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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 

Der Zander (Sander lucioperca L., 1758) ist ein hoch geschätzter Speisefisch mit zunehmender 

wirtschaftlicher Bedeutung für die angestrebte Diversifizierung des lokalen europäischen Marktes. Er 

gilt als geeigneter Kandidat für die intensive Aufzucht in geschlossenen Kreislaufsystemen an Land. 

Erhöhte Verluste, vor allem in der frühen 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. Für die zukünftige Überwachung physiologischer Prozesse und möglicher Störungen 

während der frühen Entwicklungsphase des Zanders konnte ein potentielles Gen-Set charakterisiert 

werden. Dieses enthält unter anderem Gene, welche für den Lipid-Metabolismus, die Organo- und 

Morphogenese sowie das Immunsystem eine wichtige Rolle spielen. Darüber 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 mögliche Stressreaktion beim juvenilen Zander durch 

steigende Temperaturen (15°C - 25°C; 1°C pro Tag) sowie reduzierte Sauerstoffwerte (40 % 

DO/± 3.2 mg/l DO für 28 Tage; zusätzliche Immunstimulation mit inaktiviertem Aeromonas hydrophila 

an Tag 8). Es konnte gezeigt werden, dass diese Bedingungen keine ausgeprägte Stresssituation für die 

Fische darstellen. Mittels Genexpressionsanalysen konnten potentielle Indikatoren für den Nachweis 

eines beginnenden Reaktionsprozesses identifiziert werden, wobei eine mit steigenden 

Wassertemperaturen korrelierende SERPINH1-Expression in der Leber und eine signifikant reduzierte 

Expression von HIF1A 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 

für Einzel- als auch für Multiplex-RT-qPCR-Analysen verifiziert werden. Zusammenfassend lässt sich 
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sagen, dass der Zander gegenüber den untersuchten kritischen Bedingungen deutlich robuster zu sein 

scheint als bisher angenommen. Die Ergebnisse tragen zum Verständnis seiner Stressphysiologie bei 

und zielen darauf ab, potenzielle Stressoren zu identifizieren und ihnen entgegenzuwirken, um 

Hindernisse während des Zuchtprozesses zu überwinden. 
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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]. 

a

b
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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 
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intensive aquaculture in the 21st 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 CO2) 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 

Illustration 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 

UV disinfection 

Water 

cooling 

system 

Oxygenator 

Mechanical filter  

Biological filter 

(moving bed) 

Water heating system 

Water flow meter 
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farmed in enclosed aquaculture systems with a high stocking density (on-growing phase 80 kg/m3) [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: 

(i) a production of healthy and sufficient stocking material (up to the early juvenile stage) 

(ii) 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. 

 

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/l 

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]. 

 

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 
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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 II 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-II.1-RM-001), by the Union's Horizon 2020 research 

and innovation program under grant agreement No 65281 (AQUAEXCEL2020; 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 lucioperca 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: 

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

• Increasing water temperatures (Study III) 
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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 II) Schaefer et al. 2021 Biology III) 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. 

- Blood parameters 
- Organosomatic indices 

- Immune cell populations 
- Gene expression 

- Gene expression 

Juvenile Farming: 

 
→ Inadequate water conditions 

II) 40 % DO + intraperitoneal stimulation 
III) 15°C-25°C 

HEALTH STATUS of intensively reared pikeperch 

Reliable INDICATORS to characterise stress burden  

Hatchery, Nursery & Juvenile Farming: 

 
→ Early ontogenesis in an artifical 

environment 

I) Particular developmental stages 
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2. Summary of Included Studies 

Study I: 

Schäfer N, Kaya Y, Rebl H, Stüeken 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: 

Schäfer N, Matoušek J, Rebl A, Stejskal V, Brunner RM, Goldammer T, Verleih M and Korytář T 

(2021). Effects 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, Baßmann B, Orban A, Schäfer 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/l) 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 NR3C1 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 BMP7 (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), EPAS1 (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/l) 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/l 

(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. HIF1A in 

Study II, SERPINH1 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 

fluviatilis) 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 (Aeromonas hydrophila) during 

reduced DO saturation of 40 % (± 3.2 mg/l) non-significantly affected the adaptive immune response in 

juvenile pikeperch (Study II). 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. Identification 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 III). 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 II 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 EEF1A1 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 MRTRN2 was identified as suitable reference 

(Study III). EEF1A1, RPL32 and PRS5 were applicable for candidate genes with expression levels 

ranging from 1 × 101 to 1 × 108 copies per 100 ng RNA, while MTRNR2 was tested up to 1 × 105 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 EEF1A1 or MTRNR2 (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 c member 1” encodes a 

glucocorticoid receptor which plays a major role in the stress response pathway [169,170]. Significantly 

increased transcription levels of NR3C1 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, NR3C1 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 NR3C1 

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 HMX1, the gene which encodes the 

omnifunctional “H6-family homeobox protein 1”, were strongly dependent on temperature in sampled 

gills of juvenile pikeperch (Study III). HMX1 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]. HIF1A reached significant lower transcript numbers in HK tissues. While in 

liver of juvenile pikeperch, significantly increased transcript levels were observable (Study II). HIF1A 

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 HIF1A transcript levels in liver and muscle of European sea bass [144]. In yellow perch, 

low-oxygen saturations did not affect HIF1A gene expression in juveniles [173]. The findings in 

Study II further contribute to the assumption, that HIF1A 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 HIF1A expression in muscle of Eurasian perch [174]. It would be interesting to 

know if the expression of HIF1A in different tissues of pikeperch correlate with decreasing oxygen 

saturations. In Atlantic salmon, HIF1A 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 HIF1A changes during increasing temperatures in pikeperch. Unfortunately, due to the 

chronological order of the included studies, there was no established primer pair for HIF1A at the time 

of Study III. For the observation of physiological processes during the early development of pikeperch, 

HIF1A 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 

HIF1A 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 HSP90AA1 (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]. 

HSP90AA1 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 

HSP90AA1 in liver of teleost including maraena whitefish, rainbow trout and Atlantic salmon 

[121,130,175]. The transcript pattern of HSP90AA1 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 

HSPA8b 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 

HSPA8 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 SERPINH1. 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 SERPINH1 in liver and gills of rainbow trout and Atlantic salmon [119,175]. Due 

to its correlating mRNA abundance with rising temperatures, SERPINH1 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 FTH1, 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 FTH1 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 FTH1 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 FTH1 gene expression was 

observable in liver or gills (Study III). This contradicts the outcome of former studies in rainbow trout 

and catfish (Ictalurus furcatus) in which changes in the transcript levels of FTH1 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. CXCL8, IL1B, TNF and MPO) could 

confirm the lack of a severe immunosuppression. 

HSP90AA1, 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 SERPINH1 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 HIF1A in HK and 

FTH1 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, FTH1, 

HIF1A, HMX1 and SERPINH1, 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, EPAS1, 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. 

 



REFERENCES 

35 

4. References 

1.  Larsen, L.K.; Berg, S. NOBANIS-Invasive Alien Species Fact Sheet Sander lucioperca 

Available online: www.nobanis.org, (accessed on Aug 23, 2021). 

2.  Kuznetsov, V.A. Growth , Size Age Structure of Catches and Reproduction of the Volga Zander 

Sander volgensis ( Percidae ) in the Upper Part of the Volga Stretch of the Kuibyshev Reservoir. 

2010, 50, 805–810, doi:10.1134/S0032945210090109. 

3.  Billington, N.; Sloss, B.L. Molecular systematics of Sander, and hybridization between walleye 

and sauger. In Biology, Management, and Culture of Walleye and Sauger; Barton, B.A., Ed.; 

American Fisheries Society: Bethesda, Maryland, 2011; pp. 85–104; ISBN 978-1-934874-22-6. 

4.  Schmalz, P.J.; Fayram, A.H.; Isermann, D.A.; Newman, S.P.; Edwards, C.J. Harvest and 

Exploitation. In Biology, Management, and Culture of Walleye and Sauger; Barton, B.A., Ed.; 

American Fisheries Society: Bethesda, Maryland, 2011; pp. 375–401; ISBN 978-1-934874-22-

6. 

5.  Haponski, A.E.; Stepien, C.A. Phylogenetic and biogeographical relationships of the sander 

pikeperches (percidae: Perciformes): Patterns across north america and eurasia. Biol. J. Linn. 

Soc. 2013, 110, 156–179, doi:10.1111/bij.12114. 

