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SUMMARY

Summary

The pikeperch (Sander lucioperca L., 1758) is a highly valued food fish with increasing economic
importance for the desired diversification of the local European market. It is considered an adequate
candidate for intensive rearing in land-based closed recirculation systems. However, increased losses,
especially during the early ontogenesis and rearing phase, are a persistent problem in this regard. This
doctoral thesis investigates the effects of current husbandry conditions as well as potential stressors on
the health status of pikeperch in intensive aquaculture. Potentially suitable genes for future monitoring
of physiological processes and possible disturbance during the early developmental phase of the
pikeperch could be characterised. The genes involved are important e.g. for lipid metabolism,
organogenesis/morphogenesis and the immune system. Furthermore, non-transcript-based (i.e. plasma
cortisol, glucose and lactate levels in blood, composition of leucocytes in peripheral blood and important
immune organs as well as organosomatic indices) and transcript-based indicators were used to
characterise a possible stress response in juvenile pikeperch by increasing temperatures (15°C - 25°C;
1°C per day) as well as reduced oxygen levels (40 % DO/+ 3.2 mg/l DO for 28 days; additional
immunostimulation with inactivated Aeromonas hydrophila on day 8). It was shown that these
conditions do not represent a pronounced stress situation for the fish. By means of gene expression
analyses, potential indicators for the detection of an incipient response process could be identified, with
a correlating SERPINH1 expression in liver with increasing water temperatures and a significantly
reduced expression of HIF1A detectable in the head kidney after oxygen reduction. Overall, the present
work provides indications that each gene set used should be optimally adapted to the conditions to be
investigated as well as to the tissues sampled. Thus, a close examination of certain husbandry parameters
using non-transcript-based together with transcript-based indicators is advisable in order to identify
potential stressors during intensive pikeperch farming. RPL32 and RPS5 could be verified as suitable
reference genes for single as well as multiplex RT-qPCR analyses. In summary, the pikeperch appears
to be significantly more robust to the investigated challenging conditions than previously assumed. The
results contribute to the understanding of its stress physiology and aim to identify and counteract

potential stressors to overcome obstacles during the breeding process.
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ZUSAMMENFASSUNG

Zusammenfassung

Der Zander (Sander lucioperca L., 1758) ist ein hoch geschitzter Speisefisch mit zunehmender
wirtschaftlicher Bedeutung fiir die angestrebte Diversifizierung des lokalen europdischen Marktes. Er
gilt als geeigneter Kandidat fiir die intensive Aufzucht in geschlossenen Kreislaufsystemen an Land.
Erhohte Verluste, vor allem in der frithen Ontogenese- und Aufzuchtphase, sind dabei jedoch ein
anhaltendes Problem. In dieser Dissertation werden die Auswirkungen aktueller Haltungsbedingungen
sowie potenzieller Stressoren auf den Gesundheitszustand des Zanders in intensiver Aquakultur
untersucht. Fiir die zukiinftige Uberwachung physiologischer Prozesse und mdglicher Storungen
wiéhrend der frilhen Entwicklungsphase des Zanders konnte ein potentielles Gen-Set charakterisiert
werden. Dieses enthilt unter anderem Gene, welche fiir den Lipid-Metabolismus, die Organo- und
Morphogenese sowie das Immunsystem eine wichtige Rolle spielen. Dariiber hinaus wurden sowohl
nicht-transkriptbasierte (i.e. Plasmacortisol, Glukose- und Laktatspiegel im Blut, Zusammensetzung der
Leukozyten im peripheren Blut und wichtigen Immunorgane sowie organosomatische Indizes) als auch
transkriptbasierte Indikatoren verwendet, um eine mdgliche Stressreaktion beim juvenilen Zander durch
steigende Temperaturen (15°C - 25°C; 1°C pro Tag) sowie reduzierte Sauerstoffwerte (40 %
DO/+ 3.2 mg/1 DO fiir 28 Tage; zusdtzliche Immunstimulation mit inaktiviertem Aeromonas hydrophila
an Tag 8). Es konnte gezeigt werden, dass diese Bedingungen keine ausgeprégte Stresssituation fiir die
Fische darstellen. Mittels Genexpressionsanalysen konnten potentielle Indikatoren fiir den Nachweis
eines beginnenden Reaktionsprozesses identifiziert werden, wobei eine mit steigenden
Wassertemperaturen korrelierende SERPINHI-Expression in der Leber und eine signifikant reduzierte
Expression von HIF14 in der Kopfniere nach Sauerstoffreduktion nachweisbar waren. Insgesamt liefert
die vorliegende Arbeit Hinweise darauf, dass jedes verwendete Gen-Set optimal an die zu
untersuchenden Bedingungen sowie an die beprobten Gewebe angepasst werden sollte. So ist, nach
derzeitigem Stand, eine genaue Untersuchung bestimmter Haltungsparameter unter Verwendung nicht-
transkriptbasierter sowie transkriptbasierter Indikatoren ratsam, um potenzielle Stressoren bei der
intensiven Zanderzucht zu identifizieren. RPL32 und RPS5 konnten als geeignete Referenzgene sowohl

fiir Einzel- als auch fiir Multiplex-RT-qPCR-Analysen verifiziert werden. Zusammenfassend ldsst sich
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ZUSAMMENFASSUNG

sagen, dass der Zander gegeniiber den untersuchten kritischen Bedingungen deutlich robuster zu sein
scheint als bisher angenommen. Die Ergebnisse tragen zum Verstindnis seiner Stressphysiologie bei
und zielen darauf ab, potenzielle Stressoren zu identifizieren und ihnen entgegenzuwirken, um

Hindernisse wihrend des Zuchtprozesses zu iiberwinden.
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INTRODUCTION

1. General Introduction

1.1.Taxonomic Classification, Morphology, and Biology of Sander lucioperca

Sander lucioperca (Linnaeus 1758), commonly named “pikeperch” in English or “Zander” in German,
is a teleost fish and belongs to the family of the Percidae (containing all “perches”) within the order of
Perciformes (= perch-like fishes) [1]. The genus Sander (formerly Stizostedion) includes five species,
with S. lucioperca, S. volgensis and S. marinus distributed in Eurasia and S. canadensis together with S.
vitreus found in North America [1-4]. S. lucioperca is a rather young fish species. Its diversion into
these two clades took place around 21 million years ago (Mya) and the contemporary genotypes of S.

lucioperca differentiated from each other approximately 5 Mya [5].

The morphology of pikeperch is characterised by an elongated and laterally compressed body shape
with a maximum total length of 130 cm and up to 18 kg and a pointy snout comprising an upper jaw
reaching past the eye level (Figure 1) [1,6]. It appears in an either greenish-grey, brown, silver-grey or
gold-yellow colour depending on the strain, and further comprises a white belly, dark spotted dorsal and
caudal fins and 8-10 dark stripes on the side that fade with age [6]. A few enlarged canine teeth are
located in the front to catch the prey, and supplementary rows of small teeth stretch across the jaws and
the palatine [7]. Typical for percids, pikeperch comprise a split dorsal fin, with spiny rays on the first
fin and branched soft rays on the second fin [6]. To increase the sensitivity to low light conditions within
a murky environment, the eyes include a highly reflective layer behind the retina called “tapetum

lucidum™ [8,9].
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Figure 1: Sander lucioperca morphology

Morphology of pikeperch reared in intensive aquaculture system. a Three-months-old
juvenile with 13.3 g of weight and a total length of 10.8 cm. b One-year-old juvenile with

180.4 g of weight and a total length of 31.3 cm. Copyright by Dr. R. M. Brunner (FBN).

As a key top piscivore, pikeperch actively selects favourite prey types and forages preferably under low
light conditions during dusk and nighttimes [10,11]. Habitats include turbid rivers, eutrophic lakes and
reservoirs as well as brackish coastal waters with adults tolerating salinities of up to ~ 10 ppt in the
Baltic Sea [6,12,13]. During the process of early ontogenesis, the feeding ecology transforms from
initially zooplanktivory to primarily benthivory and finally to obligatory piscivory [14]. Pikeperch
become sexually mature mainly within 2-6 years, depending on the geographic region, with males
usually earlier than females. S. lucioperca inhabits a considerable geographic area which spans from
Northern, Central and Eastern Europe to the Near East and North Asia (Figure 2) [15-18]. It was further

introduced to areas in Western and Southern Europe, North Africa, North America and China [19-23].
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Figure 2: Geographical distribution of Sander lucioperca

The distribution of pikeperch includes the Aral, Azov, Baltic, Black, Caspian,
Mediterranean and the North Sea basins. Native habitats are highlighted in green, areas of
additional introduction are highlighted in pink. Figure adapted from CABI — Invasive

Species Compendium [24].

1.2.Pikeperch as Noble Food Fish in European Aquaculture

Our continuously growing population and a change in the consumer's behaviour towards a healthier
lifestyle requests an alternative to meat as source of proteins and vitamins. A diversification of the
European freshwater aquaculture has been the aim in recent years, to cover a steadily increasing demand
for food fish and similarly to decrease imports to the EU. Pikeperch belongs to the noble food fish
important to Europe, with an approximate inland production of 894 t, compared to ~ 3.200 t worldwide
in the year 2019 [25]. In Germany a total of 212 aquaculture facilities, primarily by extensive pond
systems in Bavaria, Lower Saxony, Saxony and Thuringia, produced ~ 56.6 t of pikeperch [26]. Pond
aquaculture is the oldest and still the most widely used form of aquatic animal farming worldwide.
Although, it is characterised by low production and investment costs, this farming method is spatially
restricted, depends on environmental factors (e.g. water supply and seasonal water & light conditions)
and affects its environment. Especially for temperate fish species, like pikeperch, the dependence on
natural conditions restricts its production to one natural spawning event during the year [27]. In order to
achieve increased production levels of high-quality finfish local to Europe, pikeperch was introduced to

3
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intensive aquaculture in the 21 century, since stable quantities with corresponding quality cannot be

served by capture fisheries [28,29].

Within the EU-supported project called “Diversify” S. lucioperca was selected as the only freshwater
species with great potential for being farmed in the EU with focus on recirculating aquaculture systems
(RAS) [30]. RAS is a highly ecological rearing system for intensively farming aquatic animals by
reusing the purified production water (Figure 3). Hereby, a mechanical filter system ensures the removal
of accumulated debris (e.g. faeces and feed residues) and a biological filtering unit provides a settlement
area for nitrifying bacteria (converting harmful ammonia). Before re-introduction of the water into the
fish holding tank, it is further enriched with oxygen, degassed (e.g. removal of CO,) and disinfected by
UV irradiation. Main advantages of RAS are the highly reduced volume of fresh water introduced into
the system per day (<35 %), the absence of natural water eutrophication due to the applied water
purification, the independence of external conditions (i.e. its location), the prevention from the use of
wild caught broodstock, the possibility to precisely set the conditions as well as the possibility to reuse

the nutrients from the farmed fish for biogas production or to fertilise agricultural farming land [31,32].
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Figure 3: Recirculating aquaculture system (RAS)-facility

Ilustration of the Experimental Animal Facility Aquaculture of the Research Institute for
Farm Animal Biology (FBN, Dummerstorf, Germany) for intensive pikeperch farming.

Copyright by Dr. R. M. Brunner (FBN).

Intensive pikeperch farming under conditions of RAS have been more and more applied in Northern,
Western, and Central Europe (e.g. France, the Netherlands, Denmark, Finland, Czech Republic) [33].
Its high-quality meat with natural low fat content (~ 1-2 %) and small amount of bones achieves prices
up to ~ 18 €/kg in German aquaculture facilities by direct marketing [26,34,35]. These prices are
important to counterbalance the high investment and maintenance costs accompanied by RAS. Optimal
production conditions all year round guarantee a fast growth rate to ensure the achievement of the market
size in 13 to 15 months, compared to three to five years in pond aquaculture [36]. In addition, constantly
high-water temperatures suppress the natural reproduction and thus prevent the use of energy other than
for growth. An artificial simulation of seasons in separate brood chambers, concerning an adapted day-
night light regime (~ 12L:12D-14L:10D) and lower temperatures (< 15°C), enables a year-round

production [37—42]. Naturally living and hunting in groups is another advantage of pikeperch to be
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farmed in enclosed aquaculture systems with a high stocking density (on-growing phase 80 kg/m?) [6].
However, a prerequisite for successful year-round reproduction of pikeperch in RAS is the detailed
knowledge of its specific requirements for an optimal rearing process, including husbandry and

environmental conditions.

1.3.Challenges in the Farming Process of Pikeperch

The intensive farming of pikeperch in RAS is currently characterised by a low success rate of the
production cycle. Former investigations describe pikeperch as quite vulnerable to stressors associated
with an artificial environment [43,44]. Typical stressful stimuli in intensive aquaculture are either related
to husbandry and management procedures (e.g. nutrition, confinement, handling, and stocking density)
or environmental conditions (e.g. inadequate water quality and light regime) [45—47]. The conditions
for the rearing process are still under development with high losses, particularly in the early phase of
development. To counteract this situation and make pikeperch farming in European intensive

aquaculture facilities profitable and successful, two crucial conditions must be met:

@) a production of healthy and sufficient stocking material (up to the early juvenile stage)
(i1) the maintenance of optimal animal welfare and health status during the complete

production cycle.

The early ontogenesis is a phase which involves many critical processes like morphological changes,
acclimatisation to the new surrounding environment as well as adaptation to a new energy source.
During this phase, different stages show altered responsiveness to stressors, e.g. a reduced stress
resistance during hatching as well as at the beginning of exogenous feeding [48]. The diversity of the
individual development among the different fish species require specific adaptation of rearing conditions
to avoid possible impairments of the fish's health status. Swim bladder infiltration between 5 dph and
20 dph, conversion from live to formulated feed, called weaning, beginning at 15-19 days post hatch,
and severe cannibalism between 18 dph and 39 dph are main bottlenecks of the present larval and early
juvenile pikeperch farming [40,49-52]. Possible negative outcomes are malformations, impaired growth

and a lowered overall survival rate (50 % after 5 weeks) [40,53—55]. It is particularly important that the
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husbandry parameters are optimally set up to meet the needs of this fish species. The feeding regime as
well as the quality of the feed does not only influence the nutritional status of pikeperch, but also plays
an important role in the onset of cannibalism [56—60]. The optimal composition of the final artificial
feed is still a major topic in research, and adaptations seem to affect the stress susceptibility of pikeperch
[49,61-63]. Since the production of larval and early juvenile stages of stable quality and quantities are
a major obstacle within the intensive pikeperch farming, it is important to further optimise the applied
husbandry settings. Especially, fish with malformations are not well accepted on the market and will be
sorted out and thus, represent a high loss for the fish farms (Figure 4). Improving the health status and
well-being of pikeperch within artificial environments will result in higher survival rates and quality and

thus, in a higher production efficiency.

r
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Figure 4: Malformation in intensively reared S. lucioperca

Juvenile pikeperch with prominent scoliosis and a reduced caudal fin due to cannibalism.

Copyright by Dr. R. M. Brunner (FBN).

Environmental stressors, like inadequate water temperatures and oxygen saturations, have already been
demonstrated to interfere with the health status of fish and to provoke a stress response [64—67]. The
majority of fishes are poikilothermic organisms, with their aerobic metabolisms being highly affected
by the surrounding temperature and oxygen saturation. The level of dissolved oxygen (DO) as well as
the water temperature are thus major restrictive parameters in the rearing process regulating the fish’s
health status. Within their natural habitat, fish will avoid areas of inadequate water temperatures and
oxygen saturation by simply migrating to regions with preferred water quality. Yet, in the artificial
environment of intensive fish farming facilities, this opportunity is not given due to a restricted space

capacity. It is of high importance, that the stress susceptibility highly depends on the particular fish
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species as well as the type of stressor together with its intensity and duration [68,69]. The effects of
major environmental stressors in intensive aquaculture systems need to be defined for every newly
introduced species, like Sander lucioperca. A depletion of oxygen saturation that negatively affects
essential life functions and the well-being of the fish is defined as hypoxia [64]. Possible reasons for
hypoxic conditions in fish farming systems are inadequate water circulation, high stocking densities and
high water temperatures [70-72]. An oxygen saturation of around 100 % DO (equivalent to ~ 7-9 mg/1
DO at 20-25°C) is suggested for intensive pikeperch farming [73—75]. This concentration is equivalent
to the situation when water is saturated with air and matches the range of oxygen levels in its natural
habitat (5.5 mg/l to 12.9 mg/l) [76,77]. For aquaculture facilities, DO saturations below 40 %
(equivalent to ~ 3-4 mg/l at 20-25°C) were classified as inadequate to rear fish in general and DO
<4 mg/l is considered critical for perciforms reared in ponds [31,78]. However, long-lasting oxygen
saturations of 50 %-60 % DO already negatively affect the feed intake and growth rate as well as
significantly increase the plasma-complement activity of intensively farmed pikeperch [44,79]. It
therefore remains to be seen to what extent the health status of intensively farmed pikeperch is
influenced by the “general” limit of 40 % DO. Temperatures above 35°C are lethal to juvenile pikeperch
and define the upper limit of its tolerance range [80]. At temperatures below 15°C the growth
performance of pikeperch is majorly compromised and a drop below 10°C results in a complete growth
stagnation. The lower temperature limit of pikeperch lies below 1°C [81]. Typical rearing temperatures
for pikeperch in RAS range between 22°C and 24°C [75,82]. The applied temperatures above 20°C are
chosen to optimise the growth performance and suppress the allocation of energy to gonad maturation
but not for welfare reasons [39,81]. The temperatures chosen could therefore have an effect on the well-

being and health status of pikeperch farmed in intensive aquaculture facilities.

1.4.The Stress Response in Teleost Fishes

Schreck and Tort defined stress in fish as “the physiological cascade of events that occurs when the
organism is attempting to resist death or re-establish homeostatic norms in the face of insult” [83]. The
outcome, i.e. the magnitude and duration of the initiated stress response, depends on the type, intensity,

and period of the perceived stressor [69]. While mild and acute stress stimuli usually result in a full
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recovery of the fish, very severe acute and non-severe repeated or chronic stressors either lead to
compensation mechanisms or even to final exhaustion and thus, to death [84,85]. The response of fish

to challenges are defined as primary, secondary, and tertiary [45].

The head kidney (HK) is the central organ in fish controlling the primary response process based on a
neuroendocrine adaptation. It unites the endocrine functionality of the adrenal gland and the
haematopoietic-lymphoid functionality of the bone marrow of mammals. Three different sets of cell
types comprise catecholamine-producing chromaffin cells, cortisol-producing interrenal cells and
surrounding haematopoietic tissue in which immune cells secrete cytokines and antibodies [86]. This
structure enables a close communication between the three regulatory systems, i.e. neural, endocrine
and immune, by integrating the stress response via the brain-sympathetic-chromaffin (BSC) and
hypothalamic-pituitary-interrenal (HPI) axis (Figure 5). The BSC is activated first and results in the
release of catecholamines, like adrenaline, within seconds to minutes. The stimulated HPI initiates the

release of cortisol, the main corticosteroid in fishes, after minutes [87,88].

The secondary stress reaction comprises the effects of the released hormones [68]. The glycogenolytic
adrenaline quickly provides energy for the action of an initiated stress response and increases the oxygen
supply to tissues by the initiation of cardio-respiratory actions [89-91]. Cortisol subsequently ensures a
stable supply of metabolic energy throughout minutes and hours for target tissues to cope with the
stressor and restore pre-stress conditions. Cortisol further influences the osmoregulation to restore the
hydromineral balance [92]. The released endocrines of the stress response additionally influence the
immunity. During the activation phase of an acute stress stimulus, an innate immune response is
initiated, mainly by catecholamines but partly by cortisol. This includes the production of acute phase
proteins, heat-shock proteins (HSPs) as well as the release of certain cytokines and a rise in numbers of
circulating leukocytes, in particular neutrophils [69,88]. If the stress response continues and cortisol
levels stay high, the animal does not fully recover and suffer from persistent disturbance of its prestress
condition. Hereby, highly energy-consuming processes like the proliferation and migration of

lymphocytes, the cytokine release and the production of antibodies can be transiently inactivated or
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delayed. A chronic stressor therefore potentially leads to a suppression of the immune defence and thus

compromising the resistance to pathogens [69].

The tertiary response to stressor perception includes all organs and modifies the whole performance of
the organism [45,69]. A persistent allocation of energy and metabolites towards a chronically activated
stress pathway finally affects essential life functions like growth and reproduction but also health and

disease resistance [69,93,94].

Stressor Head kidney

Sympathetic 3 Chromaffin cell

innervation lympheid tis

Brain \lv'
Catechalamings

Hypothalamus : — Immune cells

Pituitary gland = Interrenal cells c-

-9 C'-
e @

Y@

e

ACUTE stressor; CHRONIC stressor:
Immune activation —_— Immune suppression
fLeukocyte mobilisation | Leukocyte mobilisation
tInflammatory response | Inflammatory response

Figure 5: Stress response pathway in teleost fishes

Schematic drawing of the response pathway of teleost fishes after stressor perception, with

head kidney as central organ. Figure modified from Khansari et al. 2017 & Tort 2011 [69,95].

The pikeperch is considered as fish species with enhanced susceptibility to stressors commonly found
in the artificial environment of aquaculture facilities [43,44]. However, detailed information about its
stress physiology, especially regarding its early phase of development and specific stress stimuli like

rising water temperatures and extensively lowered oxygen saturation, is still missing.
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1.5.How to Measure a Prevailing Stress

Breeding and farming of pikeperch in intensive aquaculture is still very much characterised by
optimisation of the rearing conditions. In order to determine whether husbandry conditions are optimal
or need to be adjusted, it is important to precisely and promptly detect and characterise a possible

induced stress response.

Commonly investigated non-transcript-based indicators for stressful situations in farmed fish include
the quantification of the primary stress response (by measuring the stress response itself, i.e. stress
hormones) or by quantification of secondary and tertiary stress responses (by measuring physiological
changes). Plasma cortisol is the major stress hormone and an established bioindicator for stress stimuli
in fish [87]. After stress perception, blood glucose levels are elevated by hepatic gluconeogenesis and
mobilizing skeletal glycogen stores, mainly due to cortisol [96,97]. Further, circulating lactate is
increased during the stress response, which is an energy source for anaerobic metabolism, e.g. in muscle
tissue [98]. The increase of both metabolic parameters has been linked to stress in many fish studies
[99]. When evaluating the results obtained, it needs to be considered that, blood parameters can be
influenced by physiological and environmental factors. The baseline level of cortisol, for example, is
dependent on the sex (specific for fish species), developmental stage, food intake, social status of the
animals being examined as well as diurnal or seasonal fluctuations and water temperature [100-103].
Glucose and lactate levels are affected by metabolic processes and thus, can vary due to the applied feed
and feeding regime [104,105]. It is therefore, important that results are carefully interpreted, especially
if prolonged treatment of potentially stressful conditions are under examination. Stressors can affect the
function or magnitude of the immune response. To evaluate the effect of stress stimuli on the immunity
of a fish, the proportion of myeloid to lymphoid cells in circulating leukocytes is an additional well
accepted indicator in fish. Changes within the immune cell proportion in peripheral blood or immune
organs are detectable for a much longer time span, which can be advantageous, especially, when
measuring persistent environmental stressors [99]. The challenge in interpreting the composition of
leukocytes is that they can be altered by stress but also by infection. The evaluation is thus, especially

challenging in multi-stressor approaches [106]. Organosomatic indices are accepted as general
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indicators for the health status of an animal, with spleno-somatic index (SSI) related to the immune
status and hepato-somatic index (HSI) representing the energy status [107,108]. Changes within these
values are commonly referred to a redistribution of energy resources within the animal towards ongoing
processes initiated by a stress response [109]. Organosomatic indices have the advantage to be able to
detect chronic stress [110]. It should be noted that these indices, however, can be influenced by, for

example, gender and season [111-113].

The present doctoral thesis partly deals with specific changes within the husbandry conditions of
juvenile pikeperch in intensive aquaculture. In this context, non-transcript-based indicators were
evaluated to characterise a possibly initiated stress response. Cortisol was measured as indicator for a
primary stress response either in whole blood samples via ELISA assay (Study II) or by liquid
chromatography/mass spectrometry in whole animals (Study III). Secondary stress indicators were
further examined, with blood glucose and lactate levels determined by reflectance photometric
measurement and immune cell proportions in peripheral blood and relevant immune organs identified
by flow cytometry (Study II). SSI and HSI were additionally evaluated as indicators for a probable
tertiary stress response in juvenile pikeperch (Study II). These indices are calculated by dividing the
weight of the corresponding organ by the total body weight of the fish, and subsequently multiply the

result by 100.

With the establishment of intensive rearing facilities, the application of molecular DNA-based methods,
e.g. PCR and sequencing techniques, gained more and more importance. They provide a significant
opportunity for routine examinations in intensive aquaculture facilities to increase production efficiency
and improve product quality as well as animal health [114]. One important area of application for PCR
techniques is the identification of aquaculture-specific stressful conditions, e.g. inadequate water
qualities, handling, and confinement stress. Hereby, expression analysis of particular key genes helps to
comprehend physiological processes which are involved in stress- and/or immune-response pathways

of the reared fish species and thus, supports the improvement of animal welfare [115,116].

A main part of this dissertation was the characterisation of a selected set of candidate genes to determine

the welfare status of various developmental stages of pikeperch during prevailing or potentially adverse

12



INTRODUCTION

farming conditions. Generally applied non-transcript-based indicators show partially limited capacities
to accurately reflect the animal's welfare or health status of farmed fishes as discussed above [99,117].
An established gene panel gives the possibility to further standardise an assay for a species-specific and
highly sensitive detection of impaired well-being in intensively farmed pikeperch. Examined candidate
genes were selected based on literature relevant to the topic, previously conducted studies on maraena
whitefish, rainbow trout and Atlantic salmon at the Fish Genetics Unit of the FBN as well as their
distinctive function during the conditions under study [118—-126]. In total, 70 genes belonging to eight
categories were examined within the three included studies (Table 1). Quantitative assays were applied
to analyse the specific expression of candidate genes under the different husbandry conditions examined.
Transcript levels were characterised either in whole early ontogenetic stages or certain organs
representative for the expected stress response in juvenile pikeperch by single (Study I, Study IT and
specific genes of Study III) or multiplex RT-qPCR assay (Study III). The identified transcript patterns
will allow a first characterisation of a possible functional correlation between the expression of specific

candidate genes and the stress susceptibility of the pikeperch during the tested farming environment.

1.6.Working Hypothesis and Objectives

The present work is part of the Campus bioFISCH-MV project and was funded by the European
Maritime and Fisheries Fund (EMFF) together with the Ministry of Agriculture and the Environment in
Mecklenburg-Western Pomerania (Grant #: MV-I1.1-RM-001), by the Union's Horizon 2020 research
and innovation program under grant agreement No 65281 (AQUAEXCEL?*?’; TNA project ID number:
AE080004) as well as the Ministry of Education, Youth and Sports of the Czech Republic — project:
Sustainable production of healthy fish in various aquaculture systems; PROFISH

(CZ.02.1.01/0.0/16_019/0000869).

Pikeperch is a promising candidate for the diversification of the European aquaculture, in which local
finfish species are applied for the aim of sustainability. This thesis addresses the stress vulnerability of
the local fish species Sander Ilucioperca under conditions of intensive aquaculture. Our central

hypothesis is:
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Pikeperch show an increased susceptibility to husbandry and
environmental stressors during the rearing process due to a rather low
adaptation while recently introduced to intensive aquaculture systems. This

increased susceptibility can be detected on the molecular level.

The studies presented as part of the doctoral dissertation address various rearing conditions in different
developmental stages of the pikeperch. The main subject of this dissertation is the characterisation of
presumably adverse rearing conditions. Together with the evaluation of the applicability of molecular
genetic indicators for future monitoring of the response to typical aquaculture-related stressors in
intensively farmed pikeperch (Figure 6). For this achievement, the transcript patterns of genes involved
in specific developmental processes as well as stress and immune response pathways were investigated.
Moreover, selected physiological and molecular health parameters were investigated to further describe
the stress physiology of the pikeperch. In particular, the two following main objectives were addressed

in the three publications summarised in this dissertation:

1) Characterisation of basal expression patterns of genes important during critical processes of the
early ontogenesis and early juvenile growth phase of pikeperch within the artificial environment

of intensive aquaculture (Study I)

2) Evaluation of modifications in tissue-specific expression of stress- and immune-related candidate
genes together with blood parameters (Study II and Study III), organosomatic indices and
immune cell mobilisation (Study II) in juvenile pikeperch following probable inadequate water

conditions:

e Low oxygen saturation (with additional intraperitoneal immune stimulation) (Study II)

e Increasing water temperatures (Study I1I)
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HEALTH STATUS of intensively reared pikeperch

Hatchery, Nursery & Juvenile Farming: Juvenile Farming:
-> Early ontogenesis in an artifical -> Inadequate water conditions
environment IT) 40 % DO + intraperitoneal stimulation
I) Particular developmental stages III) 15°C-25°C
- Blood parameters

- Organosomatic indices
- Immune cell populations
- Gene expression

- Gene expression

Reliable INDICATORS to characterise stress burden

Figure 6: Schematic summary of the intended objectives

The current dissertation aims at the establishment of reliable indicators for assessing the
health and immune status of intensively farmed pikeperch. The three studies included
address the challenges of an artificial environment during early ontogenetic processes and
potentially inadequate water conditions. I) Schaefer et al. 2021 Fish Physiology &
Biochemistry 1) Schaefer et al. 2021 Biology 111) Swirplies et al. 2019 Aquaculture; DO =

dissolved oxygen.

