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1. CHALLENGE METHODS FOR THE ASSESSMENT OF FISH HEALTH-
RELATED PERFORMANCE AND RESILIENCE

1.1 Introduction

Fish disease control requires the implementation of different preventive and therapeutic strategies. In all of
them, it is paramount to clearly establish the degree of their efficacy in terms of disease protection level or
reduction of the disease impact. For example, for therapeutic strategies the studies on the efficacy of the use
of certain therapeutic molecules requires the evaluation of the efficacy of these molecules in terms of
inactivation and/or inhibition of the pathogen (e.g, in vitro testing for viruses, bacteria and parasites) and
also the efficacy in terms of reduction of the pathology induced by these pathogens (e.g, in vivo clinical tests
in fish groups) in order to assess factors such as mortality, morbidity, symptoms, disease dynamics and also
welfare issues. For preventive strategies, maybe the most widely known strategy is immunoprophylaxis, for
fish vaccines and for any kind of vaccines in general. Efficacy (in controlled test groups) and effectiveness (in
populations) together with safety are the basic axes for the acceptability of a vaccine as reliable tool for the
prevention of a specific disease or diseases. The assessment and/or measurement of the efficacy can be done
according to each of the parameters evaluated (mortality, morbidity, certain effects) following direct or
indirect methods. Indirect methods focus on specific elements or parameters associated with the disease,
using them as markers or indicators of the diseases. These indicators can be specific parameters (antibiotic
plasma levels), cell types (blood analysis) or molecular markers (antibodies, enzymes...) usually obtained from
fish samples that can be measured to assess the efficacy of these methods. However, in many cases, these
indirect methods only allow a certain degree of prediction on the evolution of the disease. When a more
robust and holistic approach is necessary, then direct methods are required and amongst direct methods,
challenge methods represent the methodology that gives the most integrative, representative and similar
to reality results. However, this does not mean that challenge methods are the most suitable methodology
to evaluate the efficacy of preventive or therapeutic measures against fish diseases. Efficacy evaluation of
any of these strategies should also be designed after a careful consideration of the different evaluation
methods available, taking into account its representativeness and predictive values and also other factors
such as ethics, welfare, time, cost and the possibility to stablish a protocol with several steps and using
challenge methods only in the later steps of these protocols.

Procedures for challenge methods usually share a general basis but also have many peculiarities that can be
relevant for the design and development of these methods. For this reason, in WP3 we considered the value
of a document summarising the most relevant aspects on challenge methods with the most relevant
pathogens for Mediterranean aquaculture in gilthead seabream and European seabass. In this document we
also include some relevant information for challenges in Mediterranean fish diseases obtained in other
H2020 projects such as ParaFishControl.

Finally, we would like to highlight that fish health and fish diseases represent one the most relevant axis in
PerformFISH and control strategies have been designed not only in WP3 (task on new vaccines development)
but also in WP1 with an integrative approach using SNPs for the evaluation of the genetic background of the
gilthead seabream and European seabass population in resilience against pathogens. In some cases,
challenges were required for these studies. The experience gained in these studies is also included in this
document.
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1.2 Challenge tests in the Mediterranean and South-Atlantic finfish disease
pathogenesis studies

The characterization of disease development/pathogenesis and of fish immune response is crucial for the
development of vaccines and other prevention strategies. Some aspects of the humoral and cellularimmune
defence against a certain pathogen could be studied by the direct evaluation of fish naturally infected in fish
farms. However, challenge experiments performed in laboratory scale could be very useful to elucidate
specific mechanisms involved in the fish innate and adaptive immune response as well as host pathogen
interaction.

For example, some authors performed challenge tests to investigate the pathogenesis of pasteurellosis and
vibriosis in European sea bass and gilthead sea bream (Bakopoulos et al., 2004; Poulos et al., 2004; Essam et
al., 2016; Mosca et al., 2014). On the other hand, many studies have been carried out in gilthead seabream
(Sparus aurata) to investigate the pathological alterations and the inflammatory response occurring in the
intestinal tract after experimental infections with the parasite Enteromyxum leei and to evaluate the fish
immune response (Sitja-Bobadilla et al., 2008; Redondo and Alvarez-Pellitero, 2010; Davey et al., 2011;
Estensoro et al., 2012a; 2012b; 2014; Piazzon et al., 2016; 2018). Similar approaches have been also used in
turbot experimentally infected with E. scophthalmi (Ronza et al., 2015; 2016) or in European sea bass
challenged with A. ocellatum (Beraldo et al., 2020).

Each disease and pathogen have different characteristics that should be taken into account in the design of
the most appropriate challenge methods. A description of the different types of challenge methods used in
these species and some detailed information about some of examples is given in Section 6.

1.3 Challenge test to evaluate the efficacy of vaccination: general considerations

In the development of effective fish vaccines, the possibility to perform reproducible and standardized
challenge experiments is of great importance in order to evaluate the efficacy of antigens/formulations or
new vaccination protocols, in addition to the analysis of fish non-specific and specific immune responses. A
test challenge method should closely mimic natural exposure to the pathogen and ensure that specific and
non-specific immune mechanisms located in the body surfaces play their role (Nordmo, 1997).

In this context, groups of vaccinated fish (if possible at least 25-30 randomly selected fish/group in duplicate
or triplicate, based on statistics acceptance) are anaesthetized and experimentally infected with the specific
pathogen in controlled conditions, then allocated in a plant equipped with tanks supplied with UV-treated,
sand filtered marine or freshwater. Challenges can be performed either in flow-through or recirculation
facilities, although the selection of the system, the design of the facility and the technicalities may have a
relevant impact on the results and also may have significant relevance in issues like biosecurity.

A negative control group of fish is submitted to the same treatment, in absence of the pathogen. The disease
signs and mortality are monitored daily after challenge for a period of time selected according to the
expected course of infection. The time course of challenge monitoring usually lasts at least 15 days in the
case of bacterial infections (Bakopoulos et al., 2003; Angelidis et al., 2006; Galeotti et al., 2013; Boschetto et
al., 2014; Bakopoulos et al., 2015; Spiros et al., 2017), whereas it lasts a longer time in the case of viral
infections, in general up to 30 days (Amar et al., 2012; Toffan et al., 2016; Valero et al., 2016). Much more
difficult is to define a standard time of post-challenge survey for fish parasitic infections, especially due to
the low number of experimental studies performed until now and limited data available in literature. Severity
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and humane endpoints assessment should also be taken into account. All badly affected, moribunds or
potentially suffering fish should be removed from the test tanks regularly and euthanased throughout the
whole test period, in order to follow welfare standards. All dead but also euthanased fish should be examined
using the most suitable anatomo-pathological, microbiological and/or biomolecular analyses in order to
confirm specific mortalities (Nordmo, 1997; Nordmo et al., 1997).

The mortality in negative unvaccinated control groups is then compared with mortality in vaccinated groups,
in order to assess the protection offered by the vaccine. Vaccine efficacy (or the strength of protection) can
be assessed in terms of:

a) final cumulative percent mortality (CPM) in vaccinated fish and in negative unvaccinated control groups at
the end of the challenge period;

b) relative percent survival (RPS) in vaccinated groups compared with negative control groups, calculated as
RPS = [1-(CPM in vaccinated fish/CPM in negative controls)] x100;

c) the kinetics of mortality, indicated as simple mean day to death (MDD) in different groups, or by estimating
survival curves by Kaplan-Meier analysis and comparing the curves statistically;

d) reductionin viral load or kinetics of viral clearance, as measured by qRT-PCR (Nordmo, 1997; Kurath, 2008).

As reported by the European Pharmacopoeia (2001), a protective challenge test to be considered reliable
must allow the achievement of 60% specific mortality in the negative unvaccinated control group whereas
the protection estimates below this threshold are deemed insufficient. Trials failing to reach 60% mortality
in control unvaccinated group are deemed invalid (Nordmo, 1997; Midtlyng, 2005).

In general, the researchers perform preliminary infection studies on naive fish to determine the LD50 (lethal
concentration which causes 50% mortality in exposed fish), LD70 (lethal concentration which causes 70%
mortality in exposed fish) and LD90 (lethal concentration which causes 90% mortality in exposed fish) in order
to limit the possible errors during the decisive challenge test. Despite this approach, the response of fish to
infections may not be the expected one due to environmental factors (such as water temperature) or fish
stress that can alter the challenge outcome. Moreover, the inter-tank variability of mortality in control
unvaccinated group must be less than 10% (Nordmo, 1997). However, it is important to stress the fact that
the availability of naive fish for challenge studies is very limited in the context of Mediterranean aquaculture
compared with other aquaculture species. Only in few cases, batches of fish for these specific purposes can
be reared in research centers under strict health surveillance. In many cases, larvae and juveniles of European
seabass or gilthead seabream for testing are produced in the same research centers but without specific
health surveillance standards or they are even supplied from commercial hatcheries, nurseries or ongrowing
farms. In these cases, the variability of the health status can be even higher, and it is crucial to evaluate the
fish stock well in advance and use these fish only if they meet the requested health standards. This necessity
would be overtaken if research centers or even commercial companies could invest on this area and offer
the possibility of specific on demand supply of fish for research purposes, with a defined genetic background
(another frequent problem for standardisation) and also defined health standards.

The RPS represents the fraction of mortality that is prevented by the vaccination, up to the end of the survey
period. Protection estimated using RPS, in the light of the level of mortality observed in negative
unvaccinated control group that did not receive the vaccine, is believed to be more predictive for the
comparison of vaccine efficacy and more robust compared with other parameters. In fact, it is more precise
and easier to understand and it is also less dependent on the route of pathogen administration and pathogen
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dose (Nordmo, 1997; Midtlyng, 2005). A vaccine administered by immersion is considered effective if the RPS
index is above 60%, while a vaccine administered by intraperitoneal injection is considered effective with RPS
above 75% (Council of Europe, 2010).

If negative unvaccinated control groups experienced only a low mortality, the calculated RPS can imply high
efficacy that may not be effective at higher pathogen challenge levels. Conversely, if negative control groups
have 100% mortality this severe challenge could overwhelm protection that might be evident only at less
severe challenge pressure. The effect of challenge severity on vaccine performance is not only important for
interpreting the results of experimental trials, but it is also relevant in field applications where pathogen
pressure may vary from low to high levels during epidemics (European Pharmacopoeia, 2001).

Comparisons of RPS values between different trials are often difficult, as RPS for identical vaccine
products/formulations can vary according to the applied test systems. Moreover, the RPS is a dynamic
parameter that may change throughout the post challenge period and depending on the experimental
conditions. If test results from different laboratories have to be compared, it is necessary to establish
standardised protocols with respect to environmental conditions, pathogen virulence and dose, fish stocks
origin and characteristics. However, such standardization is unlikely to take place, as different laboratories
do not have access to the identical sources of fish for testing (Nordmo, 1997).

