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Resumo

Espera-se que a populagédo global atinja os 9 mil milhdes em 2050, desafiando o sector
alimentar mundial a tornar-se mais produtivo, eficiente e sustentavel para garantir a seguranca
alimentar as geragdes futuras. Os oceanos, em todo 0 mundo, sdo sobre-explorados e a atividade
de pesca é muitas vezes insuficiente para satisfazer a procura, pelo que a aquacultura representa
uma solucdo para o problema. Um dos principais desafios ao desenvolvimento da aquacultura é
proliferacdo de doencas que afetam os individuos em cultivo. Na regido mediterranica, no Sul da
Europa, amyloodiniosis representa um grande risco para a aquacultura semi-intensiva e intensiva,
afetando a maioria das exploragdes piscicolas em todos os sistemas de producdo e causando
elevada mortalidade. Embora existam métodos preventivos e desinfetantes, a maioria tem um custo
elevado, é pouco pratica de aplicar em sistemas semi-intensivos com tanques de terra e altamente
prejudicial para o ambiente, tornando a inovacdo de novas terapias, tratamentos e vacinas de
especial importancia. Esta tese centra-se no desenvolvimento de uma possivel vacina para o robalo
(Dicentrarchus labrax), utilizando extratos hidrofilicos obtidos a partir do dinoflagelado
Amyloodinium ocellatum. Os extratos foram injetados intraperitonealmente em robalos de 139.8 g
de peso médio e as respostas imune, de stress e hematoldgica foram analisadas ap6s 7, 14, 21 e 28
dias da vacinacdo. Vinte e oito dias ap6s a vacinacdo procedeu-se ao desafio com duas
concentracdes de A. ocellatum (35 e 10 dinospores/mL), sobre o grupo controlo e o grupo
vacinado. Para os parametros hematolégicos, foi registada uma disparidade de resultados nos
valores da hemoglobina (Hgb), hematdcrito (Htc), lactato e pH, apresentando o grupo vacinado
valores mais elevados de Hgb e Htc e valores mais baixos de lactato e pH no sangue. O grupo
vacinado, também, apresentou um maior numero de mondcitos e um menor ndmero de
trombdcitos. A nivel histol6gico, ndo foram observadas diferencas no figado e nas branquias entre
os dois grupos. Quanto aos resultados do desafio, conclui-se que, com a concentracdo utilizada,

néo existiu diferenca significativa entre os peixes imunizados e o grupo de controlo.

Palavras-chave: Aquacultura, patologia, Dicentrarchus labrax, Amyloodinium

ocellatum, resposta imune, onicagéo, acinacao



Abstract

The global population is expected to reach 9 billion before 2050, and the world food-
producing sector must become more productive, efficient, and sustainable to provide food security
for future generations. Fisheries worldwide are overfished, and stocks are often incapable of
satisfying the demand, aquaculture represents a solution to the problem. However, the
development of aquaculture is constrained by different causes, diseases being one of the most
significant. In the Mediterranean area, Southern Europe, amyloodiniosis represents a key
bottleneck for semi-intensive aquaculture production, affecting most fish farms across all
production systems and causing high mortalities at precipitous rates. Although treatments exist,
most are either expensive, unpractical, or highly harmful to the environment, making the
innovation of new therapies, treatments, and vaccines of paramount importance. This thesis
focuses on the development of a possible vaccine for seabass (Dicentrarchus labrax), using
hydrophilic extracts obtained from the dinoflagellate (Amyloodinium ocellatum). The Extracts
were injected intraperitoneally in seabasses with an average weight of 128.9 g and the immune,
stress and haematological responses were evaluated at 7-, 14-, 21-, and 28-days post-injection.
After 28 days the challenge started, where both the control and the vaccinated group were injected
with two concentrations of A. ocellatum (35 and 10 dinospores/mL). For the haematological
parameters, it was registered a difference in the values of haemoglobin (Hgb), haematocrit (Htc),
lactate and pH, where the vaccinated fish showed higher values in Hgb and Htc and lower values
in lactate and pH. Vaccinated fish also presented a higher number of monocytes and a lower
number of thrombocytes. At the histological level, no significant differences were noted in the
gills and liver. As for the results from the challenge, it was concluded that there were no differences

between the vaccinated fish and the control with the selected concentration.

Keywords: Aquaculture, pathology, Dicentrarchus labrax, Amyloodinium ocellatum,

Immune Response, Sonication, Vaccination
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1. Objectives and Motivation

The main objective of this thesis is the development of a preventive therapy for the
seabasses Dicentrarchus labrax based on the hydrophilic extracts of sonicated Amyloodinium
ocellatum tomonts. The preventive therapy will be based on vaccination, explicitly, sonicated
tomonts of A. ocellatum will be fractionated into hydrophilic and lipophilic fractions and the
hydrophilic fraction will be injected intraperitoneally. Then the immune response and health of the
fish, for the chosen concentration, will be evaluated through various parameters determining if this
approach was successful.

A. ocellatum is an agent responsible for the occurrence of Amyloodiniosis in marine fish
produced in aquaculture. Due to the life cycle of A. ocellatum, with an enlisting phase, and the
pollutant characteristics of the more common treatments, the complete eradication of this parasite
is still a severe challenge. The discovery of new methods that allow the treatment of infected
animals by chemically destroying the initials stages of the parasite; eliminating the tomonts
(encapsulated state, a cyst that develops after the trophont leaves the fish) in the tanks or by helping
the organism build a resistance to the pathogen, has a significant value an industry that annually

suffers significant losses in damages due to A. ocellatum.



2. General Outlook on Aquaculture

Humans have relied on fish as a primary source of animal protein in the past and will
continue to do so in the future. Food production (e.g., growing of crops, breeding of domestic
animals) has and will continue to compete with other human activities (e.g., transportation,
housing, industry) for the limited usable/inhabitable land as the population approaches 8 billion in
around 20 years. Many species of marine fish provide significant health components, such as
polyunsaturated fatty acids, in addition to being a cheaper animal protein (e.g., Omega 3).
However, the capture-fishery is either stagnant or declining, as natural fish stocks have been
considerably reduced in many regions of the world as a result of overfishing, indiscriminate
fishing, and/or the destruction of spawning grounds. Many harmful discharges (e.g.,
organophosphates, heavy metals) into aquatic habitats, particularly from industry, have been
shown to impair fish survival and reproduction. Because of excessive amounts of accumulated
pollution in some locations, fish are no longer fit for human consumption, and no new fishing
grounds have been located. Aquaculture continues to be the fastest-growing food-producing sector,
according to the Food and Agriculture Organization, with an annual growth rate of roughly 10%.
If not for illness outbreaks, it would be far higher (Woo et al., 2002). Many countries, particularly
those with significant numbers of rivers and lakes and/or lengthy coastlines, have established
intense cage culture of freshwater and marine fishes (e.g., China, Chile, Norway). Disease
outbreaks, on the other hand, are becoming more common as intensive fish culture facilitates the
transmission of parasites amongst caged fish and the acquisition of pathogens from wild fish

attracted to the uneaten food in cages (Woo et al., 2002).

2.1 Impacts of Diseases in Aquaculture

Diseases are one of the most important constraints in aquaculture, especially in intensive
fish farming, representing severe annual costs to producers (Murray and Peeler, 2005). The open
design of many aquaculture systems allows the transmission of infectious pathogens, where they
find ideal conditions to cause a disease outbreak and complicates the implementation of host

defence mechanisms (Balcéazar et al., 2006; Mladineo et al., 2010). Global warming tends to



increase the frequency of outbreaks and increase the ecological range of the diseases (Diez and
Perlado, 2014; FAO, 20153, b). Parasitic diseases caused by obligate or opportunistic eukaryotic
pathogens have a major impact on global finfish and shellfish aquaculture, and in many regions,
they represent a key constraint to the production, sustainability, and economic viability of

aquaculture facilities (Shinn et al., 2014).

Amyloodiniosis, often known as 'marine velvet,' is a parasite illness that poses a severe
danger to semi-intensive and intensive aquaculture in Southern Europe and the Mediterranean
region. It is regarded as one of the most serious barriers to the production of various warm-water
aquaculture species (Noga et al., 1996; Menezes et al., 2000). Amyloodinium is known to infect
over a hundred species of fish. It is one of the few fish parasites that can infest both elasmobranchs
and teleosts, and most fish that dwell within its ecological range are susceptible to infestation
(Lawler et al., 1980). In brackish and marine warm water aquaculture facilities, it can cause
substantial morbidity and death, as well as a moderate-to-intense tissue reaction in numerous
commercially important shrimp species (Aravindan, Chaganti & Aravindan 2007). It is frequently
regarded as the most serious parasite infection affecting marine fish (Paperna et al., 1981).
Outbreaks can happen very quickly, with 100 percent death in just a few days. When freshwater
fish are raised in saltwater waters, they are prone to infection (Lawler et al., 1980; Noga and
Bower, 1987; Kuperman and Matey, 1999). Tilapia growers in the Salton Sea, California, USA,
lost as much as 77 million dollars owing to an Amyloodinium infestation in 1997-1998. (Kuperman
& Matey, 1999).

