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Abstract: Amyloodiniosis is a disease that represents a major bottleneck for semi-intensive
aquaculture, especially in Southern Europe. The inefficacy of many of the treatments for this
disease on marine fish produced in semi-intensive aquaculture has led to a new welfare approach to
amyloodiniosis. There is already some knowledge of several welfare issues that lead to amyloodiniosis
as well as the stress, physiological, and immunological responses to the parasite by the host,
but no work is available about the influence of fish age on the progression of amyloodiniosis.
The objective of this work was to determine if stress, hematological, and histopathological responses
are age dependent. For that purpose, we determined the mortality rate, histopathological lesions,
hematological indexes, and stress responses (cortisol, glucose, lactate, and total protein) in “Small”
(total weight: 50 ± 5.1 g, age: 273 days after eclosion (DAE)) and “Big” (total weight: 101.3 ± 10.4 g,
age: 571 DAE) white seabream (Diplodus sargus) subjected to an Amyloodinium ocellatum infestation
(8000 dinospores mL−1) during a 24-h period. The results demonstrated a strong stress response
to A. ocellatum, with marked differences in histopathological alterations, glucose levels, and some
hematological indexes between the fish of the two treatments. This work elucidates the need to take
in account the size and age of the fish in the development and establishment of adequate mitigating
measures and treatment protocols for amyloodiniosis.

Keywords: aquaculture; Amyloodinium ocellatum; age; physiological response; hematology;
histopathology; welfare

1. Introduction

Amyloodiniosis is a disease that represents a major bottleneck for semi-intensive aquaculture,
especially in Southern Europe [1]. It is caused by one of the most common and important parasitic
dinoflagellates in marine fish, Amyloodinium ocellatum (Brown). This parasite can potentially affect
almost all fish species living within its ecological range (temperature: 16–30 ◦C; salinity: 10–60 psu) [2].
A. ocellatum has a triphasic lifecycle with a parasitic trophont, a reproductive encysted tomont, and a
free-motile infective dinospore stage [3]. It is considered one of the most consequential pathogens
for marine fish, causing serious morbidity and mortality (around 100%) in brackish and marine
warmwater fish in different aquaculture facilities worldwide [2]. The affected producers can suffer
severe economic impacts, as demonstrated in reported cases of amyloodiniosis in a milkfish (Chanos
chanos) hatchery in 2004 [4] or in Nile tilapia (Oreochromis mossambicus) in the Salton Sea [5], where total
losses reached US$20,000 and US$6–77 million, respectively [6]. The open design of many aquaculture
systems also allows the easy dissemination of this parasite to new places in their ecological range,
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where they find ideal conditions to cause disease outbreaks [7,8]. A. ocellatum outbreaks develop
extremely fast and, at the time of its detection, contaminated fish no longer respond to treatment,
resulting in 100% mortality in a few days [1]. The clinical signs of this disease are changes in fish
behavior, with jerky movements, swimming at the water surface, and decreased appetite [1]. These may
also include increased respiratory rate and gathering at the surface or in areas with higher dissolved
oxygen concentrations.

There are several treatments available for amyloodiniosis, especially for the motile infective
dinospore [9,10], since the parasitic and encapsulated state of trophont and tomont are difficult to treat
and eradicate [1]. These treatments can range from the most classical ones, such as formaldehyde [11];
copper sulphate [1,10,12,13], which can be done in combination with freshwater treatment [14];
or hydrogen peroxide [15,16], to the more atypical ones, such as the addition of larval brine shrimp
(Artemia salina) to the tank to prey on A. ocellatum dinospores [17]. However, most of these treatments
are highly ineffective or unpractical for earthen pond semi-intensive aquaculture, which is the most
common type of aquaculture facility in Southern Europe [1]. This treatment problem, considering
that this is a common and highly consequential disease for producers and that naturally occurring
A. ocellatum blooms have already been detected [18,19], led us to make a new and more holistic
approach to this disease.

One of the more promising approaches to amyloodiniosis is to consider that it is not only a health
and epidemiological problem, which is a very reductionistic approach to the disease, but also a welfare
problem [20].