Finally, lab small-scale challenge trials should always be integrated with field trials in order to ensure correct
and accurate speculations regarding the real efficacy of the tested vaccine. In fact, the dynamics and
interactions between host and pathogen as well as the changes in environmental parameters can strictly
influence the overcome of infections but are extremely difficult to be duplicated in small-scale experiments.
In particular, these interactions can have unpredictable consequences on fish immune response. The
differences between laboratory and field trials have contributed to substantial controversy regarding the
efficacy of commercial vaccines, as also reported for immunostimulants (Mitchell, 1997).

1.4 Challenge test to study the efficacy of specific feed additive on fish resistance to
disease

Nutritional studies are based on small/medium scale pilot experiments, which are generally performed to
evaluate the effectiveness of specific feed additives (i.e. immunostimulants) in increasing fish survival to
infectious diseases. After a period of acclimatization, groups of fish with sufficient replicates (checking for
repeatability of results) are maintained in controlled conditions suitable for the target species (always at
experimental facilities or sometimes in the field) and are fed on the test supplemented diets for some weeks
(from 4-6 weeks to 10 weeks). Growth and nutritional performance indicators are the main parameters
currently detected at the end of the feeding trials, but also some parameters related to fish heath status and
immune response are often studied together with resilience/resistance to bacterial, viral or parasitic
challenge.

Until now, many nutritional studies have been carried out in reared fish species to evaluate the effects of
synthetic or natural dietary supplements on immune response and resistance to bacterial diseases (Bulfon et
al., 2017; Ji et al., 2017; Salah et al., 2017; Yengkhom et al., 2017; Gora et al., 2018; Abarike et al., 2019) but
few of them have been performed in gilthead seabream or European sea bass (Mulero et al. 1998; Cerenzuela
et al. 2012a; 2012b; Sorroza et al. 2012; Galindo-Villegas et al. 2013; Volpatti et al. 2014; Azeredo et al. 2015;
Marricchiolo et al. 2017). On the other hand, only few reports investigated the effectiveness of alternative
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diet formualtions and feed additives in controlling fish parasitic and viral infections (Estensoro et al., 2011;
Amar et al., 2012; Ishikawa et al., 2013; Molitz et al., 2013; Piazzon et al., 2017; Lee et al., 2018; Kumar et al.,
2019).

Nutritional studies can be requested and supported by feed companies, which are interested in knowing if
certain feed additive is effective and can be advanced on the market. In this case, the approval to publish the
results of the research is necessary, being the fish health data a sensitive question for feed producers. In this
section, the same considerations for standardization of the genetic and sanitary quality of the fish used in
these studies can be applied.

1.5 Challenge tests to evaluate the efficacy of fish treatments

The efficacy of the fish treatments can also be evaluated using indirect or direct methods and at different
levels (laboratory trials, field trials, farm follow-up). However, it is only under laboratory conditions that an
accurate control of the parameters and the infection can be achieved and therefore, a precise assessment of
the potential effects of the tested treatment in the reduction of the effects of the pathogens. In these studies,
the test protocols are similar to those described for vaccination. Instead of groups of non-vaccinated, and
vaccinated fish, groups of non-treated and treated fish are used. In this case, challenges with the pathogens
can be applied before or after the exposure of the pathogen and the exposure to the pathogens can be done
also by direct intraperitoneal or intramuscular injection or by direct contact with the fish (bath) or also by
cohabitation with experimentally infected fish (donors) or alternative methods (see section on parasites).

2. TYPES OF CHALLENGE: ROUTE OF PATHOGEN ADMINISTRATION

2.1 Intraperitoneal (ip) injection

This method is the most commonly used to evaluate the efficacy of vaccine or vaccination treatment on fish
survival to viral and bacterial infections (systemic diseases) (Raynard et al., 2001; Angelidis, 2006; Angelidis
et al., 2006; Chettri et al., 2013; Galeotti et al., 2013; Bakopoulos et al., 2015; Dadar et al., 2015; Chettri et
al., 2015a; 2015b; Nunez-Ortiz et al., 2016; Spinos et al 2017; Lijuan et al., 2018; Jaafar et al., 2019; Ohtani et
al., 2019), but also to investigate the capacity of feed additive (immunostimulant) to enhance fish immune
response and disease resistance (Bulfon et al., 2017; Ji et al., 2017; Salah et al., 2017; Yengkhom et al., 2017;
Gora et al., 2018; Abarike et al., 2019; Mohammadian et al., 2019).

In general, it is performed by the inoculum of bacterial/viral suspension (bacteria or viruses in physiological
buffer at a defined concentration) inside the peritoneal cavity of a defined number of anaesthetized fish,
through a syringe or a self-refilling injector. Fish are then transferred to the original tank (Nordmo, 1997;
Nordmo et al., 1997).

Injection challenge provides reproducible results with precise information about the amount of pathogens
inoculated in each individual fish, ensuring that all the fish are infected with a uniform dose and it is known
to be the most suitable challenge method that guarantee to achieve a certain level of mortality (60%) after
infection in the negative control groups, with respect to the probability of success in fulfilling the
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requirements of the European Pharmacopoeia guidelines (Nordmo, 1997; Midtlyng, 2005). However, the use
of ip challenge should be carefully considered because it does not simulate a natural route of exposure. In
the field, bacterial and viral pathogen usually invades the host through the body/mucosal surfaces and by
crossing the external barriers before invading vital organs. On the contrary, the ip injection evades the
external fish barriers as well as the associated innate and acquired immune responses (Nordmo, 1997,
Midtlyng, 2005; Chettri et al., 2018; Ohtani et al., 2019). For this reason, the ip challenge does not allow
estimating the efficacy of fish natural barriers and superficial defence mechanisms in controlling the
pathogen diffusion; therefore, it could be not fully suitable to study the effectiveness of vaccination
treatments (Chettri et al., 2018; Ohtani et al., 2019). On the contrary, the inoculation into the peritoneum
gives pathogen direct access to the vital organs such as spleen, heart, liver, and kidney (Chettri et al., 2018).

On the other hand, the challenge performed by ip in fish vaccinated by the same route may be criticised if
used to study the developed specific immune response as the outcome of infection, because the latter may
benefit from the possible activation of local defensive mechanisms (macrophage microbicidal activity) in the
abdominal cavity where the vaccine was delivered. This evidence can explain potential differences in the
vaccine efficacy to induce fish protection which is estimated by different challenge methods (Nordmo, 1997;
Midtlyng, 2005).

Moreover, the ip challenge procedure is time-consuming, suitable only to fish sizing more than 10-15 grams,
stressful for fish and potentially risky due to the possible individual non-specific damages caused by the
injection as well as the accumulation of bacterial toxins during in vitro culture. To avoid any negative
consequences of the treatment and possible errors in the interpretation of final results, ip challenges should
include a group of fish which are injected only with a physiological solution without the pathogen (Midtlyng,
2005).

2.2 Digestive contact (oral, anal)

This method of challenge is mainly applied to infect fish with parasites (i.e. Enteromyxum leei or E.
scophthalmi) as reported in literature (Estensoro et al., 2010; 2014; Ronza et al., 2015; Piazzon et al., 2016;
Ronza et al., 2016), whereas it is rarely used to infect fish with bacteria or viruses. For example, some
researchers have used the oral challenge method to study the response of intestinal mucosal barrier
(modulation of cytokines or membrane proteins expression) in controlling bacterial infections and the
subsequent inflammatory response after fish feeding diets containing immunostimulant (Syakuri et al., 2014;
Jung-Schroers et al., 2018).

A challenge by digestive contact mimics the natural route of fish exposure to disease, since an overwhelming
number of infections are initiated by the pathogen colonization of mucosal surfaces such as skin, gills and
gastrointestinal tract. Specifically, pathogen is administered directly in the stomach or along the gut of
anaesthetized fish by oral or anal intubation or through a suitable vehicle (feed, artemia...) and it interacts
with the gut-associated lymphoid tissue (GALT) and the local adherent bacterial microbiota. The intestinal
microflora is composed of diverse bacterial taxa often reflecting the microbial composition of the
surrounding water, environmental factors, or diet, and it is recognized as an important component of the fish
mucosal external barrier. It has been reported to regulate the expression of genes controlling the epithelial
proliferation, nutrient metabolism, but also innate immune responses in the digestive tract. It is also known
that bacteria physiologically located in the digestive tract may be responsible for controlling the gut
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colonization by pathogenic microbes, throughout the synthesis of several inhibitory compounds or by
competition for space and nutrients availability (Syakuri et al., 2014; Jung-Schroers et al., 2018).

Recently the anal intubation method was reported to be a good protocol to induce intestinal bacterial
infections in fish. In this case, bacteria are intra-rectal administered with a syringe or a soft, rounded and
flexible catheter which makes the administration harmless for fish when inserted into the intestine. By
administering the infectious dose directly into the intestinal tract, the acidic environment of the stomach is
bypassed, limiting its potential negative effect on the overall virulence of the pathogen (Chettri et al., 2018;
Ohtani et al., 2019). Even though this procedure is time consuming due to the precision needed for inserting
the catheter into the anus, the infective dosage is controllable and fewer statistical variations of mortality
are observed. Moreover, the anal method combines the reproducibility of the pathogen concentration with
the advantage of its direct contact with the intestinal mucosa associated immune mechanisms. However,
one important technical aspect must be considered with regards to the anal intubation method as it may
induce very acute mortality within 48 h after intubation, caused by acute bacterial septicaemia (Ohtani et al.,
2019). Future investigations are necessary to improve the precision of this procedure and diminish the risks
of fish stress or mucosal damage due to the use of blunted syringes or buttoned cannulas although some
authors did not highlight any mucosal injury in fish after the anal inoculum of bacteria (Chettri et al., 2018).

2.3 Bath contact

The immersion challenge is the method that more closely mimics the natural exposure of fish to infections
and should preferably be used to evaluate the efficacy of vaccination treatments. In this case, pathogens
enter via the skin or mucosae (gills and digestive tract) and stimulate the innate immune mechanisms
associated with the mucosal surfaces (lysozyme, phagocytic cells), which play an important role in fish
defensive response (Nordmo, 1997; Midtlyng, 2005).

It is commonly performed by soaking the fish for a period ranging from few minutes to 1 h in a tank with
water containing pathogen at a selected infective concentration. The tank volume should be chosen
according to the number of fish and to the bath duration, in order to limit the individual stress. After exposure
to the pathogen, fish return to the original tank (Nordmo, 1997; Nordmo et al., 1997).