The studies conducted will help to elucidate the stress physiology of different pikeperch stages during
intensive rearing. Understanding these mechanisms is the basis for successful pikeperch breeding under
intensive farming conditions and will contribute to significantly improve the animal welfare concepts
currently applied. The long-term objective of this study is to identify reliable indicators for monitoring
stressful situations and situations affecting the welfare of the animals. These indicators will help to adapt
the current rearing conditions, increase the health status and thus survival rate of intensively reared larval

and juvenile pikeperch.
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2. Summary of Included Studies

Study I:
Schifer N, Kaya Y, Rebl H, Stiiecken M, Rebl A, Nguinkal JA, Franz GP, Brunner RM, Goldammer T,
Grunow B and Verleih M (2021). Insights into Early Ontogenesis: Characterization of Stress and

Developmental Key Genes of Pikeperch (Sander lucioperca) in vivo and in vitro. Fish Physiology and

Biochemistry 47,515-532. doi: 10.1007/s10695-021-00929-6.

Background:

Given the low survival rate of early pikeperch stages, especially during the steps of hatchery, nursery
and early juvenile farming. The improvement of the animal's health status and thus the production of
stocking material for intensive aquaculture purposes is of high importance. Reliable genetic indicators
for the characterisation of intrinsic and extrinsic stimuli that influence the life cycle of pikeperch may

help to identify and avoid possible stress burden.

Summary:

This study addresses the analysis of basal expression levels of 21 genes involved in physiological
processes (i.e. nutritional status, energy and lipid metabolism, growth, cell homeostasis, maturation and
organogenesis) during early development and key stress and immune genes in pikeperch bred under
intensive farming conditions and reared in RAS. For this purpose, the following early ontogenetic stages
were examined: eyed eggs, yolk-sac larvae, larvae fed with live prey and larvae fed with formulated
feed, as well as 125 days and 175 days-old juvenile stages stated as “fingerlings”. mRNA was extracted

either from whole animals (egg and larval stages) or from liver tissues of juvenile stages.

Most of the determined expression patterns could be assigned to certain developmental phases within
the early ontogenesis of unchallenged pikeperch. Within eyed-eggs and larval stages, high mRNA
abundance was observable for genes involved in cell homeostasis, energy metabolism, nutritional status,
organogenesis and stress response. In liver tissues of juveniles, genes important for growth, immune

response, nutritional status and organogenesis/lipid metabolism were highly expressed. Changes in the
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expression of the genes considered here could be used in future studies to monitor possible effects on

the developmental process of the pikeperch during adaptation of husbandry conditions.

Study II:
Schifer N, Matousek J, Rebl A, Stejskal V, Brunner RM, Goldammer T, Verleih M and Korytai T

(2021). Eftects of Chronic Hypoxia on the Immune Status of Pikeperch (Sander lucioperca Linnaeus,

1758). Biology 10(7), 649. doi: 10.3390/biology10070649.

Background:

Although the most critical phase of early development has already been completed, juvenile pikeperch
still seem to be particularly vulnerable to stressors connected to confinement. Especially in closed
systems, as is common in intensive aquaculture systems, water conditions must be precisely regulated
to avoid adverse rearing conditions affecting the animal's well-being. Inadequately low oxygen
saturations initiate stress response pathways in fishes, and prolonged situations may result in a
compromised immune system and thus in an increased susceptibility to pathogenic infections.
Therefore, it is important to investigate major environmental stressors to ensure the maintenance of

animal welfare and thus, improve the health status of the intensively farmed fish.

Summary:

This publication focuses on the effects of long-term low oxygen saturations (40 % DO/~ 3.2 mg/l) on
the health status and stress response of juvenile pikeperch reared in RAS at + 23°C for up to 28 days.
To further examine the reactivity of the immune system during the applied challenge, fish were in
addition intraperitoneally stimulated with inactivated Aeromonas hydrophila at day eight of the
experiment. Besides the analysis of the expression of common stress- and immune genes in important
metabolic and immune tissues (i.e. head kidney, liver, and spleen), blood and health parameters as well
as the proportion of immune cells within examined tissues (i.e. blood, head kidney, peritoneal cavity,

and spleen) were investigated.

The results of this study suggest that 40 % DO does not provoke a severe stress response or severe
immunosuppression in pikeperch. Examined non-transcript-based indicators did not reveal significant

changes between control fish and fish kept at low DO levels. However, transcript patterns of certain
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genes suggest an ongoing adaptation response due to 40 % DO saturation. In pikeperch treated with low
DO levels, the reaction of the adaptive immunity but not the innate immune response was impaired

during additional acute peritoneal inflammation.

Study III:
Swirplies F, Wuertz S, Bamann B, Orban A, Schéfer N, Brunner RM, Hadlich F, Goldammer T and

Rebl A (2019). Identification of Molecular Stress Indicators in Pikeperch Sander lucioperca Correlating

with Rising Water Temperatures. Aquaculture 501, 260-271. doi: 10.1016/j.aquaculture.2018.11.043.

Background:

Another crucial factor influencing the developmental process as well as the stress burden within the
farming process is the prevailing water temperature. Since fish are ectothermic aquatic animals, long-
lasting elevated and rapidly changing water temperatures can have a major impact on their well-being
and can initiate stress response pathways and even lead to their death. Distinctive temperatures are
applied for the individual rearing steps, with settings usually above 20°C for juvenile pikeperch to
achieve the largest possible growth rate. Nevertheless, these conditions may interfere with the welfare

concept within intensive aquaculture of pikeperch.

Summary:

The effect of continuously increasing water temperatures from 15°C to 25°C (with DO levels of
>4 mg/1) within eleven days on the health status of farmed juvenile pikeperch is the content of this
study. It contains the expression analysis of 38 genes involved in stress, immune and metabolic pathways
together with the determination of the total level of glucocorticoid hormones, an accepted parameter of
the acute stress response. The findings indicate that no prominent acute stress response was induced. No
significant differences were determined for whole-body cortisol at any day of the experiment. However,
a rather gradual increase in mRNA transcripts of certain candidate genes seem to indicate that

temperatures of 22°C or lower might be preferable for intensive pikeperch rearing.
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3. General Discussion

The pikeperch is thought to be particularly susceptible to typical stress factors in intensive aquaculture
due to its relatively recent intensive-farming history. Since pikeperch has a great potential for the
diversification of European aquaculture, this thesis focussed on its stress susceptibility and the
accompanying challenges in intensive farming systems. It aimed to contribute to fish welfare by
identifying and characterising potentially stressful and health-compromising situations to subsequently
establish reliable indicators for a continuous monitoring of its actual health status. The dissertation is
divided into three main parts to successfully achieve these aims: (i) to assess basal expression patterns
of developmentally relevant genes during intensive pikeperch rearing in various developmental stages
(Study I); (ii) to characterise the molecular and physiological stress response of juvenile pikeperch when
exposed to hypoxic and thermal challenge (Study II and Study III); and (iii) to identify possible
candidate genes as reliable indicators for challenging and adverse situations in intensive pikeperch

aquaculture (Study I, Study II and Study III).

3.1.Comparability of the Included Studies

Due to the different questions and objectives of the individual included studies, the comparability of the

studies with regard to their results is not uniform.

For all three studies (Study I, Study II and Study III), promising reference genes could be identified
for the gene expression studies conducted here as well as for future studies with regard to possible
inadequate husbandry conditions (see chapter 3.3.2). A particular challenge was the selection of the
candidate genes to be studied. In Study I, mainly genes that could play a direct role in physiological
processes during early ontogenesis were included, except for a few specific stress genes (Table 1). In
Study II and Study III, the main focus was on a possible induced stress response due to environmental
factors, with Study II further focusing on an induced immune response. Study II investigated genes
associated with the response pathway after oxygen deprivation. Study III mainly looked at genes that
already showed significantly altered transcription after heat stress in other vertebrates (Table 1). In the

course of this, the transcription of the gene NR3CI was examined as a “general stress indicator” in all
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three studies. However, it became apparent that certain genes could also be suitable candidate genes for
the other conditions investigated (see chapter 3.3.2). With regard to the tissues examined, in Study I
whole eggs as well as larval stages were used for nucleic acid extraction in order to obtain sufficient
starting material for a subsequent gene expression study. Within the examined juvenile fish (Study I,
Study II and Study III), the liver was chosen as assessed organ, due to its important relevance in stress
response pathways as main metabolic organ [127]. In Study II, the head kidney was also included, as
an essential organ regulating the stress signalling cascade in teleost fishes [86,88]. Together with the
HK, the spleen is a main lymphoid organ in teleost fish and was further included in Study II [128]. In
addition, the composition of leukocytes in the peritoneal cavity was examined in Study II to investigate
the immune response to acute inflammation. Gills were selected in Study III for gene expression
analysis because of their particular susceptibility to environmental modifications due to their direct
contact to the water. Within Study II and Study III peripheral blood was further evaluated for non-
transcript-based indicators (exclusively cortisol in Study III). Since Study I aimed to determine basal
transcript levels of selected genes during early ontogeny, and thus did not involve a treatment
experiment, the detection of non-transcript-based indicators was not included. For future studies in the
field of adaptation of husbandry conditions, it would be interesting to investigate other tissues and organs
to obtain more detailed information on the possible effects on the welfare and health status of the
pikeperch. For example, the inclusion of gills tissue is certainly interesting for the assessment of hypoxic
conditions as already performed in fish species like ruffe (Gymnocephalus cernua), European
flounder (Platichthys flesus), Nile tilapia (Oreochromis niloticus) and Korean rockfish (Sebastes
schlegelii) [129-131]. Additional examination of the HK of pikeperch may well provide further
information for the overall picture of response pathways to rising temperatures, as demonstrated in

rainbow trout (Oncorhynchus mykiss) [122,132,133].

For animal welfare reasons, no extreme conditions were considered in more detail, but critical or even
close-to-practice situations were examined in this dissertation. Water temperatures above 25°C are
already defined as critical for pikeperch farming due to the negative correlation of oxygen saturation
with rising water temperatures [71]. Oxygen saturation of 40 % DO have been set as critical limit for

fish rearing in general [31].
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The three included studies (Study I, Study II and Study III) provide a first insight into basal gene
expression under currently applied conditions of intensive farming conditions in pikeperch as well as
into altered gene expression under changed environmental conditions. Particularly Study II allows
conclusions to be drawn about the significance of non-transcript-based indicators compared to

transcript-based indicators.

3.2.Potentially Challenging Conditions During Intensive Pikeperch Farming

The artificial environment of intensive aquaculture systems is likely to create a stress burden on the
developing fish not only compromising its well-being but also, in the case of a persistent situation,
affecting its immune competence. The present thesis contributes primarily to the elucidation of the stress
response during commonly applied water temperatures and reduced oxygen saturation as potential
stressors. Further, this dissertation contributes to the characterisation of candidate genes to examine

physiological processes during early pikeperch development under prevailing confinement conditions.

3.2.1. Monitoring of the Early Ontogenesis Under Confinement Conditions

To the time of Study I, insufficient information of basal transcript levels for genes involved in the
developmental process of pikeperch have been available for comparative studies. In this thesis, transcript
patterns for 21 genes were to be determined from several ontogenetic stages (Table 1) (Study I). Eggs
and larvae examined in this dissertation were reared in a commercial aquaculture facility (State Research
Centre for Agriculture & Fisheries Mecklenburg-Vorpommern — Hohen Wangelin) during an intensive
production cycle. Juvenile pikeperch were reared in a new experimental RAS facility at the Research
Institute for Farm Animal Biology (FBN) and sorted by size to prevent growth-rate-related cannibalism.
The aim was to record the physiological state of the different developmental stages at the genetic level
under the given farming conditions by answering the following question: Are the determined expression
patterns to be assigned to certain characteristics of the early developmental phase under the prevailing

rearing conditions?

The majority of the genes studied could indeed be associated with certain developmental stages

(Study I). With regard to the genes and developmental stages/tissues studied, eight genes seem to be
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particularly interesting with respect to the effects of the applied feeding regime on pikeperch

ontogenesis.

BMP4 and BMP?7 (encoding for bone morphogenetic proteins four or seven) were highly expressed in
eyed-eggs and larval stages, when various morphological changes take place. For PPARA, PPARD
(encoding for peroxisome proliferated activated receptors either alpha or delta) and RXRA (encoding for
retinoid x receptor alpha) the highest transcript levels were observed in liver tissues of juvenile stages.
BMP4 and BMP7 are involved in processes of chondro- and skeletogenesis, but also in organogenesis.
PPARA, PPARD together with RXRA are important for the lipid metabolism [134-136]. Since
development of feeding fish larvae and juveniles depends, amongst other factors, on the nutritional
status, effects of the feeding regime on the ontogenetic process might be detectable at the genetic level
with the help of these genes. For example, inadequate diet composition can result in malformations of
the skeleton of fish larvae [137]. For the crucial transition from live-prey feeding larvae to larvae fed
with formulated feed, no significantly changed expression for any of the examined genes was detectable.
Changes in the feeding regime are a central part of the adjustment of rearing parameters in commercial
aquaculture to achieve a better nutritional status of pikeperch larvae and early juveniles and thus, an
increased production success [138,139]. The transcription patterns of further genes should be

investigated explicitly for this period of feed conversion in future research studies.

The genes LYZ (encoding for the antibacterial enzyme lysozyme), EPAS (encoding for endothelial PAS
domain protein 1; involved in developmental processes and stress response to hypoxic conditions) and
tOSTF1 (teleost-specific osmotic stress transcription factor; important role in osmoregulation) were
highly expressed in juvenile stages [140—142]. It is important to mention, that water parameters were in
the range of suggested “adequate values” for intensive pikeperch farming and no pathogenic water
contamination were detectable at any time of Study I. As the stress susceptibility of pikeperch can be
influenced by the applied artificial feed, changes in the expression of these genes might be promising

indicators for future adaptation processes with regard to an optimal feeding regime [49,61-63].

The identification and characterisation of candidate genes involved in physiological processes during

early ontogeny is of high importance in terms of future studies related to the improvement of husbandry
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conditions and thus the production success. For example, these values could be compared with other
intensive aquaculture rearing programmes for pikeperch. To monitor the developmental process of early
ontogenesis in pikeperch, a first promising gene set could be characterised in this dissertation. Future
studies should be conducted with altered husbandry parameters to confirm the importance of the
candidate genes for the corresponding challenges during pikeperch farming. In addition, other tissues of
juvenile stages need to be examined, such as muscles for genes involved in energy metabolism, head

kidney and spleen for immune specific genes and gills for stress responsive genes.

3.2.2. Welfare Compromise due to Environmental Stressors

At the time of Study II and Study III, neither the optimal husbandry temperature in terms of animal
welfare nor the tolerance capacity to hypoxic conditions was yet known for pikeperch. The aim was
therefore to answer the following research question: Does moderately low DO levels and applied
temperatures above 20°C impair the animal health status while reared under intensive aquacultures

conditions?

In this thesis, it could be demonstrated that chronically reduced oxygen saturation and increasing water
temperatures have no significant adverse effect on juvenile pikeperch. Neither 40 % DO (% 3.2 mg/1) at
23°C for 28 days (Study II) nor an increment of 1°C/day from 15°C to 25°C and DO levels above 4 mg/1
(Study III) resulted in an expected severe stress response. These data are not in accordance with
increased blood parameters associated with stressful conditions or changed transcription patterns of
stress genes formerly seen in rainbow trout under heat stress and in European sea bass (Dicentrarchus
labrax) or Atlantic salmon (Salmo salar) under long-term hypoxia [132,143—-145]. The results of the
two studies (Study II and Study III) rather indicate an adaptation process during the conditions studied,
especially seen at the molecular level. According to certain gene expression patterns (e.g. HIFIA in
Study II, SERPINHI and C3 in Study III) DO saturations of 40 % and water temperatures above 22°C
might be less favourable for intensive farming, since an ongoing energy-demanding adaptation process
possibly interferes with e.g. an optimal growth rate of juvenile pikeperch. This outcome was unexpected,
since pikeperch is considered particularly stress susceptible during the intensive farming process.
However, this assumption is mainly based on one publication [43]. The pikeperch seems to be similarly
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tolerant to temperatures up to ~25°C as yellow perch (Perca flavescens), Eurasian perch (Perca
Sfluviatilis) and European sea bass [146—148]. Pikeperch further seems to have a tolerance spectrum to
intermediate hypoxic conditions (~ 3 mg/l DO) similar to Eurasian perch and golden perch (Macquaria

ambigua) [149,150].

In commercial aquaculture facilities, fish are usually exposed to several potential stressors rather than a
single stimulus. Previous experience to stress exposure determines the ability of developing a further
response and therefore the efficiency of the regulatory systems including the immune activity [151,152].
Former observations suggest a negative impact of hypoxic conditions on the immune system of fish
[153-155]. An additional immune challenge by inactivated bacteria (4deromonas hydrophila) during
reduced DO saturation of 40 % (+ 3.2 mg/l) non-significantly affected the adaptive immune response in
juvenile pikeperch (Study IT). These results seem to support the absence of a persistent severe stress
response due to the applied oxygen saturation, since even an additional pathogenic stressor does not
result in a critical immunosuppression. Although, there was a moderately affected adaptive immune
response, the acute inflammation subsided after three days. This outcome is comparable to former

studies in rainbow trout without additional pre-challenging conditions [156].

Overall, juvenile pikeperch appear to have a higher tolerance and adaptation potential to the investigated
environmental stressors than expected. Although it is formerly described as skittish, shy and easily
stressed, pikeperch does seem to adapt to DO saturations down to 40 % (+ 3.2 mg/l) as well as to
conventionally used rearing temperatures of up to 25°C in intensive aquaculture facilities [157]. Both
examined conditions do not seem to represent an extreme situation for juvenile pikeperch, but rather
indicate a challenging condition with induced adaptation processes. This result suggests that pikeperch
in itself has a high potential for intensive aquaculture farming. With additional peritoneal stimulation
during reduced oxygen concentrations, an impairment in cell mobilisation of the adaptive immune
system could be detected, albeit only in a moderate range. Nevertheless, situations provoking energy-
demanding adaptation processes should be avoided as far as possible in aquaculture to achieve optimal
rearing conditions for pikeperch farming. Therefore, the husbandry conditions should be chosen in the

best possible way to not exceed any limit values and to avoid serious fluctuations in the underlying
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parameters. For the future, further studies are necessary, with the focus on characterising possible multi-
stressors events affecting the well-being of pikeperch reared in intensive aquaculture facilities. It still
remains to be seen, if critical fluctuations in oxygen saturation may actually severely affect its health
status. With regard to rearing temperatures, the effect of additional stressors (e.g. pathogenic) needs to

be further investigated, especially towards immunosuppression.

3.3.1dentification of Reliable Health-Status Indicators

In this thesis, a variety of tools has been used to examine the physiological and molecular response of
juvenile pikeperch to applied rearing settings as well as potentially adverse conditions common in
intensive rearing systems. An assessment of possible stressful conditions and their effects on the farmed
fish play an important role in ensuring animal welfare and a good health status under the prevailing
farming conditions, and thus contribute to an improved production success. The use of transcript-based
together with established non-transcript-based indicators in this doctoral thesis is intended to clarify the
question: to what extent can expression analyses contribute to the quantification of possible health-

challenging rearing conditions?

3.3.1. Non-Transcript-Based Indicators

As indicators for a primary stress response to the prevailing conditions, either the level of plasma cortisol
(Study II) or amount of whole-body cortisol (Study III) was recorded in this dissertation. The
difference in methodology is due to the diverse size of juvenile pikeperch to be examined, with less
collectable blood in smaller fishes. Changes in cortisol are a well-accepted indicator for acute, severe
stress in fishes [87]. In the current thesis, no significant increase in cortisol levels was detectable in
juvenile pikeperch already 24 h after rearing at 40 % DO saturation (Study II) or after a rise in
temperature of 1°C (Study IIT). Whether clearance had already taken place at the time of evaluation or
the challenge was not severe enough for a pronounced release of cortisol, cannot be clarified without
further investigations. In addition, the majority of the fish examined during hypoxic challenge were
below the detection limit of 6.9 nmol/l (Study II). Examined indicators for an initiated secondary stress

response to prolonged hypoxic challenge included glucose and lactate levels (Study II). The detected
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levels revealed inter-individual differences in control and treatment groups (Table 2). In accordance
with these results, a recent study in maraena whitefish (Coregonus maraena) revealed inter-individual
levels in blood glucose during temperature challenge [121]. Regarding the absence of an acutely,
severely stressful condition, the examined blood parameters may not be recommended as a stand-alone
indicator evaluating a possible stress response in pikeperch during the critical conditions investigated
here. Studies in pikeperch demonstrated a time-limited significant change in levels of cortisol, glucose,
and lactate after short-term NaCl exposure and handling stress [158,159]. The results of Study IT and
Study III seem to support a missing severe stress response of juvenile pikeperch farmed at low DO
levels or during a temperature increment, since no significant changes within these indicators have been
detected. The outcome further contributes to former studies which indicate that the particular level or
amount of cortisol does not seem to be generally representative for moderate long-lasting stress stimuli
possibly due to a de-sensitisation of the HPI axis [160]. Detecting cortisol in scales has been shown to
be a possible alternative to determine cortisol levels during chronic stressful conditions and would be

interesting to include in future studies examining the stress response of pikeperch [160].

For the assessment of possible suppressive effects of reduced oxygen saturations on the immune system,
the leukocyte profiles in peripheral blood and main immune organs as well as organosomatic indices
were evaluated after additional immune stimulation (Study II). SSI together with immune cell
proportions indicate a missing pronounced effect on the immune reaction to acute inflammation after
intraperitoneal stimulation with inactivated Aeromonas hydrophila. However, both indicators suggest a
moderate alteration within the adaptive immunity following an acute intraperitoneal inflammation after
eight days of hypoxic conditions. Since persistent inadequate conditions may lead to a tertiary stress
response affecting energy-demanding processes like the immunity, these results may indicate an
ongoing adaptation process [69]. The data confirm a former study in which pikeperch showed adaptation
to persistent stress stimuli by moderately reduced numbers of circulating lymphocytes [161]. Especially
for long-term adverse conditions, indicators for a secondary and tertiary stress response seem to be more
adequate. Their changes are slower compared to cortisol levels and their possibility to show an animal's

ability to cope with a certain stressor [99].
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After considering the outcome of all measured non-transcript-based indicators, a severe stress in juvenile
pikeperch reared under low DO levels (Study II) and increasing temperatures (Study III) could most
likely be excluded. Nonetheless, a missing physiological stress response does not always mean that the
animals' welfare status has not been affected by the prevailing conditions after all [99]. Especially when
investigating the effect of non-severe chronic challenges, an adaptation response interfering with the
well-being of fish may be the possible outcome. The next step was to clarify whether the use of
transcript-based indicators can provide further information on the health status, or even replace non-
transcript-based indicators for studies in juvenile pikeperch under potentially inadequate husbandry

conditions.

3.3.2. Transcript-Based Indicators

At the time of Study III (conducted before Study I and Study II), insufficient information was
available on appropriate reference genes to normalise gene expression data in pikeperch. The aim was
therefore to establish generally suitable and applicable reference genes independent of the sample
material, the applied husbandry condition and the detection technique. The reference genes considered
included genes of previous studies with stable transcript levels unrelated to the particular treatment of
fish and already known “house-keeping genes” (ACTB, GADPH, RNA18S) [124,162—-165] (Table 1).
Each individual gene was analysed for its suitability within the three included studies by applying the
qBase” software. In particular, for two out of the potentially eight reference genes, stable mRNA
abundances could be detected for any examined tissue under any husbandry condition in every single
study. Transcript levels of RPL32 and RPS5 were stable in HK (Study II), liver (Study I, Study II,
Study III), spleen (Study II) and gills (Study III) tissues as well as whole organisms, i.e. eyed-eggs,
yolk-sac larvae and feeding larvae (Study I). Moreover, both genes were suitable references to
normalise data established with single RT-qPCR (Study I, Study II and Study III) and multiplex RT-
qPCR (Study III) during intensive husbandry conditions (Study I) and potential environmental
challenges (Study II and Study III). Stable transcript values were demonstrated for EEFI1AI in single
RT-qPCR experiments with mRNA extracted from whole organisms (Study I) as well as liver (Study I,

Study II and Study III), spleen and HK (Study II) tissues of juvenile pikeperch. The only exception
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was gills tissues of juvenile pikeperch for which the gene MRTRN?2 was identified as suitable reference
(Study III). EEFIA1l, RPL32 and PRS5 were applicable for candidate genes with expression levels
ranging from 1 x 10" to 1 x 10® copies per 100 ng RNA, while MTRNR2 was tested up to 1 x 10° copies
per 100 ng RNA. The MIQUE guidelines suggest that at least two reference genes should be used for
normalisation of RT-qPCR data but also, that the necessity of further references should be determined
for any implemented experiment [166]. Considering the results of the current dissertation three reference
genes, i.e. RPL32, RPS5 and either EEF 1Al or MTRNR?2 (depending on the tissue), seem to suitable for
data normalisation of single RT-qPCR analyses performed on pikeperch. The outcome further indicates
that the two genes RPL32 and RPS5 seem to be adequate and sufficient for a reliable normalisation of
multiplex RT-qPCR data established in juvenile pikeperch. These data are in accordance with successful

implementation of the examined genes as reference in gene expression studies on teleost [124,167,168].

