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1 Introduction

1.1 Genotype-By-Feed Interaction on Resistance to Lernanthropus
kroyeri

(Task 6.1.3.1 and related to Task 1.2.3.1)

In WP1, two open-sea challenge experiments were performed in the commercial production
sites of Nireus Aquaculture SA (now AVRAMAR SA) with frequent infections of Diplectanum
aequans and Lernanthropus kroyeri using 9,425 European sea bass juveniles that came from 182
full-sib and half-sib families of their breeding program. The fish were equally divided into two
groups and transferred to the commercial farming sites located in the areas of Nafpaktos and
Sagiada in western Greece. The parasite numbers on the gill arches were counted in the
challenge studies for the infestation levels and data were recorded. The open sea challenge tests
took place in the autumn of 2017 and 2018.

Based on the data collected, it was possible to estimate genetic parameters for parasite counts,
present on the gill arches of the fish, and the fish growth in sea cages. The estimated
heritabilities for body weight in different ages were 0.42-0.51 for D. aequans and 0.28-0.51 for
L. kroyeri trials. Similarly, estimated heritabilities for the growth period in the sea cages were
0.43 and 0.29, respectively. For parasite count, estimates for heritability were 0.20 and 0.28. All
data were reported on first in deliverable D1.3 and then in D1.7.

In WP6, the partners had to choose between the two parasites to proceed with a third trial to
validate products and results from WP1 (Selective Breeding for Robust Fish) and WP4 (Efficient
Feeds to Improve the Current KPIs in Production Systems). On one hand, to evaluate possible
impacts on parasites infestation of the feed used, and on the other hand to use the SNP-array
produced in WP1 to estimate the GEBV’s on parasite resistance and compare them with the
EBV’s estimated with the classic selective breeding techniques. However, infection from L.
kroyeri could lead to substantial production loss due to occasional high mortality rate (e.g. 82%
mortality was recorded in 2017 trial) and, moreover, this infection exhibits slightly higher genetic
variation (h?=0.28) compared to D. aequans. Furthermore, and due to commercial reasons, such
as the lack of treatment methods and the reduced acceptability by the markets, it was decided
to further explore the genetic resistance to the L. kroyeri infection using the novel genomic tools
developed in PerformFISH. The Task 6.1.3. was initially designed for validation purposes, and the
“Perform Fish Robusted feed” designed in WP4 and the “Med_FISH array” designed in WP1 will
be tested in a new challenge test for parasite infection. The aims of the trial are to measure the
impact of different types of feed in parasite infection and to further explore the genetic
resistance to selected parasite infection using the recently available genomic tool.

There was a gap between the time the European sea bass juveniles were available for the trials
(June 2020) and the time the formulation of “Perform Fish Robusted feed” was agreed
(September 2020). In the meantime, the sea bass juveniles were stocked in the selected farm
and the parasite infestation initiated. During October 2020, it was strongly recommended by
Nireus Pathology Department to administrate an antiparasitic treatment for L. kroyeri before
starting the feed trail. The antiparasitic treatment was administered in October 2020 for 10
consecutive days according to veterinarian prescription. In the same period, the “Perform Fish
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Robusted feed” produced by SPAROS SA (a PerformFish project partner). Although the decision
to proceed with the antiparasitic treatment enabled the team to implement the feed trial, the
long-term impact of the treatment on fish infection resulted to very low parasites’ counts at the
end of the trial. For this reason, the research team involved in the Task 6.1.3. decided not to use
the specific fish for genetic analyses, due to heavy masking effects expected, and to plan a new
trial focus exclusively on L. kroyeri infection in the following year.

1.2 Genotype-By-Diet interaction in the resistance to Vibrio harveyi in
European sea bass

In Deliverable D6.5, we investigated potential genotype-by-diet interaction in the resistance to
Vibrio harveyi in European sea bass Dicentrarchus labrax. Vibrio harveyi is indeed considered a
major disease in aquaculture production across species and countries, as it cannot be efficiently
controlled by commercial vaccines, due to low antigen specificity. In commercial farms, the
mortality caused by V. harveyi can reach 50% in the occurrence of an outbreak associated with
important temperature variation in spring and autumn. The control of the disease lies therefore
on the use of antibiotics which increases the risk of antibiotic resistance. In this context, selective
breeding could be an effective strategy to improve fish resistance to specific pathogens (see
review by Houston, 2017). Certainly, selective breeding generates cumulative and permanent
improvements in host resistance (Yafiez et al., 2014), efficiently reducing the use of antibiotics
in fish farming (Houston et al., 2017).

