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EFFECTS OF THE DINOFLAGELLATE PARASITE Hematodinium SP. ON THE IMMUNE
RESPONSE OF ITS CRUSTACEAN HOSTS

by Jodi Leigh Hoppes

The aim of the present study was to investigate the immune response of two UK crustaceans,
the edible crab Cancer pagurus and the Norway lobster Nephrops norvegicus, to the dinoflag-
ellate parasite Hematodinium sp. Hematodinium sp. is an emerging global pathogen affecting
a number of commercially important crustacean species. Parasites have been found to cause
metabolic disruption, and mortality has generally been associated with a massive decrease in
haemocyte numbers. Investigations to date have indicated the potential for the parasite to avoid
or suppress the host immune system, as well as to increase the likelihood of secondary infection.
Hematodinium-host interactions were examined using a combination of in vitro experiments,
gene expression analysis and immune assays with the express purpose of determining if a) par-
asites were capable of avoiding the host immune response or b) parasites were suppressing the
host immune response.

In vitro experiments were designed to study the response of individual haemocyte populations
from Cancer pagurus to Hematodinium sp. in the absence of confounding factors such as sec-
ondary infection. Cell viability and gross morphology of separate hyalinocyte and granulocyte
cultures were examined, though no significant differences were identified between challenged and
naive cultures. A differential display technique, used to identify differentially expressed genes
between Hematodinium-exposed and naive cultures, found two novel genes from naive granulo-
cyte cultures: a prophenoloxidase activating factor (ppaf) and an ATP-dependent RNA helicase
DEAD-box protein (ddz). These genes, in addition to the immune-relevant gene for prophenolox-
idase (proPO), were analysed for gene expression changes during Hematodinium sp. exposure.
No change in gene expression was found for any of the genes, suggesting a lack of parasite
recognition or the loss of a crucial humoral recognition component under in vitro conditions.

In vivo analysis of immune parameters of N. norvegicus found that, despite dramatically de-
creased total haemocyte counts, phenoloxidase activity increased in infected individuals. Haemag-
glutinin titres and intracellular superoxide (SO) anion activity were not significantly different
between infected and control animals, however infected animals had much broader variability
in SO activity. SO activity was negatively correlated with Hematodinium sp. presence in the
haemolymph which suggested a potential mechanism of immune suppression via SO inhibition.

In vivo gene expression studies used differential display to identify differentially expressed genes
in Hematodinium-infected and uninfected N. norvegicus. Novel genes were identified from N.
norvegicus and coded for two crustin isoforms (NnCrust! and NnCrust2), a 40S ribosomal
protein S12 (NnrpS12) and a chaperonin containing TCP1 protein (NnCct7). Gene expression
analysis of these three genes and the immune-relevant proPO gene indicated that NnrpS12 was
significantly down-regulated in infected N. norvegicus and proPO was significantly up-regulated.

Results were discussed regarding the evidence of Hematodinium sp. to avoid recognition by the
host immune system as well as the implications of actively suppressing host immune response by
inhibiting the production of superoxide anions. Further consideration was given to the possibility
of secondary infection during parasite infection.
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Chapter 1

Introduction

1.1 General Introduction

Crustaceans are an ancient subphylum of invertebrates that are one of the most
abundant groups of animals on the planet and comprise around 52,000 currently
identified species (Martin and Davis, 2001). They inhabit a wide range of ecosystems
including marine, freshwater and terrestrial. Marine crustaceans are a popular food
source and have become economically important as fishery species, both wild caught
and farmed. UK fishermen in 2010 landed 28,000 tonnes of crab, primarily edible crab
Cancer pagurus, worth £37 million in the UK and abroad, and 39,000 tonnes of
Norway lobster Nephrops norvegicus worth £97 million (MMO, 2011). In recent years
the fisheries for both species have increased as marine finfish stocks have decreased.
Overall crab catch has increased by approximately 85% since 1994 and N. norvegicus
catch has increased by 30% during the same time (MMO, 2011).

Cancer pagurus is a decapod crustacean of the infraorder Brachyura and the family
Cancridae. C. pagurus inhabit coarse, rocky substrate typically at variable depths and
have been fished along British coasts and throughout most European countries, with
some of the most important fisheries occurring around Scotland and the south coasts
of England (Edward, 1979). Catches have been constrained by seasonality, governed
largely by weather and moulting, with most catches being landed between April and
November (MMO, 2011) along England’s south coast. Reduced mobility and

metabolism due to cold water have led to poor winter catches (Edward, 1989).

Nephrops norvegicus is another decapod crustacean of the infraorder Astacidea and
the family Nephropidae. N. norvegicus are burrowing animals that inhabit soft, muddy
substrate and have been found at depths ranging from 10 to 900 m (Chapman et al.,
1975). Their geographical range extends from southern Portugal to Iceland and

1
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northern Norway, though their strict habitat demands have led to a patchy
distribution. N. norvegicus are predators and commonly scavenge during short
excursions from their burrows (Atkinson and Naylor, 1976). Animals have typically
been fished using bottom trawl and have had the highest landing rates during the
summer months (June-Aug) (MMO, 2011). Until the 1950s the Norway lobster
Nephrops norvegicus was considered a bycatch species and a nuisance by fishers
because vast numbers of them clogged trawl and seine nets (Graham and Ferro, 2004).
Increasing popularity of shellfish, however, has led to the fishery rapidly expanding

throughout Europe and primarily in Scottish waters.

A large proportion of crustaceans caught by UK fishers are exported to Europe. N.
norvegicus are primarily caught by trawl and tailed at sea before being sold as
‘scampi,” though some animals are creel caught and transported live in vivier tanks
(Graham and Ferro, 2004). Similarly, C. pagurus are transported by vivier tank to
France and throughout Europe. The physiological stress caused by transport, in
addition to that caused by capture and emersion, has been linked to poor meat quality
and flavour (Stentiford and Neil, 2000). Furthermore, animals prestressed by disease or
parasites are at a distinct disadvantage and are less likely to survive transportation

causing economic losses for fishers (Stentiford and Neil, 2000).

1.2 Disease and crustaceans

Disease in fish populations has become an important topic for research as increased
pressure on fish stocks has driven the need for effective management. Diseases have not
only been found to reduce overall stock numbers, but have caused sublethal effects
such as weight loss and carapace discolouration, rendering infected individuals
unmarketable (Meyers et al., 1987). Crustacean pathogens are numerous and affect
both wild and farmed animals, and if an epizootic causes mass mortalities it has the
potential to destroy entire populations leading to a fisheries crash (Sindermann, 1970).
Non-infectious diseases can be caused by environmental factors such as temperature,
hypoxia, nutrient deficiency and changes in salinity; cultured crustaceans are
particularly susceptible to these diseases as a result of overcrowded systems and can
suffer significant economic losses (Wickins and Lee, 2002). Other non-infectious
diseases can be caused by pesticides, heavy metals and other pollutants (Wickins and
Lee, 2002). For example, penaeid shrimp Penaeus californiensis fed a diet low in
ascorbic acid suffered from a disease termed ‘black death,” in which the animals
developed blackened lesions in the subcuticular tissues caused by haemocyte

aggregations in the absence of observable pathogens (Lightner et al., 1977). Wild
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crustacean populations, however, suffer primarily from pathogen-associated infectious

diseases such as viruses, bacteria, fungi and protozoa.

Over 30 viruses have been described for crustaceans, mostly from penaeid shrimp,
many of which have had significant impacts on crustacean farming (Chou et al., 1995;
Wickins and Lee, 2002; Lightner, 2011; Longshaw, 2011). White spot syndrome virus
(WSSV), yellowhead virus (YHV) and Taura syndrome virus (TSV) have caused
severe economic losses for many shrimp species and were able to wipe out an entire
shrimp farm population in a matter of days (see Flegel (1997) for review). Despite the
high prevalence of viruses in seawater (> 10 million particles per millilitre seawater)
(Breitbart et al., 2007), Stentiford and Neil (2011) noted that few reports have been
made on viruses in clawed lobsters, however a bacilliform virus has recently been

reported to infect juvenile C. pagurus in the UK (Bateman and Stentiford, 2008).

Though not as numerous, bacteria play a substantial role in marine crustacean disease
due to their ubiquitous presence in marine waters. The most commonly studied
bacteria of marine crustaceans are the Vibrio species which cause shell disease and
bacteraemia. Chitinolytic Vibrio spp. erode the chitinous exoskeleton causing ‘black
spot’ (Vogan and Rowley, 2002) and excessive carapace lesions reduce the
marketability of individuals (Woll, 2006). Furthermore, lesion sites can provide entry
for other opportunistic pathogens causing septicaemia and other secondary infections
(Vogan et al., 2001). Outbreaks of the bacteria Aerococcus viridans, the causative
agent of gaffkemia in lobsters, have caused mass mortality and significant economic
losses in lobster pounds (Sindermann and Rosenfield, 1967; Wickins and Lee, 2002)
and, similarly, farmed kuruma prawns Penaeus japonicus suffered mass mortalities

from the bacteria Vibrio nigripulchritudo in Japan in 2005 (Sakai et al., 2007).

Fungal diseases have also been reported for many crustacean species, notably the
crayfish plague Aphanomyces astaci which affects the freshwater crayfish Astacus
astacus, to the exclusion of most other hosts (Alderman, 1996). Rapid spread of A.
astacus hyphae have typically been found to result in death within a couple of weeks
and has significantly reduced native populations of European Astacus astacus
(Alderman, 1996).

Parasites form a major group of pathogens affecting crustacean species. Stentiford
(2008) suggested that protistan parasites have had the greatest detrimental effect on
wild crustacean populations. Microsporidian parasites, Enterospora spp., have also
recently been identified in C. pagurus and the hermit crab Fupagurus bernhardus from
UK waters (Stentiford and Bateman, 2007; Stentiford et al., 2007). The effect of
Enterospora has yet to be determined although Stentiford et al. (2007) reported low

prevalence. Alternately, the ‘emerging disease’ caused by the dinoflagellate parasite
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Hematodinium sp. has had a severe impact on fisheries worldwide. Hematodinium
epizootics have led to reduced fishing stocks, increased mortality in catches and, in
extreme cases, fisheries closures (Meyers et al., 1987). Furthermore,
Hematodinium-infected animals have been reported to have a reduced meat yield and a
bitter flavour (Meyers et al., 1987; Taylor and Kahn, 1995).

1.3 Hematodinium spp.

Hematodinium sp. is a parasitic dinoflagellate of decapod crustaceans that was first
reported by Chatton and Poisson (1931) and is a member of the Syndinial family
(Hamilton et al., 2007b). Syndiniales are obligate heterotrophs that are endoparasitic
and can be cytoplasmic, intranuclear or reside in the haemolymph of their host
organism (Coats, 1999). They include the Amoebophyra spp. which infect other
dinoflagellate species, as well as several Syndinium spp. which infect copepods
(Shields, 1994; Skovgaard et al., 2005) and are part of the Group II marine alveolates
(Skovgaard et al., 2005; Saldarriaga et al., 2004). Group I alveolates are comprised of a
group of uncultured marine alveolates (alveoli-containing protists) which are
phylogenetically linked to the Group II Syndinials, but whose morphology is still under
investigation (Skovgaard et al., 2005).

Hematodinium was first described from Carcinus maenas and Liocarcinus depurator in
France by Chatton and Poisson (1931) and was named Hematodinium perezi. The
prevalence was very low, however, (only 4 of 3570 crabs were infected) and no further
reports were made on the parasite until the 1970s. The next report of Hematodinium
sp. infection came from Newman and Johnson (1975) who identified a new disease
from commercially important blue crabs Callinectes sapidus located in Florida,
Georgia, North and South Carolina, USA and were able to match the description with
that from Chatton and Poisson (1931). Three years later, further infections were
reported in the cancer crabs Cancer irroratus and Cancer borealis as well as the
portunid crab QOwalipes ocellatus; these reports extended the range northwards from
North Carolina to Massachusetts (Maclean and Ruddell, 1978). Hematodinium spp.
infection is now a globally recognised disease and has been located on both the east
and west coast of the United States and Canada (Newman and Johnson, 1975;
Maclean and Ruddell, 1978; Meyers et al., 1987; Taylor and Kahn, 1995; Bower et al.,
2003), throughout the UK (Field et al., 1992; Stentiford et al., 2002; Stentiford and
Feist, 2005) and Ireland (Chualain et al., 2009), Russia (Ryazanova, 2008;
Kharlamenko et al., 2010), China (Li et al., 2008b; Xu et al., 2010), and Australia
(Hudson and Shields, 1994; Hudson and Adlard, 1994) (Table 1.1).
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Epizootics of Hematodinium have led to reduced catch and fishery closures causing
substantial economic losses. Alaskan Tanner crab Chionoecetes bairdi fisheries suffered
an estimated 5% loss during the 1988/89 season (Meyers et al., 1990) and prevalences
reached 100% in some populations of blue crabs Callinectes sapidus in Maryland and
Virginia during peak season (Messick, 1994). Infection prevalence has shown evidence
of seasonality in the majority of host species although peak infection seasons vary by
location (Table 1.1). Up to 90% infection prevalence was observed in late autumn in C.
sapidus from the eastern United States (Messick, 1994; Messick and Shields, 2000),
however Alaskan Chionoecetes bairdi suffered the most during the summer (Love et al.,
1993). Scottish crustacean populations had prevalence peaks in either the spring in
Nephrops norvegicus (Field et al., 1992) or autumn in Cancer pagurus (Hamilton et
al., 2009). Outbreaks of Hematodinium sp. have led to reduced catch and, in extreme
cases such as the Alaskan Tanner crabs Chionoecetes bairdi, closure of the fishery
(Meyers et al., 1987). Infected animals have been unmarketable due to poor muscle
quality and a bitter aspirin-like taste of tainted tissue, which consequently led to the
name Bitter Crab Disease (BCD) (Meyers et al., 1987; Taylor and Kahn, 1995;
Ryazanova, 2008). Heavily infected animals often died quickly following handling and
were incapable of surviving transportation in vivier tanks (Hudson and Shields, 1994;
Stentiford et al., 2002).

There are currently two described species of Hematodinium, though recent genetic data
have shown that the species descriptions may warrant some redefinition. The type
species H. perezi, which was originally described from Car. maenas and Liocarcinus
depurator (Chatton and Poisson, 1931), was then ascribed to a dinoflagellate parasite
found in Cal. sapidus and other crab species from the east coast of the US based on
morphology (Newman and Johnson, 1975; Maclean and Ruddell, 1978). The second
described species is that from the Australian sand crab, Portunus pelagicus, and due to
some distinct morphological differences, was designated Hematodinium australis
(Hudson and Shields, 1994). Following these initial morphological descriptions,
Hematodinium-like infections were identified in numerous crustacean hosts, however
some confusion has arisen over whether the parasite isolated from the US Cal. sapidus
populations is, in fact, H. perezi. Recently, Hematodinium-like parasites from
geographically distinct locations and between various host species have been tested
using molecular techniques. Hudson and Adlard (1996) compared partial sequences of
the small subunit (SSU) rDNA from H. perezi ex. Callinectes sapidus, and three
Hematodinium-like dinoflagellates from N. norvegicus, Chionoecetes bairdi and Ch.
opilio and confirmed that all parasites were from the genus Hematodinium. It was
further suggested that Hematodinium from N. norvegicus should be a separate species

from Hematodinium ex. Ch. bairdi and Ch. opilio, and that both were different from



Chapter 1: Introduction 10

‘H. perezi’ ex. Cal. sapidus. Further comparison of sequence variability of the first
internal transcribed spacer region (ITS1) of Hematodinium ex. Nephrops norvegicus,
Cancer pagurus and Pagurus bernhardus from four UK locations as well as
Chionoecetes opilio from Newfoundland and Labrador, Canada, determined that
Hematodiniuwm within the UK was the same species, however there were large genetic
differences from Canada (Small et al., 2007b). Similarity of the parasite within UK
host species was confirmed on a smaller scale by a study comparing the I'TS1 and I'TS2
regions of Hematodinium from Carcinus maenas and N. norvegicus from the Clyde
Sea, Scotland (Hamilton et al., 2007a). These reports were supported by Jensen et al.
(2010) who found that Cal. sapidus harboured Hematodinium from a clade separate
from that containing all other Northern Pacific and Atlantic species (Chionoecetes
tanneri, Ch. opilio, Ch. bairdi, Ch. angulatus, Hyas coactatus, Lithodes couesi and N.
norvegicus). However, Small et al. (2007b) found four microsatellites which caused
some variation in sequence length and could suggest different strains of Hematodinium.
Further studies by Small et al. (2007¢) found that restriction enzyme digests were able
to distinguish between Hematodinium sp. infection in Cal. sapidus vs. Lio. depurator
and P. trituberculatus, identifying a possible method of differentiating Hematodinium
species. A more recent study using both ITS1 and I'TS2 regions to compare
Hematodinium spp. has suggested that Hematodinium from N. norvegicus and other
UK crabs reside in different clades (Hamilton et al., 2009), however cross-infectivity
between species remains untested. Overall, there appears to be a clear difference
between the Hematodinium present in C. sapidus populations and that present in
other crustaceans from both the North Pacific and the North Atlantic (Hamilton et al.,
2007a; Small et al., 2007b; Jensen et al., 2010), with the potential for differences in
some of the North Atlantic species (Small et al., 2007b; Hamilton et al., 2009).

1.3.1 Pathology

Externally, Hematodinium infection has typically only been apparent in heavily
infected animals where it has been diagnosed from hyperpigmentation of the carapace
giving the host animal a ‘cooked’ appearance. The hyperpigmentation gave rise to the
name Pink Crab Disease in Cancer pagurus (Stentiford et al., 2002), however the
change in carapace colour has been reported in most infected species. Further external
evidence of infection has included identification of a yellowing of the arthrodial
membranes due to excessive numbers of parasite cells in the haemolymph (Field et al.,
1992). Heavily infected Chionoecetes bairdi and Nephrops norvegicus were lethargic
(Meyers et al., 1987; Field et al., 1992; Messick, 1994), and Portunus pelagicus and C.
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pagurus were moribund and died quickly after handling (Hudson and Shields, 1994;
Stentiford et al., 2002).

The most common observation regarding internal pathology of infected animals has
been the distention of haemal sinuses as a result of overwhelming numbers of parasite
cells (Field et al., 1992). The pressure from excessive parasite load was found to
disrupt and degrade connective tissue (Meyers et al., 1987) (pressure necrosis), and
furthermore was found to restrict flow of haemocytes (Messick, 1994). Several studies
have reported haemocytopoenia (a reduction in haemocytes) in infected animals
including N. norvegicus (Field and Appleton, 1995), Portunus pelagicus (Hudson and
Shields, 1994) and Callinectes sapidus (Shields et al., 2003), however only Shields et al.
(2003) have done a quantitative assessment of haemocyte numbers (50-70% decline in
infected animals). Experimentally infected animals were also observed to have reduced
haemocyte numbers and, in addition, haemocyte subpopulations fluctuated as well
(Shields and Squyars, 2000).

Hepatopancreas and gill tissue have been severely altered following infection in
numerous hosts of Hematodinium spp. The hepatopancreas, or digestive gland, in
crustaceans is responsible for the production of digestive enzymes and glycogen
storage. In Hematodinium-infected Cancer pagurus, hepatopancreatic tubules were
degraded and lacked lipid reserves (Stentiford et al., 2002). Tubule degeneration has
also been observed in N. norvegicus (Field et al., 1992), C. bairdi (Meyers et al., 1987),
and the ridgetail white prawn Ezopalaemon carinicauda in China (Xu et al., 2010).
Wheeler et al. (2007) observed a reduction in reserve inclusion (RI) cells responsible
for glycogen storage in Chionoecetes opilio, in addition to a loss of spongy connective
tissue, similar to that observed in heavily infected Cancer pagurus (Stentiford et al.,
2002). C. bairdi from Alaska also had severe cell necrosis combined with increased
vacuolation and occasional parasite cells contained within the tubule lumina (Meyers
et al., 1987). In some cases, parasite cells were found attached to hepatopancreatic
tissue where it formed a multinucleate stage from which uninucleate cells detached into
the haemolymph (Hamilton, 2007); Stentiford et al. (2002) hypothesised that the
hepatopancreas could be a site of latent infection. Disruption of the hepatopancreas,
an organ crucial to nutrient storage, in combination with reduced lipid reserves led
Field et al. (1992) and Stentiford et al. (2002) to suggest that Hematodinium infection
could cause physiological starvation in host animals, despite the fact that infected N.

norvegicus were still observed to feed (Field et al., 1992).

Disruption of gill tissue has been speculated to cause further physiological distress by
impeding oxygen uptake (Field et al., 1992; Field and Appleton, 1995; Wheeler et al.,

2007). During histological examination gill haemal sinuses have frequently been found
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to be occluded by large numbers of parasite cells with very few haemocytes present
(Field and Appleton, 1995; Sheppard et al., 2003; Xu et al., 2010; Chualain and
Robinson, 2011). In animals where some haemocytes were present, they formed
aggregations that contributed to and exacerbated the distention of gill filaments (Field
et al., 1992; Field and Appleton, 1995; Sheppard et al., 2003). In Chionoecetes opilio,
gill filaments had a noticeable loss of spongy connective tissue, compression of the
epithelium and pressure necrosis (Wheeler et al., 2007). Hamilton et al. (2007b)
observed similar gill pathology in C. maenas and the distal ends of the gill lamellae
were swollen and distended. Ultimately, parasite sporulation was found to rupture the
gill cuticle to release parasite cells from N. norvegicus and C. opilio, an event which is
reportedly fatal for N. norvegicus and Chionoecetes bairdi (Meyers et al., 1987), and
presumed fatal for C. opilio as well (Appleton and Vickerman, 1998; Wheeler et al.,
2007). Histological examination of gill filaments immediately prior to and during
sporulation revealed that the epithelium was disrupted and the lamellae fused
(Wheeler et al., 2007).

Muscle tissue, the primary commercial product from crustaceans, has generally been
found to be intact during Hematodinium infection, though parasite cells have been
reported. Slight degradation of muscle cells was found in Chionoecetes bairdi (Meyers
et al., 1987), Libinia emarginata and Menippe mercenaria, and Callinectes sapidus was
also found to have points of focal necrosis in the skeletal muscle (Sheppard et al.,
2003). Nephrops norvegicus was found to have some disruption of abdominal muscle
tissue, particularly around the peripheral tissue, but was largely intact structurally
(Field et al., 1992; Field and Appleton, 1995; Stentiford et al., 2000). In contrast, claw
muscle of Cancer pagurus from the English Channel was found to be degraded and
almost completely replaced with parasites (Stentiford et al., 2002), however infected
animals from Irish Sea populations reportedly had few parasites within their claws
(Chualain and Robinson, 2011). Overall, tightly compacted muscle tissue, while
suffering from a mild invasion of parasite cells, has reportedly maintained the bulk of

its structural integrity.

Other tissues have been mentioned in conjunction with Hematodinium infection,
though have not formed the primary basis of any studies to date. The antennal gland
of heavily infected N. norvegicus was infiltrated with uninucleate parasite cells (Field
and Appleton, 1995), causing potential disruption to the excretory system. Midgut
tissue has also been found to contain considerable numbers of parasite cells and suffer
severe disruption of the connective tissue (Field et al., 1992; Field and Appleton,
1995); Field et al. (1992) suggested that the gut may pose a possible entry point for
parasite infiltration, though this has not yet been confirmed. Hematodinium cells have

also been identified in heart muscle tissue from Carcinus maenas (Hamilton et al.,
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2007b; Hamilton, 2007), Ezopalaemon carinicauda (Xu et al., 2010) and Chionoecetes
opilio (Wheeler et al., 2007). Chio. opilio heart muscle had reduced connective tissue
and heavily infected animals had severely disrupted muscle fibers (Wheeler et al.,
2007). Field and Appleton (1995) also examined brain and eyestalk tissue for the
presence of parasite, but they were only found in haemal spaces and no overt parasite
invasion was evident. Histologically, parasite cells appear to have been concentrated in
areas of potential invasion (gill and gut tissue) or in tissues high in nutrients

(hepatopancreas, muscle, haemolymph).

1.3.2 Hematodinium sp. life cycle and transmission

The entire life history of Hematodinium sp. has yet to be elucidated; however, several
experiments have given indications of certain key stages. Eaton et al. (1991) were able
to make several observations on life stages during the progression of Hematodinium
infection in Chionoecetes bairdi. Appleton and Vickerman (1998) observed and
documented several life cycles of Hematodinium sp. from N. norvegicus in culture (Fig
1.1) which identified many potential stages but may not represent an exact replication
of the life history due to the lack of any essential nutritional elements or the potential

presence of an intermediate host.

Based on observations, Appleton and Vickerman (1998) described the following life
cycle: Parasites isolated from late-stage infections had the appearance of sporoblasts
which gave rise to flagellated dinospores via sporogenesis or became a branched
network of nucleated filaments (secondary sporonts). Uninucleate dinospores took the
form of either macrospores (Fig 1.2A) or microspores (Fig 1.2B), both of which
eventually became immotile and formed a monolayer in culture flasks producing
multinucleate filaments. Filaments grew and branched forming trophont clouds or
sheets extending into the medium. In less dense cultures filamentous colonies formed
‘gorgonlocks’ colonies (Fig 1.2D) (so named for the writhing movements of the
filaments) with filaments radiating from a central point. If cultures were excessively
diluted the trophonts adhered to the substratum and formed syncytial networks with
anchoring points called arachnoid trophonts. Arachnoid trophonts transformed into
arachnoid sporonts (Fig 1.2C) which adopted a volcano-like appearance from which
sporoblasts (structurally identical to the circulating haemolymph stage) were

generated.

Currently, disease transmission is still unclear for Hematodinium infection. Successful
infections have been established using passage of infected haemolymph in Callinectes
sapidus (Messick and Shields, 2000; Shields and Squyars, 2000) and Chionoecetes bairdi
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FIGURE 1.1: Schematic diagram of the in vitro development cycle of Hematodinium
sp. ex-N. norvegicus. Figure from Appleton and Vickerman (1998).

(Eaton et al., 1991), though, to date, no successful reports of infection by passage have
been made for N. norvegicus or Cancer pagurus. Transmission by injection has been
useful for experimental infection studies and the study of Hematodinium spp. life
history stages, however it has not led to definite conclusions on the infective stage of
the parasite. Appleton and Vickerman (1998) suggested that dinospores produced
during sporulation events from N. norvegicus could be the primary infective state, and
evidence of free-living dinospores has been found in water and suspended sediment
samples from estuaries in Virginia, USA (Li et al., 2010) as well as from plankton
samples from the Clyde Sea, Scotland (Hamilton et al., 2011). Additionally, Frischer et
al. (2006) observed putative dinospores in the haemolymph of Callinectes sapidus from

Georgia, USA. Further experimental exposure studies by Frischer et al. (2006) using
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FIGURE 1.2: Micrograph images of in vitro life stages of Hematodinium sp. ex-N.
norvegicus, including (A) macrospores, (B) microspores (host haemocytes indicated by
white arrows), (C) arachnoid sporont and (D) gorgonlocks. Scale bar = 20 pm.

naive C. sapidus found that animals could acquire infection by remaining in close
proximity to infected crabs or by being placed in aquaria previously containing
dinospore-infected crabs. The exact mode of transmission was not clearly determined
however, and there was the possibility that infections could have developed from
undetected latent infections. Furthermore, infected crabs reportedly died 4 days
post-infection (Frischer et al., 2006), which is inconsistent with disease successfully
transmitted by injection of haemolymph containing parasite trophonts (Messick and
Shields, 2000; Shields and Squyars, 2000). Following infection by passage, crabs did
not begin to die until 14-17 post-inoculation (Messick and Shields, 2000; Shields and
Squyars, 2000) and observations on naturally infected crabs found that they survived
14-35 days after capture (Messick and Shields, 2000).

Disease transmission through feeding has also been proposed and pathological
observations of Hematodinium infiltration in the gut tissue of N. norvegicus, combined

with the disruption of the connective tissue, support this idea (Field and Appleton,
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1995). Several studies have suggested there may be an intermediate host (Appleton
and Vickerman, 1998; Small et al., 2006) which is consumed by crustacean hosts,
however this has yet to be confirmed. Small et al. (2006) located Hematodinium ex N.
norvegicus in the scavenging amphipod prey Orchomene nanus using PCR, however
they were unable to confirm whether the cells were present in tissues, the gut or simply
attached to the outer surface of the animal. Feeding studies of O. nanus found animals
would feed indiscriminately on parasitised or unparasitised N. norvegicus carrion
(Hamilton, 2007), so it is still a possible transmission route, however further
investigation is required. Ongoing experiments in Alaskan tanner crabs Chionoecetes
bairdi intend to use quantitative polymerase chain reaction (qPCR) as a method of
identifying potential intermediate hosts and vectors which may store parasites
(Crosson et al., 2008).

Cannibalism has also been studied as a potential method of parasite infection as many
crabs and other crustaceans are known to be opportunistic feeders. Recent
experiments in which Callinectes sapidus were fed infected tissue found that
Hematodinium could be detected in the haemolymph after only 16 hours (Walker et
al., 2009). These results were not entirely conclusive however, as the infection could
have resulted from undetected latent infection or from release of spores from the tissue
into the water column. Other studies have had difficulty using this method of
transmission and Hudson and Shields (1994) were not able to establish infection in
mud crabs Scylla serrata or sand crabs Portunus pelagicus fed infected tissue. An
extensive study by Li et al. (2011) examined the development of Hematodinium
infection in 120 adult and juvenile blue crabs C. sapidus fed infected tissue, however
only two adult animals were found to contract an infection and were suspected to
contain subpatent infections that were undetected during screening. Interestingly, N.
norvegicus showed reluctance to feed on infected tissue when offered a choice
(Hamilton, 2007), though further investigation would be required to establish the
reason. Ultimately, while transmission via cannibalism can not be completely ruled

out, it is considered unlikely to be the primary method of transmission.

1.3.3 Diagnostics

Initially, crustaceans infected with Hematodinium were identified by carapace and
haemolymph colour. Infected animals showed hyperpigmentation of the carapace and
the haemolymph appeared milky (Chatton and Poisson, 1931; Newman and Johnson,
1975; Maclean and Ruddell, 1978). This cursory external examination, however, only
revealed heavily infected individuals and severely underestimated infection rates

(Stentiford et al., 2001¢). Examination of stained haemolymph smears was more
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definitive and showed the presence of often multinucleate cells similar in size to host
haemocytes with densely stained chromosomes (Newman and Johnson, 1975; Maclean
and Ruddell, 1978), although this technique was not ideal for field studies. Pleopod
staging, in which pleopods from N. norvegicus were examined for parasite cells using
light microscopy and graded from I-IV, was found to be a successful alternative field
method (Field and Appleton, 1996; Stentiford et al., 2001¢) and gave some indication
of infection level, though did not work on all crustaceans and still underestimated

Hematodinium prevalence in the early season (Stentiford et al., 2001b).

Laboratory approaches have been the most accurate for determining infection status
and techniques for parasite detection have progressed rapidly during the last 15 years.
In 1996 an indirect fluorescent antibody technique (IFAT) was developed for
Hematodinium from N. norvegicus to calibrate field diagnostic results and was able to
detect more subpatent infections than pleopod staging. Development of an
immunoassay technique improved the sensitivity and was used to determine parasite
load; the sensitivity limit was estimated at 204 parasites mm~2 (Stentiford et al.,
2001a). An ELISA-based (enzyme-linked immunosorbent assay) method provided even
higher sensitivity (5 parasites mm™2) (Small et al., 2002). All of these diagnostic
techniques had the major advantage of being objective as researchers were not required

to identify parasite cells from histological slides or blood smears.

Molecular detection has been particularly popular and with improved molecular
techniques the diagnostics have gradually improved as well. The first use of
polymerase chain reaction (PCR) for Hematodinium detection was by Hudson and
Adlard (1994) who were able to isolate a 680 bp ‘diagnostic’ band from the internal
transcribed spacer (ITS1) of small subunit (SSU) ribosomal DNA (rDNA) of
Hematodinium sp. from Chionoecetes opilio, Callinectes sapidus, N. norvegicus and
Portunus pelagicus. Hudson and Adlard (1994) based their diagnostics on the fact that
DNA from host tissues amplified with the same primers resulted in a band of 1300 bp,
however they later went on to sequence the band and confirmed that it was from
Hematodinium sp. (Hudson and Adlard, 1996). The same gene has now been
repeatedly used for diagnostics of infection status in haemolymph and tissue samples
in all regions using various primers (Gruebl et al., 2002; Small et al., 2006, 2007¢) and
has a sensitivity limit of 0.6 parasites in a sample (which was equivalent to 1 ng DNA)
(Small et al., 2006). Furthermore, the technique has been used to detect

Hematodinium in laboratory and environmental water samples (Li et al., 2010).

Although many of these techniques can detect low levels of parasite in the
haemolymph and tissue and can be high throughput, most of them are qualitative and,

with the exception of direct cell counts, do not give sufficient information regarding the
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quantity of parasites. Recent studies have developed real-time quantitative PCR
(qPCR) assays to determine Hematodinium load in infected hosts (Nagle et al., 2009).
The assay was sensitive enough to detect 5 parasite cells ml~! and, furthermore, was
able to quantify parasite numbers in tested animals. qPCR assays have also been
developed to use on environmental samples (Frischer et al., 2006; Donaldson et al.,
2009; Li et al., 2010; Reece et al., 2010) and to study life history progression of

Hematodinium in Tanner crab populations from Alaska (Crosson et al., 2008, 2009).

1.3.4 Effects of Hematodinium sp. on host physiology and

biochemistry

In crustacean hosts, rapid exponential growth of Hematodinium populations has led to
some severe physiological changes in haemolymph as well as crucial alterations to
plasma and tissue biochemistry (Love et al., 1996; Taylor et al., 1996; Stentiford et al.,
1999, 2001¢; Shields et al., 2003). A more detailed discussion of physiological and
biochemical effects of Hematodinium infection can be found in Chapter 5.1.2; however
in general, high parasite numbers have been found to induce haemolymph acidosis,
reduce oxygen carrying capacity (Love et al., 1996; Shields, 2003) and deplete both
glucose and glycogen levels (Stentiford et al., 2001¢; Shields et al., 2003). To date,
detailed studies of changes in host physiology and biochemistry have primarily
focussed on Callinectes sapidus and Nephrops norvegicus. Major alterations to
metabolic processes such as carbohydrate handling and glycogen storage have
supported suggestions of physiological starvation during Hematodinium infection in N.
norvegicus and Callinectes sapidus (Stentiford et al., 2001¢; Shields et al., 2003).
Furthermore, elevated concentrations of crustacean hyperglycaemic hormone (CHH),
which controls the release of glucose from storage tissues during stress (Fanjul-Moles,
2006), were evident in Hematodinium-infected N. norvegicus, leading to the hypothesis
that high glucose demands during heavy infection could interfere with the CHH
negative feedback loop (Stentiford et al., 2001¢; Chang, 2005). Additional metabolic
stress has been identified in the form of increased free amino acid concentrations in the
haemolymph of N. norvegicus, likely the result of tissue degradation (Stentiford et al.,
1999, 2000).

Respiratory stress resulting from decreased plasma concentrations of the
oxygen-carrying molecule haemocyanin and reduced carrying capacity in the remaining
haemocyanin molecules in N. norvegicus has been found to increase hypoxia and
acidosis of both tissue and haemolymph (Taylor et al., 1996). Reduced haemocyanin
concentrations have also been reported for Chionoecetes bairdi and Callinectes sapidus
(Love et al., 1996; Shields et al., 2003). The combined effects of these physiological and
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biochemical parameters have been found to impact total haemocyte counts (Cheng et
al., 2002; Verghese et al., 2008) and thus severely immunocompromise crustacean hosts
during infection. Furthemore, reduced immunocompetence could increase the risk of
secondary infections and indeed, several reports have been made of secondary
infections in Hematodinium-infected Chionoecetes bairdi (Meyers et al., 1987) and

Cancer pagurus (Stentiford et al., 2003).

1.3.5 Hematodinium sp. effects on immunity

As previously mentioned, haemocytopaenia has been a primary pathological
observation in crustaceans infected with Hematodinium-like parasites (Field et al.,
1992; Field and Appleton, 1995; Stentiford et al., 2002; Shields, 2003). Circulating
haemocytes (blood cells) in crustaceans, and indeed in all invertebrates, are the
primary mediators of internal defense and play an active role in wound repair,
phagocytosis, encapsulation and non-self recognition. Furthemore, they contain
proteins and enzymes used to control the spread of pathogens and house the
components necessary for the key internal defense system, the prophenoloxidase

cascade.

Despite the clear decreases in haemocyte numbers and the implications this could have
on host immunocompetence, very few studies have looked at the effects of
Hematodinium infection on the immune response in crustaceans. To date, observations
of immune response have only been made based on pathological investigations and the
most common evidence of an internal defense reaction has been nodule formation and
encapsulation reactions (Meyers et al., 1987; Field and Appleton, 1995; Stentiford et
al., 2002; Sheppard et al., 2003; Walker et al., 2009). Melanised haemocytic
encapsulations have been noted in the heart tissue and hepatopancreas of Cancer
pagurus (Stentiford et al., 2002) and Callinectes sapidus (Sheppard et al., 2003; Walker
et al., 2009). Further encapsulations and granuloma-like foci have been found in
haemal sinuses of Cal. sapidus (Messick, 1994) and Chionoecetes bairdi (Meyers et al.,
1987), and the claw muscle of Can. pagurus (Stentiford et al., 2002). Importantly,
these observations have not been confirmed to contain parasite cells (Field and
Appleton, 1995) and numerous reports of secondary infection in
Hematodinium-infected hosts (Meyers et al., 1987; Field et al., 1992; Stentiford et al.,
2003) make it possible that the observed responses are a result of colonisation by

opportunistic pathogens.

A single report of swollen haemopoietic tissue (responsible for generation of new blood
cells) was made by Field et al. (1992) who noted that the tissue in

Hematodinium-infected N. norvegicus had a yellowish appearance and was clearly
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visible to the naked eye, compared with uninfected individuals in which the
haemopoietic organ could not be distiguished from surrounding tissue. In support of
this observation, Ryazanova (2008) observed increased mitotic activity during
histological investigation of haemopoietic tissue, suggesting a response to
haemocytopaenia in both cases. Stentiford et al. (2002) questioned whether the
alterations in haemopoietic tissue observed by Field et al. (1992) were in response to
haemocytopoenia or whether the haemocytopaenia was due to parasite interference
with the haemopoietic tissue. The evidence from Ryazanova (2008), combined with the
rapid decline in haemocyte numbers following infection would suggest that it is the

former.

Occasionally, fixed phagocytes in the hepatopancreas or heart tissue of Chionoectes
opilio and N. norvegicus have been enlarged, however it has been unclear whether the
response was to parasite cells, secondary infection or an increase in cell debris resulting
from tissue degradation (Field and Appleton, 1995; Wheeler et al., 2007). Field and
Appleton (1995) also observed that fixed phagocytes of N. norvegicus containing

parasite cells were necrotic.

As Wheeler et al. (2007) pointed out, secondary infection could account for all of the
immune responses evident in infected animals, particularly due to the infrequency of
reports of immune response. Indeed, many Hematodinium-infected crustacean hosts
have been found to harbour secondary infections (Meyers et al., 1987; Hudson and
Shields, 1994; Sheppard et al., 2003; Stentiford et al., 2003). Experimental
Hematodinium infection studies in sand crabs Portunus pelagicus resulted in death of
all individuals within 16 days and all animals were found to contain bacteria in the
haemolymph (Hudson and Shields, 1994). Of particular interest were reports from
Stentiford et al. (2003) in which Cancer pagurus and Necora puber were co-infected
with Hematodinium and a yeast-like organism. Crab haemocytes were observed to
encapsulate budding yeast cells, however a similar response was not evident towards
parasite cells. Based on the obvious capability of the host to mount an immune
response, Stentiford et al. (2003) suggested that the parasite was suppressing or
avoiding the immune system in crustaceans. Alternatively, Stentiford et al. (2003)
suggested the possibility that the parasite may enhance the immune response towards
opportunistic pathogens, thereby protecting both the parasite and its energy source,
though no evidence was presented to support this hypothesis. Field et al. (1992) and
Hamilton (2007) described haemocytes with a normal appearance in close proximity to
parasite cells but with no apparent interaction. Several researchers have noted a
distinct lack of response of host cells to parasite invasion (Field et al., 1992; Shields,
2003; Wheeler et al., 2007). Clearly further studies are necessary in order to determine

the effect of Hematodinium sp. on the immune response of crustacean hosts.
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1.4 Crustacean Immunity

Marine and freshwater crustaceans, as with many other invertebrates, are constantly
surrounded by a myriad of pathogens and parasites awaiting the opportunity to invade
a suitable host. The first line of defense for these invertebrates involves external
physical and chemical barriers including exoskeletons, shells and mucus coverings. The
hard cuticle of crustaceans is able to repel a great deal of infectious agents, however
puncture or breakdown of this barrier exposes the body to internal infection by
pathogens such as bacteria, fungi and parasites (eg. Vibrio, Candida, Sacculina or
Hematodinium). An internal defense system is therefore necessary to deal with

invading microorganisms.

Crustaceans, like other invertebrates, rely on an innate immune system for internal
defense against foreign material. Innate immunity consists of both humoral and
cellular factors mediated primarily by circulating haemocytes (blood cells). The innate
immune system tends to recognise foreign material broadly based on molecular
patterns, rather than using specific antibodies to target individual types of pathogens
(Lee et al., 2002; Medzhitov, 2007). Recognition molecules in crustacean haemocytes
and haemolymph target non-self particles for removal, degradation and sequestration
(Marques and Barracco, 2000). Once non-self particles are identified, a suite of
responses are activated within the haemolymph including phagocytosis, encapsulation
and melanisation (Bayne, 1990; Cerenius and Soderhall, 2004; Jiravanichpaisal et al.,
2006a). Numerous proteins and enzymes are involved in both the recognition and
elimination of foreign material, the majority of which rely heavily on haemocytes for

production (Battistella et al., 1996; Johansson et al., 2000; Vazquez et al., 2009).

Traditionally, immune response was measured using haemocyte counts, microscopic
observation of haemocyte responses to foreign pathogens and enzymatic assays, all of
which are still currently relevant and provide a great deal of information regarding
immunocompetence. During the last 15 years, rapid advances in molecular biology
have opened new avenues of investigation by enabling the study of the expression of
immune-relevant genes. Although by no means comprehensive, many of the enzymes
and regulatory proteins involved in crustacean immune function have been sequenced

and characterised, and their response to immunological challenge analysed.
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1.4.1 Pathogen recognition and pathogen associated molecular
patterns (PAMPs)

The initial recognition of foreign material during internal defense is crucial to mount
an efficient and effective response. Crustaceans lack the pathogen-specific B- and
T-cells found in the adaptive immune system of higher vertebrates and therefore must
rely on microbial recognition factors within the haemolymph. Non-self recognition for
crustaceans and other invertebrates is based on recognition of microbial patterns by a
group of germ line encoded receptors called pattern recognition proteins (PRPs)
(Vazquez et al., 2009). PRPs are able to recognise microbe-specific molecules (or
pathogen associated molecular patterns PAMPs) such as bacterial carbohydrates
(lipopolysaccharide (LPS), mannose), bacterial or viral nucleic acids (CpG), bacterial
peptides, peptidoglycans (particularly from Gram-positive bacteria), and fungal
glucans (see Lee and Soderhall (2002); Dziarski (2004); Vazquez et al. (2009) for

review).

Numerous PRPs have been identified for crustaceans, many of them referred to as
binding proteins. PRPs act as mediators to alert and activate an immune response and
are particularly responsible for activation of the proPO system (Soderhall, 1981; Lee et
al., 2000). PRP-PAMP complexes bind to receptor molecules on the surface of
haemocytes and cause degranulation as well as instigating nodule formation (Lee et al.,
2000). B1,3-glucan binding proteins (GBP) and LPS binding proteins (LGBPs) are
two of the most commonly studied PRPs in crustaceans and have been identified in
both shrimp and crabs (Vargas-Albores and Yepiz-Plascencia, 2000). SGBP from the
crayfish Pacifastacus leniusculus induced spreading and degranulation in granular cells
as well as acting as an opsonin increasing phagocytic activity (Barracco et al., 1991;
Cerenius et al., 1994). Other SGBPs have been isolated from Procambarus clarkii,
Carcinus maenas and Litopenaeus vannamei (Duvic and Soderhall, 1993; Thornqvist
et al., 1994; Vargas-Albores et al., 1997). An LGBP from Pac. leniusculus, capable of
binding both Gram-negative bacterial proteins and 51,3-glucans, was found to

contribute to internal defense by activating the proPO system (Lee et al., 2000).

Another major group of receptors involved in pathogen recognition are Toll and
toll-like receptors (TLRs), several of which have been described in invertebrates,
including crustaceans. The first Toll receptor from invertebrates was described from
Drosophila melanogaster and was implicated in the control of dorsoventral polarity
during embryogenesis (Stein et al., 1991). Further research found that Drosophila Toll
receptors had anti-fungal and anti-Gram positive bacteria immune function (Lemaitre
et al., 1996). Toll receptors from crustaceans have been isolated and characterised from

the giant tiger shrimp Penaeus monodon, the white shrimp Litopenaeus vannamei, the
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Chinese shrimp Fenneropenaeus chinensis and kuruma shrimp Marsupenaeus
japonicus (Arts et al., 2007; Yang et al., 2007, 2008; Mekata et al., 2008). In F.
chinensis, Toll gene expression increased following bacterial challenge ( Vibrio
anguillarum), however decreased following viral challenge (white spot syndrome virus;

WSSV) (Yang et al., 2008).

Molecular analysis of many of the genes coding for pattern recognition proteins have
found them to be similar to other invertebrate binding proteins (Padhi and Verghese,
2008) and SBGP from P. leniusculus had high similarity to other glucanases
(glucan-degrading enzymes) (Lee et al., 2000). Gene expression analysis of LGBP from
the white shrimp Litopenaeus vannamei revealed an increase following injection
challenge with the bacteria Vibrio alginolyticus (Cheng et al., 2005). L. vannamei fed
61,3-glucan from Schizophyllum commune also had an up-regulation of FGBP-high
density lipoprotein and LGBP, though the reaction was not observed until day 3 of the
feeding trial (Wang et al., 2008). Similarly, an LGBP cloned from the shrimp Penaeus
stylirostris was up-regulated in animals infected with white spot syndrome virus
(WSSV) (Roux et al., 2002).

PRPs are also responsible for cell adhesion which is crucial for phagocytosis,
encapsulation and nodule formation (see 1.4.4). Peroxinectin has been implicated as a
primary cell-adhesive peroxidase in the freshwater crayfish P. leniusculus and the black
tiger shrimp Penaeus monodon. Peroxinectin was found to bind to superoxide
dismutase (SOD) in the cell-surface of haemocytes and respond to laminarin
(Johansson et al., 1999; Sritunyalucksana, 2001). Molecular studies have located the
protein primarily in the granular and semi-granular cells of the white shrimp
Litopenaeus vannamei (Liu et al., 2005). Other cell adhesion molecules from
crustaceans include calreticulin in Fenneropenaeus chinensis (Luana et al., 2007) and a
masquerade-like serine proteinase homologue from P. leniusculus (Huang et al., 2000).
An 80 kDa protein from C. maenas has also been identified in cell adhesion, but further

research is required for full characterisation of the protein (Thornqvist et al., 1994).

Recent work has focussed on Down Syndrome Cell Adhesion Molecule (Dscam) from
invertebrates that is part of the immunoglobulin superfamily (IgSF) and has provided
some evidence for specificity in the invertebrate immune response. Dscam is a cell
adhesion molecule that was initially isolated from humans and was found to be
associated with neural differentiation (Yamakawa et al., 1998). When the first
invertebrate Dscam was isolated from Drosophila melanogaster it was shown to be
critical to the formation of axon pathways and embryonic central nervous system
development (Schmucker et al., 2000). Schmucker et al. (2000) also found that as a

result of exon splicing, up to 38 000 Dscam isoforms were possible. Dscam was
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associated with immune function when Watson et al. (2005) found that silencing
Dscam in Drosophila using RNAi caused a significant reduction in phagocytosis.
Reports that Dscam variants had variable binding interactions with bacteria (Watson
et al., 2005) and that isoform populations fluctuated between challenged and
unchallenged mosquitos Anopheles gambiae (Dong et al., 2006) led to the suggestion
that Dscam may be involved in specific PAMP recognition and provided evidence for
specificity in the invertebrate immune response. Crustacean Dscams have recently been
identified from Daphnia, Litopenaeus vannamei, Penaeus monodon and Pacifastacus
leniusculus(Brites et al., 2008; Chou et al., 2009, 2011; Watthanasurorot et al., 2011).

1.4.2 Haemocytes and haemopoiesis

The crucial role of haemocytes to crustacean internal defense has led to numerous
studies on haemocyte morphology and classification. The majority of crustacean
species have been found to have three distinct classes of haemocytes: hyaline cells,
granular cells and semi-granular cells (Bauchau, 1981). Development of a suitable
anticoagulant and haemocyte cell separation techniques have enabled the study of each
haemocyte class individually (Soderhall and Smith, 1983; Johansson and Soderhall,
1995; Vargas-Albores et al., 2005) and therefore the primary immune functions for

each class have been elucidated for several species.

Hyaline cells (hyalinocytes): In vitro studies of haemocytes from the shore crab
Carcinus maenas identified hyaline cells as the primary phagocytic cells and that they
were capable of engulfing both Gram-negative and Gram-positive bacteria (Smith and
Ratcliffe, 1978). Further research has implicated hyaline cells in phagocytosis in the
blue crab Callinectes sapidus, the crab Carcinus aestuarii and the harbour crab
Liocarcinus depurator (Clare and Lumb, 1994; Walton and Smith, 1999; Matozzo and
Marin, 2010), however in Machrobrachium rosenbergii phagocytosis was observed to be
primarily carried out by granular cells (Vazquez et al., 1997; Gargioni and Barracco,
1998). Hyaline cells have also been observed to initiate coagulation by cytolysis
(Martin and Hose, 1992) and superoxide production in C. maenas elicited by bacterial
cell wall components (Bell and Smith, 1993). Morphologically, hyaline cells are the
smallest haemocytes, lack intracellular granules and have low contrast under light
microscopy (Bauchau, 1981; Vargas-Albores et al., 2005). When allowed to attach to
slides in wet mounts, hyaline cells spread rapidly and extrude pseudopodia (Bauchau,
1981).

Granular cells (granulocytes): As their name implies, granulocytes have been
found to contain substantial numbers of intracellular basophilic granules (Bauchau,

1981). Morphologically, crustacean granulocytes were larger than hyaline cells with a
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centrally placed nucleus and the large numbers of refractile granules often obscured the
nucleus under phase contrast microscopy (see Martin and Hose (1992) for review).
Granulocytes have been reported to be capable of extruding pseudopodia when
attached to slides, but not to the extent of hyaline cells (Vargas-Albores et al., 2005).
Most importantly, granulocytes have been found to be the principle producers of the
phenoloxidase enzyme in Car. maenas, Cancer pagurus, (Soderhall and Smith, 1983)
Nephrops norvegicus (Smith and Soderhall, 1991) and Carcinus aestuarii (Matozzo
and Marin, 2010). Matozzo and Marin (2010) also reported that granulocytes from
Car. aestuarii contain hydrolytic enzyme activity and granules from Pacifastacus
leniusculus contained antimicrobial peptides (Sricharoen et al., 2005) and superoxide
dismutase (Wu et al., 2008). Furthermore, in several species granulocytes have been
found to play a role in phagocytosis (Gargioni and Barracco, 1998) and have been
observed to aggregate and degranulate around fungal spores in crayfish (Persson et al.,
1987).

Semi-granular cells (semigranulocytes; SGC): Semi-granular cells are
intermediate cells to hyaline and granular cells. Semigranulocytes have been found to
contribute to phenoloxidase activity, but have been found equally important in
encapsulation reactions (Persson et al., 1987). Semi-granular cells from Car. maenas
were found to contain variable numbers of cytoplasmic granules and easily
degranulated during handling (Soderhall and Smith, 1983). Soderhall and Smith
(1983) also detected phenoloxidase activity in the semi-granular cells of Car. maenas,
Can. pagurus, Liocarcinus depurator and Pagurus bernhardus. Likewise,
Vargas-Albores et al. (2005) identified phenoloxidase (PO) activity in semigranulocytes
from the penaeid shrimp Farfantepenacus californiensis, Litopenaeus vannamei and L.
stylirostris, though the SGC contribution was lower than that for granulocyte cells.
During exposure to foreign particles (fungal spores or charged Sepharose particles),
semigranulocytes from the crayfish Astacus leptodactylus were observed to aggregate
around the particles and form dense capsules of tightly packed flattened cells (Persson
et al., 1987).

Haemocyte counts have been found to vary significantly with pathogenic infection as
well as with environmental factors such as temperature, salinity, hypoxia and pollution
(Smith and Ratcliffe, 1980b; Le Moullac and Haffner, 2000). Furthermore, haemocyte
counts can vary significantly between individuals of the same species due to moult
status and diet (Johnson, 1980; Matozzo and Marin, 2010). Accordingly, haemocyte
counts are considered an indicator of physiological state in crustaceans and are
frequently used as an indicator of immune status in conjunction with other

physiological and immune parameters (Le Moullac and Haffner, 2000).
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Haemocytopaenia as a result of infection and general loss of haemocytes due to natural
expiration require generation of new haemocytes (haemopoiesis). Haemopoiesis in
crustaceans has largely been associated with a dedicated haemopoietic tissue
(Ghiretti-Magaldi et al., 1977; Johnson, 1980; Soderhall et al., 2003) and only
occasional reports have been made of cell division in circulating haemocytes (Sequeira
et al., 1996; Soderhall et al., 2003; Roulston and Smith, 2011).

Haemopoietic tissue has been located in numerous crustacean species including blue
crabs C. sapidus, American lobster Homarus americanus, penaeid shrimp Penaeus
monodon and shore crabs Carcinus maenas (Ghiretti-Magaldi et al., 1977; Johnson,
1980; Martin et al., 1993; van de Braak et al., 2000). Haemopoietic tissue has typically
been found to be a sheet of tissue comprised of multiple lobules surrounding the dorsal
side of the cardiac stomach (Johnson, 1980; Soderhall et al., 2003). Additional
locations for haemopoietic tissue have been identified around the antennal artery and
at the base of the first three maxillipeds in penaeid shrimp (van de Braak et al., 2000).
Haemopoietic tissue is typically identified by dense aggregations of mitotic cells which
increase in activity during infection or during other causes of haemocytopaenia
(Martin and Hose, 1992).

There is some disagreement in the literature over how haemocytes proliferate from the
haemopoietic tissue, though currently the general consensus is that haemocytes
differentiate within the haemopoietic tissue before being released, possibly as precursor
cells (Roulston and Smith, 2011), into circulation (see Johansson et al. (2000),
Jiravanichpaisal et al. (2006a) and Soderhall and Lin (2011) for review). Hose et al.
(1987) argued that haemocytes from the ridgeback prawn Sicyonia ingentis developed
in circulation from hyaline cells to semi-granular cells and finally to granulocytes,
however other studies have observed the release of differentiated cells from open areas
of the haemopoietic tissue in C. maenas, C. sapidus and P. leniusculus

(Ghiretti-Magaldi et al., 1977; Johnson, 1980; Soderhall et al., 2003).