6.  Zakęś, Z. Cultured Aquatic Species Information Programme - Sander lucioperca (Linnaeus, 

1758) Available online: http://www.fao.org/fishery/culturedspecies/Sander_lucioperca/en 

(accessed on Aug 23, 2021). 

7.  Löffler, J.; Ott, A.; Ahnelt, H.; Keckeis, H. Early development of the skull of Sander lucioperca 

(L.) (Teleostei: Percidae) relating to growth and mortality. J. Fish Biol. 2008, 72, 233–258, 

doi:10.1111/j.1095-8649.2007.01699.x. 

8.  Ali, M.A.; Ryder, R.A.; Anctil, M. Photoreceptors and Visual Pigments as Related to Behavioral 

Responses and Preferred Habitats of Perches (Perca spp.) and Pikeperches (Stizostedion spp.). J. 

Fish. Reserach Board Canada 1977, 34, 1475–1480, doi:10.1139/f77-212. 



REFERENCES 

36 

9.  Jokela-Määttä, M.; Viljanen, M.; Nevala, N.; Donner, K.; Brönmark, C. Photoreceptors and eyes 

of pikeperch Sander lucioperca, pike Esox lucius, perch Perca fluviatilis and roach Rutilus 

rutilus from a clear and a brown lake. J. Fish Biol. 2019, 95, 200–213, doi:10.1111/jfb.13759. 

10.  Luchiari, A.C.; De Morais Freire, F.A.; Koskela, J.; Pirhonen, J. Light intensity preference of 

juvenile pikeperch Sander lucioperca (L.). Aquac. Res. 2006, 37, 1572–1577, 

doi:10.1111/j.1365-2109.2006.01599.x. 

11.  Turesson, H.; Persson, A.; Bronmark, C. Prey size selection in piscivorous pikeperch 

(Stizostedion lucioperca) includes active prey choice. Ecol. Freshw. Fish 2002, 11, 223–233, 

doi:10.1034/j.1600-0633.2002.00019.x. 

12.  Kottelat, M.; Freyhof, J. Handbook of European freshwater fishes; 13th ed.; Kottelat, Cornol & 

Freyhof: Switzerland, 2007; ISBN 978-2-8399-0298-4. 

13.  Lehtonen, H.; Hansson, S.; Winkler, H. Biology and exploitation of pikeperch , Stizostedion 

lucioperca ( L .), in the Baltic Sea area. Finnish Zool. Bot. Publ. Board 1996 1996, 33, 525–535; 

ISSN 0003-455X. 

14.  Ginter, K.; Kangur, K.; Kangur, A.; Kangur, P.; Haldna, M. Diet patterns and ontogenetic diet 

shift of pikeperch, Sander lucioperca (L.) fry in lakes Peipsi and Võrtsjärv (Estonia). 

Hydrobiologia 2011, 660, 79–91, doi:10.1007/s10750-010-0393-6. 

15.  Collette, B.B.; Bănărescu, P. Systematics and Zoogeography of the Fishes of the Family 

Percidae. J. Fish. Res. Board Canada 1977, 34, 1450–1463, doi:10.1139/f77-209. 

16.  Berg, L.S. Freshwater fishes of the U.S.S.R. and adjacent countries Volume 3; Academy of 

Sciences of the U.S.S.R. Zoological Institute: Moscow-Leningrad, 1965. 

17.  Freyhof, J.; Kottelat, M. Sander lucioperca - The IUCN Red List of Threatened Species Available 

online: https://dx.doi.org/10.2305/IUCN.UK.2008.RLTS.T20860A9231839.en. (accessed on 

Aug 23, 2021). 

18.  Lappalainen, J.; Dörner, H.; Wysujack, K. Reproduction biology of pikeperch ( Sander 



REFERENCES 

37 

lucioperca (L.)) - a review. Ecol. Freshw. Fish 2003, 12, 95–106, doi:10.1034/j.1600-

0633.2003.00005.x. 

19.  Schlumberger, O.; Proteau, J.P. Reproduction of pike-perch (Stizostedion lucioperca) in 

captivity. J. Appl. Ichthyol. 1996, 12, 149–152. 

20.  Welcomme, R.L. International introductions of inland aquatic species. FAO Fish. Tech. Pap. 

1988, 294, 318. 

21.  Dahl, J. A century of pikeperch in Denmark. EIFAC Techical Pap. 1982, 42, 344–352. 

22.  Luna, S.M.; Froese, R.; Pauly, D. FishBase - Sander lucioperca (Linaeus, 1758) Available 

online: http://www.fishbase.org (accessed on May 27, 2021). 

23.  Robins, C.R.; Bailey, R.M.; Bond, C.E.; Brooker, J.R.; Lachner, E.A.; Lea, R.N.; Scott, W.B. 

World fishes important to North Americans. Exclusive of species from the continental waters of 

the United States and Canada. Am. Fish. Soc. Spec. Publ. 1991, 21, 243 pp. 

24.  CABI - Sander lucioperca Available online: www.cabi.org/isc (accessed on May 27, 2021). 

25.  FAO Dataset - Global Aquaculture Production - Sander lucioperca Available online: 

http://www.fao.org/fishery/statistics/global-aquaculture-production/en (accessed on Aug 4, 

2021). 

26.  Destatis - Statistisches Bundesamt Erzeugung von Aquakulturbetrieben Available online: 

https://www.destatis.de/DE/Themen/Branchen-Unternehmen/Landwirtschaft-Forstwirtschaft-

Fischerei/Fischerei/Publikationen/Downloads-Fischerei/aquakulturbetriebe-

2030460197004.html (accessed on May 30, 2021). 

27.  Hokanson, K.E.F. Temperature Requirements of Some Percids and Adaptations to the Seasonal 

Temperature Cycle. J. Fish. Res. Board Canada 1977, 34, 1524–1550, doi:10.1139/f77-217. 

28.  Policar, T.; Schaefer, F.J.; Panana, E.; Meyer, S.; Teerlinck, S.; Toner, D.; Żarski, D. Recent 

progress in European percid fish culture production technology—tackling bottlenecks. Aquac. 



REFERENCES 

38 

Int. 2019, 27, 1151–1174, doi:10.1007/s10499-019-00433-y. 

29.  Müller-Belecke, A. Entwicklung der Zanderaquakulturforschung in Deutschland. In Der Zander 

- Beiträge zur Produktion in Aquakultur; Sanftleben, P., Katroschan, K.-U., Heilmann, H., Arndt, 

G.-M., Segelken-Voigt, A., Bochert, R., Eds.; Landesforschungsanstalt für Landwirtschaft und 

Fischerei Mecklenburg-Vorpommern (LFA): Gülzow-Prüzen, 2021; Vol. 63 ISBN ISSN 1618-

7938. 

30.  Diversify-eu Available online: https://www.diversifyfish.eu/about-diversify.html (accessed on 

Aug 4, 2021). 

31.  Bregnballe, J. Recirculation Aquaculture; FAO and Eurofish International Organisation: 

Copenhagen, 2015; ISBN 0971264600. 

32.  Espinal, C.A.; Matulic, D. Recirculating Aquaculture Technologies. In Aquaponics Food 

Production Systems; 2019; pp. 35–76; ISBN 9783030159436. 

33.  Policar, T.; Stejskal, V.; Kristan, J.; Podhorec, P.; Svinger, V.; Blaha, M. The effect of fish size 

and stocking density on the weaning success of pond-cultured pikeperch Sander lucioperca L. 

juveniles. Aquac. Int. 2013, 21, 869–882, doi:10.1007/s10499-012-9563-z. 

34.  Schulz, C.; Günther, S.; Wirth, M.; Rennert, B. Growth performance and body composition of 

pike perch (Sander lucioperca) fed varying formulated and natural diets. Aquac. Int. 2006, 14, 

577–586, doi:10.1007/s10499-006-9056-z. 

35.  Molnár, T.; Szabó, A.; Szabó, G.; Szabó, C.; Hancz, C. Effect of different dietary fat content and 

fat type on the growth and body composition of intensively reared pikeperch Sander lucioperca 

(L.). Aquac. Nutr. 2006, 12, 173–182, doi:10.1111/j.1365-2095.2006.00398.x. 

36.  Overton, J.L.; Toner, D.; Policar, T.; Kucharczyk, D. Commercial Production: Factors for 

Success and Limitations in European Percid Fish Culture. Biol. Cult. Percid Fishes Princ. Pract. 

