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Abstract: This study assessed the resistance of three rainbow trout (Oncorhynchus mykiss) genetic lines to three
pathogens, the bacterium Flavobacterium psychrophilum and the parasites Ichthyophthirius multifiliis and Tetra-
capsuloides bryosalmonae, by monitoring mortality,immune parameters (leukocyte count and phagocytic activity),
and pathogen load. Two of the fish lines tested carried quantitative trait loci associated with resistance to the
selected pathogens. Unexpectedly, the line with declared genetic resistance exhibited the highest mortality rate
following E psychrophilum infection, suggesting the influence of additional factors such as differences in strain
virulence or interactions between genetic background and environmental conditions. Following I. multifiliis infec-
tion, the resistant line initially exhibited a higher parasite load but later achieved more efficient parasite clearance.
Overall, the findings suggest that disease resistance in trout is a complex trait influenced by interactions between
genotype, pathogen and environment. Consequently, resistant lines must always be tested under specific condi-
tions of the target aquaculture facility before implementation.
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In intensive aquaculture, infectious diseases
represent one of the major threats to fish health
and production. Traditionally, disease control has
relied primarily on chemical treatments, includ-
ing antibiotics and chemotherapeutics. However,
these approaches face increasing limitations due
to emerging pathogen resistance, the limited
number of approved therapeutics and vaccines,
stringent European Union (EU) regulations on an-
tibiotic use, and the growing demand for environ-
mentally sustainable practices.

As a result, aquaculture is progressively shifting
toward alternative preventive strategies, with the
rearing of genetically resistant fish seen as a prom-
ising approach. Currently, genetically resistant fish
lines are being developed using a combination
of traditional selective breeding and marker-assist-
ed selection. Quantitative trait loci (QTLs) have
now been identified for a wide range of economi-
cally and evolutionarily important traits, includ-
ing resistance to diseases and parasites (reviewed
in Mendel et al. 2018). The rearing of resistant fish
not only minimises the need for chemical interven-
tion but also contributes to the maintenance of eco-
logical balance within aquaculture systems, and
reduces economic losses from mass mortalities.
When combined with optimised management prac-
tices, biosecurity measures and improved nutri-
tion, selective breeding for disease resistance offers
a modern, sustainable approach to fish production.

Rainbow trout (Oncorhynchus mykiss) is widely
cultivated in fish farms around the world. Several
diseases represent major challenges to its produc-
tion. One of the most serious is rainbow trout fry
syndrome (RTES), a bacterial infection caused
by Flavobacterium psychrophilum, which pre-
dominantly affects fry and early juveniles and often
results in high mortality rates in hatcheries. The
disease is associated with systemic infection, clini-
cal signs typically including lethargy, exophthalmia,
erosion of the caudal peduncle or caudal fin, skin
ulcerations, increased skin pigmentation and or-
gan haemorrhaging (Barnes and Brown 2011; Loch
and Faisal 2015). Ichthyophthiriasis, caused by the
parasitic ciliate Ichthyophthirius multifiliis, is one
of the most common parasitic diseases of freshwa-
ter fish. The disease can spread rapidly, particularly
in intensive culture systems, and can cause severe
respiratory distress, osmoregulatory dysfunction
and mortality if not promptly managed (Buchmann
et al. 2001; Matthews 2005). Proliferative kidney

disease (PKD) is a chronic disease caused by the
myxozoan parasite Tetracapsuloides bryosalmonae.
It affects both wild and cultured salmonids, leading
to kidney swelling, anaemia and immune suppres-
sion (Palikova et al. 2017). Outbreaks are exacerbat-
ed by elevated water temperatures and suboptimal
environmental conditions (Bettge et al. 2009).

Studying genetically resistant rainbow trout
lines is particularly valuable given the challenges
involved in controlling the above-mentioned dis-
eases. Previous genetic studies have demonstrated
that resistance to RTES has a multilocus architec-
ture, with several QTLs identified across multiple
chromosomes (Fraslin et al. 2018; Liu et al. 2015;
Mathiessen et al. 2023; Pouil et al.2025). Likewise,
two highly significant QTLs located on chromo-
somes 16 and 17 have been associated with re-
sistance to ichthyophthiriasis (Jaafar et al. 2020;
Buchmann et al. 2022). Genetically resistant lines
have previously been successfully tested, show-
ing significantly higher survival after controlled
pathogen exposure compared with non-resistant
fish (Marancik et al. 2015; Mathiessen et al. 2023).
Although resistance-associated QTLs have been
identified, the underlying biological mechanisms
that contribute to disease resistance are still unclear.