The exact mechanisms involved in haemopoietic regulation have not been resolved,
however recent studies have identified both a cytokine and a runt-like protein that
appear to play key roles in the differentiation of haemocytes and mitotic index
(Soderhall et al., 2003; Soderhall and Lin, 2011). The role of astakine in haemopoiesis
in the crayfish Pacifastacus leniusculus has been recently reviewed (Soderhall and Lin,
2011; Soderhall et al., 2011) so will only be covered briefly here.

Astakines have been found to play a crucial role in the humoral regulation of
crustacean haemopoiesis and cell differentiation. Two astakines from P. leniusculus,
Astl and Ast2, have been isolated, cloned and characterised (Soderhall et al., 2005;

Lin et al., 2010). Astl increased cell proliferation of haemopoietic tissue cells in vitro
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and was found to be mainly secreted from semi-granular cells (Soderhall et al., 2005).
Further in vivo and in vitro experiments revealed that Astl was involved in
differentiation of semi-granular cells and also inhibited apoptosis in haemopoietic cells
(Lin et al., 2010; Soderhall et al., 2011). Furthermore, Ast1l plasma concentrations
increased significantly following microbial challenge and prior to recruitment of new
cells from the haemopoietic tissue (Soderhall et al., 2005). Ast2 was not found to
increase cell proliferation, however it increased the differentiation of granular cells (Lin
et al., 2010). Astl and Ast2 have both been cloned for use in molecular studies and, to
date, have been found to be expressed in haemocytes and haemopoietic tissue (Lin et
al., 2010).

Although the transcriptional regulation of haemocyte release in crustaceans remains
largely uncertain, recent studies using the crayfish P. leniusculus have made significant
advances in the field (Soderhall et al., 2003, 2005). Studies carried out in other
invertebrates, particularly Drosophila (see Canon and Banerjee (2000) and Crozatier
and Meister (2007) for review), have led the way for crustacean studies and have
promoted interest for the Runx protein which is crucial for cell proliferation and
differentiation (Crozatier and Meister, 2007). The Runxz homologue in Drosophila,
called lozenge (lz), has been found to be crucial to the differentiation of cells
expressing proPO (Lebestky et al., 2000). In the mosquito Aedes aegypti the Runx
factor Runx4 was found to play a crucial role in the transcriptional regulation of four
of the proPO genes (Zou et al., 2008). Furthermore, in crayfish, a runt-like gene Plrunt
isolated from haemocytes has been associated with differentiation of granular and
semi-granular cells which are the primary sites of proPO generation (Soderhall et al.,
2003). The expression of Plrunt was upregulated prior to haemocyte release from the
haemopoietic tissue. Similar results were found in the sea urchin Strongylocentrotus
purpuratus where the highest levels of runt gene were found in the areas of highest

mitotic activity (Stricker et al., 2003).

1.4.3 Clotting and agglutination

For crustaceans living in what is essentially a microbial soup, coagulation is an
important immune reaction in order to limit pathogen invasion during injury. The
most well-characterised clotting system from invertebrates has been the
haemocyte-driven clotting cascade from the horseshoe crab (chelicerate) Tachypleus
tridentatus (see Theopold et al. (2004) for review). Almost as well characterised, and
recently reviewed by Jiravanichpaisal et al. (2006a), is the transglutaminase-dependent
clotting system from the freshwater crayfish Pacifastacus leniusculus.

Transglutaminase (TGase) is an enzyme responsible for the cross-linking of clottable
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proteins (coagulogens) found in the haemolymph plasma (Sritunyalucksana and
Soderhall, 2000). TGase is released from haemocytes immediately following wounding
and, in horseshoe crabs, when haemocytes detect bacterial LPS (see Iwanaga and Lee
(2005) for review). Studies of the crustacean coagulation system have found that
viruses and bacteria can interfere with TGase activity, confirming that, like horseshoe
crabs, the clotting reaction plays an active role in crustacean non-self recognition and
defense (Liu et al., 2007b; Yeh et al., 2009).

Another mechanical method of impeding the spread of pathogens internally is
agglutination. Agglutination is an innate immune response whereby glycoproteins bind
specific carbohydrates from non-self particles (Marques and Barracco, 2000; Raman et
al., 2008). The glycoproteins typically have at least two binding sites (bivalent) and
are able to agglutinate foreign particles by binding to surface carbohydrates of multiple
particles simultaneously. The most well-known form of agglutinins in crustaceans are
lectins, found in the cell-free haemolymph, haemocyte membrane or cytosolic granules
(Fragkiadakis and Stratakis, 1997; Raman et al., 2008). Lectins have been identified in
almost all crustaceans studied and have been active against N- and O-acetylated sugar
residues commonly found in bacterial cell walls (see Vazquez et al. (2009) for review).
Sera from the India river prawn Macrobrachium malcolmsonii was able to agglutinate
Gram-negative Aeromonas hydrophila and had haemagglutinating activity against red
blood cells from sheep, human, chicken and guinea pigs (Acharya et al., 2004).
Agglutination has been shown to play a crucial role in containing invading pathogens
to a small area to facilitate a more efficient immune response in which haemocytes can
concentrate a localised response. Additionally, the opsonising properties of many
lectins have been found to bind foreign particles to individual haemocytes for

phagocytosis (Ofek and Sharon, 1988; Thornqvist et al., 1994).

1.4.4 Phagocytosis, nodule formation and encapsulation

Phagocytosis is a widely conserved process among both invertebrates and vertebrates
(Vazquez et al., 2009), and plays a primary role in internal defense. In crustaceans,
despite claims that phagocytic rates have been relatively low (1-30%) (Smith and
Ratcliffe, 1978; Smith and Soderhall, 1983, 1991), bacterial clearance has still been
observed within a few hours (Smith and Ratcliffe, 1980a). In crustaceans, phagocytosis
is typically carried out by circulating hyaline cells or fixed phagocytes in the
hepatopancreas (Bayne, 1990; Iwanaga and Lee, 2005), however in some species
granular and semi-granular cells have been observed to participate as well (Vazquez et
al., 1997).
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Phagocytosis is initiated by non-self recognition and binding of the foreign particle to
the phagocytic cell. The particle is then engulfed by the cell and sequestered
intracellularly in a phagosome where it is enzymatically degraded (Bayne, 1990;
Sagrista and Durfort, 1990). Target recognition can either occur through direct
cell-target interaction or can be mediated by cell adhesion molecules such as

peroxinectin found in the crayfish P. leniusculus (Johansson et al., 1999).

In some instances, particularly with parasites and fungal hyphae, the invading particles
are too large to be completely engulfed by a single haemocyte. In this case, an
encapsulation response occurs whereby multiple haemocytes attach and spread across
the surface of the particle to sequester the particle from the haemolymph. Following
attachment and spreading the haemocytes begin to degrade leading to a localised
melanisation reaction (Battistella et al., 1996). Persson et al. (1987) observed
encapsulation reactions in P. leniusculus to be primarily carried out by
semi-granulocytes. A similar method of particle sequestration is nodule formation,
which is different from encapsulation in that the haemocytes in nodule formation do
not always form a tightly ordered mass around a central nucleus, but can be loosely
formed aggregates. These aggregates form loosely associated haemocyte-particle

networks to immobilise foreign material (Ratcliffe et al., 1982).

1.4.5 Respiratory burst and reactive oxygen species (ROS)

Phagocytic cells from humans have been found to secrete lysozyme, peroxidase and
reactive oxygen species (ROSs) such as superoxide, hydrogen peroxide and hydroxyl
radicals in order to degrade invading microorganisms (see Rosen et al. (1995) for
review). The reactive oxygen response has been evolutionarily conserved and in
crustaceans respiratory burst has been (Fig 1.3) associated with the phagocytic cells in
which reactive oxygen species including hydrogen peroxide, superoxide ions and
hydroxyl radicals can be generated (Holmblad and Soderhall, 1999; Nappi and
Ottaviani, 2000). Superoxide production in C. maenas has been reported from the
hyaline cells which are responsible for phagocytosis and Jayasree (2009) has reported
elevated superoxide levels during phagocytosis of Vibrio spp. in Penaeus indicus.
Vibrio bacteria also induced superoxide production in P. vannamei (Munoz et al.,
2000) and L. vannamei (Li et al., 2008a), as well as elevated hydrogen peroxide in C.

maenas (Hauton et al., 1997a).

Despite the advantages of superoxide to microbial control, superoxide is a free radical
capable of causing damage to the host as well as invading pathogens. To alleviate
damage to the self-particles, organisms produce the superoxide-scavenging enzyme

superoxide dismutase (SOD) which catalyses the dismutation of superoxide into
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FIGURE 1.3: Respiratory burst is elicited by the activation of membrane-bound
NADPH-oxidase complexes by PAMPs resulting in increased oxygen consumption. Ex-
cess oxygen molecules are then reduced by NADPH-oxidase leading to the production
of superoxide (O3 ). In the presence of SOD, superoxide is metabolised to hydrogen
peroxide (H202), which reacts with chloride (using myeloperoxidase (MPO)) or nitric
oxide (NO) to produce hypochlorite (OC1™) or peroxynitrite (ONOO™) radicals. This
collection of reactive oxygen species is then able to oxidise key components of the cell
membrane of foreign pathogens causing cell disruption and death (see Bachere et al.
(1995), Rosen et al. (1995) and Nappi and Ottaviani (2000) for review).

oxygen and hydrogen peroxide. In crustaceans, molecular studies regarding respiratory
burst have tended to focus on the gene for SOD rather than a direct measurement of
reactive oxygen species. It is believed that increased SOD expression is an indication
of increased oxidative stress (Wang et al., 2007) and has in fact been found to increase
in the crab Scylla paramamosain during challenge with LPS (Chen et al., 2010a) and
in mud crabs S. serrata following injection with 81,3-glucan and peptidoglycan (Lin et
al., 2008b).

1.4.6 Antimicrobial peptides

Antimicrobial peptides (AMPs) are generally small, cationic molecules that interact
with the phospholipids commonly found in the cell membranes of foreign pathogens
(Epand and Vogel, 1999) Though the exact method of microbial destruction for many
AMPs remains unclear (Epand and Vogel, 1999; Zasloff, 2002), most have been found
to increase plasma membrane permeability (Andreu and Rivas, 1998). Indeed, the

crustin isoforms crustinPm1 and crustinPm?7 from the black tiger shrimp Penaeus
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monodon were found to cause inner membrane permeability in Escherichia coli
(Krusong et al., 2012). AMPs have been isolated from a variety of organisms and are
used in host defense in bacteria, protozoa, invertebrates, vertebrates and plants
(Epand and Vogel, 1999; Zasloff, 2002; Ghosh et al., 2011). Many of the reported
AMPs have been found in invertebrates and they have been proven to play a crucial
role in host defense in many crustaceans, including penaeid shrimp, crabs and lobsters
(Bartlett et al., 2002; Hauton et al., 2006; Brockton et al., 2007). There are four major
classes of AMPs: linear peptides forming a-helices, cysteine-rich peptides containing
(B-sheets or a-helical 8 sheet mixtures, proline-rich peptides, or glycine-rich peptides
(Dimarcq et al., 1998; Epand and Vogel, 1999; Bartlett et al., 2002).

Antimicrobial activity from crustacean haemocytes and haemolymph has been evident
for many years though detailed studies into the proteins responsible have only occurred
in the last 15 years. The first AMP characterised from crustaceans was a proline-rich
antibacterial peptide from Carcinus maenas which was active against both
Gram-positive and Gram-negative bacteria (Schnapp et al., 1996). Shortly thereafter,
a cysteine-rich AMP was also identified and found to be active against Gram-positive
bacteria (Relf et al., 1999). Since then, numerous AMPs have been identified in
crustaceans, typically falling into the class of penaeidins or crustins, both of which
have been recently reviewed (Destoumieux et al., 2000; Smith et al., 2008;
Tassanakajon et al., 2010). Crustin-like molecules from the American lobster Homarus
americanus have been found to act against Gram-negative bacteria and protozoa
(Battison et al., 2008) and recombinantly expressed penaeidins from Litopenaeus
vannamei were found to act against Gram-positive bacteria in addition to having
antifungal activity (Destoumieux et al., 1999). P. monodon crustins were found to
bind to both Gram-positive and Gram-negative bacteria and to interact specifically
with the cell wall components lipoteichoic acid and LPS (Krusong et al., 2012).
Furthermore, recent molecular studies have found expression levels of genes coding for
antimicrobial peptides to fluctuate during microbial infection. P. monodon challenged
with white spot syndrome virus (WSSV) and L. vannamei injected with LPS both
exhibited a down-regulation in penaeidin mRNA levels (Okumura, 2007; Philip et al.,
2011). In contrast, a crustin-like gene sequenced from the lobster Homarus gammarus
was found to increase in expression following challenge with Gram-positive Aerococcus
viridans (Hauton et al., 2006) and likewise, crustin from Hyas araneus increased
following challenge with the Gram-negative bacteria Listonella anguillarum, however

the increase was only evident in granular cells (Sperstad et al., 2010).



Chapter 1: Introduction 32

1.4.7 Melanisation and the prophenoloxidase system

Melanisation has been observed as one of the key defense reactions in invertebrates to
injury and pathogen invasion. Melanin synthesis is a major part of the sclerotisation
process of the cuticle but has also been observed in wound healing and particularly in
encapsulation and nodule formation (Soderhall, 1982). The primary enzyme
responsible for catalysis of the melanisation pathway is phenoloxidase, which oxidizes
monophenols to o-diphenols and further into o-quinones. The quinones are then
converted into melanin. Due to the toxic nature of melanin and its byproducts during
formation, the pathway is tightly regulated and the entire cascade has been termed the
proPO-activating system (or proPO system) (Cerenius and Soderhall, 2004). There are
extensive reviews on the importance of the proPO system in invertebrate immunity
and the activation cascade (Fig 1.4) (Soderhall, 1982; Soderhall and Cerenius, 1998;
Sritunyalucksana and Soderhall, 2000; Cerenius and Soderhall, 2004; Cerenius et al.,
2008).

The proPO system is instigated by the presence of minute amounts of microbial
peptides, often termed pathogen associated molecular patterns (PAMPs). PAMPs
include lipopolysaccharides (LPS) and peptidoglycans (PG) from bacterial cell walls
and f1,3-glucans from fungal cells. PAMPs are recognised in the haemolymph by
pattern-recognition proteins (PRPs) such as LPS-binding protein (LGBP) (Lee et al.,
2000; Du et al., 2007), $1,3-glucan binding protein (8GBP) (Duvic and Soderhall,
1990) and PG binding protein (PGBP). PRP-PAMP complexes are then able to
instigate an immune response by binding to a cell-surface protein such as superoxide
dismutase (SOD) or S-integrin (Johansson et al., 1999; Holmblad and Soderhall, 1999;
Vargas-Albores and Yepiz-Plascencia, 2000) in the haemocyte membrane to trigger
non-self recognition. This activation causes degranulation in granulocyte and
semi-granular cells and the release of prophenoloxidase activating enzyme (ppA)
(Aspan et al., 1990; Barracco et al., 1991).

Via limited proteolysis in the presence of calcium, ppA becomes active and cleaves
proPO, generally at a conserved arginine-phenylalanine linkage (Cardenas and
Dankert, 1997; Cerenius and Soderhall, 2004), into active phenoloxidase (PO). PO, a
copper-containing enzyme that is part of the tyrosinase family, is then able to oxidize
the amino acid tyrosine into dopa and further into dopaquinone. Dopaquinones
undergo further conformational changes and oxidation (catecholoxidase reaction) into
indolequinone which eventually polymerises into the purple-black heteropolymer
eumelanin (Sritunyalucksana and Soderhall, 2000; Christensen et al., 2005; Terwilliger,
2006). Melanin intermediates such as dihydroxyindole and quinones are cytotoxic and

have been found to bind to nucleophiles on the surface of foreign pathogens and
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FIGURE 1.4: Crustacean prophenoloxidase internal defense cascade beginning with

recognition of pathogen-associated molecular patterns (PAMPs) and terminating in

the release of melanin and toxic byproducts (Hernandez-Lopez et al., 1996; Sritun-
yalucksana and Soderhall, 2000; Cerenius and Soderhall, 2004).

immobilise endoparasites (Nappi and Ottaviani, 2000). Furthermore, melanin has been
found to scavenge free radicals and the presence of melanin on the surface of a foreign
particle could make it a target for cytotoxic molecules and assist in localising the

immune response (Nappi and Ottaviani, 2000).

Generally, the proPO system has been found to be activated by Gram-negative and
Gram-positive bacteria (Acharya et al., 2004), fungi (Cerenius et al., 2003) and viruses
(Song et al., 2003; Sarathi et al., 2007). The antibacterial properties of phenoloxidase
were confirmed when purified phenoloxidase was observed to inhibit in wvitro bacterial
growth of Fscherichia coli, Streptococcus pneumoniae and Aeromonas hydrophila
(Cerenius et al., 2010). Injection with Vibrio species increased PO activity in
Litopenaeus vannamei, Fenneropenaeus indicus and Eriocheir sinensis (Song et al.,
2003; Sarathi et al., 2007; Gai et al., 2008). Additionally, challenge with microbial cell
wall components such as LPS and (£1,3-glucans has also been found to increase PO
activity in Procambarus clarkii, Penaeus paulensis and Eriocheir sinensis (Cardenas

and Dankert, 1997; Perazzolo and Barracco, 1997; Zhang et al., 2010), for example.

Molecular studies have analysed the transcriptional regulation of the proPO gene from
crustacea in response to numerous pathogens. proPO expression was up-regulated
following challenge with Vibrio spp. (Gai et al., 2008; Chen et al., 2010b), LPS (Ko et
al., 2007) and the endobacteria Pasturia ramosa (Labbe and Little, 2009).
Furthermore, genetic knockout of proPO in Pacifastacus leniusculus was found to

reduce PO enzyme activity, decrease nodule melanisation and increase bacterial growth
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and mortality (Liu et al., 2007a). The abundance of reports linking PO activity and
proPO gene expression to pathogenic challenge have cemented the role of the proPO
system in studies of crustacean internal defense. Assays for PO activity and real-time
expression of proPO are key study parameters for indications of immune response and,
when used in conjunction with other immune-related assays, have become widely

accepted as an indicator of immunocompetence.

1.5 Apoptosis

Apoptosis is the process of programmed cell death used by metazoan organisms to
eliminate unwanted or damaged cells. Unlike necrosis, where cells swell and rupture,
triggering an inflammatory immune response, apoptosis maintains plasma membrane
integrity and causes cells to shrink in order to be easily consumed by phagocytosis
(Raff, 1998). Apoptosis plays a role in immunity by removing damaged cells and also
by inhibiting the spread of intracellular pathogens. During viral infection, apoptosis is
a key process to reducing viral replication by containing the virus within the cell and
limiting the spread of viral particles (Liu et al., 2009; Menze et al., 2010). In
crustaceans, recent research has focussed on apoptosis in relation to commercially
important viruses such as White Spot Syndrome Virus (WSSV), Yellow Head Virus
(YHV) and Taura syndrome virus (TSV) (Flegel, 2001, 2007; Liu et al., 2009).
Apoptosis occurred in black tiger shrimp Penaeus monodon infected with WSSV and
reduced total haemocyte counts by 90% 60 hours post-infection (Wongprasert et al.,
2003). Similar results were found 36 hours post-infection in P. monodon exposed to
YHV (Khanobdee et al., 2002). Apoptosis is not limited to viral infection, however,
and has also been implicated in bacterial and yeast infections in the giant freshwater
prawn Macrobrachium rosenbergii (Hsu et al., 2005). Yeast (Debaryomyces hansenii)
and bacteria (Aeromonas hydrophila or Enterococcus faecium incubated In vitro with
prawn haemocytes led to apoptosis in those haemocytes that engulfed the foreign
pathogens and the haemocytes showed signs of cytoplasmic vacuoles and nucleic
fragmenation. Importantly, fluctuations in apoptotic activity could lead to

haemocytopaenia and compromised immune function.

1.6 Cancer pagurus and Nephrops norvegicus

Studies explicitly designed to explore immune parameters of Cancer pagurus and
Nephrops norvegicus have been limited in past research, however generally accepted

immune assays have been successfully used in a number of studies for both species
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(Table 1.2). Haemocyte types have been categorised and phenoloxidase was associated

with granulocyte populations in both cases (Smith and Soderhall, 1983, 1991). The

assays used to explore specific immune responses in both species have included

phenoloxidase, superoxide anion production and antimicrobial peptide activity

(Chisholm and Smith, 1995; Vogan and Rowley, 2002). Haemocyte counts have

frequently been used to assess physiological and immunological competence in response

to stimulants such as LPS, manganese and trawl stress (Lorenzon et al., 1999).

TABLE 1.2: Immune characteristics and parameters associated with Cancer pagurus
and Nephrops norvegicus.

Immune  Mechanism/ Cancer pagurus Nephrops norvegicus References
Characteristic
Haemocytes Hyaline Hyaline Smith and Soderhall
(1983, 1991)
Granular Granular
Semi-granular Semi-granular
Phenoloxidase Present in granular cells Present in granular cells Smith and Soderhall

Antimicrobial activity

Reactive Oxygen
Species (ROS)
Total haemocyte counts

(in response to)

Present against Psy-
chrobacter immobilis

MnSOD

Shell disease syndrome

Pseudoalteromonas  at-
lantica

Present against Psy-
chrobacter immobilis

Manganese

LPS

Aerial exposure

(1983, 1991)

Chisholm and Smith
(1995); Vogan and Row-
ley (2002)

Marchand et al. (2009)

Lorenzon et al. (1999);

Vogan and Rowley
(2002);  Costa-Ramos
and Rowley (2004);

Hernroth et al. (2004);
Ridgway et al. (2006)

1.7 The current study

Despite the growing body of literature discussing Hematodinium sp. and its effects on

its crustacean hosts, there is a wide knowledge gap surrounding the host immune

response. As discussed, pathological evidence has only indicated a mild immune

response in crustacean hosts in the form of encapsulations, however it has been unclear

whether the encapsulated particles have, in fact, been parasites (Field and Appleton,

1995) and the response could be due to secondary infection by opportunistic pathogens

instead. Furthermore, studies of most crustaceans infected with Hematodinium have

indicated a severe loss of haemocyte numbers which are crucial to internal defense.

Biochemical and physiological parameters have suggested that infected animals are

under considerable stress and these combined factors could contribute to a
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compromised immune response. Generally, there has been speculation regarding
whether host animals are able to recognise parasite cells and whether Hematodinium is
able to avoid or suppress the immune system (Stentiford et al., 2002). Stentiford et al.
(2003) has also argued that parasite infection may enhance immune response in order
to eliminate competition from opportunistic pathogens. The current study aims to
investigate the immune response of two UK crustacean hosts to parasitic
Hematodinium infection using a range of immune assays, in vitro challenge experiments
and gene expression analysis. The overarching null-hypothesis being tested is that

Hematodinium sp. has no effect on the immune response of its crustacean hosts.
The outline of the major objectives covered in this thesis are:

e To identify, clone and sequence immune-relevant genes from two crustaceans,
Cancer pagurus and Nephrops norvegicus (Chapter 2), known to host
Hematodinium sp. in the UK, and to develop and optimise assays for the gene

expression of molecular markers for immune reaction (Chapter 3).

e To explore variation in immune gene expression of Cancer pagurus haemocytes to
Hematodinium sp. exposure in vitro in the absence of confounding influences

such as secondary infection (Chapter 4).

e To investigate the effect of Hematodinium sp. on multiple immune parameters of

wild-caught Nephrops norvegicus from the Clyde Sea Area(Chapter 5).

e To investigate gene expression changes in immune-related genes from wild

populations of Nephrops norvegicus (Chapter 6).

Based on analysis of the results obtained from the above studies, conclusions will be
drawn regarding the immune response of crustacean hosts to Hematodinium sp.

infection (Chapter 7).



Chapter 2

Molecular cloning of crustacean
and Hematodinium sp. genes for

gene expression studies

2.1 Introduction

2.1.1 Immune-related genes of interest

In this study, two genes were chosen a priori for study in response to Hematodinium
sp. infection in crustacean hosts. The two genes of interest (GOIs), prophenoloxidase
(proPO) and runt, were chosen for their role in innate immune function. proPO codes
for the immune-relevant enzyme prophenoloxidase and runt codes for a runt-like

protein involved in the regulation of haemopoiesis.

2.1.1.1 Prophenoloxidase

Prophenoloxidase was chosen for expression analysis because the protein is an
important precursor molecule in the melanisation pathway of invertebrates.
Melanisation is an immune response commonly found in invertebrates in which
melanin is secreted around foreign material found encapsulated internally or in wound
repair (Cerenius and Soderhall, 2004; Cerenius et al., 2008). Phenoloxidase (PO)
controls the synthesis of melanin and is strictly regulated in crustacean haemocytes.
Evidence for the role of phenoloxidase in the invertebrate internal defense system has

come from two primary lines of research: enzymatic studies on phenoloxidase activity

37
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and molecular studies of prophenolozidase' genes. These parameters have been found
to fluctuate under various conditions including pathogen invasion, environmental
changes and physiological stress responses (Aspan et al., 1995; Hauton et al., 1997b;
Sritunyalucksana et al., 1999; Le Moullac and Haffner, 2000; Gao et al., 2009; Zhu et
al., 2011). Due to the well-established methods for evaluating PO response, the study
of PO activity and gene expression of proPO have become an important indicator of

immunocompetence.

PO activity has been observed to increase under multiple conditions, including high
population density (Reeson et al., 1998), after wounding (Mucklow and Ebert, 2003),
following injection with microbes and microbial components (Smith and Soderhall,
1991; Cardenas and Dankert, 1997), and after infection with parasites (Gomes et al.,
1999). PO is believed to increase at high population densities due to the increased
need for pathogen resistance in crowded systems. Larvae of Spodoptera exempta were
found to have increased resistance to bacteria when raised in high density situations
compared to those raised at low densities (Reeson et al., 1998). PO activity also
significantly increased in the water flea Daphnia magna following wounding (Mucklow
and Ebert, 2003), and has generally been found to increase locally around the wound
site as well as in the circulating haemolymph (Mucklow and Ebert, 2003; Vafopoulou,
2009). Animals exposed to or injected with bacteria, fungi and other pathogens have
been found to dramatically increase PO activity in the haemolymph. PO activity
increased in Macrobrachium rosenbergii and Eriocheir sinensis following injection with
CpG oligodeoxynucleotides (motifs associated with microbial genomes) (Lu et al.,
2006; Zhang et al., 2010). Other microbial cell wall components such as
lipopolysaccharides (LPS) and /31,3-glucans have also been found to elicit a PO
response from haemocytes of the shore crab Carcinus maenas, swamp crayfish
Procambarus clarkii and the Pacific white shrimp Litopenaeus vannamei (Smith and
Soderhall, 1983; Cardenas and Dankert, 1997; Xian et al., 2009). Furthermore, PO
activity was elicited by both Gram-positive and Gram-negative bacteria in the Indian
river prawn Macrobrachium malcolmsonii (Acharya et al., 2004). These reports show a

clear enzymatic response to foreign material.

The importance of proPO to crustacean immunity has been supported by numerous
studies of pathogenic challenge. Genetic knockout of proPO in both Pacifastacus
leniusculus and Penaeus monodon reduced PO enzyme activity and increased
susceptibility to bacteria (Liu et al., 2007a; Amparyup et al., 2009). Nodule formation
and encapsulation were also reduced in P. leniusculus (Liu et al., 2007a). Additional

studies have explored the direct interaction of purified P. leniusculus PO on bacterial

! A note on nomenclature: PO refers to the phenoloxidase enzyme, proPO refers to the prophenolox-
idase protein, and proPO refers to the gene coding for proPO. All gene names will appear in italics.
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growth in vitro. An antibacterial effect was evident for all six bacterial species studied
(Cerenius et al., 2010).

Several functional assays have been developed to examine prophenoloxidase
fluctuations during immune responses, however more recently, the gene coding for
proPO has been sequenced and molecular techniques have been developed for
expression studies. Temporal expression of proPO mRNA following infection has been
the focus of several immune studies including immune response variation and
immunocompetence. Upregulation of proPO has been indicated in many infection
studies, for example, during challenge with the bacteria Vibrio anguillarum (there was
a concurrent increase in PO enzyme as well) (Gai et al., 2008) or Aeromonas hydrophila
(Liu et al., 2007a) as well as challenge with the parasite Aphanomyces astaci (Cerenius
et al., 2003). An in vitro study by Hauton et al. (2005) also observed the upregulation
of proPO in Homarus gammarus granulocytes 24 hours after challenge with heat-killed
bacteria Listonella anguillarum. It is important to mention that not all infection
studies have shown upregulation of proPO. No change was observed in blue shrimp
Litopenaeus stylirostris infected with Vibrio penaeicida (de Lorgeril et al., 2005) or
Pacific white shrimp Litopenaeus vannamei exposed to LPS (Okumura, 2007). A
further study examining the use of the immunostimulants MacroGard and Ergosan

also failed to yield an upregulation in proPO (Hauton et al., 2007).

Parasites, on the other hand, have been found to actively inhibit PO activity. For
example, the native gammarid Gammarus puler had decreased PO levels following
invasion with the acanthocephalan parasites Pomphorhynchus laevis and Polymorphus
minutus while the invasive host Gammarus roeseli had increased PO activity (Rigaud
and Moret, 2003). Rigaud and Moret (2003) suggested that the parasites had adapted
to suppress PO activity in their native host, but were still susceptible to the internal
defense of the new host. In another study, fungal metabolites such as kojic acid from
Aspergillus and Penicillium species also inhibited PO in the fall armyworm Spodoptera
frugiperda (Dowd, 1999). PO inhibition has frequently been reported in invertebrate
host-parasite interactions, however the actual mechanism of interference is unclear for

most species.

Despite the fact that some studies found little change in proPQ, it is widely accepted
that the proPO system plays a key role in crustacean internal defense and has often
shown an increase when animals are infected (de Lorgeril et al., 2005; Liu et al., 2007 g;
Okumura, 2007; Gai et al., 2008) or faced with a risk of infection (Mucklow and Ebert,
2003). Based on the evidence of studies presented here, proPO was used as one of the

genes of interest in the current study. Furthermore, if the Hematodinium parasite is
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inhibiting or avoiding some part of the immune response, this study may yield

important information regarding the mechanisms involved.

2.1.1.2 Haemopoiesis

As previously mentioned (Chapter 1.4.2), haemopoiesis (or haematopoiesis) is the
‘production of blood cells involving both the proliferation and differentiation from stem
cells’ (Brett et al., 1989). Crustacean haemocytes are generally considered to arise
from specialised haemopoeitic tissue containing undifferentiated haematopoietic cells
(Jiravanichpaisal et al., 2006a). It is via this tissue that old and damaged cells are
replaced and the rate of synthesis can be influenced by microenvironmental factors
regulated by cell-cell and cell-extracellular matrix interactions (Barreda and Belosevic,

2001) as well as season and moult stage (Johnson, 1980; Hose et al., 1992).

Haemopoietic tissue has been identified in several crustacean species and is typically
found on the dorsal and dorsolateral sides of the cardiac stomach. In blue crabs
(Callinectes sapidus), American lobster (Homarus americanus) and freshwater crayfish
(Pacifastacus leniusculus) the organ forms a sheet-like tissue composed of many small
ovoid lobules (Martin et al., 1993; Johnson, 1980; Soderhall et al., 2003). The lobules,
encased in a thin sheath of connective tissue, contain stem cells and developing
haemocytes (Johnson, 1980) and vessels penetrating the tissue allow rapid release of
new cells when required (Soderhall et al., 2003). The ridgeback prawn Sicyonia
ingentis was found to have a pair of nodules formed from branches of the
haematopoietic artery situated on the dorsal surface of the hepatopancreas. The
vessels had thick walls containing layers of haemocytes 6-10 cells deep in varying

degrees of maturation (Martin et al., 1987).

Due to the fact that crustacean haemocytes do not appear to divide in circulation, all
haemocytes must proliferate from the haemopoietic tissue. Indeed, increased
proliferation in the haemopoietic tissue has been observed following haemocyte
depletion due to experimental bleeding and infection (Johnson, 1980; van de Braak et
al., 2002; Soderhall et al., 2003). Increased stress due to moulting and environmental
changes have also been observed to increase proliferation (Johnson, 1980). Little is
known about humoral regulation of cell proliferation and differentiation in crustaceans,
however regulation has recently been linked to a cytokine identified in the crayfish P.
leniusculus and termed astakine (Soderhall et al., 2005). Cytokines are small signal
molecules typically associated with immune cell signaling, cell proliferation and cell
differentiation (Brett et al., 1989). Astakine was found to cause increased cell
proliferation in P. leniusculus haematopoietic tissue in vitro as well as in vivo
(Soderhall et al., 2005).
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As previously discussed (Chapter 1.4.2), the runt gene has been linked to haemopoiesis
and has been shown to play an active role in the proliferation of cells expressing the
proPO gene (Lebestky et al., 2000). Furthermore, in crayfish, Plrunt increased in
expression prior to the release of haemocytes from the haemopoietic tissue. The
essential role of haemocytes to host defense and survival make them an ideal
parameter to study for immunocompetence. Variations in total haemocyte counts have
frequently been studied in response to pathogenic challenge in crustaceans, however
the demand for new cells has only rarely been studied (Chen and Cheng, 2001; van de
Braak et al., 2002; Battison et al., 2004; Brockton and Smith, 2008). Furthermore,
reports of increased activity in the haemopoietic tissue of Hematodinium-infected
animals (Field et al., 1992; Ryazanova et al., 2010) suggests there is increased demand
for haemocytes during parasite invasion. The identification and characterisation of the
runz gene from P. leniusculus implicate runz as an ideal target for gene expression

studies during parasite invasion.

2.1.2 Quantifying Hematodinium sp. infection

Hematodinium sp. infection has traditionally been identified by pleopod staging,
microscopy, ELISA, or PCR. Pleopod staging uses light microscopy to score infection
status based on occlusion of the pleopods in N. norvegicus and is the most subjective
and least sensitive method. Haemolymph smears, histology and PCR offer a more
reliable method of assessing infection status, with haemolymph smears offering a way
of quantifying infection and identifying parasite life stage. The small subunit (SSU)
rDNA gene of Hematodinium perezi was initially sequenced in order to compare
isolates from different hosts as well as to compare Hematodinium sp. to other protozoa
(Hudson and Adlard, 1996). The same gene was later used to develop a PCR-based
diagnostic for routine testing of Hematodinium hosts (Gruebl et al., 2002). Recently, a
successful quantitative PCR assay has been developed using 18S rRNA to accurately
quantify parasite load in infected blue crabs Callinectes sapidus (Nagle et al., 2009).
This technique was able to quantify parasite load to a limit of 0.001 cell equivalents. In
order to use this technique in the present study, the 18S rRNA gene was sequenced

from the parasites used in these experiments.

2.1.3 Reference Genes

To use the relative quantification analysis method in quantitative PCR (qPCR), a
suitable reference gene needed to be identified. Previously, several genes have been

identified as potential reference genes for a number of species including B-actin,
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GAPDH and tubulin (Thellin et al., 1999; Garcia-Vallejo et al., 2004). It has since
been found that these genes are not always constitutively expressed under every
experimental condition (Glare et al., 2002; Dheda et al., 2004), however with proper
validation they are acceptable genes (Thellin et al., 1999; Huggett et al., 2005). The
use of S-actin in previous crustacean studies (Hauton et al., 2005) led to the selection

of actin as the reference gene of choice in the following studies (see Chapter 3.5.1).

2.2 Isolation of species-specific mRNA transcripts

2.2.1 Cancer pagurus, Nephrops norvegicus and Hematodinium sp.

collection

Cancer pagurus from the English Channel were obtained from Selsey Shellfish (Selsey,
UK) during the winter of 2007 and placed in recirculating seawater aquaria at the
National Oceanography Centre, Southampton. The aquaria were maintained at a
salinity of 32.9 4+ 1 and a temperature of 14.3°C £ 1.8°C. Healthy adult intermoult
male and female crabs, identified by alertness and a clear carapace free of lesions, were

sampled for these experiments.

Scottish Nephrops norvegicus were obtained from Portland Shellfish (Portland, UK)
and kept in 150 1 seawater aquaria with a Fluval 4 Plus filter pump (Rolf C. Hagen
Ltd., Castelford, UK). Aquaria were maintained at 10°C in a controlled temperature

room.

The parasitic dinoflagellate Hematodinium sp. was isolated from infected Nephrops
norvegicus collected by trawl using the University Marine Biological Station, Millport
vessel RV Aplysia in February 2009 near the Isle of Cumbrae, Scotland (55° 50.7 N,
04° 54.3 W). Before bleeding, each animal was surface-sterilized with 100% ethanol.
Heavily infected animals were identified by the ‘cooked colour’ of their carapace.
Between 0.5 ml and 2.5 ml of haemolymph was withdrawn from the base of the fifth
pereiopod of each infected animal and placed immediately into 30 ml
Appleton-Vickerman media (Appleton and Vickerman, 1998), (27.99 g 1=! NaCl; 0.95 g
171 KCI; 2.01 g 17! CaCl2; 2.465 g 17! MgS04; 0.554 g 17! Na2S04; 1.92 g 1! HEPES;
10% foetal calf serum; 25 ul ml~! gentamycin; 200 pg ml~! penicillin; pH 7.8) in 25
cm? Corning®, non-vented culture flasks. In the laboratory, cultures were subcultured
by at least half into fresh media with additional antibiotics (1%
penicillin/streptomycin). Cultures were maintained at 6°C and subcultured every 3-4

weeks (Appleton and Vickerman, 1998).
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2.2.2 Haemolymph collection

Haemolymph was extracted from the base of the fifth pereiopod (N. norvegicus) or the
base of the third walking leg (C. pagurus) into an equal volume of ice cold marine
anticoagulant (23.3 g 17! NaCl; 18.0 g 17! glucose; 8.82 g 17! trisodium citrate; 4.5 g
171 citric acid; 2.63 EDTA) at pH 4.6 (Soderhall and Smith, 1983) using a 25G needle
and 2 ml sterile syringe. The haemolymph was placed in a 1.5 ml microcentrifuge tube
and centrifuged at 2 500 ¢g for 5 minutes and 4°C. The supernatant was discarded and

the pellet used for RNA extraction.

2.2.3 Haemopozietic tissue

Haemopoietic tissue from the dorsal surface of the cardiac stomach was dissected from
intermoult adult C. pagurus. Animals were anaesthetised by placing them on ice,
followed with injection into the base of the third walking leg of 200 ul of 4% procaine
in sterile seawater and incubation on ice for a further 20 min. The top of the cuticle
was removed and the tissue from the top of the stomach extracted in order to ensure
collection of the haemopoietic tissue. The tissue was divided in half, with one half
being placed in fixative for histological examination and one half flash frozen in liquid
nitrogen and stored in 1.5 ml microcentrifuge tubes at -80°C until required for RNA

extraction.

In order to confirm the presence of haemopoietic tissue, histological sections were made
of the fixed half of the dissected tissue. Dissected stomach was attached to a piece of
dental wax using entomological pins to keep it flat and in the correct orientation and
placed in Bouin’s fixative overnight. Tissue was dehydrated through a graded ethanol
series (40%, 70%, 96% x 2, 100%) then cleared in xylene and embedded in paraffin.
Semi-thin tissue sections (~8 pum) were made using a Cambridge Rocking Microtome
and were placed on clean glass slides and dried on a slide warmer overnight. Sections
were deparaffinised in xylene and rehydrated through an ethanol series before
haematoxalin and eosin (H & E) staining according to Luna (1969). Slides were

mounted using DPX and visualised on an Olympus BH2 microscope.

Comparisons of putative haemopoietic tissue sections from Cancer pagurus coincided
with images of haemopoietic tissue sections from Callinectes sapidus (Johnson, 1980)
suggesting that the correct tissue was extracted (Fig 2.1). Johnson (1980) observed
that the haemopoietic tissue of Cal. sapidus consisted of lobules located on a sheet of
spongy connective tissue that was situated dorsally to the cardiac stomach. The
lobules reportedly varied in thickness and could be as little as ten cells deep. The

tissue sampled here from Can. pagurus appears to contain haemopoietic tissue
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indicated by densely stained collections of cells situated adjacent to the epithelium of

the cardiac stomach.

2.2.4 RNA Extraction

Total RNA was extracted from both cell pellets and haemopoietic tissue using TRI
Reagent® Solution (Sigma-Aldrich, Dorset, UK). TRI Reagent® is a monophasic
solution comprised of phenol and guanidine thiocyanate. Cells or tissue were disrupted
in the solution and, following the addition of chloroform, the homogenate was
separated into an aqueous and organic phase. RNA was located in the aqueous phase,

DNA in the interphase and protein in the organic phase (Biosystems, 2010).

For total RNA extraction from haemocytes, TRI Reagent® was added to cell pellets
immediately following removal of the supernatant in order to limit RNase activity in
the sample. For haemopoietic tissue, TRI Reagent® was added to the tissue directly
after removing the sample from -80°C. Both sample types were then disrupted using a

sterile polypropylene tissue pestel.

Following homogenization 0.2 ml chloroform was added to each sample for every 1 ml
TRI Reagent® used and the tubes vigorously shaken for 15 seconds. Samples were
then centrifuged for 15 min, 12 000 g, 4°C. The clear aqueous layer containing total
RNA was removed to a new eppendorf tube and 0.5 ml isopropanol added for every 1
ml TRI Reagent® used to precipitate the RNA. Samples were allowed to stand at
room temperature for 10 minutes then centrifuged for 10 minutes at 12 000 g, 4°C.
Isopropanol was carefully aspirated and the RNA pellet was washed in 75% molecular
grade ethanol freshly prepared in diethyl polycarbonate (DEPC)-treated water (1 ml
ethanol for every 1 ml TRI Reagent®). Samples were thoroughly mixed then
centrifuged for 5 min at 7 500 ¢, 4°C. The ethanol was carefully removed and the pellet
air dried before being redissolved in 20 ul DEPC-treated water. Total RNA quantity
and quality were determined by measuring absorbance at 260 nm and 280 nm using a
ND-1000 spectrophotometer (Nanodrop, Wilmington, USA). Extracted RNA samples

were stored at -80° until needed.

2.2.5 cDNA Synthesis

In order to be used in PCR, total RNA was converted into complementary DNA
(cDNA) using SuperScript" II Reverse Transcriptase (SSII-RT; Invitrogen, Paisley,
UK). The RT reaction was primed using oligo-dT primers which bind to the poly-A
tail found at the end of messenger RNA (mRNA). This ensured that the cDNA library
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FIGURE 2.1: (a) Dorsal view of cardiac stomach, on top of which lies the haemopoietic

tissue (b) Haemopoietic tissue, H&E stained showing haemopoietic tissue (hpt), epi-

dermal cells (epi) and cuticle (C). The gap between the epidermal cells and cuticle is
likely an artifact of the preservation technique.
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was composed of only expressed genes. cDNA was generated by combining in a 0.2 ml
PCR tube: 1 pl 10mM dNTP, 1 pl Oligo(dT)as (50 uM), 1-3 ug total RNA and sterile
water to a total volume of 12 ul, and incubated at 65°C for 5 min. The samples were
removed immediately onto ice and the following reagents were added: 4 pl 5X First
Strand buffer, 2 pl 0.1M DTT, 1 pl RNA Inhibitor (40 units/ul) to a total volume of
19 pl. The samples were incubated at 42°C for 2 min, then 1 pl SSII-RT was added
and the samples incubated for a further 60 min at 42°C. To stop the reaction, samples

were heat-inactivated at 70°C for 15 min.

2.2.6 Degenerate Primer Development

Oligonucleotide primers are short nucleotide sequences used to prime the extension of
longer strands of DNA in techniques such as polymerase chain reaction (PCR) and
DNA sequencing. Primers are designed based on known sequences and are designed
with the closest match to the parent gene as possible. If a new gene of unknown
sequence is desired, such as in this project, the primers are designed based (a) on a
peptide sequence derived from the purified peptide or (b) on a consensus sequence of
multiple aligned amino acid sequences from closely related species (McPherson and
Moller, 2000). For this project degenerate primers were already published for proPO,
runt and crustacean actin and were used when possible. New degenerate primers were
developed for Hematodinium actin genes and additional runt primers were also

developed based on protein homologues from closely related species.

Translation of the amino acid sequence into the corresponding nucleotides results in a
certain amount of degeneracy due to the fact that most amino acids are encoded by
multiple codons and the degeneracy is typically located at the third position of the
codon. This degeneracy can lead to non-specific binding of primers to undesirable
genes, however careful primer design can reduce non-specific binding and improve
specificity. By adhering to the following guidelines for primer design (McPherson and
Moller, 2000; Biosoft, 2008) the majority of the genes of interest were able to be

amplified and eventually sequenced, despite not knowing the species-specific sequences.
Degenerate primer design recommendations:
e Primer length: 18-22 bp

e Melting temperature (T,,): a T, of 52-58°C tends to be best and primer pairs

should have similar T,,s

e GC content: 40-60%
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e GC Clamp: the presence of G or C bases in the last five bases of the 3’-end of
the primer can aid in specific binding due the bond strength between Gs and Cs,

however more than 3 G’s or C’s is not recommended
e Avoid secondary structure and runs of a single base
e Avoid excessive degeneracy, particularly at the 3’-end of the primer

The degenerate primers used to look for crustacean proPO and crustacean actin
(Table 2.1) were previously published in a study looking for the same genes in the
lobster Homarus gammarus (Hauton et al., 2005). Degenerate primers for
dinoflagellate actin were designed based on an alignment of sequences from
Amphidinium carterae (Accession: AAB62063.1), Crypthecodinium cohnii (Accession:
AAMO02969.1), Prorocentrum minimum (Accession: 015930) and Heterocapsa triquetra
(Accession: Q84KNO).

TABLE 2.1: Degenerate primers designed to locate crustacean proPO and actin as well
as dinoflagellate actin. Primers for Hematodinium sp. 18S were species-specific.

Primer Name Tm (°C) Primer Sequence (5’ to 37) ! Fragment
Length
(bp)

proPO?

proPO fwd 54.0 CAY CAY TGG CAY TGG CA 1150

proPO rev 54.0 CAN CCR CAN CCR CAR AA

Crustacean actin?

DG Act Fwd 59.9 GTC GGY GAY GAR GCN CAR A 573

Act Rev 54.3 CR TGN GGN ARY TCR TAN GA

Dinoflagellate actin

DinoActF 59.8 GAG AAG ATG ACN CAR ATH ATG TTY GA 783

DinoActR 65.3 G GCC TGG AAR CAY TTN CGR TGN AC

Hematodinium 188 3

HematF 1487 56.0 CCT GGC TCG ATA GAG TTG 1100

WHemat 54.5 CC TCC GCT TAT TGA TAT GC

TUPAC nucleotide code: Y = C/T; R = A/G; H= A/C/T; N = A/C/G/T
2(Hauton et al., 2005)
3(White et al., 1990; Gruebl et al., 2002)

Soderhall et al. (2003) isolated the runt gene from haemocytes of the signal crayfish
Pacifasticus leniusculus using degenerate primers containing the universal base
deoxyinosine which can pair with any of the four bases A, C, T or G. These published
primers were tested on haemocyte and haemopoietic tissue from C. pagurus and N.
norvegicus and an additional set of primers were developed based on amino acid
alignments from P. leniusculus (Q8MPKS8, Q8MPKY9), the lancelet Branchostoma
floridae (Q6YI83) and Japanese pufferfish Fugu rubripe (AOA9P7) (Table 2.2). The

reverse primers were weighted more towards the sequences from P. leniusculus due to

the high variation between the three species and P. leniusculus being the the only



Chapter 2: Gene Identification 48

crustacean. All primers were ordered from Eurofins MWG Operon (Ebersberg,

Germany).
TABLE 2.2: Runt primers
Primer Name Tm (°C) Primer Sequence (5’ to 3’) Fragment
Length!(bp)
Fla Runt 56.7 TN ACN RTN MGN GCN GGN AA 1047
F1b Runt 57.3 GTN ACN RTN ATG GCN GGN AA
R1 Runt 53 TA NGG NCK CCA NAC NG
F2 Runt 56.6 CN ATH AAR GTN ACN GTN GAY G 768
R2 Runt 55.6 T RTC YTC NGG NGT CAT RTG
F3 Runt 57.5 TY AAY GAY YTN MGN TTY GTN GG 963
R3 Runt 44 TA NGG NCK CCA NAC
F4 Runt * 51.6 GCN GGN AAY GAY GAR AA 901
R4a Runt? 50.4 GGI CCA TCI ACI GTI AC
R4b Runt 2 52.8 GGI CCG TCI ACI GTI AC

TRunt from P. leniusculus has two isoforms so fragment lengths are approximate
2Degenerate primers from Soderhall et al. (2003)

2.2.7 Polymerase Chain Reaction

Polymerase chain reaction (PCR) uses repeated cycles of heating and cooling in the
presence of Tag DNA polymerase to amplify desired segments of DNA. The thermal
cycles cause denaturation, annealing and extension of desired DNA segments specified
by short priming sequences to yield near-exponential amplification. Qiagen reaction
buffer and Tag DNA polymerase (Qiagen, Crawley, UK) were used in combination
with the previously described degenerate primers to generate the desired amplicons.
PCR reactions were performed in 25 pl volumes containing 2.5 pl 10X reaction buffer,
0.2 units Taq polymerase, 1 pl 10 mM dNTP (Invitrogen, Paisley, UK), 2 ul cDNA, 2
pl each primer (25 uM), and sterile water to final reaction volume. The reactions were
mixed briefly then placed in a preheated MJ Research PTC-200 DNAEngine (Bio-Rad,
Hemel Hempstead, UK) and run according to the following cycle:

TABLE 2.3: Degenerate PCR thermocycling conditions

Step Temp (°C) Duration No. Cycles
Initial Denaturation 95 7 min 1
Denaturation 95 30 sec

Annealing 45-611 30 sec 30
Extension 72 90 sec

Final Extension 72 7 min 1

1Optimal annealing temps: proPO 61°C; actin 54°C; Hematodinium 18S 55°C;
Hematodinium actin 50°C
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2.2.8 Degenerate PCR Results

Following PCR amplification, all samples were separated on a 1% agarose gel made in
tris-acetate (TAE) buffer with 5.5 ul ethidium bromide (10 mg/ml) and run at 75 V
for 45-50 min. Gels were visualised on a Gel Doc” UV transilluminator (Bio-Rad
Laboratories, Hemel Hempstead, UK) and images captured using the Quantity One®
Software package (Bio-Rad, Hemel Hempstead, UK). Amplicon sizes for each sample
were compared against a 100-bp ladder (Sigma-Aldrich, Dorset, UK) (Fig 2.2) and
amplicons of the expected size were excised for extraction. Bands were successfully
identified for proPO and actin for both Cancer pagurus and Nephrops norvegicus as

well as the Hematodinium actin and 185 genes.

HemAct L100

Lico  Nnppo

FiGURE 2.2: Ethidium bromide gel images of degenerate fragments generated for

actin from C. pagurus (CpAct), N. norvegicus (NnAct), and Hematodinium (HemAct).

proPO degenerate fragments N. norvegicus (Nnppo) and C. pagurus (CpPpo). Ligp =
100 bp ladder (Sigma-Aldrich).

All possible primer combinations for the runt gene were tried on haemocyte cDNA
from C. pagurus using a gradient for annealing temperature between 45 and 61°C,
however no bands were visualised based on electrophoresis gels. The published primers
from Soderhall et al. (2003) which have been successful for Pacifasticus leniusculus
were also used on haemocyte cDNA from N. norvegicus with no success. Further
attempts were made using genomic DNA extracted from C. pagurus haemocytes as
well as on cDNA synthesised from haemopoietic tissue RNA which also resulted in no

evident bands.
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Finally, NotI restriction digest (see Appendix A.1) of C. pagurus haemocyte genomic
DNA was used to cut the DNA into smaller fragments. Restriction enzymes produced
by bacteria cut double stranded DNA into fragments at specific nucleotide sequences.
In this case, it was speculated that complex secondary structure of the genomic DNA
could be inhibiting primer binding or extension; by digesting the DNA into smaller
fragments, the complexity of the secondary structure could be reduced making the
primer binding sites more accessible. PCR amplification of the restriction digest
resulted in a potential band of the correct size for the runt gene using the primer
combination F1b/R2 (1050 bp). Distinct bands were also identified using F4/R4a and
F4/R4b which were larger than expected, but were sequenced based on the possibility

of inserts in the sequence (Fig 2.3).

F1b/R2

F4/R4b
-
-

FIGURE 2.3: Ethidium bromide gel with PCR-amplified runt fragments following re-

striction digest of C. pagurus haemocyte genomic DNA with the Notl restriction en-

zyme. The fragment for F1b/R2 is the expected size for the fragments (approx. 1050

bp). The fragments for F4/R4a and F4/R4b are larger than expected, but could contain
inserts. Ligg = 100 bp ladder (Sigma-Aldrich).

2.2.9 Cloning and Sequencing

Using a bacterial host to clone copies of a PCR fragment is a widely accepted method
of obtaining pure single sequence transcripts of a gene for optimum sequencing. In this
experiment, the positive PCR bands were excised from the agarose gel using a sterile
scalpel blade and placed into a 1.5 ml microcentrifuge tube. The DNA bands were
then extracted from the gel using a QIAquick® Gel Extraction Kit (Qiagen, Crawley,
UK) according to the manufacturer’s protocol (Appendix A.2). Following extraction,
the fragments were cloned using a TOPO TA Cloning® Kit for Sequencing
(Invitrogen, Paisley, UK) according to the manufacturer’s instructions (see Appendix
A.3 for full protocol). Briefly, the gene fragment was ligated into the pCR®
4-TOPO® vector which was used to transform the chemically competent One Shot®
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TOP10 Escherichia coli by heat shock. Transformed cells were grown overnight on
ampicillin-selective Luria Bertani (LB) agar plates containing 50 pug/ml ampicillin. A
selection of colonies (up to ten) were replated on fresh LB-amp plates and the presence
of the correct insert confirmed using PCR and M13 primers (Appendix 8), followed by
visualisation on a 1% agarose gel. Positive clones, identified by the presence of a band
of appropriate length, were cultured overnight in LB broth with 100 pg/ml ampicillin
and the plasmids were extracted using a QIAprep® Spin Miniprep Kit (Qiagen,
Crawley, UK) following the manufacturer’s instructions (Appendix A.4). Plasmids
were then sequenced by SourceBioscience (Department of Biochemistry, University of
Oxford, UK) using vector-specific M13 primers. SourceBioscience uses Sanger

sequencing technology on an Applied Biosystems 3739 DNA Analyzer.