2015, 881–890, doi:10.1007/978-94-017-7227-3_35. 

37.  Hermelink, B.; Wuertz, S.; Rennert, B.; Kloas, W.; Schulz, C. Temperature control of pikeperch 



REFERENCES 

39 

(Sander lucioperca) maturation in recirculating aquaculture systems—induction of puberty and 

course of gametogenesis. Aquaculture 2013, 400–401, 36–45, 

doi:10.1016/j.aquaculture.2013.02.026. 

38.  Hermelink, B.; Kleiner, W.; Schulz, C.; Kloas, W.; Wuertz, S. Photo-thermal manipulation for 

the reproductive management of pikeperch Sander lucioperca. Aquac. Int. 2017, 25, 1–20, 

doi:10.1007/s10499-016-0009-x. 

39.  Hermelink, B.; Wuertz, S.; Trubiroha, A.; Rennert, B.; Kloas, W.; Schulz, C. Influence of 

temperature on puberty and maturation of pikeperch, Sander lucioperca. Gen. Comp. Endocrinol. 

2011, 172, 282–292, doi:10.1016/j.ygcen.2011.03.013. 

40.  Szkudlarek, M.; Zakęś, Z. Effect of stocking density on survival and growth performance of 

pikeperch, Sander lucioperca (L.), larvae under controlled conditions. Aquac. Int. 2007, 15, 67–

81, doi:10.1007/s10499-006-9069-7. 

41.  Schaefer, F.J.; Overton, J.L.; Wuertz, S. Pikeperch Sander lucioperca egg quality cannot be 

predicted by total antioxidant capacity and mtDNA fragmentation. Anim. Reprod. Sci. 2016, 167, 

117–124, doi:10.1016/j.anireprosci.2016.02.016. 

42.  Wuertz, S.; Hermelink, B.; Schulz, C. Pike Perch In Recirculation Aquaculture. Glob. Aquac. 

advocate 2012. 

43.  Németh, S.; Horváth, Z.; Felföldi, Z.; Beliczky, G.; Demeter, K. The use of permitted 

ectoparasite disinfection methods on young pike-perch (Sander lucioperca) after transition from 

over-wintering lake to RAS. AACL Bioflux 2013, 6, 1–11. 

44.  Baekelandt, S.; Redivo, B.; Mandiki, S.N.M.; Bournonville, T.; Houndji, A.; Bernard, B.; El 

Kertaoui, N.; Schmitz, M.; Fontaine, P.; Gardeur, J.N.; et al. Multifactorial analyses revealed 

optimal aquaculture modalities improving husbandry fitness without clear effect on stress and 

immune status of pikeperch Sander lucioperca. Gen. Comp. Endocrinol. 2018, 258, 194–204, 

doi:10.1016/j.ygcen.2017.08.010. 



REFERENCES 

40 

45.  Eissa, N.; Wang, H. Transcriptional stress responses to environmental and husbandry stressors 

in aquaculture species. Rev. Aquac. 2016, 8, 61–88, doi:10.1111/raq.12081. 

46.  Almazan-Rueda, P.; van Helmond, A.T.M.; Verreth, J.A.J.; Schrama, J.W. Photoperiod affects 

growth, behaviour and stress variables in Clarias gariepinus. J. Fish Biol. 2005, 67, 1029–1039, 

doi:10.1111/j.0022-1112.2005.00806.x. 

47.  Harper, C.; Wolf, J.C. Morphologic effects of the stress response in fish. ILAR J. 2009, 50, 387–

396, doi:10.1093/ILAR.50.4.387. 

48.  Feist, G.; Schreck, C.B. Ontogeny of the stress response in chinook salmon, Oncorhynchus 

tshawytscha*. Fish Physiol. Biochem. 2002, 25, 31–40, doi:10.1023/A:1019709323520. 

49.  Rahmdel, K.J.; Falahatkar, B.  Adaptation of pikeperch ( Sander lucioperca ) to formulated diets: 

A review . Fish. Aquat. Life 2021, 29, 1–12, doi:10.2478/AOPF-2021-0001. 

50.  Demska-Zakęś, K.; Kowalska, A.; Zakęś, Z. The Development of the Swim Bladder of 

Pikeperch. Arch. Polish Fish. 2003, 11, 45–55. 

51.  Hamza, N.; Mhetli, M.; Kestemont, P. Effects of weaning age and diets on ontogeny of digestive 

activities and structures of pikeperch (Sander lucioperca) larvae. Fish Physiol. Biochem. 2007, 

33, 121–133, doi:10.1007/s10695-006-9123-4. 

52.  Ott, A.; Löffler, J.; Ahnelt, H.; Keckeis, H. Early development of the postcranial skeleton of the 

pikeperch Sander lucioperca (Teleostei: Percidae) relating to developmental stages and growth. 

J. Morphol. 2012, 273, 894–908, doi:10.1002/jmor.20029. 

53.  Policar, T.; Blecha, M.; Křišťan, J.; Mráz, J.; Velíšek, J.; Stará, A.; Stejskal, V.; Malinovskyi, 

O.; Svačina, P.; Samarin, A.M. Comparison of production efficiency and quality of differently 

cultured pikeperch (Sander lucioperca L.) juveniles as a valuable product for ongrowing culture. 

Aquac. Int. 2016, 24, 1607–1626, doi:10.1007/s10499-016-0050-9. 

54.  Ostaszewska, T. Developmental changes of digestive system structures in pike-perch (Sander 

lucioperca L.). Electron. J. Ichthyol. 2005, 2, 65–78. 



REFERENCES 

41 

55.  Steffens, W.; Geldhauser, F.; Gerstner, P.; Hilge, V. German experiences in the propagation and 

rearing of fingerling pikeperch (Stizostedion lucioperca). Ann. Zool. Fennici 1996, 33, 627–634; 

ISSN 0003-455X. 

56.  Szczepkowski, M.; Zakęś, Z.; Szczepkowska, B.; Piotrowska, I. Effect of size sorting on the 

survival , growth and cannibalism in pikeperch ( Sander lucioperca L .) larvae during intensive 

culture in RAS. Czech J. Anim. Sci. 2011, 56, 483–489. 

57.  Żarski, D.; Horváth, A.; Held, J.A.; Kucharczyk, D. Artificial Reproduction of Percid Fishes. 

Biol. Cult. Percid Fishes Princ. Pract. 2015, 123–161, doi:10.1007/978-94-017-7227-3_4. 

58.  Kestemont, P.; Henrotte, E. Nutritional Requirements and Feeding of Broodstock and Early Life 

Stages of Eurasian Perch and Pikeperch. Biol. Cult. Percid Fishes Princ. Pract. 2015, 539–564, 

doi:10.1007/978-94-017-7227-3_20. 

59.  Kestemont, P.; Mélard, C.; Fiogbe, E.; Vlavonou, R.; Masson, G. Nutritional and animal 

husbandry aspects of rearing early life stages of Eurasian perch Perca fluviatilis. J. Appl. 

Ichthyol. 1996, 12, 157–165, doi:10.1111/j.1439-0426.1996.tb00082.x. 

60.  Kestemont, P.; Xueliang, X.; Hamza, N.; Maboudou, J.; Imorou Toko, I. Effect of weaning age 

and diet on pikeperch larviculture. Aquaculture 2007, 264, 197–204, 

doi:10.1016/j.aquaculture.2006.12.034. 

61.  Hamza, N.; Silvestre, F.; Mhetli, M.; Khemis, I. Ben; Dieu, M.; Raes, M.; Cahu, C.; Kestemont, 

P. Differential protein expression profile in the liver of pikeperch (Sander lucioperca) larvae fed 

with increasing levels of phospholipids. Comp. Biochem. Physiol. Part D Genomics Proteomics 

2010, 5, 130–137, doi:10.1016/j.cbd.2010.03.005. 

62.  Yanes-Roca, C.; Holzer, A.; Mraz, J.; Veselý, L.; Malinovskyi, O.; Policar, T. Improvements on 

live feed enrichments for pikeperch (Sander lucioperca) larval culture. Animals 2020, 10, 1–13, 

doi:10.3390/ani10030401. 

63.  Lund, I.; Skov, P.V.; Hansen, B.W. Dietary supplementation of essential fatty acids in larval 



REFERENCES 

42 

pikeperch (Sander lucioperca); short and long term effects on stress tolerance and metabolic 

physiology. Comp. Biochem. Physiol. Part A Mol. Integr. Physiol. 2012, 162, 340–348, 

doi:10.1016/J.CBPA.2012.04.004. 