A disease as a welfare problem is a very special case because it is caused by several other
welfare issues, such as inadequate aquaculture protocols [21], poor water quality [22], nutritional
imbalances [23], physical disturbances (e.g., transport [24] or handling [25]), stocking densities [26],
or social behaviors [27] that can increase the probability of disease outbreaks. However, the disease is,
by itself, a welfare problem and can also cause other welfare problems, such as a decrease in water
quality due to fish death and decay as well as secondary effects of fish treatment [28]. All of these pre-
and post-disease welfare issues can cause chronic stress [24] and immunocompetence loss in fish [29].

Regarding amyloodiniosis, some work has already been done on controlling some of the welfare
issues that can cause this disease. We already know the temperature, oxygen, and salinity conditions
that favor amyloodiniosis outbreak [30–32]. Previous works have already established the water
quality parameters, fish stock density, and water renewal rate in fish production ponds to avoid
A. ocellatum infestation in seabream [33]; the consequences for water quality due to fish death and
decay [16]; and routine hygiene procedures to avoid water quality problems and reinfestation during
an amyloodiniosis outbreak [1]. There are also works that state that fish mortality in an amyloodiniosis
outbreak can be caused by anoxia, which is associated with serious gill hyperplasia, inflammation,
hemorrhage, and necrosis, in heavy infestations [9] or osmoregulatory impairment and secondary
microbial infections due to severe epithelial damage in some lethal cases, which is associated with
apparently mild infestations [31]. Further, the immunological [34–39], stress, and metabolic responses
of some fish species to A. ocellatum [40–44] have also been studied.

However, there have been no studies on the effect of age on the responses or mortality of fishes to
an A. ocellatum infestation.

So, the objective of this work was to analyze the stress and hematological responses and mortality
of white seabream (Diplodus sargus) from different ages when exposed to an A. ocellatum infestation.

2. Results

2.1. Gill Analysis

White seabream gill wet mounts from Small and Big treatments are presented in Figure 1.
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Figure 1. Wet mount of white seabream (Diplodus sargus) gills from “Small” and “Big” experimental 
groups: (A) gill from Small treatment at 0 h (100×); (B) gill from Big treatment at 0 h (100×); (C) Small 
treatment at 5 h, presenting several Amyloodinium ocellatum dinospores near the gill (400×); (D) Big 
treatment at 24 h, presenting several A. ocellatum dinospores near the gill and a great amount of mucus 
(400×); and A. ocellatum trophonts in gill from Small treatment (E) and Big treatment (F) at 5 h of 
infestation. 

Figure 1. Wet mount of white seabream (Diplodus sargus) gills from “Small” and “Big” experimental
groups: (A) gill from Small treatment at 0 h (100×); (B) gill from Big treatment at 0 h (100×); (C) Small
treatment at 5 h, presenting several Amyloodinium ocellatum dinospores near the gill (400×); (D) Big
treatment at 24 h, presenting several A. ocellatum dinospores near the gill and a great amount of
mucus (400×); and A. ocellatum trophonts in gill from Small treatment (E) and Big treatment (F) at 5 h
of infestation.

We observed that there were no parasites in the gills of both treatments at 0 h of white seabream
A. ocellatum infestation, which validated the history of no parasitological infestation of the fishes
(see Figure 1A,B).

Five hours after infestation, we observed the fixation of A. ocellatum dinospores and their
transformation to trophonts in both treatments (see Figure 1C,E,F). However, the A. ocellatum trophont
counts revealed that the Small treatment had more parasite fixation (more than 500 parasites per gill
arch) than the Big treatment (between 250 and 300 parasites per gill arch).

Twenty-four hours after infestation, we also observed the secretion of massive quantities of mucus
by the gill in the Big treatment (see Figure 1D). The parasite count was 155 ± 5 parasites for the
gill arch, which was lower than the parasite load observed after 5 h of infestation for this treatment.
The gills from the Small treatment at 24 h were too degraded for a viable parasite count.
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2.2. Mortality

After 5 h of infestation by the parasite A. ocellatum, both treatments had a white seabream
mortality of 8.3%, which reached 100% in the Small treatment and 33.3% in the Big treatment after 24 h
of infestation.

