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ABSTRACT

The host parasite system of the XiBarasite Haplosporidium nelsoniin the eastern
oyster,Crassostrea virginicaposes many challenges for experimental study. The
interactions that are involved in the development of the typically grigbalence and
intensities of disease encountereaértain environments have not been characterized .
The parasite is natulturable and its life cycle outside of the oyster host remains
unknown, as such the field is the only source of infective tissudslateaior study.

The main goals of this reseh were to first, explore of potential protein targets involved
in infection; second, investigate the tissues that provide optimglarative value and
third, test methodologies that allow for clear comparative asalysorder to investigate
this hostparasite system it was first necessary to develop an expeairdesign that
enabled the consistency of samples and reliable diagnosis of tleaisalstate. Arriving

at an experimental design involved the implementation of severabhtabpprotocols
including one and two dimensional protein gel electrophoresis, enzyasatys, the use
of two diagnostic methods, field sampling and experimental fiektiidn, in order to
determine the most promising approach to describing the host pamésigeion.

Two environmental systems in which MSX infects the easigsiter were studied, the
Bras d®r lakes, Cape Breton, Nova Scotia, Canada and the York rivensystthe
Chesapeake Bay, Virginia, USA. Within the Bdé®r lakes samplesa population b
oysters was discovered in which parasite pressure was presdm mdnifestation of
disease within the tissues of oysters from this population waswmad.f The
identification of a differential response to parasite pressdriléhe comparison of
proteins involved in disease from the three Bi@r lakes populations sampled. The
new landscape of the parasiteOs presence in the@rasong with the targeting of
several tissues and the comparison of different individuals witerdift disease $t&s
highlighted the need to control for variability in protein profiles.

The concentration of further comparative protein analyses to treaQimke Bay system
allowed for the experimental field infection of naeve oysters lunsl the comparison of
protens from the same individual oysterOs haemolymph over time. Onatecbtieese
samples were grouped based on final infection intensity and the coompairigrotein
profiles indicated the presence of a protein after exposureNtSahimpacted area. Th
differentially expressed protein was identified as actin andceasistently observed in
the cell free haemolymph lysates from all intensity clagseesl. The comparison of
proteolytic activity of haemolymph over time and between final ildadtitensity
classes identified a protease present within the initial hgenpbl samplegnaive
individualg occurring at a significantly higher frequency within those individueds t
went on to develop high intensity infections. This finding suggests arprot
differentiation found within the nasve population that impacts the outodméection of
these individuals. The potential of this protease as a mankbeightened disease
susceptibility may provide insight into the overall disease procddsmdsoniwithin

this host. Enzymatic activity also differed significantly amongatibn intensity classes



as alkaline phosphatase increased over time within intensity gemipIl as
comparatively betweeinfectionintensties. The monitoring of thiactivity may allow
for the disease to be tracked more readily in populations throughgtesthaemolymph
over time.

Having established some technical protocols that aided in clegolpylisy constituent
proteins from oyster tissue samples, the expamtal field trial was established to
compare the haemolymph of the same individual over time and expo$dgXto This
led to the identification of protein, protease and enzymatic chasgesiated with
infection intensity. The success of this approea aid in further characterization of
infection as well as establish important indicators of the powhath disease may
occur.

XI
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CHAPTER 1

GENERAL INTRODUCTION



The intimacy shared between a parasite and its host speciedata@ship like none
other on earth. The complexity of these seemingly simple orgamdimsir ability to
utilize the tissues, molates and resources of a separate organism remains an area of
research with many unanswered questions. In certain host payas@sthe impacts

of the parasite on host population can be so detrimental as teethtleatvery existence
of certain specgwithin certain geographical areas (Bremmerman and Thieme, 1989;
Regoes et al200Q Gozlan et al., 2005; Otti and Schrtimpel, 2008; Rutrecht and
Brown, 2008; Shirakashi et al., 2008; Rutrecht and Brown, 2009; Rigaud, 28110 et
One such exampls the parasite commonly known as Multinucleated Spore X (MSX),
Haplosporidium nelsonthat affects Eastern oyst€&rassostrea virginicapopulations of
the North East Atlantic coast of North America through largéesmortalities caused by
the parasiteQletrimental disease processes. This parasite has eludedteamyts in
characterizing the transmission, gmdliferation of ndividual parasites following
invasion of host tissues (Burreson 2004). The spread of MSX to thei@amzst coast
in 2002stimulated research trying to understand how the ferstsite interaction in
Canadian waters differs from established ranges of the pasehaliry along the shores
of the Eastern US. The body of work presented here targets prasaimdicators of
disease and aims to lend insight into how the parasite impadtsshat the biochemical

level.

1.0The Eastern Oyste€rassostrea virginica

1.0.1History & Distribution

Crassostrea virginicathe eastern oyster, (phylum Mollusca, class Bivalvia,rorde
Ostreoid, family Ostreidae) is a North and South Americanremdgpecies whose range
includes much of the western coast of the Atlantic O¢gannedy et al., 1996)Fossil
records have indicated the presence of the eastern oyster alongrshaadsa areas off
the coast of North America. The eastern oyisésan established range of populations
from the Maritime Provinces of Eastern Canada to the Gulf adiddeReports have

identified C. virginicaas far north as the St. Lawrence River as wallsasouthernmost



account in Brazil, although some speculasoggest thee may balistinct genetic
species with similar morphological characteristics to thos& efrginica(Eastern Oyster
Biological Review Team, 2007)Along with the natural range tiie species,
transplantation has occurred and certain transplant popdatieralso noted to exist
along Western North America, the Hawaiian Islands, Japan and Er{glamdedy et al.,
1996)

The eastern oyster has been well documented thootigistory as an importargpecies
for food andas part of theultureof First Nationcommunitiesas well as early settlers
in North America(Lavoie, 2011; Kennedy et al., 1996; FAO, 2004; Scarfe #Joi6st
Nation stakeholder). Though some accounts hgyatedvast populations exisig
within the last 150 years along the western shore of the Atl&igtoncal populations
can only beraced through shell deposits in many estugiestern Oyster Biological
Review Team, 2007As a food commodityC. virginica, is highly regarded and sought
afterproduct within the fisheries market. While other commercial oggtecies have
established successful culture industries (nani@igssostrea gigastrea edulisand
Crassostrea ariakengisC. virginicaremains a choice product that consumers and
producers alike continue to rely.om North America, the eastern oyster has seen a
significant decline in both natural harvest and culture mainly due éasts
environmental and management facidisicKenzie 207).

1.0.2Fishery in Atlantic Canada and the Bras dOOr Lakes

The eastern oyster has established populations within Atlantic Calwedgthe Northern
and North Eastern New Brunswick Coastline, in Prince Edwamddslad some Atlantic
coastal commuties of Nova Scotia. The oyster industignsists of both public bed®r
which recreational leases may be purchaaad leased beds managed by the
leaseholders. First Nations communities have traditional aséise fisheryboth as an
income sourcand for food and ceremonial purposes. Harvest from both types ef leas
typically occurs betweemid-September and the end of Novemivbien oysters have
reached marketable size of a minimum 76mm shell length aftereaage of 2 to 4 years
of growth (Lavoie 1989). Farmedysters have not been the typical product produced



from this region, however, there is increasing farming of oystettsei region (N.Ross,
personal communication). Long rakes or toagsused for harvest, although snorkeling,
diving and low tide harvest along the shallow bed habitat that the oystées are also

popular means used for collection.

The Eastern oyster fishery in the Bras dOOr Lakes has beatetkesince 187@ avoie
2011). The warmer temperatures found withie thkes systepras opposed to the
exposed coastline of the North Atlantic coast of Nova Scaliieng with reproduction

and seed proliferation within the sheltered low tidal pressures fauthd unique system
of the Bras dOOr support richer beds thasetlatong the exposed coast. Settlement of
seed on eel grass that is subsequently displaced within seasongititunst causes losses
of an estimated 90% of seed that is released into this environfleatemaining stocks
are made up of those individgakhose settlement took place on the hard bottom of the
shallow inland shores of the water system. Relay fisheriesveitisn the lakes allowing
oysters from poor environmental areas to be placed in pristinesviaterder to allow
depuration and subgeent availabilityto the marke{Lavoie 1989) The value of the
Nova Scotian Eastern oyster fishery in 2001 before the MSX outbresaialsed at
$1,202,811.00 (total production of 420,463 MT and 3.3% of the total aquacultaresspe
production). Currenstatistics indicated a decrease of 56.2% in its value 280%
($676,105 with a total production of 158,742 MT and 1.17% of the total aquaculture
species production) (Nova Scotia Department of Fisheries and Aquac@irl). Most

of this loss can betiibuted to the decline of the Brd®Or industry following the
introduction of the MSXH. nelson) parasite.

1.0.3Biology

Crassostrea virginicas a monomyarian bivalve, whose structure is bilaterally
asymmetricalEble 1996) The left valve is usefbr settlement and will often appear
notably thicker and more deeply cupped than the upper right valve. slregthbhape
and thickness are highly dependent on the substrate to which the individeali®yst
attached and develops on. Hard substrateduge thick rounded shells with radial



ridges and more markedly curved umbo(tegkest and oldest section of shell, found to
lie dorsally in most speciesyhile silty substrates tend to form thin slender shells with
straight umbones and fewer ridges distinguishing character of the eastern oyster
species is the purple soahere theadducter musclattaches after metamorphaosis
Overall morphology is noted as being quite variable in adults of theesphee to varied
environmental pressures as wagla general lack of selection pressure on adult forms,
while the larval stages exhibit more constant morphological and behaviour

characteistics due to pressures for long term survival, spread and success1@dfig,

The eastern oyster reproductsgstem is rooted in the proliferation of high numbers of
progeny in order to spread offspring in varied and widespread environtinanése
suitable for growth and establishmébBtistern Oyster Biological Review Team, 2007)
Members of the species an®pandric, maturing primarily as males with a subsequent
change to female in later life stag&ble, 1996) This action is thought to be reversible
in some cases. Influences on an individualOs sex are quiteavatigdiude responses to
annual changgein environment, physiology and nutrition. It has also been brought forth
that the sex of neighboring oysters can impact sex of individuals, atiges occurring
between spawning seasons when the gonad is undifferentiated. Gamradify is a
compkex measure that is skewed by variable yet prolonged spawning periods and the
gonadal tissues being incorporated into the surrounding tissues. Spawviriggered by
both temperature (aboveZ) and salinity (above 10 psu) as waslphysiochemical
triggers (Kennedy et al.,1996

After fertilization, a trocophore develops and depending on environmeaggers can
last in this norfeeding stage for up to two dayBhompson et al., 1996) he veliger
stages are planktotrophic and can last up to two mspauring which they undergo
morphological changes that result in larvae with a fully developed idiogan
migration to an appropriate settlement locale. This foot s tb@bsorbed during
metamorphosis into the permanently attached oyster. TWad fages utilize both
passive and active transport in order to disperse in their environimemcues initiating
settlement are both environmental and internal. Settlement capéeted but only



reversed before metamorphosis has taken place. Fatahmorphosis is initiated upon
response to salinity and cues emanating from biofilmspaoximity to established oyster
populations indicating good substrate and environmental conditions for attacmdent
growth. The entire process will typically be wad out over a period of2 weeks after
hatching, however the environmental conditions have a significant impaobgnession
of development. (Thompson et al., 1996

1.0.4Habitat and Environment

Major influences on growth and development includepemature, salinity and
food availability, with temperate regions seeing maximal growthersummer months
and more southerly regions yielding faster growth and production of oispri
(Shumway, 1996) The limits for salinity tolerance that have beerorded range from
0-42 psu with optimal levels ranging from-28 psu. The eastern oyster can survive
freezing temperatures and tolerate up tpCAbut will grow and function optimally at 20
30;iC. Growth in the earliest stages of life is most rapiddlowts gradually after the
first six months. In standard conditions, growth can reach 15cm V@iBiyears.
Harvestable oysters (measuring betwee®@®m) can be produced at different intervals
depending on the conditions of the location in which theygaown(Shumway, 1996)

1.1 Pathogensind Disease of Mollusks

Many of the known pathogens and diseases of oysters, and mollusks foattest have
been described in specidmt have been cultured, since stocks of cultgtesdlfish are
heavily monitored and extensive mortalities are often investigated tofilentause.
The broader importance of these pathogens in the context of natural erentsrand
within populations whose structure is not set up for culture (crowdtngss) is not wie
understood. Often the manipulations of large scale commercialiéistoenfound the
expression of opportunistic pathogens whose effects would otherwise beaimman
more natural setting. Likewise, there is likely a multitofipathogenic specigbat are
unknown to the scientific community due to the fact that host speomrsich these most



readily occur are not studied with the same frequency or scrutintheiecommercially
cultured cousins ar®&ower (1994) compiled a comprehensive synops$idiseases
affecting shellfish with the emphasis on those which are found to ot€anada and are
of regional importance, those which are in Canada of negligible impertasevell as
those that have not been reported in Canada or whose hosts$ fmenddn Canada. The
following section outlines the various threats to oyster stocks ichwdm immune
response may be mounted and in some cases successful, and thusetesabgeto the

current work.

1.1.1 Viral Diseases

Many of the popularly culned oyster species have associated viral pathogens whose
effects can be detrimental especially in a culture settingléTH. Currently, the Herpes
virus is causing high mortalities in France (up to 50%), impattiadpighly valued

French oyster industr§Segarra et al., 2010, Sauvage et al., 2009, Cor Poppe, personal

communication).

1.1.2 Bacterial Diseases
As seen with viral diseases, bacterial pathogens have been obseivddrdified mostly
with cultured species (Table 2). Some may see an incireaserall impact due to the

occurrence of other stressors and pathogens impacting on the same hosibpopula

1.1.3 Diseases of Unknown Etiology

Several disease agents have eluded concrete identification despitmpacts on host
populations (Tabl&). One such disease noted from the Atlantic Canadian region is
Malpeque diseaseéligh level mortalities of Eastern oyster populations werergsorted
by Needler and Logie (1947) and later confirmed by Drinnan and Medcof (it961)
Atlantic Canada. Aausative agent for these mortalities has never been estalblighed
this agensitill exiss within the region. Naeve oysters placed in these bays exhibit the
same rapid and high prevalence mortality as demonstrated by rieftts. These oyster
popuktions remain closed to movemenitside the affected regidar aquaculture so as

not to spread disease to nasve stobkapeque disease was found associated with



mortalities in oyster populations in the Bras DOOr lakes and Asp@dee Breton in
2007 {Vaercaemer et al., 2010; Lavoie, 2011). Attempts to identiuaative agent
using PCR of random selections of tissue sections collected fronolcamd infected

animals yielded no banding differences (Lavoie, 2011).

1.1.4 Pests

Unlike pathogenic mi@organisms there exists several species of aquatic
macroorganisms that cause disease and mortality in oyster dbeciegh predation and
utilization of oyster tissues for attachment and feeding (Table 4).

1.1.5 Commensal Organisms

The tubellariarUrastoma cyprina€Burt and Driman, 1968) has been reportediirthe
gills of bivalves includingCrassostrea virginica While it induces pathology in the gill
tissues of the mussBlytilus galloprovincialis(Robledo et al., 1994), this response has
not keen described in oysters infected withcyprinae(McGladdery et al., 1992 and
1993). It was proposed by Burt and Drinnan (1968) thatyprinaein fact occurred as a

commensal organism i@. virginica

1.1.6Parasites

Of all the pathogen groups impigf oysters parasites appear to be the most destructive
(Table 5). In many cases the effects of a parasite spe@esentuated through its
introduction into a naeve population often made up of a species cletdkdrto, but not
its original endemidost. Parasitic species straddle a delicate balance Ibetakeeg
what is needed from a host in order to survive and propagate and themiedniost to
stay alive and function in order to maintain their internal enviroriraed continue
proliferation. Often a balance is achieved in many long standingdawasite
relationships over the course of generations of both host and parasitelwog to the
point of minimal impact (Bremmerman 1989). However, if a pega@mins access to a
nasve populdon of hosts of a different species, the impacts of the paxasitbe very
grave. This is due to the host matving evolved any specifiedbfense mechanisms

toward this particular pathogen, and without an effective immune respfenparasite



can ofen quickly overwhelm the host and cause disease and movidhip a region

and/or populatioiBremmerman and Thieme, 1989; Regoes e2@0Q Gozlan et al.,

2005; Otti and SchmitHempel, 2008; Rutrecht and Brown, 2008; Shirakashi et al., 2008;
Rutrech and Brown, 2009; Rigaud, 2010 et al.).

1.1.7Parasitic Protozoans of Molluscs

Protozoal parasites seem the most successful of all thetpayemips found in oysters
(Table 5). Their impacts vary from species to species, mthbught that therare a
great abundance of species that have not yet been discovered that oocur in

commercial oyster species worldwide.

1.1.7.1Perkinsusspp.

The genu®erkinsusrepresents protistan parasites of mollusks from around the world.
The life cycle of tlese parasites includes vegetative proliferation in hosts wiphazoite
cells undergoing successive bipartitioning. There are seven valid spsgiesentatives
including,P. marinus, P. olseni, P. qugwadi, P. cheasepeaki, P. andriewsi,
mediterraneugVillalba et al., 2004and Perkinsus beihaiens(oss et al., 2008)

Perkinsus marinusr Dermois a protozoan parasite of the eastern oyster that was first
identified by Mackin 1950, from diseased oysters in Virginia, and hasdtedied
extensively mce its first report It causes increased mortality in stocks over multiple
seasons, with the second season yielding mortalities of around 50¥eahdd season
with mortality reaching 8®0%. The gross impact on hosts includes the progression of
the parasite throughout host tissues, interfering with host energy flsiv@sng growth,
and causing energy deficiencies impacting gametogefémigparasiteOs rangéhisught
to belimited by temperature with sustained infectious populations occualomg the
western Atlantic and Gulf coasts from southern Massachusdtie Gulf of Mexico.
There have been a number of reports resulting from presumed intooductiHawaii as
well as along the northern Atlantic coast including Maine. Spretdsopathogen
through the Chesapeake system has resulted from the moveent of injesteedseed
(Villalba et al., 2004)



Cold temperaturesanreduce overall impact of ¢hDermoparasite even in sustained
populations (Villalba et al., 2004). It is thoughat a warming trend could resultaneas
now minimally affected byhe presence of the organism showamgincrease in infection
and mortalities. Interestingly, there is evidence of variatiomssi$tance in host
populations of the eastern oystedifferent locales (maybe due to genetic variation
among the distinct populationg)s well as some evidence of parasite tolerance and
pathogenicity differences to environmental conditions dependent on lo€alien

Eastern Oyster Biological Review Team0Z)

The lifecycle of theDermoparasite is completed through direct transmission from
infected to na«w oysters (Mackin, 1962). Spread is extensiithin infected populations
and mortalities resulting from infection tend to peak in sumn@Tths whertemperature
and salinity are at highly optimal levels, although the paras#blésto withstand wide
ranges of both temperature and salinity fluctuatioftse parasite thrives in high salinity
waters, but even if salinity levels lower in bays whereptrasite is well established,
they can persist at 5psu for up to 3 months until salinity levelsré the normally high
levels in these bays. Temperature is more of a concernas aith larger seasonal
fluctuations. In the Chesapeake system, potivalence and intensity increase in late
spring when temperatures rise above 20;C, these later infectiensredult in
overwintering of the parasite (Villalba et al., 2004). The highmestalities are seen in
late August and September, while over wieter regression takes place and newly
acquired infections do not reoccur until late summer the followinggaacident with
mortalities. Some evidence has been obtained showing that transneess occur in rare
instances without associated morta(i@agoneClavo et al., 2003)In areas of intense
culture,Dermodisease has become manaljgdetting oystesto marketprior to
mortalities not through mitigating the disease in the loergn. Population density plays
an important role in the transmi@s of Dermo disease due to the direct lifecycle. Age of
the host seems a contributing factor as well, with older indivsdexgberiencing more
disease in the same culture areas, thought to be a result offilighteyn and longer
exposure periods expenced by this group (Villalba et al., 2004).
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Proposed Dermo management strategies are varied and include madifieg c
procedures which utilize natural environmental limitation of the desbat can be
compounded by the presence of additional pat®@e.g. MSX) in same geographic
regions. Additional strategies include selective breeding and réssstain development,
encouraging increased tolerance over time due to natural selectébtrjploid oyster
development which provides no evidenceraireased tolerance but quicker growth to
market size. Genetic engineering and gene transfer is also be@sfjgated along with
allochtonous species introductio@. (ariakensiy and the use of chemotheraputant
treatments to kill free infective cells (Mlba et al., 2004). All of the proposed strategies
are accompanied by benefits and costs to natural integrity of popula&iionmental
risks, and overall improved production of cultured species all soafggeat debate.

1.1.7.1.2 Diagnostics

The study ofPerkinsusspp. has been greatly advanced by the ability to culture the
parasite and facilitate experimental infection of oyster hdRts; (1966) devised a
diagnostic culture method that aided in quick and accurate identficatthin infeced
populations. Subsequent propogation of the parasite from histozoic @€ajeschuster
and Swink 1993; La Peyre et al., 1993; Gauthier and Vasta, 1995, 2003;reaaRe
Faisal, 1995; La Peyre, 199%)owed studies of growth, stagesvironmental
influences, host interactions aptysiology of the parasite through its lifecyfi@antz,
1994; OOFarrell et al., 2000; Gauthier and Vasta, 2002; Brown2808; La Peyre et
al., 2006, Ford and Chintala, 2006; Lund et al., 2007; La Peyre 208§.

1.1.7.2Haplosporidians

Members of the Phylum Haplosporidia are obligate parasite of aelimarsber of
marine and freshwater invertebrates. It comprises specike generdJrosporidium,
Bonamia, MinchiniandHaploposporidiumalthough species ¢aplosporidiummake
up a paraphyletic grouping and revision of the genus has been recommendesofBur
and Reese, 2006; Hine et al., 2009). These parasites have a pthstagd and are
spore forming with the ornamentation of different speciesO spuiggsas an important

taxonomic feature.
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Haplosporidium armoricanaccurs in France, Spain, and the Netherlan@sinea
edulisandO. angasi.There was also a single report from Oregon in imported Olympia
oysters Q. conchaphila (Mix and Sprauge, 19. Spore masses are identified as
occurring in the connective tissues. Within an established cukttiegsthe disease
occurs at very low prevalence (1%) but when oysters from an unexposed popaitati
introduced they are greatly impacted by the gisgaHigh prevalences and mortalities in
nasve populations are likely due to the lack of defense mechamigergdtoff infection
that those who have generational exposure developed over time.