However, fish farming is facing another challenge: the replacement of fish meal and fish oil in
the diets by alternative and sustainable feed materials. Plant-based feed materials such as oil
seeds' and cereals' by-products are today the most widely used for fish meal and fish oil
replacement in the Mediterranean fish farming. Such substitution of marine ingredients with
raw plant meal may have several impacts on farmed fish. First, it may affect (positively or
negatively) the sensitivity of fish to pathogens. Second, it may decrease the efficiency of fish
breeding programs due to genotype-by-diet interactions (GxD).

When GxD occurs, the ranking of families when fish are fed diet A differs from the ranking of
families when fish are fed diet B. The consequence of re-ranking due to GxD is of great concern
because the selection of the nucleus would lead to lower genetic gain in commercial
environments where fish are reared and grow with a different feed than in the nucleus. The aim
of the Task 6.1.3.2 was therefore to evaluate the feasibility of using selective breeding to
enhance the survival to V. harveyi and to investigate the potential GxD that could affect this
resistance to V. harveyi.

Although the heritability of resistance to V. harveyi was found to be moderate in both feeding
environments, meaning that selective breeding for better resistance would be slow, these
results are still encouraging. Indeed, it shows that breeding companies could select fish for
better resistance to V. harveyi without losing too much efficiency across feeding environments,
as the genetic correlation between feeding environments was 0.79.



D6.6: Performance of selected populations after natural outbreaks 6, FISH

2 Materials and methods

2.1 Production of experimental fish and challenge tests for L. kroyeri

In May 2020, 4,400 European sea bass juveniles originated from company’s selective breeding
program and belonging to 88 full-sib and half-sib families were individually pit-tagged (11 g
average weight) at the Breeding Center of Nireus SA.

Juveniles were split into two groups and transferred to a farm located in Sagiada, Thesprotia in
June 2020. This is the same farm that open sea challenge tests for L. kroyeri infection were
performed back in 2017 and 2018. The fish with average weight of 27 g at that point, were
stocked into two different squared cages 5m X 5m, with the initial stocking density of 0.4 kg/m?3.
Dead fish were collected every day by divers and the employees feeding the fish. The trial was
not possible to start till October 2020 because the trial feed “Perform Fish Robusted feed” was
not available yet. In the meantime, both groups were heavily infected by L. kroyeri parasites and
for this reason it was decided to implement an antiparasitic treatment. A medicated feed with
2.27 g/Kg feed resulting a dose of Slice 25 mg/kg biomass was administrated for 10 days, based
on the prescription prepared by company’s veterinarian.

The feeding trial started at the end of October 2020 with average fish weight at 100 g and lasted
till the end of January 2021 were the fish weighted 230g. Before starting the feed trial all fish
were individually weighted and counted. The fish were fed twice a day based to the standard
feeding protocol of the farm. Table 1 presents the formulation of the two feeds used and Table
2 the proximate analysis of the two feeds used in the trial.

Table 1. Feed formulation for the two feeds employed, the standard (control) and the new
experimental (PerformFISH) one

RM origin Units Control PerformFISH Robusted feed
Marine Proteins 30.04 31.53
Plant Proteins %P 69.96 68.47
Marine Oils 20.92 19.60
Marine Farmed oils % CF 52.56 63.71

The experimental feed used is that recommended by the HCMR’s feed researchers as the most
effective feed according to the results of the WP4 Tasks 4.1 & 4.2. The differences between the
experimental and the control feed were the following:

1. The supplements of vitamins and trace elements (premix) in the experimental feed were
in accordance with the optimal needs found from the Task 4.1 results, while the control
feed is the premix used by Nireus SA.