2.3. Histopathological Analysis

In the histological analysis of gills, several differences were observed between Small and Big
treatments when white seabream were infested with A. ocellatum. The types of lesions observed in the
gills of white seabream are represented in Figure 2.
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sargus) during an A. ocellatum infestation. (A) (100×) and (B) (200×) represent the Small and (C) (100×) 
and (D) (200×) represent the Big treatments at 0 h, with normal gills (1—primary lamella; 2—
secondary lamella); (E) (200×) and (G) (200×) represent the Small and (F) (200×) and (H) (400×) 
represent the Big treatments at 5 h of infestation. A.-ocellatum-infested fish gills with several 
histopathological alterations: hyperplasia of the lamellar epithelium (3), vacuolization (4), mucus cells 
(5), and fusion of secondary lamellae (6); (I) (200×) and (J) (200×) images represent A.-ocellatum-
infested fish gills of the Big treatment after 24 h of infestation, with several histopathological 

Figure 2. Histological section of hematoxylin–eosin (H&E) stained gills from white seabream (D. sargus)
during an A. ocellatum infestation. (A) (100×) and (B) (200×) represent the Small and (C) (100×) and
(D) (200×) represent the Big treatments at 0 h, with normal gills (1—primary lamella; 2—secondary
lamella); (E) (200×) and (G) (200×) represent the Small and (F) (200×) and (H) (400×) represent
the Big treatments at 5 h of infestation. A.-ocellatum-infested fish gills with several histopathological
alterations: hyperplasia of the lamellar epithelium (3), vacuolization (4), mucus cells (5), and fusion of
secondary lamellae (6); (I) (200×) and (J) (200×) images represent A.-ocellatum-infested fish gills of the
Big treatment after 24 h of infestation, with several histopathological alterations: hyperplasia of the
lamellar epithelium (3), fusion of secondary lamellae (6), and necrosis (7).
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The images of Figure 2 show that A. ocellatum infestation led to histopathological alterations such
as hyperplasia and vacuolization of the lamellar epithelium and secondary lamellae fusion.

We observed that there were differences in the type of histopathological alterations between
treatments 5 h after treatment. Gills of the Small treatment presented hyperplasia and vacuolization
of the lamellar epithelium. However, gills of the Big treatment presented hyperplasia of the lamellar
epithelium, an increase of mucus cells, and fusion of secondary lamellae, which culminated in gill
necrosis for this treatment at 24 h of A. ocellatum infestation. The gills from the Small treatment at 24 h
were too degraded for histopathological analysis.

2.4. Stress Indicators

The variations of the cortisol, glucose, lactate, and total protein levels in white seabream exposed
to an A. ocellatum outbreak are presented in Figure 3.
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in Small and Big treatments during an A. ocellatum infestation (N = 12 at 0 h after infestation for both 
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Big treatment at 24 h after infestation. Error bars = standard deviation). Significant statistical 
differences between treatments (p < 0.05) correspond to a and b letters. 
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Lactate and total protein did not present any statistically significant differences (p < 0.05) 
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Figure 3. White seabream (D. sargus) cortisol (A), glucose (B), lactate (C), and total protein (D) levels
in Small and Big treatments during an A. ocellatum infestation (N = 12 at 0 h after infestation for both
treatments, N = 11 at 5 h after infestation for both treatments, N = 0 for Small treatment, and N = 8
for Big treatment at 24 h after infestation. Error bars = standard deviation). Significant statistical
differences between treatments (p < 0.05) correspond to a and b letters.

We can observe that there were significant differences (p < 0.05) in the cortisol levels between
fish from 0 to 5 h after infestation in both treatments. The Big treatment also presented significant
differences (p < 0.05) in glucose levels between 0 and 5 h after infestation.

Lactate and total protein did not present any statistically significant differences (p < 0.05) between
treatments or along the time of the experiment.

2.5. Hematological Analysis

The results of the different hematological indicators analyzed are shown in Table 1.
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Table 1. Hematological indicators in Small and Big treatments during an A. ocellatum infestation on
white seabream (D. sargus) at 0, 5, and 24 h after infestation (N = 12 at 0 h after infestation for both
treatments, N = 11 at 5 h after infestation for both treatments, N = 0 for Small treatment, and N =
8 for Big treatment at 24 h after infestation. Error bars = standard deviation). Significant statistical
differences between treatments (p < 0.05) correspond to a and b letters.