In general, the necessary infective dose in a bath challenge is often higher than that used in ip infections and
increasing the dose is very difficult as the number of bacteria needed in this case may exceed the culture
capacity of the laboratory (Nordmo et al., 1997). Mortality starts more belatedly when fish are infected with
a pathogen by waterborne exposure (i.e. within one or two weeks after bacterial infections) compared with
fish infected by injection (i.e. one to three days after bacterial infection) (Midtlyng, 2005).

The immersion method is less reliable than the ip injection in inducing infections with cumulative mortalities
in untreated control fish higher than the level defined by the European Pharmacopoeia (2001) for an ip
challenge (60%). In fact, it is more difficult to define the correct infective dose of inoculum that can lead to
uniform results, due to the technical limitation to select the correct volume/concentration of pathogen
suspension in relation to fish density, length of challenge period, or combination of both factors (Ohtani et
al., 2019). Moreover, individual mortalities cannot be treated as independent events because the death of
one fish may influence the survival of others, since the pathogen transmission occurs passively through the
water column. This effect explains the general large variability observed in the outcomes of challenges
performed by immersion or cohabitation compared with ip experimental infections (Raynard et al., 2001),
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leading to a lack of predictability. Therefore, multiple tests are necessary to get reliable results (Nordmo et
al., 1997). In addition, post-challenge cumulative mortality is closely influenced by fish rearing conditions: it
decreases if increasing fish weight and density, and these factors could be either connected or confounding
although the exact nature of this interaction is not clear (Ohtani et al., 2019). The possible negative effect
due to handling stress must also be considered (Maita, 2007).

The immersion method was widely used to experimentally infect fish with bacteria, viruses or parasites
(Raynard et al., 2001; Alishahi and Buchmann, 2006; Raida et al., 2011; Piazzon et al., 2016; Moore et al.,
2018; Nunez-Ortiz et al., 2018; Skov et al., 2018; Byadgi et al., 2018; Embregts et al., 2019a, 2019b; Kitiyodom
etal., 2019; Ohtani et al., 2019), but until now a standard protocol for testing of novel fish vaccine candidates
is not available (Midtlyng, 2005).

2.4 Cohabitation

It was applied to different fish species to reproduce natural infections with bacteria, viruses and parasites
(Raynard et al., 2001; Cuesta et al., 2006; Lu et al., 2013; Zhang et al., 2013; Chettri et al., 2015b; Monte et
al., 2016; Tu et al., 2016; Embregts et al., 2019b; Ohtani et al., 2019), minimizing the handling stress during
fish exposure to the pathogen (Maita, 2007). This procedure implies that pathogen is injected into a selected
number of fish and these diseased individuals (usually designated as co-habitants) are then mixed with the
test fish population. After an incubation period varying with experimental conditions, the pathogen is
continuously shed in the rearing water from infected fish, causing the infection of healthy fish (Nordmo,
1997). Different designs can be applied for cohabitation challenge: full cohabitation, cohabitation with
donors/receivers separated by nets. Fish labelling is also required (tags, microchips, etc.) to discriminate
between infected and initially healthy individuals (Nordmo et al., 1997).

Until now, the challenge studies performed by cohabitation commonly failed to induce cumulative specific
mortalities to desired levels. Even though the pathogen transmission from infected fish to healthy fish was
documented, the percentage of cumulative specific mortality resulted too low. This method is the most
difficult to be standardized because the number of pathogens shed from cohabitant fish is likely to vary from
one experiment to the other or between test tanks (Nordmo, 1997; Nordmo et al., 1997; Raynard et al., 2001;
Ohtani et al., 2019). One way to overcome this problem is to set up a test system with several replicate tanks,
where variability in infectious load is recognised in the statistical analyses.

Moreover, it is necessary to consider that pathogen was passively transmitted among fish through the water
column as previously reported for immersion challenge; therefore, the death of one fish may increase the
risk of death of others, making the infection self-amplifying (Nordmo 1997). Similar to what happens during
an immersion challenge, mortalities obtained in fish challenged by cohabitation were generally more variable
than those obtained in fish infected by ip injection (Raynard et al., 2001). The outcome of challenge by
cohabitation also depends on fish weight and density, water flow rate, or virulent strains (Ohtani et al., 2019).

Finally, the duration of fish cohabitation is difficult to be defined as the starting time of infection could be
considered either the day of introduction of cohabitant fish or the first day on which pathogens are shed
from donor fish. This aspect must be carefully considered when the post challenge survey period has to be
selected (Nordmo et al., 1997; Raynard et al., 2001; Ohtani et al., 2019).
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2.5 Effluent model

This experimental infection method consists of the exposure of naive fish to pathogen-contaminated effluent
from another tank holding infected fish, which is generally termed donor tank. It remarkably mimics the
natural conditions for the transmission of some diseases in farmed fish. It has been commonly applied to
infect gilthead seabream with Enteromyxum leei (Sitja-Bobadilla et al., 2008; Redondo and Alvarez-Pellitero,
2010; Davey et al., 2011; Estensoro et al., 2011; 2012a; 2012b; 2013; Piazzon et al., 2016; Estensoro et al.,
2018) and other sparids.

3. FISH ORIGIN, CHARACTERISTICS AND HANDLING

One crucial factor in making a challenge test reproducible is the possible recruitment of test fish from a
population of the same genetic origin (Nordmo, 1997). While test animals (mice or rats) with controlled
genetic and health background are easily available for experiments in mammals, fish for experiments don’t
usually come from controlled laboratory suppliers (with the exception of zebrafish) but are obtained from
commercial hatcheries or farms. Therefore, it is possible to select fish belonging to a single broodstock but it
is very difficult to know their specific genetic profile and sometimes also their health status in order to ensure
the absence of diseased individuals or pathogen carriers.

More specifically, the use of fish for scientific purposes deemed “free” of pathogens (primarily of viral
diseases that are compulsory notifiable) or unvaccinated or not previously submitted to therapeutic
treatments, is an essential prerequisite to achieve irrefutable results. Weakened fish can confound the
otherwise expected research outcomes at the measured endpoints, therefore the availability of healthy fish
is strictly recommended prior to start of any experiment and the assessment of fish health condition is
necessary. Fish to be submitted to a challenge experiment should have a naive immunological profile or
should have been subjected only to the test treatments under investigation.

Once fish are introduced into the experimental facilities, they should be quarantined and observed for
disease symptoms while being acclimated to the laboratory conditions (i.e. water quality, water temperature,
illumination and diet). Fish should be maintained and handled according to the Guidelines of the European
Union Council (Directive 2010/63/EU) and to the country Regulations for the protection of animals used for
scientific purposes. All efforts should be made to minimize suffering and pain of fish used for the experiments
and the number of experimental subjects should be the minimum possible, in order to perform the analyses
and at the same time produce statistically significant and reproducible results. Specifically, the principle of
3Rs (Replacement, Reduction and Refinement) should be applied in animal testing in compliance with the
strict 2010/63/EU rules on animal welfare: 1) replacement of animal models with in vitro models, when
possible; 2) reduction of animal number used in the experiments; 3) use of less invasive techniques when the
experiments involve the use of animals. Any severe procedure should not be conducted without fish
anaesthesia and should be based on a utilitarian benefit commensurable with the aims of the research
(Midtlyng et al., 2011; Romberg et al., 2012).

To date, the only authorised anaesthetic in Europe for fish sedation or suppression is tricaine methane-
sulphonate (MS-222). It is suitable for both freshwater and seawater species due to its high lipid solubility
and it is very expensive. It is widely used for research activities but also for diverse routine operations such
as fish selection, sorting, grading, weight/length measurements, labelling, transportation, gamete collection
from broodstock, physiological data collection, blood and tissue sampling, health monitoring, vaccination,
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radio transmitter implanting and invasive surgery. Prior to anaesthesia or sedation, fish should undergo
fasting for 12—-24 h. Aeration should be provided unless sedation is of short duration. Euthanasia by an
overdose of anaesthetic is necessary if the fish sacrificing is requested (Topic Popovic et al., 2012).

The efficacy of MS-222 depends on environmental factors, i.e. temperature, oxygen content, pH, hardness
and salinity of water, as well as on biological factors such as fish age, sex, size, weight, lipid content, maturity,
species, stocking density and health status. Doses for fish immersion anaesthesia vary. In general, MS-222 at
concentrations ranging between 25 mg/l and 100 mg/l is used for moderate sedation, whereas higher doses
(250-500 mg/l1) are adequate for fish deep anaesthesia or euthanasia. Exposure times commonly range from
few minutes for high concentrations and up to 48 h for very low concentrations. However, the MS-222 dosage
and duration of anaesthesia should be reduced if fish are submitted to repeated exposures. Recovery takes
place after 1 to 60 min, and during this period fish should be closely observed (Topic Popovic et al., 2012).

Although the European legislation regarding veterinary pharmaceuticals has introduced severe restrictions
regarding drugs that can be used in fish treatment and has defined a detailed list of products licensed for use
in aquaculture, the available anaesthetics for experimental or farm activities can be different among the
European countries. For example, in Italy the administration of MS-222 to fish is approved only for
vaccination and research purposes.

4. FACTORS INFLUENCING THE CHALLENGE OUTCOME

The development of a specific model for a challenge test would be extremely important to enable researchers
to better evaluate different vaccine formulations, routes of vaccine administration, and duration of
protection, as well as to better study fish immune response to infections. However, until now very little work
has been done to standardize the challenge methods with fish pathogens, therefore the protocols used for
experimental infections vary widely among different laboratories and inconsistent results with respect to the
kinetics of mortality, cumulative specific mortality, prevalence or intensity of infection in the experimental
groups have been reported in literature.

Fish compared with mammals may develop different responses to an infection depending on the
environmental conditions to which they are exposed. This ‘plasticity’ makes sometimes the standardization
of the experimental parameters rather difficult. Environmental factors such as water temperature, oxygen
content, and salinity are likely to influence the challenge outcome. For example, it is well known that
temperature and salinity modulate fish immune response (synthesis of IgM and IgT) and can influence the
transmission of bacteria from donor to recipient fish in cohabitation challenges (Chettri et al., 2015b). On the
other hand, pathogen concentration and virulence, route of administration, fish body weight and density
(number of fish per tank), fish species, fish genetic profile, fish sexual maturity, fish health status or stress
condition are also crucial in influencing the results of a challenge trial. Moreover, the choice to carry out the
challenge in open flow or recirculation systems supplied with clean running water or disinfected water is
another factor of importance to be considered (Nordmo, 1997).