Haplosporidians have been found in hatcheries of the pederr&psctada maximan
Australia. However those identified as harbouring infection Westroyed so impact of
the parasite and strict identification of species is unknown. patesite was noted to
occur in the connective tissue of the digestive gldrttiase individuals identified as
infected. Also in Australia, the rock oysteaccostrea cuccullataas found to be

infected withHaplosporidium spin the report of epizootics reaching23% prevalence

in the northeast. Infections were often heavy widsmodia and sporulation taking place
in the connective tissue with very little defensive response notddst@ogy (lack of
haemocyte infiltration), but an abundance of brown cells, or pigmerteetery
haemocytes, were noted in these heavy irdast{Hine and Thorne 2000, 2002).

1.1.7.2.1 Haplosporidium costal8SO (seaside organism)

Haplosporidium costalés found in high salinity (above 25 psu) waters from Long Island
Sound, New York to Cape Charles, Virginia. In addition, plasmafdia costalehave

been identified at low prevalence and intensity along the southernf @&dfrdg Lawrence,
the Atlantic coast, and within the Bras DOOrs lakes in Na&$DFO report not
published) Within its range along the US coast, it can be associtedeasonal

mortality in late spring corresponding to the sporulation of the pe{&uch and
Rosenfield, 1968; Andrews and Castagna, 1978; Andrews, 1984). The mode of
transmission foH. costaleis unknown and life cycle details including the preseor

absence of intermediate host(s) is also unknown. Management cedissametimes
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facilitated through movement of stock to areas of low salinity e/kiex disease process
is impeded.

1.1.7.2.2Haplosporidium nelsoniiSX

Haplosporidium nelsoniKingdom: Protista, Supergroup: Rhizaria, Phylum:
Haplosporidia)wasfirst reported in oysters from Delaware Bay in the fall of 1&8R
massive mortalities occurring in the spring of 1958. An unknown orgademsmified as
the causative agent of thesaloved mortalities was referred to as OMIXdtinucleate
SphereX unknown) (Haskin et 311966). Plasmodia of the parasite occur within the
connective and epithelial tissues of the gills and gut and are iddrttifough their
multinucleate nature asel as their size @5 um in diameter, though they can be
larger) and sporulation of the species occurs within epitheliuimeofligestive tubules
(OIE 2006). The spore surfacetéf nelsoni,as determined by SEM, is covered with
individual tightly boundibbons occurring as a single sheet. This layer is also averlai
distally to the aboral pore by a branched fibrous network (BurresoneasR2006).
The mortalities were found to occur in both adult and juvenile oysidisa prevalence
of up to80%and oyster production in Delaware Bay fell from about 7.5 million pounds
of oyster meat prior to 1957 to less than 100,000 pounds by 1960 (Sindermann and
Rosenfield 1967).

By 1959, the disease was reported in both Virginia and Maryland vedt€resapdae
Bay (Andrews 1966) eventually leading to the identification of spore s(@gesh et al.
1966), and subsequent identification of the spadieshinia nelson{Haskin et al.,
1966) which was later reclassified Bsplosporidium nelsoniPerkins 1990)The mid
Atlantic coast of the United States remains the most hedfdgtadby MSX. The
parasiteOs range spans alongitiiee Atlantic coast of the US from Maine to Florida.

Two regions outside of the established range of the parasite haviel&géied to

sustain infections ipopulations, th@&ras DOOTr lakes, Nova Scotia, Canada (Stephenson
et al., 2003) and the Gulf of Mexicdn Canada, the parasite is not found along the

13



Atlantic coast of Nova Scotia, but instead isolated within the ursajevaterBras dOOr
lake system on the North Eastern tip of the province. This wastem has a low tidal
influence and is almost completely landlocked with two flushing sitéiseNortherr
and Southermost reaches of the system. It may be pos#iaiethe environmental
conditions in this area have allowed proliferation of the diseatferthrough
introduction directly to the lakesr throwgh progression along the coast &ia
intermediate hostccurring in or passing thrgh areas in which theonditions were not
amenable to disease establishmenhe coastal populations @f. virginica Isolation of
H. nelsoniDNA from collections from the Gulf of Mexico has shown the presentee
parasite spanning the past five to ten years. Howthane have been no repoofsan
epizooticin thisarea (Ulrich et al., 2007).

Molecular phylogenetics (Burreson et al., 1997) demonstrateéi#phdsporidium
parasites irendemicAsian populations of the Pacific oyst€rassostrea giggsvere
identicalto the genetic sequencesHdiplosporidium nelsorisolated from Virginia. This
supports thdaypothesighat the origins of the initial East coast outbreak and the first
reported case dfl. nelsoniin C. virginicawere the result oh transfer of infecte@.
gigasfrom the West coast that had originally come from Asian stoBlesausef the
parasiteOs introductigrto a nasve host, the eastern oyster had no evolutionarysdefen
against the pathogen causibh¢p decimate stocks within environmental caiwdhis that
were ideal for proliferation. The spread of the parasite aloagvestern coast of the
Atlantic may stem fromtheinterplay of several factorscluding natural spread of the
opportunistic parasite among host populations, the possibilityogément of an
intermediate host throughout the range and movement of infected stocks through
aquaculture.

Haplosporidium nelsortias never been cultured, and its transmission is thought to be
indirect, agt has never been determined whether or not feeyicle of the parasite
utilizes an intermediate host(s). Study of naturally infected papntahas been the
source for all information known about the parasite and the diseasesprin its hosts.
Infection occurs in the early summer with heavy itiletbeing observed late in the same
seasonn areas of repeated epizootics that have been monitored siraiyioiiitbreaks
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along the mieeastern coast of the UShe rapid proliferation of the parasite within the
hostOs tissues occurs over approximatelweeks in many of the lethal cases. Open
gross inspections show infected and diseased hosts appearing grey;, avater
emaciated. For those individuals in which the infection remaingthahlimpacts on
metabolismwere noted through reductionsdlearance rates (Newell, 1985), condition
index, fecundity (Newell 1985; Barber et al., 1988ad glycogen content (Barber et al.,
1988b)when compared with resistant individudigerestingly, when looking at overall
energy costs in susceptible oystepplations, those with systemic infections displayed
evidence of increases in clearance and oxygen consumption rates cowigiared
uninfected individuals (Barber et al., 1991&)pr thosehatsurvive the initial wave of
infection, often the environmentaémperatures impaad the progression of the parasite
with cooler waters slowing proliferatipas well as the metabolism of the host itself. As
waters warm the following spring second wave of mortality is often noted consisting of
those individualsvhose intensity levels have remained high through the wimtée
regions of study and surveillance along the Eastern US. coast

1.1.7.2.Environmental factors affecting hgsarasite interactions

In areas where mortalities due to the parasite comtiopersistthe environmental
conditions seerto bean important factor impacting both the parasiteOs success and the
hostOs ability to survive. Salinity is chief among these &wiith drought conditions
causing elevated salinity levels associateith Wramatic spikes in disease within
monitored areas (Barber et al., 199%hplinity ranges above 1& psu are shown to
consistently support infection, proliferation, and mortality, but al lefva sustained
minimum of 15 psu has been shown to suppdetcition and disease. Drought years have
a greater impact due to areas of lower salinity undergoing an elevasalinity levels,

thus exposing populations normally sheltered by their environment to the coadiiti

which disease is favourabldecase of this, measures have beenipyilace to limit
transfer of oysters from impacted areas to those of loweitszdi In those areas in

which drought conditions have resultedspreadit has been found that with the absence
of drought conditions ttee populations are able to recover and their progeny survive and
produce healthy populatioriBarber et al., 1997)This was demonstrated through the
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19700s in both Delaware and Chesapeake Bays during which time wet egwiabnm
conditions corresponded & significant recovery of the eastern oyster population that
had fallen victim to the initial parasite outbreaks in the 19860s. Many of the oyster
recovery programs have focused on areas with natural salinities td loaderate

levels.

1.1.7.2.4 ©@mparison of MSX and SSO and Diagnostics

Plasmodiaof Haplosporidian costaleannot be distinguished through histological
analysis from those of the paraditaplosporidium nelsonHowever, the site of
sporulation differs wittH. nelsoniundergang sporuétion in the epithelium of the
digestive tubuleswhile H. costaleundergoes synchronous sporulation throughout the
connective tissues. The seasonality of the parasites als,diffiér the mortalities
occurring earlier in the season tdr costale However, plasmodiaf H. costalewere
detected in October in Long Island Sound and Virginia, which challehgesaditional
knowledge of the parasiteOs seasonality (Stokes and Burreson 2001;t 3Ln2oe2).
The cadetection oH. costaleandH. nelsani is facilitated through PCR diagnostics as

well asin-situ hybridization, which overcomes traditional histological limitations.

1.2Host Response

The innate immune systems of molluscan hosts implement two meémst of defense.
Cellular defenses ingtle phagocytosis, apoptosis, respiratory burst and diapedesis, while
humoral defenses utilize secreted molecules such as proteasmishlipsozymes,

lectins, aminopeptidases, and antibacterial proteins (Goedken20Ga).

1.2.1 Innate Immune Metules

Lysozyme is an enzyme utilized in innate immune system respoustias, lay catalyzing
the hydrolysis of 1betalinkages shared betweendd¢etylmuramic and McetytD-
glucosamine residues found in peptidoglycan as well as a similar banayad chitin
(Jolles, 1996). As a result, lysozyme is an effective defegamst many bacterial
species, particularly Gram positive groups. Lysozyme has been iglé@fitdm in many

species and is found to occur in secretions such as tears, gisraa, ad mucous
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(Jolles, 1996). In marine species, lysozyme has been measurey imagrum, plasma,
or heamolymph as a measure of circulating enzyme indicative of dl@nomatory
phagocyte response (Lie et al., 1989; Saurahb and Sahoo, 2008, Fany@/é)alln
mollusks, lysozyme has been characterized from a number of spaesgest(al., 2010)
however, its specific action within these species has not bdgrtaracterized, nor has
its optimal conditions for action (particularly the pH range aivatgtwithin these

systems).

Alkaline phosphatase is an enzyme whose action serves to remove phgspinase
from proteins and other molecules including nucleotides (Crofton, 198&)mtist
effective in basic environments and has been described feowy groups of organisms.
In bacteria the enzyme is thought to act in acquisition of phosphate groops f
molecules when phosphate is in low abundance (Sebastien and Ammerman,|20a9)
been proposed that alkaline phosphatase can also act in aideguptake of organic
molecules by removing phosphate groups that tend to impede uptake by badteria.
role of alkaline phophatase in immune function is not clearly understomegh in a
number of organisms and disease interactions it has beentadiedipregulated. An
increase in alkaline phophatase is thought to indicate stressggex for an immune
response (Ross et al., 2000; Iger and Abraham, 1990, 1997). In mdiheskelease of
alkaline phophotase in addtion to othe rlytic enzyiresbeen demonstrated after the
formation of a phagolysosome in the reponse to microorganism infeGesta( et al.
2008; Sokolova, 2009).

Proteases occur naturally in all organisms and act to break dovemprtitrough

hydrolysis of peptide bonds beten amino acids in a polypeptide chain. There are
numerous proteases that have been described and classified into fougrbugeesd

(serine, cysteine, aspartate, and metgtoteases) (Hartley 1960). Proteases serve many
physiological functions from destion of protein as food to more regulated cascades
affecting complement, apoptosis, blood clotting and the invertebrate palpkielase
activation (Morrissey, 2008; Cho et al., 2002). Proteases camlaeaking specific

bonds or breaking an entipeotein down into its constituent amino acids. Similarly,
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proteases can detach terminal peptide bonds disrupt the polypeptidet@raintarnal
linkage. The action of proteases can serve to trigger rapid chemgeetabolic and

immune functions in rg@nse to physiological perturbations within an organism.

Additional molecules which have been shown to have a role in host respmhdnmune
function include flavoenzymes which act as catalysts in a variatlgeshical reactions
(Joosten and vanBerk&07), andransferrin which binds iron molecules and has a role
in the innate immune system in mucosa impacting iron availabildytlaus bacterial
survival StaffordandBelosevic,2003).Actin has been found at significant levels in
Atlantic salmon mugs, which raises a question whether it may have an alternate
extracellular role in organisms similar to histone (Easy and R088). Actinis a
42kDa protein that is ubiquitous in all eukaryotic cells and actsamponent of micro
and thin filamets utilized in the structure and motility of cells. Actin playsimportant
role in many cellular functions including cell motility, shape, dons cytokinesis,
muscle contraction, signaling, and the creation of cell junction#t @ral., 2004a,b).
Lectins (hemagglutinin) are highly specific sugar binding moleculésénae a variety
of physiological functions in a wealth of organisms. Their spetjfisiimplicated in
immune function, recognizing carbohydrates found on the surface of pathbgens.
mollusks, their immunological roles include rse&lf recognition, induction of
phagocytosis and encapsulation d@#cterial defense and microbe agglutination (Wang
et al., 2011). @eactive proteins (CRPs) are found in the blood an act in binding
phosplocholine on the surface of dying cells and trigger activation of congpiem
Inflammation is associated with a distinct rise in CRPpolidoprotein Al is a lipic-
binding protein that assists in the transport of hydrophobic lipids through Iyimpha
circulatory systems. Antimicrobial proteins and peptides areeasd#i group of peptides
that constitute a highly conserved defense mechanism in innate imyster®as They
can effectively kill bacteria, fungi, enveloped viruses and have beeondémaied to kill
transformed cancer cells. Their action is achieved through disnugpitimembranes,
cytoplasmic components or metabolic processes. They can alsarapbasint
immunomodulatory molecules with the ability to alter host gene expressipact
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production of chemokines, modulate adaptive immune cells, encourage wound heali

and inhibit cytokine production (Hamill et al., 2008).

1.2.2 Evidence of Oyster Host Response to-Rarasitic Pathogens

Oyster host responses been studied in severaahse systems, lending insight into
how this bivalve deals with infiltrating pathogens. Freidman €1889) noted that
when challenged witNocardiasp., heat shock proteimgere detected in oyster hosts.
Although the pattern of synthesis (proteinguwotion) was found to be similar to control
animals, overall thermotolerance was reduced in those oystersdxpasocardiosis.
Species oVibrio differ in pathogenicity, but typically young oysters are unable to mount
a defense against infection, whis oyster hosts age the act of pathogen sequestration
seems a successful means of controlling infection. Nottage(#08DB) identified two

low molecular weight toxins playing a role in disease progression, eimasé (40,000
Da) involved in degraden of connective tissue, as well as a ciliostatic toxin {5000
Da). Vibrio aestuariamugroduces ECPs (extracellular products) with hemocyte
immunosuppressant activities. Experimental inoculation of oy<dstsea edulis with
heat killedM. luteus,V. splendidusandV. anguillarumdisplayed an elevation in cDNA
transcripts of an Interleukibh7 homologue (Cgit17) in hemocytes, suggestive of an
early response at the gene expression level toward these pathogens.

Host species are often quite adept@interacting effects @hell boring sponges through
rapid nacre (inner shell surface) application to repair shelaganHowever, if this

repair response is slowed due to other stressors, the spongesrcamevie host and
cause mortality (Moase €lt,a1999). This problem is of specific concern to the pearl
oyster industry in that nacre application is diverted to shelingpas slowing nacre
application onto embedded pearl (Moase et al., 1999). Managemeniticatennmpact
of this pest throug the use of hanging as opposed to bottom culture of species.

1.2.3Host Parasite Interactions
Responses of oysters to parasites are of particular interetst thegr impact on
molluscan hosts compared to other pathogens. Metacestode infectioasutan high

prevalence with every individual in some populations harbouring many (upeabke
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hundred) parasites (Lauckner, 1983, Winstead et al., 2004). In teagqzes such

heavy parasite burden, the host can suffer from generalized physiokigisaimpacted
growth and reproduction (Sparks, 1985), or may show no distress whatsoever fr
infection (Lauckner et al., 1983).

The lifecycle ofMarteilia spp.is likely to involve an intermediate host with experimental
studies not providing evidence dfett horizontal transmission. Audemard et al. (2002)
used molecular techniques to shiblwrefringensin ovarian tissues of the copepod,
Paracartia grani,indicating the potential involvement of this species in the lifiecyc
However, attempts at prodag transmission in the lab were unsuccessful using this
model. Infections occurring i@. gigashave been shown to be transient and produce
little impact on culture populations of this species. The restiit§ection in other
species are initiated byimary cells in the epithelium of the gut or gills, subsequent
sporont development and sporulation take place in digestive gland epitBtwrar,
2006).

With Marteilia sydneyjisimilar to what has been found in MSX, seasonality includes a
point at whichlow temperatures cause overwintering of parasites within theshissides
and when temperatures rise in the spring, mortalities of théseed individuals follow.
However, there has not been correlation established between epianotitsctuatios

in pH, salinity, and temperaturdlarteiliodes chungmuensisfections have been found
to reduce overall serum protein concentrations affecting metabobvery after
spawning (Park et al., 2003; Park, 2005).

Bonamia persporaporulation causes disrign of the digestive diverticula and
interestingly, haemocyte infiltration is found to be strongest withose infections with
uninucleate and binucleate microcells and weakest in individuals ¥etdeaeloped
plasmodial or sporulating forms throudtetcourse of infection (Carnegie et al., 2006).
Urastomaspp. displayed a preference for oysters compared to other Ataradian
molluscan species (Brun et al., 1999), indicating an attractioutmus secretions in
oyster gills, most heavily conceated along the basal food tract. Despite no specific
pathology among oyster hosts being noted as numbérsayfprinaeincrease, there is
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likely to be impact on the overall condition of the oyster. Ind&e@yprinaehas been
demonstrated to affect ogstmucus proteolytic activity (Brun et al., 2000).

1.2.3.1Host Parasite Interactio®sCellular Immunity

The host parasite dynamics of protozoal infections most comnforagsostrea
virginica are of great interest, especially in further understantieglisease processes
caused by these pathogens. Histological examination of MSX infectentsolgas noted
that infiltration through circulatory systems and subsequent proldarat the digestive
and connective tissues has a detrimental effect amaeflinctions of respiration and
feeding (Barber et al. 1988b). Little has been elucidated regardirgghiular actions
taking place in these tissues during infection however. Fecunditysualseen notably
repressed by infection, but may simply beyaroduct of energy reallocation of host
reserves to defense mechanisms (Barber et al., 1988). rBadie(1988) also showed
a decrease in lipid, glycogen, protein and ash content of those @mgstgiag systemic
MSX infections.

With respect td’erkinsus marinuswhose study has been advanced bothtro andin

vivo due to culture techniques being available, a more detailed viellofar interaction
has been establishe®erkinsus marinubas been shown to effectively utilize the cells
thathave phagocytised the pathogen in order to circulate through the host andhestabl
systemic infections. It is also thought that they are ableoiupge superoxide dismutase
and through this action effectively counter the effects of the R@éstive oygen
intermediate free radicals) released to kill pathogens during phagsdytbmed et al.,
2003). The parasite targets the immune cells of the oyster inhibhmbadst response
due to the destruction of haemocytes impeding defense systems dugiastl tother
opportunistic invadersThe parasite is phagocytized by host haemocytes, in which they
proliferate and spread by infiltrating various tissues through moveshéme hostOs cells
(CaseresMartinez et al., 2008). Initial infiltration typicallpommences within the
epithelium of the gut (Mackin, 1951), gill, labial palps, or maf@lkintala et al., 2002).
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Increased haemocyte activity has been shown to be a determiningriaotiuscan
resistance (Fisher and Newell 1986), with activitygsdally decreasing in infections

with P. marinus(LaPeyre and Faisal,1995). However, this indicator has proved
somewhat problematic when assessing impact of the pathogen, due toytaemoc
numbers varying among species and individuals dependent on ageake bleeding
technique, environmental temperature and air exposure (Ademd 894). Thompson et
al., 1978). Because of this, it is understandable that increateity in oysters is noted
with those haemocytes being infected often lysed thrdlwglecourse of disease, therefore
the observation of increased haemocyte activity may be an artifeedwdfed numbers of
haemocytes found in infected individuals. In contrast, a decreaseutatng
haemocytes was noted for clams whose cells areteéd/ésward encapsulation to contain
the disease (Casas 2002). The host species seems an imporamvitcC. gigas
displaying some resistanceRo marinus.Comparative studies of the two oyster host
species have not determined clear differences pexicat rate of phagocytosis with
virginica is greater during infection than f@r. gigas(Gauthier and Vasta, 2002), which
may be due to temporal activation of oyster defense systems causexvioys exposure
to the pathogen (Chu, 1988; Ford, 1988ffGey and Bushek 1996). This may indicate
thatC. gigasis able to utilize defenses other than phagocytosis and thus block
proliferation of the parasite, or simply has an internal environthat does not favour

disease.

Immuneresponses vary with hostgpically involving phagocytosis or encapsulation by
haemocytes and environmental factors are also known to impactedsegsession and
regression by modulating host immune systems and parasite activitaii@huaPeyre,
1993; Anderson, 1996). ThoBerkinsussp. found in clam and abalone are successfully
controlled through encapsulation, during which parasites apparently deeenhiledded
within the macromolecule formed through rgigcosylated polypeptides secreted by
surrounding haemocytes (Chagtal., 1987; Montes et al., 1995; Sagrista et al., 1995;
McLaughlin and Faisal, 1998).

22



1.2.3.2HostParasite InteractioBHumoral Immunity

Many studies oH. nelsonihave focused on humoral factors in oysters and have reported
declines in free aminacids (Feng and Canzonier, 1970) as well as total serum protein
concentrations associated with systemic infections (Ford, 1986). Whectytes were
incubated along withl. nelsoniplasmodia prdreated with several different classes of
inhibitory proteirs, Ford (1988) found increased phagocytosis to be associated with those
plasmodia that had been treated with carbohydrases, proteases angiglycbibitors.