3. Characterization of the Parasite

3.1 Taxonomy

A. ocellatum is a dinoflagellate that parasites fish (Becker et al., 1977; Lawler et al., 1980;
Lauckner et al., 1984; Noga et al., 1996). A study made by Murray et al., (2005a), using rRNA
(ribosomal RNA), indicates that A. ocellatum is closely related to Pfiesteria piscicida. Saldarriaga
et al., (2004) and Ki et al., (2012), puts A. ocellatum in the Blastodiniales order, but phenotypical
characteristics put it near the order Peridiniales, which agrees with Landsberg et al., (1994),

Steidinger et al., (1996) and Fensome et al., (1999). Some studies have suggested that there may

3



be more than one species or strain of Amyloodinium, however none is registered at the moment

(Lom and Lawler, 1973, Lawler et al., 1980, Noga et al, 1991).

3.2 Biological Cycle and Morphology

A. ocellatum is a dinoflagellate with a three-stage life cycle: trophont (parasitic state);
tomont (encapsulated state, a cyst that develops after the trophont leaves the fish); and dinospores
(free-living state, discharged from the tomont) with a length of 6.1 + 0.8 microns and a width of
11.7 £ 0.5 microns (Landsberg et al., 1994). The actively feeding parasitic trophont attaches to fish
gills and skin, the reproductive encysted tomont is introduced into sediments, and the free-
swimming infective dinospores form after the tomonts divide (Kuperman and Matey, 1999; Woo
et al., 2007). (Figure 3.1). At 25 degrees Celsius, each tomont can produce up to 256 dinospores
in three days, each of which can infect a new host and produce a trophont.

The trophonts of A. ocellatum adhered to the fins, eyes, or mouth cavity of fish are
brownish or yellow spheric, ovoid, or piriform structures with a size range of 49x26 um to 120x79
pm (Cruz-Lacierda et al., 2004; Kuperman e Matey, 1999). (Kuperman e Matey, 1999). In the
cytoplasm, a huge spheric nucleus with numerous chromatophores, starch granules, and digesting
vacuoles can be seen in a central location. Externally, trophonts have a pseudo-chitinous capsule,
a stomatopod, a structure specialized in nutrition absorption, and a short stalk with multiple
rhizoids that allow them to pierce and connect to hosts in the polar zone (Zambrano et al., 2001).

In the final phase of the nutrient absorption process, the rhizoids and stomatopod are
absorbed through an opening in the capsule that, when closed, creates a cyst or a tomont (Zambrano
et al., 2001; Noga and Levy, 2006). Before the tomonts final division, the cell's shape shifts from
ovoid to elongated, and its cytoplasm darkens, compresses, and suffers strangling. The tomites
(daughter cells of the tomont) divide through synchronized binary fission every 9-10 hours inside
the tomont. The tomont always has 2 n tomites of identical size in each division state.

The initial size of the tomont when it detaches from the host determines its reproductive
potential (division number before sporulation), however the incubation conditions are critical for

achieving maximum reproductive capability (Paperna et al., 1984). Each tomite differentiates and



converts into two dinospores that are ejected from the capsule after the last division, a process
known as "sporulation.” The dinospores occasionally escape from the tomite while still attached,
and the final separation takes place outside of the "mother" cell (Paperna et al., 1984).

The dinospores are the active state of the parasite and assume a classic morphological shape
of a dinoflagellate with two flagella. Usually, each tomont creates between 64 and 256 dinospores
(Menezes et al., 2000; Paperna et al., 1984).

Amyloodinium ocellatum

Y Life Cycle
Dinospore 1
(Infective state) Trophont state, attached to the gills
1000x amp.. [IPMA J | Histological cut of infected b hias 400x amp. and 200x

i \, Amp,, IPMA

P -
o ) £ *:.\». 5
% . el
# : N e
7 | 1
‘;"é ) mrer
y

Tomont division state Isolated from Seabass (Dicentrarchus Labrax)
\ 400x amp. 400x amp. 400x amp. 100x amp. 100x amp.
: IPMA IPMA IPMA IPMA IPMA

Figure 3.1- Amyloodinium ocellatum life cycle phases (amp. 200x and 400x)



3.3 Diagnostics and Pathology

The symptomatology is characterized by changes in fish behaviour, with slow jerky

movements, swimming at the water surface and decreased appetite, a condition generally

Figure 3.2 and 3.3- Amyloodinium ocellatum attached and detached from gills of seabass (Dicentrarchus

labrax), respectively (40x and 100x amp., IPMA)

associated with most skin and gill infections (Soares et al., 2011; Menezes et al., 2000). If the
primary site of infection is the skin, infected fish sometimes develop a white or brown colouration
(“velvet”) or cloudy appearance, which is most visible when viewed with indirect lighting such as
a flashlight (Levy et al., 2007). Such fish may display signs of “flashing” or rubbing on tank walls,
the substrate, or other structures in their environment. The method of diagnostic usually involves
using a fresh extract of either skin or gill of recently dead or moribund animals and sequent
observation of the sample in a microscope (Menezes et al., 2000).

In some cases, when the "velvet" is not present, direct identification of the parasite may be
possible. For example, if the skin infection is large enough and the fish's coloration is dark, it may
be possible to identify the parasite by applying diluted lugol directly to the affected area, as it
reacts with amid, which is produced by the trophonts (Noga et al., 2012). Bower et al., 1987



discovered that if infected fishes are transferred to a receiver with distilled water, the tomonts will
gather in the bottom in roughly 15 minutes, allowing them to be observed.

Serum antibodies detected by ELISA or dinospores agglutination assay may be produced
by fish that have recovered from an Amyloodinium infestation or have been experimentally
exposed to parasite antigen (Smith et al., 1992; Cobb et al., 1998 a,b; Cecchini et al., 2001).
Because increased antibody titers have been related to resistance, such assays could be beneficial
for both monitoring and identifying subclinical infestations in vulnerable groups (Cobb et al., 1998
a, b). Examining it under a microscope to assess its presence in the water column in fish farms is
impractical because one stage of its life cycle is free (dinospores). In this regard, the PCR-based
method for detecting dinospores (free phase) in water is a sensitive and specific method for
detecting a small number of individuals (Levy et al., 2007). As a result, it can be utilized in an
aquaculture environmental monitoring program, as effective disease control requires the ability to

detect an infestation in its early stages and execute effective control measures (Soares et al., 2011).

Anoxia (associated with significant gill hyperplasia, inflammation, haemorrhage, and
necrosis) is usually blamed for fish deaths, which can happen in as little as 12 hours in heavy
infestations (Lawler et al., 1980; Noga et al., 2012). Mild infestations, on the other hand, have a
high mortality rate, which Noga et al., (2012) attributes to osmoregulatory dysfunction and

subsequent microbial infections as a result of extensive epithelium damage.

Paperna et al., (1980) also observed that, in infections of A. ocellatum in juveniles and
reproducers of seabream and seabass, the infection focus was on the gills, while in the larval stage

the pathogen is mainly found in the skin.



3.4 Treatments, Prevention, Control, and Prophylaxis

As A. ocellatum is a virulent parasite, outbreaks must be treated as soon as possible to
prevent excessive mortality rates (Ramos e Oliveira, 2001). Efforts to remove A. ocellatum at
various stages of its life cycle have shown some results using various techniques and drugs.
However, because A. ocellatum tolerates a wide range of temperature and salinity, modifying
physical and chemical parameters for disease management is extremely difficult. Temperatures
below 15 °C and lower salinities can inhibit parasite growth (Paperna et al., 1984). Lowering the
temperature to 15 °C stops the disease development, while decreasing salinity slows but does not
prevent infestations (Barbaro and Francescon, 1985), unless fish are placed in freshwater. Most,
but not all, trophonts are dislodged by a brief freshwater bath lasting up to 5 minutes (Kingsford
et al., 1975; Lawler et al., 1977b). These measures, however, are ineffective in cropping systems
that use earthen ponds (tanks of large dimensions, 0.4 to 1 hectare and larger) and offshore systems,
because most pathogen-affected species cannot tolerate wide variations in salinity and
temperature, which is the reality in most southern European aquaculture. According to a recent
study by Pereira et al. (2011), the water quality maintained within production ponds with a defined
fish stock density and a good water renewal rate helps avoid and control A. ocellatum infestation
in seabream. Chemotherapy is effective against the free-living state (dinospores), but the parasitic
and encapsulated states of trophont and tomont are difficult to remove or treat (Lawler, 1980;
Paperna et al., 1984). (Soares et al., 2011). The most commonly used treatment for managing and
removing this parasite is copper in the form of copper sulphate, a chemical widely used in
agriculture but that can have serious environmental consequences if used irresponsibly (Soares et
al., 2012).