2.2.10 Degenerate PCR sequence results and analysis

Digital sequence results from Geneservice were analysed using Geneious Basic software
version 4.5.5-5.0.4 (Biomatters Ltd., Aukland, New Zealand). Sequences were edited to
remove plasmid bases (see Appendix A.3.1 for the pPCR® 4-TOPO® vector map) and
reverse complemented where necessary. The chromatograms for each sequence were
scrutinised for reading errors, and alignments for each clone were made to generate the
full fragment length. Where available, multiple clones were aligned to generate a
consensus sequence and the resulting sequences were searched against the NCBI

database using BLASTX via Geneious.

2.2.11 Crustacean actin

The gene fragment sequenced from Cancer pagurus using degenerate primers for actin
(CpAct; FR687021) contained 574 bp and a predicted 191 amino acid sequence (Fig
2.4). Sequence analysis using the BLAST algorithm identified the sequence most
closely with Triatoma matogrossensis (98.4%; e-value = 5.43e~137; ADN29914),
Litopenaeus vannamei (99%; e-value = 6.52e 137, AAR82845), Marsupenacus
japonicus (99.5%; e-value = 1.09e~136; ADG45307), Hypochilus thorelli (98.4%; e-value
= 1.45e~136; ABZ91668), and Limulus polyphemus (97.9%; e-value = 3.06e~13;
P41341). SMART" analysis identified an actin domain (e-value = 4.74e~3%), which
corresponded with the Pfam analysis which identified the same domain (e-value =
2.80e~""). SMART " also indicated the superfamily as an actin-like ATPase domain
(d1j6zal e-value = 2.00e~*!; d1j6za2 e-value = 6.00e~3%) via SCOP (Structural

Classification of Proteins).
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Degenerate PCR for actin produced a 598 bp fragment from Nephrops norvegicus
which was successfully cloned and sequenced (NnAct; HE608878). The nucleotide
fragment generated a 199 aa sequence (Fig 2.4). Sequence analysis using the BLAST
algorithm on the deduced amino acid sequence showed that NnAct had highest
pairwise identity with Litopenaeus vannamei (99%; e-value = 3.61e~144; AARS2845),
Triatoma matogrossensis (99%; e-value = 4.80e~'44; ADN29914), Ascaris suum (99%;
e-value = 5.98¢ 7144 ADY48030), Marsupenaeus japonicus (99%; e-value = 6.66e~144;
ADG45307), Hypochilus thorelli (99%; e-value = 9.30e~144; ABZ91668) and
Pacifasticus leniusculus (99%; e-value = 2.79¢~43; ABI34073). SMART " analysis

748)

identified an actin domain (e-value = 2.96e , which corresponded with the Pfam

analysis which identified the same domain (e-value = 5.80e~7%). SMART " also
indicated the superfamily as an actin-like ATPase domain (d1j6zal; e-value = 1.00e™4;

d1j6za2; e-value = 9.00e~37) via SCOP (Structural Classification of Proteins).

Multiple alignment of the predicted CpAct and NnAct protein sequences with other
invertebrate actin sequences via Geneious identified conserved amino acids at putative
binding sites for ATP, profilin and gelsolin (Fig 2.4). Gelsolin is an actin-binding
protein found both intra- and extracellularly and is involved in the regulation of
filament assembly and disassembly. The protein is able to generate actin filaments by
joining monomeric actin molecules or sever filaments and control the polymerisation of
barbed ends (Silacci et al., 2004). Profilin is another actin-binding protein specifically
involved in restructuring the actin cytoskeleton. It functions primarily in controlling
the growth of actin filaments to aid in cellular movement and shape changes (Witke,
2004). As expected for actin, the sequences were highly conserved and had an overall

pairwise identity of 99%.

2.2.12 Crustacean prophenoloxidase

The cloned sequences from Cancer pagurus and Nephrops norvegicus using degenerate
primers for proPO contained 1151 bp and 1136 bp respectively and coded for an
inferred protein sequence of 383 aa and 378 aa. Alignment of the two fragments
determined that the sequences shared a pairwise identity of 61.1%. BLASTP analysis
found that the amino acid sequence for C. pagurus proPO had highest identity with
Metacarcinus magister (91.6%; e-value = < 10717 ABB59713), Scylla serrata (82.1%;
e-value < 10717 ABD90511), Portunus trituberculatus (80.7%; e-value = < 10717,
ACI46633), Eriocheir sinensis (73.4%; e-value = 0; ABS19633) and Litopenaeus
vannamei (66.3%; e-value = < 107179, ABQ45957). N. norvegicus proPO had highest
identity with Homarus gammarus (87.6%; e-value = < 10717; CAE46724), Homarus
americanus (86.8%; e-value = < 10717; AAT73697), Procambarus clarkii (68.5%;
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e-value = 0; ABR12412), Pacifasticus leniusculus (68.5%; e-value = < 10717,
CAA58471) and Litopenaeus vannamei (66.4%; e-value = < 107179; ABQ45957).
Multiple sequence alignment of the top hits (Fig 2.5) resulted in an overall pairwise
alignment of 67.7%. An incomplete copper binding site (copper-binding site A) and
the complete copper-binding site B were identified from the inferred amino acid
sequences. The sites also contained six conserved histidine residues commonly found in
proPO amino acid sequences (Liu et al., 2006; Terwilliger and Ryan, 2006; Labbe and
Little, 2009). Furthermore, SMART" analysis indicated a haemocyanin M (e-value =
1.60e=% (CpPpo) and e-value = 6.10e~5! (NnPpo)) and haemocyanin C (e-value =
1.20e=*2 (CpPpo) and e-value = 1.80e~" (NnPpo)) pfam domain for both C. pagurus
and N. norvegicus sequences. A pfam domain for tyrosinase was also indicated for
both sequences that overlapped with the haemocyanin M domain (e-value = 4.80e~%
(CpPpo) and e-value = 3.10e~% (NnPpo)). Sequence alignments and putative
domains strongly indicated that fragments of the proPO gene had been isolated from

both crustacean species.

2.2.13 Hematodinium actin (HemAct)

Degenerate PCR using the primers for dinoflagellate actin resulted in a fragment of
783 bp from Hematodinium which was successfully cloned and sequenced (HemAct;
Accession number: HE609031). The nucleotide sequence coded for 261 amino acids
and BLASTP analysis showed that HemAct had highest pairwise identity with
Symbiodinium sp. CS-156 (84.6%; e-value = 3.34e~165; BAE79387), Karlodinium
veneficum (84.2%; e-value = 5.66e~15%; ACF32732), Dinophysis caudata (84.2%;
e-value = 3.52e 164, ADU24822), Karlodinium micrum (84.2%; e-value = 4.19¢~164;
ABI14387), and Amphidinium carterae (83.4%; e-value = 1.02e~163; ACF28601) (Fig
2.6).

SMART" analysis identified an actin domain (e-value = 3.60e~1%2), which
corresponded with the Pfam analysis which identified the same domain (e-value =
5.40e7104), SMART" also indicated the superfamily as having an actin-like ATPase
domain (d1j6za2 e-value = 1.00e~%%) via SCOP (Structural Classification of Proteins).

2.2.14 Hematodinium 18S

The Hematodinium 1,180 bp 18S ribosomal RNA (rRNA) fragment generated here
comprised part of the 18S rRNA, internal transcribed spacer 1 (ITS1), 5.8S rRNA and
part of internal transcribed spacer 2 (ITS2) (Accession number: HE609032). The ITS

region refers to sections of non-functional RNA located between structural rRNAs.
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FIGURE 2.6: Multiple alignment of the actin amino acid sequence from Hematodinium sp. with actin from the dinoflagellates Symbiodinium sp.

CS-156 BAET79387, K. veneficum ACFEF32732, D. caudata ADU24822, A. carterae ACEF28601, D. acuminata ADU24811, and Perkinsus marinus

AAR11391. The gelsolin binding site is indicated by blue asterisks (*), the profilin binding site by red circles and the ATP-binding site by orange

triangles. Overall pairwise identity for these sequences was 92.4%. Amino acid similarity is indicated by color: black - 100%, dark gray - 80-99%,
light gray - 60-79%, white 0-59%.
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The complete transcript contains a 5’ external transcribed sequence (5° ETS), 18S
rRNA, ITS1, 5.85 rRNA, ITS2, 285 rRNA and a 3’ ETS. The high variability of the
ITS regions makes it a popular sequence for taxonomy and molecular phylogeny and it
has been used to study differences in Hematodinium sp. populations for different hosts
and geographic locations (Hudson and Adlard, 1996; Small et al., 2007b; Hamilton et
al., 2007a). The nucleotide fragment isolated in this study had high pairwise identity
(99%) with Hematodinium sp. extracted from other crustacean host species from the
UK (Fig 2.7). BLAST analysis of the nucleotide sequence showed the first 129 hits as
other Hematodinium 185 genes from numerous hosts, however the sequence fragment
also had high identity with the dinoflagellate parasite Syndinium turbo (95.6%; e-value
= 4.05e~ 14!, DQ146405) and other dinoflagellates Prorocentrum micans (93.9%;
e-value = 8.35e¢~131; EU780638), Duboscquodinium collinii (91.2%; e-value = 2.91e~13;
HM483398), a Pfiesteria-like sp. (93.6%; e-value = 2.91e~130; AY590485) and
Gymnodinium aureolum (92.9%; e-value = 5.27¢~27; DQ779991). Hudson and Adlard
(1996) used the hypervariable V9 domain to compare differences between
Hematodinium and other dinoflagellate species and in this study the V9 domain
appeared to be highly conserved in alignment of Hematodinium species but variable

when compared with other dinoflagellate species.

As discussed in Chapter 1.3.3, the gene coding for Hematodinium sp. 18S rRNA is
frequently used as a diagnostic for Hematodinium infection in crustacean hosts. In the
present study, two sets of published primers were used to check for Hematodinium sp.
infection in Cancer pagurus from the English Channel: those described in Table 2.1
(White et al., 1990; Gruebl et al., 2002) and a pair from Hudson and Adlard (1994)
that were successfully used on Hematodinium sp. from the UK (Small et al., 2007b)
(SHemat Fwd: 5-gtt ccc ctt gaa cga gga att c-3’; SHemat Rev: 5-cge att tcg ctg cgt
tct te-37). Positive bands were found in all animals using the SHemat primers and no
bands were found using those from White et al. (1990) and Gruebl et al. (2002).
Sequencing revealed that the SHemat primers had, in fact, amplified 185 rRNA from
C. pagurus rather than Hematodinium sp. It is imperative, therefore, that all positive
bands be sequenced to confirm the amplification of parasite cDNA. The SHemat

primers were not used for the remainder of the project.

2.2.15 Crustacean runt

Degenerate PCR using both published (Soderhall et al., 2003) and manually designed
primers for the runt gene only resulted in successful bands following restriction digest

using Notl. The subsequent sequencing of several potential bands did not show that
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FIGURE 2.7: Multiple alignment of the 185/ITS nucleotide sequence from Hematodinium sp. ex. N. norvegicus (Hem-Neph) with Hematodinium

sp. 18S/ITS fragments from other UK crustacean hosts (Nn = Nephrops norvegicus; Cm = Carcinus maenas; Pb = Pagurus bernhardus; Cp =

Cancer pagurus). The underlined areas are as follows: red = 18S rRNA, blue = ITS1 region, orange = 5.85 rRNA, green = ITS2 region. Overall

pairwise identity for these sequences was 99%. Nucleotide similarity is indicated by color: black - 100%, dark gray - 80-99%, light gray - 60-79%,
white 0-59%.
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the extracted bands were the runt gene. BLASTP analysis resulted in no hits. As a

result, it was decided that the runt gene would not be included in the present study.

2.2.16 Rapid amplification of 5’ and 3’ cDNA ends (RACE)

In order to complete the gene fragments previously attained, 5’ and 3’ rapid
amplification of cDNA ends (RACE) was used to determine the sequences for the 5’
and 3’ regions of the proPO gene from C. pagurus and N. norvegicus. This technique
allows the amplification of unknown regions of DNA from known adjacent regions. The
5’/3” RACE reactions for this project were carried out using a SMART" RACE ¢DNA
amplification kit from Clontech (Takara Bioscience, France). The SMART" RACE kit
uses a reverse transcriptase (RT) that is a variant of Maloney Murine Leukemia Virus
RT (MMLV-RT) with a unique template transferase activity which, in combination
with the SMART II" A oligonucleotide, eliminates the need for adaptor ligation during
5 ¢cDNA synthesis. The SMART " RACE process can be divided into four major
reactions: 5° cDNA synthesis, 3’ cDNA synthesis, RACE PCR and nested RACE PCR
(optional) (Clontech, 2006).

2.2.16.1 SMART" RACE protocol

3’ cDNNA synthesis: As before during cDNA synthesis for degenerate PCR, 3’
first-strand ¢cDNA synthesis exploits the poly-A tail of mRNA. In this protocol 1 ug
RNA was combined with 1 pl 3’-CDS primer A and sterile water to a volume of 5 pul
and incubated at 70°C for 2 min. The tubes were cooled and the following reagents
added to each tube: 2 pl 5X First-Strand buffer, 1 ul 20mM DTT, 1 pl 10mM dNTP
mix and 1 ul PowerScript Reverse Transcriptase. The samples were incubated at
42°C for 90 min in an air incubator. Each sample was diluted with 50 ul tricine-EDTA
buffer and incubated at 72°C for 7 min. The samples were stored at -20°C until needed.

5’ cDNA synthesis: 5’ first-strand cDNA synthesis was carried out using a modified
oligo-dT primer and PowerScript’ RT. The terminal transferase activity of the RT
adds several (3-5) dC residues to the end of the cDNA strand when it reaches the end
of the mRNA template. The SMART II" A oligonucleotide contains a terminal stretch
of G residues which were able to prime to the dC-rich cDNA tail and act as a template
for reverse transcription. PowerScriptTM RT was then able to switch templates and
generate a copy of the RNA molecule using the cDNA as a template. The protocol for
5 ¢cDNA synthesis is identical to that for 3’ cDNA synthesis but uses 5’-CDS primer A
and includes 1 ul SMART II" A oligo during the initial reaction mixture.
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TABLE 2.4: RACE PCR thermocycling conditions

Step Temp (°C) Duration No. Cycles
Initial Denaturation 94 7 min 1
Denaturation 94 30 sec

Annealing 67 30 sec 35
Extension 72 3 min 30 sec!

Final Extension 72 7 min 1

1Reduce to 2 min for nested RACE

RACE PCR: Primary PCR was carried out on first-strand cDNA ends using
Advantage Taq polymerase, gene-specific primers (GSPs) and universal primer mix
(UPM). The UPM binds to the SMART II" A sequence contained in the SMART II"
A oligo from the 5’ cDNA reaction and as part of the modified oligo-dT from the 3’
cDNA reaction. The GSPs were manually designed based on the fragments generated
during degenerate PCR (section 2.2.16.2). The PCR reaction was comprised of the
following components: 2.5 ul RACE-ready ¢cDNA, 5 ul UPM, 1 ul GSP, 5 pl 10X
Advantage 2 PCR Buffer, 1 ul 10mM dNTP mix, 1 pl 50X Advantage 2 Polymerase
mix and 34.5 ul sterile water to a total volume of 50 ul. Reactions were run according

to the manufacturer-recommended cycle (Table 77).

Characterisation of RACE products (nested PCR): To confirm that products
of the desired size were being amplified RACE products were re-amplified using nested
gene-specific primers (NGSP) and a nested universal primer (NUP) provided with the
Clontech kit. The template for the nested PCR was generated by diluting 1.25 ul of
primary PCR product in 61.25 ul tricine-EDTA. The final reaction contained: 1 ul
diluted template, 0.5 ul NUP, 0.5 ul NGSP, 2.5 ul 10X Advantage 2 PCR buffer, 0.5 ul
50X dNTP, 0.5 ul 50X Advantage 2 Polymerase mix and 19.5 ul sterile water to a final
volume of 25 ul. The PCR cycle was the same as that used for the primary PCR

except that the extension time was reduced to two minutes (Table 77?).

2.2.16.2 RACE Gene-specific primer design

Gene-specific primers for proPO from C. pagurus and N. norvegicus were designed
based on the species-specific sequences generated from degenerate PCR (section
2.2.12). The primers were designed according to the guidelines set out in the Clontech
SMART" RACE user manual (Clontech, 2006). Primers were recommended to contain
23-28 nucleotides, contain 50-70% GC content and have a T,, > 65°C, and preferably
> 70°C. All primers were designed to meet these recommendations and aimed to have
a T, close to 70°C (Table 2.5). Furthermore, primers were screened using NetPrimer
(http://www.premierbiosoft.com/netprimer/; PREMIER Biosoft, Palo Alto, US) to
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avoid self-complementarity and secondary structure. Primers were ordered from

Eurofins MWG Operon (previously MWG-Biotech; Ebersberg, Germany).

TABLE 2.5: ProPO gene-specific (GSP) and nested gene-specific primers (NGSP) de-
signed for RACE PCR.

Primer Name T, (°C)  Primer Sequence (5’ to 3’)

Cp PPO GSP1 69.5 GCT GAT GAT GCT GTC TGC CTC CAC TGC

Cp PPO GSP2 69.5 GAG CCT CCA CTT CCT CTT CAA TCA CCA ATG
Cp PPO NGSP1 69.5 GAG GTC AAT CCC ACG CTT CTG AGG CAG

Cp PPO NGSP2 69.5 CCT CTT CAA CTT CTG TGG GTG CGG CTG

Nn PPO GSP1 66.4 TCC TTC ATG TTG GTG GTG TCC TGA CG

Nn PPO GSP2  69.5 GGG GAA CCC GTC AGG ACA CCA CCA A

Nn PPO NGSP1 68.0 CGT CTA AGA CCA ACA CTC AGC CGT TCC

Nn PPO NGSP2 69.5 GGA GAT TCA GCG ACC GCC ATG AGG GA

2.3 Complete proPO sequence results

The total proPO sequence generated for C. pagurus was 2331 bp (Accession number:
FR687020). When translated the sequence yielded an open reading frame (ORF) of
2013 bp (671 amino acids). The ORF began with the initiating methionine codon,
ATG, at 58 bp and finished at 2071, leaving a 3’ untranslated region (UTR) of 186 bp
followed by the poly A tail indicative of the end of the mRNA. The calculated
molecular weight for the proPO protein from C. pagurus was 77.138 kDa with an
isoelectric point of 6.18 (as predicted by Geneious v. 4.6.5; Accession number
CBW54878). The N. norvegicus mRNA sequence for proPO was 2825 bp in length
(Accession number: HE608877), including a 68 bp 5 UTR and a 652 bp 3° UTR
followed by the poly A tail. The 2046 bp coding sequence coded for a 683 aa protein
sequence with a predicted molecular weight of 78.16 kDa and an isoelectric point of
7.27 (Geneious v. 5.0.4; Accession number: CCE46011.1).

Two hemocyanin domains, hemocyanin M (a copper-containing domain) and
hemocyanin C (an Ig-like domain) were identified in a Pfam search
(http://pfam.sanger.ac.uk) (Fig 2.8). Haemocyanin, the oxygen carrying molecule in
crustaceans, and proPO proteins have conserved regions in their protein sequences and
haemocyanin has been found to have a phenoloxidase-like function in the spiny lobster
Panulirus argus and Cancer magister (Terwilliger and Ryan, 2006; Perdomo-Morales
et al., 2008), and is the primary molecule in melanin formation for horseshoe crabs
(Iwanaga, 2002; Decker and Jaenicke, 2004). Additionally, two conserved copper
binding sites (CuA and CuB) were found, including six highly conserved histidine

residues. The two copper atoms located in the binding sites CuA and CuB are held in
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F1cURE 2.8: Multiple alignment of complete proPO amino acid sequences from N. norvegicus and C. pagurus with proPO from the crustaceans H.
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100%,
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place by three histidine residues each. In haemocyanin, the copper-binding sites then
form an active site for binding dioxygen and transporting it, however proPO has been
found to use one of the oxygen molecules for a chemical reaction (Decker and
Terwilliger, 2000). Alignment with 7 other proPO protein sequences also showed a
thiol ester-like motif (GCGWPQHM), commonly found in proPO genes (Ko et al.,
2007; Lai et al., 2005; Terwilliger and Ryan, 2006). The thiol ester-like motif has been
found in components C3 and C4 of the complement system from vertebrates suggesting

a common evolutionary ancestry (Cerenius and Soderhall, 1995).

The fruit fly Drosophila (Ross et al., 2003) and the mosquito Anopheles gambiae
(Christophides et al., 2002) are known to have multiple genes for proPO, however the
sequences generated in this study did not show any signs of having isoforms so it was
assumed that qPCR primers would only amplify a single gene. Based on the high
pairwise identity of the proPO nucleotide and predicted amino acid sequences found
for both C. pagurus and N. norvegicus with other crustacean proPOs, it is with high
confidence that these sequences can be used for further investigation into gene

expression.

2.4 Conclusions

The immunologically relevant gene for prophenoloxidase was successfully sequenced for
both the edible crab Cancer pagurus and the Norway lobster Nephrops norvegicus.
The combination of degenerate PCR and RACE PCR were used to generate the full
sequence for both species and based on BLAST analysis it is with high confidence that

both genes can be used in qPCR assays for gene expression studies.

Unfortunately, despite numerous attempts and extensive review and alteration of
techniques and reaction conditions, it was not possible to isolate the runt gene from
the haemocyte or haemopoietic tissue from either C. pagurus or N. norvegicus. Due to
time constraints, it was unfeasible to continue searching for the gene and it was not

included in this project.

The gene coding for actin, chosen as the reference gene for relative quantification in
the qPCR assays for this project, was successfully cloned and sequenced for both C.
pagurus and N. norvegicus as well as for Hematodinium sp. ex N. norvegicus. Actin
fragments for all species were highly conserved and this was the first actin fragment to
be generated for Hematodinium sp. With proper quantitative PCR optimisation and
validation it was intended that this gene would serve as an appropriate endogenous

reference for gPCR assays or parasite gene expression.
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Finally, the gene coding for 18S rRNA in Hematodinium was cloned and sequenced
with the aim of using qPCR assays to quantify parasite abundance within crustacean
hosts, as carried out by Nagle et al. (2009) in the blue crab Callinectes sapidus. The
gene was found to be highly conserved when compared to other Hematodinium sp.
nucleotide sequences isolated from UK crustacean hosts, though it had some variation
in the I'TS regions when compared to other dinoflagellate species. These results
indicate that carefully designed primers would be specific enough to amplify only genes
from Hematodinium and limit interference from other dinoflagellate species that may

be present.
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Quantitative PCR Methodology

3.1 Introduction

Conventional polymerase chain reaction (PCR) is the cornerstone of modern molecular
biology (McPherson and Moller, 2000). PCR uses a thermostable DNA polymerase
and repeated cycles of heating and cooling to amplify a desired segment of DNA or
cDNA. In an ideal reaction, the amplification process is exponential, doubling the
copies of the DNA fragment at each cycle; however, in reality the reaction goes
through an exponential phase before plateauing as reaction components run low and
the DNA polymerase wears out (McPherson and Moller, 2000). This conventional
(end-point) method of PCR is a qualitative assessment, and the results are visualised
using gel electrophoresis and image analysis making it a useful tool for identifying

presence or absence of genes, but not sufficient to study changes in gene expression.

Quantitative PCR (qPCR) combines traditional end-point PCR with detection and
quantification of amplified products in real-time. In qPCR, fluorescent dyes are used to
bind to PCR products and the increase in fluorescence is measured after every cycle.
The recorded fluorescence is proportional to the amount of DNA in each reaction.
Fluorescence plots for each reaction are generated and the reactions are defined by the
point at which they rise above a designated threshold value set above the background
fluorescence (Fig 3.1). This point is termed the quantification cycle (C,) and must
always occur in the exponential phase of amplification (Bustin, 2000). The more
template present at the beginning of the reaction, the sooner the fluorescence value
will cross the threshold resulting in a lower C, value. C, values of a gene of interest
(GOI) can then be compared to those of an endogenous reference (ER) gene to
determine fold-change in experimental and control samples (relative quantification), or

they can be compared against a standard curve of known copy numbers to determine
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exact starting copies of the gene in each reaction (absolute quantification) (Arya et al.,
2005; Wong and Medrano, 2005).

In recent years, qPCR has become the ‘gold standard’ for studying gene expression
(Bustin, 2000; Ginzinger, 2002; Pfaffl, 2010), however the numerous steps leading up to
acquiring results leave room for a great deal of variability. Technical variations in
sample storage, nucleic acid extraction and reverse transcription can lead to less
efficient assays in downstream applications (Bustin, 2010). Furthermore, insufficient
assay optimisation including poor primer design, insufficient primer concentrations,
inefficient assays and poor reference gene choice can cause erroneous results (Glare et
al., 2002; Nolan, 2004; Bustin, 2010).

Plateau

Log/Exponential phase

Fluorescence

Threshold

00 Baseline /

T T T T
5 10 15 20 25 30 35 40
Cycle

FIGURE 3.1: An illustration of a typical gPCR fluorescence plot. Fluorescence data is
acquired during each reaction cycle of the PCR. Theoretically, the reaction curve should
be exponential as the amount of DNA doubles during each cycle, however in reality the
depletion in PCR components and decline in polymerase activity cause the reaction
to lose efficiency. Setting a threshold above the baseline fluorescence and during the
exponential phase of the reaction generates a C, value for every sample where it crosses
the threshold. The C, values can then be compared between samples and starting
copies of genetic material can be calculated.

Although the concept behind qPCR is quite simple, there are so many variations on
methodology, reagents and instruments that it has become apparent that in order for
experimental results to be considered robust and comparable there should be some
minimum reporting standards. Furthermore, qPCR is used as a validation technique to
corroborate data from other methods such as microarrays and differential display. This
use as a reference technique makes it crucial that qPCR methodology be executed to
exacting standards (Bustin, 2010). Bustin et al. (2009) have recently published their
suggestions on what should be considered the Minimum Information for publication of
Quantitative real-time PCR Experiments (MIQE) and generated an extensive checklist
of essential and desirable information. The guidelines cover all aspects of qPCR (Fig

3.2) that may affect the downstream results and focus on four key areas: study design,
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technical detail, analysis methods and statistics (Bustin, 2010). The aim of this
chapter is to describe the methodologies used in the qPCR studies of this project. The
methods covered will include the essential details of the key points of the MIQE
guidelines, including sample handling, nucleic acid extraction, reverse transcription,

assay optimisation, qPCR conditions and reagents, and data analysis.

| gPCR Assay Optimisation |

l

Choose target genes

|

Choose detection chemistry

)

Design primers

I

Primer Optimisation
(Titration and Efficiency)

Absolute Quantification l
Relative Quantification

reference material

Generate and quantify l
(plasmid)

Compare target and
reference gene efficiencies

Compare target and

plasmid efficiencies

F1cure 3.2: qPCR workflow requires numerous steps to generate a robust assay. All
steps were followed in this order to optimise the qPCR assays.

3.2 Sample handling

Sampling technique is vital because it is the first source of variation in a qPCR
experiment. Due to the fragile nature of nucleic acids, and specifically RNA, it is
essential to record how samples were taken (micro- or macrodissection), how quickly
they were processed and, if not processed immediately, how they were stored (Bustin
et al., 2009). The nucleic acid extraction method is also important and should be

carried out as efficiently as possible to reduce processing time.
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Haemolymph samples for this project were pelleted (see 5.2.2), the supernatant
removed and then stored in RNAlater® (Applied Biosystems, Cheshire, UK) at 4°C
overnight. Samples were then moved to -20°C until returning to the lab where the
RNAlater® was removed and the samples flash frozen before storing at -80°C. Cell
culture samples were lysed in the culture dish and the total RNA extracted
immediately. RNA was initially extracted using TRI Reagent® (Sigma-Aldrich,
Dorset, UK), however quality checks using the Experion” indicated that this method
was not suitable for use in qPCR. Samples were then extracted using a column-based
Nucleospin® RNA 1I kit (Macherey-Nagel, Diiren, Germany). To minimize handling
time, samples were extracted in batches of 12 or less (Taylor et al., 2010) and the
extracted RNA stored at -80°C.

3.2.1 RNA quality and quantity

RNA quality is absolutely crucial to successful and relevant qPCR and has recently
become a primary topic of discussion in the qPCR community. Degraded RNA is not
acceptable for use in qPCR experiments as it can compromise expression results
(Fleige and Pfaffl, 2006; Vermeulen et al., 2011). Pure, intact RNA of known

concentration is essential for expression studies.

There are numerous technologies available for assessing RNA quality and quantity. In
this study, all samples were analysed for purity spectrometrically using a NanoDrop®
ND-1000 (Thermo Scientific, Wilmington, USA) spectrophotometer (Fig 3.3B and E).
RNA purity and quantity can be assessed spectrometrically by analysing Asgo/A2so
ratios; however this method gives no indication of integrity and has been criticised for
low accuracy (Bustin and Nolan, 2004f). Thermo Scientific recommend an Aggg/A2so
ratio of 2.0 for ‘pure’ RNA’ using the NanoDrop® system (Scientific, 2008), with
lower values indicating contamination with protein or phenols which may inhibit

downstream protocols.

Samples with suitable Aggy/Aggy ratios (1.9-2.15) were then analysed for integrity and
quantity using the Bio-Rad Experion” system. Traditionally, RNA integrity had been
measured using formaldehyde gel electrophoresis in which intact RNA can be identified
by two distinct bands representing 18S and 28S ribosomal RNA (rRNA); however this
method is somewhat subjective and requires a significant amount of RNA (Taylor et
al., 2010). More recent techniques use microfluidic electrophoresis such as the Agilent
Bioanalyzer (Agilent Technologies, Palo Alto, CA) or the Bio-Rad Experion” (Bio-Rad
Laboratories, Hercules, CA) to analyse 285/18S rRNA ratios and sample degradation.
Microfluidics chip-based technologies, such as the Experion” system used here, use an

intercalating dye and laser-induced fluorescence to measure nucleic acid concentration
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and quality on very small amounts of RNA (1 ul) (Woo and Strong, 2006). The
software generated an electropherogram (Fig 3.3C and F) and a virtual gel image (Fig
3.3A and D) for each sample (Chang et al., 2010). Electropherograms for intact
samples showed two distinct peaks representing 28S and 18S rRNA and had an RNA
quality indicator (RQI) values greater than 7.5. The ExperionTM software calculates
RQI values based on comparison of the sample electropherogram to a set degradation
standard electropherograms (Denisov et al., 2008). The RQI ranges between 10 (intact
RNA) and 1 (degraded RNA) and, for this study, only samples with an RQI > 7.5

were reverse transcribed for qPCR.

It should be mentioned that Experion” (and Bioanalyzer) provides an indication of
rRNA integrity which is not always representative of mRNA integrity (Bustin et al.,
2010) and this should be kept in mind when carrying out qPCR. Nevertheless, RNA
integrity analysis is broadly considered to be essential to support robust qPCR
quantification and remains a central requirment of the the published MIQE guidelines
(Bustin et al., 2009).

3.2.1.1 DNase treatment

To eliminate genomic DNA from samples, all RNA samples were treated with an
Ambion Turbo DNA-free" kit (Applied Biosystems, Cheshire, UK). Reactions were
carried out by combining 0.5 ul DNase, 2.5 ul 10X TURBO DNase Buffer, RNA (in
equal ng amounts for each sample) and RNase-free water to 25 ul, then incubated at
37°C for 30 min. Resuspended DNase Stop Solution was added to each reaction (2.5 ul)
and the reactions incubated for 5 min at room temperature and mixed intermittently.
All samples were centrifuged at 10,000 g for 1.5 min and the supernatant removed to a

new tube. Samples were stored at -80°C until cDNA synthesis.

3.2.2 cDNA preparation

Complimentary DNA (cDNA) was generated using SuperScript” III (Invitrogen,
Paisley, UK) reverse transcriptase (RT). SuperScript’ III RT enzyme is a Maloney
murine leukemia virus (MMLV)-derived RT and is one of the most sensitive RT
enzymes used to generate cDNA for qPCR (Bustin, 2002; Levesque-Sergerie et al.,
2007). MMLV-RT is known to have less RNase H activity than other RT enzymes,
such as avian myeloblast virus (AMV) RT, which reduces RNA degradation during
c¢DNA synthesis. In the past, MMLV-RT has only been capable of withstanding low
temperatures (37°C) which reduces the ability for RT to read the RNA template
(Bustin, 2002; Bustin and Nolan, 2004a); however, SuperScript " IIT has been
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FIGURE 3.3: Comparison of degraded (Sample 55) and intact (Sample 34) RNA samples, but with identical Nanodrop® Agg/Agso ratios (B and

E). Experion" electropherograms (C and F) showed that sample 34 had high quality RNA indicated by distinct 18S and 28S peaks visualised as

two distinct bands on the virtual gel image (D). Sample 55 was partially degraded, indicated by a decrease in the 28S peak and a shift in RNA size
toward smaller fragments (A and C). RQI values: Sample 55 = 3.4; Sample 34 = 10.
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optimised to function at higher temperatures (up to 55°C) and has been proven to be

one of the most efficient RT enzymes available (Stahlberg et al., 2004q).

First strand cDNA was synthesised by combining in a 0.2 ml PCR, tube: 1 pul ANTP
mix (10 mM each), 1 ul Ambion RETROscript random decamers (Applied Biosystems,
Cheshire, UK), total RNA (an equal amount of each sample) and RNase-free water to
a final volume of 10 ul. The reaction was incubated at 65°C for 5 min, then chilled on
ice for at least 1 min. To each tube was added 4 pl 5X First-Strand buffer, 1 ul DTT
(0.1 M), 1 ul RNaseOUT'" (Invitrogen, Paisley, UK), and 1 pul SuperScript” III. The
reactions were incubated for 5 min at 25°C, then at 50°C for 55 min. The reactions
were heat inactivated for 15 min at 70°C and stored at -20°C until needed. As
stipulated by MIQE guidelines (Bustin et al., 2009) and supported by experimental
research (Stahlberg et al., 2004b), all samples to be compared were reverse transcribed

together to reduce variability.

After careful consideration of priming strategy options, random decamers were chosen
for this study because they met both the technical and financial requirements of the
project. Although oligo(dT) primers are often favoured for cDNA synthesis due to their
theoretical specificity for mRNA, they are known to be biased toward the 3’-end of
transcript copies. Furthermore, oligo(dT) primes from the 3’ polyadenine tail of coding
RNAs and complex secondary structure can interfere with complete transcription
(Bustin and Nolan, 2004d; Bustin et al., 2005). Use of the poly-A tail also prevents
them from transcribing rRNA, such as 18S, which lacks a poly-A tail. Alternatively,
random primers can prime anywhere along the RNA strand and are more tolerant to
secondary structure (Bustin and Nolan, 2004d). Random primers generate cDNA from
total RNA rather than just mRNA, enabling gene expression analysis of 18S. The most
sensitive priming method uses target-specific primers, however to transcribe multiple
targets simultaneously requires individual primer optimisation. Individual cDNA
synthesis reactions can be carried out for each target gene, though this can prove
problematic if there is limited sample available (Bustin et al., 2005) and increases
expenditure by requiring additional primers and reagents. Additionally, it is not
possible to return to the same preparation at a later date if new target genes are
identified (Bustin and Nolan, 2004d). Specific priming was unsuitable for this study

due to limited amounts of RNA and would have resulted in unnecessary expenditure.

In this study, random decamers were chosen, not only to reduce 3’ bias from oligo(dT),
but because 18S transcripts were needed to quantify Hematodinium load. Random
hexamers (6 bp) are the most commonly used random primers, however random
decamers (10 bp) were chosen for this study because they generate longer cDNA

strands and create a more faithful representation of the RNA present (Avison, 2007).
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3.3 qPCR Assay Design and Validation

3.3.1 Dye and probe technology

Multiple technologies are available for detecting fluorescence in real time PCR, and are
divided into non-specific and specific detection methods. Non-specific detection
chemistries use intercalating dyes that bind to any double-stranded DNA. Specific
chemistries use fluorophores attached to template-specific probes and must be

custom-made for each target sequence (Bustin and Nolan, 2004d).

A. DNA binding dyes B. Hydrolysis probes
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FIGURE 3.4: Detection chemistries for qPCR, see text for further explanation. Figure
modified from Wong and Medrano (2005).

3.3.1.1 Specific detection

Template-specific analysis uses fluorescent resonance energy transfer (FRET) involving
a donor and a quencher molecule attached to an oligonucleotide probe. Oligonucleotide

probes are designed to hybridise between the forward and reverse primers with the
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major advantage that assay specificity no longer resides with the primers (Bustin and
Nolan, 2004b). Primer-dimers and non-specific amplification will not generate any
signal. Additionally, multiplex assays can be developed using different fluorophores for
each target allowing many genes to be examined in a single reaction. Multiple probe
types are available, mostly based around a quencher and reporter dye, though
sometimes a quencher is unnecessary (Fig 3.4). Release of the reporter from the

quencher results in increased fluorescence.

Hydrolysis probes: Hydrolysis probes are commonly known as TaqMan® probes.
TaqMan® probes contain a fluorophore at the 5’ end of the target-specific probe
and a quencher at the 3’ end. Whilst intact, the quencher is close enough to the
reporter that fluorescence is limited. After annealing to the target sequence, the
probe is then degraded by the 5’ exonuclease activity of the Taq polymerase
during the extension step of the PCR. This releases the fluorophore from the
quencher, resulting in increased fluorescence (Fig 3.4B) (Bustin and Nolan,
2004b; Wong and Medrano, 2005).

Molecular beacons: Molecular beacons are a type of hairpin probe where the
reporter and quencher are at opposite ends of the probe and are held in close
proximity by the hairpin structure of the probe whilst free in solution (Fig 3.4C).
Once bound to the target region, the reporter and quencher are separated

enough to allow the reporter to emit a signal (Wong and Medrano, 2005).

Scorpion: Scorpions are another type of hairpin probe, but the primer and probe are
combined. During annealing and extension, the primer binds to the target
sequence and extends the new strand of DNA while the probe remains in its
hairpin structure. An extra heating step denatures the new strand and the
hairpin loop and during the following cooling step, the probe binds to the newly
made DNA strand (Fig 3.4D).

LUX"™: Another type of hairpin primer, LUX" (light upon extension) primers use
secondary structure of the 3’ end of the probe to quench the fluorophore. The
major advantage to this technology is the reduced cost due to lack of a quencher
molecule (Fig 3.4E).

Increased specificity comes with increased price, however; separate probes must be
designed for each target gene and multiple target detection can become costly.
Furthermore, absence of detection of non-specific products does not mean that they
are not there. Non-specific binding can interfere with reaction efficiency resulting in
erroneous C, values. For this reason, specific detection chemistries should be optimised

using intercalating dyes. Most importantly, assays should be optimised prior to probe
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design. Primers are inexpensive and can easily be optimised using non-specific
detection chemistries at reduced cost. Once a suitable primer pair is identified, the

more expensive probes can be designed to bind to the amplicon.

3.3.1.2 Non-specific detection

Due to the prohibitive cost associated with specific detection, it was decided to use the
intercalating dye SYBR® Green I. Aside from reduced cost, SYBR® Green is also
more versatile than specific probe technology because it does not require separate
probes for each gene of interest. SYBR® Green binds to double stranded DNA
(dsDNA) and only fluoresces when it is bound (Fig 3.4A). As the number of amplicons
increase, the amount of bound dye causes an increase in fluorescence which is then
detected by the qPCR instrument. A major advantage of using DNA-binding dyes is
the ability to use them with any amplicon as they are simply added to a PCR reaction
and can be used with previously established protocols (Bustin and Nolan, 2004b).
However, indiscriminate binding to any dsDNA can be a disadvantage because it will
bind to non-specific targets such as primer dimers if generated during the reaction.
Furthermore, high concentrations of some dyes (SYBR® Green I, SYTOX Orange and
TO-PRO-3) can inhibit the PCR reaction (Gudnason et al., 2007). Specific
amplification must be confirmed by melt curve analysis and sequencing. SYBR®
Green assay optimisation for the present study was carried out using primer titrations
(see 3.4.1.2), standard curve analysis for efficiency (see 3.4.1.3) and melt curve analysis

for target specificity (see 3.4.1.1).

3.3.1.3 qPCR Instrument

All gPCR reactions were run on a Corbett Rotor Gene 3000 (Qiagen (Corbett),
Crawley, UK). Samples were run in 0.1 ml tubes designed for the 72-well rotor of the
Rotor Gene 3000 and were analysed using the Rotor Gene Q series software v. 2.0.2
(Build 4).

3.4 Primer and amplicon design

qPCR primers are gene-specific and must meet certain criteria to be as efficient as
possible. Primers can be designed manually following some general qPCR guidelines or
can be designed using software specifically for primer design. PrimerExpress®

(Applied Biosystems, Cheshire, UK) designs primers suitable for use with SYBR®
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Green I or TagMan® assays and was used to design primers in this study. Sequences
from the desired genes of interest (GOI’s) and reference genes were loaded into the
software and a number of potential primer combinations were generated. Primer
Express follows the guidelines below for melting temperature, amplicon length, primer
length and G/C content, however it does not check for secondary structure or

specificity (Theaker, 2004), so those were carried out manually.

Amplicon Design: Amplicon design for qPCR is important as assay efficiency can be
impacted by length, G/C content and secondary structure. Bustin (2000) has
recommended amplicons of approximately 80 bp in length and no more than 100,
though others suggest amplicons up to 150 bp are suitable (Brisson et al., 2004;
Arya et al., 2005). Short amplicons are more efficiently amplified because they
are easily denatured during the denaturation step (92-95 °C). Due to the short
time required for amplification, genomic DNA contaminants, if there are any left
after DNase treating, are also less likely to be amplified, improving the assay
quality (Bustin, 2000). G/C content should be less than 60% to enable easy
denaturation and secondary structure should be examined to ensure that
extension is not impeded during replication (Bustin and Nolan, 2004¢; Derveaux
et al., 2010).

Primer length: Primers should be between 15 and 25 nucleotides in length.

Primer G/C content: The G/C content should be between 50-60%, optimally
around 50% (Bustin and Nolan, 2004e; Taylor et al., 2010). High G/C content
may affect denaturing during thermal cycling or cause non-specific binding.
Additionally, the 3’ end of the primer should contain no more than two G or C
bases in the last five nucleotides to limit non-specific priming (Bustin, 2000;
Bustin and Nolan, 2004¢). Long runs of G or C (more than 4) should also be
avoided (Bustin and Nolan, 2004e).

Melting temperature (T,,): The T,, should be 58-60 °C for each primer and the
primer pair should have as similar a melting temperature as possible. The T, of

both primers should not be more than 1-2 °C different (Bustin, 2000).

Secondary structure: Primers were screened for secondary structure using
NetPrimer (http://www.premierbiosoft.com/netprimer). NetPrimer analyzes
primers for the likelihood to form self-dimers, cross-dimers and hairpins as well
as indicating general primer characteristics such as melting temperature and
molecular weight. A proprietary algorithm is used to generate a primer rating
score (0-100) which is based on the thermodynamics of secondary structures that

are identified. Primers scoring below 80 were not considered for use in qPCR.
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Specificity: All primers were submitted to an NCBI BLAST (Basic Local Alignment
Search Tool) search via Geneious v. 4.5.5-4.7.6 (Biomatters Ltd., Aukland, New
Zealand) to ensure that they were specific to the genes of interest and would not
misprime onto other genes (Bustin and Nolan, 2004¢; Bustin et al., 2010;

Derveaux et al., 2010).

3.4.1 qPCR assay optimisation

qPCR assay optimisation is an essential part of generating an efficient and robust
gPCR assay. Using the correct primer concentrations can produce a more reliable
assay as well as make use of the least amount of primer to be efficient. Primer
optimisation is generally carried out using SYBR® Green I because it is sensitive,
convenient and inexpensive (Nolan, 2004). Additionally, melt curve analysis can be

used to ensure that a single product is being generated.

Lyophilised primers (from Eurofins MWG Operon, Ebersberg, Germany) were
rehydrated in nuclease-free water to a stock concentration of 100 M. Primers were
then diluted to 5 uM and stored in aliquots for use in qPCR. All qPCR reactions were
carried out by combining 25 ul Precision 2X real-time PCR MasterMix with SYBR
Green (PrimerDesign Ltd, Southampton, UK), 4 ul ¢cDNA, forward primer, reverse
primer and sterile water to 50 ul total volume. The reactions were then divided into
two 23-ul volumes in 0.1 ml qPCR strip tubes (Qiagen, West Sussex, UK). All samples
were run according to the PrimerDesign recommended thermal cycling protocol (Table
3.2).

3.4.1.1 Primer check and melt curve analysis

An initial primer check at a primer concentration of 300 nM for both forward and
reverse primers was carried out to ensure that the primers amplified target fragments
correctly before using valuable reagents on a full titration. During this check the
amplification plots were examined for smooth, exponential amplification and melt

curves were analysed for a single product.

Melt curves are an important tool for assay optimisation because they can indicate if
there are multiple products being amplified. The melting temperature (T;,) of DNA is
defined as the temperature at which half of the helical structure is lost; this
temperature is defined by the nucleotide composition and size of the DNA fragment
(Nolan et al., 2006). Melt curves for this project were generated by gradually heating
the PCR products from 72°C to 95°C and continuously recording fluorescence. By



7

Chapter 3: Quantitative PCR Methodology

00T €9 19 DVVOHLOOLOHDIOLOODDLD AOYOY WeH uroe -ds
69 18 9¢ '8 VOLVOLVOVIVVOLOVVLLLVOODD pM PYWoH WNIUIPOIDUWD F
88 s 729 DIVVLOOVODOVIODOVVVOVLD 1D JPb S|TWOH Sg1 "ds
121 38 (4 €69 LODLVODDVVVVODILOLLOLVVLIOD | PMYDJIP SSTULH WNUPOIDUWI F
28 08 €09 DOLVVVVIVIOLODILOVOLOVD AYDJP ZSLIWeH ¢SLI ds
G 06 GG 1°29 LODVVOLLOLOIODOVOLOLDD | PMYDJP gSIIWeH WNLUIPOIDUI
00T g 7'65 LLLOODVVOLILOLOVOOHDHIND MOJP ¥y ydon urjoe
19 001 86 8'8G VVOHIOIIVVILIDOVVIIID YOdb g3y ydeN snowban.L0U "N\
00T € L9 VOVVVIDIVIDOLODLIOL YDdP H0dd udeN | eseprxojousydord
g 68 e 7'65 DLOILVODDOVVIOLVIDLODL ¥DJP 10dd ydeN SN21b20L0U N
00T GG 129 VOOVIOLVIDOOLOILOVOVOVD A9y 1Y gSed) unoe snunbod -9
9¢ €8 c9 9.5 VOLOVVIODVIIDIOVD pmyg Y gded) )
88 GG 1°29 VOLLOLOLVODVIOVIDIOLDOV 29y YDJP Odd | eseprxojousydord
66 00T GG 1'29 VOIVVVIIDLOVIIOHVOOVIOV pag 4DdP 0dd snanbod )
(%)
suryey TUOJUOD
oz1s uodtdwy | IoWLIJI19N 0/ | (Do) “L (.6-.G) @ouonbog oureyN IoWLIJ ouoex)

-oz1s uoordure pue

Suryel ewWLIJIoN ‘Huejuod /5 ‘(* 1)) emjeloduwe) Surjeul SUIPN[OUL ‘IS9I0IUI JO souas paurtniejopald 10j sired tewtid YO b Jo s[releq :1°¢ A14Vv],




Chapter 3: Quantitative PCR Methodology 78

TABLE 3.2: Thermal cycling program for quantitative SYBR® Green I or TagMan®
assay. Acquiring data during last 20 sec of annealing/extension step.

Temp (°C) | Hold Cycles | Process
95 °C 10 min 1 Initial denaturation
95 °C 10 sec 40 Denature
60 °C 40 sec Anneal and extend
60 °C 20 sec Acquire
72-95 °C | 3 min 1 Melt curve

using the intercalating dye SYBR Green in which the dissociation of DNA double
bonds corresponds to a decrease in fluorescence (Nolan, 2004), the T,, of each PCR
product was established. Examining the plot of the rate of change of fluorescence
versus temperature revealed peaks where individual products dissociated (Nolan,
2004). In successful assays, there was a single distinct peak corresponding to a single
product and occasionally a small hump at low temperature as a result of primer dimers
(Fig 3.5A). Primer dimers were identified by comparing the sample melt curve to that
of the non-template control (NTC) and the NTC melt curve was always examined for
contamination. Multiple peaks or large wavy humps indicated multiple products (Fig

3.5C), likely due to non-specific binding, and new primers were designed and tested.

3.4.1.2 Primer Titration

qPCR assay efficiency is dependent on the optimal hybridisation of primers which can
be affected by hybridisation temperature or primer concentration (Nolan, 2004). Most
qPCR instruments, including the RotorGene 3000, are not capable of running
temperature gradients, therefore primers for this project were optimised by varying
primer concentration (Nolan, 2004). All reactions were set up to contain exactly the
same amount of target sample and the primer concentrations were varied from 50-900
nM according to a primer titration matrix (Table 3.3).

TABLE 3.3: Primer titration matrix for optimizing primer concentration in SYBR®
Green I assays.

Reverse Primer (nM)

50 300 900
50 | 50/50  50/300  50/900

g 300 | 300/50 300/300 300/900

£ 900 | 900/50 900/300 900/900

Forward
Primer

The optimum primer concentration was chosen based on the primer combination with
the lowest C, value. Melt curves were also examined to ensure specific target
amplification. If multiple primer combinations shared the same C, value, the

combination with the lowest concentration was chosen (Nolan, 2004).



79

“£310g10ads Jo yoe[ ' Suryeorpul ‘(seur] yuid) sHIN Pue (sour] onjq) sejdures jo81e) oY) yoq

ur syonpoid odiynur smoys /290 snowboasou A 10§ () to1d woryeoyrdure pue () oamd jfoux ot ], (sour] yurd) SHIN OY3} JO OUO Ul UOTJRUIUIRIUOD
Jo yunowre [rews ' pue (seur] o[dind) jonpoid j981e) o[Surs v Surmoys odd snowboaiou N 10] () r01d uoreoyrdure pue () 9AIND O] :G'E HINDI]

Elie7/%)
oy S€ o€ 14 0c Sl oL

OLN

ajejdwal

ploysaiy L

00

4

"0

90

80

0L

K4

B

sousosalon|4

0, @injesadwa]
S6 06 S8

-

ajejdwal

OIN

(L)Y~ edoueosalon|4

- 0L

El7%)
oy S€ 0¢ °14 0z Sl oL

Chapter 3: Quantitative PCR Methodology

00

OIN

C

ajeldwa|

ploysaiy |

[4Y

" ¥'0

" 90

" 80

"0l

")

R

20u90saIoN|4

0, ainjetpdwsa)
S6 06 a8

ajeldwal /

(L)Y~ eousdsaion|y

K

13




Chapter 3: Quantitative PCR Methodology 80

3.4.1.3 Standard curve for assay efficiency

The final aspect of assay optimization was to determine assay efficiency and sensitivity
using a standard curve. Standard curves were carried out using serial (10-fold)
dilutions of cDNA template (Fig 3.6) for all GOIs and reference genes, as well as
plasmid templates used in absolute quantification (see 3.5.3). Ideally, the linear
regression of a plot of C, vs. log dilution should have a slope of -3.32 and an R? of 1.
Standard curves were designed to cover up to 7 orders of magnitude and include the
expected Cy values of the experiment (Brisson et al., 2004; Nolan, 2004; Nolan et al.,
2006). In these studies, the dynamic range for cDNA samples was linear for over 4-5
orders of magnitude and for over 6-7 orders of magnitude for the plasmid templates
(Fig 3.6).

In order to compare GOIs and endogenous reference genes, the amplification
efficiencies of each gene needed to be identical (Roche, 2001; Arya et al., 2005). The
same applied to GOIs compared to plasmid standard curves during absolute
quantification. Amplification efficiency (E) was calculated based on the slope of the

linear regression line of the standard curve (Brisson et al., 2004), where:

E =107/stere _ 1 (3.1)

Standard curve linear regression plots provided a great deal of information on the
performance of the reaction. The ideal slope of -3.32 would have indicated exact
doubling of the reaction and therefore 100% reaction efficiency. The correlation
coefficient (R?) measures how well the data fit the standard curve, with R? = 1
indicating a perfect fit. Recommendations for acceptable slope and R? values vary
throughout the literature. It is generally recommended that efficiency falls between
90-110% which corresponds to a slope between -3.58 and -3.10 (Arya et al., 2005;
Invitrogen, 2008). R? values are recommended to be greater than 0.98 (Nolan, 2004).
R? values and amplification efficiencies were evaluated for all primer pairs designed for

the present studies (Table 3.4).

3.5 Quantification method

3.5.1 Relative quantification

The in vitro study in this project used relative quantification to compare changes in

gene expression of challenged and naive haemocyte cultures exposed to Hematodinium
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TABLE 3.4: Optimisation results of qPCR primer pairs for predetermined genes of
interest and reference genes.

Gene Primer Name Optimum primer | R? Amplification

concentration efficiency
[mM]
C. pagurus PPO qPCR Fwd 300 0.993 | 1.06
prophenoloxidase | PPO qPCR Rev 300
C. pagurus actin Cpag2 Act Fwd 50 0.993 | 1.03
Cpag2 Act Rev 300
N. norvegicus Neph PPOF qPCR | 300 0.993 | 0.99
prophenoloxidase | Neph PPOR qPCR | 300
N. norvegicus Neph ActF qPCR 300 0.995 | 0.97
actin Neph ActR qPCR 300
Hematodinium HemITS2 qPCRfwd | 900 0.991 | 1.581
sp. ITS2 HemITS2 qPCRev | 300
Hematodinium Hem18S qPCRfwd | 900 0.995 | 1.11
sp. 18S Hem18S qPCRrev 300
Hematodinium HemAct Fwd 300 0.963 | 0.97
sp. actin Hem ActRev 300

IThis primer set was not used for this project due to its poor efficiency values

sp. cells (see Chapter 4.4.6). Relative quantification compares changes in expression

levels of mRNA of a gene of interest (GOI) to that of an internal control RNA, an

endogenous reference (ER) gene. The fold-change can then be compared between

experimental and control samples. The GOI and ER can be co-amplified in the same

tube (multiplexing) or can be amplified in separate tubes during the same run. The

main advantages of using this method were that no external standard curve was

required and normalisation by an internal reference reduced tissue-derived effects on

the outcome.

In the in vitro study, actin was used as the endogenous reference gene. Previous in

vitro studies using crustacean granulocytes have found actin to be normally expressed
when exposed to immunostimulants (Hauton et al., 2005) and this was supported by
validation in this experiment for both granulocyte and hyaline cell cultures. Other
crustacean studies have used actin as a reference gene to study expression changes of
crustin in Carcinus maenas following bacterial challenge (Brockton and Smith, 2008)
and to compare expression of nine immune-relevant genes from various tissues of white
shrimp Litopenaeus vannamei (Wang et al., 2007). The use of actin as an endogenous
reference gene is not limited to crustaceans, it has been proven a useful reference gene
in a variety of species over a wide range of experimental samples. The honeybee Apis
mellifera had stable actin expression during challenge experiments with the bacteria
Escherichia coli (Scharlaken et al., 2008). In humans, actin and GAPDH
(glyceraldehyde 3-phosphate dehydrogenase) were found to be normally expressed in
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human umbilical vein endothelial cells subjected to different stimuli (Garcia-Vallejo et
al., 2004) and FFPE (formalin-fixed paraffin embedded) prostate cancer samples (Mori
et al., 2008).