64.  Abdel-Tawwab, M.; Monier, M.N.; Hoseinifar, S.H.; Faggio, C. Fish response to hypoxia stress: 

growth, physiological, and immunological biomarkers. Fish Physiol. Biochem. 2019, 45, 997–

1013, doi:10.1007/s10695-019-00614-9. 

65.  Alfonso, S.; Gesto, M.; Sadoul, B. Temperature increase and its effects on fish stress physiology 

in the context of global warming. J. Fish Biol. 2020, doi:10.1111/JFB.14599. 

66.  Donaldson, M.R.; Cooke, S.J.; Patterson, D.A.; Macdonald, J.S. Cold shock and fish. J. Fish 

Biol. 2008, 73, 1491–1530, doi:10.1111/j.1095-8649.2008.02061.x. 

67.  Mariana, S.; Badr, G. Impact of heat stress on the immune response of fishes. J. Surv. Fish. Sci. 

2019, 5, 149–159, doi:10.18331/SFS2019.5.2.14. 

68.  Barton, B.A. Stress in fishes: A diversity of responses with particular reference to changes in 

circulating corticosteroids. Integr. Comp. Biol. 2002, 42, 517–525, doi:10.1093/icb/42.3.517. 

69.  Tort, L. Stress and immune modulation in fish. Dev. Comp. Immunol. 2011, 35, 1366–1375, 

doi:10.1016/j.dci.2011.07.002. 

70.  Timmons, M.B.; Summerfelt, S.T.; Vinci, B.J. Review of circular tank technology and 

management. Aquac. Eng. 1998, 18, 51–69, doi:10.1016/s0144-8609(98)00023-5. 

71.  Frisk, M.; Skov, P.V.; Steffensen, J.F. Thermal optimum for pikeperch (Sander lucioperca) and 

the use of ventilation frequency as a predictor of metabolic rate. Aquaculture 2012, 324–325, 

151–157, doi:10.1016/j.aquaculture.2011.10.024. 

72.  Ali, M.S.; Stead, S.M.; Houlihan, D.F. Effects of socking density on ammonia excretion and the 

growth of Nile tilapia ( Oreochromis Niloticus L.). Fish. Res 2006, 10, 13–24. 

73.  Blecha, M.; Kristan, J.; Policar, T. Adaptation of Intensively Reared Pikeperch (Sander 



REFERENCES 

43 

lucioperca) Juveniles ot Pond Culture. Turkish J. Fish. Aquat. Sci. 2016, 16, 953–959, 

doi:10.4194/1303-2712-v16. 

74.  Jarmołowicz, S.; Rożyński, M.; Kowalska, A.; Zakęś, Z. Growth in juvenile pikeperch (Sander 

lucioperca L.) stimulated with yeast, Saccharomyces cerevisiae, extract. Aquac. Res. 2018, 49, 

614–620, doi:10.1111/are.13490. 

75.  Policar, T.; Blecha, M.; Křišťan, J.; Mráz, J.; Velíšek, J.; Stará, A.; Stejskal, V.; Malinovskyi, 

O.; Svačina, P.; Samarin, A.M. Comparison of production efficiency and quality of differently 

cultured pikeperch (Sander lucioperca L.) juveniles as a valuable product for ongrowing culture. 

Aquac. Int. 2016, 24, 1607–1626, doi:10.1007/s10499-016-0050-9. 

76.  Kratochvíl, M.; Čech, M.; Vašek, M.; Kubečka, J.; Hejzlar, J.; Matěna, J.; Peterka, J.; Macháček, 

J.; Seďa, J. Diel vertical migrations of age 0+ percids in a shallow, well-mixed reservoir. J. 

Limnol. 2010, 69, 305–310, doi:10.3274/JL10-69-2-12. 

77.  Horký, P.; Slavík, O.; Bartoš, L.; Kolářová, J.; Randák, T. The effect of the moon phase and 

seasonality on the behaviour of pikeperch in the Elbe River. Folia Zool. 2006, 55, 411–417. 

78.  Pietrock, M.; Brämick, U. Fischereirechts-und tierschutzrechtskonformer Betrieb von 

Angelteichen in Schleswig-Holstein. Gutachten im Auftrag des Landesamtes für Landwirtschaft, 

Umwelt und ländliche Räume des Landes Schleswig-Holstein; Institut für Binnenfischerei e.V. 

Potsdam Sacrow, 2014, 66 Seiten. 

79.  Stejskal, V.; Matousek, J.; Drozd, B.; Blaha, M.; Policar, T.; Kouril, J. The effect of long-term 

hyperoxia and hypoxia on growth in pikeperch (Sander lucioperca). In Abstract book from 

AQUA 2012 conference; USB of Abstracts: Prague, 2012; p. 1058. 

80.  Horoszewicz, L. Lethal and “disturbing” temperatures in some fish species from lakes with 

normal and artificially elevated temperature. J. Fish Biol. 1973, 5, 165–181, doi:10.1111/j.1095-

8649.1973.tb04445.x. 

81.  Zienert, S.; Heidrich, S. Schriften des Instituts für Binnenfischerei e.V. Potsdam-Sacrow Band 



REFERENCES 

44 

18 Aufzucht von Zandern in der Aquakultur 2005. 

82.  Baekelandt, S.; Mandiki, S.N.M.; Schmitz, M.; Kestemont, P. Influence of the light spectrum on 

the daily rhythms of stress and humoral innate immune markers in pikeperch Sander lucioperca. 

Aquaculture 2019, 499, 358–363, doi:10.1016/j.aquaculture.2018.09.046. 

83.  Schreck, C.B.; Tort, L. The Concept of Stress in Fish; First Edit.; Elsevier Inc., 2016; Vol. 35; 

ISBN 9780128027288. 

84.  Selye, H. Stress and the General Adaptation Syndrome. Br. Med. J. 1950, 2, 215–216, 

doi:10.1136/bmj.2.4672.215-b. 

85.  Schreck, C.B. Accumulation and long-term effects of stress in fish. In The biology of animal 

stress: basic principles and implications for animal welfare.; CABI: Wallingford, 2000; pp. 147–

158. 

86.  Geven, E.J.W.; Klaren, P.H.M. The teleost head kidney: Integrating thyroid and immune 

signalling. Dev. Comp. Immunol. 2017, 66, 73–83, doi:10.1016/j.dci.2016.06.025. 

87.  Sadoul, B.; Geffroy, B. Measuring cortisol, the major stress hormone in fishes. J. Fish Biol. 2019, 

94, 540–555, doi:10.1111/jfb.13904. 

88.  Khansari, A.; Balasch, J.; Reye-López; Tort, L. Stressing the inflammatory network: immuno-

endocrine responses to allostatic load in fish. J. Mar. Sci. Res. Technol. 2017. 

89.  Tuurala, H.; Soivio, A.; Nikinmaa, M. The effects of adrenaline on heart rate and blood pressure 

in Salmo gairdneri at two temperatures. Ann. Zool. Fenn. 1982, 47–51. 

90.  RS, S.; L, S. Effect of epinephrine on glucose metabolism in humans: contribution of the liver. 

Am. J. Physiol. 1984, 247, doi:10.1152/AJPENDO.1984.247.2.E157. 

91.  Perry, S.F.; Wood, C.M. Control and coordination of gas transfer in fishes. Can. J. Zool. 1989, 

67, 2961–2970, doi:10.1139/z89-419. 

92.  Johnson, D.W. Endocrine Control of Hydromineral Balance in Teleosts. Am. Zool. 1973, 13, 



REFERENCES 

45 

799–818, doi:10.1093/icb/13.3.799. 

93.  Pickering, A.D. Growth and stress in fish production. Aquaculture 1993, 111, 51–63, 

doi:10.1016/0044-8486(93)90024-S. 

94.  Schreck, C.B.; Contreras-Sanchez, W.; Fitzpatrick, M.S. Effects of stress on fish reproduction, 

gamete quality, and progeny. Aquaculture 2001, 197, 3–24, doi:10.1016/S0044-8486(01)00580-

4. 

95.  H Khara, R.M.; M Rahbar, M.H. Some Haematological Changes of Zander (Sander lucioperca) 

In Relation to Age and Its Relationship with Parasitic Infection. Fish. Aquac. J. 2013, 47, 

doi:10.4172/2150-3508.1000047. 