Because the cell wall prevents the entry of copper ions, the process of encapsulation and
division normally happens until sporulation after dislodging the trophonts of the host tissues.
Dinospores are exposed to the cytotoxic impact of copper during sporulation, interrupting the
parasite's life cycle (Paperna et al., 1984). Tomonts can withstand copper concentrations ten times
higher than those that are poisonous to dinospores (Paperna et al., 1984). According to Canosa et
al., (2006), copper treatments should last 10-14 days to control the disease, at a concentration of
0.12-0.2 mg. LX. However, Vaz et al., (2010) by exposing bream juveniles (Diplodus sargus) to
0.2mg. L% 0.5mg. L't and 1 mg. L for 23 days and 0.25 mg. L and 0.5 mg. L™ for 60 days



observed evidence of toxic effect during exposure to copper sulphate, with an increase in the
concentration of copper in the liver accompanied by morphological changes in fish. Because free
copper is unstable in water, levels should be monitored to ensure that they remain at the correct
concentration. It should be noted that at high water temperatures (25 to 30 °C), the infections and,
consequently, the copper sulphate treatment may linger for more than a month, which, when
combined with the high cost of the product, may imperil the commercial sustainability of a fish
farm (Soares et al., 2011). Treatments with formaldehyde at concentrations of 100-200 mg/L for
6 to 9 hours, on the other hand, act on the detached trophont stage. The most effective medical
approach has found to be repeated treatments, frequently followed by the removal of the fish to an
uncontaminated tank. For example, treating juvenile bullseye puffers (Sphoeroides annulatus) in
saltwater with 51 mg/L formalin for 1 hour or 4 mg/L formalin for 7 hours reduced A. ocellatum
load on the skin and gills considerably. After 15 days, reinfestation occurred, but it was managed
by continuing the treatment (Fajer-vila et al., 2003). Hydrogen peroxide at 75-150 mg/L was
successful in removing trophonts from Pacific threadfin (Polydactylus sexfilis) (Montgomery-
Brock et al., 2001). All treatments must be maintained for an extended period of time in order to
be effective, albeit rigorous management is still essential by testing the fish for probable re-
infestation. Many different medications, including chloroquine diphosphate, have been used to
treat this parasite, but the outcomes have been mixed. In vitro tests using N-methylglucamine
lasalocid indicated that it inhibited dinospore emergence at dosages as low as 0.01 mg/L.
Treatment of infestations on red drum fry for 24 h with 0.10 mg/L reduced gill infestation intensity
by 80 % and none of the fish treated with 1 mg/L had signs of infestation (Oestmann and Lewis,
1996).

Oestmann et al., (1995) presented a biocontrol technique for dinospores control based on
the discovery that larval brine shrimp (Artemia salina) readily feast on dinospores. In an in vitro
study with a ratio of 8 nauplii/mL and 10,000 dinospores/mL (1 nauplius/1250 dinospores), all
dinospores were removed after 8 hours. Adding nauplii before the fish experiment also reduced,
but did not eliminate, the infestation. Soares et al. (2012) also indicated that a greater investment
in biological treatments may result in a higher quality final product and lower waste management

costs. There are also new plant-based research studies (Harikrishnan et al., 2011).



Another approach that is yielding results is immunological stimulation of fishes (Noga et
al., 2001; Ewart & Tsoi 2004; Ullal et al., 2008; Noga et al., 2009; Corrales et al., 2010; Noga et
al., 2011), with a focus on H2B histones and other antimicrobial peptides (AMP) found in most
reared species. The introduction of live yeast from Debaryomyces hansenii, for example, has
increased the resistance of juvenile leopard grouper Mycteroperca rosacea to A. ocellatum (Reyes-
Becerril et al., 2008). There is additional research being done to develop a vaccine for this parasite.
The grouper Epinephelus coioides was inoculated with a modest dosage of Cryptocaryon irritans
theronts and demonstrated acquired protective immunity (Yambot and Song, 2006), indicating the
promise of A. ocellatum immunization. In terms of risk prevention, the introduction of dinospores
in aquaculture systems can be prevented by treating the intake water with ultraviolet (UV), ozone
and chlorine (Lawler et al., 1977; Noga et al., 2012). This method, however, is only applicable in
closed systems. In the case of Portuguese aquaculture production, which is mainly done in open
systems in tanks ranging from 0.4 to 1 hectare, UV water treatment is unfeasible. Furthermore,
UV does not disinfect the tomonts-containing pond silt. In open systems, prevention is only
possible by closely monitoring the parasite's presence on fish during optimum development phases
and avoiding stressful situations for the fish. When fish are stressed, the parasite multiplies rapidly
and kills a large number of them. Routine hygiene protocols, such as the removal of dead fish from

culture tanks, must be followed (Soares et al., 2011)

4. Stress Indicators

Marine animals including fish are very sensitive to stressors in nature and artificial
aquaculture conditions (lwama et al., 2006). Some aquaculture studies describe that chronic and
acute stress is associated with many aspects regarding biochemical or physical perturbations and
have physiological effects on the organisms (Kubilay and Ulukoy, 2002; Vijayan et al., 2009).

There are different definitions of stress. Cannon (1935) defined for the first time the
"homeostasis” theory. Selye et al., (1950) proposed the notion of non-specific physiological
response to stressors, in which he classified all stressor reactions into two categories: special

stressor reactions and general stressor reactions with no prior focus on the stressor. Later, McCarty
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et al., (1996) claimed that stress is a non-specificity biological reaction or a lack of specificity

response of animals to any stimuli in emergencies.

The origin of stressors can be divided into:

1. Biological stressors due to parasites (Landsberg et al., 1998), and high organism density.

2. Chemical stressors are created by spilling contaminants into the water, abiotic
environmental stressors (Van Weerd and Komen, 1998), nitrogen, and faeces (Askarian
and Kousha, 2006).

3. Physical stressors such as capture (Bolasina et al., 2011), heat fluctuations, crowding or
density (McCormick et al., 1998; Bolasina et al., 2011), bad water quality (Santos et al.,
2010), water-soluble gases, light, water pressure, feed intake versus FCR, and noisiness
(Askarian and Kousha, 2006). Input water quality monitoring is critical for preventing
physical stressors such as periodic decreases in dissolved oxygen or increases in CO2
(Person-Le Ruyet et al., 2002).

Numerous research on stress and biological interactions in marine creatures have been
conducted. Most studies state that cortisol and glucose are the most prevalent stress indicators
(Einarsdéttir and Nilssen, 1996; Einarsdéttir et al., 2000; Olsen et al., 2008; Fernandes de Castilho
et al., 2008; Martinez-Porchas et al., 2009) that can affect fish physiological activities such as
increasing cardiac output and gill vascularity along with glycogenolysis with activation of "brain-
sympathetic-chromaffin cell axis” (). (Nolan et al., 1999; Olsen et al., 2008).

Activation of the hypothalamus-pituitary gland-gonad axis (Carragher et al., 1989;
Pottinger and Mosuwe, 1994) with the release of catecholamines (Einarsdottir and Nilssen, 1996)
such as epinephrine, adrenaline (Martinez-Porchas et al., 2009), norepinephrine (Askarian and
Kousha, 2006), glucocorticoid steroid hormones (Vijayan et al., 2009) and corticosteroid
hormones within the bloodstream (Weirich et al., 1997; Martinez-Porchas et al., 2009) have been

the focus of different studies.
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The activation of the stress system is defined by many levels of responses whenever stress

occurs:

1. Alarm, primarily with an increase in plasma cortisol and catecholamines via neuro-
physiological axis that is called the hypothalamic-pituitary-interrenal (HPI) axis (Vijayan et
al., 2009).

2. Resistance, secondary to an increase in plasma metabolites (such as glucose and lactate) and

a decrease in tissue reserves (i.e., glycogen).

3. Exhaustion, with reductions in several physiological and immunological processes (growth,
reproduction, and others) (Wedemeyer et al., 1990; McCarty et al., 1996; Wendelaar et al.,
1997; Askarian and Kousha, 2006).

The critical activities of animals, including fish, are dependent on the intake of oxygen
from the environment. Fish have mechanisms for dealing with oxygen demands and adapting to
changes in the environment in terms of supply (Martemyanov et al., 2013; Martemyanov et al.,
2015). Elevated sodium levels in erythrocytes are found during fish adaptation to oxygen shortage,
which occurs due to a decrease in sodium solubility in water when water temperature rises
(Martemyanov et al., 2009). The levels of catecholamines in blood increase significantly during
the initial stage of stress (Mazeaud et al., 1977; Mazeaud and Mazeaud, 1981), increasing the

oxygen needs (Klyashtorin and Smirnov, 1981; Aardt and Booysen, 2004; Fu et al., 2007).

There is a hypothesis that the functions of Na+ /H+ counter-transport enhance in stress
conditions, due to catecholamines that increase the oxygen-carrying capacity of fish erythrocytes.
This could be measured with a different analysis, like pH and osmolarity (Thomas and Perry, 1992;
Wendelaar Bonga, 1997; Perry and Bernier, 1999).
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5. Immune Response

“Teleost fish possess both innate and adaptive immune responses, the latter is the key
component of the immune system that provides protection following vaccination.” (Adam et al.,
2021).