Hematological
Indicators

Small Big

0 5 24 0 5 24

Hct (% ± SD) 29.7 ± 5.90 34.5 ± 6.47 NA 31.2 ± 3.74 32.5 ± 3.80 30.4 ± 4.80
Hemoglobin

(g dL−1 ± SD) 5.24 ± 0.85 5.38 ± 1.21 NA 6.39 ± 0.74 6.93 ± 0.82 6.42 ± 0.78

RBC (% ± SD) 99.9 ± 1.38 99.9 ± 0.54 NA 99.3 ± 1.30 99.6 ± 1.57 99.6 ± 1.52

WBC (% ± SD) 0.081 ±
0.030 a

0.034 ±
0.014 b NA 0.703 ± 0.151

a
0.422 ±
0.082 b

0.430 ± 0.141
b

MCV (fl ± SD) 73.6 ± 1.46 75.1 ± 1.41 NA 71.4 ± 1.47 a 80.0 ± 1.87 b 82.5 ± 1.79 b

MCH (pg ± SD) 13.0 ± 2.11 11.7 ± 2.64 NA 14.6 ± 1.48 17.0 ± 2.01 17.3 ± 2.11

MCHC (gHb
100mL−1 ± SD) 1.76 ± 0.29 1.56 ± 0.35 NA 2.05 ± 0.21 2.13 ± 0.25 2.10 ± 0.26

*Hct—Hematocrit; RBC—Red Blood Cell count; WBC—White Blood Cell count; MCV—Mean Corpuscular Volume;
MCH—Mean Corpuscular Hemoglobin; MCHC—Mean Corpuscular Hemoglobin Concentration; NA—sample not
available due to fish death.

Hematocrit (Hct), hemoglobin, and red blood cells (RBC) did not present any statistical differences
(p < 0.05) between Small and Big white seabream during the experiment, even if there was a
tendency for an increase of this values over time. Mean corpuscular hemoglobin (MCH) and mean
corpuscular hemoglobin concentration (MCHC) also did not present any statistical differences (p < 0.05)
between treatments.

However, we observed statistical differences (p < 0.05) in white blood cell (WBC) values between
treatments, with a lower percentage of WBC in the Small treatment. There were also statistical
differences (p < 0.05) between 0 and 5 h after infestation in both treatments, with a decrease in the
percentage of WBC over time.

For mean corpuscular volume (MCV) values, there were statistical differences (p < 0.05) in the Big
treatment between 0 and 5 h after infestation, with an increase in MCV values over the time.

3. Discussion

Amyloodiniosis causes mortality mainly due to anoxia, osmoregulatory impairment,
and secondary microbial infections due to severe epithelial damage [9,31]. This can trigger several
physiological responses, as seen for gilthead seabream (Sparus aurata) [41], European sea bass
(Dicentrarchus labrax) [39], and yellowtail (Seriola dorsalis) [43]. However, for white seabream, there are
no references about physiological responses to A. ocellatum infestations.

The gill wet mount observation revealed that the gills in both treatments (Small and Big) did
not have any parasite colonization at the beginning of the experiment, which confirms the absence of
parasitological contamination in the used white seabream. It also demonstrated that at 5 and 24 h after
infestation, there was A. ocellatum dinospore fixation and trophont development in both treatments.

