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Shell fish, i ncluding Ne (Perdaecanbliautull Ne® Zemlamis he | | E

blackfooted abaloneHaliotis iris) and flat oysters@strea chilensijsare susceptible to a
number of pathogens and diseases which threaten the aquaculture itclustgnt years, the

high mortality of these species in both wild and farm settings has increased in frequency and
magnitude These mortality events often take place in summer (summer mortality), with
shellfish succumbing to heat stress and pathogen loadings. However, there is a lack of
information on the combined effects of acute heat stress and immune stimulation, ash&ell as
specific mechanisms of the effects, susceptibility and resiliefterefore, a better
understanding is needed of the health status and capacity of shellfish to survive and overcome
these events. Key to this understanding is the investigation ofpatbsigerenvironment

interactions during mortality events and transmission pathways of infections.

Histology, one of the most useful and imperative diagnostic techniques, was applied for the
detection anddentification ofprotozoa Perkinsus olseniapicomplexan X [APX]Bonamia
exitiosa and B. ostreae gut protozoan), ciliatesS¢yphidialike, Sphenophrydike and
unidentified disintegrated), fungi Microsporidium rapuag cestodes Rucephalus
longicornutusand Gymnophallidike metacercaria), micra@s (intracellular microcolonies of
bacteria Vibrio-like bacteria) and copepods from different tissuell.afis, O. chilensisand

P. canaliculugollected from Moana Blue Abalone Ltd., Kaiaua mussel farms and oyster farms

in the Marlborough Sounds, Newedland Subsequenin situ-hybridization confirmed the



identity of P. olseniin H. iris andP. canaliculus This is the first detailed description &f.
olseniin H. iris. There is a close relationship between the health status of abalone and the
presencer absence of parasites, which may assist with identifying and characterising abalone
health risks. Consequently, the findings of this thesis increase -o@pth understanding of
pathogen infections in abalone, including host immune responses whictermagdas early
warning signs of health issues in wild and cultivated abalone in New Ze&aridermore,

this is the first report on seasonal variation® oblseniand APX inP. canaliculus There was

a significant association between seasons and#isemce oP. olseniand APX in mussels.

The abundance @. ostreaeP. olseniand APX for whole animals and different tissues was
evaluated semmjuantitatively using modified grading scales. Inflammatory tissue responses
and abnormal tissue structures were also assessed|samitatively.The modified grading
schemes were emplayeto assess the health state of oysters, as well as improve the
understanding of the progressiorBofostreaalisease in oyster tissues. In this investigatin,
ostreaemicrocells were detected inside haemocyte®.ofhilensis The haemocytes presence

in a variety oftissueswithin oysters indicate®. ostreaevas present at these sitbforeover,
diapedesis was noticed in tissues contaifdngstreadn haemocytes and suggesting a route

of disease transmission.

A new classiftation scheme foP. canaliculushaemocytes was developed using Giemsa
stained smearswhich is improved and more representative for the characterization of
haemocytes (eight distinct typedjhe successful observation of phagocytic performance
indicates hat granulocytes only exhilphagocytosis, and the phagocytic activity changed with

season and temperature.

Multidisciplinary methods including enzyme staining reactions, flow cytometry, and
metabolomic profiling were used to investigate the combinedtsfté acute thermal stress and
immune stimulation on mussels exposed to different temperatures (26°C vs 15°C) and
endotoxin injection (with vs without). Positive enzyme reactions of the marker enzymes (acid
phosphatase [ACP] and phenoloxidase [PO]) ortiected in granulocytes, and for the first
time, ACP and PO were evaluatedPincanaliculus At the higher water temperature, free fatty

acid constituents increased in mussel haemolymph and free amino acids decreased which
supports higher energy demanddametabolic rate due to thermal stress. Survival data
confirmed a severe physiological impact of the Higimperature treatment through incidences

of mortality. However, thermal stress combined with endotoxin exposure did not lead to a
synergistic effect ® mortality. These findings provide new insights into the relationship
between thermal stress and immunity to better understand the immune defence system in

mussels.



In summary the information of this thesis helps to draw inferences about specific orfecti
patterns relating to disease development and transmission mechasisess hogtathogen
interactions, to better understand the immune function and the overall health of shellfish for
disease mitigation of these important aquaculture spagiesnformation is crucial to develop
disease management strategies and early warning syfsteaggiaculture species to ensure the

sustainability of wild and farmed shellfish populations.
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arrow) and ciliate parasites (blue arrow), and without haemocytosis (G3) and (D)
grade 4 swollen gills with haemocytosis (blue arrows) and Perkinsus olseni (black arrow) (G4).
Yot 1[I o F= £t {0 N L o PP 35

Figure 2.5 Perkinsus olsenin histological sections from infected abalot {fis) gills and
mantle tissue, (A) vacuolatedigne#ing trophozoite of P. olseni with eccentric
prominent nuclei (black arrows) inside swollen gill, (B) single vacuolated sigZet
ring trophozoite (black arrow) &f. olsenwith prominenteccentric nucleus and a large vacuole
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Chapter 1

| ntroducti on and LiIte

New Zeal and aquacultureEspecies
mussel s, New obd a&lda rmd ab lommek and



1.1General Introduction and Literature Review

1.1.1Worldwide aquaculture
Aquaculture production is anticipated to rise by hiiBion tonnes in 2030, a rise of 32% (26

million tonnes)over 2018 FAQ, 2020. From 2001 to 2018, the global aquaculture production
of farmed aquatic animals increased by an ayeraf 5.3% per year. Asia is expected to
continue toboostthe aquaculture sector with 89% of the global produdip2030. Overall,
aquaculture production takes place ircaliners of the glohgarticularly in Africa (up to 48%)

and Latin Americayp b 33%). Since 1991, the amount of farmed aquatic food produced in
China exceeded that of the rest of the world comb{R&D, 2020. Among major aquaculture
producing countries, Egypt, Chile, India, IndoneS&tnam Bangladesh and Norway have
enhancedheir share in regional or global production to a varying degree over the past two
decadesKRAO, 2020. The secondiargest species production in the world is molluscs, with an
output of 17.7 million tonnes and US$34.6 billion; bivalves, including musdatss, scallops

and oysters, with a production of 9.4 million tons and US$69.3 billion in 2040 ,(2020.
Today, aquaculturis by far the dominant source of bivalve resources for human consumption.
However, throughout the world, the growth and sushility of the aquaculture industry are
adversely affected by summer mortality events and high pathogen loads. Thus, good biosecurity
practices are vital for successful marinad landbasedfarming and the future of the

aquaculture industry.

1.1.2 New Zealand Auaculture

New Zealand aquaculture products are well accepted byntbmational marketind the
industry continues to evolvdo meet demandsThe New Zealand flagship species are
Gr eenshel | Pernaneaaiailuss folldqwed by King salmon @ncorhynchus
tschawytschaand Pacific oystergdrassostrea giggswith some new species currently being
investigated for their commercial valuehere are welestablished aquaculture regions at the
top of the South Island and the top of the North Isldrte aquaculture industry is spread
mainly across five regions; mussels in Marlborough, CoromaaniSouthland; oysters in
Northland, Auckland and Coromandel; abalone in Marlborough and Cant¢NmwyZealand
Aquaculture Fact, 2032Fig. 1.1). Northlal dominates Pacific oyster production (51%), with
the remaining productiorbeing split between the Coromandel (26%), Auckland (21%) and
Marlborough (36) (New Zealand Aquaculture Fact, 2012

New Zeal andbés aquaculture industry empl oys

is approximately US$600million (https://www.aquaculture.org.nz/In 2018, the total

aquaculture production in Newedland was 104,50tbnnes FAO, 202Q. New Zealand

aqguaculture products ar e c ocaresxpodes togd@counties wor | |
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throughout the world{quaculture New Zealand, 200®v er t he past 50 years
aquaculture has gnn from a small scale to a major key industriyh sustainably producing

t he worl dosi QreesethnsbehfF Bodnussel s, King sal mc

(https://www.aquaculture.org.nzT h e Gr e e n s hR tahaficuludis Besv&€édalar(d's
most iconic premium seafoodn 2017, the production of oysters, salmon and mussels
represented 1.5%, 12.8% and 85.&%pectively FAO, 2019 (Fig. 1.2). In this country total
bivalve productiorin 2018 was 88,200 tonneBAO, 202Q. The production of two bivalves

(P. canaliculusand C. gigag hasmade great contributiort® the national economyDther
cultured species witemallerproductiors include New Zealand bladiooted abalonep U u a
(Haliotis iris) and flat oysters Qstrea chilensis H. iris has been grown on a broader
commercial scale, and its flesh and decorative slmeliee been recognized by the great
commercial markets of the world. Statistics from the Food and Agriculture Qagiani of the
United Nations (FAO) show that the worl dds pr
tonnes.Abalone exports increased from $34 million in 1991 to a top of $80 million in 2001,

before falling to $51 million in 200@ttps://www.paua.org.ng/NewZ e al and6s abal on

industry predominantly contributes to an internationatket Cook & Gordon, 2010Hooker

& Creese, 1996where the exported product of fresh, frozen and processed New Zealand
ababne hasncreasedhe commercial tariffs. In 2016, New Zealand exported $37.5 million
capital of abalone with a bulk of 763.5 tonnes from processed products, 37 tonnes from frozen
products and 29.1 tonnes from frephoducts eafood New Zealand, 2016Another
aguaculture species under development, the New Zealand gedthrakpéa zelandigahas

also expanded as is one of the most profitable products in the sesddast(Le et al., 201Y.

New Zealand aims to develop other potential aquaculture species, such as yellowtail kingfish
(Seriola lalandi laland), gropers Polyprion oxygeneigsand eels Anguilla australis A.

dieffenbachia (https://www.niwa.caz).

In New Zealand, the aquaculture industry has been percbivdde government as a top
potential income source through the New Zealand aquaculture strategy and phation
(Ministry for Primary Industries, 2030Therefore, thggovernment haannounced atrategy

that will help "streamline" the aquaculture industry toward turning into a $3 billion industry by
2035.However, marine shellfish diseases and summer mortality pose significant threats to the
industry. Addressing these health threaguires a thorough understanding of the immune
systems of these commercially important New Zealand aquaculture species and their ability to

cope with the increased burden of pathogens.
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Figure 12 Production of New Zealand aquaculture in 201Data was obtained
from FAO FishStat(FAO, 2019).

1.1.3 Disease outbreaks in aquaculture species

Disease can be simply defined as a lack of health. However, diseases are often associated with
hostpathogen interactiontfectious diseases have always been one of the top issues for the
growth and sustainability of the seafood industry. They have negative impacts on the production
of both farm and wild harvest, as well as the development of seafood dualédgent decades,
aquaculture diseases have attracted attention becausecainegeriously compromise
production and profitability. The ongoing development of aquaculture together with the
international trade of seafood, transfers and introduction of shellfish seed and stocks have
escalated the threat of disease spread throughoutadthe. Wisease outbreaks may be due to

the spread of wild populations, accidental transfer of sick animals between farms, use of
pathogerinfected feed, poor water quality, lack of sanitary barriers, lack of identificatidn
isolaion of unhealthy organies, and impaired animal welfare as a result of overstocking and
malnutrition, among@thers Alfaro & Young, 2016. Disease outbreaks in aquaculture are often

associated with viruses, bacteria grarasiteslt is estimated that up to 1/5 of potential

5



aquaculture production in China, which is responsible for overttoi r ds o f t he
production, is lost due to the emergentediseasefli et al., 201). In some cases, largesale

deaths caused by epidemics of serious diseases caused a large ofuddaths in certain
sectors, leading to the total collapse of the industry and a largeesmmiomic impact (for
example, the herpes virus in oysters, white spot syndrome virus in }lifie®er et al., 2012
SancheaVartinez et al., 2007Thus, disese outbreaks are considered to be a major constraint

on aquaculture production and trade, affecting the economic development arelceocioic

income of this sector in many countries around the world.

Several pathogens that have a major impact on thacatjure industry have been identified
worldwide. For example, a digenetic tremata@ercaria tenuanswas the probable causative
agent of extensive mortality of culturetissels Kytilus edulis= Mytilus galloprovincialig in

the southern part of tHeaguna Veneta, ItalyMunford et al, 1981). In addition disseminated
neoplasia, also called leukemia or hemic neoplasia, hasdismvered in blue ossels .
galloprovincialig from the coast of the Romanian Black $&ecan et al., 2005 Thedisease

is characterized by the presence of single anaplastic cells with enlarged nuclei and sometimes
frequent mitosis in hemolymph vessels and sinuses. The neoplastic cells gradually replace

normal haemocytes leading to increased animal mortality.

Viral infections, such as the Oyster Herpes Virus (Oshi\have severely impacted oyster
populations in Europe, Australia and New Zealand. It has long been believed that the oyster
herpes virus occasionally causes the death of laamdejuveniles of bivalvepgcies, most
notably the Pacific oyste€. gigas and the flat oyste@strea eduligHine, 2002; Renault &

Novoa, 2004 However, in 2008, a new variant (OsHV type 1 microvar) was described in
association with mass mortalities of Pacific oyster spat in the United Kingdom, France, Ireland
and Asia Hwang et al 2013 Peeler et al., 2012Segarra et al., 20)0This virus without
associated mortality was also detectedCingigasin Spain andtaly (Dundon et a| 2011

Roque et al., 2022In 2010, New Zealand and Australia recorded the first mortality outbreaks
associated witl®sHV-1 microvar(Bingham et al., 2013Jenkinset al., 2013 These outbreaks

have received considerable attention from shellfish farmers and scientists, but there is currently
little information about these infections and their impacts. In late 2005, an acute disease,
abalone viral ganglioneuritis (A®), occurred in a land farm in Victoria, Australia, which was
associated with very high mortality (up to 100%) in farraedlone idooper et al., 2007 In

May 2006, the disease was discovered in wild abalone, first near the affected farms, and
subsequently spread along the Victorian coastiifier abalone was transferred from the wild

to the farm, all three farms exploded almost simultaneougig higory of the abalone

movement linking farms, the spread of outbreaks on farms, within and between farms, as well



as clinical observationsf moribund and dead abalone, were all significantly indicative of a

virulent infectious agent.

Bacterial infections @ a constant risk to stocks in aquaculture facilities, such as hatcheries,
nurseries and growut tanks Webb, 2012 Bacterial pathogens, especialfibrio spp.
seriously affect aquaculturspecies and cause mortality outbreaks of marine bivalves in
hatderies, commercial farms and naturabitats Travers et al., 20)5Some commokibrio
species includ¥. splendidusV. harveyj V. tubiashiicoralliilyticus, V. aestuarianusandV.
crassostreagand other members of the gerliscardiaandRoseovariusre also considered
important pathogenic bacterial species affecting bivalve aquaculture (Travers et al., 2015).
Xenohaliotiscaliforniensisis a proposed new genus and new species of Rickettsiaceae that
causes the di sease knoounmnga the dpitheliamhoétmeiintegsinas y nd r ¢
tract of abalone and responsible for mortalifyriedman et al., 2000 Xenohaliotis
californiensisis listed by the OIE Manual of Diagnostic Tests for Aqu#tumals QOIE,

20193.

Protozoan parasites belonging to the gereeskinsus, Haplosporidium, Marteiliaand
Bonamiaseverely affect a variety of mollusc species, such as abalone, clams, mussels, oysters,
and scallops; which are commercially harvested or farmed around the (Robitedo et al.,
2014).In particular,Perkinsus marinus, Perkinsus olseni, Marteilia refringdvigrocytos

mackinj Bonamia ostregeandBonamia exitiosa&an infect abalone, clams, mussels, oysters,
and scallops, and are therefaarrently undersurveillance by the World Organization for
Animal Health OIE, 20194 Infectiousdiseases are still a major concern for aguaculture and
causing massive losses, and sometimes even shutting down certain operations completely.

Therefore, the management of infectious diseases is a priority for aquaculture sustainability.

1.1.4 Potentiadisease risk of New Zealand aquaculture species

Thereis credible evidence that various pathogens and diseases have adverse effects on New
Zealand aquaculture species. Potential disease risks to New Zealand aquaculture species are

discussed below:

1.1.41 Mussels

New Zeal and Gr e @.rcanhlieulu} sippartthe Ergdstsshel(fish industry in
this country. However, due to their filtereding nature, mussels act as reservoirs for bacteria,
including Vibrio spp, and can release them ieawaterRrado et al., 2034Currently, there

has been little informatiopublishedin regards to diseases Bf canaliculusn New Zealand.



Pathogens observed h canaliculusare the unenvelopd®NA virus in the epithelial cells of

the digestivetract (Jones et al., 1996phenotypic identification of two nereactive gram

negative bacteriaV. splendidus, V. coralliilyticus/neptuniike isolate in larvaltissue
(Kesarcodiwatson et al., 2009aprotozoanparasite apicomplexan X (APX) in thgonad

(Diggles et al.,2002); flatwornt Enterogonia orbicularisinside bodyand mud worms
Boccardiaspp and Polydora spp within the shell (Diggles et al2002). Pathogens and
parasites associated wih canaliculughat have been recorded in New Zealand include APX,

B. exitiosa digestive epithelial virosis (DEV), invasive ciliates, shmling worms (mud

worms) andVibrio spp.bacteria Castinel et al., 2014£2019. The significant pathogenaAPX

was also identifiedn different musselsP. canaliculus M. galloprovincialisand Modiolus
areolatusin New Zealand $uong et al., 2039 Perkinsusolseni which is associated with
inflammatory responses and mass mortalities was niotBd canaliculusrom the top of the

South Island in Newlealand QIE, 201§. P. olseniwas first reported in farmdel. canaliculus

at the top of the South Island in 2013, 2014 2016 andthen in2018 Webb & Duncan,

2019. Relatively few studies have focused Perkinsusand APXinfectionandtheir relation

with seasonal temperature variatioims New ZealandGr e ens he |l | Eherefores s el s .
seasonal changesih olsenand APX i nfections in New. Zeal an
canaliculug are first reporteéh Chapter 4SincePerkinsudnfection is usually related toey
environmental factors, such as water temperatial@ity, animal density, and substrate type,

it is important to continuously monit&erkinsusnfection during all seasons.

The greatestioe nt i al t hreat t o nNsselsagdewdtureaapparsGobee ns he
posed by parasites introduced by invading species of blue musselSi{#ilgs edulig. These

common shigborne fouling organisms are a likely source of overseas pathogens. The
hybridisation of invasive and indigenous blue muss@s galloprovinciali§ presents

additional potential pathological risks due to the production of more susceptible reservoir hosts
suitable for these pathogens. Evidence for such a risk is refmyrt@daumont et al. (2004)

who found the slowegperformancef M. edulisx M. galloprovincialishybrids compared with

pure species. Furthermofejentes et al. (2002¢portedower viability of hybrids challenged

by heat shock or infection witklarteilia refringens.If Mytilus spp. were to become infected

with Marteilia and if appropriate intermediate hosts (or local substitutes) were available, there

is the possibility of t (Véehbseni,28)i on to Greens|

1.1.4.2 Oysters
Flat oysters Qstrea chilensisand Pacific oystersd, giga3 are filterfeeding animals and are

important aquaculture species in New Zealand. However, several diseases and parasites



associated with oysters have been reported, most of which are also globally ubiquitous and pose
some commercial threats to oysters production. The haplosporidian paBasigsiaspp.
have had significant impacts on both farmed and wild populationstabyftders around the
world (Carnegie et al., 201®oonan et al., 1994&ngelsma et al., 20)14Due to its ongoing
impact on the flat oyster fishery in New Zealand, there has been both experimental and
observational work carried out examining the epideogpland pathology oB. exitiosa
affectingO. chilensisn New ZealandCranfield et al., 2009iggles & Hine, 2002Hine et

al., 2002 Hine, 1991 B. ostreads a parasite that can fatally infect flat oysters and poses a
substantial threat to this speg of oysterB. ostreaewas first discovered in the upper South
Island in 2015, then in Big Glory Bay oyster farms in 2(B.7ostreaeandB. exitiosaalone
have caused serious internationally notifiable diseat@meaksQIE, 2018a0IE, 2018h OIE,
2012). Theywere responsible for heavy stock losses (80 to 90%) in qyspedations Elston

et al., 1987 Farley et al., 1988ine, 1996. Hine (2002) reported severe apicomplexan and
B. exitiosainfection in the oysterQ. chilensis In addition,Bonamiaspp. have been found
within the haemocytes of flat oysters, dddnamiaco-infections have been observed@n
chilensisin New ZealandLane et al., 20106 The mortality outbreaks dD. chilensiswere
caused byonamiaspp (Castinel et al., 2093vhichled to the removal of all the farmed oysters
in New Zealand in 2017. Thereforgarifying the disease progression patteshB. ostreae
infections within O. chilensisis paramount in helping to determine appropriate disease
management strategigshapter 3ntroducesB. ostreaeB. exitiosa and other parasites flat
oysters in New Zealand, as well as the specific patte®. aistreaedisease progression in

oystersd t i s s darasite interactian$ and tiarbmissien ohimfextion.

Several other pathogen and parasites suBuesphalus longicornutu&\PX, Microsporidium
rapuaeand ciliates in digestive tubule lumen; copepod in digestive gland connective tissue and
Rickettsiain digestive tubule epithelium also have been reportdthiroysters(Lane et al.,

2019. Diggles et al (20023 noticedvirusesiridovirus, herpedike virus in gill, mantle and
adductor muscle; bacteridocardia crassostrea@grampositive bacteria) in the mantle, qill,
adductor muscle and headlytophagaspp. in hinge ligamentickettsia like organisms (RLOS)

(now referred to as intracellular microcolonies of bacteria [IM@sICano et al., 2020in

mantle and gill; protozeaMarteilioides chungmuensis ovarian follicle;Mikrocytos mackini

in the body vall, labial pulp and mantlédaplosporidium nelsoniand Perkinsus marinug

the mantle of Pacific oysters.