96.  Kuo, T.; McQueen, A.; Chen, T.-C.; Wang, J.-C. Regulation of Glucose Homeostasis by 

Glucocorticoids. In Advances in experimental medicine and biology; NIH Public Access, 2015; 

Vol. 872, pp. 99–126; ISBN 978-1-4939-2895-8. 

97.  Fujiwara, T.; Cherrington, A.D.; Neal D.N.; McGuinness O.P. Role of cortisol in the metabolic 

response to stress hormone infusion in the conscious dog. Metabolism. 1996, 45, 571–578, 

doi:10.1016/S0026-0495(96)90026-8. 

98.  Garcia-Alvarez, M.; Marik, P.; Bellomo, R. Stress hyperlactataemia: present understanding and 

controversy. lancet. Diabetes Endocrinol. 2014, 2, 339–347, doi:10.1016/S2213-

8587(13)70154-2. 

99.  Seibel, H.; Baßmann, B.; Rebl, A. Blood Will Tell: What Hematological Analyses Can Reveal 

About Fish Welfare. Front. Vet. Sci. 2021, 8, 194, doi:10.3389/fvets.2021.616955. 

100.  Barcellos, L.J.G.; Woehl, V.M.; Wassermann, G.F.; Quevedo, R.M.; Ittzés, I.; Krieger, M.H. 

Plasma levels of cortisol and glucose in response to capture and tank transference in Rhamdia 

quelen (Quoy & Gaimard), a South American catfish. Aquac. Res. 2001, 32, 121–123, 

doi:10.1046/J.1365-2109.2001.00539.X. 

101.  Tsalafouta, A.; Papandroulakis, N.; Gorissen, M.; Katharios, P.; Flik, G.; Pavlidis, M. 



REFERENCES 

46 

Ontogenesis of the HPI axis and molecular regulation of the cortisol stress response during early 

development in Dicentrarchus labrax. Sci. Rep. 2015, 4, 5525, doi:10.1038/srep05525. 

102.  Earley, R.L.; Edwards, J.T.; Aseem, O.; Felton, K.; Blumer, L.S.; Karom, M.; Grober, M.S. 

Social interactions tune aggression and stress responsiveness in a territorial cichlid fish 

(Archocentrus nigrofasciatus). Physiol. Behav. 2006, 88, 353–363, 

doi:10.1016/J.PHYSBEH.2006.04.002. 

103.  Pickering, A.D.; Pottinger, T.G. Seasonal and diel changes in plasma cortisol levels of the brown 

trout, Salmo trutta L. Gen. Comp. Endocrinol. 1983, 49, 232–239, doi:10.1016/0016-

6480(83)90139-9. 

104.  López-Olmeda, J.F.; Egea-Álvarez, M.; Sánchez-Vázquez, F.J. Glucose tolerance in fish: Is the 

daily feeding time important? Physiol. Behav. 2009, 96, 631–636, 

doi:10.1016/J.PHYSBEH.2008.12.015. 

105.  Herrera, M.; Miró, J.M.; Giráldez, I.; Salamanca, N.; Martos-Sitcha, J.A.; Mancera, J.M.; López, 

J.R. Metabolic and Stress Responses in Senegalese Soles (Solea senegalensis Kaup) Fed 

Tryptophan Supplements: Effects of Concentration and Feeding Period. Animals 2019, 9, 320, 

doi:10.3390/ani9060320. 

106.  Davis, A.K.; Maney, D.L.; Maerz, J.C. The use of leukocyte profiles to measure stress in 

vertebrates: a review for ecologists. Funct. Ecol. 2008, 22, 760–772, doi:10.1111/j.1365-

2435.2008.01467.x. 

107.  Hadidi, S.; Glenney, G.W.; Welch, T.J.; Silverstein, J.T.; Wiens, G.D. Spleen Size Predicts 

Resistance of Rainbow Trout to Flavobacterium psychrophilum Challenge. J. Immunol. 2008, 

180, 4156–4165, doi:10.4049/jimmunol.180.6.4156. 

108.  Chellappa, S.; Huntingford, F.A.; Strang, R.H.C.; Thomson, R.Y. Condition factor and 

hepatosomatic index as estimates of energy status in male three-spined stickleback. J. Fish Biol. 

1995, 47, 775–787, doi:10.1111/J.1095-8649.1995.TB06002.X. 



REFERENCES 

47 

109.  Dekic, R.; Savic, N.; Manojlovic, M.; Golub, D.; Pavlicevic, J. Condition factor and 

organosomatic indices of rainbow trout (Onchorhynchus mykiss, Wal.) from different brood 

stock. Biotechnol. Anim. Husb. 2016, 32, 229–237, doi:10.2298/BAH1602229D. 

110.  Barton, B.A.; Morgan, J.D.; Vijayan, M.M. Physiological and condition-related indicators of 

environmental stress in fish. In Biological indicators of aquatic ecosystem stress; Adams, S.M., 

Ed.; Amercian Fisheries Society: Bethesda, 2002; pp. 111–148; ISBN 1888569433. 

111.  Sharma, J.; Ahmad Dar, S.; Langer, S.; Sharma, J.; Ahmad Dar, S.; Sayani, A. Seasonal 

variations in the spleen somatic index (SSI) of Garra gotyla gotyla. J. Entomol. Zool. Stud. 2017, 

5, 173–175. 

112.  Marijani, E.; Nasimolo, J.; Kigadye, E.; Gnonlonfin, G.J.B.; Okoth, S. Sex-Related Differences 

in Hematological Parameters and Organosomatic Indices of Oreochromis niloticus Exposed to 

Aflatoxin B 1 Diet. Scientifica (Cairo). 2017, 2017, 1–7, doi:10.1155/2017/4268926. 

113.  Flikac, T.; Cook, D.G.; Davison, W.; Jerrett, A. Seasonal growth dynamics and maximum 

potential growth rates of Australasian snapper (Chrysophrys auratus) and yellow-eyed mullet 

(Aldrichetta forsteri). Aquac. Reports 2020, 17, 100306, doi:10.1016/j.aqrep.2020.100306. 

114.  Dulić, Z.; Rašković, B.; Marić, S.; Knutsdatter Østbye, T.-K. Application of Molecular Methods 

in Aquaculture and Fishery. In Application of Molecular Methods and Raman 

Microscopy/Spectroscopy in Agricultural Sciences and Food Technology; Vucelić Radović, B., 

Lazić, D., Nikšić, M., Eds.; Ubiquity Press: London, 2019; pp. 119–139; ISBN doi: 

10.5334/bhj.h. 

115.  Rise, M.L.; Liu, Z.; Douglas, S.E.; Brown, L.L.; Nash, J.H.E.; McFall-Ngai, M.J. Aquaculture-

Related Applications of DNA Microarray Technology; 2009; ISBN 0813818516. 

116.  Hoem, K.S.; Tveten, A. Current approaches in decoding the molecular mechanisms of long‐term 

stress in adult farmed Atlantic salmon ( Salmo salar ). Rev. Aquac. 2019, 12, raq.12405, 

doi:10.1111/raq.12405. 



REFERENCES 

48 

117.  Rebl, A.; Korytář, T.; Borchel, A.; Bochert, R.; Strzelczyk, J.E.; Goldammer, T.; Verleih, M. 

The synergistic interaction of thermal stress coupled with overstocking strongly modulates the 

transcriptomic activity and immune capacity of rainbow trout (Oncorhynchus mykiss). Sci. Rep. 

2020, 10, 14913, doi:10.1038/s41598-020-71852-8. 

118.  Köbis, J.M.; Rebl, A.; Kühn, C.; Korytář, T.; Köllner, B.; Goldammer, T. Comprehensive and 

comparative transcription analyses of the complement pathway in rainbow trout. Fish Shellfish 

Immunol. 2015, 42, 98–107, doi:10.1016/j.fsi.2014.10.032. 

119.  Rebl, A.; Verleih, M.; Köbis, J.M.; Kühn, C.; Wimmers, K.; Köllner, B.; Goldammer, T. 

Transcriptome Profiling of Gill Tissue in Regionally Bred and Globally Farmed Rainbow Trout 

Strains Reveals Different Strategies for Coping with Thermal Stress. Mar. Biotechnol. 2013, 15, 

445–460, doi:10.1007/s10126-013-9501-8. 

