic tissue are 

amongst the most heavily infected tissues at late stages of infection (Pradeep et al., 

2012). 
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1.6.3 Transmission  

WSSV is a problem for the shrimp industry affecting both acquisition of 

healthy, virus-free brood stock and animal husbandry. In less developed countries, 

shrimp aquaculture facilities still use wild-caught brood stock and seed, instead of 

specific pathogen free (SPF) shrimp, to stock culture ponds (Treece, 2000). WSSV 

prevalence in wild populations of Penaeus monodon along the coast of East India 

have been recorded as high as 56.2% (de la Peña et al., 2007; Dutta et al., 2015; 

Octovianus and Yanuhar, 2015). Shrimp farms harvesting brood stock or seed from 

contaminated marine environments risk introducing WSSV infection into their 

hatcheries. WSSV eradication efforts (heat killing the virus for 1 min at 65 
o
C) result 

in lost production time meaning that it is more prudent to control stock, improve 

biosecurity and implement low stress hatchery conditions to mitigate impacts of 

WSSV infection (Karunasagar and Ababouch, 2012).  

When WSSV gains entry into an aquaculture pond, the virus spreads quickly 

through horizontal transmission. Ingestion of infected tissue (cannibalism) or 

exposure to virus particles present in the water results in disease outbreak within 

several days (Lo et al., 2005; Sánchez-Paz, 2010). Infection in mature eggs has yet 

to be documented suggesting that vertical transmission likely results in death of eggs 

prior to maturation (Lo et al., 1997; Sánchez-Paz, 2010).  

1.6.4 Host Range 

Arguably the most interesting feature of WSSV is its broad host range. Both 

the World Organization for Animal Health (Office International des Epizooties, 

OIE) and the National Aquatic Animal Health Program (Canada; NAAHP) consider 
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WSSV a notifiable disease with the potential to infect all crustacean decapods. The 

virus is reported from a wide range of hosts such as shrimp, crabs, lobsters, and 

crayfish (Sánchez-Paz, 2010). Amongst these reports, are various degrees of 

susceptibility, disease, infection and resistance (Bateman et al., 2012). In total, 93 

species of arthropods have been reported as hosts or carriers of WSSV from wild or 

experimental scenarios, including the aforementioned experimental infection of H. 

americanus (Clark et al., 2013c; Maeda et al., 2000; Sánchez-Paz, 2010).  

1.6.5 Host Pathogen Environment Interactions 

WSSV is not only able to survive within a variety of hosts but also within the 

broad range of environments occupied by those hosts. Marine crustaceans, estuarine 

species and freshwater crayfish are all reported as universally susceptible (Bateman 

et al., 2012).  

Environmental temperature in particular, plays a critical role in WSSV 

infection dynamics. WSSV experimental infection has been reported at temperatures 

ranging from 15 
o
C in H. gammarus (Bateman et al., 2012) to 36 

o
C in Penaeus 

monodon (Raj et al., 2012) inclusively. It is believed that the ideal temperature for 

the virus is between 16 
o
C and 30 

o
C (Moser et al., 2012). In Penaeus japonicus, a 

significant increase in mortality is observed in animals infected at 27 
o
C compared to 

31 
o
C (You et al., 2010). In Penaeus monodon, 100% mortality is observed in 

infected animals held at temperatures between 16 
o
C and 30 

o
C, with a reduction in 

mortality observed in animals held at 32 
o
C and 36 

o
C (Raj et al., 2012). In WSSV 

infected freshwater signal crayfish Pacifastacus leniusculus temperatures below 12 

o
C, result in no mortality over a period of 45 days (Jiravanichpaisal et al., 2004).  
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On a molecular level the interactions between host immunity and WSSV are 

only recently beginning to be understood. Wang et al. (2006) found an up-regulation 

of immune related genes such as HSP 70, HSP 90, trehalose-phosphate synthase 

(TPS) and ubiquitin C, 6 hours post infection in Chinese white shrimp 

Fenneropenaeus chinensis. Similarly, Rao et al., (2016) found a total of 74 immune 

related unigenes were up-regulated in response to WSSV infection in the giant 

freshwater prawn, Macrobrachium rosenbergii. Components of the pro-PO 

pathway, ALFs, lysozymes, components of the coagulation cascade and caspases 

were among those up-regulated (Rao et al., 2016). Lastly, Clark et al. (2013c) 

examined the molecular immune response in H. americanus experimentally infected 

with WSSV at 20 
o
C, a temperature near the upper thermal tolerance of the animal 

and found a total of 136 genes including trypsin isoforms, eTIF3-5e, cathepsin C2, 

and ecdysone-inducible protein E75 (EIPE75) were differentially expressed (Clark 

et al., 2013c).  

1.7 Rationale  

Recently, research effort has focused on characterizing the molecular 

immune response of lobsters in an attempt to better understand host pathogen 

interactions (Clark et al., 2013a, 2013b, 2013c). H. americanus inhabit ocean waters 

that fluctuate in temperature between 0 
o
C and 20 

o
C, yet the full impact of these 

temperature variations on the immune response of H. americanus is unknown. 

Previous research shows that adult H. americanus produce a targeted immune 

response to WSSV, following intramuscular injection of the virus at 20 
o
C (Clark et 
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al., 2013c). However, how H. americanus responds to WSSV at various 

temperatures is unknown.  

The purpose of this study was to determine the effect of variable water 

temperature on the overall immune response of H. americanus experimentally 

infected with WSSV. The study will conduct a WSSV injection challenge model and 

use a lobster specific microarray, RT-qPCR, and light and electron microscopy to 

explore the clinical, tissue and molecular immune response of experimentally 

infected H. americanus at four different water temperatures (10 
o
C, 15 

o
C, 17.5 

o
C, 

20 
o
C). It is hypothesized that H. americanus infected with WSSV will display 

measurable differences in overall immune response between individuals at different 

temperatures. It is also hypothesized that increased WSSV pathogenicity and highest 

infection levels will be observed at warmer temperatures (20 
o
C), moderate levels of 

infection and diminishing pathological changes will be observed at intermediate 

temperatures (15 
o
C, 17.5 

o
C), and WSSV infection will be absent at colder 

temperatures (10 
o
C).  

The main objectives of this study are to:  

¶ Conduct a white spot syndrome virus in vivo challenge in H. americanus at 

four different water temperatures: 10 
o
C, 15 

o
C, 17.5 

o
C, 20 

o
C.  

¶ Monitor WSSV infection throughout the trial. 

¶ Identify WSSV associated changes in target tissues using histology and 

transmission electron microscopy. 

¶ Identify differently expressed immune related genes using a lobster specific 

microarray.  
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¶ Verify microarray gene expression findings using RT-qPCR. 

¶ Begin to elucidate the immune pathways and processes that are impacted by 

WSSV infection at varying temperatures. 
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2.0 IMPACT OF WATER TEMPERATURE ON IMMUNE -RELATED GENE 

EXPRESSION OF Homarus americanus EXPERIMENTALLY INFECTED 

WITH WHITE SPOT SYNDROME VIRUS  

2.1 Abstract 

The American lobster, Homarus americanus, inhabits ocean waters that 

fluctuate between 0 
o
C and 20 

o
C. Water temperature can influence processes such 

as larval development, growth, and reproduction. The full impact of these 

temperature variations on the immune response of H. americanus is unknown. White 

spot syndrome virus (WSSV) is currently one of the most virulent pathogens 

affecting the farmed shrimp aquaculture industry; however, a considerable number 

of other crustacean hosts also exhibit varying degrees of susceptibility. The present 

study used an injection challenge model to explore the molecular immune response 

to WSSV infection in American lobster, H. americanus, held at four different 

temperatures (10 
o
C, 15 

o
C, 17.5 

o
C and 20 

o
C). A decline in clinical condition 

(measured via total haemocyte concentration) and an increase in WSSV viral 

amplification (measured via WSSV-qPCR) was observed in WSSV infected H. 

americanus held at warmer temperatures (17.5 
o
C and 20 

o
C) compared to colder 

temperatures (10 
o
C and 15 

o
C). A lobster specific microarray was used to monitor 

transcriptomic changes for 14,592 genes during viral challenge. Hepatopancreas 

mRNA revealed 771 significantly differentiated genes between control and infected 

H. americanus one and two-weeks post infection (PI) across all temperatures. 

Microarray results were verified via RT-qPCR. At 15 
o
C, C-type lectin was 

downregulated 0.54 and 0.93 fold one and two-weeks PI respectively. At 17.5 
o
C 

prolyl-4-hydroxylase-alpha was down regulated in infected animals relative to 

controls and at 20 
o
C a Pol-like protein was down-regulated one and two-weeks PI. 
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Other differentially expressed genes included, several ribosomal proteins (L27a, 

L13, L11, L39), mitogen-activated protein kinase organizer 1, prolyl-4-hydroxylase-

alpha, laminin subunit gamma-3, short-chain dehydrogenase and acute phase serum 

amyloid A. Overall results from this study are helping to characterize temperature 

dependent changes in H. americanus viral immunity. 