The main aim of this study was to assess the
disease resistance of three commercially available
rainbow trout genetic lines. Two of these lines
were developed using marker-assisted selection
and marketed as possessing enhanced resistance
to RFTS and RTFS combined with ichthyophthi-
riasis (aquasearch.dk/qtls). Resistance to RTFS
and ichthyophthiriasis was tested under controlled
laboratory conditions, while resistance to PKD was
evaluated in a field experiment due to the challeng-
es associated with performing controlled experi-
mental infection with T bryosalmonae. All three
lines were also monitored throughout the entire
production cycle in the trout farm.

MATERIAL AND METHODS
Experimental fish

All fish used in the following experiments were
obtained as juveniles from a Czech commercial
rainbow trout farm, where they had been stocked
as eyed eggs purchased from AquaSearch Ova
ApS (Denmark). During the laboratory trials
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(Experiments 1 and 2), the fish were kept in 100-1
glass aquaria containing 80 1 of water, with a total
system volume (including filtration and tubing)
of approximately 96 1. Each aquarium was equipped
with an independent recirculating system and
maintained under a 12 h light/12 h dark photope-
riod. The tanks were supplied with dechlorinated,
carbon-filtered tap water, which was maintained
at a temperature of 13 °C, a pH of 7.0 + 0.4 and a dis-
solved oxygen concentration >5.5 mg.I"!. The water
temperature was monitored continuously. Dissolved
oxygen concentration and pH were measured daily,
while other water chemistry parameters, including
ammonia (below 0.2 mg/l), nitrite (below 1 mg/l)
and nitrate concentrations (below 30 mg/l), were
measured twice per week. Fish health was assessed
visually by direct observation of clinical signs and
behavioural changes at least twice a day. The fish
were fed twice daily with a commercial pelleted
diet (Inicio Plus, 0.5 mm; Biomar Group, Brande,
Denmark) at 2% of their body weight.

Three trout lines were tested: Fresh, which had
no QTLs associated with resistance traits; QTL
RTES, which had been selectively bred for genetic
resistance to F psychrophilum; and QTL RTES +
Ich, selectively bred for combined genetic resis-
tance to E psychrophilum and I. multifiliis (for clar-
ity, the fish lines are referred to as Fresh, Flavo
and Flavo + Ich, respectively, throughout the text).
In Experiment 3, the Flavo + Ich line was not used
as suitable fish of the required age and size were
unavailable at the time of the trial.

Genetic variability analysis

For genotyping, pectoral fin samples were collect-
ed from 25 individuals of each line and fixed in 96%
ethanol. Genomic DNA was then isolated from the
samples using the DEP-25 extraction kit (Top-Bio,
Prague, Czech Republic). Microsatellite loci were
amplified through PCR using the STR Multiplex
OMident10 kit (Institute of Vertebrate Biology,
Czech Academy of Sciences; S7iFish Software
v3.1). Using the Qiagen multiplex PCR Kit (Qiagen,
Hilden, Germany), a total of ten loci were ampli-
fied in two multiplex reactions. Fragment analysis
was performed on an ABI PRISM 3130 Genetic
Analyser (Applied Biosystems, Foster City, USA)
using the GeneSca™ 600 LIZ® internal size stan-
dard (Life Technologies, Carlsbad, USA). Alleles
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were scored in Peak Scanner v1.0 and checked for
potential genotyping errors using Micro-Checker
v2.2.3 (Brookfield 1996). Subsequently, a princi-
pal component analysis was conducted in three-
dimensional space (3D PCA) using Genetix v4.05.2
(Belkhir et al. 2004).

Experiment 1: Resistance to Flavobacterium
psychrophilum

Before the experiment began, the fish were ex-
amined for the presence of F. psychrophilum using
nested PCR using modified methods of Wiklund
et al. (2000) and Baliarda et al. (2002). Negative
(no template DNA) and positive (DNA of E psy-
chrophilum strain ATCC 49418) controls were in-
cluded in each reaction.