This provided evidence of phagocytosis interference by the parasitgtthsurface
modifications and likely more importantly metabolic production of molecules imigpit

phagocytosis by host cells.

The roles of specific humoral factors in the hopatasite system of Perkinsus are still not
clearly understood. Host lysozyme and haemolymph #ggtion are reduced by the
presence of certain extracellular products and proteases dduyedtee parasite. In some
systems, host lysozyme and haemolymph agglutination are reduced bystrecpref
certain of the parasiteOs extracellular productpraeases, while in other systems
certain host antiproteolytic factors indicate specified actiomattie parasiteOs
proteases and suggest an important role in defense (Faisall&©8l. Oliver et al.,

2000). However, when investigating several adaigs for host defense, lysozyme,
lectins, and overall serum protein concentrations showed no link sterese or

pathology of disease (Chu and LaPeyre, 1989; Chintala et al., 199¢peptades

isolated from clam haemocyt&égpesphilippinarum secrg¢ionshave shown

effectiveness in killind®. marinus Whilein vitro studies have shown tht marinus
secretes proteases involved in host tissue degradation, the palsashas the ability to
suppress toxic oxygen radicals produced by host haemodyiesacellular products of
perkinsus inhibit haemocyte activity vitro; additional secretory products also inhibit
production of superoxide anions by oyster haemocytes, thus modulating respirasory bu
activity (Garreis et al., 1996, Anderson, 1999).

The impact oPerkinsusspp. on haemolymph lysozyme concentrations are uncertain,

with some reports showing no difference among infected and uninfectemiuads, but
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seasonal variations with temperature and salinity have been gfOhe and LaPegr
1989, 1993b; Chu et al., 1993). Decreases in lysozyme activity weréeckfrom
infected oysters (LaPeyre et al., 1995) and serum treatedPwitiarinusE CPs (Garreis
et al., 1996), while Chu and Le Peyre (1993a) reported serum lysozyiniges
increased in infected oysters. These changes may be attributabigrtmmental factors,
although mussel lysozyme had an inhibitory effecPomarinusgrowthin vitro, far
greater than serum lysozyme isolated fi@nvirginica (Anderson and Beaven 2001).

However, contributions of other humoral factors cannot be ruled out.

Overall serum protein concentrations have been reported to be slgidyihP.
marinusinfected oysters though not shown to be significantly different (Chu and
LaPeyre, 1993; La#yre et al.,1995), and some reports have indicted no differereses se
in oysters (Chu and LaPeyre 1989, 1993). Again, as with lysozyme cthddebe a
number of factors contributing to the makeup of overall protein seamoentrations.

The increase netl in clams infected witRerkinsus atlanticusould be due to specific

polypeptides reported by Montes et al. (1996, 1997).

Agglutinins may increase phagocytosis acting as opsonins (Olafsenl®oa), with the
agglutination of norself particles amg as a precursor to recognition and followed by
internalization of the material by haemocytes (Chu, 1988). ECPsanawdibitory
effect on oyster haemagglutination titers (Garreis et al., 188)serum agglutinin
levels not dependennt vivo or in vitro on infection intensities. Chintala (2002)
concluded no role of agglutinins in oysté. yirginica) defenseagainstP. marinus,
while in clams Ruditapes decassajuandC. gigashigher levels of agglutinins have
been demonstrated in infected (WR. olseniandP. marinus,respectivelyyersus
uninfected individuals (Ordas et al., 2000; La Peyre et al., 1995).

Parasite derived proteolytic enzymes serve many roles in infecboagses such as
adhering to host cells (Aliva and Calderon, 1998)petration and digestion of host
tissues (Sung and Dresden, 1986; McKerrow, 1987; Knox and Jones, 1990; Vahjte et
1996; Berasin et al., 1997; Perkins et al., 1997) and evasion of intespanse (Ellis
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1981; Kamata et al., 1995; Garreis et al., 1996 release of lytic enzymes to modulate
response and increase infection intensity has been suggested, buypéleéseenzymes
remain uncharacterized (Garreis et al., 1996; LaPeyre, 1996;3am]dr996). ECPs and
proteases reduce motility of haemocygédis likely triggered by recognition and uptake of
the parasite. Gauthier and Vasta (2002) demonstrated that oystercltesisplayed
higher affinities toward live rather than fixed cells. Paesdérived proteolytic enzymes
may contribute to necriss causing degradation of the extracellular matrix components of
stroma and basal membranes, further facilitating invasion oftissses (Villalba et al.,
2004). Homogenate extracts of plasma f@nvirginicaexposed td. marinuscultures
increased mtease secretion, which was not seen to occur in extractdgssm

susceptible species (Macintyre et al., 2003).

Protease characterization from ECPsufured P. marinustaken fromC. virginicaand
M. arenariashowed primarily serine proteases twate found to be stable at high pH
(LaPeyre et al., 1995, Faisal et al., 1999). Additionally, highymotrypsin and low
trypsin activities were detected fh marinuscultures. Serine proteases are involved in
life cycle development of protozoa and blood cell invasion in fishr, dffeicts can be
lethal (Aeromonas hydraphi)awhich would lend credence to why soRemarinus
secretion products (serine class) affect several immune paraméoysters (Garreis et
al., 1996) and degrade certain host serum proteins (Oliver £988). P. marinusserine
proteases suppress vibriocidal actions of oyster haemocytes, makinghbosts
susceptible to secondary infections (Tall et al., 1999). Labrafndetected production
of) serine proteases 1B/ olseniandP. atlanticuscould supporthe theory of lower
virulence of these found ifh. decustatughan that ofP. marinusin its hostC. virginica
(Casas, 2002).

Antiproteases are found in animal serum including mollusk speciésam act in
defending host cells against protozoal entfye serine protease inhibitor family (serpin
superfamily) is involved in insect defense against pathogen protdasemrinus

infected oysters have antiproteases with specific activity agaanasite ECPs (Faisal et
al., 1998; Oliveret al., 1999a,bpisease intensity was found to negatively correlate with
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protease inhibitory activity (Oliver et al., 2000), with highest catregions observed just
before parasite elimination. This suggests a role for oystgrateases in protecting
hemaglutinindrom degradation by parasite proteases (Romestead et al., ZDafAjas
which is less susceptible to the parasite displayed much highetanpipiotease

activity then that ofC. virginica (Faisal et al., 1999), while in clams, production of
specificproteins by haemocytes was found in a mounted defense response hgainst t
invading parasiteRerkinsus atlanticugMontes et al., 1995, 1996, 1997).

Parasitederived acid phosphatase plays a role in host immune response (\VValéya,
1997) as an eyme that may alter bivalve cellular defense activity by disrumtion
phosphoproteins and inhibition of superoxide anion production. LRimgarinusshow

a negative effect on haemocyte respiratory burst activity (mecsyr

chemiluminescence) and caatively suppress active oxygen radicals, thus interfering
with host oxygen dependent killing mechanisms. Two-gontaining superoxide
dismutases (F&OD) and antioxidative enzymes have been described and characterized
from culturedP. marinus(Wright ¢ al., 2002, Ahmed et al., 2003, Schott et al., 2003).

In vitro experimentation showd®. marinuscaused decreases of phenoloxidase activity

in haemolymph o€. virginicaand norsusceptible mussel speci@sdemissgDeaton

and Jordan, 2002). The roleghenoloxidase in the insect arthropod immune response is
well documented; however its role is currently unknown within molluscambeyte
defenses. Continued investigation of lipid metabolisiRerkinsusspp. (Soudant and

Chu, 2001, Lund and Chu, 2002hu et al., 2003) and should provide additional insight
into host parasite interactions of this relationship.

1.3 Aims of PresenResearch

The research undertaken in this thesis set out to build on the fmnadatiork that has
followed from the intial characterization dflaplosporidium nelsorin the Eastern
United States. With the appearancdlohelsoniin Canadian waters, there was an
opportunity to investigate this parasite within a new geographicatincti€nvironment
and look for factorshat may lend insight into how the parasite spreads and behaves
within this setting. Through establishment of the present worksgsasg the population
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at risk in the Bras dOOr lakes, differences in disease sigprasross localities in the
lakes weradentified. Despite the well established limitations of studyimg parasite
without the ability to culture or even isolate the parasite fitsrhost for study, an
approach targeting a comparison of overall protein profiles oftedesnd uninfected
hosts was determined as a starting point for investigation. Invastighe whole
proteome of infected individuals in comparison with uninfected oystersivinagihlight
major changes in protein expression for investigation in relatiorséask status.
Proteins of interest would warrant further investigation as playpwential role in the
hostparasite interaction. Further investigation led to experimewddl ifaifections of
oysters in Virginia waters to look at protein profiles of individoyder responses to
disease exposure over time. The experimental design involved collectiasve oysters
and, after the collecion of a small heamolymph sample from aedohdual, these
oysters were transplanted to a disease impacted area of thRiVerlsystem of
Virginia. Subsequently, additional heamolymph samples were colleegzdime and
their profiles compare with the initial samples taken frooheavidual. At the final
sample time, infection intensity was determined for each iddaliandoysters were
grouped based on these intensities for proteomic comparison. The wahktpdesffers
new insight into the actions of disease within this host pamgtem and how that may
differ from simply becoming infected. Specific target proteimmgehbeen identified and
correlated to disease progression over time. Finally, this stéehg @ new avenue of
research to continue with in order help elucidate more cldalgadtions of this
biologically elusive parasite.
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Table 1L Summary of viral diseases impacting oyster species.

Virus Hosts Distribution Impact Reference

Oyster velar virus Crassostrea. gigas Washington State An icosahedral DNA virus found in the velar Elston 1979.

epithelium of larval stages, impacting hatchenydyie
Hemocytic infection C. angulataandC. gigas France and Spain Icosahedral DNA virus Renault and Novoa
virus 2004
Gill disease C. angulataandC. gigas France, Portugal, Produces yellow spotting on the gills and is Alderman and Gras
some signs of clinical Span and Great associated with gill erosion leading to high levafls 1969; Farley 1978
expression in ctabitating  Britain mortality.
Ostrea. edulis
Papovalike virus Pinctada maxima Australia Found as virus like particles in hosts,glés/s some Norton, Shepherd and
similarity to viruses found i€. gigasand the clam  Prior 1993

speciesMya arenaria

Akoya virus Pinctada fucata, P. Japan, China and

martensii, P. margaritifera, French Ptynesia

Subject of some debate relating to the proper
identification and overall pathogenicity.

Comps etal. 1999
Miyazaki et al., 1999

Herpes type virus

C. gigas and the scallop
specieLhlamys nobilis

C. virginica, C. gigas, O.

Maine, NY, New
Zealand, France,

Thought to have resulted from interspecies

Renault and Novoa
2004

Comps and Cochennec

edulis, O. angasi, O.
chilensis

transmission, typically found to occur in conjupcti 1993; Arzul et al 2001
with other stressors including the presence ofroth a and b; Davison et al.
disease agents, poor husbandry and crowding in  2005.

culture.

C. virginica, similar Atlantic Canada, the Disrupts gametes and epithelial gametogenic tiss' McGladdery et al.
unconfirmed reports are Eastern USNorth caused by replication of the virus in host cellleuc 1993; McGladdery et a
noted from several other  Eastern Florida coast Typically found at low intensities but high 1999; Choi et al 2004;
with possible reports prevalene. overall impact on fecundity and health Farley 1985; Garcia et
on the West coast of not of great concern, light haemocytic infiltration i: al 2005; Winstead et al
the US, Koreaand  documented as a mounted host response 2004

Japan

California, Mexico
and Australia

Viral gametocytic
hypertrophy, caused
by a papilloma type
virus species.
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Bacteria

Table 2 Summary of bacterial diseases impacting oyster species.

Hosts

Distribution

Impact

Reference

Nocardiosis,
Actinomycete bacteria,
Nocardia crassostreae

Vibriosis, by numerous
species of the genus
Vibrio

Rickettsia- and
Chlamydia-like

Juvenile oyster dsease,
! -Proteobacteria,
Roseovarius
crassostreae
Cytophagaspp.

Crassostrea gigas
andOstrea edulis

C. virginica, O
edulis, C. gigas, C.
sikamea, O.
conchaphilaand
other cultured
juvenile mollusks.
All oyster species
as well as a plethor:
of other marine
mollusks

C. virginica

all cultured species

North American
West Coast as
well as Japan

Eastern US as
well as

California,
Washington State
and Japan

North Atlantic
coast of the US

ubiquitous

Causes infection year round with associated maddslitoted in
the late summer months. Characterized by yellowgaedn
pustules on tissues of the mantle, gill, adductor muscle and
heart.

Impacts bivalve hatchery and nursery practices through
colonization of the peripheral & margin and spreads throug
mantle and soft tissues of larval and juvenile asagauses
widespread necrosis, release of toxins and in ncangs death.
Presumptive diagnosis achieved through isolatiograim
negative rods from sample.

Occurs as microcolonies in the gill and digestilang
epithelia, ubiquitous with light intensity infectis and no
associated pathology, except for aaport from the French
coast in the 1990s of Chlamydia being detrimemtatocks.

Syndrome causing morbidity and mortality, peakimdpigh
temperatures of July and August.

Causes hinge ligament disease, characterized dyr¢laé down
of the ligament impacting both respiration and feeding.
Secondary infections often occur when disease étas s
elevated temperatures display enhancelqggnicity.
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Freidman et al 1998

Elston et al 208

Renault and Cochennec
1995; Comps 1983

Barber et al 1996
Boardman et al 2008
Maloy et al 2007

Dungan and Elston
1988; Dungan et al 198¢




Disease

Table 3. Summary of diseases of unknown cause impacting oyster species.

Host

Distribution

Impact Reference

Digestive tract impaction

Hemocytic neoplasia

Malpeque Disease

Larval Crassostrea gigas

C. virginica, C. gigas, C.
iredalei, Ostrea edulis, O.
conchaphila, Saccostrea
commercialis, Tiostrea
chilensis,does not occur in
oysters in Canadian waters but
is found in Canadn mussel
and clam hosts

C. virginica

Washington and Australia

Ubiquitous

Atlantic Canada
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Dermocystidiumlike relation of Handlinger 1999
protists.

Associated with a low prevalence Balouetet al 1986;

with pockets of higher prevalence Harshbarger et al 1977;
in a few distinct populations. Barber 2004

Typified by the appearance of

neoplastic hemocytes in the soft

tissues, thus impacting normal

hemocyte function

High level mortalities of Eastern  Needler and Log
oyster populations in Atlantic 1947; Drinnan and
Canada. Pockets of disease still Medcof 1961

exist within populations of

resistant oysters.




Pest/Commensal

Host

Distribution

Table 4. Summary of pests and commensal organisms impacting oyster species.

Impact

Reference

Bivalve inhabiting hydroids,
cnidarians comprising
numerous species of the
genera Eugymmanthea and

Eutima

Shell boring polycheates,
spionid species of Polydora as
well as species of Boccardia

Shell boring spongesCliona

Booneaspp. andOdostomia
spp from the gastropod family

Pyramidellidae

Tubellarian Urastoma

cyprinae (commersal
organism)

Crassostrea gigas, C.
rhizophorae, C. virginica
and some species of Ostrea.

C. virginica, C. gigas, O.
edulis, Saccostrea glomerate
and other bivalve species
including mussels, scallops

and abalone

C. virginica, C. gigas, O
edulis, Pinctada maximand
a variety of other oyster and
bivalve species (including

scallops ad mussels)

C. virginicaandO. edulisas
well as many mussel, clam,
cockle and scallop species.

Crassostrea virginica

Japan, the
Mediterranean Sea,
Puerto Rico and
Florida

Global distribution,
with individual
species displaying
range limitations

Worldwide
distribution, with
specific species of
limited range

Ubiquitous with most

species occurring
within the waters of
the North Atlantic
Ocean.

Atlantic Canada
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Attachment occurs on the soft tissues of the
mantle cavity.

Tend to be innocuous with the animal burrowi
only into the shell surface, however, in Easter
and Southern North Amerida websterandP.

ligni in C. virginica cause burrows that continu
down through the shell resulting in blisters ant
abscesses in the host adductor muscle, greatl
impacting marketability of these individuals

Burrow through the periostracum and can forr
a network of tunnels. Can result in penetratior
through to the conchiolin layer to gain access
the inner host surface

Snails attach cke to the mantle edge, and thei
use their stylet and proboscis to penetrate the
soft tissue and feed off oyster tissue fluids.
Found to transmiPerkinsus marinug
Crassostrea virginica

Reported from the gills of bivalves, inducing
pathology in the gill tissues of the mussel
Mytilus galloprovincialis this response has not
been described in oysters. Proposed as a
commensal organism i@. virginica. Evidence
of altered mucoid proteolytic activity (Brun
2000).

Kubota 2000;
Winstead et al 200¢

Bower, 2004

Bower, 2004

Bower 2004; White
et al 1987

Robledo 1994;
McGladdery
1992,1993; Bower
1994; Burt and
Drinnan 1968; Brun
et al 2000




Table 5 Summary of parasitic diseases impacting oyster species.

Parasite Host Distribution Impact Reference
Echinocephalus Crassostrea gigas, C. Hong Kong, China  Occurs when second and third larval stagesabfinocephalus Cheng 1978;
crassostreai virginica, abalone and and Louisiana crassostreaencyst in the gonad, resulting in limitedsasiated Bower 2004

some sea urchins pathology in the bivalve host, but if ingested by humans, can ci

gastric or other forms of granulomatous cysts.

Unidentified C. virginica ,C. gigas, Tropical and Oysters and other plelecypods serve as the primtymediate Laukner 1983;
metacestode parasite C. madrasensis, subtropical waters in host, Molluscivourous gastropods anansofish and crustaceous Bower 2004
species of Saccostra glomerata, the Gulf of Mexico, species serve as the secondary intermediate diepardosts,
Tylocephalum Striostrea mytiloides, Hawaii, Japan, while the definitive hosts of all representativesies are thought

Pinctada sp.scallops, Taiwan and India to be elasmobranches.

clams
Muytilicola intestinalis, Ostrea edulisandC. European waters Will not readily infect oyster species in the pmese of mussels.  Cheng 1967
red worm disease, gigas

parasitic copepod

Oyster egg disease, C. gigas, C. echinata, California, Japan, Typically found at low intensities, may utilize vieal transmission Bower 2004
undescribed O. edulis and Korea, Australia, anc occurring within the cytoplasm of mature oystersO ova, induce

protozoan (possibly  Saccostrea France both haemocyte infiltration and necrosis.

microspora) commercidis

Apicomplexan O. chilensis New Zealand Zoites associated with infection with the paraBitmamia Hine 2002
parasites exitiosig possibly increasing sensitivity through occupation and

destruction of haemocytes, disrupting connective tissues and
utilizing host glycogen reserves.

Unidentified species  O. angasi, O. chilensis, Experimental trials conducted Bonamiasp. fromC. ariakensis  Audemard
of Bonamia parasites O. puelchanaandC. indicate the role that low salinity (below 30psuyrplay in 2005, 2008 a, b
ariakensis limiting the disease
Unidentified P. maxima Western Australia Sporozoans, thraustochytridea, ciliates in digesgiland epithelia, Bower 2004
protistan parasite as well as intracellular ciliates in the epitheliofithe digestive
. - . . land . . - . N
Unidentified P. maxima Western Australia %porozoans, thraustochytridea, ciliates in digesgiland epithelia, Bower 2004
protistan parasite as well as intracellular ciliates in the epitheliofithe digestive
gland
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Parasite
Microsporidosis

Gregarine parasites,
Nematopsis
ostrearum, N.
prytherchi,and N.
legeri

Gill trichodinids
(Trichdina spp.)

Marteiliosis (aber

disease) also referred

to as digestive gland
disease, caused by
Marteilia refringens
(Phylum
Paramyxea).
Marteilia sydneyij
QX disease

Marteilia -like
parasite

Marteiliodes
chungmuensis
(phylum Paramyxea)

Marteiliodes
chungmuensis
(phylum Paramyxea)

Host
Dredge oyster

Not only oysters but

many marine bivalves

including mussels,
clams, cockles and
scallops

C. gigas, C. angulata

along with clams,
cockles and scallops

O. edulis, Mytilus

edulis, Cardium edule,
Crassostrea virginica,
C. gigas, O. chilensis,

0. angasi, O.
puelchana

Saccostrea glomerata,
Striostrea mytiloides,
Saccostrea forskalind
similar impacts in giant

clams
Ostrea angasi

C. gigas, C. nippona

(after transplantation),
C. echinataand manila

clams

C. gigas, C. nippona

(after transplantation),
C. echinataand manila

clams

Distribution
New Zealand

Occur ubiquitously
with each species
having defined
distributions

Europe the Eastern
US and Pacific rim

Atlantic Europe
including soutlern
Britain to Portugal,
Morocco, Greece,
Florida, Persian
Gulf, and Australia

Australia

Australia

Korea, Japan and
Australia

Korea, Japan and
Australia

Impact Reference
Oval cysts in the connective tissues surroundiegiit and which Jones 1981
contain numerous spores

Gymnospores and oocytes or naked sporozoites atcur
phagocytes and subsequently move into conneti§saes of the
organs. The initial observation in the gills and an associatad f
inflammatory response often noted as being ben{gompletion of
the lifecycle does not include multiplication irethivalve host but
instead within final arthropod (doghosts.

Occur at low intensities attaching to the man#éjdl palps, and

gill.

Bower 2004

Bower 1994

Associated with serious impacts on the Europeatui@iindustry  Berthe et al
of O. edulissince 1968. Results of infection unpredictable, som' 2004
oysters can be infected without causing dsgea

Lester 1986;
Anderson et al.
1994; Wesche
1995; Adlard
& Ernst 1996
Heasman et al

Exposure time is thought to be relatively shortwtlibweeks, after
which warm temperaturdavour parasite proliferation.