2.2 Introduction 

In recent years, global climate change, and its resulting impact on marine 

environments has become increasingly important. In 2001, the Intergovernmental 

Panel on Climate Change (IPCC) predicted a 1-7 
o
C increase in mean global 

temperature over the next 100 years (IPCC, 2001). Data already suggests that 

climate change is impacting our marine environments through increased water 

temperature, altered oceanic circulation, increased ocean stratification, increased 

CO2 levels and decreased sea ice (Burge et al., 2014). Waller et al., (2016) recently 

examined the joint effects of the IPCC predicted temperature and pCO2 levels in 

Homarus americanus larvae and found that temperature had the greatest adverse 

effects on larval survival. Increased temperature has also been identified as the 

prominent driver of mass scale coral reef bleaching events along the coast of 

Australia and Dermo disease Perkinsus marinus outbreaks in U.S. oyster 

populations (Burge et al., 2014). Mean annual bottom temperatures in the Gulf of 

Maine above 8ï10 
o
C have been found to increase the prevalence of epizootic shell 

disease among H. americanus (Maynard et al., 2016). Changes in temperature 

impact marine organisms, and the commercial fisheries they support, by influencing 
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basic biological functions such as survival, growth, reproduction, immune function 

and even frequency of disease (Burge et al., 2014; Doney et al., 2012). 

White spot syndrome virus, a double-stranded DNA virus belonging to the 

Nimaviridae virus family, is currently one of the largest impediments to the growth 

of the shrimp aquaculture industry (Sánchez-Paz, 2010). In shrimp, WSSV is highly 

virulent, with infections often resulting in 100% mortality within 3-10 days (Pradeep 

et al., 2012). Furthermore, the virus appears to be non-specific, with over 93 other 

crustacean species reported as susceptible via natural or experimental infection 

(Sánchez-Paz, 2010; Sweet and Bateman, 2015). The World Organization for 

Animal Health (Office International de Epizootic; OIE) and the National Aquatic 

Animal Health Program (Canada; NAAHP) consider WSSV a notifiable disease 

based on its potential to infect all crustacean decapods. H. americanus and the 

European lobster Homarus gammarus, two commercially valuable species, are 

known to be experimentally susceptible to WSSV (Bateman et al., 2012a; Clark et 

al., 2013c). Previous research shows that at 20 
o
C, H. americanus produces a 

targeted molecular immune response to WSSV injection (Clark et al., 2013c). Per os 

feeding trials at 10 
o
C suggest that H. americanus can only become infected with 

WSSV following an unnatural route of exposure such as injection (Byrne, 

unpublished). In H. gammarus viral replication and disease have been demonstrated 

following both experimental injection and feeding trials conducted at 15 
o
C 

(Bateman et al., 2012a, 2012b).  

The thermal preference for WSSV is believed to be between 15 
o
C and 30 

o
C 

(Moser et al., 2012; Sun et al., 2014). In Penaeus shrimp species, a group known to 
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be highly susceptible to WSSV, temperatures above 30 
o
C and below 15 

o
C result in 

reduced mortality rates (Lua and Hirono, 2015; Raj et al., 2012; You et al., 2010). 

On a molecular level, the ridgetail white prawn, Exopalaemon carincauda, infected 

with WSSV at 25 
o
C showed an increase in expression of anti-apoptosis genes and a 

decrease in expression of genes involved in regulation of cell death compared to 

animals infected at 18 
o
C (Sun et al., 2014). This suggests that during early infection 

at warmer temperatures (up to 30 
o
C) the virus may inhibit host cell death to benefit 

its propagation (Sun et al., 2014). Increased temperatures are also speculated to 

increase WSSV susceptibility by reducing host immune defence mechanisms 

(Jiravanichpaisal et al., 2004). The efficacy of an animalôs immune response is in 

part influenced by general temperature-dependent physiological changes occurring 

in the host (Linder et al., 2008). For example, yellow leg shrimp Penaeus 

californiensis, acclimated to 18 
o
C have been found to have a higher concentration 

of  prophenoloxidase (proPO), a major component of invertebrate immunity, 

compared to animals acclimated to 32 
o
C, regardless of the presence of a pathogen 

(Vargas-Albores et al., 1998). In H. americanus, phagocytosis occurs more rapidly 

at 10 
o
C and 15 

o
C (temperatures within the thermal preference of the animal) 

compared to 4 
o
C, suggesting that temperatures outside of an animalôs thermal 

preference may impact the ability to overcome pathogens (Le Moullac and Haffner, 

2000). The underlying molecular mechanisms by which temperature is shaping 

immunity, specifically in H. americanus, are poorly understood. 

A previously established viral model of disease in H. americanus (Clark et 

al., 2013c) presents an opportunity to study the interaction between temperature, 
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WSSV and host immunity on a molecular level. The purpose of this study was to 

explore the influence that a range of temperatures (10 
o
C, 15 

o
C, 17.5 

o
C, and 20 

o
C) 

might have on the molecular immune response of H. americanus experimentally 

infected with WSSV. Additionally, a variety of clinical and molecular tools will be 

used to characterize WSSV infection in the host at varying temperatures and 

elucidate temperature specific transcriptomic differences between WSSV-infected 

H. americanus at different temperatures. This study is the first to provide insights as 

to how temperature may be impacting host-WSSV dynamics in H. americanus.  

2.3 Materials and Methods 

2.3.1 Animal Holding 

Adult, male, market sized American lobster (Homarus americanus) (n = 48, 

wt: 568 g ± 18.63 g) were purchased from a local commercial seafood supplier 

(Clearwater Seafoods®, Bedford, NS, Canada) and housed at the Gulf 

Biocontainment Unit-Aquatic Animal Health Laboratory (GBU-AAHL; Fisheries 

and Oceans Canada, Charlottetown, PEI, Canada). Upon arrival, H. americanus 

were assigned unique identification, labeled (Adhesive Systems Incorporated, 

Frankfort IL, USA) and randomly assigned (using a computer generated random 

number list) to individual compartments in a perforated plastic tote (BioNovations, 

Antigonish, NS, Canada). Each tote housed six lobsters. The totes were randomly 

assigned to one of four 400 L tanks maintained at 8 
o
C (Waterline®, Santa Ana, CA, 

USA). Each tank held two totes yielding a total of 12 lobsters per tank. H. 

americanus received a one-week acclimation period at 8 
o
C. Water temperature was 

then increased in 1 
o
C per day increments, from 8 

o
C to 10 

o
C for the first tank, to 15 
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o
C for the second, to 17.5 

o
C for the third and to 20 

o
C for the fourth. H. americanus 

received a second one-week acclimation period at their final temperatures (10 
o
C, 15 

o
C, 17.5 

o
C and 20 

o
C) before beginning the infection trial. 

All H. americanus tanks were supported by an independent recirculating 

artificial seawater (ASW) system maintained at a salinity of 31 ± 1 ppt (Instant 

Ocean®, Spectrum Brands, Blacksburg, VA, USA). Each tank system was equipped 

with a 25 µm filter (Ocean Clear, Red Sea®, Houston, TX, USA), UV filter 

(Emperor® Smart UV Sterilizer, Langley, BC, Canada), protein skimmer, (Berlin, 

Red Sea®, Houston, TX, USA) and biofiltration using floating matrix (1ò Bio-

balls®, Pentair, Langley, BC, Canada). The recirculating ASW system was provided 

with 10-15% water replacement per day. Temperature (programmed temp. ± 0.1 
o
C), 

pH (8.1 ï 8.4) and salinity (31 ± 1 ppt) were recorded daily. Oxygen concentration 

(8.0 ï 8.7 mg/L), nitrite (<1.0 mg/L), nitrate (<4 mg/L) and total ammonia nitrogen 

(<1.0 mg/L) were recorded weekly. Nitrite, nitrate and total ammonia nitrogen were 

checked using HACH® kits (London, ON, Canada) and read on a spectrophotometer 

(HACH® model DR 5000, London, ON, Canada). H. americanus were fed three 

times per week for the duration of the trial. They received thawed pieces of haddock 

and mussel. H. americanus feed was acquired from commercial suppliers 

(Charlottetown, PE, Canada).  