The set of candidate genes for characterising possibly adverse rearing conditions in this thesis included,
amongst others, selected genes being considered “general” indicators of an activated stress response in
vertebrates (Table 1). The gene “nuclear receptor subfamily 3 group ¢ member 1” encodes a
glucocorticoid receptor which plays a major role in the stress response pathway [169,170]. Significantly
increased transcription levels of NR3C1I were observed in yolk-sac larvae at 4 dph at which larvae might
still adapt to their new surrounding environment. Whereas, no significantly altered expression levels of
NR3C1 were detectable in larvae either exposed to first exogenous feeding (on live prey) or weaning (to
formulated feed) (Study I). This might be due to the fact that the current feeding and weaning regime
may not result in a severe stress burden. To verify this outcome, comparative studies with different
conditions will be necessary in the future. Matching these results, NR3CI was not differentially
regulated in liver or gills of juvenile pikeperch during a temperature increment (Study III). In contrast,
a challenge due to moderately reduced oxygen saturation resulted in a significant decrease in NR3CI
transcript level in sampled HK and liver of juvenile pikeperch (Study II). Due to its challenge-
dependent transcriptional regulation, NR3C1 does not seem to be a suitable indicator to characterise the
health status of pikeperch in general. The transcript levels of HMXI, the gene which encodes the
omnifunctional “H6-family homeobox protein 17, were strongly dependent on temperature in sampled

gills of juvenile pikeperch (Study IIT). HMXI seems to be a suitable candidate to study the effects of
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rising temperatures in the gills of pikeperch. This gene is especially known for its role in fish
development, but has received marginal attention as a stress indicator in fish so far [171,172]. As the
oxygen saturation decreases with increasing water temperature, an examination of HMX1 expression at
moderately reduced or even declining oxygen levels could be of future interest. To make a more detailed
statement regarding particular stress stimuli, the transcription of additional specific genes was examined,
including “hypoxia inducible factor 1A”, the main regulator of the response pathway initiated by
hypoxic conditions [140]. HIF 1A reached significant lower transcript numbers in HK tissues. While in
liver of juvenile pikeperch, significantly increased transcript levels were observable (Study II). HIF14
seems to be a possible candidate gene for studies investigating the effects of long-lasting reduced oxygen
levels of juvenile pikeperch. In contrast to these results, chronically reduced oxygen saturation induced
an increase in HIF'1A transcript levels in liver and muscle of European sea bass [144]. In yellow perch,
low-oxygen saturations did not affect HIF'/4 gene expression in juveniles [173]. The findings in
Study II further contribute to the assumption, that HIF'/A expression during reduced oxygen levels
changes in a tissue- and species-specific manner. Acute hypoxia induced generally elevated HIF1A
transcription in several tissues of channel catfish (Ictalurus punctatus), while chronic hypoxic
conditions increased HIF'14 expression in muscle of Eurasian perch [174]. It would be interesting to
know if the expression of HIFIA in different tissues of pikeperch correlate with decreasing oxygen
saturations. In Atlantic salmon, HIF1A4 transcript levels significantly decreased due to short- and long-
term elevated water temperatures [175,176]. It would have been interesting to see how the transcript
pattern of HIFI1A changes during increasing temperatures in pikeperch. Unfortunately, due to the
chronological order of the included studies, there was no established primer pair for H/F'14 at the time
of Study III. For the observation of physiological processes during the early development of pikeperch,
HIF14 does not seem to be a suitable candidate for specific processes, since a biphasic expression in
early and late ontogenesis stages were observable (Study I). This result is in accordance with a dynamic
HIF 14 expression during the development of zebrafish (Danio rerio) [177]. In order to assess the stress
response of juvenile pikeperch to possibly inadequate thermal conditions, the expression of so-called
“heat-shock proteins” (HSPs) was examined [178]. It is important to mention, that HSPs are a vast group

of various proteins that respond not only to the condition of heat shock, but also to osmotic stress stimuli
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and xenobiotic compounds [179]. The genes HSP90AAI (encoding for “heat shock protein family 90
alpha family class A member 1), HSPA8b (encoding for “heat shock protein family A (HSP70) member
8b*) and SERPINH1 (alias HSP47, encoding for “serpin peptidase inhibitor, clade H, member 1) are
typically heat-inducible HSPs in vertebrates and also well-known indicators in fish [117,122,180].
HSP904A1 mRNA abundance was upregulated in liver and gills of juvenile pikeperch during increasing
water temperatures. However, only in gills, the transcript levels were correlated to a temperature
increment. The results of the current doctoral thesis confirm the temperature-related inducibility of
HSP90AAI in liver of teleost including maraena whitefish, rainbow trout and Atlantic salmon
[121,130,175]. The transcript pattern of HSP90AAI was in addition investigated under hypoxic
conditions. However, this revealed a rather dynamically regulated transcription in HK and a stable
expression in liver of juvenile pikeperch (Study II). HSP90AA1 seems to be a suitable candidate for
studying the effects of thermal changes, especially in gills, but may not be suitable for the examination
of moderately reduced oxygen saturations. In order to be able to make further statements on this,
however, the gills of pikeperch should also be examined during hypoxic conditions. Transcript levels of
HSPA8bh were downregulated in liver tissues and upregulated in gills tissues during temperature
increment. In both tissues its mRNA abundance was moderately high correlated to increasing
temperatures (Study III). These results are in accordance with studies in rainbow trout gills, in which
HSPAS8 expression was moderately induced during thermal stress [119]. HSPA8b may further be
suggested as a suitable candidate for investigating adaptation responses to inadequately increasing water
temperatures in pikeperch. The most promising candidate for characterising responses to a temperature
increment was SERPINH . In liver as well as gills tissues of juvenile pikeperch, a cumulative increasing
transcript abundance was detectable. These data are in accordance with current and former studies on
heat-inducibility of SERPINH] in liver and gills of rainbow trout and Atlantic salmon [119,175]. Due
to its correlating mRNA abundance with rising temperatures, SERPINHI might also be an interesting
candidate to examine a stress response in gills due to decreasing oxygen saturations. Moderate persistent
stressors may result in an immunosuppression in fish. Several genes, particularly involved in innate
immunity, have further been included in the transcript pattern analysis. The transcript abundance of the

genes encoding for acute phase proteins “complement component 3” (C3) and “haptoglobin” (HP) in
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liver tissues was upregulated with increasing water temperatures and showed either a moderately high
or strong correlation with temperature (Study III) [181]. The outcome is in accordance with an
increased C3 expression in liver of Atlantic salmon due to heat stress [175]. Both genes might further
be interesting candidates for the evaluation of an impairment of the well-being due to reduced oxygen
levels. Within Study II the transcript level of FTHI, encoding the iron-storage protein “ferritin heavy
chain 1” which maintains an important role in immunoregulation, were significantly downregulated in
HK and liver tissues due to hypoxic conditions [182]. The significant change in transcript levels in
juvenile pikeperch is in accordance with F'THI being listed as hypoxia-responsive gene in fish and an
increased expression in liver of rainbow trout due to rising water temperatures [183,184]. Since an
upregulation in FTHI levels during reoxygenation in gills of silver sillago (Sillago sihama) was
observable, investigations in gills might be of further interest for future studies in pikeperch [185].
During an incremental temperature increase, no detectable change of FTHI gene expression was
observable in liver or gills (Study III). This contradicts the outcome of former studies in rainbow trout
and catfish (Jctalurus furcatus) in which changes in the transcript levels of F'THI were observable in
liver and gills [119,186]. With regard to the additional immune stimulation during reduced oxygen
concentrations, the gene expression of immune-relevant genes (e.g. CXCLS, IL1B, TNF and MPO) could

confirm the lack of a severe immunosuppression.

HSP90AAI, HSPA8b and HP showed dynamically regulated mRNA levels in juvenile pikeperch.
Therefore, the most suitable candidate genes for temperature-relevant studies in juvenile pikeperch seem
to be SERPINHI and HMX1 in gills tissues, together with C3 in liver tissues. The most promising genes,
out of the list of candidates, for the investigation of hypoxic conditions seem to be HIF1A4 in HK and
FTHI in liver tissues. In principle, the observation of gene expression enables the determination of
externally invisible impaired well-being. In the context of this dissertation, gene expression analyses
could help to detect an induced adaptation process even if no changes in physiological parameters were
present. However, this detection was only achievable with a small selection of genes. A possible reason
might be that only critical and not acutely severe stressful conditions were tested. The results of this
dissertation indicate that no single gene set can be established for the evaluation of the health status in

pikeperch under intensive husbandry conditions. Rather, it seems that future approaches will consist of
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tissue-specific indicators that should be selected depending on the type of stressor. In future studies
concerning hypoxic conditions and their effects, the gills seem to be an adequate tissue to be examined.
Whereas the head kidney is certainly an interesting organ for temperature-related studies. In order to be
able to actually define the genes selected here as indicators for certain stress stimuli, they would still
have to be confirmed for their suitability by means of severe stressful conditions. The data generated
suggest that only a joint consideration of non-transcript-based and transcript-based indicators is
meaningful for the overall assessment of whether a particular condition is actually stressful or rather a
challenge for the fish. For a future expansion of possible candidate genes, an all-encompassing
transcriptome analysis could bring decisive advantages. The Fish Genetics Unit (FBN) recently
demonstrated the advantage of transcriptomic analyses in the field of multi-stressor approaches in

rainbow trout [117].
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3.4.Conclusion & Implications for Intense Pikeperch Farming

The three studies included in this dissertation contribute to a further elucidation of the stress
susceptibility of pikeperch under intensive husbandry conditions. They further contribute to evaluate the
applicability of gene expression analyses with regard to identification and characterisation of an induced

stress response in fish under critical rearing conditions.

Our central hypothesis that pikeperch shows an overall increased susceptibility to stress when reared in
intensive aquaculture facilities could not be confirmed in the context of this thesis. The results indicate
that juvenile pikeperch are less stress susceptible to reduced water quality, than previously thought. No
severe stress response was recorded during increasing water temperatures or reduced oxygen saturations.
In commercial aquaculture farms, juvenile pikeperch are kept at temperatures above 20°C in order to
achieve an increased growth rate and thus an economic advantage. The outcome suggests, that
temperatures up to 22°C are favourable for juvenile pikeperch farming. The results further indicate, that
there might be a greater scope for oxygen levels still being adequate for rearing juvenile pikeperch in
RAS. An oxygen saturation close to 100 % DO is the standard in intensive pikeperch aquaculture. Even
though, a severe stress response was missing, the application of transcript-based indicators enabled the
detection of significant and/or moderate changes within transcript patterns of certain candidate genes
mainly involved in stress- and immune response pathways. These promising genes, i.e. C3, FTHI,
HIF1A, HMX1 and SERPINHI, can be used in the future as indicators for the early detection of an
incipient welfare compromise of farmed pikeperch as well as for the detection of a possible exceeding
of its adaptation range. However, a mix of non-transcript-based as well as transcript-based indicators
seems to be best suited for the first basic assessment of a potential stressor, according to the results. A
suitable gene set for monitoring the developmental processes in different ontogenetic stages of pikeperch
could further be characterised within this dissertation including the genes BMP4, BMP7, EPASI, LYZ,
tOSTF1, PPARA, PPARD and RXRA. This set will give the possibility to evaluate whether certain
changes in the rearing process, such as the feeding regime, impact the proper ontogenesis or stress
resistance in pikeperch by characterising differences at the transcriptional level. The results of the

current dissertation contribute to the establishment of reliable and accurate indicators to regularly
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monitor the stress state of farmed pikeperch. These selected indicators can further be applied to adjust
husbandry conditions in order to maintain optimal animal health and welfare in intensive pikeperch
aquaculture. As a long-term goal, the indicators identified in this doctoral thesis will contribute to the

establishment of generally applicable husbandry guidelines for pikeperch farming.

To verify the importance of the characterised candidate genes in regard to particular stressful conditions,
further detailed studies need to be performed. In particular, a multi-stressor setup, as likely in intensive
aquaculture systems, could further determine the suitability of individual genes for characterisation and
determination of inadequate conditions. Furthermore, future studies should include additional possibly
relevant tissues to get a more detailed overview of the impact of the environmental challenges
considered here. On a future perspective, it would be highly valuable to expand the focus on other
probable stressors, to further characterise the stress physiology and susceptibility of intensively farmed

pikeperch at the transcriptional level, e.g. changes in feeding regime and feed composition.
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b and 175 days post haich (dph). Their transcription
patterns most likely reflect the challenges of growth
and feed conversion, The gene coding for apolipopro-
tein A (APCHE) was strongly expressed at 0 dph, indi-
cating its importance for volk sac otilization. Genes
encoding bone morphogenetic proteins 4 and 7
(BAMPL, BMPT), creating kinase M (CEM), and SEY-
box transeription factor @ (SCAY) were highly abundant
during the peak phases of morphological changes and
acclimatization processes af 4- 18 dph. The high expres-
sion of genes coding for peroxisome proliferator-
activated roceptors alpha and delta (PPARA, PPARD)
at 121 und 175 dph, respectively, supmests their impaor-
tunce duning this stromg prowth phase of juvenile stages.
As un altemative experimental mode o replace Turnher
in vive investigations of ontogenctically impomant pro-
cesses, we inibiated the first approach towards a long-
lusting promary cell culure from whole pikeperch em-
bryos. The present study provides a set of possible
hicmarkers fo support 1h|:111m|l.nringul"pih:p|:rch farm-
ing and provides a first basis for the establishment of o
suitable cell model of this cmerging aguaculture species.

Kevwords Aguoculture - Animal welfiare - Fishcell line -
Early ontogenesis - Pikeperch - Stress response
Introduction

Pikeperch (Sander lucioperca L., 1758) s an imyportant
fivod fish in Europe, Due to its exceptionally soft flesh,

rapid growth, and positive market acceptance, pikeperch

€l Springer
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is traded as an owstandingly high-guality fish. Conse-
guenthy. it hecame on increasingly attractive freshwater
species for European aguaculture (FAC 201 8L Formore
than two decades, efforts have been made to improve the
intensive production of pikeperch i recirculating agus-
culture systems (RAS) (Hilge and Steffens 1996
Steenfeldt 2015; Policar et al. 2006). Nevertheless,
pikeperch farming and especially hatcheries are ham-
pered by difficultics during carly ontegenesis, which
comprises the central developmental stage of orzano-
genesis, including myo-, skeleto-, and neurogenesis. as
well as the phase of growth and the development of the
immune system (Zapata et al, 2006; Alix et al. 2015L
The embryonic phase of pikeperch ends with hatching aq
approximately 4 1o 6 davs post fertilization (dpl). It
spans from shortly afier the mouth opens and the
mixotrophic feeding phase begins until the complete
resofution of the volk ssc wp to 7 dph. This s followed
by the eradual sdaptaton to pelleted feed and transition
o the juvenile stage (O et al. 201 2a; Gicalp et al
201 7). The three main bottlenecks of pikeperch farming
are the conversion from endogenous o exogenous feed.
the inflation of the swim bladder, and cannibalizm
(summanzed in Steenfeldn 200 5), This results in general
probiems such as animal malformations, impained
growth, and high mortality rates (Kestemont et al.
2007, Srkudlurek und Zuk 5 2007; Policar et al. 2016;
Schaefer et al. 2007, Backelundt er al. 2001 8; Schieler
etal. 2018).

Therefine, busic knowledge of the physiological pro-
cesses thinl occur dunng pilkeperch reanng is of major
importanee for improving aquacelture production. This
includes the profiling of the basal gene expression pat-
tern during the eorly developmental stages. Although
pikeperch 1 considened to be highly stress susceptible
{MNémeth e al. 200 3; Baekelandt et al. 2018), the stress
physiology of the specics has received lirlke attention
thus far (Milla et al. 200 5; Swirplies et al, 201%; Wang
et al. 20197 especially in the eardy phases of develop-
meent. This alse applies to the immune response, which
is well investigated in percid fishes such as yellow perch
(Peria flavescens) or Burasian perch { Peeca fuviaiilis)
but is poorly documented in pikeperch, Current studies
maintly focus on humoeal stress and immune markers
under certain husbandry conditions (Backelandt ¢1 al.
2019: Backelandt ef al. 2020; Farski of al. 2020), but
alterations within: gene expression during physiological
changes of early onfogenesis have not been reported so
far. In the present study, we investigated the
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transerption patterns of selected genes involved in
stress and immune responses as well as the growth
phase and the previously mentioned stuges of early
development. Dunng organogenesis, the retinoid X re-
ceptor alphs (RXRAD 15 important for the development
of the posterior bram, nevral crest, and tal bud (He et al.
2009). Bone morphogenetic proteins such as BMP4 and
BMP7 have heen shown to be involved in
skeletogenesis and the development of the immune
system {£apata et al. 2006). The growth phase is repre-
senfed among others by the growth homone receplor
(GHR) iCalduch-Crimer et al, 2003), Since pikeperch is
particularly sensitive during the phase of feed conver-
siom, eenes mportant for lipid metabolism and the mo-
bilization of enerpy teserves such as APOE (Ons et al.
20131 have been included. Common markers for siress
such w5 the glucocorticoid receptor (NRIC1) have fur-
ther been applied regarding the high tmpact of stressful
events on the welfure status of prtheperch m early stages.

[n addition 1o the in vivo studies, it s also our
concern o ndvance the in vitro studics in fish rescarch,
a5 the effors of the 2Rs (replacement. reduction, and
refinement) have so for been highly mited i fish
research, This statement is underfined by high num-
ers of experimental animais (2017: < 1,220,004 fish
within the European Union [Eumopean Commission
202003, which sugpests that the establishment of al-
ternative experimental medels such as cell culture
systems of the respective fish species are necessary.
These 3R cell models can be used us an essential tool
for detailed research purposes, such as for studying
onfogenetically relevant processes or the effects of
stress under controlled exogenous conditions, There
gre several commercially available cell lines from
different teleost Nishes (ATCC and ExPASy
databases, reviewed by Lakra e al. 2010 1) including
the cell lines established from walleye (Sawnder
witrews); WF1 {dermal sarcoma; BS TCL 65) and
WF2 (whole frv (Wilensky, C and Bowser 2005);
BS Cl 8) (IZSLER Brescia, Ttaly). A cell line from
5. fuctoperca is cumrently not availshle.

Therefore, the main goals of this study were (1) o
chumeterze and evaluate key genes for development
as well as siress response in the early ontogenesis of
pikeperch, (i) tainitiate the first approach o generat-
ing a cell model from pikeperch derived out of whaole
embryos, and {111} to analvze the suitabifity of an
in vitro model for studving developmental processes
in pikeperch.
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Materials and methods
Fish smple materal

Pikeperch (struin “Sachsen.” Germany) were bred and
reared 1n BAS al the State Rescarch Centre for Apricul-
fure and Fisheres Mecklenburg-Vorpommern (Hohen
Wanigelin, Germany) within their nommal production
cycle from Junc 2008 until their transéer as fingerlings
(106 dph) to the Experimental Anmmal Facility Acqua-
culiure of the Leibni Instiute for Farm Ammal Biology
(FBN, Dummerstor], Germany ),

Seven marings of pikeperch were generated with &
sex ratio of 2:0 or 131, The progeny wos mixed and
reared ina RAS svstem with a tofal velume of 9 m?, A
pump with a capacity of 9 m’/ supplies eight fish tanks
with a volume of 0.5 m" each with a water exchange rate
of 20t h'ank. The systemn also consists of a drom filter
{72 gnre ), a heater, an ebectneally controlled water
supply, a moving bed biofilter (30% of the toal volumse,
grunulate surface of 830 m*fm®), and pressure sensors
for pump operation. The wital stocking density was 100
larvae/l. The water quality was ensured by continuoass
purificaion, LYV disinfection, and daily momtoring of
temperaturg, oxygen saturation, and pH value, Concen-
trations of WHY. WO, and MO were determined twice
per week incrculsting svstems of lonvae and Fmger-
lings. The photoperiod during hotchery was set at
24100 until day 45 and subsequently at 17170 {+
1.5 b dusk and dwamn ). The feed included a copepod mix
from 5 dph { Aquacopa, Germany ), followsed by Arfennia
nauplii from 7 dph, and ennched Artenein from 9 dph
iboth Inve, Belgium), From 15 dph onwands, dry feed
was added until the complete conversion to dry feed
(Hohime B 1, PTAgua. Ireland) had taken place. Fish
were transported 1o the Leibniz Instinne for Fasm Ani-
mal Biology in a transport box with an additional oxy-
gen provision and in small groups fisr animal weltane
reasons. The transpont was followed by an acchimation
period of a leass two weeks to the local RAS system
before sampling.

Eyved emgs were kept at ~ 155 #C. ~ 129 mgi
dissolved oxygen (DO and 4 pH of ~ 800 To ensure
clean water, approximately 20-304% of the water was
renewed every day. Larvae were kept at— 15.7°C, ~9.2
mg1 DO, ~ 0.0 mgd NH™, < 15.7 mg NG, <02 mg/
I NG, and a pH of ~ 8.7, Fmperlings were kept at ~
211 °C, - Bl mg1 DO, < 001 mgI NH', - 3B.8 mgl
NO™, =007 mg/l NO®, and o pH of - 8.5, For gene
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expressiom analysis, we sampled eyed eggs (0 dph/7%
degree days (DD); three pools of 7 = 200 yolk sack
lorvae (3 dph/137 DD, three poeks of no= 20, arvae fed
with Arfemia spp. (7 dph/252 DY three pools of n =
300, larvee fed with dry feed (18 dph481 DI three
pocds of i = 30}, and liver tissues from 121- to 1 75-dph-
old fngerlings {each o = 3 individuals). Prior 1w tissue
sampling, we ancsthetized fingerlings with 2-
phenoxyethanol (30 mg), According o the recommen-
dations of the German Ammal Welfare Act (5 4¢3)
TierSchi. fishes were then stunned by a blow on the
head and kilked divectly by a bleed cut n the heant as
well as cutting of the spinal cord postenior to the heed.
Collected muterial was snap-frozen in lquid nitrogen
ained stored at ~ 30 °C until further iy est gation.

Cell isolation

By penerating an embryonic cell line, we amed @
creste an alternaive W the use of embrvos for experi-
mental purposes. Nine days after fertilization and ut an
ppe of 125 DD, 12 embryos from pikeperch, with o
length of about 4.7 £ 0.07 mm. were used for cell
isolation. At 125 DD, the embryvos were ot eyed ege
stage (=1 dph } which was confirmed by ohserving them
under the microscope. Based on the trvpsmization tech-
migue. which we had alresdy applied for the Atlantic
sturgeon {Aciperser aominches) cell Tine ACKET
(Grunow et al. 200 Lal, we isolated the specimen from
the egeshell and decapitated it usmg forceps. After
washing three times with 1= DPBS (Dulbeceo’s
Phosphate-Buffered Saling; PAN-Biotech), we irans-
ferred whole embryos into s 1,.5-ml tube and dissociated
eich with scissors and 100 ! of (1% mypsinEDTA
solution (Gibeo Lifie Technologies) for one to twe mi-
nutes, Digeston was terminated by adding triple the
velume of Dulbecco’s modified Eagle medium
(DMEM, with 4.5 g/l glucose and | -ghitamine; Lonza
BioWhittaker) supplemented with 20% FBS (fetal
bovine serum, PAN-Biotech) and & 1% {v/v)
penicillin/streptonmyein solution (Gibeol. After contrifi-
gation for 5 min at 130z, cells were resuspended i cetl
culture medium supplemented with additional antbi-
otics (Gentamycin: 0.1 mg/m] and Kanamyein: 0,1
me'ml; Bicchrom AG) Additomally, an annmycotic
agent {Amphotericin: 230 pg'ml, Biochrom AG) was
pided. Cells were placed into f-well culture plates
(TPP) and incubated at 20 °C and 2.5% OO, [0 the
following, this long-term cell culture is called SLUasl,

€l Springer



PUBLICATIONS

Fash Mol Broclem

Cell culture

For SLUlarl cells. the medium wis exchanged every 2
days for the first 2 weeks, Afterwards, half the medium
was exchanged once or twice per weck, without the use
of additional antibiotics. Cells were sub-cultured at a
ratioof 1:2, when confluence of 8010 9% was reached.
Theretore, the cells were washed with DPBS and incu-
buted with 0.1% mrypsm/EDTA solution at 37 °C for | w0
2 min, Trypsinization was stopped by adding doubie the
volume of the cell culiure mediom. Cells were centri-
fuged for 5 man at 130 g, and the cell pellet was resiis-
pended in g new culture mediom and transfermad into
new culture dishes. From passape two onwards, T25
flasks (TPP) were applied. Cell attachment and cell
maorphology were visualized under the inverted plizse-
contrast microscope {Motic AE2O0HN), and pictures were
taken with Motic Imoges Plus 3.0 Software. Images
were optimized with Adobe Photoshop C5 4 (Adobe
I,

We tested the freezing and thawing of SLULar] cells
as Tollows: After trypsinizaton, cells were resuspended
in precocled (+ 4 9C) freezing medium (9:1 ratio of
precoaled FRES:DMSO [Dimethy Bsulfoxid, Roth]),
placed o |.2-ml crvogenic vials {Roth; - 7.3 = 0+
4 = 10" cells/mly, and ransfemred nto a freczing con-
tainer filled with isopropanol {Thermo Scientific) for o
freezing step al — 80 °C until long-tenm stomge in bguid
nitrogen. To thaw frozen cells, eryogenic vials were
warmed up at reom tempensture {22-23 “C) unnl the
1ce crystals hod nearly disappearal, Cell suspension wis
mixed with riple the volume of culture medigm, centri-
fuged at 130g for 5 min, resuspended m cell culture
medinm, and placed in o T235 flask (TPP} for incubation
at 20 °C amd 2.5% CO4. Afler the freezmg and thawing
process, the wial number of cells and percentage of
viable cells was detesmined secording to the manufae-
turer's instictions applving the Countess Amomated
Cell Counter using irvpan blue staining,

Commercially available WF2 cells (IZSLER Bre-
sciny were incubated in 1M mm culture dishes
(Samtedt) with MEM Eagle medmim, incleding Earle’s
salts (Sigma) at 20 °C and 3% CO. Medium was
complemented with 1% fetal bovine senam (Gibeo),
10 M non-essential amino acids (Merek), 40 mM -
glutamine (Merck), and penicillin/streptomycin (Sig-
ma), Cells were prown until a confluency of ~90%
wias reached, followed by harvesting for RNA
exfraction,
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Immunoflucrescence

The morphology of SLUIurl cells ab passage six wis
evaluated by immunoflusrescence labeling. 300000
cells were cultivated in 35-mm - p-dishes (bidi GrmbH)
for 24 h, washed three nmes with PBS, fixed wath
paraformaldehyde (4%, 10 min, Merck), and perme-
abilized with Teiton X-100 (0.1 %, 10 min, Sigma-Al-
drichy Actin staining was performed using Bodipy FL
Phallacicin  1:40, 30 min, Molecular Probes, Eugene).
Focal adhesions were stained vsing vineulin-Alexw 647
(E 1M, 30 min: Abeam, Cambadge, UK and noclei
were stained by Hoechst 33342 dye {1 po/ml, Sigma-
Aldrich). Fmally, cells were analyzed with a confocal
loser scanning mucroscope (LSM) T80 (Carl Zeiss),
using a = 63 oil objective via the sofiware ZENI 3.

Mucleic acid isolabon

For total RNA extraction from different developmental
stages of pikeparch, sampled material was homogenized
individually in | ml TRIzol Beagent (Thermo Fisher
Scientific), based on the manufacturer’s protocol.
SLULarl cells {passage sixh and WF2 cells (passage
17y were resuspended i 350-pd RLY bysis banfTer § 150~
LATE I BNA Mm: Kit; Bioline) with an additional
3.5 pl of 2-mercaptoethonol (Siema) following 4 wish-
mg step with phosphate-bulfered suline solution (PBS.,
Biochrom} and cenirifugation at 300g for 5 min a 13
“C. All samples were subsequently punfied with the
RMensy Mini Kin iChagen) including DNase weatment.
The queality and quantity of isolated RNA were analyzed
by agarose gel electropharesis and spectrophoiometry in
repeated measurements (ND 1000; NanoDrop
Technologies Thermo Fisher Scientific). RNA was
stored af — B0 AC umti] further vse.

Ciene selection and primer design

To establish o screening panel for key steps of the
developmental process. we included 21 genes involved
m stress (NEFCY, endothefinl PAS domain protein |
[EFAST]. hypoxie inducible factor | subunit alpha
[HIFIA]L hear shock manscription factor | [HSET], heat
shock transcription factor 2 [HSF2], redeast-specific o%-
motic stress franseription factor 1 [@0857TF ) Le Goft
et al. 2004; Deane and Woo 2001; Tse 2014;
Malandrakis et al, 2016 Pelster and Egg 200 8), and
immng response {interleukin | beta 1018, vsoeyme
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[£¥2]: Saurabh-and Sahoo 2008; Fou and Secombes
201461 as well as cell homeostasis (transcription factor
EB [TFEER]; Setiembre und Balkabio 201 1; Raben and
Puertolfanc 2016), nuiritional status (APOE, PPARA,
PPARD: Poupard et ol 2000; Leaver et sl 2005;
Mapaolitano and Ballabio 2006), growth (insulin-like
growth factor 2 [IGF2], CHR; Bergan-Roller and Sher-
idan 20018 MNipkow et al. 2018), energy metabolism
(CEM, glyeine smidinotransferase |GATM]: Borchel
et al, 201%). the process of ponadal maturation (SCACS,
Leeiet al. 200 1; Bhat et el. 201 6), and the orzanogeness
of the early life stapes (BMPY, BMPT, myosin heavy
chain [MYHG], RXRA; He ot al, 2000 Ahi 20106;
Bloomaguist et ol 2007; Tang et al. 23018) (Table 1)
For the stress sereening of SLUar] and WE2 cells, the
additional immune markers interleukin § (CYCLA) and
interleukin 10 (ALHT) were included, No cDNA se-
guences were publichy available for the selecied candi-
date penes at the beginning of the study, except for
CXCLA, and NRICT (Swirples et al, 20149), Therefore,
we identified orthologous gene sequences from the or-
der Perciformes {Acanthochromis. Dicentrarchus,
Emnephelns, Gavterastens, Nodothenta, Orecchromis,
FPerca, Setwistes spp.) from the NCBI (National Centre
for Biotechnology Information) GenBank (GB) data-
hase. Using BLAST searches agamst our recenthy pub-
lished genome of 8. fucioperca (RefSeq NCBI:
GOA_DDEIS115.0 ), obtained with Memina techmolo-
gy and PacBio Sequel Svstem (Mguinkal et al. 2019),
we identified the cormesponding sequences, To venfy
the dentified sequence frapments. o reciprocal BLAST
against the NCRI nucleotide database was perfonmed
Optimal pikeperch-specific oligonuclentide primers
{Sigma-Aldrich) were denived using the Pyrosequenc-
ing Assay Design software (version | L6 Bistage;
Table 1) For primer validation. afl PCR. producis were
sequenced on an Applied Biosvstems 3500 Genefic
Analyzer (Life Technologies).