A challenge trial should be performed in experimental groups of an adequate number of fish and at least in
triplicate. The experiments should be reproduced several times, in order to obtain the most possible reliable
and confident results. The studies should be planned so that the results obtained at different laboratories
can be compared but also support the extrapolation between small scale tests and direct field observations.
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5. PATHOGEN CULTURE AND PREPARATION FOR CHALLENGE

In general fish pathogens to be used in a challenge trial should be recently isolated and identified by standard
microbiological (bacteriological, virological, parasitological) methods and/or by a biomolecular approach. The
storage and in vitro cultivation of pathogens are of major importance to carry out a repeatable challenge
experiment and to obtain reliable results.

5.1 Bacteria

The bacterial strains used for challenge tests are commonly isolated during spontaneous outbreaks of
diseases or belong to lab reference collections. Bacteria are homogeneously stored at -80 °C in micro-vials
(available commercially or prepared in lab with 10% glycerol). After thawing, they are cultured in appropriate
culture medium overnight at a temperature adequate for the pathogen growth. Then, exponentially growing
bacteria are collected by centrifugation and are commonly suspended in sterile PBS. Alternatively, bacterial
culture (without elimination of culture medium) can be directly used for the challenge but in this case the
outcome of infection may be different because it depends also on the presence of bacterial toxins
accumulated during the in vitro growth of pathogen. However, the use of bacterial suspension in
physiological solution should be preferred to ensure the repeatability of the experiments. For some species
such as Photobacterium damselae piscicida, long term storage may induce some decrease in the virulence of
several strains. When differences on the expected lethal doses (DL) are observed, reactivation of the
virulence of the strains can be recovered quite fast after one or two sequential reinfections in natural hosts
(seabream or seabass).

The inoculum size of bacterial strain is standardized prior to each challenge test by adjusting
spectrophotometrically the optical density (OD) at 610 nm of the bacterial suspension to 1.0, which
corresponds to a defined bacterial concentration (validated by preliminary tests). Based on this information,
the bacterial suspension is diluted to obtain the infective dose to be used in the challenge trial. The bacterial
concentration is confirmed by spreading serial 10-fold dilutions of each suspension onto solid culture
medium duplicate plates and counting the number of colony forming units (CFU) following incubation at the
adequate temperature (Galeotti et al., 2013; Bulfon et al., 2017; Spinos et al., 2017; Abarike et al., 2019;
Mohammadian et al., 2019).

5.2 Viruses

Most of the experimental infections are conducted using viruses isolated in cell cultures (Chaves-Pozo et al.,
2012; Vendramin et al., 2014). Specifically, viruses are originally isolated during spontaneous outbreaks of
diseases and then cultivated in vitro using specific cell cultures for a number of passages until their use for
the challenge (Drennan et al., 2007). Otherwise, viral particles purified directly from pathological tissues
(Nguyen et al. 1996; Cheng et al., 2006) or infected tissue homogenates (Glazebrook et al. 1990; Arimoto et
al. 1993; Tanaka et al. 1998; Grotmol et al. 1999) can be used if viruses are not cultivable in cell cultures.
After producing an adequate amount of infected cell culture, viral suspension is clarified by centrifugation (in
general at 4000 x g for 15 min at 4°C) and sterile-filtered through a membrane filter for the subsequent
administration in fish by injection. The applied protocols can differ accordingly to the virus used for challenge
but a 0.22 um filter is commonly recommended to obtain a viral suspension free of other pathogens, as
suggested for the sterilization of nervous necrosis virus cultures (Toffan et al., 2016; Toffan et al., 2019).
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Afterwards, viral suspension is subjected to titration. The endpoint dilutions assay is the most used technique
suitable for this purpose, although the viral titer can be calculated according to different methods (Reed &
Muench; Spearman—Karber). In general, viral load is expressed as TCID50/ml (Reed & Muench, 1938; Finney,
1978) but it can also be expressed as plague forming unit (PFU) as reported in older studies (Peducasse et al,
1999; Breuil et al., 2001).

The titred viral suspension is finally diluted to obtain the desired concentration. The diluent must be selected
based on the route of administration chosen for the experimental infection: freshwater/marine water is
widely used for fish immersion challenges, whereas sterile medium (PBS or physiological solution) is used for
fish injection challenges (Vendramin et al., 2014; Toffan et al., 2019).

5.3 Parasites

Due to the diversity and complexity of the different groups of parasites, it is not possible to generalise the
methodologies for preparation and culture of the different parasites. Each parasite species has their own
biological characteristics (sometimes very complex) and these characteristics determine the possibilities to
obtain parasites from different sources as well as the possibilities to maintain them at laboratory conditions.
Fortunately, for the most relevant Mediterranean parasites of gilthead sea bream and European sea bass,
many of these aspects have been widely developed in ParaFishControl project. In particular, standard
operating protocols for the transmission of Enteromyxum leei, Amyloodinium and Ceratothoa have been
validated and are included in the confidential D1.2 “Standard Operating Protocols (SOPs) for parasite
infections”. These procedures and 20 more for other parasites are included in the Book, currently being
edited by Sitja-Bobadilla et al. that was published by 5M Publishing in August 2021 with the title “Fish
Parasites: A handbook of protocols for their isolation, culture and transmission”. A summary of the specific
challenge methods used for these fish species and parasites is described in section 6.

6. CHALLENGES WITH FISH PATHOGENS WITH PARTICULAR ATTENTION
TO EUROPEAN SEABASS AND GILTHEAD SEABREAM PATHOGENS:
TECHNICAL DESCRIPTIONS AND RECOMMENDATIONS

6.1 Challenge with Vibrio anguillarum and Photobacterium damselae subsp.
piscicida in Dicentrarchus labrax and Sparus aurata

Numerous investigations have been carried out to study the efficacy of vaccination treatments against Vibrio
anguillarum or Photobacterium damselae subsp. piscicida in European sea bass (Dicentrarchus labrax) and
gilthead seabream (Sparus aurata), including a final potency test in order to establish fish resistance to
diseases. In general, the challenge trial has been performed at least 21 days after the end of immunization
protocol, considering the time necessary for fish to develop a specific immune response. In some cases, fish
were experimentally infected up to 6-10 months after vaccination in order to assess the duration of
protection conferred by the vaccine (Bakopoulos et al, 2003; Angelidis 2006; Angelidis et al 2006; Galeotti et
al., 2013; Boschetto et al., 2014; Bakopoulos et al, 2015; Spinos et al 2017).
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As reported in Table 1, a moderate number of scientific papers deals with vaccination trials against V.
anguillarum in European sea bass whereas no vaccines against this pathogen have been tested in gilthead
seabream. In this context, the intraperitoneal injection method was the unique selected approach to perform
the potency test resulting very reliable in inducing vibriosis in European sea bass. Bacterial strains of V.
anguillarum serotype O1 were the most preferred for experimental infections and the selected infective dose
ranged from 2x10° CFU/fish to 9.2x108 CFU/fish, independently from fish weight. This wide range of bacterial
concentrations may be ascribed to different levels of pathogen virulence or to the need to achieve a specific
level of cumulative mortality. Moreover, the experimental design involved groups (negative unvaccinated
controls and vaccinated) of 20 to 90 fish that have been infected and commonly two or three experimental
replicates have been planned. Stocking water temperature ranged between 14.5°C and 26°C. Mortality was
daily monitored for 6 to 20 days after infection, reaching a cumulative value between 30% and 100% in
control unvaccinated fish. The highest mortalities did not always correspond to the highest infectious doses,
probably due to the role of environmental factors and strain virulence. The kinetic of mortality has not always
been reported in the manuscripts, but it usually started the second day post infection (Gravningen et al.,
1998; Angelidis 2006; Angelidis et al 2006; Galeotti et al., 2013; Galindo-Villegas et al., 2013; Boschetto et al.,
2014; Spinos et al 2017).

In Table 2, the studies aimed at evaluating the effectiveness of new vaccines against P. damselae subsp.
piscicida in European seabass and gilthead seabream, through a post immunization potency test, are
summarized. As described above, the intraperitoneal challenge was the method principally selected to study
D. labrax resistance to disease. The infective dose ranged from 2.8x10%® CFU/fish to 2x10® CFU/fish,
independently from the fish weight. The number of fish (negative unvaccinated controls and vaccinated)
submitted to bacterial infections was between 20 and 50 per experimental group and two, three or four
replicates have been included in the trials. Stocking water temperature ranged between 13°C and 23°C.
Mortality was daily monitored for 7 up to 15 days after infection and the cumulative value resulted between
20% and 100% in control unvaccinated fish. Also in this case, the highest mortalities were not always obtained
with the highest infectious doses. In general, mortality predominantly started on the third day post-infection
(Bakopoulos et al, 2003; Paolini et al., 2005; Boschetto et al., 2014; Bakopoulos et al, 2015; Spinos et al.,
2017). On the contrary, no examples of intraperitoneal challenge in gilthead seabream vaccinated against P.
damselae subsp. piscicida are available in literature.

On the other hand, immersion challenges with P. damselae subsp. piscicida have been rarely performed in
both fish species. Specifically, the infective dose used to infect European sea bass ranged between 3.7x10°
CFU/water ml and 2x10’ CFU/water ml and the exposure time to the pathogen ranged between 15 min and
1 h. The number of fish subjected to infection ranged between 20 and 90 per experimental group. Water
temperature ranged between 18°C and 21°C. Mortality was daily monitored for 9 up to 15 days, reaching a
cumulative value between 50% and 100% in the control unvaccinated group, usually in agreement with the
infective dose increase (Gravningen et al., 1998; Bakopoulos et al., 2003). Similarly, immersion challenges
have been performed in S. aurata (0.1-1g) by using an infective dose ranging between 1x10° CFU/water ml
and 1x10° CFU/water ml. Fifty fish per experimental group (in triplicate) were exposed to pathogen for 10
min and maintained at a water temperature ranging between 18°C and 20°C. Mortality was daily monitored
for 21 days after infection and its cumulative value ranged between 54% and 86% in the control unvaccinated
group, with an evident correlation with the infective dose increase (Marinigo et al., 2002).