120.  Rebl, A.; Zebunke, M.; Borchel, A.; Bochert, R.; Verleih, M.; Goldammer, T. Microarray-

predicted marker genes and molecular pathways indicating crowding stress in rainbow trout 

(Oncorhynchus mykiss). Aquaculture 2017, 473, 355–365, 

doi:10.1016/j.aquaculture.2017.03.003. 

121.  Rebl, A.; Verleih, M.; Nipkow, M.; Altmann, S.; Bochert, R.; Goldammer, T. Gradual and Acute 

Temperature Rise Induces Crossing Endocrine, Metabolic, and Immunological Pathways in 

Maraena Whitefish (Coregonus maraena). Front. Genet. 2018, 9, Articel 241, 

doi:10.3389/fgene.2018.00241. 

122.  Verleih, M.; Borchel, A.; Krasnov, A.; Rebl, A.; Korytář, T.; Kühn, C.; Goldammer, T. Impact 

of Thermal Stress on Kidney-Specific Gene Expression in Farmed Regional and Imported 

Rainbow Trout. Mar. Biotechnol. 2015, 17, 576–592, doi:10.1007/s10126-015-9640-1. 

123.  Korytář, T.; Nipkow, M.; Altmann, S.; Goldammer, T.; Köllner, B.; Rebl, A. Adverse Husbandry 

of Maraena Whitefish Directs the Immune System to Increase Mobilization of Myeloid Cells and 

Proinflammatory Responses. Front. Immunol. 2016, 7, 1–14, doi:10.3389/fimmu.2016.00631. 



REFERENCES 

49 

124.  Altmann, S.; Rebl, A.; Kühn, C.; Goldammer, T. Identification and de novo sequencing of 

housekeeping genes appropriate for gene expression analyses in farmed maraena whitefish 

(Coregonus maraena) during crowding stress. Fish Physiol. Biochem. 2015, 41, 397–412, 

doi:10.1007/s10695-014-9991-y. 

125.  Borchel, A.; Verleih, M.; Rebl, A.; Kühn, C.; Goldammer, T. Creatine metabolism differs 

between mammals and rainbow trout (Oncorhynchus mykiss). Springerplus 2014, 3, 510, 

doi:10.1186/2193-1801-3-510. 

126.  Nipkow, M.; Wirthgen, E.; Luft, P.; Rebl, A.; Hoeflich, A.; Goldammer, T. Characterization of 

igf1 and igf2 genes during maraena whitefish ( Coregonus maraena ) ontogeny and the effect of 

temperature on embryogenesis and igf expression. Growth Horm. IGF Res. 2018, 32–43, 

doi:10.1016/j.ghir.2018.04.003. 

127.  Rui, L. Energy metabolism in the liver. Compr. Physiol. 2014, 4, 177–197, 

doi:10.1002/cphy.c130024. 

128.  Zapata, A.; Diez, B.; Cejalvo, T.; Gutiérrez-De Frías, C.; Cortés, A. Ontogeny of the immune 

system of fish. Fish Shellfish Immunol. 2006, 20, 126–136, doi:10.1016/j.fsi.2004.09.005. 

129.  Tiedke, J.; Borner, J.; Beeck, H.; Kwiatkowski, M.; Schmidt, H.; Thiel, R.; Fabrizius, A.; 

Burmester, T. Evaluating the Hypoxia Response of Ruffe and Flounder Gills by a Combined 

Proteome and Transcriptome Approach. PLoS One 2015, 10, e0135911, 

doi:10.1371/journal.pone.0135911. 

130.  Li, H.L.; Lin, H.R.; Xia, J.H. Differential Gene Expression Profiles and Alternative Isoform 

Regulations in Gill of Nile Tilapia in Response to Acute Hypoxia. Mar. Biotechnol. 2017 196 

2017, 19, 551–562, doi:10.1007/S10126-017-9774-4. 

131.  Mu, W.; Wen, H.; Li, J.; He, F. HIFs genes expression and hematology indices responses to 

different oxygen treatments in an ovoviviparous teleost species Sebastes schlegelii. Mar. 

Environ. Res. 2015, 110, 142–151, doi:10.1016/J.MARENVRES.2015.04.008. 



REFERENCES 

50 

132.  Huang, J.; Li, Y.; Liu, Z.; Kang, Y.; Wang, J. Transcriptomic responses to heat stress in rainbow 

trout Oncorhynchus mykiss head kidney. Fish Shellfish Immunol. 2018, 82, 32–40, 

doi:10.1016/J.FSI.2018.08.002. 

133.  Zhou, C.Q.; Ka, W.; Yuan, W.K.; Wang, J.L. The effect of acute heat stress on the innate immune 

function of rainbow trout based on the transcriptome. J. Therm. Biol. 2021, 96, 102834, 

doi:10.1016/J.JTHERBIO.2021.102834. 

134.  Den Broeder, M.J.; Kopylova, V.A.; Kamminga, L.M.; Legler, J. Zebrafish as a Model to Study 

the Role of Peroxisome Proliferating-Activated Receptors in Adipogenesis and Obesity. PPAR 

Res. 2015, 2015, 1–11, doi:10.1155/2015/358029. 

135.  Bonilla-Claudio, M.; Wang, J.; Bai, Y.; Klysik, E.; Selever, J.; Martin, J.F. Bmp signaling 

regulates a dose-dependent transcriptional program to control facial skeletal development. 

Development 2012, 139, 709–719, doi:10.1242/dev.073197. 

136.  Villeneuve, L.; Gisbert, E.; Zambonino-Infante, J.L.; Quazuguel, P.; Cahu, C.L. Effect of nature 

of dietary lipids on European sea bass morphogenesis: implication of retinoid receptors. Br. J. 

Nutr. 2005, 94, 877–884, doi:10.1079/BJN20051560. 

137.  Cahu, C.; Infante, J.Z.; Takeuchi, T. Nutritional components affecting skeletal development in 

fish larvae. Aquaculture 2003, 227, 245–258, doi:10.1016/S0044-8486(03)00507-6. 

138.  Yanes-Roca, C.; Holzer, A.; Mraz, J.; Veselý, L.; Malinovskyi, O.; Policar, T. Improvements on 

Live Feed Enrichments for Pikeperch (Sander lucioperca) Larval Culture. Animals 2020, 10, 

401, doi:10.3390/ani10030401. 

139.  Yanes-Roca, C.; Mráz, J.; Born-Torrijos, A.; Holzer, A.S.; Imentai, A.; Policar, T. Introduction 

of rotifers (Brachionus plicatilis) during pikeperch first feeding. Aquaculture 2018, 497, 260–

268, doi:10.1016/j.aquaculture.2018.08.004. 

140.  Pelster, B.; Egg, M. Hypoxia-inducible transcription factors in fish: expression, function and 

interconnection with the circadian clock. J. Exp. Biol. 2018, 221, 1–13, doi:10.1242/jeb.163709. 



REFERENCES 

51 

141.  Ragland, S.A.; Criss, A.K. From bacterial killing to immune modulation: Recent insights into 

the functions of lysozyme. PLOS Pathog. 2017, 13, e1006512, 

doi:10.1371/journal.ppat.1006512. 

142.  Tse, W.K.F. The role of osmotic stress transcription factor 1 in fishes. Front. Zool. 2014, 11, 86, 

doi:10.1186/s12983-014-0086-5. 

143.  Wang, Y.; Liu, Z.; Li, Z.; Shi, H.; Kang, Y.; Wang, J.; Huang, J.; Jiang, L. Effects of heat stress 

on respiratory burst, oxidative damage and SERPINH1 (HSP47) mRNA expression in rainbow 

trout Oncorhynchus mykiss. Fish Physiol. Biochem. 2016, 42, 701–710, doi:10.1007/s10695-

015-0170-6. 

144.  Terova, G.; Rimoldi, S.; Corà, S.; Bernardini, G.; Gornati, R.; Saroglia, M. Acute and chronic 

hypoxia affects HIF-1α mRNA levels in sea bass (Dicentrarchus labrax). Aquaculture 2008, 

279, 150–159, doi:10.1016/j.aquaculture.2008.03.041. 

145.  Kvamme, B.O.; Gadan, K.; Finne-Fridell, F.; Niklasson, L.; Sundh, H.; Sundell, K.; Taranger, 

G.L.; Evensen, Ø. Modulation of innate immune responses in Atlantic salmon by chronic 

hypoxia-induced stress. Fish Shellfish Immunol. 2013, 34, 55–65, doi:10.1016/j.fsi.2012.10.006. 