5.1 Innate Immune Response

Innate responses are rapidly mounted reactions to invading organisms and include a
complex network of molecules and cells that operate to kill and/or inactivate the assumed
pathogen. The leucocytes involved in innate responses are mononuclear phagocytes,
polymorphonuclear leucocytes, and natural-killer cells. Molecules involved in innate responses
are antibacterial peptides, lysozyme, transferrin, complement, reactive oxygen intermediates
(ROI), cytokines, chemokines, and Toll-like receptors (TLR) (Zaccone et al., 2017)

Some fish species, such as Killifish (Fundulus grandis), American eel (Anguilla rostrata),
and molly (Poecilia latipinna), are inherently immune to A. ocellatum parasitism. Resistant species
are typically those that create thick mucus or can endure low oxygen levels, probably as a result
of the parasite's higher capacity to withstand an attack or feeding on gill tissue (Lawler et al.,
1977). In host-parasite interactions, host factors must play a crucial role. Fish parasite oodinids
only feed on or within the skin or gill epithelial tissues. Thus, host-parasite interactions (i.e., host
recognition, defensive systems responsible for defending against these infections, and so on) are
found in mucus or on/in epithelial cells and extracellular fluid of the epithelium. In vitro data
suggests that serum can have strong anti-Amyloodinium activity (Landsberg et al., 1992).
Amyloodinium is also highly sensitive to natural, host-produced antibiotics, known as
antimicrobial polypeptides (AMPPs). Histone-like proteins (HLPs), a form of AMPP, are found in
large amounts in the skin and gills of hybrid striped bass (Morone saxatilis x Morone chrysops)
and other fish (Noga et al., 2001). The amounts of HLPs that were fatal to Amyloodinium were
well within the range that these compounds are found in fish tissues, implying that they play an
essential role in protecting fish against this parasite. Surprisingly, HLPs are very toxic to trophonts
but have no effect on dinospores (Noga et al., 2001). Recent research has also revealed that another
class of antimicrobial polypeptides, piscidins, are highly toxic to both dinospores and trophonts
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(Colorni et al., 2008). Piscidins are present in high concentrations in epithelial tissues including
skin and gills (Noga et al., 2009). They are widespread in higher teleost’s, especially perciform
fish (Silphaduang et al., 2006; Noga et al., 2011) and, thus, this defence may play an important
role in resistance to amyloodiniosis. In terms of upregulated defence’s, recent data shows that a
natural AMPP response in fish, consisting of a suite of AMPPs, some if not all of which are derived
from the B-chain of the respiratory protein haemoglobin (Hbg), can be strongly upregulated in vivo
to levels that are lethal to important pathogens (Ullal et al., 2008), including Amyloodinium (Ullal
and Noga, 2010; Noga et al., 2011). These AMPPs originate not in the blood but rather in the skin
and gill epithelium, the target tissue of Amyloodinium. Most importantly, the Hb AMPP
concentrations expressed in vivo appear to be well within the antiparasitic concentrations measured
in vitro (Ullal et al., 2008). These data suggest that mechanisms exist to increase at least some
AMPP responses to highly lethal levels in vivo, thus providing the opportunity to use this as a
direct protective tool. In this regard, feeding leopard grouper (Mycteroperca rosacea) a diet having
the live probiotic yeast Debaryomyces hansenii resulted in significantly greater resistance to
experimental challenge with Amyloodinium, compared with fish feed the same diet without the
probiotic. Probiotic-feed fish recovering from the infection also had higher serum antibody levels
(Becerril et al., 2008). However, red drum (Sciaenops ocellatus) fed a diet containing brewer's
yeast and nucleotides, either alone or in combination, did not affect resistance to amyloodiniosis
(Li et al., 2005).

5.2 Acquired Immune Response

In jawed vertebrates, lymphocytes (T cells and B cells), a type of white blood cell
(leucocyte) with specialized receptors on their surface to detect foreign substances, mediate
adaptive immune responses. Despite the fact that the repertoire of these receptors is extensive,
each cell has only one specificity. When these receptors come into touch with their ligand (or
antigen), the cells multiply and clonally expand, resulting in a larger population capable of fighting
off microbial intruders. Furthermore, some of the cells survive for a long time as memory cells,
allowing a second encounter with the same antigen to elicit a faster, more specific, and better
immune response, resulting in protection. This is the premise of vaccination: prime the animals

with an innocuous antigen that can trigger this immunological memory so that when they come
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into contact with the true virus, their responses will protect them. Teleost fish have lymphocyte-
like cells circulating in their blood and immune-competent tissues such the thymus, kidney, spleen,
gills, and gut for a long time. Recently, molecular evidence has emerged confirming that these
cells are, in fact, lymphocytes (Adams et al., 2016). They are tiny and have little cytoplasm while
at rest compared to other leucocytes. T cells and B cells are the two main types, and they differ in
a number of ways. T cells are produced in the thymus and then move to numerous tissue sites to
initiate responses. B cells, on the other hand, appear to be made at different sites in different
vertebrate groups, with the kidney appearing to be the most important site in teleost fish, similar
to bone marrow in mammals, though they are first seen in developing zebrafish in between the
dorsal aorta and posterior cardinal vein. Although the genetic mechanism underlying receptor
variation is similar, antigen receptors in T and B cells are composed of independent genes and
have different shapes. The T-cell antigen receptor (TCR) on most T-cells requires antigen
presentation in the form of processed peptides from the original protein provided by major
histocompatibility complex (MHC) molecules. B cells, on the other hand, may directly recognize
and adhere to soluble antigens via their B-cell antigen receptor (BCR). Furthermore, B cells can
produce a soluble form of this receptor that is released as an antibody or immunoglobulin (1g) that
can either act directly against the pathogen (neutralizing antibody) or aid in the internalization of
a pathogen by phagocytes (opsonising antibody) (Adams et al., 2016).

There are currently 24 commercially marketed vaccinations for viral and bacterial
aquaculture illnesses. However, there is just one commercial parasite vaccine available: Providean
Aquatec Sea Lice, manufactured by Tecnovax S.A. Argentina. (Shivam et al., 2021). Recent
research has uncovered critical defence systems that could be utilized to specifically boost parasite
protection. Anecdotal observations suggested that fish recovered from amyloodiniosis were
resistant to reinfestation in early research (Lawler et al., 1977b, 1980; Paperna et al., 1980). Smith
et al. (1993) then shown in cell culture that serum from fish inoculated with dinospores could
agglutinate living dinospores and kill Amyloodinium. Immunized fish also produced an antibody
response that could be detected using an ELISA (enzyme-linked immunosorbent assay). This
ELISA revealed anti-Amyloodinium serum antibody in blue tilapia (Oreochromis aureus)
inoculated with the DC-1 isolate and in sea bream immunized with a Red Sea Amyloodinium
isolate using 85-1 of DC-1 isolate A. ocellatum dinospores as the capture antigen (Smith et al.,

1993). (Noga et al., 1992). An anti-Amyloodinium serum antibody was also found in hybrid striped
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bass recovered from a spontaneous amyloodiniosis outbreak on a North Carolina fish farm using
the same ELISA (Smith et al., 1994). This research indicates that fish may mount a strong antibody
response to both artificial and natural stressors, and that there was significant cross-reactivity
between these three Amyloodinium isolates. The latter backs up molecular evidence suggesting
Amyloodinium is a fairly homogeneous taxon (Levy et al., 2007). Cecchini et al. (2001) discovered
anti-Amyloodinium antibody in cultured European sea bass (Dicentrarchus labrax) that had
recovered from an amyloodiniosis outbreak using tomont antigen. Following experimental trials,
Amyloodinium-infested fish can build protective resistance, according to subsequent research.
After a month of weekly sub-lethal Amyloodinium exposures, tomato clownfish (Amphiprion
frenatus) developed strong immunity to infection. This defence was long-lasting (at least 6
months) and appeared to be directed towards the trophont (Cobb et al., 1998a). Antibody response,
as determined by ELISA, was related with protection. In Western blots, the reactivity of immune
fish serum to dinospores and trophont antigens revealed the existence of both common and stage-
specific antigens (Cobb et al., 1998b). In an indirect fluorescent antibody test, the immune serum
also responded with trophonts and dinospores. It was proposed that immunity may potentially be
passively conveyed to naive fish (Cobb et al., 1998b). Because protection remained long after
serum antibody was undetectable via ELISA, it was suggested that local antibody was more
essential than serum antibody in protection. Probiotic-fed leopard grouper (Mycteroperca rosacea)
which were more resistant to Amyloodinium challenge than fish fed a control diet, also had higher
convalescent serum antibody titres than previously challenged fish not feed the probiotic (Reyes-
Becerril et al., 2008).

Recent research with the European sea bass (Dicentrarchus labrax) has confirmed that,
while an immediate local immune response to A. ocellatum parasite infection exists, three out of
four genes coding for molecules related to adaptive immunity (Mhc I, Mhc Il, and IgM) did not
show upregulation, indicating that an acquired immune response is unlikely. Even though, IgM
also has an important role in adaptive immune response, the lower level, or no expression of IgM
in infected samples indicated that the parasitic toxins might negatively influence the systemic
specific immune response (like production of IgM) (Covello et al., 2009) or that the disease
reached its onset very rapidly and the individuals did not have enough time to activate a specific

humoral response.
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6. Methodology
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6.1 Amyloodinium ocellatum Infection, Incubation and Collection

For A. ocellatum infection and incubation it was chosen the method described by Moreira
et al., (2018), namely, a 600 L infection tank with closed recirculation seawater system,
temperature between 20-25 °C, artificial aeration (100% dissolved oxygen) and 12 h light
photoperiod was used to incubate the parasite A. ocellatum and obtain a maximal amount of
tomonts. The initial inoculum of A. ocellatum tomonts was provided by the Aquaculture Research
Centre, National Institute for the Ocean and Atmosphere, Olhdo, Portugal (EPPO-IPMA). Several
gilthead seabreams weighing 50 to 150 g were exposed to the parasite to increase the dinospores
infective population of the tank and to obtain more A. ocellatum tomonts for future trials.