The histopathological analysis of the white seabream gills revealed an increase in some
histopathological lesions, such as hyperplasia with vacuolization, lamellar fusion, and necrosis.
This agrees with the lesions reported for several fish species such as cobia (Rachycentron canadum) [40],
porkfish (Anisotremus virginicus) [45], gilthead seabream [42], yellowtail [43], Senegalese sole
(Solea senegalensis) [46], meagre (Argyrosomus regius) [47], silver pompano (Trachinotus blochii) [48],
and European sea bass [38] for infestation of A. ocellatum. However, there were some differences
in the type of histopathological lesions over time. Small treatment gills presented hyperplasia and
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vacuolization of the lamellar epithelium, and Big treatment gills presented hyperplasia of the lamellar
epithelium, an increase in mucus cells (which was confirmed by the observation of great quantities
of mucus in the gills for this treatment on the gill wet mount observations), and fusion of secondary
lamellae at 5 h after infestation. The vacuolization of gill tissue observed at 5 h of infestation
in the Small treatment is usually associated with detachment of the respiratory epithelium and
necrosis [31], which can explain the 100% mortality observed at 24 h after infestation for this treatment.
The increase in mucus cells observed at 5 h of infestation for the Big treatment corresponded to a gill
mucosa-associated lymphoid tissue (MALT) mechanism of defense used by fish as a general response
to ectoparasites [49–51], which can also lead to gill dysfunction due to excess mucus production [43].
This could explain the gill necrosis observed at 24 h of infestation for the Big treatment as well as the
lower mortality rate in comparison with the Small treatment. The absence of an increase of mucus
cells observed at 5 h of infestation for the Small treatment may be due to a certain immaturity of the
MALT system in younger fish [49].

As natural stressors, parasites can trigger several stress responses in fish. One of the most used
indicators for parasitologically induced stress response is cortisol [52]. In this experiment, a statistically
significant (p < 0.05) higher concentration of cortisol in the fish was observed for the two treatments at
5 h of infestation and was maintained at 24 h of infestation in the Big treatment. This agrees with the
cortisol levels reported in gilthead seabream and sea bass exposed to A. ocellatum [39,41] and is within
the range of cortisol values reported for stressed white seabream [53].

As a consequence, cortisol can induce higher concentrations of glucose caused by extended
glycogenolysis and gluconeogenesis through the degradation of glycogen [54]. In this experiment,
we did find statistical differences in glucose levels between 0 and 5 h of infestation for the Big treatment
but not for the Small treatment. The glucose values were within the range of glucose values reported for
white seabream [55,56]. The statistical difference observed in glucose levels in the Big treatment at 5 h
after infestation are in agreement with the data observed for yellowtail infested with A. ocellatum [43]
and could be a consequence of lipid storage usage for energy expenditure on gill mucus production
and osmoregulation [39]. However, the absence of statistical differences in glucose levels between
0 and 5 h of infestation in the Small treatment is puzzling, even if it is in agreement with glucose
levels observed in European seabass infested with A. ocellatum, which suggests a possible inhibition of
the glycogenolysis and gluconeogenesis pathways in the liver by A. ocellatum [39]. This disparity of
response between the two treatments could also be related to fish size [39].

The lactate values observed in this experiment were within the range of values reported for white
seabream [55]. The absence of statistical differences in both treatments for lactate levels is not in
agreement with the differences observed in other studies with fish parasites [57]. However, there was
a tendency for a high level of lactate at 5 h after infestation. This could be due to the role of lactate as a
response to anoxia due to severe gill epithelial damage by A. ocellatum [9,31] acting in hypoxia signaling
and collagen deposition processes. This also explains the tendency of higher levels of lactate in the
Small treatment at 5 h of infestation, proportional to the gill lesions observed in the histopathological
analysis for this treatment.

There were no statistical differences in both treatments for total protein levels. This is in agreement
with the absence of statistical differences in total protein levels observed for gilthead seabream [42].
This could be due to the consequences of high cortisol levels, which control the blood osmolality and
pH by regulating the balance of blood potassium and sodium ions coming from the higher production
of other metabolites and proteins in response to stress [58].

In this experiment, hematological responses showed that Hct values were within the range of
values expected for white seabream [59] and they were not statistically different between treatments.
This agrees with the data observed for gilthead seabream in an infestation with A. ocellatum [41].

The results obtained for hemoglobin and RBC showed no statistical differences between
treatments. This does not agree with the hemoglobin and RBC data observed in yellowtail infested
with A. ocellatum [43]. However, the results obtained for the hemoglobin and RBC analysis followed
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a pattern similar to Hct, which is in agreement with Horton and Okamura’s [60] observations for
infested fishes.