2. The basic specifications, i.e., protein and fat content in the experimental feed were
42g/100g and 19g/100g diet, respectively, while in the control the respective values
were 45g/100g and 20g/100g diet. This differentiates the energy content in Digestible
Energy (DE), 17.6 Mj/Kg experimental vs 18.2 Mg/Kg control, as well as the DP/DE ratio
22.76 g/Mj experimental vs 21.9 g/Mj control, where DP: Digestible protein.
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Table 2. Proximate analysis for the two feeds employed, the standard (commercial) and the
experimental (PerformFISH) one

Basic analysis Units Commercial PerformFISH Robusted feed
Moisture 8.10 8.00
Crude Proteins 44.60 42.50
Crude Fats 20.20 19.40
Crude Fibers % 2.80 2.20
Total ash 6.70 7.90
Carbonhydrates 21.20 21.40
Calcium 1.62 1.40
Phosphorus 1.25 1.55
Available Phosphorus % 0.80 0.65
Magnesium Mg 0.25 0.24
Ca:P ratio 1.05 1.12
Lysine 2.40 2.40
Methionine & Cysteine % 1.65 1.65
Gross Energy 21.79 21.65
Digestible Energy Mi/Ke 18.20 17.60

At the end of the trial, the fish were individually weighted and counted. Parasite counting started
at the end of February 2021, few days after the final weighting. The parasite resistance trait was
defined according to the counts of parasite found on each individual fish. Parasites were counted
by experienced personnel, fish health experts’' members of Nireus SA Pathology Department.
Health experts counted the number of parasites at each gill arch in both sides of the fish with
the use of stereoscopes.

The final challenge test for L. kroyeri infestation was realized in Astakos area. In this challenge
test, 2,680 fish from 97 families of company’s breeding program used. Juveniles originated from
Avramar’s (Nireus) annual batch of the breeding program and they belonged to 97 full-sib and
half-sib families. By choice, only the commercial feed was used in the trial, to reduce the causes
of differentiation and to have a broader pool of individuals to select for genomic analyses at the
end of the trial. The fish were individually pit tagged (10g) and fin clipped (25g) at the Breeding
Center before transferred to the farm in July 2021 and the parasites counting performed in June
2022. The fish with average weight of 27g, were stocked in one squared cage 6mX6ém, with the
initial stocking density of 0.29kg/m3. Dead fish were collected every day by divers and the
employees feeding the fish. Moreover, in this case health experts from company’s Pathology
Department counted the parasites for monitoring the evolution of the parasite infestation. In
June 2022 (average weigh 325g), health experts from company’s Pathology and R&D
Departments made the final recording (individual body weight and parasite count).
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Based on the data analysis from three different trials preceding this final trial, there were no
differences recorded on the number of parasites at the left and at the right side of the fish,
therefore, the team counted the parasites only in the left side of fish to halve the recording time.

2.2 Selection of specimens to genotype and quality control

228 fish were selected based on the parasite count. Out of them, 114 fish were infected with
Lernanthropus kroyeri (4 parasites per fish) and 114 fish were not. From the total number of fish
genotyped, the majority (220 fish) was successfully genotyped and passed the quality control
criteria. Quality control of the genotypic data were applied using the company’s
(ThermoFisherAxiom™) SNP chip software (Axiom Suite) and the Plink software (Purcell et al.,
2007). The following quality criteria were selected, SNP call rate 90%, MAF 0.05, HWE 10, while
only offspring with minimum of 90% of the genome participated in the analysis.

2.3 Analysis and validation for the L. kroyeri infestation

Unfortunately, the change of site for the trial (from that of WP1, see also Deliverable D1.7) had
an effect on the average parasite count of the trial, with the new trial for the validation (WP6)
resulting in significantly lower average parasite count (2.37 in WP6 vs 25.4 in WP1) and
variability (6.07 in WP6 vs 13.1 in WP1). Nevertheless, this led to a statistical analysis for
presence/absence of parasite rather than on the parasite count since all the high and low
parasite count fish had the same number of parasites on their gills per category (4 and 0,
respectively).