For the tomont collection, an adaptation of the method described by Paperna et al., (1984b)
was used. When the fish manifest jerky movements (a clinical sign of A. ocellatum infection), the
infested fish were bathed in freshwater for 1 to 2 min and passed the bathwater sequentially through
a 500 pum screen (to take the bigger debris), a 100 um screen and finally a 60 um screen. Filtered
tomonts, with a diameter between 120 and 90 pum, were placed into a petri dish in clean seawater

and counted. Finally, tomonts were preserved in sterilized seawater at -80 °C until further use.

To calculate the total amount of tomonts collected, the container where the tomonts were
stored was agitated for 2 min and 1 mL of the solution was removed into a Sedgewick rafter
counting cell in triplicate and the total amount of tomonts were counted using a microscope with

an amplification of 100x.
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6.2 Amyloodinium ocellatum Sonication and Extract Obtention

To extract the hydrophilic components of A. ocellatum the method described by Moreira
et al., (2019) was applied. The collected tomonts (300 000 tomonts) were resuspended in a 5 mL
eppendorf on ice, containing 300 puL of NaCl (0,85 %) and 700 pL of acetone (99,5 %).
Subsequently, the solution was sonicated on ice (QSonica, Q125 Sonicator with standard probe)

with pulses every 10 seconds (80 % amplitude) until all tomonts were properly broken down.

After sonication, the solution was centrifuged at 3000g for 10min at 4 °C, and the
supernatant (1 mL) was removed into a second eppendorf (2 mL). A volume of 500 pL of acetone
(99,5 %) at 4 °C was added to the initial eppendorf containing the pellet, agitated, and centrifuged
again. The resulting supernatant was again removed and added to the second eppendorf. To
evaporate the acetone, an eppendorf heat block (VWR Digital Heat block) at 42 °C was used for
10 h, until all acetone evaporated. The latter step must be performed in a hotte

After evaporating the acetone, 500 pL of bi-distilled water and 500 pL of diethyl ether
(C2Hs)20 were added to the remaining solution, agitated, and then rested to let the fractions
separate. Then, the diethyl ether (or lipophilic fraction) was removed to another eppendorf (2 mL)
and another portion of 500 uL of diethyl ether was added to the initial eppendorf. The solution was
once again allowed to fractionate and after separation the fraction containing diethyl ether was
removed. The remaining solution comprises the hydrophilic fraction and is the one used in this
trial. The fraction containing diethyl ether or lipophilic fraction was stored for future trials.
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6.3. Target Species and Culture Conditions

The target species for this study is seabass. The species is both well-known and studied,
making it an ideal candidate. Furthermore, its economic value in the Mediterranean aquaculture

and susceptibility to A. ocellatum, make its inclusion in this study of particular interest.

Seabasses were reared following the protocol used in EPPO-IPMA. The fish that were used
in the vaccination trial (n = 84) have a mean weight of 139.8 g and were maintained in 9000 L
tanks (density of 140 g/36 L) with a 12 h light:12 h dark photoperiod and water temperature
between 20 and 25 °C. The fish were fed (Sparus®, 3 mm marine-EPPO) 2 times a day, until

satiation.

6.4. Vaccination and Challenge

Fish (n = 84) were immersed in a container with 200 ppm of 2-phenoxyethanol. After the
fish were sufficiently anaesthetized, their total length and weight were registered with a ruler and
a balance, respectively. At the same time, fish (n = 42) were injected intraperitoneally with 0.5 mL
of the diluted hydrophilic extract (1: 300 in PBS or 1000 of the sonicated and processed tomonts
per 0.5 mL), obtained from the sonicated tomont of A. ocellatum and the control (n = 42), with 0.5
mL of PBS. Fish were maintained in separate tanks of 1500 L under the same conditions they were

reared in until the challenge trial at 28 days post-vaccination.

During this time, mortalities were recorded daily and fish from the vaccinated (n = 6) and
control (n = 6) groups were sampled weekly (0, 7, 14, 21, 28 days post-infection). Each fish was
measured and weighed, haemoglobin and hematocrit levels analyzed, liver and branchial tissue
removed for histological analysis, the liver, branchial tissue, head-kidney, and spleen removed for
gene analysis. Additionally, on days 14 and 28 an EPOC BGEM test card and card reader were
used for Hgb, Htc, pH, K*, Ca*, glucose and lactate analysis.
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The challenge with A. ocellatum was performed 28 days post-injection (according to
commercial vaccines for other pathogenic agents, Li and Woo., (1995), and previous A. ocellatum
immunization trials on Oreochromis aureus and the clownfish Amphiprion frenatu, (Smith et al.,
1992; Cobb et al., 1998a). On the 28-day, 32 fish (16 vaccinated and 16 control) were divided into
12 tanks, 3 tanks per triplicate, with the same oxygen concentration (6 mg/L), temperature (25 °C),
day-night cycle (12 h day: 12 h night), volume (70 L) and exposed to different concentrations of
A. ocellatum dinospores, respectively 35 dinospores/mL (2.45x10° dinospores per tank) and 10
dinospores/mL (7x10° dinospores per tank). Figure 6.4 describes the distribution of fish in the

challenge.

Vaccinated Control Vaccinated Control

n=3 n=3 n=3 n=3
Vaccinated Control Vaccinated Control

n=3 n=3 n=3 n=3
Vaccinated Control Vaccinated Control

n=3 n=3 n= n=3

J \
Y |
35Dinospores / ml 10 Dinospores / ml

Figure 6.4 - The figure describes the system used to challenge Dicentrarchus labrax with two
concentrations (35 and 10 dinospores per mL) of Amyloodinium ocellatum 28 days-post the administration

of a vaccine.

The tomonts for the challenge were collected with the same method used for the extract,
described in section 6.2 of this thesis. To determine tomont fertility (number of infectious
dinospores released per tomont) tomont concentration was determined using a Sedgewick Rafter
cell counter and a sample (200 pL) was allowed to incubate in vitro using a 96-well microplate for
72 hin triplicate, the dinospores deemed un-infectious (no mobility) were allowed to settle at the

bottom of the plate and counted; then 10 pL of lugol solution (IsK) was added to each well, mixed
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and allowed to settle for 10 min. Next, the total amount of dinospores in the bottom of the plate
was counted and the infectious fraction calculated.

Fish mortalities and tomont/trophont quantity present in the first 2 branchial arches were
visually assessed under a microscope. If the amount was deemed uncountable (>1000 trophonts
and tomonts) the branchial tissue was washed and the total amount of tomonts was determined

using the method described in section 6.1 of this thesis.

6.5 Sampling

After vaccination, fish were sampled weekly (0, 7, 14, 21, 28 days post-vaccination). All
the animals were collected (n = 6 from the vaccination tank plus n = 6 from control) and inserted
in a vessel containing anaesthetic (2-phenoxyethanol, Sigma, 300 ppm) to euthanize the animals.
Once euthanized, the animals were weighed, and their standard length measured.

During this time, blood samples were taken for
haemoglobin, hematocrit and blood cell counting and
identification. Furthermore, one-third of the liver and the
first branchial arch (additionally to the gills removed
from regular sampling the gills from mortalities in the
challenge were also removed for the same purpose) were
fixed in formalin (CH2O) at 10% (pH 7.2) for 48 h.
Subsequently, the samples were changed to 70% ethanol

until they were placed in histological cassettes. The other

two-thirds of the liver, as well as the head-kidney, spleen

and the second branchial arch, were removed and

, .
Figure 6.5- Branchial removal (1°
until RNA extraction and liver enzyme analysis were arch) of Dicentrarchus labrax.

immediately immersed in liquid N2 and stored at -80 °C

performed.
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Additionally, on days 14 and 28 an EPOC bgem test card and card reader were used for
Hgb, Htc, pH, K*, Ca", glucose and lactate analysis.

6.6 Analysis of Haematological Parameters

6.6.1 Blood Collection

Blood collection followed a laboratory safety protocol that prevented contamination risks
(Figure 6.6).

Figure 6.6 - Blood collection of Dicentrarchus labrax through the punction of the caudal

vein.

Blood collection was performed through a puncture in the Seabass caudal vein. The fish
were previously anaesthetized with 300 ppm of 2-phenoxyethanol, and heparinized needles and
syringes were used for the collection. The collected blood was stored in heparinized eppendorf
tubes (2 mL) containing 10 pL of heparin to prevent clotting before further analysis. The blood
was used at the site to fill the capillary tubes used for haematocrit analysis, for the blood smear
and for the analysis of haemoglobin.

23



6.6.2 Haematocrit

Hematocrit (Htc) was analyzed at the sampling site shortly after blood collection. The
volume of Htc or packed cell volume is a technique used to assess the number of red blood cells
or erythrocytes and leukocytes in each volume of blood. The result is given as a percentage of
globular volume. The capillary tube was initially filled with 3/4 of blood and placed in the
hematocrit rotor of the Hettich eba-21 centrifuge. Centrifugation occurred at 10,000 rpm for 5 min.
The Htc value was determined by measuring the total length of Htc, the length of the zone of the

red blood cells, using a ruler.