The WBC profile can undergo significant changes during fish disease outbreaks and is thus
an excellent indicator of immune responses. A significant decrease in WBC was observed in both
treatments at 5 h of infestation, indicating a possible inhibition of the immune system due to high
levels of cortisol [61]. This is in agreement with the data observed for gilthead seabream infested with
A. ocellatum [41] and could be also associated with a possible mechanism of innate immune system
evasion by this parasite [50]. Further studies are necessary to better evaluate the response of white
seabream to an A. ocellatum infestation.

MCV showed an increasing tendency but without any statistical differences in the Small treatment,
but there were statistical differences in the Big treatment between 0 and 5 h after infestation, with an
increase in MCV values over time. This is in agreement with data obtained for this index in parasitic
infections [62]. The absence of MCH and MCHC is also in agreement with the previous data.

When we look at all the obtained results, we can observe that the age of white seabream seems
to affect the host response to an A. ocellatum infestation. One possible interpretation of the results is
presented on Figure 4.

Fishes 2019, 4, x FOR PEER REVIEW 10 of 16 

 

The WBC profile can undergo significant changes during fish disease outbreaks and is thus an 
excellent indicator of immune responses. A significant decrease in WBC was observed in both 
treatments at 5 h of infestation, indicating a possible inhibition of the immune system due to high 
levels of cortisol [61]. This is in agreement with the data observed for gilthead seabream infested with 
A. ocellatum [41] and could be also associated with a possible mechanism of innate immune system 
evasion by this parasite [50]. Further studies are necessary to better evaluate the response of white 
seabream to an A. ocellatum infestation. 

MCV showed an increasing tendency but without any statistical differences in the Small 
treatment, but there were statistical differences in the Big treatment between 0 and 5 h after 
infestation, with an increase in MCV values over time. This is in agreement with data obtained for 
this index in parasitic infections [62]. The absence of MCH and MCHC is also in agreement with the 
previous data. 

When we look at all the obtained results, we can observe that the age of white seabream seems 
to affect the host response to an A. ocellatum infestation. One possible interpretation of the results is 
presented on Figure 4. 

 

Figure 4. Possible interpretation of the results obtained from the stress, hematological, and 
histopathological analysis of Small (50 ± 5.1 g, age: 273 days after eclosion (DAE)) and Big (101.3 ± 
10.4 g, age: 571 DAE) white seabream (D. sargus) during an A. ocellatum infestation. 

So, when A. ocellatum dinospores reached the gill and started the fixation and transformation 
into trophonts, both Small and Big white seabream began to present lesions in gill tissue which 
increased over time. However, these were more severe in the Small treatment, possibly due to the 
nonactivation of the MALT defense system, which was present in the Big treatment (increase in gill 
mucus cells). This triggered a primary stress response in both treatments (cortisol), with a secondary 
stress response (glucose) in the Big treatment. However, the absence of glucose and lactate response 
in the Small treatment indicates a possible inhibition of the glycogenolysis and gluconeogenesis 
pathways in the liver in the Small treatment. The primary stress response to A. ocellatum also inhibited 
the WBC immune response in both treatments. These differences in the response to an A. ocellatum 
outbreak by the Small and Big treatments may explain the differences in mortality 24 h after 
infestation. 

The findings of this paper highlight the necessity of considering fish age when designing 
vigilance plans (which are designed nowadays mainly taking into account the water temperature) 
and determining treatment actions during an A. ocellatum infestation. In this way, younger fish will 

Figure 4. Possible interpretation of the results obtained from the stress, hematological,
and histopathological analysis of Small (50 ± 5.1 g, age: 273 days after eclosion (DAE)) and Big
(101.3 ± 10.4 g, age: 571 DAE) white seabream (D. sargus) during an A. ocellatum infestation.

So, when A. ocellatum dinospores reached the gill and started the fixation and transformation into
trophonts, both Small and Big white seabream began to present lesions in gill tissue which increased
over time. However, these were more severe in the Small treatment, possibly due to the nonactivation
of the MALT defense system, which was present in the Big treatment (increase in gill mucus cells).
This triggered a primary stress response in both treatments (cortisol), with a secondary stress response
(glucose) in the Big treatment. However, the absence of glucose and lactate response in the Small
treatment indicates a possible inhibition of the glycogenolysis and gluconeogenesis pathways in the
liver in the Small treatment. The primary stress response to A. ocellatum also inhibited the WBC
immune response in both treatments. These differences in the response to an A. ocellatum outbreak by
the Small and Big treatments may explain the differences in mortality 24 h after infestation.