Real-time quantitative PCR

For gene expression profiting in vivo and in vitmo, sim-
ilar a= i our previews study (Swirples etal, 2009, real
ume quantitative PCR (RT-qPCR) was pertormed with
a LightCyveler® system (Roche Diagnostics) and the
SensiFAST™ Cne-Stop gPCR kit (Bioline), in line with
the manufacturer’s instructions. Therefore, cDNA syn-
thesis from 1.5 pg (in vivo samples) or 003001 g
(in vitro samples) of total RNA was performed using the
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Superseript 11 Reverse Transcriptase Kit { Thermao Fish-
or Scientific] hased on the manufacturer’s instructions.
The resulting DA was stwred at = 20 5C unti] further
use. An initial depaturation siep (95 °C, 5 min) was
folkowed by 40 cyeles of denaturation (95 °C, 5 ming,
15 s of annealmg (60 *C), 15 s of elongation (72 °C),
and a Muosescence measurement step for 1005 (72 °C).
Standard curves were established for all genes to calcu-
late the copy numbers using Iinear regression analysis
(R = (0L998), These were bused on the O values of
tenfold dilutions of the generated fraements (1 = 107 -
= 10 copies). C, values < 35 were considered derect-
able. For data normalization, three reference genes
(EEFTAL, RPLIZ. RPES) which were already
established for data normalization i pikeperch
(Swirplies et al. 201%) were included and evaluated for
cach sample { Table 1), For quality control, PCR prod-
ucts were verified via gel clectrophoresis and melting
curve anulyses.

Statistics

RT-qPCR data were analyzed with the LightCycler 96
analvsiz software v.1.1, and the suitability of reference
genes was assessed using the gBasc+ software
[ Bingazelle, with CV < (0.3, The statistical significances
of different ontogenests stages of pkeperch were calcu-
Tated wsing the one-wiay analysis of varanee (ANOVA)
followed by parametric Tukey’s multiple companson
tiest wsing the GraphPad Prism & software, version
330538, To analvze cell number and viabaliry, mein
and 5.E.M. were calculated for all cell passages of
SLUarl.

Resulis

Onmtopenetic stage-specific expression profiles of wun-
challenged pikeperch

In the current study, we defined the basal mRNA
abundance of the 21 genes listed in Table ©at O dph, 4
dph. 7 dph, 18 dph, 121 dph, and 175 dph of farmed
pikeperch through RT-gPCR analysis (Fig, 11 The av-
erage transcript numbers of the analvzed genes ranged
fromaround 1 = 10 (EMP7 at 120 dphoo | = 107 (Y2
at 121 dph) copies per 100 ng BENA. We detected
oiitogenesis-specific transciption pattems for all genes
analyzed with the exception of H5FT, which was
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Table | Gene-specific prmer set ussd in this shudy
Ciene xymbal Official noumes Sense pamer (-1 Antigense primer (357 Primes Fragment
efficiency %] length (b
Relerenie penes
EEFIA] Ekingation facior | alpha ATGOACAGATCOGT TTOTTGATGTAGGT [k 151
GAGUATG CTCACTTC
RPLI2 Ribascemnal protemn 132 GOOGTAAACCCAGA ACCTODAGCTCCTT |05 157
GUTATTGA GACATTGT
Rpss HRibgsimmal pratein 53 GUAGOATTAUATTO TCATCAGUTTCTTG Lol 161
CTGTGAAMG COATTGTTEG
Tarpel gens
Stress response
EPASY Endoghehal PAS dommain proteinl - AGTGCAGAGUEACGE  TCATGTTCACCTGE (L] 139
ACAGATG GTGAGE
HIFiA Hyponia incfucible Gclor COAGTOGAATOUCT  CTGTGGGOTOCTCT Wr 156
| sbumit alphn TOAGALGTT TAGUAALD
HarF! Hest sheck ramsenpton feie | TOTOTOTTG TG AG GUTGCCATOTIOT 11 LH]
AGTGORAAC TGTGTTTG
HSEE Heat shock mmseription facior 3 AGOCGTOCOGCAGE COGGACTCAGTTOO . W a3
TOCCT CACAGH
WOASTEL Teleamr-gpueyfic camotic @Iess CTCCCTTGAATOGH GACACTGTGAAAGA |02 (1]
trarsonpicn factor | TG TERAG AGAGTAGTA
MR Muclear recepaor pahfamily CCAUTCCTGOATGRS AGGTOCATAGTGTT ey IH0
3 proup © membor | ATICACTT GTCACTOAA
Inmmumie respinse
CCLAt Interleskin ¥ AACAGOUATUAUTC  GOTTGUOAAATUAAG U8 158
TOAGAAGT TCTTACATGA
ILig Inwerleukin 1 bt TCOACCTACTTGEA  TOTGCCTOCACAAC 1o 137
CCCTACA CTGAA
Iy Inserleukm 14 TTTGOCTGOCACGE AGGCTTTAAGTCAT w1 {led
CATGAAC TGOTCTOCT
Ly Lsiszyme TTTGGHCCAACGOCA TOCGTOTGTGTTOT ] 160
CGTOTA (RAT TOAT
i ell homensinsis
TFER Tmnscription factor BB AGTOATGTGOGCTG COTOTTACCTGGAT 95 158
GAACAANG GUGTAGE
Mulrtoial staiis
AMIE Apaliprpedein E GUTAGAGCACTUTG . TTGGUATOUAGCAT 09 1601
ATCTCTOA GTOCTTOT
PPARA Pemxisome proliferator-activaed  ATCTGAATGATCAG TTGGGCTOCATCAT L1 172
receior alpha GTGACTCTC GTOGOTAA
PPARY Peroxisome prolferator-octivaied CTTTGTGACCAGHE  AGOACGATUTGORAT W 15T
repepior defin AGTTCOTT AGAGAATAA
Cirowth
ErfHR Crowth hermane recepsar ACCACAAMCTGOGA  COTTTGCTGGGAAT e 173
AGCATTGHA CTCAGTCA
GF2 Insilim-tike growih facior 2 GAGGCTTOTATTTC ACGOGTATGACCTG 1= 17%
AT AL CAGALAL
Fmengy metaholimm
LA Clenatine kinase, M AGTACTACOOOTT TOTTGOTGTOGT TG W 156
AAGTCCAT THOCAGAT
GAT Cilyoine ambdsnotransferase ATCCTTC TG TG GOATOOGGTAGTOC 02 174
COEIAATG TOAACATA
Gionadal animmdion
SOXS SRY hox tmmscripton factor 9 ¢ COOOTTAACGGCTC  TIOGTIGAGCAATC thl 165
AAGTAAAAN TOCAAAGTTT
Cpmaiapenesis
&) Springer
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Tablke 1 {comtinued)

Gene symbal [HAcml nomes Sense prmer (33 Antisenss |'|ri|'|1=r|;3' 57 Primer Fragment
efficsency ['%] length [bp]

R Hune morphiggeietic prolein 4 COOTAAACGEAALT  TOAGTTCAGATUAT H 151
GUAACTG COGCCAGA

T e Booe mombogetetic proiin 7 TGEITTOTGOTGGAD TTGATGCTOTOTOL o 151
TCTOGRGEG GTTTGTG,

M1THG Myodin heavy chain GOOAAGACTGTGAA  TOOLGAAGCGAGAL 173
CACCAAGA GAGTTOT

RARA Retimold » recepsor alpha CATGAAGAGAGAAG  GTATGTCTOGGTTT u 151
CUOTTCAL TORGGTTOT

fl{;cues applicd exclusively o in vikm analysis

constitutively expressed, For MYHS, we did not obtain
valid duta at 0 dph.

For L} genes, we obscrved the highest copy num-
bers in early developmental stages ((-18 dph).
APOE reached the highest transcript levels at 0
dph, The transcript levels of BWPY, BMPT, CKM,
MYHA, and NRICT were haghest at 4 dph. While the
expression of BMP4 significantly decreased [rom
early (4 and 7 dph) to late larval (18 dph) and
fingerling stages (121 and 175 dph), that of BMP7,
CKM, and NRIC! sigmificantly nereased from 0
dph to either 4 dph (8MF7 and NRFC!) or all lurval
stages (418 dph: CAM), The four penes GATM,
HSF2, §0X9, and TFER were most strongly
expressed at 7 dph, whereby the trunseript levels of
HEF2, 8OX9, and TFER sigmilicantly noreased be-
tween 0 and 7 dph. GATM significantly decreased
between the early (0-15 dph) and late developmen-
tal stages (121 and 175 dphj.

The genes GFR, IGF2, and LYZ were muost strongly
expressed st 121 dph, whereby the expression of LYZ
was highly significantly (p = 0003} increased irom
carly (018 dph) to late developmental stages (121
dphi. EPASIL, ILIE, vO5TFI, RXRA, PPARA, and
PPARD revealed the highest transcript levels at the
fingerling stage of 175 dph. Therehy, EPAST and 8.5RA
were significantly increased between the cary (0-18
dphiy and late developmental stages (121 and 175 dphi
The expression of f3STFI, PPARA, amd PPARD was
enhanced compared with the early develogmenial stages
but only significant at 121 dph,

HIFIA significantly increased i transenpt number
frovim Ot 4 dpde as well as the kate fingerling stage (175
dph), with similarly high copy numbers for cach,
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Characterization of the basal stress level
of & long-lesting primary cell culture

As the first approach towards o cell model from
pikeperch, the long-Lasting primary cell culiure SLULar
out of wsolated embryos was estabfished (Fig. 2a. bl
Following cell solation. single cells and tssue frag-
ments attached o the culre dish within 458 b With
increasing numbers of passages, the cells grew in mono-
tayer, and from the thind passage onwards, tissue frag-
ments were no longer present, Cell size meressed trom
10 to 13 pm in passage two to L5 o 17 pm in pessage
six, Cells exhibited o density of 7.5 = |07 £ 0.4 = '
cells'ml with a vitality of 01 £ 2% afier trypsinization.
After thawing, cell vitality was around 39 £ (7%,
However, even with o vituhty of S5, only 60w 70%
of the cells atached 1o the bottom after 2 days, There-
fore. cells needed up 10 4 weeks for recovery and o
reach o confluency of B0 to 0%, Although we tested
various cultivation conditions, mchading different tem-
peratures (16 *C, 20 °C, and 23 °C), different cell
culture media (DMEM and Leibowitz-15), as well as
gas mixtures (with or withour CO4), cells stopped pro-
[iferating ot passage cight and remained in the stagnation
phase but without signs of cell death,

The merphology of SLUlar] cells at passage six was
evaluated by phase-contrast microscopy (Fig. 2o, d) and
mmmmuno fluorescence labeling of B-actn and vinculin
(Fig. 2e-g1 A high propostion of siress {iber formatons
and cross-linked actin nerworks (CLANS) was obsery-
abie, Regarding the location of [f-gctin, three different
poputagion types were determined: (1) cells with well-
established cortical actin rings in the periphery and
rather thin actin fibers spanning the cell body (Fig. 2e,
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out the cell body (Fig. 21, 1), and, frequently observed.
(i) cells with actm wmanged m a net-like shape as o 1=
deseribed for CLANS (1
{represenited by vinculin staning) of cells with cortical
actin were located in the cell marpins and barger than
cells with stress fibers. In comtrast, cells with CLANS
exhibited high numbers of rather simall focal adhesion

2 g, ). The focal sdhesions

spons throughout the entire cell

Since this altered cell morphology indicates stress, we
further mvestignied the stress bevel of the cells and com-
pared ot to that of the established cell hne WE2 by deter-
mining the ranseript level of 10 marker genes for sress
(HERTA, EPAST, HAFT, HSEZ, f£5TFT and NRICT) and
pmmumity (LY FLIB, CXCES, and L0100 at cell possage
six (Fig. 3h In SLULarl cells, we detected high transcript
levels af HSFT (] = |||'.: and IR (] '||]"5_ inodermte
mRENA lovels of FIFFA (T = 105, NRICT6 = 107), HSE2
(1= 107, and WBSTED (2 % 107, as well as EPAST (]
10, and kow transcript numibers for CACLE (8 = 107} and
LYZ (9 = 10", In WF2 cells, the highest copy numbers
were defocted for (0% 4= 10%), HSEL 0% 10F), and
HSF2{5 = 10°), while EPAS! (8 = 107), NR3CT (5 = 107,
CXCLA = 1Py, wod LYZ(6 = 10" were only nimzinally
expressed. Tramscript levels of HIFIA, [LIB, and ILi0
wiere nid detectahle

Expression profiles of unchallenged WF2 cell Ine
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=105

ranscript n® [ 100 ng RNA
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(= nd

suitability of the existing cell Bine WF2 froim 8. vitrens 1o
examine the expression of the 21 ontogenetic Target
gones from the i vive study (compare Table |). For
16 of these genes, we detected relevant tanscript mum-
bers i W2 cells. However, we did nol for CRKM, JGF2,
HIFTA, ILIE, and GATM, We recorded average tran-
script mambers from 6 % 10" (LYZ) t0 2210° (BMPH)
copies por 100 ng KNA (Teble 21 Gene expression m
the WF2 cell line was similar compared with that in
pikeperch at O dph in the case of GHE, at 4 dphoan the
case of PPARD, and fingerlings in the case of MYFHG
(175 dph). PPASRA (175 dphy, RYRA (021 and 175 dph),
and tOSTE! (121 and 175 dph) Moreover, trnscript
levels of HSF2 in the cells were similar 10 several
developmental stages of whole pikeperch (0, I8, 121,
|75 dph). In contrast, APCE, TFER, GATM, EPAST,
H8FI, NRICTH, LYZ, and SOXY were expressed shightly
less, while BMP4 and BMP? were more strongly
expressed in WE2 cells than in vivo,

Discassion

The farming of pikeperch in mtensive squaculture sys-
tems such as RAS is continuously growing in impor-
tance for European aquaculture, The strategies for in-
tensive pikeperch reaning generally focus more on cco-
nomic considerations than on welfure concemns. How-
ever, ophimizations of intensive aquacultene lechnigues
are necessary o improve animal welfare as well as 1o
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columng) and WF2 cells (grey colinms), Colemns represent nor-
malized menns of three melivides] samples {+ SEM), calonlnied
per 10 g ool olad RNAL nik no data detectable

increase the production of Tngerlings for stocking con-
gidering the determination of optimal breeding parame-
ters &5 well as the definition of limit values. The current
study evaluted ey penes involved in the early steps of
aiibogeess 10 bnprove basic knowledge of the physio-
lncal processes duning pikeperch rearing and the sso-
cinted chalienges.

Transcription factors HSET and HIFIA with uniform
or biphasic expression parems

While the magonty of the examined gemes displived an
oitogenesis-specific transcription patern with a peak
expression at a specific developmental stage, HSF!
wis constiutively expressed. This tnscription foctor
1% the major regulnting Bctor mvolved in the response to
envirommenial stressors in veriebrates (Mordmode | 998
Buckley and Hofmann 2002; Padmini and Usha Rami
20040, It coordinates the transcriptional activation of
heat shodk protemns (H5Ps). protects protein and hipid
mietabolism during stress conditions, and contributes o
distinet immune processes (Deane and Woo 2004,
Roberts et al. 2000), The constunt expression of H8F/
m the present study mdicates that no specific stress
respomse wans induced by HSF! a1 any thoe point,

For HIFTA, we noticed a biphasic expresssion paticrn
with a significant increase of copy numbers at 4 and [ 75
dph compared with the tanserpt level at 0 dph. Dunng
organogenesis as well as during the perod of growith in
general, the organs require higher levels of oxypon
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response (NEICT), and energy metabolism (CRM),
AMPS ind BMPT encode for hone morphogenetic pro-
teins 4 and 7. These protems are involved in the process
of ehondso- and skeletogenesis as well as in the mar-

Fah Physiol Biochen
o 33 3.2 (Andersan and Podrabsky 2014), HIFIA is the major
E|E5 :%.. He reguletor of the response to hypoxia (Ryikiinen et ol
bl Bt | Bl o 2007, Geng < ol 2014). Additionally, HIFIA is in-
vialved in several physiological processes during verte-
bmte development, such as angingenesis, glucose up-
i o tuke wnd metaboliso, and cellular proliferation, as well
- 33 = é E as apopiosis (Gracey el al, 2000 Voor er al, 2004;
E == % T o Raojas ¢ al. 2007 Liu-et al. 2017: Tan et al, 20017
R I The observed constitutive HIFIA expression pattem in
pikeperch resembles observations during the early on-
iogenesis of sebrafish (Dario rerio). Wuchang bream
Sz S [ Mewalotrama amblyveephala), and lake whitefish
g& || = e [ Coreganus clipeaformiz) (Rojas et al. 2007 Shen
L‘E_ &= z = et al. 2000; Whitchowse and Manzon 2019 Neverthe-
= R = less, FIFTA appears o underly species-specific modu-
E‘.: latbonz during the different developmental stages, as
%] exhibited in zebrafish and lake whitefish (Rojas et al,
e o | < 2007, Whitchouse and Manzon 20197
- = 2 £ ™
Sliz||z|24|E . ,
E|ax = E ] E Gene expression of APGE, BMP4, BMP7, CEM,
3 GATM, aml TEER reflect challenges in feed conversion
% AL 0 dph, we uncovered high APOE tunscapt levels.
= :,:; o & The encoded apolipoprotein E is involved in the verte-
E E & g | & E ] brrate lipid metaholism, where it is crucial for the inter-
E E E' -;"_::', :E': ﬁ é nalizntion of plasma lipoproteans mio the ced] (Mahley
z 1988, Babim et al. 1997} Fish epg yolk contuns high
g arrrunts of ipoproteins (Wiegand 9960, Poupard et al.
£ (20040 determined high levels for APOFE transcripts in
E_"F"' § % f: Ih:: yolk sac of r.:mhr'_\rnn!c a_nd_htr'usl turhot
ol e li"% a | @ = = !.Smpbifﬂ.r{nm.'f mr.L_ﬂmr:.ﬂ. APOE 15 highly i:xpresa!.:l
8 I 5-;," == E in the yolk syncyiial layer and sppears 0 control s
2 E utilization during the early steps of ontogenesis {Otis
3 B etal 20131 Thus, our findings in pikeperch embryos ane
= i m hne with this study, Furthermore, our data indicate o
= % = oo E general decline in the expression levels from O dph o
2 =& IllslZ3|z the later stages, suggesting the necessity of APOE for
,‘j‘ 8 F"f f'[ § E f 2 the continunws consumption of the volk sac reserves
3 ‘_g froam eeg 1o larvae as well as the final basal expression
E = level for lipid metabolism after entering the exoirophic
= = feeding phase.
é % 2_‘[! § 3 E The examined yolk sac larvae st 4 dph demonstrated
g Z;" e % £ & g the highest expression levels for genes involved inoor-
E' BlE % ol 'E ganogenesiz (BMPY, BMPT, and MYHG), genesal sress
: o
La ) =4
£ E
- u

SEM

HEM
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phogenesis of several vertebrate nrgans {Strechman et al,
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2003; HotTman et al, 2006 Adams et al. 2007; Bonilka-
Claudio et al. 2002). MYHEG 15 expressed m the heart
muscles of vertebrates { Dhallon et al. 2009; Lopes-Uneu
et al. 2009}, The myosin heavy chain is the major
component of the motor protem myosin in cukaryotic
cells {Vikstrom et al 19971

Pereiformes such as pikeperch and Eurasion perch
underin several morphological changes, incliding skull
and jaw adaptation as well as fin and tecth development
around hatching time snd until the start of the first
uptike of exogencus feed (LoMer et al. 2008; On
el al. 2002b; Alix e al. 200 5). Glralp et-al, (2017)
determined the begmning of pectoral fin formation at
dph and mouth opening at 5 dphin pikeperch reared at
15 "C (Glralp et ol 2017, Before mouth opeiming,
Ostaszewska et al. (2005) observed changes within the
larval intestines of pikeperch, including the length, the
lumen. and the appeamnce of the mucosal liming. An-
other aspect of orpanoreness s the prowth of the de-
veloping organs {Ostaszewska 2005), The fArst hean
beating in pikeperch was observed ot the 34-somite
stage {(around 1.5 h post fertihzanon [hpf]) wnd the
begmning of blood circulation al the SO-somite. stage,
right before the start of hatching fequal to around 2 hpf)
(Ciiralp et al. 200 7). In our study, the highest expression
of the BMP4 and MYHG at 4 dph mught reflect these
processes. In line with this, the subsequent stages of fed
larvae and fingerings were charscterized by a signifi-
cant decrease in copy numbers (except for BMPY at 7
dph.

The process of hatchmg and adapting to new envi-
ronmental conditions is stressful and therefore energy-
consuming. The glucocorticoid receptor, encoded by
MAICE. is the main regulator of the general stress re-
sponse 0 veriebrates, includimg developing fish
(Pavlidis eral. 2001 : Tsalafoura et al, 2008). We recond-
ed a significant NEICT increase from 0 1o & dph, with a
stable expression at later stages of ontogenesis, CKM
serves as an enerey bulfer i mamanals and Gsh (Wyss
and Kaddurah-Daouk 2000; Borchel et al, 2014;
Baorchel et al, 20049). It is responsible for the dephos-
phorvlation of creatme in muscle cells, which is further
wsed for the regeneration of ADP to ATP within the
target tissue (Wyss and Kaddurah-Daouk 20000, Our
results for NRICT and CEM sgem 1o reflect the
restructuring programs of the developing body of fresh-
Iy hutehed larvae and the chullenges of the new envi-
rofment such as oxyveen amd corbon dioxide gas ex-
change or the acclimatzation o HEw enorgy restrces
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due to exogenous feed inkake (Arrentia spp, followed by
dry feed).

Al day 5 post hatching, the mouth opens and the
mixotrophic feeding phase begins, uniil complete yolk
sac resclution fup to 14 dph) (Giiralp ez al, 200 75, D to
the smull size of freshly hotched pikeperch (4-5-mm
tofal length) { Schlumberger and Proteaw 199%6) and the
incoanpletely developed intestine, the initial feeding re-
quires live prey (Hamza ct al. 2007), The phase of
conversion from endo- to exotrophic feeding i highly
critical. since this 15 when fish reect strongly to chemical
of plivsical stimuli (Woltering 1984), During this im-
partant phase of development at 7 dph, genes involved
mn enenry metsholism (GATM), nutrvon (TFER), -
fadal msturation (SOAV), and stress response (HSFD
were most strongly expressed,

GATM contribiutes 1o the creating energy sysiem in
mammals and fish {Borchel et al. 2014; Borchel et al.
219y For pikeperch, we detected similar expression
levels inoall larval stages at 4-18 dph, with the highest
copy numbers at 7 dph. At that stage, lervae experience
exogencus feed mteke includmg digestion for the first
time. Moreover, the complete volk sac resorption must
b compensated o reach homenstasis of the energy
metaholizm, Thus, high expression of GA T is coneor-
dant with the required new encrgy levels. In line with
this, we found that the expression of the gene encoding
transeription factor EB (TFER) gradually increased
fromn O dph 10 larvae fed with Aresia spp at 7 dph.
und then decrensed in later developmental stages. In
vertebrutes, TFEB is important [or cell homeostasis
and is involved in several cellular processes, such as
lipid metabelism, bone resorption, and immune Te-
sponse (Ferron et al. 2013; Settembre et al. 2013
Tiller and Garsin 20041, According to Settembre e al.
(201 3y, TFEB is the main fcior coondinating the meta-
bolic response 1o the process of starvation in the nema-
tode Cacnorfiahditl elegans. The first oral feeding most
fikelv provoked an immune response due o the st
contact with non-sell molecules. Funthermore, the final
resarption of the endogenois yolk sac encrgy resources
might lead to a smte similar to starvation (unti] first
feeding ), while the exogenous feed intake delivers en-
ergy. All three conditions might modulate the observed
transeription of TRER

SOXY 15 critical for the sex determination, gonad for-
mation, and development of vertehrates (Y okod et al, 2002;
Chaboissier et al. 2004) In Nile tilapia (Oveacfrmmis
aifosivns), SOAY is highly expressed during the early
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emogenesis of both sexes, bul the concentration deereases
in later stages (1jir et al. 2008). In pikeperch, we found a
sirmlar ranserption pattem with the haghest expression of
SO at T dph, followed by a declin in later developmen-
tl stmges. This pottem was also observed for H552, which
s mvolved in the development of embrvos m verichrates
{Enksson et al. 2000), Thes pattern might reflect the con-
teabutioon of both fectors to ealy developmentsl processes.

Subsequent 1o the transition from endo- to exotrophic
feeding, the conversion to artificial feed is another chal-
lenging phase that influences growth and moedality
(Rastemont eral. 2007; Huebenova ez al, 2005), Several
stndics have demonstrated that the transversion from
endi- to exogenous feed is o entical step in the fanmimg
of fish larvae (Hameza et ol, 2007; Kestemont & al.
2T Unexpectedly, none of the evaluated genes
displayed # peak expression in the stage of larvae fed
with dry feed {18 dph).

The gencs GAR, FGFZ, and LYE were highty expressed
during the growth phase of juvenile stges

Within fingerlings at 121 and |75 dph, genes of siress
(EXSTF T, EPAST) and immune response (LY (LISY
growth (GHR. FGF2), organogeness (RYRA)L and nu-
tritional status (PPARA. PPARD) were highly
expressed, The moate immune genes LYE and (L18
are part of the fisst line of defense. The manscripd levels
ofo- and g-tvpe lvsoeyme were found to be low inolive
flounder | Paralichthvs offveceny) om hatching uniil
20 dph, followed by a significant increase to 30 dph
(Lee et al. 2004), Owr results imdicate a similar signifi-
cant increase inthe mRMNA levels of L2 from early
stapes ot U- 18 dph to the stage of juveniles at 121 dph.

The wo genes, GHR and JGF2, are involved in the
growth of fish (Schlueter et nl, 2007; Besseau e al.
21 3; Clauding da Silva etal. 2019), Investigations of
eilthead sea bream [ Spvrrnes auroio) demonstrated a pos-
itive comelation between the expression of GHE and a
growth spurt during summer months {Calduch-Giner
et al. 2003). Nipkow ot al. (2018} detected increased
TGF2 transcrpt levels in mursens whitefish (Coreromus
micraena) at the onsel of oral feeding and during devel-
opment into fingerlings. We found similar pattems in
pikeperch with an merease in /0GF2 and GFHR transcript
levels from O dph to 4 snd 7 dph and the highest levels at
121 dphi, eeflecting the strong phase of growth of

fingerlings.
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The long-lasting primary cell culiure LU shows
prominent sensitivity including stress fiber formation
wned the high expression of stress-related penes

To establish optimal pikeperch farming conditions, de-
tuiled research regarding s physiological needs 15 -
dispensable. Especially in basic research, in vitro anal-
vaes can be & suitable replacement for animal experi-
ments, Currently, no specific cell model of pikeperch is
available,

Here, we present an approsch to denve o cell model
froam pikeperch, However, embryvonal Sinder cells are
apparcntly mare sensitive o the standand handling pro-
cess compured with other prmury fish cells from, for
example, Atlantic sturgeon, Atlantic salmon {(Salmeo
sarfary, Siberian surgeon (Aciperser boerf), maraena
whitefish, minbow trout (Owearinciies mvkiss), and
zebrafish (Ciba et sl. 2008; Grunow et al. 201 1b;
Grunow ef al. 201 la; Grunow et al. 2015y The cells
siopped o proliferate and remained in the stapnation
phase from passage cight omward. Funhemmorne, they
gocurmulated actin filamenis in the eytoskeleton, which
are well-known indicators of stress, We sdentified three
different actin populstions at cell passage six. one had
cortical actin rings and low stress fiber formation, which
might be derved from cells of the cpithelial or endothe-
Tiul lineage. These cells grew frmly together and formed
a stable cell architecture by using their neighboring cells
as mechanical support. In another population we ob-
served sipnificant stress fibers, which charactertres me-
chancally stretehed cells like muscle cells or bone cells.
These cells transmit forces through ther ¢ell body and
theretore have a strong actin network. Moreover, we
ohserved a star-shaped formation of actin, which has
not been described in unstimulated cells thus far, How-
ever, CLANs (cross-linked actin networks) can occur
under siress oF by stinulating different infegrin signal-
ing pathways (i.e.. via differcent extracellular matrix
proteins) {Fillo et al. 2009; Job et al, 2010

O the iranscriptional level, high transeript numbers
were deteeted for immune and stress marker genes [ 1B,
NRICY, HIFIA, HSFI and HSF2 at the sixth cell
paszage, fLAF s a well-established marker for in vitro
stimaskation with pathogen-associated molecular pattems
(PAMP2) in the primary cells of different fish species
(Chaves-Pozo et al, 2004; Martorell Ribera et ab, 20200,
Compared with the cell line WE2, SLULer1 cells showed
prominent higher transcript levels for the examined
genes, except for /STFL. Along with high expression
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levels of either general cellular and environmental
(NRIC!) or specific environmental stress responsc
wenes (FIFIA, HSFL HSF2), we conclude that the
current culturimg conditions lead to induced stress with-
in the SLUlar cells.