6.6.3 Haemoglobin

Haemoglobin (Hgb) is an iron-containing protein also known as metalloprotein. It is
present in erythrocytes and allows the transport of oxygen throughout the circulatory system. In
fish, haemoglobin has a great variability of functions and is related to both physiological needs
and environmental availability of oxygen. Haemoglobin in ectothermic animals, such as fish, has
demonstrated the ability to adapt to large variations of oxygen (Smarra et al., 2000).

Hgb concentration was determined using the Drabkin method (Moore et al. 1981). For the
quantitative determination of Hgb, it was used heparinized blood and a working solution
previously prepared with distilled water and Drabkin's reagent. The Hgb reacts, forming a
compound — cyanmethemoglobin. The Hgb samples were centrifuged to remove dispersed nuclear
material and incubated for 3 min at room temperature, their absorbance was subsequently
determined in a microplate reader (Thermo Scientific™ Multiskan™ GO) at 540 nm against the

blank which only contains 2.5 mL of working solution.
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6.6.4 Counting and Identification of Blood Cells

To perform the blood smear, a drop of blood was placed on a slide. Another blade was
placed in contact with the first and with an inclination of about 45°. The blood was allowed to
spread by capillary action and the blood was distended with a quick and uniform movement,
keeping the two blades in contact. The slides were air-dried and identified. Staining started after
the slides were dry and using Giemsa solution. The smear was placed in a container of Giemsa
solution for 1 minute. The slide was immersed in Phosphate-buffered saline (PBS) solution (7.4

pH) for 5 min, washed to remove excess dye and allowed to air dry before preparation.

This technique allows the observation of blood cells. For each slide, five random fields
were selected, and counting was performed by observing the slides in an optical microscope, Nikon
eclipse Ci and photographed on a Nikon DS-L3, under immersion oil at a magnification of 1000x.

6.7 Analysis of Stress Parameters

6.7.1 Glucose, Lactate, pH, K*and Ca*

The determination of glucose, lactate, pH, K*and Ca" in fish blood was performed using
the epoc® blood analysis system (Epocal Inc., Ottawa, Ontario, Canada). Immediately after the
collection of blood, the needLe is inserted into the apparel and a reading is taken which can be

later downloaded into a computer or read on screen.

6.7.2 Fulton's Condition Index

Fulton’s K condition index is considered a good indicator of the general welfare of the fish
(Lambert & Dutil, 1997) and is directly linked with food (Ferron & Leggett, 1994). This
morphometric index assumes that heavier fish for a given length is in better condition. It was

calculated with the following formula:
K (mg. mm~3) = (W/TL3) x 100,
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where W is the weight (mg) and TL is the total length (mm).

6.8 Analysis of Histological Parameters

The biological material (gills and liver) collected for histology were initially stored in 10%
buffered formalin (pH 7.2) for 48 h. This fixation, in addition to preventing the destruction of cells
by their enzymes or by bacteria, also aims to harden the tissues, making them more resistant to the
subsequent steps of the histological technique. Subsequently, the formalin was removed, and the

tissues were preserved in 70% ethanol until they were placed in histological cassettes.

After the impregnation of the tissues was carried out, the tissues were treated with molten
paraffin (58-60 °C) and allowed to solidify. Afterwards, the block was sliced into sections 5 pm
thick in a Leica model 5M 2000 R slide microtome. These sections were placed in a water bath
(20 °C) and placed on glass slides with a solution of albumin and glycerine. Drying was carried

out in an oven at 58 °C for at least 30 minutes.

To perform the histological examination, the sections were stained with Haematoxylin-
Eosin (H&E) dye, as described in Martoja and Martoja, (1967).

6.8.1 Hepatocyte Measuring

For this step, five random fields were selected from each slide and, using FlJI-ImageJ,
stained liver tissue was quantified, and the percentage of fat content calculated.
The process involves three steps:
1. Convert the image to grayscale
2. Segment (isolate) the red-stained collagen using thresholding

3. Measure the thresholded area
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Figure 6.7 - Transformation process with ImageJ of a histological slide of liver tissue of Dicentrarchus labrax

(amp. 400x). with ImageJ. A- Original Image; B, C- RGB stacking and processing.

6.9 Statistical Analysis

All results were expressed as means + standard deviation. Haematological and
immunological parameters were analysed using the F-Test analysis to assess the equality of
variances (F-test). One-Way ANOVA analysis of variance and the t-test for two samples assuming

equality of variance (t-test: two samples assuming equal variance) were also used.

Differences were considered statistically significant when P <0.05. All data were analysed

using the Microsoft Office Excel 2010® program.
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7. Results
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7.1 Biometric Data, Condition Index and Mortality

The mean weight of seabass individuals was 141.4 £+ 22.5 g, at the start of the experiment
on day 0. On day 7 control showed superior growth with 147.7 £ 16.2 g over the vaccinated 139.2
+ 15.8; at day 14 control showed the same pattern with 155.9 + 7.8 g over 149.90 + 14.99 g; on
day 21 the trend continued with 160.2 + 19.1 g over 146.9 + 33.4 g. However, on day 28 the
tendency was inverted, the group of vaccinated fish showed a mean weight of 172.0 £ 29.3 g while
the control showed 148.4 + 18.2 g.

Over the experimental period, fish showed a high variation in growth rate. Nevertheless,
the differences were not statistically significant (p < 0.05), except for the vaccinated group from
T7 to T28.

Table 7.1 Evolution of biometric data of Dicentrarchus labrax during the trial (n = 6). T is time in

days. Values marked with a different letter differ significantly from each other (n = 6; p < 0.05)

Time (days) Weight (g) Length (cm)
Control Vaccinated Control Vaccinated
TO 141.4 + 22,52 141.4 + 22,52 22.6 +0.82 22.6 +0.82
T7 147.7 + 16.2%° 139.2 + 15.8% 23.0 + 1.0 22.6 +0.92
T14 155.9 + 7.8%° 149.9 + 15.0%° 24.4 +0.42 23.7+0.62
T21 160.2 + 19.13° 146.9 + 33.8%° 23.8+1.32 23.8+1.62
T28 148.4 + 18.2%° 172.0 + 29.3° 23.4+0.82 24.0 +1.42
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The fish condition index (Figure 7.8) did not reveal significant differences in the health
status of fish, being within the expected values of good physical health. However, on day 21 the

control group was significantly higher than the vaccinated (p < 0.05).
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Figure 7.8 - Fulton’s condition index (mg.mm?) of Dicentrarchus labrax in the
control and vaccinated tank during the 28 days after injecting the hydrophilic extract of
Amyloodinium ocellatum. Values marked with a different letter differ significantly from each
other (n = 6; p <0.05).

No mortalities were recorded during the period between seabass vaccination with the

hydrophilic extract and the day where they were subjected to the challenge with A. ocellatum.

7.2 Haematological Data

7.2.1 Haemoglobin

It was possible to observe through Figure 7.9 that there were no significant differences

between the control and vaccinated tanks at both time points.
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Figure 7.9 - Concentration of Hgb (g/dL) in Dicentrarchus labrax in the
control and vaccinated group. Values marked with different letters differ significantly
from each other (n = 6; p < 0.05)

7.2.2 Haematocrit

The results obtained by analyzing the percentage of erythrocytes in the total blood collected
by individuals over time (Figure 7.10) revealed that the fish of the vaccinated group had a higher
value than the control group at both time points (p < 0.05).
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Figure 7.10 - Haematocrit of Dicentrarchus labrax in the control and
vaccinated tank during the trial. Values marked with different letters differ
significantly from each other (n= 6; p < 0.05)

7.2.3 Haematological Cell Counting and Identification

The identified leukocytes were monocytes (M), whose main function is the defense of
foreign bodies (bacteria, viruses, parasites, among others). Thrombocytes (T), which have as main
function the promotion of blood coagulation. Granulocytes (G) that consist of neutrophils,
basophils, and eosinophilic leukocytes. Neutrophils are the first to act in case of infection and
perform the function of defense through phagocytosis, basophils, react in cases of immediate
hypersensitivities, such as allergic reactions and are cells that usually act in the presence of
parasites, destroying the tissues of the same. Lymphocytes (L) are responsible for the identification

and production of antibodies to fight antigens (foreign bodies).

Figure 7.11 shows the evolution of the leukocytes during the time between vaccination and

the challenge. values show little difference between control and vaccinated groups, however, both
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M and T values show differences from the time point day 7 until the final day 28, although not of
statistical significance.

Figure 7.11 - Blood cell identification of Dicentrarchus labrax. (M - Monocytes; T-
Thrombocytes; L- Lymphocytes; G- Granulocytes; E- Erythrocytes). (A, B) — 1500x amp.;
(C, D) — 1000x Amp.
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WHITE BLOOD CELLS EVOLUTION
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Figure 7.12 - Leucocytes in the blood of Dicentrarchus labrax at 7, 21 and 28 days post the injection of the

hydrophilic extract of Amyloodinium ocellatum.

Table 7.2- Leucocytes in the blood of Dicentrarchus labrax during the time between vaccination
and the first challenge. Values are mean * standard deviation. Htc and Hgb values were taken using the

epoc® blood analysis system. Values marked with different letters differ significantly (n = 6; p < 0.05) in

each haematological parameter.