Recently, several of the genes traditionally used as reference genes (‘housekeeping’
genes), have been questioned and their expression found to alter under experimental
conditions or between tissue types (Glare et al., 2002; Garcia-Vallejo et al., 2004).
Actin was found to be affected by experimental conditions in asthma patients and both
GAPDH and actin were found to vary in patients with pulmonary tuberculosis (Glare
et al., 2002; Dheda et al., 2004), indicating that these genes were not suitable for the
experimental conditions. These results have not rendered housekeeping genes useless as
endogenous reference genes, but have underlined the need for validation of endogenous
reference genes (Dheda et al., 2004; Huggett et al., 2005). In light of this fact, and the
generally accepted requirements for qPCR, actin expression was validated using the
REST© Software as described below (3.5.2.1).

3.5.2 Statistical analysis of relative expression qPCR data

Relative expression data was analysed using the Relative Expression Software Tool
(RESTO) 2009 (Pfaffl et al., 2002). REST© uses randomisation tests and
bootstrapping methods to test the statistical significance of gene expression ratios.
Randomisation is used here because it avoids making assumptions about distribution.
The quantities used in gene expression analysis are ratios, often with high variability,
and would not be normally distributed (Pfaffl et al., 2002).

Average C, values for each exposed and naive in vitro sample were input into the
software for each GOI and the reference gene. Efficiency values (Eq (3.1)) calculated
from the standard curves of each gene were also input into the software. 2000
randomisations were used to obtain a suitable p-value. Relative expression using the

REST®© software is calculated based on the following equation (3.2):

AC (mean control-mean sample)
(Etarget) q Target

Relative expression ratio = (3.2)

)AC 4R of(mean control-mean sample)

(Eref

3.5.2.1 Reference gene validation

Normalisation to an endogenous reference gene requires that the reference gene be

stably expressed for all tissue types being compared and over all experimental
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conditions (Thellin et al., 1999). Failure of the reference gene to remain constant can
result in small variations of target gene being missed or, in the case of reference genes
being affected by experimental conditions, can be the cause of apparent (and false)
changes in gene expression (Glare et al., 2002; Dheda et al., 2004). REST© 2009 has
built-in reference gene validation and the expression of actin in this case was examined
for significant variation using the software’s preprogrammed algorithms. In short, the
mean C, values of the reference gene in control and experimental samples are
compared and, if the means are the same, then the reference gene is considered stable
and constant (Eq (3.3)) (Pfaffl et al., 2002).

0 (3.3)

mean control-mean sample) —

AC'qref(

3.5.3 Absolute quantification

Absolute quantification was used on the in vivo studies of Nephrops norvegicus infected
and uninfected with Hematodinium sp. Relative quantification was not suitable for this
study because RNA was extracted simultaneously from haemocytes and parasites and
therefore equal quantities of RNA would contain varying amounts of haemocyte and
parasite RNA, causing the endogenous reference genes to vary in expression. Absolute

quantification allowed gene copy numbers to be expressed per haemocyte number.

Absolute quantification is used to quantify copy numbers of the target gene which
must then be related to a biological parameter (e.g., mg tissue, ug total RNA, cell
number, etc.) (Bustin and Nolan, 2004¢). In this sense, it is a form of relative
quantification, though it yields a copy number value rather than a fold-change. Copy
numbers are interpolated against a standard curve of known copy numbers of the
target gene. In this study, standard curves were prepared using linearised plasmid
DNA, though genomic DNA or amplicon-specific sense-strand oligonucleotides would
also have been suitable (Bustin and Nolan, 2004¢). The important aspect of using this
method is that the standard curve template should have the same amplification

efficiency as the target gene.

To prepare the plasmid DNA for this study specific gene fragments were identified
using degenerate PCR and cloned using the TOPO® TA cloning kit (Invitrogen,
Paisley, UK) and the pCR4-TOPO plasmid vector as described in Chapter 2. Positive
clones were identified using colony PCR and the plasmids extracted were confirmed by
sequencing (Source BioScience, Oxford, UK). Plasmid vectors were linearised using
either NotI (Sigma-Aldrich, Dorset, UK) or Ncol (New England Biolabs,
Hertfordshire, UK) restriction enzyme. For NotI, 1 pg plasmid was combined with 10
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units Notl in the provided buffer solution to a final volume of 25 ul. The plasmid was
incubated for 4 hours at 37°C to fully cleave all plasmids, then heat inactivated for 15
minutes at 65°C. To digest plasmids using Ncol, 1 ug of plasmid was combined with 1
ul Neol (NEB R0193S), 2.5 ul 10X Buffer 3 (NEB B7003S) and sterile water to a final
volume of 25 pl. Plasmids were incubated for 4 hours at 37°C and the restriction

enzyme heat inactivated for 15 min at 65°C.

Linearised plasmids were quantified with a Quant-iT" PicoGreen® dsDNA kit
(P11496 Invitrogen, Paisley, UK) using the high-range standard curve method on a
microplate. TE assay buffer was prepared in sufficient quantities for all samples by
diluting the 20X concentrated buffer with sterile, DNase-free water. Quant-iT
PicoGreen® reagent was made fresh by diluting the reagent 200-fold in TE buffer. A
standard curve was prepared by preparing a 2ug ml~! stock solution of the provided A
DNA standard in TE buffer and diluting it to a 5-point standard curve covering 1 ng
ml~! to 1 ug ml~! (Table 3.5). Samples were diluted by placing 1 pl of sample in 99 pl
TE buffer. PicoGreen® solution (100 pl) was added to each sample and each standard
and mixed by vortexing. All samples and standards were loaded into a 96-well plate
and read on a FLUOstar OPTIMA fluorescence plate reader (BMG Labtech,
Aylesbury, UK) with excitation at 485 nm and emission at 520 nm. All samples and
standards were run in triplicate.

TABLE 3.5: Reaction component volumes to generate a standard curve using Quant-
iT" PicoGreen® in a 96-well microplate.

Volume  (pl) Volume (pl) A Volume  (pl) Final DNA

TE Buffer DNA stock (2 PicoGreen® concentration
pg ml~!)

0 100 100 1 pug ml—!

90 10 100 100 ng ml~!

99 1 100 10 ng ml~*

99.9 0.1 100 1 ng ml~!

100 0 100 blank

To establish a standard curve using plasmid template a 10-fold dilution series over 6
orders of magnitude was created and run against a 10-fold dilution series of target
c¢DNA for each gene of interest. The slopes and efficiency values were compared to
determine whether absolute quantification using linearised plasmids would be

appropriate for each gene of interest (Fig. 3.7).
Copy numbers of each target plasmid were calculated according to the following

equation (Roche, 2000):

6 x 1023[copies/mol] x plasmid concentration[g/ ]
plasmid molecular weight

= copies/ul (3.4)
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FIGURE 3.7: Comparison of the slopes of plasmid DNA (black) and target cDNA (red) standard curves. Slopes (m) and efficiencies (E) should be
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as similar as possible to ensure accurate quantification of gene copy number of the gene of interest.
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Where:
Plasmid molecular weight = (3956 (plasmid bp) + x (fragment bp)) x 660 Da bp™*

660 Da = average molecular weight of a nucleotide pair and 1 Da = 1 atomic mass

unit (amu)
6 x 10?3[copies/mol] = Avagadro’s number
Plasmid concentration = concentration defined by PicoGreen® analysis (g pl ™)

Due to the combined presence of host and parasite cells in haemolymph samples, it
was not possible to normalise gene copy numbers against total RNA because varying
amounts of parasite RNA would confound the expression values. Therefore, gene copy
numbers were normalised against total haemocyte number of each sample for
statistical analysis (Bustin, 2000). Using this method, conventional statistical methods
were able to be applied to the gene expression data. In this case, data were analysed

using pairwise comparison tests (¢-test or Mann-Whitney).

3.6 Summary

Extensive assay optimisation was carried out in preparation for gene expression studies
using both absolute and relative quantification methods. Due care was given to all
aspects of sample storage, handling and extraction to reduce variability between
samples and RNA quality was confirmed using the Experion” system. Furthermore,
careful consideration was given to all reagents used, including RT enzymes, priming
strategy and detection chemistry. Primer pairs were optimised for concentration and
analysed for specificity and efficiency. Additionally, constitutive expression of the
endogenous reference gene, actin, was first validated for the in vitro experiments,
ensuring that it was suitable for normalisation in the studies with Cancer pagurus.
Plasmid standard curves were also validated for use in absolute quantification by
comparison to standard curves of cDNA for in vivo immune gene expression studies.
Overall, robust assays were developed for both the in vitro and in vivo experiments

which will be described in the following chapters.






Chapter 4

Expression of immune-related
host genes in Cancer pagurus
haemocytes during in vitro

challenge with Hematodinium sp.

4.1 Introduction

In recent decades marine invertebrate cell culture has become more prominent in
scientific research due to a need to study cellular interactions. Expansion of
aquaculture has driven a need to study pathogenic diseases (Mourton et al., 1992;
Jiravanichpaisal et al., 2006b; Shields et al., 2007; Sperstad et al., 2010) and to increase
our knowledge of cellular immune responses (Smith and Soderhall, 1983; Munoz et al.,
2002; Rodriguez-Ramos et al., 2010). The use of a number of marine invertebrates as
biomarkers (Hagger et al., 2009; Oliver and Fisher, 1999) has also instigated in wvitro
cytotoxicity (Matozzo et al., 2002; Sung et al., 2003; Hauton and Smith, 2004) and
stress-response studies (Webster, 1996). In vitro studies to elucidate direct interactions
between invertebrate haemocytes and parasite cells have also been used (Gregorio and
Ratcliffe, 1991; La Peyre et al., 1995; Morga et al., 2009).

4.1.1 Host-parasite immune interactions

In many arthropods, endoparasites have frequently been found to be encapsulated by
haemocyte cells (Christensen et al., 2005; Jiravanichpaisal et al., 2006a) in a direct

immune response; however, there are also several parasite species that have adapted to

89
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their host immune system and are capable of mediating the immune response (Loker,
1994). Pathological investigation of the freshwater amphipod Echinogammarus
stammeri revealed very few instances (<4%) of melanisation during parasitisation by
the acanthocephalan parasite larvae Pomphorhynchus laevis which reside in the
haemocoel. The parasite larvae were surrounded by a membranous layer composed of
microvilli which maintains intimate contact with the host haemocytes and internal
organs, however immune response was limited to occasional melanisation and there
were frequent observations of disintigrated haemocytes in the vicinity of the larva
(Dezfuli et al., 2008). The authors have suggested that this indicates some method of
immune avoidance or suppression, however the exact mechanisms are not understood.
These observations were supported by further studies of P. laevis infecting Gammarus
pulex where phenoloxidase activity was reduced, which was likely related to a
significant decrease in total haemocyte count though again, the method of suppression
was unclear (Cornet et al., 2009; Cornet, 2010). Similarly, the nematode parasite
Steinernema feltiae was found to reduce phenoloxidase activity, avoid encapsulation
and inhibit phagocytosis in its lepidopteran host Galleria mellonella (Rigaud and
Moret, 2003; Brivio et al., 2006, 2010). In this case, the immune interference was
linked to parasite surface lipids which bind opsonic host interacting proteins (HIPs).
Pre-exposure, and therefore saturation, of the parasite to HIPs re-enabled host immune
response, as did enzymatic interference with the parasite surface lipids (Brivio et al.,

2006, 2010). Sequestration of host HIPs allowed the parasite to survive unmolested.

As previously discussed (see Chapter 1.4.2), total and differential haemocyte numbers
have been suggested to influence the capability of a crustacean to respond to invading
pathogens (Soderhall and Cerenius, 1992) and have been found to vary in response to
foreign material, environmental factors and moult stage (Persson et al., 1987; Chen
and Cheng, 2001; Hernroth et al., 2004; Matozzo et al., 2011a). Despite many
pathological studies, there remains sparse evidence of an immune response in infected
crustacean hosts to the presence of Hematodinium sp. Indeed, to date, few direct
immune studies have been carried out on animals infected with Hematodinium and
none with immunity as the primary focus. Studies focussing specifically on
haematological reactions of crustacean hosts to Hematodinium have revealed a
decrease in haemocyte concentrations with increased parasite load (Field et al., 1992;
Field and Appleton, 1995; Shields and Squyars, 2000; Meyers et al., 1987; Love et al.,
1993) which suggests reduced immune function in invertebrates that rely on
haemocytes to fight infection. Differential cell counts have revealed decreases in
hyalinocytes, potentially due to host defense responses such as encapsulation (Shields
and Squyars, 2000), however high variations in differential cell counts between

individuals have led some researchers to consider this parameter less useful than total
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haemocyte counts in determining crustacean health (van de Braak et al., 2002).
Limited reports have been made of the formation and activation and enlargement of
fixed phagocytes within the hepatopancreas (Field and Appleton, 1995; Field et al.,
1992; Sheppard et al., 2003; Stentiford et al., 2002; Wheeler et al., 2007); however only
necrotic fixed phagocytes were proven to contain parasites (Field and Appleton, 1995).
Meyers et al. (1987) observed occasional cell foci in the antennal gland and around the

bladder, but noted a general lack of immune response in most tissues.

Co-infection of Cancer pagurus with a yeast-like organism revealed an abundance of
haemocytic encapsulations associated with the yeast-like organism, but an apparent
lack of response to the surrounding Hematodinium cells (Stentiford et al., 2003).
Further observations of co-infection with Hematodinium have led to speculation of the
parasite being immunosuppressive (see Stentiford and Shields (2005)). Speculation
regarding immunosuppression by the parasite and the minimal immune responses
witnessed thus far reveal a knowledge gap in our understanding of Hematodinium
disease progression and infection method. Due to the possibility of colonisation by
opportunistic pathogens, such as that seen by Stentiford et al. (2003), it would be
useful to examine the direct interaction of parasite cells and haemocytes to establish
any immune response in isolation and without confounding factors such as secondary

infection.

4.1.2 In wvitro immune studies

In vitro immune studies in invertebrates have generally focussed on haemocytes and
haemopoietic tissue as they are the functional unit of internal defense. Initial basic
studies have primarily examined functional characteristics, such as phagocytosis, and
gross morphology of haemocytes in response to pathogens, parasites, harmful algae or
other immune stimulants such as pathogen-associated compounds (Smith and
Ratcliffe, 1978; Smith and Soderhall, 1983; Ford et al., 2008; Rodriguez-Ramos et al.,
2010; Hegaret et al., 2011). Haemocyte separation has made it possible to establish
individual cell population responses to stimulation (Soderhall and Smith, 1983;
Vargas-Albores et al., 2005) and haemocyte characterisation has been greatly enhanced
by in vitro studies (Smith and Ratcliffe, 1978; Smith and Soderhall, 1983; Bell and
Smith, 1993; Mortensen and Glette, 1996). In crustaceans, hyaline cells have been
identified as primarily phagocytic in nature based on bacterial challenge (Smith and
Ratcliffe, 1978; Smith and Soderhall, 1983). Hyaline cells from total haemocyte
cultures from Carcinus maenas and Liocarcinus depurator were found to have
increased vacuolation and increased phagocytosis when challenged with bacteria
(Smith and Ratcliffe, 1978; Smith and Soderhall, 1983). Crustacean granulocyte cells
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have been found to contain prophenoloxidase and could be stimulated by
lipopolysaccharides (LPS; commonly found in bacterial cell walls) and 81,3-glucans
(found in fungal cell walls) (Smith and Soderhall, 1983; Soderhall et al., 1986). In vitro
studies have also established that cell cooperation exists between populations; for
example: amoebocytes, the phagocytic cells from the solitary tunicate Ciona
intestinalis, were found to have reduced phagocytic ability when separated from total
haemocyte cultures. When cell lysate from morula cells was introduced to the culture,
phagocytic ability was restored, indicating that they strongly mediate a cooperative

haemocyte response (Smith and Peddie, 1992).

Viability and gross morphology in response to pathogenic or stimulant challenge have
also been studied in vitro. Whole blood monolayers of Astacus astacus and C. maenas
exposed to B1,3-glucan resulted in degranulation and vacuolation combined with
increased phagocytosis (Soderhall and Smith, 1983). Similarly, both crayfish
(Procambarus zonangulus) and shrimp (Litopenaeus vannamei) haemocytes exposed to
LPS decreased in size and suffered from increased mortality (Cardenas et al., 2004;
Xian et al., 2009). Bivalve haemocytes showed a similar response when exposed to toxic
algal species in vitro, with the added effects that phagocytic ability and cell adhesion
were also inhibited (Hegaret et al., 2011). Haemopoietic tissue cells from Pacifastacus
leniusculus also had reduced cell adhesion when exposed to white spot syndrome virus
(WSSV) in vitro and were observed to become rounded and detach from the culture
well (Jiravanichpaisal et al., 2006b). Cell rounding and size decrease has been proposed
to be related to degranulation (Cardenas et al., 2004; Xian et al., 2009), followed

shortly by cell death, all of which would lead to inhibition of an immune response.

Further studies have investigated the enzymatic and free radical response of
haemocytes to pathogens. Enzymes such as phenoloxidase, and free radicals such as
superoxide and nitric oxide (reactive oxygen species) are known to vary during
response to foreign material and have been analysed during in vitro challenge
(Johansson and Soderhall, 1985; Gregorio and Ratcliffe, 1991; Gomes et al., 1999;
Jayasree, 2009; Rodriguez-Ramos et al., 2010; Hegaret et al., 2011). Phenoloxidase
(PO), as a key enzyme in invertebrate immune function, has commonly been studied in
immune responses. In vitro studies have found PO activity levels to be increased in
response to Trypanosoma ragneli epimsastigotes in the vector Rhodnius prolixus
(Gomes et al., 1999), however when combined with laminarin, PO was decreased
(Gregorio and Ratcliffe, 1991). Other molecules often studied include reactive oxygen
species such as nitric oxide and superoxide anion. Toxic algae were found to reduce
reactive oxygen species in bivalves (Hegaret et al., 2011). Penaeus indicus, however,
was found to have increased superoxide anion production in response to bacterial
(Vibrio) challenge (Jayasree, 2009).
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Technological advances have led to the ability to detect internal defense responses at
the molecular level and recent in vitro immunological studies have explored expression
changes in immune-related genes (Hauton et al., 2005; Rodriguez-Ramos et al., 2010;
Sperstad et al., 2010). The prophenolozidase gene (proPO) was identified for Homarus
gammarus and gene expression analysed in response to immunostimulants. In
granulocyte cultures a significant increase in expression was found after 24 hours of
exposure to heat-killed L. anguillarum (Hauton et al., 2005). Hyas araneus
granulocytes in culture showed a similar response in crustin expression after 24 hours
of exposure to L. anguillarum, with a decrease after 48 hours (Sperstad et al., 2010).
Gene expression for nitric oxide synthase (NOS) was correlated with increased enzyme
activity in total haemocyte cultures from Panulirus argus and showed an increase in
expression after 40 min of exposure to LPS from E. coli (Rodriguez-Ramos et al.,
2010).

It is important, however, that the limitations of these studies be recognised; cell
culture studies occur in a plasma-free environment which may lack crucial humoral
factors such as lectins and agglutinins involved in immune response (Smith and
Chisholm, 1992; Gupta, 2001). Furthermore, communication and interaction between
cell populations is ignored although it is known to be necessary for certain defense
functions including inducing phagocytosis by hyalinocytes via granulocyte proPO
release (Soderhall et al., 1986; Smith and Chisholm, 1992; Johansson et al., 2000). The
in vitro studies described here were largely carried out in order to reduce confounding
physiological and environmental effects (Smith and Ratcliffe, 1978; Hauton et al., 2005;
Jiravanichpaisal et al., 2006b; Sperstad et al., 2010; Hegaret et al., 2011). Additionally,
haemocyte populations were able to be isolated to examine the specific role or response
of individual cell types (Sperstad et al., 2010; Hegaret et al., 2011). Cell culture also
reduced inter-individual variability and cells from the same animal were able to be
used for treatment and control (Hauton and Smith, 2004; Rodriguez-Ramos et al.,
2010). Most importantly, however, is that many of the causes of limitation in in vitro
experiments (plasma factors and cell communication) were established from in vitro
studies, without which the function of different cell types during infection or other
immune challenge would be unknown. In wvitro studies are extremely useful for
studying cell-pathogen interactions and should be considered an important supplement

to in vivo studies.

4.1.3 Crustacean cell culture

Throughout the last century cell culture techniques have progressed from the

observation of frog embryo nerve fibres (Harrison, 1907) to the development of
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continuous vertebrate cell lines (Gey et al., 1952) and tissue engineering (Freshney,
2005). Though the culture of vertebrate cells has risen to the forefront of culture
techniques, the advance of invertebrate in vitro studies during the last 50 years has led
to the establishment of over 450 continuous cell lines for over 100 insect species (Lynn,
1999). Among the arthropod species there are immortal cell lines for the fall
armyworm Spodoptera frugiperda (Vaughn et al., 1977), Drosophila melanogaster
(Schneider, 1972) and the European corn borer Ostrinia nubilalis (Belloncik et al.,

2007), however to date, there are no continuous cell lines for any marine invertebrates.

Crustacean cell culture has been developed using vertebrate and insect cell culture
methods and it was initially believed that long-term culture techniques could be
developed for crustaceans, however this has not been the case. Thus far, long-term
culture has been limited to several months and cultures this long are generally from
tissues rather than haemocytes (Walton and Smith, 1999). For this reason, crustacean
cell culture studies are currently limited to primary cell culture. Haemocyte culture is
still of great interest, however, due to viral propagation and the diversity of haemocyte

functions, particularly in relation to immune response.

As discussed in Chapters 1 and 2, there is some disagreement over crustacean
haemocyte proliferation, though many agree that proliferation occurs in the
haemopoietic tissue and gives rise to differentiated cells (van de Braak et al., 2002;
Soderhall et al., 2003). Mitosis has been clearly observed in the cells of haemopoietic
tissue (Hose et al., 1992; van de Braak et al., 2002) and several studies have noted the
presence of precursor or partially developed cells within the tissue (Ghiretti-Magaldi et
al., 1977; Martin et al., 1993; van de Braak et al., 2002; Soderhall et al., 2003).
Soderhall et al. (2003) observed distinct evidence of cell proliferation in the
haemopoietic tissue (hpt) of the freshwater crayfish Pacifasticus leniusculus. Crayfish
injected with laminarin (a 81,3-glucan) experienced a reduction in total haemocyte
counts followed by a gradual recovery over 24-48 hours. To determine where the new
blood cells came from, crayfish were injected with BrdU, which identifies cells
replicating DNA during the active growth phase (S-phase) of the cell cycle, followed by
laminarin injection. BrdU labeling revealed high proliferation rates (20-30% staining)
within the hpt tissue and very little labeling in circulating haemocytes (1-2.5%)
indicating that cells proliferate primarily in the tissue. van de Braak et al. (2002)
found similar results in Penaeus monodon stimulated with lipopolysaccharide. Post
injection, the mitotic index of the haemopoietic tissue was dramatically increased
followed shortly by an increase in total haemocyte numbers. A small number of
proliferating cells were observed in circulation using light microscopy, however their
contribution to overall haemocyte numbers was deemed insignificant in this study. The

researchers proposed that the dividing cells in circulation were young cells prematurely
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released from the haemopoietic tissue in response to stimulation. Further confirmation
of haemocyte generation within a tissue rather than in circulation was generated by
Lang et al. (2002) when, after microscopic observation of haemocytes and multiple
tissue cultures, only lymphoid and ovarian tissue were found to contain dividing cells.
Haemocyte cultures were observed over one month, during which time they formed
monolayers but showed no signs of cell division. Unfortunately this method of cell
proliferation has negative implications for the development of a continuous cell line for
crustacean haemocytes, however primary cell culture has still been valuable for

observing short-term cellular interactions.

Evidence strongly supports haemopoietic tissue as the source of new haemocytes
however continuing research into development of a continuous crustacean haemocyte
cell line has been fueled by several reports of small percentages of proliferating
haemocytes in circulation (Ellender et al., 1992; Sequeira et al., 1996; Hammond and
Smith, 2002; Soderhall et al., 2003; Roulston and Smith, 2011). Ellender et al. (1992)
found a small number (1-2%) of proliferating cells in P. vannamei using the BrdU
assay. Similarly, the penaeid shrimp P. japonicus had approximately 1% of circulating
haemocytes in active growth phase which significantly increased to 4.6% during
infection with Fusarium spp. fungus (Sequeira et al., 1996). And as previously
mentioned, Soderhall et al. (2003) also found a small percentage of BrdU-positive
circulating cells in P. leniusculus. These studies were supported by similar studies in
brachyuran crabs which have recently been found to show evidence of circulating
haemocyte proliferation as well. The swimming crab Liocarcinus depurator exhibited
cell proliferation in a small proportion of circulating haemocytes when examined using
a BrdU assay (Hammond and Smith, 2002). Roulston and Smith (2011) have also
identified a small population of proliferating cells (approximately 9% of total
haemocyte count), termed prohaemocytes, in the spider crab Hyas araneus. The
prohaemocytes were able to enter S-phase in vitro though the completion of mitosis
was not observed so it is uncertain whether the cells would be capable of proliferation
under culture conditions. To date, the most promising results for a continuous cell line
were from George and Dhar (2010) who reported cell proliferation in haemocyte
cultures from Penaeus vannamei based on increased cell counts over time.
Additionally, lipopolysaccharide injection was found to increase cell proliferation
during culture, however further investigation is required as cell proliferation was only
calculated based on increased cell counts using the Trypan blue exclusion assay and

provided no direct observations of dividing cells nor use of cell proliferation assays.

Despite this body of evidence for cell proliferation in circulating haemocytes,
haemocyte proliferation in vitro continues to be elusive with only one report of cell
growth in culture (George and Dhar, 2010). As pointed out by Soderhall et al. (2003),
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although there is a small percentage of cells proliferating in circulation, this appears to
be negligible when compared to the proliferation in haemopoietic tissue. It has been
speculated that the limitations to proliferation arise from culture methods as, indeed,
successful haemocyte culture has been established in several arthropods species
including the European corn borer Ostrinia nubilalis (Belloncik et al., 2007), the salt
marsh moth Estigmene acrea (Wittwer et al., 1997) and the beet armyworm
Spodoptera exigua (Yasunaga-Aoki et al., 2004). Even these cultures, however, have
been reportedly more difficult to initiate than tissue cultures due to activation of the
phenoloxidase cascade (Lynn, 2001). Additionally, culture media plays an important
role in cell culture and it is possible that essential components are missing from the
common media in use. With the exception of Grace’s media which was developed for
insect ovarian tissue Antheraea eucalypti (Grace, 1962), popular media for crustacean
culture such as M199 and L-15 were originally developed for the culture of vertebrate
cells and require the addition of essential amino acids and foetal bovine serum for cell
survival (Walton and Smith, 1999). Although culture media is adjusted and tailored to
each species as much as possible, the possibility of a missing essential factor cannot be

ignored.

Despite the short-term limitations of in vitro haemocyte studies, they have become an
established technique for studying immune function, immune stimulants, physiological
cell response and cellular reactions to pollutants (Smith and Ratcliffe, 1978; Smith and
Soderhall, 1983; Brody and Chang, 1989; Matozzo et al., 2002; Hauton and Smith,
2004; Hauton et al., 2005). They are also extremely useful in studying the role of
different haemocyte types in isolation and due to the difficulty of differentiating
haemocyte types in mixed cell culture, it has been recommended that in vitro analyses
be made on isolated populations (Smith and Soderhall, 1986; Johansson et al., 2000).
Smith and Soderhall (1991) were able to separate the haemocytes of a number of
crustacean species using Percoll” gradients to enable the study of prophenoloxidase
(proPO) localisation; other studies have successfully used separated cell populations on
in vitro studies of superoxide production (Bell and Smith, 1993) and
immunostimulants (Hauton et al., 2005). The argument for cell separation is
supported by Munoz et al. (2002) who found that changes in mRNA of penaeidins in
microbially challenged shrimp were due to changing haemocyte populations.
Penaeidin-positive cells (granular cells) in challenged shrimp were found to decrease
from 36% to 13% of total haemocyte population 12 hours post-injection and then
increase to 50% after 48 hours. These changes in haemocyte population were
concurrent with fluctuations in mRNA levels in which a strong decrease was evident

after 12 hours and a 3-fold increase evident after 48 hours. These results support the
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use of separated cell populations for in vitro challenge as differences in cell viability

between hyaline cells and granulocytes in vitro could cause similar errors.

4.1.4 Aims of exposing C. pagurus haemocytes to Hematodinium

As previously discussed, crustaceans have an immune system mediated primarily by
haemocytes making them the ideal target for initial immune response studies to
pathogens such as Hematodinium. The aim of this study was to perform an in vitro
experiment examining the early phase response of individual haemocyte populations of
Cancer pagurus to the Hematodinium sp. parasite. Initial cell culture studies were
used to examine gross morphology and viability of haemocyte populations exposed to
Hematodinium sp., with the additional aim of determining suitable time for cell
culture in the chosen media. Relative quantitative PCR was then used to determine
the potential response of hyalinocytes and granulocytes to the parasite. The gene
coding for the prophenoloxidase gene (proPQO) was chosen a priori (see Chapter 2) and
further genes were examined based on results of the differential display technique,
GeneFishing. The null-hypothesis being tested was that Hematodinium sp. would
have no effect on the gross morphology or viability of separated haemocyte populations
in wvitro nor would it affect gene expression of immune-related genes. Studies to date
have indicated a lack of immune response in Hematodinium-infected crustaceans,
however this study presents the first direct investigation into immune response to

Hematodinium sp. exposure.

4.2 Materials and Methods

4.2.1 Cancer pagurus and Hematodinium sp. collection

The parasitic dinoflagellate Hematodinium sp. was isolated from infected Nephrops
norvegicus collected by trawl using the University Marine Biological Station, Millport
vessel RV Aplysia near the Isle of Cumbrae, Scotland (55° 50.7 N, 04° 54.3 W). Before
bleeding, each animal was surface-sterilized with 100% ethanol. Heavily infected
animals were identified by the ‘cooked’ colour of their carapace. Between 0.5 ml and 2.5
ml of haemolymph was withdrawn from the base of the fifth pereiopod of each infected
animal and placed immediately into 30 ml Appleton-Vickerman media (Appleton and
Vickerman, 1998) (27.99 g 1= NaCl; 0.95 g 1! KCI; 2.01 g 17! CaCly; 2.465 g 1}
MgSOy; 0.554 g 17 NapSOy; 1.92 g 17! HEPES; 10% foetal calf serum; 25 pl ml—!
gentamycin; 200 pg ml~! penicillin; pH 7.8) in sterile 25 cm? Corning®, non-vented

culture flasks. In the laboratory, cultures were subcultured by at least half into fresh
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media with additional antibiotics (1% penicillin/streptomycin). Cultures were

maintained at 6°C and subcultured every 3-4 weeks (Appleton and Vickerman, 1998).

Cancer pagurus from the English Channel were obtained from Selsey Shellfish in
Selsey, UK during the summer of 2009 and placed in the recirculating seawater
aquarium at the National Oceanography Centre, Southampton. The aquaria were
maintained at a salinity of 32.8 4+ 1 and a temperature of 14.3°C £+ 1.8°C. Healthy
adult intermoult male and female crabs, identified by alertness and an undamaged

carapace free of lesions, were sampled for these experiments.

4.2.2 Haemocyte culture preparation

C. pagurus haemolymph was withdrawn from the base of the third pereiopod into ice
cold marine anticoagulant (0.4M sodium chloride; 0.1M glucose; 30mM trisodium
citrate; 25mM citric acid; 9mM EDTA; pH 4.6 (Soderhall and Smith, 1983)) in a ratio
of 1:1.5 (haemolymph:anticoagulant) using a sterile 21G needle and 5 ml syringe.
Hyaline and granulocyte cells (semigranular and granular) were separated using
discontinuous gradients (45% - 65%) of Percoll” (Amersham Pharmacia, Sweden) in

3.2% sodium chloride. Cell separation was carried out at 2500 g for 10 min at 5°C.

Haemocytes were separated into hyalinocytes (3 x 108 cells culture™!) and
granulocytes (1 x 10° cells culture ~!) based on location on the Percoll” gradient and
morphological identification using Nomarski contrast interference microscopy using an
Olympus BH-2 microscope. Hyalinocytes were concentrated in the 50% Percoll” layer
and granulocytes were concentrated in the 55% Percoll” layer. Each haemocyte type
was removed from the gradient using pyrogen-free glass pasteur pipettes and the cell
fractions washed with modified L15 culture media (13.8 g 17! L-15 powder; 14.6 g 17}
sodium chloride; 51.5 mg 17! taurine; 37.6 mg 1 ~!; 1% penicillin/streptomycin; 10%
foetal calf serum (Walton and Smith, 1999)). Separated haemocytes were divided into
replicate control and experimental samples in 92 mm sterile Nunclon™ tissue culture
dishes (Thermo Scientific Nunc, Langenselbold, Germany), containing 15 mL of

culture media and incubated at 7°C.

4.2.3 Cell viability experiments

For the cell viability experiments, haemocytes were extracted from six individuals and
separated as described (4.2.2) into two replicate hyaline and granulocyte cultures for
each individual. Eight 22 x 22 mm coverslips were added to the bottom of each culture

dish before the addition of either granulocytes or hyaline cells to allow the haemocytes
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to attach. Cells were left for 30 min to attach to the coverslips. To the experimental
culture dishes, 1.5 x 10° Hematodinium macrospores ex. N. norvegicucs were added.
Macrospores were identified as the single-celled motile stage of the Hematodinium life
cycle (based on descriptions by Appleton and Vickerman (1998)) using phase contrast
microscopy on an inverted microscope. The Hematodinium cells were washed three
times in [-15 culture media by centrifuging at 500 g and resuspending in L-15 media
before addition to the haemocyte cultures to remove residual calcium from the parasite
media which caused clumping of the haemocytes. The cultures were placed in an
incubator at 7°C and the culture media was replaced every 48 h. Cell viability was
recorded using a trypan blue exclusion assay: a coverslip was removed and inverting
onto 15 ul 0.4% trypan blue solution on a baked glass slide. Cells were visualised
under a microscope and differential counts of 200 cells were carried out every 24 h for 7

days. Cells stained blue were recorded as non-viable.

Haemocytes were examined daily for overt changes in gross morphology. Specifically,
cells were examined for signs of aggregation (especially around parasite cells), attempts
at encapsulation or extreme lysing. Images for comparison were captured using an

Axiovert 200 inverted microscope (Zeiss, Gottingen, Germany) with phase contrast.

4.2.4 Gene expression study

Following the cell viability experiments, it was determined that both granulocytes and
hyaline cells should be kept in culture for a maximum of 48 hours to ensure enough
viable cells for RNA extraction. Separated haemocyte cultures were set up as before,
however no coverslips were added to the culture dishes. Individual granulocyte and
hyaline cell cultures were set up in duplicate and maintained at 7°C. After 24 h the
experimental dishes were inoculated with 5 x 105 Hematodinium cells and incubated
for a further 24 h before RNA extraction. A culture dish containing only
Hematodinium sp. cells in modified L-15 media was also established at the time of

inoculation as a control for the GeneFishing experiment.

4.2.5 RNA extraction and reverse transcription

Total RNA was initially extracted using TriReagent® (Sigma-Aldrich, Dorset, UK),
however the RNA quality was not sufficient for use in qPCR. As an alternative, total
RNA was extracted using a NucleoSpin® Extract IT kit (Macherey-Nagel, Diiren,
Germany). Culture media was removed from each sample dish and 600 pl of the lysis
buffer L1 from the Nucleospin RNA kit was placed in the dish and a cell scraper used

to disrupt and remove the haemocytes. The culture media was centrifuged at 2000 g
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for 5 min at 7°C to collect Hematodinium sp. cells which remained in suspension from
infected samples and 350 ul L1 was added to the resulting Hematodinium cell pellet.
RNA extractions from the haemocyte cultures and the pelleted Hematodinium sp.
were carried out according to the manufacturer’s protocol and eluted in 40 ul RNase
free water. All samples were checked for purity using the A260/280 ratios using a
NanoDrop® ND-1000 spectrophotometer (Wilmington, USA).

RNA integrity and quantity was determined using an Experion” RNA StdSens
Analysis Kit (Bio-Rad Laboratories, Hertfordshire, UK). All samples had an RQI value
greater than 7.9 and were suitable for use in quantitative PCR, (Denisov et al., 2008).
All samples were DNase treated using Ambion TURBO" DNase (Ambion/Applied
Biosystems, Cheshire, UK) as described in Chapter 3.2.1.1 and stored at -80°C until
needed. First strand ¢cDNA was synthesised using SuperScript” IIT Reverse
Transcriptase (Invitrogen Ltd., Paisley, UK) as described previously.

4.2.6 Genes of Interest, Endogenous Reference Genes and

GeneFishing "

The gene coding for prophenoloxidase (proPO) was chosen a priori as a gene of
interest in this study and was sequenced for C. pagurus as described in Chapter 2.
Additionally, the gene for Cancer pagurus actin (act) was sequenced as previously

described and used as a reference gene.

To explore other differentially expressed genes (DEGs) the primer-based Genefishing "
DEG101 and DEG102 Premix kit (K1021, Seegene, Seoul, South Korea) was used on a
single replicate of challenged and naive hyaline and granulocyte cell cultures.
GeneFishing" is a differential display technique that uses a two-stage PCR, (Table 4.1)
to randomly amplify gene fragments and gel electrophoresis to visualise the results.
The principle of the technique is based on the annealing control primers (ACPSTM) used
in both the reverse transcriptase and PCR steps. The ACPs are designed to contain
two priming regions connected by a polydeoxyinosine regulator sequence (Fig 4.1)
(Hwang et al., 2003). The 5-end of the primer contains a universal sequence and the
3’-end contains a short (10-mer) highly selective hybridising sequence (targeting core)
(Kim et al., 2004).

Reverse transcription: Reverse transcription uses dT-ACP1 to synthesize
first-strand ¢cDNA. dT-ACP1 contains a poly-T region at the 3’-end to exploit
the poly-A tail of mRNA. This results in a cDNA template with a universal
sequence at the 5-end (Fig 4.2A).
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FIGURE 4.1: The tripartate structure of the annealing control primer (ACP") con-
tains a 5’ universal sequence (a) and a 3’ targeting core sequence (b) connected by a
polydeoxyinosine regulator (pdI). The universal and targeting sequences are designed
to anneal under different thermal conditions and the pdl regulator forms a bubble
structure allowing the two sequences to operate independently. The core sequence is
designed to anneal during the first PCR stage and the universal sequence to anneal

during the second PCR stage.

PCR Stage 1: The resulting first-strand cDNA is combined with dT-ACP2 and an
arbitrary ACP for the thermocycling reaction. The first PCR step is a single

cycle during which the 3’-end targeting sequence of the arbitrary ACP binds to a

suitable region of the cDNA template. A second-strand cDNA template is

generated including the complementary sequence to dT-ACP1 at the 3’-end.

PCR conditions during this step are favourable only to the 3’-end of the
arbitrary ACP and not to dT-ACP2 (Fig 4.2B).

PCR Stage 2: During the second PCR stage conditions are favourable to annealing
of the universal ends of both the arbitrary ACP and dT-ACP2 to the
second-strand cDNA. This permits annealing of the arbitrary ACP to its

complimentary sequence at the 3’-end and dT-ACP2 to its complimentary

sequence on the 5-end (Fig 4.2C).

TABLE 4.1: Reverse transcription (RT) and PCR thermocycling conditions for

GeneFishing .
Step No. of Cycles Temperature (°C) Duration
RT 1 80 3 min
1 0 2 min  Add remaining reagents
1 42 90 min  dT-ACP1 3’-end polyT
1 94 2 min Heat inactivation
PCR Stage 1 1 94 5 min Denaturation
1 50 3 min  Arbitrary ACP annealing
Second-strand c¢cDNA exten-
1 72 1 min sion
PCR Stage 2 40 94 40 sec  Denaturation
Arbitrary ACP and dT-ACP2
65 40 sec universal sequence annealing
72 40 sec ~ Extension

1 72

5 min

Final extension
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FIGURE 4.2: cDNA synthesis and GeneFIshing” PCR flow chart. cDNA is synthesised

by reverse transcription using dT-ACP1 which contains a polyT target priming region

at the 3’-end of the primer (A). First-stage PCR generates second-strand ¢cDNA using

conditions optimal for the target sequence of the arbitrary ACP only (B). Second-stage

PCR amplifies the desired product using annealing conditions optimal for the universal

regions of the arbitrary ACP and dT-ACP (C). Figure based on GeneFishing" Manual
v.5.1 (Nov. 2007).
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The use of ACPs" ensures that non-specific priming does not occur during the PCR
reaction. Although dT-ACP1 is still present in the reaction mixture, the PCR
conditions are unfavourable to priming. Similarly, the targeting core region of the
arbitrary ACP is only able to prime during second-strand cDNA synthesis as
second-stage PCR conditions are unfavourable. The main advantage of using this type
of primer is that they are designed to amplify only the targeted sequences and

therefore reduce interference from primer dimers and eliminate false positives.

RNA was extracted from a single culture of challenged haemocytes for comparison to
that from a single culture of naive (control) haemocytes. Reverse transcription was
carried out on equal amounts of extracted RNA by combining 350 ng RNA in 7.5 ul
volume with 2 ul dT-ACP1 and incubating at 80 °C for 3 min. Thereafter the
following components were added to each RT reaction: 4 ul 5X RT buffer, 5 ul 2 mM
dNTP (Invitrogen, Paisley, UK), 0.5 ul RNase Inhibitor (Sigma-Aldrich, Dorset, UK)
and 1 pl SuperScript IT RT, (Invitrogen, Paisley, UK). The tubes were incubated at
42°C for 90 min followed by 94 °C for 2 min. PCR amplifications were carried out
according to the GeneFishing" Kit protocol. Briefly, 8 ng cDNA were combined with
10 pmol arbitrary ACP, SeeAmp  Master Mix and 10 pmol dT-ACP2 in a final
volume of 20 pl. Samples were then run on an MJ Research PTC-200 thermal
(Bio-Rad, Hemel Hempstead, UK) cycler using the previously described thermocycling
parameters (Table 4.1). This process was repeated for both granulocyte and
hyalinocyte cultures using each of the 20 arbitrary ACPs in separate reactions. The
DNA fragments were separated using a 2% agarose gel and stained with ethidium
bromide. Gels were examined for differentially expressed bands which were then
extracted and cloned using a TOPO TA Cloning® kit and sequenced as described
above. Sequences were aligned and submitted to BLAST analysis using Geneious v

4.7.6 (Biomatters Ltd., Auckland, NZ) to identify the closest homologs.

4.2.7 Rapid amplification of 5’ and 3’ cDNA ends (RACE)

The 5’ ends of the gene fragments identified using GeneFishing" were generated using
the SMART" RACE ¢DNA amplification kit from Clontech (Takara Bioscience,
Saint-Germain-en-Laye, France) as previously described (Chapter 2.2.16). The
dT-ACP2 primer uses a universal sequence attached to the 3’ poly-A tail to generate
fragments for GeneFishing ", therefore it is not necessary to perform RACE on the 3’
end of the fragment. Primers for 5° RACE were designed according to the conditions
described in Chapter 2.2.16.2 (Table 4.2) (Eurofins MWG Operon, Ebersberg,

Germany).
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The RACE fragments were cloned using the pGEM®—T Easy vector system (Promega,
Southampton) according to the manufacturer’s recommendations. Briefly, the ligation
reaction was composed of 5 ul 2X Rapid Ligation Buffer, 1 ul pGEM®.T Easy vector,
1 pl T4 DNA ligase, PCR product in a 1:1 molar ratio with the vector and
nuclease-free water to a final volume of 10 ul. The reaction was incubated at 4°C
overnight. JM109 High Efficiency Competent Cells were transformed by combining 2
ul of the ligation reaction with 50 pl defrosted cells and incubating for 20 min on ice.
The reaction was then heat-shocked for 45 sec at 42°C and immediately placed on ice
for 2 min. SOC medium (950 ul) was added to each tube and the tubes placed in a
shaking incubator for 1.5 hrs at 37°C, 150 rpm. Transformed cultures (100 ul) were
plated on duplicate LB/ampicillin/IPTG/X-gal plates and incubated overnight at
37°C. White colonies were screened for inserts using colony PCR and positive colonies
sent for sequencing (Source BioScience, Oxford, UK).

TABLE 4.2: Gene-specific (GSP) and nested gene-specific (NGSP) 5° RACE primers

for genes identified by GeneFishing" (see 4.3.2.1), including melting temperature (T, ),
G/C content, length (bp) and NetPrimer rating.

NetPrimer
Primer Name T,, °C  Sequence bp G/C Rating
Cpag DEAD GSP1 66.1 5-TTG CCT CCA CCA CCA CGA GCC ATA-3’ 24 58.3 100
Cpag DEAD NGSP1 68.1 5-GTA GGC TGT TCC AGT CTT GTC TGA TCG G-3* 28 53.6 89
paf GSP1 68 5-CGC TCA GAC ACA TCA GTG GGG AAC CT-3 26 57.7 100
paf NGSP1 67.8 5-AGA GTC CTT GCC CGC CTC ACC GT-3’ 23 65 100

4.2.8 Quantifying changes in gene expression

Samples for quantitative real-time PCR (qPCR) analysis were run as duplicates using
a Corbett Rotor Gene 3000 (Corbett Life Science, New South Wales, Australia)
according to the methods described in Chapter 3 using SYBR Green chemistry
(Primer Design, Southampton, UK). Primers for the genes found during GeneFishing”
were designed and optimised using the same methodology as for proPO and (-act
(Table 4.3) (Eurofins MWG Operon, Ebersberg, Germany).

TABLE 4.3: qPCR primer pairs for genes identified by GeneFishing", including opti-
mised primer concentrations, amplification efficiency and R? values

Optimised

primer con-

centration Amplification
Primer Name Tm (°C) Sequence (nM) Efficiency R?
PAF qPCR Fwd 57.1 5-TTG GAA GAG GCA AAC AAG TTG TT-3° 300 1.05 0.99488
PAF qPCR Rev 61.0 5-CTC TGA GGA CAA CTG TGC ATG TTA-3* 300
DEAD qPCR Fwd 61.0 5-CCA TCA TGC TCT GAG GAC TAT GTT-3’ 300 0.97 0.99784

DEAD qPCR Rev ~ 62.7 5-GTA GGC TGT TCC AGT CTT GTC TGA-3* 50
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4.2.9 Data Analysis

Cell viability data were expressed as percent (%) viable cells £+ standard deviation of
the mean. Data for comparison between challenged and naive cultures were arcsin
transformed and statistically analysed using a General Linear Model ANOVA on SPSS
Statistics 17.0 software (Chicago, USA). The post hoc Bonferroni test was used to
analyse any significant changes from the effects of time or infection independent of

each other.

After the completion of the PCR runs, raw fluorescent data were processed using the
RotorGene Q-Series software (v6.0.33). C, values for each gene in all samples were
then compared using the REST (Relative Expression Software Tool) 2009 software
(Pfaffl et al., 2002). Before analysis of the genes of interest, the endogenous reference

gene (f-act) was examined for consistent expression as described in Chapter 3.

4.3 Results

4.3.1 Preliminary cell viability and gross morphology experiments

Cell viability assays revealed a declining trend in viability over 7 days, with no
evidence of cell division when cells were examined microscopically. Naive hyaline cell
cultures declined from 87% viability on day 1 to 65% viability on day 7, while
granulocyte cultures declined from 78% to 38%. Granulocyte cultures declined
significantly in viability by day 6 (p < 0.05). From this experiment it was evident that
subsequent cell culture experiments needed to be short and it was decided to carry out
gene expression studies with a 48 hour total culture time and incubate with

Hematodinium parasites for the final 24 hours.

The comparison of cell viability in challenged and naive cultures of both haemocyte

types showed no significant difference (p > 0.5) (Fig 4.3).

Observations of gross morphology between challenged and naive granulocyte cultures
showed no obvious, distinguishing differences such as cell clumping or aggregation (Fig
?7). Hyaline cultures appeared to have a slight aggregation or cell clumping response
on day 7 in challenged cultures, though there were no signs of phagocytosis of parasite

cells. Cell size and adhesion did not appear to be affected for any of the cultures.
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Hyaline Cell Viability

Granulocyte Viability

FI1GURE 4.3: Mean cell viability of cultured haemocytes exposed to Hematodinium sp.
and naive cultures; scored using the trypan blue exclusion assay (+ SD; n = 6 animals).
Haemocytes were separated into hyaline cell (A) and granulocyte (B) cultures.
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4.3.2 Gene Identification
4.3.2.1 GeneFishing" Results

Based on fragments observed on agarose gels (representative image shown in Fig 4.5),
GeneFishing analysis using 20 arbitrary primers revealed seven differentially expressed
genes during in vitro infection with Hematodinium sp. Three genes were identified as
being differentially expressed in granulocyte cultures and three genes were identified in
hyalinocyte cultures. A further gene was identified from Hematodinium. All DEGs
were cloned and the sequences compared with GenBank sequence data to determine
putative gene identity (one gene from hyaline cells and the gene from Hematodinium
had unsuccessful sequence results). Two of the cloned sequences from granulocytes
were found to have high identity to known genes, but none of the hyalinocyte

sequences shared any significant identity with known genes (Appendix C.1).

Sequence DEG16 from granulocyte cultures produced a fragment of 399 bp (Accession
number: FR687023) and 5 RACE completed the gene generating a total fragment
1393 bp in length (Accession number: HE608875). The sequence contained a 5’
untranslated region (UTR) of 130 bp, a 3° UTR of 132 bp and an open reading frame
(ORF) of 1,131 bp which encoded a protein sequence of 377 amino acids. Comparison
of the deduced amino acid sequence using NCBI BLASTP analysis showed that
DEG16 had high identity to prophenoloxidase activating factor (PPAF) from Portunus
trituberculatus (74.5% ACN87221; e-value = 3.06e 140, Callinectes sapidus (75.5%,
AAS60227; e-value = 4.87e7140), Eriocheir sinensis (70.3%, ACU65942; e-value =
2.57e713%) and Penaeus monodon (52.4%, ABE03741; e-value = 2.03e%"), as well as
serine proteinase-like proteins from Scylla paramamosain (75.5%, ADG83846; e-value
= 5.22¢7 ) P. monodon (52.1%, ABD62888; e-value = 9.45¢%%) and Pacifastacus
lendusculus (52.7%, ACB41379; e-value = 8.44¢%%). SMART (Simple Modular
Architectural Research Tool; http://smart.embl-heidelberg.de) analysis identified a
putative tryspsin-like serine proteinase (Schnipsel database) which was supported by
the Structural Classification of Proteins (SCOP; http://scop.mrc-lmb.cam.ac.uk/scop),
indicating the same domain (e-value < 5.95e18). SMART warned that this domain
was probably not catalytically active due to the absence of some of the required
catalytic sites, and therefore a serine proteinase homologue (SPH). A further query
against the PDBsum database (http://www.ebi.ac.uk/pdbsum) revealed strongest
identity with the prophenoloxidase activating factor from the beetle Holotrichia
diomphalia (PDB id: 2b9l) (Letunic et al., 2009). Sequence alignment with other
crustacean PPAF's revealed common structural features of PPAFs and serine

proteinase homologs, including an N-terminal clip-domain containing six highly
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FIGURE 4.4: Comparison of haemocyte gross morphology in uninfected and Hemato-
dinium-infected cell cultures. Scale bars = 20 pm.
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CC4 CX4 HX4 HCA4

(a) DEG4

CC16 CX16 HX16 HC16 L

(b) DEG16

FIGURE 4.5: Electrophoresis gel of GeneFishing" results for DEG 4 and DEG 16 com-

paring unexposed granulocytes (control cells: CC), exposed granulocytes (exposed cells:

CX), exposed Hematodinium (HX), and unexposed Hematodinium (Hematodinium con-

trol: HC), compared against a 100-basepair ladder (L) (Sigma-Aldrich). Arrows in CC4
and CC16 indicate potential hits for differentially expressed genes.
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conserved cysteine residues and the catalytic triad His-Asp-Ser located within the
C-terminal trypsin-like serine proteinase domain (Fig 4.6). In non-catalytic serine
proteinase homologs the serine from the catalytic triad is replaced with glycine, as
found in this sequence and identified by SMART.

Sequence DEG4 from granulocyte culture produced a fragment of 833 bp (Accession
numer: FR687022) and 5° RACE extended the gene sequence to a total of 2,257 bp
(Accession number: HE608876). The ORF was comprised of 1,644 bp, coding for an
amino acid sequence of 548 aa, with a 5 UTR of 175 bp and a 3’ UTR of 438 bp.
Comparison of the predicted amino acid sequence to the NCBI BLASTP database
indicated high identity with a number of ATP-dependent RNA helicases, many from
the DEAD-box family. Primary hits were from a number of invertebrates including the
European honey bee Apis mellifera (75%, XP001122489; e-value < 10789)  the
California sea hare Aplysia californica (71.4%, NP001191665; e-value < 107180), the
leaf-cutter ant Acromyrmex echinatior (74.8%, EGI60733; e-value < 10718%), and the
jumping ant Harpegnathos saltator (73.9%, EFN89962; e-value < 10~8%). SMART
analysis of the predicted amino acid sequence identified a DEAD-like helicase
(DEXDc) (e-value = 2.45 e~ 92) and helicase C domain in the Pfam database (e -value
= 2.82 ¢73%) and in PDBsum the highest identities were to a human ATP-dependent
RNA helicase ddx5 (3fe2) (76% target sequence; z-score = 1448.5), Drosophila vasa
(40.7% target identity; z-score = 1146.1) and human ddx3 (47.7% target identity;
z-score = 1110.1). Alignment with other invertebrate DEAD-box ATP-dependent
helicases (Fig 4.7) revealed that all nine conserved motifs (Table 4.4), including the

DEAD-box (motif II), were present in the sequence generated from C. pagurus.

The Hematodinium sp. cells separated from the haemocytes were examined in the
GeneFishing experiment and run against Hematodinium sp. cultures to control for
any parasite genes that were present in challenged haemocyte cultures due to
incomplete separation. This process also provided the opportunity to look for any
differential expression of parasite-specific genes, however the single band identified as

differentially expressed did not result in any successful hits during a BLAST search.