Consequently, a Pearson's Chi-squared test was performed in R (R Core Team, 2020), using the
categorization of presence/absence of parasite counts per fish since all the infected fish have
the same number of parasites. The analysis was performed for the two SNP (AX_373127007 and
AX_373218583) previously reported (D1.7) to be associated with parasite count in a GWAS
analysis.

2.4 Fish used for the Genotype-By-Diet interaction and the resistance to
Vibrio harveyi

Fish were produced from the commercial breeding program of Ecloserie Marine de Gravelines
Ichtus, France. 8,000 fish were split in two groups, each fed two different isolipidic, isoenergetic
and isoproteic feeds for a period of three (3) months. The first group (A) was fed a custom feed
based on a formulation initially developed in the ARRAINA European research project and
optimized in PerformFISH. The second group (B) was fed a BIOMAR commercial feed Efico Kappa
866 F (3 and 4.5 mm) (group BIOMAR). Then, 1,186 fish from the first diet group and 1,211 fish
from the second diet group were sent to FORTIOR genetics (ANSES, Plouzané, France) for a V.
harveyi challenge test.

All the fish were genotyped to recover the pedigree information which was then used to
compute variance components and estimated breeding values for survival using THRGIBBSF90
software from the blupf90 program suite (Tsuruta and Misztal, 2006). The survivals in each
group A and B were considered different traits to estimate the genetic correlation between both
groups.
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3 Results

3.1 Descriptive statistics for the open sea challenge

Feed trial lasted for 3 months, from the end of October 2020 up to first days of February 2021.
During this period, the fish doubled their weight from 100g up to 230g. The fish were weighted
individually both at the beginning of the feed trial (27.10.20) and at the end of the trial
(08.02.21). Descriptive statistics of weight measurements and counts presented in Table 3.

Table 3. Descriptive statistics of fish groups at the begining and at the end of the trial

Families Fish No Av. Weight (g) St dev
Cage 50A Commercial = Start 88 999 99.0 19.6
feed End 88 861 232.0 49.1
Cage 50B Start 88 1,210 111.5 21.9
PerformFISHRobusted End 33 1,034 231.0 35 7

feed

The trial started with 2,209 fish originating from 88 families of company’s breeding program.
There were differences in the average weight between the two cages although the same number
of fish was stocked in two cages at the same average weight (2200 fish at 27 g) in June 2020.
The team decided to start the trial without equalizing the two groups, as the aim was to check
for impacts of feed in parasites count (abundance) in the examined population. At the end, out
of the 1,895 fish numbered from all 88 families starting the trial. The KPIs recorded are
presented in Table 4.

Parasites counting was performed by health experts from Nireus SA Pathology Department. The
parasites were counted on each gill arch in both sides of fish; the average number of parasites
per family in the “Commercial feed” group was 0.79 and in the “PerfoFISHRobusted” feed group
was 1.12. Descriptive statistics for parasites count are presented in Table 5 which shows the
difference in average number of parasites per family when they fed the two different types of
feed.

The two groups presented significant differences both in growth rate and in average number of
parasites per family. The two groups started the trial with significant different average weights
and ended up with the same average weight. The SGR calculated for group fed the commercial
diet was significantly higher than the SGR calculated for the group of fish fed the
“PerformFISHRobusted” feed. The mortality ratio estimated in the two groups was equal for the
period that fish were fed the two different types of feed. Calculated KPIs per group fed the
different feed are presented in Table 5.
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Table 4. Feeding trial results

Commercial feed PerformFISHRobusted feed
Stocking weight (g) 26 28
Trial starting weight (g) 99° 111°
Trial final weight (g) 232 231
SGR % 0.82° 0.68"
Parasites / Fish 0.79° 112"
Mortalities % 13.8% 14.5%

2 and P stand for significant differences at p<0.05

Table 5. Descriptive statistics of fish groups 2020 for parasite count families’ average figures

Family data Families FishNo Average Stdev Median Min Max
Cage 50A Commercial 88 999 0.792 0.55 0.66 0 2.5
feed

Cage 50B 88 1,210 1.12° 0.73 0.96 0.04 4.1
PerformFISHRobusted

feed

2 and ® stand for significant differences at p<0.05

The parasite challenge test with a natural infestation was on the following year (2021). A new
farm in West Greece was selected in which we had information that L. kroyeri was abundant. In
the period between July 2021 and June 2022, 2,680 fish belonging to 97 families from the
company’s breeding program were included in the challenge test. The parasite challenge test
was successful, and at the end of the trial 2,380 fish survived. In the last trial, all fish fed with
the commercial feed of the company. Descriptive statistics for parasites count presented in
Table 6.