EXPERIMENTAL DESIGN

Two E psychrophilum strains isolated from clini-
cal outbreaks in the Czech Republic were selected
for the experiment: 560/7 (mPCR type 2), isolat-
ed from the brain of a diseased rainbow trout with
symptoms of RTFS in 2024, and 6739/7 (mPCR
type 2), isolated from the spleen of a diseased rain-
bow trout in 2018. The strains were revived from the
glycerol cryostock and cultivated for 72 h at 15 °C
and 160 rpm in TYES broth, which contained 0.4%
tryptone (Tryptone; Oxoid, Basingstoke, UK), 0.04%
yeast extract (Yeast Extract; Oxoid, Basingstoke,
UK), 0.02% CaCl,-2H,0 (Sigma-Aldrich, St. Louis,
MO, USA), 0.05% MgSO, x 7H,O (Merck KGaA,
Darmstadt, Germany) and 0.05% glucose (Erba
Lachema, Brno, Czech Republic). The culture
was mixed well to obtain a homogeneous suspen-
sion, after which a 7.5 ml aliquot was transferred
to 1 500 ml of TYES broth and cultivated for 48 h
at 15 °C and 160 rpm. The culture, which had a fi-
nal concentration of 108 CFU/ml, was then diluted
in dechlorinated tap water for use in the bath chal-
lenge (see below).

For the experiment, juvenile fish (2.49 + 0.52 g
and 56 + 1.4 mm) were divided into six experi-
mental groups (30 fish per treatment). After a 21-
day acclimatisation period, the fish were exposed
to the two different strains of E psychrophilum us-
ing the bath challenge method, with three groups
(Fresh, Flavo and Flavo + Ich) infected with strain
560/7 (serotype Th) and three (Fresh, Flavo and
Flavo + Ich) with strain 6739/7 (also serotype Th)
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through exposure for two hours to aerated tap wa-
ter containing 10’ CFU/ml of the bacteria.

Mortality was monitored throughout the experi-
ment and expressed as cumulative mortality rate.
All fish that died during the experiment underwent
post-mortem examination. Swabs were collected
from the spleen, kidney and brain and cultured
at 17 °C for five days on Tryptone Yeast Extract
Salts (TYES) agar, as described in Vaibarova et al.
(2024). Bacterial colonies were identified using
PCR (Cepeda and Santos 2000) and matrix-assist-
ed laser desorption/ionisation time-of-flight mass
spectrometry (MALDI-TOF MS), using a MALDI
Biotyper v3.0 system (Bruker Daltonics, Coventry,
UK). The experiment was repeated twice.

The experiment finished 28 days after experimen-
tal infection, at which point ten fish were sampled
from each experimental group. At the end of the ex-
periment, the fish in the Fresh group had a weight
and length of 4.01 £ 0.9 g and 70.5 + 5.5 mm, re-
spectively; in the Flavo group, 2.59 + 0.73 g and
60.5 + 5.9 mm; and in the Flavo + Ich group, 3.33 £
0.86 g and 67.8 £ 5.9 mm. Blood samples were ob-
tained by puncturing caudal vessels using heparin-
ised insulin syringes. Following blood collection,
the fish were euthanised with a blow to the head.
All fish underwent pathoanatomical examination,
during which swabs from the spleen were inocu-
lated onto TYES agar and cultivated at 17 °C for
five days, as described above.

Heparinised blood (Heparin Léciva; Zentiva,
Prague, Czech Republic) was used to assess white
blood cell counts and evaluate phagocyte activity.
White blood cells were counted manually using
ahaemocytometer, as described in Svobodova et al.
(2012). Phagocyte activity was measured via lu-
minol-enhanced chemiluminescence, as described
by Papezikova et al. (2016). The results were ex-
pressed as peak values and integrals of the result-
ing kinetic curves, and peak-time (the time point
at which the chemiluminescence signal reached its
maximum value).

Experiment 2: Resistance
to Ichthyophthirius multifiliis

Before the experiment began, skin and gill scrap-
ings were taken from all fish and examined un-
der a Nikon YS2-H microscope (Nikon, Japan;
x40 magnification) to confirm they were free

of ectoparasites. The fish were also screened for
I multifiliis using a quantitative PCR assay target-
ing the 18S SSU rDNA gene of I. multifiliis, in ac-
cordance with the methodology of Jousson et al.
(2005), employing the QuantiTect SYBR Green
PCR Kit (Qiagen, Hilden, Germany).

