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Abstract: An infection model for sharpsnout seabream Diplodus puntazzo (Walbaum) challenged with the myxosporean Enteromyxum
leei (Diamant, Lom et Dykova, 1994), resembling the natural infection conditions, was used to evaluate the antiparasitic efficacy of
a functional diet. Fish of an average weight of 12.5 + 1.2 g were delivered either a functional (included as feed supplement at 0.3%
levels) or a control extruded diet. After four weeks of administration of the experimental diets, fish were challenged with the parasites
(cohabitation with infected donors; donor: recipient ratio 1 : 1). The experiment was terminated four weeks after the start of the chal-
lenge. At the end of the experiment, growth and feeding (specific growth rate and feed efficiency), as well as immunological parameters
(respiratory burst activity, antibacterial activities, hemoglobin concentration, anti-protease activity and ceruloplasmin activity) were
measured along with cumulative mortality and total parasitic count in the gut. No significant difference was evident with regard to
growth and feeding performance, mortality, gut parasitic load or immunological parameters as the parasitical challenge significantly
affected both the performance of the control and functional diet fed fish. However, there was a less prominent impact on antibacterial,
anti-protease and ceruloplasmin activity in fish fed with the functional diet. Overall, the present study validated the experimental co-
habitation infection model and evaluated the efficacy of a functional ingredient as an antiparasitic agent, showing some potential effects

on the fish immune response.
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The farming of sharpsnout seabream, Diplodus pun-
tazzo (Walbaum), was considered quite promising in its
first attempts in the 1990s and early 2000s because of a
fast growth and a high market value (Favaloro et al. 2002,
Favaloro and Mazzola 2003, Hernandez et al. 2008). De-
spite the successful early stage rearing of this species, it
has been abandoned in most aquaculture enterprises in the
Mediterranean due to enteromyxosis, a disease caused by
the myxozoan parasite Enteromyxum leei (Diamant, Lom
et Dykova, 1994) (syn. Myxidium leei) (Diamant et al.
1994, Le Breton and Marques 1995, Diamant 1997, Rigos
et al. 1999, Athanasopoulou et al. 2001, Golomazou et al.
2000).

This parasite is responsible of serious epizootic out-
breaks with severe catarrhal enteritis, which usually causes
high fish mortality under extreme cachectic conditions few
weeks after introduction to the on-growing net cages (Al-

varez-Pellitero et al. 2008, Sitja-Bobadilla and Palenzuela
2011). The disease courses faster and with higher mortality
when water temperatures are high (Palenzuela 2006, Alva-
rez-Pellitero et al. 2008, Sanchez-Garcia et al. 2014).

Enteromyxum leei, as most species of Enteromyxum
Palenzuela, Redondo et Alvarez-Pellitero, 2002, is directly
transmitted by fish-to-fish contact favouring the propaga-
tion of the parasite in intense farming conditions. Fish can
be infected through exposure to a contaminated water, by
cohabitation with infected fish or by ingestion of pre-sporo-
gonic developmental stages (Diamant 1997). Specifically,
in enteromyxosis, trophozoites of E. leei are responsible
for the parasite proliferation in the host, by invading new
intestinal areas but also for the transmission to healthy fish
when they are released from faecal products of infected
individuals (Cuadrado et al. 2010).
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Fig. 1. Hemoglobin concentration (g/dl blood) in the fresh blood
of fish fed control or functional diets for 4 weeks before (0OW) and
4 weeks (4W) after the parasitical challenge by cohabitation. Bars
represent mean + S.E. Different letters represent a significant dif-
ference between treatments (One-Way ANOVA, P = 3.5x10°¢),
The asterisk shows a significant difference between the 2 sam-
pling times (General Linear Method, P = 1.9 x 107). Sample size,
n=15at0W; n=42 at 4W.