FIGURE 4.6 (facing page): Multiple alignment of amino acid sequences of PPAF's and
SPHs: C. pagurus PPAF, Scylla paramamosain SPH (ADG83846), Portunus trituber-
culatus PPAF (ACN87221), Callinectes sapidus PPAF (AAS60227), Eriocheir sinensis
PPAF (ACUG65942), Penaeus monodon SPH (ABD6288) and PPAF (ABE(03741), and
Pacifasticus leniusculus SPH (ACB41379). The pairwise % identity is 61.4% for these
sequences. The six conserved cysteine residues from the clip-domain are numbered 1-6.
The catalytic triad is marked with blue asterisks (*); the serine has been replaced with
glycine, rendering the protein catalytically inactive. The trypsin-like serine proteinase
domain is double underlined in blue. Amino acid similarity is indicated by color: black
- 100%, dark gray - 80-99%, light gray - 60-79%, white 0-59%.
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TABLE 4.4: Putative functions of the conserved motifs of DEAD-box RNA helicases
as described by Cordin et al. (2006)

Motif Con§ erved Putative function
Region
Highly conserved adenine recognition and ATP-binding site that
Q motif GaaccPohlQ interacts with motif [; necessary for conformational changes within
protein; unique to DEAD-box proteins
Xs:llff)l (Walker A AxTGoGKT Crucial to ATPase activities, common to all helicases
Motif Ta PTRELA R L . .
Motif Th TPGRI Necessary for RNA binding in combination with motifs IV and V

Motif II (DEAD—
box or Walker B DEAD
motif)

Coordinates magnesium ions and hydrolises S-y phosphoanhu-
dride bonds of bound ATP; necessary for ATPase activity

Necessary for linking ATPase and helicase activities; can interact

Mol 111 SAT with motif I and 1I

Motif IV TFhxT+cx Possibly binds ssRNA with RR residues when present; precise
function unclear at present
RNA-binding motif, works with motif Ia, Ib and IV; implicated in

Motif V TDVuARGID signal transmission of RNA binding to ATPase domain; possibly
regulates hydrolysis

Motif VI HRIGRTGR  Implicated in binding and stablising ATP for hydrolysis.

FIGURE 4.7 (facing page):

Multiple alignment of amino acid sequences of

ATP-dependent RNA helicases (DEAD-box): C. pagurus ddx, Apis mellif-
era (XP001122489), Aplysia californica (NP001191665), Harpegnathos saltator

(EEN89962), Acromyrmex echinator (EGI60733). Motif II (DEAD-box) is boxed in

red, eight other conserved motifs are boxed in black. The DEAD/DEAH box helicase

domain is double underlined in blue. Amino acid similarity is indicated by color: black
- 100%, dark gray - 80-99%, light gray - 60-79%, white 0-59%.
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4.3.3 Quantification of gene expression during Hematodinium sp.

infection

Analysis of the host reference gene, S-act, using REST 2009 software found no
significant difference in expression between control and experimental samples, which
indicated that it was suitable for use as an endogenous reference gene in this

experiment.

REST 2009 was used to compare the relative change in gene expression of ppaf and
ddz (and proPO for granulocytes) between control haemocyte cultures and those
exposed to Hematodinium sp. cells. For challenged hyaline cultures, a slight increase
was found in ppaf expression and a slight decrease in ddz expression, however neither
were significant. Challenged granulocytes had decrease in all genes of interest
compared to the reference gene, however none were significant (Table 4.5).

TABLE 4.5: Relative gene expression

of exposed cell cultures compared to
control cell cultures

Gene Expression Ratio®
Cell Type ppaf  ddz proPO
Hyaline Cells 11.19 [1.17 -
Granulocytes [5.08 [4.74 [4.58

“ Genes up- or down-regulated relative to the
reference gene B-act (n = 6)

4.4 Discussion

Similar to other invertebrates, crustaceans lack an adaptive immune system and rely
on innate processes mediated by haemocytes for internal defense. The two primary
haemocyte classes, hyalinocytes and granulocytes, carry out numerous immune
functions such as pathogen recognition, phagocytosis and nodule formation.
Hyalinocytes are largely involved in phagocytosis and nodule formation, while
granulocytes are predominantly in charge of agglutinin release and melanin formation
(Ratcliffe and Rowley, 1979; Smith and Soderhall, 1983, 1991; Battistella et al., 1996).
A key component of the crustacean immune response is the prophenoloxidase (proPO)
activating system, which converts the proenzyme proPO to its active form,
phenoloxidase (PO). PO is then able to catalyze the oxidation of phenols into

quinones, forming fungistatic melanin (used in encapsulation and nodule formation)
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and releasing toxic quinone byproducts (Cerenius and Soderhall, 2004). ProPO
activation is mediated by a proteinase cascade and proPO is ultimately cleaved by a
serine proteinase which is part of a set of prophenoloxidase activating factors (PPAFs).
The cascade is triggered by microbial products such as lipopolysaccharides in bacteria
(Xian et al., 2009) and -1, 3-glucans present in fungal cell walls (Smith and Soderhall,
1983).

4.4.1 In vitro crustacean haemocyte viability

Although continuous cell lines for insect haemocytes have been established (Belloncik
et al., 2007; Mitsuhashi and Shozawa, 1985; Carter et al., 1994; Yasunaga-Aoki et al.,
2004) crustacean haemocyte culture is currently limited to primary culture of short
duration. The current study found hyaline cells to be more robust than granulocyte
cells and retained 65% viability after seven days in vitro, whereas granulocyte cells
decreased to 38% viability after seven days. Smith and Ratcliffe (1978) found that
granulocytes were extremely fragile and easily lysed, particularly in cell clumps, but
that hyalinocytes rarely lysed and could be examined in vitro for up to 7 hours and
retain 98% viability. Walton and Smith (1999) reported keeping viable hyaline cells in
culture for 14 days with viability remaining above 70% at the end of the culture period
and, furthermore, they retained functionality throughout the culture period, measured
by phagocytic activity towards marine bacteria. Extended hyaline cell viability was
supported by hyaline cell cultures from the spiny lobster Panulirus argus that retained
80% viability after 18 days in modified L-15 culture media (Li and Shields, 2007),
whereas granular cells were found to decrease to less than 10% viability after 5-7 days.
Li and Shields (2007) also found that separating granulocytes from hyaline cells
improved the viability of hyaline cultures; degranulation appeared to reduce the
viability of hyaline cells. The seven-day experiment in this study found hyaline cell
viability to decrease to 65% at the end of the experiment. Granulocytes, though
reduced in viability compared to hyaline cells (38%), retained higher viability than
that observed in other crustacean cultures (Li and Shields, 2007), however the decrease
in viability was significant after six days in culture and therefore imposed limitations
on culture studies. For use in expression studies, such low viability is undesirable and
therefore it was decided that culture challenge experiments would be kept to a

maximum time of 48 hours.
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4.4.2 In vitro exposure experiment

Throughout the majority of the exposure experiment, little obvious change in gross
morphology was observed between challenged and naive cultures of granulocytes or
hyaline cells. The single exception was a mild aggregation response forming on day
seven in challenged hyaline cultures. Localised haemocyte recruitment is an important
immune response in which haemocytes aggregate around foreign material to either
phagocytose it or encapsulate it to prevent spread of the infection (Takle, 1986). No
signs of phagocytosis or encapsulation were apparent in the cultures, although
encapsulation was one of the few observations of immune response observed in the
Tanner crab Chionecetes bairdi in response to Hematodinium sp. infection. Cell
rounding has been associated with aggregation responses in cockroach haemocytes in
culture as the cells round up to increase motility (Takle, 1986), however there was no

evidence of this trait in C. pagurus hyaline cells in wvitro.

Changes in cell morphology have been observed for a number of invertebrates in
response to pathogens, parasites, viruses or harmful algal toxins ((Strand, 1994;
Humbert and Coustau, 2001; Hegaret et al., 2011) and see Loker (1994) for review).
Haemocytes from Manila clams Ruditapes phillipinarum exposed in vitro to the toxic
dinoflagellate Karenia selliformis showed a decrease in haemocyte complexity, reactive
oxygen species production and cell adhesion. Additionally, there was a significant
decrease in haemocyte viability (Hegaret et al., 2011). In vitro exposure of haemocytes
from the snail Biomphalaria glabrata to excretory-secretory products of the trematode
parasite Echinostoma caproni resulted in inhibited haemocyte adhesion and
phagocytosis, indicating a potential mechanism of immune resistance by the parasite
(Humbert and Coustau, 2001). Primary culture of soybean looper moth Chrysodeizis
includens (syn: Pseudoplusia includens) haemocytes also showed loss of cell adhesion
as well as apoptosis and melanisation when exposed to parasites or MdABV (Microplitis
demolitor bracovirus)-infected larvae (Strand and Noda, 1991; Strand, 1994; Strand
and Pech, 1995). In the present study, apart from the slight hyaline response on day
seven, no other evidence of cell rounding, degranulation or loss of adhesion was
observed in any of the cultures, indicating that short-term haemocyte response is

limited in Cancer pagurus during in vitro challenge with Hematodinium sp.

A potential alternative to crustacean haemocyte culture is to use tissue culture
instead. Indeed, it has been noted by researchers using continuous cell lines from insect
haemocytes that the cells do not retain their original function for very long (Belloncik
et al., 2007) and tissue cultures may be more reliable. Furthermore, in continuous cell
lines generated from other insect tissues such as ovaries and embryos, there have been

many observations of the cells having immunoreactive traits and responding in a
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similar manner to haemocytes. The mosquito Anopheles gambiae continuous cell line
4a-3B, originated from whole A. gambiae larvae, was found to secrete
prophenoloxidase and has therefore been used as a tool for studying the immune
response to the malarial parasite Plasmodium falciparum (Muller et al., 1999). The
same cell line also showed expression of defensin and Gram-negative bacteria-binding
protein, leading the researchers to believe the cell line is haemocyte-derived.
Crustacean tissues such as haemopoietic tissue and lymphoid tissue may serve as
suitable alternatives to haemocytes for immune studies. Haemopoietic tissue contains
precursor cells to circulating haemocytes and has been maintained in culture for up to
three months (Brody and Chang, 1989). Furthermore, recent research has identified a
cytokine in Pacifastacus leniusculus, called astakine, which has been found to increase
cell proliferation and differentiation in haemopoietic tissue cell in culture (Soderhall et
al., 2005; Lin et al., 2008a; Soderhall and Lin, 2011). The addition of astakine to
haemopoietic tissue cultures challenged with WSSV was found to increase the
infection, leading the authors to suggest that WSSV favours dividing cells
(Jiravanichpaisal et al., 20060).

Recent work has also looked into the use of alternate species to study immune response
to viruses. Sriton et al. (2009) used common and readily available continuous insect cell
lines and infected them with white spot syndrome virus (WSSV) and yellow head virus
(YHV). Both viruses are frequently found in crustaceans and outbreaks are a threat to
shrimp culture, however lack of a continuous cell line to propagate the virus has led to
difficulty studying their interactions with immune cells. Insect cells were readily
infected by the viruses, though they showed no morphological signs of infection, and
were able to be passaged extensively. Although it was thought that specific receptors
were required for virus invasion, it appeared that was not the case. It may be possible
to use established insect cell cultures to study crustacean pathogens, though this has

not been tried and receptors may prove more crucial for bacterial or fungal pathogens.

4.4.3 Differentially expressed haemocyte genes during

Hematodinium sp. exposure in vitro

In this study a differential display technique (GeneFishing™) was used to identify
potentially relevant changes in gene expression of haemocytes from Cancer pagurus
exposed to the dinoflagellate parasite Hematodinium sp. This technique, involving
conventional PCR and gel electrophoresis, identified two relevant genes of interest
coding for a prophenoloxidase activating factor (ppaf) and a DEAD-box
ATP-dependent RNA helicase (ddz). Five further genes were cloned and sequenced
however they were not successfully identified using BLAST.
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4.4.3.1 Prophenoloxidase Activating Factor (ppaf)

DEG16, selected by GeneFishing, was identified in a BLAST search as a
prophenoloxidase activating factor (PPAF). PPAFs encompass the set of molecules
involved in activating the prophenoloxidase cascade, including the prophenoloxidase
activating enzyme (PPAE) and additional cofactors. All of these molecules are referred
to as PPAFs and contain an N-terminus clip domain and a highly conserved
C-terminus proteinase domain. PPAF cofactors include a group of serine proteinases
and serine proteinase homologues (SPHs) which are separated by their proteolytic
activity. SPHs are non-proteolytic because the serine residue at the catalytic site has

been replaced with glycine (Fig 4.6).

PPAFs have been found in numerous insects including Manduca sexta (Yu et al.,
2003), Holotrichia diomphalia(Lee et al., 1998b,a) and Bombyx mori (Satoh et al.,
1999), as well as in a number of crustaceans such as Portunus trituberculatus (Cui et
al., 2010), Penaeus monodon (Charoensapsri et al., 2009) and Callinectes sapidus
(Buda and Shafer, 2005). The role of SPHs in invertebrates is typically associated with
immune response, though it is not limited to this function. Many SPHs are found in
haemocytes (Qin et al., 2010; Cui et al., 2010; Okumura, 2007; Charoensapsri et al.,
2009), however other tissues such as hepatopancreas and eyestalk (Cui et al., 2010; Qin
et al., 2010) have shown high expression levels and the ppaf isolated from C. sapidus
was upregulated in the hypodermal tissue of pre-moult animals and is predicted to

contribute to tanning of the exoskeleton (Buda and Shafer, 2005).

Although PO activity is not limited to immune function, it is well-established that the
PO cascade plays a primary role in immune response (Soderhall and Cerenius, 1998;
Cerenius and Soderhall, 2004). It is likely that SPHs isolated from haemocytes are
most likely acting in a defensive capacity, particularly during intermolt periods. A
large body of research is focussed on the immune involvement of SPHs, and
particularly in relation to the proPO pathway. M. sexta required an SPH to be present
for the prophenoloxidase activating protein (PAP) to cleave proPO into its active form
(Yu et al., 2003) and similarly H. diomphalia required a 45-kDa masquerade-like SPH
for PPAF-I to activate proPO (Kwon et al., 2000). In addition to assisting in PPO
activation, crustacean SPHs have been implicated in opsonin-like activity and pattern
recognition (Huang et al., 2000; Jitvaropas et al., 2009). Shrimp injected with bacteria
pretreated with purified masquerade-like serine proteinase were able to clear the
treated bacteria significantly faster than untreated control bacteria, indicating an
opsonic characteristic. Furthermore, the ability for the protein to bind to both Vibrio
harveyi and LPS implicates the protein as a pattern recognition molecule (Jitvaropas
et al., 2009). Both Jitvaropas et al. (2009) and Huang et al. (2000) have shown cell
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adhesion properties for masquerade-like serine proteinases. Although GeneFishing'
can not give an indication as to the specific role of the ppaf in this experiment, it is
likely to be immune-related. It is evident that crustacean serine proteinase homologues
function in a variety of immune capacities, though further investigation is required to

determine the exact role of the ppaf found in this study.

4.4.3.2 DEAD-box ATP-dependent RNA helicase (ddz)

A DEAD-box ATP-dependent RNA helicase was also identified by differential display
as being involved in an early granulocyte response to the parasite. DEAD-box proteins
are named from the conserved motif Asp-Glu-Ala-Asp (DEAD in IUPAC one-letter
code) (Fig 4.7) which is required for ATP hydrolysis (Linder et al., 1989; Rocak and
Linder, 2004). Cellular functions undertaken by DEAD-box proteins include, but are
not limited to, transcription, RNA transport, preemRNA splicing and RNA decay (Py
et al., 1996; Tseng et al., 1998; Cordin et al., 2006). The gene fragment generated from
this experiment had high identity with ddx17, which codes for both p72 and p82 RNA
helicase, as well as to ddz5, which codes for p68. Ddx5 and ddx17 are the most closely
related members in the family and have been proven to carry out a number of
functions such as unwinding RNA and initiating gene transcription (Janknecht, 2010).
Furthermore, ddz17 and ddz5 have been found to be crucial to cell proliferation and
survival (Jalal et al., 2007) which could have a knock-on effect for efficient immune
response in a haemocyte-driven immune system. Individual knock-down of p68, p72 or
p82 caused only a slight decrease in the proliferation of HeLa cells, however when all
three were simultaneously knocked down, cell proliferation ceased and DNA replication
was blocked (Jalal et al., 2007). The DEAD-box protein 3 (ddx3), to which C. pagurus
ddz had high identity with using PDBsum, has also been implicated as an activator of
interferon regulatory proteins in the innate immune response to the vaccinia virus
(Schroder et al., 2008) and other DEAD box proteins have been identified as crucial
elements in the proliferation of HIV as mRNA transporters (Yedavalli et al., 2004).

The expression of ddz in this culture is quite remarkable for the fact that, in
invertebrates, it is typically studied in embryonic and germ cells (Schupbach and
Wischaus, 1986; Aflalo et al., 2007; Nakkrasae and Damrongphol, 2007; Shukalyuk et
al., 2007) and is particularly related to cellular growth and division. To date, studies of
crustacean DEAD-box proteins and gene expression have been limited to the vasa-like
gene involved in germ cell development (Aflalo et al., 2007; Nakkrasae and
Damrongphol, 2007; Shukalyuk et al., 2007). The vasa gene is a DEAD-box family
member originally studied in posterior development of Drosophila melanogaster

embryos (Schupbach and Wischaus, 1986). Vasa-like genes have now been identified in
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the Pacific white shrimp Litopenaeus vannamei (Aflalo et al., 2007), the giant
freshwater prawn Macrobrachium rosenbergii (Nakkrasae and Damrongphol, 2007), the
amphipod Parhyale hawaiensis (Ozhan-Kizil et al., 2009) and the green mud crab
Scylla paramamosain (Wang et al., 2011). All of these studies have located vasa in
ovary and testis, but not in other tissues such as heart, stomach or hepatopancreas.
Importantly, however, vasa appears to be essential to cell differentiation (Aflalo et al.,
2007; Nakkrasae and Damrongphol, 2007) and proliferation and maintenance
(Ozhan-Kizil et al., 2009). Similar to ddz5 and ddz17 knock-down in HeLa cells (Jalal
et al., 2007), knock-down of vasa in P. hawaiensis stopped cell division, indicating
that vasa is necessary for cell proliferation (Ozhan-Kizil et al., 2009). Based on current
knowledge regarding the limited observations of crustacean cell proliferation in wvitro,
gene expression studies using DEAD-box genes could be useful in optimising cell
culture parameters. Upregulation of DEAD-box genes could indicate stimulation of cell
division and therefore act as an indicator of cell culture conditions. It is clear that
further investigation is needed into the role of DEAD-box proteins in crustacean
haemocytes kept in culture to determine their exact function and determine their

efficacy as culture condition monitors.

4.4.4 Gene Expression

Having sequenced the aforementioned genes, the ultimate goal of this study was to
explore the changes in expression of each gene in response to parasite infection. Due to
the fact that crustacean immunity is based primarily on the response of haemocytes to
invading pathogens, it is likely that this would be the first place to see evidence of
changes in gene expression of relevant immune genes. Ppafs and proPO have been
found to vary during infection both in vitro and in vivo (Cerenius et al., 2003; Hauton
et al., 2005; Ai et al., 2008; Charoensapsri et al., 2009; Liu et al., 2010).

To validate the differential display results from GeneFishing ", gene expression analysis
was carried out on a broader sample set (n = 6 for each haemocyte type) and the
analysis of the proPO gene was included for granulocyte cultures as well. The main
finding in the gene expression portion of this study was that no significant change was
observed in the immune-related genes proPO and ppaf as well as the ATP-dependent
RNA helicase ddz. These findings indicate that Hematodinium sp. does not elicit a
transcriptional response in individual haemocyte populations for the genes examined in

C. pagurus.

Similarly, proPO and serine proteinase expression in Pacific white shrimp Litopenaeus
vannamei was found to remain stable when individuals were injected with

lipopolysaccharide (LPS) from Escherichia coli although genes coding for the
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antimicrobial peptides penaeidin (PEN2, PEN3, PEN4) and crustin were significantly
decreased (Okumura, 2007). Okumura (2007) proposed that this could be due to
proPO enzyme already being present and merely needing serine proteinases to initialise
the cascade rather than altering gene expression, however many studies have observed

changes in proPO, including exposure to LPS.

Crustacean immune gene responses have been found to fluctuate dramatically over
time, with expression changes varying from 1-hour up to 96 hours post-challenge
(Cerenius et al., 2003; Gai et al., 2008; Liu et al., 2010). Crustacean proPO enzyme
activity is frequently found to change when exposed to various pathogens and
pathogen associated stimulants (Sung et al., 1996; Hauton et al., 1997b; Cerenius et
al., 2003; Perazzolo and Barracco, 1997; Ji et al., 2011). More recently, this has been
observed using proPO gene expression analysis. After observing an increase in proPO
expression in Macrobrachium rosenbergii one hour post-injection with the pathogen
associated molecular pattern (PAMP) CpG oligodeoxynucleotide Lu et al. (2006)
proposed that in vitro studies longer than a few hours may miss the proPO expression
response, which if true, could be a possible reason for the lack of change during this
study. However, many immune gene expression changes have been observed after 12 to
48 hours, meaning 24 hours would be an optimal time to observe a response to
Hematodinium. Hauton et al. (2005) found proPO to be elevated only after 24 hours
and no significant expression changes after three hours. A similar result was found in
crustin expression of Hyas araneus granulocytes exposed to L. anguillarum where
expression was increased after 24 hours, but no significant change was observed after 5
hours and expression levels had decreased again after 48 hours (Sperstad et al., 2010).
In vivo studies support the observed in vitro timelines. Mud crabs Scylla serrata
injected with LPS had increased proPO expression after 12 hours and were still
elevated after 48 hours compared to saline-injected control animals (Ko et al., 2007).
Similarly, Eriochier sinensis showed expression peaks after 2, 12 and 48 hours
post-injection with the bacteria Vibrio anguillarum, the most marked increase being
after 12 hours (Gai et al., 2008). The freshwater crayfish Astacus astacus also showed

increased proPO expression 12 hours post-laminarin injection (Cerenius et al., 2003).

ppaf gene expression has shown comparable results to proPO by showing upregulation
in haemocytes and subcuticular epidermis of the crab Scylla paramamosain during
bacterial challenge with Vibrio parahaemolyticus after 24 hours and remaining elevated
up to 96 hours (Liu et al., 2010). Eriocheir sinensis and Portunus trituberculatus
SPHs were similarly affected by bacterial challenge (Qin et al., 2010; Cui et al., 2010)
and the masquerade-like SPH from P. monodon showed upregulation during Vibrio

harveyii challenge (Jitvaropas et al., 2009).
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It is clear that proPO and PPAFs respond to numerous invading pathogens during
internal defense reactions in crustaceans, however it is not a consistent reaction to all
pathogens across all crustacean species. The lack of response to LPS in L. vannamesi
(Okumura, 2007) and the stability of expression in granulocytes of H. gammarus to
certain immunostimulants (Hauton et al., 2005) suggests a certain specificity must be
met. The nature of the Hematodinium sp. surface coat is unknown and it is also
unclear whether the parasites secrete any enzymes or proteins that may interfere with
internal defense. Further investigation into these parameters is needed to define the

interactions between the parasite and C. pagurus haemocytes.

This is the first report of ddx being identified in crustacean haemocytes and the
specific functional role of of this gene is unknown for C. pagarus making speculation
regarding gene expression changes, even if not significant, difficult. Sequence similarity
to ddz5 and ddx17 would indicate that it is likely that C. pagurus ddz is involved in
cell proliferation (Jalal et al., 2007). In mice, the protozoan parasite Trypanosoma
cruzi has been found to inhibit T cell proliferation via a complex pathway of molecular
activation and inhibition of interleukin 2 (IL-2) synthesis (Alcaide and Fresno, 2004).
In short, parasite molecules activate T-cells which in turn activate myeloid cells to
produce large amounts of nitric oxide (NO). NO enhances T-cell proliferation at low
concentrations, however high levels of NO are cytotoxic and cause a decrease in T-cell
proliferation (Niedbala et al., 2006). Although DEAD-box proteins have not been
implicated in this method of suppression, it is clear that parasites are capable of
intricate methods of immune suppression and are capable of acting at a transcriptional
level. It was not within the scope of the current study, however further investigation
into the role of ddz in the haemopoietic tissue of crustacean hosts during parasite
infection may help to establish whether Hematodinium sp. is capable of affecting cell

proliferation.

The data reported here are from separated haemocyte cultures and in vitro limitations
may have played a role in the resultant gene expression. Although cell culture has its
advantages in controlling experimental parameters, the full complement of plasma
factors and interactions with other tissue cell types are absent. Hauton et al. (2005)
recognised this limitation when exposing H. gammurus granulocytes to
immunostimulants and Lu et al. (2006) suggested that this may be the case for LPS
and laminarin-like plasma factors. Furthermore, individual cell types have been found
to communicate in response to pathogens (Johansson and Soderhall, 1989; Soderhall et
al., 1990). For example, semigranular cells from the crayfish Pacifastacus leniusculus
had an enhanced encapsulation response towards glass beads when they had been
previously coated with haemocyte lysate supernatant in which haemocytes had

previously degranulated (Kobayashi et al., 1990).
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4.4.4.1 Limitations of differential display

Despite GeneFishing" evidence that ppaf and ddz were more highly expressed in
uninfected cultures, this was not supported by qPCR. False positives, such as the ones
found here, are quite frequent for a variety of differential display techniques and
therefore require validation by another method, such as qPCR. Differential
display-PCR is particularly susceptible to non-specific primer binding and a bias
towards high copy number mRNAs (Ledakis et al., 1998) and Rajeevan et al. (2001)
found that genes identified using DNA array with a 2- to 4-fold change were not
reliable and required validation. G‘reneFiShingTM is designed to reduce false positives by
using annealing control primers, however this study was also limited by the use of cell
cultures from an individual animal as opposed to pooled cell culture. Physiological
differences in a single animal (ie. varying stress levels, secondary infection) may not
transfer to an entire population and therefore the differences seen when cultures from

several animals are analysed together result in no significant change.

4.4.5 Haemocyte response to Hematodinium sp. challenge in vitro

Based on previous observations of animals infected with Hematodinium sp., the
current in vitro results support previous evidence of a limited host immune response.
Very few studies have noted an immunological response to Hematodinium and no
research to date has specifically targeted immune function. The few studies that have
mentioned an immune response have been discovered primarily during histological
examination of infected animals or from haemocyte counts. Several researchers have
noted decreases in haemocyte numbers, possibly due to host cell lysis while fighting
infection (Field and Appleton, 1995; Shields and Squyars, 2000; Meyers et al., 1987).
Shields and Squyars (2000) also observed an increase in the proportion of granulocytes
to hyalinocytes, implying that hyalinocytes were being consumed to encapsulate
parasite cells. This could lead to an increased need for cell proliferation to maintain a

sufficient immune response.

A cell proliferation response is supported by evidence of increased size of the
haemopoietic tissue of infected N. norvegicus, possibly triggered by parasite invasion.
Haemopoietic tissue was affected enough to be visible to the naked eye and was swollen
and yellow (Field and Appleton, 1995; Field et al., 1992). Despite the increased
activity, however, very few newly differentiated cells were observed and most of the
nearby haemal space was occupied by parasite cells (Field and Appleton, 1995). A

more detailed study involving gene expression changes of ddz in the haemopoietic
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tissue may provide more insight into how cell proliferation varies during parasite

infection.

As mentioned earlier, immune suppression and avoidance is a common trait of internal
parasites that wish to keep their host alive yet also avoid detection by host internal
defense mechanisms. Immune suppression has the associated risk of allowing
co-infection causing competition for host resources. It is possible this is the case for
Hematodinium sp. As yet there have been no studies directly examining the method of
avoidance or suppression, however GeneFishing  results in the present study have
indicated a differentially expressed fragment from Hematodinium sp. The gene
fragment was not able to be identified in the present study, however further
examination of differentially expressed parasite genes could prove worthwhile insight

into Hematodinium-host interactions.

Furthermore, it has been suggested that Hematodinium sp. may be able to suppress or
avoid the immune system of its crustacean hosts. Stentiford et al. (Stentiford et al.,
2003) found that C. pagurus co-infected with Hematodinium and a yeast-like organism
produced an immune response to the yeast-like organism while the Hematodinium cells
remained largely unaffected. Yeast-like cells were contained in large haemocyte
encapsulations in the haemal sinuses of the hepatopancreas and there were melanised
encapsulations found within the gill lamellae and connective tissue of the midgut wall.
There were no signs of encapsulations or melanisation events containing
Hematodinium. Immune suppression is reported from other parasites as well and the
Ichneumonid parasitoid Campoletis sonorensis has been found to inhibit PO activity
in its moth larvae host Heliothis virescens (Shelby et al., 2000). Parasitoid wasps infect
their hosts with polydnaviruses, causing loss of haemocytic adhesive capabilities,
inhibition of melanisation pathways or cell lysis (see review Beckage (1998)). While it
is unlikely that Hematodinium is using a method as extreme as polydnaviruses it is
possible there may be some form of immune suppression involved or that the cell wall
components of Hematodinium may not be recognised as non-self as is often found in
bacteria or fungi. The results of the present study (stable expression of all genes,
consistent morphology and viability between exposed and control cultures) provide
stronger evidence for avoidance of the immune response by Hematodinium sp. cells,
however this requires further investigation and the observations of in vitro studies

must be supported by in vivo studies.

Alternatively, there is the potential for Hematodinium sp. to interfere in host internal
defense at a post-transcriptional level. The polydnavirus CsPDV injected into H.
viriscens with C. sonorensis larvae has been found to inhibit translation of the host’s

growth proteins (Shelby and Webb, 1997). Infected host larvae were found to have
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reduced plasma concentrations of the growth-related storage proteins p82 (Riboflavin
binding hexamer) and p74/p76 (arylphorin) although mRNA analysis found no change
in expression levels of the genes coding for them. This indicated that the inhibition
was occurring post-transcriptionally and the authors hypothesised that parasites were
inhibiting translation of these proteins in order to commandeer the resources for
parasite development (Shelby and Webb, 1997). In addition to being classed as a
parasite, Hematodinium is also a dinoflagellate, of which there are several toxic species
known to cause alterations to immune parameters in bivalves (Hegaret and Wikfors,
2005; Hegaret et al., 2011). The dinoflagellate Prorocentrum minimum was found to
decrease cell complexity in quahogs Mercenaria mercenaria and phagocytosis in soft
shell clams Mya arenaria; Karenia selliformis also inhibited cell adhesion and
decreased reactive oxygen species formation and phagocytosis in Manila clams
Ruditapes philippinarum (Hegaret et al., 2011). It is possible that Hematodinium sp.
secrete toxins or inhibitory molecules which interact directly with host proteins or
other immune factors and would not be evident during gene expression studies. There
is a need, therefore, to examine host immune parameters using immune assays in order

to support gene expression analysis.

4.4.6 Conclusions

The lack of response of either granulocytes or hyaline cells to the presence of
Hematodinium sp. in vitro suggests limited recognition of the parasite whilst under
culture conditions. It is possible that ¢n vitro conditions removed an essential humoral
recognition factor, however haemocyte cells were in direct contact with parasite cells
and still no positive signs of recognition were present. Hematodinium sp. also did not
appear to directly interfere with haemocyte morphology as no difference in cell
appearance (cell adhesion, cell rounding or degranulation) was apparent between
exposed and control cultures. Additionally, no differences were found in haemocyte

viability indicating that parasite cells were not directly reducing haemocyte numbers.

The differential display technique, GeneFishingTM, identified two novel genes in
uninfected granulocyte cultures: a prophenoloxidase activating factor (ppaf) and a
DEAD-box ATP-dependent RNA helicase (ddz). Gene expression analysis of a larger
sample set of cultures was unable to confirm a change in expression of either gene
between exposed and control cultures from either granulocyte or hyaline cells.
Expression of the prophenoloxidase gene (proP0O) in granulocytes also did not vary
between exposed and control cultures. The stable expression of these genes shows that

Hematodinium sp. does not interfere at the trasncriptional level with the
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prophenoloxidase system of separated haemocyte populations in vitro, nor does the

parasite act on the mRNA expression of ddz.

In wvitro experiments were an incredibly useful tool for studying direct cell-cell
interactions between Hematodinium sp. and separated haemocyte populations and had
the added advantage of removing confounding factors such as secondary infections
from opportunistic pathogens. However, in vitro experiments are not a replacement for
in vivo studies and it is important to examine the interactions of Hematodinium sp.
with its host under natural conditions. In order to further explore the effects of
Hematodinium sp. on immune function, in vivo studies of naturally infected
crustacean hosts were undertaken using both immune assays (Chapter 5) and gene
expression analysis (Chapter 6). Due to difficulty in obtaining infected Cancer pagurus
and the lack of success with experimentally instigated infections, Nephrops norvegicus

from the Clyde Sea Area, Scotland were used for the in vivo studies.






Chapter 5

Effect of Hematodinium sp.
infection on multiple immune
parameters of Nephrops
norvegicus from the Clyde Sea
Area, Scotland

5.1 Introduction

5.1.1 Hematodinium in the Clyde Sea

Nephrops norvegicus with an unusual pathology were originally observed in the Firth
of Clyde in the 1980s during a routine biological investigation. Animals were observed
to have opaque joints, creamy haemolymph and ‘watery’ muscle structure. The
animals were also very lethargic and the carapace colour was a dull orange. Initial
investigations determined that the symptoms were related to moult status as infected
individuals were usually encountered seasonally. However, by 1987 fishers and
processors had raised more widespread concern and further investigations were
instigated (Field, 1992). The results of the investigation revealed a non-motile
protistan parasite in the haemal spaces that was formally identified as Hematodinium
sp. in 1992 (Field et al., 1992).

Prevalence of Hematodinium sp. infection in Clyde Sea populations of N. norvegicus

has been well-studied and there is an obvious seasonality to the disease. Patent
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infections have been observed from December until June with peaks usually occurring
between March and May (Field et al., 1992, 1998; Stentiford et al., 2001¢,b). More
sensitive detection methods, including Western blot and ELISA, were able to detect
subpatent infections earlier in the season (Stentiford et al., 2001¢; Small, 2004). PCR
detection of Hematodinium infection in several other crustacean species in the Clyde
Sea found similar seasonality of infection prevalence with peaks during February and
April. Cancer pagurus and Carcinus maenas were also found to have a prevalence
peak in November (Hamilton et al., 2009). Prevalence in N. norvegicus has been found
to be higher in both females and smaller males (Field et al., 1992, 1998; Stentiford et
al., 2001b). Stentiford et al. (2001b) suggested that female lobsters may provide a
proliferative advantage for parasite cells due to the higher proportion of
hepatopancreatic tissue found in females. Hepatopancreas has been identified as a
nutrient storage organ and found to contain high concentrations of glycogen and lipid
which are likely to be necessary for rapid parasite growth. Similarly, smaller animals
also have a higher proportion of hepatopancreatic tissue which could account for
higher infection prevalence in smaller individuals Stentiford et al. (2001b). Moult
status has also been implicated in prevalence studies and Stentiford et al. (2001b)
suggested that mobilisation of stored reserves from lobster hepatopancreas into the
haemolymph to sustain the animal through late pre-moult and post-moult fasting may
provide enhanced conditions for parasite proliferation. Field et al. (1992) found the
highest infection prevalence to be in intermoult animals; however, recently moulted
animals were not examined. Furthermore, infection status was determined using
pleopod staging which may not have been sensitive enough to detect infections in

recently moulted individuals.

5.1.2 Physiological and biochemical impacts of Hematodinium

infection on its hosts

As suggested by Stentiford et al. (2001b), host physiology may play an important role
in infection status; extreme increases in crustacean hyperglycemic hormone (which
stimulates glycogen release) are evident immediately before moulting which is
coincident with the seasonal infection peak of Hematodinium sp. in N. norvegicus. It is
therefore possible that moult physiology creates a favourable environment for the rapid
growth of parasite cells. More relevant to this study, however, is that host physiology
has also been found to be affected as a result of parasite infection (Love et al., 1996;
Taylor et al., 1996; Stentiford et al., 1999, 2000, 2001 ¢; Shields et al., 2005; Hamilton
et al., 2010) and physiological factors can strongly influence immune response.

Physiological studies have included measurements of oxygen consumption (Taylor et



Chapter 5: Immune response to Hematodinium infection in N. norvegicus 131

al., 1996), tissue protein and glycogen (Stentiford et al., 2000, 2001¢; Shields, 2003),
free amino acids (Stentiford et al., 1999, 2000), stress hormones (Stentiford et al.,
2001¢) and haemolymph components (Love et al., 1996; Stentiford et al., 1999; Shields,
2003; Hamilton et al., 2010). These studies have indicated that crustaceans infected
with Hematodinium sp. suffer significant metabolic and respiratory stress. All of these
stressors have the potential to impact immune response, however to date, no studies
have explored the direct impacts on immune responses such as phenoloxidase activity

and superoxide production.

Of the physiological studies to date, two parameters were strongly immune related:
haemagglutinin capabilities and haemocyanin availability. As previously mentioned in
Chapter 1.4.3, agglutination is an immune response in which foreign material,
recognised by surface carbohydrates, is clumped together to prevent it spreading
further throughout the organism and to facilitate a localised immune response.
Previous studies have found no significant change in agglutinin activity between
uninfected blue crabs Callinectes sapidus and those with varying levels of
Hematodinium infection, suggesting that agglutination does not play a role in
Hematodinium sp. recognition. Measures of agglutinating activity in the presence of
pathogens have been recorded for several crustacean species with varying results
(Murali et al., 1994; Sritunyalucksana et al., 1999; Song et al., 2003) and several
pathogens, particularly viruses, have been found to inhibit agglutinin activity (Pais et
al., 2007). A haemagglutinin inhibition assay on the hermit crab Diogenes affinis
found that haemagglutination was inhibited in the presence of lipopolysaccharide
(LPS) from Salmonella abortus and Murali et al. (1999) suggested that D. affinis
agglutinins were likely to have a specificity for the acetyl groups found in the LPS
coats of bacteria. In contrasting observations, haemagglutinin activity was increased in
the freshwater prawn Macrobrachium rosenbergii following injection with white spot
syndrome virus (WSSV), however decreased in the tiger shrimp Penaeus monodon
(Pais et al., 2007). These results suggested that agglutinins played a role in immune
defense of M. rosenbergii towards WSSV, but that agglutinin activity was potentially
virus-inhibited in P. monodon. Conversely, several immunostimulants and bacterial
components were found to have no effect on agglutinin activity in haemolymph from P.
monodon (Sritunyalucksana et al., 1999). So far it is unclear whether Hematodinium
sp. possess surface carbohydrates that hosts recognition molecules identify as non-self,
however agglutination studies could shed some light on whether agglutination plays a

role on Hematodinium sp. recognition.

In further plasma physiology studies, haemocyanin concentrations were found to
significantly decrease in Hematodinium-infected male blue crabs, Callinectes sapidus,

however concentrations remained stable in infected females (Shields, 2003). Heavily



Chapter 5: Immune response to Hematodinium infection in N. norvegicus 132

infected Tanner crabs Chionoecetes bairdi also had significantly reduced haemocyanin
levels (Love et al., 1996). Haemocyanin is a copper-containing protein primarily
involved in carrying oxygen, however it has also been implicated in the immune
response as sharing phenoloxidase-like capabilities (Adachi et al., 2003;
Perdomo-Morales et al., 2008) and as a source of antimicrobial peptides
(Destoumieux-Garzon et al., 2001; Lee et al., 2003; Decker and Jaenicke, 2004).
Antimicrobial peptides such as astacidin from crayfish and anti-fungal peptides from
shrimp have been found to have identical sequences to haemocyanin and are believed
to be derived from the haemocyanin peptide by proteolytic cleavage in the presence of
PAMPs (pathogen-associated molecular patterns) such as LPS and /1,3-glucans
(Destoumieux-Garzon et al., 2001; Lee et al., 2003).

Several other physiological studies have examined parameters that affect whole animal
health and thereby have indirect effects on host immunity. Haemocyanin constitutes up
to 90% of haemolymph proteins and, as expected due to the decrease in haemocyanin
in infected animals, male blue crabs had significantly reduced total serum proteins
during heavy Hematodinium infection (Shields, 2003). Shields (2003) suggested that
this may have been the result of the log-phase growth period of Hematodinium rapidly
consuming Callinectes sapidus haemolymph components. Interestingly, these responses
were only evident in male crabs, females showed no significant change in haemocyanin
or total serum protein concentration (Shields, 2003) and N. norvegicus abdominal
muscle protein concentrations also remained stable in both sexes (Stentiford et al.,
2000). Female Tanner crabs Chionoecetes bairdi, however, were reported to respond
similarly to male blue crabs and had reduced haemocyanin levels during heavy
infection (Love et al., 1996). Disruption of the hepatopancreatic tissue, where
haemocyanin is synthesised, has frequently been observed during pathological studies

of infected animals and could be a cause for the reduction in haemocyanin levels.

Carbohydrate levels have frequently been studied as an indicator of physiological stress
in crustaceans in response to infection and other external stressors such as hypoxia and
emersion (Oliveira et al., 2001; Ridgway et al., 2006). In Hematodinium-infected
crustaceans, studies have been made on glucose and glycogen concentrations (Love et
al., 1996; Stentiford et al., 2000, 2001 ¢; Shields, 2003) as well as the crustacean
hyperglycemic hormone (CHH) (Stentiford et al., 2001¢). Glucose and glycogen are
important energy reserves for crustaceans. Glucose is a simple sugar used as the
primary energy source for cells and is generated from dietary carbohydrates. The
conversion of glucose to pyruvate via the glycolytic pathway in the cell’s cytosol
releases free energy which is retained in the form of ATP (adenosine triphosphate).
When glucose is plentiful it is stored as glycogen (a homopolymer of glucose),

primarily in the hepatopancreas, and released when haemolymph glucose levels are low
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(Berg et al., 2007). In Nephrops norvegicus infected with Hematodinium sp.
haemolymph glucose was significantly reduced when compared to uninfected animals
(Stentiford et al., 2001¢). Conversely, Hudson (1995) reported an increase in glucose in
Hematodinium-infected Portunus pelagicus, however the report was based on a single
infected animal compared to the ‘normal’ range of several uninfected animals and can
not be considered a representative sample. Tissue glycogen levels from both muscle
tissue and the hepatopancreas were reduced in both C. sapidus and N. norvegicus
during Hematodinium infection (Stentiford et al., 2001¢; Shields, 2003). Furthermore,
CHH levels in infected N. norvegicus steadily increased with increased infection
(Stentiford et al., 2001¢). CHH is a neuropeptide responsible for activating the release
of glycogen from storage and is triggered by plasma glucose levels (Fanjul-Moles,
2006). Despite the increasing CHH levels of infected animals, glucose and glycogen
levels continued to drop and Stentiford et al. (2001¢) suggested that it is likely the
parasites consume glucose and so interfere with the negative feedback system for CHH.
Alternatively, Stentiford et al. (2001¢) suggested that increased levels of CHH before
moulting cause an increase in plasma glucose levels providing an ideal growth medium
for parasites during which they proliferate extensively and overcome their host. Thus,

the parasite could either be the cause of CHH increase or as a result of CHH increase.

Further reported signs of metabolic stress have included changes in enzyme
constituents (Shields, 2003), and free amino acid availability (Stentiford et al., 1999,
2000). Acid phosphatase levels in haemolymph of infected C. sapidus were significantly
higher than uninfected animals, as was napthol AS-BI phosphohydrolase and
B-galactosidase (Shields, 2003). a-fucosidase was also reported to be higher in
uninfected animals. Stentiford and Shields (2005) suggested that these biochemical
changes are likely due to a collapse of metabolic homeostasis and may be markers of
virulence. Total free amino acid profiles of haemolymph and deep abdominal flexor
muscle of N. norvegicus were significantly increased in late stage Hematodinium
infection (Stentiford et al., 1999, 2000). Specifically, taurine and serine were increased
as infection increased, associated with, and likely due to, the release of amino acids as
tissues and haemocytes degraded during the progress of infection. Taurine is
particularly linked with hepatopancreatic tissue which is known to suffer severe
degradation during infection (Meyers et al., 1987; Field et al., 1992; Stentiford et al.,
2002; Xu et al., 2010) and, as serine is required to synthesise taurine, it is probable the
levels of both are linked (Stentiford et al., 1999).

In addition to metabolic stress, respiratory stress is equally affected by Hematodinium
infection. Oxygen consumption of infected N. norvegicus increased with infection
stage, though the carrying capacity was decreased. A simultaneous increase in lactate

concentration and haemolymph acidosis was also observed in stage III and IV infected
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animals, likely in response to hypoxia caused either by high oxygen demand by the
increasing parasite load, occluded haemal spaces or reduced haemocyanin levels
(Taylor et al., 1996). In contrast, lactate levels of the hermit crab Pagurus bernhardus
were found to decrease during Hematodinium infection and were correlated with an
increase in haemolymph pH, while no change in lactate levels was apparent in C.
pagurus and C. maenas (Hamilton et al., 2010). It is possible the discrepancy between
species lies with infection stage as Hamilton et al. (2010) did not report infection stage
for tested animals; stage I and II infections for N. norvegicus had no significant change

in lactate or pH levels (Taylor et al., 1996).

5.1.3 Immune Response to Pathogens and Parasites

As discussed in Chapter 1.7, invertebrates have a suite of innate immune functions to
respond to internal invasion by foreign material. Haemocytes are generally one of the
first indicators of changes to immune function as they are the primary acting body of
internal defense in invertebrates. Changes in haemocyte counts, either up or down, are
known to occur during bacterial challenge, parasite infection, stress and other
physiological changes such as moulting (Le Moullac et al., 1998; Chen and Cheng,
2001; Humbert and Coustau, 2001; Cheng et al., 2002; Song et al., 2003; Battison et
al., 2004; Sarathi et al., 2007; Li et al., 2008a). Prawns Macrobrachium rosenbergii had
reduced total haemocyte numbers following injection with Enterococcus and exhibited
a slow recovery compared with those injected with saline (Chen and Cheng, 2001).
Similar results were found in white shrimp Litopenaeus vannamei following injection
with Vibrio alginolyticus (Li et al., 2008a) and lobsters Homarus americanus
inoculated with the Gram-positive bacteria Aerococcus viridans, however in lobsters
haemocyte counts did not recover and the animals ultimately died (Battison et al.,
2004). The gammarid intermediate host Gammarus pulex infected with the
acanthocephalan parasites Pomphorhynchus laevis, Polymorphus minutus and
Pomphorhynchus tereticollis were all found to have significantly reduced haemocyte
numbers (Cornet et al., 2009). Tussock moths parasitised with braconid wasp larvae
Cotesia melanoscela also had reduced haemocyte numbers combined with suppression
of nodulation and encapsulation (Guzo and Stoltz, 1987). In contrast, however, total
haemocyte counts of the soybean looper moth Pseudoplusia includens were increased
during infection with another braconid wasp Microplitis demolitor, although spreading
behaviour of the haemocytes was impaired causing a reduction in the encapsulation
response (Strand and Noda, 1991). Haemocyte count has been been associated with
improved defense against parasites in several Drosophila species. Drosophila spp. with

naturally lower total haemocyte counts were found to have a reduced ability to
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encapsulate parasitoid eggs (Eslin and Prevost, 1998). The key roles of haemocytes in
internal defense, both in terms of direct action against foreign material (phagocytosis
and encapsulation) as well as the production of anti-pathogenic molecules
(prophenoloxidase, superoxide production, etc.), make haemocyte concentration a

primary study parameter for immunocompetence during infection.

Haemocyte numbers have been observed to be reduced in several
Hematodinium-infected host species based on haemolymph smears and pathology
(Hudson and Shields, 1994; Messick, 1994; Wheeler et al., 2007; Xu et al., 2010),
however only a few studies have measured total haemocyte numbers in response to
infection (Field and Appleton, 1995; Love et al., 1996; Shields and Squyars, 2000;
Walker et al., 2009). Specific investigations of total haemocyte counts have generally
found that increased parasite number resulted in reduced haemocyte numbers (Field
and Appleton, 1995; Love et al., 1996; Shields and Squyars, 2000). In one exception of
experimental infection by cannibalism, haemocyte numbers were found to initially
increase during the first 16 h post-infection, however numbers decreased substantially

throughout disease progression (Walker et al., 2009).

The haemocyte-mediated phenoloxidase system plays a key role in crustacean internal
defense and has come to be viewed as an important measure of immunocompetence
(Sritunyalucksana and Soderhall, 2000). Phenoloxidase (PO) activity is
well-characterised in crustaceans and other invertebrates in response to numerous
bacteria, parasites and fungi, as well as to pathogen cell wall components (Smith and
Soderhall, 1983; Cardenas and Dankert, 1997; Perazzolo and Barracco, 1997; Franssens
et al., 2008; Xian et al., 2009). Black tiger prawns, Penaeus monodon and white
shrimp Litopenaeus vannamei had significantly increased PO activity in response to
lipopolysaccharide (LPS) (Sritunyalucksana et al., 1999; Xian et al., 2009) and
peptidoglycan (PG) (Sritunyalucksana et al., 1999), while shore crabs Carcinus maenas
responded with a four-fold increase in PO activity following £1,3-glucan challenge
(Smith and Soderhall, 1983). Similarly, the desert locust Schistocerca gregaria and the
shrimp Penaeus paulensis had increased PO activity following injection with LPS and
laminarin (Perazzolo and Barracco, 1997; Franssens et al., 2008). However, PO activity
is not always enhanced in the presence of invading pathogens and some parasites have
adapted to be able to inhibit the PO activating pathway (Strand and Noda, 1991).
Phenoloxidase activity was suppressed in the soybean looper moth Pseudoplusia
includens larvae when infected with the braconid parasite Microplitis demolitor
(Strand and Noda, 1991). Similar results were found in the blackfly Simulium ornatum
in response to the filarial parasite Onchocerca lienalis; sham-injected flies showed much
higher PO activity than infected flies in comparison to non-injected control flies,

suggesting a suppression of PO activity by the parasite (Hagen et al., 1994).
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Parasites have also been implicated in suppression of superoxide production in
invertebrate hosts (Remaley et al., 1984). Intracellular superoxide anion assays using
the reduction of nitroblue tetrazolium (NBT) have become a common immune assay
for numerous invertebrates to measure the production of superoxide in response to
pathogens (Munioz et al., 2000; Li et al., 2008a; Jayasree, 2009). Superoxide anions are
produced as part of the respiratory burst and are generally associated with the
breakdown of foreign material during phagocytosis and in crustaceans superoxide has
been specifically associated with hyaline cells (Bell and Smith, 1993). Numerous hosts
have been observed to increase superoxide production in response to pathogens,
particularly in response to Vibrio spp. (Li et al., 2008a; Jayasree, 2009). Two shrimp
species Litopenaeus vannamei and Penaeus indicus increased superoxide production in
response to Vibrio both in vivo and in vitro (Munoz et al., 2000; Li et al., 2008¢;
Jayasree, 2009). In the shore crab Carcinus maenas Hauton et al. (1997b) used
hydrogen peroxide (H203), an intermediate in the superoxide reduction pathway, as an
indicator of respiratory burst in response to sublethal bacterial infection with
Listonella anguillarum. Crabs were found to have increased HyO9 seven days

post-infection which suggested increased phagocytosis of the invading bacteria.

Reports on various pathogens have suggested that superoxide production can be
modulated by acid phosphatase (AP), an enzyme secreted by many parasites (Remaley
et al., 1984) and identified in Hematodinium from C. sapidus and N. norvegicus
(Shields et al., 2003; Small et al., 2007a). Shields et al. (2003) initially reported the
presence of acid phosphatase in Hematodinium sp. ex-C. sapidus and determined that
the enzyme was primarily located intracellularly as it was found in whole haemolymph
samples from infected animals but was absent from cell-free sera. Further investigation
into AP localisation in Hematodinium sp. revealed that, in N. norvegicus AP was
present in parasite granules and in the nuclear membrane, however high levels were
also found in parasite culture media indicating that the parasite was secreting AP
(Small et al., 2007a).

5.1.4 Aim of immune assay studies on N. norvegicus

Previous in wvitro results found that immune-related gene expression in separated
granulocyte and hyaline cells from Cancer pagurus was not affected by Hematodinium
sp. challenge, however there is still a need to explore the in vivo response of host
animals to parasite infection. In this study, the primary aim was to determine the in
vivo effects of Hematodinium sp. infection on various immune parameters of
wild-caught Nephrops norvegicus from the Clyde Sea Area. Total and differential

haemocyte counts were examined to give an indication of immune competence, and
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phenoloxidase activity and superoxide anion production were used to gain knowledge
regarding the immune response towards invading parasites. Haemagglutination assays
were also used to study changes in agglutinating properties between infected and
control animals. The null-hypothesis being tested was that Hematodinium sp.
infection would have no significant effect on immune parameters compared to control
animals. The previous lack of modulation in gene expression suggested that
Hematodinium sp. does not illicit an immune response, however in vitro limitations

demand further investigation into the natural state of host-parasite interaction.

5.2 Materials and Methods

5.2.1 Animals

Nephrops norvegicus were collected by trawl from the Clyde Sea (55° 46.8 N, 4° 58.5
W to 55° 44.8 N, 4° 59.2 W) from a depth between 80 and 100 m in late March 2011.
Heavily infected animals were identified by carapace colour (hyperpigmentation) and
opaque joints, and were separated from healthy looking individuals on board the RV
Actinia. A random selection of healthy animals with an undamaged carapace were also
collected for comparison. All animals were maintained in flowing seawater aboard the
vessel until arrival at the University Marine Biological Station, Millport where they
were kept in flowing seawater aquaria until needed. Sex and carapace length were

recorded for each individual sampled.

5.2.2 Haemolymph collection, haemocyte and Hematodinium sp. cell

counts

Haemolymph (0.75 ml) was extracted from the base of the fifth pereiopod into 0.75 ml
ice cold marine anticoagulant (see 4.2.2) using a 25G needle and 2 ml sterile syringe.
From this, 0.5 ml was placed in a 1.5 ml eppendorf tube and centrifuged at 300 g to
generate a cell pellet for storage in Ambion RNALater® (Applied Biosystems,
Cheshire, UK) for use in qPCR analysis (see 6.2). A further 10ul was removed and
examined using an improved Neubauer Haemocytometer under phase contrast. Total

haemocyte counts and Hematodinium sp. counts were recorded for each animal.

Infection status was determined using cell counts of Hematodinium sp. cells present in
the haemolymph. Animals were separated into ‘infected’ (Hematodinium sp. > 35% of
total cell count) and ‘control’ animals (no Hematodinium sp. cells or < 10% total cell

count). As discussed in Chapter 1.3.3, attempts have been made to quantify
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Hematodinium sp. load using qPCR (Nagle et al., 2009), however the efficiency (E) of
the qPCR assay was not sufficient to support reliable quantification values (Chapter
3.4.1.3).

5.2.3 Phenoloxidase Assay

Phenoloxidase activity was determined according to Hauton et al. (1995) (modified
from Smith and Soderhall (1983)) in which the intracellular inactive zymogen
prophenoloxidase was activated using trypsin, with L-dopa as substrate. Haemocyte
lysate supernatant (HLS) was generated by centrifuging 1 ml of
haemolymph/anticoagulant at 300 ¢ for 15 min at 4°C. The supernatant was removed
and the cell pellet washed twice with 1 ml sodium cacodylate citrate buffer (10 mM
sodium cacodylate, 0.45 M sodium chloride, 100 mM trisodium citrate). Cell pellets
were then disrupted using a tissue pestle and 1.5 ml sodium cacodylate buffer (10 mM
sodium cacodylate, 150 mM sodium chloride, 10 mM hydrated calcium chloride) was
added to each sample. Samples were centrifuged again at 1000 g for 25 min at 4°C and
the resulting supernatant was designated HLS. HLS (400 pl) was placed in two
separate 1.5 ml eppendorf tubes. To one tube 400 ul 0.1% trypsin (from beef pancreas;
Fisher Scientific, Loughborough, UK) was added and to the other 400 ul of sodium
cacodylate buffer. A control containing 400 pl 0.1% trypsin and 400 pl sodium
cacodylate buffer was also made. All samples and controls were incubated at 17°C for
1 hr. Following incubation, 400 pl freshly prepared L-DOPA
(3,4-dihydroxy-L-phenylalanine; Sigma-Aldrich, Dorset, UK) was added to each sample
and the samples read at 490 nm on a Thermo Spectronic HeAios = spectrophotometer
(Thermo Fisher, Loughborough, UK). Readings were taken at time 0 and at 5 min.
Phenoloxidase activity was expressed in units 100 000~ haemocytes, where one unit

represented an increase in absorbance of 0.001 min~!.