Potency tests have been also used to detect the potential positive effect of the dietary inclusion of some feed
additives such as immunostimulants in improving European sea bass or gilthead seabream survival to
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vibriosis or pasteurellosis (Table 3 and Table 4). In this context, the challenge experiments with V.
anguillarum were commonly performed by intraperitoneal injection at the end of the feeding period (lasted
up to 8 weeks) both in European sea bass and in gilthead seabream. The infective dose ranged between 3x102
CFU/fish and 1.2x10% CFU/fish in D. labrax, accordingly to fish weight whereas it ranged between 9.4x10?
CFU/fish and 5x108 CFU/fish in S. aurata, without a direct correlation with fish weight. The experimental
design involved groups of 10 to 25 European sea bass and groups of 6 to 20 gilthead seabream. In both cases,
replicates have been rarely planned. Mortality was daily monitored for 8 up to 15 days post-infection in
European sea bass and for 7 up to 30 days post-infection in gilthead seabream. Water temperature ranged
between 20°C and 22°C. The cumulative specific mortalities ranged from 30% to 90% in control D. labrax fed
on the basal diet, depending on fish weight and infective dose. On the other hand, the cumulative specific
mortalities ranged from 53% to 88% in control S. aurata. In general, mortality started on the second day post
infection in European sea bass, whereas it started on the first day post infection in gilthead seabream (Mulero
et al. 1998; Volpatti et al. 2014; Azeredo et al. 2015; Marricchiolo et al. 2017).

Sometimes, the challenge with V. anguillarum has been carried out by immersion. Experimental groups
including 20 to 25 sea bass (in duplicate or triplicate) were exposed to an infective dose ranging between
1x10° CFU/water ml and 1x108 CFU/water ml for 1 h up to 8 h, and mortality was daily recorded for 7 up to
20 days after infection. Water temperature ranged between 19°C and 24°C. The cumulative mortalities
ranged from 30% to 85% in fish fed on the control diet, without an evident correlation with fish weight or
bacterial infective dose (Sorroza et al. 2012; Przybyla et al. 2014). On the other hand, the only immersion
challenge with V. anguillarum reported in literature to evaluate the effects of dietary inclusion of probiotic
on gilthead seabream survival described a bath exposure of 50 fish/group (15-20 g) to bacterial suspension
in seawater at concentration of 3.9x10” CFU/water ml for 1 h (rearing temperature of 22°C). Mortality was
daily recorded for 20 days after infection, reaching a cumulative value of 56% in fish fed on the control diet
(Chabrillon et al. 2006).

Rarely, the potency tests with V. anguillarum have been carried out in European sea bass or gilthead
seabream by anal or gut inoculum. Specifically, D. labrax fed on diets supplemented with mannan
oligosaccharides (MOS) have been infected in order to evaluate fish resistance to vibriosis. Experimental
groups including 15 to 20 fish (80-90 g) in triplicate were infected with 1x10’ CFU/fish and mortality was daily
recorded for 6-7 days. The cumulative specific mortality in fish fed the control diet was 67% starting on the
first day after infection when bacteria were inoculated directly in the intestine (Torecillas et al., 2012),
whereas the challenge by anal inoculum failed in inducing the disease (Torrecillas et al., 2017).

Otherwise, the challenge experiments with P. damselae subsp. piscicida have been performed only in S.
aurata. Briefly, Cerenzuela et al. (2012a; 2012b) investigated the inclusion of microalgae and/or probiotics
as immunostimulants, by assessing fish immune response and disease resistance. Twenty-four fish per
experimental group (in duplicate) were intraperitoneally injected with 1x10° CFU/fish or 1x10! CFU/fish,
then mortality was daily recorded for 15 days. Water temperature was maintained at 20°C during the
experiments. Dead fish in the control group (basal diet) were detected starting from the first day post
infection onwards and the final cumulative mortality reached 50%. Other authors described an immersion
challenge with P. damselae subsp. piscicida in gilthead seabream fed on diets enriched with glucans: fish of
about 0.3 g (80 subjects/group) have been maintained in seawater containing 1x10* CFU/water ml at 20-21°C
for 5 min and mortality was daily recorded for 10 days. Fish fed on the control diet started dying on the first
day after infection and the cumulative mortality resulted between 90 and 100% (Couso et al., 2003).
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As a general consideration, only few reports indicated the protection induced by a vaccine or by a feeding
treatment through the RPS calculation whereas in the most of the studies only cumulative mortality is

reported.

18



Challenge Methods

C o

Table 1. Potency tests with V. anguillarum in Dicentrarchus labrax aimed at evaluating the efficacy of vaccination treatments. Data regarding the beginning
of mortality and the cumulative mortality are referred to the negative control unvaccinated group

FISH

. . number of . A .
fish species fish weight stocking water | bacterial methoq qf pathogen - — duration of survey time beglnnln'g of cumulat'lve —.
temperture | serotype administration exposure mortality mortality
fish/group
s 2 days post
o , . . o
615¢g 22.9°C 1.5x10" CFU/g fish weight |20 fish in triplicate _ 6 days infection 100%
10899 19.5°C 4.5x10° CFUIq fish weight | 20 fish in triplicate B 10 days Sig?g’;ﬁ“ 50-60%
. . L . . L 2 days post .
130.6 g 14.5°C o1 intraperitoneal injection |  3.2x10° CFU/g fish weight |20 fish in triplicate _ 7 days infection 90-100% Spinos et al. 2017
1555 g 15.4°C 4.2x10° CFU/g fish weight | 20 fish in triplicate ~ 10 days Aiﬁ?gjﬁ“ 70-80%
16639 20°C 4.0x10° CFU/g fish weight | 20 fish in triplicate B 7 days Sig?gcsti‘;(r’ft 100%
. . L i . 2 days post
n.a. 23+0.5°C o1 intraperitoneal injection | 2.8 x 10’ CFU/mlI (0.1 mlifish) 30 fish _ 15 days infection 47% Boschetto et al. 2014
. . . . o . - . 1-2 days post o . .
European sea bass n.a. 26°C o1 intraperitoneal injection |  2x10° CFU/ml (0.1 ml/fish) |20 fish in duplicate _ 10 days infection 60-90% Galindo-Villegas et al. 2013
Dicentrarchus labrax . 2 days post
( ) 2.4x10° CFU/mI (0.2 mlffish) 55 fish _ 15 days infeycts)n 81%
n.a. 20°C o1 intraperitoneal injection 2 days post Galeotti et al. 2013
5 ) : 0
6.2x10° CFU/ml (0.2 ml/fish) 90 fish _ 15 days infection 84%
3.3x10° CFU/fish ish in triplicate _ ays . : b
6 35 fish in tripli 15 day: ZIg?g’csts)?ft 75%
n.a. 18+1°C 01 intraperitoneal injection 5 davs oSt Angelidis et al. 2006
2x10° CFU/fish 35 fish in duplicate _ 15 days infgc tiz N 44%
na. na. O1 | intraperitoneal injection 3x10° CFU/fish 30 fish _ 20 days Sig?gcsti‘;‘r’ft 30% Angelidis 2006
11g 9.3x10" CFU/ml (0.1 mlffish) | 23 fish in triplicate _ na. n.a. 62%
18-20°C o1 intraperitoneal injection Gravningen et al. 1998
329 2.1x10’ CFU/ml (0.1 mlfish) |20 fish in triplicate _ n.a. n.a. 47%

n.a.: data not available.
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Table 2. Potency tests with P. damselae subsp. piscicida in Dicentrarchus labrax and Sparus aurata aimed at evaluating the efficacy of vaccination

C o

FISH

treatments. Data regarding the beginning of mortality and the cumulative mortality are referred to the negative control unvaccinated group

. number of . - .
fish species fish weight stocking water methoq qf pathogen . infected duration of survey time beglnnln_g of cumulat_lve T
temperture administration exposure mortality mortality
fish/group
67.49 19.7°C 3x108 CFU/g fish weight | 20 fish in triplicate _ 7 days Sig:g;i% ?ft 90-100%
107.9¢g 13.2°C 1.7x10° CFU/g fish weight | 20 fish in triplicate _ 20 days 6-days p ost 40%
. . L infection .
intraperitoneal injection 3 davs post Spinos et al. 2017
1735 12.7°C 1x10° CFU/g fish weight | 20 fish in triplicate ~ 8 days days p 20%
infection
1495 g 18.°C 1.2X10° CFU/g fish weight | 20 fish in triplicate ~ 9 days 332’;5}‘? 40-50%
1.8x10° CFU/fish 20 fish in triplicate _ 9 days n.a. 90%
na. na. intraperitoneal injection Bakopoulos et al. 2015
3.3x10* CFUffish 20 fish in triplicate _ 15 days na. 45%
n.d 23+0.5°C intraperitoneal injection i i 40 fish 15 days 3 days post 44% Boschetto et al. 2013
European sea bass -a. +0. p J 2.8x10" CFU/ml (0.1 ml/fish) _ y infection 0 :
Dicentrarchus labrax
( ) 10g 23.4°C intraperitoneal injection | 2.8x10* CFU/mI (0.1 mifish) |50 fish in duplicate _ 14 days Zig:g;s) ?]St 91% Paolini et al. 2005
3.7x10° CFU/water ml 30-40 fish 1h 9 days n.a. 50%
immersion 1x10° CFU/water ml 30-40 fish 1h 9 days n.a. 61-100%
n.a. 20-21°C Bakopoulos et al. 2003
2x107 CFU/water ml 90 fish 1h 15 days n.a. 69-81%
intraperitoneal injection | 1.5x10% CFU/fish (0.1 mlfish) 30-40 fish _ 9 days n.a. 50-100%
11g 18-20°C immersion 1.1 x 10° CFU/water ml 23 fish in triplicate 15 min n.a. n.a. 55%
Gravningen et al. 1998
329¢ 18-20°C intraperitoneal injection | 2.2x10° CFU/mI (0.1 mlfish) 20 fish in triplicate _ n.a. n.a. n.a.
. L . o
Gilthead seabream 01g _ _ 1x10° CFUAwater ml 50 fish in triplicate | 10 min 21 days na. 54-66% B
(Sparus aurata) 18-20°C immersion Marinigo et al. 2002
P lg 1x10° CFU/water ml 50 fish in triplicate 10 min 21 days n.a. 56-86%

n.a.: data not available.
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Table 3. Potency tests with V. anguillarum in Dicentrarchus labrax and Sparus aurata aimed at evaluating the efficacy of dietary treatments on disease resistance.
Data regarding the beginning of mortality and the cumulative mortality are referred to fish fed on the control diet