The WF2 call line is currenly the most suitable cell
model, bat does not comespond to a specific ontogenetic
stage of pikeperch

M a substitution for i cell model from 8. ncioperor, we
initially tested the applicability of the in vito system
WE2 (& vitrens) for investigating developmental pro-
cesses of pikeperch. The expression for most of the
genes could be verified, although a clear assignment o
a cenain developmental stage of the investigated
pikeperch samples could not be detected, However, we
must be aware of the dissimlanty between an 0 vitro
mwded and the complexity of a whobe organism. More-
over, ne further detailed information abour the exact
ontogencte stage of the source material is ovailable.

Conclusion

The process of antogenesis 15 sccompanied by the contin-
woss slaptation 1o changing physiclogical and environ-
mental conditions. In the present smdy, we determinad
beasy] expression patterns of promisng molecular markers
for moenitonng the developmental process of early onto-
enesis in pikeperch under cument farming conditions. We
identified promising candidstes representing the challeng-
ing steps of feed conversion (APOE, BMPA, BMP7, CKM.
GATM. and TFEB) and the growth phase of juvenile
pikeperch (GHR, JGFL RXRA, PPARA. and PPARD),
which can be wsed to accompany the development process
of pikeperch firming in futume studacs. A first approach to
establishing a long-lasting primary cell culiure from whole
pikeperch embrvos was achicved, However, the imipos-
tance of establishing & switable cell line has been demon-
struted, since it remains 8 major challenge fo yield repro-
ducible results.
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Simple Summary: Inadequate oxygen saturation, or hy poxia, belongs bo one of the critical stress
factors in intensive aquaculture, Exposure of fish to low oxygen levels over prolonged periods
substantially affects their well-being and immune competence, resulting in Increased disease suscep-
tibility and consequent economic losses. In this interdisciplinary research, we atmed to provide a
rJ.n:L-Per I.I.Ibdl:r!itﬂ.l‘lﬁﬂnﬁ of the effect of chronic low axygmen satimtion on PI'EEPH\CJ! farmed i recireu-
lating aquaculture systems. The obtained data offer unprecedented msights into the changes in the
immunocompetence of studied fish and suggest high robustness of this new aquacubture species o
the stress factors of infensive aqusculture,

Abstrack: Inadequate oxygen saturation can induce stress responses in fish and further affect thelr
immunity. Pikeperch, recently Introduced In intensive aquacultuse, |s suggested o be reared at
mearly 1P DO {dissolved cavgen), vet this recommendation can be compromised by several
factoms including the water temperature, stocking densities or low circulation, Herein, we aimed to
investigate the effect of low cxyvgen saturation of 40% DO 45,2 mg/ L over 28 days on pikeperch
farmed in recitculating agquaculhare systems. The obtained data suggest that—although the standard
blood and health parameters did not reveal any significant differences at any fimepoint—the fow
cytometric analysis identified a slightly decreased proportion of lymphocytes i the HEK (head
kidmey of Hsh exposed to hvpoxia. This has been complemented by masginally downmegulated
expression of investigated immune and stress genes in HK and liver (including #THT, HIFTA and
NEICT)L Additionally, in the model of scute peritoneal inflammation induced with inactivated
Aerommas hydrophila, we observed a striking dichotomy in the sensitivity to the low DO between
innate and adaptive immunity, Thus, whike the mobilization of myebold cells from HE o blood,
spleen and peritoneal cavity, underlined by changes in the expression of kev proinflammatory
cytokines (including MPO, (ILTE and TNF) was sob influenced by the low DO, hypoxia impained
the influx of lymphocytes to the peritereal niche in the ber phases of the immune reaction, Taken
together, our data suggest high mbustness of pikeperch owinds the low oxygen saturation and
further encourage its introductiom to the infensive aquascultbung systems

Keywords: pikeperch; hypoxia; intraperitoneal stimulation; immune response; siess response;
Aerotonias idropfula

Biologpy TOEL, 10, 6484, Dblges: /ol org, T30 biokogy 10070645

hipes: S phcom oaral Ssolopy
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1. Introd uction

Low dissolved oxygen {20) levels induce primary, secondary and tertiary stress
responses in fish [1]. Optimal oxcygen saturation is a vital parameter for animals and,
therefore, Hebtly controlled i intensive aquaculiure facilities. Hyvpoxia is defined as
depletion of oxygen concentration, which can substantially affect the fish’s well-being and
immune status, resulting in increased susceptibility to stressors and reduced resistance
to pathogens (2], Bregnbalie (2015) defined oxygen saturations below 405 (equivalent to
=3=4 g/ Loat 20-25 "C) as imadequate for aquscaliure facilitses mgeneral [1], The reguined
conceniration of dissalved oxygen is dependent on the fish species and the cormesponding
water parameters. Furthermore, the animal-specific sensitivity to low oxygen saturation
and the duration and the intensity of hypoxic conditions influence the outcome of the
tigpensd response [4.5] There are several peasons for low DO levels i agquacultune systems,
including inadeguate water circulation [&], high water temperatures [7] and high stocking
densities [4], Percids seem to be relatively tolerant to low DO levels [4,10]. For instance,
feeding rate of yellow perch (Peroa flagescens) consumption is negatively regulated only
with oxyvgen levels of 3.5 mg/L and lower [11]. The growth of walleve (Sander pilreus)
and yvellow perch is affected by oxygen levels only below 2 mg/L [12-14]. Nevertheless,
levels below 5 mg/L DO can induce significant stress responses in Eurasian perch (Perca
Furaniilis) [15].

The pikeperch (Sasder lucioperca) is native to fresh and brackish waters of the northern
hemisphere |16], and due to its high-quality flesh and high market acceptance, it became
a significant foed fish for regional aquaculture in Europe [17]. Within its natural habitat,
the DO levels range from 3.5 to 129 mg/L [15, 19], Thus far, meacly 10005 DO (equivalent
tor =7—% g ST DO ak 20-25 °C) has been suggested as the optimal oxygen saturation for
pikeperch aquaculture [20-22]. However, the lower limit of the pikeperch’s tolerance
o lowe DO bevels under intensive farming, and its impact on physiology and mmuanity
remains vague. Previously, Stejskal et al. {2012) observed that a 50-60% oxvgen saturation
fequivalent o —4-6 mg /L DO al 2025 °C) coreelates with lower feed intake and a reduced
growth rate in intensive pikeperch farming [23], while in independent study similar caygen
saturation for 36 dayve led toa sigmificant imcrease in the complement activity of the sera [24].
MNevertheless, a more detailed understanding of the effect of chronbe low oxygen saturation
on immune system of pikeperch is absent. In this study, we aimed to fill this gap and
elucidate how low oxygen saturation of 40% (£3.2 mg,/L D0 for 28 days influences the
standard health and tmmuone system parameters and expression of seleched genes invalved
in the regulation of immune and slress reaponses. Furthermore, to gain further insights
into the capacity of the immune systemn to induce inflammatory responses under low DO,
we emploved a previously established modiel of acute peritonibis with Aevormmies fidropiiia,
Gram-negative bacterta associated with mortality of fish kept under adverse environmenial
conditions |25 26].

2. Materials and Methods
2.1, Fish Rearing amd Experimentol Design

Minetv-eight juvenile pikeperch [oliained from Anapartners, s.ro., Prague, Czech
Republic), with an average length of 29 51 = (047 cm and body weight of 219.3% 4+ 9.79 0
were reared in a recirculating aquaculture system (RAS} at the Institute of Aquaculbure
and Protection of Waters (LAPW; Ceské Buddovice, Ceech Republic) from June to August
2018, Fash were randomly assigned in six identical black plastec 300 L tanks and acclimaged
for two weeks at 23.1 & 1.0 °C with 12:12 h day /might light perind and a light intensity
of 20-35 Lx. Water was pre-treated by drom and moving bed filters in complement with
UV disinfection and asration, In all tanks, the inflow-outflow rate was 6 L/ min, generated
through mixing towers, and in-tank oxygen saturation was monitored online using the
controller HACH SC 1000 (HACH Lange, Misseldorf, Germany). Feeding was performed
with a commercial extruded diet {EFICO Sigma 970, 3 mm, BiohMar A /S, Brande, Denmark)
by automatic feeders (EHEIM Twins, Deasau, Germany; 6 meals per dav) and one hand
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feeding. Fish were fed ad libitum. The experimental design is illustrated in Figure 1. The
experiment was performed in triplicate tanks for up to 28 days, with £3.2 mg/L DO levels
(4075 oxygen saturation) for “low DO group” (total no=49; 12-24 per tank) and =83 mg/L
DO levels (=95% oxygen saturation) for the control group (total n = 49; 12-24 per tank).
Low DO conditions were established by additional nitrogen administration according o
the oxygen depletion system generated by Michavant et al (2000 [27], including individual
muodificatbons, Water quality parameters (NHa, NHY, NO? and NOY ) were monitored
throughout the experiment in the two-day interval using commercial kits (LCK 34, LCK
341, LCK 339 and HACH Lange, Diisseldorf, Germany) and spectrophotometric analyses
(DR 3900 and HACH Lange, Drisseldor, Germany). The concentration of ammonia, nitribe,
and niteate was 00,24 -+ 011, 021 £ 13 and 4.54 = 418, respectively, Temperature and
pH were monitored daily with HACH HOH) multimeter and reached 235 = 007 *C and
738 &+ (025, respectively,

day 1 day 7 day 14 day 21 day 28 cantrol growp: + 8.3 mg/l 0O
I I ! : { } treatment group: 1 3.2 mg/l DO

.

»

day 8 day1l day2z day3
1 | | contral group — unstimulated: + PAS

! ! ! ! contral group = stimulated: + A. ydrophilo
treatment group = unstimulated: + PBS

past intraperitoneal stimulation 3
" treatment group — stimulated: + A, hydrophilo

Figare 1. Outline of the experimental design. The 95 adult pikeperch were kept either under normaxic water conditions
(B3 mﬁ_."L dizscslved Ny Ren ] lr\-uI:I ar low DO saturation (3.2 mH_fL (5w |t'w.-|} fear up b B da:pu. |‘L-J"|P-hcw&|
blewsd, head kidney (HE) and liver tissues were sampled from five fsh of both growps. Additionally, at day 8 of the
experiment, 48 fish were intraperitoneally injected with either 1 = 107 inactivated Aeronmomes bydrgbile cells in 100 sl
sheerile phnﬂplu!e—huffqﬂ'nd salime =sadotion [PESpor rxrh.r;i\-ﬂ_\r 100 pl. PES. At thres ﬁ1|h1w:inﬁ d.::,'.ﬁ.. Frrih.'uwu! !Lﬂ.!lcnr:..'umr
peripheral blood, HE and splern were collected from four Ash per group.

Before sampling, fish were anesthetized with 30 pL/L clove oil and stunned in com-
pliance with the terms of the Ceech legislation (Section 29 of Act No.246,/1992 Coll, on
Pratection of animalz againat cruelty, as amended by Act No. 77 /2004 Coll.), All antial
experiments have been approved by the Ministry of Education, approval 1D: MSMT-
18301 /2018-2.

On days one, seven, fourteen, bwenty-one and twenty-eight of the treatment, we
sampled peripheral blood, head kidney (HK) and liver of five fish per control and low
DO group. Additionally, to elucidate the impact of hyposxda on acute inflammation, we
performed peritoneal stimulation described below, Upon induction of peritoneal inflam-
miation, peripheral blood, HE, spleen and the pentoneal leukooytes were sampled at day
one, Bwo and three post-stimulation at days ning, ten and eleven of the hypoxia experiment.
Peripheral blood was collected from the caudal vein with heparinized (Sigma-Aldrich,
Taufkirchen, Germany) syringes, Parts of the HE, bver, and spleen were snap-frozen in
Tigpuict mitrogen and stored at —80 °C until ENA isolation. The peritoneal leukocytes were
shlained from peritoneal lavage as described previously [25]

2.2, Intrapertoneal Stimulation with Acromonas faplrophile

To evaluate the impact of low DO on the acote inflammatory response, fish werne
stimulated with 1.5% paraformaldebyde (PFA) inactivated A. ydropisila, To this end,
48 pikeperch {24 each per control and low DO group, 20885 = 6.58 g) were intraperitoneatly
injected at day eight of the experiment (Figure 1) with cither a total of 1 = " A bmpirapiiila
im 100 uL sterile phosphate-buffered saline sobution (FBS) or exclusively with 100 uL 'G5
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2.3, Cell Isolntiom

The blood samples were diluted 1:150 i DMEM (Dulbecoo's modified eagle mediam;
Gibon/ Life Technologies, Carlsbad, Ca, USA) on ice, The remaining HE and spleen wene
homaogenized by cell strainer (100 pm; Corming Inc., Coming, NY, USA) and resuspended
in 4 mL DMEM (Giboo) on ice. Collected cells were further 1:1 difuted in DMEM [Gibsco)
on ice, layered onto an isctonic Percoll™ (Ge Healtheare, Uppsala, Sweden) gradient
(% plus 51%; r= LIS g/ mL) onoace and centrifuged at B00= ¢ for 15 min at 8 °C. We
collected the HE leukocvtes at the interphase of the different Percoll™ concentrations,
washed the cell suspension and, finally, resuspended it in 300 pL DMEM (Gibeo) on ice.
Cells were further 1:2 diluted in DMEM (Gibeo) on ice and applied for flow cytometry:

24, Flow Cyrarnatry

To investigate the cell compesition of peripheral blood, HK and spleen samples we
applied flow cvtometry analysis using the BD FACSCanto™ 11 system {BD Biosciences,
Prague, Ceech Republic) in mediom flow rate (1 pl /) Briefly, the lenkocytes from HE
and spleen wene diluted to s coneeptration 1 = 10°/mL and 100 gl of the cell suspension
was used for the measurement. Furthermore, 2 pL of whole blood were diluted in 200 pl. of
DMEM containing the DIOCH dye and recorded for 20 s af a constant flow of 1 pl/second,
T determine the total number of peritoneal leukooytes, we emploved the flow ortometry
protocol described previously [28]. The cell morphology was evaluated using the FSC-
S5C parameters, with lymphocytes being PSCY-S5C and myeloid cells being defined as
ECshl.garhi,

2.5, Hewith Parrmieters

We measured traditional health indicators, including total length, weight, spleno-
(551) and hepato-somatic indices (HS1), as well as concentrations of glucose, lactate and
plasma cortisol levels. The 551 was calculated by the formula: spleen weight (g)/body
weight (gh = 100; the HSI wias calculated by the formuala: liver weight (g)/body weight
(g} = 100 Whole blood glucose and lactate levels were analyzed using the Aceutrend™
Flus device (Cobas; Roche Diagnostics, Mannheim, Germany). Plasma cortisol levels wera
measured by the Cortisol ELISA assay (DRG Instruments, Marburg, Germany ) acconding
o the manufacturer s instroctions.

2.6. (zene Selechion and Primer Design

To evaluate the transcriptional response to fow DO saturation and the capacity of
fish to induce inflammatory responses under stress, we established a screening panel with
15 geres involved i stress and immune response Clisted in Table 1)

The genes, elongation factor | alpha {(EEFIAT), ribosomal prodein L32 (RPLIT) and ribo-
somal protein 53 (KP55) were applied as reference according to Swirplies et al. (2009) [29].
For the candidate genes interbeukin & {CXCLE), hyvpoxia-induable factor 1 subunit al-
pha (HIFLA), heme oxvgenase 1 (HMOXT), heat shock transcrption fackor 1 {HSFT), heat
shock transcription factor 2 (HSFZ), heat shock protein 90 alpha family class A member
1 {HSPYIAATY, interbeukin 1 beta (IL1B), nuclear receptor subfamily 3 group c member 1
(NEICT) and tumor necrosis factor {TANF) pikeperch-specific oligonucleotide sequences
were already available from our former studies [29,50]. Using our recently published
pikeperch genome (RefSeq NCBL GCA_DDRI15115.1) [31], we identified the remaining or-
thologs for 5. licioperca. The Pyrosequencing Assay Design software (version 1.0.6; Biotage,
Uppsala, Sweden) was applied to derive optimal oligonucleotide primers, We purchased
all primers from Sigma-Aldeich, Taulkirchen, Germany) and validated them by sequenc-
ing their PCR products {Applied Biosystems 3130 Genetic Analveer; Life Technologies,
Carlsbad, CA, USA).
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Table 1. Gene-specific primers used in this study,
Gene Symbol Official Names Sense Primer (5°-3') Antizense Primer (5°-3') Primer Efficiency [%]  Fragment Length [bp|
Refemence genes:
EEF141 Elongation factor 1 alpha ATCGACAGACCOGTGAGCATG  TTCTTGATGTAGGTGCTCACTTC 05 151
RPLAZ Ribwsomal protein 132 COOGTAAACCCAGAGGTATTCA  ACCTCCAGCTCCTTIGACATTGT 105 157
KPS3 Ribosoemal protein 55 GCAGGATTACATTGCTGTGAAAG  TCATCAGCTICTTGCCATTGTTG 101 161
Target penes:
Sitress e
EPASI Endotholial PAS domain prowin]— AGTGCAGAGGACGUACAGATE  TCATGTTCACCTOCGTGAGET 100 139
Hypoxia inducible factor 1 " - = -
HIF1A et iiobe CCAGTOGAATCOCTIGAGAGTT  CTGTGOGGTOCTOTTAGCAAL a7 156
HMOK1 Heme oxygenase | GOTCGOTGTATGAGGTCTACT TCTCTOCAGTCCTGGOCATAG i 154
HSPI0AA] Heat shock protein AR \GATACTACACETCGOCTICTG  TCACCAGTGATGTAGTAGATGTG 100 107
B famlby class A member 1
HSF1 Heat shock transcription factor 1 TGTGTCTTGTGCAGAGTOGAAD  GCTGGOCATGTTCITGIGTTIC 1l 1
HSE2 Heat shaock transcription factor 2 AGCCGTOCCOGCAGCTOCCT COGGACTUAGTTUGCAC AL 41 9
NRIC Nuclear receptor subfamily 3 (0 ) CHOCTGCATGOATICACTT  AGGTCCATAGTGTTGTCACTGAA 100 140
group ¢ member |
Immune response
CsFz2* Colony stimulating factor 2 CCAGCAGGAATACACAGAAATCT  COCAGATAGAGACAATGATGAAG a5 164
CRCLA* Intesleukin 8 AACAGGCATGAGTCTGAGAAGE  GOTTGGAAATGAAGTCTTACATGA s 155
FTHI Ferritin heavy chain | ACGAACTOGCAGACTGOGIGAC  CIGCTTTICTTTGOOCAGGGTG i 102
ILIR* Ivierleukin 1 bets TOGACCTACTTGCACCUTACA TCTGCCTOCACAACTTOAA i 137
MHC 1 alpha * M"':;ﬂ*f;"‘;::‘;‘ﬁ::ﬂ"‘"" TECACCAACCACTGACCAGAAT  CATCATCAGTCOCAGOCAATCA 99 168
MPCy Muelopermidase CTTTGATCGOGUCGTOCTGOTA  ATTACCAGCCAAGCCATGGTCA el 152
RAGL* Recombination activating | CTCACGCTTCAGTGTCATGATC  AACCTCTITCTCCTOCTCGTCT &5 157
THE* Tumor necrosis factor GICTITGGAACCAGGCTATTITAC  TTTATGOCTCAGGCTTGACTGE #a 157

* Gemes applied exchusively for stimulation experiment.
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2.7. RNAKXDNA Preparation

Total RMA was extracted from collected samples by homogenizing tissues (HE, liver and
spheen) separately within 1 mL TREol Reagent (Invitrogen/ Thermo Fisher Saentific, Karlsmuhe,
Germuany), as stated in the manufachurer's mstructions, Subsegquently, we purified all samples
with the RNeasy Mini Kit (Qiagen, Hilden, Germany), including DNAse treatment. For
isolated HE leukocytes, 35 ul of Z2mercaptoethanol (Sigma-Aldrich, Taufkdrchen, Germany)
wits adidied, and samples were purified with the ISOLATE [ RNA Mini Kit (Boline/ Merdian
Bioscwence, Londaon, UK Applying gel electrophoresis and spectrophotometry analysis in
repeated measurements (ND T, NanoDvop Technologies,/ Thermo Fisher Scientific, Waltham,
A, USA), the quantity and quality of the izolated nucleic acids were determined. Collected
BN A was stored at —80 °C unbl further apphication.

Synthests of cDMNA was performed from 1L.0-1.5 pg of total BN A wsing the SuperSeript
II Reverse Transcriptase Kit {Thermo Fisher Scientific, Karlsruhe, Germany) according to
the manufacturer's protocol, and cONA was stored at 20 °C,

2.8, Rewl-TIME Quanbilative PCR (rf-gPCR)

The gene expression during low DO levels was evaluated by real-time quantitative
I'CR (rt-gPCR). Therefore, we implemented the SensiFAST™ SYBR Mo-ROX Kit [Bioline,
Luckenwalde, Germany} and the LightCycler®h system (Roche, Basel, Switzerland). 'CR
conditions were as follows: the inital denaturation step (95 °C, 5 min) was followed by
dl cycles of denaturation (95 °C, 15 s}, annmesaling (60 °C, 10 &), elongation (72 “C, 20 g} and a
fluorescence measurement step for 10 s (75 “C). For the copy-number caloulation by linear
regression analysis (R = 0.909), standard curves based on Co values of tenfold dilutions
of the generated fragments (1% 10°=1 » 10 copies) were generated, Cg values > 35 wen
considered as not detectable. For confirmation of the quality of all PCR products, we
conducted melting curve analysis and gel electrophoresis,

Three reference genes (EEFTAL RPL32 and RPFS5) for 5, lucioperor [ 29] were evaluated
for each sample and applicd for data normalization,

2.9, Statistics

Ri-qPCR data were evaluated with the LightCyvcler %6 software v 401, Flow cytometry
clata werne analveed by usimg the BD FACSDHva saftware Flowlow 10, Statistically significant
differences i blood parameters, gene expression and cell composigion between controd and low
DY proup were determined per day using the multiple -test (Holm-Sidik corrected, o = 005}
For the additiecnal stimulation experiment data, statistical significances were calculated with
one-way ANCOWA Followed by Tukey's multiple comparson best (p < (0,05),

3. Results
3.1 Redeeed Owygen Saterration Induces Marginad Clugges in fhe Process of Adaptetion
3.1.1. Blood and Health Paramasters of Challenged Pikeperch

T evaluate the phyvsiological responses of the fish challenged with the low DO bevels,
we recorded standard health parameters including biood glucose, lactate and plasma cortiso
levels, as well as 55Land L5] throughout the experiment, Motably, these parameters did not
neveal any significant differences between the “comtrol” (8.3 mg/L DO and “low DO group”
(3.2 mg/L X)) at any ime point of the experiment (Supplementary Table 51,

3.1.2 Composition of HE and Peripheral Blood upon Low DO Exposure

We hypothesized that inadequate oooygen saturation would affect the immune status of
the fishy, reflecked by a change in the proportion of immune cells, Therefore, we employed
flow eytometry to analyze the ratio between myeloid and lyvmphoid cells in HK and
peripheral blood. (Figure 2.

Throughout the experiment, the average cell composition of the peripheral blood
leukocytes remained almost unchanged between the control and the low DO group, with a
proportion of approximately 5% lymphocytes to 5% mveloid cells (Figure 2A). Conversely,
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the composition of HK exhibited notable differences between both groups. Thus, while the
ratio between myeloid cells and lymphocytes in the control group underwent only mild
fuctustions ranging feom 63% fo 79905 of Ivenphocrbes and 21% to 37% of myelodd cefls, we
observed more substantial changes in the group exposed o low DO, Particularly at the
early time points (day one, seven and fourteen), we witnessed an increase in the proportion
of myeloid cells, reaching to 46%,, reflected by a 1.4 decrease in lymphocyte proportion
(Figure 2H),

Figure 2. Proportion of myeleid and lrmphoid cells within blood and HEK of pikeperch challenged sith low DO conditions.
Proportion (%} of lymphoid (bright color) and myeloid cells (dark oolor) in collected blood (A] and head kidney (HE; (B))
samphes of pikeperch, HK was additionally purified by Percoll-gradient, Columns represent mean of five individual samples
(+5EM) trom control (grey/ patterned ) and hypoxia group (red) after one, seven, fourteen, bwenty<ome and twenty-cight days
of the experiment=. Statistical significance per cell bype per each day was determined using the multiple ttest (Holm-Sidik
corrected), with alpha = (05

3.1.3. Gene Expression Analysis in HE and Liver of Challenged Pikeperch

To provide deeper insights into the molecular mechanisms underlving the changes in-
duced by low D0 levels, we evaluated the expression of eight selected genes involved i re-
sponse bo hypoxia. The transcript numbers ranged from approximately 2 < 10! (HSP#AAT)
to 2.5 x 10° (HSF2) copies per 100 ng RN A in HK and liver of individual fish (Figures 3A-C
and $A-C). We detected transcript numbers only below 2 « 107 transcripts, 100 ng BNA
for the genes HMOXT and HEPMAAT in HE and iver (Figures 34 and 44), The highest
copy numbers with 1.5 = 10° transcripts/ 100 ng RNA and above were observed for the
menes EPAST, FTHT and HSF1 in HE and liver (Figures 3C and ).

In general, few genes were lower expressed under low DO levels in liver and HE than
in the control group, Three of the analyeed genes (ERAST in HE; FTHD and NR3CT inthe
liver) shared similar transcript patterns. Here, the expression levels of both groups are
similar at the beginning and the end of the experiment, but at days seven and fourteen the
lovw DO growp showed lower transcript levels,

Fouir genes showed statistically different copy numbers between the control and the
low DO group. For HSP#IAAT a change from significantly lower to significantly highir
copy numbers during the treatment was observed in HE. HIF1A showed higher transcript
levels during the low DO exclusively atday 2 in the liver, but lower copy numbers from
day 14 till day 28 in HE. Another two genes (FTHT and NRICI: HE and liver) showed
Iower transcript levels during the low DO challenge.
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Figgare 3. Stress and immune marker expression in HE of pikeperch exposed to low oxygen saturation, Gene expressson
of candidate genes in collected head kidney (HE) samples of pikeperch, Nomesic (grey Sempty crcles) and low DO
(ud.l’l:i]led. circles) B wkber i, seven, fourteen, h\m{}r\-i:q!.' and h\-r:nl:_',.'-eighl I:H}-.-:- of H'ﬂ.-r_!q:-urin‘l.ml:. Camnes imvolved
in stress (greenp or immune response (blue) were either low by (A}, moderately (8] or highly (C) expressed. Data points
'n.-]:n'pcnl: the mean of five individual a.:mrﬂrs {#5EMY, caloulated per TiHy g of total RN A Statistscal xi:a'nifiram\c Wk
determined bebwesn Eromups for each d.‘!}' |.r.\1r|,g the mull‘ipl-r l-b.ml{Hnlm—Rid&k :nrrrrh.'d}, with nipha = 005; * < (.05
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Figgare 4. Stress and immune marker genes in liver of pikeperch challenged with ksw oxvgen saturation. Gene expression of
candidate genes in collected Hves samples of pikeperch. Mormoexic {grey /empty circles) and bow DO (red /filled cireles)
Frowp atber one, seven, kourteen, L'H"ET'II'_!.'-I.‘II.‘IE-.‘IJ!’d h\lmty—ciﬁht r].l!yu. il the ean.-rimuﬂ‘L Genies mvolved n shess t“nﬂ:nr ar
immune regponse (bhee) are either lowly (A), mederately (B) or highly (C) expressed. Data points represent the mean of fve
individual sarmpbes (+SEM), cabeulatd per 100 my, of total RNA. Statistical significance was determined between groups for
each d.llly u.ui.'n“ the L‘ﬁuJI:ph‘: f-lexst I:Hﬁh'n—ﬁid.a!lk u:lrl'lst.'l:l.-d:l. awith =|p|1a. ={{5; * <105, ** < 0.01 and ** < 0001

3.2, Induction of Peritonesd Dnflantmation wnder Lowe DO Levels
3.2.1. 551 after Intrapentoneal Stimulation

To elucidate to which extent is the immune response of the host compromised by the
reduced fevels of DO, on day eight (Figure 1), we employed an adapted model of peritoneal
inflammation established previously [28]. Upon the stimulation, we determined thie 551 m
all tested groups, the conteol group and low DO group, both either unatimulated (PBS as
control) or stimulated with inactivated A. lnwdrophifa (Figure 5).

The average splenc-somatic indices ranged from 0.040 to 077, The injection of
imactivated bacteria resulted in an imcrease of the 551 in both the control and the low
DOy growp at day one o three post-stimulation, with the most prominent and significant
changes seen between unstimulated and stimulated fish of the low DK group at day
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one. Furthermore, we noticed a slight, albeit nonsignificant, decrease in the 551 in the
PBs-injected fish in the low DO group compared to normaoxia.