Specific pathogen free (SPF) Pacific white shrimp Litopenaeus vannamei, 

used to generate WSSV inoculum (Section 2.3.3), were obtained from the Oceanic 

Institute (Waimanalo, HI, USA) and housed at GBU-AAHL facility. L. vannamei 

were maintained in a semi-open multi-tank recirculating ASW system (Aquabiotech, 
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Coaticook, QC, Canada). The aquaria (9 L) were maintained at 27 
o
C (± 1 

o
C) and a 

salinity of 31 ppt (Instant Ocean®, Spectrum Brands, Blacksburg, VA, USA). L. 

vannamei were fed a maintenance diet of approximately 2 - 4% body weight 

(Ziegler® shrimp feed, Gardners, PA, USA).  

Waste material generated from the study was decontaminated before 

disposal. Effluent wastewater was autoclaved, and animal carcasses were 

incinerated. Laboratory gloves, clothing, and disposable materials were autoclaved. 

Work areas were bleached (500 ppm, Javex), rinsed with water, and sprayed with 

70% isopropanol following work. Work involving WSSV was conducted within 

biocontainment facilities certified aquatic containment level 3 (AQC3) in vivo by the 

Canadian Food Inspection Agency as per the Canadian aquatic animal pathogen 

standards (CFIA Biohazard Containment and Safety, 2010). Live animal based 

projects at GBU-AAHL were monitored and audited by the Fisheries and Oceans 

Regional Animal Care Committee. 

2.3.2 Health Assessments 

H. americanus health assessments (Appendix A Fig. A1) were conducted 

three days post arrival. Briefly, defensive posture, tail tone, eyestalk withdrawal and 

shell hardness of H. americanus was examined. H. americanus were weighed, and 

haemolymph (~2 mL) was collected. H. americanus were screened for bacterial and 

ciliated protist infection by culturing haemolymph in trypticase soy broth (TSB), 

phenylethyl alcohol media (PEA) and modified marine axenic medium (MMAM) 

(Acorn et al., 2011). Haemolymph refractive index was recorded using a handheld 

refractometer (R2 Mini, Reichert Technologies®, Depew, NY, USA). Pleopod and 
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haemolymph samples were collected and tested for WSSV using qPCR (Section 

2.3.4). Haemolymph was also used to calculate total haemocyte concentration 

(THC). To calculate THC, 500 µL of haemolymph was placed in 4.5 mL of filtered 

ASW and formalin solution (37% formaldehyde) and inverted gently ten times for 

fixation. Fixed haemocytes were placed onto a Bright-LineÊ Haemocytometer 

(Hausser Scientific, Horsh PA, USA) and counted under a light microscope (Nikon 

Eclipse 80I, Nikon Canada Inc., Mississauga, ON). Only healthy and confirmed 

WSSV-negative H. americanus were used for the infection trial; no WSSV positive 

individuals were identified during pre-trial assessments.   

2.3.3 Preparation of WSSV Inoculum 

WSSV inoculum was prepared at the GBU-AAHL facility. W SSV infected 

shrimp tissue generated from previous infection challenges conducted at the GBU-

AAHL facility was used (Clark et al., 2013c). Previous infection challenges used 

WSSV infected shrimp tissue (isolate AF332093) obtained from Dr. Donald 

Lightner at the OIE reference laboratory for WSSV at the University of Arizona 

(Tucson, USA) (Clark et al., 2013c). WSSV was first passed through L. vannamei as 

a bioassay to assess the viability of WSSV before infection trial with H. americanus.  

WSSV infected shrimp tissue (250 mg) was thawed on ice, minced using a 

scalpel, and placed into a 1.5 mL microfuge tube. Tissue was homogenized with 

phosphate buffered saline (PBS; 0.1 M, pH 7.4), using a disposable pestle for two 

mins and then centrifuged (Eppendorf centrifuge 5430R, Hamburg, Germany) at 

5000 x g for 20 mins at 4 
o
C. The supernatant was collected and pipetted into a new 

1.5 mL microfuge tube. The original sample was centrifuged a second time at 5000 x 
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g for 20 mins at 4 
o
C. The supernatant was collected and pipetted into the previous 

1.5 mL tube. The supernatant was diluted 1:4 (supernatant: PBS), vortexed, filtered 

(0.45 µM, Acrodisc® syringe filters, Pall Corporation, Mississauga, ON, Canada) 

and placed into a 50 mL tube. Inoculum, comprising of the filtered supernatant and 

PBS, was collected into a 1 mL syringe with 25 G needle and placed on ice for L. 

vannamei inoculation.  

L. vannamei (n=4) were removed from their aquarium, held under a net and 

70% alcohol was applied to back segments, 2 through 5, via a Q-tip® applicator. L. 

vannamei received a single 75 µL injection of WSSV inoculum between tail 

segments 3 and 4. Inoculated L. vannamei were placed in a 40 L aquarium with 

static ASW at 27± 1 
o
C. The aquarium contained an air stone and a water filter 

comprised of wool and granular activated charcoal (GAC; Univar, Dartmouth, NS, 

Canada). Approximately 20 ï 30 % of the water volume was manually exchanged 

every 1 - 2 days. Following inoculation, L. vannamei were monitored every four 

hours or more frequently until death. Dead and moribund L. vannamei were 

immediately removed from the aquarium, weighed and stored at -80 
o
C. WSSV-

qPCR viral quantification was conducted from DNA extracted from a distal portion 

of the abdomen collected from each shrimp (Section 2.3.4). The remainder of tissue 

not used for WSSV-qPCR was used to generate fresh inoculum (in the same manner 

described above). Fresh inoculum was stored at -80 
o
C for subsequent H. 

americanus infection challenge (Section 2.3.5) and negative staining bioassay 

(Chapter 3).  
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2.3.4 WSSV-qPCR  

Detection of WSSV via qPCR was conducted using DNA extracted from 

haemolymph and various tissues (H. americanus and L. vannamei). DNA was 

extracted using a DNeasy® Blood & Tissue Kit (Qiagen®, Toronto, ON, Canada) as 

per the manufacturerôs instructions (Appendix B). Briefly, 30 mg of tissue or 100 µL 

of haemolymph tissue was lysed overnight at 56 
o
C using 20 µL of proteinase K. 

Buffering conditions were adjusted using 180 µL of ATL buffer (if using tissue), 

200 µL of AL buffer and 200 µL of 100% EtOH to ensure optimal DNA binding 

conditions. Lysate was then pipetted onto a DNeasy® mini spin column and 

centrifuged (Eppendorf centrifuge 5430R, Hamburg, Germany) at 6000 x g for 1 

min, for DNA to bind to the DNeasy® membrane. DNA contaminants and enzyme 

inhibitors were removed in two wash steps using AW1 buffer (500 µL) centrifuged 

at 6000 x g for 1 min followed by AW2 buffer (500 µL) centrifuged at 20,000 x g 

for 3 min. The DNA was then eluted in 100 µL of AE buffer, aliquoted (2 x 50 µL) 

and stored at -20 
o
C until required for qPCR.      

Previously designed primers (Clark et al., 2013c) targeting the VP28 gene 

region of WSSV were used to amplify WSSV DNA. A single qPCR reaction 

consisted of 12.5 ɛL of TaqManÈ Universal PCR master mix (Applied Biosystems 

Ê, CA, USA), 2 ɛL of DNA extract, 0.75 ɛL of 10 ɛM forward primer F1-

WSDvp28 (5ôGTGACCAACACCATCGAAAC3ô), 0.75 ɛL of 10 ɛM reverse 

primer R1-WSDvp28 (5ôTGAAGTAGCCTGATCCAACC3ô), 0.375 ɛL of 10 ɛM 

TaqMan® probe P1-WSDvp28 (5ôCCTCCGCATTCCTGTGACTGC3ô-

FAM/TAMRA), and 8.6 ɛL of nuclease-free water (UltraPureÊ DNase/RNase-Free 
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Distilled water, Applied Biosystems Ê, CA, USA) to yield a final reaction volume 

of 25 ɛL. Reactions were carried out on a Chromo4Ê Real-Time PCR system (Bio-

Rad Laboratories, CA, USA) as follows: 50 °C for 2 min, 95 °C for 10 min, 40 

cycles of 95 °C for 15 sec, 60 °C for 1 min, plate read, and a final incubation at 20 

°C for 5 min. A plasmid standard (10
7
 viral copies) was diluted with nuclease-free 

water and used to quantify WSSV viral titre in samples. Viral copy number and 

cycle threshold (CT) value were recorded using Opticon MonitorÊ software (Bio-

Rad Laboratories, CA, USA).  