There are currently no prescription medicines effective
against this parasite and most attempts to control it in the
field and/or in experimental trials have failed (Sitja-Boba-
dilla et al. 2008, Sanchez-Garcia et al. 2014). However,
empirical evidence in the farms and recent laboratory-con-
trolled experiments have shown promising results in the
control of enteromyxosis in gilthead seabream, Sparus
aurata (Linnaeus) using some functional feed additives
(Palenzuelaetal. 2017, Piazzon et al. 2017, Picard-Sanchez
et al. 2019).

Functional feed additives are currently the focus for
disease prevention and control, with the aim to reduce the
antimicrobial control agents as well as to reduce the en-
vironmental risks (Defoirdt et al. 2011). These include a
wide range of ingredients, such as probiotics, phytobiotics,
yeast extracts or organic acids, which can act in multiple
ways that promote the immune system and may reduce the
parasitic infections. Natural compounds with anti-parasitic
activity can directly affect gut parasites or indirectly affect
ectoparasites through their effects on blood or the composi-
tion and quantity of the mucus (Coutteau 2016).

To our knowledge, scarce studies exist so far regarding
the effects of functional feed additives on the sharpsnout
seabream resistance to enteromyxosis. Therefore, the aim
of the present work was (i) to validate an experimental
infection model with E. /eei in sharpsnout seabream, and
(i1) to evaluate the antiparasitic effects of a natural health
promoting feed additive by measuring growth, survival,
immunological parameters and parasitic load.

MATERIALS AND METHODS

The research complied with the commonly-accepted ‘3Rs’
and the ARRIVE (Animal Research: Reporting of in vivo Exper-
iments) guidelines. All the procedures involving fish were per-
formed according to the EU guidelines on the protection of an-
imals used for scientific purposes (Directive 2010/63/EU). Five
hundred parasite-free sharpsnout seabream juveniles (~2 g) were
transferred from the hatchery of a commercial farm (Selonda, east
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Fig. 2. Chemiluminescence activity (Relative Luminescent Units)
in the whole blood of fish fed control or functional diets for 4 weeks
before (0OW) and 4 weeks (4W) after the parasitical challenge by
cohabitation. Bars represent mean + S.E. Different letters represent
asignificant difference between treatments of the log, -transformed
data (One-Way ANOVA, P = 0.001). The asterisk shows a signif-
icant difference of the transform data between the two sampling
times (General Linear Method, P = 0.0003). Sample size, n = 15 at
0W;n=42 at 4W.

Peloponnesus) to the indoor facilities of the Hellenic Centre for
Marine Research (HCMR) in Athens, Greece. Maintenance of
sharpsnout seabream in land tanks ensures the avoidance of in-
fection with Enteromyxum leei, which is inevitably initiated when
fish enter the sea cages. Upon arrival, 30 fish were examined (mi-
croscopic observation of fresh smears of the intestine) to ascertain
the absence of the parasite. Fish were maintained in 250 1 fibre-
glass tanks supplied with open-flow water along with aeration and
temperature ranging from 18-20°C. The animals were given a
commercial diet until they reached a size of 12.5 + 1.2 g, and were
then transferred to a large (50 m?) inland cement tank and equally
distributed (300 fish) in six identical net cages (1 m* 50 fish/cage).
Three of these cages served as the control group and the three
remaining cages as the functional diet group. In this environment,
experimental fish were delivered either control or functional ex-
truded diets prepared in the facilities. The functional diet includ-
ed Sanacore® GM, a commercial natural health promoting feed
additive (Adisseo, Dendermonde, Belgium) at 0.3% inclusion
levels. The composition of the diets is provided in Table 1.

Throughout the trial, feed consumption was daily recorded.
Four weeks after the initiation of the dietary trial, a challenge
trial was performed for an additional four-week-period by cohab-
itation with diseased fish. More specifically, 500 sharpsnout sea-
bream (mean weight 30 g) from a naturally-occurring outbreak of
E. leei at a commercial farm (Selonda, east Peloponnesus), were
transferred to HCMR facilities. To ensure that the fish were carry-
ing the parasites, fresh intestinal smears of 30 fish were examined
microscopically.