Other diseases and parasites associated with New Zealand oysters have also been reported.
These include flatwormBnterogonia orbicularisnside hie body, mud wormd$occardiaspp

and Polydora spp. within the shell Diggles et al 20023; spionid mudworms Handley &



Bergquist, 1997Handley, 1995 ard ostreid herpes virus OsHY (Dinamani, 197 1Hine et

al., 1992 Jenkins & Meredyti¥oung, 1979, which also infets oyster larvae and spat.
Potential problems could arise from RLOs/IMCs, granukdike lesions and inflammatory
lesions suggestive of haemocytic neoplasia, and severe cases of mud worm can cause
significant shellembrittlement (WVebb, 202). The least affected organisr{id3inamani, 198p

include turbellarians, chironomids, nematodes, mud worms andcpass.Hine and Jones

(1994 mentioned the copepdtseudomyicola spinosbsit asserted that it appears to have little
effect on its hostsn 2010, New Zealand recorded the first outbreak of mortality involving
OsHV1 microvariants(Bingham et al., 20133Jenkins et al., 20)3These outbreaks have
received considerable attention from shellfish farmers and scientists, but at present, there is
currently little information on these infections and their impacts.

1.1.4.3 Abalone

New Zealand blackooted abalone op U Wt iris) are currently farmed in New Zealand.
However, abalone cultured at high densities (up to 45% of the culturieid) usually show
erosion and exfoliatiodamageof the foot and epipodium, which are usualbsociated with
infections of various bacteri®iggles & Oliver, 200% In addition, pathogenic transmissions

from one species to another are common in intensivacdturesettings Diggles and Oliver

(20095, observed-lexibacter/Cytophaghke rods bacteria in the epithelium of the foot and
epi podi unDiggies et@mlU@Jareportedpustule disease caused Wibrio spp.
bacteria.Vibrio species are commaognkssociated with moribund abalone. Infection wWith
harveyiis marked by tissue inflammation generally leading to the formation of pustules that are
analogous to vertebrate abscesses. In organized lesions (such as foot muscle abscess), a large
number oflive and necrotic haemocytes are often seen to accumulate, and many bacteria are
surrounded by a wetleveloped haemocyte respongeharveyiandV. splendidushave been
observed to pose a significant risk to other cultured mollusc species irZésand(Webb,

2013. Diggles et al. (2002aalso reported-lavobacteriurdike glinding bacteria in shell,
epipodium, mantle and foot of juvenile abalone. Abalone also exhibit a fungahsfuelsis
(Diggles et al., 2002&Grindley et al., 1998as wellas the sheboring spionid mud worms
Polydoraspp. andBoccardiaspp (Bower, 2006bDiggles et al., 2003ahat can be a problem

in the culture of abalone. Severe cases of mud worm can cause significant shell embrittlement
(Webb, pers. obs.). In addition to danragthe shell, it can also cause a deterioration of health:

H. iris infected withPolydora hopluracan be underweight and produce abnormal deposits of
conchiolin (Diggles & Oliver, 2005)Diggles and Oliver (2005)eported haplosporidia,
epithelial erosion, rickettsial inclusions in the gut, coccidika protozoa in foot epithelium,
bacterial infection Bower, 20068 nonspecific necrosis, granulordée lesions, haemocytic

neoplasia like inflammation and greges (apicomplexans) ifl. iris. In New Zealand
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Diggles et al. (2002amentionedhat except for one type of abalone disease known to affect
brown lesions within the abalone shell and cause death in severe cases, there is not much
research on abalone dises. The disease can also have detrimental effects on economic value
as it can cause damage to the sh@lendley et al., 1998 renderingthem unsuitable for

decorative purposes.

Perkinsusolseni(protozoan parasité¢)as been a notifiable species te World Organisation

for Animal Health (OIE, 2019a). Frothe top of the South Islan®, olsenihas been reported

in H. iris (OIE, 2017. AlthoughP. olsenhas now been confirmed i iris, there is no detailed
information aboutP. olseniin this specis. To fill up this knowledge gap, infection wikh
olseni and other parasites iH. iris is described in Chapter 2 which is the first detailed
description ofP. olsenialong with other pathogens and parasites in New Zealandgatd
abalone. While th&lew Zealand abalone aquaculture industry is relatively free of dangerous
parasites and pathogens compared to other cougddansusspp. has potential disease risks

that need to be monitored and managed.

1.1.5 Summer mortality eventsand hostpathogenrenvironment

Interactionsin aquaculture species
In some seasons, pathogen and parasite loads can be extremely high, especially in summer with

high temperatures, which can cause massive mortalities. Summer mortality events are often
associatedvith various types of pathogens, such as viruses (@styeid herpesvirus)Alfaro

et al., 2018 Nguyen et al., 2018, bacteria (e.g.Vibrio spp.) (Allam & Raftos, 201% and

parasites (e.g., protozoarikane et al., 2016 Effects due to rising war temperatures have

been reported in New ZP.xénaliocutl} vdere mantaitegdnl E  mu s
mussel farmgNguyen & Alfaro, 202pandalterations in energy and immunalated metabolic

pathways were highlighted in unhealtimgsselsli(i et al., 2020).

Summer mortality events are a consequence of complex interactions between pathogens and
environmental factors and often are associated with temperature inc{Badbglin et al.,

2000 and reproductiveycles Cheyney et al., 1998The rise of water temperature in the
summer season maye responsible for bacterial proliferation in the water, and bacterial
accumulation in the tissues, leading to stréddta et al., 200 disease andnortality
(Gagnaire et al., 2007 Multiple factors, including infections of microbes and parasites,
environmental stressors and imbalanced immune systems are responsible for creating diseases
in aquaculture. Disease dynamics are greatly influenced by environmental factors such as
elevated temperatursalinity, water quality and hydrodynamic forces; and cultivation practices
such as rearing history, rearing systems and farming @iéso et al., 2018 Sincehigh

mortalities of molluscs in both wild harvest and farms have become a frequent phenamenon
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recent yearghis knowledge gap remains a big challenge for better understanding the complex
hostpathogerenvironment interactions during mortality events and transmission of infection

to develop the disease management strategies for aquacultues spec

Continuing trends inthe environmentvariables controllecby the globalclimate change
motivatesresearchers to measwervironmentabind physiologicaéffectswith changesn the

host organismand pathogens Nlaynard et al., 2016 Changes in the environment can
consequencé outcomes that indulgence either host or pathogen, increasing or decreasing
indigenous infection rate@Danovaro et al., 2011; Burge at., 2014). High temperature
increases pathogenicitf numerousnarinepathogens (Burge al., 2014)throughincreasing
pathogen metabolisendfitness,it's finally leading tohighertransmissiorrates(Karvonen et

al., 2010).Temperature is an important factor that affects physiology, behavior and ecology of
marine organisms. Initially,as the temperature rises, metabolism and energy consumption
usually increase but can eventually kill marine life (Brauko e2@R0).Therefore, the effects

of acute thermal stresm the physiology of mussels have been includechiapter Gor better
understanding their defence system during summer mortality and evaluating thathogen

environment interactions.

1.1.6 Immunity of aquaculture species

The health of marine organisms is uniquely related to their immeelisieonments. When
conditions become conducive to reproduction, microorganisms are capable of infecting marine
life (Ellis, 200). Due totheir filter-feeding behaviougquaculture species are constantly being
exposed to pathogens and parasites from tineownding water. Thereforanolluscs can
accumulatenanypathogens from the surrounding water. For organisms grown in aquaculture
environments, they are more likely to come into contact with pathogens, because these
"controlled environments" generally pnote the growth of pathogens (such as bacteria,
viruses, and fungi). However, under normal conditions and good aquaculture practices, marine
invertebrates maintain a healthy status by defending themselves against these potential invaders
using a repertoiref innate defenceachere et al., 200&chmitt et al., 2012 To cope with

the challenge of thpathogerrich marine environment, molluscs have evolved both external
and internal defence systems. The external defence is made up of several layesal @hy
mechanical barriers, including the shell and the mucosal layer. The internal defence mainly
depends on the innate immune systehich relies primarily on several significadefence
processes, including extracellular anttacellular neutralizatin, melarzation, encapsulation,
apoptosis, phagocytosis, chemotaxis and recogr{fibeim & Raftos, 201% Immune priming

(memory), which affects molluscs, is the ability to store euge the information from a
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pathogen or parasite encounter to induce an intensified resistance or tolerance to subsequent
infections(Lafont et al., 201) Thisenhanced immune response may increase witlypesure

and may result in extreme levels of specificity between hosts ahdgesms, and thus host
protection occurs Portela et al., 2013 Detailed research is necessary to expand our

understanding of the mollusc immune system.

1.1.6.1 Bivalve molluscs immune studies

Bivalves mainly relyon the innate immune system, includgedlular and humoral components
(Song et al., 2010).Several studies have been conducted to understand the mechanisms
involved in the innate immune system of marine bivalves, includingselsCosta et al., 2009

Coles & Pipe, 1994Wootton et al., 208) andoysters ¢la Silva et al., 20084égaretet al.,

2003 Lin et al., 201, clams Cima et al., 2000Matozzo & Bailo, 2015Munari et al., 2011

Prade Alvarez et al., 2012 Perna canaliculus which is the most important cultivated
aguaculture species in New Zealand. However, there are few studiPs cenaliculus
immunity and its cellular and molecular pathways in responsgsatbogens Kesarcodi
Watson et al., 2009&esarcodiWatson et al., 2009bSince high mortalities oP. canaliculus

in both hatcheries and commerdalims have become a frequent phenomenon in recent years,
there is an urgent need to perform immunological studies of mussels to understand the disease
process and consequently thevdlopment of management strategies. To fill this knowledge
gap,haemocyte immune function and the relationship between thermal stress and inofhunity
musselsre presented in Chapters 5 arfdrébetter understanding their defence system during

summermortality and evaluating the hggsathogen interactions.

1.1.6.2 Gastropod molluscs immune studies

The immune system of gastropods such as abalone consists of the cellular immune system and
the humoralresponse Hooper et al., 2006 Numerousstudieshave been performed to
understand the mechanisms involved in the innate immune system of abalone. These studies
have focused on cefhediatedresponses Gheng, 1981 Martello & Tjeerdema, 20Q1
Sahaphong et al., 200Travers et al., 2008 humoralresponsesGheng, 1981Vakalia &
Benkendorff, 200h andstress responseBdldwin et al., 1992Malham et al., 200Ryder et

al., 1994. To defend against infections caused by pathogens, most abalone rely on innate
immunity Elvitigala et al., 2018 Observation of the invertebrate immune system offers the
possibility of somedegree of specificity and memory in the immune strategiesbafone
(Rowley & Powell, 200Y. Therefore more irdepth investigations are needed to clarify how

the immune systemman defend the animal in a pathoge environment.
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1.1.7 Overview of haemolymph and haemocytes of molluscs

Haemolymph and the circulating haemocytes are the major components of the immune system
and have been the focus of most immunological studiesiluses. Examples of these studies
include many aquaculture species, suchviga arenaria(Beckmann et al., 1992 apes
philippinarum (Cima et al., 2000)Ruditapes decussatfkopez et al., 1997af5accostrea
glomerata(Aladaileh et al., 2007MeretrixlusoriaandCrassostrea gigagChang et al., 2005).

1.1.7.1 Haemolymph components and their roles

Hemolymph is composed of haemocyte®d various humoral defence factors secreted by
haemocytes that float in the colourless plaslafn & Raftos, 2015 Gosling, 201%.
Respiratory pigment usualgbseresin the haemolymph because its oxygen concentration is
equal to or slightly larger than that of seawdiayne et al., 1999 The haemolymph is a
circulatory fluid that plays various significant rolesbivalve physiology, such as internal
defence, gas exchange, osmoregulation, nutrient distribution, waste elimination and hydrostatic
pressure, and is used for the structural support of organs including, labial palps, foot and mantle
edges Gosling, 201%.

1.1.7.2 Haemocyte classifications and their functions

Haemocytes are cells circulating in the bloodstream and are primarily responsible for defence
against pathogens responses within invertebaiganisms Karp & Coffaro, 1980
Haemocytes play significant roles in haemocytosis, phagocytosis, nacrezation and
encapsulation, but they are also involved in other biological functions, such as wound healing,
food digestion and transport of nutrients, gonad resorption, shell formation, andmeofeti
humoral factorsAllam & Raftos, 2015Bachere et al., 201%&randiosa et al., 20]18

Haemocytes are the principal immueffector cells that play a key role in the innate immune
system of molluscs. Changes in total haemocyte counts (THC) in haephodyman important
immunological parameter to evaluate the health state of the host. Alterations in circulating
haemocytes have shown a common response of molluscs to infecttbssazesAllam et al.,

200Q Jones et al., 1998/ateo et al., 2009Nguyen et al., 2018and environmental stresses
(Couch, 1985Hauton et al., 2000Nedderburn et al., 2000Flow cytometry (FCM) analyses

in molluscs have focused on the characterization of haemocyte types, response of haemocytes
to stress, diseases or togigents and diagnosisditeasesNguyen & Alfaro, 2019 Assessing

health parameters of bivalve haemocytes has become a popular tool in agubeaskuare
studies to assess haemocyte cell viability, cell number and the production of reactive oxygen
speciegROS) (Nguyen & Alfaro, 2019).
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Molluscan haemocytes vary greatly from species to species, and there is currently no unified
nomenclature that applies to haemocytes of all aquaculture species. Generally, bivalve
haemocytes are divided into two broad categobased on the presence of cytoplasmic
granules, including granulocytes aadranulocytesGheng & Foley, 1975Cheng, 1981
Wootton & Pipe, 2008 These cell types have been observed in many bivalve species including
the musselDreissena polymorphaMytilus edulis Anodonta cygneaPerna canaliculus
(Chandurvelan et al., 201l&iamberiniet al., 1996 Pipe et al., 1997Rolton et al.,202Q
SoaregdaSilva et al., 200p the oysterCrassostrea gigagAllam et al., 2002Chang et al.,

2009, the clamRuditapes philippinarupMercenaria mercenariaMeretrix lusoria (Allam et

al., 2002 Chang et al., 20Q5and thepeppery furrow shell mollus&crobicularia plana
(Wootton & Pipe, 2008 However, not all haemocyte types are observed in all bivgeeies

(Hine, 1999. Dependingon the granular affinity to specific dyes (acidophilic/eosinophilic,
basophilic and neutrophilgranulocytes), granubytes are further sutlassified into different
categories Bayne et al., 1979Hine, 1999. Indeed granulocytes have many cytoplasmic
granulesand are the most abundant cell type. Conversely, hyalinocytes have few or no granules
and have a hyalindgranducent)cytoplasm(Hine, 1999. Hyalinocyteshave been divided into

two types: small hyalinocytes and latgalinocytes Cheng, 198) Interestingly, granulocytes

have been rarely observed in the haemolymph of marine gastropods such as &wadpee (
etal., 2007 Nakatsugawa et al., 1998ravers et al., 200&hengli & Handlinger, 2004 The
presence of granulocytes in the haemolymph has only been reportdaliatis asinina
(Sahaphong et al., 20P1n Haliotis iris, two types of haemocytes were identified, including
type | (monocytdike) and type Il (lymphocytdike) cells Grandiosa et al., 2015t has been
suggested that for the haemocytes of marine gastropods, the usual hyalinocytes and
granulocytes classifitimn might not be appropriate Nartello & Tjeerdema, 2001
Haemocytes play an important role and are actively involved in immune defence in innate
immune responses within invertebrate organisiithough as part of the internal innate
immune system, haerogtes act as mediators of cellular defences, various active particles in
haemolymph secreted by haemocytes are key components of humoral defences (Allam &
Raftos, 2015; Song et al., 2010). Therefore, haemocytes are the foundation of the bivalve innate
immune system, and haemocytediated immunity is recognized to be the main internal
defence mechanism of bivalves (Zannella et al., 20dOrder to gain a deeper understanding

of this topic, most studies have used the observation of haemocytes as aietthimgestigate
molluscan immunity.Haemocyte morphological distinctions are necessary for a better
understanding diaemocyte functionand the development of a health assessment system that
can be used tevaluate immune parameters of aquaculture epetn this contribution, light

microscopical studies were carried out to characterize the haemocksafcanaliculusin
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orderto establish a novel and complete classification scientbe haemocytes of this species

to better understand the immufugctions of aquaculture speci@hapter 5)

1.1.8 Phagocytosis in defence function of molluscs
Haemocytes play a key role in phagocytosis, perhaps the most important mechanism of

molluscs to eliminate pathogens, which is the engulfment of foreign particles (e.g., bacteria,
algae, cellular debris, protozoan parasites) by haemo($tesing, 2015 Due to the open
circulatory system of mollusc, haemocytes are freely circulated, and abundant haemocytes have
been found in peripheral compartments; and these peripheral haemocytes can phagocytise
foreignparticles Allam & Raftos, 2015 Granulaytes are pagocytic cells, which eliminate
foreign microorganisms that invade the haemolymph teslie Tame et al., 2005 In
granulocytes, high levels of intracellular enzymes associated with immunological activity allow
them to kill pathogens after phagocytg§Gosling, 2015 Phagocytosis is a temperature
dependent process diivalve molluscs (Oliver & Fisher, 1999 and phagocytosis can be
affected by water acidification, increased temperantechangeis salinity Ellis et al., 2011
Matozzo et al.,, 2012 The growth and sustainability of the aquaculture industry can be
adversehaffected by thanal stress and/or high pathogen loads. To address these health threats,
it is importantto investigate phagocytosis like haemocyte immune function in aguaculture
species.Phagocytic activity of mussel$ ( canaliculuy haemocytes in different seasons is

included in Chapter ® better understand the haemocyte immune function of the mollusc.

1.1.9 Enzyme activity in defence function of molluscs

Lysosomal enzymes within the haemocytes of molluscs participate in the killing and
degradation of phagocytosedhterials Cheng, 19751981). Sometimesto degrade foreign
materials, lysosomal enzymes are released from haemocytes into the plasma or extracellular
compartments of other tissu@ohandas et al., 1985Acid phosphatase (ACP) is a lysosomal
marker enzyra that is detected inside cytoplasmic granules of granulocytes and can be taken
as a reliable tool for the biological assessment of heavy p&tation (Aladaileh et al., 20G7
Rajalakshmi & Mohandas, 20p5Phenoloxidase (PO) is a key enzyme involved in
melanisation, and also serves as an innate defence mechanism in lsigabras Gerdol et

al., 2018 Vaillant, 200). The strongactivity of PO and its zymogen form, prophenoloxidase
(ProPO), has been observed in the haemolymph of different bigspb@s Gerdol et al.,

2018. Enzymaticelimination of antigens in marine molluscs occurs through AG@Rity and
reactive oxygen species (ROS), such as hydrogen peroxide producedhagrieeyte Tiscar

& Mosca, 2004. Temperature and salinity changes ediect bivalve defence mechanisms

involving haemocytes that contaimydrolytic enzymes and produce ROS related to the
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degradation opathogens@onaghy et al., 202 Zagnaire et al., 2006Therefore, it is vital to
investigate the enzyme activity of haamtes for understanding the immune responses of the
mollusc to pathogens. Research into enzyme activity in defence function of mollusc rarely
examines in New Zealand aquaculture species and researchers have not treated this topic in
much detail. To fill upthe knowledge gap, a detailed study of A@Rrl PO enzyme activity
exposure to endotoxin and acute temperature in defence functions of haemod3eesaof
canaliculuswas added in Chapter 6 to a better understanding of the mussel immune defence

system dumng acute increases in water temperature.

1.1.10 Immunological tissue responses of molluscs

The inflammatory response after pathogenic infection and/or cell injury is a local defence
reaction in hostissues Cone, 2001 An inflammatory tissue response, such as haemocytosis
(abnormally high number of haemocytes), is an attempt to destroy, dilute or isolate the
destructive agent and the affected hoslis Sparks, 1972 Accumulationof lipofuscin
pigment (ceroid material) or brown matesiitde immunological tissue responses is caused by
nutritional deficiencies, toxicity, or disease in molluscs which are associated with disturbances
in the lipid metabolism in several pathologicahditions garoogian & Yevich, 1993Webb

& Duncan, 201P Howeveryery fewstudies have been conducted in New Zealand to evaluate
immunological tissue responses associated with pathogens in aquaculture species. To fill this
gap, the detailed studies of nmnological tissue responses (haemocytosis and brown
material/ceroid accumulation) associated with pathogens in abalone, oysters and mussels were

included in Chapters 2, 3 and 4.

1.1.11 Techniques and approaches to study shellfish pathology

There are seval immunological techniques (e.g., histopathology, haematologysitu
hybridization, polymerase chain reaction) and novel approaches (e.g., metabolomics, flow
cytometry) that can be applied to diagnose pathogens, investigatealiosgien interactions

and better understand the immune defence system of shellfish. The combination of these
techniques is likely to provide more valuable information for elucidating the complex
mechanisms of disease progression, and how the immune response deals with patttbgens

remediation in aguatic organisms.

Histological techniquegmicroscopic examination of fixed and stained tissue sectionsive
evaluatngtissues for determining the prevalence of parasites and the occurrence of pathologies.
Moderate to heavy infecths with pathogens and parasites are relatively easy to detect by

histological techniques. The diagnosis of molluscan diseases has primarily been achieved using
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histological methods and transmission electrocroscopy Anderson et al., 1994zevedo et

al., 1990 Hervio et al., 1996Howard et al., 2004.ongshaw et al., 20Q1Histology provides

a large amount of information not only on the general health of a shellfish but also the detection
of a wide range opathogens, lesions associated with theraattion of the pathogen with the
immune system of molluscaanguren et al., 20)6However, some parasites are difficult to
detect in moderate to light infections and measurement ofgifeialence or occurrence does

not give a true indication of theehlth of an organisnHervio et al, 1996. To solve this
problem, histopathological observations can be analysed both quantitatively and semi
guantitatively which are important approaches for the health assessment of individuals and
populations of aguatianimals.Pathogens, parasites or tissue inflammation are recorded for
intensity or abundance or severity using either quantitative orcpaanititative scales. Most
parasites are counted quantitativéBhapters 2, 3 &). The abundance donamia ostreae
Perkinsus olsenand apicomplexan parasite X (APX) in flat oyste®s ¢hilensi9 andNew
Zeal and Gr e e nB.kandliduld} wasiesakiatdd with 6emuantitative grading
scales (Chapters 3 & 4). Tissue inflammation (haemocytosis and ceroitiuidatian) and
abnormal tissue structures (digestive tubule atr@std/gills pathology) were evaluated using
semiquantitative scales (light, moderate and highjantitative histopathological analysis of
aquaculture species is a valuable approach forssisge the health of individuals and
populations and is often applied to investigate the impacts of disease and parasite infestation in
musselsRobledo et al., 19946vardh, 1999 providing direct and reliable evidence of cellular
injury and inflammatoryesponseslo evaluate the intensity of diseases and parasites, and the
extent of tissue pathologies, rather than simply prevalence measures, intensitgnoroé

tissue alteration may more reliably correspond to measurespafsure Ellis et al., 1998

Tissue appearanc&qick & Mackin, 197), histologicalgrading Bowmer et al., 1991 or
summation of total parasitead Wilson-Ormond et al., 20QCareusually considered to better

assess the health of sampled populations.