Similar to the paramyxean protists of France andtAglia, has

been found on two occasions at very lowyalences 2004
Infected individuals exhibit abnormal egg masses watiular Itoh 2002
appearace.

Infected individuals exhibit abnormal egg masses watiular Itoh 2002

appearace.
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Parasite

Marteiliodes
branchialis
Bonamia exitiosa

Bonamia rowghlyi

Bonamia perspora

Perkinsosis,P.
marinus, P. olseni, P.
qugwadi, P.
cheasepeaki, P.
andrewsiand P.
mediterraneus
Haplosporidium
armoricana

Haplosporidians

Host

Saccostrea
commercialis
Ostrea chilensis

Saccostrea glomerata

Ostreola questris

Oysters and other

bivalves, mussels show

resistance to infection

O. edulisandO. angasi

imported Olympia
oysters Q.
conchaphild

Distribution

Australia

New Zealand, Chile,
Australia, North
Camlina and
Argentina

Australia

North Carolina

Atlantic Coast of
USA, Pacific Coast,
Hawaii, Australia,
and Mediterranean

France, Spain, and
the Netherlands,
Oregan

Hatcheries of the pearl Australia

oysterP. maxima

Impact

Presenting as focal lesions on gill lamellae.

Intrahaemocytic protozoan parasite, infections quitidgome
systemic and are associated with high prevalemcasstral
Autumn. Susceptibility is thought to increase wettvironmental
stressors including extreme temperatures, ibglistarvation,
handling or concurrent heavy infection with apicomplexans.
Studies of tank cohabitation indicate spread o&gite from
infected individuals to neighbouring uninfected t@ys

Systemic intracellular infections of haemocyteshvite presence
of focal abscesses in gill, connective and gonadal tissueslbasy
along the digestive tract. Disease process assdaorth low
temperatures and Higsalinities

Single representative species of Bonamia that preslspores
similar to those found in the Haplosporidians, ¢gtly low
prevalences

Cause of mass mortalitf C. virginicaand severly impacted
oyster culture in the eastern US. Causes systemic infectighs, v
connective tissues harbouring trophozoites, matophozoites
and tomont stages of the parasite. Ability to adtin the lab and
direct transmissiohave provided experimental study of the
activity and disease process of the parasites.

Spore masgeoccur in the connective tissues. Within an eihéd
culture setting the disease occurs at very low glesce (1%) but
when oysters from an unexposed population aredntted they
are greatly impacted by the parasite

Those harbouring infection were destroyed so impétite
parasite and strict identification of species is unknown. The
parasite was noted to occur in the connective tissue of thstidige
gland of those individuals identified as infected
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Reference
Anderson, 1992

Berthe & Hine
2003; Hine
2002; Hine et
al 2002

Mackin 1959;
Smith et al
2000

Carnegie et al
2006

Vilallba et al
2004

Bougrier et al.
1986; Azevedo
199

Jones and
Creeper 2006;
Hine and
Thorne 1998




Parasite Host Distribution Impact Reference
Haplosporidiumsp. Saccostrea cuccullata Australia Epizootics reaching-27% prevalence in the Hine and Thorne
northeast.Infections were oftentimes heavy 2000, 2002
with plasmodia and sporulation taking place ir
the connective tissue, very little defensive
response noted through histology (lack of
haemocyte infiltration) but an abundance of
brown cells were noted in these heavy infetsi
Haplosporidium costaleSSO C. virginica Long Island Sound, Within its range along the US coast, it can be Couch &
New York to Cape associated with seasonal mortality in late sprii Rosenfield1968;
Charles, Virginia, corresponding to the sporulation of the parasi Andrews &

Haplosporidium nelsoni, MSX Crassostrea virginica,
Crassostrea gigagossibly
Ostrea conchaphila

Also along the

southern gulf of Saint

Lawrence, the
Atlantic coast, and

within the Bras DOOr

lakes in Nova Scotia

Along the Eastern
coast of the US from
Florida to Maine. In
the Bras dOOr lakes
Cape Bretn Canada.
Some reports from
California,

Washington, Oregon,

British Columbia,
France, Korea

(Couch and Rosenfield 1968, Andrews and
Castagna 1978, Andrews 1984). The mode o
transmission for H. costale is unknoand life
cycle details including the presence or absenc
of intermediate host(s) is also unknown.
Management of disease is sometimes facilitat
through movement of stock to areas of low
salinity where the disease process is impedec

Epizootics in localities in which disease is
established reduce stocks by-38% Life cycle
of the parasite is unknown, direct transmissio
has not been demongtd. Plasmodia can be
found systemically or focally within host
tissues. Sporulation is sporadic in adults but
often observed in juveniles. In the eastern
United States high disease pressure in the sp
follow mild winter temperatures and infection i
limited by low salinity.

Castagna 1978;
Andrews 1984;
Burreson & Ford
2004

Andrews & Wood
1967; Ford &
Haskin 1982; Chun
1972; Kern 1976;
Kang 1980; Renaul
et al 2000;
Freidman et al
1991; Freidman
1996; Mix &
Sprague 1974;
Stephenson et al
2003; Barber et al
1991; Burreson
1994; Burreson &
Ford 2004
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Chapter 2

Comparison of Haplosporidium nelsoninfections of Crassostrea virginicacross

three localities in the Bras dOOr Lakes, Cape Breton, No@&otia.
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2.1 Abstract

The unique environmental system of the Bras dOOr Lakgs,BZaton, Nova Scotia
Canada saw the appearance of the devastating pathogenic peaigdibsporidium
nelsoni,within populationsf the eastern oyste€(assostrea virginicain 2002
(Stephenson et al., 2003). Previously, this parasite had not beemosteof Maine,
USA. The interrupted geographical progressiohl ohelsoninorthward along the
western Atlantic coast along with the lack of evidence of spreteeafisease outside of
Cape Breton, suggests unique features amenable to disease expwitbsn the Bras
dOOr ecosystem. In 2005, sampling at three localities in tisesktkeut to clarify the
population at risk, as well as detect any low levels of pathogareas not exhibiting
large scale mortalities at that time. The aim was t@rstand environmental and
biological parameters for disease expression in the most Nortbadges of the
geographical range &f. nelsoni. The sampling sites included a population where MSX
had been previously observed (Nyanza Bay), a site with naopsekistory of infection
but adjacent to infected populations (East Bay) and a siteeai@e location in the Bras
dOOr Lakes where MSX had not previously been seen. Prevalencé8%éneNyanza
Bay, 30.7% in East Bay, and 28% in LyncheOs River by@@Rsis. High prevalence
indicated continued spread to areas previously determined to be fhreepaithogen.
Interestingly, histological analysis resulted in prevalences of 80%yanza Bay, 23% in
East Bay and 0% in LyncheOs Riviertensitiesof infection at each OIE classified level
were found, with sporulation taking place within two adult oystergcigt from the
index outbreak locality (Nyanza Bay). Prevalence differences segle two screening
methods at one particular locality (Lynch&3er) suggest the presencetbfnelsoniin
this population without evidence of the development of active infectiondatkef
histological evidence of MSX in LyncheOs River may be due to population o

environmental differences at this site relativéhi® other sampling locations
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2.2 Introduction

The appearance of the protozoan parasapelosporodium nelsomwithin the Eastern
oyster,Crassostrea virginicain the Bras dOOr Lakes in Cape Breton, Nova Scotia,
Canada gives a unique opportunity tedy the progression of disease within a newly
infected population in a oceanic environment largely separated fromatteetypical
coastal influences occurring in much of the parasiteOs rangeigushtdter from the
coastline.

Haplosporidium nelsoris a protozoan parasite that infects several oyster speciess but
most detrimental in the eastern oys@m@ssostrea virginicaalong the western seaboard
of the Atlantic Ocean. It has continuously spread both northerly and dgutloeg this
coast fom its original locale in the Delaware and Chesapeake Bagisingafrom

Florida to Maine. This study set out to assess the prevaletive parasite at several
localities in the Bras dOOr Lakes and determine if low lefelisease existed in all asea
in which the oyster hosts were found. This assessment utilizégdhdiagnostic
methods available to identify and quantify infections witimelsoniwithin host tissues
and allowed for comparison of these methods within the context ofahisliseas
landscape.lt also served to identify the population at risk and areas @hsisthat could
be used to study disease criteria and extent of impact this pdradiin the region.

The eastern oysteGrassostrea virginicais an endemic species withime Bras dOOr
lakes with an important ecological role within this environment. Theatly@roduction

of the eastern oyster in Canada is concentrated within the elslstetime Provinces

with western coastlines relying mostly upon the production of thgi®ayster
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(Crassostrea giggs PEI has within the last twenty years been the leader ieroyst
production and export, but in recent years NB aquaculture has grown dreehas
producing choice export product as well (ACOA/DFO). NS oyster fysisdoalized,
due to tidal and environmental conditions, to certain sheltered oeastkas that allow
for culture to occur. Within NS, a major area of cultuas traditionally been within the
Bras dOOr Lakes and their unique environmental landscape witidabpressures along
with its typically warmer seasonal influences and shallow caastliDeclines have
steadily occurred within the Bras dOOr Lakes due to a numberap§faot most
recently can be attributed largely to disease and mortality ¢déy9dSX. Large scale
mortalities were first reported in 2002 by farmers who repatéstines in stocks of over
95%. Testing was initiated and the disease agent was idensfitapéosporidium
nelsonialso referred to as MSX (Stephenson 2003 et al.).idemgification of this
devastating parasite was the first report of an outbreak in Gemaditers. The parasite,
despite its spread into northeastern US water systems, had noiobegnhrough regular
screening in Canadian oyster populations in Nowi&c Further testing confirmed that
the parasite was contained within the lakes themselves and had nmespedgalong the
Atlantic coastline of Nova Scotia (Stephenson 2003 et al.). Tivalaof the parasite in
a somewhat isolated water system leasdebate as to the origin of its establishment. It
also provides a unique opportunity to look at spread and impact withisygtesm in
order to gain insight about the disease. Regular screening wateadhgifter the index
outbreak by the Departmeot Fisheries and Oceans (DFO) as well as mortality and
impact studies by the Nova Scotia Department of Aquaculture andiEgsh&he

unknown potential for the continued spread of this parasitic diseadeetoantas of
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oyster culture in the Eastern Atléc Provinces is of great concern to industry.
Assessment of the disease within the Bras dOOr Lakesndiinigight into this parasite
and disease impacts in its northernmost range.

In the fall of 2005, sampling was carried out in order to deterpopelations that may
be harbouring infections at very low prevalences, which may be nibgssadndard
screening methodologies. A typical sample used for screening includetirsy 60
oysters that if they are all negative provides one with 95% confideatéhe prevalence
in the population is less than 5%. However, sampling 300 oysters bria@5%
confidence to 1%, assuming 100% specificity and sensitivity of the diagnosthods
used. This was thought to provide insight into how the diseasspreeding and also
determine if there existed certain populations within the lakeswee able to maintain
low levels of infection due to site specific environmental ological influences. Two
diagnostic methodologies, PCR and histology were useetéordine prevalence at three
sample sites in the lakes. Both methods are routinely used isiagg&SX infections.
Molecular diagnosis using PCR acts to amplify a specific sequeribe parasiteOs
genome. A positive PCR result indicates that thegttaravas present within the tissues
sampled. It does not, however, indicate a live parasite becaas#@&NA could also

be amplified from individual plasmodia that are dead or killed duringahese of an
immune response but still present in tissesimply plasmodia within the water column
at the time of sampling. A negative PCR result indicatewiuzece of the parasite
within the small portion of tissue used for analysis, but does ruiodis the presence of
the parasite elsewhere in the tiss and therefore is regarded as a tentative indication of

the absence of infection. Microscopic diagnosis using histology allowis€o
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observation of the parasite in tissues sampled and any associatedgyaihattive
infections are present. A ptse histological identification can better determine if the
parasite is active within the tissues while a negative resalilar to PCR negatives, may
only indicate that plasmodia are not visible within the tissuéosestudied. The

sampling localitis were chosen according to previous screening information available at
the time of collection, with Nyanza Bay having previously been idedt#gean

established area of disease, East Bay having been screened in prearsusith a single
positive yeabut no associated mass mortality reported, and LyncheOs Rivietatiic

not been previously monitored.

2.3 Materials and Methods

2.3.1 Collection

Sampling took place in the fall of 2005 at three localitiesiwithe Bras dOOr Lakes,
Nyanza Bay (N46Y: @200 W06@:53.2400, depth: 1m,}2G, 11.0 psu), LyncheOs River
(N45%,39.5190 W0B®%0.2390, depth 1m¥4D, 19.1 psu) and East Bay (¥460.9620
WO060Y4 23.4530, depth 1m,}2.€, 12.7psu) (Figure 1). Temperature and salinity were
measured at eachdality using an electronic sensor. Sampling was done through hand
picking while SCUBA diving, only oysters of marketable size (76 rantd) above were
collected. Sample sizes were determined with the intent aliroagtvery low

prevalences by screening h&y numbers of individuals at sites with no or little prior
evidence of disease, however in the case of LyncheOs River thistwassible due to a
depletion of stock in this area as a result of recent overfisBengple sizes at each
locality differedwith n=120 collected from Nyanza Bay (historically positive site8

collected from LyncheOs River (no previous infection data), and n=30& &stnBay
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(historically negative with a single positive result from scregmiarried out in 2003 by
the fedeal Department of Fisheries and Oceans (DFO) and subsequent neggiite
from screening in 2004).

2.3.2 Oyster Processing

Individual oysters were washed free of fouling organisms upon collectiomhered, and
the length and width of each measured wrwbrded. Using a shucking knife sterilized
by submersion in 95% ethanol and subsequent flaming, oysters were shuckeslrand t
tissues removed from the shell onto a sterile bench coveringliz8teforceps and
scalpel were used to isolate three crggions of mantle gill and digestive gland in
succession, with the first section being placed in a labeledttassd then into
DavidsonOs fixative for histology; the second section being placeciiieakt ml
microcentrifuge tube containing 95%hanol for molecular diagnostics; and the third
section placed in a sterile 1.5 ml microcentrifuge tube indcéibchemical analysis and
then transferred teBO;jC storage to avoid protein degradation. Remaining tissues were
placed in sterile whirlpackand stored on ice, and subsequently frozeBGC to
preserve the remainder of each oyster.

2.3.3 PCR Diagnostics

DNA was extracted from tissue samples collected and storeéldana using a @gen
DNeasy? tissue extraction kit using the manufacturerOs protocol.| Getemic DNA
concentration was determined using a GeneQuant Pro spectrophotonséter) (fead at
260 nm and additionally measured ratios at 260/230 and 260/280 to ensuresaitple
Template DNA was added to a PCR reaction mixture containing 2gpliTaq Gold

PCR Master Mix (AmpliTaq Gold DNA Polymerase 0.05 U/ul, GempAPCR Gold
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Buffer, (30 mM Tris/HCL, pH 8.05, 200 mM KCI) dNTP, 400 um leaklgCL 5 mM),
2.5 pl (1.0 uM) dé each forward and reverse primer (OIE 20@6X-A (56
GCATTAGGTTTCAGACG30) and MS®B (50ATGTGTTGGTGACGCTAACCG-30), 10

pl (500 ng) Template DNA, and 15 pl molecular biology grade watlrs mixture was
then subjected to a temperature cycling prototahitial denaturation of 34 for 4 min,
35 cycles of 94C for 30 sec, 58 for 30 sec and 7€ for 1.5 min, and final extension at
72;C for 5 min (as per OIE diagnostic protocol for the detectidf.afelson) using a
TECHNE TG412thermocycler (Fishg. Amplified DNA was electrophoresed on a 1%
agarose gel containing 10 pl ethidium bromide adjacent to a molecugdrtwtandard
along with positive and negative controls and subsequently viewed undeghiViding

a Alpha Innotech imager (Fisher Sdiéin). Images were taken for each gel and
annotated with sample numbers and amplicons of appropriate size (5@0riled as
positive diagnostic results for each sampling locality group.

2.3.4 Histology

Paraffin embedded blocks were prepared fronudissn DavidsonOs fixative and sections
prepared according to the procedureaad dut in the OIE Manual for Diagnostic Tests
for Aquatic Animals (2003) by the Nova Scotia Department of Aquacudinde-isheries
(NSDAF) in Truro, NS. TweB pum sections were stained with hematoxylin and eosin
and read both at NSDAF (Truro) and Atlantleterinary College University of Prince
Edward Island. Screening initially for presence and absence of plasaradithen
assigning a subset of individuals based on the intensity rating systentptes the
OIE Diagnostic Manual for Aquatic Animalifease (2003) indicating BRare, LD

Low, M BMedium, HPbHigh, SBSystemic, and LOLocalized. Intensities encountered
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within each of the sample localities were noted although the freguémach intensity
designation within these samples was ntldished. Any other signs of obvious
pathology were noted for each location sampled.

2.3.5 Prevalence and Intensity Determination

From histological sections collected from individuals originating femoh sample
locality, prevalence (the percentagerddividuals infected within a given sample
locality) and intensity (the graded levels of parasites witlgiven infected individual)
were determined. The presence of different parasite stagesswanoted from
histological sections (i.e. infective ptasdia versus sporulation within the tissues).
From molecular diagnostic analyses, prevalence was determineatfookthe sampling
localities.

2.4 Results

2.4.1 Parasite Prevalence and Intensity

PCR analysis of mantle, gill and digestive gland resuiteéde identification of
Haplosporidium nelsoninfected oysters from all three sample localities (Figure 2).
Prevalence by PCR was 50% (n=120) in Nyanza Bay, 28% in LyncheOs\RB&) gnd
31% in East Bay (n=300) (Table 1, Figure 3).

Histological sectins of mantle, gill and digestive gland resulted in the identification
Haplosporidium nelsoninfected oysters from two of the three sample localitiesak
noted through screening that oysters from Nyanza Bay were of poor @aesdifiion,
displayirg opened and empty digestive tubules in the majority of individuals examine
Prevalence was 30% (n=128)Nyanza Bay, 23%, prevalence in East Bay (n=300) and

0% in LyncheOs River (n=58) (Table 2, Figure 3). None of thedygtally positive
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individuals were negative through PCR diagnostics. Observed intensitieslaere
determined for Nyanza Bay and East Bay. Nyanza Bay had the greaggsof intensity
classes from localized to heavy and with evidence of sporulatishBag showed
evidence of typally light to moderate intensities (Table 3, Figure 3). Tmdbvidual
oysters from Nyanza Bay also showed evidence of digestive gland sporofdtion
nelsoni(Figure 4)

2.5 Discussion and Conclusions

The results of this study provide evidence aghanging landscape of disease within the
Bras dOOr Lakes system. The presence of typically high interfisitians at an overall
prevalence of (50%) within the samples collected from Nyanzaéaydupport to the
screening programs which have ideetfithis area as having a well established disease
pool within the lakes (DFO).

Active sporulation was found in the digestive glands of two oysters sampled from
Nyanza Bay and although this was not the focus of this study it is afyartinterest
dueto the fact that all oysters collected were of marketamzktypically sporulation is
noted to occur most often in juvenile oysters within a population (Batladr, 1991;
Burreson, 1994). The poor overall condition of oysters sampled from Nyagzzp@d

be a direct result of the MSX disease on the hosts or other comgilfattors to the
establishment of disease within this location, such as insufficigntion causing higher
susceptibility to the impacts of the parasite.

The results of samplghconducted in East Bay are quite interesting in that they depict the
impact of widespread disease within the lakes. This site hatpséy tested positive in

histological screening in 2003 carried out by DFO and subsequently retugsaae
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resultsby both histology and molecular diagnostics in 2004 (DFO, personal
communication). The sample size from this location in the pretaay was purposely
large in order to investigate an area in which it was beligvedaw levels of disease
were likelyto exist. During MSX disease monitoring conducted by regulatory
government laboratories, a typical sample size of 60 oysterdasteol and subjected to
both diagnostic methods (histology and PCR). In this study a sample of/S@@s was
collected fran this locality in order to assess prevalence suspected to be $#lowhis
approach would have allowed comparison in subsequent studies of proteinierpress
from those oysters within a well established and sustained disergise such as that seen
to occur in Nyanza Bay with that of a population just newly infectedriciwhas been
better able to successfully deal with infection with a new pathog®wever, the results
provided in this study indicated that the population suspected to have dytleme
disease prevalence (East Bay), actually had developed into a popwidtigmevalence
comparable to that of the location of the initial disease outl{fypdnza Bay). This
development coupled with the observation of a large multiyear class populfbysters
at the time of sampling likely indicate the spread or amptiticeof disease into
previously unaffected or limited affected areas of the lakeersyddespite the similar
prevalences at these two localities, intensities observed liginfected oyster
collected from East Bay harboured an overall lower intensity ottiofethan infected
individuals from Nyanza Bay, which may suggest a role for multi gesssure in
contributing to disease establishment in this system. A study igatexg the protein
profiles stored from these tissues compared to what would be ghensame location

today would provide interesting insight into whether or not the diseasespraitiers
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within a population largely encountering a pathogen at lowdeagbpposed to one who
has had multyear exposure to high levels of disease within the same area.
Samples collected from LyncheOs River in 2005 provided the first evideRtSX
presence in this area, however it is worthwhile to note thagidpelationfound at this
locality was surprisingly depleted either from o¥ishing, poor overall conditions or
lack of settlement in this location and did not fit the charastically dense makeup of
many of the populations typically impacted by the parasishduld be noted that the
depleted population may have been a result of poaching which was pravahenBras
dOOr Lakes immediately prior to the MSX outbreak. As this stadyconducted only
three years after the initial index outbreak, it is somewbgdrising that a small
population such as that found at LyncheOs River would show presence 8Xhe M
parasite at all and raises questions about disease spreadareahis

Of particular importance when reviewing data from the Lynchef@s Ritheabsence of
histological evidence of the parasite in oyster tissues from thedndis sampled.
Despite that néd. nelsoniplasmodia were identified through histology, the PCR
screening of the tissues collected from these same individualatedlia pevalence of
28% from the study sample (n=58). While these two diagnostic methodbdmve
reported to give differences when assessing preval&uweeéon,2000), these
differences are thought to result from the increase in analggcaitivity that P&
achieves. That study involved transplanting 400 uninfected oysters toYoweRiver
and testing monthly using three diagnostic methods (PCR of haemolymighgfPC
tissues, and traditional histology), the methods reported differenpesvalence

throughout the study (Burreson, 2000). PCR of haemolymph provided much higher
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prevalences during the initial exposure and infection periods, whitddggtand tissue
targeted PCR showed no evidencélohelsoni Over much of that study period (mid
summer & December), prevalences reported for tissue PCR remairg@Pabigher then
that reported for histological analysis. However, unlike the presedy, plasmodia were
detected in histological sections for all those data points in wissire PCR positive
were found Burreson,2000). The large discrepancy seen in the prevalence seen by PCR
and histology from LyncheOs River in the current study may be dicefletthe
parasiteOs presence in this environment without development ofrefetitiens in hese
hosts. Samples were taken at the same time of year asoathidres, so it is unlikely

that these oysters will have progressed to a disease statdinding suggests the
presence of the parasite and associated pressure for infectioope®st,without the
actual establishment of disease. Oysters within the Lynche@sRvironment may be
better able to resist infection or disease pressure. cobld result from lessened stress,
better overall initial health, or having access to richerrenmental resources. Another
limiting factor at this locality could be that environmental condsi are not conducive to
disease development past the initial presence of organismauestissspread of
plasmodia to this environment, which containgtiimg factors. Within the eastern US
range ofH. nelsoni,both salinity and temperature have been identified as impactful on
the success of the parasite year to year, but when envrionmetnaiacendie not
condusive to diseases infections are still ctetd within some members of the population
though they tend to be of lower overall intensity and prevaléBwedsonand Ford,
2004). A difference in susceptibility has been noted for the paBxsit@mia exitiosan

Ostrea chilensisrom New Zealand wvih environmental stressors including extreme
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temperatures, salinity, starvation, handling, and concurrent heawgyionie with
apicomplexans found in association with an increase in host suscgp(Hitie and

Thorne, 2002)In the current study, markedifferences in temperature and salinity,
however, were not found at the time of sampling between theltuaédies investigated

in this study. It is unknown if significant differences in these éweironmental factors
occurred in the monthOs priortthey have had an impact on overall susceptibility of the
three populations tested. The Bras dOOr Lakes do comprise a mwigorneental

setting with an almost entirely land locked salt and estuariter wgstem. There are low
tidal influences (1m/3m/s, Dupont et al., 2003) on both the northwestern as well as the
southwestern tips of Cape Breton Island, but due to the comparativedlycermections
these make with the coastal waters of the Atlantic, the figstaites of the system are
severely demssed and, when modeled, show a low rate of two years for thee entir
system (Petrie and Bugden, 2002). This low rate may account for famges in
dispersion of infective spores, and may explain why certain locatidhe lakes are

continued areas oftablished disease and others display changes over time.