EXPERIMENTAL DESIGN

The naturally infected fish were originally ob-
tained from a commercial fish farm with a con-
firmed I. multifiliis population, but without the
presence of other ectoparasites. I. multifiliis was
subsequently maintained in the laboratory through
serial passage to naive rainbow trout, which were
then used to infect all three experimental groups.
For Experiment 2, juvenile fish (2.78 + 0.71 g and
60.5 + 7.4 mm) were allocated into three experi-
mental groups (Fresh, Flavo, Flavo + Ich; two tanks
for each group with 16 fish in each tank). After
a 21-day acclimation period, the fish were exposed
to I. multifiliis through cohabitation with infected
rainbow trout for a 24-hour period. The infection
was done in a single aquarium divided into four
compartments using perforated partitions to allow
for parasite dissemination without mixing of the
experimental groups.

The fish were sampled 7 and 14 days after infec-
tion, with six fish taken from each tank at each time
point. At the end of the experiment (14 days after
infection), the fish in the Fresh group had a weight
and length of 5.48 + 0.45 g and 78.5 + 4.7 mm,
respectively; in the Flavo group, 4.11 + 1.17 g and
74.0 £ 6.5 mm; and in the Flavo + Ich group, 4.89 +
0.59 g and 70.0 + 3.3 mm.

Blood samples were then taken by puncturing
the caudal vessels using heparinised insulin sy-
ringes (Heparin Léciva; Zentiva, Prague, Czech
Republic). Following blood collection, the fish were
euthanised with a blow to the head.

Skin smears were taken from the entire left side
of the fish’s body, excluding the head, using the
blunt edge of a scalpel. For microscopic exami-
nation of the gills, epithelial tissue from four gill
arches on the left side of the body was collected,
considering the small size of the fish.

The skin and gill smears were examined under
a microscope Olympus BX51, Japan (x40 magni-
fication), and I. multifiliis trophonts were count-
ed and summed for ten fields of view. The blood
samples were used for total leukocyte counts and
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assessment of phagocytic activity, following the
methods described previously. The experiment
was repeated twice.

Experiment 3: Resistance
to Tetracapsuloides bryosalmonae

In this experiment, resistance was assessed
in trout from the Fresh (non-resistant; average
weight 11.7 + 3.7 g, average length 105.2 + 10.7 mm;
n = 20) and Flavo lines (resistant to RTFS; aver-
age weight 14.3 + 3.5 g, average length 112.9 +
8.67 mm; n = 20). Before the experiment started,
fish from both lines (# = 10) were screened for
ecto- and endoparasites by microscopic examina-
tion. In addition, qPCR was performed on caudal
kidney samples, as described by Bettge et al. (2009),
to confirm that fish were negative for PKD.

EXPERIMENTAL DESIGN

The fish were transferred to a facility where PKD
occurs annually and is endemic. To ensure equal
exposure to T. bryosalmonae spores, both groups
were housed together in a single flow-through
tank. Over the course of the six-week experiment,
water temperature was measured twice daily and
the fish were monitored each day for behavioural
changes and mortalities. After six weeks, the fish
were euthanised with a blow to the head and dis-
sected. During dissection, the skin, gills, eyes and
internal organs were examined under a microscope
to control for parasitic infection. The degree of kid-
ney and spleen swelling was evaluated and indexed
as 0 (no enlargement), 1 (slight enlargement), 2
(moderate enlargement) or 3 (severe enlargement).
Samples of caudal kidney were taken and placed
in 70% ethanol for subsequent PCR analysis to as-
sess 1. bryosalmonae load. Additionally, a sample
of caudal fin tissue was collected from each fish
for genetic variability analysis to confirm group
identity (i.e., to distinguish between the two genetic
lines), as described above.