While a considerable amouat information regarding the innate immune system of marine
invertebrates has been gathered over the years, there are huge gaps in our knowledge, especially
about the detailed mechanisms of action when invertebrates are exposed to pathogens and the
developnent of infections within various tissues. Therefore, it is essential to identify specific
infection patterns relating to this disease progression. To fill up the knowledge gap, a modified
grading scale for determiniri} ostreaeanfection levels of oyster as well as for providing a

method for investigatin®. ostreaalisease progression are introduced in Chapter 3 to clarify

hostparasite interactions, disease development and transmission mechanisms.

Molecularbased methods or moleculgchniques ofpolymerase chain reaction (PCR) are

more sensitive than light microscepgsed method®Dggles et al., 2003a Silva & Villalba,
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2004 Flannery et al., 2034Since B. exitiosaandB. ostreaere morphologicallgimilar Lane

et al., 2019, it is difficult to distinguish the two types &@onamiaspp. through histology
technique. MoreoverDeoxyribonucleic Acid DNA) sequencing is a reliable method for
distinguishing betweeBonamiaspecies(Cochennec et al., 20p0Therefore the Bonamia
species were cdinmed as eitheB. ostreaeor B. exitiosain New Zealand flat oystetsy PCR
(Chapter 3.

In situhybridization (ISH) is an incredible adjunct to traditional histopathology andiB#GSRd
diagnosis techniques and it combines advantajeboth Carnegie etal., 2003. Like
traditional histopathology, ISH reveals the location of the infected tissue and the host response
and similar to PCR, ISH is specific and highly sensitive. Therefore, successful hybridization of
ISH offers a distinct phylogenetic confirtien that a specific pathogen is associated with
specific host tissue (Carnegie et al., 2003). Since degraded -afaime pathogen DNA may
create falsepositive PCR results and faleegative results, as with histopathology, may occur
due to sampling eors (Burreson, 200) the efficacyof ISH exceeds conventional diagnosis
(Carnegie et al., 2003Perkinsusnfectionsin histological sections can be confirmed by ISH
analysisof tissues from histologicaections foss et al., 2002008 Navas, 2008Ramilo et

al., 2015. Moss et al. (20063onfirmedP. olseniinfection inCrassostrea ariakensissing the

ISH assay and both ISH and histology analyses helped to diagnose lesions in gills of Chinese
oysters forPerkinsus beihaiensigfection (Moss et al., 2008). As ISH is a useful species
specific assay that can confirth olsenidetected in the tissues of aquaculture species by
histology, we used (included in Chapters 2 and 4) ISH assay for the confirmaRoolséni
infectionsin H. iris andP. canaliculuswhich is the first ISHconfirmed occurrence &f. olseni

in New Zealand blackooted abalone (Chapter 2).

Various criteria or approaches have been used to categorize haemocytes according to their
morphology cytochemistryandfunction (Wanget al., 2012 Multiple studieshave usedight
microscopy(Nakayamal997 Wootton et al., 2003andflow cytometry Hégaret et al., 2003

Xue et al., 2001Lto examine the type, structure and function of bivdlaemocytesHine,

1999. A new optimised haemocyte classification schemeRocanaliculugChapter 5) was
developed using Giemsaained hemolymph sgars, and in vitro, phagocytosis activity assays

were applied to measure phagocytdiie haemocyte immune function.

The occurrence of several enzymes in shellfish haemocytes was demonstrated by different
techniques. The staining reactions method is actymical technique carried out for light
microscopy to identify the number of enzyme reactive haemocytes. Staining reaction
techniques were used to determine a range of enzymes in aquaculture spétestoy and

Pipe (2003)Lopez et al. (1997aCarbdlal et al.(19973. Enzymestaining reaction tests were
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applied (Chapter 6) fodetermining the percentages and localization of two marker enzymes

(acid phosphatase and phenoloxidasdjaemocytesf P. canaliculus

Flow cytometry(FCM) is a standard laboratory instrument used for both fundamental and
applied research immunological researches, especially for clinical analy€esdier, 1986
Cossarizza et al., 201Fleisher & Oliveira, 201P The application of FCM has been dmged

to various parameters of molluscan immunology, including cell count and viability, cell types,
phagocytosis, oxidative stress, apoptosis, DNA and protgitent Nguyen & Alfaro, 20139
Haemocyte immune functions, involving total haemocyte countq)T Haemocyte viability

and reactive oxygen species (ROS) production were investigated by flow cytometry (Chapter
6).

Metabolomics (a biotechnological approach) is the comprehensive analysis of metabolites in
biological samples, and it is a rapidly grogifield with significant pertinence in aquaculture
research, such as larval production, nutrition and diet, disease and immunology and post
harvest quality contrglAlfaro & Young, 2018. Metabolomics offers a novel application for
understanding endogenous metabolic alterations of organisms in all biological activities
organized by disease or environmeagitation(Klassen et al., 20)/Metabolomics is utilized

to differentiate endogems metabolic changes in biological samples under various
environmental conditions and biomarkers involved in these procéSgeyen & Alfaro,

2019. The metabolomics approach has been developed and applied over the past few years in
aquaculture species Mew Zealand and has become a powerful tool to monitor molluscan
health Alfaro & Young, 2016 Nguyen & Alfaro, 2019;Young et al., 2016 To this end,
metabolomics (gas chromatograpimass spectrometiyased) ofP. canaliculusexposed to
endotoxinand acte thermal stressors were applied (Chapter 6) to investigate the changes of

metabolites in mussel haemocytes.

1.2 Thesis Aims

This study was conducted to gain information and fill knowledge gaps about the histopathology

of New Zealand shellfish and their immune defence system. This thesis aims to assess the health
condition of New Zealand aquaculture species and to investigated#fence functions and

disease susceptibility/resistance. The thesis objectives are to identify different pathogens and
parasites ilNew ZealandGr eenshel | E mussels,otMhaw abed lomred pH
flat oystersand to evaluaé immunological tssue responses associated with pathogens, to
understand the patterns of disease progression that may help elucidatasis¢ interactions

and transmission of infections, and to investigate the individual and combined effects of acute

thermal stress a@hendotoxin exposure on immunological responses to better understand the
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immune defence system. This research will contribute to disease management strategies for the
wild and farmed shellfish aguaculture industiredlew Zealand and overseas.
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Figure 1.3 Thesis structure.

through 6 are as follows:

To achieve the aims of this thesis, seven chapters are included. Chapters 1 and 7 are the general
introduction, and final discussion and conclusions, respectively. DescriptionChapter 2

Chapter 2 (Case study 1):Occurrence of Perkinsus olseniand other parasites in New
Zealand blackfooted abalone Haliotis iris)

Objectivesi) To identify, confirm and characterise the main parasites inclugdarginsus
olseniof farmed New Zealand bladkoted abaloneHaliotis iris).

i) To describe pathological conditions and severity of inflammatory responses such as the
proliferation of haemocytes and ceroid material in different tissukls iofs.
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iii) To investigate the relationship between the health status (gross appearance of healthy and

unhealthy abalone) and the presence or absence of parasites.

Chapter 3 (Case study 2)Bonamia ostreagHaplosporidia) and other parasites in New

Zealand flat oysters(Ostrea chilensik a histopathological study

Objectives
i) To determine the presence Bbnamiaostreae(and other parasites) in different tissues of

New Zealand flat oyster©trea chilensis

i) To clarify the patterns of disease progression (from a mild infection to a systemic infection)

through the individual tissue grading #r ostreaénfections within oysters.

Chapter 4 (Case study 3) Perkinsus olseniand other parasitesand abnormal tissue
structuresi n New Zeal and Gr @ana sdnaiduludcacroes diferent s (

seasons

Objectives
i) To identify the pathogens and parasites and their seasonal variatidfsw Zealand

Greenshel | E mussel s tacimgwugh hi st opathol ogi cal

ii) To determine the prevalence and abundance of parasitesRerkinsus olseniAPX) in

different tissues of mussels across different seasons.

iii) To study inflammatory tissue responses (haemocytosis, ceroid material) and abnormal

tissue gructures (gill pathology and digestive tubule patholagfynussels.

Chapter 5 (Case study 4): Characterization of mussePgrna canaliculu3 haemocytes and

their phagocytic activity across seasons

Objectives
i) To develop a new optimisedassification scheme fdPerna canaliculushaemocytes to

assess mussel health.

i) To quantify different types of haemocytes of mussels and to compare their haemocyte

profiles within different levels o¥/ibrio-like bacterial association.

iii) To better inderstand the immune function of haemocytes. canaliculughrough in vitro

phagocytosis activity assays over the seasons.
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Chapter 6 (Case study 5):Acute thermal stress and endotoxin exposure modulate

metabolism and immunity in marine musselsRPernacanaliculus)

Objectives

i) To identify and determine the percentages of marker enzymes (acid phosphatase and
phenoloxidase) in haemocytes Bérna canaliculuexposed to two stressors: 1) endotoxin
exposure (lipopolysaccharide)and2h e r mal stress (26AC vs 15¢C)
tests.

i) To study the cell viability, total haemocyte count (THC), reactive oxygen species (ROS)
production ofP. canaliculusexposed to 1) endotoxin exposure (lipopolysaccharide) and 2)
thermals r ess (26AC vs 15eC) wusing flow cytometry

iii) To inspect the changes of metabolites in haemocyteB. afanaliculusexposed to 1)
endotoxin exposure (lipopolysaccharide) and
chromatographynass spectrometityased metabolomics.

iv) To investigate the individual and combined effects of acute thermal stress and endotoxin

exposure on the survival 8f canaliculus.

1.4 Research Outputs

1.4.1 Peerreviewed papers

Published
1. Muznebin, F., Alfaro, A. C., & ebb, S. C. (2021). OccurrenceR#rkinsus olserand other

parasites in New Zealand blafdoted abaloneHaliotis iris). NewZealandJournal of Marine
andFreshwaterResearchl-21. https://doi.org/10.1080/00288330.2021.1984950

2. Muznebin, F., Alfaro, A. C., Webb, S. C., & Merien, F. (2022). Characterization of mussel
(Perna canaliculus) haemocytes and their phagocytic activity across seasons. Aquaculture
Researchhttps://doi.org/10.1111/are.15926

Revised
1. Farhanavluznebin,AndreaC. Alfaro, LeonieVenter& Tim Young. Acute thermalstress
and endotoxin exposuremodulate metabolismand immunity in marine mussels(Perna

canaliculug. Journalof ThermalBiology.
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2. FarhanaMuznebin, Andrea C. Alfaro & StephenC. Webb. Perkinsusolseni and other
parasitesn New ZealandG r e e n srhusskldPErnacanaliculugd acrosdifferentseasons.

Journalof Aquaculturelnternational.

In preparation
1. FarhanaMuznebin, Andrea C. Alfaro, StephenC. Webb, Anne Rolton & Zoé Hilton.
Bonamiaostreae(Haplosporidia)and other parasitesin New Zealandflat oysters(Ostrea

chilensig: a histopathologicastudy.

1.4.2 Presentations at Conferencasd Symposiums

Poster presentations (first or main author)

1. Muznebin, F., Alfaro, A. C. & Webb, S. C. (2021, September). Occurreneerkinsus
olseniand other parasites in New Zealand blemdted abaloneHaliotis iris). Poster session
presented athe Physiomar & Australia New Zealand Marine Biotechnology Society Joint

Conference, Nelson, New Zealand.

2. Muznebin, F., Alfaro, A. C. & Webb, S. C. (2021, July). Occurren&®edfinsus olserand
other parasites in New Zealand bldobted abaloneHaliotis iris). Poster session presented at

the New Zealand Marine Sciences Society Conference, Tauranga, New Zealand.

3. Muznebin, F.Alfaro, A. C., Webb, S. C., Rolton, A. & Hilton, Z. (2019, October). Infection
intensity and disease progressionBainama parasites in New Zealand flat oyste@s{rea
chilensiy. Poster session presented at the New Zealand Society for Parasitology (NZSP)

Conference, Dunedin, New Zealand.

4. Muznebin, F. (2019, Augustnfection of Bonamiaparasites in New Zealand flat agss
(Ostrea chilensis Poster session presented at the Auckland University of Technology

Postgraduate Research Symposium, Auckland, New Zealand.

5. Muznebin, F., Alfaro, A. C. & Webb, S. C. (2018, October). Parasites and pathogens of
cul t ur eHdliotip itish in Nefv Zealand. Poster session presented at the New Zealand

Society for Parasitology Conference, (NZSP) Palmerston North, New Zealand.

Oral presentation (first or main author)
1. Muznebin, F. (2018, August). A histopathological study of Nésaland blackooted

abalongHaliotis iris). Paper presented at the Auckland University of Technology Postgraduate

Research Symposium, Auckland, New Zealand.
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Oral presentation (presented by ceauthor)

1. Hilton, Z., Rolton, A.,Muznebin, F., Webb, S. C., Fidler, A. & Alfaro, A. C (2021,
September). The impact of the exotic pathoBenamia ostreaen the NZ native flat oyster
(Ostrea chilensis and potential for selective breeding for resilience. Paper presented at the
Physiomar &Australia New Zealand Marine Biotechnology Society Joint Conference, Nelson,

New Zealand.

1.4.3 Scholarship/Award/Travel grants

1) April 2017: New Zealand Commonwealth Doctoral Scholarship by New Zealand Ministry
of Foreign Affairs and Trade.

2) The best poster presentation award at the New Zealand Society for Parasitology (NZSP)
Conference, Dunedin, 2019.

3) Conference grant (500 NZ$) to attend the New Zealand Society for Parasitology Conference
(NZSP), Dunedin, 2019.

4) Conference graifb00 NZ$) to attend the New Zealand Society for Parasitology Conference,
(NZSP) Palmerston North, 28.
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Chapter 2

Occurrence ofPerkinsus olsenand
other parasites in New Zealand black

footed abalone Haliotis iris)

New Zealand blackooted abaloneHaliotis iris)

Muznebin, F., Alfaro, A. C., & Webb, S. C. (2021). Occurrendearkinsus olserand
other parasites in New Zealand bldokted abaloneHaliotis iris). New Zealand
Journalof Marine and FreshwaterResearchl-21.
https://doi.org/10.1080/00288330.2021.1984950
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Abstract: The culture of endemic New Zealand bldokted abalone Haliotis iris)

represents a growing aquaculture industry, which is potentially threatened by pathogens and
parasites. To identify and characterise health risks, a targeted sampling event was conducted of
healthy and unhealtiyooking abalongshell deformities, tissueathage and brown creamy
substance/fluid in tissues) at a lapased farm. Histological analysis showed signs of ill health,
including disrupted and swollen gills with haemocytosis, ceroid material and parasites, and
muscle tissues with focal haemocytosishwparasites. For the first time . iris, detailed
histological observations, followed by confirmatamysitu hybridization (ISH) resulted in the
identification ofPerkinsuslseni(5% prevalenceBcyphidialike ciliates (56%)Sphenophrya

like ciliates (%%), unidentified disintegrated ciliates (26%), intracellular bacterial
microcolonies (IMCs) (9%), apicomplexdike cells (1%) and bacteria (2%) were also
identified across organs. There wasgnificantassociation betwegresence oP. olseniand

IMCs. Immunological tissue responséag¢mocytosis and ceroid material) and gill pathology
were evaluated semguantitatively, and were significantly associated vitholseni Gross
abalone appearance was also significantly associated Rvitlolseni and unidentified
disintegrated ciliates. These findings indicate the types of pathogens and parasites found in

culturedH. iris for future health assessment studies of this important aquaculture species.
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2.1 Introduction
Abalone are haliotidastropods of increasing importance in the global aquaculture sector.

While they are found throughout the world, the New Zealand Htamied abaloneHaliotis

iris) is endemic to this country. This species supports a growing aquaculture industry
(productbn of 60 mt in 2016/17) as well as commercial and recreafiishafies Cook, 2019
Diggles et al., 2002d&eece & Stokes, 2003 ike most wild and cultivated molluscs, abalone
are susceptible to pathogens and parasites, but there are few publishedteatdocus on

their characterisation and heakffects Diggles & Oliver, 200%. Of specific concern is a
renewed interest in the study of thlreolate protozoan parasi®erkinsus olsenand other
protozoan parasites that affect wild and cultuabalones Handlinger et al., 2006.iggins &
Upston, 2010Mouton & Gummow, 2011

Members of thePerkinsusgenus are welknown causes of disease and production loss in
aquaculture across their wide global distribution and host ragei & Park, 2010 OIE,

2019b). Seven species éferkinsusare now documenteé. beihaiensigMoss et al., 2003 P.
chesapeak{McLaughlin et al., 2000 P. honshuensi@Dungan & Reece, 2006P. marinus

(Mackin et al., 1950 P. mediterraneugCasas et al., 2008P. olseni(Lester & Davis, 198

andP. qugwadii(Blackbourn et al., 1998Two speciesk. marinusandP.olsenj ar e not i yalt
to the World Organisation for Animaflealth QOIE, 20194 With regard to other abalone

speciesP. olsenihas been associatedwitta s si ve mortal i ties and si g
in H. rubrain NSW, Australia in thel980s Liggins & Upston, 201 Perkinsusinfections

have also been detectedHnrubra, H. laevigataandH. cyclobatesn South AustraliaGoggin

& Lester, 199%. However information orP. olseniin New Zealand is limited, especially with

regards to its effects dA. iris within wild and cultured populations, which are economically
important. To dateP. olsenihas been reported in bivalves, including the cldmgrovenus

stutchburyj Macomona lilianaBarbatia novaezelandiandPaphies australign northern New

Zealand Diggles et al., 2009aFrom the top of the South Island of New Zealdadylsenihas

been reported in abalonél.(iris), scallops Pecten novaetandiag and musselsRerna

canaliculud and confirmed by histopathology and Ray's fluid thioglycollate medium (RFTM)
assaysQIE, 2017. AlthoughP. olsenihas now been reportedli iris, detailed observations

and characterisation are lacking, as veslldetection and confirmation using spesiscific

in situ hybridisation (ISH) assays.

Previousstudies on New Zealand abalone have resulted in the identification of a range of
disorders and pathologieBiggles & Oliver (2005)documentedhaplosporidia, epithelial
erosion, and rickettsibke organisms (RLOs) (now referred to as intracellular microcolonies
of bacteria [IMCs]by Cano et al., 2020n thegut and protozoa in the foot epitheliumkbf

iris. Diggles and Oliver (2005also obseved mud worms Rolydora hoplurd, bacterial
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infections, norspecific necrosisabnormal deposits of conchiolin along with shell damage,
granulomalike lesions and haemocytic neoplaklke cell proliferation and gregarines k.

iris. In addition,Diggles et al. (2002anoted a pustule disease (light coloured, sometimes
yellowish pustules or abscesses) causelfibyio bacteria on the base of the foothbfiris.
Sheltrelated pathologies, include shbtring spionid mud wormdPplydora websterandP.
hoplura) andBoccardiaspp. 8. acus B. knoxj andB. chilensi$ which are involved in shell
blistering (mud blisters), burrows within the shell structure and brittle shell (Diggles et al.,
2002a), endobiont spongasdpolychaetesunphy & Wells, 2001ard shell mycosis (disease
associated with an opportunistic fungal infection) have been obsertédrig, and in some
cases result in shdtiss Grindley et al., 1998

Pathogens and parasites, as well as other foreign agents (e.g., inorganic particles,
contaminants), may trigger inflammation processes, which result from the accumulation of
large numbers of haemocytes (immiaféector cells) around the damaged or affected areas to
destroy or mitigate thintrusion Qarriba Coufiago, 20)7 Suchinflammaticns have been
noticed in tissues dil. iris after infection with haplosporidigrarasitesiggles et al., 2002b

and shell lesions Nollens et al., 2004 Other studies have investigated the inflammation
process by characterising the immune responseamdeytosis (high number of haemocytes

in tissues) inH. iris (Grandiosa et al., 201@ollens et al., 2004 but information on this
process rem@ins limited. Another inflammatory tissue response is ceroid material accumulation
in tissues, which is observed as brownjsliow pigmentcaused by nutritional deficiencies,
toxicity, or disease stemming from several pathologicaiditions Webb & Dunca, 2019
Zaroogian & Yevich, 1993 Although the presence of yellow pigment or ceroid was reported
in the oysterCrassostreavirginica (Mackin, 195) and Mediterranean clanRuditapes
semidecussatuSagrista et al., 199@ndGreenshelM musselPernacandiculus (Webb &
Duncan, 201p such tissuspecific immune responses are not vedlaracterised in New
Zealand blacKooted abaloneHaliotis iris). Therefore, characterisation of the immunological
tissue responses, which can be useful warning sigriedatiagnosis of ill health may require

further investigation.

To fill the knowledge gap, a sampling snapshot of heatthg unhealthyooking abalone was
conducted at one ladghsed farm to identify, characterise and quantify the main pathogens and
parages and their infections in different tissues of farmed abaldfe iffs), using
histopathological techniquesnd ISH assays for confirmation &% olseni.Moreover, the

severity of immune host responses, such as haemocytosis and ceroid material daocunagat
assessed with regards to pathogen presence. The relationship between the health status (gross
appearance of healthy and unhealthy abalone) and the presence or absence of parasites was also

investigated.
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2.2 Materials and Methods

2.2.1 Sample coll¢émn and preparation
A total of 86 adult abalone (shell singing from 51 to 97 mm, me&a&E of 66.5+7.0 mm)

were collected from Moana Blue Abalone Ltd. (Ruakaka, New Zealand) in August (austral
winter season) 201The culture water was maintained demperature of + 15°C, salinity of

35 ppt, pH 8.0, and a dissolved oxygen conédmdve 7.0 mg L1. Gross appearance (criteria

by which live abalone were determined as healthy or unhealthy) of samples showed unhealthy
animals (n = 27) with a brown crearsybstance or fluid or pustules (Fig. 2.1A), damaged and
abnormal tissues or spongy (Fig. 2.1B), nodules (Fig. 2.1C & D), shell deformities (Fig. 2.1E

H), and healthy animals (n = 59) with norragipearing tissue and shell structures.