5.2.4 Intracellular Superoxide Anion Assay

Intracellular superoxide anion activity was measured according to the assay developed
by Pipe et al. (1995). In each of two 1.5 ml eppendorf tubes, 200 pl of haemolymph was
centrifuged at 300 g for 10 min at 4°C. While the samples were centrifuging, nitroblue
tetrazolium (NBT; Sigma-Aldrich, Dorset, UK) solution was made by dissolving 1 mg
NBT in 5 ml TBS (0.05M Tris/HCI, 0.034M NaCl) and then filtered using a Nalgene
0.45 pm syringe filter (Thermo Fisher, Loughborough, UK). The supernatant was
removed from all samples and 100 pul TBS added to each cell pellet. Each of the two
replicate pellets received separate treatments, either 100 ul NBT (baseline) or 100 ul
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NBT + 300U ml~! superoxide dismutase (inhibited) (SOD from horseradish;
Sigma-Adlrich, Dorset, UK). Cell-free controls consisted of 100 1l NBT + 100 ul TBS.
All samples and controls were incubated for 1 hr at room temperature in the dark.
Following incubation, all samples were centrifuged at 300 g for 10 min at 4°C. The
supernatant was removed and all samples were fixed in 200 pl 100% methanol for 10
min in the dark; samples were then centrifuged at 600 g for 5 min. Cell pellets were
washed two times with 70% methanol, and centrifuged at 1000 ¢ for 5 min in between
each. All methanol was removed from each cell pellet and the pellets resuspended in
140 pl dimethyl sulfoxide (DMSO; Sigma-Aldrich, Dorset, UK) and 120 ul 2M
potassium hydroxide. Samples were loaded onto a 96-well plate and read at 620 nm
using a Labsystems Multiskan RC plate reader (Fisher Scientific, Loughborough, UK).
Superoxide data were expressed as units 1 000 000 cells™!, where one unit represented

a difference in optical density of 0.001 between baseline and inhibited values.

5.2.5 Haemagglutination Assay

Haemagglutination is the agglutination of erythrocytes, or red blood cells (RBCs), and
is used to study the agglutinating properties of serum or haemocyte lysate (HLS)
components (Smith and Soderhall, 1983; Fragkiadakis and Stratakis, 1997). The
haemagglutinin assay for this study was carried out on haemocyte lysate supernatant
(HLS) using a protocol modified from Smith and Soderhall (1983). Cell pellets from
infected and control animals were generated by centrifuging 1 ml of
haemolymph:marine anticoagulant (1:1) at 300 g for 10 min at 4°C. The supernatant
was removed and the pellets stored at -80°C until required. HLS was made by adding
TBS to each sample (TBS volume was adjusted to have equivalent haemocyte
concentrations across all samples) and the pellet disrupted using a tissue pestle. The
samples were then centrifuged at 16000 g for 10 min at 4°C. Fifty microlitres of each
sample was placed in the first well of a round-bottomed Sterilin® 96-well plate (Fisher
Scientific, Loughborough, UK) and then serially diluted 1:1 using TBS. Chicken red
blood cells (RBCs) in Alsever’s (SeraLab, West Sussex, UK) or glutaraldehyde-fixed
sheep RBCs (Fisher Scientific, Loughborough, UK) were washed three times in TBS
(centrifuged 1000 g for 5 min at 4°C) then diluted to 3% v/v. Each HLS sample had 50
ul RBC added to each well and the plates were incubated at room temperature. The
plates were examined at 2 h and 24 h for signs of agglutination and the haemagglutinin

titre recorded as the reciprocal of the highest dilution to cause agglutination of RBCs.
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5.2.6 Data Analysis

Where data were normally distributed and had equal variance, analysis was carried out
using t-tests to compare differences between infected and control Nephrops norvegicus.
Phenoloxidase activity data were transformed (log  + 1) to produce a normal
distribution and equal variance while total haemocyte data were square root
transformed. Differential haemocyte counts (DHC) were expressed as percent (%)
hyaline cells and were not normally distributed so were analysed using a
Mann-Whitney Rank Sum test. All tests were carried out using SigmaStat v. 3.5
(Systat Software, Inc.; San Jose, CA).

5.3 Results

5.3.1 Haemocyte count

Total haemocyte counts (THCs) were significantly decreased in N. norvegicus infected
with Hematodinium sp. (p < 0.001). THCs in infected individuals decreased to 48% of
THCs in control animals. Differential haemocyte counts (DHCs; expressed as %
hyalinocytes), however, were not found to be significantly different between infected
and control individuals (p = 0.508) (Fig 5.1).

5.3.2 Phenoloxidase Assay

Phenoloxidase activity was measured as the change in optical density over a five
minute incubation period. Phenoloxidase activity per 100,000 haemocytes was
significantly increased in N. norvegicus infected with Hematodinium sp. (p = 0.041)
(Fig 5.2). Examination of a correlation effect between phenoloxidase activity and
Hematodinium count revealed no significant correlation (p > 0.05; Pearson correlation,

data not shown).

5.3.3 Superoxide Anion Assay

There was no significant difference in superoxide activity between control N.
norvegicus and those infected with Hematodinium, though the variability was much
higher in infected animals (SD = 23.0) compared with control animals (SD = 6.0) (Fig
5.3). Further investigation revealed that superoxide activity was negatively correlated
with Hematodinium load (correlation coefficient = -0.775, p = 0.005; Pearson

correlation) (Fig 5.4).
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FIGURE 5.1: (A) Difference in total haemocyte counts between control N. norvegicus

and those infected by Hematodinium expressed as mean £+ SD of n observations (n =

50 uninfected; 33 infected); total haemocytes were significantly decreased in infected

animals (p < 0.001). (B) Difference in percent (%) hyaline cells (differential cell count)

between control and infected N. norvegicus expressed as mean % + SD (n = 46 unin-

fected; 25 infected); difference not significant between infected and control individuals
(p > 0.05).
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FicUre 5.2: Difference in phenoloxidase activity between control N. norvegicus and

those infected with Hematodinium expressed as mean change in units per 100 000

haemocytes + SD of n observations (n = 11 uninfected; 11 infected). The difference be-

tween control and infected animals was significant (p = 0.041; ¢-test of log-transformed
data)

5.3.4 Haemagglutination Assay

N. norvegicus haemocyte lysate supernatant was able to agglutinate chicken red blood
cells (RBCs), however had no response towards glutaraldehyde-treated sheep RBCs.
High titres (1:128) were observed in some infected individuals, however there was no
significant difference between mean titres of control versus infected animals. The
variation in titres was much more broad for infected animals than control animals with

SD = 53 (infected) compared to SD = 20 (control) (Fig 5.5).

5.4 Discussion

This study represents the first examination of direct immune response of a crustacean
host to the dinoflagellate parasite Hematodinium sp. using phenoloxidase activity and

superoxide anion assay in addition to haemocyte counts and agglutination response.
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F1cUre 5.3: Difference in superoxide activity between control N. norvegicus and those

infected with Hematodinium expressed as mean change in units per 1 000 000 haemo-

cytes &+ SD of n observations (n = 12 uninfected; 12 infected). There was no significant

difference (p = 0.346 t-test), however the standard deviation in the infected animals
(SD = 23.0) is much greater than that from the control animals (SD = 6.0).

Phenoloxidase activity was observed to increase in Nephrops norvegicus infected with
Hematodinium despite a considerable decrease in total haemocyte counts. No
significant differences were observed in superoxide anion production or
haemagglutination titres between infected and control animals though the variability
of response was clearly increased in infected individuals. Superoxide anion production
was, however, correlated with Hematodinium sp. count in infected animals. The
combination of these results indicate that immune response, while potentially

compromised by reduced haemocytes, is not entirely defunct during parasite infection.

5.4.1 Haemocyte Counts

Total haemocyte counts (THCs) in this study were found to significantly decline in
infected N. norvegicus compared to control animals. Haemocyte numbers have
frequently been associated with the ability of invertebrates to fight infection. Nephrops
norvegicus exposed to sublethal doses of manganese (Mn) were found to have reduced
total haemocyte counts and consequently were found to have significantly lower PO

activity in response to lipopolysaccharide injection (Hernroth et al., 2004). When
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fected N. norvegicus of n observations (n = 11). Superoxide activity was negatively

correlated with parasite load (correlation coefficient = -0.775, p = 0.005; Pearson cor-
relation)

larvae from six Drosophila species infected with the parasitoid Asobara tabida were
compared, four of them responded with increased THCs and it was found that those
with the highest haemocyte load were the most successful at encapsulating parasitic
eggs (Eslin and Prevost, 1998). Species with the most successful encapsulation rates
also had increased lamellocytes (cells specifically functioning in encapsulation), while
individuals from species with low haemocyte concentrations were inefficient at
encapsulation. Interestingly, although D. melanogaster larvae had increased
lamellocytes, they were unable to mount a successful encapsulation response. Larvae
from D. yakuba, D. teissieri and D. simulans, however, were able to both react and
successfully encapsulate the parasites. Eslin and Prevost (1998) suggested that
successful defense was based on both the ability to respond to parasite infection by
increasing haemocyte numbers as well as to cross a minimum threshold of haemocyte
count in order to have sufficient haemocytes for encapsulation. Of the limited
observations of immune response of crustacean hosts to Hematodinium infection,
encapsulation and nodule formation make up the majority of the reports. It is possible

that, similar to the Drosophila species which mount insufficient haemocyte responses
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FI1GURE 5.5: Difference in haemagglutination between control N. norvegicus and those

infected with Hematodinium expressed as mean of the inverse titer £ SD of n obser-

vations (n = 7 uninfected; 4 infected). Titre means were similar between infected and

control animals, however standard deviation of infected animals was greater than in
control animals.

to parasitoids, many crustaceans are incapable of reaching the necessary threshold to

successfully encapsulate Hematodinium cells.

To date, no studies have reported a definitive increase in total haemocyte counts in
Hematodinium hosts and, indeed, most studies have reported haemocytopaenia even
when not specifically examining haemocyte counts (Hudson and Shields, 1994; Messick,
1994; Wheeler et al., 2007; Walker et al., 2009; Xu et al., 2010). Shields and Squyars
(2000) recorded the first haemocyte count following infection in Callinectes sapidus
three days post-injection with Hematodinium and haemocyte numbers were already
significantly decreased; THCs remained depressed for the remainder of the infection
until death. Similarly, THCs were reduced in Hematodinium-infected N. norvegicus
and Chionoecetes bairdi (Field and Appleton, 1995; Love et al., 1996). Walker et al.
(2009) gave the only report of increased haemocytes in haemal spaces of Cal. sapidus
three and six hours after being fed Hematodinium-infected tissue, however the
observation was based on histology rather than quantitative data. Further

investigation into early stage infection status of host haemocyte counts may yield more
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information on initial haemocyte response. Unfortunately, attempts to experimentally
infect Nephrops norvegicus and Cancer pagurus by passage of infected haemolymph or
Hematodinium in culture were unsuccessful during this study, therefore early-stage

infection and disease progression were not examined here.

In this study, differential cell counts did not change significantly between control and
infected N. norvegicus, which is in contrast to observations by Shields (1999) in which
granulocyte populations increased in infected Callinectes sapidus. Shields (1999)
suggested that the change in proportions could either be due to a proliferative response
in granulocytes specifically, or a result of sequestration of semigranulocytes and hyaline
cells for encapsulation or other defensive response. As previously mentioned,
encapsulation has been observed in Hematodinium-infected animals (Meyers et al.,
1987; Field and Appleton, 1995; Stentiford et al., 2002; Sheppard et al., 2003; Walker
et al., 2009) and it is possible hyaline cells were removed from circulation as a result.
The study by Shields (1999) had the advantage of observing animals over the
progression of the disease, while the present study examined naturally infected
individuals with heavy parasite loads. It is possible that fluctuations of haemocyte
populations as a direct immune response were more evident during subpatent infection

and therefore were missed in this study.

5.4.2 Phenoloxidase activity

This study found significantly increased intracellular stores of prophenoloxidase
(hereafter termed phenoloxidase (PO) activity) in the haemocyte lysate supernatant
(HLS) from Hematodinium-infected N. norvegicus. The increase in activity despite the
significant decrease in total haemocyte counts suggests an enhanced immune response
in infected individuals compared to lightly and uninfected control animals. To further
emphasise the importance of the increased PO activity, physiological stress such as
starvation and hypoxia, which have been reported in Hematodinium-infected animals
(Taylor et al., 1996; Stentiford et al., 2001c¢), has generally been associated with
reduced immunocompetence in the form of reduced PO activity. For example, juvenile
Litopenaeus vannamei that were starved for 21 days were found to have reduced PO
activity (Pascual et al., 2006), and spiny lobsters Panulirus homarus had reduced PO
enzyme concentrations in the serum following seven days of starvation (Verghese et al.,
2008). Experimentally-induced hypoxia resulted in significantly decreased PO activity
in L. vannamei during the first 12-24 hours in hypoxic conditions, which then stabilised
at reduced levels for the remainder of the experiment (up to 72 hrs) (Hu et al., 2009).

In spite of these observations and previous reports of physiological starvation and
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functional hypoxia in Hematodinium hosts, the observed increase in PO activity in the

present study make a clear case for a competent response from the proPO system.

Generally, bacterial infection and injection with bacterial components have resulted in
increased PO activity, measured both as enzyme activity and as change in gene
expression (Gai et al., 2008; Rodriguez-Ramos et al., 2008; Chen et al., 20100).
Increased PO activity has been reported for southern white shrimp Litopenaeus
schmitii following injection with E. coli LPS with a concurrent drop in total
haemocyte counts (Rodriguez-Ramos et al., 2008). Furthermore, increased bacterial
abundance in the water column has been found to correlate with increased PO activity
of HLS from Carcinus maenas (Hauton et al., 1997b). Conversely, some infections have
led to decreased PO activity as well. White shrimp Litopenaeus vannamet infected
with the bacterium Vibrio alginolyticus had reduced PO activity in combination with
reduced total haemocyte counts 24-48 hours post-injection but levels recovered to

control levels after 72 hours (Li et al., 2008a).

As previously mentioned, fluctuations in PO activity in response to parasite invasion
have been variable amongst invertebrates. The PO activity of two gammarid species,
Gammarus puler (native) and Gammarus roeseli (invasive), were studied for their
response towards local acanthocephalan parasites and PO activity was found to be
significantly reduced in native hosts, but significantly increased in invasive hosts
(Rigaud and Moret, 2003). Rigaud and Moret (2003) suggested that the parasites had
adapted to their native host in order to suppress the immune response and improve the
success of transmission to the final host, whereas new invasive hosts were still capable
of mounting an immune response towards the parasites. Based on the observed
increase in PO activity in the present study, it is evident that Hematodinium sp. is not

inhibiting PO activity in Nephrops norvegicus.

As Loker (1994) pointed out in his review of invertebrate parasites, several parasite
species are able to coexist with their host without causing undue harm to host
haemocytes. Loker (1994) advocated that the advantage to this approach was that the
parasite was still protected by the host internal defense system from opportunistic
pathogens. A possible example of this in Hematodinium-infected animals was
previously described by Stentiford et al. (2003) who observed Cancer pagurus and
Necora puber to be co-infected with Hematodinium sp. and a yeast-like organism. A
clear immune response was directed towards the yeast-like cells though not towards
Hematodinium sp. cells. In addition to Cancer pagurus (Stentiford et al., 2003),
secondary infections have been observed in Hematodinium-infected hosts including
Nephrops norvegicus (Field et al., 1992) and Chionoecetes bairdi (Meyers et al., 1987).

Meyers et al. (1987) reported bacteraemia in several Hematodinium-infected Ch. bairdi
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prior to death and suggested that bacterial and ciliate protozoal infection may also be
a contributing factor to host mortality. Similarly, bacteria and ciliate protozoa were
observed as secondary infections in N. norvegicus (Field et al., 1992), though neither
Field et al. (1992) nor Meyers et al. (1987) reported further details of the infections. A
study by Ridgway et al. (2006) found that aerial exposure increased bacteraemia in N.
norvegicus and functional hypoxia caused by parasite infection may contribute to the
likelihood of increased secondary infection. The presence of opportunistic pathogens in
Hematodinium-infected crustacean hosts could account for the variable response in PO
activity reported for infected animals. Varying intensity of bacterial infection could
create a broad distribution of PO response in infected animals. Indeed, in the present
study, microbes were observed in the haemolymph of infected animals during
haemocyte counts; however, due to time constraints, the nature of the concurrent

infections were not examined further.

5.4.3 Superoxide anion activity

In this study superoxide anion production was not found to vary between N.
norvegicus infected with Hematodinium compared with lightly infected and uninfected
control animals, however the variation in response was much more broad in infected
animals. Further investigation revealed a significant negative correlation between
parasite load and superoxide production (ie. increased Hematodinium sp. load was
correlated with a decrease in intracellular superoxide anion production.) Previous
studies have implicated the secretion of acid phosphatase (AP) by Hematodinium sp.
ex. N. norvegicus as a possible mechanism of immune suppression (Small et al.,
2007a). AP secreted by the bacteria Coxiella burnetti and Francisella, the causative
agents of Q fever and tularemia in humans, has been found to inactivate NADPH
oxidase (nicotinamide adenine dinucleotide phosphate-oxidase) which prevents the
generation of reactive oxygen species (Baca et al., 1993; Siemsen et al., 2009;
Mohapatra et al., 2010; Hill and Samuel, 2011). The present results suggest a
dose-dependent response between parasite load and superoxide (SO) inhibition, and
Small et al. (2007a) found that increased concentrations of Hematodinium sp. in

culture resulted in an increase in AP concentrations in the culture media.

Previous studies have shown evidence of the importance of superoxide anion production
to immune response in pathogen-challenged crustaceans and have generally indicated
an increase in superoxide anions in response to bacterial challenge (Mufioz et al., 2002;
Sarathi et al., 2007; Jayasree, 2009). Haemocytes from the Indian white shrimp
Penaeus indicus were found to have increased intracellular superoxide production in

response to challenge with Vibrio alginolyticus, V. parahaemolyticus and V.
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anguillarum in a dose-dependent manner (ie. increased bacterial concentration resulted
in increased SO production) (Jayasree, 2009). Similar results were found for Penaeus
vannamei haemocytes exposed to V. alginolyticus and V. anguillarum (Muhoz et al.,
2002). Sarathi et al. (2007) reported increased intracellular SO anion activity in
Fenneropenaeus indicus in response to Vibrio and white spot syndrome virus (WSSV)
and, although activity was not reported per cell or per mg protein, the concurrent

decrease in total haemocyte counts suggest that the SO increase was genuine.

In contrast to bacteria, several parasite species, have been found to interfere directly
with superoxide anion production in their hosts (Remaley et al., 1984). The
intracellular protozoan parasite Perkinsus marinus has been implicated in the
reduction of reactive oxygen species (ROS) in haemocytes from the Eastern oyster
Crassostrea virginica (Volety and Chu, 1995; Anderson, 1999q,b) and, although the
exact mechanism has yet to be elucidated, P. marinus were found to secrete high
concentrations of acid phosphatase which was suggested to play a primary role in ROS
inhibition (Volety and Chu, 1997). Similar results were found in the clam Ruditapes
decussatus and the mussel Mytilus galloprovincialis in response to Perkinsus atlanticus
though, again, the exact mechanism of inhibition has not been conclusively defined
(Ordas et al., 1999). Bonamia ostreae has also been found to modulate the production
of reactive oxygen species of haemocytes from the flat oyster Ostrea edulis in vitro
(Morga et al., 2009). The mammalian protozoan parasite Leishmania is particularly
well-known for it’s use of acid phosphatase to inhibit reactive oxygen species in
neutrophils of mammals (Remaley et al., 1984). Although the use of acid phosphatase
has not been proven for all examples of the suppression of reactive oxygen species
during parasite infection, it has been strongly implicated in several studies. It has been
previously shown that Hematodinium sp ex. N. norvegicus contain high intracellular
concentrations of acid phosphatase and also excrete it into culture media (Small et al.,
2007a). Furthermore, infected N. norvegicus were found to contain high concentrations
of acid phosphatase in cell-free sera (Small et al., 2007a), so it is possible that acid
phosphatase is playing an active role in superoxide anion suppression in

Hematodinium-infected N. norvegicus.

Clearly, the inhibition of reactive oxygen species including superoxide anions is a
common mechanism of immune suppression utilised by parasites. In the present study,
the clear correlation between superoxide production and parasite load suggest that
Hematodinium sp. has the potential to suppress superoxide production. Evidence from
other parasites indicate that the method of suppression is likely due to acid

phosphatase secretion, however this must be confirmed by further examination.
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5.4.4 Haemagglutination

N. norvegicus haemocyte lysate was able to agglutinate chicken RBCs, however had no
response to gluteraldehyde-fixed sheep RBCs. This agrees with Shields (2003) who
found that C. sapidus haemolymph had very low titers for sheep RBCs and only
moderate agglutination for rabbit RBCs, however a much stronger response was found
for chicken RBCs with titers up to 1:64 in uninfected animals and 1:128 in moderately
infected animals. This study used haemocyte lysate supernatant (HLS) to study
haemagglutination as agglutinating lectins have been identified intracellularly in the
harbour crab Liocarcinus depurator (Fragkiadakis and Stratakis, 1997). Smith and
Soderhall (1983) also studied HLS haemagglutination response in Carcinus maenas,
however found no response to sheep, horse or human RBCs and only weak
agglutination response in C. maenas sera. Macrobrachium malcolmsonii was found to
agglutinate a wide range of RBCs, including those from human, sheep, chicken and
guinea pig (Acharya et al., 2004), and it has become clear that there are wide
species-specific differences in agglutinating properties. Researchers have found
haemagglutinin titres to vary widely among individuals as well (Sritunyalucksana et
al., 1999).

No significant difference was found in haemagglutinin titers for any RBCs between
control and Hematodinium-infected animals in this study which supports results from
Shields (2003) who examined haemagglutination response over varying levels of
Hematodinium infection in C. sapidus. Based on the present results, it would appear
that intracellular agglutinins do not have a strong role in the crustacean immune
response to Hematodinium sp. infection. Agglutination is based on the ability of
agglutinins (lectins) to recognise specific carbohydrate molecules on the surface of
invading pathogens and bind them together to facilitate haemocyte attachment and
phagocytosis (see Marques and Barracco (2000) for review). To date, no studies have
explicitly examined the surface coat of Hematodinium sp., however it is possible that
either agglutinins from Nephrops norvegicus are unable to recognise the carbohydrates
present in the Hematodinium sp. surface coat or that the parasite is able to mask its
carbohydrate surface. Parasites have been found to mimic host molecules in an effort
to avoid detection by host immune factors, and have also been found to disguise
themselves with host molecules (see Loker (1994) for review). Additionally, the fungal
pathogen Metarhizium anisopliae secretes a collagenous coat shortly after entering the
haemocoel of its insect host, blocking the recognition of non-self molecules and
successfully colonizing the host (Wang and Leger, 2006). It is possible that
Hematodinium sp. uses a cloaking mechanism to avoid detection by crustacean hosts,

however further studies into surface coat composition would be required.
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5.4.5 Conclusions

For the first time, results were presented on the analysis of multiple immune
parameters from the crustacean host Nephrops norvegicus to the dinoflagellate parasite
Hematodinium sp. measured using a variety of immune assays. Total haemocyte
counts indicated that Hematodinium-infected N. norvegicus were immunocompromised
by the overall decrease in haemocyte counts, though there was no difference in
differential haemocyte counts. Despite the significant decrease in THC, however,
intracellular proPO stores (PO activity) per cell increased in infected animals, which
showed that they were still capable of mounting an immune response. Interestingly,
the PO activity was highly variable in infected N. norvegicus compared to control
animals, but further analysis showed that PO activity was not correlated with
Hematodinium load. It is possible that the high variability in infected animals was a
result of secondary infection by opportunistic pathogens. Varying intensities of

secondary infection could therefore be contributing the variable PO activity.

Haemagglutinin titres of haemocyte lysate and intracellular superoxide (SO) anion
production were not significantly different between infected and control N. norvegicus.
Similar to PO activity, SO production showed high variability in infected N.
norvegicus. In this case, SO production showed significant negative correlation with
Hematodinium sp. abundance. Previous research by Small et al. (2007a) suggested
that acid phosphatase secreted by Hematodinium sp. ex N. norvegicus could inhibit
superoxide production and the evidence presented here supports that hypothesis. This

is the first evidence for a mechanism of immune suppression used by Hematodinium sp.

Results from the previous chapter (Chapter 4) found no significant change in gene
expression for proPO, however the present study found that intracellular stores of
proPO were increased. These combined results imply that there could be a difference
between the transcriptional and translational expression of prophenoloxidase during
Hematodinium sp. infection, and underlines the need to corroborate the results of in
vitro results. However, due to the limitations discussed regarding in vitro experiments,
it is necessary to further verify the results of the in vivo immune assays using gene
expression analysis (Chapter 6). This will provide a more direct comparison of gene
expression results between in vitro and in vivo methods as well as between gene

expression and protein expression in vivo.






Chapter 6

Effects of Hematodinium sp.
infection on immune-related gene
transcription in Nephrops
norvegicus from the Clyde Sea
Area, Scotland

6.1 Introduction

As discussed previously, pathological investigations to date have noted little immune
response to parasite infection (Stentiford et al., 2003) and gene expression analysis of in
vitro exposure of Cancer pagurus haemocytes to Hematodinium sp. cells (see Chapter
4) upheld those observations. However, in vivo immune assays on Nephrops norvegicus
indicated parameters with significant changes in Hematodinium-infected individuals.
Total haemocyte counts were found to significantly decrease and phenoloxidase activity
increased during infection. In order to determine whether Hematodinium was affecting
phenoloxidase at the transcriptional level, gene expression was studied on the same
population of animals. To further explore the physiological responses of infection on N.
norvegicus, the differential display technique GeneFishing was again used to identify

any other potential genes specifically affected by Hematodinium sp.

The use of molecular techniques to study immune responses in invertebrates has
gained momentum in the last decade. Gene expression studies have allowed researchers

to look at which genes are being transcriptionally regulated in response to infection,
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pollution and stress (de Lorgeril et al., 2011; Leu et al., 2011). Crustacean immune
studies in response to pathogens have generally focussed on genes for antimicrobial
peptides, phagocytosis activation and, crucially, genes involved in the prophenoloxidase
activation cascade (Cerenius et al., 2003; Deachamag et al., 2006; Okumura, 2007;
Smith et al., 2008; Gai et al., 2008). The most common pathogens investigated in
these studies are bacteria, viruses and pathogen-associated molecules such as
lipopolysaccharides and S81,3-glucans. As previously discussed, the responses to these
pathogens seldom follow a specific pattern and vary highly with host and pathogen
species. Similarly, immune response to parasite infection is variable in invertebrates
(see 4.1.3), though many parasites have been observed to inhibit or suppress
phenoloxidase (PO) activity (Rigaud and Moret, 2003; Brivio et al., 2006; Dezfuli et
al., 2008; Cornet et al., 2009). A recent study has found calyx fluid from the parasitic
wasp Cotesia glomerata to reduce both PO activity and proPO expression in the Small
White butterfly Pieris rapae larvae, suggesting that inhibition occurs at the
transcriptional level (Zhu et al., 2011). In vivo PO activity was observed to increase
during Hematodinium infection in N. norvegicus and the proPO expression pattern of

individuals from the same population can now be determined.

Phenoloxidase, while a key component of crustacean immunity, is merely a member of
an entire host of cellular and humoral functions in internal defense (Ratcliffe et al.,
1982; Smith and Soderhall, 1986; Smith and Chisholm, 1992). Differential display
techniques have expanded the variety of genes studied during experimental conditions
as they explore a random subset of genes throughout the transcriptome. A recent
study has used suppressive subtractive hybridisation (SSH) to examine differentially
expressed genes (DEGs) in haemocytes of the penaeid shrimp Litopenaeus stylirostris
in response to Vibrio infection (de Lorgeril et al., 2005). The study specifically looked
at shrimp able to survive Vibrio infection in order establish which genes allowed
individuals to survive vibriosis. DEGs were sorted into biological function and were
found to cover cell cycle/proliferation, cell motility /communication, cell growth/death,
signal transduction and response to stimulus. From the subset of DEGs immune genes
of particular interest were able to be targeted for further analysis using quantitative

polymerase chain reaction (qPCR).

6.1.1 Aim of gene expression studies on N. norvegicus

The primary aim of this study was to examine the effects of Hematodinium infection
on gene expression of wild-caught Nephrops norvegicus from the Clyde Sea Area. To
achieve this, the differential display technique GeneFishing" was used to identify

potentially differentially expressed genes during heavy parasite infection. The genes
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identified were then analysed, in addition to the immune-relevant gene proPO, using
quantitative real-time PCR to determine up- or down-regulation during infection. The
null-hypothesis being tested was that Hematodinium sp. infection in N. norvegicus
would have no significant effect on gene expression when compared to uninfected and

lightly infected control animals.

6.2 Materials and Methods

6.2.1 Animals

Nephrops norvegicus were collected by trawl from the Clyde Sea (55° 46.8 N, 4° 58.5
W to 55° 44.8 N, 4° 59.2 W) from a depth between 80 and 100 m in late March 2011.
Heavily infected animals were identified by carapace colour (hyperpigmentation) and
opaque joints, and were separated from healthy looking individuals on board the RV
Actinia. A random selection of healthy animals with an undamaged carapace were also
collected for comparison. All animals were maintained in flowing seawater aboard the
vessel until arrival at the University Marine Biological Station, Millport where they
were kept in flowing seawater aquaria until needed. As described in Chapter 5.2.2,
total and differential haemocyte counts, in addition to Hematodinium sp. counts, were
carried out for each individual using an improved Neubauer Haemocytometer under
phase contrast microscopy. The samples used in this study came from the same
animals used in the phenoloxidase assay and intracellular superoxide anion assay and
the same description of infection status applies here: ‘infected’ animals contained >
35% Hemaotodinium sp. concentration in the total haemolymph and ‘control” animals

contained no or < 10% Hematodinium sp. cells.

6.2.2 GeneFishing"

GeneFishing was carried out on ¢cDNA from haemolymph extracted from an infected
and an uninfected Nephrops norvegicus to determine any differentially expressed genes
(see Chapter 4.2.6). The present study used GeneFishing" DEG103 and DEG104
Premix kit (K1022, Seegene, Seoul, South Korea) containing a set of 20 random
primers different from those used in Chapter 4. Briefly, haemolymph was extracted
from the base of the fifth pereiopod and into an equal volume of ice cold marine
anticoagulant and pelleted at 300 g 10 min, 4°C. The supernatant was removed and
the RNA extracted using a Nucleospin RNA II extraction kit (Macherey-Nagel, Diiren,
Germany). Additionally, a sample of cultured Hematodinium sp. ex. N. norvegicus,

collected during the same trip and maintained in Appleton-Vickerman media
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(Appleton and Vickerman, 1998) at 7°C, was pelleted and extracted using the same
method to determine any differentially expressed parasite genes between in vitro and

in vivo parasite cells.

RNA was reverse transcribed according the manufacturer’s recommendations for
GeneFishing" (see Chapter 4.2.6) using SuperScript IIT (Invitrogen, Paisley, UK).
PCR amplifications were carried out as described in the GeneFishing” manual and run
on a Bio-Rad MyCycler (Bio-Rad, Hemel Hempstead, UK) (see Chapter 4.2.6).
Products were separated on a 2% agarose gel stained with ethidium bromide and
visualised using a Gel Doc” UV transilluminator (Bio-Rad, Hemel Hempstead, UK).
Bands that were identified as being differentially expressed were excised, extracted
using a QIAquick® Gel Extraction kit (Qiagen, Crawley, UK; Appendix A.2) and
cloned using a TOPO TA Cloning® kit according to the manufacturer’s protocol
(Appendix A.3). Successful clones were cultured overnight in LB broth with 100 pg/ml
ampicillin and the plasmids were extracted using a QIAprep® Spin Miniprep Kit
(Qiagen, Crawley, UK) following the manufacturer’s instructions (Appendix A.4).
Plasmids were sequenced by SourceBioscience (Department of Chemistry, University of

Oxford, UK) using vector-specific M13 primers.

6.2.3 Gene Expression Study

Gene expression analysis was carried out on control and Hematodinium-infected
Nephrops norvegicus using quantitative polymerase chain reaction (qPCR) as
described in Chapter 3. Briefly, haemolymph was collected from the base of the fifth
pereiopod 1:1 in marine anticoagulant and pelleted 300 g 10 min, 4°C at the Marine
Station. The supernatant was removed and 0.5 ml RNAlater® (Ambion, Cheshire,
UK) added to each pellet. Pellets were stored at 4°C while at the marine station and
transported on ice in cool boxes to Southampton where the RNAlater® was removed
and the samples flash-frozen in liquid nitrogen before storing at -80°C until needed.
RNA was extracted as previously described following the manufacturer’s protocol
using a Nucleospin RNA 1T extraction kit (Macherey-Nagel, Diiren, Germany) and
DNase treated using Ambion TURBO™ DNase (Applied Biosystems, Cheshire, UK).
All RNA samples were checked for quality using the Bio-Rad Experion” system
(Bio-Rad, Hemel Hempstead, UK) as previously described (Chapter 3.2.1) and only
samples with an RQI >7.5 were reverse transcribed for qPCR. cDNA was synthesised
using SuperScript” III (Invitrogen, Paisley, UK) according to the manufacturer’s
recommendations (see Chapter 3) and stored at -20°C until needed. qPCR reactions
contained: 25 ul PrimerDesign MasterMix with SYBR Green (PrimerDesign,
Southampton), 3.5 ng cDNA, 4 pl forward primer, 4 ul reverse primer (Table 6.1) and
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sterile RNase free water to 50 ul total reaction volume. Samples were divided into 23
ul volumes and run in 0.1 ml gPCR tubes designed for use in a 72-well rotor of the
Qiagen (Corbett) Rotor Gene 3000 (Qiagen, Crawley, UK). Assays for all gPCR
primers were optimised as described in Chapter 3.

TABLE 6.1: qPCR primer pairs for genes identified by GeneFishing,” including opti-
mised primer concentrations, amplification efficiency and R? values

Optimised

primer con-

centration Amplification
Primer Name Tm (°C) Sequence (nM) Efficiency R2?
Neph 40S Fwd 59.7 5-GCT GGC CTG TGC AAG ATT G-3 300 1.02 0.986
Neph 40S Rev 60.9 5-CAT GAG CAG CCA ACG ACC TT-3 300
Neph Cct7-2 Fwd ~ 60.5 5-GAC GTG GAA GGC CCA TGT AA-¥ 300 1.01 0.983
Neph Cct7-2 Rev 60.0 5-TGT TGA GTC ACT GTG TTC AGA GAG TT-3' 300
Neph Crust2 Fwd!  60.7 5-CAC TCG GCA GCC AGA CCT T-3 300 1.04 0.991
Neph Crust2 Rev 59.7 5-TCG ACC TTC TGA CCC AAA AGA-3 300

IThe primers for NnCrust amplify both crustin isoforms

Genes were quantified using absolute quantification against a standard curve generated
using linearised plasmid DNA (see Chapter 3). As previously mentioned (Chapter
3.5.3), RNA extracted from Hematodinium-infected animals contained varying
amounts of parasite RNA, making it impractical to normalise gene expression against
ug total RNA or to use relative quantification. Instead, gene copy numbers were

quantified against total haemocyte counts (Bustin, 2000).

6.2.4 Data Analysis

In the present study, gene expression data were not normally expressed or lacked equal
variance, so the non-parametric Mann-Whitney rank sum test was used to compare
differences between infected and control Nephrops norvegicus. All statistics were

carried out using SigmaStat v. 3.5 (Systat Software, Inc.; San Jose, CA).

6.3 Results

6.3.1 GeneFishing"

GeneFishing analysis identified 14 differentially expressed genes between infected and
control Nephrops norvegicus, one from infected animals and 13 from control animals. A
further three genes were identified from Hematodinium sp. Of the 17 total bands, 12
were successfully cloned and sequenced, nine were from N. norvegicus (Appendix
C.2.1) and three were from Hematodinium sp. (Appendix C.2.2). All sequences were
searched against the BLAST database (Altschul et al., 1990) and three differentially
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expressed genes were putatively identified, all from control N. norvegicus: DEG
201-21, DEG 201-26 and DEG 201-28 (Fig 6.1).

FIGURE 6.1: Electrophoresis gels of GeneFishing” results comparing haemolymph of

uninfected (U) and infected (I) N. norvegicus and cultured Hematodinium cells (H).

Boxed bands indicated differentially expressed genes DEG201-21 (a), DEG201-26 (b)
and DEG201-28 (c). All bands are compared to a 100-bp ladder (Sigma-Aldrich).

Sequence DEG201-21 from control N. norvegicus produced a fragment of 484
nucleotides in length including the poly-A tail. The full gene was generated using
RACE and two isoforms were identified. The first isoform was 854 nucleotides in
length and the second was 844 nucleotides. Isoform1 was comprised of an open reading
frame (ORF) of 342 nucleotides coding for a sequence of 114 amino acids, with a 5’
UTR of 113 bp and a 3’ UTR of 399 bp (Accession number: HE608880). Isoform2 was
comprised of an ORF of 330 nucleotides coding for 110 amino acids, with a 5> UTR of
115 bp and a 3° UTR of 399 bp (Accession number: HE608881). A BLAST search of
both amino acid sequences showed that both sequences had highest pairwise identity
with a carcinin-like antibacterial peptide from Homarus gammarus (CAH10349; 75.7%,
e-value = 1.16e~4% Isoform1 and 73.6%, e-value = 1.39e~3? Isoform2) and a crustin-like
protein precursor from Homarus americanus (ABM92333; 72.6%, e-value = 3.87¢ =42
Isoform1 and 71.9%, e-value = 3.35e 0 Isoform2). Pairwise identity then decreased to
35-40% identity for several other crustacean species, but was still identified as a crustin
in Pacifasticus leniusculus (ABP88043; 38.4%, e-value = 1.59e~!! Isoform1; 40.6%,
e-value = 3.25e~!? Isoform?2), Procambarus clarkii (ACY64752; 37.7%, e-value =
2.09¢~% Isoform1; 39.4%, e-value = 7.18¢~10 Isoform?2), Scylla paramamosain
(ABY20727; 38.6%, e-value = 1.20e~% Isoform1; 37.2%, e-value = 5.31e~"® Isoform?2)
and Carcinus maenas (CAH25399; 39.5%, e-value = 5.21e~% Isoform1; 38.1%, e-value
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= 4.79¢797 Isoform2). The isoforms were named NnCrust! and NnCrust2. SMART
(Simple Modular Architectural Research Tool; http://smart.embl-heidelberg.de/)
analysis identified a whey-acidic protein (WAP) domain (e-value = 1.76 e~!) with a
4-disulfide core (Fig 6.2). A signal sequence MLRLLVVMTVVTVALG with a cleavage
site was identified using Geneious v. 4.8.5 (based on the EMBOSS sigcleave program).
The cleavage site was between glycine and serine (G2!/S?2) for NnCrust! and between
two glycine residues (G21/ 22 for NnCrust2. Geneious also predicted that NnCrustl
had a molecular weight of 12.5 kDa and an isoelectric point of 7.85 and NnCrust2 had

a molecular weight of 12 kDa and an isoelectric point of 7.62.
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FIGURE 6.2: Multiple alignment of the two isoforms of Nephrops norvegicus crustin-like
protein with crustin and crustin-like proteins from the crustaceans: Homarus gammarus
CAH10349, Homarus americanus ABM92333, Pacificasticus leniusculus ABP88043,
Procambrus clarkii ACY64752, Scylla paramamosain ABY20727, Carcinus maenas
CAH25399. The pairwise identity for all of these sequences is 47.9%. The WAP do-
main is double underlined in blue and the eight highly conserved cysteine-residues are
marked with blue asterisks (*). C96, C102, C108 and C109 comprise the basis of the
4-disulfide core of the WAP domain. The signal sequence is boxed in red. Amino acid
similarity is indicated by color: black - 100%, dark gray - 80-99%, light gray - 60-79%,
white 0-59%.

DEG201-26 was identified from control N. norvegicus and produced a fragment of 718
nucleotides including the poly-A tail. An open reading frame of 423 nucleotides coding
for 141 amino acids was identified (Accession number: HE608882). A BLASTP search
showed that DEG201-26 had highest pairwise identity with 40S ribosomal protein S12
from Eurythoe complanata (78.8% ABW23206, e-value = 6.12¢=%7), Branchiostoma
belcheri (83.2% AF4706871, e-value = 1.36e~%%), Perinereis aibuhitensis (77.5%
AAQ43049, e-value = 4.72e75%), Saccoglossus kowalevskii (75.5% XP002739754,
e-value = 2.30e%%), Dermacentor variabilis (81.6% AAP04352, e-value = 7.55e %),
Izvodes scapularis (80.8% AAY66899, e-value = 2.30e %), Rhipicephalus sanguineus
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(80.8% ACX53878, e-value = 4.01e=%), Pinctada mazima (75.7% AST72284, e-value =
1.42¢7%2), Nowocrania anomala (76.4% ACD65102, e-value = 2.59¢~%2), and
Strongylocentrotus purpuratus (71.8% XP795427, e-value = 2.88¢~%2). The sequence
was termed NnrpS12. SMART analysis indicated a ribsomal L7Ae domain (e-value =
6.6e=2%) (Fig 6.3).

The final differentially expressed gene was DEG201-28 identified from control N.
norvegicus. The nucleotide sequence fragment was 453 nucleotides in length containing
45 amino acids at the end of the open reading frame (Accession number: HE608879).
The sequence was identified using a BLASTP search as a chaperonin containing
T-complex protein subunit 7 (eta) (NnCct7). NnCct7 had highest pairwise identity
with Acromyrmez echinatior (86.0% EGI1148, e-value = 2.35¢~21), Camponotus
floridanus (85.7% EFN60224, e-value = 4.11e™2%), Xenopus laevis (83.0% AAHA42312,
e-value = 1.71e~2%), Callithriz jacchus (73.6% XP002757673, e-value = 1.07e~2%) and
Anolis carolinensis (77.3% XP003229175, e-value = 4.75¢~'?). SMART analysis of the
amino acid sequence identified the end of a chaperonin containing sequence
(Cpn60_TCP1; e-value = 9.20e~%2) via Pfam which comprised the first 29 amino acids

of the fragment isolated in this study (Fig 6.4). Furthermore, comparison with
multiple cct7 amino acid sequences indicated a conserved site (SVDETIK(R)) as part
of the ATP/Mg™ binding site.

6.3.2 RNA integrity

As previously described in Chapter 3, all RNA samples were tested for quality using
the BioRad Experion system which analyses sample quality based on 18S and 28S
ribosomal RNA ratios. Interestingly, the banding patterns observed on the virtual gel
image for infected and control animals were different (Fig 6.5). Control animals had
second strong peaks very close to the initial 18S peak and therefore two dark bands are
very close on the virtual gel (approximately 1800 and 2000). Heavily infected animals
with very few haemocytes had two bands (18S and 28S) further apart and at the
expected locations (approximately 1800 and 3300). Infected animals with sufficient
haemocyte counts contained three bands at 1800, 2000 and 3300. The banding pattern
for Cancer pagurus haemocytes used in Chapter 4 was similar to that for control N.
norvegicus. It is therefore evident that the banding patterns using the Experion”

system can act as a marker for Hematodinium infection.
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FIGURE 6.4: Multiple alignment of Nephrops norvegicus chaperonin contain-
ing T-complex protein subunit 7 with other Cct7 proteins: Acromyrmez echina-
tior (EGI61148), Camponotus floridanus (EFN60224), Xenopus laevis (AAHA45074),
Tetradon nigroviridis (CAGO05730), Strongylocentrotus purpuratus (XP782448),
Artemia franciscana (AF4275971), and Saccoglossus kowalevskii (XP002734944). The
double underlined region represents the end of the chaperonin-containing sequence
(Cpn60_TP1) identified by Pfam. The red boxed area (SVDETIK(R)) indicates a
portion of the conserved ATP/Mg"t binding site. The pairwise % identity for this
alignment was 75.9%. Amino acid similarity is indicated by color: black - 100%, dark
gray - 80-99%, light gray - 60-79%, white 0-59%.
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FIGURE 6.5: Bio-Rad Experion virtual gel image for 12 N. norvegicus RNA samples.

Lanes 3, 5, 6, 7, 8 and 12 contain samples from animals infected with Hematodinium.

All infected samples have a strong band at 3300 and heavily infected animals with low
haemocyte counts have little evidence of a band at 2000 (lanes 5 and 8).

6.3.3 Gene Expression Results

The prophenoloxidase gene (proPO) was significantly upregulated in N. norvegicus
infected with Hematodinium sp. (Fig 6.6). Copies of proPO increased from a mean of
4,327 copies 1000 haemocytes—! (£ 5,835 SD) to 10,969 copies 1000 haemocytes™! (£
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12,461 SD). No significant correlation between proPO and Hematodinium load was

evident (p > 0.05; Pearson’s correlation).
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FIGURE 6.6: Comparison of proPO mRNA copy numbers (1000 haemocytes) ™! £SD in

control N. norvegicus (n = 22) and those infected with Hematodinium (n = 21). Gene

expression was significantly upregulated in infected animals (p = 0.038; Mann-Whitney
rank sum test).

The primers designed for NnCrust amplified both isoforms and resulted in the highest
expression levels of all genes analysed during this study, however expression levels did
not vary between infected and control N. norvegicus (p > 0.05; Mann-Whitney Rank
Sum test) (Fig 6.7).

The gene encoding 40S ribosomal protein S12 NnrpS12 was found to be significantly
down-regulated in N. norvegicus infected with Hematodinium compared with control
individuals (Fig 6.8). Copy numbers decreased from 10,646 + 5,356 SD copies 1000
haemocytes™! in control animals to 4,679 + 2,669 SD copies 1000 haemocytes™! in

infected animals.

The gene coding for the chaperonin containing TCP1 subunit 7 NnCct7 did not vary
significantly in expression between N. norvegicus infected with Hematodinium and
control animals (p = 0.078). Copy numbers for NnCct7 were much lower than the

other genes examined during this study (Fig 6.9).
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F1GURE 6.7: Comparison of combined NnCrust! and NnCrust2 isoform mRNA copies

(1000 haemocytes)~! +SD between control N. norvegicus (n = 22) and those infected

with Hematodinium (n = 21). Expression levels were not significantly different (p =
0.990; Mann-Whitney Rank Sum test).

6.4 Discussion

There were two main objectives to this study. The first objective was to use a
differential display technique, GeneFishing," to identify differentially expressed genes
in wild-caught Nephrops norvegicus during Hematodinium infection. The second goal
was to use quantitative real-time PCR to explore the changes in any genes identified
using differential display, as well as any changes to the immune-relevant gene proPO
coding for prophenoloxidase. To that end, three genes were successfully cloned and
identified using GeneFishing", and gPCR indicated that one of the genes was
significantly down-regulated in Hematodinium-infected animals, in addition to the

significant up-regulation of proPO.

6.4.1 GeneFishing"

GeneFishing" resulted in the identification of 14 differentially expressed genes between
Hematodinium-infected and control N. norvegicus, three of which were successfully
sequenced and used in gene expression studies. Of the three genes identified, one of
them had high similarity to the immune-relevant crustin and crustin-like genes

(NnCrust) identified in other crustaceans. Two other genes were identified as those
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F1cURE 6.8: Comparison of the 40S ribosomal protein S12 NnrpS12 mRNA copy

numbers (1000 haemocytes)™ £SD between control N. norvegicus (n = 22) and N.

norvegicus infected with Hematodinium (n = 21). Copy numbers were significantly
down-regulated in infected animals (p = 0.042; Mann-Whitney Rank Sum Test).

necessary to protein translation and folding and had highest identity with a 40S
ribosomal protein S12 (NnrpS12) and a chaperonin-containing T-complex protein 1
subunit 7 (NnCct7).

6.4.1.1 Crustin

DEG 201-21 was identified using BLASTP analysis as a crustin-like protein, of which
two putative isoforms were sequenced: NnCrust! (HE608880) and NnCrust2
(HE608881). This is the first report of a crustin-like protein from Nephrops norvegicus
and was most similar to the crustin-like proteins sequenced from Homarus gammarus
(CAH10349) and Homarus americanus (ABM92333) (Hauton et al., 2006; Christie et
al., 2007). Crustins are generally defined as cysteine-rich antimicrobial polypeptides
(AMPs) with a molecular weight of 7-14kDa, typically characterised by a whey-acid
protein (WAP) domain at the carboxyl terminus and have an isoelectric point (pI)
between 7 and 8.7 (Hauton et al., 2006; Smith et al., 2008). All of these criteria were

met in the crustin sequences identified in this study.

Based on descriptions by Dimarcq et al. (1998) and Bartlett et al. (2002), the crustin
found here putatively belongs to the cysteine-rich class of AMPs which are

characterised by the formation of 8-sheets or a-helical S-sheet mixed structures and
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FIGURE 6.9: Comparison of NnCct7 mRNA copy numbers (1000 haemocytes) ! £SD

between control N. norvegicus (n = 22) and N. norvegicus infected with Hematodinium

(n =21). Copy numbers did not vary significantly between infected and control animals
(p = 0.078; Mann-Whitney Rank Sum Test).

contain disulphide bonds. Defensins comprise a large part of this group and have been
isolated from a wide variety of organisms including invertebrates, vertebrates and
plants (Bartlett et al., 2002). Defensins are generally active towards Gram-positive
bacteria, but have been found to act against Gram-negative bacteria and viruses as
well (Dimarcq et al., 1998). Defensins typically act by forming pores in invading
bacteria and disrupting the bacterial cell membrane (Dimarcq et al., 1998). Crustins
have previously been found to act against Gram-positive (Relf et al., 1999; Mu et al.,
2010) and Gram-negative bacteria (Hauton et al., 2006; Battison et al., 2008), though
to date, only limited evidence for activity towards a parasite has been found (Battison
et al., 2008).

Following RACE, two clones were sequenced which revealed two crustin isoforms for
Nephrops norvegicus. Isoform 1 (NnCrustl) contains an insert of seven amino acids
(PGQQDYP)!199-115 in the WAP domain along with several amino acid variations
throughout the length of the sequence. Both isoforms had high identity to multiple
crustin amino acid sequences and both NnCrust isoforms met the general molecular
weight and pl characteristics of previous crustins. Following the guidelines proposed by
Smith et al. (2008) the present crustins fall into the Type I class of crustins typically

found in lobsters, crabs and crayfish and loosely conform to the suggested framework:

“C-X(3)-C-X (8-12)-C-C-X (16-17)-C-X (6)-C-(9-10)-C-X (5)-C-X (5)-C-C-X (3-5)-C-X (3-
4)-C-
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where the underlined region represents the cysteines of the WAP domain that form the
4-disulfide core (Ranganathan et al., 1999).

WAP domains have been associated with proteinase inhibition and antibacterial
activity (Smith et al., 2008). The residues following the second cysteine in the WAP
domain are particularly important in determining overall protein function in
WAP-containing proteins as they are the site for proteinase inhibition or antibacterial
functionality. Proteinase activity is associated with the presence of a methionine
residue at the scissile bond following the second cysteine residue (Hagiwara et al.,
2003) while a replacement with a hydrophobic or cationic amino acid enables protein
insertion into microbial cell walls, thereby functioning as an antibacterial peptide
(Zasloff, 2002; Hagiwara et al., 2003). The presence of alanine (A) and arginine (R)

('103/107

following the in both N. norvegicus isoforms suggests that this protein

functions primarily as an antibacterial peptide.

As previously mentioned, two putative isoforms were identified in this study. Isoforms
have been found in several crustacean crustins (Brockton et al., 2007), however the
isoforms typically only vary by 1-4 amino acids. In this case, an insert of seven amino
acids was identified in NnCrust! in addition to 17 other aa variations. Crucially, the 7
aa insert is contained within the WAP domain. The WAP domain is speculated to
play a key role in the antibacterial functionality of crustin proteins (Smith et al.,
2008), and indeed, the single amino acid change from a methionine to a cationic or
hydrophobic amino acid is the difference between proteinase inhibition and
antibacterial function (Zasloff, 2002). An insert of this magnitude could cause severe
structural changes in protein tertiary structure and could render this protein
non-functional. Alternatively, this protein could simply have another role in crustacean
physiology. For example, the WAP-domain containing protein Lustrin A from the red
abalone Haliotis rufescens was found to have proteinase inhibitory properties that
protect the shell from degradation (Shen et al., 1997) and caltrin II from guinea pigs is
a calcium transporter inhibitor (Furutani et al., 2004). The two isoforms in this study
were from two separate clones from a single animal, however, so further sequences are
required to definitively ascertain the presence of multiple isoforms. If these are

established, then further studies will be necessary to determine functional differences.

6.4.1.2 Chaperonin containing T-complex protein 1 subunit 7 (NnCct7)

DEG201-28 was identified using BLASTP analysis as a chaperonin containing
T-complex protein 1 (cct7) (HE608879) which had highest identity with amino acid
sequences from Acromyrmex echinatior (EGI1148) and Camponotus floridanus

(EFN60224). Initially, peptide folding was thought to be due solely to the peptide
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primary sequence, but it was later found that extra proteins are necessary for correct
folding (Ellis, 1996). Chaperonins are cytosolic and mitochondrial proteins used to
stabilise folding of newly synthesised polypeptides in crowded cellular environments
where there is the potential for unformed proteins to adversely aggregate. Additionally,
these (helper) proteins are required for stabilisation and protein refolding during stress
response, particularly during heat-shock conditions (van der Vies and Georgopoulos,
1996). NnCct7 codes for the T-complex protein 1 subunit 7 (eta/7), a member of the
Group II chaperonins, and is one of eight related subunits forming a double ringed
particle. The stacked rings are responsible for folding several major cytoskeletal
proteins, including actin and tubulin, in an ATP-dependent manner (Grantham et al.,
2002) (reviewed in Liang and MacRae (1997)). All of the subunits share highly
conserved motifs for ATP binding, however their amino acid sequence identities are
quite low (~30%) and it is believed that each subunit has an additional function which

is subunit-specific, though these roles are still uncertain (Kubota et al., 1995).