All experiments were performed in compliance
with the Czech law on protection of animals against
cruelty, as approved by the Ethical Committee
of the University of Veterinary Sciences in Brno,
Czech Republic (Permit No. MZe 2407, ¢. j. MZE-
11060/2023-13143 and MSMT-17863/2022-3, IGA
VETUNI 107/2022/FVL).
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Statistical analysis

All statistical analyses were undertaken using
the Unistat for Excel statistical software package
(v6.5). As a first step, all datasets were assessed
for normality using the Shapiro—Wilk test and for
homogeneity of variance using Levene’s test. Where
both assumptions were met, differences between
the means of the three groups were evaluated using
one-way analysis of variance (ANOVA), followed
by Tukey’s HSD test for multiple comparisons,
while an unpaired ¢-test was applied for compari-
sons between two groups. If the data did not meet
assumptions of normality and/or homogeneity
of variance, differences between the three groups
were assessed using Kruskal-Wallis ANOVA, with
Dunn’s test employed for post-hoc multiple com-
parisons, with the Mann-Whitney U test used for
two-group comparisons. In all cases, statistical
significance was set at P < 0.05.

RESULTS AND DISCUSSION
Genetic variability analysis

Alllines analysed displayed clear genetic distinc-
tiveness, each forming a separate cluster (Figure 1).
The Principal Component Analysis (PCA) across
populations explains almost 100% of the variability
with just two axes, indicating that QTL selection
has produced extremely pure lines. The Flavo line
is the most homogeneous and at the same time the
most distinct from the others, suggesting that some
alleles may have become fixed. Fresh, as the found-
ing line, shows the highest genetic variation in the
individual-based PCA, indicating that it possesses
the broadest genetic base. Flavo and Flavo + Ich
have diverged from Fresh under distinct selection
pressures clearly illustrated by the PCA, where both
separate from Fresh along different axes.

Experiment 1: Resistance to Flavobacterium
psychrophilum

Mortality began five days after experimental in-
fection with E psychrophilum, which is consistent
with the acute course of RTFS observed in previous
experimental salmonid challenges (Marancik et al.
2014; Macchia et al. 2022). All mortalities exhibited
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Figure 1. 3D principal component analysis (PCA) of the examined lines illustrating their genetic differentiation

Each point in the plot represents an individual. Fresh: line without genetic resistance, Flavo: line selectively bred for

genetic resistance to E psychrophilum, Flavo + Ich: line selectively bred for genetic resistance to both E psychrophilum

and I multifiliis

massive systemic infection with F psychrophilum.
While most fish showed no distinct patho-anatom-
ical changes, some exhibited small skin haemor-
rhages and deep, round, yellow-pigmented ulcers
that penetrated the muscle tissue. At the end of the
experiment, there were no visible patho-anatomical
changes in surviving fish, and spleen swabs proved
negative for F psychrophilum.

Cumulative mortality varied considerably de-
pending on the F. psychrophilum strain used,
with strain 560/7 proving markedly more viru-
lent than strain 6739/7. This agrees with earlier
findings, which showed that E psychrophilum iso-

(A) Strain 560/7
120
100
& 80
E 60
;;) 40
20
0
0 5 10 15 20 25 30

Days post infection

Fresh == Flavo == = Flavo + Ich

lates varied greatly in pathogenicity, even when
derived from similar host species or geographic
origins (Macchia et al. 2022). Unexpectedly, the
highest mortality rate was observed in the Flavo
line, which carries known QTLs associated with
resistance to RTFS. In contrast, the Flavo + Ich line,
which was developed for dual resistance to RTFS
and ichthyophthiriasis, exhibited higher survival
rates when challenged by both bacterial types. The
Fresh line, which lacks any known resistance QTLs,
exhibited the lowest cumulative mortality to both
E psychrophilum strains, with similar trends in each
case (Figure 2A,B).

(B) Strain 6739/7
120
100 BT re Toiororetom o aplie e s
g 80 p————
T 60
;_Z; 40
20
0
0 5 10 15 20 25 30

Days post infection

Fresh - Flavo == = Flavo + Ich

Figure 2. Survival of rainbow trout of three lineages after 28-day infection trial with E psychrophilum
(A) Challenge with strain 560/7; (B) Challenge with strain 6739/7. Fresh: line without genetic resistance, Flavo: line

selectively bred for genetic resistance to F psychrophilum, Flavo + Ich: line selectively bred for genetic resistance to both

E psychrophilum and I. multifiliis
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The results demonstrate that interactions be-
tween fish genotypes, pathogen characteristics
and environmental conditions are highly complex,
potentially yielding non-intuitive or even contra-
dictory outcomes. The findings also suggest that
other genetic or physiological factors in the Fresh
line, not yet uncharacterised, could confer toler-
ance or resistance to these F psychrophilum iso-
lates. Conversely, the increased mortality in the
Flavo could indicate potential trade-offs associ-
ated with resistance loci. These trade-offs could
include metabolic costs or altered immune regu-
lation, which reduce performance under certain
infection conditions (Robinson et al. 2023). PCA
revealed strong homogeneity within the Flavo line,
suggesting that the selected haplotypes along with
QTL-based resistance may not be optimal for local
conditions.