2.3.5 WSSV Lobster Infection Challenge 

 A total of 48.8 ɛL of WSSV-qPCR confirmed and quantified infected 

shrimp tissue homogenate (fresh inoculum) was thawed on ice and diluted with PBS 

(1951 ɛL) to yield an equivalent of 10
4
 plasmid copies/ɛL. Diluted WSSV shrimp 

tissue homogenate was filtered (0.45 ɛM, AcrodiscÈ syringe filters, Pall 

Corporation, Mississauga, ON, Canada) and 200 ɛL of filtrate was loaded into a 1 

mL syringe with 25 G needle for inoculation. A total of 12 syringes were prepared in 

advance (8 WSSV and 4 non-infected shrimp tissue extract). Loaded syringes were 

kept on ice. H. americanus were randomly assigned to receive either a 200 ɛL 

injection of 10
4
 WSSV plasmid copies/ɛL or 200 ɛL of non-infected shrimp tissue 

homogenate (control). H. americanus were injected through the ventral cuticle in the 

second tail segment, off centre (on the right side) to avoid damaging the ventral 

nerve. The needle was angled and inserted approximately 1.5 cm into the tail. The 

anterior ventral abdomen area was sprayed with 70% alcohol prior to inoculation.  
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2.3.6 Infection Trial Sampling 

H. americanus haemolymph samples (800 ɛL) were repeatedly collected 

from all individuals 12, 24, 48, 96, 144, 168, 192, 240, 288 and 336 hours post 

inoculation (PI). Haemolymph was collected from the third or fourth tail segment on 

the ventral abdomen slightly off medial relative to the ventral nerve cord. 

Haemolymph was collected to monitor clinical condition via THC (Section 2.3.2) 

and WSSV-qPCR (Section 2.3.4). THC and WSSV-qPCR results were analyzed for 

statistical significance using repeated measures two-way ANOVA. Behaviour such 

as responsiveness to food, defensive posture, and eyestalk withdrawal was also 

assessed during sampling and feeding events to corroborate THC and WSSV-qPCR 

data. One-week PI (168 h), four infected lobsters were randomly selected to be 

necropsied from each tank. The remaining 8 lobsters in each tank (4 controls & 4 

infected) were necropsied two-weeks PI (336 h).  

Immediately prior to euthanasia, H. americanus were weighed and final 

haemolymph samples were collected for THC and WSSV-qPCR. H. americanus 

were euthanized as per Clark et al. (2013a) by severing the ventral nerve cord 

anterior to the chelicerae coxae as well as near the first tail segment. Hepatopancreas 

(~100 mg each) was collected, homogenized (OMNI International, Kennesaw, GA, 

USA) in 1 mL of Tri-reagent® solution (Sigma-Aldrich, Oakville, ON, Canada), 

flash frozen in liquid nitrogen and stored at -80 
o
C for RNA extraction (Section 

2.3.7). A portion of antennal gland was also collected and stored for RNA 

extraction. A portion (~1 mm
3
) of antennal gland, hepatopancreas and cuticular 

epithelium were carefully excised and placed into 4 mL of 2.5% glutaraldehyde 
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(SPI® Supplies, Toronto, ON, Canada) in 0.1 M phosphate buffer for transmission 

electron microscopy (Chapter 3). A total of 12 tissues, cuticular epithelium, antennal 

gland, pleopod, heart, gill, hepatopancreas, intestine, stomach, gonad, brain, nerve 

cord and tail muscle were collected and preserved in 10% neutral buffered formalin 

(NBF; Sigma-Aldrich, Oakville, ON, Canada) for subsequent histological analysis 

(Chapter 3). Antennal gland, cuticular epithelium, heart, gonad, hepatopancreas, gill, 

intestine and pleopod tissue (~1 cm
3
 each) were also collected and placed in 95% 

EtOH for WSSV-qPCR testing (Chapter 3). Lastly, tail muscle (~25 g) was excised, 

placed in a 2 oz. sterile Whirl -Pak® bag (Cole-Parmer, Montreal, QC, Canada), 

flash frozen using liquid nitrogen and stored at -20 
o
C.  

2.3.7 RNA Extraction 

RNA was extracted from hepatopancreas tissue using a combined chloroform 

and RNeasy® Mini Kit (Qiagen®, Toronto, ON, Canada) protocol. Briefly, samples 

were thawed and chloroform (200 ɛL per 1 mL of Tri-reagent® solution) was added. 

Samples were inverted 15 times, incubated at room temperature for three mins, and 

then centrifuged at 12 000 x g (Beckmann Allegra 25R Centrifuge, Beckmann 

Coulter, Brea, CA, USA) for 15 min at 4 
o
C. Supernatant (600 ɛL) was collected and 

placed in a new 1.5 mL microfuge tube containing 70% EtOH (600 ɛL). The 

remainder of RNA extraction was completed according to RNeasy® Mini Kit 

(QiagenÈ, Toronto, ON, Canada) manufacturerôs instructions. Samples were mixed 

via pipetting, added to an RNeasy® spin column and centrifuged (Eppendorf 5415R 

Centrifuge, Eppendorf, Hamburg, Germany) at 8000 x g for 30 sec in order for total 

RNA to bind to the RNeasy® spin column membrane. RNA contaminants were 
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removed in two wash steps using RW1 buffer (350 ɛL) and RPE buffer (500 ɛL) 

centrifuged 8000 x g for 30 sec. A DNaseÈ I reaction buffer treatment (80 ɛL; 

Qiagen®, Toronto, ON, Canada) was added to the column and centrifuged at 8000 x 

g for 30 sec in between the buffered washes to degrade any contaminated DNA. 

Total RNA was eluted using 60 ɛL of nuclease-free water (UltraPureÊ 

DNase/RNase-Free Distilled water, Applied BiosystemsÊ, CA, USA). 2 ɛL of total 

RNA was diluted 1/5 with nuclease-free water for total RNA spectrophotometric 

quantification using the NanoDrop ND-1000 (Thermo Fisher Scientific, Waltham, 

MA, USA). RNA quantification was conducted in triplicate for each sample. An 

absorbance ratio of 260/280 Ó 1.9 was considered pure RNA. RNA quality was also 

assessed using a Bioanalyzer® capillary electrophoretic chip system (Agilent®, 

Santa Clara, CA, USA) examining 18S and 28S ribosomal RNA peaks. Remaining 

RNA was aliquoted and stored at -80 
o
C to be used for microarray and RT-qPCR 

analysis. 

2.3.8 cDNA/aRNA Synthesis for Microarray 

Complementary DNA (cDNA) was synthesized using 20 ɛg of extracted 

hepatopancreas RNA using an Invitrogen SuperScriptÊ Plus Indirect cDNA 

Labeling Kit (Life Technologies, Burlington, ON, Canada) according to 

manufacturer instructions. For each sample the volume for 20 ɛg of total RNA was 

adjusted using a miVac DNA concentratorÊ (Genevac Ltd., Ipswich, England). 

Samples were centrifuged at 250 x g at 50 
o
C until total RNA volume was Ò 16 ɛL. 

For samples adjusted to < 16 ɛL, nuclease-free water (UltraPureÊ DNase/RNase-

Free Distilled water, Applied BiosystemsÊ, CA, USA) was added to make the final 
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volume 16 ɛL. A total of 2 ɛL of anchored oligo(dT)20 primer (2.5 ɛg/ɛL) was 

added to the total RNA, then incubated at 70 
o
C for 5 min  in a DNA Engine thermal 

cycler with heated lid (Bio-Rad Laboratories Inc., CA, USA). Samples were then 

placed on ice and a master mix comprised of 6 ɛL 5X First-Strand buffer, 1.5 ɛL 

0.1M DTT, 1.5 ɛL dNTP mix, 1.0 ɛL RNaseOUTÊ and 2.0 ɛL SuperScriptÊ III 

Reverse Transcriptase was added yielding a total reaction volume of 30 ɛL. Reverse 

transcription reactions were incubated at 46 
o
C for 3 hours. Once cDNA was 

synthesized, RNA was degraded with 15 ɛL of 1 M NaOH and incubated at 70 
o
C 

for 10 mins. Samples were neutralized with 15 ɛL of HCL. The cDNA was then 

purified using Invitrogen SuperScriptÊ Plus Indirect cDNA Labeling Systems 

manufacturers spin column protocol. Briefly, neutralized cDNA was added to 700 

ɛL of binding buffer, mixed via inversion, transferred to a Low-Elution volume spin 

column and centrifuged at 3300 x g for 1 min (Eppendorf 5415R Centrifuge, 

Eppendorf, Hamburg, Germany). Wash buffer (600 ɛL) was added and sample was 

centrifuged twice at 10 000 x g for 30 sec and then placed in a new collection tube. 

cDNA was eluted with 30 ɛL of DEPC treated H2O. 1 ɛL of cDNA was diluted 1/5 

with nuclease-free water for spectrophotometric quantification using the NanoDrop 

ND-1000. The remainder of cDNA was stored at -80 
o
C until cDNA labeling and 

microarray hybridization. 