Following confirmation of the pathogen presence, 300 donor/
diseased fish were introduced into the cement tank harbouring the
caged recipient/healthy fish (giving a 1 : 1 donor : recipient ratio)
and were free to roam outside the net cages without interfering
with the feeding of the recipient fish. Donor fish remained unfed
until the termination of the trial. Fish tanks were continuously
supplied with aerated flow-through sea water. The experiment
was terminated four weeks after the start of the challenge and the
temperature during the trial ranged from 24 to 27 °C. Fish mortal-
ities were monitored daily.
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Fig. 3. Serum antibacterial activity (A, anti-Gram positive; B, anti-Gram-negative bacteria) of fish fed control or functional diets for
4 weeks before (0OW) and 4 weeks (4W) after the parasitical challenge by cohabitation. Bars represent mean + S.E. There was no sig-
nificant difference between treatments (One-Way ANOVA for log  anti-G*, Welch for anti G- bacteria, P >0.05). Sample size, n = 15

at OW; n =42 at 4W.

Donors and recipients fish were sampled twice, immediately
prior to the beginning of the challenge and at the termination of
the experiment, four weeks later. Samples were taken in order
to measure immunological parameters and for the diagnosis and
quantification of £. /eei small subunit ribosomal RNA gene (SSU
rRNA) by qPCR. Prior to sampling, fish were anaesthetised with
clove oil (50 ppm) and after blood sampling via the caudal vein
fish were killed by overdose of anaesthetic. An aliquot of blood
was heparinised (500 units/ml) and it was used for the determi-
nation of the hemoglobin concentration and the respiratory burst
activity, while the remaining non-heparinised blood was left to
clot overnight at 4 °C, centrifuged, and the supernatant sera were
frozen at -80°C until used for the determination of lysozyme,
complement, anti-protease and ceruloplasmin activity.

In addition, fish were necropsied and the whole intestines were
removed from the pyloric area to the rectum. They were pre-
served in 80% ethanol for parasite diagnosis and quantification.
Before the challenge, five fish were sampled from each cage (15
per group), while 14 fish were sampled at the end of the challenge
(42 per group) for immunological measurements. For parasito-
logical determination, samples were taken from donor fish (30 at
the beginning and 20 at the end of the trial) and from 15 fish per
cage (45 per group) at the termination of the experiment. When
fish could be collected rapidly after death, intestine samples were
also collected from dead fish. Gut samples were stored in ethanol
for qPCR analysis.

» Feed Conversion Rate, FCR = FI / WG

* Specific Growth Rate, SGR =100 x [In(W1) - In(WO0)] / rearing
days;

» Feed Efficiency, FE = (W1 — W0) x 100 / FI (where FI is the
feed intake, WG is the wet weight gain, W0 and W1 are the ini-
tial and the final fish mean weights respectively, all expressed
in grams).

Hemoglobin concentration was measured as previously de-
scribed for gilthead seabream (Rigos et al. 2010) and the whole
blood respiratory burst activity was determined by assessing the
chemiluminescence produced by circulating cells in the diluted
blood in contact with yeast cell walls (zymosan A), as for Eu-
ropean sea bass, Dicentrarchus labrax (Linnaeus) (Henry et al.
2009). The serum antibacterial activities were determined against
a Gram-positive bacterium, Micrococcus luteus (i.e., lysozyme
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activity in units/ml) and against a Gram negative bacterium, Es-
cherichia coli (percentage of bacterial killing associated mainly
to complement activity). The procedure was adapted from the
methods previously described for gilthead seabream (Kokou et
al. 2012, Henry et al. 2015). The anti-protease and ceruloplasmin
activities were determined as previously described for shi drum
Umbrina cirrosa (Linnaeus) (Henry and Fountoulaki 2014).

For the parasitology, gene copies of the E. leei SSU rRNA
were estimated by qPCR as previously described (Piazzon et al.
2017). Ethanol-fixed intestines from sharpsnout seabream were
briefly hydrated and weighed individually. They were homoge-
nised in a laboratory blender (Next Advance, NY, USA) and DNA
was extracted from a 200 pl aliquot of the homogenate from each
fish using an EpMotion 5075 automated robotic system (Ep-
pendorf, Hamburg, Germany) and commercial silica-based kits
(Macherey-Nagel, Diiren, Germany).