The findings of this paper highlight the necessity of considering fish age when designing
vigilance plans (which are designed nowadays mainly taking into account the water temperature)
and determining treatment actions during an A. ocellatum infestation. In this way, younger fish will
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need to have a stricter vigilance plan, with short ectoparasitological sampling periods and mitigation
measures and treatment application at the first A. ocellatum trophont detection, to reduce fish stress
and mortality resulting from amyloodiniosis. Older fish could continue to have a less strict vigilance
plan, with less frequent ectoparasitological sampling periods and application of mitigation measures at
lower infestations of A. ocellatum, and treatment application only after A. ocellatum trophont numbers
reach a certain threshold, which should be determined by taking into account the water temperature
of the tank.

4. Materials and Methods

4.1. Fish Culture Conditions

White seabream juveniles were reared at EPPO-IPMA (Aquaculture Research Centre, National
Institute for the Sea and Atmosphere, Olhão, Portugal) and originated from a wild broodstock.
After hatching, fish were reared following the protocol used in EPPO-IPMA for this species [63].

Two sets of 36 individuals, one with an average total weight of 50 ± 5.1 g and an age of 273 days
after eclosion (DAE) and the other with an average total weight 101.3 ± 10.4 g and an age of 571 DAE,
with no history of ectoparasites and no incidence of malformations, were selected. The fish were
kept in two separate 1.5-m3 tanks according to their weight (36 per tank) with a 14 h light/10 h dark
photoperiod (photophase from 6:00 a.m. to 8:00 p.m.). Water temperature was 20 ± 1 ◦C and water
salinity was 37.5 psu. The fish were full-fed with commercial feed three times a day until satiation.

4.2. Preparation of A. Ocellatum Infection Tanks

Eighteen 80-L rectangular plastic tanks were infested with 1000–1200 A. ocellatum tomonts,
obtained from an induced outbreak according to the methodology described in [42], and then incubated
until reaching an average of 8000 dinospores/mL to maximize the stress response [41]. The water
temperature was maintained at 24 ± 0.2 ◦C, 36.5 psu of salinity, and 100% dissolved oxygen in closed
seawater systems, artificial aeration, and a 14 h light/ 10 h dark photoperiod. To avoid differences
between tanks, the water from the tanks were mixed before fish were introduced to ensure the parasite
load was equal in every tank.

4.3. Experimental Design

Fish were fasted for 24 h prior to the experiment. Four fish (N = 4) were measured, weighed,
and then transferred to each 80 L tank (Small treatment—white seabream weighing 50 ± 5.1 g, and Big
treatment—white seabream weighing 101.3 ± 10.4 g). Each treatment had tanks in triplicate for all the
sampling points. Fish were sampled at 5 and 24 h after the beginning of the experiment.

Mortality at each point of sampling was also registered, and dead fish were withdrawn from the
tanks before fish sampling.

4.4. Sampling Protocol

Twelve fish per treatment were sampled in the beginning (0 h) of the experiment. At 5 and 24
h of the experiment, all the surviving fish in each treatment were sampled, prioritizing the most
moribund fish, according to their behavior [1]. Fish that presented erratic and slower swimming
movements, fish aggregation near the aerators and water line, accelerated opercular and mouth
opening movements, or reddish marks on the skin were sampled first.

After sedation with 800 ppm of 2-phenoxyethanol [64], blood was withdrawn from the caudal vein
with a 1 mL heparinized syringe. Collection of blood samples (1 mL of blood per fish, on average) was
completed within 3 min after capturing the fish to minimize the effects of handling on stress parameters.
The collected blood from each fish was divided in two aliquots. One of the aliquots was immediately
frozen at −80 ◦C for posterior analyses. The other blood aliquot was used for hematological analysis.
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After blood collection, the fish was sacrificed with an overdose of 2-phenoxyethanol, according with
the EU Directive 2010/63/EU for animal experimentation.