Reference antisense RNA (aRNA) was generated by Clark et al. (2013b) 

from 5 ɛg of pooled H. americanus hepatopancreas total RNA. aRNA was 

synthesized via reverse transcription and purified using an Amino Allyl Message 
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AMP
TM 

II aRNA Amplification Kit (Ambion®, Austin TX, USA) according to 

manufacturer instructions.   

2.3.9 cDNA/aRNA labeling for Microarray 

 Purified first strand cDNA was labeled using an Invitrogen SuperScriptÊ 

Plus Indirect cDNA labeling System and Alexa Fluor® 555 dye (Life Technologies, 

Burlington, ON, Canada). cDNA was thawed and adjusted to 3 ɛL using the miVac 

DNA concentratorÊ (Genevac Ltd., Ipswich, England) set to 50 
o
C and 250 g. 5 ɛL 

of 2X Coupling buffer was added to concentrated cDNA. Room temperature 

dimethyl sulfoxide (DMSO; 10 ɛL) was added to a vial of Alexa FluorÈ 555 dye to 

reconstitute the dye. DMSO/dye mixture (2.5 ɛL) was then added to each sample 

and incubated in darkness at room temperature for 2 hours. Labeled cDNA was then 

re-purified according to Invitrogen SuperScriptÊ Plus Indirect cDNA labeling 

Systems manufacturers spin column protocol (Section 2.3.8). cDNA was eluted with 

30 ɛL of DEPC treated H2O. 1 ɛL of cDNA was diluted 1/5 with nuclease-free 

water for spectrophotometric quantification using the NanoDrop ND-1000 and the 

remainder was stored at 4 
o
C until hybridization. 

aRNA was labeled using Alexa Fluor® 647 dye (Life Technologies, 

Burlington, ON, Canada), MEGAclearÊ Kit (AmbionÈ, Austin TX, USA) and 

cDNA filter cartridges (AmbionÈ, Austin TX, USA). aRNA (12 ɛg) volume was 

adjusted to 0.5 ɛL using the miVac DNA concentratorÊ (Genevac Ltd., Ipswich, 

England) set to 50 
o
C and 250 g. Coupling buffer (9 ɛL) was added to the 

concentrated aRNA. Room temperature DMSO (11 ɛL) was added to a vial of Alexa 

Fluor® 647 dye to reconstitute the dye. Entire DMSO/dye mixture was then added 
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to the aRNA and incubated in darkness at room temperature for 2 hours. aRNA was 

re-purified by adding 105 ɛL of aRNA binding solution and 75 ɛL of 100% EtOH. 

Reaction was added to a cDNA low elution column and centrifuged at 10 000 x g for 

1 min (Eppendorf 5415R Centrifuge, Eppendorf, Hamburg, Germany). Flow-

through was discarded, 500 ɛL of wash solution was added, and centrifuged twice at 

10 000 x g for 1 min. The flow-through was discarded and column was placed in a 

new collection tube. For elution, 10 ɛL of 55 
o
C nuclease-free water was added and 

sample was incubated at 55 
o
C for 2 mins and then centrifuged at 10 000 x g for 1.5 

min. Elution was repeated a second time resulting in a two-step elution. 1 ɛL of 

aRNA was diluted 1/5 with nuclease-free water for spectrophotometric 

quantification using the NanoDrop ND-1000 and remainder was stored at 4 
o
C for 

until hybridization. 

aRNA was fragmented prior to hybridization using a 10X Fragmentation Kit 

(Ambion®, Austin TX, USA). 10X fragmentation solution (1 ɛL) was added to 

aRNA and incubated for 10 mins at 70 
o
C. Fragmentation was terminated with 1 ɛL 

of stop solution. 

2.3.10 Microarray  

A previously designed microarray platform was used (Clark et al., 2013b). 

Arrays were designed using a combination of publicly available gene sequences and 

expressed sequence tags (EST) determined from a H. americanus cDNA library 

comprised of multiple male and female H. americanus tissues from various 

physiological conditions (Towle and Greenwood, unpublished). A total of 15 864 

unique sequences were identified; of which 14 592 (50 mer) probes with high 
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binding specificity, GC content and annealing temperature were designed. Probes 

were designed using Array Designed 4 software (Premier Biosoft International, CA, 

USA), and used to construct the array (Towle and Greenwood, unpublished). Probes 

were synthesized by Integrated DNA Technologies (Coralville, IA, USA), submitted 

to the Vancouver Prostate Centre DNA Microarray Facility (Vancouver, BC, CA) 

for printing onto Erie C28 aminosilane coated glass slides (2 arrays per slide) using a 

Qarraymax arrayer. Oligonucleotide printing quality was monitored using a 9 mer 

Hybridization GenePix 4200 AL Scanner (Molecular Devices, Sunnyvale, CA, 

USA) and visualized with ImaGene version 8.0.1 (BioDiscovery Inc., CA, USA). In 

total, microarrays contained 14,592 H. americanus sequences, 210 Sigma Alien 

DNA controls, 78 Green Florescent Protein (GFP) controls, 80 GFP landmarks, and 

416 buffer controls; yielding a total of 15,376 spots on the array.  

2.3.11 Microarray Preparation and Hybridization 

Hepatopancreas mRNA was extracted (Section 2.3.7) from each lobster in 

the study and hybridized independently, yielding a total of 48 hybridization 

reactions. Hybridization reactions were performed on a Tecan 400 HS Pro 

hybridization system (Tecan, NC, USA). A pre-hybridization priming protocol, 

comprised of a series of washes using hybridization buffer solutions (Buffer 1: 5X 

SCC/0.01% SDS/0.2% BSA, Buffer 2: 2X SCC/0.2%SDS, Buffer 3: 0.2X SSC, 

Buffer 4: 5X SCC, Buffer 5: diH2O) was completed before each hybridization 

reaction. Hybridization buffers and conditions were identical for all arrays and 

reactions were conducted according to manufacturer instructions (Appendix C).   
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Microarray hybridization mix was prepared using 140 ng of Alexa Fluor® 

555 fluorescently labeled cDNA, 100 pmol of Alexa Fluor® 657 fluorescently 

labeled and fragmented aRNA, 50 ɛL of AmbionÈ SlideHybÊ Glass Array 

Hybridization Buffer #3, 1 ɛL of LNA dt blocker (GenisphereÈ, Hatfield, PA, USA) 

and nuclease-free water (to adjust cDNA and aRNA to a combined volume of 25 

ɛL). Hybridization mix was incubated at 80 
o
C for 10 mins and then held at 65 

o
C 

until prompted by the Tecan 400 HS Pro hybridization system (Tecan, NC, USA) to 

inject sample. Hybridization protocol (Appendix C) ran for a total of 16 hours. 

Briefly, arrays were incubated at 65 
o
C for 10 mins, washed twice with hybridization 

buffer 1 for 20 sec at room temperature, incubated at 50 
o
C for 13 mins and washed 

with buffer 1 for 20 sec. Arrays were then incubated at 48 
o
C for 13 mins, washed 

with buffer 1 for 1 min followed by buffer 4 for 1 min. The sample (~62.5 ɛL) was 

then injected into the microarray chamber, using a positive displacement pipette, and 

hybridized using sample agitation at 48 
o
C for 16 hours. Arrays were then washed 

with buffer 2 at 40 
o
C for 1 min, incubated at 40 

o
C for 2 mins, washed again with 

buffer 2 at 30 
o
C for 1 min and then with buffer 5 at 30 

o
C for 1 min. Arrays were 

incubated at 30 
o
C for 2 mins, washed with buffer 5 at 23 

o
C for 1 min, washed with 

buffer 3 at 23 
o
C for 1 min, incubated at 23 

o
C for 2 mins, washed with buffer 3 for 1 

min and lastly, dried with nitrogen gas for 3 mins. Upon completion, microarray 

slides were removed and placed in a microarray slide box to air dry in the dark 

before scanning. A post-hybridization cleaning protocol was completed after each 

reaction using blank microarray slides.  
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2.3.12 Microarray scanning and analysis 

 Microarray slides were scanned using a Molecular Devices GenePix 4000B 

Microarray Scanner (Molecular Devices, Sunnyvale, CA, USA). Microarray slides 

were placed upside down into the scanner and GenePix software (Molecular 

Devices, Sunnyvale, CA, USA) was used to generate a preview scan of the 

microarray. The area including the microarray was selected and scanned.  