Several molecular chaperones are stress-inducible and respond to heat-shock. CCT
chaperonins are believed to be derived from the same ancestor as heat shock protein 60
(Hsp60) and another heat-inducible chaperone from E. coli, GroEL, based on amino
acid sequence, oligomeric structure and chaperone activity (Gupta, 1990). GroEL and
heat-shock proteins are members of the Group I chaperonins found in prokaryotes and
the mitochondria of eukaryotes (Ranford and Henderson, 2002). The present study
supports the relationship of CCT7 to these chaperonins by the SMART identification
of a Cpn60 TCP1 Pfam domain. Cpn60 is also part of the Group I chaperonins which
includes Hsp60 and GroEL (Ranford and Henderson, 2002).

In addition to heat-shock, many chaperonins have been found to play a role in the
stress-response to numerous physiological and environmental stressors (see Morimoto
and Santoro (1998) for review) and have recently been implicated to play a role in the
innate immune response in humans (reviewed in Ranford and Henderson (2002) and
Tsan and Gao (2004)). A Cpn60 chaperonin from Mycobacterium leprae was found to
induce cytokine secretion from human monocytes (Coates, 1996). Coates (1996)
suggested that although chaperonins are intracellular proteins, it is possible that the
release of these proteins during cell death and lysis could induce immune activation. A
more recent study by Basu et al. (2001) found that heat shock proteins Hsp70 and
Hsp90 were able to form complexes with antigenic peptides and present them for
recognition to T cells. Basu et al. (2001) suggested that the Hsps involved in this
process were released from cells as a result of necrotic cell death in response to

pathogenic invasion or disease.
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In crustaceans, heat shock proteins (Hsps) have been found to vary in expression
during viral and bacterial infection (Rungrassamee et al., 2010; Liu et al., 2011).
Proteomic analysis of differentially expressed proteins in the mud crab Scylla serrata
infected with white spot syndrome virus (WSSV) found Hsp70 to be up-regulated and
Hsp90 to be down-regulated compared to uninfected animals, and the authors
suggested that both Hsps play a role during viral immune response in S. serrata (Liu
et al., 2011). Additionally, the gene expression response of three Hsps (hsp21, hsp70
and hsp90) were analysed in the gill tissue of the penaeid shrimp Penaeus monodon
following injection with the bacteria Vibrio harveyi (Rungrassamee et al., 2010). All
three hsps were up-regulated 3-24 hours post-injection and Rungrassamee et al. (2010)
speculated that Hsps played a role in protein stabilisation during cell damage as a
result of infection as well as having a possible role as signaling molecules during the
immune response. Furthermore, Rungrassamee et al. (2010) suggested that
accumulation of damaging reactive oxygen species (ROS) such as superoxide, hydrogen
peroxide and nitric oxide (Nappi and Ottaviani, 2000) in host cells resulting from
pathogen phagocytosis could also increase the demand for protein repair by
chaperonins. A specific role for the Cct7 subunit as a mediator of nitric oxide (NO)
production was also previously reported (Hanafy et al., 2004). Cct7 was implicated as
a co-factor and inhibitor for soluble guanylyl cyclase (sGC), an intracellular mediator
of nitric oxide (NO) and down-regulation of Cct7 resulted in an increase in sGC and

an ultimate increase in NO.

Based on the role of chaperonins in stress-response and the observed responses to
pathogen challenge, NnCct7 is a promising gene for expression studies between control
Nephrops norvegicus and ones infected with Hematodinium sp. As previously discussed
Hematodinium sp. infection results in a great deal of physiological stress including
hypoxia and physiological starvation, as well as tissue degradation, all of which could

lead to protein unfolding and increased need for protein stabilisation.

6.4.1.3 40S ribosomal protein S12 NnrpS12

DEG201-26 was identified during BLASTP analysis as a 40S ribosomal protein S12
(rpS12) (HEG608882) and was most similar to sequences isolated from the polychaete
orange fire worm Eurythoe complanata (78.8% ABW23206, e-value = 6.12¢757) and
the lancelet Branchiostoma belcheri (83.2% AFA4706871, e-value = 1.36e~99).
Ribosomes are ribonucleoproteins (complexes of RNAs and proteins) that are the key
cellular component for translation of RNA into proteins. Each ribosome is comprised

of a large and a small subunit; during translation the small subunit binds to messenger
RNA (mRNA) and the large subunit binds to transfer RNA (tRNA) and the amino
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acids. In eukaryotes, the 40S subunit is the small subunit (the large is 60S), and is
comprised of a 1900-nucleotide (18S) RNA and approximately 33 proteins (Alberts et
al., 2008). The reaction site for protein synthesis is comprised primarily of ribosomal
RNA (rRNA) and the small individual proteins stabilise the ribosomal structure
(Alberts et al., 2008).

The Pfam domain identified for rpS12 was L7Ae. L7A is a domain from metazoa, but
is part of a family that includes 40S ribosomal protein S12 and ribosomal protein L30
from eukaryotes, as well as ribosomal L8-A and L8-B from fungi and Gadd45 and
MyD118. The family falls under the RNA ribose binding superfamily, a clan whose
members are involved in binding the ribose sugar of RNA (Caban et al., 2007).

Ribosomal proteins are typically found to be associated with energy production and
are frequently up-regulated during cell proliferation (Chen and Ioannou, 1999). Cancer
cells, in particular, have been found to have high expression levels of ribosomal
proteins associated with rapid cell proliferation (Kim et al., 2004). A microarray study
to examine differential gene expression during the moult cycle of the crab Portunus
pelagicus found ribosomal and mitochondrial proteins to be up-regulated during
pre-moult and post-moult and were concurrent with periods of high energy
requirement (Kuballa et al., 2011). Similarly, during the energy-demanding phase of
vitellogenesis the ribosomal protein RPL10a was significantly up-regulated in the
banana prawn Fenneropenaeus merguiensis de Man (Wonglapsuwan et al., 2009). In
contrast, hypoxic stress was found to down-regulate the ribosomal proteins S15 and
123 in blue crabs Callinectes sapidus held in conditions of chronic hypoxia for five
days (Brown-Peterson et al., 2005). Brown-Peterson et al. (2005) argued that the
inhibition of protein synthesis, which has been observed in vertebrates (Hochachka and
Lutz, 2001) as a mechanism to reduce energy demand during hypoxia, was responsible
for the down-regulation. Ribosomal protein expression has been clearly implicated in
relation to energy demand and GeneFiShingTM results indicated that gene expression
levels of NnrpS12 were reduced in Hematodinium-infected Nephrops norvegicus. Based
on the observations of respiratory stress and fluctuations in haemolymph pH in
crustaceans infected with Hematodinium (Taylor et al., 1996; Hamilton et al., 2010)
(see 5.1.2 for further description) there is potential for protein inhibition in infected

animals as an energy conservation mechanism.

6.4.2 RNA Integrity

As mentioned previously (6.3.2), the measurement of RNA quality using the Experion
System revealed a difference in band pattern on the virtual gel between crustaceans

heavily infected and those lightly infected or uninfected with Hematodinium sp. The
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reason behind this pattern difference is unclear at present, however it was not found to
affect the RQI value for any samples. All samples used had RQI values >7.5 regardless
of the prevalence of Hematodinium sp. Furthermore, the bands for all samples were
clear and distinct with little evidence of degradation in either the infected or
uninfected animals. In a study comparing the quality of RNA extracted from frozen
and live samples of the gorgonian coral Pseudopterogorgia elisabethae and its
dinoflagellate symbiont Symbiodinium sp., an extra set of bands were evident on an
electrophoresis gel in the live samples (Santiago-Vazquez et al., 2006).
Santiago-Vazquez et al. (2006) suggested that the extra bands are 16S and 23S
ribosomal RNA belonging to cohabiting prokaryotes in P. elisabethae and prokaryotic
genes were amplified from the sample, however the prokaryotes were not identified and
it is unlikely that this is the case for Hematodinium sp. In the present study, it is likely
that the size of the ribosomal subunits is distinct between Hematodinium sp. and their
crustaceans hosts, however complete gene sequences for 18S and 28S ribosomal
subunits are not currently available on NCBI (http://www.ncbi.nlm.nih.gov/guide/)

for Hematodinium sp., Nephrops norvegicus or Cancer pagurus.

6.4.3 Gene Expression during Hematodinium infection
6.4.3.1 Prophenoloxidase

The proPO gene was found to be significantly different between infected and control
N. norvegicus and on average had a 2.5 fold increase in expression level in infected
animals. The increase in proPO gene expression supports the observed increase in PO
enzyme activity in infected animals from the same population. Invertebrate proPO has
been observed to increase in response to numerous pathogens and their associated
compounds, particularly bacteria and viruses (Lu et al., 2006; Ko et al., 2007; Ai et al.,
2008; Gai et al., 2008; Labbe and Little, 2009; Zhang et al., 2010).

Numerous proPO studies have been previously discussed (Chapter 4) and proPO
expression has been clearly linked to pathogen susceptibility (Cerenius et al., 2003; Liu
et al., 2007a; Amparyup et al., 2009). The link has been formed to the extent that
silencing of proPO using RNA interference (RNAi) in Penaeus monodon was found to
reduce PO enzyme activity by up to 88% and increase susceptibility of hosts to Vibrio
harveyi infection (Amparyup et al., 2009). A similar study using RNA interference
(RNAi) found that crayfish Pacifastacus leniiusculus with inhibited proPO had
reduced PO activity and higher bacterial growth (Liu et al., 2007a). Additionally, they
suffered from reduced phagocytosis and nodule formation and increased mortality.

Further studies have indicated that generally higher levels of proPO were beneficial in
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crayfish P. leniusculus that are resistant to crayfish plague Aphanomyces astaci in
comparison to susceptible crayfish Astacus astacus (Cerenius et al., 2003) which

contained lower transcript numbers.

ProPO responses have been variable and no consistent pattern in expression is evident.
Crustaceans exposed to Vibrio sp., Pasteuria ramosa and lipopolysaccharide (LPS)
have been shown to have short-term (2-48 hours post-infection) up-regulation of
proPO, typically returning to pre-infection levels around 72 hours post-infection (Ko et
al., 2007; Gai et al., 2008; Labbe and Little, 2009; Chen et al., 2010a). Other studies
have explored the effects of LPS injection and ($1,3-glucan feeding on crustaceans and
found no change in proPO expression (Okumura, 2007; Wang et al., 2008, 2010).
Similarly, a selection of immunostimulants including 81,3-glucan, a Vibrio vaccine,
liquid extract of marine algae, CpG 1668 oligonucleotide (a pathogen-associated
molecular pattern associated with microbes) and heat-killed Listonella anguillarum
(Gram-negative bacteria) found that only heat-killed L. anguillarum was able to
induce proPO expression in lobster granolocytes in culture, all other
immunostimulants did not affect proPO expression (Hauton et al., 2005). And finally,
white spot syndrome virus (WSSV) and CpG-C injection were both found to
down-regulate proPO expression (Ai et al., 2008; Zhang et al., 2010) although,
interestingly, during the CpG-C study, PO activity was found to increase despite gene
down-regulation (Zhang et al., 2010).

Importantly, some of these studies have only used semi-quantitative PCR to analyse
expression change and have not validated their reference genes; and, as Sperstad et al.
(2010) and de Lorgeril et al. (2008) point out, many studies neglect to take into
account changing haemocyte populations. ProPO is known to be primarily contained
within granulocyte cells (Smith and Soderhall, 1983; Matozzo and Marin, 2010) and
haemocyte populations change during infection. It is possible that the changes in gene
expression following microbial challenge are due to fluctuations in granulocyte
numbers. The present study found no significant change in haemocyte populations
during Hematodinium sp. infection of N. norvegicus (see Chapter 5.3.1), therefore it is
not believed that fluctuating haemocyte populations contributed to gene expression

variations.

Additionally, the majority of the studies reported here used experimental infections
rather than wild-caught infected animals. With this in mind, the researchers had a
greater degree of control over sampled individuals and experimental conditions. All
individuals were able to be treated identically to reduce confounding environmental
effects. Furthermore, infection responses could be explored at specific times

post-infection and the progression of disease monitored. The present study is a
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snapshot of individuals from their natural environment that were potentially subject to
numerous unknown stressors, in addition to the stresses trawling imposes on
crustaceans. The duration of infection is also unknown when using wild-caught
animals, though based on experimental infection studies in crabs from cold-water
climates such as those from Alaska, it is possible chronically infected animals have

suffered for many months (Meyers et al., 1987).

Parasites have been found to have a unique interaction with their invertebrate hosts
and several parasite species have been found to deliberately inhibit phenoloxidase
activity to avoid melanisation (Beckage, 1998; Shelby et al., 2000; Brivio et al., 2002;
Zhu et al., 2011). Wasps and nematodes have been found to actively inhibit PO
activity using a variety of methods. Parasitic wasps are particularly notorious for
phenoloxidase interference and use polydnaviruses to reduce PO activity, inhibit
melanisation pathways and suppress haemocyte adhesion (Beckage, 1998; Shelby et al.,
2000). Nematodes infecting larvae of the greater wax moth Galleria mellonella were
also found to inhibit proPO activity and it was speculated that cuticle components
were able to interfere with LPS-binding proteins reducing the activation of
phenoloxidase cascade (Brivio et al., 2002). Despite the large body of evidence for
phenoloxidase suppression during parasite infection in invertebrates, the results from
this study (increased proPO expression and PO activity) do not support PO inhibition
as a method of immune interaction between Hematodinium and N. norvegicus. The
lack of observed encapsulation and melanisation response (Stentiford et al., 2003)
combined with the high variability in PO activity (Chapter 5) suggest that parasites
are likely avoiding recognition by the internal defense system and increases in proPO
are a result of opportunistic secondary infections. This method of avoidance is

supported by the in vitro study previously described (Chapter 4).

As previously discussed, proPO expression has also been observed to vary during in
vitro exposure to pathogens, indicating direct interaction between haemocytes and
foreign particles (Sritunyalucksana et al., 1999; Hauton et al., 2005). In this project,
previous exposure of Cancer pagurus haemocytes resulted in no change in proPO
expression, however in vivo studies indicate that proPO has increased during infection.
This underlines the need to use in vitro and in vivo studies in conjunction with one
another. In this case, the in vitro study provides support for the idea that
Hematodinium may avoid the immune system altogether. Although proPO was
increased in infected N. norvegicus in vivo, there is no conclusive evidence that this is
a direct immune response to Hematodinium infection. It has been proven that certain
physiological stressors such as starvation and hypoxia can increase PO enzyme activity
(Le Moullac et al., 1998; Matozzo et al., 2011b). Previous studies suggesting

physiological starvation in Hematodinium-infected animals (Stentiford et al., 2000,
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2001¢) in combination with the limited pathological evidence of an immune response at
the haemocyte level (Stentiford et al., 2003) and the complete lack of a haemocyte
response seen here in vitro suggests that phenoloxidase changes at both the
transcriptional and translational level could be due to an indirect response to

Hematodinium infection.

Alternatively, Hematodinium hosts have been known to suffer from secondary
infections including bacteria, ciliates and yeast (Meyers et al., 1987; Love et al., 1993;
Stentiford et al., 2003; Hamilton, 2007). As previously mentioned, numerous bacterial
species, particularly Vibrio spp. are known to increase PO activity (Gai et al., 2008;
Wang et al., 2010) and proPO mRNA levels (Chen et al., 2010b; Gai et al., 2008). The
ciliates and bacteria observed in Chionocetes bairdii were suggested to be those
frequently found in previously compromised hosts (Meyers et al., 1987; Stentiford et
al., 2003; Stentiford and Shields, 2005). In Cancer pagurus co-infected with
Hematodinium sp. and a yeast-like organism, no immune response (recorded as degree
of encapsulation) was evident towards Hematodinium, however nodule formation was
observed around the yeast (Stentiford et al., 2003). Nodule formation indicated that
an immune response was still possible in Hematodinium-infected animals, however the
degree of variation in immune response to the yeast was extremely high between
individuals. This makes it clear that further investigation into the cause of increased
proPO expression is required as the increase may be due to secondary infection by

opportunistic pathogens.

6.4.3.2 Crustin

Antimicrobial responses in crustaceans have been observed many times in the past, but
only recently have researchers identified the individual peptides and corresponding
nucleotide sequences involved in antibacterial response (Schnapp et al., 1996; Relf et
al., 1999; Bartlett et al., 2002; Hauton et al., 2006; Brockton et al., 2007; Battison et
al., 2008; Mu et al., 2010). As previously described, in this study a crustin-like gene
was identified via GeneFishing  as being differentially expressed between a Norway
lobster N. norvegicus infected with the parasite Hematodinium sp. and a control
individual. To date, only limited evidence has been found for crustin activity towards
a parasite. A crustin-like peptide (CAP-2) was isolated from the lobster Homarus
americanus; recombinant expression of CAP-2 was found to inhibit growth of the
ciliate parasite Anophyroides haemophila, though was not able to kill the parasite
outright as was found for a temporin-like peptide isolated during the same study
(Battison et al., 2008). Other invertebrates have been found to contain AMPs against

parasites: four cecropin and four defensin genes (both coding for their respective
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antimicrobial peptides) have been found to increase expression in Anopheles gambiae
in response to malaria infection (Christophides et al., 2002). Furthermore, A. gambiae
inoculated with E. coli expressing a cecropin-like immunotoxin were able to decrease

the transmission of malaria by 95% (Yoshida et al., 2001).

In this study, further investigation into NnCrust expression in a wider sample (n = 45)
of N. norvegicus, however, revealed little variation in gene copy numbers normalised
against haemocyte counts. Numerous studies have explored changes in crustin gene
expression and have found varying results in response to a variety of pathogens. Vibrio
spp., Gram-negative bacteria commonly found in fish and shellfish, have been used in
multiple challenge studies with crustins. Exposure of the penaeid shrimp Litopenaeus
vannamei and Penaeus monodon to Vibrio spp. caused a down-regulation in crustin
expression six hours post-infection followed by a gradual recovery (Vargas-Albores et
al., 2004; Supungul et al., 2004). In contrast, Amparyup et al. (2008) reported an
increase in crustin expression from P. monodon 24 hours post-infection with V.
harveyi. A further study reported a decrease in crustin 12 hours post-infection followed
by an increase above normal expression by 24 hours (de Lorgeril et al., 2008). Crustin
expression changes have also been observed towards other Gram-negative bacteria
including FEscherichia coli (Jiravanichpaisal et al., 2007), Listonella anguillarum
(Hauton et al., 2006; Sperstad et al., 2010), Aeromonas hydrophila, Acinetobacter sp.
(Jiravanichpaisal et al., 2007), and the Gram-negative cell wall component
lipopolysaccharide (Okumura, 2007). Results varied from increased expression towards
E. coli, A. hydrophila and Acinetobacter sp. (Jiravanichpaisal et al., 2007), decreased
expression towards L. anguillarum (Hauton et al., 2006) and LPS (Okumura, 2007)
and no response to L. anguillarum in Eriocheir sinensis (Mu et al., 2010). Isolated
granulocytes showed a slight increase in expression when exposed to L. anguillarum in
vitro (Sperstad et al., 2010).

Responses to Gram-positive bacteria have been similarly variable. Homarus gammarus
crustin was up-regulated following exposure to Aerococcus viridans var. homari and
Marsupenaeus japonicus crustin was also up-regulated following injection with
peptidoglycan (a cell wall component of Gram-positive bacteria) (Fagutao et al., 2008).
Other crustacean crustins from FEriocheir sinensis and Carcinus maenas were
down-regulated following Gram-positive bacteria exposure (Mu et al., 2010; Brockton
and Smith, 2008); and studies on Hyas araneus and Homarus americanus showed no

response towards Gram-positive bacteria (Sperstad et al., 2010; Battison et al., 2008).

It is clear that the gene expression response of crustins vary widely between both host
and pathogen species. The different results observed between these studies could

merely be a result of functional diversity due to varying crustin isoforms. It has been
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reported several times that isoforms respond differently to identical experimental
conditions, and in fact, a single amino acid change can be the difference between
down-regulated gene expression and no response at all (Vatanavicharn et al., 2009).
Although the functional domains are often conserved in crustins across many
crustacean species the amino acid sequences are actually highly variable. In this study
two putative isoforms were identified, one of them including an insert of seven amino
acids in the WAP domain, possibly having an effect on functionality of the entire
protein. Due to the location of the qPCR primers in the conserved region of the
nucleotide sequence, the present study quantified combined expression of both crustin
isoforms, therefore it is unclear if there is, indeed, functional diversity between
NnCrustl and NnCrust2. In future, expression studies could be improved by designing
qPCR primers to target the differing amino acid region to measure expression

separately.

As to the implication of the differential expression of NnCrust during GeneFishing, it
could be a result of bacterial infection in the control N. norvegicus used in the
experiment. Only a single animal was examined with differential display and
individual immune responses to any foreign pathogens would be evident during this
portion of the experiment that would not be observed in the entire population. As
with all differential display techniques, it is essential to validate the results using a
quantitative technique such as quantitative PCR, over a representative sample size.
This ensures that the expression results are genuine and represent a universal response

rather than that of an individual.

6.4.3.3 Chaperonin containing T-complex protein 1 subunit 7 (NnCct7)

This is the first reported sequence for a chaperonin containing T-complex protein
subunit 7 (NnCct7) from crustacean haemocytes. CCT proteins are known to be
primarily involved in the folding of the cytoskeletal proteins actin and tubulin, however
no functional studies have been carried out on these proteins in crustaceans, so the
specific role is still unclear. In the present study, despite the difference in expression
indicated by GeneFishing ', further investigation using qPCR found no significant
difference in expression between control Nephrops norvegicus and those infected with

Hematodinium sp.

A study of CCT subunits in HeLa cells and human erythroleukemia cells found that
CCT subunits decreased slightly in concentration during chemical stress before
increasing transiently during the recovery period (Yokota et al., 2000). During a
chronic infection such as found in Hematodinium-infected animals a recovery period

may not be strongly evident and therefore a change in expression would not be
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recorded for cct genes. An additional study by Yokota et al. (1999) linked CCT
subunit mRNA expression to cell growth in which CCT was upregulated during early S
phase in cultures of human and mouse cells. However, due to the nature of cell
proliferation in crustaceans (arising from designated haemopoietic tissue), it is unlikely
that gene expression change resulting from cell growth would be evident in circulating
haemocytes. Although gene expression did not change significantly in the present
study, NnCct7 could still prove a useful gene for studying stress response, particularly
during recovery, in crustaceans and further investigation would be useful to fully
understand the functional role of this particular chaperonin subunit. Furthermore, due
to its speculated link to cell growth, cct could be a useful gene for expression studies in

haemopoietic tissue.

6.4.3.4 40S ribosomal protein S12 (NnrpS12)

The gene coding for the 40S ribosomal protein S12 in Nephrops norvegicus (NnrpS12)
was significantly down regulated in infected animals compared to control animals.
Ribosomal proteins are generally considered the stabilising units of the ribosomal
subunits and are frequently identified during differential gene expression studies
(Tassanakajon et al., 2006; Lee et al., 2009; Li et al., 2011). Their function in protein
synthesis means they make up a high proportion of cellular molecules and can account
for up to 50% of total cellular transcription in rapidly dividing yeast cells (Warner,
1999), but their commonality seems to make them often ignored or merely used as
reference genes in gene expression studies. Genes coding for ribosomal RNA and
proteins were found to comprise up to 30% of a suppressive subtractive hybridisation
(SSH) library generated from a study investigating gene expression changes in Chinese
mitten crabs Eriocheir japonica sinensis with white spot syndrome virus (WSSV) (Li
et al., 2011). The percentage of ribosomal proteins identified using ESTs from Penaeus
monodon haemocytes increased from 8.2% in control animals to 17.6% in those
challenged with Vibrio harveyi and 23.9% WSSV-challented animals (Tassanakajon et
al., 2006).

In general, ribosomal proteins are up-regulated during periods of high cell division
when there are optimal growth conditions and are down-regulated during stress or
during limited nutrient availability. This change in ribosomal protein gene expression
has frequently been observed in yeast, bacteria and plants (Cardenas et al., 1999; Betts
et al., 2002; Volkov et al., 2003; Marion et al., 2004). As previously mentioned, N.
norvegicus suffer many forms of stress in response to Hematodinium infection,
including physiological starvation and hypoxia (Taylor et al., 1996; Stentiford et al.,
2001¢; Shields, 2003). The decrease in NnrpS12 expression supports previous evidence
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of reduced serum protein concentration in Hematodinium-infected Callinectes sapidus
(Shields, 2003). Haemocyanin, the major contributor to serum protein, was also
reduced in infected N. norvegicus (Taylor et al., 1996). Further reports have observed
decreased glycogen and glucose concentrations and it has been speculated that
parasites are consuming glycogen stores and proteins, causing the physiological
starvation state. Infected Callinectes sapidus suffered chronic anorexia and progressive
lethargy (Meyers et al., 1987), suggesting depleted energy levels. Based on this
evidence, in combination with evidence that starvation in yeast cells causes
down-regulation in ribosomal protein expression (Marion et al., 2004), there is reason
to believe that physiological starvation caused by Hematodinium energy demands
could decrease the expression of NnrpS12. Despite this evidence, it is also important to
mention that although the primary role of ribosomal proteins is to provide structural
support during protein synthesis, many individual proteins have been found to carry

out separate functions (Lee et al., 2009).

Without further examination, the role of NnrpS12 during Hematodinium infection can
not be determined. Decreases in translational components could be a result of
decreased physiological competence due to severe parasite infection. Heavily parasitised
animals were frequently lethargic and it is likely the drain on internal resources had

rendered the animals incapable of directing energy towards protein synthesis.

6.5 Conclusions

In conclusion, the use of the differential display technique GemeFiShingTM in this study
has identified three new genes from Nephrops norvegicus: NnrpS12, NnCct7 and two
isoforms of NnCrust. Of these three genes, only NnrpS12 was found to change
expression, in addition to the proPO gene, during Hematodinium sp. infection and the
null hypothesis (6.1.1) was rejected for these genes. The ribosomal protein NnrpS12
was significantly down-regulated in Hematodinium-infected animals and is likely a
result of physiological starvation. Simultaneously, the proPO gene was found to be
up-regulated in infected animals, confirming that prophenoloxidase is up-regulated at
both the transcriptional and translational level, and placing a further demand on
energy reserves. Increased expression of proPO mRNA in combination with decreased
haemocyte counts (Chapter 5) indicate that an internal defense response is present in
Hematodinium-infected animals, though it can not at present be confirmed that the
response is directed towards Hematodinium sp. cells. The lack of response by
haemocyte proPO in vitro (Chapter 4) suggest that the change in gene expression

observed in the present study is not in response to parasite cells and could possibly be
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in response to secondary infection by opportunistic pathogens. In light of these results
it is evident that, despite the apparent reduction in immunocompetence, evidenced by
a significant decrease in haemocyte numbers (Chapter 5) and down-regulation of
NnrpS12 (known to decrease during stress and starvation), Hematodinium-infected

Nephrops norvegicus are still capable of mounting an immune response.






Chapter 7

Conclusions

The increasing importance of crustaceans in both fisheries and aquaculture has driven
the need to expand our understanding of their general biology, with particular interest
directed towards disease control for management purposes. Crustaceans can suffer
from both non-infectious diseases precipitated by physiological stressors such as
hypoxia and nutrient deficiency, as well as from pathogen-associated infectious diseases
including viruses, bacteria, fungi and protozoan parasites. Disease control is only
possible when there is a clear understanding of host-pathogen interaction, and a great
deal of the current research focusses on the host internal defense system. The
dinoflagellate parasite Hematodinium spp. is an emerging pathogen of decapod
crustaceans worldwide and has been reported in blue crabs Callinectes sapidus along
the East coast of the US (Newman and Johnson, 1975; Messick, 1994; Sheppard et al.,
2003), in Tanner crabs Chionoecetes bairdi in Alaska (Meyers et al., 1987) and the mud
crab Scylla serrata from Australia and Southeastern China (Hudson and Lester, 1994;
Li et al., 2008b), among others. In the UK, Hematodinium sp. has been reported from
several species, including hermit crabs Pagurus bernhardus (Hamilton et al., 2009) and
velvet swimming crabs Necora puber (Stentiford et al., 2003; Hamilton et al., 2009) as
well as the commercially important Norway lobsters Nephrops norvegicus and edible
crabs Cancer pagurus (Field et al., 1992; Stentiford et al., 2002).

Infection with Hematodinium spp. has been found to cause metabolic disruption and
extreme lethargy in host animals (Field et al., 1992; Taylor et al., 1996; Stentiford et
al., 2001¢). Pathological investigation has found reduced haemocyte numbers in
infected animals in combination with tissue disruption of hepatopancreas, gill and
muscle (Meyers et al., 1987; Shields, 2003; Wheeler et al., 2007). Interestingly, several
studies have noted a distinct lack of immune response to Hematodinium presence.

There are a few reports of haemocytic nodules and encapsulation responses in infected
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animals, though none were able to confirm that the response was directed toward
parasite cells (Meyers et al., 1987; Field and Appleton, 1995; Stentiford et al., 2002).
The same reports noted the presence of secondary bacterial and ciliate infections in a
number of Hematodinium-infected individuals and suggested that Hematodinium sp.
may increase the likelihood of colonisation by opportunistic pathogens. In a specific
observation by Stentiford et al. (2003) Cancer pagurus were co-infected with
Hematodinium sp. and a yeast-like organism. Histological investigation revealed that
an immune response towards the yeast-like organisms was present in the form of
encapsulation and nodule formation, however no response was directed towards
parasite cells. These observations led to speculation that Hematodinium sp. was able
to either avoid or suppress the immune system of its host. A later study by Small et al.
(2007a) found that Hematodinium sp. ex N. norvegicus secreted acid phosphatase into
the culture media and suggested that this may be a mechanism of immune suppression
used by Hematodinium sp. Despite the hypotheses that Hematodinium sp. either
avoids or suppresses the internal defense of its host, to date no studies have specifically
investigated host response towards the parasite and there is a current knowledge gap in
Hematodinium-host immune interaction. The present study aimed to investigate if a)
there is no immune response from crustacean hosts towards Hematodinium sp. or b)
the parasite actively suppresses or inhibits the immune response. To achieve this aim,
the immune response of two UK crustacean hosts, Cancer pagurus and Nephrops
norvegicus, to Hematodinium sp. infection was investigated using gene expression

analysis and immune assays to achieve three primary objectives:

1. In vitro experiments in which individual haemocyte populations from Cancer
pagurus were exposed to Hematodinium sp. cells aimed to determine gene
expression responses of specific haemocyte types during host-parasite cell

interaction (Chapter 4).

2. Immune assays aimed to investigate in vivo changes in immune parameters of

wild-caught Nephrops norvegicus (Chapter 5).

3. Gene expression analysis of naturally infected wild-caught Nephrops norvegicus
aimed to examine in vivo immune response of a host to Hematodinium sp.

infection (Chapter 6).

Before gene expression studies could commence, gene sequences had to be generated
for all genes of interest and reference genes, and quantitative PCR assays had to be
optimised. In Chapter 2, the methods for gene identification and molecular cloning
utilised throughout this thesis were described. The gene coding for the
immune-relevant proenzyme prophenoloxidase (proPO) was chosen for its key role in

crustacean internal defense and the first published proPO sequences were generated
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here for Cancer pagurus (CpproPO; FR687020) and Nephrops norvegicus (NnproPO;
HEG608877). Both CppropPO and NnproPO had high identity with other crustacean
proPO genes and the translated amino acid sequences contained two copper-binding
sites and a thiol ester-like motif, all of which are conserved in proPO proteins. The
sequences generated in the present study did not show signs of having isoforms and,
based on their high identity with other crustacean proPOs, were deemed suitable for

gene expression analysis.

Partial sequences for the actin gene were also generated for the first time for C.
pagurus (CpAct; FR687021), N. norvegicus (NnAct; HE608878) and Hematodinium
sp. ex N. norvegicus (HemAct; HE609031) for use as endogenous reference genes,
though due to the lack of Hematodinium sp. genes for expression analysis and the use
of absolute quantification during the Nephrops norvegicus studies, only the gene from
C. pagurus was used during this project for relative quantification of C. pagurus host
gene expression. An additional gene from Hematodinium sp. (Hem18S; HE609032),
comprising a partial sequence of the 18S ribosomal RNA (rRNA), internal transcribed
spacer 1 (ITS1; complete), 5.85 rRNA (complete) and a partial sequence of ITS2, was
sequenced with the intention of quantifying parasite abundance in the haemolymph of
wild-caught N. norvegicus. Unfortunately, after considerable effort, the runt gene
involved in haemopoiesis was not able to be isolated and sequenced from either Cancer
pagurus or Nephrops norvegicus and due to time constraints was left out of the present

study.

Quantitative PCR (qPCR) has become the ‘gold standard’ for studying gene
expression and is extremely sensitive to fluctuations in gene copy numbers (Bustin,
2000; Ginzinger, 2002). High sensitivity, however, is accompanied by a high
susceptibility to error due to technical variations in sample handling and poor assay
optimisation (Bustin, 2010). Chapter 3 described the rigorous optimisation methods
that were carried out on all genes of interest and endogenous reference genes in this
project to reduce the possibility of error and to ensure that results were robust and
comparable. Suitable assays were developed for all genes except for Hem18S which

had a poor efficiency value and was therefore discarded.

The PCR-based differential display technique GemeFishingTM (Chapter 4) was used to
identify differentially expressed genes between control cultures and those exposed to
Hematodinium sp. GeneFishing" identified two novel C. pagurus genes, one coding for
a prophenoloxidase activating factor (ppaf) and another coding for a DEAD-box
ATP-dependent RNA helicase (ddz) in unexposed granulocyte cultures. The full
sequence obtained for ppaf (HE608875) had high identity with other crustacean ppaf

genes and several serine proteinase homologues which are closely related. Six conserved
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cysteine residues were present and a catalytic triad was identified, though (as in other
closely related sequences) the serine was replaced with a glycine rendering the protein
catalytically inactive. The full sequence of ddz (HE608876) had high identity with

other invertebrate ddx genes and contained nine conserved motifs found in DEAD-box

proteins.

The data presented in Chapter 4 indicated no sign of immune response in the
measured parameters from individual haemocyte types (granulocytes or hyaline cells)
from Cancer pagurus to Hematodinium sp. exposure in vitro. Microscopic observations
of individual granulocyte and hyalinocyte cultures exposed to Hematodinium sp. cells
gave no indication of an overt immune response such as aggregation, cell rounding or
loss of adhesion, and no difference could be observed when compared to control
haemocyte cultures. Furthermore, viability assays indicated no difference in viability

between exposed and control cultures.

Gene expression analysis using relative quantification found no significant difference in
expression for any of the genes of interest in either granulocyte or hyaline cell cultures.
Hematodinium sp. did not elicit a transcriptional response for proPO, ppaf or ddx from
separated haemocytes in vitro. These results indicated that under in vitro conditions,
separated haemocyte populations had a limited defense response to parasite cells.
Importantly, the advantages and limitations of in vitro conditions must be considered
as they could be contributing to the observed response. The primary advantage of in
vitro experimentation is the use of a controlled environment in which sterile and
nutrient-stable conditions can be maintained, and therefore direct cell-cell interactions
can be observed without other confounding factors. In crustaceans, cell separation and
in vitro study have proven invaluable to understanding the individual role of
haemocyte types and to reduce confusion over which haemocytes are contributing to
an observed transcriptional response (Smith and Ratcliffe, 1978; Munoz et al., 2002).
However, crustacean internal defense is based on a combination of humoral and cellular
components and in the present study the humoral factors (eg. lectins and agglutinins)
were removed during cell separation. Furthermore, crustacean cells have been shown to
communicate during defense reactions and the separation of granulocytes and hyaline
cells may have had a limiting effect on the cellular response. With this in mind, it was
imperative that in vitro Hematodinium sp. exposure studies be supported by in vivo
analysis as well. Due to difficulty obtaining infected specimens of Cancer pagurus, in

vivo studies were carried out on the Norway lobster, Nephrops norvegicus.

In vivo studies in this project commenced with the comparison of multiple immune
parameters between Hematodinium-infected Nephrops norvegicus and those that were

uninfected or lightly infected based on parasite counts in the haemolymph (Chapter 5).
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Total haemocyte counts were significantly reduced in infected animals which is a
strong indication of reduced immune capacity. However, infected animals had
significantly enhanced prophenoloxidase (proPO) stores (termed ‘phenoloxidase (PO)
activity’), showing that an immune response was still possible during heavy parasite
infection and under conditions of haemocytopoenia. PO activity was much more
variable in infected animals than control animals, however correlation tests between
PO activity and parasite load were not significant. Changes in PO activity as a result
of fluctuating granulocyte counts were ruled out because differential cell counts were
not signficiantly different between infected and control animals. Occasional
observations of concurrent bacterial infection during haemocyte counts in infected
individuals suggest secondary infections could have contributed to the increased
variability of PO activity, however data were not specifically collected for bacterial
analysis during this study so further investigations must be carried out to confirm this.
Secondary infections have frequently been recorded in Hematodinium-infected
crustaceans (Meyers et al., 1987; Stentiford et al., 2003; Small, 2004) and the
interactions of Hematodinium sp. and opportunistic pathogens could shed further light

on crustacean immune response during parasite infection.

Haemocyte lysate from Nephrops norvegicus did not show any significant difference in
haemagglutinating properties between infected and control animals. Likewise,
intracellular superoxide (SO) anion production was not significantly different between
infected and control animals. Interestingly, SO production varied considerably in
infected animals (evidenced by a large standard deviation) compared to control
animals. Further investigation revealed a significant correlation between SO
concentration and Hematodinium sp. abundance. This correlation supported a
hypothesis by Small et al. (2007¢) who suggested that acid phosphatase (AP) secreted
by Hematodinium sp. ex N. norvegicus could be used to inhibit SO production.
Studies linking the inhibition of reactive oxygen species (such as SO) to acid
phosphatase production by bacteria (Baca et al., 1993; Siemsen et al., 2009) indicate

that a similar mechanism of immune suppression could be in use by Hematodinium sp.

The data presented in Chapter 6 indicated that the presence of Hematodinium sp. in
vivo could influence the transcription of the immune-relevant proPO gene in addition
to genes involved in protein synthesis. To begin with, GeneF is.hingTM identified 14
differentially expressed genes between naturally infected and control wild-caught
Nephrops norvegicus and three genes from Hematodinium sp. Following cloning and
sequencing, three genes were successfully identified from uninfected N. norvegicus. The
novel N. norvegicus genes were submitted to GenBank and coded for an
immune-relevant crustin-like antimicrobial peptide (AMP) (NnCrust), a 40S ribosomal

protein S12 (NnrpS12) and a chaperonin containing T-complex protein subunit 7
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(n/eta) (NnCct7). The full sequence generated for NnCrust revealed two isoforms of
the gene (NnCrust!1 HE608880 and NnCrust2 HE608881), both of which had high
identity with other crustacean crustin-like proteins and contained a whey-acid protein
(WAP) domain linked with protein inhibition or antibacterial activity (Smith et al.,
2008). NnCrustl contained an insert in the functional WAP domain however, and it is
unclear if this isoform is an active antimicrobial peptide and if it has a separate
function. NnrpS12 (HE608882) had high identity with several invertebrate 40S
ribosomal proteins and most ribosomal proteins are typically linked with energy
production (Chen and Ioannou, 1999). The final gene, NnCct7 (HE608879), had high
identity with several invertebrate cct7 proteins and contained a conserved site that

plays a role in ATP/Mg™ binding for protein folding and stabilisation.

Gene expression analysis showed proPO to be up-regulated in Hematodinium-infected
N. norvegicus and NnrpS12 was down-regulated. No significant response was observed
for NnCct7 or NnCrust. The increase in proPO expression corroborated the increase
in PO activity and further confirmed that the internal defense system was not
completely defunct in infected animals. It was also the first indication in the present
study of an active immune response. Based on reports from the gene expression of
other ribosomal proteins, the decrease in NnrpS12 was indicative of depleted energy
reserves and/or increased stress (Cardenas et al., 1999; Betts et al., 2002; Marion et
al., 2004), both of which have been reported for crustaceans infected with
Hematodinium sp. (Taylor et al., 1996; Stentiford et al., 2001¢; Shields, 2003). No
change in expression was found for NnCrust, which indicated that Hematodinium sp.
was not altering the transcriptional regulation of the crustin-like protein, though
further protein studies would be required to determine whether the parasite was
actually avoiding detection by the peptide or interacting only at the translational level.
Additionally, the NnCrust primers designed for the present study encompassed both
isoforms and examination of the individual isoforms may result in observable changes
in expression. NnCct7 also did not show any change in expression between infected
and control N. norvegicus, which underlined the need for validation of differential
display techniques. Despite several genes being identified as differentially expressed in
both in vivo and in vitro experiments, the majority of them were not supported when
examined across multiple animals. Differential display is frequently carried out on only
a small sample set and individual variations in physiology can indicate changes in
expression that are not upheld upon further investigation. As evidenced here, it is
essential to validate all differentially expressed genes using qPCR to gain a firm

understanding of the overall expression response.

The gene expression results from the in vivo portion of this study, in combination with

the in vitro experiment expression results, emphasise the need for validation between
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the two methods. As previously mentioned, in vitro experiments are extremely
valuable as tools to understand cell function in the absence of external influences and
where strict environmental control is desired. They are also useful to establish cell
function of individual cell populations, though they lack essential humoral components
and separated cell populations eliminate cellular communication between cell types.
proPO expression from haemocytes in vitro did not vary in expression when exposed
to Hematodinium sp., but a significant increase in proPO expression was found in vivo.
Clearly there were additional factors or secondary infections present in the in vivo
system which were altering expression and further studies are required to determine

the exact details.

7.1 Hematodinium sp. and crustacean immune response

The success of an internal parasite is based largely on its ability to circumvent the host
internal defense system long enough to complete its life cycle. Stentiford and Shields
(2005) previously suggested that Hematodinium sp. may be avoiding or suppressing
the host immune system, which is common in a number of internal parasites (Loker,
1994). From the data presented in this thesis it is evident that Hematodinium sp. has
a significant impact on immune parameters within its crustacean hosts, with evidence

for both avoidance and possible mechanisms for suppression.

The significant decrease in total haemocyte counts observed in Nephrops norvegicus
invariably has a severe impact on immune competence as it is the primary unit of
internal defense. Several previous studies have suggested that the decrease is due to
encapsulation, agglutination and other immune responses (Field and Appleton, 1995;
Stentiford et al., 2002; Shields, 2003); however, in vitro observations of C. pagurus
haemocyte-parasite interactions during the present study did not show any signs of
encapsulation or any overt response to parasite cells, nor was there any difference in
haemocyte viability as a result of parasite exposure. An alternative hypothesis is that
total haemocytes decrease as a result of physiological starvation caused by excessive
parasite load (Stentiford and Shields, 2005), with the knock-on effect of suppressing the
immune response. Haemocytes are likely being outcompeted for nutrients and this is
supported by the down-regulation of the ribosomal protein NnrpS12. Members of this
gene family of ribosomal proteins have been shown to be down-regulated during periods

of stress or limited nutrient availability (Cardenas et al., 1999; Betts et al., 2002).

The strongest evidence for active immune suppression found in the present study was
the negative correlation between intracellular superoxide anion production and

Hematodinium sp. presence in the haemolymph. It is currently unknown whether
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Hematodinium sp. secrete acid phosphatase (AP) solely as a mechanism of protection
against crustacean defense molecules or as a mediator of nutrient acquisition (Small,
2004). Even if the primary function is to aid in nutrient acquisition, however, the

reduction in SO production likely aids in parasite survival.

The stable expression of proPO during in vitro challenge experiments using C. pagurus
haemocytes provided evidence for immune avoidance, however the results were
contradicted by in vivo studies of naturally infected N. norvegicus. Despite the
decrease in total haemocytes in vivo, both PO activity and proPO expression were
significantly increased in Hematodinium-infected N. norvegicus, which provided
evidence that infected animals were still capable of mounting an immune response as
well as confirming that proPO was enhanced at both the transcriptional and
translational level. The contradiction in response between in vitro and in vivo
responses could be explained by limitations imposed by in vitro conditions and the
absence of crucial plasma factors, however the role of opportunistic pathogens should
also not be ignored. Several reports of secondary infection have been made from
Hematodinium-infected crustacean hosts (Meyers et al., 1987; Stentiford et al., 2003)
and it is likely the increase in PO activity and proPO are, in fact, a result of secondary
infection. Secondary infections would also explain the increased variability in PO
activity in infected animals due to the possibility of a varied range of pathogenic

species as well as a variable intensity of infection.

Further evidence of immune avoidance were the non-significant results from the
haemagglutinin assays and the stable expression of the crustin-like AMP NnCrust.
Both of these studies suggest a lack of recognition of Hematodinium sp.
Haemagglutinin assays rely on recognition of surface carbohydrates (Marques and
Barracco, 2000) and, although N. norvegicus haemocytes were capable of agglutinating
chicken red blood cells, there was no difference between infected and control animals,
indicating that intracellular agglutinins do not play a strong role in parasite
recognition. Crustins and other AMPs interact with phospholipids in pathogen cell
membranes (Epand and Vogel, 1999), and the stable expression of NnCrust suggests
that phospholipid recognition is not part of the immune response to Hematodinium sp.
either. Pathogen recognition is a key component of the internal defense response,
however very little evidence was found in the present study to indicate any form of
parasite cell recognition, suggesting that the parasite cells may lack recognisable cell

surface molecules or be able to cloak them under a surface coat.
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7.2 Future Research Considerations

The present study has initiated the complex task of analyzing the relationship between
an internal dinoflagellate parasite Hematodinium sp. and its crustacean host’s internal
defense system. Essential progress has been made and, in the process, has highlighted

future avenues of research.

Pathogen recognition is imperative in instigating an immune response in all organisms
and the limited evidence for Hematodinium sp. recognition infers that immune
avoidance may be a key mechanism to successful host colonisation for this parasite.
The present study has focussed primarily on cellular immune components (intracellular
proPO, intracellular SO, intracellular agglutinins, haemocyte RNA), though many
pathogen recognition molecules are humoral and circulate freely in the haemolymph.
Further studies regarding the specific interactions of pathogen recognition receptors
and Hematodinium sp. cells would be invaluable in elucidating mechanisms of
avoidance. For example, genes coding for several pattern recognition proteins have
been sequenced from crustaceans and used for gene expression analysis during infection
studies (Lee and Soderhall, 2001; Cheng et al., 2005; Du et al., 2007) and binding
assays using recombinant proteins have been used to which pathogens are recognised
by individual PRPs (Lee and Soderhall, 2001; Du et al., 2007). Furthermore,
pathogens are recognised based on pathogen associated molecular patterns
(lipopolysaccharides, £1,3-glucans, peptidoglycans, etc.), however, to date, few studies
have specifically analysed Hematodinium sp. for the presence of these molecules in the
cell membrane. It is possible that Hematodinium sp. lacks these molecules or is able to

mask them and thus evade detection.

Further investigation into the role of phenoloxidase during Hematodinium sp. infection
is necessary to determine if the increased PO activity and proPO gene expression is,
indeed, due to Hematodinium sp. presence or if it is a result of secondary infection.
Controlled infection studies would be extremely useful to progress these investigations
and would require successful passage of Hematodinium sp. infection. To date,
Hematodinium sp. has been successfully passaged in a few crustaceans, particularly
the blue crab Callinectes sapidus (Messick and Shields, 2000; Shields and Squyars,
2000) and development of a similar method for Nephrops norvegicus would
significantly aid in vivo immune studies. Co-infection studies could then be used to
elucidate whether prophenoloxidase is varying due to parasite infection or as a result of
opportunistic pathogens. Instigation of in vivo Hematodinium sp. infections would
also aid further exploration of the interaction between parasite-produced acid

phosphatase and host superoxide anion production.
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In conclusion, it can be stated that Hematodinium sp. has shown signs of both
avoiding the host immune response as well as possessing a potential mechanism for
immune suppression. At present, Hematodinium sp. has been found to elicit little
immune response although explicit mechanisms of avoidance were not determined. It is
possible that molecules typically recognised by host pattern recognition proteins are
absent from the plasma membrane of the parasite or, like trypanosomes, a surface coat
is secreted to prevent host molecules from coming in contact with parasite PAMPs
(Zarnbrano-Villa et al., 2002). However, a mechanism for immune suppression,
suggested by Small et al. (2007a) was supported here by the clear correlation between
superoxide anion production and Hematodinium sp. abundance in the haemolymph.
The suppression of reactive oxygen species by phosphatase has been found to be a
common trait of protozoan parasites and is likely a key strategy for parasite success.
The use of acid phosphatase was particularly noted from Leishmania which inhibits
the respiratory burst of the phagocytes it infiltrates during infection (Remaley et al.,
1984). The mechanism is also common from a number of protozoan parasites of marine
shellfish such as the intracellular parasites Bonamia ostreae infecting Ostrea edulis
(Hervio et al., 1991; Morga et al., 2009) and Perkinsus marinus infecting Crassostrea
virginica (Volety and Chu, 1995; Anderson, 1999a,b). Overall, the results of this thesis
provide valuable information and guidance towards the continued endeavor to

understand host-parasite internal defense interactions.

As a matter of personal opinion, and based on the knowledge gained and observations
made during the course of my research, it is apparent that Hematodinium-infected N.
norvegicus suffer a slowly debilitating disease that consumes energy and leaves the
individual susceptible to a multitude of opportunistic pathogens. The lack of observed
direct immune response to date indicates that Hematodinium likely avoiding detection
by host molecules, possibly by masking any PAMPs present on the cell surface or by
not having proteins recognisable by the host. At present, Hematodinium has only
caused one major fishery closure, however some shellfish stocks suffer significant losses
during peak infection season. I believe that the importance of this disease will only
increase as fishing pressure increases on rapidly diminishing stocks. Based on the
information presented here it is hoped that future research will further expand our
knowledge regarding the mechanisms utilised by Hematodinium sp. to avoid or
suppress its host’s immune system. A complete understanding of disease progression
and methods of infection can only lead to improved management methods to minimize

the impact of Hematodinium infection on commercially important species.
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Molecular Protocols

A.1 Notl Restricion Digest

TABLE A.1: Components for Notl restriction digest

Component Volume

Plasmid 1 pug
10X Buffer SH 2.5 pul
Notl 1 pl
Sterile water *
Final volume 25 pl

Method

1. All reaction components listed above (Table A.1) were combined in a 200 pul
thin-walled PCR tube and incubated for 1 hr at 37°C.

2. Following incubation, the reaction was heat inactivated at 65°C for 15 min.

3. Samples were then stored at -20°C until needed.

191
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A.2 Extraction of nucleic acids from agarose gel using

Qiagen QIAquick® Gel Extraction kit

This protocol was used to extract and purify DNA from an agarose gel after
electrophoresis using the Qiagen QIAquick® Gel Extraction kit. All centrifugation
steps were carried out at 17 900 g at room temperature in a conventional tabletop

microcentrifuge.
Method

1. Using appropriate UV protection, the desired bands were identified using UV
light and excised from the gel using a sterile scalpel blade and removing a
minimum of excess gel. The gel fragments were then placed in individual sterile

1.5 ml microcentrifuge tubes.

2. To each sample, 500 ul of Buffer QG was added and the samples incubated at
50°C for 10 min. To ensure the gel completely dissolved samples were vortexed
every 2-3 min. (Buffer QG contains a pH indicator which is yellow when the pH
is < 7.5. If the colour turns orange or violet following incubation, add 10 ul of

3M sodium acetate pH 5.0 and mix.)

3. 200 pl of 2-propanol (Sigma-Aldrich, Dorset, UK) were added to each reaction

and mixed.

4. Samples were then pipetted into individual spin columns in collection tubes and
centrifuged for 1 min to bind the DNA to the column. The flow through was

discarded and the column replaced in the collection tube.

5. The column was washed with 500 pl Buffer QG and centrifuged for 1 min. The

flow through was again discarded and the column replaced in the collection tube.

6. To wash, 750 pul of Buffer PE were added to each collection tube and allowed to
stand for 5 min at room temperature. Columns were then centrifuged for 1 min

and the flow through discarded.

7. The columns were replaced in the collection tubes and centrifuged for a further 1

min to remove residual ethanol from Buffer PE.

8. The QIAquick columns were then placed into clean 1.5 pl microcentrifuge tubes
and the DNA eluted with 30 ul Buffer EB. Columns were allowed to stand for 1

min before being centrifuged for 1 min.

9. Samples were stored at -20°C.



Appendix: Molecular Protocols 193

A.3 Cloning PCR products using TOPO TA Cloning®
Kit for Sequencing

This protocol was used to clone Taq polymerase-amplified PCR products using the
TOPO TA Cloning® kit for Sequencing (Invitrogen, Paisley, UK), following the
manufacturers recommendations. The cloning reaction requires the presence of
deoxyadenosine (As) overhangs at the 3’ end of the PCR product in to ligate.
Proofreading Taq polymerase, such as that used in the SMART RACE protocol, does
not add A-overhangs but they can be added prior to beginning cloning.

Addition of 3’ A-overhangs

1. Following gel extraction of the desired product, 28 ul of product were combined
in a 200 ul PCR tube with 0.5 ul Tag polymerase (Qiagen, Crawley, UK), 0.5 ul
dATP and 3.2 pul Taq buffer.

2. Samples were incubated at 72°C for 20 min and were then ready for cloning.
TOPO Cloning reaction

1. In a 200 ul PCR the reagents listed in Table A.2 were combined in the order

listed and mixed gently without vortexing.

TABLE A.2: Components for TOPO cloning reaction

Component Volume
PCR product 1 pl
Salt Solution 1 pl

(1.2 M NaCl, 0.06 M MgCly)
Sterile water
TOPO vector 1pl
Final volume 6 ul

2. Samples were incubated at room temperature for up to 30 min and then placed

on ice.

3. Fifteen minutes prior to use, One Shot TOP10 chemically competent E. coli (one

vial per reaction) was removed from -80°C storage and placed on ice to thaw.

4. To transform the E. coli, 2 ul of the TOPO cloning reaction was added to the 50
ul E. coli vial and the reaction gently mixed. Samples were incubated on ice for

30 min.

5. E. coli were then heat-shocked in a water bath at 42°C for 30 seconds and then

placed immediately on ice.
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6.

10.

11.

12.

13.

After cooling on ice, 250 pl room temperature SOC medium (Super Optimal
broth with Catabolite repression) was added to each reaction and the tube caps

tightly secured.

All samples were placed in a shaking incubator at 37°C for 1 hour (200 rpm).

. Following incubation, 30-50 ul E. coli were spread onto pre-warmed selective

plates (Luria agar treated with 50-100 ug ml~! ampicillin sodium salts) and
incubated at 37°C overnight. Only E. coli containing the vector and insert can

have ampicillin resistance.

Selection of positive E. coli transformants

. After incubation, 8-10 colonies were selected for further analysis by colony PCR.

Colony PCR master mix was prepared by combining in a PCR tube the reagents
listed in Table A.3.

TABLE A.3: Components for colony PCR

Component Volume
10X Taq Buffer 2 ul
M13 Forward primer 0.5 pl
M13 Reverse primer 0.5 pl

dANTP 0.4 pul
Sterile water 16.1 pl
Taq 0.5 pl
Final volume 20 pl

Selected colonies were picked from the Luria agar plate using a sterile cocktail
stick and swirled gently in the master mix. The cells were then streaked onto a
fresh Luria agar plate and the plate placed in the incubator overnight at 37°C

overnight.