146.  Grasset, J.; Ollivier, É.; Bougas, B.; Yannic, G.; Ccmpbell, P.G.C.; Bernatchez, L.; Couture, P. 

Combined effects of temperature changes and metal contamination at different levels of 

biological organization in yellow perch. Aquat. Toxicol. 2016, 177, 324–332, 

doi:10.1016/J.AQUATOX.2016.06.008. 

147.  Overton, J.L.; Bayley, M.; Paulsen, H.; Wang, T. Salinity tolerance of cultured Eurasian perch, 

Perca fluviatilis L.: Effects on growth and on survival as a function of temperature. Aquaculture 

2008, 277, 282–286, doi:10.1016/J.AQUACULTURE.2008.02.029. 

148.  Dülger, N.; Kumlu, M.; Türkmen, S.; Ölçülü, A.; Tufan Eroldoĝan, O.; Asuman Yilmaz, H.; 

Öçal, N. Thermal tolerance of European Sea Bass (Dicentrarchus labrax) juveniles acclimated 

to three temperature levels. J. Therm. Biol. 2012, 37, 79–82, 



REFERENCES 

52 

doi:10.1016/J.JTHERBIO.2011.11.003. 

149.  Rimoldi, S.; Terova, G.; Ceccuzzi, P.; Marelli, S.; Antonini, M.; Saroglia, M. HIF-1α mRNA 

levels in Eurasian perch (Perca fluviatilis) exposed to acute and chronic hypoxia. Mol. Biol. Rep. 

2012, 39, 4009–4015, doi:10.1007/s11033-011-1181-8. 

150.  Gilmore, K.L.; Doubleday, Z.A.; Gillanders, B.M. Effects of hypoxia on fish: a metabolic 

approach. In Proceedings of the ICES CM; 2015. 

151.  Mauri, I.; Romero, A.; Acerete, L.; MacKenzie, S.; Roher, N.; Callol, A.; Cano, I.; Alvarez, 

M.C.; Tort, L. Changes in complement responses in Gilthead seabream (Sparus aurata) and 

European seabass (Dicentrarchus labrax) under crowding stress, plus viral and bacterial 

challenges. Fish Shellfish Immunol. 2011, 30, 182–188, doi:10.1016/J.FSI.2010.10.006. 

152.  Ramsay, J.M.; Watral, V.; Schreck, C.B.; Kent, M.L. Husbandry stress exacerbates 

mycobacterial infections in adult zebrafish, Danio rerio (Hamilton). J. Fish Dis. 2009, 32, 931, 

doi:10.1111/J.1365-2761.2009.01074.X. 

153.  Cecchini, S.; Saroglia, M. Antibody response in sea bass (Dicentrarchus Labrax L.) in relation 

to water temperature and oxygenation. Aquac. Res. 2002, 33, 607–613, doi:10.1046/j.1365-

2109.2002.00698.x. 

154.  Chadzinska, M.; Leon-Kloosterziel, K.M.; Plytycz, B.; Lidy Verburg-van Kemenade, B.M. In 

vivo kinetics of cytokine expression during peritonitis in carp: Evidence for innate and alternative 

macrophage polarization. Dev. Comp. Immunol. 2008, 32, 509–518, 

doi:10.1016/j.dci.2007.08.008. 

155.  Cuesta, A.; Esteban, M.Á.; Meseguer, J. Effects of different stressor agents on gilthead seabream 

natural cytotoxic activity. Fish Shellfish Immunol. 2003, 15, 433–441, doi:10.1016/S1050-

4648(03)00022-6. 

156.  Korytář, T.; Jaros, J.; Verleih, M.; Rebl, A.; Kotterba, G.; Kühn, C.; Goldammer, T.; Köllner, B. 

Novel insights into the peritoneal inflammation of rainbow trout (Oncorhynchus mykiss). Fish 



REFERENCES 

53 

Shellfish Immunol. 2013, 35, 1192–1199, doi:10.1016/j.fsi.2013.07.032. 

157.  Dalsgaard, J.; Lund, I.; Thorarinsdottir, R.; Drengstig, A.; Arvonen, K.; Pedersen, P.B. Farming 

different species in RAS in Nordic countries: Current status and future perspectives. Aquac. Eng. 

2013, 53, 2–13, doi:10.1016/j.aquaeng.2012.11.008. 

158.  Demska-Zakęś, K.; Gomułka, P.; Rożyński, M.; Zakęś, Z. Effect of a short-term sodium chloride 

bath on juvenile pikeperch (Sander lucioperca) welfare. Aquac. Reports 2021, 19, 100569, 

doi:10.1016/j.aqrep.2020.100569. 

159.  Falahatkar, B.; Akhavan, S.R.; Efatpanah, I.; Meknatkhah, B. Primary and Secondary Responses 

of Juveniles of a Teleostean, Pikeperch Sander lucioperca, and a Chondrostean, Persian Sturgeon 

Acipenser persicus, to Handling during Transport. N. Am. J. Aquac. 2012, 74, 241–250, 

doi:10.1080/15222055.2012.675988. 

160.  Aerts, J.; Metz, J.R.; Ampe, B.; Decostere, A.; Flik, G.; De Saeger, S. Scales tell a story on the 

stress history of fish. PLoS One 2015, 10, 1–17, doi:10.1371/journal.pone.0123411. 

161.  Pourhosein Sarameh, S.; Falahatkar, B.; Azari Takami, G.; Efatpanah, I. Physiological changes 

in male and female pikeperch Sander lucioperca (Linnaeus, 1758) subjected to different 

photoperiods and handling stress during the reproductive season. Fish Physiol. Biochem. 2013, 

39, 1253–1266, doi:10.1007/s10695-013-9780-z. 

162.  Chapman, J.R.; Waldenström, J. With Reference to Reference Genes: A Systematic Review of 

Endogenous Controls in Gene Expression Studies. PLoS One 2015, 10, e0141853, 

doi:10.1371/journal.pone.0141853. 

163.  Amer, S.A.M.; Ahmed, M.M.; Shobrak, M. Efficient Newly Designed Primers for the 

Amplification and Sequencing of Bird Mitochondrial Genomes. Biosci. Biotechnol. Biochem. 

2013, 77, 577–581, doi:10.1271/bbb.120819. 

164.  Mitter, K.; Kotoulas, G.; Magoulas, A.; Mulero, V.; Sepulcre, P.; Figueras, A.; Novoa, B.; 

Sarropoulou, E. Evaluation of candidate reference genes for QPCR during ontogenesis and of 



REFERENCES 

54 

immune-relevant tissues of European seabass (Dicentrarchus labrax). Comp. Biochem. Physiol. 

B. Biochem. Mol. Biol. 2009, 153, 340–347, doi:10.1016/J.CBPB.2009.04.009. 

165.  Ye, X.; Zhang, L.; Dong, H.; Tian, Y.; Lao, H.; Bai, J.; Yu, L. Validation of reference genes of 

grass carp Ctenopharyngodon idellus for the normalization of quantitative real-time PCR. 

Biotechnol. Lett. 2010 328 2010, 32, 1031–1038, doi:10.1007/S10529-010-0258-0. 

166.  Bustin, S.A.; Benes, V.; Garson, J.A.; Hellemans, J.; Huggett, J.; Kubista, M.; Mueller, R.; 

Nolan, T.; Pfaffl, M.W.; Shipley, G.L.; et al. The MIQE Guidelines: Minimum Information for 

Publication of Quantitative Real-Time PCR Experiments. Clin. Chem. 2009, 55, 611–622, 

doi:10.1373/clinchem.2008.112797. 

167.  Liu, W.; Yuan, X.; Yuan, S.; Dai, L.; Dong, S.; Liu, J.; Peng, L.; Wang, M.; Tang, Y.; Xiao, Y. 

Optimal reference genes for gene expression analysis in polyploid of Cyprinus carpio and 

Carassius auratus. BMC Genet. 2020, 21, 107, doi:10.1186/s12863-020-00915-6. 

168.  Infante, C.; Matsuoka, M.P.; Asensio, E.; Cañavate, J.; Reith, M.; Manchado, M. Selection of 

housekeeping genes for gene expression studies in larvae from flatfish using real-time PCR. 

BMC Mol. Biol. 2008, 9, 28, doi:10.1186/1471-2199-9-28. 