Cell type Treatment TO T7 T14 T21 T28
WHITE BLOOD control 1.65+0.81%*  2.96 + 0.90%" N/A 2.37 +1.22%" 1.89 + 0.33%*
CELLS (%) vaccinated 1.65+0.81%*  3.03 +1.12%" N/A 1.98 +1.01%*  2.30+ 1.03%"
GRANULOCYTES control 0.00 £ 0.00%*  0.09 + 0.14%2 N/A 0.07 + 0.08%° 0.03 + 0.08%2
(%) vaccinated  0.00 £ 0.00%®  0.03 + 0.07%2 N/A 0.06 * 0.14%° 0.00 + 0.00%2
MONOCYTES control 0.08+0.10%°  0.37 +0.32% N/A 0.43+0.20%°  0.29 +0.18%®
(%) vaccinated  0.08 £0.10%®  0.55 +0.51% N/A 0.50 £ 0.31%" 0.48 + 0.54%"
THROMBOCYTES control 0.14 £ 0.19%%®  0.38 +0.49% N/A 0.44 +0.49%®  0.17 +0.16%
(%) vaccinated  0.14£0.19%®  0.43 +0.32%" N/A 0.13+0.25%®  0.09 + 0.14%"
LYMPHOCYTES control 1.42£0.72%*®  2.12 +0.70%° N/A 1.43+0.78%®  1.40 + 0.30%"
(%) vaccinated  1.42+0.72%®  2.02 + 0.69%" N/A 1.29 +0.94%®  1.74 +0.80%®
HAEMATOCRIT control N/A N/A 26.00 + 3.43%® N/A 25.67 + 3.502%°
(%) vaccinated N/A N/A 28.17 +3.43%" N/A 26.83 + 1.329%°
HAEMOGLOBIN control N/A N/A 8.82+1.27° N/A 8.70 +1.16°
(g/dl) vaccinated N/A N/A 9.57 +1.27° N/A 9.18 +0.52°
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7.24 K"

The results obtained in the K™ analysis (Figure 7.13) show that there were no significant

differences between the control and vaccinated tanks at both time points.
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Figure 7.13 - Concentration of K+ in Dicentrarchus labrax in the control and
vaccinated tank. Values marked with a different letter differ significantly from each other
(n=6; p <0.05).

7.25Ca"

The results obtained in the Ca* analysis (Figure 7.14) show a significant decrease of Ca*
in the vaccinated group between the first and the second sampling. However, there was no

significant difference (p < 0.05) between the vaccinated and control group.
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Figure 7.14 - Concentration of Ca+ in Dicentrarchus labrax in the control and
vaccinated tank. Values marked with different letters differ significantly from each
other (n=6; p < 0.05)

7.3. Haematological Stress Parameters

7.3.1 Glucose

The results obtained in the glucose analysis in fish blood (7. 15) show that in the time point
14 days, the vaccinated group had a higher value than the control group. However, on day 28 both

groups showed similar values only differentiating by 3 mg/mL.
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Figure 7.15 - Concentration of glucose in the blood of Dicentrarchus labrax in
the control and vaccinated tank. Values marked with different letters differ significantly
from each other (n=6; p <0.05)

7.3.2 Lactate

The results obtained in the lactate analysis in fish blood (Figure 7.16) show there were no
significant differences between the control and vaccinated group (p < 0.05).

Control M Vaccinated

T14 T28
Time (Days)

Figure 7.16 - Concentration of lactate in the blood of Dicentrarchus labrax in
the control and vaccinated tank. VValues marked with a different letter differ significantly

from each other (n = 6; p < 0.05)
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7.3.3 pH

The results obtained in the blood pH analysis (Figure 7.17) show the control group had
higher pH values throughout the experiment and at T28 was significantly different from the values

of the vaccinated group.

Control MW Vaccinated

7.60
7.50
a

7.40 a
7.30

T

a 7.20
7.10

7.00
6.90

o

ab

T14 T28
Time (Days)

Figure 7.17 - Blood pH values of Dicentrarchus labrax in the control and vaccinated
group at 14 and 28 days after the administration of the hydrophilic extract. Values marked with a

different letter differ significantly from each other (n = 6; p < 0.05)
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7.4 Histology

The histological parameters analyzed were organ status and tissue differences. Gills and
fish liver from the control tank and infection tank were analyzed visually using a microscope. The
fish from both the control tank and the vaccinated tank did not show significant differences or

marked changes in tissue level over time in both gills and liver.

7.4.1 Gills

There was no detectable change or effect in fish sampled from both treatments as is
demonstrated in figure 7.18, both during the period between vaccination and the challenge or from
the fish that died during the challenge due to infection by A. ocellatum.

While the samples removed before the challenge show healthy tissue, those removed from
the fish that died during the challenge, both vaccinated and control, show lamellar hyperplasia and

fusion and detachment of the respiratory epithelium.
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Figure 7.18 - Images of histological sections of Gills of Dicentrarchus labrax stained with
Haematoxylin-Eosin (H&E) dye. (A, B) Show the normal appearance of healthy gills of the vaccinated tank
(A) and control tank (B) at 14 days post- injection of the hydrophilic extract of Amyloodinium ocellatum at
400x and 400x amp. respectively. While (C, D, E, F) Show tissue infected by Amyloodinium ocellatum of
both the control tank (C, D) and the vaccinated tank (E, F) at 400x, 1000x, 400x, 100x amp. respectively.
LF- Lamellar fusion; AO- Amyloodinium ocellatum; HP- Lamellar hyperplasia



7.4.2 Liver

There weren’t any notable changes in lipid content between the vaccinated group and the
control as shown on figure 7.19.

However, some fish presented slight hyperaemia and high vacuolization (Fig. 7.20. A, B)
or very high vacuolization (Fig. 7.20 C, D) that caused hypertrophy of hepatocytes. In more
affected livers necrotic foci were also observed (Fig. 7.20 E, F). However, no significative

difference between vaccinated and control was detected.
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Figure 7.19 - percentage of lipid retention in hepatocytes of Dicentrarchus labrax during
the period after the injection of a hydrophilic extract of Amyloodinium ocellatum in the vaccinated
group and PBS in the control group. Values marked with a different letter differ significantly from
each other (n = 6; p <0.05)
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labrax, where photos A, C and E belong to a group injected with a hydrophilic extract of

Amyloodinium ocellatum and B, D and F belong to a group injected with PBS. A, B. liver with
hyperaemia and high hepatocytes vacuolization; C, D. liver with pronounced hepatocyte
vacuolization., E, F. Liver with necrotic foci.
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7.5 Challenge with Amyloodinium ocellatum, After Seabass Vaccination

Two concentrations of A. ocellatum were chosen for this step, a higher concentration to

test for a sudden onset and a lower one to test for a prolonged response.

7.5.1. Challenge With 35 Dinospores/mL - Survival and Infection Level

During the challenge performed with a concentration of 35 dinospores per mL, fish first
manifested symptoms of infection 48 h after the start of the challenge. At 82 h both groups had
mortalities and in less than 48 h after the first mortality, all fish had died. However, while the
control at 105 h showed 100% mortalities, the vaccinated group as demonstrated in figure 7.21
lasted an additional 28 h, surviving until the 129 h since the start of the trial.

For the extracted tomonts, (from the first 2 branchial arches of each mortality) the
vaccinated group showed a greater spread of the mortalities throughout the trial, while in the
control group the mortalities occurred more abruptly having only two time-points with data about
the collected tomonts as demonstrated in figures 7.21 and 7.22. The vaccinated group showed
greater fluctuation in the extracted quantity of tomonts, varying on average from 10 000 to 60 000
as shown in figure 7.22, while the control only had a variation in the average of roughly 1000
tomonts (28471 and 27310 tomonts).
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Figure 7.22 - Survival in the challenge of Dicentrarchus labrax with 35 dinospores /
mL of Amyloodinium ocellatum 28 days after the vaccination with the hydrophilic extract
(vaccinated group) and PBS in the control group. The Y-axis represents the percentage of
alive fish in the challenge, where n = 9 and the X-axis the time in hours.
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Figure 7.21 - Tomonts and trophonts collected from the 2 first branchial arches of
each Dicentrarchus labrax that died in the challenge with 35 dinospores / mL of
Amyloodinium ocellatum 28 days after the injection of the hydrophilic extract in the vaccinated

group and PBS in the control group.