The PCR reactions were then placed in a thermal cycler using the following

cycling conditions:

TABLE A.4: Colony PCR thermocycling conditions

Step Temp (°C) Duration No. Cycles
Initial Denaturation 95 10 min 1
Denaturation 95 30 sec

Annealing 55 30 sec 30
Extension 72 90 sec

The resulting PCR products were visualised on a 1% agarose gel containing 5.5
pl ethidium bromide (10 mg ml~!). Colonies containing fragments of the

expected size were cultured overnight in preparation for plasmid extraction.
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A.3.1 TOPO® Cloning Vector Map

The map below shows the features of p{RE*-TOPO® and the sequence
actual cleavage zite. The complete sequence of pCR™-TOPO" is available for

downloading from our Web site (www.invitrogen.com! or by contacting
Technical Service (page 250,

LT i et
B 3 Pl s g sl |

| { 1 |

A1 CACACAGGEAA ACAGTTATOR (TCATGATTAC GOICARMCTCA GARTTARCDT TCACTARAAMGS
GIGTETOCTT TETOGATACT GOTACTAATE OIGTTIGAGT CTITAATTGOG AGTGATTTOOC

S SaE BT Feil) Fmwl B |

261 AGTOCT D:A:ETI'IIM

Eeftl Ml

T priming ale M3 Foswaid {20 orming ale

31 | COECTARATT CAATTOGOI. TATAGTGAGT OGTATTRCAR

GOGATTTAR GITARIDGEE ATATCACTCA GOATARTGTT ARMGTOADCGO CAGCARMATG

Comments for pCR&4-TOPO®
057 nucleotides

e promoter reglon: bases 2-216
CAP binding site: bases B5-132
MApﬂyﬂmHﬂEam bages 133178

St of =ite: bases 178100
h‘ﬂ'ﬂm‘qﬂm e 1
13 Reverse priming siie: beses 305231
LacZe-codb fuslhon: bases 217-610
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T3 priming slie: bases 243-352
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Cloning site: beses -
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Riboasme binding site: bases 2145-2149
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FIGURE A.1: pCR®4-TOPO® cloning vector map
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A.4 Plasmid extraction

Plasmid vectors were extracted from F. coli using a Qiagen QIAprep® Miniprep Kit

following the manufacturer’s recommendations. The protocol used here was designed

to extract plasmids from E. coli grown overnight in 5 ml of Luria broth containing 100

ug ml~! ampicillin.

Method

10.

. Falcon tubes containing E. coli cultures were removed from the incubator and

centrifuged at 3000 g for 10 min at 25°C.

. The culture broth was removed from the cell pellet and disposed of in the

appropriate biohazard waste bins designated for autoclaving.

. Buffer P1 (250 ul) containing LyseBlue indicator was added to each cell pellet

and the pellet gently resuspended in the buffer. The resulting suspension was

then removed to a sterile 1.5 ml microcentrifuge tube.

. Buffer P2 (250 pl) was added to each sample and the samples gently inverted

until thoroughly mixed and the colour was homogenous (blue due the LyseBlue
indicator). The reactions were allowed to stand for up to but not more than 5

min.

. Buffer N3 (350 ul) was then added to each sample and the tubes mixed

immediately by inverting until all trace of blue was gone and a white suspension

formed.

. Samples were centrifuged for 10 min at 17 900 ¢g at room temperature.

The supernatant from each sample was moved to individual QIAprep spin

columns in 2 ml collection tubes and the columns centrifuged for 1 min at 17 900

g.

. The flow through was discarded and the columns washed with 500 ul Buffer PB.

Samples were centrifuged for 1 min at 17 900 g.

. The flow through was again discarded and the columns washed with 750 ul

Buffer PE.

Samples were centrifuged for 1 min at 17 900 g, the flow through discarded and
the samples centrifuged for a further 1 min at 17 900 g to dry the column and

remove residual wash buffer.
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11.

12.

The columns were removed from the collection tubes and placed in clean 1.5 ml
microcentrifuge tubes. Samples were eluted by adding 40 ul Buffer EB to each
sample and letting them stand for 1 min at room temperature. Samples were

then centrifuged for 1 min at 17 900 g.

Plasmid DNA was analysed for purity and quantity using a NanoDrop ND-1000

spectrophotometer and stored at -20°C until needed.
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Sequence Translations

B.1 DEAD-box ATP-dependent RN A helicase
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Appendix: Sequence translations

GGCCGCGAATTCGCCCTTAAGCAGTGGTATCAACGCAGAGTACGCGGGGCAAGTCARAATGGCGACCGAGCAGAAGCAAGTGCTGGACATGTTCCAGCGGCCCTTTAAGCGCCAGTCTCARAC
M A T E Q@ K ©0 vV L b M F Q@ R P F K R Q & Q T

AACAGGGGATCGTCCCATCGTGTTCGAAGTGGGTACCCGGGTTGCAGACTCCCCAACTCAGACGTTGTCCCTCGCCCGCTCGATTCCTAAGGGCGTAGTCTTCTCCATGTTCGTTAGGACTCA
T ¢ bpb R P I ¥V F E V 6 T R V A D s P T ¢ T L 5§ L A R § I P K 6 V V F § M F V R T H

TCGCCTAGCTGCCAAGGAACTCTGCGACTTCTTTATGGAGGC CAACAACGTGAGTGAGCTGAGTCAGAGAGCAGAGGCGGTGCGGGGCAACCTCAACGAGAAGCTCTTCATCTTTGCCCTGTC
R L. A A K E L € D F F M E A N N V 5§ E L 5§ Q@ R A E A VvV R G N L W E K L F I F A L §

CTTCGTAATCATCAGGAAGGAGGAGATGAGAAGTGTGCGTCTACCCAGCATCGTGGAGATCTTCCCGAGTATGTTTGTGCCGGTTATCACCCTAGAAGAAATGGAACAGAGGGCACAGGAATC
F v I I R K E E M R § vV R L P § I Vv E I F P 5§ M F VvV P VvV I T L E E M E Q@ R A Q E &

CATCCCTGACCAAGAAGTGGTAGTAACTGAATATGGGCTGGAGTTCTCCAGCACTCACTTGAAGCCTGAGCACCGTGTAGCCTATTGGCGTGAAGACTATGGCATCAACGCCCACCACTGGCA
I p D Q EV VvV V T E Y 6 L E F § § T H L K P E H R V A Y W R E D ¥ 6 I N A H H W H

CTGGCATCTTGTCTACCCCGTGGATCTTGGTGTGATGAGGGA CCGGAAGGGGGAGCTGTTCTACTACATGCACCAGCAGATGCTTGCTCGTTACGACATGGATCGCCTGAGTGTCAGCCTCAA
W B L VvV ¥ P V D L. G V M R D R K & E L F Y ¥y Mm H QO @ M L A R Y D M D R L 5§ V § L N

TCGGGTGCAGAAACTGAGTAACTGGCGCCTCCCTATTTCTGATGGCTACTTCCCCAAGCTGACCATTAACAATTCAGGCCAGGCATGGGGCTCCCGGCAGGACAACACACTAATGCAGGACTA
R v @ K L 58 N W R L. P I 5§ bD & ¥ F P K L T I N N 5 6 O A W GG 5§ R Q D N T L M Q@ D Y

CAAACGGAACGACTTTGGGCTGCCACCAACTGACGTCTCTGAGCTGGAGCAGTGGCACAGTAGGATCATGGACGCCATCCATCAGGGCTTCCTTGTTGATCGTGAAGGTAAGCAGA TAAAACT
K R W D F 6 L P P T D V §8 E L E Q W H S R I M D A I B O G F L VvV D R E G K Q I K L

TTCCGATGACGTCAAGCTGCCTCAGAAGCGTGGGATTGACCTCATTGGGGATGCAGTGGAGGCAGACAGCATCATCAGCCTCAACAGTCCCTTCTATGGTGACCTGCACAACATGGGTCACGT
s p b vV K L P Q K R 6 I D L I & D A V E A D s I I 58 L N 58 P F ¥ 6 D L H N M G H V

GGTCATCTCAGCTTCTCATGATCCGGACAATGCTCACATGGAGAATCTTGGAGTGATGTCGGACACAGCCACAGCCATGAGGGACCCAGTGTTCTATCGCTGGCACAAGTACATTGATGACAT
v I s A § B D P D N A H M E N L ¢& V M §8 D T A T A M R D P V F ¥ R W H K Y I D D I

CTTCCAGGAGTACAAGCTCACTCAGCCGCCCTACACTCTTGAGGAACTGTCCCTGTCGTCAGT TGAGGTGGTGTCGGTGGATGTGGATAGCCGAAATAAGAAGAACCAGYTGATCACTGGCTG
F @ E ¥ K L T © P P Y T L E E L 8§ L § 8§ V E V ¥V 85 VvV D vV D §8 R N K K N Q@ L I T G W

GAACACCCAGGACTTTGAGGCGAGTCGTGGACTGGACTTCAATGCCAACATGCCAGTGATGGTGCAACTCACCCACCTTGACCACAACCCCTTCCACTACAACATCAAGTTGGTCAACAGCGA
N T Q D F E A 58 R 6 L b F N A N M P V M V Q©Q L T H L D H N P F H Y N I K L V N S5 D

CAAGTTACCAATGGAAGTGACTGTGAGGATCTTCATGGCTCCAAAGCARAATGAGAGAGGAGTGGATATGAACCTCATGGAACAGCGTCTCTTGTGGGCAGAGATGGACCGCTTTACCCAGAA
K L p M E VvV T VvV R I F M A P K Q N E R G V D M N L. M E O R L L W A E M D R F T Q N

CTTGAAGCCTGGCCCAAACCACATACTGCGAGCCTCCACTTCCTCTTCAATCACCAATGCAAATGACTTTACCTTCCGTGACTTGGAGCAGCAGCCAGTCCCAAATGATCCAGGTGCCGATGG
L K P 6 P W H I L R A & T s § 8 I T N A N D F T F R D L E O Q@ P W P N D P G A D G

ARACACCCTCTTCAACTTCTGTGGGTGCGGCTGGCCTCAACACATGCTGCTGCCACGTGGGARACAGGAGGGAATGCCATTTCAGATCTTTGTCATGGTCACGGATTGGGCACAGGATAAGGT
W T L F W F ¢ ¢6 C G W P Q B M L L P R G K Q E G M P F 0 I F V M v T D W A Q D K V

AGTACAGCCAATCCGTGCACGTAACTGTTCTGCTGCTGCCTCATTCTGCGGTATATTGGATGCCCAGTATCCTGATTCCCGGCCCATGGGTTTCCCCTTCGACCGCCTTCCCATGCCCATGAT
v ¢ P I R AR N C 5 A A A 5 F C 6 I L D A ©Q ¥ P D 8 R P M 6 F P F D R L P M P M I

ATTCAACAGACCTCTGGAAAGAACCCGAGACCTAACACGCCTCAGCAACGTAGGCATGCAGGACATCACCATCACTTTCAGCAATGCTCAGATCACCAAGTAAGAGTGGAATGACCACTTGTC
F N R P L E R T R D L T R L 858 W VvV 6 M ¢ D I T I T F 8§ N A Q@ I T K =*
CTCTCACAGCCCTGGATGGTGTGGC TTGGGGAAGAAGGAAAGTTGAAARATGAGATGGCATTGCTGCAGT TTGGTTAAGACTAGTTGGTATATGTGGGTAGGTCTCTATATATAAAACCAAGA

AGACTATTTGCAARATTATATAGTTCAATAAAGCATTTTTCC TAAAAARAAAAARARAAAAARAARRARAARANNAGTACTCTGCGTTGATACCACTGCTTAAGGGCGAATTCGCGGCCGCT

FiGURE B.1: Complete nucleotide sequence and amino acid translation for Cancer pagurus prophenoloxidase
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Appendix: Sequence translations

AAMCCAGTCETATCAACECACAGCTACGCCCOGOACOAC O CTCGACAC TOARMC GO TEOCACAAGC TCCCGACTCACCTC TATTTCAACC TOAATTACACCCTAAATTCATAAAGGOGAMAACCATCAACTA

T TAT T AT T ARAC RAC G TGARCATATAG T G TARRAC ARAC CARCAC AT G TE G TAC AGRAG TG AGG T TG G TG T TETE G T T TG T TECC G TGACCGEGACCGTCGECGTGATAGGGA
L E X R 5 R R = R 5 R E R k- R B R o AR D R R R T &R o

TOATTGOCECGOE O TCTCOAC CACCC TOCEO T T CTOCG T O CACO TCO TCOCC AT CAC T TAAA GO CACAC ACCCTCOTOAGCGCC TOCETAAACCCAGATEOCGACTTCACCARGCTCACCCCOTTTORA
n w o] G ] H G o] L] G 5 G o] G G H F H] & " G H o ¥ G E H ] ] " F H L =] Iz T K ] T P e E

CAACAACT T CTACCAGCCCAC I CCAACTCTCAT TG L TC G TTCACC T TATCAG O TOGAAAR G TACAGARCTCACARACACATCACTC TACCAGCARCAAATATCCCCAACCCGATTCACTATITTGS
E N F X g F T P T W I A R 8 P k4 E W E X k4 R T o X E I T L R @ R H I P u F L @ X F G

TGRCTACRAC T TTEC TGAT TAC G T AT GG TEAG AT GAAGACAG GG ATAC G AG A AT CAART TEAG GG TERAGG AT GG CCCATCTCTCTCCARGGRAGGGACTTCGTTGGCATTGCACA
] ¥ H F P ] ¥ v | A E I E R g ] ¥ ] =] P T F L Q L] Q G H P I 5 L u] a R il F v a I A ¥]

CACTCGCTCACEAARARCATTCOCTTACATTCTEC L TOCCAT TETACAC AT TAACCATCACGCCATATCTAGACCOTCCACA T CCCCCCATTGCCCTCATAC TACCTCCTACTACGCGAATTAGCACH
T G & G K T L el 1 L F A H W n I H H [ L ¥ B B " <] o el P 1 L3 L I L A T L B L A @

GEAGAT T TGRAC ARG T TG AL RAGAC TAT GG TACE T AT RAGA TG AC LA TR G TG T T TG AGG TG CACCAARGEGACCACARATTOCGTGACCTCGAGAGRAGGAGT TGAGATCTGLATTGE
[+ I L T v A Q o X g T B =4 K I R P T C W F G rd A P E G P g I R o L E AR @ W E I C I A

TACTCCACCETCGACTTATTOACT TCC IO CAAGC TO CCAACACAARCCT ICCGECCTACTACCETACCTCCT T T IO CATCAACC I CACCCTATCCTTGATATGCGCTTTTGAACCACARATTACGAAART
T B c] R L I &} L 4 L E L3 G L3 T B L R B T T ¥ L W L o E A e} B M L &} L G ¥ £ F o i " K I

TOTAGATCACA T TAOGCC TOACACGAC ARAAC ACTTATG TGO TCTECAMC AT COC CCAMCCAGE TEACGAATC TCCC TOAAGCACT T TCTCAACGOACTACATCCARCTCAATOTTOCCTCCCTTTCLCCT
L (&) u] I R F (&) E g T L H H ] A T W =) K E L R H L A E D F L K ] ¥ L Q L M v r] =] L 8 L

T TG ARAC A AR AT TC T CAGAT TG TG GATETATAC CAG G ARATAGRARAGGATAC RARGCTEC G TCAGT TG C TCAR T GAGATGECGUCAGGAGAAGGCTAACARGACTATAATCTTTATEGA
A A H B H I L o I ¥ v r Q E I E K ] T K L R @ L L X E H A O E K A H kK T L I F I E

AACGAAGAGGAAGGTGGAGGATGT TACTCGGEGETTEAGGAGTACTGGATGECCTGE TATGTGTATCCATGETEATARATCACARCAAGAGCGAGAC TEGGTCT TAAGTGAATTCCGATCAGGGEG
T K B K ¥ E B ¥ T ®R & L RE & T & W P A M ¢ I B & © K &% 90 0 E R D W ¥ L & E F B 5 & R

G AR TAGT GG A T GA TG TAGE TR T GGG T T AGAT G TG AT AT G T G AAG T TTGTEAT CARA T A GAE TR C AT AT G T CTGAGGACTATETTCATCGEATTGETEGAACTGS
A F L L v A T o W A & R c L > W o o W X F v L H X D ¥ P = C 5 E o b 4 W H R L G AR T G

CCOATCACACAAGACTGOAACAGCCTACACATTTTTCACTGCTEGACARCTGCAAGCARGC CAAAGATCTGATTEAAGTETTGAARGAAGC AAATCAACT TG T TAATCCACGACTCTACGAGATART
R & D E T & T A ¥ T F F T A © ¥ ¢ E O A k¥ P L I ® ¥ L E E A ¥ @ ¥ ¥ ®H F R L Y E I X

CCATATGOCTC G T CE TG TG GACCCAAACCCCOTAATCEC T oA CEOCCC T OATCACCACACCC GO O CAGCAT TTCCACGEOACCCTCACCOTGATCCTCCCCOCATECGCTOCTAGTACTACTGS
D M A R G g G c K Q R K R L R 4 R o ] T &R R c jrd F a R o R T &R o R G AR M G c = k- 5 G

TAG TG G TG TG T T RAG AR GG TAC AG AR TG ARAT G EAT AT G T TAC TGAAG L GGG EC G EAGG TRACC G E T TACCGE TG CACCATCECC T TTCTAGGAGATTAGAGGTTGECGCACGTTA
5 ) v et ] R b3 v X i " L B et ¥ A ¥ &

CCACTARCTAC T T CACACCC O IOCTTG T CAAGOE TAGO AR AAC T TCOCCTCACCCCATCATAACTCTCCGEATACCTECGCCATTCCTCCTTCTICTACGEGCACTCGCTETCTOCTTARCCCAACGR

CETEAT TG T TAG TARACC T AL TG T AAARAG ARG T ARG T CAG AT G T T T T T T I T T C T T TAT T T T T T T TG CC AR AC CARATAT TECAT TG TC TG TAGGARAGGARTTCTTTCTAGTTTTTT

TETTACAC TG TATACACAT TAT T TTTCAATCAT T T TCAAGCGAT T T TETCTAT O CACCAATAAACTTI TCTAACCCTC T CARATAAAATAACATTCAGTAAARARMANMAARAARAAAMARCCCCCATCCTA

CTCCCAGCATTCACAG

F1cure B.3: Complete nucleotide sequence and amino acid translation for Cancer pagurus DEAD-box ATP-dependent RNA helicase



203

Appendix: Sequence translations

1090€] Surjyeantor asepixojouaydord sn.nbvd 49ouny) I0J UOTIR[SURI) PIOR oUTUIR pue 9dousnbas oprjosonu ajo[dwo)) 1§ g dHNDIA

OY¥OV¥OLLYOONVO DO L OV L DO LY D DD DOV Y Y Y YV Y Y Y Y VYV YV VYO VL YOVVYVLL LYV L L VYV YL YVL YOO DL OVYVONOLLYY

¥ g d 0 M A q a I I
LOLYYYOLYYYOLOOLONYDLOLOD DY YYOOOYOVOLOOLDLLDVYOVYODLYOUYYLLLLOLLDVODODLOYLOVOLYDOVYLYLLYD

v d ¥ T T 4 N ¥ g q T I M A A 2 2 I I d FiY A FiY ¥ d I o v
D000 VODOLLOLLOVYYONYYODOVONYDOLLOL VOO LOVLONLILODYOOLLYYLYOVYOOLOOYLOLOVODLOOODOLYODOLO

& 2 a 2 I o M v fi} H o fi} 0 i) A 0 & 2 &L 2 S T o W T d S
D00¥0DD0DLD0DOLYODDD0LDD0D0LODLYODDODLONYOOLDOVLOYOOOW¥ODDD0OYVILODODYOLOLDLDOLYDOLOWYOD00L

2 2 a 2 S J S a A 2 ¥ d o 2 v J I d S | a T H o d ¥ D
LOD¥DD0OVW¥DO0DD00VOOLLOLOYIDEVVYODODDODDVOLODO0DD00DLDLOLVYOLLODLODYYONDODLODYYLLLOLLYODYDDO

T | i di | T ¥ i d 2 d 2 H [ Fi rs d T a I | | T iy N 0 d iy
LODOVYOOVOOVYYNYVYOLOLODOWVYY VYD ODLOVOVWDOLYOVYYODLOOVYLOODOLLOOVOLLVYOVYOUYYOLODLOLYVYOVYOOLLLL

o i d 2 d - a i 2 M o & iy FiY o S H I a H d d r d | d A
DOY¥DOVYVYYDOVYYOODDOLLODYOVDOVYVYODODDDLODDOOY¥OLDOLDODLODLOYOLLVYVLYDOYYOLLOLLLOVYOODOVYYYLYDOYL

T o T FiY d A N b s T q v d & 5 T A T T v A a N H T N H
QLO00LLLODLODDNYDODLODNYONYYOLOLOODOYOVODLODDOYOOVOLOOVLOLOOLOLODONLOVOONYONVONLOLYNYLYYY

d i o a d H I I A 0 (o} A a ! a (o} H | A d d A q H 0 & a M
DO¥NYOLLLYOVYVOOOVOOLYOLVYVOLONYOOVOODLOOYODLODOOWDOVYOOVYOONYOVLYOOOVOLYLOYOONYYONOO0OWYOYOD0DD

q 2 T | A o T 2 S H 0 H d K I ) H v ¥ ar T I I H d H I
LOW¥2D200L0000LLDLD0LLODDD0OYWONYVOVOOVOODYDOWYYOLYODLOVOLODDODDOVIOLLOLYOLYOVYOLOODONWDOLY

T 5 o 2 a T A T N I d d o S iy i d | | T i ¥ b4 H M d d
OLOV¥OLODO0DOLOLDLLOVLDLOLYVOLYOVYOVVYOVYDOVOLVYLODODLOODOVOODVYVYOUYNYOLOVLOOODLODDLYIODLLOODLLD

d ¥ FiY [0 &L d R 2 i d 2 [0 I ! Fi a I 2 o) di N - | I o 2 &L S o)
YO¥VOoODLLDOVOODOVYOVOOVYVYODOD OV LLLYDOVYVYOLLYODVOLOLYOODLYODOVYVYO OO VOVYODOVYVYLYLODDODDLOOVYOODLOVW

A o d T d & d i FiY i a & d H d N & o J I d T d 2 d 2 q
OLY¥LODDOY¥OD0LOVODODOYODONVYONVOLODONONWDODOYLODOVYOLODONYYOONODDLODLOLYOVIOLODOLLOYNYLODLDLOYD

q d o 2 I | I a I I 2 v o a i I A di a a 0 o T A A d A
OY¥DOLODODDLDOLLYYONDLYOVOLLYVOLYYDODLODODDOVOLOVLILYLLODOVYOVYDOLYODYOODLODLOOVYLOVLOOODODLODD

o A 2 i 2 2 H J d ¥ A d ¥ d T ¥ 0 o ! d | d M ¥ v ¥ T ¥
QLD LOVODOVYVYODODDDD2DVW¥ODLODOOLODOVLOVOLODLOOLLOVODODVYODOVYODODD02Y¥D0D0L00LLDOVYODLOD20002L000

Fi} A v ¥ T Fi} ¥ T H H W
DO0LDD0LDLODO0DLLODLDVYODDLOOVOVIODLYVVYOYYLLODOLLOLOWOOOVLOLDLOVYLOLYDLOLYOLLVLLODOODYOOW

LOV¥LDOVODVOVOOVYOVOOLODDLLOVYODDODDO0D OV LOVOVODOVYOLYLODLOVOOVYYODOOVLYLOVOLOVOOVYLYYLOL



204

0ons

Sequence translati

Appendix

AAGCAGTGGTATCAACGCAGAGTACGCGGEGGEETGGECTCACCACAACGTCTTCCAA CAGTGAGAGAAGATGTCTGAAGCACAGTCTCTGTTGAGCCTCTTTGAGAAGCCCTATCCTGATGTCACARACACCTCGGG
M 5 E A Q 5 L L 5 L F E K P Y P D v T T P R

CAAATGAAGCCATCGTCTTTGAGATGGAGGAAAGEGCCTECEGETEGAGTGTCAGATTAGEGTGCAGGGTCAACCATCAATTTACGEGAAGCETCCTEATGCTGACCCCAGCAGETTAGEAACTEGCCACCGTTATCCCCC
Fa N E Fa I v F E M E E R P A v 5 v R L G I G 5 T I i L R K R F D I D F 5 R L G T I T Vv 1 P

GCGGCTCCGCTTTCTCATTCTTCGTCAGAACT CATCGTCAAGCCGCCARAGACCTCTGCGATGCCTTCATGAAGACCACCGGGGTACAGGACCTEGATGGAGTTCGCTGCCAGAGTCAAGAATATTGTCAACGAGA
R G 5 A F 5 F F W R T H R Q n n K D L c D n F M K T T G W Q D L M E F L A R v K N I v N E

GCCTCTTCATCTACTCTCTCTCCT T TG TCATCCT T CACAA AR GGAATTACGAAATTTCCGECTGCCATCACTGGTGGAGGTGTTCCCACAGAAGTTTGTACCGGTGGAACATCTCGTTAAATCACAGCAAGAGE
5 L F I ¥ 5 L 5 F Vv I L H K K E L R o F R L P 8 L v E v F P Q K F W P WV E H L v K s 2 0 E

CCGTCAGGCGAGACAAARATGAGGAGACACAGATGETGATCGAACATGEACCTEGATTTCTCGAGCACTAGCATTAALCCAGAACACCEAGTGTCTTATTGGCEGEGAAGACTACGECTTGAMCATACACCACTGGC
Fa v R R D K N E E T Q M v I E H G P D F 5 5 T 5 I K F E H R v 5 ¥ W R E D ¥ G L i I H H W

ACTGGCACCTTGTGTATCCTATTGAAATGAACGTCARCCGCGACCETAAAGGTGAAATTTTCTTCTACATGCATCAGCAGATGATAACCAGGTATGATATGGAACGECTGAGTGTTGGTCTTAGACGAGTAGAGA
H W H L W ¥ P I E M N W N R D R K G E I F F ¥ M H Q Q M I T R ¥ D M E RE L 5 v G L RE R v E

AACTCGGAGAACTGGCGCATCCCCAT TCCAGATGGCTACTTCT CTARACTGACTGTCARCAACT CTCGEGCCEEGCCTGEECAACCCEGTCAGGACACCACCAACATGAAGGACTTCCGGCEGTAATGACATTGGATTGC
E L E N W R I P I P D G ¥ F 5 K L T W i) i) 5 G R . W G T E 0Q D T T H M K D F R R H D I ¢ L

AGCAACTTGACATTACTGAATTGGAAGT CTGEGCGCARTCEGATTGATGGATCGCCATCCACCAGGGCTACATCGAAAAATGCARAAGGTCGACACAATCCATCTETCTGATGACCGTCACAARCGGGAAMAMRCGAGGGATTG
o o L ) 1 T E L E V W R o R L M D Y 1 H ©Q G Y M K il . K G D T I H L 5 D D v T T G K R G I

ACATACTGGGTGATGCATTTGAGGCAGATAGCTCCCTCAGTCCTCATTTCCAGTTCTACGETGACCTTCACAACATGECTCATGTGCTTATTTCTTTCTCTCACCGACAATCGACAATECGCCCACAAGEGAGEGAGATCEG
D 1 L G D Fa F E Fa D 5 5 L 5 P H FoQ F ¥ G D L H i M I H ¥ L I 5 F 5 H D N D i I H K E E M

GAGTAATGGGAGATTCAGCGACCGCCATGAGGGACCCTGTGTTCTACCGG T TG CACAAGTTTGTTGACGATGTGTTTCAGGCATACAAGTTGACACAGAGACCATACACCTTGGAARATCTGTCAATGCCTGGTG
G v M G D 5 A T A M R D P W F ¥ R L H K F v D D v F Q n ¥ K L T Q R P ¥ T L E N L 5 M P G

TAGTAGTGAACCAGGTGAGTGTTACCAGCARAGAAA CAGGTCALCARGTTAACCACTGGCTGGAGTATGCGEGAATTCEGARGCTAGTCGAGGCATTGACTTCAGCTCCCCCAAACCTGTCATACTACGCCTCACCC
v v v N 0Q v 5 v T 5 K K Q v o K L T T G W 5 M R E F E o 5 R G I D F 5 5 P K P WV I L R L T

ATTTGGATAGCGTCCCCTTCAACTATCACATTGAGATAACCAACAATGARCCEGAGGCCARACGETTEGTCACAGTAACGGATCTTCCTEGEGCACCCAMACACAATGEGECGEGETCGAGGAGATGCCCTTCATGEGAGCAGC
H L D 5 W P F N ¥ H I E I T n n E P R P T v v T v R I F L I F K H i G L G E E M F F M E Qo

GTGTCTTATGGTCCGAGATGGACAAGTTCAACCACACGTTGAACCCCGECAAGARA CCAGATAGTGCGCGCCTCAARAGGACTCCTCGETCACCAACCCCAATGATTTCACATTCAGGEGACCTEGARACGCGAGGCCTA
R v L w 5 E M D K F N H T L N P G K N Q I W R L s K D 5 5 v T N P N D F T F R D L N A R P

TGACCTCAACTGAMAGCTAGCGAGT T TGATTTCTGTGCEGE TG TGEATCGCCACAGCACCTCCTGCTACCCCGAGGAMAACCTGAGGGTATGACCTTCCAGCTCTTCTTCATGATTACAGACTTCGAGAAGGACAAGE
M T 5 T E h 5 E F D F €© G c G W P Q H L L L P R G K P E G M T F Q L F F M I T D F E K D K

TGEGAGCAGGCACGAGEGGGCGAGAAGTTGTGCCAACGCCETETCCTTCTETEGEETCCTEGEGATGCCARATTTCCTGACAGTAGACCAATGEGCTTCCCCTTCGACCGTCEGCCCTCCACCATCTCTCCTCEGATGCTA
v E Qo A R G Fa R 5 cC A n I v 5 F C G v L D I K F F D 5 R P M G F F F D R R P F F 5 L L D Fa

GCGTCTTGACAGCTGCTGACTATGCACGACTTGGAALCATAATGATGCARAGACATTACCATCACTTTCCTCGECEGACARA CTEGEGTGARAATAGARCGACGTTGATGETCAGCGEGATCACTAATEGACAAGATCCTGET
5 v L T A Fa D ¥ Fa R L G n I M M Q D I T I T F L G D K L v K *

ARAARAGAACATTTAARATACAAGTCACGTAATTTTAATTCTTCTAAGTACGARGACCTTAAAGTGTGACACAAGACAAGGTAGAGCCACACTTATCCAGATTTTAGAGACGACAARCTATACARGAAT CAGAAG
TTTGTATTGAAATGTATACATTTTAATATGATAA CA T AGAGAT AR T Y TGAAATAT TAGTGTGAGT TATTTCACT T TTTAT TAATGATAAGT TG TTGGAGTGAGTAGTTAGCTGTTGTAATTCTTAACAGTATGTA
TETATAACGCCATTATTGACACCACAAT T TG TTTATAT TATTCTTAT TATTGTTATTAATATCACCATTATTALACCTCATGTCARATAAGTTAGCTCTEGTATCATACATTACAGTACACTCATTTGTTTTAGTA

ATGGCCCATAAATTTGTGAAATATGAAGATAATTCCGTAAAATATATTAATGTTTAGGGCACATACATGTACTGTACACCARAATAGTTTACAGTACACTAAGATGACGAAGATCATCATTAAARCTGACTATTATC

ATCATAAGCAT CAAAGTTGTTCAGTGTCCTCAAGTATCCTGTATTAAGALRTAAAA TG TTTATAMAMGAGGAALAALAARALLAAALAADAARAALALAARAAGTACTCTGCGTTGATACCACTGCTT

Ficure B.5: Complete nucleotide sequence and amino acid translation for Nephrops norvegicus prophenoloxidase
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s d A p: | g g A I 0 H 4 0 o 1 ¥ | A g p:| s A 2 d d ad 2
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N N ¥ 1 1 o g g ¥ 0 | A d 1 ¥ A A ¥ q H g D - ¥ 1 D
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TCTAATACGACTCACTATAGGGCAAGCAGTGGTATCAACGCAGAGTACGCGGGATACTTGGCCTGACAACCTCGTCGT

CTACACTGCTCCACCAACGTCTCCTGCCATCCATAATGCTGCGTCTGTTGGTAGTGATGACCGTCGTGACGGTGGCTC
M L R L L v v M T v v T v A

TTGGCTCCGGTCACACTCCCAGCTGTATCTACTGGTGTAATTTCCCARRAAGCTGTCAACGCTGGTGCCAGCTACTGCT
L G S G H T P S C I Y W C N F P K A v N A G A S ¥ c

GCATTAATTCAAACCATAATATTGTCGAAARATACAAATGAACCCCATCCAGGTAGATGTGTAGCCCATACCTTCTGCG
C I N s N H N I v E N T N B P H P G R C A A H T F c

CAAGAAGCAAAGTTCCTGGACAACAAGACTATCCTCTCGCTCCTGTCAGATGCGGTCATGATGACTATTGTCCCTACC
A R 5 K A P G Q Q D Y P L A P A R C G H D D Y c P ¥

ATGAAARAATGCTGTTATGACGCCTGTTTGAAGCACCATACCTGCAAGGGTGTAATATCCCATTARCACCTTCCACAALG
H E K c c Y D A c L K H H T c K G v I S H *

ATCAGTGTTCCACCCGCTGCCCATCTCGGAGTCACACCTAAAACAATTATCATATAAACAACGTCAATACGAGCACTC
GGCAGCCAGACCTTCCTCCCCACCCAGTAATGCAGTTCTCGAGAAAGTTCTTTTGGGTCAGAAGGTCGAGACAAGATG
GAARGGAACACTTTAGTTGGCTCAAAATAGAACTTGGAACGTGATCCACTCGAGTACCACCARATGTTACACATGATGA

ACTGTGTATTATTATTGCTGTTATTATGTTCTTCAGGTTTGTTGTATCTGCTTTATGTTCATTAGAGAGTATTGTTTC

TTACAATGAAGTTGTTGTCATCAGTTACAAGGTTTTACAATAAACTTGTCATCAGTTAAAAAARAARAARARARN

F1GURE B.7: Complete nucleotide sequence and amino acid translation for Nephrops norvegicus crustin isoform 1
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JLLDLOYOLVOYVOVOOLLOOVOYVLLYVOOODLLYVLODLODDDYVYOODILOLYOVOODDODVDOLLLDLODDOVODILYLLDLO

2 A o H i d 2 A d ad H 2 o N A d ¥ v & hr d | v o d &L
DLYVYYYVOLVYOOYIODODLOLLYLOVOLVYVOLVYOLODDODLLVYVYOLDLOODLOOVOODLOVYLOVOLLODYVYODOODDILOLLOOY L

H v A o | D d H d d g s B N d A I N H N S N I o o A
Yoo DOV IO IO LY DY LD OV OO LY O D DO YOV L O L OV YOV IYYY VOO LIOL LV IV YV ILVYOOYYVOLILYYILLYODILIODDLOYLOD

& v D ¥ N A ¥ d d A .| 0 o A I D s d d d 2 d N D 3, g
O¥O0DILODIDOONYOILIOLODOYOVYOOOYLYVYYODILODOOVIDILVIODLODYODOLODD2D L2000 LOVYLODODDLLOL

¥ A B A A & H A A T T o T H
ODDLODOYOLODLODOVOLVOLOVIODLLODLOLODDLOD LYY LYODLYODODLODLOLDOYYDOVYOOLODLOVYOVYLOLD

DLDDLOODYYOVYOLODDOLLOVLYODDDDODOYLIOVYOYODOYYOLYLODDLOYOODOYYODDODYLYLOVOLOYDODOVYLYYLOL
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CAATTGTGAAGATCAATGCCCTAACTGC TGCTTCGGAGGCGGCTTGTCTAATCCTGTCCGTCGATGAAACGATCAGAT
I T F I L A R v A A E 5 A A Q R I R D T s 5 v I L D

CACCACGATCGAGTGCCGACGGTCCACCCACGACCGGCAGGGGACGTGGAAGGCCCATGTAAACATTATGGACCGATG
G R D L A 5 P G G A v P L P R P L G M
GTTTAACTCTCTGAACACAGTGACTCAACAAGTTAAGACTAARATACTGAAAGTCAACTAACTCATTTGCTTATTCAGA
TACATTCTAAAAATTATAAGGACTCTAATGTGGC TGTATTAGCACATTAARAGC TGTARAACTGTTGARAGTTGAGGACAG
CTCGGTTAAGTCACAAAAGCTTACTAAACACTCTTAAATATTTTTCTCTCACCTCTCGAGTCCAGTGATGTCTCGTCA

TCTATGATGAGAACCGTGCTTATTATTAAAGGATTTAACGATAAAAARAAARAARAAAARAAAARA

FiGURE B.9: Complete nucleotide sequence and amino acid translation for Nephrops norvegicus chaperonin containing T-complex protein subunit

7
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urjoe %304@60;&0\: m&Q&s\&wz I0J uonje[sued) proe ourtue pue Qouanbas Oprjoa9oNuU QQQMQEOO 01°g aunsiyg

|
LYYD

2 o d d g d A s q d 1 S s S S ¥ v B B W d O o d ad g
ODDDYYODOYDODOVLOYYOLYLOODIOYVYOVOVYLOODLODILODODIDOLOODLODLOYODYODLYYYDOVDOVDOLLOVYOY L

¥ A A J g A o A I d | A I d | d v B hr L d B A o d d
DO0DDLLOILYIDOLODLIOVYYYOODYYVILLYOVODLDOLLDDLYYVYOVYDODYOLODDDYOODVYLOYODLLOOVOYLODDLDDDY

& T I q W T A d &L T a o 3, ¥ g a T o T I ¥ H d T ¥ A
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GAGAAGATGACGCAGATTATGTITTGAAACTTTCAATGTTCCCGCTTTATACATCGCCATCCAGGCGGTCCTCTCCTTA
E K M T Q I M F E T F N v P A L Y I A I Q A v L s L

TACGCCTCAGGGCGCACCACCGGCATCGTGATGGACAGCGGCGACGGCGTGTCTCATACAGTGCCTATTTACGAGGGC
Y A 5 G R T T G I v M D 5 G D G v 5 H T v P I Y E G

TATGCGCTCCCTCACGCCATTTTCCGCTTGAACTTAGCTGGTCGCGATTTAACTGAATACATGATGAAAATTCTGACC
Y A L P H A I F R L N L A G R D L T B ¥ M M K I L T

GAACGCGGGTGCTCCTTCAGCACGACAGCGGAGAAGGAAATCGCGCGTIGACATGAAGGAGAAGTTGTGCTACGTGGCG
E R G C s F 5 T T A E K E I A R D M K E K L C Y v A

CTTGATTTTGAGGATGAAATGAAGAAAGCGGCGGAGTCCTGCGAAATGGAAAAAACGTACGAGTTACCAGACGGCAAT
L D F E D E M K K A A E 5 C E M E K T ¥ E L P D G N

GTTGTGACCGTGGGAAGCGAGCGCTTTCGCTGCCCAGAAGTGCTCTTTCAGCCTATGTTCATCGGCATGGARGGACAR
v v T v G =1 E R F R c P E v L F Q P M F I G M E G Q

GGCATCCATACCGTCACCTTCCAGTCCATCATGARATGCGATATTGACATCCGTAAGGAGTTATACCACAACGTCGTG
G I H T A T F Q s I M K C D I D I R K E L Y H N A A

CTCTCTGGTGGCACCACGATGTTCTCCGGTATTGGCGAACGCATGACAARAGGAACTCACTGCGCTGGCGCCTTCAGTG
L 5 G G T T M F s G I G E R M T K E L T A L A P s A

ATGAAGATTAAAGTGATATGCCCGCCTGAACGCAAGTACAGCGTCTGGATCGGCGGCTCCATCCTGTCCTCCTTGACC
M K I K A I C P P E R K Y s A W I G G s I L 5 s L T

ACATTTCAGCAGATGTGGATCGCGAARAACACGAGTACGAGGAAATCGGGCCCAAGATAGTCCACCGCAAGTGCTTCCAG
T F Q Q M W I A K H E Y E E I G P K I v H R K c F Q

GCC
A

FI1GURE B.11: Complete nucleotide sequence and amino acid translation for Hematodinium actin
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GeneFishing sequence results

C.1 In vitro GeneFishing sequence results: Cancer

pagurus

CC4

TGCATGGGCAGCTCACTGGGACCCATGGACCTTCTCTCTGACTCTCACCT
CGACAGCGACGCCTCATCCTTGGACAAGCACTCCACGGGCAGCGATGCCT
CTCGGGAATCAGAATCAGAGTTTTGACGGCCGGGAGGAGGGTAGTTTGCT
GATATCGTCGTCAGTCCCCCAACCTCTTCTAGTTGTATTTCCCGCCCAAA
GGCGCTGGTCGCCATACCTCGCAGCTCCGCCCCTGGCCCCCGTCTCCCAG
GTGTCGGGGCGGCGCCCTCAGGCTTGTCCTGAACGGTGCTACCCCTCTCC
CTCAAACCCCCCCCAAGGTGCCTCGTGCACGCTAATCTCACCAAAGCCTC
AAAACATTGTCTGCCTCTGGGTTTGGGCAATGTTATTATATTTTCTYTGA
GAGAAATTGTATGTAATGTAATTTAAAATTATATTTATATTAGGTTATAT
TGTACATATTGTATGCAATTAAGATTCGCCTGACTTGTCAGGTATTGATG
CCATCAATGCAACCCAATTTTTTGTATTAAATGTTTATACAAGAATATTT
TTTGTAAAAAATCAAAAAATAGCGCAAATAAAATTCATGAACTTTAAAAA
AAAAAAAAAAAAAAAAAAAA

CC16

GGCGGGCAAGGACTCTTGCAGCGGCGACGGAGGTTCCCCACTGATGTGTC
TGAGCGGTACCGGCACCCAGTACGTCCAAGTGGGCATGGTGGCGTGGGGC
ATCGGGTGCGGCACCGCTGGCATCCCTGCAGTGTACGTCGACATAATTGG
AGGTTACTACTGGATCTTGGAAGAGGCAAACAAGTTGTTGGCACCCGCGA
TTATAGATGAGTACTGGCAGTTCTTTTAACATGCACAGTTGTCCTCAGAG

211
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CCAAACGCTGTGACTCGTCAAATCAAATGTAATTCACAAACTGCGATAAT
AAAATTAATTTAAGATACAAAAAAAAAAAAAAAA

cCr

TTAAAAGCGACAAAAAGGGATGGAGCGAGGGGTCTGGAAAGCCTCTCCTC
TATATTCTCTCCTACAAAAATATATGGCACAGGGGATGGGAGAATAAAGT
CTCCCTGAACCCTAAATGCCTTGTCTTGGTTAACCTGTTTTAACAGGGAT
ATATATATGTATGCATATGTATATATATTAACCAAAGGTTACAAAGAGTA
CAGGTGAGATATGTGCTTTGTGTTGCACAATATCCTTCGTACAATCATGT
TTACTTACTTAAGCTCTGAGCATTTCTTATAAAACACCAAAGATTCCGTC
CGTAACAAGCTTATAAAGCACGTGTGGTTTTATTTTCCTTATCTTGCCTT
ACCAAGGGAAGGAATGGATAATAGAAACAGTACATTGACTGTTTCCTTGT
TGGAGACTTTTTATTAAAGAAAATTCACCCACTAGTAAAAAAAAAAAAAA
AAAAAA

CX6

TGCATGGGCAGCTCACTGGGACCCATGGACCTTCTCTCTGACTCTCACCT
CGACAGCGACGCCTCATCCTTGGACAAGCACTCCACGGGCAGCGATGCCT
CTCGGGAATCAGAATCAGAGTTTTGACGGCCGGGAGGAGGGTAGTTTGCT
GATATCGTCGTCAGTCCCCCAACCTCTTCTAGTTGTATTTCCCGCCCAAA
GGCGCTGGTCGCCATACCTCGCAGCTCCGCCCCTGGCCCCCGTCTCCCAG
GTGTCGGGGCGGCGCCCTCAGGCTTGTCCTGAACGGTGCTACCCCTCTCC
CTCAAACCCCCCCCAAGGTGCCTCGTGCACGCTAATCTCACCAAAGCCTC
AAAACATTGTCTGCCTCTGGGTTTGGGCAATGTTATTATATTTTCTYTGA
GAGAAATTGTATGTAATGTAATTTAAAATTATATTTATATTAGGTTATAT
TGTACATATTGTATGCAATTAAGATTCGCCTGACTTGTCAGGTATTGATG
CCATCAATGCAACCCAATTTTTTGTATTAAATGTTTATACAAGAATATTT
TTTGTAAAAAATCAAAAAATAGCGCAAATAAAATTCATGAACTTTAAAAA
AAAAAAAAAAAAAAAAAAAA

CC19

GGCGGGCAAGGACTCTTGCAGCGGCGACGGAGGTTCCCCACTGATGTGTC
TGAGCGGTACCGGCACCCAGTACGTCCAAGTGGGCATGGTGGCGTGGGGC
ATCGGGTGCGGCACCGCTGGCATCCCTGCAGTGTACGTCGACATAATTGG
AGGTTACTACTGGATCTTGGAAGAGGCAAACAAGTTGTTGGCACCCGCGA
TTATAGATGAGTACTGGCAGTTCTTTTAACATGCACAGTTGTCCTCAGAG
CCAAACGCTGTGACTCGTCAAATCAAATGTAATTCACAAACTGCGATAAT
AAAATTAATTTAAGATAAAAAAAAAAAAAAAAAAA
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C.2 In vivo GeneFishing sequence results: Nephrops

NnoTrvegicus

C.2.1 Uninfected Nephrops norvegicus

201-21 (Crustin)

TGATGACTATTGTCCCTACMATGAAAAATGCTGTTATGACGCCTGTTTGG
AGCGCCACATCTGCAAGGGTGTAATTCCCCATTAACACCTTSCACAAGAT
CAGTGTTCCACCCSCTGCCCATCTCGGAGTCACACCTAAAACAATTATCA
TATAAACAACGTCAATACGAGCACTCGGCAGCCAGACCTTCCTCCCCACC
CAGTAATGCAGTTCTCGAGAAAGTTCTTTTGGGTCAGAAGGTCGAGACAA
GATGGAAGGAACACTTTAGTTGGCTCAAAATAGAACTTGGAACGTGATCC
ACTCGAGTACCACCAAATGTTACACATGATGAACTGTGTATTATTATTGC
TGTTATTATGTTCTTCAGGTTTGTTGTATCTGCTTTATGTTCATTAGAGA
GTATTGTTTCTTACAATAAAGTTGTTGTCATCAGTTACAAGGTTTTACAA
TAAACTTAGTCATCAGAAAAAAAAAAAAAAAAAAAAAAAA

201-23

GCATCAATTTGTCAATTAGATGTGAAAATGCGCTCACAGAAGTCTTTGAT
TTAAATAAAAATTTGCTTAGATGGATGTACAAGGGTCGAAATGTAGGTGT
ACTCTTTAGTCAGTGCNNAAAAAAAAAAAAAAAAA

201-26 (408 ribosomal protein S12)

TTAAGCGTGTTATTGTGAACGTTGACGATCGAGGACGTCCAATAGTTCAG
CATGTCTGATGTGGAAGGAGACGTTAGCGTTCCCGTGGCCGTCGGTGGCC
CCATGGACTTGAACACTGCCGTCCAGGAAGTGCTCAAACAGGCCCTTATG
GCTGATGGTCTTGCTCGTGGACTTCATGAAGCAGTCAAGGCTCTTGACAA
GCGTCAGGCTCTCTTGTGCCTGTTGGCAAACAACTGCGATGAGCCTGGCT
ACTCCAAGCTGGTCGAGGCCCTTTGCCAGGAGCACCAGATCAAACTCCTG
AAAGTTGACTCAAACAAGATGTTGGGAGAATGGGCTGGCCTGTGCAAGAT
TGATCGCGAAGGAAAGGCTCGCAAGGTCGTTGGCTGCTCATGTGTTGTTG
TCACTGATTATGGCAAGGAGACCCAAGCCCATGATGTTGTCAATGAGTAC
TTCAAGAGCAAAGGACAGTAAGGAATCACATGTCCCATTTGTATGCAGAG
AATCAGCCAGGAAGTCCAGATCAAAGATGACCGAGTAATGATGAACATTC
AACACTGGGAGTCCATGAAAAGGATGACAAACCACAGCTGTAAGATCCTG
CTTAGCCTTTTCAAGGGGCCACTGATTCCAAATAATTAAAATAAAGTAAA
AAAAAATTGAAAAAAAAAAAAAAAAAAAA
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201-28 (Chaperonin-containing T-complex 1 protein)

CAATTGTGAAGATCAATGCCCTAACTGCTGCTTCGGAGGCGGCTTGTCTA
ATCCTGTCCGTCGATGAAACGATCAGATCACCACGATCGAGTGCCGACGG
TCCACCCACGACCGGCAGGGGACGTGGAAGGCCCATGTAAACATTATGGA
CCGATGGTTTAACTCTCTGAACACAGTGACTCAACAAGTTAAGACTAAAT
ACTGAAAGTCAACTAACTCATTTGCTTATTCAGATACATTCTAAAAATTA
TAAGGACTCTAATGTGGCTGTATTAGCACATTAAAGCTGTAAACTGTTGA
AGTTGAGGACAGCTCGGTTAAGTCACAAAAGCTTACTAAACACTCTTAAA
TATTTTTCTCTCACCTCTCGAGTCCAGTGATGTCTCGTCATCTATGATGA
GAACCGTGCTTATTATTAAAGGATTTAACGATAAAAAAAAAAAAAAAAAA
AAA

201-32

CTATGAGGCTACAGTTGCTGAATGCCGCATAGACATGCGGCTCAACTAAT
TCAACACAGTTAGGATAGCGAATAATGTATTAGGATATTCAGTATTAATA
AAAAAAAAAAAAAAAA

201-33

GGACTTGAGAATGTATCGTGACCGGGCGAAGGATGTCAATGCCCAGACAA
TAAAGAAGGTGGTTGAGGCAAAGGCTCGCAAGCAGCGGCGTGTGAAGAAG
CGAATGGAAAGGGCACGGAAGACGGCAGAAAATGTGACAAACAATGCTGA
TATGTCAGAGAGAGAAAAGGCACAGGAAGTGAAGAAGTTGTACAAGAAAG
CCTTGACACCATTAAAGAAGAAAGAAACAACTTACGTTGTGATGAAGAAA
AGGCATACTGGAAAGAAGCCAAAAGGAACCAAGGGTCCTTACAAACTGGT
TGACAAGAGAATGAAAAAGGATGCAAGAGCAATGAAGAAGTCTGATGCTA
AGAAAAAAAAAAAAAAAAA

201-37

AAGGTTCTCGTGATGCTTACCGGCGAGCTCCATTTGGTATTGATAAGACT
GGTGATGCTGGTGCAGGATCAGCTCCCATGGAATTCCGTGGGGGATTTGG
TCGTGGCACCAAGAGGCCTTAGTAAAGTGTAAATAAACGGGAGAAAAAAA
GGAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA

201-38

CTACTTGAAGGAAGGACACTTAATGAATCTTGGCGTGAGTTCAAGGAGAA
GTTCCCAACAGTCTATGCTTTTGATTGGTTCATATGGCCGCCCAGCCAAG
CCATCAACTTTTACTTCGTTCCTACACAGTATAGAGTCTTGTATATAAAC
GGTGTCACAGTTATATGGGACATTTTTCTCTCTCATATGAAACACATGAA
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TCAAGTCACTAAGAAGACACAAGTAACAGCTGTCAAGGCGTAAGAGAAAC
TGCTACTTGGAATCTTCAGTCTGAAACTCACAGGACAAATATAATCCATA
ACAATAGCTATACTGGTAAGTGGAGATAAGAAGCTATATTATATTGTACA
GTTTACACAAGAAATTCAATAGATTGTGAGATGAAAAAAAAAAAAAAAAA
AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA

201-40

AGTCACACCTAAAACAATTATCATATAAACAACGTCAATACGAGCACTCG
GCAGCCAGACCTTCCTCCCCACCCAGTAATGCAGTTCTCGAGAAAGTTCT
TTTGGGTCAGAAGGTCGAGACAAGATGGAAGGAACACTTTAGTTGGCTCA
AAATAGAACTTGGAACGTGATCCACTCGAGTACCACCAAATGTTACACAT
GATGAACTGTGTATTATTATTGCTGTTATTATGTTCTTCAGGTTTGTTGT
ATCTGCTTTATGTTCATTAGAGAGTATTGTTTCTTACAATRAAGTTGTTG
TCATCAGTTACAAGGTTTTACAATAAACTTNGTCATCAGNNNNAAAAAAA
AAAAAAAAAAA

C.2.2 Hematodinium sp.

H-23

AGCATGACACGGTTATCGAGGACCTGAAACTGAAATTCGAAGAGAAACAG
AAGACAAACCGCACTGACAGGCAGCACATACTCGAAGAGAAGGAGGGAGC
ATTCGCGGACTATCAGGACACGCAGAGGCAACTCGAGGAGGATGCAGACC
GGGAAATTGAAGAGCTGAAAGAATTGTACGAAGCAAAACTGGCGCAGGAG
AAGGATGAAAAGGTGCGCCTTCGTGGCCAGGCTGGTATTCACCGAAAACA
CCACGAAGATTTGAAGCGGCAAATGANNNAAAAAAAAAAAAAA

H-34

AGTCACACCTAAAACAATTATCATATAAACAACGTCAATACGAGCACTCG
GCAGCCAGACCTTCCTCCCCACCCAGTAATGCAGTTCTCGAGAAAGTTCT
TTTGGGTCAGAAGGTCGAGACAAGATGGAAGGAACACTTTAGTTGGCTCA
AAATAGAACTTGGAACGTGATCCACTCGAGTACCACCAAATGTTACACAT
GATGAACTGTGTATTATTATTGCTGTTATTATGTTCTTCAGGTTTGTTGT
ATCTGCTTTATGTTCATTAGAGAGTATTGTTTCTTACAATGAAGTTGTTG
TCATCAGTTACAAGGTTTTACAATAAACTTGTCATCAGTTAAAAAAAAAA
AAAAAAAA

H-35
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AAATGTATTTAGGAGTGGACWCTCCATTATCCCCTGGTAAAGAGTCRCCT
GACCGAGCGCATGCAGTGAAGGCAAGCGACGCACCGCAAGCCAAATCGCC
TGAAGAACTTCCGCCAGTTCGGCCACCAAGCCGGAAAAAGTCGCCTACAG
CCGGGCATTCAGAACTCCCAAGCGACGAAGGGCCCGCTGTGCCGTACGCA
GGTAGAGTGATCGATGGTAAATTTGTCAGGAAACACGTGGTATCATTGGA
AAGATTGTCCAAGGAGGAGAAAATACAGTTGCTCAAGGATATGGAGAAAG
AGCGAACGGAGAAGGCGAAATTACTAGCAGAACGCCAACATAAACACGCA
CTATGGAAGAAAGAACAAGAAAAAAAAAAAAAAAAAA
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