Temperature and salinity for this environment are typically cheniaet by a layered
system of low salinity and varied temperature found in surfatersyavhile the lower

depth flowing waters arenpacted by atmospheric pressure and the runoff of surrounding
freshwater systems, and the deepest waters tend to exhibit sadjhéres and more

stable low temperatures (Parker et al., 2007). The seakartabfions in temperature

seen in the BradOOr Lakes range from 0jC in most parts of the Lakes in wiraes

10iC range in spring with a subsequent rise in summer and eattly &aligh of 20;C in
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the shallowest estuaries of the lakes (Parker et al., 2008prihg, surface water
salinities range from 230 psu depending on the locale of the lakes tested. Wright (1976)
noted that heavy rainfall events had an impact on the salinityuneebis a given area of
up to 5 m in depth and much lower salinity levels within certain bays also ben
noted near influxes of freshwater rivers (Davis and Browne, 199&sonal barometric
pressure has a significant impact on salinity in the lakes,typibally low salinity levels
noted in rainy/runoff seasons of spring and fall and the more highhgssed salinities
of the dry summer seasons. Young (1973) noted a marked fluctuatiomitiesain
Nyanza Bay over the course of a single day resulting from an Augustasolrm
associated high winds ranging from surface measurements pgudhe dato 8.4psu
the next and bottom salinity levels of 10.2 to 16.8 psu. Due to ldrgmefluctuations the
differences seen in susceptibility at any particular locale mite lakes could result

from these traditional limitations of the parasite.

The conbined characteristics of the Bras dOOr Lakes make them a anijbighly
specified environment in which to support a unique biota. Without knowirlgehe
cycle of this parasite, it remains unknown whether the absence oftkayediate host
species ray be impacting the establishment of disease in a particulaibayy
common species found along the Atlantic coast of Nova Scotia, areumat Within the
Lakes likely due to the lack of tidal pressures that many ofdastal forms are
accustomed. fe base of the food web within the lakes system are the planktonic
communities, but these can often be depressed due to low nutridsifféesnel in many

parts of the LakesO system, although in some bays eutrophication doesdqgurovides
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ample sourcesf nitrate. Along with phytoand zooplankton many species of larval fish
occupy the lakes including flounder, smelt, cod and mackerel (Parkier 2007).

Benthic algal and seaweed communities thrive in certain porticthe dfakes and may
be so platiful as to disrupt the establishment of invertebrates in thébgnt
Polycheates, mysids, foraminifera, mussels and sea urchins@amamonly found in
certain locales in the Lakes. Groundfish and pelagic fish occheibakes with key
commerciakpecies in both representative groups being cod and herring and several non
commercial species including smelt, gaspereau, stickleback a(icagele, 1995). The
role of the overall biotic communities may be an essentiabfactspread and
establishmenbnH. nelsoniwithin an environment, any key differences in the make up of
these communities within the LyncheOs River locality could contribtie t
understanding of these impacts.

Certainly, the genetic influence on overall host susceptibilityetsts (Gaffney and
Bushek, 1996) and genotypes within a particular population are under sameadef of
the environment in which they live (Bushek and Allen, 1996). Oyster pamsgawithin
the Bras dOOr Lakes have been characterized as geneticallyehewous (Vercaemer et
al., 2010) and much movement of oysters has occurred around the lhuskeazsistance
and tolerance factors within the genotypes of this population are yrtiikplay a role in
the differences in prevalences noted among the piusastudied. Regardless of the
particular factors involved, this work identifies LyncheOs River siudy locality with an
interesting host population which could be investigated further with retahasst

parasite interactions as well as the rolemfironment in disease establishment.
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Table 1: Prevalence determined from each sampling locality throDBhaRalysis.
Numbers in brackets indicate number of oysters sampled and analyzed.

Sampling Locality Prevalence Through PCR
Analysis (n)
Nyanza Bay (historically 50% (120)
positive)
East Bay (Some history of 30.7% (300)
low level infection)
LyncheOs River (no recort 28% (58)

of infection)
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Table 2: Prevalence determined from each sampling locality throsgtidgical
analysis. Numberm brackets indicate number of oysters sampled and analyzed.

Sampling Locality Prevalence Through
Histological Analysis (n)
Nyanza Bay (historically 30% (120)
positive)
East Bay (Some history of 23% (300)
low level infection)
LyncheOs River (no 1@ 0% (58)

of infection)
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Table 3: Intensity ranges determined from each sampling localdyghrhistological
analysis. LCPlocalized, Rbrare, Lblow, M Bmoderate, Hbheavy, Dsystemic.

Sampling Locality Intensity Classes Through
Histological Analysis
Nyanza Bay (historically LO,R,L,M,H,S
positive)
East Bay (Some history of R,L,M
low level infection)
LyncheOs River (no recort None

of infection)
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Figure 1:Bras dOOr Lakes Cape Breton, Nova Scotia, Canada. Samplirtiegcali
active disease area; Nyanza Bay (1), limited disease idehtifast Bay (2), new
sampling locality; LyncheOs River (3).
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Figure2: A. PCR resub from four individuals (2, 3, 4, 5) collected from LyncheOs River,
NS, whose histological analysis showed no evidence of infectiorHapfosporidium
nelsonj with positive (6) and negative (1) controls. B. PCR results freenindividuals

(1, 2, 3, 45) collected from East Bay, NS, whasdividual histological analysis showed
no evidence of infection witHaplosporidium nelsoniwith positive (7) and negative (6)
controls
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Chapter 3:
Comparison of protein profiles ofHaplosporidium nelsoninfected and uninfected
Crassostrea virginicdissues collected from the Bras dOOr Lakes, Cape Bretdipva
Scotia.
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3.1 Abstract

Study of the MSXparasiteHaplosporidium nelsontelies onin situidentification and
analysis of the parasite in infected Eastern oyst¥essostrea virginicaas the life cycle
of this parasite is unknown and transmission and culture withinhbealry are not
possible. Thus, information regarding the cellular activity featilng the successful
establishment and progression of the disease caudddrgjsoniis limited. The arrival
of this parasitic species within a new environmental systenBramdOOr Lals, Cape
Breton, NS, Canada, provided a new study system in which to invedtigadisease
caused by MSX infection. Tissues from individual oyster hosts, havimgdoeeened in
Chapter 2, through two diagnostic methodologies were assigned to & dis¢éagroup
for analysis: infected (high intensity systemic infections) or @citefd (no evidence of
infection apparent through either diagnostic test). Constituent prétemgissue
collections of these two disease state groups were compared usiagwtwo
dimensional gel electrophoresis with the incorporation of differetéargent separation
in order to identify any consistent protein changes associated witdsdidadividual
variability, as well as protein abundance among the severaldissiudied presented
difficulties in elucidating consistent differences in protein pesfbetween disease state
groups. The methodologies presented, however, may provide new ways tthstudy
MSX parasite despite traditional challenges.
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3.2 Introduction

Haplosporidium nelsonwas first identified in Canadian waters in 2002 in populations of
C. virginicafrom the Bras dOOr Lakes in Cape Breton, Nova Scotia, C8tepgadnson
et al 2003), a unique saltwater system with very low tidal pressandow turnover

rates due to their being almost completely landlocked (Dupont 208B). Mortalities
were reported in 95% of stocks affected and surveillance in subsegaesindicated
some localized spread, however there were regions in the lakdgewhere the presence
of the parasite through PCR and histological testing (Dgeds. com.) was not identified.
The appearance of the parasite in the Bras dOOr Lakes washsvmexzling due to the
northern spread of the parasite being interrupteddnge until that point had included
the bulk of the eastern seaboard of the United Std@es)gsonand Ford, 2004). From
the established range along the coast of Maine there have been ne sefiwtparasite
along the Atlantic coast of Nova Scoti@he parasite still eludes intense scientific
investigation in that its lifecycle is as yet unknown and it is atgalear what, if any,
intermediate hosts it employs during its spread. It is alsoutftoirable, so investigators
must rely on samplasbtained through field infections. What is known about this
parasite is its propensity to decimate naeve populations of tleereagster, when it is
introduced Andrews,1968 Andrews and Wood, 1967; Ford and Haskin, 1982; Renault
et al., 2000; Stepheos et al., 2003). Because ofshan early indicator as a flagship
warning of spread and establishment would be of great use to thaseaadeparties who
have yet to encounter this disease. Within Eastern oyatasgostrea virginicaculture
practies, the ability to assess health of a siackreas of MSXKlaplosporidium

nelson) disease pressures, relating to acquisition of infection actiofeintensity,
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without having to carry out specific diagnostics back at a remiotedtory would be a
valuable tool. The role of protein interactions involved in parasitéctions is at the
forefront of parasite infiltration and success.

Parasite infections are among some of the most complex biologeactions
undertaken between species (Combe8120At the heart of this is the intimacy with
which a parasite interacts with its host, and in particultiwthe protozoal parasites
their impact on cellular defense and function has been well docuin@edken et al.,
2005; Montes et al., 1996;&tord et al., 2002; Rollinghoff et al., 2001).

Protein interactions from both host cells and the parasite @seliften at the forefront of
invasion, infection and proliferation (Shallom et al., 1999; Ayub.ef8D5). This can
be seen in compleberms in the interplay of adaptive immune functions of many
vertebrates. While innate immune functions are sometimes coetsi@ss complex,
there are nevertheless comprised of a myriad of functional pagénse mechanisms,
as well as many importaptotein functions utilized by parasites themselves to aid in
their success at each stage of thigcycle (Mosser and Brittingham, 1997; Locks|ey
1997 Sacks and Sher, 200Rurner, 2002

Examination oprotein profiles to map and analyze diseasgmassion can be used to
indicate possible proteins involved in both parasite establishmergllegsiost defense.
Proteins exist within every structure and functional role withinviddial cells, and may
not be readily accessed for study if targetedugh a single extraction method. The
isolation of proteins of different hydrophobicities from tissueblus tan important
consideration when undertaking a proteomics study. Constituent tissuegevte

released through the paired action of mechanisauption along with the presence of
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buffers used to solubilize target protein groups. The myriad ofipsosgth regard to
solubility, pH range and tolerance require the use of severafisgrdiers sequentially
in order to retrieve the highestmbers of representative proteins from a given tissue.
Ramsby (1999) developed a differential detergent fractionation (DD#Roch@ogy
targeted at doing just this in order to separate proteins occurrihijerent structural
and functional compartmenisr study. Initially developed for use within cultured cell
lines, the protocol has the advantage of lending insights in to theutartellular
compartment the protein changes identified may exist. Its sinypdind reduction of
overall complexity m given samples lends itself nicely to use with both FIASE and
two-dimensional gel electrophoresisGE) approaches. While SEFFAGE separates
proteins based on size and several samples can be run on the saheeZieGE
approach separates proteb@sed on both isolelectric point and size thus allowing for
more effective separation of individual proteins.

Due to the constraint involved in the study of MSX, arculturable parasitic species
whose lifecycle is unknown, this study set out to upeoeomics approach to identify
possible protein targets involved in parasite establishment and hessedly comparing
extracts of infected and nanfected oysters via protein gel electrophoresis: Pre
fractionation was carried out in order to reduwoe protein profile complexity and
maximize the chances of identifying differences between study groups.

3.3 Materials and Methods

3.3.1 Oyster Collection

Oysters were collected from three localities in the Br@s i&kes water system by hand

picking whilediving in the Fall of 2005. The three localities sampled we@nkia Bay,
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where the initial outbreak and sustained disease and mortahtresbeen reported; East
Bay, with some past evidence of the presence of the parasiie dotumentation of
diseae; and LyncheOs River, a previously untested locality. The dystersach group
were tested for presence of the parasite through both histology andréGelected
based on these diagnostic methods for analysis.

3.3.2 Selection Criteria for Proteinnalysis

Each oyster was selected for analysis based on diagnostic screetiiogl mesults. The
negative oyster group (n=7) was established based on both histologicalRrach&lZses
indicating the absence of parasite DNA and plasmodia. The pasytier group (n=6)
was selected based on individuals testing positive in PCR analysigllaas showing
high numbers of plasmodia in the tissues when histological sectionexarened, with
no evidence of sporulation. The two groups were therefore asi@@xtremes of the
disease spectrum with no samples representinddeal or midrange infections. This
was done in order to maximize differences between the study groups sgessiag
protein profiles.

3.3.3 Tissue preparation

Cross sections of digave gland, gill and mantle tissues were excised from sampled
oysters and frozen a80jC. Tissues from those individuals selected from each
population grouping, were homogenized on ice in 1.6 ml microtubes usingiaesieri
manual tissue homogenizertime presence of lysis buffer (20 mM TrisHCI, pH 7.5) and
protease inhibitors (1 mM PMSF and 50 mM EDTA). Followingueslysis, samples
were centrifuged at 4;C at 15000 x g for 10 min. The supernatantN2TrisHCI, pH

7.5 buffer) was transferred tan@w 1.6ml microtube for analysis and the pellet returned
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to -80;C for storage. An aliquot of sample was assessed for poaiegentration using
dye-binding assayvith bovine! -globulin as reference (Bradford, 1976).

3.3.4 Differential Detergent Fraanation

A differential detergent fractionation (DDF) method (Ramsby, 19%8) also applied to
tissue samples to further separate constituent proteins soeatit@ the number and
complexity of proteins in each fractions and more clearly eluctiiffierences in protein
profiles between disease groupings. Tisseiepelles from the TrisHCL extractions
above weresuspended in ice cold Bufté (300 mM sucrose, 100 mM NacCl, 3 mM
MgCl,, 5 mM EDTA, 2 mM PMSF, ROCHE incomplete cocktail proteasébitor in 10
mM PIPES, pH 7.2) containing 0.02% digitonin for 10 min and centrifug&a0" g.
Theresultant supernatant included primaadigtosolicproteins (Digitonin buffer)The
pellet was then extracted with iceld 1.0 % (v/v) TritorX-100 in bufferA for 30 min
and centrifuged at 5,000g for 30 min. The supernatamibtainedrom this second buffer
extractionrepresergdthe solubilized membrane fracti¢friton X-100 buffer) The
remainingpellet was suspended in BuH&rcontaining 0.5% deoxycholat&.0% Tween
40 and homogenized in a&flon homogenizeand centrifuged at 7,000g for 10 min.
The solubilizedsupernatant from the third extraction buffeas the nuclear fraction
(Tween/Deoxycholate bufferfrinally, the detergentesistant pelletvasdissolved in 5%
(w/v) SDS in 10 mM sodium phosphate pH,7add contained the cytoskeletal fraction
The resultant extracts were assessed for protein concentraingya dyebinding assay

(Bradford, 1976).
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3.3.5 SDSPPAGE

Samples (5ug) from the same individuals using all preparative detergentérina
buffers were prepared 1:1 in 2X SIPAGE sample buffer (2% SDS, 10% glycerol, 62
mM Tris-HCI, pH 6.8, 100 mM DLdithiothreitol (DTT )) and run on a 12% SbS
polyacrylamide gel (Laemin1970)at 150V for 1.25 h. A BIORAD Prestained Broad
Range SDS PAGE Marker was used as a molecular mass ind@&at®mwere silver
stained (Swain and Ross, 1995) and images acquired with BioR&8@Sensitometer
and compared visually through overlafyscanned samples.

3.3.6 2D Electrophoresis

Individual samples were chosen for further analysis usibgg2| electrophoresis {2
DGE) based on the same categories of disease from the populaitied ss outlined
above. Stored protein extract sampiese transferred to dialysis tubing (3500 MWCO)
and dialyzed for 24 h against 10 mM FHEI pH 8.0. Following dialysis, samples were
centrifuged (4v4C at 200 x g for 20 min) and the supernatant removeozand80%.C)
until selected for analysiSampes containing00 ug oftotal proteinwere diluted 1:2
with rehydration buffer (81 urea,2 M thiourea, 2% CHAPS) containing 20V
dithiothreitol (DTT) and 0.5%arrier ampholytes and added to 18 cm Immobiline dry
strips pH £10 (AmershamPharmaa, Uppsala, Sweden).dslectric focusing in the first
dimension was obtained usiagMultiphor Il system (Amersham Pharmacia) air80 V
for 10 h, then increased 800 V over a 6 h period and held at 8000 V for 3 h. The
sample stripsvere initially equilibrated for 15 min iBOmM TrisHCI pH8.8, 6M urea,
30% v/v glycerol, 2% SDS, 68M DTT, followed by 15min in 50mM TrisHCI pH 8.8,

6 M urea, 30% v/v glycerpP% SDS, 135nM iodoacetamidef-or thesecond dimensign
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strips were then laid upon and run in a 1 mm thickp BDS-PAGE gel for 2100/h.
Precision standards (BiRad,1610318 were employed ithe second dimension gel to
aid in estimation oprotein molecular mas&els were then silver stained (Swain and
Ross, 1995) and imaged in the GS800 BioRad densitometestal wverlay
comparison of profiles. Scans were compared visually initiatlgross changes in the
form of presence or absence of protein spots between infected afettaunndividuals
subsequently more subtle changes were compared through nungreteig spots and
determining the presence of spot intensity changes relating to amfect/ariation was
determined to be so high upon initial examination that further statisinalysis of band
intensity was not performed.
3.4 Results
3.4.1 Differeatial Detergent Fractionatiomnd SDSPAGE
Whole tissue homogenates and extracts separated of?A0E gels showed a diverse
number of proteins (Fig. 1). Consistent and intense protein bands wereaabs
irrespective of disease state in the 20 mM Trishb€l 7.5 buffer extract occurring at
approximately 4&15 kDa, 30 kDa, 22 kDa, 17 kDa and 10 kDa (Fig. 1A). High
molecular weight proteins were observed as highly variable and atdumeundance in
the range of 7250 kDa (Fig. 1A). Through comparisofindividual samples
representing infected and uninfected oyster tissues, variation wav@is both
groups, with variants also being noted among any given individuals withasdigeoups
(Fig. 1A).

Incorporation of the differential detergent fiacation methodology allowed for

separation of proteins from tissue homogenates. The proteins obtaimeithifs protocol
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were only able to be assessed through one dimensionaPBB& due to the low sample
volumes achieved through sequential fractiomatibindividual samples. Due to the
amount of variability seen among samples run using-BBGE, pooling of samples was
not considered an appropriate approach in order to increase protein galples. The
protein profiles were more easily analyzed faflog extraction with each detergent
buffer (Fig 1B to D). Protein recovery for each fraction was nagskigh with numerous
faint and intense banding patterns achieved for each. As seen i Eapsistent pattern
of bands was observed among all sampléhin each of the extraction buffer extracts;
for example the cytosolic compartment (Fig. 1B, 150 kDa, 45 kDePa5and 22 kDa),
the membrane compartment (Fig. 1C; 150 kDa, 90 kDa, 45 kDa, 33Rb&a) and
nuclear compartment (Fig. 1D; 45 kDa, 40&k 37 kDa, 30 kDa, 25 kDa). Variability
was highest within the high molecular weight proteins with an abundarhasnd$é
concentrated in this area for most samples of all thre&grgonation compartments.
With the SDSPAGE, variation among diseageoups showed no consistent changes that
could not also be attributed to individual variation within groups (Fig. 1).
3.4.2 2D Gel Electrophoresis

Two-dimensional gel electrophoresisE) was also tested to resolve the
complex protein matrix in the tises and hopefully, better elucidate constituent proteins
between diseased and rdiseased oysters (Fig. 2). Good separation and staining were
achieved after incorporation of dialysis in preparative protocol gigCollections of
consistent protein spgiatterns were observed irrespective of disease group at 45 kDa
and 30 kDa, with a wide spectrum of protein spots noted between tohegengs on the

individual gels. These profiles varied greatly among and betweerseigeaups. High
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molecular weight pteins were sparse in appearance -®@GEE gels, with only two
protein spots consistently observed among all samples located at appebxirbekDa.
A grouping of variable protein spots in the low molecular weight rardjeated more
basic proteins in #tissue samples run. Arrangements of three proteins witBinathge
(25-27 kDa) were consistent among all samples. As with the one donahsi
approaches, the variability within these tissues was similggtyibuted among disease
groupings and vargewidely within individuals of each group (Fig. 2).