FISH

. . number of . - .
fish species fish weight stocking water | bacterial methoq o_f pathogen e v duration of survey time beglnnlr!g of cumulat-Ne T
temperture | serotype administration exposure mortality mortality
fish/group
89.1+11.1¢g 22.1-23.4°C n.a. anal inoculum 1x10’ CFU/fish 20 fish in triplicate _ 7 days _ n.a. Torrecillas et al. 2017
" . . 2 days post
1.5x10* CFU/mI (0.1 mI/fish) 10 fish _ 8 days infection 7%
15.6+0.5¢g 22.3°C o1 intraperitoneal injection 2 days post Azeredo et al. 2015
3 ; i Y/
3x10° CFU/ml (0.1 ml/fish) 10 fish _ 8 days infection 53%
130.6:0.29 | 19.1:0.3°C na immersion 7 20 fish 1h 7 days 2 days post 85% Przybyla et al. 2014
European sea bass 02029 T o 1x10" CFUfwater ml Y infection ° Yoy )
Dicentrarchus labrax . 2 days post
¢ ! 2x10° CFU/m (0.2 mlfish) 25 fish _ 15 days infg' Ctizn 30-40%
117.7¢g 20.4 +1.6°C o1 intraperitoneal injection 2 days post Volpatti et al. 2014
5 . ; -809
6x10° CFU/ml (0.2 mlfish) 25 fish _ 15 days infection 70-80%
. . L 1 day post
189 21-24°C n.a. immersion 1x10® CFU/water ml 25 fish in triplicate 8h 20 days infection 30% Sorroza et al. 2012
o . ; i N 1 day post .
81.5+2.4¢ 22.8-23.3°C n.a. gut inoculum 1x10" CFU/fish 15 fish in triplicate _ 6 days infection 67% Torrecillas et al. 2012
. . N 6 fish i Lo
159.8+2.5¢g n.a. 01 intraperitoneal injection |  9x10* CFU/mI (0.1 mlffish) dupllsicz;tr;: _ 7 days n.a. n.a. Marricchiolo et al. 2017
Gitthead seabream 15-20¢g 22°C n.d. immersion 3.9x10’CFU/water ml 50 fish 1h 20 days n.a. 56% Chabrillén et al. 2006
(Sparus aurata) i . 1 day post
1x10° CEU/fish 20 fish _ 30 days infe’; t‘ijon 53%
100 g 20°C 0o1 intraperitoneal injection 1 dav 0ost Mulero et al. 1998
5x10° CFU/fish 20 fish ~ 30 days infe)ét‘i’on 88%

n.a.: data not available.
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Table 4. Potency tests with P. damselae subsp. piscicida in Sparus aurata aimed at evaluating the efficacy of dietary treatments on disease resistance. Data
regarding the beginning of mortality and the cumulative mortality are referred to fish fed on the control diet

. number of . - .
fish species fish weight stocking water methoq o_f patk_]ogen Ase T — duration of survey time beglnnln_g of cumulat_lve R
temperture administration exposure mortality mortality
fish/group
o . . L 9 . - ] 1 day post
n.a. 20°C intraperitoneal injection 10° CFU/fish 24 fish in duplicate _ 15 days infection 50% Cerezuela et al. 2012b
Gilthead seabream . . L . ’ 1 day post
o 11 3 0,
(Sparus aurata) n.a. 20°C intraperitoneal injection 10! CFU/fish 24 fish in duplicate _ 15 days infection 50% Cerezuela et al. 2012a
o . . 4 ! . 1 day post
0.3g 20-21°C immersion 1x0* CFU/water ml 80 fish 5 min 10 days infection 95-100% Couso et al. 2003

n.a.: data not available.
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6.2 Challenge with Nervous Necrosis virus in Dicentrarchus labrax and Sparus aurata

Challenge experiments with nervous necrosis virus have been conducted in several fish species, including
European sea bass and gilthead seabream, in order to study the virus pathogenicity and host immune
response in different environmental conditions, to assess fish susceptibility to different viral strains and to
assess vaccination efficacy (Peducasse et al., 1999; Castric et al., 2001; Thiery et al., 2006; Vendramin et al.,
2014; Toffan et al., 2016; Valero et al., 2016). The outcome of infection resulted heavily affected by several
factors, such as fish species and age, viral strain, route of administration, dose and water temperature.

In the studies deal with disease pathogenesis in D. labrax, the challenges have been performed in eggs, larvae
and juveniles from 0.2 to 15 g by using mainly European sea bass or gilthead seabream viral strains (Table 5).
Most of the trials have been conducted by fish immersion for 2-4 h in contaminated water at an infective
dose of about 10%-10° TCIDso/ ml. Fish were maintained at a water temperature between 20°C and 30°C.
Cumulative mortality varied consistently: the highest mortality values (27-50.4%) have been obtained using
several strains of the RGNNV genotype (Peducasse et al.; 1999; Vendramin et al., 2014; Toffan et al., 2016).
However, some other RGNNV strains induced much lower mortality rates (10-15%) (Vendramin et al., 2014).
Strains of the SINNV genotype and reassortant strains induced mainly a cumulative mortality lower than 10%
(Vendramin et al., 2014; Souto et al., 2015; Toffan et al., 2016).

The high variability in the mortality rates registered after infection with the RGNNV genotype could be
ascribable to the different strains used for infection but also to the different comparative protocol adopted
by Vendramin et al. (2014), consisting of fish maintenance for 33 days at 20°C, then at a progressively higher
temperature up to 23°C for about 23 days and finally at 25°C. As RGNNV infection can be greatly affected by
water temperature, the low initial temperature could have reduced the infection progression. In fact, in this
research, water temperatures ranged from 25°C to 30°C and they were associated to the highest European
sea bass mortalities after immersion challenge with RGNNV genotype (30-30.8%), whereas the lowest
cumulative mortality (3.7%) was recorded at 20°C (Toffan et al, 2016).

On the contrary, the SINNV genotype and reassortant strains induced slightly higher (but not significantly)
mortality at 20°C (3.3%-5.2%) than at 25-30°C (1.5-3.8%) as reported by Toffan et al. (2016). However, even
if water temperature did not significantly affect the mortality rates it greatly affects viral loads detected in
brain tissue of dead fish, showing the great relevance of this parameter in European sea bass VNN
pathogenesis (Toffan et al., 2016). Salinity variations could also affect the development of disease caused by
these betanodavirus genotypes in European sea bass, even if to a minor degree. Particularly, challenge tests
performed at 25%o. water salinity induced a significantly higher mortality (50.4%) than those conducted in
freshwater (41.9%) or at 33%o water salinity (36.6%) (Pascoli et al., 2016).

The potency tests carried out by intramuscular injection caused the highest cumulative mortalities (80-100%)
when the infective viral dose was 10° PFU/fish or 2 x 10° TCIDso/fish (Peducasse et al., 1999; Castric et al.,
2001; Thiery et al., 2006; Valero et al., 2015). On the other hand, challenges carried out by intraperitoneal
injection induced a rapid onset of mortality but then it rapidly stopped as well, reaching a cumulative value
of 10% (Peducasse et al., 2009). This low mortality could be explained by the development of a nonspecific
immune defence in European sea bass peritoneal cavity (Peducasse et al., 2009).

The studies performed in gilthead sea bream are few, as this species has been considered resistant to NNV
for a long time (Table 6). Castric et al. (2001) conducted for the first time a challenge with NNV by using a
viral strain isolated from gilthead sea bream exposed to diseased European sea bass: juveniles (2-4 g) did not
showed specific mortality when challenged by immersion or intramuscular injection with 2x108 TCIDso/ml;
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however, they got infected and were able to transmit the infection back to European sea bass by
cohabitation. On the contrary, Aranguren et al. (2002) succeeded to induce VNN in gilthead sea bream
juveniles (0.7-4 g) by intramuscular injection with a high dose of NNV (107 TCIDso/fish), but not by
intraperitoneal injection or by immersion.

Recently, Toffan et al. (2019) reported the induction of clinical signs and high mortality in gilthead sea
bream larvae of 21 days post hatching (dph) after immersion with a RGNNV/SINNV reassortant strain,
although nor clinical signs nor mortality was observed in larvae of 75 dph challenged by immersion as well
as in juveniles (6-8 g) challenged by intramuscular injection. Briefly, gilthead seabream larvae of different
ages (21-35-75 dph) were housed in a recirculating tank equipped with light, oxygen, skimmer, and
refrigerator (water temperature was set at 19°C). Larvae were challenged with a RGNNV/SINNV virus
isolated from a clinical outbreak of disease in this species (Toffan et al 2017) by adding the viral solution
directly to the tank. The final titre was approximately 10° TCIDso/ml. It was not possible to exactly quantify
the larvae number due to their small size and consequently the overall mortality was not quantifiable.
Disease appeared only in the younger group (Toffan et al., submitted). Therefore the age of infection
appears to be crucial for the development of the disease in this species. These challenges were perfomed in
the context of PerformFISH WP1 “Selective breeding for robust fish” in close cooperation with MedAid.
Activities performed by 1ZSVe and UNIPD-BCA were also part of a project funded by the Italian Ministry of
Health (RC 09/15).

Challenge experiments have been widely used in European sea bass to detect the efficacy of immunization
treatments after vaccination against NNV (Table 7). In this context, the protocols adopted by researchers are
quite homogeneous and consist in intramuscular injections of viral strains of the RGNNV genotype at
concentration of 10°-10° TCIDso/fish. Water temperature was maintained between 24°C and 26°C, being
proven to be the most effective in inducing the disease in controlled condition. On the other hand, fish size
has been demonstrated one of the most determinant factor that can strictly influence the outcome of
challenge because mortality rates varied greatly from 25.7 to 100% using juveniles with a weight ranged from
2 g to 66 g (Coeurdacier et al., 2003; Thiery et al., 2006; Valero et al., 2015; Valero et al., 2016; Nufiez-Ortiz
et al. 2016; Gonzalez-Silvera, et al., 2019; Lama et al., 2019).
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Table 5. Potency tests with nervous necrosis virus aimed at studying the pathogenesis and epidemiology of the infection in Dicentrarchus labrax