Figure 21 Gross appearance dfaliotis iris showing (A) brown creamy substance/fluid (pus),
(B) abnormal tissue (spongy), (C) and (D) abnormal tissue with nodules on foot,
(E)-(G) shell deformities (scars dndamage), (H) infestation of spirorbid worms
(commensals) on the shell.

All samples were transported to the Auckland University of Technology (AUT) in a container

that was kept cool with ice packs that were notiieal contact withthe animals.

2.2.2 Histology
On arrival at the AUT laboratory, specimens (86 abalone) were dissected on the same day, and

215 mm thick slices containing different tissues and organs (e.g., gills, foot, mantle, gonad,
digestive gland, esophageal pouch) were placed in histologicaltteas@®/o cassettes per

animal) befordfixation (Howard et al., 2004 followed by standard histologicgirocessing

(OIE, 201§. Samplesver e fi xed in Davidsonds solution (4

processed for paraffitnistology (una, 1968. Sectionso f 5 em were obtain
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microtome. Deparaffinised, 5 um sections were sthiwéh hematoxylin and eosin (H®)

stains. DPX mountant was used to seal glass coverslips over the sections.

2.2 3 In-situ hybridization (ISH)

ISH was used to corbmratePerkinsusinfections for the 4 abalone in whi¢rerkinsuswas

encountered during histological assessment. ISH analyses were conducted at the Animal Health
Laboratory, Wallaceville, Upper Hutt, New Zealand. Sections of-@mkedded blocks
correspondig to histological slides showirl@erkinsusinfections were used for ISH. Tissue
sections of 5 e&m i nprtehp Ec kenleisMdyich, F@Bcdgwesn si | a
dewaxed in two changes of xylene for 5 min and 2 min and rehydrated in a descending alcohol
series. Subsequently, the sectionsaversed in distilled water for 1 min and then in phosphate
buffered saline (PBS) for 1 min. The secti
(concentration of 100 eg/ml) for 15 min at 3
briefly air-dried atroom temperature before phgbridization. Sections were then incubated at

42AC for 30 mishyWirihi Z@@ ioin dfufgree contai ni ng
labelled probes (Eurogentec). ADIGabel | ed | SH probe (10l ) was
PCR probe synthesis kit (Roche). A Dl&belled probe was generated using the PCR primers
Pols140F (5' GAC CGC CTT AAC GGG CCG TGT T 3') and PolstD8R (5' GGR CTT

GCG AGC ATC CAA AG3') (Moss et al., 2006 The DIGlabelled probe was used at a
concentation of 5 ng/pl. A neprobe control (25 pl of hybridization buffer only) was included

with each experiment. Target DNA and Dl&belled probes were denatured at 95°C for 5 min

and the hybridization was carried out overnight at 421 next day sectionsere washed in

2xSSC at RT (2x5 min), in 0.75xSSC at 42 °C (10 min) and in solution 1 (100 ml maleic acid

buffer, 205g NaCl, pH 7.5) for 5 min at RT. Tissues were then blocked for 30 min at RT with

100 ¢l bl ocking sol uti on detected 8gnd@iplfanticd@ | vy , b
conjugate in blocking solution (2 h, RT).Washed with Solution 1, @#land equilibrated

with detection buffer (solution 2) for 2 min at RT. Slides were incubated for 1 h at RT in
NBT/BCIP, a chromogenic substrate foralkal e phosphatase, diluted i
the dark by covering humid chamber with foil. The reaction was stopped by rinsed briefly in
distilled water (1015 dips)andbriefly in 1xPBS two times. Slides were counterstained for 1

min with Bismarck bown (0.5%), dehydrated with ethanol (96% ethanol 2x1 min and Absolute

ethanol 3x15s) and cleared with xylene 3x15s, mounted with a drop of Eukitt resin and cover

slipped.

Controls for eachPerkinsus olsenspeciesspecific probe were tested in the samennaa
except that they received hybridization buffer lacking probe during the hybridization step.
Positive controls were tissue sections from susceptible Hosig) infected withP. olseniand

negative controls were frobe assays.
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2.2.4 Microscopimbservations
Prepared histological slides were examined under the microscope wsing 4& objectives.

If any tissue needed to be examined more closely,at@ 10& objectives were used to
identify suspected pathogens and parasites. Images were rakehigtological slides using a
Leica DM2000 microscope.

2.2.5 Epidemiological parameters and data analysis
Prevalence and mean intensity of pathogens and parasites were calndatethg tdBush et

al., (1997)
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Prevalence was calculated quantitatively as the percentage sdrtiple population showing a
given condition. Mean intensity was calculated quantitatively as the total number of parasites
of a particular species in each individual or specified organ or thin section of the entire animal
divided by the number of hostafaples infected with that parasifeathogens and parasites,
including Perkinsus olseni ciliates Scyphidialike, Sphenophrydike and unidentified
disintegrated) and intracellular microcolonies of bacteria (IMCs) were counted from different
tissueqgills, muscle, digestive gland and esophageal pouch) to calculate their prevalence and
mean intensity. One histological section per animal was used for histopathological evaluation.

Pathogens and parasites were counted across the entire slide afteughttexamination.

Host responses were evaluated sgquoantitatively witha grading scale (light, moderate and
heavy) modifiedfrom Hine (2002& representingthe severity of inflammation features
(haemocytosis and ceroid material) in an animal, organ gtisstnistological section (Table
2.1).

Several tissue conditions were also assessedqg@aniitatively. A grading scale 4) was
applied for evaluating gill pathology (normal gills without ceroid material and parasites, gills
with ceroid material and pasites, disrupted gillwith ceroid material and ciliate parasites, and

without haemocytosjsand swollen gills witthaemocytosis anBerkinsu$ (Table 2.2).
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Table 21 Semiquantitative grading scale for the severity of haemocytes and ceroid material
occurrence. See the figures below for visual grading.

Inflammatory lesions Score  Description

1 Light haemocytosis: (H1), few (< 3Bpemocytes per fiell
at 40x magnification (Fig. 2.2A)

2 Moderate haemocytosis: (H2), medium numberZBQ)
of haemocytes per field at #@nagnification (Fig. 2.2B)

Haemocytosis 3 Heavy with diffuse haemocytosis: (H3), haemocytes
200500 per field at 40 magnification) are distribute:
broadly over a large section of tissue without a clear ce
or focal point of highest haemocyte concentration (|
2.2C)

4 Heavy with focal haemocytosis: (H4), a more intense 1
of haemocytosis with marked centresfocal points of
haemocyte (>500 per field at 0 magnification)
concentration (Fig. 2.2D)

1 Light ceroid material: (C1), low concentration of cerc
material (Fig. 2.3A)

Ceroid material 2 Moderate ceroid material: (C2), medium concentratiol
ceroidmaterial (Fig. 2.3B)

3 Heavy occurrence of ceroid material: (C3), (Fig. 2.3C)

Table 2.2 Grading scale for gill pathology.

Score Description

1 Normal gills without ceroid material and parasites (G1) (Fig. 2.4A)

2 Gills with ceroid material and ciliate parasites (G2) (Fig. 2.4B)

3 Disrupted (showing areas of destruction) gilgh ceroid material and ciliat:

parasites, and without haemocytosis (G3y. 2.4C)

4 Swollen gills with haemocytosis amerkinsus olseniG4) (Fig. 2.4D)
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Figure 22 Grading scale for the occurrence of haemocytes in muscle tissues acctwding
Table 2.1 (A) grade dight haemocytosis (H1), (B) grade -n2oderate
haemocytosis (H2), (C) grade-hgavy with diffuse haemocytosis (H3) and (D)
grade 4 heavy with focal haemocytosis (H4). Scale bars in-¢& = 30 um and
in (D) = 25 pm.
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Figure 23 Grading scale for the occurrence of ceroid mater{@rrows) in muscle
tissues according to Table 2.1 (A) gradelight ceroid material (C1l), (B)
grade 2moderate ceroid material (C2and (C) grade -Beavy ceroid matel
(C3). Scale bars = 30 pm.
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Figure 24 Grading scale for gill pathology according to Table 2.2 (A) gradendrmal
without ceroid material ah parasites (G1), (B) grade jills with ceroid material
(green arrow) and ciliate parasites (black arrows) (G2), (C) gradelissupted
(showing areas of destructionjills (black arrows) with ceroid matersal (green
arrow) and ciliate parasites (blue arrow), and without haemocytosis (G3) and (D)
grade 4 swollen gills with haemocytosis (blue arrows) armEerkinsus olseni
(black arrow) (G4). Scale bars = 30 pm.

2.2.6 Statistical analyses
Chi-square tests were used to identify associations between the health status (gross appearance

of healthy and unhealthy abalone) and presence or absepegasftesand the association
between pathogens/parasiéesl presence or absencePofblseni.These testa/ere performed
using IBMs SPSSs Statistics software (version 23).

2.3 Results

2.3.1 Prevalence and mean intensity of pathogens and parasites
A number of pathogens and parasites, includfegkinsus olseniScyphidialike ciliates,

Sphenophrydike ciliates, unidentified disintegrating (dead/dying) ciliates, intracellular
microcolonies of bacteria (IMCs), apicomplexé® cells and bacteria werobserved in

different tissues and organs (Table 2.3) of 86 abalBnevalence and mean intensity of
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parasites varied greatly from one host organ to an¢fladale 2.4). Since this mean intensity is

only from a part of the surveyed individual, organ issue, it is, therefore, indicative and
comparative rather than an absolute vaBphenophrydike ciliates andcyphidialike ciliates

had the highest overall prevalence (55 and 56%, respectively) and mean intensity (39+3.8 and
30£2.8, respectively), anidfected host numbén = 47 and 48, respectively) and were observed

in gills (infected host number = 42 and 44, respectively), oesophageal pouch (infected host
number = 5 and 7, respectively), and muscle tissues (infected host number = 4 and 5,
respectiely). The prevalence, mean intensity of abalone infected Rithiseniwas 5% (n =

4) and 18.5+0.6, respectively, and these protozoa were distributed in a variety of organs, but

mainly in gills (infected host number = 2) and foot muscle (infected hodbenm3).

Dead/dying ciliates had a prevalence and mean intensity of 26% (n = 22) and 3.5+0.2,
respectively, and were noted in giflafected host number = 19esophageal pouch (infected

host number = 3), and muscle tiss(iafected host number = IJheir poor condition rendered

them unidentifiable. Unidentified structures appearing in vacuoles within the intestinal
epithelium that could correspond to apicomplekaa were also found with a prevalence of
only 1%. Intracellular microcolonies of bada (IMCs)(prevalence of 9%, n = 8 and mean
intensity of 21.3+1.0)vere observed in a variety of organs, suchils (infected host number

= 1), muscle (infected host number = 1), digestive gland (infected host number = 5) and the

oesophageal pouch {ectted host number = 3) of abalone.

A Chi-square test indicated a significastsociationgf = 0.042) between abalone infected with
P. olseniand IMCs (Table 2.A.1n the Appendix). Roghaped bacteria (2%) commonly
occurred on epithelial surfaces of gillmantle cavity, and organ surfaces within the body

cavity.

Table 23 Overall prevalence and mean intensity (+SE) index of parasites in abalone.

Parasite type Prevalence % Mean intensity+=SE
Perkinsus olseni 5% 18.5+0.6
Scyphidiaciliates 56% 30+2.8
Sphenophryailiates 55% 39+3.8
Unidentified disintegrated ciliates 26% 3.51£0.2
Intracellular microcolonies of bacteria 9% 21.3x1.0

(IMCs)
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Table 24 Prevalence and mean intensity (+SEpafasites in different tissues amdjans of

abalone.
Parasite Organ names
type Gills Muscle Digestive gland Esophageal pouch
Prevalen Mean Prevalen Mean Prevalen Mean Prevalen Mean
ce % intensityx ce % intensityx ce % intensityx ce % intensity+
SE SE SE SE
Perkinsus 2.33% 8+0.2 35% 193105 0% 0£0 0% 0+0
olseni
Scyphidia 51.2% 28.3+2.6 5.8% 3.440.1 0% 0z0 8.1% 26+1.1
ciliates
Sphenophrya 50 % 40434 4.7 % 3+0.1 0% 0+0 5.8 % 2240.6
ciliates
Unidentified 22.1%  4+0.2 1.2 % 1+0.01 0% 0z0 35% 310.1
disintegrated
ciliates

Intracellular 1.2 % 454).5 1.2 % 340.04 5.8% 14.4:0.4 2.3% 2510.4
microcolonies
of bacteria

2.3.2 Observations gdathogens and parasites

2.3.2.1Perkinsus olseni
Perkinsus olseni(Fig. 2.5AD) is a dinoflagellatdike protozoan parasitePerkinsus

trophozoites commonlgccur in gills, digestive glands, mantle and gonadal connective tissues.
Single or multiple trophozoites (Fig. 2.52) of P. olseni were observed in thewollen
(swelling consists mostly of haemocytes) blood spacgillsf and the connective tissues of
mantle tissues dfl. iris. Spherical trophozoites{ 3 ¢ m d éxhibited the ahgracteristic
signet ring shape with an eccentric nucleus and a large vacuole occupying most cytoplasm and
containing vacuoplast (Fig. 2.5B). Trophozoites were also observed as a cluster of cells of

up to 1620 sibling daughter cells thatay together in a rosetlige arrangement inside a wall

(Fig. 2.5C & D).
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Figure 25 Perkinsus olseniin histological sections from infected abalond. (iris) gills and
mantle tissue, (A) vacuolatedignezing trophozoite ofP. olseni with eccentric
prominent nuclei(black arrows)inside swollen gill, (B) single vacuolated siget
ring trophozoite (black arrow) oP. olseni with prominent eccentric nucleus and
a large vacuole containing vacuoplast (green arrow) inside swollen (Gl and
(D) vacuolated (containing vacuoplast) (green arrows) sibling daughter
trophozoies (blue arrows) ofP. olseni and trophozoite stage with roselile
arrangement (orange arrow) inside a wall in mantle tisScale bars = 20 um.

2.3.2.2 Specificity test oPerkinsus olsenby ISH
The digoxigenidabelled probe (speciesspecific ISH assayjemonstrated hybridization B

olsenicells in all the tissue sections (gills, mantle and foot)las staining (Fig. 2.6A & B)

and all controls performed as expectdd hybridization of parasite cells of other species was
observed. No probe labelling was detected within slides that had been incubated either in the
absence of the probe nor from the negative control tissue sections (Fig. not shown).
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Figure 26 (A) and (B) In situ hybridization detection (blue staining) (black arrows) f
olseni vegetative cells in tissue sections &f. iris. Scale bars = 20 pum

2.3.2.3 Ciliates
Sphenophrydlike andScyphidialike freeliving ectocommensal ciliates (Fig. 2.7A & B) were

found in gills, oesophageal pouch, and muscle tissfiabalonelLarge numbersf ciliates

appear without any adverse effect on the host, and there are no reports of mortalities associated
with this type of infection. Dead/dying ciliates, were noted (Fig. 2.7C & D) in gills, oesophageal
pouch, and muscle tissues, whose poor condition (including disintegration of nuclei) rendered
them unidentifiableSuch ciliate mortalitiehave not previouslyden seen in other abalone
health surveys where many ciliate infections have been encountered. The cause for this is
unclear. A host response seems unlikely as the ciliates occur externally to the gill epithelium
and there is no evidence of elevated haetgoaymbers in the gill cavity or clustering around

the ciliates

2.3.2.4 Apicomplexanlike
Unidentified apicomplexatike structures were observed in vacuoles within the intestinal

epithelium that (Fig. 2.7G) seem to have an insignificant pathologfifesit.

2.3.2.5 Intracellular microcolonies of bacteria (IMCs)
Intracellular microcolonies of bacteria (IMCs) (Fig. 2.7E & F) are usually observed as colonies

or cysts. Intracellular microcolonies of bacteria (IMCs) were found in a variety of organs, such

asgills, muscles, and the oesophageal pouch of abalones.

2.3.2.6 Rodshaped bacteria
Bacteria other than (IMCs) (Fig. 2.7H) are Grargative curved redhaped bacterid&Rod-

shaped bacteria commonly occur on epithelial surfaces of gills, mantle cavity, and organ
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surfaces within the body cavity. In this study, the presence of bacteria appears of insignificant

pathological importance on individual unhealthy (decaying) abalone




Figure 27 Parasites and pathogens in different organs in abaldhe irs), (A) elongated
pearshaped Sphenophrydike ciliates (black arrows) in the gills, (B) ovoid or
spherical shapedScyphidialike ciliates (black arrow) with a conspicuous brush
like adhesive disc or scopula (blue arrow) and a dark macronucleus €gorang
arrow), (C) and (D) unidentified disintegrated ciliate (black arrows) and
Sphenophrydike ciliates (blue arrows) in the gills, (E)ntracellular microcolonies
of bacteria (IMCs) (black arrow)in the muscle, (F)intracellular microcolonies of
bacteria (IMCs) (black arrow)in the gill blood spaces, (G)unidentified
apicomplexarlike  structures appearing in  vacuoles in the intestinal
epithelium (black  arrows) inside digestive epithelium, (H) Bacteria
(rod-shaped) in foot muscle tissue. Scale bars = 40 pm.

2.3.3 Severity of immunological tissue responses

2.3.3.1 Haemocyte in muscle tissues
Most abalone showeskverity3 (Heavy and diffuse) haemocyte infiltration (n = 55, occurrence

rate of 64%), and the smallest number of abalone samples sisewerityl (Light) haemocyte
infiltration (n = 11, occurrence rate of 13%). On the other hand, 36 samples sbewvesity 2
(Moderate) and 26 samples showselverity 4 (Heavy with focal haemocytosis) haemocyte
infiltration and the occurrence rates were 42% (n Fad@l 30% (n = 26), respectiveln heavy
infections, abalone tissues were congested Réttkinsusolseniand haemocytosis showing focal

inflammation where large numbers of haemocytes surrounded the trophozoites (Fig. 2.8A)

2.3.3.2 Ceroid infiltration in different organs
Ceroid infiltrations across tissues/organs were often associate® witbenj and ceroid material

accumulation was evident as brown material in path@gsociated tissues (Fig. 2.8B). Therefore,
ceroid could be a warning for the pemce oP. olsenior other pathogens and parasites. In the foot
muscle, most abalone (33%) healverity2 (Moderate) ceroid concentration, followeddmwerity

1 (Light) at 24% andeverity3 (Heavy) at a 12% occurrence rate. In gills, 42% of abalone showed
severityl (Light) ceroid concentration, whereas 7% and 1.2% had ceroid concentratieveriy

2 (Moderag) and 3 (Heavy), respectively.

2.3.3.3 Pathologicatondition of gills of abalone
Parasites were often associated with tissue haemocytosis and elevated levels of ceroid material

Indeed,4 abalone (5%) showed swollen gills with ceroid material, haemocytosiPekithsus
(grade 4) and 31 abalone (36%) had gills with ceroid matand ciliate parasites (grade 2).
Another 8 abalone (9%) had disrupted gills (showing areas of destruction) with ceroid material and

without haemocytosis (grade 3). A significant association bet®Reelseniand swollen gills with
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ceroid material and hawcytosis (grade 4) was observed (p = 0.032) (Table 2.A.2 in the

Appendix).

Figure 28 Immunological tissue responses (haemocytosis and ceroid material) Pardnsus
olsenn in abalone tissues, (A) inflammatory lesion showing haemocytosis (orange
arrows) surroundingP. olseni (black arrows) in muscle tissue, (B) inflammatory
lesion showing ceroid material (green arrows) in marttenective tissues nedp.
olseni(black arrows). Scale bars = 30 um.

2.3.4 Gross appearance of the samples and the occurrence of parasites
A total of 34 abalone (40%) had no parasites, and 27 of these were from the healthy and 7 from the

unhealthy samples as identified by gross examination. Of the remaining 52 abalone (60%), which
had at least one individual parasite type, 32 were from thkthlyesamples and 20 were from the
unhealthy sample®. olseniwas identified in 5% (n = 4) of the unhealthy samples. No traée of
olseniwas observed in the healtappearing samples. A Ghguare test indicatead significant
associationg-value = 0.008) between the gross appearance (healthy and unhealthy) of abalone and
the presence or absencePofolseni(Table 2.A.3 in the AppendixA significant associationp(=

0.024) was found between the unhealthy gross appearance (pustule$prod aba the presence

or absence oP. olseni(Chi-square test) (Table 2.Aid the Appendix A Chi-square test also
indicated a significant associatigp= 0.00l) between the unhealthy gross appearance (nodules)

of abalone and the presence or absence. alseni(Table 2.A.4in the Appendi) The gross
appearance was also significantly associated with the presence or absence of unidentified
disintegrated ciliategp(= 0.036) (Table 2.A.5 the AppendiX
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2.4 Discussion

2.4.1 Perkinsus olseni
This is the first ISHconfirmed occurrence d?. olseniin New Zealand blackooted abaloneH.

iris), with a detailed histological description of this paragitehis studyonly a few (5%)H. iris
samplesvereinfected byP. olseni However ahigher prevalence ¢t. olsenin H. rubraexamined

by Lester and Hayward (2005) at Taylor Island, South Australia, ranged from 19 to 68% in three
different samplesLester et al. (2001notedthat infections ofP. olseniin wild H. rubra were
positively orrelated with increasing water temperature. The lower prevalerfeeaéeniin the

present study may be related to the fact that sampling was conducted in the austral winter season.
Therefore, it is important to monitd?. olseniinfection continuouslythroughout allseasons,

especiallyin summer, to better understand the susceptibility.dfis to this parasite.