3.5 Discussion and Conclusions

It was hypothesized that the most heavily infected individuals (thasen for analysis)
in comparison with those who displayed no evidence of infection through laghostic
methods, would have a discernable protein profile difference due impiaet of the
presence of the parasites alone. Unfortunately, analyzing tissugboates by SDS
PAGE, as well as DDF extracted proteins, no discernableréif€tes were idefitd due
to the variability seen among all samples. The variability seem@nmfected and
uninfected groups was similar to that seen within individuals frach ef these groups.
A larger sample size may have aided in reducing the impacts oidndivariability
among the oyster populations investigated. This lack of identifiableiprotgkers for
the heavily diseased and ndiseased states may have missed more active immune
protein reactions in that heavily diseased animals may have dagtbenergy to basic
physiological survival at a certain infection level, perhaps tystf different intensity
MSX disease states may have been more informative. Individuabitayi is something
that is quite often identified as impacting molluscan rete@fuffmanand Tripp, 1982;

Auffret, 1985; McCormickRay andHoward, 1991; Chu and La Peyre, 1993; Ford et al.,
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1994;Cliver and Fisher, 1998ayne 1998). There were several factors impeding more
direct comparison in this study. The lack of controlrdiraing of infection, disease
progression, environmental conditions and health of individual oysters may have
contributed to the variability observed. Thus, the active periods tfatibn and defense
may have been missed. The tissues collected foeipranalysis were targeted as being
the sites at which the parasite would most likely be found in abuedatawever, the
combination of three complex tissues (digestive gland, gill and maiotiegnalysis

likely also contributed greatly to the overgiming variability seen in this studiost
tissues should have most likely be dissected into distinct mantlstideggland and gill
fractions, homogenized and run separately to obtain more homogeneousastkss.
This would aid greatly in redugywvariability, as well as provide localized information on
those proteins expressed in these tissues under differing diséaseMtae localized
dissection of actively infected tissues to obtain higher concemiratiparasite proteins
relative to hostissue proteins may assist in increasing the potential to obseteep
involved in that hosparasite interaction. However, given thatnelsoniis a microscopic
parasite and selective stains are required to distinguighmttiost tissue histologadly, it
would be difficult to selectively enrich tissue extracts withagae cells.

When assessing the host parasite interaction of a system in wHittle s known about
the parasite in question, protein targets have the potential tbaywedalthof information
regarding the actual cellular processes underway. While ressarounding MSX in
particular has been fraught with difficulties, targets for proégialysis have looked
primarily at overall protein concentration, hematological proteind,host defense

protein identification (Feng 1970; Ford 1986; Barber 1988). Howeveusthef
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proteomics in studying the subtle effects of pollutants has steadilyhgwittv the
development of more precise technologies suchR&E and more recentRIGE. In
their review of these applications relating to a proteomics stwdgtigating oxidative
stress in bivalves Sheenan and McDonagh (2008) highlight the importance of
physiological traits of comparative groups as well. In the analysiwe bivave QX
diseasen the Sydney rock oyster, caused by the paramyxean pdvisiieilia sydney;
Saccostrea glomeratgrotein markers were successfully identified using tiesE
approach targeting both resistant and susceptible oyster tissue grawedsaasthe
sporulation stage of the parasite in haemolymph for comparison (Simetra&, 2009 a,
b)

The environment from which samples were taken for the current study vedatively
new area of expression for MSX disease, and while sampledakerefom different
locations in order to make comparisons between environments of interisgvatisease
pressure the progression of disease at each locality sampldgddesidimilar
prevalences occurring from each location (Chaptenzddition, the comgrison of
samples across sampling localities may result in differgmoesy resulting from
environmental differences found at each locality (food, temperatdreld regime,
stressors, predation). While the Bras dOOr Lakes are quite mumsgad expes to
many of the same environmental pressures, the impacts of ehes®fven expressed
as slight variances at each location was not known.

Another factor which may have been at play is the limits of thgndstic tests available.
While a negativeesult by both PCR and histology is the best indicator of absence of the

parasite, there still remains the possibility of the pars@iteresence not being captured by
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either technique and instead being a more localized focal infexdigained within
adjacent untested tissues. This would likely have an impact on progeiession and
results in similar profiles being observed for both an establishetivecsnd a
presumptive (though false) negative sample. Similarly, it is not krvalmat difference,
if any, would exist in protein profiles obtained from a sample iefewith one
plasmodia versus many, or even if a sample contained unviable or kilkesit@es

Both the differential detergent fractionation as well as thel2btrophoresis
methodologis show promise in their separation and clear representation ¢itwemnts
sample proteins. It was determined that dialysis of sampleset@nalysis using 2D
electrophoresis greatly impacts the clarity and isoelectrigsfog of marine mollusk
tissue amples. The additional detergent extractions used typically icuéalre to
target different cellular fractions (Ramsby, 1999) greatly redtieedumber of proteins
run in SDSPAGE for each sample, and the proteins proved more clearlyasegpand
defined for each extract. It is not clear if the detergentsraggzhproteins based on
cellular organization (cytosolic, membrane, and nuclear fractasbypothesized with
cultured cells or solely on lipophilicity, but this would be interesto inveigate and
could be used to focus further study based on where defensive action is thanayhir
in hostparasite systems such as MSX &dsirginica Many of the high molecular
weight proteins visualized on the SIPAGE runs of the DDF treated sangplegere not
clearly separated using the initial homogenization extraction, northeyeabundant
enough to be studied througfD2gel electrophoresis. For these proteins, the DDF
protocol showed a specific application in targeting these profibes finetissues studied.

Larger aggregated samples would be needed to obtain sufficient patesntrations
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for full 2-DE analysis, but in order to achieve an appropriate level of thdivi
variability for comparison, another factor such as the use of asisglle type would
have to be substituted in the initial collection protocol.

Continued study of the MSX parasitéaplosporidium nelsonwithin the eastern oyster
population of the Bras dOOr Lakes would need to isolate spesiiiestiand localities to
target in order to implement the techniques developed here to integiigéein profiles

relating to infection and disease in this hpatasite system.
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Figure 1: One dimensional SBDBAGE profiles of gill, mantle, and digestive gland of four repredmat individual oysters with (1,
2) and without (3, 4) evidence of infection wiaplospaidium nelsoni Different detergent fractions (DDFs) included, (A) 20 mM
TrisHCI, pH 7.5 buffer; (B) Digitonin buffer; (C) Triton-X00 buffer; (D) Tween/Deoxycholate buffer all separated on 12%

polyacrylamide gels.
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Figure 2: Two-dimensional gel electrophoresis profile of gill, mantle and digegtased proteins for one sample before incorporation
of a dialysis preparativergtocol (A). Twadimensional gel electrophoresis profiles of gill mantle and digegtand proteins of four
representative individual oysters (B) with (1, 2) and without (3, 4Jeexe of infection witliHaplosporidium nelsoni First

dimension run on pH-10 IPG strips and the second dimension run on 14% polyacrylamide gels.
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Chapter 4

Differential protein expression from haemolymph ofCrassostrea virginicdollowing
field infection with Haplosporidium nelsonin Gloucester Point, Virginia USA.
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4.1 Abstract

Study of the eastern oyst€irassostrea virginicaproteome in the context of infection
with Haplosporidium nelsorfias often proved difficult due to the individual variability
encountered when undertaking comparisons of similarly treated individnadsder to
attempt to mininge this effect, a study was carried out within the Chesaizmke
system of Virginia, USAtargeting haemolymph proteins of individual nasve oysters
exposed to an MSX endemic area and sampled over time. Prevaflémestion with
MSX, as determined byistology, in 2006 reached 57 ¢00% by PCR) and with 79%
associatednortality. In 2007 prevalence was 88.6% (100% by PCR) with only 21%
mortality. The study population from 2007 displayed a range of infectiensities,
which were group into four intsity classes (Mone, L-low, M-medium, Hhigh) for
protein and enzyme analysis. Overall protein concentration diffegedicantly over
time within those individuals who showed no evidence of infection by histalody
among all intensity groupings tite final sample time, two months pai&ployment.

One dimensional gel electrophoresis of individual haemolymph sampledieteati
protein band of interest which was present most often in the ssusgllected after
exposure to the MSX infected enviroant. Subsequent MS analysis of representative
samples of this band identifieattin as the most likely idengitand band presence was
found most abundant at the two pdsployment sample times in light and medium
intensity classes and savgignificantincrease in abundance in the final sample of the
high intensity class. Similarly, zymography analysis idiexl a series of high molecular
weight protease bands (3200kDa) foundn samples collected piiafectionand
occurringmost often in those indiguals that went on to develop high intensity
infections. Lysozyme activity varied widely among intensities amdss sample times
while alkaline phephatase activity increased significantly over time within low nmedi
and high intensity class groupingshis approach to the study of susceptible individual
hosts over the course of exposure and infection Mithelsonihas the potential to

provide new insight to this host parasite system.



4.2 Introduction

MSX along the Eastern Seaboard

Haplosporidium elsoni,is thought to have first been introduced to the eastern United
States through transfer of its natural host spe€iesssostrea gigas the 1950s from the
west coast of the U.S.A. (Burresson and Ford, 2004). It wagiBtected ilCrassostrea
virginica in DelawareBay in 1957, and within a few years had spread to Chesapeake
Bay. Although the spread of MSX now encompasses the bulk of thenesestdroard of
the United States, it has been associated with disease angl s@vality in only those
areas in which it appears that the correct environmental conditemset for the
parasiteOs proliferation. These include temperature and salimith, seem to regulate
the progression of disease. Ranges-BO& have been suggested as the typiaage in
which disease occurs, likewise, a salinity of 15 psu is reqtoraditial infection and a
range of 1&0 psu is most likely to converge with high mortality and overall sscok
the parasite (Haskin and Ford, 1982; Burreson and Andrews, F88&5xite proliferation
is highest at salinities above 20 psu (Andrews, 1968Hamelsonidoes not survive in
salinities below 10 psu (Ford, 1985; Ford and Haskin, 1988). The pasasjtere
forming and is most commonly identified within oyster tissuethe stage of mukHi
nucleated plasmodia. It is thought to initially enter oysters ofgeywithin the gill and
mantle tissues and as the disease progresses it spread testies; and can commonly
be found in very intense infections in the digesgland. The complete life cycle has not
been characterized and it is unclear whether the parasite indegpang or multiple
intermediate hosts into its proliferation in any given estuatye dnnual cycle of

infection in the Chesapeake has beerl d@tumented with oysters first becoming
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infected in early summer with associated mortalities peakitgte summer and early
fall (Andrews, 1966; Ford, 1985; Burreson and Ford, 2004). In later&athlence and
mortalities decrease with surviving oystdarbouring low level intensity infections that
lead to a wave of fresh mortality in the spring. The annuainzysluggests a correlation
of increased parasite abundance and resultant mortalities duringesuinaught
conditions and subsequent decesaassociated with spring freshets (Burreson and
Andrews, 1988; Burreson and Ragadalvo, 1996).

Perkinsus marinug another protozoal pathogen foundCirassostrea virginican the
Chesapeake (Mackin 1950). Itis often found to occur following tleetioh wave of
Haplosporidium nelsoniwith the parasite infecting oyster haemocytes from late summe
into the fall. This parasite seems particularly adeptwaiog detrimental effects in the
eastern oyster, whil€rassostrea gigaandCrassostrea ariakesisseem to deal better
with exposure and infection. There has been some evidence of s@eaifiginicaantt
proteolytic activity targeting parasite proteases in lab invesiiga(Faisal et al., 1999).
It would appear that there are certain defewsesirring within the haemocytes and
plasma that may indicate how and why certain infections are mocessful than others.
While Haplosporidium nelsoronce established in its host is found to occur within the
tissues, previous protein studies havaldghed that tissue analysis leads to a diverse
array of proteins profiles with inherent individual variability clontrast, studying
Perkinsus and its effects through targeting the haemolymph has showpreonnee in
identifying proteins and activitiesf interest (Faisal et al., 1998; Oliver et al., 1999a,b,
2000; Chu et al., 1993, LaPeyre 1995, Chu and La Peyre, 1993a,b; Gaal¢i$396).

One measure used to study changes in constituent proteins found in bidagipé&s is



protein electropha@sis. In one dimensional gel electrophoresis proteins are tieated
order to unfold their native shape and are then separated based @naecular

weight). With twedimensional gel electrophoresis, proteins are first separated bas
isoelectric pot (pl) a point at which their net charge is zero in their n@istructure and
then further separated along molecular weight as in one dimensioné@D@dtarrell,
1975). Molecular weight is determined primarily by the amino setience of the
proten and the isoelectric point is determined both by the charge of tne acids

found in the protein as well as in the post translational modditaimpacting overall

net charge. Assessment of proteins in a sample using these n@thadss a divers
profile allowing for the determination of the number of proteingelsas relative
concentration of these in a sample (based on band intensity). proékes can be a
signature of a particular cell type or tissue and changes indhatsre can baffected

by disease, physiological stress , nutritional status, developmegel and
environmental fluctuations.

As seen irPerkinsussp. andJrastoma cyprina€Brun et al., 2000) infections, proteases
appear to play key roles in host parasite imoas. Proteases occur in all organisms
breaking down proteins through hydrolysis of peptide bonds between amino acids in a
polypeptide chain. Physiological functions include digestion of proteiocas fo more
regulated cascades effecting complemaptptosis, blood clotting and the invertebrate
prophenoloxidase activation (Morrissey, 1998; Cho, 2002). In response to physiological
changes, proteases can trigger rapid shifts in metabolic and infomati@ns in within

an organism.
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Parasite derived pteolytic enzymes can aid in infection through penetration and
digestion of host tissues (Sung and Dresden, 1986; McKerrow, 1987, 1989; Knox and
Jones 1990; Berasain et al., 1997; Perkins et al., 1997) agsngadfve to evade the
actions of the hostOs imne response (Ellis et al., 1990; Kamata et al., 1995; Gatreis e

al., 1996).

Other enzymes also play key roles in the {paghogen interaction. Within the innate
immune system, lysozyme has been identified as a key enzymettigtesithe
hydrolysis @ 1, 4-betalinkages shared betweenaddetylmuramic and McetytD-
glucosamine residues found in peptidoglycan of bacterial pathogens (19963, In
marine species, lysozyme is measured mainly in serum or ptafleing the
proinflammatory phagocgtresponse (Lie et al., 1989, Saurahb and Sahoo, 2008; Fange
et al., 1976). Specifically in mollusks, lysozyme has been chawstdrom a number of
species (Xue, et al., 2010). Details of specific actiohiwia given species nor its
optimal conditiongparticularly the pH range of activity within these systems) ma¢e
been fully characterized.

Alkaline phosphatase has been described from many groups of organisnenagrae
whose action removes phosphate groups from proteins and other moleculdisigncl
nucleotides in basic environments (Crofton, 1982). The role of alkatiogphatase in
immune function is not clearly understood, though in a number of orgaarsindisease
interactions its activity has been reported as altered in responsfecton. In

molluscan research, alkaline phosphatase activity has been studdationrto disease,
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chemical contaminants and natural physiological composition (Xue and R20@0jt
Faisal, 2000; Cima et al., 2000; Evtushenko et al., 1984)

In order to inestigate protein interactions within this host parasite systehelaninate
as much individual variability as possible, protein comparison of haembljrom
individual oysters at different time points would help identify protéianges related to
infection over time. Oysters collected from Rappahanock River systeroh vghiree of
Haplosporidium nelsorand displays only sporadic infectionsR¥érkinsus marinus,
were bled and subsequently released into the York river for fieddtioh and then were
used to track protein changes over time and with exposure to bothgmrasit
Haemolymph collected after exposure and related to diagnostic dedets{prevalence
and intensity data for each parasite and in each individual ogditexed variability to
be controlled so that protein and enzyme differences to be more tatggtadied.
Although this study relies on field samples (allowing for dual indes as well as
environmental factors to have an impact), it can provide insighthnges over timia

individuals that may be involved in one or both of these devastating dEeassses.

4.3 Materials and Methods

4.3.1 Sampling

Oysters (n=100) were collected over two sampling seasons fronagipaRannock River
system using a mechanical draggintkfoEach oyster was washed and labeled with
either nail polish number (2006) or numbers epoxied to their shellsO. (20038
labeled, each oyster was measured and their shells were notaiged asicular saw so

that an aliquot of haemolymph (1.0 muid be bled and put directly on ice. Bled
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oysters were then deployed in vexar mesh bags (50 per bag) in theiYerla®acent to
the Virginia Institute of Marine SciencesO Gloucester Powdnas station, for field
infection. In the 2006 field seasoysters were deployed in May and subsequently
retrieved for processing in August 2006. In the 2007 field seasonrowsee deployed
in May and retrieved in July 2007, with an additional aliquot of haemolyrolitdcted
two weeks post deployment, resudf in three haemolymph samplesr(@sve oysters,-2
two weeks after field deployment, andt®&o months after field deployment) collected
from each individual oyster in this second year of field infection.

4.3.2 Oyster Processing

Upon collection each otex was thoroughly washed free of fouling organisms and
examined for obvious signs of morbidity. Those that were gaping and dead we
separated and viable oysters were measured and put forward fesgingc Oysters
were renotched using a circular saamd haemolymph bled from their cardial cavity. At
this final sampling, all the haemolymph was drained from each indivashehthe oysters
were shucked and tissues collected aseptically. Cross sectiorsthé, gill and
digestive gland were collecteda@placed in DavidsonOs fixative for histology, 100%
ethanol for PCR and frozen &0;C for protein analysis

4.3.3 Histology

Samples of digestive gland, gill and mantle collected from individudaérsysiere placed
into labeled histology cassettes andgarved in DavidsonOs AFA for at least 24 hours.
Once fixed, the tissues were subsequently embedded in paraffionedc&6um and
placed on slides and stained with hematoxylin and eosin (H&E). 8tslides were read

by the histopathologist of the MIS shellfish research laboratory and results of infection
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(presence of any pathogens as well as intensity of MSX using Gdliiagrsystem),
associated pathology, oyster sex and overall health were provided li@misna

4.3.4 PCR Diagnostics

Tissue sampkecollected and stored in ethanol were subjected to DNA extraciimnais
Qiagen DNeasy tissue extraction kit and the manufacturerQs pratotalgenomic
DNA concentration was assessed using a FiSieeeQuant Prepectrophotometer
reading at 260 nnT.emplate DNA was added to a PCR reaction mixture as outlined in
the OIE diagnostic manual for Aquatic Disease. Samplestivenesubjected to a
temperature cycling protocol of initial denaturation of®@4or 4 minutes, 35 cycles of
94; C for 30 seconds,%C for 30 seconds and j&2 for 1.5 minutes, and final extension
at 73 C for 5 minutes (as per OIE diagnostic protocol for the detectibh nélson)
using aFisherTECHNE TG412 thermocycler. Amplified DNA was electrophoresed on
a 1% agarose gel comaig 10! | ethidium bromide adjacent to a bplecular weight
standard and subsequently viewed under UV light using a FAgblea Innotechimager.
Images were taken for each gel and annotated with sample numbdemglicons of
appropriate size (200 bppmpiled as positive diagnostic results.

4.3.5 Prevalence and Intensity Determination

Prevalence for each field seasonQs final harvest was caldaftdbeth PCR and
histological diagnostic analysis. Intensity of infection for eaclividual oyster was
discerned through histology, using the OIE diagnostic manual for Aquaticanim
Diseases classifications includingENNone, RBRare, LBLow, L-M BLow-Medium, M

B Medium, MH BMedium High, HDHigh, Sb Systemic, and LOLocalized.
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4.3.6 Selectioriteria for Protein Analysis

Each oyster was placed into an intensity class and compared amoclagssdk. Group
one consisted of those individuals with a intensity class of no plasmlbsisved (N),
group two consisted of those individuals with irsign classifications of rare (R) and low
(L), group three consisted of those individuals with intensity ¢legsbns of low
medium (L-M) and medium (M) and group four consisted of those individuals with
intensity classifications of mediutmgh (M-H) andhigh (H). Nine individuals from
each group were chosen at random to be run for protein profile coorpaBsich
individual chosen had three representative haemolymph samples for compainis
taken before deployment-(#, one taken two weeks peddployment (#2) and a third
taken at the end of field infection period 2 months-plegioyment (#3). Differences
were investigated both within an individualOs haemolymph over time]lasvbetween
each of the outlined intensity groups at any givenpsiaugy period.

4.3.7 Assessment of Protein Concentration

Haemolymph samples were thawed on ice and centrifuged at 15,000 X@yrfonutes at
4;C to separate cells from serum. Haemolymph supernatant (seastpllected from
and aliquoted into 10Dl working stocks and returned 480;j C for storage. Protein
concentration of each sample was determined using the Bradforch@ssenBradford,
1976)by adding 51 of haemolymph of each sample in triplicate to a 96 well plate.
Diluted commercial Bradird reagent solution (290 BioRad protein assay dye reagent
1:4 in deionized water) was added to each well including a positiveeggadive control
and the plate read immediately at 590 nm on a THERMOmax micropkder. The

resulting concentrationsere calculated through comparison with a previously
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established standard curve for the Bradford solution developed witioad0.11.4
mg/mL) of bovine gammaglobulin (BioRad). The plate and resultantabplgnsities
were analyzed using the progr&uftMax Pro.