Spleno-somatic index
0.105
A A
0.084 _} A A A A
0.06- AB|- I

2
Days (post stimulation)

Figure 5. Splenc-somatic indey of pikepesch during acute pertoieal inflammation. Spleno-sematic
indices of pikeperch afber one, two and three days post mtraperitoneal stimulation with mactivated
Aercururaits hyedrophils cells, The graph shows differences betwesn normosse contral groups, either
unstimulated (dark Hm}-.fpalk-:ﬂmlll arr sbimiilsbed [hrig]ﬂ: En’.-}'_." P.tl:h:mu.ﬂ_. vl o D30 Broups,
either unstimulated (dack red} or stimulated {bright red). Columns represent mean of fosr individual
samplies [+5EM). Statistical significance per each day was determined using the ane-way ANOVA
falloweed l'!:.-' Tu!-u.-:r'u :r|11.||-+.ip]|.- u,:mpu:ri.mm tead {p =5 chiffierent letbers (A, B) reprisent uigni.l"il.'aml:
changes betwern different control and bow DO groups.

322 Lewkocybe Migration upon Intraperifoneal Stimulation

Ter frarther evaluate the impact of low DO en acute inflammation, we analyvzed the cell
composition in the peritoneal cavity, blood, spleen and head kidney upon intraperitoneal
injection with A, fydroplili (Figure 6A-C and Figure 7A-C).

Figure 6. Kinetics of periteneal leukocytes upon acute peritoneal inflammation. Total counts of myelokd cells (AL lym-
?ht!’.‘y’h:ﬂ (B and pr\upurH.sm of both cell t‘.ypm I:C:I after one, two and thees |J.,a.}lb Fl.ml: i:|'|l'.r.'.|P1.'rih:lnEu| shmulabion with
inactivated Asruinoias fafrophila cells. Graphs A and B show differences between aormoxic oonteol grougs, either unstimu-
lated {dark grey/ patterned) or stimulated (bright grey / patterned ), and low DO groups, either unstimulated {dark red)
or stimulated (beight sed), Columns represent mean of four individual samples (+5EM]. Statistieal significance per each
day was determined using the one-way ANOVA followed by Tukey's multiple comparison test (i = 0.05); different letters
[ A-C) represent significant changes between different groups. Graph C shows differences between controll groups, sither
unstirnulated (grev, flled trangle) or stimulated {grey, open triangles), and the low DO groups, elther unstmulated {red,
filled cinclesh or stimulated (red, open drclesh. Dedted lines epresent lvmphocy tes, Alled lines represent myelaid celks
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Figure 7. Proporiton of myelold cells within HE, peripheral blood and spleen of pikepench upon intrageritoneal stimulation,
Proportion (%) of myeloid cells in head kidney (HE: A), peripheral blood (B) and spleen {C) samples of pikeperch after ane,
two and three days post iMraperitonical stimulation with inactivated Aeromomes fnafropiulie cells, The graph shows differences
between normoxde control growps, elther unstimulated {dark grey/patterned } or simulated {bright grev / patterned), and
low D0 groups, either unstimulated (dark red) or stimulated (bright red). Columns represent mean of four individual

samples (+5EM]. Stalistical
multiple comparison test (p

significance per each day was determined using the one-way ANOWVA followed by Tukey ‘s
= (05 different betters (A-C) represent significant changes between different groups.

While the FRS-injected fish did not undergo any remarkable changes in the rumber
of cells in the peritoneal cavity and retained their original composition with 80-90"%
of lymphocytes and 10-20% of myeloid cells throughout the experiment, the mjection
of inactivated A, lwdrpila led to rapid recruitment of myeloid cells to the peritoneal
cavity, resulting in a complete change in its protile (Figure nA-C) As soon as one day
after the injection, the myeloid cells comprised over S0-80% of all peritoneal leukocytes
iFigure #C), reaching the total number of 1.4 » 107 and @ « 107 in control and DO low
groups, respectively (Figure 0A), In the following 24 h, the penitoneal niche underwent the
gecond change in s composition, and the growing number of lymphocytes substitibed the
peak of myeloid cells. Their total number reached approximately 3 = 107 cells in the control
group {Figure 0B}, representing over B0% of all peritoneal leakocytes (Figure 6C). Notably,
the recruitment of lvmphocytes to the peritoreum of low DO Ash was three bmes lower
than in fish kept at normal exygen saturation, On the third day, we observed a resolution
of inflammation in both stimulated groups,

The recruitment of leukocytes to the peritoneal cavity was mirrored by the changes
in the composition of blood and both systemic lyvmphoid ergans. The changes wene
micest prominent on the firsl two days when the stimulation with inactivated A, hydrophila
decreased the proportion of myeloid celis in the HE from 30 observed in PBS injected
controls to ~12% and ~23%, respectively (Figune 7AL Inaddition, we observed a significant
decrease in the myeloid proportion of the low DO group (-23%) after the first day (without
additicnal stimulation) compared to the controf growp {=30%) (Figure 7A). This decrease
was complemented by the mereased mobilzation of myeloid cells to the penipheral blood,
which increased from ~3% in PBS injected groups up o 13% in stimulated fish 24 b post-
impection (Figure 7B}, This has been further reflected by the increased ratio of mveloid
cells in the spleen of low DO fish but not in the fish kept at standard oxygen saturation
(Figure 7). With the ensuing resolution of the inflammation in the peritoneal cavity, the
proportion of myeloid cells in the blood decreased gradually to -58%.

3.2.3. Gene Profiling in HK and Spleen during Acule Inflammation

We further aimed to evaluate the transcriptomic changes orchestrating the acute
inflammation using established rt-qPCE analysis (Figune 8A-~C and Figure 9A-~C). Ten
genes (CSF2, EPAST, FTHI, HIFIA, HMOXT, H5F1, HSF2, HSPHAAL, NR3CT and RAGT)
were exclusively determined in HEK with additional five genes {CXCLE, ILTH, MHC T alpir,
MPrrand TNF) in both tissues. THNF was exclusively detectable in the spleen, with numbers
only below 10 transeripts per 10 ng BNA in HE [data not shown),
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Figore 8, Expressiom of stnes and immune markers in HK of pikeperch upon acute perttoneal inflammation. Expression
of candidate REnEs in head Hdl‘l.l.':f’ {HE) of Piis.Epf_-rch. Mermosie mntn:lﬂrﬁ)up E:,;n.-yi, either unstimulated EHTE}- FHlled
truamggles) or stimulated (grey fempty mangles), and low 00 reatment groups, esther unstimulated (red Slled ciccles) or
stimulated (red fempty circles) after one, two and three days post intraperitoneal stimulatson with inactivated Aeroomomes
J.I.H'dl'l.l'r.ljlr.ll.l cella. Cienes involved in shress [Bmcn:l OF imvmaange mpnn.wﬂhlurlarc wither h:wl}r (A, nuulnral'.n]].‘ () or h'ishl,' {C)
expressed. Data points represent mean of four individual samples {+5EM), cabeulated per 100 ng of total RNA. Statistscally
significant diffesences were caleulated via one-way ANOVA followed by Tukiey's multiple companison test {pr = 0L05).

We detected the lowest copy numbers with transcripts only below 4 = 107 tran-
seripts S 100 ng RNA for five genes (CXCLE, TNE, HMOX1, HSPIAAT and RAGT) in HK
and spleen of the individual fish (Figures 5A and 9A). For the three genes H5F1, ILIB and
MHCI alpha, we determined copy numbers above 5 = 107 per 100 ng RNA in HEK and
spleen (Figures SC and 9C),

In HE, we observed highly dynamic expression profiles of the selected genes. An
intraperitoneal stimulation decreased the transcript levels of FTHI, HMOXI, HIF1A and
HSPINAATL after two days of the experiment in the control and low DO group. EPAST,
NEICY and BAGT showed lower copy numbers in stimulated control and low DO fish thian
the unstimulated control group on any day of the experiment. CXCLS transcript numbsers
decreased after stimulation in the control group and increased in the low DO group alter
two days. The transcript numbers of MHCH alphin increased two days post-stimulabion in
both groups icontrol and fow DO

I the spleen, the intraperitoneal stimulation led to a remarkable increase in expression
of the genes coding for the inflammatory cytokines CXCLS and IL1B, which reduced in
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comparison tn the levels seen in unstimulated fish two days post-stimulation. In contrast,
MHCH alphe, MPO and TNF transcript levels increased in both groups (control and fow
DO twor dlavs post-stimulation,
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Figure 9. Expression of stress and immune markers in spleen of pikeperch upon acute peritoneal
inflammation. Relative expression of candidate genes in spleen of plkeperch. Normaoxic control group
(grev), elther unstimulated {(geey / llled trangles) or stimalated (grey /empty toangles), and low
D growps, either unstimulated (red /filled circles) or stimulated (red Jemply arcles) after one; two
and three days post intraperitoneal stimulation with inactvated Aeromnes hwdrophiln cells. Genes
involved in stress (grevn) or immune responss (blue) are either Jowly (A), moderately (B) or haghly
(Chexpressed. Data polnts represent ovean of four individoal samples (+5EM), calculated per 100 ng
of total RRAL Statistically significant diferences were calcalated via one-way ANOVA followed by
Tukey's multiple comparison kst (p = 0.05).

4. Discussion
4.1. The Hypoxic Challenge of 0% D0 Daes Not Induce Substantial Clunges in Major
Health Paranefers

Exposune to stress stimuli initiates a cascade of physiological mechanisms, allowing
the mobilization of energy to cope with stressors and restore homeostasis. In teleost fish,
like in other vertebrates, several markers, including biood parameters and health indices,
are frequently applivd as surmogates of the adaptation response. Apart from the spleno-
somatic index, rellecting the immune status, or hepato-somatic index, representing the
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organizm’s metabolic rate, the blood cortisol serves as the primary indicator of the ongoing
stress response. 1ts increasing levels regulate a vast array of processes directing the energy
metabolism toward the maobilization of hepatic glycogen and an increased availability of
glucose o facilitate the successful adapiation to the stressor [312-35]. Unexpectedly, none
of the examined parameters showed levels outside the physiclogical range or significant
differences between the low DO group and the control group in the current study. Cortisol
is an excellent marker for acute stress, including low DO levels, but its reliability under
chranic conditions is uncertain due to its fast release and clearange [56-39].

The levels of free glucose are in line with former studies in pikeperch, whereas
observed lactate levels wene lower [41,41]. Both physiological parameters have been
shown o increase after an acute short-term low DO event [42], However, our findings are
concordant with the study of O'Connor et al, (2011), in which different populations of three-
spined stickleback (Cesterestens acufoahis) showed no significant changes in whole-body
cortisol ghecose and lactate levels after a week of Jow oxygen conditions (2.2 o /L DOY [43],
Similarly, Douxfils et al. (2004) reported a fast return to basal cortisol and glucose levels
after a response o low oxygen saturation in juveniie Eurasian perch [44]. In common carp
(Cuprinns corpro), unaltered HE| was detected after long-lasting low DO levels [45]. Cwerall,
the absence of significant changes in the studied health parameters indicate relatively
high tolerance of pikeperch to low levels of DO and high pace of adaptation responses
preserving the homeostasis even at £3.2 mg/L DO,

4.2, Effects of Loep DO o Cell Dhistribaction and Gene Expression

Previous studies have shown that inadequately low oxvgen saturation results in
modificaticns of the innate and adaptive immuenity in ish and alters the cell composition
in main lymphoid organs [£6-52). In the presented study, we emploved fow cytometry
to elucidate the changes induced by the chronic exposure to lew DO in blood and head
kidmey, Inkerestingly, our results revealed an increased proportion of myeloid cells, both
in clreulation and in the lvmphoid organs of low DO fish, rellecting a potentially higher
mobilization of the immune system. This observation belongs to one of the halimarks of the
conserved transcriptional response to adversity and is in accord with an increased rate of
cireulating myeloid cells in the blood of maraena whitefish (Coregonies murens) exposed to
crowding stress [ 53], higher mobilization of myeloid cells to the blood of gilthead seabream
(Spuirus et ) after exposure to short-term stress [54] or increased number of circalating
myehoid cells shserved m mammalian models of stress responses [55,50], Induction of
erythropoiesis at bow DOY levels, which increases oxygen transport in the blood, has been
observed previously in teleosts |57]. Mevertheless, we did not observe any substantial
increase in the number of circulating erythrocvtes throughout the experiment (data not
shown), Therefore, oxygen levels of £3.2 mg /L DO may be classified as a hy poxic condition
for pikeperch, bul not as & situation of severs hypoxia,

The detected transcript patterns for the eight examined stress- and immune-relevant
genes further illustrate the weak response to low DO Although the examined genes were
previously demorskrated to be responsive to hypoxie conditions o belong to downstream
tangets of hypoxia-inducible factor 1 alpha (HIFLA), which regulates the hy poxia response
pathway, our analysis revealed only slight dewnregulation of their expression. More
specifically, HIF1A s essential for the response of hypoxic fish with complex physiological
and biochemical moedifications involving the immune system [5559) In large yellow
cepaker (Lavinichthys crocea), severe hypoxic conditions (1.6 £ 0.2 mg/L DO for twe days
resulted in an upregulation of most immune genes, as well as HIFLA, in HE [60]. According
fo fhese investigations, we expected significont changes within the transcription in hypoesxic
challenged pikeperch, with increased expression of HIFLA and other stress marker genes
such as NREICT and HSPIAAL However, we detected a prominent down-regulation of
HIF1A transcript numbers in the head kidney of pikeperch, with significant differences
at days 14 to 28 of the experiment, but relatively stable transeript levels in the liver, [n
European bass (Dicentrrchis fabrax), acube hypoxic conditions of 1.9 mg /L DO for 4 b, and
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chronic conditions of 4.2 mg /T DO for 15 davs cause an elevated HIFLA teanscription in the
liver [61). The hypoxia-sensifive percid species Eurasian perch showed up-regulated HIF1A
transcriphion in the liver after an soabe hyposic oxygen saturation of 004 4 0.1 mg/ L DO for
1 b, but nod after 15 days of 2.8 = 03 mg/L DO [62]. Mohindra et al. {2013) observed in the
hypoxia-tolerant Indian catfish (Claries batrecins) a significantly up-regulated expression of
HIF1A in the lver and down-regolation in the head kidney after 1hof (095 mg DO per liter
Whereas, atter another 5 h HIFLA was significantly up-regulated in the head kidoey [63], A
down-regulation of HIF1A transcription in response to by poxia stress was suggested o be
the outcome of a hypoxia shock [64,65]. They concluded that the transcriptional regulation
of HIFLA is a complex and tissue: and species-dependent process, This further suggest
that the range of tolerance of pikeperch reared in intensive aguacaltune i hardly impacted
at DO saturations of 40%. Tk did not establish a severe siress rsponse or severs Lmmuane
suppression within 28 davs. Collected data rather indicate an ongoing adaptation process
already after 24 h lasbing HIl day 21, Nevertheless, the obtained gene expression data ane
based on preselected candidate penes and global pene expression analyses, such as KN Aseq
ur microarrav-based analyses, might uncover vet not considered but regulated genes and
pathways after DO decrease that influence or could affect homeostasis and fish wel fane,

4.3, Acnbe Inflamsmitton 12 Moderateti I fuesced e Lose DO

Previously, several observations suggested a negative impact of bvpoxie condibions on
the fish immune system [45,66,67]. To provide a deeper understanding of this phenomemnon,
we used a previously established model of acate peritoneal inflammation to evaluate how,
and to what extent, acute inflammation is impaired by low DO, Generally, the processes
driving the acute inflammation followed a pattern described previously in other fish
species [28,68]. The injection of inactivated A, hwdroplla induced a rapid mobilization of
myedoid cells from head kidney and their release into the droulation [59,70], Consequently,
within 24 h post-injection, we observed increased 551 in both stimulated groups and
a considerably increased expression of the myeloperoxidase (MO, a key marker of
granulocytes in the spleen [5U]. In spleen, the detected increase of MO lasted till the end
of the expenment at 72 b, In the head kidney, a stimulation resulted in reduced transcript
levels of MO in both groups reflecting the efflux of granulocyies into the circulabion. A
depletion of neutrophils in head kidney after peritoneal inflammation has been detected
in the goldfish (Crassius oumites) by Bielek et al. (1999) [71], Simultaneously, we observed
a dramatic incriase in the number of myeloid cells in the peritoneal niche. Notably, in
lime with the aforementioned results, only marginal differences in the number of recruited
cells were seen between the normal and fow DO fish. On a molecular level, the rapid
recruitment of myeloid cells into the peritoneal cavity was complemented by the increased
production of proinflammatory cvtekines (particularly CRCLE and [L1E) in the spleen and
head kidney of studied fish [72,73], For both cytokines, the increase in gene expreasion
was more pronounced in the stimulated spleen. Within HE the production of the major
pro-inflammatory cytokine THF was independent of the treatment marginally low (data
not shown ) [74], While in spleen, higher expression was detectable for both groups one
day post-imjpection and this increase persisted unti] the third day of the stimulation. The
primary source of TNF is activated macrophages which, therefore, might also be involved
in the defectable increased S51]72]

Within the following 24 h, we witnessed a resolution of the acute inflammation,
manifested by decreasing expression of inflammatory cviokines, reduced presence of
myeloid cells im the circulation and an influx of lymphocytes into the peritoneal cavity.
Strikingly, afthough we did not observe a strong influence of hypoxia on the recruitroaent
of myelold cells, the number of lymphocytes differsd considerably between both groups,
reaching almost three times fower numbers in the fow DO group.

Taken together, these findings support the notion of dichotomy in the effect of hy-
poxia on the immate and adaptive amm of immunity, suggested by previous findings from
mammalian models: Thus, while the innate immune cells, and granulocyies in particular,
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are better equipped to maintain viability and functionality under hypoxic conditions, the
Iymphocytes require high energy metabolism coupled with sufficient oxygen availability
for their survival and effective development of effector functons |75,76], Similarly, in the
present study, the recruitment, and the effector functions of the myeloid during the acute
inflammation were comparable between both groups, while the influx of lymphocytes was
impaired by the low DO, suggesting high evolutionary conservation of these processes in
the tree of life,

5. Conclusions

In their natural habitats, fishes would avoid low oxygen levels by simply escaping
the corrent situation. However, this option is not available in rearing tanks of intensive
aquacultume facilities. In the present study, we evabuated the effect of by poxic conditions
(=32 mg/L O on the health and immune status of pikeperch reared in RAS. We de-
fined stable blood parameters, slightly downregulated gene expression (FTHT, HIFTA and
NR3CT) and a functional acute inflammatory response towards bacterial stimulation. Cur
results confirmed that pikeperch do not develop severe responses of immumosu pprression
at hypoxic conditions and together with our previous study investigating the challenge of
rising water temperatures in pikeperch |29], indicates that pikeperch in agquaculture may
not be as sensitive to common environmental stressons as previogsly thought,
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Table S1. Individual values of blood and health parameters measured in this study.

Davi Day7 Day14 Day21 Day28
A Y Mean * Mean * Mean * Mean *
Mean + S.EM
S.EM S.EM S.EM S.EM
Control .a. .a. .a. .a. .a.
Cotrisol (nmol/L) ontro n.a n.a n.a n.a n.a
Treatment n.a. n.a. n.a. n.a. n.a.
Glucose (mmol/L) Control 5.80 +1.55 476+0.85 3.72+099 4.74+0.81 6.01 £1.92
u Treatment 5.68 +0.48 6.07+0.77 591+1.00 3.12+0.21 422 +1.11
Lactate (mmol/L) Control 2.62 +0.68 0.68+0.42 0.65+022 0.60+0.25 1.70 +0.44
acta Treatment 3.08 £2.89 076 £0.37 0.92+041 0.00 +0.00 1.34 +0.22
HSI Control 1.40+0.11 1.43+0.11 1.29+0.07 148+0.13 1.38 +0.09
Treatment 1.23+0.11 1.39 +0.04 1.31 £0.08 1.27 +0.07 1.16 £0.06
SSI Control 0.04 +0.00 0.03 +0.01 0.05+0.00 0.04+0.00 0.05 +0.00
Treatment 0.03 +0.00 0.12+0.59 0.04+0.00 0.03+0.00 0.04 +0.00
B Day 1 p.s. Day2p.s. Day3ps.
Control 005000  0.06+001 0.060.01
unstimulated
Treatment 004001 005000 0.05+0.00
ss1 unstimulated
Control 0.08+0.01  007+0.00 0.07+0.00
stimulated
Treatment 0.08+001  006+0.00 0.06+0.01
stimulated

HSI = hepato-somatic index, p.s. = post stimulation; S.E.M. =standard error of the mean; SSI = spleen somatic index;
A:n =75 fish per group and day, B: n =4 fish per group and day.
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5.4.1dentification of Molecular Stress Indicators in Pikeperch Sander

lucioperca Correlating with Rising Water Temperatures.
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AETICLE INFDO ABSTRACT

drpands Waiter remperaure i doubglesly one of the meoss imporiant Ectoes affecing the wedl-being of fish. For plleperzh
Cortial Sonder furigpertn an anvhient water temperature of = 20°C has been suggested o ochdeve optimal growth in
\Hemi-shack proicing mqusculture [anm, although natural kabitats of pikeperch seldom msch ach empersiures. We aed mulbiples
utiphorgfF UK amay QPC aérays o ssenss (I iapact af temparatiics berwien 15 °C and 25°C hased on tha enprassica of 34 pessatial
xﬁw ker genes charo @ heat shock amd hypexin respanse, immune activation, energy supphy and de-
Taunfisrbburs sio vebopment in the liver and ::II'I: of plkeperch. In sddition, liquid chromatography./mass spectrometry’ wis used o
Wb nxsdss (e imSivihunl levels of glucesarticaids, Our dota reecadal thet pikeperch do not develog fvetn responses
0 mbi b 15 "C and 25 °C, alchough specific paramerers indicaied o phased resrieion of
optimal Dundl:rnus. above all the heoi-shock gemes SERPINIE, HEPSOAAT and HEPASE: the acute-phase genes
HP, CF gmal SAA; A the tramscription [ector-seoding geoe HMEE, In conirasl o these b wve abservagions, a
emperEiure rise g 1o 370 led 1o an sose response in WF2-Saader ool charseterbsed by the pronoinced
upregnlation of HEPMIAAL, HEPTAL SERPING, HSPEL, HSPASh and HSPEY. This report paves the grossd for
Future assessment studies oo ihe imbalanced homeostasis of pikeperch by sneans of molecsdar (ool
L. Introdoction tempernnsres thot are still well below 20 °C to ideally progress vitello:

The pikeperch {Sander ludoperca [, 1758; NCH mxonomy 10c
JEI0A5) ix a highly stiractive species for sgasculiure dise 1o its rela.
tively rapid weight galn and s excellens Oesh quality. Moest im-
poertantly, the contrel of rearing conditions including tempemture and
light supparts mullipe out-of-season reproductiors [n recircubsting
squncubivme systems (RAS) (Hermelink et al, 3011, 3000, 2007k Sall,
the fature development of the indastry is impedsd by an unrelinbde
supply of socking material. In eonmmesedal aguaculmire, the vasiable
quality of gametes has been associated with handing and rearing stress
fachoefer ¢ al, M6} The pikeperch is considered 2 highly stress-
suscephible domesthe spacies. (Raekelindl o al., 2098 MNdmeth & al
200133, but littke information kas been published on its siress physiology
(8 e ol m015), specifically with regard o temperagure stress,

The narural hahitats of pikeperch rarely reach temperatures ahove
20°C [Lidvs, 2004). Congruently, reprodoction requines a winleriog
period to indoce puberty (Hermelink er ol 2011 and slightly higher

= Corresponiieg auhor,
E-muil oddress: rebliadbn-dummencord de (4. Bebd)

hitpy Aol oegg s 10 B0 16 ayuacaliore 2010, 110420

geniss {Hermelink e ol 20013} In aguaclture, wponad maturation can
b blpcked compleely ae peratures above 3°C, proventing erergy
allpeation to the ganad and increasing growth in farmed fish. Alsa,
optimnl growth raves in fAingeclings and juveniles hove been reported o
temperniures up fo 28°C (F et al, 2013; Hiige and Stefens, 194696,
Remyi aned Crevgerl, 20085 Wistg et al., 2009). The vptimal tempers-
ture for & given species bas often boen considered ns the temperature
range where af beast juvendle fish maximize energy copacity and exhibit
maximum grewth rates. Here, energy allocation to madntain honse-
estasis is optimal, allowing maxsmal energy 1o be allocated 1o growth,
However, this is more focused on economdc consideralions than an
wellare concerns, The growth performance of pikeperch b samongly
retnrded at temperatures below 15 °C and stagnabes at temperatures
e 10°C (Zienert and Heidrich, 20055 Amblent water temperamres
bednsw 1 *C (enernt ond Heldrich, 2005} and abowe 35 °C (Homazmwics,
1977} have pn:muJ 1o be kethol amd stresdul conditions firther narrow
the tolerance range. In addition, the concentraton of dissolved oxygen

Receivind 1 July 2018; Reswivad bn revised [oem 30 Ocisker 2008, Accepied 1R Maveimlaer 20ES

Avrailable onlime 19 November 2015

CA9-E4R5 7 © 2018 The Awthoes. Published by Elsevier B, This i sn open scoess sriticle smader che OF BY licesss
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L] HEPALA: HEPRA OEGIN2 WP .
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Fig. 1. Gene-profling paned for detecting stress in pikepere,

UA] Iesradive list of poseneial hinmarker genss (given m officlal gene symbobs, ket cnse |ethers indicate gene varians present in pikepench) involved in heat-shock
veyponse [ redibish underlan: chcles indicale pantively comstifulive genes, plus signs indbenle induciBle penesls siress e (eellow umdeclsy)s immure defenoe
[green under liy; erocs and sosedsk symbols indicane innate and adsprive i e, despoctivel ¥ 1 metsbaolism (Whue usderlay) and developasent (grey underlvh
Potential reference genes for data normallxasion se Hsied in the st column, Note dsar individual genes may hove plelooropls functions ond could chus be assgned o
multiple miegories {above all MESCT, TNF and CXCREY, The intense inseroomnection of the selected genes is illusirated in (Bl The gene network has been plotoed

using Isgenuity Patbovay Analvsis softsware (Qlagen]. Arrows specily the direction sl diret (sobid el or isticeet (dashed line influenee between genes, Symbol

enlisie corrmgand fo e catigorles Himed (o (A). [Por intep tan af the sl
aricte.)

negatively correlates with increasing water emperures, leading o
significantly reduced growth rates. For this renson, temperabures above
25 °C wre rated-as critical (Frisk ot ol 200 2% Pikeperch ane considered
rurythermal due o thedr spatial distribution in #s ootural hobitat os
well 25 small effects of tempernture change on the standanl metabalic
rate within & broad thesmal comfort zene [13-25°C), Accarding to a
binenergetic model, fish with larger body size prefer cooler water
[Markia ei al, 2010), waggesting on anogenetic shift of temperaiure
optima towards lower temperatures during the life cvele of pikeperch,

Like all veriebrates, fish have developed several sophisticated re-
sponse features 1o cope with thermal stress, The hygothalamibc-pdind-
tary-interrenal axis and the hypothalomic-sympathetic-chromaffin axis

101

o enlour in this figane legend, the reader 13 oelenoed Ta the web version of this

imitiate the release of corain peprides and steroid hormones (such as
the characteristic siresy hormone cortisol] as a primary respanse (Al
and Vitjoyan, D003 Tare, 2TL These larsones mobilse the enerpetic
reserves. {Hemee and Krogdahl, 1996 Silbergeid, 1974) that are -
quired for “wholé-animal performance’ covering behavioor, disease re-
sismnoe -or growth § arron, 20025 Harper and Walf, 20085 Martine et al,,
J01%). Far instance, the expression of n large and diverss gromp of
malecitles termiad “hent-sheck profeing™ [HSP3) have been proven bo
allow adnpration o thesmal or osmotic siress or xenobéotic compaunds,
which # reflectsd in their altermative naming a3 “stréss proteing”
[Pwann ot al, 103R% wWhile the expression of pardeular HSPs |s dra-
matically upregulnted wpon cxpasure o severnl stressful stimali, there
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Tabde 1