Plasma was separated from cells by centrifugation (10 min, 5000× g, room temperature),
snap-frozen in liquid nitrogen, and stored at −80 ◦C until analysis of osmolarity, pH, hormonal
(cortisol), and metabolic (glucose, lactate, and protein concentrations) parameters.

Then, the parasite burden was evaluated by microscopic observation of a wet mount of the first
two branchial arches from fish killed by anesthetic overdose with 2-phenoxyethanol [41] from each
treatment at all sampling points.

4.5. Histopathological Analysis

For histological analysis, we collected the first gill from all the fishes from each tank (N = 12 per
treatment). Following fixation in Davidson’s solution (pH 7.2) for two days, tissues were transferred to
70% ethanol. The tissues were processed in an automatic tissue processor Leica TP 1020 and included
in paraffin wax block. Sections that were 5-nm thick were cut with a microtome slide Model Leica
5M 2000 R and stained with hematoxylin–eosin (H&E) according to the procedure described in [65].
Gill tissue was examined under a Nikon H550S microscope using bright-field illumination for the
presence of A. ocellatum and possible pathological changes. Selected gill tissues were then scanned in a
Hamamatsu Nano Zoomer Digital Pathology, and images were taken and processed using NDP View
2 software.

4.6. Stress Indicator Analysis

Plasma glucose and lactate levels were measured using commercial kits from Spinreact
(Glucose-HK Ref. 1001200; Lactate Ref. 1001330) adapted to 96-well microplates. Plasma proteins were
determined in diluted plasma samples 1:5 (v/v) with the QCA Total Proteins kit (Química Clínica
Aplicada S.A., Barcelona, Spain). Plasma cortisol levels were quantified by an ELISA kit (Cortisol
ELISA kit, IBL) modified and adapted to fish [66]. Cortisol was extracted from 20 µL of plasma in
200 µL of diethyl ether. The lower limit of detection (81% binding) was 0.1 ng mL−1 plasma. All the
samples were examined in duplicate and analyzed on a microplate reader (Multiskan GO, Thermo
Scientific).

4.7. Hematological Analysis

Hct determination was performed as described by Soares et al. [67]. In summary, a blood sample
portion was transferred to nonheparinized microhematocrit tubes and centrifuged at 5000× g for 5 min
with a hematocrit centrifuge (EBA 21 Hettich) to determine the hematocrit value. The determination of
hematocrit was calculated as the percentage of red blood cells present in the amount of blood collected.

Total RBC and WBC were counted from blood dilutions using a hemocytometer.
Hemoglobin (Hgb) determination was performed using a commercial kit (1001230, Spinreact)

based on the Drabkin colorimetric principle. All samples were examined in duplicate and analyzed on
a microplate reader at 540 nm (Multiskan GO, Thermo Scientific) [68].

MCV, MCH, and MCHC were calculated with the formula described by Radu et al. [69].

4.8. Statistical Analysis

For group comparisons, normality was assessed using the Shapiro–Wilk test, while the
homogeneity of variance was assessed using Bartlett’s test. If the data were parametric, nested
ANOVA followed by Tukey’s test was done to detect differences between Small and Big fish. Statistical
significance was accepted at p < 0.05. These statistical tests were made using R studio (version 1.0.153).
Values are expressed as mean ± SD.
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5. Conclusions

We can conclude that the age of white seabream affects the response to an A. ocellatum infestation,
especially at stress and histopathological levels, since smaller and younger fish seemed to have a
more immature MALT defense system, and the stress reaction to the parasite seemed to be more acute.
This study demonstrates that age is an influential factor in the response to an A. ocellatum infestation
in white seabream, especially at stress and histopathological levels, and elucidates the need to take
into account the size and age of the fish in the development and establishment of adequate mitigating
measures and treatment protocols for amyloodiniosis. We recommend the establishment of a stricter
vigilance protocol with scheduled ectoparasitological samples for younger fish, since they are more
susceptible to an A. ocellatum outbreak. This will allow for detection of the parasitosis at an early
stage of development and quicker treatment, which will avoid high mortality levels and high levels of
fish stress.
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