4.3.8 Twedimensional gel electrophoresis

Individual haemolymph samples were selected for analysis udhge? electrophoresis
(2-DGE) based on the infection intensity and collection time as outiihede. Samples
were transferred to dialigstubing (3500 MWCO) and dialyzed for 24 h against 10 mM
Tris-HCI pH 8.0. Following dialysis, samples were centrifuged (42@aj for 20 min)
and the supernatant removed and froz864:C) until selected for analySamples
containing200 pg oftotd proteinwere diluted 1:2vith rehydration buffer (61 urea,2

M thiourea, 2% CHAPS) containing &M dithiothreitol (DTT) and 0.5%arrier
ampholytes and added to 18 cm Immobiline dry strips Pt 4AmershamPharmaa,
Uppsala, Sweden). Isoelectric fetng in the first dimension was obtained using
Multiphor Il system (Amersham Pharmacia) atr80 V for 10 h, then increasedd000
V over a 6 h period and held at 8000 V for 3 h. The sample stapsinitially
equilibrated for 15 min in 56M TrisHCI pH 8.8, 6M urea,30% v/v glycerol, 2% SDS,
65mM DTT, followed by 15min in 50mM TrisHCI pH 8.8, 6 M urea, 30% v/v
glycerol 2% SDS, 135nM iodoacetamidef-or thesecond dimensigrstrips were then
laid upon and run in a 1 mm thick, %4SDSPAGE gelat2100Vh (116.7 V * 18 h).
Precision standards (BiRad) were employed ithe second dimension gelaa in
estimation ofprotein molecular mas&els were then silver stained (Swain and Ross,

1995) and imaged in the GS800 BioRad densitometer for cosopant profiles.
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4.3.9 Onedimensional gel electrophoresis

A total of 5 pg (1:1 sample and 2X sample buffer solution 0.5 MHG$ pH 6.8,
glycerol, 10% w/v SDS. 0.2% (w/v) Bromophenol Blue) of each reptative sample
was run on 10% polyacrylamidelgfor 1.5 hours at 150V. Gels included samples from
each intensity class at the three different time points. i&sie then silver stained (Swain
and Ross 1995) adjusting the protocol to eliminate the use of glutaraldahyrder to
maintain protein bads suitable for use in Mass Spectrometry analysis. The resulting
bands were viewed and scanned using an 800S BIO RAD densitometer imager.
4.3.10 Band Selection and Mass Spectrometry Analysis

Bands were assessed based on presence or absence betwagngnbeips or across
time. A similarly sized protein band displaying consistent chamigegified among the
individuals were considered bands of interest and four representaitihés band were
excised from the SDBAGE gels using a razor blade andpdiseconditions under a flow
hood in order to minimize contamination of common environmental proteths a
submitted for MS analysis.

4.3.11 MS Identification of protein changes

Excised proteins were placed in 1.5 mL microcentrifuge tube$ieds® times fo10 min
with 100 pL of 50% acetonitrile (ACN) in 25 mM NHCO3 and dehydrated in 200 pL
of 100% ACN for 10 min. Proteins were reduced with 200 pL of 10 mM BIT25 mM
NH4HCQO3 at 56 C for 1 h, followed by alkylation in 200 pL of 25 mM MIHCO3
containings5 mM iodoacetamide darkness at room temperature for 45 min. dineece
and alkylated gel pieces were washed 2 times with 100 pL of 25 HAHEO3 and

50% ACN containing 25 mM NBHCQO3 for 10 min. Gel pieces were dehydrated with



200 pL of 100% ACN for 20 nmii and residual ACN was removed in a Speedvac for 10
min. Gel pieces were rehydrated with 20 pL of 12.5 ng rhkrypsin (Promega,
Madison, WI, USA) in 25 mM NHHCQO3 and incubated at 37 jC overnight. Tryptic
peptides were eluted from the gel with 2 suce®es2D L volumes of 5% formic acid
and concentrated in a Speedvac. (riedifromEbanks et al. (2005))~ollowing
digestion, each sample wassespended in 20 pl of 0.5% formic acid. An aliquot of 3 pl
of each sample was injected. A 1.5 picomole BSkslijee stained with colloidal
Coomassie blue was digested in parallel with the samplescraldor the

digestionand a 3 pl injection of 20 fmol/ul BSA solution digest was useasue

proper operation of the LL®MS-MS system. The resulting peak spra in MGF

(MASCOT generic format) were searched in MASCOT againssswot and most

likely protein similarities reviewed. Protein scf&0*LOGo(P), where P is the
absolute probability that the observed match is a random, evigmta score ofjreate

than 67 being significant (p<0.05)ong with peptide scores (probability for each
matched peptide sequence) obtained through anahgsesreported and compared for
each band.

4.3.12 Assessment of Proteolytic Activity

Similar to preparation for protetetermination, 5 pg of total protein was added to an
equal volume of sample buffer solution (0.5 M Tris HCI, pH 6.8, gblc&0% w/v SDS.
0.2% (w/v) Bromophenol Blue). The resulting mixture was added to a 12%
polyacrylamide gel containing 1% gelatimdarun at 150V for approximately 1 h at 4%C
adjacent to a broad range prestained molecular weight marker (BioR&er

separation, gels were subjected to three 10 minute washeswitdz@nography wash
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buffer (50 mM TrisHCI, pH 7.5, 10% Triton XL00). Gels were removed from wash
buffer and placed into incubation buffer containing 50 mM Mg@d 6.25 mM CagGl
and incubated on a shaker at 30%C for 19 h. After incubation, geltairezd in
Coomassie blue stain for 1 h and destained (40% metHZ%lacetic acid) repeatedly
until good contrast was obtained. Gels were subsequently scanned using &i@00S
RAD densitometer imager and resulting scans analyzed for protedifjgiences among
intensity classes and over time.

4.3.13 Assessment of Enmtic Activity

4.3.14 Lysozyme assay

Samples (25 1) of individual oyster haemolymph, having previously been assessed for
protein concentration, band differences and proteolytic activity werelad@e96 well
plate in triplicate. Buffer (40 mM NaiRQy, pH6.2) was prepared fresh before each
assay and 5Dl added to each sample well. The resultant mixture was inculratiee
plate reader for 15 min at 30¥%C. Substrate (0.6 mg/ml lyepiizrococcus
lysodeikticusSigma, in 40 mM NabPQ, buffer, pH 62) was also incubated separately
at 30¥4C for 15 min before adding 2% each well containing the haemolymph and
buffer mixtures and the plate was then placed immediately intoHEERMOmax reader
at 30%C. The optical densities (OD) of samples weruneelaat 450 nm continuously
(every 30 s) over one hour. Results were obtained using the softwafé/a® Pro
using the initial rate of the reaction to calculate activity. @me of activity was the
amount of enzyme that catalyzed the decrease in absmlof 0.001/min. Negative (50
ul buffer and 5Qul substrate) and positive (25 pl of chicken egg white lysozyme, 2500

units/ml Sigma) controls were run alongside samples in triplioateach plate.



4.3.15 Alkaline Phosphatase assay

Samples (25 1) of individual oyster haemolymph, having previously been assessed for
protein concentration, band differences and proteolytic activity werelad@e96 well
plate in triplicate. Buffer (100 mM ammonium bicarbonate, 1 myCM, pH 7.8) was
prepared fresh befereach assay and 5badded to each sample well. The resultant
mixture was incubated in the plate reader for 15 min at 30uStr&e (4 mM p
nitrophenyl phosphate in 100 mM ammonium bicarbonate, 1 mM Mg@l7.8) having
been incubated separately38€/.C for 15 min was added [20to each well containing
the haemolymph and buffer mixtures and the plate placed immediatebhént
THERMOmax reader at 30¥C. The optical densities (OD) plesmmere measured
continuously (every 30 sec) over a oneiogubation at 405nm. Results obtained using
the software SoftMax Pro using the initial rate of the readibd calculate activity, being
defined as the amount of enzyme require to release 1 pMitfophenol product in 1
min. Negative (8Qul buffer and 20 pl substrate) and positive (25 ul of alkaline
phosphatase enzyme, Sigma) controls were run alongside samplpkdatérifor each
plate.

4.3.16 Statistical Analysis

Overall protein concentration was compared using a one way ANOV#s&sa
significant difference among intensity classes at each sam@es well as significant
differences within intensity classes across the three sams.tBand presence in one
dimensional SDS?AGE gels were compar@anong intensity classes at eacimpke

time as well as within intensity classes across the Saewle times in paired analyses

using the FisherOs exact test. Similarly, proteolytic band preses@mpared among
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groups within the initial sample period with the Heavy intensity groupgob@mpared
against all others using paired FisherOs exact analyses fficaigei. Differences in
both lysozyme and alkaline phophatase activities were compared usingvayone
ANOVA to assess significant difference among intensity clagtseach sane time as
well as significant differences within intensity classes actis three sample times.
4.4Results

4.4.1 Field Infection

In 2006, nasve oysters (n = 100) deployed into the York River all beicdeated with
Haplosporium nelsoniat 100% prevance as indicated by PCR and 61.9% prevalence
by histology (Table 1). These oysters were also infectedRétkinsus marinusiith an
overall prevalence of 100% by both PCR and RFTM and 57% by histology (T)able
Mortalities attributed to the field inféon were high (79%), with subsequent collection
having occurred late in the season (May deployment and August collectioiReiynd
confounded by the mixed infections found to occur in all those oysters thaatesur In
2007, nasve oysters deployedfire York River had an overall prevalence of infection
with H. nelsoniof 100% by PCR and 88.6% by histology (Table 1). The mortalities from
the field infection for 2007 were far less (21%) likely becaafd¢de timing of collection
(Deployment in May andollection in July) and because oysters were not infected with
P. marinuswhich occurs later in the season after the peak ofelsoniinfections in this
environment (Table 1).

4.4.2 Intensity Class Distribution

Infection intensities as determined bgtbiogy in both 2006 and 2007 experiments

ranged from Low to High (Figure 2) and contained infections that la@ral, Systemic
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as well as Multi Focal in presentation. The low number of sursifrom the 2006
sample disallowed for statistical strengttcamparing individuals of differing intensities.
Intensity classes from the 2007 sample were condensed to arrigeraparative number
of samples for protein and enzyme activity analyses (Figure 3).

4.4.3 Protein concentration

Overall average sample peart concentrations (2007) ranged from 12481! g/! |

(Table 2). Standard deviations for the concentrations calculatedgagroups were
rather high and indicative of overall variability among all sampgignificant

differences (p<0.05) were found withthe None intensity group which had a
significantly higher average protein concentration at thergeetion sample time (2.21

+ 0.53! g/' I) (Table 2). Average protein concentrations also differed sagmfly
(p<0.05) among intensity classes at timalfharvest collection with those within the high
intensity group having the highest overall average (1.79 £!@2%) and the None

group having the lowest (1.48 +0.8d/' I) (Table 2). Both the Low and Medium
intensity groups did not differ significip over time, and among all the intensity groups
no significant differences were found at the initial or two wemlst deployment samples
times (Table 2).

4.4.4 Protein Profiles Comparison

4.4.5 Twedimensional gel electrophoresis

On 2D gels of haemolynfpsamples from the 2007 collection contained one particular
protein in high abundance that masked the presence other proteins witrenm gample.
This was seen on gels in the presence of a large smear (deartamad pl 8 and MW

40-48, Figure 4) Bsed on the pl and MW the protein was tentatively identified as
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Dominin which is the major haemolymph protein identified in oyster hagnpsi (Itoh

et al. 2011) The relative abundance of this protein compared with other proteths i
sample would haveesulted in these other protein bands appearing at very low intensities
or not at all.

The remaining constituent proteins within individual samples wereasily viewed
using this method as their overall concentration within the proteiplsa may not hae
be been enough to elucidate clear protein spots using this method. Becheskack of
abundant proteins for comparison, a one dimensional gel approach wasadegifore
appropriate for these samples.

4.4.6 Onedimensional gel electrophoresis

Intensity groupings based on histology (2007) were run adjacent to one another for
comparison on each gel and banding patterns for each group showed botleepetiti
proteins and varied protein profiles. No one protein was consistdrggrved in all
repregntatives from a particular intensity group (Figure 5). Howevkernvassessing
the three sampling time points that were run for the représagaf each intensity
class, those samples taken after field deployment (both at teksvaed two months)
showved a consistent presence of protein band at ~40kD (Figure 5). Thisvhanqutesent
in only 1 of initial haemolymph samples across all intensity eia58% (21) of samples
two weeks post deployment and 88% (32) of samples two months post deployment
(Table 3). The associated band was found in 48% (13) of oysters in the nati®infe
intensity class, in 59% (16) of oysters in low infection intensitgs;187% (18) of oysters
in group three infection intensity class, and 26% (7) of oystergmihfectian intensity

class (Table 3). The presence of this band differed signifycgpxD.05) when
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comparing the initial and final sample times for the None integsdup (Table 3). In
both the Light and Medium intensity groups band presence differed sagmific
(p<0.05) when comparing the initial pr&ection samples with both subsequent sample
times in which the band was more abundant. Within the high intensity tiredinal
sample time displayed a significant (p<0.05) increase in the peesétits and when
compared with the two initial samples taken from each individudli®igroup (Table 3).
Within the second sample time, significant differences were fouteeba the None and
Medium, Low and High, and Medium and High intensity groups respeciivable 4).
Band intensities differed among proteins over the different ioieatitensity groupings
(Figure 5), most notably the presumed Dominin protein appearsitease after field
deployment in all intensity classes except the highest infeictiensity class.

4.4.7 MS analysis

Protein identities for three of the four spots submitted for MSyaisayielded the protein
actin as the most likely identity of the protein bands observedcunsistently after field
deployment (Table 5). The MW tiie band (~40 kDa) is consistent with the mass of
actin (42 kDa) In spots 1, 3, and 4 a strong secondary identity seasugjgested in the
high protein and peptide scores garnered for the dominin precursor piatbia ).

This secondary identity wadke only protein identified as originating from the host
speciesCrassostrea virginicaProtein spot 2 yielded a weak similarity with a single
peptide identified to a maturasike protein, however, this sample was likely not of the

best quality and thugelded a questionable identity (Table 5).
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4.4.8 Proteolytic activity

Zymography gels assessing proteolytic activity in the haemolymph sacofiessted in
2007 from individual oysters over time and across different intensisges displayed
overall similar profile with the presence of a 110 kDa protease bagdré=6). However
a series of high molecular weight proteolytic bands @200 kDa) were observed only
within the preinfection initial harvest haemolymph samples and most notably
overwhelnmingly observed most often within those oysters that went on to develop high
intensity infections (Figure 6). Comparisons of the presence of the2RDa
proteolytic bands among the intensity classes yielded significantatitfes (p<0.05)
when compareavith the number of these bands found within the high intensity group
(Table 6).

4.4.9 Enzymatic activity

Lysozyme activity was variable and did not differ significantly amdwgntensity
groups or within the groups over time. (Table 7). Alkalinegpinatase activity did not
differ significantly across intensity classes at each of tteetbampling times. However
significant differences of alkaline phosphatase activity were fthtvithin all of the
infected intensity classes (Low, Medium and jigvhich all displayed an increase in
activity over time (Table 8).

4.5 Discussion and Conclusions

Protein profile and activity differences were noted in conjunctigh kath infection
intensity as well as over time with field exposure of nasve aystehe York River
system in both 2006 and 2007. Targeting haemolymph samples from oystdimsever

(before, after initial exposure period and after two months of expasuae area in
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which seasonal disease pressures are documented and closely malidored these
protein changes to be observed. Given the unreliable and variable gesao#sed from
previous work in attempting to target groups of similar hosts in tod@ssess protein
impacts, it is recommended that testing single individuals tower using nodethal
sample collection allows more readily for comparative study of MBeastern oyster
hosts. Haemolymph is an appropriate target for testing intthiiwws an individual
marked oyster to be tested several times over the coursiection. When tissues are
analyzed, although these are the centre of disease action dsreagh histological
analysis, the sacrifice of the individual is necessary. Theithgil variability seen in
mollusks has been a challenge for proteomicarebeof disease, in that comparisons
made between individuals from the same environment but differensedistdes (or
infection intensities) yielded far too broad a spectrum of protdissrved among both
disease state groups as well as those expgeasimilar disease state (Huffmand
Tripp, 1982; Auffret, 1988; McCormiecRay andHoward, 1991; Chu and La Peyre,
1993; Ford et al., 1990)liver and Fisher, 1998ayne, 1998). In the current study,
taking several samples of haemolymph from the satigidual over time allowed for
some control over individual variability. Because diagnostic testiqgires the
sacrifice of the animal in order to test tissues through R@R/sis and the observation
of tissues through histological analysis, it i€lear what the disease status of the
individual oysters used in this study was at the time of the secontbhyeeph sample
(taken two weeks after initial deployment). Similarly, the alldrealth of the oysters
from the initial sample taken after collext from a parasitéree location was not able to

be discerned. Despite these unknowns, the current work suggests seeersting

12¢



changes in the haemolymph proteome associated with infection intensey@oslire

over time.

The comparison of oveligrotein concentration displayed a significant decrease in those
individuals who showed no evidence of infection with MSX at the fimalpda point.

Many studies oH. nelsonihave focused on humoral factors in oysters and have reported
declines in fre@amino acids (Feng and Canzonier, 1970) as well as total serusmprot
concentrations associated with systemic infections (Ford 1988&Yyall serum protein
concentrations have been reported to be slightly lower marinusnfected oysters
compared withuninfected individuals, though not shown to be significantly different
(Chu and LaPeyre,1993; LaPeyre et al., 1995), and some reports hatedindi
differences seen in oysters (Chu and LaPeyre, 1989, 1993). In cfactsdnwith

Perkinsus atlanticusa serum protein increase that could be due to specific polypeptides
was reported by Montes et al. (1996, 1997). Decreases in ovetaiihpivere noted in

the molluskMilanese obsoleteshen parasitized with larval trematodes (Cheng et al.,
1983). Marteiliodes chungmuensisfections have been found to reduce overall serum
protein concentrations (Park, 2003; Park, 2005). Barber et al. (1988halsed a

decrease in protein content of those oysters carrying systemicidfié&Xions. Ford

(1986) compareddemolymph protein concentration between susceptible and resistant
oyster groups challenged with MSX and noted a decrease in thos@evithaviest
infectons. The infected oysters in this study had no significant changesrall
haemolymph protein cono&ations. The decrease seen in individuals showing no
histological evidence of infection could be due to energy draws and pratgiation to

other regions to aid in increased immune defenses or other unknown physialegids



of these particular hast A similar decrease has been demonstrated in shrimp wat bl
proteins being diverted before moults in order to produce a new exaskelet
(Terwillister, 1999).

The comparison of haemolymph protein profiles across intensity slagse time
identifieda consistently observed protein band in all intensity groups occurring twahe
sample points posteployment within the MSX positive environment. Bands of this
protein differed significantly with increased abundance over tinadl infection intensity
groups and between groups with the high intensity class showing signyfitzssl
individuals with this band. MS analysis identified actin as thmlle interest which
was surprising given its ubiquitous nature as an intracellular profeitin is a
component of microand thin filaments utilized in the structure and motilityefls.
Actin is involved in cellular functions including cell motility, shapévision,
cytokinesis, muscle contraction, signaling, and the creation oucelipns (Pratet al.,
2004). The haemolymph preparations used were cell free lysatesmsoease in actin
within these samples could indicate the breakdown of cellular tessoEiated with
disease. In an immune context, there is evidence of a rdleefoeleas of cytoplasmic
actin such as suggested in neutrophil NET defenses (Neeli20@®). In finfish mucus,
actin has been found at significant levels and may indicate anaaigole in organisms
than those traditionally identified (Easy and Ross, 2009)

The presence of high molecular weight proteases within the wdtmaple collection was
significantly higher in those individual oysters that went on to developihighsity
infections withH. nelsoni This protease activity as identified on zygrams of the host

oyster haemolymph occurred only in the initial sample collection ameftine is not a
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direct response to MSX infection. The finding that its abundanceaagt in those
individuals who develop high intensity infections suggeststtieste individuals have a
particular susceptibility to MSX specifically or to disease inegal. This protease may
indicate the presence of an underlying stressor from the collestioronment which
undermined the oystersO ability to deal with the quisg assault from MSX. No
consistent proteolytic changes were noted among infection intensity groemps af
exposure to MSX. In Perkinsosis, several studies have identiftetheestigated
proteases involved in parasite invasion and establishment (lea@tesl., 1995a; Faisal et
al., 1999; Garreis et al., 1996; Oliver et al., 1999; Tall 1999edisas antiprotease host
defense (Macintyre et al., 2003; Faisal et al., 1998; Olivak,e1999, 2000; Romestead
et al., et al., 2002; Faisal 1999; Mon&tsl., 1995 1996 & 1997), so the lack of evidence
for proteolytic activity involved in active infection with MSX this study is surprising.
Lysozyme activity assessed over time within intensity classegell as between classes
at each sample timégwed high variability and no significant trends associated with
intensity or exposure to MSX over time. Lysozyme activity has besgsaed in the
Perkinsosis disease system with varied results either indicdatreased (Chu and Le
Peyre 1993a) or dezased activities (LaPeyre et al., 1995b; Garreis et al., 19960
association with disease (Chu and LaPeyre, 1989, 1993; Chintalal®g84l, Chu et al.,
1993). Mussel lysozyme had an inhibitory effect®nmarinusgrowthin vitro, far
greater thn serum lysozyme isolated frain virginica (Anderson and Beaven, 2001).
The role of environmental factors on molluscan haemolymph lysozyme igvels

uncertain. The presence of high and low outliers in each intenagy ichpacted the



overall averages ithis study accounting for much of the variability in lysozyme
measures observed.