Geene-specific primers used in this smdy.
Gene symibal Semw primer (33 Artimass priemer (50 Primar sificiency [W] Pragmeni bz [bp|
Felerares grues
ACTH AGGOATTOATOOTG GOTATEG CAGCTOGTINTAG AAGETOTGA 181 1&1
FRFIAL ATHGACKGADCTTSATAT TTCTTGATETAGETGOTEACTTE s =
AR AAGCACAGTTEATOOCATCAS TTIOAGCTCAGGEATGACTITGS {1 %
MTRHEZ AGCADDOCTCCTACAACTAADA TOATCCARCATCOA DO TOGT AR 103 184
ENAIRY GEEGTAATTUCAGCTUUAATAL GEGGGACACTUA G TTASMAGT b o L]
EPLEY GEOGTAAARCTCAGAGGTATTOA ACCTCEARCTOCTTEALATTET 165 =7
RP5S GCAGCATTACATTCCTOTOAAAG TCATCAGETTCETGLCATTGTTO 10 181
RPFY TATTGTLCCATCTTUTT TUAAG G TITTTECATACCT TCASACAIALG 153 138
TAger penes
o AETTAGTEGAGTGATGEN TAGA TG TTAARGRACAT ARGGCTTTG 1041 18
[=3 GOOCCTACTCTOAGIOTOTC DCACTOCADGTTOOAGTOOAT 100 181
CXCLA AACSTGEATOAGTOTOAGANGT GUTTEOAAATEANGTCTTACATGS o 158
LT AALLACAGTTTLGCTTGHALH; CALLTGETEG T TR GA LTI 1oq Tz
DAL GACCCANAGTTTAGATOOTAGTO ARCCTARNOOCTIC TG TTACTCC 184 18
IRAIAL GUAGCASATGGATTCANCAAAD CTOGTEGUOCTTACCATCACA 10w ™
DA BCAGUACATTITCAGAGLAAL CTCATETOCTATITGCAGTTAC L 154
ENOE AGGUAMCAAGUTGOOCATOCA ToCCTOOTOTCCCACGTTAGT 164 157
FiLs ACTITGAGGOTGTTCGGRAGTA ACATATOOTTO TOGLDGOTOGH E: 1a0
IR ACTTGTAGHFTGAMITGTTTGANT ARAANGOTGTGTCTOEATE TG T Lo 156
FIH ATTGAGACKCACTACTTOGATG A ACGGATTTAGETECTTTOTTIGE o RE=]
IMOXD GCTCOCTOTATGAGOTOTALT TETCTCCAGTOCTGOCCATAG 1 1
AT ARG TETTRCAGETOGGTEDA, TETETRCAGATE TROCTOT L 1360
Hr GCTEARACTGLEGOATATTIACG R A ARG ACGATTTE e 135
HAPEIAA | ACATACTACNOCTOGGCTICT TCACCAOTOATOTACTAGATITO 1aa 1
HEPSOAR) AAGAAGATTROOG ARG CATTA TECTTCATGOGCTOCACATACT 104 182
lespaia GTECANGCAG TG TCACAGT TGOLTTCTCLCGACT TECTTTT 11 184
HEPAS TAACATCATEATOCAG GACAAGT ACCATOCCATCTALTTTOTON. ] 1gd
HaPAE GTCACAGTCCCCRCOTACTTT AT TECOTTCTOCOOACTTGET 103 133
ArsPAgn? ATTOGLTAACATL TETAAGIHGAL AGAGTUAG T AGHCANDGTAG 103 Lkl
HEPAFal CACTTCATCOCAGAI TTCAAG T ACTCAACTOCCTOGTACAC ALY, Lol 1&0
HEPAED TOCACACGTATOOCCAAGATTC ACCATAAGOCACAGCCTTATTN 103 o
ArsEaT GILCTTGGATFICAACCACTTE CAGTGATTTECACCACALT AT . T4
HEAPEG AAGTATGITOCAGCOOTTACAN ACETTATTIOITCACGATTCTGN e 157
Hapsd CTCAICTCOLGOCTCAGTTE COCARACTTTCCACGGTTOCC 102 183
IvsFny GAMNCATTRGTRCAR GG ET AT TODUDGGIGATETE 1ea 182
WFP TOTETEGAGACAGACGUTTTTAT AEOGAGTAGLITTGOTAGTET 1oa 154
MUSTHI TATTGOCCCAAMGOOCTACAKD TTGATOGCCOACATCTTOCTAD le:] 153
L aln] CCAGTOCTGEATEGATTTACTT AEGTCCATAGTGT TN AT L) 180
sk TACGTGGAGACA TOAL A TAL GGUCEATETG TGACA TETTCTT i1 HES
EGINT COCAGGTACTAAGAOAGOTTON CAGGCCCTTAAGCTRCACATAL L 175
PG AAGAAGATTROCGAGTAVGCATTA TOCTTCATGOGETOCACATACT o 152
wAAY CTGAMGRAGCTOR TGN TA TG CTACTCTTTGETTTTCALTTIATSA Llal 183
SERPRNH GAGACAACAGOACTOCACTCAA ATCTOEGGTTCTGCATATCCTTG a3 s
STERS GAMACTOOOGCTCCTATCCTT TEEOEADHCATCCTOTCIG 103 14
TR GTAATOTCTCTG T THIGOCATATT TOCTCATRATEAR ATGOCA TG T 10 1w
THF OICTTIGEAACCAOGOTATTTAL TIEATGCCTCAGGCTTOACTES b 157
cEE ATTGETCTCTACGACTCTOTTAAN CTOEANGCOAACTTTCACCACA o5 152

are also nliu:t Hﬂ-‘ family members constutively expressed o coms

Ly protein folding and expord. HEPs are generally
elnssified in several families based on thelr maleculsr weight mich as
HEFI0 falias HSPC with 8590 k[, HSFFD (HEPA, 68-T1 kla), HSPG0
(HSPD), H5P47 (SERPINH1), HEP40 (DNAJ) and small H5Ps (HSPB,
1243 EDa) (Kampinga &1 al., 2459, The counterparts of neardy all of
these factors have been identified in teleost fgh (Camphel] sod Nanom,
2o e B ds well documeined thar the activitles of toleostean H5Ps
cover a wide functional specrom (Roberts et al. 2010), Apart fram
HEPY, several other proteins that are involved in hypoxia response,
immune activation and energy supply have been deseribed as playing
imporant rodes during stress responses [Alves e al., 200 Baskelanadt
ol 2016 Forgoml o al, 2007 r"u.hu, el Glases, :h.'ll'l 1: Wabser aiid
dlarkomon, 26H9), Thes= b peeriurbaiti | hle on

major goal of this study was 1o select on mirmative pancl of such in-
ducible genes that are presumably involved in the pikeperch's résponse
po temperature changes in order 1o standardise o multples assay for
stress detection in finfish aguoacudture.

Duie to thee scarcity al fh-specific antibadies and protein-onalysis
tools, quantitative PCR {qPCR) s still the dominant and highly sensitive
methodd For the detection of the smallest chamges in gene-expression
dynamécs (Kealik ool Riccil, 20171 Therebore, we combined liguid
chromatngraphy {LC}/mass specirometry (MS) bo analyse cortisol levels
with two gPCR techmiques o profile the expreszion of & panel af po-
tential stress-related genes in pikeperch mnintained a1 temperanres
beetween 15 °C amd 25 °C. Gene prafiling was condected in two conisol-
rewm-sl'l-t argans that are referred 1o a8 ‘frequent targets for stress
* (Harper and Waold, 2004, The bwer is the dominant mets:

the malecular level. A gene whose expression rapbnds B an environ-

mental siressor i categorized as “inducibe” as oppesed m a “con-
stitutively expressed” gene which is reguired o maingain basic celhular
fanctionz, The high-throughpat detection of inducible Memarkers in
fammed fish, and thus the instnnt guerying af their welfare stxns, will
soon have an important role in aquaculiime prodoction. Hence, the

b-uln: organ of stress responses (ul, 2004 o this has been in-
tensively researched for decodes and in anlmal and cell
muodels. Gills wre als particularly sensitive to changes in the aguatic
envipanment and have been addressed in several investigations of stress
in bony fish (Forgad et al, 2017; Johansan es al, 2014; Mino ot al,,
20 H: Mavdm and Compbet], 30155 Rebl e ad., 307 3%
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F. Serieplics ot st
2. Materials and methods
21, Giene seleciion ond primer design

W eollated genes thar are well-known responders o stress in gen-
eral and o femperature stress in particalar (Supplementary  Datn;
iz, 1) sl on our previmis studdes on stréss 0 fish (Korvesd et al,
201 i Rebl ot al, 2013, W17, 2008 Yerbeib ot al,, 20605 in complement
with the Ingennity Pathway Analysis (IPA) saftware (Qiagen), The IPA
database incorporates pescarch results fram investigatlons into mam-
madizn, but not telenstean, in v and i vire systems, so all extrocted
jgenes and gene interactions were carefully checked and companed with
reports that are relovant io fish physiology.

BLAST searches against the Genlk watputied respectve
hemalog sequence [nom percid fish speches, nainly Notonherda, Sebastes,
Gymmacephaius and Perca spp. Mo sequence Information was avadlahle
[or the chosen camdidate genes in pikeperch, so we ssarched for the
respective homalogs in our unpublished plkeperch genome that we
abiained with Hlumina ANA-seq technology. To confirm the ety of
the obtained sequence fragnwents, we performed o reciprocal ELAST 1o
the MCBI noclesdide databhase.

The werfied seqoence frogments were imported into the
Pyropequencing Assiy Design software (version 1.0.6; Biotage, Uppsaln,
Sweden) to predict optimal pilkeperch-specific primer oligonoclentides
with o primer seore = 90 and primer efficiency between 84% and 1064,
for the amplification of target fragments between 72 and 182bp
[Tahle 1) The eventusl PCR products were seguenced {Applisd Bio.
systems 130 Genote Analyzer; Life Technologies) w volidate thelr
correctness. Subsequently, standard curves for all 44 genes were per-
farbed individaally based on the CP values of tenfold dilatiens of the
respective PCR-genesated frgments (1 = 10°-1 = 10* copies) using
the LightCyder 96 System [Roche, Mannheim, Germany) as described
Tl

2.2 Preliminery study and in vim [Emperiore experiments

In a prefiminary sty we recorded the basic expression of these
genes that we compiled s the qPCR-primer set, Juvenile pikeperch
were reared in aquoculinre raceways of the Fischerel Murite-fan
GmbH (Waren,Miritz, Germany] from June-Sepiember 2016 at tem-
peratures beoween 17.2°C and 24.1 °C, and oxygen content between
5.2 mg/1 and 12.2mg/1. At an age of 14 weeks, 20 pikeperch averaging
130 = 03g in weight were randomly selected aml sampled, The
#ills and liver were lsalated and immediately snap-frozen until nucleie
aid preparaticn.

The tempernture cxperiment was also conducted with juvendle
pikeperch reared at the Staie Besearch nsiiate for Agrculiure and
Fisheries  Mecklenburg-Western  Pomeranin  [Hoben-Wangelin,
Giermany) since September 06, 2016 (dae of haiching) for 8 weeks
(56 daysk Six hondred individuals were transferred io the Leihoda-
Instiniste of Freshowater Ecology and Endand Fisheries (Berlin, Germany}
mnd dissribated randomly into 12 801 freshwnter tnks. After an ac
climation perdod of 13days, fish with an sverage weight of
B35 & 3.0 g were subjected o the experimental procedures (Tastrated
in Pl 24 Three of the 12 experimental tanks seeved as-control tanks
and were kept at constont temperature of 15 °C for the entire duration
af the experimenit (F'iz. LA, canks 1, IE, UIL. The water tempermture in the
other nine tanks { 1a-¢ 2a-c; Za-) wak praduoally elevated from 15°C
25°C by 1 "C every day for 8 period of 11 days (umtil the end of ex-
periment], The water tempernture and other relevant pammeters i
eluding inorganie compounds such as NHs ", N0 ™, NOy~ (lnesch case
far below critical values), pH (between 7.3 and 8.5) and dissalved 0
were recorded throaghout the experiment, While the O level was in the
optimal range in the comtrol tanks, it decreased im the experiméental
tanks with rizsing temperatsres and reached its lowest valee at the last
day of the expertment [Fip 2B, although it did not meet the eriteal

Aparutre ST QOTHE 26007

threshobd of 3mgA (Blanck e al, 2007) Every day, three fish from
ench experimental group wers ansesthetised with eugenal (60 mg/)
and sampbed 12h after temperaiure increase on a rotating hasis (as
indicated in Fig. 24} Three fish from esch of the three 15-"C condrol
tanks were sampled a1 the beginning on day 1, in the middle on day &
amd at the end of the experiment on day 11. At the end of the experi-
mient, pikeperch had reached an average weight of 101 g = 254 The
gllls and Uvers were tsalated and immsediately snap-frozen and the re-
maximing fsh were used for cortiss] analysis. This experimental protooal
was appraved by the Commimee on the Erhies of Anlmal Experiments of
Heglin State (Landesamt fir Gesundheit und Soziales Berlin, Germany;
approval 1D: GHIS0/16).

2.3 In-vitro hewt-shock experiment

The fibroblastic cell line W2 [walleye fry 2 BRI CVCL 4558)
from Sander vitrews ([ZSLER Biohank, Brescia, laly} was wsed 1o assess
the heat-shock response in wiro, Cells were caliured at 22°C and 5%
0y in 75 cm® cell culture fasks [Sarstedi) with MEM Eagle medium
inchiding Earde's snlts [Skgma). The medium was complemented with
104 foetnl bovioe serum (Gibea), 10mM pon-essentinl aming ocids
{Mierck ), 40 mM -glotamdne (Mendc) and antibiotiod.

Cells were grown st a confluency of B0%-90%, Alter rinsing with
phasphate:baffered saline {Biochrom], the cells were detached with codl
serapers and centrifuged ot 233z for 10min sl 15°C For tle stress
experiment, the cell concentration was adfusied at —400000 cells per
wall of 4 G-well plate (TPP} wsing the cell vishility counter Cellometer
Auto 2000 (Mexcelom), Cells were then Incubated in 2ml medium ar
22°0 amd 5% COy, until a ol confluency of approcimately % was
reached. The heal siress was indsesd In triplicate for 1h at 37 °C and
5% 0 and was compared o the control cells incubated ot the optimal
culnere condifions of 22 °C and 5% G0y

2.4 RMA preporonion

RMA Esolation from the gllls and liver of sampled pikeperch was
carried out  separately using TREwl (InvitrogenThermo  Fisher
Sefentifie) aecording to the manslacturers instructions, For BNA ex-
traction from WFZ, celbs were detached with 1.5ml S passive lysis
buaffeer (Promegal while incabating for 20 min a1 room temperatare on o
horizontal shaker, After centrifugation ar 21,000g for 5min, 15 pl of 2-
mercaptoethancd was added to the supernatant. BNA exiracted from
tissues or cells was subsaquently purified using (he RNessy Minl Kit
(Qingen], Mucleic acid cancentrations were quantified with a NanoDrap
1000 spectrophotometer  (Nanolrop  Technologies, Therma  Fisher
Scientifich,

2.5 Real-tine 4FCR (RT-gPCR)

Multiplex BT-qPCR was condiscted using the integrated fluidic cis.
cutly (IFC) vechnology of the Fluldign Gemss Expressbon biochipe, 1o as-
sess the mANA pbundance of 46 genes (incloding eight reference genes)
during the thermal stress respaonss.

RNA samples from thoee fish per day were roverse-transeribed into
cONA usging the Reverse Tramscription Master Mix (Floidigm), pre-
amplified in 10 cyeles using the PreAmp Master Mix (Flubdigm) amsd
subsequently trested with exomuclease | (New England Biodabs) fol-
Towing the manufscturer’s instrisctions. Alter the addition of the primer
&Rsiys o the 48,48 1FC inlets, the IFC chip was primed in the MX [FC
Contraller {Fluidigm). Then, the preamplifisd cOMA samples were
liacled an the prifved 48,46 IFC chip and anslysed with the Biomark HD
system using the manofacturer’s thermal protocoed SGE Fast 48x48 PCR
+Melt v2.pcd'. EvaGreen fuorescence dyes (Bio-Rad) served as TNA-
hinding reporter molecules to allow the quantification of the amplified
target fragments. The gBase” software (Biogazelle, Ghent University,
Bedgium) evalunted the sultability of eight potentiad pilkeperch-specific
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throughout ke evprrimen| amd resgment tanks where Bpersioee was nereassd by 1 GO0 ung il 25 °C wes fesachig], Bach group wi assessad m iphcaie 0, 3, 3k
Thereby, pamplisg thiee [Rdddiak per day In erplicass wil cirried o i diee-day servale 1o redude sieess during ssnpling (a, b, ). (B) Dxyaen coment |am]
(et orctinane, salid bhiue lineh and water emperrmure {°C) (right cedinmme, bbwe/red cobmared area) were recondet in all experimental sankes doerang the acelimatisation
and experimentnl phases (nbscissa). (Por interpretntion of the references io colour & this figune legend, the reader is meferred o the web vendoo of this orticlke )

reference genes (ACTH, EEF1AI, GAFDH, MTRNR2, RNA 1SS, RFLAZ,
RPSS, and RP39) besed an averaged GeMorm stability vahses (M) and
cofficlents al varlstion (CV} (exemplarily shown in Fig. 34, BL Flul-
digm data were analysed using the Flaidigm Real- Time PCR annlysis
softivare v, 4.0.1 and were evaluated based on & linear regresasion af
standard curves for each individual ampleoon.

Single-gene RT-gPCR nnnlysss were performesd with the LightCycler
96 System {Roche) using the Sens-FAST S5YER No-ROX Kit (Bioline),
ERA samples from nine fish per time point (Fig. 2470 were individually
reverse-lrinscribed using the Super Seript [ kit (Thermo Fisher Scien-
tific) and subseg v, 8 cD¥A equivalent of 75 og RNA was used for
the copy-numlser amalysis. The gPCR progrom included an imitial de:
nacuration (95 °C, 5 min,}, folbawed by 40 cveles of dernaturation {95 °C,
Smin.}, anpealing {60 °C, 15 %) and elongation (72 °C, 15 5] steps and
the fuorescence measurement (72°C, 10s). The quality of the PCR
products was assessed based on gel electrophoresis and melting-corve
analysis. Light-Cycler data were analyssd wsing the LightCycler 96
mnalysds software v, 1.1 and the qHase + software (Ringazellel. C, va-
Juess = 35 were considered detecinble. We nsed one.way amalyses af
variance (ANOVA) follvwed by parametric Twkey or non-parametric
Dunnett multiphs comparizsans for our satisteal analyses using the [BM
SP5S Smtistics software, verston 2248 The Spearman’s Rho commelation
coefficients were calcubated using the Social Sclence Smtlstics ool
Chetpe/Ywww smescinintistion. comy ieses/ ) io evalunte the concordanoe
between the experimental temperature and the iransceipe number, ad
o pwo-fafled ges was applied 1o assess statsical significance.

26 LE-MS/MS of ghcocorticaid fraction

Far the extramion, whole fish were chopped In pleces, welghed in
glass centrifuge tobes and 50 cortisol-D, sobution {100 ngml ~" in
methanol b was sdded as an inbernad sndard, The whes wepe Kept on
ice, 5 mil methanod was added ard the ples were homogenized {Y10
12 homogenizer, VIWRE All samples were continaowsly agitated with an
averhend shaker (Reax 2, Heidolph Instrumends} at 20 rpm and noom
temperature for | b, Then, samples were incubated ot — 80 °C for Lh o
precipitate fnts and proteins. After centrifugation lor Smin ot -9°C
and 35040 g, 800 pk of the supernatant was transferred to 8 HPLE wial
using o syringe with a filter (4.2 pm).

Chromatographic separation was performed oo an Agilent Zorhax
REHD Eclipse Plus C18 column (2.1 = 50 mm, L8yum) using the 1290
Infinity I LC system from Agilent technologies [Agilent) equipped with
a G7LLTE Multisampler. The mobile phase was composed of sohuision A
{H;0 containing 0.1%: formic ocid) and spfution B (sostonitrile con-
tindng (L1% formie acid] with 8 flowrste of 0.4 ml rndn.", uzing the
following gradient elitione iedial BFe A, 204 B; 0-30min from
20%- 1000 B, 20-25min from 100%-20% B 2540 min 20% B. The
mass spectrometer wns operated using the Agilent 84704 Triple
Qruadrupole LUE/MS System equipped with an Agilent Jet Stream “slec-
trospray lonization’ source In positive mode. For best selectiviry and
sensitivity, the ‘multiple reaction monstoring’ mode was wsed for de-
teetion. The sheuth gas tempernture was set o 400 'C with o flow af
12imin "', nebulizer ot 35 psl and capiliary voltage at $000 Y,
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Fig, 3. Profiling of temperature sirdss-relaied genes in unchallenged pileperch,
Reference genes were evaluansd for each particular ser of samples from (A] Uver and | B} gifls hased on the geNorm pammeters 8 Chlack dots) and OV (grey dosh
Heference genes that passed the quality cheds are indicated by binck gene symbote; others are indicoted by grey geme srmbols. (€1 Modemiely expresed, (D) iy
exproaed sl [El Bghly exprosied stress-rdated Banget gemes (indicabed s gene symbels topether with andes coloored according B the eotegories listed g, A}
wore quantfied in liver (durk yeoyh or g8 rissue (gt greg) of juvesile piloperch, Cobumnn sepresent the mean vilues onilcelaed per 10K ag of toal BA and
nommalised sgninst the reference genes as indicmied in (A) and {B). Ermor bars indicale standand ecmor ol the menn (SEM). Aseriskis mark signifeant differsnees |

P .08 p < Ol = p < L
3. Resulis

A1, A gere-profiling pane! for detecring sress in pikeperch

At thi beginning of the present study, no cDMNA ssquines encoding a
stresserelevant factor from pikeperch wos freely nocessible, Therefare,
wie performied o BLAST search af a set af potential gesss involved in the
piscine stress response sgnbnst B26 million high-quality sequencing
rends representing the gepome of pikeperch muscle {generated n an
unpi ilished study af our working group). Based an the verified gene
fragmeents, we designed neal-time quantdtative PCR {ET-gi"CH) assays
for profiling studies soross 38 foctors constituting the response o oi-
tieal temperatares in plkeperch (Fig 1AL The resullting set comprises
genes encoding the heat-shock proteins QALY (members Af, A5, 811,
HEPA [members 14, 4, 6, Sal, Sa2, 8b), HSPH (members 1, 6, 8, HEPC
[HEPOAAT, HEPWART), HSPD (member 1) ond SERFINHID (alins
HEP4T) ns well 2 genes involved in stress signalling (CYSTMI, HMXT,
NRICI, STK39, TNF) including hypesda-induced genes  (HMOXT,
OSER), GeGIND), acuse-phase and associnted genes (£33, CXCLY, FGLE,

Agasrudnee =71 (0107 360-T71
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ITHI, HP, SAA) mnd genes encoding key factors of the adaptive immuone
system (FKEP4, TCRG). Moreover, we incloded genes coding for key
metabodic enzymes (G5, ENOT, PGMI), carrlers (UCPE] and hormones
(I:GFIY that emsure. sufficient energy supply during stress respooses.
Maost of these selecied Factons are well known blomarkers involved and
imerconnected in the cellular resporse to (emperature) soress (80 18]
Io-addition, we chose MUSTN] {Gonch and Hadjincgyrou, SHH0U) b
quantify a further developmental porameier of pkeperch during the
experiment, os vwell as the ommifunctional HMXY.

For data normalization, we selected iraditomally chosen “house-
keeping genes” (ACTH, GAPDH, RMA 88} (Chapman et al, 2015} and
genes that proved stable mANA slwandnrces aoross dfferent treatment
groaps in previous investigacions on fish (EEFIAT, MTRNRZ, RPLID,
RPSS, and RPS9) (Alimann e ol 200 % Amer et al., 2006 Mittor e1ad,,
2005 Ye et onl, 2010). Nevertieless, we evalusted the suitalility of
each relerence gene using the qiase * sofware, regandless of published
remmmendations.
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3.2 Disnract and comemon s gpecfic expresson profiles of smess-relored
genes in wachallenged pikeperch

In @ pilot study, the set of primer pairs was evaluated and we de
termined the hasal mANA abundsnce of 38 polential stress genes ag
well as 8 reference genes in §d-week-old unchallenged fish {(Fig. 2L The
geMorm algorithm was used o identify those reference genes, which
were sultnble for the normalisation of data recarded in liver (Flg. 3a)
and gill tissoe (Fig. JB), For most genes, we detecled between ap-
proximately 1 = 10% and T = 10" transeripas per 100 ng RNA {Fig. 3C).
IAIAD weas che only transcript thot was measored beyand the limie of
quantification (sel at G, = 3540} in both tissues. Por about a thind of
the measured genes (0= 14 ichiding HSPAIAAT, HSPATA, HERAS,
i5PEh and HEPIG), we detected copy mumbers only below 107 tran.
seripts/ 100 ng ANA from both tissues (Fig. 900, In coniras, > 10°
tramseripas 100 ng RNA were messured in both vismes e four mrget
penes [HEPABal, HEPABaZ, FIHI and ENC; Fig. JE) thus reaching as
high of concenirations as determined for each of tho three reforence
penes EEFIAT, GAPDH and MTRMRD.

Motably, the copy numbers of 11 genes were rather gmilar (= 2-
fold diffevent) when comparing the two tssues with each other, Le
HSPMAAL, HEPA4, HSPABn], HEPARS, HMX]1, OSGINZ, TNF, FTHI,
ENGT, POM3E, and MUSTVT, On the other hand, we also found tisse-
specific expression parterns; FGLE and TCRG tmnscripts were anly de-
tectable in gills and not in the lver (Fie 9C), while the transeript levels
af the immune-relevant genes HP and ©F were pegligibly ow in gills,
ot dgnificanily high in the Hver (Fiz SEL

3.3, Acuie remperanee response in pikeperch-model cells

Provious stadies in fish revealed thas acube cemperture sress leads
to the fst and stromg upregolation of H5Ps and related factors
(Campbell and Manom, 200% Culnn ec al, 2001; Redl o al, 2018)
Therefore, we assumed that 0 second pre-test in wiro could assess which
genes included in the profiling panel woald be siitable a3 detecton for
temperature-induced responses. Ta this end, we used fbrobdastic WEZ
cefls as the model-cell ime from Sander virrews (W ilezislky npel Bowser,
2005 and, together with the WC1 Hise from 5. vireus, the anly available
cell ling fram the Sander genus. WEL cells were exposed for a shont
period of tinse 0 an envirooment that was 15°C warmes, nfter which
they displayed & clear transcripoonal signamire in comparson with
coniral cells (Fig, 4A% HSPSOAA D (108 5-fald), HEPFA T {25 0-fold) ard
SERPINHT (13.2-fald) were the most strongly upregulated genes, fod-
Iwed iy HEFH1, HSPABD, HSFRES and HSPARaT (hetween 4.8- and 2.9-
mld upregulated), whereas IGFT {—2.6-old} was the most strongly
downregulated gene, Among the HSP-emooding genes, the transcript
levels of DNAJAS, —11, HSPWIAR), HSPAL and HEPASQ2 were ob.
viously mor modubsted by temperature rise, Lastly, it must be mentiooed
that foew genes (FREPY, €3, HF, 8AA) were nat detectable in this /-
broblastic cedl line.

A4 Tempermhure-dependent expresstion profiles of soressorefmied genes in
irlkgerch

The main experiment was condocted with. Sweek-old pikeperch
{Fig. ZA) The tenperaure in the three experimental groups wos ele-
vated gradually from 15 °C to 25 °C within 11 days, which nuimicked at
natural gradual Emperature increse. To gain an initdal overview of the
transeript shundance of the selected sress-relabed genes, we conducted
multiplex RT-gPCHE an liver and gill samples from imitially only three
Insdividlusals per time podnd. In addition, we included samples from thres
individuals each from the 15-"C comtred groups that were sanspled ar the
beginning, in the middie and at the end of the experiment. The profiling
date confirmed no significant differesces (p < 05) hetween in-
divicheals from the 15-°C coatrol groups and individuals from the ex-
perimental groups sampled st day 1 (15 °C). Simvilas 1o the pilot study

Aguuciamry 5T Q07 HF 67T

{Fig- 1), no or negligibly low copy numbers were detected for specific
genes in the liver (CXCLE, DNAJAT, FGL3, FEKBP4, HMXI1, HSPBES,
ETHAY, OSGING and gikls (O3, DINAJAT, HF, (RSGING, SAA) throughout
the experiment.