SphericalP. olsenitrophozoites with an eccentric nucleus and a large vacuole were ifotimel

blood spaces of gills and the connective tissues of the foot muscle &f fiis. Lester and Davis
(1981) also observed similar trophozoites Bf olseniin H. rubra. In this study, there waa
significant association betwe®n olseniand swollen gills with ceroid material and haemocytosis.
This result is in agreement with the findiraf<Choi and Park (1992010, Park et al. (1999 Park

and Choi (2001)who described similar inflammatory responses dudPéskinsusinfections.
According toDungan et al. (20Q7P. olseniinduced a strong host response with infiltration of
numerous Bemocytes in the surrounding tissue and the trophozoite stage occurring in the tissues
of the New Zealand clarustrovenus stutchburyhlthough the potentidP. olseniinfection was
accompanied by inflammatory tissue resporn¢@mgie numbers of haemocytes surrounding the
trophozoites) mortalities due to this parasite were not assessed in this study. Lesions were
relatively scarce amonigistological sections from our sampled abalone. However, Dunganet al.
(2007) reported a wideange of histological lesions, including both light infections and intense
systemic infections d®. olseniin clams Q. stutchbury). Moreover heavy infection wth P. olseni

in Manila clams often results in tissue inflammation, reduced growth and impaired reproduction
(Pretto et al., 2004 Liggins and Upston (2030reportedthat in the abalonklaliotis rubra with

heavy infection ofP. olsenj there was evidence of substantial tissue and organ impairment,
including tissue necrosis, damage of normal tissue structure, necrosis of gills due to the inadequate
blood supply, and significant accumulation and infiltration of haemocytes into tisstEwdig

to Goggin and Lester (19953040% mortality occurred in abalone infected Byolseniin

Australia, which highlights a potential risk fBI iris in New Zealand.
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In this studyPerkinsusinfected abalone showed a brown fluid (pus) and nodulgeinfoot and
mantle.Bower (2010, alsoreporteda similar characteristion the foot and mantle of abalone
infected withP. olseni.P. olseniwas only detected in abalone deemed unhealthy (presence of
pustules and nodules) by gross appearance, with a significant association between abalone health
status and the presence or absende. @lseni A significant association was also found between

the abalone gross appearance (healthy and unhealthy) and the presence or absence of unidentified
disintegrated ciliates, which were also present around the visible ulcers/pustules that were attributed
to P. olseniinfection These findings suggest that teas a closeelationship between the health

status of abalone and the presence or absence of parasites which may assist with identifying and

characterising abalone health risks.

2.4.2 Other pathogens and parasites
The most common parasites kh iris were ciliates $cyphidialike and Sphenophrydike).

According toDiggles and Oliver (2005Sphenophrydike ectocommensal ciliates are particularly
common in larger and older farmed abalote. this study, ciliates Scyphidialike and
Sphenophrydike) were observed in gills, oesophageal pouch, and muscle tissues of abalone and
the highest prevalence of ciliategre recorded in the gill§his finding supports the results of
Diggles and Oliver (2005whonoted thaSphenophrydike ciliates arausually found living free
between gill lamellaeAccording toBower et al. (1994 ciliateslie on or inbetween the gill
lamellae, mantle cavity or esophageal pouch epithelium and appear in large numbers without any
adverse effect on the host. Interestingve also observed unidentified disintegrated (dead/dying)
ciliates in different organs of abalone whose poor condition rendered them unidentifiable. This has
not previously been reported in ciliates associatedhkithis. This finding suggests thatsething

might be killing the ciliates. Therefore, further investigation might help to reveal insights into

control for ciliates.

Intracellular microcolonies of bacteria (IMCs) were observedvargty of organs, such aglls,

muscle, digestive glandind the oesophagapouch of abalone with a significant association
between the presence Bf olseniand IMCs.Mouton and Gummow (20)Jalsofound IMCs in
digestive glands and suggested that IMCs were the most common parasite of abalone. Intracellular
baceria are associated with intracellular microcolonies of bacteria causing infection in marine
molluscs Cano et al., 2020 Infection with IMCs in abalone is usually light and not associated
with a diseaseliggles & Oliver, 200%. In contast IMCs infectons directly or indirectly linked

with mortality have been noted in the abaldtaiotis rufescengMoore et al., 2000 Moreover,
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the IMCsCandidatus Xenohaliotis californiensithe causative agent of the withering syndrome
in black abalongHaliotis cracherodi) is associated with mortalities up to 10@Fsiedman et al.,
1997 Moore et al., 2000 Accordingto CruzFlores and Cacerddartinez (2020 temperature,
hostsusceptibility and pathogespecificity can affect the proliferation of the IMCs and contribute
to mortality in abaloneHaliotis corrugata Therefore,IMCs could become a disease threat if
abalone are subjected to environmental challgnggh prevalence, and overcrowded culturing
conditions.

Apicomplexanlike cells were detected in the intestinal epithelium of one abalone individual in this
study. Apicomplexadtike structures were also reportedHn iris previously in the epithelium of
the eospohageal poudhiggles& Oliver, 2009.

Rod-shaped bacteria in the tissues of abalones were seen in thiskaudlinger et al. (2005
indicated that abalone mortalities were associated with bacterial infections, and higher mortalities
were noted at higher temperatures. However, very few abalone samples were seen infected with
this type of bacteria in the current study. The reason béhimdbserved low infection may be due

to the limitations of H&E histology for bacterial detection, quantification and identification.

2.4.3 Immunological tissue responses
Haemocytosis was characterised as diffuse and focal inflammatidririis tissues. In this study,

the accumulation of haemocytosis with focal inflammation was observed when large numbers of
haemocytes surrounddel olseniand sometimes also in foci with merkinsuscells Similar
haemocytosis was reported by other researeéhdigalves and indicated that diffuse haemocytosis

is distinguished from focal haemocytosis when haemocytes are distributed broadly over a large
section of tissue without a clear centre or focal point of highest haenemrytentrationkim et

al., 2006 Kim & Powell, 2004 2007; Villalba et al., 199Y). Findings byElstonet al (1992,
McGladderyet al (1993 andSmith and Conroy (1992lsosupport the results in the present study
with their observations of intense haemocytic inflammatory lesions Ieaat 15 species of
molluscs, including abalone following exposure to undetermined disease.dgignfies and

Oliver (2005)also noticed haemocytic inflammatory lesions due to pathological conditions in
abalone, which suggests that haemocytosis may benamnological response to locahd

systemic effects of parasites.

In this study, elevated amounts of ceroid material were observed in the gills and muscle tissues of
H. iris whereP. olseniand ciliates were detecteBarriba Coufiago (20)7alsoreportedsimilar

material in the gills of clams, which were interpreted as evidence of chemical irritation from
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pollutants andgathogensNeves et al. (20)5ecordedceroid material in the digestive gland of

shails (ittorina littorea) exposed talinoflagellates Apeti et al. (201% statedthat ceroids are
common in oysters where their presence may indicate cell S#essover,Carella et al. (2015a

noted that in molluscs, ceroid material accumulation has been associated with age and pollutant
exposure. In thistudy, the occurrence of ceroid material was also observed in abalone tissues
without parasitic association and this phenomenon might be due to the presence of other challenges
be involved in the immunological response against pathogenic infections and other challenges

which may be indicative of culturing conditions.

2.5 Conclusions
This manuscript presents the first reporfPofolseniusing ISH in the New Zealand blatdoted

abaloneThis is the first detailed description Bf olsenialong with other pathogens and parasites
from histological sections iHl. iris and their associations with health markénsthe case of co
infection d some parasites, hosts become weaker after infection with one parasite inevitably
permitting entry by another. There wasignificantassociation between infection@f olseniand
intracellular microcolonies of bacteria (IMCs). Abalone gross unhealfipeaaances were
corroboratedy histological observations of poor health, signs such as disrupted and swollen gills
with haemocytosis, ceroid material and parasites, and muscle tissue with focal haemocytosis with
parasites. A significant association betwabalone gross appearances and the presence or absence
of P. olseniand unidentified disintegrated ciliates was recorded. Associations beRvedseni

and swollen gills with ceroid material and haemocytosis were noted. Histology helped to visually
recoquise the immunological tissue responses (ceroid material and haemocytosis), but did not
provide a definitive indication of the underlying causes for these conditions, which requires further
investigation. However, the findings tis study increase our &wledge of the interactions
between pathogens and abalone, including host immune responses which, with further work, may

be used as early warning signs of health issues in wild and cultivated abalone in New Zealand.
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Chapter 3

Bonamia ostreag¢Haplosporidia) and
other parasites in New Zealand flat
oysters Ostrea chilensis a
histopathological study

New Zealand flat oyster©strea chilensis
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Abstract: Bonamia exitiosand B.ostreaeare protistan parasites responsible for Bonamiosis

(microcell disease or haemocyte disease) in flat oysters. \Bh#sitiosas believed to be endemic

to New Zealand (NZ) and has long been associated with periodic serious mortality in wild beds of

the NZ native oysteOstrea chilensisB. ostreaehas only recently been detected in NZ in 2015,

and this was the first time the species was d
detection in farmed oysterB, ostreads believed to have causaignificant mortalities, and this

has severely impacted the NZ flat oyster aquaculture industry. A detailed histopathological
examination was undertaken @n chilensiscollected from the aquaculture farming area of the
Marlborough Sounds, NZ, in 201%ya years after the first detection Bf ostreaghere. In this

study, out of 94 flat oysterB, ostreaeandB. exitiosawere detected via histology in 34% and 1%

of individuals respectively, and in 70% and 1% respectivelpoigmerase chain reaction@R).

The only instance of detection Bf exitiosawas as a cinfection withB. ostreae The connective

tissue around digestive tubules, gonads, gills, gut wall and mantle cav@y dfilensiswere

examined and severather parasites were also observitiuding Bucephalus longicornutus,
Apicomplexan X (APX),Microsporidium rapuae Gymnophallidlike metacercaria, as well as
intracellular microcolonies of bacteria (IMCs), copepods athér bacteria. Most other parasites

were observed very rarely, but¢ontrast, there was an association between infectiBnastreae

and heavy infection oB. longicornutus The abundance d8. ostreaemicrocells in different

tissues, including gills, mantle, the connective tissue around digestive tubules, and heemocyt
surrounding the gut were estimated sepmantitatively by a grading scale that included the relative
abundance oB. ostreaein various tissues and the average numbeB.afstreaemicrocells per

infected haemocyte per tissug.ostreaemicrocells infeting haemocytes were detected in blood

spaces of gills and sinuses of oysters. Diapedesis was noticed in tissues where haemocytes
containedB. ostreaemicrocells, and an association was noted between the number of intracellular
microcells and diapedesi&s. gener al 6healthdé rating was der.i
structure, digestive tubule structure and the presence of bawtarid s cor ed oysters
6unheal thyd, or 6 mor i bBi osteddanfeclion was bbsegvbddigetout pr e v a |
unhealthy oysters, whereas the lowest prevalence was recorded in moribund individuals. These
findings provide new insights into the infection, disease progressiorpi@site interaction, and
transmission mechanisms Bf ostreaein O. chilensisand may assist with disease management

strategies.
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3.1 Introduction

Haplosporidian parasites of the geRmamia includingBonamiaostreaeandBonamiaexitiosa,

are intracellular parasites c¢ommotasloffflatoyterst1 3 Om
causing a disease known lasnamiosis line & Jones, 19940IE, 2012. Both the native New

Zealand fat oysterOstreachilensisand the European native flat oys@strea edulishave been

reported to be infected with. ostreae(Elstonet al., 1986Lane et al., 2016Pichot et al., 1979

andB. exitiosa(Arzul et al., 2011 Berthe& Hine, 2003 Hine et al., 200Land both Bonamia

species have caused serious diseasisreaks QIE, 2012 OIE, 2018a0IE, 2018.

Mass mortalities oD. edulisdue toB. ostreagnfections have occurred throughout Europe and the
United States for at least 3®&ars (la Silva et al., 2005 Severeeffects were observed in farmed
and wild populations wheB. ostreaewas accidentally introduced from the USdaspread in
Europe through the movement of infected oysters to France and Spain in th€Qigéadsa&
Elston, 199; Elston et al., 1986 Thefirst occurrence oB. ostreadn the Southern Hemisphere
was reported in New Zealand in 2015 and is beliewdadte been responsilita severe mortalities

of naive oysters on aquaculture farms at that tinamé€ et al., 2016 ConverselyB. exitiosais
considered endemic to New Zealand flat oystéxrschilensi¥, having been observeihce at least

the 1960s, although, this parasite has caused mass mortalities in wild populations, notably since the
mid-1980s(Cranfield et al., 20G5Doonan et al., 199Michael et al., 2016 In orderto support

the future and sustainability of flatyster populations, there is, therefore, an urgent need to

understand the effect &. ostreaen Ostrea chilensis

B. ostreads anintracellular protistan parasiteatmultiplies insideoyster haemocytes. . edulis
infection rarely results in clinical signs of disease, and many infected oysters rampealr@ower

et al., 199% however, infected oystersay have yellow to black discolouration and extensive
lesions, such as perforated ulcers on the gillsmaadte (Arzul & Carnegie, 201,5Bower et al.,
1994). During the early stages of infectioR, ostreaeprovokes adefence response in oysters,
inducing lesions with heavy haemocytic infiltration in tissues (Bower et al., D98dmani et al.,
1987 Elston etal., 1986 Hervio et al., 1995Kroeck & Montes, 200b FurthermoreB. ostreae
causes diffused or generalized infections which seem to be linked with haemocyte destruction and
diapedesis. Diapedesis (the passage of haemocytes through the epitheliurd) lmaubke
proliferation of theparasite Bower et al., 1994 Although some flat oysters die with light
infections, most perish with much heavier infectidBewer et al., 1994 Severely infected oysters
tend to be in poorer condition (lesions, haemocystrdction etc.) than lightly infected or

uninfected oysters (Bower et al., 1998owever, despite the large amount known about the
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progression of disease @ edulis there is almost nothing known about hBwostreaanay affect

O. chilensis Therefore clarifying the patterns of disease progressifon B. ostreaeinfections

within O. chilensisis paramount in helping to determine appropriate disease management
strategies.

The complete life cycles @. ostreae and B. exitiosae unknown, but both parasites are readily
transmitted directly from oysteo oyster Culloty & Mulcahy, 1996, andthis may occur during
respiration or filtration of seawater ffwod Bucke, 1988Montes et al., 1994 The parasites enter

the host viathe gill epithelia and enter into the haemocytes when they are detected as foreign
particles and are phagocytised (H&aNesney, 1994Montes et al., 1994 or through ingestion

of the microcells and then entry into the haemolymph frongth€Hine, 199a 19911. If the
haemocytes fail to destroy the parasites, microcelB. alstreaemay multiply rapidly via binary

fission, and lyse or rupture the haemocytes, releasing more microcells that infect other haemocytes
(Balouet et al., 1983Culloty & Mulcahy, 2007, thus leading to haemocytic infiltration of
surroundingtissues Comps, 1983da Silva et al., 2005 Haemocytosiga high number of
haemocytes) in the connective tissues of gills, mantle and gut indicates the initiation of infection
by B. ostrea (Balouet et al., 1983 oder et al., 1983) and also suggestsBlaatamiamicrocells

may migrate from the circulatory system to connective tissues (Cochkansxau et al., 2003).

In New Zealand flat oyster®©( chilensi$, infection withB. ostreaehas been shown to result in
haemocytosis of the connective tissue around the digestive tubules, stomach, gills and mantle
(Lane, 2018). InO. edulis ten or more parasites have been observed within a single infected
haemocyte (Poder et al., 1983). O chilensis < 16 parasites were observed per infectced
haemocyteHline, 1991 After lysing or rupture of haemocytes, or upon host death, the parasites
are transmitted in the water to nearby oysters where the cycle beginéBagdie, 1988Carnegie

et al, 2003 Montes et al., 1994

In this study, a detailed histopathological examination was undertaken on New Zealand flat oysters
(O. chilensi¥ collected from the Marlborough Sounds, New Zealand, two years after the first
detection ofB. ostreaen 2015. h addition to identifying the presence Bf ostreaeB. exitiosa

and other parasites in New Zealand flat oysters, we aim to clarify the pattern of disease progression
following B. ostreaénfection (from a mild infection to a systemic infectidoy) gradingB. ostreae
presence in different tissuesthin each individual The abundance &@onamiamicrocellsin the

whole oyster and different tissues, including gills, mantle, the connective tissue around digestive
tubules and haemocytes surroundirgght were assessed seqnantitatively by a grading scheme

modified fromthat of Hine (1991a) This informationis used to draw inferences about specific
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infection patterns oB. ostreaein O. chilensisrelating to disease development, hpatasite

interactions, and transmission mechanisms.

3.2 Materials and methods

3.2.1 Sample collectign histological preparation and mcroscopic

examination
Flat oysterqshell sizeranging from 50 to 85 mm, mea8E of 68:0.9mm) were collected from

oyster farms irthe Marlborough Sounds, New Zealaow 27" November 2017Samples were

collected from 2 farming systems with different age grooyp®inistry for Primary Industries

(MPI1) who were destroying all the oysters that were thought to IBomeemiaso this was an
opportunistic and unique sampling evé&he oysters were kept alive on ice and freighted to the
Ministry for Primary I ndustriesd Ani mal Healt
polystyrene bins in a humid environment for between 2 and 8 day® lak$section. The animals

were measured for size and weight, followed by shucking and sectioning for histological analyses.

Specimens were sectioned to givei & 2am thick tissue slicBHoward et al., 2004 followed by

standard histologicgirocessing@IE, 200Q. Samplesvere fixedin 4% formalin for 48 fand then

stored in 70% ethanol. Specimens were dehydrated in a series of ascending ethanol concentrations,
two changes of xyl ene, and then embedded in
microtome, mounted on slides, stained with haematoxgtisin and observed under a light

microscope.

Prepared slides were examined under the microscope usin@ritD 4% objectives. A 108
objective (oil) was used to identify suspected pathogens and parasitepuised.Images were

taken using a Leica DM2000 microscope withx4hd 10& objectives. The presence or absence

of Bonamiamicrocells in four different tissues (gills, mantle, the connective tissue around digestive
tubules and haemocytes surroundingdh® was recorded, and the prevalence and abundédnce
microcellswere assessed sequantitatively by grading scales as described below. All microscopic
examination and grading were done blind to the size, health, or other identifying factors of the

samped individual.
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3.22 Quantification of parasites

The prevalence d. ostreaeand other parasites was calculagedording tdBush et al. (1997 A
semiquantitative scale was used for determining the abundance of parasites, as all the parasites
were notcounted in each host. Each tissue was examined to record the number of parasites, which
was then used to calculate the prevalence and abundance of parasites per tissue and individual, by
visual examination of a single histological section (the entiréosgdbr each case at 4@nd 10&

magnification.

In this study, we use the term abundance instead of intensity, as according to Bush et al. (1997),
intensity (a form of density) is the number of pathogens in each individual or specified tissue or
thin sedion of the entire animal, and an abundance is also a form of density but differs from the
intensity in that an intensity of A00 is not

3.23 Quantification of Bonamia
The relative abundance &onamiamicrocellsin haemocytes, individudissues or the whole

oyster was evaluated sempuiantitatively using grading scales eBM®r 05 modifiedfrom Hine
1991a(Table 3.1).

3.23.1 Bonamiarelative abundance per tissue (€B)
Although B. exitiosainfection was most significant in thgpnad byHine (19914 in this study,

there was little or n@@onamiainfection in this tissue. Therefore, gonad was excludenh the
tissues to choose for evaluatiBgnamiaabundane. The abundanceBofostreaamicrocells in the
different tissues, including gills, mantle, the connective tissue around digestive tubules and
haemocytes surrounding the gut were evaluated-gaamititatively on a scale of 0 to 3 whére
Absent,1 = Low, 2 = Medium and 3 = Heavy. \&th combined across all four tissues, these
combined a8 = Heavy [3333, 3332 or 3322], 2 = Moderate [2222, 2223, 2221 or 2211], 1 = Light
[0001, 0011, 0111 or 1111] and O = Nil/Absent [0000] (Table 3.1, Modified scheme column 2).

3.23.2 The mean oBonama microcells per haemocyte
When infected haemocytes were encountered, the numBemnafmiamicrocells in each infected

haemocyte was counted (for up to 100 haemocytes) in each tissue. The mean niobanmid
microcells per infected haemocyte was theltulated for each tissue (gills, mantle, the connective
tissue around digestive tubules and haemocytes surrounding the gut). Then, the overall average

number ofBonamiamicrocells per infected haemocyte was determined for the individual animal
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by takinga mean of the tissue means. Based on the overall mean nuniimravhiamicrocells

per infected haemocyte, ranges (0, -2, 1-5, 49 and 712) of means oBonamiamicrocells per
haemocyte per tissue were fixed for evaluating the whole oyster gradings Gragde 0 = mean

no. of microcells = 0; Grade 1 = mean no. of microcells = 1; Grade 2 = mean no. of microcells =
1-2; Grade 3 = mean no. of microcells $1Grade 4 = mean no. of microcells ®4Grade 5 =

mean no. of microcells-I2 per infected haemgie (Table 3.1, Modified scheme column 3).

The whole oyster grading system, which grades on a scalk® &fddn absence to higimtensity
systemic infection, was derived by combining the two other parameters above (relative abundance
of Bonamiamicrocellsper tissue (on a scale ofd), and the mean numberBdnamiamicrocells

per infected haemocyte per tissue [mean of the 4 different tissue means])).

For example, an oyster with an overall grade of 5 showea@slles at grade 3 [3333], the range of
mean number of microcells per infected haemocytel2 per haemocyte across all tissues. An
oyster at overall grade 4 = overall tissue grade = 3 [3332 or 3322], range of mean microcells per
haemocyte = @; oyster gade 3 = tissue grades = 2 [2222 or 2223], range of mean microcells per
haemocyte =-b; oyster grade 2 = tissue grade = 2 [2221 or 2211], range of mean microcells per
harmocyte = 22; and oyster grade 1 = tissue grade = 1 [0001, 0011, 0111 or 1111]ofamgen
microcells per haemocyte = 1; and oyster grade 0 = tissue grade = 0 [0000], range of mean
microcells per haemocyte = 0 (Table 3. Ihe differences between timew schemeandHi ne 6 s

scheme for whole oyst&. ostreaénfection levelare presentenh Table 3.1
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(1991a).

Table 31 A semiquantitativeB. ostreaegrading scale for whole oysters maodified from Hine (1991a), compared with the original scheme of Hine

Grade Scheme of Hine (1991a)

Modified scheme

Descriptions

No. of Bonamia Description of each grade

microcells per

Bonamiarelative
abundance in all four

Mean Bonamia
microcells per

haemocyte tissues# (graded €8 in infected
each tissue) haemocyte
- - Grade 0 = N@®onamiamicrocells seen afte 0000 (absent) 0
extensive searching* of all tissues.
Very few (<10) Bonamia - Grade 1 = Very few (¥0) Bonamia 0001, 0011, 0111 1
microcells  observed afte microcells observed after extensi or 1111 (low)
extensive searching of all tissue searching of all tissues.
Bonamia microcells observec 1-2 Grade 2 =Bonamiaonly observed afte 2221 or 2211 1-2
only after searching, and the extensive searching of all tissues, and t/ (low to medium)
only one to two presents in ea only one to two present in each infect
infected haemocyte. haemocyte.
Bonamia widespread, but onh  1-5 Grade 3 =Bonamiawidespread in most a 2222 or 2223 (medium) 1-5
one to five microcells pe all tissues, but only one to fivBonamia
infected haemocytebserved. microcells per infected haemocy
observed.
Bonamiareadily observed in al - Grade 4 =Bonamiareadily observed in al 3332 or 3322 (medium 4-9

tissues, often associated with
haemocytosis.

tissues,but 49 Bonamia microcells per
infected haemocyte observed and of
associated with a heavy haemocytosis,
many extracellular microcells.

to heavy)
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5 Bonamiamicrocellscommon in <16 Grade 5 =Bonamiacommon in all tissues 3333 (heavy) 7-12

all tissues, 46 per haemocyte with a mean of 712 per haemocyte, hea\

but often extracellular. haemocytosis was always present; h
numbers of extracellular microcells, ai

Haemocytosis was  alway sometimes lesions (due to ruptureof

present; lesions  sometime haemocytes).

observed.