Numbers were interpolated from the cycle thresholds (Ct) of
the samples using standard curves generated with known num-
bers of a plasmid containing the target gene (covering 6—7 or-
ders of magnitude), run in the same plates for each assay. Usually
two dilutions of each DNA sample were run. Samples with Ct
<38 were considered positive. The total number of parasite SSU
rRNA genes present in each fish was estimated from these val-
ues and the amount of tissue in the entire homogenate sample.
For simplicity, this value was used as a proxy to the number of
parasite cells (i.e., assuming a constant SSU rRNA copy number
per parasite).

For the statistical analysis, all values are presented as means +
standard errors of the means. SPSS 13.0 software was used for all
statistical analysis. Normal distribution and homogeneity of vari-
ance were checked using Kolmogorov-Smirnov and Levene tests,
respectively. When normality was not obtained (i.e., for chemilu-
minescence, lysozyme and ceruloplasmin), variables were trans-
formed using logarithm base 10 (log). General Linear Method
(GLM) was used to determine differences between diets, time or
diet X time. Immune parameters were also checked for difference
between experimental diets and time (before and after the par-
asitical challenge) by one-Way ANOVA or Welch and Tukey’s
or Games-Howel #-tests when appropriate. Concerning the DNA
data, Mann-Whitney or 7-test were used. Statistical significance
was considered when P <0.05.
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Fig. 4. Serum anti-protease activity of fish fed control or func-
tional diets for 4 weeks before (0OW) and 4 weeks (4W) after the
parasitical challenge by cohabitation. Bars represent mean + S.E.
There was no significant difference between treatments (GLM
and One-Way ANOVA, P > 0.05). Sample size, n = 15 at OW;
n =42 at 4W.

RESULTS

Growth and survival

Growth of sharpsnout seabream was not significantly
different between control and functional feed fed group
(P >0.05: Table 2). However, the overall performance
was greatly affected by infection with Enteromyxum leei
as reflected by the calculated growth parameters, with mi-
nor differences between the two groups (Table 2). Specific
growth rate ranged between 0.55 and 0.58%, while feed
efficiency was low in both groups, with FE ranging from
33 to 35% and FCR ranging from 2.9 to 3.0.

No mortality of the recipient sharpsnout seabream was
observed during the pre-growth adaptation phase or during
the prophylaxis feeding trial before the introduction of the
donor-infected fish. Approximately 10 days after the start
of the cohabitation challenge, the first mortalities emerged
in both groups indicating the success of the cohabitation
challenge, which was ascertained through the observation
of parasites in bile and gut smears. Eventually, the cumu-
lative mortality after challenge reached values as high as
22 and 27% in the control and functional feed fed group,
respectively (Table 2). The differences in fish survival be-
tween functional and control groups were not significant
(P>0.05).

Immunological parameters

Hemoglobin concentration was not affected by the diet
(GLM, P >0.05), but was significantly reduced by the
parasite challenge (GLM, P = 1.9 x 107; Fig.1). Similar-
ly, whole blood respiratory burst activity was affected by
the parasitical challenge (P = 0.0003) but not by the diet
(P>0.05; Fig. 2).

The antibacterial activities against a Gram-positive bac-
terium, Micrococcus luteus (i.e., the lysozyme activity)
and against a Gram-negative bacterium, E. coli, (i.e., com-
plement activity), are presented in Fig 3B. Insignificant
differences were obtained between treatments. However,
a tendency for a decrease in antibacterial activity was ob-
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Fig. 5. Serum ceruloplasmin activity of fish fed control or func-
tional diets for 4 weeks before (0OW) and 4 weeks (4W) after the
parasitical challenge by cohabitation. Bars represent mean + S.E.
There was no significant difference of the transform data (log)
between treatments (General Linear Method and One-Way ANO-
VA, P >0.05). Sample size, n= 15 at OW; n =42 at 4W.