While no significant differences were observed
in white blood cell count between the experimen-
tal groups, significant differences were observed
in phagocytic activity between the groups infected
with strain 6739/7 (Table 1). Highest phagocytic ac-
tivity (intensity of reaction to an activator, reflected
by a peak in the kinetic curve) was observed for the
Flavo line, with the peak differing significantly from
the Flavo + Ich line. A similar trend was observed
for groups infected with strain 560/7, though the
differences were not significant, most likely due
to high inter-individual variability. Differences
were also noted in the onset rate of the phagocyte
response, with Fresh line fish infected with strain

https://doi.org/10.17221/100/2025-VETMED

6739/7 showing a significantly delayed onset com-
pared to the Flavo and Flavo + Ich lines (Table 1).
This delay could indicate slower initial immune
recognition or response mobilisation. However,
it did not result in higher mortality, suggesting
that factors beyond the timing of phagocyte acti-
vation, such as local immune efficiency or humoral
defence, may also play a compensatory role in this
line’s unexpected resistance.

The Flavo group, which displayed highest phago-
cytic activity, also exhibited the highest mortality
rate following challenge with E psychrophilum.
In healthy fish that have not been exposed to patho-
gens, high phagocytic activity generally indicates
a greater innate ability to defend against infection.
This response may also indicate an immunological
adaptation that improves disease resistance and
overall health status, e.g., following vaccination
or administration of immunostimulants (Siwicki
et al. 1994; Huang et al. 2014). During infection,
however, strongly elevated phagocytic activity may
suggest a dysregulated immune response, triggered
by either a high infectious load or a stress stimulus.
Excessive activation of phagocytes can contribute
to tissue damage through the release of reactive ox-
ygen species and inflammatory mediators, poten-
tially exacerbating disease severity. Overactivation
of the immune system does not necessarily lead
to effective pathogen elimination. Instead, it may
impose a physiological burden on the organism and
contribute to overall systemic overload (Soliman
and Barreda 2023).

Table 1. Leukocyte counts and phagocytic activity of the whole blood phagocytes in fish infected with two strains

of E psychrophilum (560/7 and 6739/7)

E psychrophilum strain/fish lineage

Parameter
560/7 Fresh  560/7Flavo 007 LT 6730/7 Fresh  6739/7 Flavo 727 HIVO ¥
Leukocytes (G/1) 393122 40.1 +12.8 42.8 +18.9 429 +£11.5 51.0 +26.9 37.5+11.7
Phagocyte activity —
. . 35.6 £ 34.2 51.8 £35.4 43.8 +49.0 234 £9.1 37.2 £26.8 19.2 £ 23.7
integral/1 000 RLU-min
Phagocyte activity — b b
415.7 +243.7 823.1+556.8 736.9 + 828.6 383 + 1557 594.1 + 414.8° 183.3 + 150.2
peak (RLU)
Phagocyte activity — b b
48.7 £ 19.5 494 + 15.4 49.3 +13.9 70.8 £ 4.8? 45.0 £ 18.6 43.0 £13.9

peak-time (min)

abStatistically significant differences among groups are marked with different letters. Statistically significant differences

between groups infected with strains 560/7 and 6739/7 respectively, are marked in bold. Data represent means + standard

deviations. Fresh: line without genetic resistance, Flavo: line selectively bred for genetic resistance to F. psychrophilum,

Flavo + Ich: line selectively bred for genetic resistance to both E psychrophilum and 1. multifiliis
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Experiment 2: Resistance
to Ichthyophthirius multifiliis

Seven days after infection, I. multifiliis trophonts
were detected in all fish groups, with the num-
ber of trophonts present on gills markedly higher
than on skin (Table 2). At this time point, the num-
ber of trophonts on skin was significantly higher
in the Flavo + Ich group than the other two groups
(Table 2), suggesting an increased initial suscep-
tibility or reduced capacity to limit early parasite
establishment. A similar trend was also observed
on the gills, with the Flavo + Ich group harbouring
significantly more trophonts than the Flavo line.
These results suggest that the Flavo + Ich line may
have a delayed or less effective early immune re-
sponse to I. multifiliis.