44



7.5.2. Challenge With 10 Dinospores/mL - Survival and Infection Level

During the challenge performed with a concentration of dinospores of 10 dinospores per
mL, fish started showing symptoms of infection after 96 h since the start of the challenge, and the
vaccinated group had its first mortality at 168 h , while the control group only had its first mortality
at 192 h. At the same time, as the control group had its first mortality at 192 h, merely 24 h after
the vaccinated group had its first mortality, the rest of the population of the vaccinated group
decreased sharply rapidly to 100% mortality. In the interim, the control group showed acute

symptoms and reached 100% mortality at 216 h, as shown in figure 7.23.
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Figure 7.23 - Mortalities in the challenge of Dicentrarchus labrax with 10 dinospores/mL
of Amyloodinium ocellatum 28 days after the injection of the hydrophilic extract (vaccinated
group) and PBS in the control group. The Y-axis represents the percentage of alive fish in the

challenge, where n = 9 and the X-axis is the time in hours

For the extracted tomonts (from the first 2 branchial arches of each mortality), both groups

suffered mortalities very rapidly from when they first recorded mortality (in less than 24 h of the
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first mortality of each respective group, both groups showed 100% mortality), which concentrated
the data to only two data points for each group. For the values of the collected tomonts, the
vaccinated group showed a rapid increase in the collected amount from an average of 2750 tomonts
to 30 210 tomonts, while the control showed the opposite, a rapid decrease in the collected
quantity, from an average of 25 000 to 10 476 tomonts as shown in figure 7.24.
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Figure 7.244 - Tomonts and Trophonts collected from the 2 first branchial arches of each
mortality of Dicentrarchus labrax in the challenge with 10 dinospores / mL of Amyloodinium

ocellatum 28 days after the injection of the hydrophilic extract in the vaccinated group and PBS in
the control group.
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8. Discussion
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A. ocellatum is commonly identified as a parasite of marine fish with a strong negative
impact on aquaculture. This study, set out to determine the impacts of injecting its hydrophilic
extract on the immune system of the seabass, Dicentrarchus labrax, and assess its viability as a

base to develop future vaccines against A. ocellatum.

The condition index permits the assessment of general wellbeing and growth of
individuals. It can be affected by numerous independent factors that impact appetite, digestion,
and growth mechanics. In this study, the condition index was used to understand if the vaccination
with hydrophobic extract of A. ocellatum had any significant impact on the growth of the seabass.
Over the trial, fish showed irregular and nonlinear growth rates between weekly measurements, at
times even showing negative values, for example, on the 28th day in the control group and at day
7 in the vaccinated group (Table 1). However, the condition index allows having a closer idea of
what might be happening. Throughout the 28 days of the trial, the vaccinated group showed a
progressive decrease from TO, becoming significantly different on the 21% day of the trial, and
recovering to the initial values on the 28" day. On the other hand, the control group had more
stable values except for the 14™ day, where they were significantly lower than the initial values. It
is theorized that the difference in results between the vaccinated and control group of the trial
might be due to inherent reactions to the injection and vaccination. Such a process can cause pain,
restrict normal gut function, and cause energy-demanding immune responses. A greater immune
response from the vaccinated group, would draw more energy from resources dedicated to the
growth of the fish. In turn, the response from the control group could be due to the stress caused
by the injection process, which would have a sharp response and then, no further alterations. Sgrum
and Damsgaard, (2004), had similar results in a trial with Atlantic salmon (Salmo salar), where
vaccinated fish showed an acute reduction in appetite that was progressively alleviated until the
21-28" day after treatment.

Haematological indices are important parameters for the evaluation of fish physiological
status. Their changes depend on fish species, age, the cycle of the sexual maturity of spawners,
diseases, and environment (Luskova et al., 1997; Golovina & Trombicky, 1989; Golovina et al.,
1996; Zhiteneva et al., 1989). Like in warm-blooded animals, changes in the blood parameters of

fish, caused by injuries or infections of some tissues or organs, can be used to determine and
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confirm the dysfunction or injuries of the latter (organs or tissues). Haematocrit measures the
concentration of red blood cells in whole blood and low values are indicative of an anaemic
condition, indicating that fish may not be eating or that they may have osmoregulatory problems
(Fazioet al., 2013). Altered haematocrit problems can also be indicative of a stressed state (Casillas
and Smith, 1997; Urbina et al., 2012), where values generally increase in a stressed situation. It
has been suggested that a slightly hypoxic situation could be created by muscular exertion and
higher oxygen demand during stress (Casillas and Smith, 1977) and that such a situation can result
in an increase in haematocrit levels by as much as 10-30%. Al-Hassan et al, (1993) also suggests
the existence of a positive correlation between Htc and Hgb, and Htc and body weight/length up
to a certain point.

In this study, the haematocrit values climbed from their initial value of 29.4 £ 5.51% to
38.83 = 4.41% at day 21, while the control group maintained constant values throughout the trial.
However, while there was a slight difference in Hgb values, with the vaccinated group showing
higher values than the control group, it cannot be considered statistically significant. Thanga Viji
et al., (2013) noticed an increase in the level of red blood cells (RBC) compared to the control
groups in Carassius auratu vaccinated against Aeromonas hydrophila. Likewise, Silva et al.,
(2009), noticed an increase on day 21, in RBC in fish vaccinated with a polyvalent bacterin vaccine
against Aeromonas hydrophila, Pseudomonas aeroginosa and Enterococcus durans both through
oral vaccination and intraperitoneal vaccination.

Regarding leucocytes, the total amount of identified leucocytes didn’t differ significantly
throughout the 28 days of the trial, except for the 28" day, where the control decreased from 2.96
+ 0.90% on day 7 to 1.89 + 0.33%. However, neither of these values were significantly different
to any of the registered values on the vaccinated group. Granulocytes and monocytes remained
constant throughout the trial, with neither group showing any changes.

Thrombocytes are the main responsible agent for haemostasis. Additionally, they play an
important role in the host defence mechanisms, demonstrated by their action in coagulation and
inflammatory processes, and the phagocytic activity in infectious processes (Tavares-Dias et al.,
2003). Martins et al., (2011) noticed an increase in the number of thrombocytes 20 days after
vaccination of Ictalurus punctatus with live theronts of Ichthyophthirius multifiliis. However,

Silva et al., 2009 noticed no significant change in a trial with Oreochromis niloticus where they
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tested multiple avenues of vaccination against Aeromonas hydrophila, Pseudomonas aeroginosa
and Enterococcus durans.

In this study, thrombocyte values differed in the vaccinated group, where it suffered a
decrease from 0.43 + 0.32% on the 7™ day to 0.09 + 0.14% on the 28" day. This thrombopenia
could be possibly caused by damages to the liver, however, the histological analysis of the liver
didn’t show any damage that might be responsible for this variation. This might indicate a possible
undetected infection or inflammation where the thrombocytes would be migrating.

Similarly, to the total leucocyte amount, the observed lymphocytes maintained similar
values for the vaccinated group but decreased in the control from 2.12 + 0.70% on day 7 to 1.40 £
0.30% on the 28" day.

Blood pH was significantly lower on the 28th day after injection in the vaccinated group,
7.26 = 0.07 than the control group 7.4 £ 0.13. Fromm et al., (1980), suggests that a decrease in
blood pH might be linked to an increase in stress. This is contrary to the results obtained from
glucose and lactate analysis, which were stable throughout the trial.

Ca" and K™ values were stable throughout the trial, which according to Blazer et al., (1992)

is within normal values for vaccination trials.

Regarding challenges, both the vaccinated group and the control group reached 100%
mortality after a certain time interval. In the challenge with an initial higher concentration of
dinospores (35 dinospores/mL), the vaccinated group had a steady decline throughout the
challenge, reaching 100% mortality at 130 h, while the control group had a quicker onset where it
suffered 3 mortalities at 82 h and then the remaining 6 at 105 h. This difference in mortality rate
might be due to a cascade in the decline of water quality, where the death of one individual might
decrease the water quality enough that another mortality would occur and so on, particularly since
the six individuals that died at 105 h were found in the morning. In addition to these factors, it is
also believed that the period where most of these deaths occurred coincided with a peak number
of dinospores in the water since A. ocellatum has a life cycle of approximately 100 h, which would
have increased the damage to the gills and lead to a quicker death by hypoxia.

Regarding the challenge with a lower concentration of dinospores (10 dinospores/mL), as
expected, the length of the trial was extended. It is believed that with a lower concentration of

dinospores the fish would have a longer time to react and the difference between groups would be
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more pronounced than in the first challenge, allowing a more thorough analysis of any difference
potentially existing between vaccinated and control groups. However, while the length of the trial
was indeed greater, the response between the two groups was very similar both in the time of the
mortalities and in the rate of the occurrences. This result may possibly be due to the chosen
concentration of the extract, that was perhaps, too conservative, or due to the fraction of the
sonicated tomonts used, the hydrophilic fraction. Concluding that while the hydrophilic fraction
might not be as harmful to the injected fish (Moreira et al., 2018), it might require a greater

concentration or injected volume to initiate a perceptible immunological response.

9. Conclusions and Considerations

In summary, fish injected with 0.5 ml of the hydrophilic extract of sonicated tomonts of A.
ocellatum (1000 tomonts/0.5 mL) suffered a prolonged decrease in the condition index, while the
control group suffered a similar pattern but shorter. Behaviour that was attributed to the stress
caused by the manipulation of the injection process and of an immunological response. Immunized
fish also showed an increase in haematocrit values throughout the 28 days previous to challenge
and as well as a decrease in pH values, which might indicate an increase in stress compared to the
control group. Importantly, no abnormalities were observed at a histological level in both gills and
liver compared to the control, implying that the administered dosage does not provoke damages at
this level.

Regarding parameters directly related to the immunological response, neither leukocyte
nor data from the challenges provided data that would indicate a significant immunization against
A. ocellatum. This is possibly a consequence of using an extract with insufficient concentration to

generate a strong and adequate immune response.
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