served in control fish after the parasite challenge, whereas
the functional group maintained similar values despite the
challenge (13 % decrease in control vs. 2 % decrease in the
functional group; Fig. 3B). This tendency for a stabilising
role of the functional diet against parasitical challenge-in-
duced reduction of immune parameters was also observed
concerning the anti-protease activity (8 % decrease in con-
trol vs. 0.2 % decrease in the functional group; Fig. 4) and
the ceruloplasmin activity (60 % decrease in control vs. 30
% decrease in the functional group; Fig. 5) of the fish sera.

Parasitological examination

Out of the 90 experimental fish examined, 69 were posi-
tive for E. leei by qPCR (77 % prevalence). Of these, 35 be-
longed to the control group (77 % prevalence) and 34 to the
functional feed group (76 %). No differences were found in
the prevalence of infection between groups or among tanks
within each group. The intensity of infection in experimen-
tal fish was quite variable, encompassing Ct values from 16
to 30. These correspond to a four-fold increase in parasite
SSU rRNA gene copies per infected fish (3.7 x 10° to 3.9
x 10° copies). Using transformed data, the mean intensity
of infection was 17 + 0.5 (corresponding to 1.57 x 107 cop-
ies-fish™"). No significant difference in the mean intensity
was found between control (17 + 0.6) and functional feed
fed sharpsnout seabream (17 + 0.9) (t-test; p >0.05). The
range of data distribution was wider in functional feed fed
fish, which yielded the lowest and the highest values. The
median was also slightly lower in functional feed fed fish
(16.06) than in control fish (16.33) but these differences
were not significant (Mann-Whitney p = 1) (Fig. 6).

Parasite prevalence in donor fish was lower than in ex-
perimental fish (62%), and this value decreased from 67%
to 55% during the trial. In addition, donors presented lower
intensity values (14 + 1) than experimental fish and this
difference was statistically significant (ANOVA p<0.001).
The mean intensity of infection in donor fish also decreased
along the trial, from 14.3 = 1.3 to 13.0 = 2.1. These dif-
ferences, however, were not statistically significant (z-test
p >0.05).
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Fig. 6. Parasitic infection intensity (parasite SSU rDNA copies fish™') in the experimental groups, recipient fish fed either with function-
al feed or control diet, collected dead fish and donor fish. Data are In transformed to achieve normal distribution of the data. Left: Box
and whiskers plot: Boxes extend from 25 to 75% percentiles and the lines within the boxes represent the median of the group. A “+”
symbol marks the mean value of the group. Right: bars represent mean + SE for each group. Only infected fish (Ct <38) are considered

and all individual fish data are plotted. n = 19-45.

Parasite prevalence in dead fish was 63% and mean in-
tensity of infection was 14 = 1.5. While these values were
similar to those of donor fish, they were significantly lower
than in experimental fish at the end of the trial. The fact
that not all dead fish were found to be infected, and their
relatively low intensity values, seem to suggest that some
of these post-mortem samples retrieved from carcasses
were degraded and the values would not accurately reflect
the status of these fish.

DISCUSSION

In the present work, a host-parasite model for experi-
mental infection of sharpsnout seabream with Entero-
myxum leei was evaluated. Transmission of E. leei from
infected donors to healthy recipient sharpsnout seabream
by cohabitation was achieved. Mortality of the infected re-
cipient fish, as ascertained through the presence of E. leei
in the digestive system, started within the second week
post challenge. Indeed, the model successfully resembled
the progression of the disease observed in the field and the
disease pattern seen in gilthead seabream, although faster
and in a more intense manner (Sitja-Bobadilla et al. 2008).
Moreover, the high prevalence and intensity of the parasit-
ic infection and the observed disecase symptoms reflected
the characteristics of the pathology found in the production
units.