Fluorescence was detected using a photo multiplier tube (PMT) with values set to 

100% for both red and green channels.  

Generated images were saved as tagged information file format (.tiff) images 

and imported into Spot Reader (Niles Scientific, Portola Valley, CA) where features 

were extracted, assessed (for uneven colour, bright specs, low foreground, high 

background, offset centres and small diameter), flagged and processed into result 

files. Result files were then locally weighted linear regression (LOWESS) 

normalized and log2 expression ratios of sample to reference gene intensity were 

generated using MIDAS (Microarray Data analysis software V2.2.2). Data was 

imported into TM4 Multiexperiment Viewer (MeV v4.8.1) and individual samples 

were grouped based on temperature (Fig. 2.1 green boxes) and sampling time (Fig. 

2.1 orange boxes). Groupings were as follows: 10 
o
C comparing individuals one-

week PI, two-weeks PI and controls; 15 
o
C comparing individuals one-week PI, two-

weeks PI, and controls; 17.5 
o
C comparing individuals one-week PI, two-weeks PI 

and controls; 20 
o
C comparing individuals one-week PI, two-week PI and controls; 

10 
o
C, 15 

o
C, 17.5 

o
C and 20 

o
C comparing individuals one-week PI and lastly, 10 

o
C, 15 

o
C, 17.5 

o
C and 20 

o
C comparing individuals two-weeks PI (Fig. 2.1). Each 
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grouping was analyzed independently using one-way ANOVA with 1000 

permutations and Ŭ=0.05 with a false discovery rate not exceeding 0.05 and a cutoff 

for statistical significance of Ŭ=0.001. Heat maps with hierarchical clustering and K-

means clustering were used to identify similar expression profiles among the 

significantly differentially expressed genes within each of the different groupings. 

Blast2GO (BioBam©, Valencia, Spain) was used to retrieve annotations for 

significantly differentially expressed genes.    
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Figure 2.1: Schematic of temperature and sampling schedule for Homarus 

americanus groupings used in microarray analysis. 

Temperature groupings (green boxes) consisted of all H. americanus necropsied 

one-week post inoculation (PI), two-weeks PI and the control animals (yielding 

n=12 for each temperature except for 20 
o
C that was n=11). One-week PI group 

(n=16) and two-week PI (n=15) consisted of all infected H. americanus necropsied 

one-week PI and two-week PI, respectively, at all four temperatures (orange boxes). 

Each grouping was separately analyzed using a one-way ANOVA with a cut-off of 

for statistical significance of Ŭ=0.001 or Ŭ=0.05 with the proportion of false 

significant genes not exceeding 0.05.  
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2.3.13 Primer Design 

Microarray findings were verified using RT-qPCR on a select number of 

genes (Table 2.1). Primers were designed from EST sequences using PrimerQuest® 

(Integrated DNA Technologies, Coralville, CA). Primers were assessed for GC 

content (>45%), product size, and annealing temperature. Primer specificity was 

verified using Blastn (http://blast.ncbi.nlm.nih.gov/) to assure little to no non-

specific binding. Primers were synthesized with an oligonucleotide concentration of 

100 nmol and shipped dry from Integrated DNA Technologies (Integrated DNA 

Technologies, Coralville, CA). Lyophilized primers were re-suspended, using 

nuclease-free water, to a stock concentration of 100 ɛM and stored at ï 20 
o
C.  

2.3.14 cDNA Synthesis for RT-qPCR 

 cDNA was synthesized from total RNA (1 µg) extracted from H. 

americanus hepatopancreas (Section 2.3.7) using an Invitrogen SuperScriptÊ III 

First-Strand Synthesis SuperMix kit (Life Technologies, Burlington, ON, Canada) 

according to manufacturer instructions. Briefly, total RNA (1 µg), 1 µL of oligo(dT) 

Primer (50 µM), 1 µL of annealing buffer and DEPC-treated water to yield a 

reaction volume of 8 ɛL, were combined and incubated at 65 
o
C for 5 mins in a 

DNA Engine thermal cycler with heated lid (Bio-Rad Laboratories Inc., CA, USA). 

Reverse transcription reactions were placed on ice for 1 min to cool before adding 

10 µL of 2X First strand reaction mix and 2 µL SuperScriptIII/RNaseOUTÊ 

Enzyme Mix. The reactions were then incubated at 50 
o
C for 50 mins and terminated 

at 85 
o
C for 5 mins. A no template control (NTC; sample containing no RNA) and a 

no reverse transcriptase control (NRTC; pooled cDNA sample without 

http://blast.ncbi.nlm.nih.gov/
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SuperScriptIII/RNaseOUTÊ Enzyme Mix) were also generated. The samples were 

then placed on ice and 40 µL nuclease-free water was added. cDNA was aliquoted 

(2 µL x 30) and stored at -80 
o
C until RT-qPCR.   

2.3.15 Primer Optimization 

Each primer pair was optimized for annealing temperature, efficiency and 

specificity (Table 2.1). Optimization reactions were completed using pooled cDNA 

synthesized for RT-qPCR (Section 2.3.14). cDNA (2 ɛL) from each sample was 

mixed together, re-aliquoted (2 ɛL x 48) and labelled as pooled cDNA. Reactions 

were conducted in 0.2 mL semi-skirted 96-well plates covered with Microseal óBô 

seals (Bio-Rad Laboratories Inc., CA, USA). Optimizations were performed in 10 

ɛL reactions assembled using the Qiagility liquid handling robot (Qiagen®, 

Valencia CA, USA). Reactions consisted of 5 ÕL 2X Express SYBR GreenERÊ 

qPCRSupermix (Life Technologies, Burlington, ON, Canada), 0.2 µL forward 

primer (10 µM), 0.2 µL reverse primer (10 µM), 2 µL pooled cDNA, and 2.6 µL 

nuclease-free water.   

Tm optimization cycling parameters were as follows: 95 
o
C for 2 mins, 40 

cycles of 95 
o
C for 5 sec, gradient from 55 

o
C to 70 

o
C for 20 sec, and lastly a melt 

curve analysis from 65 
o
C to 90 

o
C in 1 

o
C increments with 3 sec at each 

temperature. Reactions were conducted in triplicate and run on a Chromo4Ê Real-

Time PCR system (Bio-Rad Laboratories Inc., CA, USA). Optimal temperature was 

selected based on the temperature that provided the lowest CT value at the highest 

temperature with a single peak in the melt curve at a high temperature (>80 
o
C) 

indicating high specificity.  
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Reaction volumes were identical for efficiency optimizations; however 

cycling parameters were modified to incorporate the optimized annealing 

temperatures, resulting in either two-step or three-step reactions. For two-step 

reactions, cycling parameters were: 95 
o
C for 5 mins, 40 cycles of 95 

o
C for 5 sec, 

annealing temperature for 20 sec, and a melt curve analysis from 65 
o
C to 90 

o
C in 1 

o
C increments with 3 sec at each temperature. For three-step reactions, cycling 

parameters were: 95 
o
C for 5 mins, 40 cycles of 95 

o
C for 5 sec, annealing 

temperature for 20 sec, 72 
o
C for 20 sec and a melt curve analysis from 65 

o
C to 90 

o
C in 1 

o
C increments with 3 sec at each temperature. A total of three, 5-fold 

dilutions (1/5, 1/25, 1/125) were conducted to generate a standard curve and 

dilutions were run in quadruplicate technical reactions to assure three different 

master mixes within a single assay had efficiencies within 5-8% of each other. The 

slope of log copy number (dilution) versus CT were generated and used to calculate 

efficiency. Only primers with average amplification efficiencies >85% and a linear 

trend line fit of R > 0.98 were used for microarray verification.  

Primers were assessed for specificity by running qPCR product on a 2% 

agarose gel. SYBR® Safe DNA gel stain 10 000X in DMSO (Life Technologies, 

Burlington, ON, Canada) was used to stain the gel, and a 100 bp DNA ladder 

(BioShop Canada Inc., Burlington, ON, CA) was used to size the amplicon. 

Amplicons were run at 90 V for 1 hour using a Bio-Rad PowerPacÊ (Bio-Rad 

Laboratories Inc., CA, USA). The gel was imaged using Bio-Rad VersaDocÊ (Bio-

Rad Laboratories Inc., CA, USA).  