Table 6. Families’ descriptive statistics for parasite count of fish in 2021 trial

Families FishNo  Average Stdev Median Min Max
Astakos 2021 97 2,380 2.34 0.66 2.34 0.71 4.54

Therefore, in the last year’s trial (2021-2022) with only one feed was used, the number of
parasites per fish were higher and the variation within families was also higher. The research
team concluded that the infestation was heavier and there was significant variation to proceed
with genomic analysis of fish participated in this trial.
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3.2 Genotyping and validation for the L. kroyeri challenge

The descriptive statistics per genotype of the population are illustrated in Table 7 and Table 8
for AX_373127007 and AX_373218583, respectively.

The Pearson's Chi-squared test was equal to 7.0944, with p-value = 0.02881 for AX_373127007
(Table 7). This finding shows a strong correlation between the presence/absence of parasite
counts and the SNP AX_373127007.

The Pearson's Chi-squared test was equal to 6.1, with p-value = 0.04736 for AX_ 373218583
(Table 8). This finding shows a strong correlation between the presence/absence of parasite
counts and the AX_373218583.

Table 7. Descriptive statistics of locus AX_373127007

AX_373127007 Number of fish Presence Absence
cc 16 3 13
CcT 97 53 44
T 107 54 53

Table 8. Descriptive statistics of locus AX_373218583

AX_373218583 Number of fish Presence Absence
cc 90 39 51
CcT 98 49 49
TT 32 22 10

3.3 Genotype-By-Diet interaction and the resistance to Vibrio harveyi

The challenge test showed that feed and body weight significantly affected the survival rate of
the fish (Figure 1). Fish fed the commercial diet B were more likely to die from the infection
compared to fish fed PerformFISH diet A (P<0.0001). Also, bigger fish were less likely to die from
the infection compared to smaller fish (P<0.0001).

We also found that survival to Vibrio was weakly heritable but not different to zero, h? = 0.14
(0.07) in the group fed the commercial diet B and 0.17 (0.07) in the group fed PerformFISH diet
A. Additionally, we found that the genetic correlation of survival to V. harveyi between diet A
and diet B was high (0.79, Table 9).

11
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Figure 1. Panel (a) represents the mortality and survival rate at the end of the challenge for
PerformFISH diet A and commercial diet B. Panel (b) is the boxplot of the body weight at the
start of the challenge for surviving and dead fish in both groups.

Table 9. Heritabilities (on the diagonal) of survival to Vibrio harveyi when fed the commercial
diet B and when fed PerformFISH diet A. Above the diagonal is the genetic correlation between
the two traits with standard deviation

Survival with diet A Survival with diet B
Survival with diet A 0.17 (0.07) 0.79 (0.10)
Survival with diet B 0.14 (0.07)

4 Discussion
4.1 Performance of selected populations against L. kroyeri

As this feed trial was not an ordinary feed comparison for growth potential, there were
peculiarities on the decisions made regarding methodological options during the trial. The feeds
presented differences regarding i) the ratio between digestible protein and digestible energy,
and ii) the fish groups were not at the same average weight and stocking density when the trial
started on October 2020. The aim of the feed trial was first to look for possible impacts of feed
on parasite infection into two European sea bass populations sharing the same genetic
background (fish belonging to the same families), and it was possible to have an answer as the
number of parasites per fish differed between the two groups. Moreover, the aim of the
research team was to safeguard the genetic variance in the trial populations including as many
fish as possible from all 88 families, in order to record possible Genotype by Environment (feed)
interactions. Based on the above results, we can conclude that feed impacts the parasite
abundance in farmed fish populations.