*Extensive searching was for 5 minutes per slide.
#Gills, mantle, the connective tissue around digestive tubules and haemocytes surrounding the gut.
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3.24 Bonamia species diagnosis
It was difficult to distinguish the tw@onamiaspp. by histology. Th&onamiaspecies were

confirmed as eitheB. ostreaer B. exitiosaby polymerase chain reaction (PCR; Fidler unpublished
results).Bonamiaspeciesspecific conventional PCR assays (Ramilalet2013) were usedo
determine the total number of oystendected withB. ostreaeand/or B. exitiosa For theB.
exitiosaspecdes-specific PCR, the forward prim&EXIT-F {G&EG CGT TCT TAG AAG CTT

TG-3 Owas paired with the reverse primefBEXIT-R ¢ AGA TTG ATG TCG GCA TGT CT

3060) t o pamgicbu 2468 bpdnnsize. Thermal cycling conditiomsre 95°C for 2 min,
followed by 35 cycles of 95°C fat0 s, 58°C for 10 s, and 72°C for 1 s. ForBhestreaespecies
specific PCR, the forward primer BOSTHEH 5TdA CGT CCC TGCCCTTTIGTAB 6) was
pairedwith the reverse primer BOSTRE (TEG CGGTTGAATTTITATCGT-36) t @ pr odu
an expecteamplicon of 208 bp. The thermal cycling conditidosB. ostreaenere similar toB.
exitiosa,but with anannealing temperature of 55°C. All amplicons werialised under UV as

described above, and theesence or absence of a band ofetkgected sizevas noted.

Only one oyster was confirmed as infected vidthexitiosa and that individual was also infected
with B. ostreaeAll other samples were confirmed Bs ostreae Thus, the discussion will only
include observations @. ostreae The result for the specimen containing airdection with B.
exitiosawas within the range of results observedBormstreagand so has been included in the
data analysis.

3.25 Haemocytosis associated with B. ostreae infection
A semiquantitativescale of @3 (0 = Absentl = Low, 2 = Medium and 3 = Heavy) was also

applied to the amount of observed inflammatory response in the form of haemocytosis.
Haemocytosisis observed as amormally large number of haemocytes occurring in the tissues
and carbe either diffuse (where haemocytes are evenly distributed), focal (where there are distinct

centres [foci] of haemocyte accumulation), or mfdtal.

3.26 Presence of ceroid granules or lipofuscin with B. ostreae infection
The presence or absence of browsysow pigment that may indicate either ceroidipofuscin

(inflammatory tissue response caused by nutritional deficiencies, toxicity, or disease) in the

different tissues was recorded gsrasent (1) or absent (0).
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3.2.7 Other pathogens and parasites
The presence and abundance of other parasites or pathogens in various tissues were also noted and

guantified. Most were directly counted, lmue to the high number of individuals Béicephalus
longicornutus encountereda grading scheme was deemed necessary. Their abundance was
recorded on a scale of 1 to 3 whére Low (<50 individualgper slide), 2 = Medium (5200
individuals per slide) and 3 = High (>200 individuals per slide). As a PCR method wadblavaila

to detect theoccidianlike organism apicomplexan YAPX; Suong et al., 20)8aPCR assay was

used to diagnose APX as well.

3.28 Overall condition
FI at oysters were categorised into 3 differen

unheal thyo, and fAmoribundd based on their gil!]l
of bacteria. In live and apparently healthy oysterssthecture of the gills was good and typical,

and the digestive tubules were thigkth a cruciform lumen In live but apparently unhealthy

oysters, the structure of the gills was not typical (without cilia and with haemocytes in blood
spaces), and bactef(bacilli and/or cocciwere observed in the tissue. In moribund or fuksd

oysters, the structure of the gills was destroyed, and deformed, and digestive tubules were thin and
without a cruciform lumen. However, gill pathology (surface lesions of gillgjh shedding
Bonamiawere observed i@. chilensisby Hine (1991

3.29 Statistical analysis
Tests for the association betweBnostreaeand other pathogens (as detected via histology and

PCR) were conducted by Odds ratios (@Ry Chi-square tests for whole samples (94 oy3ters
Pearson ChEquarewas applied for the association between the abundance of different grades
across the different tissues. These tests were performed using SPS&sStatistiare (IBM;

version 23).

3.3Results

3.3.1 Infection withBonamia
A total of 32 (34%) of the 94 sampled oysters were observed to be infectdgiomdimia and all

these observed infections were confirmed by PCRB.asstreaeexcept for one individual which
had a cenfection ofB. osteaeandB. exitiosa The individual with a cénfection of both species

was an apparently higay individual. Bonamiawas observed as a Grade 1 (lmwel) infection in
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the gills, mantle mad haemocytes surrounding the gut, but was not observed in thectivartissue

around digestive tubules. The animal did demonstrate a low level Grade 1 haemocytosis in the
connective tissue around the digestive tubules, a medium level Grade 2 haemocytosis in gills and
mantle, and a Grade 3 (high) level of haemocytasithé haemocytes surrounding the gut. All

haemocytosis were observed as diffuse.

Due to the very low sample size of obsenkdexitiosainfections, the following results will

describe only observations Bf ostreadnfections.

Microcells of B. ostreae(1-2 ¢ wmeje observeavithin the haemocytes, as well as freely in the
connective tissue around the digestive tubules, gut, gills and nfgigl8.1AD) of O. chilensis

The parasites wergften associated with an intense inflammatory reaction (localerration of
haemocytes (haemocytosis) and ceroid graniilies 3.1C) Microcells of B. ostreaewere also
detected within haemocytes in the blood spaces of sinuses (Fig. 3.1E) and the sinuses of gills (Fig.
3.1F). Diapedesis (the passage of haemocyresigh the epithelium) was noticed in different
tissues including the gills, gut and mantle (Fig. 3H)Fwith haemocytes containirg. ostreae

passing through the unruptured walls of tissues.
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Figurre 3i B. ostreae microcells (bla

) s S ‘_:'177 R —.'T .

ck arrows) in different tissues of flat oysters, (A) dills,
(B) muscle, (C) connective tissue around the digestive tubules (presence of ceroid
indicated with ablue arrow), (D) haemocytes around tnet wall, (E) Bonamia
microcells in haemocyte (black arrow) inside blood sinus, B®namia microcell
infected haemocytes (black arrow) inside blood spaces of gills and diapedesis with
Bonama microcells (blue arrow) in the gills, (G) diapedesis (blue arrow) and
haemocyte withBonamia microcells (black arrow) in the gut, (H) diapedesis (blue
arrow) and haemocyte with Bonamia microcells (black arrow) in the

mantle. Scale bars20 um.

3.3.2B. ostreaespidemiological and health parameters

Of the 94 oysters sampled, 43% were live and apparently healthy (n = 40), 35% were live but
unhealthy (n = 33) and a small number of oysters were moribund (n = 21, 22%). Out of the 40
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healthy samples, 28% (n = 11) wdenamiapositive by histology and 73% (n = 29) were PCR
positive, and of the 33 live unhealthy oyster samples, 42% (n = 14)Bes@miapositive by
histology and 79% (n = 26) were PCR positive. Of the maoribund oysters 33% (n = Bomaraia
positive by histolgy, and 48 % (n = 10) weBonamiapositive by PCR (n = 21).

Most oysters (65%, n = 62) had no observéblestreagnfection (grade 0), with just 34% having

an observable infection of grade 1 or higher. However, PCR results indicated that 70% of animals
were indeed PCR positive fBr ostreaeThus, only half of the animals that were PCR positive had

an infection severe enough to be observable via histology. Just 2% (mere23uffering from a

severe grade 5 infectioMost infected animals (42% of th@infected, 15% of total) had a grade

3 infection, with O6medi USmiantmicrecells ger hgamacyte. Only a n d
9% of oysters were in grade 4, and just 4% and 5% of oysters were at grades 1 and 2, respectively
(Fig. 32 & Table 3.3.

Overall prevalence (%)
N w Iy a1 (o2} ~
o o o o o o

=
o
I

Grade 0 Grade 1 Grade 2 Grade 3 Grade 4 Grade 5
Bonamiainfection grading

o

Figure 32 Prevalence of differer®. ostreaehistological wholeoyster infection grades.

Diapedesis wittB. ostreaemicrocells was observed in various tissue®©othilensisbut only in
tissues with agrade 4 or 5 levefection. Infected haemocytes were also only observed in blood

spaces of gills and sinuses of oysters with grades 3, 4 or 5 level infection (Table 3.2).

Table 32 The distribution oB. ostreaggrading levels within the sample population (n = 94) and
the concurrence of microcells infecting haemocytes in blood spaces or undergoing
di apedesis within haemocytes. X = absence
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Whole oyster Prevalence Frequency Diapedesis with Blood spaces withB.

B. osteae (%) (n) Bonamia ostreaeinfecting
abundance grade microcells haemocytes

0 65 61 X X

1 4 4 X X

2 5 5 X X

3 15 14 X a

N
©
oo
an
an

The percentagesf B. ostreaeabundance grading {®) in the different tissuefills, mantle, the
connective tissue around digestive tubules and haemocytes surrounding) tivergatbserved.
There is no significant differencp € 0.769) between the abundance of different gré@&s of B.
ostreaeinfection across different tisugglifferences were considered significant whe«0.001).

The percentagesf B. ostreaeabundancegradingacross the different tissues is presented in Fig
3.3.

m Grade 0 Grade 1 Grade 2 mGrade 3

80 -
70 -
)
8\, 60 -
8 50 -
c
<)
< 40 -
>
L 30
3 4
20 -
10 ~
) [ [ - B
Gills Mantle Connective tissue Haemocytes surrounding
around digestive tubules the gut

Tissue types

Figure 33 Percentage d8. ostreaeabundance grading®) in different tissues oD. chilensis
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34 Box and whiskers plot showing the distributions of the number Bof ostreae

microcells per infected haemocyte in gills, mantle, digestive tubuleend gut
tissues of oysters (Minimum, Q1, Median, Q3, Maximum). [In eacke,caMean

is greater than the Median, distributions are slightly positively skewed, Minimum
values of all the tissues are similar, Median akMdximum values are higher in
digestive tubules than other tissues].

All the tissues (gills, mantle, the connective tissue around digestive tubules and Hasmocy

surrounding the gut) showed a higher percentageufrence rate ofbove 80%) of diffuse

haemocyte abundance than focal and multifocal haemocyte abundance. Moreover, 15% of samples

indicated haemocyte abundance with multifocal haemocytosis in théeraadtonly 6% of oysters

showed haemocytes abundance with focal haemocytosis surrounding the gut (Table 3.3).

Out of 94 oysters, 70 (75%) had ceroid material in the cell bodies of digestive tubules and the

surrounding connective tissues. Twenty nine peroé oysters showed ceroid material in gills
(Table 3.3).

Table 33 Diffuse, focal and multi focal haemocytosis and ceroid abundance in different

tissues of oysters [n = number of samples, % = occurrateke
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Site Different types of haemocytes Brown/ceroid

abundance in different tissues material in
Diffuse Focal Multifocal different tissues

Gills n =92 (98%) n =0 (0%) n=2 (2%) n =27 (29%)
Mantle n =77(82%) n =5 (5%) n=12 (13%) n =14 (15%)
Connective tissue aroun n =91 (97%) n =3 (3%) n =0 (0%) n =70 (75%)
digestive tubules

Haemocytes surrounding n =79 (84%) n =6 (6%) n =9 (10%) n =19 (20%)
the gut

20-26% of oysters presentddl ostreaeinfected haemocytest a low level(grade ) in all the
tissuegqgills, mantle, the connective tissue around digestive tubules and haemocytes surrounding
the gut) 5% of oystersdemonstrate®. ostreaeinfectedheavy hemocytosigrade 3 in the mantle

and the connective tissue around digestive tubAlesedium level (grade 2) &. ostreaenfected
haemocytewasobservedn the connective tissue around digestive tubules and surrounding the gut

of 9% oysters

3.3.3Infection with other parasites and pathogens
Several other parasites and pathogens were noted in different tissues of oysters, but mostly at a very

low frequency of occurrencdhe one exception waBucephalus longicornutu@-ig. 3.5A) a
digenean trematte parasite. Sporocyst containing cercarial larval stages of this trematode was
detected in the connective tissue around gonads, digestive tubules, mantle and gills, but mainly in
gonadsEighty-six percent of oysters witB. ostreaénfection were also infected with a hidgwvel

(grade 3) oB. longicornutugn = 12). Conversely, no oysters demonstr&eastreaecc-infection

with a lowlevel (grade 1) infection d8. longicornutus

Other observed parasites included the coccitli@organism, apicomplexan X (APX). Thiss

noted in the connective tissue around digestive tubules and gonads of just 1 of the 94 flat oysters
in histological analysidyut was found to be PCR positive it?8 (n = D) (Fig. 3.5B & Table 3.4).
Sincehistology and PCR analysis were not conducted from the same tissue layer of the samples,
APX was not diagnosed by histology when it was in the samples and positive by PCRydtta.

of Microsporidium rapuadFig. 3.5C) were recorded connective tissue near the gut of a single
individual. Intracellular microcolonies of bacteria (IMCs)ere found in the digestive tubule

epithelium of one individual (Fig. 3.5[Note: Rickettsialike organisms (RLOs) are now referred
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to asIMCs; Cano ¢al., 202(. Also, copepods and parts of copepods were obsamthé mantle
cavity of two individualgFig. 3.58. Gymnophallidlike metacercaria (a larval stage of cercaria) a
digenean trematode occurred in the mantle cavity of one individual (Fi). B&cteria other than
(IMCs) were recorded in gills, mantle cavity and organ surfaces within the body cavity of 17 of
what appeared to be stressed and unhealthy individuals (Fig. 3.5G & H; Table 3.4).

Figure 35 (A) Haemocytosis (blue arrow) around a sporocyst (black arrowB.ofongicornutus
containing a cercaria (black arrow) and sections of the cercarial(gigen arrow) in
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connective tissue, (B) zoogeof APX (blak arrowg in the connective tissue around
digestive tubules, (C) cyst containing spores Mt rapuae (black arrow) in the
connective tissue under the gut wall, (D) intracellufaicrocolonies of bacteria (IMCs;
black arrow) in the digestive tubule epithelium, (E) fragment of a copepod (black
arrow) and copepod parts (blue arrow) in the mantle cavity, (F) gymnopliedid
metacercaria (black arrow) in @hmantle cavity and (®l) bacteria (black arrow) in
oyster gill filament. Scale bar 60 um (A and E), Scale bar 20 uym (B, D, G and H),

and Scale bar 30 um (C and F).

In this studyjust 3 forBonamiaand 1 for APXwere appeared positive via histolagg negative
via PCR(might be due to contaminatiqrjut these were excluded from the analysis. This was one
of the reasons that PCR was used alongside thddgstal assessents (Table 3.4).

Table 34 Prevalence of all observed parasites or pathogens associated with flat oysters (n = 94)
in this survey

Organism Histology PCR

Overall Overall Overall Overall
Prevalence (%) Frequency (n) Prevalence (%) Frequency (n)

Bonamia ostreae 34 32 70 66
Bonamia exitiosa 1 1 1 1
Bucephalus longicornutus 15 14 - -
Apicomplexan X 1 1 31 29
Microsporidium rapuae 1 1 - -
Intracellular microcolonies 1 1 - -

of bacteria (IMCs)

Copepoda 2 2 - -
Gymnophallidlike 1 1 - -
metacercaria

Bacteria other than (IMCs' 18 17 - -

Table 35 Statistical analysis: Chiquare test and Odds Ratio (OR) for the association between
histological observation d. ostreaeand other pathogens (n = 94).
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Parasites/pathogens B. ostreae Chi-square test for ~ Odds Ratio

observed in oysters Absent Present association (OR)
(P-value)

B. longicornutus Absent 60 20
0.000 18.00

Present 2 12

Apicomplexan X Absent 61 32
1.000 -

Present 1 0

Bacteria Absent 56 21
0.005 4.89

Present 6 11

Table 36 Statistical analysis: Chéquare test and Odds Ratio (OR) for the association
betweenB. ostreae(as detected via PCR) and other pathogens as detected via
histology and/or PCR (n = 94).

Parasites/pathogens B. ostreae Chi-square test for  Odds Ratio
detected in oysters Absent Present association (OR)
(P-value)
B. longicornutus Absent 28 52
0.057 7.00
Present 1 13
Apicomplexan X Absent 26 39
0.004 5.78
Present 3 26
Bacteria Absent 28 49
0.018 9.14
Present 1 16

Table 37 Statistical analysis: Chiquare test and Odds Ratio (OR) for the association between
histological observation ofB. ostreae and other pathogens in oysters (n =

60).
Parasites/pathogens B.ostreae Chi-square test for Odds Ratio
observed in oysters Absent Present association (OR)
(P-value)
B. longicornutus Absent 26 20
0.006 7.80
Present 2 12
Apicomplexan X Absent 27 32
0.467 -
Present 1 0
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Bacteria Absent 25 21

0.037 4.37
Present 3 11

Table 38 Statistical analysis: Chequare test for the association between histological
observation oB. ostreaeand oyster health condition (n = 94).

Oyster health conditions B. ostreae Chi-square test for
Absent Present association
(P-value)
Live-healthy No 33 21
0.278
Yes 29 11
Live i unhealthy No 43 18
0.256
Yes 19 14
Moribund No 48 25
1.000
Yes 15 07

Table 39 Statistical analysis: Ckiquare test for the association betw&erostreaepresence
as detected via PCR and oyster health conditions (n = 94).

Oyster health conditions B .ostreae Chi-square test for
Absent Present association
(P-value)
Live-healthy No 18 36
0.653
Yes 11 29
Live-unhealthy No 22 39
0.165
Yes 7 26
Moribund No 18 55
0.030
Yes 11 10

3.4 Discussion
Flat oyster Qstrea chilensissamples, collecteflom aquaculture farms located in the Marlborough

Sounds in 2017 in this study using histological methsltsved 34% infection witBonamia
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ostreag and just 1% witlBBonamiaexitiosa,which was a coinfection with botbpeciesLane

(2018) also observed a concurrent infection Baf ostreaeand B. exitiosafrom the same area
(Marlborough Sounds) during the first detection of infection in New Zealand in 2015, with 40.3%
of flat oysters showing infection witB. ostreae,2.7% with B. exitiosaand 53.6% showing
coinfection of the two species BBCR. In the study of Lane (2018), an oveBdinamiaspp.
infection rate of 96.6% was redad via PCR yetpnly 79.9%Bonamiaspp. infectiorprevalence

was recorded vihistology.In the present studthe overall prevalence &onamiaspp. B. ostreae

andB. exitiosg in flat oysters detected by PCR was 70%, whereas the total prevaldmeanhia

spp. observed via histology was only 34%, highlighting the importance of PCR as an accurate

detection tool, in particular fatetecting lighBonamiaspp.infections Flannery et al., 2034

In the present work, the abundance Bfostreaefor the whole gster was evaluated semi
guantitatively by a grading scale modifikdm Hine (1991 This modified grading scale was
derived as a combination of individual tissue gradings, thus providing detailed information
regarding the number of microcells per infsthaemocyte across different tissddse modified
grading scale is an integration of the average numbeBoofamia microcells per infected
haemocyte per tissue atid abundance &onamiamicrocells per tissud.he purpose of the whole
oyster grading of the modified scale is to measure the ovRralktreaeinfection, whilst the

individual tissue gradings help to clarify the progression of the disease.

In the current study, moBL ostreaénfected oysters prested at grade Bonamiawidespread in

most or all tissuespmoderate number were considered grade 4 (microcells were readily observed
in all tissuesandoften associated with a heavy haemocytosis) and just a few oysters were suffering
from a severe, g 5 infection, with microcells common in all tissues, with heavy haemocytosis
and sometimes lesions. These findings indicate that by the time infection was detectable via
histology, most of the oysters hagystemic infection and tHRonamiamicrocells vere travelling
throughout the body, infiltrating many tissues within the hosts, but only a small number showed
tissue damage or lesions (due to rupturda¥mocytes)Hine (2002 also observed very few
infections ofB. exitiosaat grade 5 (heavipfection intensity and sevetéssue damage) but most

with grade 1, low infectiomtensity.Bower (1994 reported that in advanced infectioBspstreae

is distributed systemically; however, in early infections, microcells were often observed onty withi
haemocytes and associated with heavy haemocyte infiltrations in the connective tissue of the gills

and mantle, and the vascular sinuses around the stomach and inBxsiieg, (1994.
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In the present studfd. ostreaanicrocells were recorded within haemiteyin the blood spaces of
gills (the central part of the gill filament filled with haemolymph) and sinuses (a system of the
circulatory systenthrough which hemolymph largely flow$}lood spaces witB. ostreadnfected
haemocytes were also observed iyster samples with heavy infection. These findings are
consistentvith Carnegie et al. (2006who notedB. persporain haemolymph sinuses of infected
horse oysters(streola equestrjsHine (20023 alsostated thaB. exitiosaparasites spread from

the haemolymph sinuses and move between Leydig el chilensis Bower (1994 reported
that B. ostreaeare often detected within haemocytes and linked with heavy haemocytosis in the
connective tissues and vascular sinuses.