 72 

 

 

Table 2.1: Forward and reverse primer sequences for genes of interest and 

normalization genes used to verify microarray findings via RT-qPCR. 

Guanylate kinase, Calponin, Prolyl-4-hydroxylase-alpha and Short-chain 

dehydrogenase were selected as genes of interest from the microarray data. 

Previously designed, R301, HYP, PRP, CHP and R044 were used as normalization 

genes.  

Gene Name 

(Abbreviation) 

Accession 

Number 

Forward Primer Sequence 
Annealing 

Temp. (oC) 

Reaction 

Efficiency 

(%)  

# Step 

Reaction 
Reverse Primer Sequence 

Guanylate kinase 

(GUA) 
EX471111 

GTCTTCATCAGACCACCATCAA 
61.4 100 3 

CCCTTTACAGCTCCATACTCTAAC 

Calponin 
(CAL) 

FD699000 
GGGTGTGTGGCTTATGGTATC 

57.5 92 3 
CAGACAGTCCACAACCATGTATAA 

Prolyl-4-

hydroxylase-alpha  
(PRO) 

EW997795 
TAATGCCTACCTGTTGGTGAAG 

61.4 112 2 
CCTCAGGAAATCAGCCATACTC 

Short-chain 
dehydrogenase 

(DEH) 

FD585222 
GCGGAGTGTGCTAGACATTTA 

61.4 90 2 
CAACTGGCCTCACCAGATATT 

WD repeat protein 

26 

(R044) 

FF277218 
GTGTTCATTTGTGGGACCTACGCA 

65 99.7 2 
TGTCTTCATTCCAGATGCCACGA 

Pre-mRNA 

processing factor 38 

domain containing B  
(PRP) 

DV774783 

CAGGAGGTGGGCAAACAACAACAA 

66 91 2 
AGTCCTTCTGGATTGGCACAGGAA 

Conserved 
hypothetical protein 

(CHP) 

FE659358 
TCAAGCCTGAAGCTGGGATATGCT 

66.5 92 2 
AAACACATGGGTTGGATGGCACAG 

Hypothetical protein  
(HYP) 

FE535262 
ACATGGCAGTGGAAGACTCAAGGA 

62.5 89 2 
AAAGGAAACTGCGAACACTGCTGG 

Microtubule 

associated protein 
(R301) 

EX827404 
CAAGATCTTGCAGTATGCCTT 

57 101.4 3 
TGAACCAGTGAAGGAATTCA 
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2.3.16 RT-qPCR Reactions and Analysis 

All H. americanus samples used for microarray validation were run in 

duplicate and on a Chromo4Ê Real-Time PCR system (Bio-Rad Laboratories Inc., 

CA, USA). Reactions were conducted as either two-step or three-step reactions with 

cycling parameters, reaction volumes, and preparation using liquid handling robot 

identical to efficiency optimization parameters (Section 2.3.15). RT-qPCR reactions 

were run using a sample maximum approach with all samples for each gene of 

interest assayed on a single plate. The expression of each gene of interest was 

measured in the lobster samples corresponding to the temperature grouping it was 

identified as statistically significant in. For example, guanylate kinase was 

differentially expressed between one-week PI, two-weeks PI and control animals at 

10 
o
C resulting in expression of guanylate kinase (Table 2.1) being measured in 10 

o
C animals only. All reactions included a no template control and a no reverse 

transcriptase control. RT-qPCR CT values were imported into qBase+ qPCR data 

analysis software version 3.1 (Biogazelle, Zwijnaarde, Belgium) for analysis. 

Previously determined gene specific amplification efficiencies were used for 

quantification. qBase+ v. 3.1 default quality control settings were used; CT range for 

technical replicates < 0.5 CT and a negative control threshold of 5 (Bustin et al., 

2009; Hellemans et al., 2007).  

The expression stability of 9 previously designed reference genes (Bauer et 

al., 2013; Clark et al., 2013b, 2013c) was analyzed for all samples using the 

GeNorm module integrated in qBase+ qPCR data analysis software version 3.1 

(Biogazelle, Zwijnaarde, Belgium). GeNorm V < 0.15 and M < 1.0 determined 5 
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genes (R301, HYP, PRP, CHP and R044) to be the optimal number of reference 

gene targets required. The optimal normalization factor was calculated as the 

geometric mean of the determined reference genes. Normalization factors were used 

to compute normalized relative quantities (NRQ) for each gene of interest. RT-qPCR 

results were mean log2 transformed for comparison with microarray data. 

2.4 Results 

2.4.1 WSSV Infection trial 

Overall health and clinical condition of H. americanus was monitored 

closely during the infection trial. Haemolymph cultures, collected at the start and 

end of the trial, revealed the absence of bacterial or ciliate protist infections in all H. 

americanus. Haemolymph refractive index was not statistically significant between 

infected and control animals across all four temperatures. All H. americanus 

infected at 10 
o
C, 15 

o
C and 17.5 

o
C survived the infection period. At 20 

o
C, a single 

mortality was observed 144 hours PI (lobster #41). Necropsy revealed the cause of 

death to be a rubber claw band present within the stomach contents of the lobster 

and as a result this lobster was omitted from future statistical analysis. This resulted 

in the two-weeks PI group to be n=3 instead of 4. Additionally, at 288 hours PI the 

total haemocyte concentration of WSSV infected animals at 20 
o
C fell below 

3.0x10
9
/L. All challenged H. americanus in this treatment appeared moribund so the 

remaining infected and control animals at 20 
o
C were sampled one day early at 312 

hours post inoculation. For analysis 312 hours PI at 20 
o
C is still referred to as the 20 

o
C two-weeks PI group.  
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2.4.2 Total Haemocyte Concentration  

Average THC was calculated for infected and control H. americanus at each 

of the four temperatures for the duration of the two-week trial (Fig 2.2). THC 

decreased slightly during the sampling period for all H. americanus, regardless of 

temperature (Fig. 2.2). However, at 10 
o
C and 15 

o
C, there was no significant 

difference in the average THC between the infected and control animals during the 

two-week trial (Fig. 2.2 A & B; repeated measures two-way ANOVA, p=0.41 and 

p=0.98 respectively). At 17.5 
o
C and 20 

o
C, THC was significantly lower in infected 

H. americanus relative to controls across the sampling time points (Fig. 2.2 C & D; 

repeated measures two-way ANOVA, p=0.03 and p=0.04 respectively).  

2.4.3 WSSV-qPCR 

Haemolymph samples for all control group H. americanus were negative for 

WSSV. Among infected H. americanus WSSV viral replication was temperature 

dependent (Fig. 2.3). WSSV viral copy number was significantly different between 

the temperatures (repeated measures two-way ANOVA, p=0.04), with a higher 

WSSV viral titre present at the warmer temperatures (17.5 
o
C and 20 

o
C) compared 

to the colder temperatures (10 
o
C and 15 

o
C). Infected H. americanus at 17.5 

o
C and 

20 
o
C exhibited a linear increase in relative WSSV viral copy number during the 

infection trial (Fig. 2.3). At 15 
o
C relative viral copy number increased linearly until 

96 hours PI, after which relative viral copy number reached a plateau (Fig. 2.3). At 

15 
o
C WSSV viral copy number did not exceed 10

6
 viral copies per 100 µL. At 10 

o
C, one lobster remained negative throughout the entire two week trial. The 

remaining three lobsters at 10 
o
C showed variable low levels of WSSV titre. For all 
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infected H. americanus at 10 
o
C, relative viral copy number remained below 10 viral 

copies per 100 µL (Fig. 2.3). All CT values for H. americanus infected at 15 
o
C, 17.5 

o
C and 20 

o
C were below 35. All CT values for H. americanus infected at 10 

o
C were 

below 40.  
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Figure 2.2: Average total haemocyte concentrations (THC) in Homarus 

americanus at the four experimental temperatures during WSSV infection 

challenge. 

(A) THC for infected and control H. americanus at 10 
o
C. (B) THC for infected and 

control H. americanus at 15 
o
C. (C) THC for infected and control H. americanus at 

17.5 
o
C. (D) THC for infected and control H. americanus at 20 

o
C. At 20 

o
C final 

sampling event occurred at 312 hours post inoculation instead of 336 hours. Data is 

represented as means ± SD and n=4 for each temperature, with the exception of 20 
o
C infected that is n=3.   
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Figure 2.3: WSSV viral titre in Homarus americanus haemolymph during 

WSSV infection challenge at the four experimental temperatures. 