The comparison among the different time polnts revealed that re-
latively fow genes were differentially regulated by = 3-fold, and even
lewer af those showed a corsistent perturbation over several dayvs, in
ik Hiver [ap: DINAJAT, FEPOAA T, SERFINHD, C3, HF and SAA; down;
HEPIAL, HEPAG, HEPASH, CYETMI, HMOXT, TNF, UCP2 and MSTNI)
and In gills fup: HEPYOAAT, HSPARD, SERFINHT anid HMXD; down:
HEPEG and HMOXT) of pikeperch during the temperaturesiress ex-
perdment {Fig, 4B, € An IPA-assisted dotabase analysis revealed that
an neermetion petwaork consisting of seven ranscriptional activator
mast likely covrdinated the trarscription of most of the selected genes
regudated at 25 °C (Fig. 40, E), In the biver, lsepatocyte nuchear Gactor 4
alphn (HNF4A), deactivated heat-shock factor 1 (HSF1), setivated
bHLH transcription Esctor MY, activated Iir:fd:lﬂlilL 2ike nuclear
fnctor 2 {NFE2L2), nuclear factor kappa B (NF-<B), deactivated mumear
profein p&3 (TP} and the activated subunit alpha of hypoxia.in.
ducible factor 1 (HIF1AY have been predicted o control the expression
af the majority of the above genes, & least in mammals (Flg. 400 In the
gills, the seme tramecriptional activatory, parthy in 8 different sctivation
arate, modulate the expression of the investigated genes in o different
fashion (Fig 4EL

Based on ibe multiplexqPCR data comprising three initinl data
podnts, we selected eight dynamic gene-expressian profiles for valida-
tion with an alternative gPCR technigees in a o] of nine individuals
per experimental groap. These genes were chosen s they ropresent
HSP-encoding genss that are elther significantly up- [(HSPROAAL
HEPASD, SERPINHI; Vig. 5 A-C) or downregulated [HSPAS: Fig. 5 D)
and immune genes that are predominantdy expressed im the lver (€3,
P, 8AA; Pig. 5 E-G) or gill tssee (HMXD; Fig. 5 H). Our additional
single-gene RTPCR analyses validated the previous ohservations
based on the mualtiplexing assays. We also noticed that the mENA levels
al HSPOOAAT, HSPASK, HSPAG, HP and SAA were dynamically regi-
laved, in pard with strong interindividaal vortsnce, while SERPINET
showed cumulstively increasing mRNA nburdances in both the gills
and liver, correlating very strongly [correlation coeffiden: R > 0.9,
P =4 = 107 %) with the rising temperatures, Sinilarly strong (B = 0.9,
po= 4= 107 % is the temperature-dependence of HP and HMX] tran-
seript ahundance in elther the liver or gllls, respectively, The correla-
tson between femperature ard tronscript abundance of €3 and £AA in
the Liver, HEFOAAL in the gills, ard HEPASE in the liver and gills were
still modermtely high (R = 06, p < .05),

35 Symennle siress s evalumeed by glacocorticodd hormomes

Wie established a LC-MSMS method which allows for the normal-
ization of the extraction effickency making use of an nternal isoiope
standard {cortizol-[3;). After 10days of incremental (emperature in-
creass (1 °CAdd, ot o temperagure of 25°C, there was no increase ob-
served  in glucororticodéds. At the emd of the  experiment,
1LE = 13.00g/ wet-weight cortisel was observed in ibe treatment
compared o 256 + 146ng/g  wer  weight | Congruently,
4.5 = 5.0ng/y wet-wright conlisone wis obeerved in the treatment
group, compared in 3.9 £ REng/g wet welght,

4. Distassion

Temperamre is among the most tghtly controfled parmmeters in
squaculiare, usally Muetuating by oaly Z°C. From a farmers pes-
spective, temperaiure is sedected (o asiure moximal growth since i
effects on animal welfare are widely unkmown, Pikeperch iy commmanly
reared hetween 23°C and 2570 In RAS, though they hardly face tem-
peratures above 20°C in their natural habitat, Here, we studied the
sireas responst ol pikeperch at on lscremental emperatere inerease of
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Fig. 4, Muliiplex profiling of stress-pelated genes following m-vitne and in-weo empemture challenge sxperiments.

HeatMip of geie exjrision valive ik Setermisad (A i ad (B, C) i wieo Tollowing the ssperimental Trsperniiie inendioe, Quantifisd g are indicatnd i
ene symbols sbive 1he HearMaps, ingether with cireles eoloured necording o the estegories lised in Fio 1A [A) WF2 cells were bl shocked 3 37 C e 1h
{erentzent groap, = 3) and compared to o contred incobared constandy ac 22°C {oonrol group, o= ), The modulntion of mENA cxpression of che selected genes
in treated vy control cells i displaved as fold-change valoes (oolommed according to the given smalel. During the vs experdment, temperature was incremsed
wradially from 15 °C 56 25 'C {Hsted on the righs masgin) within 11 daye (keft marginb and gese exprossion vwos peofilad {B) i chie Wver and [C) glils of three plkeperch
{one pes experimental group]. The mean evpression of indhviduals from costrol groaps and day § of expenmestal grougs was set as 10 and the mesns fmm che ncher
Aimat poines werd expresasd inorelstion (o this refermsce aml codoured soconliog 66 the given scale. BPLEE and BPES i 32 reference penes recommended (o
normadion the dars. (C. 1) The “Upatrenm salysis™ of the 104 pregram ploriod gestive irenscription Tcsors, their mpescted activmiion s (acrive i omige
Inhitsiaad in gree: ndiferent unkniwn in grey) and thelr impacs on the expression of geses (ealoured according m e Hesthan) hased on che espressdion dara {0 in
the liver or (K1 gills on day 11 of the experiment. Fuldl nnd brokens lises indicate dérect and imdirect impacts on gene expression, respectively (activation in omnge;
inhibition in grem; incomsistent or no prediction in grey L (For interpretation of the rdfenenoes 1o colowr in this fgure Jegeml, the repder i refomred 1o the web version
of this amicle.)

1'C per doy starting at an ambdest cemperanere of 15 °C. of several immuse and memboble transcripts. The technical reguise-

The response o temperntane stress & genemally characierised by ments for o fast, efficient and cheaper reconding of such tanseripe-
imcrewsed levels of circulnting hormores and  transcripts coding for based paramelers hive abio been developed, for use in farm-animal
HEPs 1o-cops with harmiul eosditiens ineboding hyperthennia, hypexin, preducteon including aqguaculiure. Since the pasailel guantification of
amdfor axidative stress. Moreover, stress mndulates the concentration multiple parameters allows more detaiked insights inio physiological
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Fig. 8, SmglePCR prodiling of & mees-relaied peoss i ihermally challeege) pikeperch, Tresscripl sswoonts wene caleubats] per 100 ng of ofs] RHA of liver {grevh
e gills Mhlack) from pikeperch (m = 91 and normalizad w ke MENA coscentratinns of the reference penes MTRIVRD, BEFIAT, RPLEZ and RPSS. Dota o expressed

a5 means = SEM; svierisks indienie sgnificant diferences {(*p <= 05 *'p < .00 ***p < O001) 5p

s Fho (1) ¢ 15 Indicased ar che end paine of each

Eruphin caes where the association beiweet e trasscript number and Sempernien = oonsidered statisticely significant (bwo-tailad p < 05)

alterations, we pampiled o pikeperch-specific panel composed of 38
penes potentially indicating stress and 8 reference genes. This panel was
wvalunted on hear-srressed Sander cells, which roveabed the jalnt srrong
upregulation of several HSP-encoding genes such as MSPROAATL
HEP1AD and SERPINHT representing well-Known marker geees 1o Adh,
In coatrast, other HS?' members, inclucing HSPSOAHE, HSPAS and
T5PASe2, were nrafected by heat oy were most af the general-siress,
Immune and metmbalic genes. The reason for thiv moy ke found in the
short challenge period that gave just enough time to develop an early
warning and an acwte supgly with chaperones,

T answer our research question of whether pikeperch suffer from
immdegquate waber femiperatares in closed tank sydems, our fnhe ex
periment focussed on 0 egnificardy longer time fome o detect

dynamics in the tmnscriptional regulation of stress responses in the
liver amd gills, which afe two tissues with major relevance for siress
physiolagy in fish, Cur investigation revealed that plkeperch do not
develop severe nsponses 1o ambient temperatares between 15°C and
25°C il they are canfronted with mild wemperstire Inerements becaise
the expression bevels for most of the investigabed genes wese anly
moidestly nltered. This is attribunable to tse fact that sume of the ans-
tysedl genes are kenown & nan-inducible andfor constifutively expressed
features in mammals (HSPSOART, HEPA4} and their piscine ortholags
hehave abwioushy in a similar way, Additionadly, oor i viro analysis
confirmed the low tmnseriptional activity of other HSPs (DVAJAT,
— 1) and distine fsoforms { HEPAS2Z ). Nevertheles:, we detected a few
interesting profiles of promising bdeemarker candidates, and their
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remarkably modolated changes in expression might indicate that they
corithl exeeed a critical threshold under different condithors.

Amang the myvestgnred HSP-encoding genes, SERPINGT  (olins
HEP47) carries the most ohvious patential for a diagonostic marker gene
indbcating cumulative temperature stress fn hoth ol the tismes in-
vestigated from pikeperch (as assessed by correlation analysis). Similar
studies meported previoosly the owutstandiog expresion  profile of
SERPINHD in varicuz salmonld species (lefities or al, 2004; Jeffrica
et al, 2003 Li et ol 2007 Helsd e 2], 2013; Stefamovic et ol 2016;
Tarmnlty o al.. 2005 Verlolh et s, 2005, Wang @i sl 20060 88 well ng
in cyprinid specles [Leke etal., 1947; Loog =t al,, 203 Makamy et al,
20171 upon expodune b thermal stress, SERPINHL B involved in the
hinsynthesis of colkagen { Nagnm et ol, 1528, Nakol o al., 1992), which
is a major component of the extraceSlular matrix, It is worth noting hers
thal we ohserved g saronger bazal expression in the gills compared o
the liver, This is mast likely due to the fact that branchial lamedla are
composed. of collagen enlumims (Budo ot of,, 3007; Sarded o1 of,, 1979)
that require the prosence of the collagen chapesane SERFINH, It alse
functions 23 a binding parmer of the amyloid-precursor protein
(Binmchi ef ol 2011 ) and seems o ploy o key role i the restoration of
homenstasis during hear siress, including the detoxification of “reactive
oxygen species”, which ocour as pathophysiclogic side-effects of
thermal stress responses {Wang o al , 2016),

Together with SERPINH T, the transcripes that encode the Hi-family
hameobax pratein 1 (HMX1) correlated highly with rising temperatares
in she gills of pikeperch, which was in stark confrast o the HMX1-
ranscript mumber in the liver. Homeobox-transcription factors hove
hean tharoughly investigated regonding thelr vieal mle in the desel-
aping central nervoas system (Heaer and Kawdman, 14992}, Mareover,
HMX1 plays critécal rofes disring streds responses = they modulste the
tramsition of noradrenergic/cholinergic phenotypes (Purlan o1 al,
201%) and controd the activity of protein-tyrosine phosphatnses, which
are invalved in varow signal-rsnsduction pathways (Boalling o ol
013).

Similar ax SERFNHIT, HSPAOAAT has frequently been proven as i
unlversal marker gene in studies an thermal stress in fsh (Hockley
et al., 2006 Jeffries et al., 2014; Rebl e al, 2001% Fomaokty et al, 2015,
Werlells b al, 2015) Tn line with this, the nducible expression of
HEPMAA D could be demonstrated ooce again in the WHEZE-cell line and
the imvestigated tissoes of pikeperch peaking at 19°C and 24 °C. con-
imary ta the relatively ssable expression of its paralog HEPRRART,

It is well documented that HEPALA and HSPAS are the most heat
Inducitle members af the HSPA (H5PT0) gene (family (Komplogs o al,
200493 and our in vire pest also reflected its strong inducibilitye. Swer-
prisingly, HEPATA showed a similarly stable expression in the liver and
glils of pikeperch as other HSPS that are geserally known s ot o only
madestly hieat-responsive, moch as HEPOOART (Subbarao Sreedhar et al,
200 i FISPAS (Monognachi @ al,, 1990 The u-amcrlp: bt of
HEPAS also did not correlate significamly with rising water tempera-
ture. In this conbexi, it should be noted that we failed o detect
TRATAT-eneoding tramscripts in the liver and gills at any temperatare,
which, tgether with the hardly akered mRNA Jevel of INAJEET
strongly mdicoles the obyions absence of & significant heat-stress. re-
SpOnsE

HEFAS was previoasly reponted as an indsdble, siress-oesponsive
factoe in Fsh (Boose anild Vileyan, 2002) and wippons our finding thai
igaform b of HSPAS from pikeperch might be considersd & marker for a
dewedoping stres response in gills. In contrast, isoform HSPAS2? re-
mained en aeonstant lovel in model calls as well s inthe liver and gills
af challenged pikeperch, Motably. HSPARS copy numbers were detected
on o comparably low level supgesting that this HSP isalorm may act g
an upstrenm regulotar, which triggers downsiream signalling cascodes.
Consistent with this, it has been documented that HSPAB stimulates the
symthests of TNF (n wera (e o2 al, 20000, et other HS5Ps also in-
duced several cytokines, such as THF and interleuking (Srivastava,
20H12), We also did ot detect slgaificantly altened trarseript numbers of

Aguuriemry 5T Q07 F a-J7T

TMF or CXCLE, but we found an increased expression of acute-phase
genes swch ax HP, SAA and complement CF. Acite-phase genes are well
known oo their remarkabie inducibility upon immune stimulnton
{Cray, 2013 Senwen el al, 15997; Ealsis ef al, 2050 5; Magnadoestic 6t al,
201173, bait they respond also o nemgeratuse stress [Nikoskelainem o1 al |
2wk Hebl e sl 2093) and the imterlinked expression of HEPs and
AFPe has been charscierised (Grove o0 sl 2005) Moreaver, CF ex-
pression was Impacted in pikeperch exposed 1o changing light regimes
{arkelonds et al., 201E8), Ao, confinement stress bas been idensifisd
1o trigger the expeession of 3AA and HP CTalboden al, 2009), but the
anthars still detected lorge imterindividual variations in $AA expression
that are comparable 1o those séen in the present study, which dis-
qualifies BAA as & relinble blomarker,

Amang the downregulated features, [WCP2 is ooteworthy. DCPE
tramseript levels commonly decreased In a moderate fashion in bath
tisnses of stressed fish almos throughowt the experiment. It has been
suggeited that UCPs have a ic function (Brand and Esteves,
215), which provides a plausihle indication for ies dawnregualation in
an imcrensingly warmer emviromment.

Previous reports docamented that yellow perch Perca flimvescens nnd
Fammsian perch Perca fuvianilis can be held ar ranges between —~10°C
and 25"C (Grossel of al, 2016 Overton et G, 5H08), even i coimbi-
natlon with solinity changes, but & tempernmre of 31 °C has been de-
termined as the upper thermal tolerance limit of Eurasian pench (Jensen
el 2007), Taken together with the present study, several perciform
species including plkeperch mlerte temperaneres around 25 °C. How-
ever, we interpret distinet gene profides recorded in the present stady as
early indicators of compromised well-boing.

5. Coanchusion

Temperature controls important physiological processes (o,
1971 Brort ot nb, 1969 Kestsmoit nnd Buras, HH1) Mhﬂlﬂ i
tiphe, informative sress-hiomarker genes gains more and more -
portance for the squscalture ndusary with regasd to fich welfare and
comsmer oplalon. The present sudy dotermined the transeript levels of
38 potentinl stress-biomarker genes in two Hssues relevant for the el
eostenn siress response, We identified only o few upparently tempera-
iure-sensitive genes whose transcript abundamces correlate with in-
creasing ambient water temnperatures, above all SERPINHT, followed by
HP, HMXT, 3. HSPPOAAT and HEPASD, The mass specirometric de-
tection of | Jevels confirmed that pikeperch do not develop severs
reaponses &l ambient temperntures between 15°C and 25°C. Alte-
gether, the present simdy provides no indicadons for the peed o e
congider and adapt the conventional bresding of pikeperch at tem-
peraners between 23°C and 25°C in RAS, ae long as fempsersiure
Tfuctuations are avoided.

Supplementary data o this aricle can be fouwnd ondine ag s
alosd g 10, VB, ngnneelune 2018, 1 1,043,
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Supplementary Table 1: List of potential biomarker genes investigated in the present study along with gene symbols and annotated function

gfi::[c)ioa]l gene g;:;r:::::;e Gene product Function
Reference genes:
ACTB BRWS1 Beta-actin Cytoskeletal composition
EEF1A1 EFIA, CCS3 Eukaryotic elongation factor 1 alpha 1 Translation
GAPDH G3P Glyceraldehyde-3-phosphate dehydrogenase Carbohydrate metabolism
MTRNR?2 16S RNA Mitochondrially encoded 16S RNA Cell survival
RNAISS RNI18S 18S ribosomal RNA Protein synthesis
RPL32 L32, PP9932 Ribosomal protein L32 Protein synthesis
RPSS RSS Ribosomal protein S5 Protein synthesis
RPS9 RS9 Ribosomal protein S9 Protein synthesis
Target genes:
C3 ASP Complement component C3 Innate immune response
CS cisY Citrat synthase Oxidative metabolism
CXCLS 1L-8 Interleukin 8 Inflammation
Cystein rich transmembrane module-containing
CYSTM1 CSorf32 protein 1 Stress and immune response
Regulation of ATP hydrolysis activity, recruiting
DNAJAI DJ-2 Dnal heat shock protein family (Hsp40) member A1 of substrates
Protein folding, regulation of proliferative and
DNAJA3 TID1 Dnal heat shock protein family (Hsp40) member A3 apoptotic processes
DNAJBI1 CB954 Dnal heat shock protein family (Hsp40) member B11  Protein folding
ENOI EH28 01742 Enolase 1 Glycolysis
FGL2 749 Fibrinogen-like protein 2 Regulation of immune responses
FKBP4 FB34f09 FK506 binding protein 4 Protein folding, regulation of immune responses
FTHI FHC Ferritin heavy chain 1 Iron storage
HMOX]I EH28 20803 Heme oxygenase 1 Haeme catabolism
HMX]1 Nkx5-3 H6 homeobox 1 Morphogenesis, response to stress
HP BP Haptoglobin Plasma haemoglobin-binding
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HSP90AAI HSP90(4) Heat shock protein 90 alpha family class A member 1  Protein folding, response to stress
HSP90AB1 HSPY90B Heat shock protein 90 alpha family class B member 1  Protein folding, signal transduction
HSPAIA HSP70-1 Heat-shock protein family A (Hsp70) member 1A Protein folding, response to stress
HSPA4 HSP70RY Heat-shock protein family A (Hsp70) member 4 Protein folding, response to stress
HSPA6 HSP70B Heat-shock protein family A (Hsp70) member 6 Protein folding, response to stress
HSPAS8al HSC70-1 Heat-shock protein family A (Hsp70) member 8al Protein folding, response to stress
HSPA8a2 HSC70-1 Heat-shock protein family A (Hsp70) member 8a2 Protein folding, response to stress
HSPAS8H HSC70-1 Heat-shock protein family A (Hsp70) member 8b Protein folding, response to stress
HSPBI HSP27 Heat-shock protein family B (small) member 1 Protein folding, response to stress
Protein folding, vasodilation, platelet function,
HSPB6 HSP20 Heat-shock protein family B (small) member 6 insulin resistance
HSPBS8 FC09C11 Heat-shock protein family B (small) member 8 Cell proliferation, apoptosis and carcinogenesis
Protein folding, signalling in innate immune
HSPDI HSP60 Heat-shock protein 60 system
IGF1 MGF Insulin-like growth factor 1 Growth regulation, Anabolism
MUSTNI MSTNI Musculoskeletal embryonic nuclear protein 1 Growth regulation
Regulation of inflammatory responses, cellular
NR3C1 GR Nuclear receptor subfamily 3 group C member 1 proliferation, and differentiation
OSERI Perit] Oxidative stress responsive serine-rich protein 1 Response to oxidative stress
Oxidative stress-induced growth inhibitor family
OSGIN2 hT41 member 2 Regulation of cell growth
PGM3 AGM1 Phosphoglucomutase 3 Glycolysis
SAAI PIG4 Serum amyloid Al Acute-phase response, tissue protection
SERPINHI HSP47 Serpin family H member 1 Collagen biosynthesis
STK39 DCHT Serin/threonin kinase 39 Response to cellular stress
TCRG TCRGVISI T-cell receptor gamma chain Adaptive immune response
TNF DIF Tumor necrosisfactor Innate immune response
UcCp2 SLC2549 Uncoupling protein 3 ATP synthesis, protection from oxidative stress
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6. Appendix

6.1.Tables

Table 1: Candidate genes included in all three studies

Genes examined in the included in-vivo studies of the current dissertation.

Gene symbol Gene product Function Study
Reference

ACTB Beta-actin Cytoskeletal composition I
EEFIAI Eukaryotic elongation factor 1 alpha 1 Translation L, I, 11
GADPH Glyceraldehyde-3-phosphate dehydrogenase Carbohydrate metabolism I
MTRNR?2 Mitochondrially encoded 16S RNA Cell survival I
RNA18S 18S ribosomal RNA Protein synthesis 111
RPL32 Ribosomal protein L32 Protein synthesis I, II, I
RPS5 Ribosomal protein S5 Protein synthesis I, I, I
RPSY Ribosomal protein S9 Protein synthesis I

Stress response

CYSTM1 Cysteine rich transmembrane module-containing protein 1 Stress and Immune responses I
DNAJAI Dnal heat shock protein family (Hsp40) member Al Regulation of ATP hydrolysis activity, recruiting of substrate I
DNAJA3 Dnal heat shock protein family (Hsp40) member A3 Protein folding, regulation of proliferative and apoptotic processes 1T
DNAJBI1 Dnal heat shock protein family (Hsp40) member B11 Protein folding III
EPASI Endothelial PAS domain protein 1 Developmental processes, response to hypoxia LI

Response to hypoxia, development: angiogenesis, glucose

HIFlA Hypoxia inducible factor 1 subunit alpha metabolism, cellular proliferation, apoptosis

L1
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Table 1: Candidate genes (continued)

Gene symbol Gene product Function Study
Stress response

HMOXI1 Heme oxygenase 1 Haeme catabolism, response to stress 11, I
HMX]1 H6 homeobox 1 Morphogenesis, response to stress I
Ko o mirmenl st pohand i mectlion,
HSF2 Heat shock transcription factor 2 Signal transduction during heat stress, development LI
HSP90AAI Heat-shock protein 90 alpha family class A member 1 Protein folding, response to stress 11, 11
HSP90ABI Heat shock protein 90 alpha family class B member 1 Protein folding, signal transduction I
HSPAIA Heat-shock protein family A (Hsp70) member 1A Protein folding, response to stress I
HSPA4 Heat-shock protein family A (Hsp70) member 4 Protein folding, response to stress I
HSPA6 Heat-shock protein family A (Hsp70) member 6 Protein folding, response to stress I
HSPAS8al (HSC70)  Heat-shock protein family A (Hsp70) member 8al Protein folding, response to stress I
HSPAS8a2 (HSC70)  Heat-shock protein family A (Hsp70) member 8a2 Protein folding, response to stress I
HSPAS8bH (HSC70) Heat-shock protein family A (Hsp70) member 8b Protein folding, response to stress I
HSPBI Heat-shock protein family B (small) member 1 Protein folding, response to stress I
HSPB6 Heat-shock protein family B (small) member 6 Protein folding, vasodilation, platelet function, insulin resistance I
HSPBS Heat-shock protein family B (small) member 8 Cell proliferation, apoptosis and carcinogenesis I
HSPDI Heat-shock protein 60 Protein folding, signalling in innate immunity I
SERPINH] Serpin family H member 1 Collagen biosynthesis, response to heat stress 111
tOSTF1 Teleost-specific Osmotic stress transcription factor 1 Signal transduction after osmotic stress I
NR3C1 Nuclear receptor subfamily 3 group ¢ member 1 General stress response, signal transduction I, 11, TIT
OSERI Oxidative stress responsive serine-rich protein 1 Response to oxidative stress, signal transduction I
OSGIN2 Oxidative stress-induced growth inhibitor family member 2 S;(())I\)At/f)l;irsegulation during stress, response to oxidative stress, I
C3 Complement C3 Acute-phase protein, complement system activation IT, IIT
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Table 1: Candidate genes (continued)

Gene symbol Gene product Function Study
Immune response

STK39 Serin/threonine kinas 39 Response to cellular stress I
CSF2 Colony stimulating factor 2 Regulation of myeloid cell mobilisation, acute-phase protein II
CXCLS Interleukin 8 Pro-inflammatory cytokine I, IT, 1T
FGL2 Fibrinogen-like protein 2 Acute-phase protein, regulation of immune response 111
FKBP4 FK506 binding protein 4 Protein folding, regulation of immune responses I
FTHI Ferritin heavy chain 1 Iron storage, regulation of immune responses IT, I1I
HP Haptoglobin Plasma haemoglobin-binding, acute-phase protein 11, 111
ILIB Interleukin 1 beta Pro-inflammatory cytokine L 1II
LYZ Lysozyme Antimicrobial agent I
MHC II alpha Major histocompatibility complex II alpha Antigen presentation to CD4+ T lymphocytes II
MPO Myeloperoxidase Lysosomal enzyme, response to inflammation II
RAGI Recombination activating 1 Immunoglobin V-D-J recombination I
SAA Serum amyloid A Acute-phase response, tissue protection I1, 111
TCRG T-cell receptor gamma chain Antigen recognition (T cell activation) 111
TNF Tumor necrosis factor Proinflammatory cytokine I, 111
Cell homeostasis

TFEB Transcription factor EB Lipid metabolism, bone resorption, immune response I
UCP2 Uncoupling protein 3 ATP synthesis, protection form oxidative stress I
Metabolism

APOE Apolipoprotein E Lipid metabolism I

cS Citrate synthase Oxidative metabolism I
CKM Creatine kinase, M Energy metabolism (creatine system) I
ENOI Enolase 1 Glycolysis I
GATM Glycine amidinotransferase Energy metabolism (creatine system) I
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Table 1: Candidate genes (continued)

Gene symbol Gene product Function Study
Metabolism

PGM3 Phosphoglucomutase 3 Glycolysis I
PPARA Peroxisome proliferator activated receptor alpha Lipid metabolism I
PPARD Peroxisome proliferator activated receptor delta Lipid metabolism I
Growth

GHR Growth hormone receptor Growth regulation, Signal transduction I
IGF1 Insulin like growth factor 1 Growth regulation, anabolism I
IGF?2 Insulin like growth factor 2 Growth regulation I
MSTNI Muscoskeletal embryonic nuclear protein 1 Growth regulation I
Gonadal maturation

SOX9 SRY-box transcription factor 9 ¢ SSIS:I éitztgéﬁgzasttlon, gonad development & maturation; chondro- & I
Organogenesis

BMP4 Bone morphogenetic protein 4 Chondro- & skeletogenesis, morphogenesis; organogenesis I
BMP7 Bone morphogenetic protein 7 Chondro- & skeletogenesis, morphogenesis I
MYH6 Myosin heavy chain Major component of motor protein myosin (heart muscle) I
RXRA Retinoid x receptor alpha Organogenesis, morphogenesis, lipid metabolism I
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Table 2: Selected blood parameters of Study I1

Individual glucose and lactate levels of juvenile pikeperch during hypoxic challenge.

Treatment Day of the experiment Glucose (mmol/l) Lactate (mmol/l)
Detection range: Detection range:
1.1-33.3 mmol/l 0.7-26 mmol/l

Control 1 5.88 3.30

Control 1 8.21 2.80

Control 1 10.10 3.90

Control 1 1.78 LOW

Control 1 3.05 3.10

Hypoxic challenge 1 4.88 2.60

Hypoxic challenge 1 6.33 3.90

Hypoxic challenge 1 6.88 2.40

Hypoxic challenge 1 4.27 2.90

Hypoxic challenge 1 6.05 3.60

Control 7 6.38 1.90

Control 7 7.22 1.50

Control 7 3.39 LOW

Control 7 3.05 LOW

Control 7 3.77 LOW

Hypoxic challenge 7 4.66 LOW

Hypoxic challenge 7 6.94 LOW

Hypoxic challenge 7 3.89 2.00

Hypoxic challenge 7 7.94 1.00

Hypoxic challenge 7 6.94 0.80

Control 14 6.38 0.90

Control 14 5.83 0.90

Control 14 1.78 n.a.

Control 14 1.89 LOW

Control 14 2.72 0.80

Hypoxic challenge 14 8.27 LOW

Hypoxic challenge 14 2.22 2.10

Hypoxic challenge 14 6.33 1.50

Hypoxic challenge 14 6.05 LOW

Hypoxic challenge 14 6.66 1.00
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Table 2 Blood parameters (continued)

Treatment Day of the experiment Glucose (mmol/l) Lactate (mmol/l)
Detection range: Detection range:
1.1-33.3 mmol/l 0.7-26 mmol/1

Control 21 3.39 LOW

Control 21 3.83 1.20

Control 21 7.10 0.80

Control 21 6.27 LOW

Control 21 3.11 1.00

Hypoxic challenge 21 3.39 LOW

Hypoxic challenge 21 2.33 LOW

Hypoxic challenge 21 3.39 LOW

Hypoxic challenge 21 3.39 LOW

Hypoxic challenge 21 3.11 LOW

Control 28 10.71 3.20

Control 28 2.89 1.00

Control 28 10.71 1.10

Control 28 2.89 2.20

Control 28 2.83 1.00

Hypoxic challenge 28 2.89 0.80

Hypoxic challenge 28 2.94 1.60

Hypoxic challenge 28 8.49 1.40

Hypoxic challenge 28 2.50 2.00

Hypoxic challenge 28 4.27 0.90

n.a. = not applicable
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