By the second sampling (14 days post-infection),
there had been a marked change in trophont dy-
namics, with the highest number of parasites now
found on the skin of the Flavo line fish, while tro-
phont counts on the gills were similar across all
three groups. A comparison of the two post-infec-
tion intervals revealed that, 14 days after infection,
a significantly higher number of trophonts were
present in the Fresh and Flavo groups (Table 2).
Conversely, the Flavo + Ich group had significantly
fewer trophonts on the skin than at 7 days post-
infection, while the intensity of gill infection re-
mained stable. This suggests that, over time, the
Flavo + Ich line may clear parasites from the skin
more effectively, potentially reflecting activation
of protective immune mechanisms between days 7
and 14. Buchmann et al. (2022) compared two lines
of rainbow trout: one carrying two QTLs associated
with resistance to I. multifiliis and one without.

The QTL line exhibited significantly lower parasite
loads 16 days post-infection and showed slightly
delayed mortality compared to the non-QTL line.
Unlike the aforementioned work, no mortality was
observed in our study, suggesting that although the
infection intensity was substantial, it did not sur-
pass the fish’s physiological tolerance. This may
indicate adequate immune function or a less viru-
lent parasite strain. To date, at least five serotypes
of I. multifiliis have been identified that differ
in virulence, and this likely contributes to the sub-
stantial variation in infection dynamics reported
across different studies (Swennes et al. 2006).
Significant differences in phagocytic activity were
only recorded in peak-time values. At 7 days post-
infection, a significantly shorter peak-time (i.e.,
a faster reaction to the activator) was observed
in the Flavo + Ich group compared to the other
two groups. At 14 days post-infection, the peak-
time value was significantly higher than at 7 days
post-infection (Table 3). While there was no sig-
nificant difference in leukocyte counts between
groups, a comparison of the two post-infection
intervals showed a decrease in leukocyte number
in all groups at 14 days post-infection. An 18.7%
decrease was observed in the Fresh group and
an 18.4% decrease in the Flavo + Ich group, both
of which were non-significant. In contrast, the
Flavo group showed a significant decrease of 52.7%.
Absolute leukocyte counts are provided in Table 3.
A decrease in leukocyte counts in rainbow trout
following infection with I. multifiliis was also re-
ported by Abdel-Hafez et al. (2014) in rainbow
trout and by Witeska et al. (2010) in common
carp (Cyprinus carpio). Witeska et al. (2010) also
demonstrated an association between reduced leu-

Table 2. Numbers of I. multifiliis trophonts on skin and gills 7% and 14" day post infection (p. i.)

Line
Time post infection Tissue
Fresh Flavo Flavo + Ich

skin 1.17 £ 0.75%® 1.0 + 1.26° 7.33 + 6.19°
7 days p. i.

gills 13.33 + 8.71% 9.0 + 5.06 33.17 + 21.25°

skin 1.0+ 1.1 3.83 £ 2.64 1.33+2.8
14 days p. i.

gills 29.33 £ 11.93 30.83 + 14.63 28.33 + 24.06

abStatistically different values among lineages are marked with different letters. Data represent numbers of trophonts in ten
fields of view (40x magnification) — means and standard deviations. For 14 days post infection, statistically significant
differences from the 7-day interval are marked in bold. Fresh: line without genetic resistance, Flavo: line selectively bred
for genetic resistance to E psychrophilum, Flavo + Ich: line selectively bred for genetic resistance to both F. psychrophilum
and I multifiliis
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Table 3. Leukocyte counts and phagocytic activity of the whole blood phagocytes 7" and 14" day post infection (p. i.)