WSSV viral titre was measured via WSSV-qPCR testing. All control H. americanus, 

at all temperatures, were negative. Data was log transformed. Break in the Y-axis 

highlights the transition from numerical scale to log scale; required in order to plot 

true zero values as true zeros.  
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2.4.4 Microarray 

Two levels of significance (for one-way ANOVA) were compared to 

determine which provided the most accurate and relevant number of significantly 

differentially expressed genes for each grouping. One-way ANOVA analysis with 

Ŭ=0.001 as the meaningful statistical cutoff determined that in total 771 genes were 

significantly differentially expressed (Table 2.2). At this level of significance, 24 

genes were differentially expressed between one-week PI, two-weeks PI and 

controls at 10 
o
C, 54 genes at 15 

o
C, 11 genes at 17.5 

o
C and 56 genes at 20 

o
C, 

respectively (Table 2.2). Blast2Go was used to search for functional annotations for 

the significantly differentially expressed genes. Of the significantly differentially 

expressed genes a, total of 38% were functionally annotated (Table 2.2). Of these, a 

surprisingly low number appeared to be involved in immune processes. 

Additionally, none of the annotated identified genes were shared between 

temperature groupings. 

At 10 
o
C significantly differentially expressed genes (between one-week PI, 

two-weeks PI, and controls) included several ribosomal proteins (L27a, L13, L11, 

L39), guanylate kinase and protein O-mannosyl-transferase, which increased in 

expression one-week PI but decreased in expression two-weeks PI relative to 

controls (Appendix D Table D.1). At 15 
o
C, annotated genes included 

endonuclease/reverse transcriptase, calponin, DEAD-box ATP-dependent RNA 

helicase, which was up-regulated two-weeks PI and C-type lectin which was down-

regulated 0.374 fold one-week PI and 0.887 fold two-weeks PI (Appendix D Table 

D.2). At 17.5 
o
C, only three genes were annotated, mitogen-activated protein kinase 
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organizer 1, prolyl-4-hydroxylase-alpha and Dpol isoform A (Appendix D Table 

D.3). At 20 
o
C Drosophila melanogaster pol-like was up-regulated 1.326 fold one-

week PI but down-regulated 0.878 fold two-weeks PI. Laminin subunit gamma-3 

was also down-regulated 0.495 fold in infected animalôs two-weeks PI relative to 

controls at 20 
o
C (Appendix D Table D.4).  

Heat maps with hierarchical clusters were generated for the significant genes 

identified in each temperature grouping (Fig. 2.4). At 10 
o
C hierarchical clustering 

was not able to differentiate between control, one-week PI and two-weeks PI 

samples (Fig. 2.4 A; Appendix D Table D1). However, at 15 
o
C (Fig. 2.4 B; 

Appendix D Table D2), 17.5 
o
C (Fig 2.4 C; Appendix D Table D3) and 20 

o
C (Fig. 

2.4 D; Appendix D Table D4), hierarchical clustering revealed that control 

individuals had expression profiles more similar to themselves than to one-week and 

two-week PI individuals. At 15 
o
C and 20 

o
C hierarchical clustering of significant 

genes could clearly differentiate between controls, one-week PI and two-weeks PI 

(Fig 2.4 B & D). Hierarchical clusters for the significantly differentially expressed 

genes one-week PI and two-weeks PI were also differentiated between infected 

individuals at the different temperatures. Infected H. americanus within a given 

temperature demonstrated more similar expression profiles to themselves than to 

individuals infected at another temperature (Fig 2.5; Appendix D Table D5 for one-

week PI and Table D6 for two-weeks PI). 

One-way ANOVA analysis with Ŭ=0.001 of one-week PI H. americanus 

across all temperatures resulted in the largest number of significantly differentially 

expressed genes (Table 2.2; Appendix D Table D5). As a result, a second more 



 81 

rigorous one-way ANOVA analysis was conducted with a false discovery rate > 

0.05 and Ŭ=0.05. Under this analysis, a total of 5 genes (2 annotated, 3 un-

annotated) were significantly differentially expressed between the infected animals 

one-week PI across all temperatures. This analysis for all other grouping resulted in 

zero significantly differentially expressed genes. Average Log2 expression ratios of 

the 5 identified genes were plotted (Fig. 2.6). The annotated genes included acute 

phase serum amyloid A (Fig 2.6 A) which increased in expression as temperature 

increased from 10 
o
C to 20 

o
C, and prostaglandin E synthase 2 (Fig. 2.6. B), which 

decreased from 10 
o
C to 17.5 

o
C but then increased from 17.5 

o
C to 20 

o
C. The 

remaining genes (named by accession number) DV774720 and DV773674 showed 

an increase in expression with temperature (Fig. 2.6 C & E) whereas FF277877 (Fig 

2.6 D) showed a decrease in expression with temperature.  

One-way ANOVA analysis with Ŭ=0.001 among infected H. americanus 

two-weeks PI across all temperatures yielded a total of 75 significantly differentially 

expressed genes. Of these genes, 31 were functionally annotated (Table 2.2; 

Appendix D Table D6). Figure of merit (FOM) algorithm and K-means clustering 

was used to cluster these significant genes based on similar expression profiles. Each 

gene was represented only once within a given cluster, providing insight into the 

function of non-annotated genes. FOM identified 6 clusters to be the minimum 

number of K-means clusters needed for strong predictive power. Cluster 1 contained 

20 genes, cluster 2, 16 genes, cluster 3, 14 genes, cluster 4, 13 genes, cluster 5, 7 

genes and cluster 6, 5 genes (Appendix E Tables E1-E6). Average expression 

profiles for each cluster were generated (Fig 2.7). Clusters 1, 2 and 6 showed 
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variable patterns of expression, with differences in expression typically occurring 

between 17.5 
o
C and 20 

o
C (Fig. 2.7; Appendix E Table E1, E2, E6 respectively). 

Genes within clusters 4 and 5 differed in fold change but both showed decreased 

expression as temperature increased (Fig 2.7; Appendix E Table E4, E5). 

Interestingly, cluster 4 contained crustin-like protein fc-1, NADH dehydrogenase 

subunit 5, membrane associated ring finger, sterile alpha motif domain containing 

isoform 1 and a suite of genes with no functional annotation. Lastly, Cluster 3 genes, 

including pontin, glutamate dehydrogenase and sec1 family domain containing 2, 

showed very little upregulation from 10 
o
C to 17.5 

o
C but then increased 

significantly at 20 
o
C (Fig 2.7; Appendix E Table E3).  
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Table 2.2: Number of significantly differentially expressed genes identified 

using microarray analysis and percentage annotated in Homarus americanus 

under WSSV infection challenge.  

Number of significantly differentially expressed genes in each temperature and 

sampling time group identified using one-way ANOVA analysis with 1000 

permutations and Ŭ=0.001. Percentage of significantly differentially expressed genes 

with functional annotations available. Post inoculation (PI).  

Groupings 
Number of 

significant genes 

Number of 

annotated genes 

Percent 

annotated (%) 

10 
o
C 24 13 54 

15 
o
C 54  25 46 

17.5 
o
C 11 3 27 

20 
o
C 56 17 30 

One-week PI 551 204 37 

Two-weeks PI 75 31 41 

Total 771 293 38 
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Figure 2.4: Heat maps with hierarchical clustering of significantly differentially 

expressed genes identified between Homarus americanus infected one-week PI, 

two-weeks PI and control H. americanus at each of the four experimental 

temperatures. 

Heat maps illustrate log2 expression ratio of experimental sample (Alexa flour 555) 

to reference sample (Alexa flour 647), with significant genes identified using one-

way ANOVA at Ŭ=0.001, along the x-axis and experimental samples along the y-

axis. Red represents a threefold or greater decrease in gene expression whereas 

green represents a threefold or greater increase in gene expression. Colours 

separating treatments are as follows blue corresponding to controls, pink to one-

week PI and purple to two-weeks PI. (A) 10 
o
C, (B) 15 

o
C, (C) 17.5 

o
C, (D) 20 

o
C.  
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Figure 2.5: Heat maps with hierarchical clustering of significantly differentially 

expressed genes identified between infected Homarus americanus one-week and 

two-weeks PI across the four experimental temperatures. 

Heat maps illustrate log2 expression ratio of experimental sample to reference 

sample, with significant genes, identified using one-way ANOVA at Ŭ=0.001, listed 

along the x-axis and experimental samples along the y-axis. Red represents a 

threefold or greater decrease in gene expression whereas green represents a threefold 

or greater increase in gene expression. Colours separating treatments are as follows, 

red corresponding to 20 
o
C, pink corresponding to 17.5 

o
C, light blue to 15 

o
C and 

navy blue to 10 
o
C. (A) one-week PI across all temperatures (B) two-weeks PI 

across all temperatures.   








































































































































