Average alkaline phophatase was similarly assess over timie aittl between intensity
classes and increased significantly in each of the intensiseslawith the highse
activities found at the final sample after two months deploymesm iMSX endemic
area. The group that showed no histological evidence of infectibriHmtelsoni(but
positive through PCR diagnosis) displayed only a slight increase whitgh@entensity
classes had more pronounced increases in activity. Those in thedowsity class had a
high initial activity at the time of collection with a marked &se when sampled two
weeks after deployment, followed by an increase at the final sgojpit. While

specific roles for alkaline phosphatase activity are unknown withirsylsitem, there is
evidence of a role for parasitierived acid phosphatase in host immune response (Volety
and Chu, 1997) altering bivalve cellular defense activity byugition of phosphoproteins
and inhibition of superoxide anion production. More generally, an increadealine
phophatase is thought to indicate stress or a trigger for an immpoasegRoss et al.,
2000; Iger and Abraham, 1990, 1997). The evidesfdncreases in relation to MSX
disease infection intensity is demonstrated here suggesting aral&dline phosphatase
in the host parasite interaction.

This work has identified several changes in the host proteome timmetia infection and
H. nelsoniparasite intensity. The comparison of the same individual hostioweras
well as targeting haemolymph as the tissue of study, alloweddaced protein
variability and therefore stronger comparative analysis. Some ohtrges observed

suchas actin, may simply be a reflections of changes associatedtiver factors found
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in the new environment in which the susceptible oyster were tregsféliowever, due to
the necessity of relying on field infections it is not clear wdwettribution eah of these
factors may have had on the haemolymph proteome changes observed.irnfgeparat
oysters into disease intensity classes proved an effective tamrfgrarison, allowing
for the investigation to cover the spectrum of natural diseags stBrevous work
targeting disease intensity extremes (no indication of MSX infectersus heavily
infected individuals) likely missed the most informative subselisd#ase processes,
encompassing those individual hosts with energy and thus protein moleadéesdde
active control and response to parasite infiltration and infectitwsd& individuals with
the heaviest infections are likely spent with regards to immuieaske molecules
focusing energetics on sustaining basic biological functions. Thefidatitin of a
potential proteolytic protein marker linked to a specific stregsdisease susceptibility
provides an opportunity to study this interplay. Validation of this potemiaker could
aid in the selection of MSXesistant strains in other laitons where introduction of
oysters outside of the region may be problematic and thus, could be tafiggda

industrial or restorative practices in identifying stocks of chmdeviduals.
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Table 1:Prevalence of infections withSX and Dermo as determined by histology and
PCR diagnostics at the final harvest collection of oysters fhenstudy site at lower
York River, Virginia, USA from experimental trials held in 2006 &087. 2007 oyster
collection occurred prior to infect with Dermo.

Prevalence of infection ¢ Prevalence of Infection ¢

Year Number of Mortality % MSX Dermo
Oysters  (survivors) Haplosporidium nelsoni Perkinsus marinus
Deployed

Histology PCR Histology PCR
2006 100 79% (21) 62% (13) 100% (21) 57% (12) 100% (21)

2007 100 21% (79) 88.6% (70) 100% (79) - -
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Figure 2: Distribution among intensity classes as determined throstgtolly at final
harvest of experimental oysters deployed in 2007 within the lower Ywod Ri
Gloucester Point, Virginia, USA.
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Figure 3 Intensity class groupings for analysis of protein changes, proteaysis,
enzymatic activities of oysters over course of 2007 field exposur&d. M
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Table2: Average protein concentratiopg/ul) among the intensity class of oysters
deployed in 2007 within the lower York River, Gloucester Point, VirgldiBA at three

sampling points. ®alues of One way ANOVA analysis testing significant differences

within intensities over time and also among intensity classescatime point provided
with * denoting significance (P<0.0%)\wverage protein concentration decreased

significantly over time within the group with no evidence of inf@tt{None) group and

was also significantly lower in this group compared to all othensgitly groups at the
final sampling point (2 months pedeployment).

Intensity

None 9
RareLow 27
Low-Medium, 27
Medium
Medium-High, 17
High

P-value -

N Pre-Deployment

2.2+ 0.53

1.82+ 0.49

1.6A4 0.45

1.8G+ 0.59

0.0604

Post

Deployment

(2 weeks)
1.61+0.42
1.5% 0.34

1.60G+ 0.31

1.81+ 0.20

0.1007

Post

Deployment

(2 months)
1.48 0.31
1.68: 0.19

1.62+ 0.26

1.79+ 0.25

0.0231*

P-value

0.0033*

0.0562

0.7165

0.9834
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Figure4: Protein profile of haemolymph proteifQ0 ug) collected froroneindividual
oysterrun on awo dimensional electrophoresis gel (14%) and silver stained ftysesa
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Figures: SDS Page gel of haemolymph from four individual oysters deployed \iligin
lower York River, Glogester Point, Virginia, USA. One individual representing each
intensity class (N: None,-R: Rare and Low, LMM: Low-Medium and Medium, MH
H: MediumHigh and High) at each of the sampling pointsdr(tial collection, 2 two
weeks post deployment in expeaental field conditions, ®final harvest from field).
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Table3: Abundance of protein band of interest among intensity classes rarsg ac
sampling times with the comparison of abundance over time within ftytetasses
using the Fisher exaatdt, * denotes significance (p<0.05)

Number samples with protein band (~40kC Comparison with over time

total samples FisherOs Exactyalue
T1 T1 T2
Intensity ~ T1:Pre  T2:Two weeks T3:Two months - - -
Class  deploymenipostdeploymen postdeploymen T2 T3 T3
None 1/9 4/9 8/9 0.2941 0.0034* 0.1312
RarelLow 0/9 7/9 9/9 0.0023* <0.0001* 0.4706
Low- 0/9 9/9 9/9 <0.0001* <0.0001* -
Medium
&Medium
Medium 0/9 1/9 6/9 1.000 0.0090* 0.0498*
High & High
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Table4: Comparison of abundae of protein band of interest among intensity classes at

the final sample point, two months post deployment using a FisherOtestaotienotes
significance (<0.05).

Intensities compared Comparison between intensities at T3
FisherOs Exactyalue
None - Low 0.3348
None- Medium 0.0294*
None- High 0.2941
Low - Medium 0.4706
Low - High 0.0152*
Medium- High 0.0004*




Table5: Identities yielded from Mass Spectrometry analysis and subsegascbiV
search of SwissProt database. Eachsextband reports a most likely identity based
upon overall protein scoel0*LOG;o(P), where P is the absolute probability that the
observed match is a random evemth a score ofjreater than 67 being significant
(p<0.05)) number of similar peptidesd individual peptide scores, predicted mass and
original species from which protein was described. Secondaryrpmoétches are also
provided.

Spot Intensity Sample ID Protein Peptides Species Mass
class Time Score
1 None  T3-final 1- 114 3 -34 Strongylocentroti42024
harvest cytoskeléal -57 s purpuratus
actin llla -29
2- dominin 59 2 -58 Crassostrea 21270
precursor -59 virginica
2 Rare T3 -final 1-maturase 61 1-61 Adesmia 61546
Light harvest like protein volckmannii
3 Light- T2BTwo 1-actin 127 3 -46 Pterosperma 38554
Medium weeks -47 cristatum
& post -34
Medium deployme 2-actin 123 3 -46  Oxystele tigrina 24943
nt -47
-39
3-dominin 114 3 -27 Crassostrea 21270
precursor -76 virginica
-38
4 Medium T3 -final 1- 343 8 -43 Dreissena 42168
High & harvest cytoplasmic -57 polymorpha
High actin -42
-28
-22
-37
-64
-55
2- dominin 85 3-40 Crassostrea 21270
precursor -55 virginica
-31

14¢€



L11L2 L3 M1 M2 M3 H1 H2 H3

i — <
4—
100
A
R1R1 L1 M1 M1 H1 H1 H1
250 —— 4
150~
<+—
100

B

Figure6: Zymography gel (A) of haemolymph samples from three individual oysters
representing three intensity classeseRareLow, M- Low Medium Medium, and HD
MediumHigh and High) sampled at three time points. Zymography gel (B) of
haemolymp samples from eight individual oysters representing four intensityedd®
Rare, L-Low, M-Medium and H High) all taken from the initial sampling time, pre
deployment exposure to MSX infected water system. Arrow indicéiesiitous 110
kDa proteasednd, arrowheads identify high molecular weight bands-gBMkDa).
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Table 6 Number of individual oysters with high MW (1400 kDa) proteolytic bands in
each intensity class, from the first sample collectioripiection in 2007. Tests for
significance between numbers of bands found in highest intensity class cdmjiarall
other intensity classes are provided, * denotes significance p<0.05.

Number of pre  Comparison with  Comparison with

deployment Medium-High Medium-High
Intensity samples with & High Intensity & High Intensity
Class proteolytic bands Class Class
(~150kD) / total  Chi Square, df,p FisherOs Exact p
samples value value
None 0/9 9.375, 1, p=0.0022 p= 0.0028*
RareLow 1/16 11.22, 1, p=0.0008& p= 0.0021*
Low- 1/16 11.22, 1, p=0.000¢& p= 0.0021*
Medium &
Medium
Medium 10/16 - -
High &
High
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Table7: Average Lysozyme activity (units of activity/ug of protein) fromrhat/mph

taken from oysters belonging to each intensity class at each bréeesampling poist
(1-pre-infection, 2 two weeks post deployment in experimental field conditiomfiigal
harvest from field). Fzalues of One way ANOVA analysis testing significant differences
within intensities over time and also among intensity classeschttimegooint provided

with * denoting significance, p<0.05.

Intensity

None 772.22475.9
Rare (3) 438.5:307.8
Low 905.4:858.3
Low/Medium 1483.31787.6
Medium 1140.&727.3
Medium/High 817.Gt792.6
High 799.4:651.4
P-Value 0.6209

(among intensities

(2 weeks)

702.4:556.5
583.2478.9

1374.51893.2

795.2800.1
629.(£529.2
836.8:858.8
466.3:249.0
0.5794

Pre-Deployment PostDeployment Post

Deployment
(2 months)
593.4t435.7
635.5:582.5
705.4:555.3
971.1927.3
742.3585.9
661.74510.2
502.8:4492
0.8393

P-value
(over time)

0.7422
0.8711

0.3800
0.6221
0.1452
0.8592
0.3810
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Table8: Average Alkaline Phosphatase activity (units of activity/ug ofgandtfrom
haemolymph taken from oysters belonging to each intensity classhabfete three
samplng points (3pre-infection, 2 two weeks post deployment in experimental field
conditions, Ifinal harvest from field). Ralues of One way ANOVA analysis testing
significant differences within intensities over time and alsoragintensity classes at
each time point provided with * denoting significance, p<0.05.

Intensity Pre- Post Post P-value
Deployment Deployment Deployment
(2 weeks) (2 months)
None 0.00020.03 0.00%0.07  0.1030.07 0.0557
Rare- Low  0.40#0.03 0.0020.04 0.767#0.66 0.0003*

Low/Medium- 0.016:0.04 0.334t0.97  3.1Q0t3.7 0.0125*

Medium

Medium/High 0.073:0.14 0.02@:t0.04  1.94+1.7 0.0004*
B High

P-Value 0.3935 0.4998 0.0916 -
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Chapter 5:

General Discussion
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Review of Research Goals and Findings

The study of host parasite interactions of parasitic protozoans intbkvese of
specialized techniques in order to obtain information about each sybtedepth study
can be achieved through manipulation of parasitic species in the @ydrabughthe

use of culture or the establishment of models fulfilling lifecystd environmental
requirements allowing for experimental infection of hosts to Wdiesti. In the case of
Haplosporidium nelsonstudy relies on field investigation or the culturenaid infected
oysters because the parasiteOs life cycle remains unknown arghtiigno cannot be
culturedin vitro nor transmittedn vivo experimentally. Given these limitations, the
diagnosis oH. nelsoniinfections is of particular importance inder to properly identify
the parasite and assess appropriate hosts for use in the studgisé#se relationship.
The biochemical interactions between parasites and their hoste ¢acredibly
informative as they are filled with specific parasitetdas relating to initial infiltration,
infection, disease progression, as well as defense strategpsyed by both the host

and parasite during this interplay. Biochemical interactiondednvestigated using
several methods, from holistic, proteasapproaches that examine changes in all of the
constituent proteins found in a tissue or sample typesponse to a change or
investigated using more narrowly defined set of parameters, such as specific enzyme
activities. Total protein profiles opscific tissues collected from the host can be
assessed through techniques such asBBSE, which separates all the proteins in a
given sample based on molecular weight-®@E which utilizes this separation
technique along with the added benefit of safian of proteins based on their isoelectric

point. As well, electrophoretic methods may be useful in examimngnee profiles.
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More specifically, proteolytic activity of individual samples carabsessed through the
using zymography and additionallgeific enzyme activities can be measured using
substrate assays. The combination of the protein approaches owtteedtargeted
towards a given tissue, provide a comprehensive investigation ofate®mre changes
within the host parasite interaction.

With the spread dfl. nelsonito Canadian waters in the Bras dOOr Lakes, the current
investigation first assessed the spread and detection of thiggarn#sin host oyster,
Crassostrea virginicapopulations in three localities in this new landscapéisdase, the
Bras dOOr Lakes. Secondarily, this study set out to investigatia prteeactions in this
hostparasite system in order to identify potential biomarker targetdved in
populations with and without disease to gain further informatiootahis pathogen and
to aid in understanding of the disease process that follows infedlmhost
populations sampled were also used to assess the use of infecteind@cted tissues as
targets for protein and enzymatic analysis with the goalesititying proteins specific to
the disease state. As part of the study, field experimentsoasied out within the
established disease environment of Chesapeake Bay, Virginia, in@aiscribe
protein profiles of host haemolymph comparingveaandinfected samples in order to

identify any changes correlating with disease.

Contributions and limitations
The populations studied in the Bras dOOr Lakes provide a snapshot oliddgse
spread within a new environmental range. The continued evidespeeaid and

infection within the Lakes further illustrates that study of farasite within this
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particular population is needed. The initial goal of the work witienLakes was to
identify the population at risk and to illustrate how widespread dtfgogen may have
become in just a few short years since its initial detect®ampling of large numbers at
sites in which the parasite had not yet been detected or hasblidi#gnostic positives in
previous years had been expected to show low preveadrtbese locations displaying
the spread of the pathogen had likely occurred throughout the lakes sygstmesults
however provided an unexpected outlook of MSX within the Lakes. Nyanza Bay had
continued infection at historic levels ever sinceddtrction of the parasite. East Bay,
which had been targeted as an area likely to have low prevalencg lestdad had a
prevalence similar to that seen in Nyanza, despite the appeafanbealthy multyear
class population at the time of collectidvost interesting was the collection made at
Lynches River, which showed no indication of infection when assedssmadyh

histology, but had a high prevalence (28%) when PCR was carried loigtlarge
discrepancy among the two diagnostics tests usikmdify and quantify the presence of
MSX within these populations provided evidence that there may be facturguting

to the lack of disease establishment within this population desfetgion. These
factors may lie within the host populationtlais location or within the environment in
which they live or some combination of both. Further study of this aadbye
populations in particular would be of great value in the investigatibh nélsoniwithin
the Bras dOOr Lakes, along with the sfdyhysical environmental parameters at
various locations in the Lakes and may help determine a correbetioeen

environmental factors and the likelihood that an infection wilgpess to a disease state.
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Comparison of digestive gland, gill and martissues from infected and uninfected
oysterusing protein electrophoresis proved too variable for use in identficat
protein expression differences associated with disease. Howleyengthodologies
employed in this attempted study provide aoce#ent set of tools to pursue a specific
protein target within these tissues. Separation utilizingdingensional electrophoresis
was greatly improved through initial dialysis of samples. Affaetionation method
developed for use in cultured celtsitientify proteins located in cytosolic, membrane
and nuclear components was employed and allowed for the elucidation obosrhigh
molecular weight proteins that were otherwise missed through wissdiional one
dimensional SDEAGE and twedimensonal gel electrophoresis methods. An increase
in sample size through initial screening using SEXS5E may help in controlling for the
variability seen among individual oysters. Targeting a single tissiyeatso further
reduce variability, rather than ang a cross section of the three tissues used for MSX
disease diagnosis, using the new methods with which to study thepieseias of
oyster hosts presented in this work.

The high degree of variability encountered through the targeting ofismsts fom
different individuals based on disease state identified the needuoer variability. One
means to do this is to compare tissues from the same individugheveourse of
infection. Within the Chesapeake Bay, populations of infected oystecbaely
monitored and the infection pressure is tracked allowing for an aeast@mation of the
seasonality of infection and disease development in this systerolleAtion of nave
oysters was achieved due to the existence of environmental consifaiettin

populations that are free from infection with MSX. Haemolymph &sget tissue for



protein analysis allowed nee individual oysters to be bled repeatedly with an initial
collection prior to infection being compared to subsequent haemolyanppless from the
same individual after their deployment in the MSX pressured environriistdlogy
with PCR then allowed for determination of both infected and unirdectividuals as
well as a snapshot of disease intensity at the final sampleTgosallowed for
groupings of individual oysters at all sample times based on thedigeglse intensity
level. Overall variability was reduced in the comparisonmjlsi individuals over three
representative time points. The use of haemolymph as tlet tezgye also yielded a
lower overall abundance of protein in each sample, restricting @R analysis and
therefore the use of one dimensional SBYSGE for protein comparison was used
resulting in a highly effective approach to the study of MSX targdtost haemolymph

proteins.

Using the above approach, several specific protein correlationsobseeved within this
host parasite system. The first was overall protein concemtifaiund within individual
haemolymph samples collected over the coafdke field investigation. Overall protein
concentration decreased significantly within the group with no evidenoéofion
through histology but positive by PCR analysis at the time of thedamaple. The
reduction in overall protein concenti@tiwas specific to this group and was also not
found to differ significantly across intensity groupings. This may suiggeésaw on
defensive proteins needed to ward off potential infections resuttiaguccessful
immune response or a healthy oystewhich proteins are diverted to gonad

development. Significant changes in overall protein concentration of mpedleoysters
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that mitigate MSX infection and disease could be pursued throughetdusgatly of these
individuals at the end of the field infgan cycle.

The only consistent change in protein bands identified by-BBRGE which correlated to
exposure to an MSX positive environment was present in nearly all indvichgardless
of intensity at the final sample time. This protein band wasnabsgally in nasve
oysters but present in both the tweek postdeployment and twononths post
deployment haemolymph collections. Identification through MS analysteyielctin as
the most likely protein identity for this band. The increase iim agthin the cell free
lysates of the haemolymph collections made-gegtioyment could be a result of a
degradation of tissues involved in disease or a directed releastnadraits own or
along with other cytoplasmic proteins as a targeted defensivegstr#ts such this
finding may indicate the identification of a role for actin in theedse manifestation of
MSX in the eastern oysteil.here may also exist a purely environmental influence
resulting in the increase of actin, unrelated to MSX spetiificand perhaps involved in
environmental changes encountered after deployment in this new locaticasstitinge
in salinity.

In assessing the proteolytic activity within the haemolymph fromréffitainfection
intensity class groups, a series of higblesular weight proteolytic bands were identified
in the nave oyster initial collection prior to exposure to MSX. This bandetated
significantly with the development of high intensity infections. thisfirst evidence of
a marker indicating susggbility of C. virginicato the development of high intensity
disease with the MSX parasite. It is unknown if this fact@n indicator of genetic

susceptibility, environmental susceptibility, or that this group of oysted a specific
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pre-existing ondition weakening their defenses against any immune threat. However,
further study is warranted to establish the action of this pe&sasvell as its role in this
disease system. Insights into the role of this proteolyticigclinking certain

suscetible oysters at risk of developing high intensity infections could leadportant
information regarding the disease process and cycling of this parasite.

Through investigation of certain enzymatic activities, alkaline phdapbavas identified
as sgnificantly more active over time within intensity class groupingsvelkas
displaying significantly higher activity among medium and heavy intensitfes
particular role for this enzyme is not known but provides an intagestudy target, as
well as an excellent candidate for stress screening in oyster stock$asemglymph as

a nonlethal target tissudzvidence of increased alkaline phosphatase activity correlated
to infection intensity and disease progression over time is novel stutie ofthis host
parasite system.

The multifaceted approach to understanding the proteins involved in the MSXaliseas
interaction within the eastern oyster led to the development offeothevith which to
study the parasite within the field, which minimizes undiial variability and allows for
comparison across intensities found within an infected population. pEedis protein
changes and findings can be used as a starting point toward furtrestehaation of
these changes and their relationship to geei$ic actions of disease and/or defense
within this host parasite system.

Research fuures based on present findings

Assessing an individual over time greatly increased the abilitlettify protein

differences in this system. If SEFSAGE or 2DGE weke to be tested in the future,
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targeted isolation and screening of specific samples should involveseparf

individual tissues. Using the approach ofveandividuals deployed in environments of
disease pressure and assessing haemolymph over tinire thi¢ Bras dOOr Lakes would
allow for more information about what is impacting the developmedisefise in
Lynches River. For example individuals from Lynches River could be deploye
Nyanza Bay at specific times of the year. There should alao besessment of those
oyster populations who have dealt with disease pressure for manyigdasisigals from
Nyanza) over time in order to look for changes to identify immune meetioat could
be involved in successful mitigation of disease. Tleeifip targets identified provide
many avenues for continued investigations in the Virginian and the Bras.akaSr
environments and valuable comparison of differences between theseetsadath one
being well established in dealing with this parastedver 50 years and the other having
new pressures and continued spread. Taking some of the informadibisbstd by the
current work and incorporating a genetic approach to investigate eppre$sipecific
genes would further describe the biochemigtdractions of this host parasite system.
Haplosporidium nelsonpresents many challenges in the study of its success within
certain environments, key changes in the proteome of host haemolymph paviele
direction in continuing to discover the elents involved in infection and disease in this

relationship.

161



	1
	2
	3
	4
	5
	6
	FILE5_Chapter2_FINAL_REVISED_March2013 17
	FILE5_Chapter2_FINAL_REVISED_March2013 18
	FILE5_Chapter2_FINAL_REVISED_March2013 19
	FILE5_Chapter2_FINAL_REVISED_March2013 20
	FILE5_Chapter2_FINAL_REVISED_March2013 21
	FILE5_Chapter2_FINAL_REVISED_March2013 22
	FILE5_Chapter2_FINAL_REVISED_March2013 23

	7
	8
	9
	10