Bower (1994 noted thaB. ostreaewere frequently seen within haemocytes and linked with heavy
haemocyte infiltrations in the connective tissue of the gills and mar@eedulis Similarly, Hine
(2002a)observed thathaemocytosis i®©. chilensiswvas often related tB. exitiosainfection. The
current study observed the same with infectiolBobstreaein O. chilensis haemocytosis was

often observed ifB. ostreaeinfected oyster tissues such as gills, mantle, the connective tissue
around digestive tubules and gAtcording toBower et al. (200f bacterialclustersinduced by
microorganismswvere surrounded by an intense accumulation of haemocytes in the tissues of
oystes (Crassostrea giggsand thesenassive haemocyte infiltration responses act as a flag to help
to locate thepathogensTherefore Bonamiaparasite associated haemocytosis in this study also

indicates immunological tissue responses which help to dg@testreaen the oyster tissues.

Another immunological tissue response noted in the current study was brown pigmentation, which
could be ceroid granules. These were noted in tissues including the digestive tubules, gills, mantle
and gut ofO. chilensidn this study. Ceroid granules werequently noticed in many tissues, but
mostly in the mantle, gonad and digestive gland interstitial tissues in various mollusc species by
Webband Duncarf2019 anddigestive tubules of bivalvg#/ytilus galloprovinciali§ by Carella

et al. (2015a Moreover, Apeti et al. (2014)ktatedthat ceroid is common in American oysters
(Crassostrea virginica According toWood and Yasutake (19p6ceroid buildup is caused by

toxicity or disease.

Diapedesis was noticed in the mantle, gills and gt @hilensiswith heavy infection oB. ostreae
in the present stuggnd the infection seemed to be related to haemocyte destrcatised by the
rapid increase of the parasite within haemocytes. Similar findingsobserved byBower et al.
(1994)who reported thaB. ostreaewvas associated with diffuse or generalised infections causing

haemocyte destruction and diapedesis in European flat oysdstsed edulis due to the
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proliferation of B. ostreae.Balouet et al. (1983and Berthe (2003 also obsewved haemocyte
destruction and diapedesis because of the rapid growBh oftreaein O. edulisin Brittany,
western FranceéAccording toHine (19913, B. exitiosainfectedhaemocytes are initially observed

in connective tissue, then, they can be fourdallithe tissues as the infection progresses and finally,

t hey |l eave t he oystersb ti ssues either by
decompositionMoreover,Hine (1991ab) reportedhatBonamiamicrocells infect the host during
feeding where they pass through the oyster gut wall and infect their haemocytes. In the present
study, diapedesis witB. ostreaemicrocells was noted in the gut epithelia, gills and mantle tissues,
which hints thaBonania microcells within haemocytes passed from one tissue to outside of the
oyster through the process of diapedesis. THiagpedesis from gut epithelium to the lumen and
from gill/mantle epithelium to the mantle cavity or external environment may be artampute

for B. ostreadransmission irD. chilensis

According toElston et al. (1986 during feeding or respiratioB, ostreagasses from onefiected

flat oyster to nearby oystels addition, after infecting the oysters, the parasite proliferiatéhe
haemocytes and they multiply to produce up to 20 pard§item et al., 200CElIston et al., 1986
According toLallias et al. (2008 a sinde highly infected flat oysterd. eduli§ contained 443%(°

B. ostreae Bower et al. (199%notedthat most flat oysters dieommuch heavier infections @.
ostreae Hine (1991ab) reported thaafteroyster deathdBonamiamicrocells freed and circulated

into the water andinally, infect a new host. Althoughve oysters spreaBonamiamicrocells
during feeding and respiratiokléton et al., 1986 deadones spread even more because they shed
the entire population when they diEherefore, dead flat oysters are very imporiantisease
transmission since they release large numbers of microctishe water upon deathlthough
Brehélin et al. (1982more oftenobservedB. ostreaén moribund or dead oyste(®. edulig, in

the present study, the heaviest infection (abundancB) obtreaewas noted in live unhealthy
oysters and the lowest infection (abundance) was found in moribund/dead oysters which indicate
thatthe moribund oysters may have already lost or freed their microcells or were ill from another

cause

Other pathogenic parasitegere recorded in the connective tissue around digestive tubules and
gonads, gillsand the gut of O. chilensisin the present study. These includBdcephalus
longicornutus (with many sporocysts and cercaria) and apicomplexan parasit&PX).( B.
longicarnutusand APXwere also detected . chilensidy Hine and Jones (199Hine (2002a
2002h 1997 19913, Webb (2013, Lane et al. (201pandWebband Duncatf2019. In this study,

the concurrent infections &. ostreaewith B. longicornutus APX and bacteria were recorded in
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different tissues of oyster€o-infections ofB. ostreaenith APX andB. longicornutusvere also
observed byLane et al. (2016)In the current study, an association between the infectidh of
ostreaeand the infection oB. longicornutusvas demonstratedccording toHowell (1963) and
Millar (1963), massmortalities of flat oysters in Foveaux Strait, New Zealand occurred due to
heavy infection oB. longicornutugsporocysts and cercaria@nother m@arasite is APX which is
endemicin New Zealand and the second most important pathogén ahilensis following
Bonamiaspp. Hine, 2002hWebb, 2013 According toHine (20023, apicomplexarzoites may
increase the susceptibility of oystersBoexitiosaby occupying and destroying haemocytes and
connective tissue cells and utilising the glycogen reserves of oysters. In this study, coinfection of
B. ostreaavith APX was observed in oysters and an association between the infed@iocostieae
andthe infection of APX PCR resultsvasfound. Hine (2002 notedthat apicomplexan zoites
with very light infection occurred in the connective tisdueydig cells (CTC) around the
haemolymph sinuses but haemocytosis occurred in heavy infections, causjegton of CTC.
Subsequerdistribution of the zoites was related to CTC with early infections and forcing the zoites
into the CTC of the gillsHine, 2002 BothBonamiamicrocells and apicomplexan zoites appear

in haemocytesiif which they undergonultiplication) andtheir pattern of distribution in oyster

tissues might be similaH{ne, 1991

Several other parasites and pathogens subticassporidium rapuagintracellular microcolonies

of bacteria (IMCs),gymnophallidlike metacercaria, copepods and bacteria were observed in
different tissues of oysterdd. rapuae copepods andickettsiaihtracellular microcolonies of
bacteria (IMCs) were also observeddnchilensishy Webb (2013, Lane et al. (2016 and Webb

and Duncan2019. M. rapuaeobserved in this study is not thought to be pathogenic and was
only observed in a single specimaifebb (2013 stated that cysts d¥l. rapuaeare non
pathogenic and occur in connective tissue near the digestive tubul€ ghilensis
Intracellular microcolonies of bacteria (Rickettike organisms) are common in the digestive
epithelium of flat oysters without any significant pathologieffiects Hine, 1997 Webb &
Duncan 2019. Copepods have been reported in several New Zealand bivathedsaemocytosis

but their impact on the host may be mignificant (Apeti et al., 2014 CaceredMartinez &
VasquezYeomans, 199AWWebb& Duncan, 2019 Gymnophallidlike metacercaria is common in
bivalves and most have no adverse effect on cultiredves Webb, 1999 Travers et al. (2015)

also identified Vibrio bacteria in marine bivalves. AccordingWwebband Duncarf2019), stressed,
moribund and éad animals sometimes showed bacteria (rods and cocci) which related to autolytic
and necrotic alterations in the epithelial surfaces of gills, mantle cavity and organ surfaces within

the body cavity of bivalvesP( canaliculus C. gigas, O. chilensisand M. galloprovincialig.
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Therefore Bonamiaparasites along witbther parasites and pathogens are common in oysters and
other bivalves, and they are often associated with mild infection to mass moabtiesniabeing

the most important componeimt) maine bivalves.

3.5 Conclusions
This study confirmed the presence Bbnamia ostreae and determined its prevalence and

abundancén different tissues dlat oysters Qstrea chilensis A modified grading scale was used

to determineB. ostreadnfection levels of oysters, as well as to provide a means of investigating
B. ostreadalisease progressionhis grading scale assessed the haemocyte preisememriety of
tissues within oysters and gives an indicationBofostreaeinfections in those siteQysters
presented systemiBonamiainfection with a small number showing tissue damagdesions
Microcells of Bonamiaspp. were recorded within haemocytes surrounding various tissues (gills,
mantle, the connective tissue anduligestive tubules and haemocytes surrounding the gut) as well
as in the blood spaces of gills and mantle sinuses. Diapedesis was noticed in tissues including gut
epithelia, gills and mantle where haemocytes contdinestreaemicrocells,and suggestearoute

of disease transmissioB. ostreaanfection was detected mostly in live unhealthy oysters rather
than the moribund/dead oysters indicatingt moribund oysters may had shed their microcells or
been ill due to other factar®revalence ofBuceplalus longicornutus APX, Microsporidium
rapuae Gymnophallidlike metcercaria, IMCscopepods andther bacteriavas also recorded
This study demonstrated an association or interaction between the infedionstfeaeand the
infection of B. longicornutusand APX in oystersThese findings provide new insights iro
ostreae disease development, hgsirasite interactions, and transmission mechanism®.in
chilensisand may assist with disease management strategies for the wild harvestused fu

aquaculture industries.
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Chapter 4

Perkinsus olseniand other parasitesand
abnormal tissue structures in New
Zeal and Gr eens hRelnd E
canaliculus) across different seasons

bSs w»SIflyR DNBRyaddicdulun Ydzaas
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Abstract: The New Zeal and GRema casalicelds suBports the rgdst  (

aquaculture industry in the country. However, summer mortality events and potential disease
outbreaks may threaten the growth of this industisyan approach to gauging potential threats
through the seasons, a detailed histopathological examination was conducted on Zaftachalt
musselscollected from a farm between April 2018 to September 2019, which covered the austral
autumn, winter, sjing and summer seasons. Histological sections followed by confirnatsity
hybridization (ISH) resulted in the identification Bérkinsus olsenat an overall prevalence of
56%. Other parasites and pathogens were identified by histology: apicompégaaite X (APX)
(78%), copepodPseudomyicola spinosus Lichomolgus uncyq1%), Microsporidium rapuae

(1%), intracellular microcolonies of bacte(iMCs) (2%) and bacilli and coccbacteria (4%) in

gills, mantle, gonads, digestive epithelium and digestive tubdlbere was a significant
association betweeR. olseniand APX infection in musselJhis is the first report on seasonal
variations ofP. olseniand APX inNew Zealand Grees h e | | Es. Themeswaiseal significant
association between seasons and the presene @$eniand APX in musselsA significant
positive association between the brown material accumulation and paBsitdsefiand APX)

and between haemocytosis aRd olseniinfections were recorded significant association
between presence of parasites and health condition (healthy and unhealthy) of mvassels
observedMoreover, a significant association between digestive tuleiterioration(large lumen,

with a thin eithelial wall) and P. olseniinfection was notedTherefore,this study provides
information regarding the infections pbtentialparasites and pathogefws the first time inP.

canaliculus their seasonal variatiomsmdhostparasitdanteractionswithin a commercial farm.
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4.1 Introduction
New Zeal and Gr e PRema taealiculUsararendemsietd New Zealand and support

the largest aquaculture industry in the country. Unlike other shellfish species, both cultured and
wild Greenshell E mussel s ha(Castindietadl., 20®butthieyi vel y f
are affected by seral pathogenand parasitesncluding Vibrio spp (KesarcodiWatson et al.,

2009a b), digestive epithelial virosigDiggles et al., 2008, Microsporidium rapuae and
Bucephaluspp.(Castinel et al., 201 ®Webb, 2008 Tergestisagnostom{Jones, 1975 rickettsiae

and apicomplexan parasi¥ (Hine, 2002ab; Webb, 2013 andPerkinsusolseni (OIE, 2017

Webb & Duncan, 2019 Among them, the main pathogens and parasites of intereBt atseni

and APX,affectingthesemusselsQIE, 2017 Suong, 2018

P. olseniis a significant parasite associated with inflammatory responses and mass mortalities, in
Haliotis laevigata(Goggin & Lester, 1995 where the presence diis parasitehas just been
reportedor the first timein farmedP. canaliculusrom the top of the South Island in New Zealand

in 2014 QIE, 20T7), thenin 2018 Webb & Duncan, 201p Perkinsusspp. P. olseniand P.
marinuga ect a variety of bi v arlnkedwith severmerslitiesr o u n d
(Ramilo et al., 2015Villalba et al., 201} HeavyPerkinsusspp.(P. marinu3 infection results in

the accumulation of massive haemocyte accumulation in epithelia, connective tissuefibmascle

and blood spaces close to the parasitdlajba et al., 2004 Moreover, the hemocytes
phagocytoseP. marinuscells and the phagocytosed parasites multiply inside the haemocytes
causing them to rupture (Villalba et al., 200Fherefore,P. marinusare involved with tissue
damageand deformation of infected orgafisa Peyre et al.1995 Mackin, 1951 Perkins, 1995

and may eventually lead to organic abnormalities and dé€@tioi & Park, 201). Mortalities
associated withP. olseniinfection are especially acute when environmental circumstances (e.g.,
elevated temperatures, incredssalinity host densityare favourable for the proliferation, activity
(e.g., cell division, metabolism, reproducti@md transmissioaf the parasit¢Park & Choi, 2001
Soudant et al., 2013villalba et al., 2004 Furthermore,studies reportedthe influence of
temperature in the occurrencearfnual patters of perkinsosigdiseases caused By olseniand

P. marinu$ in the clamTapes decussat{€asas2002) Althoughsome studies have focused on

the annual and seasonal pattern® oblseniinfections in clamsRuditapes philippinarunandT.
decussatys(Casas, 20QDang et al., 201, assalle et al., 20Q¥illalba et al., 200%, thereis no

information on infection byP. olseniand its seasonal variations in musgBlscanaliculu$.

Another potential parasite of New Zealand shellfish is apicomplexan X (APX), which is endemic

to New Zealand anceportedn different bivalves, such &streachilensis(Diggles et al., 2002,
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Hine, 2002% P. canaliculus (Suong, 2018 Suong et al., 2019Webb, 2013 Mytilus
galloprovincialisandModiolusareolatus(Suong, 2018Suong et al., 20)9APX is often seen in
the haemolymph sinuses and supra branchial sinuflas @fstersOstreachilensis(Hine, 20023
but lesions are noticed in ttdigestive tract, gills and mantle with associated mortalitiescute
APX infections(Hine, 2002aWebb& Duncan, 201¥ In addition,heavy infection®f APX in flat
oysters are related to the destructiornaémocytes and connective tisgbkne, 20023 and the
depletion of host glycogemd{ne, 2002aSuong, 2018 FurthermoreAPX zoites frequently cause
severenfectionin oysters during the peak spawning period (sumon&utumn) Hine, 20023
While seasonal changes #PX infection in New Zealand ayer Ostrea chilensihave been

reported(Hine, 20023 such studies on the musgelcanaliculusare lacking.

Observations of inflammatory responses, tissues damages, or abnormal tissue morphologies in
histology can be the signs of pathogenic padsitic infection in shellfistinflammatory responses
following pathogenic and parasitic infections, sashthose caused Werkinsusspp.are local
defence reactions in hagsues Cone, 2001Choi & Park, 201 Theinflammatory response may

be sem as abnormally elevated numbers of haemocytes in a tissue area (haemocytosis). This
accumulation of haemocytdms been described as an attempt by the host to destroy, dilute or
isolate the invading factor§parks, 1972 Anotherimmunological tissue rg®nse ighe presence

of brownishyellow pigmentation, (ceroid material or lipofuscin) frequently observed across tissues
in many molluscarspecies \Webb & Duncan, 200)9and generallyoccurs in the vicinity of
parasites, such as APXVebb & Duncan, 200)9This brownishyellow pigment is also associated

with inflammation and contaminatioar necrotic lesionsn Crassostrea virginicaWood &
Yasutake, 1956Zaroogian & Yevich, 1993

In addition to the occurrence of known pathogens and parasites, athditions are also
encountered in shellfish, including digestive gland and gill pathotagyged by pathogens and
parasitegPerkinsu} (Lee et al.2001;, Choi & Park 2010. Digestivegland pathologies, such as
abnormal tubule structures and lumen modifications, including thinning, sloughindaamabe

were seen in other bivalvésardium edule Crassotrea virginicaand Mytilus galloprovincialis

(Carella et al., 201%aMviorton, 197Q Winstead, 19951998 have also been observed iR.
canaliculus(Webb & Duncan, 201P Thesedigestive tubule abnormalities and morphological
changes may occur during the digestive process or under stress conditions, such as changes in the
food supply, stavation, or exposure to pollutants and biotoxjadis et al., 1998Rolton et al.,

2019 Smolowitz& Shumway, 199) The pathologicathanges in the digestive gland of the mussel

(Crenomytilus grayangsmay be caused by chronic pollution and parasifiesiation(Usheva et
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al., 2006, andaffect theabsorptive capacity of the digestive system. Another conditioere
causality is usually uncertain is the pathology of the gills, such as epithelial erosion, loss of cilia
(Webb & Duncan, 201p and alterationsin the ciliary disks(the attachment connecting gill
filaments laterally along their lengtfSunila & Lindstrom, 198pwhichare common in aquaculture
speciesDepending on the level of the erosion and the extent of the obstructethasrasion of

the gill epithelial cells could disrupt respiratdmnction (Webb& Duncan, 2010 In addition the

ciliary disks prevent gill filaments from separating in the musskliveiraDavid et al., 2008
Therefore, alterations in the ciliary diskE mussels will cause the gill flaments to separate and
may lead to the disruption of the entire gill structue QliveiraDavid et al., 2008

It is well known that seasonal temperature changes have a significant impact on the pathogen and
parasite lodin bivalves(Aageser& Hase, 2014Malham et al., 20Q%/iergutz et al., 2012 Some

parasites show positive responses to increases in temperature, including the increased transmission
of parasites betwedmsts Mouritsen& Jensen, 199Moore et al.200Q Poulin, 2006 and can

modify hostparasite interactions (Male& Byers 2018) Furthermorg a parasite such &2.

marinus may expand its geographical range due to climinduced rises in winter water
temperaturesHord & Chintala, 2006Ford & Smolawitz, 2007. Although such increasing water
temperatures have been repotietie associated with massive mortalitieR irtanaliculusduring

summer Dunphy et al., 2015 little is known about the relationship between seasonal temperature

changesind paasitic and pathogenic infections in this species.

This study reports opresence of parasitesdhealth conditions ifPerna canaliculusollected

from Kaiaua mussel farmdn this study, a detailed histopathological examinatioa tdrgeted
surveysamplingof farmed musseld, canaliculuy was undertaken to identify potential pathogens

and parasites and their seasonal variations, as well as to study the immunological tissue responses
to pathogens and parasites gauging potential threats (sumnmraortality events and potential
disease outbreakat thefarms The prevalence and abundance of parasites {@phozoitef
Perkinsusolseni zoitesof APX), inflammatory tissue responses (haemocytosis, ceroid material)
andabnormal tissue structures (especially in the gills and digestive tutaussd by pathogens

and parasites) whichre indicative of hodtealthcondition(Howard et al., 2004 were assessed

with quantitative ad semiquantitative approaches.
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4.2 Materials and methods

4.2.1 Sample collectigrHistologyand In-situ hybridization (ISH)
A total of 256 adul(2 years old)mussels (shell size ranging fra&88.2 to 12Imm, mean=SE of

94.2+0.9 mm) from the same batch of seedre obtained from Kaiauaussel farms (Whakatiwai,
New Zealand 37 U0 2 Nj 5 1. 2)Mtveén Aprir2618 fo Sa\jer@ber20Jjl{2Esamples
each montlwere collectedandomly and transported to the Auckland University of Technology
(AUT) laboratory, Auckland, New Zealandh& monthly sampling covered tlestralsummer
(average temperature 21°C; montBbscember, January, February), autumn (average temperature
17°C; months: March, April, May), winteayerage temperature 12°C; monthane, July, August)

and spring (average temperature 14°C; months: September, October, November).

On arrival, specimens were processed on the same day. After measuring the weight and shell length,
specimens were shucked and the soft parts sectionedeta §% mm thick tissue slice (Howard

et al., 2004) followed by standard histological processing (OIE, 2016). The tissue slices were placed

in histological cassettes, fixed in 4% formalinpg@rt concentrated formalin solution plus 9 parts

filtered seawat® for 48 h then stored in 70% etharahd processed for paraffin histology (Luna,

1968) Specimens were dehydrated in a series of ascending ethanol concentrations with two
changes of xylene and then embeddeddusingapar aff |
microtome. Slides with adhering tissue sections were dewaxed in xylene and then rehydrated
through a descending series of ethanol concentrations followed by distilled water. Slides were
stained with regressive Masjaes, rinvsedthdeiondzeédavaterl i n a
and then taken through an ascending series of ethanol concentrations. After that, slides were rinsed

in two changes of xylene. Then, DPX mountant was used to seal glass coverslips over the sections.

4.2 2 Quantitativeand semtquantitativeevaluationof parasiteinfections,
inflammatory tissueresponsesnd abnormaltissuestructures

The relative abundance Bf olseniwas evaluated by semiquantitativegrading scalenodified

fromRay 6 s s c antl adapfed Bi&SvVea et al. (2013) R a y 6(E54kestimdted the

intensity of infectionn cultured tissues and the scale of da Silva €2@l.3)estimated the intensity

of infection with Perkinsuss p p . from the tissues stained wi/
Perkinsuss pp. by Raydés fluid thioglycollate medi um)
to evaluateP. olseniinfection of histological sections (Table 4.1). Since the scal® (@odified

from Rayds scal e was notance of ARXadndther gfading scalev(@ | u at i
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5) modifiedby Hine (2002b wasused in this study to assebe relative abundanceAfP X [ Hi ne 6 s
scale classified AP¥fected oysters into one to five grades of the intensity of infection]. Although

Hi neds scal e infection Iframa Histoldgicah eitions, observed parasites (zoites)
numbers were not included in that grading scalB)(1n this modified gradingcheme (&) for

APX infection, observed parasites (zoites) number for each scale were mentioned (Table 4.2). In
the current study, the semuantitative grading scales were based on grading from O (indicating no
infection) to 4 (indicating a high level offection) forP. olseniand from O (indicating no infection)

to 5 (indicating a high level of infection) for APX.

Table 41 Whole animal grading foP. olseniinfection (for each mussel, 10 random fields for
each tissue were examined at 2@@agnification).

Score  Grading scale Description

0 Null infection No trophozoites observed after extensive searching ¢
tissues for 5 minutes per slide

1 Very light infection Up to 10 trophozoites (in totatbserved after extensiv
searching of all tissues (5 minutes)

2 Light infection 11-20 trophozoites observed per tissue

3 Moderate infection >20-40 trophozoites readily observed in all tissu
scattered throughout the slide

4 Heavy infection >40trophozoites present in all tissues

Table 42 Whole animal grading for APX infection (for each mussel, 10 random fields for each
tissue were examined at 20fhagnification).