fish stocking water (MEEEE @if TS @iy CIFEiTe survey beginning cumulative
fish species A Viral strain /genotype pathogen dose infected of A A = reference
weight temperature . - - time of mortality mortality
administration fish/group exposure
intramuscular 5 . .
injection 10° PFU/fish - 3 days p.i. 100%
intraperitoneal 10° PFU/fish : 4 days p.i. 10%
European sea bass infjection 6 g food
L . . g foo . 42 days Peducasse et
(Dicentrarchus 39 25+1°C sea bass strain V26 oral infection contaminated with 40 fish 5 days p.i. 6 days p.i. 24% al., 1999
labrax) 107 PFU
immersion 5x10% PFU/mI 2 hours 6 days p.i. 32%
cohabitaion with 1:1 . o
European sea bass infected:healthy - 6 days p.i. 43%
389/196 SINNV/RGNNV . B
(Sea bass strain) 6 days p.i. 9%
367-2/105
RGNNV/SINNYV (Sea 14 days p.i. 11%
bass strain)
367-3/105 RGNNV | N
(Sea bass strain) 3 days p.i. 10%
324/106 RGNNV . o
European sea bass 20 °C (33 days), (Sea bream strain) 68 davs 3 days p.i. 15% Vendramin et
(Dicentrarchus 0.2g | 23°C (23days), | 82/107 RGNNV/SINNV immersion 104 TCID50/ml 80 fish/group 2 hours i Y 11d . 7.5% al.. 2014
labrax) 25 °C (12 days) Sea bream strain) P ays p.l. =70 v
243/109 RGNNV i 9
(largemouth bass strain) 4 days p.i. 14%
250/109 RGNNV/SINNV . 9
(Sea bream strain) 4 days p.i. 25%
283/109 RGNNV . o
(Sea bass strain) 2 days p.i. 36%
484-2/109 SINNV R 9
(Solea senegalensis strain) 2 days p.i. 10%
20°C 5 days p.i. 3.7%
25°C 283.2009 RGNNV 5 days p.i. 30%,
30°C 7-9 days p.i. 30.8%,
20°C 484.2 2009 SINNV 7-9 days p.i. 5.2%
European sea bass 23:2 (Solea éeﬁegalensis strain) ;'g :ays p' g;z’
(Dicentrarchus 2-3 ¢ immersion 10° TCID50/ml 130 fish/group 4 hours 30 days = Cays p.1. St Toffan etal.,
labrax) 20°C p.1. 7-9 days p.i. 3.3% 2016
25°C 367.2.2005 7-9 days p.i 1.5%
RGNNV/SINNV =
30°C 7-9 days p.i. 2.3%
20°C 7-9 days p.i. 4%
25°C 389/196 SINNV/RGNNV 7-9 days p.i. 1.5%
30°C 7-9 days p.i. 1.5%
European sea bass .
(Dicentrarchus 0(';‘_355* 25+ 1 °C, 283.2009 RGNNV immersion 1038 TCIDso/ml 133 fish/group 4 hours 3°p‘_jfys 4 days p.i. 50.4% Pasczc’(')'lzt al.,

labrax)

n.a.: not available; p.i.: post infection; dph: day post hatching.
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Table 6. Potency tests with nervous necrosis virus aimed at studying the pathogenesis and epidemiology of the infection in Sparus aurata

stocking

number of

beginning

fish species w];lis hh t water \?ﬁ:;tra;n meggomc:r%fsg 2&?&?% dose infected d:):a;';:lnrgf SLtjirrxzy of C;T:"tz?ve reference
9 temperature genotyp fish/group P mortality ty
European sea bass . .
(Dicentrarchus | 15 intramuscular | 5 456 7y, 10 fish ; 10 days na. 100% Castric etal,
labrax) injection p.i. 2001
29 'mirsjr:é’tsiglr’l'ar 2x10°TCIDs, | 40 fish - 5°pdiay5 na. 506 2 Castricetal.,
25°C + go | Seabreamstrain | bath (2 x 10°
. (strain V113) immersion plus -
gilthead sea bream < cohabitation with TCIDso/ml) 20 fish 2 hours 50 days na 150 Castric et al.,
(Sparus aurata) g ilthead sea bream cohabitation 2:1 p.i. o ’ 2001
9 infected/healthy
intramuscular 6 - 30 days o Castric et al.,
449 injection 2 x 10° TCIDsp 200 fish - Di - 0% 2001
. Aranguren et al.
- 0, !
079 6 days p.i. 100% 2002
24 26°C |nt!’a_mus_cular 20 fish/group ) 8 days p.i. 47% Aranguren et al.,
injection 107 TCID</fish 2002
gilthead sea bream 4 sea bass strain %0 ) 40 days 4 davs p.i 17% Aranguren et al.,
(Sparus aurata) g (strain 475-9/99) p.i. yspil 2002
20°C and intraperitoneal . Aranguren et al.,
0.79 26°C inijection 40 fish ) ) 0% 2002
07g 26°C immersion 10 TCIDso/ml 20 fish 1 hour - 0% A""‘”g;gg’; etal,
R intramuscular 1088 . . 0
9 25°C injection TCIDgffish | *iuveniles - - 0%
gilthead sea bream | larvae Toffanetal.,
1000 larvae n.a. - 0%
(REAEBETIEEY 7Iir\?zfeh RGNNV/SINNV immersion 30pdi‘"ys Toffar o 520
o 5 b - 0, ,
35 dph 19°C 10° TCIDso/ml 5000 larvae n.a. 0% submitted
larvae 10 days high (not
21 dph 10000 larvae na. pi. | quantifiable)

2: these mortality events were not ascribed to the NNV.
n.a.: not available; p.i.: post infection; dph: day post hatching.
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Table 7. Potency tests with nervous necrosis virus aimed at evaluating the efficacy of vaccination treatments in Dicentrarchus labrax. Data regarding the
beginning of mortality and the cumulative mortality are referred to the negative control unvaccinated group

stocking number of . — .
. . . . . . method of pathogen - duration of q beginning of | cumulative
fish species fish weight water Viral strain /genotype administration dose _mfected exposure survey time mortality mortality reference
temperature fish/group
(DIiE:;r?tF;g?cnhiesalglﬁ:\x) ggfg g; 25°C (MZZ?tgzzzzgzlgtéi n) intramuscular injection 9x10° FCU 35 fish/group - 40 days p.i. n.a. 31-65% Coeurdzagégr etal,
European sea bass 664 25+1°C strain W80 RGNNV . s . ) 20 fish/tank - 30 days p.i. 5-6 p.i. 71.4-90% Thiery et al., 2006
- intramuscular injection 10° TCIDs/fish - - -
(Dicentrarchus labrax) 229 25+1°C genotype (duplicate) - 28 days p.i. n.a. 35-50% Thiery et al., 2006
I_European S loss 10-12 24+2 °C strain 1t/411/96 intramuscular injection 10° TCIDsy/fish 20 fish/grou - 30 days p.i. 5 days p.i. 79.2% Valero et al., 2015
(Dicentrarchus labrax) g RGNNV ) group s P s P
Europeanseabass | g0; 4 070 | 24-26°C strain [U411/96 intramuscular injection | 10°TCID5O/fish | 24 fish/grou . 19daysp.i. | 3dayspii. 100% | Valeroetal. 2016
(Dicentrarchus labrax) g RGNNV ) group s p s p
European sea bass 210+£0.25¢g immersion 10° TCIDse/ml 50 fish/group 4 hours 2 days p.i 52% Nunez—z%)itéz etal.
-urop 25+1°C 283.2009 RGNNV 5 30 days p.i. — :
(PrEeaEiLe B 6.30 £ 0.45 intramuscular injection 6.30d0 50 fish/grou - 5 days p.i 64% Nufiez-Ortiz et al.
30+045¢ i TCIDs/fish group yopL ’ 2016
(DIiE:err?tF:' Z?thesalzg?:lx) 10-12 ¢ 2442 °C 1t/411/96 RGNNV intramuscular injection 10° TCID50/fish 20 fish/group - 10days p.i. | 3daysp.i. 33% Gonzz;lle z—zsoli\éera, et
European sea bass 10 o . - 5 . ] . .
g 26°C 475-9/99 RGNNV intramuscular injection 2x10° TCIDso/fish | 15-29 fish/group - 20 days p.i. 6 days p.i. 25.7% Lama et al., 2019

(Dicentrarchus labrax)

n.a.: not available.
p.i.: post infection.
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6.3 Challenge methods for specific Sparus aurata and Dicentrarchus labrax parasites

6.3.1 Challenge methods for Sparicotyle chrysophrii in Sparus aurata

For this monogenean species, different challenge methods have been described and used in several
experiments. The two main methods used are cohabitation with naturally infected fish and introduction of a
controlled number of eggs into the experimental tanks. Cohabitation is the easiest method, as donor fish can
be obtained from commercial cages affected by the parasite (Sitja-Bobadilla and Alvarez-Pellitero, 2009;
Rigos et al., 2015). Parasitic load of these donor fish is estimated using values previously determined in the
cage or can be evaluated using non-lethal methods such as careful macroscopic evaluation and count of the
number of parasites present in the gill arches (see also PerformFISH Deliverable 3.1). Donor fish can be tagged
and maintained in the same tank together with the non-infected receptor fish (also tagged) or can be kept in
a separate floating cage. When using the egg-method, eggs can be taken individually from gravid adult
parasites (Repullés-Albelda et al.,, 2012) or harvested using egg collectors (Sitja-Bobadilla and Alvarez-
Pellitero, 2009) (thick synthetic fibre mesh, strainers, or similar systems) attached in a tank with parasitized
fish. Eggs can be counted and introduced again in another tank with receptor fish, attached to similar egg
collectors or recently hatched oncomiracidia can be released into the tank. A more sophisticated effluent
method is currently being optimized at IATS using the effluent of water from tanks holding naturally infected
individuals, within a closed water-recirculating system (RAS) to infect receptor fish in other tanks in the same
RAS circuit.

6.3.2 Challenge with Enteromyxum leei in Sparus aurata

A literature review was also performed on scientific publications describing challenge trials in gilthead
seabream (Sparus aurata) with the myxozoan parasite Enteromyxum leei. Numerous scientific papers dealt
with disease pathogenesis and immune response of S. aurata after challenge with this pathogen (Table 8). In
these trials, fish were infected with E. leei through oral or anal intubation (Estensoro et al., 2010; 2014; Pérez-
Corddn et al., 2014; Piazzon et al., 2016; 2017; Estensoro et al., 2018; Piazzon et al., 2018), cohabitation
(Cuesta et al., 2006) or more frequently by exposure to contaminated effluent water (Sitja-Bobadilla et al.,
2008; Redondo and Alvarez-Pellitero, 2010; Davey et al., 2011; Estensoro et al., 2011; 2012a; 2012b; 2013;
Piazzon et al., 2016). In addition, an extensive literature review has been undertaken in the EU funded project
ParaFishControl for all susceptible species and this information has been submitted as a confidential
deliverable (Annex I).