The number of parasites counted at the end of the 2020-2021 trial was very low due to the
antiparasitic treatment. According to the parasites counting results, the average parasite
number per family in each group of fish varies between 0 and 4. The variation of the number of
parasites per fish within the families was very low compared to the variation recorded in the
2018 trial (see Deliverables 1.3 and 1.7 in WP1 outcomes), and this dataset could not support a
solid genetic analysis. For this reason, the partners involved decided not to use the fish of the

12
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specific trial to proceed with the genomic analysis using the new “Med_Fish array” as the low
variance could affect the results. There was enough time though and the willing of the team to
repeat the trial once more in the period September 2021 — February 2022 in order to use these
latter fish for the genomic analysis.

Therefore, in the next year trial (2021-2022) only one feed was used, the number of parasites
per fish were higher and the variation within families was also higher. The research team
concluded that the infestation was heavier and there is significant variation to proceed with
genomic analysis of fish participated in this trial. For this purpose, fish of high and low parasite
abundance, were selected for genomic analysis. The results of the analysis were used to confirm
or not the relevant analysis results realized on WP1. In particular, the selected sample
genotyped and used to validate the association between the AX_ 373218583 and AX_373127007
and the parasite count, showed a strong correlation between the presence/absence of parasite
counts and both SNPs was detected. Based on those findings, fish with genotypes CC could have
fewer possibilities of being affected by the parasite L. kroyeri. Those SNPs can be used in Marker
Assisted Selection (MAS) in order to minimize the parasitic infestation in European seabass by L.
kroyeri. In conclusion, the host resistance against the L. kroyeri parasite can be included in the
main selection traits for the European seabass and it can be performed using MAS.

4.2 Performance of selected populations against vibriosis

The resistance of the fish against vibriosis outbreak in a non-controlled environment, such as
open-sea cages or RAS where fish are usually grown, may differ from the resistance estimated
in the controlled challenge in Task 6.1.3.2. Indeed, in FORTIOR genetics platform, water is
intensively treated to remove any pathogens from the water whereas in non-controlled
environment fish may be in contact with many other pathogens than Vibrio harveyi. Additionally,
the vibriosis challenge is based on the injection of bacterial suspension in the fish which does
not reflect the natural mechanism of infection in a non-controlled environment.

Such differences in environmental conditions may affect the true heritability of resistance to
Vibrio harveyi. Therefore, we planned to track any vibriosis outbreak naturally occurring in the
commercial infrastructure of EMGI (Ecloserie Marine de Gravelines Ichtus, third party of SFAMN)
to be able to compare on-field genetic parameters to the one estimated in controlled challenge.

However, over the time of PerformFISH project, no natural outbreak of vibriosis occurred
making the comparison between field trial and challenge trial unfeasible.

5 Conclusions

Unfortunately, the production of the “PerformFISH Robusted feed” was delayed and an
antiparasitic treatment for L. kroyeri was administrated before starting the feed trail. This
treatment would have an effect on the parasite count of all fish, irrespective of the feed used.
Therefore, it was decided not to perform a validation analysis of the results of WP1 due to
possible biases introduced by the antiparasitic treatment.

Nevertheless, there was a significant difference in the variation of the parasite count and its
variation between fish fed the alternative diet and the control feed (3.47 vs 5.64) indicating a
feed x parasite count interaction. However, due to the antiparasitic treatment at the beginning

13
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of the trial, any genotype x feed interaction would be void due to the use of treatment since
there will be an uncertainty if the absence of parasite or low parasite on a fish is due to its
resistant genotype or because the antiparasitic treatment killed the parasite that the fish had
on its gills.

Therefore, the experiment was repeated the next year (2021-22) using, however, only one feed.
In this experiment, average parasite number was slightly higher (2.37) as well as the variance
(6.07). However, there was not sufficient variation (13.1, as in the WP1 trial) in the high and low
parasite count fish in order to perform a variance component method and consequently a
presence/ absence method (x?) was utilized in order to compare the significant QTL genotypes
form WP1. The results indicating that genotypes CC on AX_ 373218583 and AX_373127007
genotypes would be linked to resistance to the parasite L. kroyeri.

In conclusion, those SNPs could possibly be tested for Marker Assisted Selection (MAS) in order
to minimize the parasitic infestation in European seabass by L. kroyeri.
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