Score Grading scale Description

0 Null infection No parasites (zoites) observed after extensive seart
of all tissues for 5 minutes per slide

1 Light infection A few (<5) parasites (zoites) present (in total), o
observed after extensive searching of all tissue:
minutes)

2 Light to moderate infection >5-20 parasites (zoites) observed per tissue

3 Moderate infection >20-40 parasites (zoites) readily observed in all tiss'
scattered throughout the slide

4 Moderate to heavy >40-100 parasites (zoites) present in all tissues

5 Heavy infection >100 parasites (zoites) present, and tissues conges

The abundance @?. olseniand APX for different tissues, including gills, mantle, the connective
tissue around digestive tubules, gonads and digestive epithelium was evaluated with a grading scale
fromOto 4 Table 4.3)Hi n e 6 s) s¢henr@&c@rded the distribution of APX ze# in different

areas (tissues) of the oystédstrea chilensisat different levels of intensity (Grades5) of
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infection. Observed parasites (zoites) numbers

modified grading scheme ) for APX infedion and (G3) for P. olseniinfection observed
parasites (trophozoitesr zoites) number per tissue of mussels for each scale were mentioned
(Table 4.3). Therefore, this modified scheme is more appropriate for evaluating tissue grading of
P. olseniandAPX infectioninNe w Ze al a n d m@setPernascanalicului

Table 43 Tissue grading foP. olseni(0-3) and APX(0-4) infection (for each mussel, 10 random
fields foreach tissue were examined at £ @@agnification).

Score  Grading scale Description
0 Null infection Parasites (trophozoites/zoites) absent in tissue
1 Low infection 1-5 parasites (trophozoites/zoites) present per tissue
2 Medium infection >5-20 parasites (trophozoites/zoites) pregamttissue
3 High infection >20-40 parasites (trophozoites/zoites) present per tissue
4 Extremely high >40 parasites (zoites) present per tissue
infection

4.2 3 Inflammatory responses
Inflammatory responses, such as haemocytosis and ceroid mategdls, mantle, and the

connective tissue around digestive tubules, gonads and digestive epithelium were evaluated semi
guantitatively on a scale of3, whereGrade 1 =Light (few, <30 haemocytes per field at ¥0
magnification) Grade 2 =Moderate (mediunmumber,31-200 of haemocytes per field at>40
magnification) and Grade 3 #Heavy (high number>200500 of haemocyteger field at 48
magnification) All samples had some presence of haemocytes as this is the normal condition.
Haemocyte proliferation (diffuse and focal hemocytosis) in blood spaces and tissues were observed
In P. canaliculus,hemocytosis can be a sign of infection by parasites (copepdéerkinsu$

(Webb& Duncan 2019)andheavy haemocytosis might be indigatof health problems.

A semiquantitative scale of-3 was also applied to the amount of observed inflammatory response
in the form ofceroid materiaglwhereGrade 1 #.ight (low concentration of ceroid materiarade

2 =Moderate (mediumoncentration of ceroid materjiand Grade 3 Heavy (highconcentration

of ceroid material) Muznebin et al., 2021 Ceroid material is ofterrecognizedas intra and
extracellular granules associatedth haemocytes (granulocytes and hyalinocytes) &y

indicatean immune responsévebb& Duncan 2019.

4.24 Tissue conditions
Digestive tubule structuremnd gill structureswere also assessed seayoiantitatively (Table 4.4,

4.5).
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4.24.1 Digestive tubule structures
A grading scale () was appliedor evaluating digestive tubule structuregere Grade 1 =

Very healthy, Grade 2 Healthy to fair,Grade 3 = Pooand Grade 4 Very poor (Table 4.4)
[D1-D4 stand for the grading scale of digestive tubule pathology]

Table 4.4 Grading for digestive tubule structures (Fig.4A1D).

Score Grading scale Description

1 Very healthy Normal, cruciform or Y shaped lumen (D1) (Fig.4A)

2 Healthy to fair  Normal lumen but sloughed epithelial cells inside lumen (D2) (F
4.14B)

3 Poor Small or no lumen (D3) (Fig. 44C)

4 Very poor Large lumen, with a thin epithelial wall (D4) (Fig. 400)

4.24.2. Gill structures
A typical arrangement of mussel gills is composed of ascendindeswnding lamella&gnila

& Lindstrom, 1985. Each gill lamellae consisted of filaments that have three different zones:
frontal, intermediate and abfrontal (Gregory et al., 1996). The frontal zone differs from other zones
by the presence of ciliated cells. Filaments are laterally joined #ieirdength at regular intervals

by discrete ciliary discs or ciliary junctions. Ciliary discs are formed by condensed tufts of simple
cilia, which are fixed from a base extended from the laafoontal surfaces of the lamellae kK k i t

& Mutaf, 2014 Gregory et al., 1996 Interfilamentar junctions break up can occur either in a
mechanical or chemical meth@8unila& Lindstrom 1985).The ciliary discs of an interfilamentar
junctioncan be changed aséparated by the exposure of copper or cadmium ¢&8urilndstrom,

1985. Inthis studyciliary discsof Perna canaliculugan be atrophied or separated due to infection

of parasites and might be indicative of health issues.

Gill structures were evaluated by a seqantitative grading scale-@), whereGrade 1 =Healthy,
Grade 2 Zair and Grade 3 £oor(Table 4.5).
[C1-C3 stand for the grading scale of gill pathology]

Table 45 Grading for gill structures (Fig. #5A-D).

Score Grading scale Description

1 Healthy Normal structure with ciliated laterailia in the frontal zone, witr
ciliary discs in the abfrontal zone of gill flameahd amedium
number ofhaemocytesn the gill haemolymphspace(G1) (Fig.
415A,B & C)
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2 Fair Ciliary discs appear in thabfrontal zoneand destroyed/broke
epithelium of gill filamentand with few haemocytes in the g
haemolymplspace (G2) (Fig. 45D)

3 Poor Without ciliated lateralcilia, ciliary discsare atrophied/separatéu
theabfrontalzone of gill filament andgery few haemocytes in the gi
haemolympbipace (G3) (Fig. 45E & F)

4.2 5 Statistical analyses
Statistical analyses were performed udihg a r s o-sgudae tesiith IBM® SPSS Statistics

software (version 23R e a r s osyuaie test ftdtistics and the associatealyes were applied
for the comparisons between seasons and parasiteassociation betweeR. olseniand APX
infection,the association between haemocytosisgardsites infection and the asstion between
tissue conditions and parasites infectimuthe association betwedealthconditions and parasite
infectiors. Prevalenceof parasites andesson*year were analyed via two-way ANOVA.
Associations were statistically significantpet 0.05.

4.3 Results

4.31 Epidemiological parametersf P. olseniinfection
Histological sectionsfollowed by confirmatoryin situ hybridization (ISH) resulted in the

identification ofPerkinsus olserat an overall prevalence of 56%ost P. olseniinfected mussels
were in whole animagrade 1 (prevalence 45%:nl12), whereas, 0.4% (n =jere determined
as grade 4.

Trophozoites oP. olseniwere observed in the connective tissue surrounding the digestive tract
epithelium, digestive tubules andrgmls. They were also seen in the blood space of gills and
outside the gill epithelium, ithe space between digestive tubulegntle, and adductor muscle
(Fig.4.17).Most organs/tissues showed a low prevaleneégs®) of P. olseni In gills, 20% of the
musselsvereinfectedwith P. olseniat level 1. In the mantle, 10% of mussels shoRedlseni
infection at grade 1 and 1% were suffering from a severe infection at grade 3. In the connective
tissue around digestive tubules, 30% and 9%h@fmussels were infected wih olseniat grades

1 and 2, respectively. 18% of the mussels presented infection Byolseniat grade 1 in the

connective tissue surrounding digestive epitheliumgorhds FFig. 4.1).
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Figure 41 Cumulative percentage oP. olseni abundancegrading (03) of musselsin different
tissues, N = 256 (abundance here applied only to organs/tissues rather than the whole
mussel)

The highest prevalence (80%6%) of mussels withP. olseniinfection was recorded in March
2019, May 2019 and July 201@spectivelyTable 46).

Table 46 Prevalence oP. olseniassociated with mussels in different months [n = number of
mussels infected with parasites]

Apr. 2018 18 50 9
May 2018 20 45 9
July 2018 20 15 3
Oct. 2018 20 65 13
Nov. 2018 20 60 12
Jan. 2019 20 35 7
Feb. 2019 20 70 14
Mar. 2019 20 95 19
May 2019 18 80 16
June 2019 20 75 15
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July 2019 20 80 16

Aug. 2019 20 30 6

Sep. 2019 20 35 7

A high number (6@1%) ofmusselshowedP. olseniinfection at grade 1 in October 2018, March
2019, May 2019, June 2019 and J20A9(Fig. 4.2).

Cumulative % oPerkinsusabundance

120 - mGrade 0 mGrade 1 mGrade 2 = Grade 3 mGrade 4

100 - l o
80 -
60 -
40 A

20 ~

Observation months

Figure 42 Cumulative percentage ofP. olseniabundance gradingwpole animalgrading =0-4) of

mussels in differeninonths

The highest prevalence (70%, n = 53) of mussels Wittolseniinfection was recorded in

autumn.53% of mussels presented ViAtlolseniinfection in both spring and summtig. 4.3).

AP e ar s osguare test tesulted in a significant association between seasons (summer, winter,

spring and autumn) and the presenc®.ablseniin mussels-value = 0029. The prevalence of

P. olsenin summer, winter and spring are the same. However, the prevaldhaasénin autumn

was significantly higher than in the other three seagosgnificant fp-value= 0.004)numberof
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P. olseniwas detectedn musselsn both years (2018 and 2019 dseasons (summer, winter,

spring andautumn)2way ANOQOVAOSs)
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Figure 43 Mean prevalence (xSE)of P. olseniin summer, winter, spring and autumn. [summer
(n = 40), winter (n = 80), spring (n = 6@ytumn (n = 76)]

In autumn, mussel samples presented a high abundance (n = 40, F3%@)Is&niwith grade 1
(very light infection)and16% of the mussels (n = 12) presenfedlseniabundance with grade 2
8% (n = 6) of the mussels showed a mild infection (grade B.lmseniin winter, spring and
summer. In winter, 4% (n = 3) of mussels were infected Rithiseniat a medium level (grade 3).
In contrast, grade 3 infection Bf olseniin mussel samptewas not recorded during the summer.

The severe infection &. olseni(grade 4) in mussels was only noticedvinter (Fig. 44).

There was no significant association between seasons (summer, winter, spring and autémnn) and

olseniabundance grading6-4) in mussels (Rer s o nsyare tespivalue= 0.233.
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Figure 44 Cumulative percentage ofP. olseni abundance grading @) of mussels in different
seasongsummer, winter, spring and autupnfsummer (n = 40), winter (n = 80), spring
(n =60,autumn (n = 76)].

4.32 Epidemiological parameters of APX infection
Out of total 256 musselnalyzed;78% (n = 199Wwere APX positive. Most AP>nfected mussels

were inwhole animal grade 2 (prevalence 27% [This is prevalence of the infection at this grade],
n = 68) andnly 2% (n = 4) had severe infection with abundance at grade 5. 26% of mussels (n =
67) were at APX abundance grade 1 and 22% (n = 57) had no obs&xPabiafection (whole
animal abundance grade 0).

Individual tissue grade O (null infection) with APK the gills, mantle, adductor muscle, the
connective tissue surrounding digestive tract epithelium, digestive tubules and geerads
observed fromi5-79% musselsFor 3:37% of APX infected mussels with abundance grade 1,
infections were observed in the mantle, and the connective tissue surrounding digestive tract
epithelium and gonads. On the other hand, Om¢6 (n = 131% (n = 3)of mussels presented a
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tissue grade 4 (extremely high) infection of APX in the mantle and the connective tissue around
digestive tubules and digestive epithelium. 8Mmusselavas suffering from a high infection of

APX with individual tissue grade 3 in the mantle and the caiivestissue around digestive tubules
(Fig. 45).
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Figure 45 Cumulative percentage of APX abundance gradingl)(®f mussels in different tissues,
N = 256 (abundance here applied only to organs/tissussr ridtan the whole mussels)

The highest prevalence (100%) of mussels with APX infection was observed in June 2019, August
2019 and Septembg019(Table 47).

Table 47 Prevalence of APX associated with mussels in different months frursber of
mussels infected with parasites].

Apr. 2018 18 72 13
May 2018 20 55 11
July2018 20 60 12
Oct. 2018 20 85 17
Nov. 2018 20 70 14
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Jan. 2019 20 65 13

Feb. 2019 20 45 9
Mar. 2019 20 75 15
May 2019 18 94 17
June 2019 20 100 20
July 2019 20 90 18
Aug. 2019 20 100 20
Sep. 2019 20 100 20

The highest prevalence (88%, n = 70) of mussels with APX infection was noted in winter. On the
other hand, only 55% of mussels had APX infection in summer, a lower percentage than in other
seasongFig. 46).

There was a highly sigiicant association between seasons (summer, winter, spring and autumn)
and the presence of APX in mussdtsg a r s ogyuae tesphvalue < 0.001)The prevalence

of APX in winter and spring was almost the same. However, the prevaleAB&adah autumnand

summer was different from each other and also from the other two seAssiggificant p =

0.004) number of APX was detected in mussels in both years (2018 and 2019) and seasons

(summer, winter,@ing and autumn) (&ay ANOVA).

250% ~

200% -

150% ~

100% -

Prevalence of APX (%)

50% +

0%

Autumn Winter Spring Summer

Seasons

88



Figure 46 Mean prevalence (+SE)of APX in summer, winter, spring and autumn. [summer (n
= 40), winter (n = 80), spring (n = 60), autumn (n = 76)]

A high number (45%) of mussels with heavy APX infection at whole animal grade 4 were recorded
in June 2019. 50% mussels infected with APX abundance grade 3 in July 2019. The highest number
of mussels (60%) with APX abundance whole animal grade 2 was foudeptember 2019. A

higher number (55%) of mussels had no observable APX infection (grade 0) in February 2019.
55% of mussels presented with APX abundance grade 1 in MarchMQ48els withmedium to
heavy(grade 3grade 5)infection of APX was recordeith May 2019, June 2019, July 2019 and
August2019(Fig. 47).
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Figure 47 Cumulative percentage of APXabundance grading (whole animal grading = 0
5) of mussels in different months

In summer, 45% of the mussels (n = 18) had no observable APX infection (grade 0). On the other
hand, 4843% of mussels presented with an APX abundance at grade 1 in autumn and grade 2 in
spring. 4% (n = 3) and 1% (n = 1) of the mussels were infected vatvere APX infection
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(abundance grade 5) in winter and autumn respectively. In the winter season, 15% of the mussels
(n = 12) showed a high level (grade 4) of APX infection (Fig).4.
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20% -

Cumulative % of APX abundance grading

0% -
Autumn Winter Spring Summer

Observation seasons

Figure 48 Cumulative percentage of APXabundance grading {8) of mussels in different
seasons(summer, winter spring and autumn [summer (n = 40), winter (n = 80),
spring(n = 60, autumn (n = 76)].

There was a highly significant associatimtween sasons and APX abundance gradafighussels
(P e ar s osyuae tesptvalue < 0.001).

4.3.3 Co-infection of P. olseni and APX

There was a significant association betwealseniand APX infection inmussel®(e ar sonds c hi
square tesp-value < 0.017)Table 4.8)

Table 48 Statistical analysis: Chiquare test for the association betw@&erolseniand APX
infection in mussels
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Absent 32 78

Perkinsus olseni 0.017
Present 25 121

Heavily inflectedPerkinsuanussels did not tend to carry heavy APX burdens.

4.34 Epidemiological parameters of other parasite infections

4% (n = 11) mussels were associated with bacteria (bacilli and cocci). On the other hand,-few (1%
4%) mussels were infected with copep@us 2),M. rapuae(n = 3) and IMCs (n = 4(Fig. 49).

Prevalence (%)
w

) .
0

Microsporidium rapuae Bacteria IMCs Copepod

Parasites and pathogens

Figure 49 Mean prevalence (xSE)f parasites and microorganisms associated with mussels
(per slide of the whole animal) (N = 256).

The highest prevalence of infection for most of the parasite speciesawaded during September
2019, except for copepods, which were only present in June 2019. In April 2018, 28% of mussels
with bacterial association weabserved Table 49).
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All the parasites showed the same prevalence (3%, n = 2) in the winter $t@sever, the highest
prevalence (10%) of mussels with the bacterial association was recorded in atitenenwas a
significant association between seasons (summer, winter, spring and autumn) and the presence of
bacteria in mussel®(e a r s ocsguare tetgpivdlue < 0014).There was no association between
seasons (summer, winter, spring and autumn) and the presence of copkepagaaeand IMCs

in mussels.

Table 49 Prevalence of parasites associated with mussels in different months [n = humber of
mussels infected with parasites].

Months Sample/mussels Bacteria M. rapuae IMCs Copepod
& Years examined (N)

n % n % n % n %
Apr. 2018 18 5 28 0 0 0 0 0 0
May 2018 20 3 15 0 0 1 5 0 0
July 2018 20 0 0 1 5 0 0 0 0
Oct. 2018 20 0 0 0 0 0 0 0 0
Nov. 2018 20 0 0 0 0 0 0 0 0
Jan.2019 20 0 0 0 0 0 0 0 0
Feb.2019 20 0 0 0 0 0 0 0 0
Mar. 2019 20 0 0 0 0 0 0 0 0
May 2019 18 0 0 0 0 0 0 0 0
June 2019 20 0 0 1 5 2 10 2 10
July 2019 20 1 5 0 0 0 0 0 0
Aug. 2019 20 1 5 0 0 0 0 0 0
Sep. 2019 20 1 5 1 5 1 5 0 0

4.35 Immunological tissue responses (Haemocytosis)
Haemocytosis was observed in the mantle and conndistiue around digestive tubules, digestive

epithelium and gonads (Fig. ©A-D). P. olseniparasites were observed associated with this

responseRearson Chsquare tesp-value = 003).
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Figure 410 Haemocytosis (orange aws) in the different tissues &f. canaliculus (A) mantle, (B)
connective tissue surrounding digestive tract epitheli@h,cbnnective tissue surrounding
digestive tubules andj connective tissue surrounding gonads. Scale bars = 10 um.

Overall percentages (18%) of haemocytosis were recorded in the mantle, and in the connective
tissue around digestive tubules and gonads, whereas only 2% were observed in gills and the

connectie tissue surrounding the digestive epithelium of mussels.

A medium level (grade 2)f haemocytosiswas observedn the connective tissue surrounding
digestive tubulesf 68%o0f musselswhereas 21% of mussels showed haemocytosis at a high level
(grade 3)n the connective tissue surrounding the digestive epithelitdf9® ofmussels showed

heavy haemocytosis (grade 3) in the connective tissue surrounding digestive tubules, gills and
mantle. 45% of mussels showed haemocytosis at a low level (grade 1)donthective tissue
surroundinggonads fig 4.11).
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Figure 411 Cumulative percentage (occurrence rate) of hemocytosis grading) (bh different
tissues of mussels, N = 256, % = occurrence rate [the term occurrence rate was used
rather than prevalence to avoid confusion between organ/tissue values and
prevalence]

4.36 Immunological tissue respases (ceroid/brown material)
Ceroidbrown material accumulation (light, moderate and heavy) was recorded in different tissues

of P. canaliculusincluding the mantle, gills, and connective tissue surrounding gonads and
digestive tubules (Fig. 42A-D). A chi-square test indicated a significant associatpualue =

0.016) between the brown material accumulationRer#tinsusnfection. A significant association
(p-value = 0.014) was also observed between the brown material accumulation anmde®#n
(Chi-square test). The presence of ceroid material was often noted in the tissues of mussels where
APX was detected (Fig. £A-D).
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Figure 412 Ceroid/brown material accumulation (orange arrows) i canaliculus (A)
connective tissue surrounding gonads,B) ( connective tissue surrounding
digestive tubules,&) mantle, D) gills (blood space). Scale bars = 10 pm.

Most (70%) mussels showed ceroid material accumulation at low levels (grade 1) in gills and the
connective tissue surrounding the digestive epitheliiimthe connective tissue surrounding
digestive tubules, 66% and 10% of mussels showed ceroid matetiad@ation at a medium level
(grade 2) and high level (grade B)spectively Fig. 413). [Light/grade 1 = normal level].
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Figure 413 Cumulative percentage of ceroid material accumulation levek8) (On different
tissuesN = 256, % = occurrence rate

4.37 Digestive tubule structures
Most of the 256 mussel samples showed digestive tubule structures wiibring or cruciform

or Y shaped lumefD1) (n = 202, occurrence rate of 79%). Howevd%o (occurrence ratedf
musselgn = 25 showed digestive tubule structure witbrmal lumen but sloughed epithelial cells
inside lumen(D2) 18% (occurrence rajeof mussels (n = 45) showed digestive tubule structures
with the largdumen, with a thin epithelial wa{D4) andsmall or no lumerD3). A chisquare test
indicated a highly significant associatignalue = 0001) between digestive tubule structures and
Perkinsusinfection. However, there was an insignificant associafpwa(ue = 0.484) between
digestive tubule structures and Alr¥ection.
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Figure 414 Digestive tubule structures (orange arrows) Bf canaliculus (A) nomal or
cruciform or Y shaped Ilumen (D1),BY normal lumen but sloughed dpétial
cells inside lumen (D2),Q) small or no lumen (D3) andDj large lumen, with
a thin epitheliawall (D4). Scale bars = 10 pm.

4.38 Gill structures
Out of 256 mussels, 1%@amplegoccurrence rate of 74%) showed gills with normal structure, with

ciliated lateractilia, ciliary discs and medium number of haemocytes in thé@gidmolymptspace
(G1), whereas th&0% (occurrence ratedf samples (n = 26) showed gilNgith ciliary discs,
destroyed/broken epithelium of gill filameahd few haemocytes in the dgilhemolymphspace
(G2). 24% (occurrence rate) of samples (n = 62) showed gitt®wuii ciliated lateratilia, ciliary
discsare atrophied/separatadd withvery fewhaemocytes in the gilaemolymptspace (G3).
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