Line
Parameter Time post infection
Fresh Flavo Flavo + Ich

7 days p. i. 45.5 £ 13.4 482+12.3 33.7+39
Leukocytes (G/1)

14 days p. i. 370+ 151 22.8 £10.7 27.5+77
Phagocyte activity — integral/1 000 7 days p. i. 29.2+£17.8 44.6 + 33.0 20.8 £13.5
(RLU-min) 14 days p. i. 64.4 + 54.7 69.4 + 35.4 33.9 +26.5

7 days p. i. 453 + 275 691 + 498 458 + 317
Phagocyte activity — peak (RLU)

14 days p. i. 997 + 876 1013 + 520 495 + 331
Phagocyte activity — peak-time 7 days p. i. 64.5 +11.2% 56.5 + 13.3% 39.5 + 6.1°
(min) 14 days p. i. 64.0 + 10.5 58.0£13.4 81.5+29.4

abStatistically different values among lineages are marked with different letters. Data represent means + standard devia-

tions. For 14 days post infection, statistically significant differences from the 7-day interval are marked in bold. Fresh:

line without genetic resistance, Flavo: line selectively bred for genetic resistance to E psychrophilum, Flavo + Ich: line

selectively bred for genetic resistance to both F psychrophilum and 1. multifiliis

kocyte counts and disease severity and poor out-
comes. In fish that survived the infection, however,
leukocyte numbers tended to recover.

Experiment 3: Resistance
to Tetracapsuloides bryosalmonae

Throughout the six-week experiment, no mor-
talities, clinical symptoms or behavioural ab-
normalities were observed in the experimental
fish. Examination at the end of the exposure pe-
riod revealed the presence of T. bryosalmonae
DNA in all the tested fish. Most fish also exhib-
ited varying degrees of kidney and spleen swell-
ing, which is typical of chronic PKD pathology
(Feist and Longshaw 2006; Palikova et al. 2017).
No significant differences were found between
the experimental groups regarding either degree
of organ swelling or T. bryosalmonae load (Table 4).
An absence of visible clinical symptoms, mortal-

ity, or behavioural abnormalities is consistent with
previous reports that mortality induced by PKD
is temperature-dependent and generally low when
water temperatures remain below approximately
15 °C (Bettge et al. 2009). The temperature profile
during this trial (15-17 °C in the first week, then
mostly below 15 °C; Figure 3) most likely limited
parasite proliferation and host pathology, result-
ing in mild to moderate infection outcomes. Bettge
et al. (2009) demonstrated that the time course
of kidney swelling development was similar at 12 °C
as it was at 18 °C. However, mortality was very
low, and the degree of kidney swelling was much
reduced. The absence of differences in T. bryo-
salmonae load and patho-anatomical changes be-
tween the lines examined in this study indicates
that genetic resistance of the Flavo line to flavobac-
teriosis does not provide cross-protection against
PKD. This suggests that environmental factors,
particularly water temperature, play a dominant
role in determining infection severity.

Table 4. Spleen and kidney swelling (indexed from 0 to 3) and T. bryosalmonae load in caudal kidney (Ct value mea-

sured by qPCR)
Kidney Spleen T. bryosalmonae
Line swelling swelling load
degree % of fish degree % of fish Ctvalue % of fish
Fresh 1.5+0.76 90 1.15 + 1.04 70 19.0 + 2.04 100
Flavo 1.7 £0.73 100 0.75 +0.72 65 18.6 + 2.84 100

Data represent means + standard deviations. No statistically significant differences were found between the experimen-

tal groups. Fresh: line without genetic resistance, Flavo: line selectively bred for genetic resistance to E psychrophilum
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Figure 3. Water temperature during the PKD experiment
Water temperature of 15 °C, considered as critical for the

development of clinical signs is marked with red line

The trout farm from which the juvenile fish for
the experiments were collected had conducted
long-term monitoring of survival in its cultured
stocks. All lines were imported at the eyed-egg
stage in excellent condition, with minimal losses
prior to or following hatching. The hatched larvae
were vigorous, and there were very few deformed
individuals. However, the impact of genetic re-
sistance on cumulative mortality was negligible.
During the one-year monitoring period, the cumu-
lative mortality rate in the Flavo line was around
1% higher than that for the Fresh line, whereas the
Flavo + Ich line showed a mortality rate around
1.5% lower than the Fresh line.

Rainbow trout lines with declared resistance
failed to exhibit the expected superior perfor-
mance consistently compared to non-resistant fish.
The results of the study indicate that the genetic
resistance of fish to infectious diseases is not uni-
versal and may depend on the specific pathogen and
strain, as well as the rearing conditions. Therefore,
any resistant lines must be tested under the specific
conditions of the target aquaculture facility before
implementation.
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