Donor fish with a high intensity infection (qPCR Ct values < 25 or >50 parasite stages/x250 microscope field
in wet mounts of intestinal scraping) are the parasite source for both challenge types (Picard et al., 2020).
Intestinal scrapings with parasite stages diluted in PBS constitute oral or anal inocula. Anal intubation has
been performed in fish ranging from 22 to 300 g. The volume of the inoculum depends on the size of recipient
fish (0.2-0.5 ml for fish <100 g; 1 ml for 100-300 g fish) (Estensoro et al., 2010; Estensoro et al., 2013; Pérez-
Sanchez et al., 2013; Pérez-Corddn et al., 2014; Piazzon et al., 2017; Piazzon et al., 2018; Sitja-Bobadilla et al.,
2019; Palenzuela et al., 2020). In the effluent challenge model, the authors reported a donor fish: recipient
fish ratio of 1:2 and exposure to the contaminated effluent water lasted for a period ranging between 86 and
175 days. At specific time points after the challenge and at the end of the exposure, fish were sampled non-
lethally or lethally to evaluate the prevalence and intensity of the infection by histology or qPCR (Sitja-
Bobadilla et al., 2008; Estensoro et al., 2010; Davey et al., 2011; Estensoro et al., 2011; 2012a; 2012b; Piazzon
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et al., 2016; Sitja-Bobadilla et al., 2019; Ronza et al., 2020). In some cases, tissue samples were also taken to
study the expression of immune-related genes, the disruption of gut integrity and permeability, or
cellular/serum analyses were conducted to evaluate innate and specific immune factors, or the modulation
of the metabolome. Effluent exposure has also been conducted to demonstrate that fish that recover from
an initial infection develop immunity and are resistant when re-exposed to the parasite with a second
effluent challenge (Picard-Sanchez et al., 2019). Anal intubation has been used more frequently to test the
effect of several diets and additives, as it allows a higher number of experimental groups and fish and to
expose fish to a more homogenous dose at the same time (Piazzon et al., 2017; Palenzuela et al., 2020). The
prevalence of infection resulted variable, but generally it increased during the progression of the infection
and from the posterior to the anterior intestinal segment, being the middle segment the last to be infected
(Sitja-Bobadilla et al., 2008; Davey et al., 2011; Estensoro et al., 2011; 2012a; 2012b; Piazzon et al., 2016).
This tissue progression is used as indicator of the extension of the infection. Infection outcome is largely
dependent on water temperature, time of exposure, and fish density, as recently demonstrated (Picard-
Sanchez et al., 2020). In the latter, it has been shown that exposure times as short as 1 week was enough to
infect 100% of fish at high water temperature and 58.3% at low temperature. In all these challenge
procedures, it is important to monitor the progression of the biometry of the experimental groups and, if
feasible, the changes in food intake, as one of the main disease signs of enteromyxosis is anorexia and weight
loss.

6.3.3 Challenge with Amyloodinium ocellatum in Dicentrarchus labrax

No data regarding experimental infections with A. ocellatum in D. labrax are available in literature. Within
the ParaFishControl project purposes, the research team from the University of Udine, Italy, performed
immersion challenge experiments in European sea bass in order to describe the lesions provoked by the
parasite, the host inflammatory response, and the resistance to the disease after a vaccination treatment.

Early hatching dinospores (AO infective stage) should be used for the challenge test and they are obtained in
controlled conditions from trophonts coming from natural or experimental infections. AO trophonts
(parasitic stage) are collected by fish bath in fresh water and the early tomonts (before the first division of
cystic stage) are obtained after Percoll purification and subsequent repeated washes in sterile sea water.
Then, they are immediately incubated at 24 + 0.5°C to obtain the dinospores. Alternatively, tomonts can be
preserved by hibernation at 16 + 0.5°C for future research activities (Beraldo et al., 2020). For the challenge,
the number of dinospores hatched from hibernated/fresh tomonts is commonly estimated with a counting
cell chamber and it is adjusted to obtain a final concentration of approximately 8-10 dinospores/ml.

A. ocellatum trophonts were collected during natural or alternatively laboratory experimental infections.
Naive European sea bass (number ranging from 13 to 30/tank, weight ranging from 14 to 62 g) were
acclimatised for one week at the experimental conditions, which were maintained at levels suitable for the
target species during challenge and the subsequent survey [temperature 22.5+2°C, salinity 30+2%,, pH 8.0,
NH4-N 0.02-0.03 mg/L, NO2-N below the detection limit of the method (<0.015 mg/L), natural photoperiod].
Throughout the experiment, tanks were covered with a plastic sheet in order to avoid potential dinospore
contamination between tanks by aerosol droplets. Viable dinospores, hatched from hibernated tomonts
were counted. Then dinospores were poured in each individual infection tank and fish were exposed to the
parasite for 2 h without water circulation (water temperature 24+2°C). The concentration of dinospores
ranged from 3 to 70 dinospores/ml of water. Afterwards, water recirculation was restored. Control fish were
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submitted to the same procedure, but using physiological solution instead of parasite suspension. Vital
dinospores attached to the host gill/skin epithelium in few minutes and mortality started within one week,
not always with evident clinical symptoms.
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Table 8. Potency tests with Enteromyxum leei in Sparus aurata aimed at studying the pathogenesis of disease and fish immune response

S o

FISH

. . post infection prevalence of | prevalence of
fish species fish weight Sy WElie methoq O.f paﬂ.mgen dose . MU GlITEdlom & sampling for infection by infection by reference
temperture administration infected fish exposure . . .
diagnosis (days) PCR histology
. 25 fish in .
2449 22-26.5°C anal inoculum na. N _ 70 days n.a. 70% Piazzon et al. 2018
duplicate
60.59g 18-25°C oral inoculum n.a. 36 fish _ 17-64 days n.a. 14.3-85.7% Estensoro et al. 2018
. 20 fish in .
1209 21+0.5°C anal inoculum na. duplicate _ 35-70 days 79.2% 12.5-56.3% Piazzon et al. 2017
n.a. anal inoculum n.a. n.a. _ 17-64 days na. 42.8-85.7%
na. 18-26°C effluent na. n.a. 133 days 133 days n.a. 55.6% Piazzon et al. 2016
na. effluent na. na. 102 days 32-102 days n.a. 80%
13059 21.2#0.3°C oral inoculum na. 20 fish _ 15-40 days n.a. 85.7% Estensoro et al. 2014
na. 18°C effluent na. na. 137 days 137 days n.a. na. Estensoro et al. 2013
30 fish in
2249 21.3+0.3°C effluent na. Ny 102 days 102 days 84% na. Estensoro et al. 2012b
duplicate
214g 18.6+0.2°C effluent na. 40 fish 133 days 24-133 days n.a. 0-80% Estensoro et al. 2012a
na 21.3°C effluent na S0fish in 102 da 32-102 da na na Calduch-Giner et al. 2012
Gilthead seabream < ’ u a. duplicate ys ys .a. .a. u .
(Sparus aurata) ) i
136 g 18°C effluent na. na. 113 days 113 days n.a. na. Pérez-Sanchez et al. 2011
30 fish in
223.7¢g 21.3°C effluent n.a. duplicate 102 days 32-102 days 20-80% n.a. Estensoro et al. 2011
33 fish in
1349 18-23°C effluent na. Ny 113 days 113 days na. 67.8% Devey et al. 2011
duplicate
o Redondo and Alvarez-
150-200 g 18°C effluent na. na. _ na. n.a. na. Pellitero, 2010
anal inoculum na. na. _ 40-60 days 73% 100%
187.1+183¢g 22.1+1.2-25.1+0.7°C
oral inoculum na. na. _ 40-60 days 0% 0%
18+0.5-24.3+2.0°C anal inoculum n.a. n.a. _ 40-326 days 20%-60% 0% Estensoro et al. 2010
280.3+20.8¢g
11.9+0.4-24.3+2.0°C anal inoculum na. na. _ 40-326 days 0%-46% 0%
1275+£25.7¢g 19.7£1.5-22.4+0.7°C anal inoculum na. na. _ 15-40 days na. 85.7-92.9%
33 fish in . .
1349 18-23°C effluent na. duplicate 113 days 27-113 days na. 13.5-67.8% Sitja-Bobadilla et al. 2008
_ 15 fish, 4
500-600 g 20+2°C cohabitation n.a. replicates 108 days 10-108 days n.a. 45% Cuesta et al. 2006

n.a.: data not available.
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List of experimental infections achieved for Enteromyxum leei by feeding (F) or intubating orally (O) or anally

(A) with infected gut scrapings, by cohabitation (C) or by contact with effluent (E) water from infected donor

tanks. Source: ParaFishControl D6.2

Mode of Donor fish species
infection

F,O Sparus aurata

F Takifugu rubripes

F Paralichthys olivaceus

F Epinephelus malabaricus
Sparus aurata

C Sparus aurata

C Diplodus puntazzo

C Takifugu rubripes
Epinephelus malabaricus

E Sparus aurata

E Takifugu rubripes

Recipient fish species

Sparus aurata

Puntius tetrazona®?
Oreochromis
mossambicus?
Astronotus ocellatus’?
Danio rerio®?

T. rubripes

Parus major
P. olivaceus

T. rubripes

T. nipholes?
Amphiprion clarkit
Amphiprion ocellaris?
E. malabaricus

S. aurata

S. aurata

Sciaenops ocellatum
D. puntazzo
D. puntazzo

T. rubripes
Pagrus major
E. malabaricus
S. aurata

Sciaenops ocellatum
Dicentrarchus labrax
T. rubripes

Pagrus major

Days
p.e.
35

28-29
35
43

35
40
42

42
32

23
NA
28
28
33
216-60
63
56
113-71
43
10
19
19
128
70
33
63
56
77-84

43
139
41
70

Prevalence
(%)*
13
?
0-93.3
80
90

85
53
100

57.1
100

40
NA
50
67
80
46.1-100
31.6
50
10-92
45.8
100
100
100
28.5
42.8
100
333
40
2.4-78

35
53.3
40
25

Reference

Diamant, 1997
Diamant & Wajsbrot , 1997
Sitja-Bobadilla et al. 2007

Diamant et al,. 2006b
Diamant et al., 2006b

Diamant et al., 2006b
Diamant et al., 2006b

Yasuda et al. ,2002
Yanagida et al,. 2006
Yanagida et al., 2004

Yasuda et al., 2005

Yasuda et al., 2005
Yokoyama & Shirakashi, 2007
Yokoyama & Shirakashi, 2007
Yokoyama & Shirakashi, 2007
China etal., 2013

Estensoro et al., 2010

Diamant, 1997
Diamant & Wajsbrot 1997
Sitja-Bobadilla et al. ,2007

Diamant ,1998
Alvarez-Pellitero et al., 2008
Golomazou et al., 2006
Mufoz et al. , 2007

Yasuda et al., 2002
Yanagida et al., 2008

China et al., 2013

Diamant, 1997
Diamant & Wajsbrot, 1997

Sitja-Bobadilla et al., 2007
Diamant, 1998

Sitja-Bobadilla et al., 2007
Yasuda et al., 2002
Yanagida et al., 2008

*Highest value achieved, when different sampling times post exposure (p.e.) were reported from a single

experiment. A maximum-minimum range is provided when different experiments.

Yindicates if this infection has not been detected naturally or no data is available under farming conditions.
2 Fresh water species. The remaining ones are marine fish.
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