A previous successful cohabitation challenge model us-
ing E. leei in 10-50 g sharpsnout seabream at 18-21°C
failed to cause fish mortalities (Golomazou et al. 2006,
Muiioz et al. 2007, Alvarez-Pellitero et al. 2008). The high
water temperature in the present trial (2427 °C) was most
probably responsible for the severity of the infection, caus-
ing high mortalities both in the control and the functional
diet group. However, the impaired growth and immuno-
logical parameters (reduced hemoglobin concentration and
increased respiratory burst activity) due to enteromyxosis
are in agreement with a previous study (Golomazou et al.
2000).

Folia Parasitologica 2020, 67: 024

Concerning the immunological parameters, the par-
asitical challenge significantly affected fish fed both the
control and the functional diet. This was obvious through
the reduced hemoglobin concentration and the increased
blood respiratory burst activity caused by the parasitical
challenge. This pattern was reported before (Alvarez-Pel-
litero et al. 2008) 20 and 27 days after the start of the chal-
lenge concerning the reduction of hemoglobin, whereas the
chemiluminescence was significantly increased 20 days af-
ter the start of the challenge with a return to control values
after 27 days.

Ceruloplasmin activity, which is linked to the inflam-
matory response, tended to be reduced one month after
the parasitical challenge in fish fed the control diet. This
reduction of inflammation caused by parasitic infection
was also suggested by authors who showed a reduction of
neutrophil and oesinophil counts 10-27 days and 27 days
after the start of the challenge, respectively (Alvarez-Pel-
litero et al. 2008). Similarly, the tendency for reduction of
anti-protease activity observed in the present study after
four weeks of a parasitical challenge was also observed by
previous authors (Muifioz et al. 2007). However, these au-
thors showed that this reduction after four weeks followed
a transient increase 12 and 19 days after the start of the
challenge. Lysozyme activity was low (80 units/ml) and
unaffected by the challenge in the present study. A previous
study failed to detect any lysozyme activity in sharpsnout
seabream ecither before or after E. leei challenge (Goloma-
zou et al. 2006).

The tendency for decreased values of anti-protease
(linked to the anti-parasitical and/or anti-bacterial arsenal
of the fish), anti-bacterial activities (lysozyme and com-
plement) and inflammatory activity (ceruloplasmin) of the
challenged fish observed in the present study suggested
that the parasite suppressed the immune and inflammatory
responses of the fish through a successful and unknown
evasion mechanism efficient four weeks after the start of
the cohabitation with parasitised fish. Despite this, the re-
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duction of immunological parameters observed in control
fish tended to be less critical when fish were fed the func-
tional supplement for one month before the challenge.

The use of a functional feed additive at the inclusion
level used in this trial, as recommended by the manufac-
turer (0.3% in the diet), for four weeks prior to challenge
did not significantly improve growth or survival of infected
fish. Previous studies in gilthead seabream indicated some
efficacy of this natural supplement against enteromyxosis,
expressed through the reduction of the prevalence and in-
tensity of infection and improvement of the condition of
fish in an experimental challenge with this parasite, al-
though it did not totally clear off the infection (Palenzuela
et al. 2017). Such effect was not obvious for sharpsnout
seabream, where the high prevalence and mean intensity
of infection reached in recipient fish at the end of the trial
further demonstrates its extreme susceptibility to E. leei.

Differences between functional and control diets would
probably be more pronounced in a less acute infection mod-
el with lower parasite intensity and prevalence. Profound
differences between gilthead seabream and sharpsnout sea-
bream in the immune mechanisms involved in the response
to E. leei have been shown in previous studies (Mufioz et
al. 2007, Alvarez-Pellitero et al. 2008). In gilthead sea-
bream, enteromyxosis courses as a chronic disease and the
main clinical effects are related to suppressed growth and
cachexia. However, it rarely evolves to a mass mortality
outbreak unless other triggers such as water reuse, high
temperatures and/or secondary infections occur (reviewed
in Sitja-Bobadilla and Palenzuela 2011).

Recent studies have shown that dietary supplements
like butyrate can alleviate the outcome of experimentally
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