169.  Pavlidis, M.; Karantzali, E.; Fanouraki, E.; Barsakis, C.; Kollias, S.; Papandroulakis, N. Onset 

of the primary stress in European sea bass Dicentrarhus labrax, as indicated by whole body 

cortisol in relation to glucocorticoid receptor during early development. Aquaculture 2011, 315, 

125–130, doi:10.1016/j.aquaculture.2010.09.013. 

170.  Tsalafouta, A.; Sarropoulou, E.; Papandroulakis, N.; Pavlidis, M. Characterization and 

Expression Dynamics of Key Genes Involved in the Gilthead Sea Bream (Sparus aurata) 

Cortisol Stress Response during Early Ontogeny. Mar. Biotechnol. 2018, 20, 611–622, 

doi:10.1007/s10126-018-9833-5. 

171.  Boisset, G.; Schorderet, D.F. Zebrafish hmx1 promotes retinogenesis. Exp. Eye Res. 2012, 105, 

34–42, doi:10.1016/J.EXER.2012.10.002. 



REFERENCES 

55 

172.  El Fersioui, Y.; Pinton, G.; Allaman-Pillet, N.; Schorderet, D.F. Hmx1 regulates urfh1 

expression in the craniofacial region in zebrafish. PLoS One 2021, 16, e0245239, 

doi:10.1371/journal.pone.0245239. 

173.  Kwasek, K.; Rimoldi, S.; Cattaneo, A.G.; Parker, T.; Dabrowski, K.; Terova, G. The expression 

of hypoxia-inducible factor-1α gene is not affected by low-oxygen conditions in yellow perch 

(Perca flavescens) juveniles. Fish Physiol. Biochem. 2017 433 2017, 43, 849–862, 

doi:10.1007/S10695-017-0340-9. 

174.  Geng, X.; Feng, J.; Liu, S.; Wang, Y.; Arias, C.; Liu, Z. Transcriptional regulation of hypoxia 

inducible factors alpha (HIF-α) and their inhibiting factor (FIH-1) of channel catfish (Ictalurus 

punctatus) under hypoxia. Comp. Biochem. Physiol. Part B Biochem. Mol. Biol. 2014, 169, 38–

50, doi:10.1016/j.cbpb.2013.12.007. 

175.  Beemelmanns, A.; Zanuzzo, F.S.; Sandrelli, R.M.; Rise, M.L.; Gamperl, A.K. The Atlantic 

salmon’s stress- and immune-related transcriptional responses to moderate hypoxia, an 

incremental temperature increase, and these challenges combined. G3 Genes|Genomes|Genetics 

2021, 11, doi:10.1093/g3journal/jkab102. 

176.  Olsvik, P.A.; Vikeså, V.; Lie, K.K.; Hevrøy, E.M. Transcriptional responses to temperature and 

low oxygen stress in Atlantic salmon studied with next-generation sequencing technology. BMC 

Genomics 2013, 14, 817, doi:10.1186/1471-2164-14-817. 

177.  Rojas, D.A.; Perez-Munizaga, D.A.; Centanin, L.; Antonelli, M.; Wappner, P.; Allende, M.L.; 

Reyes, A.E. Cloning of hif-1α and hif-2α and mRNA expression pattern during development in 

zebrafish. Gene Expr. Patterns 2007, 7, 339–345, doi:10.1016/j.modgep.2006.08.002. 

178.  Basu, N.; Todgham, A.E.; Ackerman, P.A.; Bibeau, M.R.; Nakano, K.; Schulte, P.M.; Iwama, 

G.K. Heat shock protein genes and their functional significance in fish. Gene 2002, 295, 173–

183, doi:10.1016/S0378-1119(02)00687-X. 

179.  Iwama, G.K.; Thomas, P.T.; Forsyth, R.B.; Vijayan, M.M. Heat shock protein expression in fish. 



REFERENCES 

56 

Rev. Fish Biol. Fish. 1998, 56, 35–56, doi:10.1023/A:1008812500650. 

180.  Kampinga, H.H.; Hageman, J.; Vos, M.J.; Kubota, H.; Tanguay, R.M.; Bruford, E.A.; Cheetham, 

M.E.; Chen, B.; Hightower, L.E. Guidelines for the nomenclature of the human heat shock 

proteins. Cell Stress Chaperones 2009, 14, 105–111, doi:10.1007/s12192-008-0068-7. 

181.  Roy, S.; Kumar, V.; Kumar, V.; Behera, B.K. Acute Phase Proteins and their Potential Role as 

an Indicator for Fish Health and in Diagnosis of Fish Diseases. Protein Pept. Lett. 2016, 24, 78–

89, doi:10.2174/0929866524666161121142221. 

182.  Orino, K.; Watanabe, K. Molecular, physiological and clinical aspects of the iron storage protein 

ferritin. Vet. J. 2008, 178, 191–201, doi:10.1016/j.tvjl.2007.07.006. 

183.  Rashid, I.; Nagpure, N.S.; Srivastava, P.; Kumar, R.; Pathak, A.K.; Singh, M.; Kushwaha, B. 

HRGFish: A database of hypoxia responsive genes in fishes. Sci. Rep. 2017, 7, 42346, 

doi:10.1038/srep42346. 

184.  Rebl, A.; Verleih, M.; Korytář, T.; Kühn, C.; Wimmers, K.; Köllner, B.; Goldammer, T. 

Identification of differentially expressed protective genes in liver of two rainbow trout strains. 

Vet. Immunol. Immunopathol. 2012, 145, 305–315, doi:10.1016/j.vetimm.2011.11.023. 

185.  Saetan, W.; Tian, C.; Yu, J.; Lin, X.; He, F.; Huang, Y.; Shi, H.; Zhang, Y.; Li, G. Comparative 

Transcriptome Analysis of Gill Tissue in Response to Hypoxia in Silver Sillago (Sillago sihama). 

Animals 2020, 10, 628, doi:10.3390/ani10040628. 

186.  Liu, S.; Wang, X.; Sun, F.; Zhang, J.; Feng, J.; Liu, H.; Rajendran, K. V.; Sun, L.; Zhang, Y.; 

Jiang, Y.; et al. RNA-Seq reveals expression signatures of genes involved in oxygen transport, 

protein synthesis, folding, and degradation in response to heat stress in catfish. Physiol. 

Genomics 2013, 45, 462–476, doi:10.1152/physiolgenomics.00026.2013. 

 



PUBLICATIONS 

57 

5. Publications 

5.1. Declaration of Own Share in the Publications 

I hereby declare that my own share in the three included publications in this doctoral thesis is 
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Insights into Early Ontogenesis: Characterization of Stress and Developmental Key Genes of Pikeperch 

(Sander lucioperca) in vivo and in vitro. Schäfer N, Kaya Y, Rebl H, Stüeken M, Rebl A, Nguinkal JA, 

Franz GP, Brunner RM, Goldammer T, Grunow B, Verleih M Fish Physiology and Biochemistry (2021), 

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

1) Sampling of the individual developmental stages and liver tissues of the juvenile fish 

2) Selection of candidate genes 

3) Primer design and evaluation of the sequencing data for quality control purposes 

4) Experimental procedures including RNA isolation, quantitative real-time PCR and cell culture 

procedures (WF2 cell line) 

5) Measurement of gene expression data 

6) Statistical evaluation of the gene expression data 

7) Discussion and interpretation of the gene expression data 

8) Drafting, writing, editing and reviewing the manuscript including literature research and preparation 

of tables and figures 
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Effects of hypoxic challenge with additional intraperitoneal stimulation on the immune status of 

pikeperch (Sander lucioperca L., 1758). Schäfer N, Matoušek J, Rebl A, Stejskal V, Brunner RM, 

Goldammer T, Verleih M, Korytář T Biology (2021), 10(7), 649. doi: 10.3390/biology10070649. 
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lucioperca Linnaeus, 1758). 

 

Schäfer N, Matoušek J, Rebl A, Stejskal V, Brunner RM, Goldammer T, Verleih M and Korytář T 

(2021) in Biology 10(7), 649. 

doi: 10.3390/biology10070649. 



PUBLICATIONS 

79 

 



PUBLICATIONS 

80 

 



PUBLICATIONS 

81 

 



PUBLICATIONS 

82 

 

  



PUBLICATIONS 

83 

  



PUBLICATIONS 

84 

 

 



PUBLICATIONS 

85 

 



PUBLICATIONS 

86 

 



PUBLICATIONS 

87 

 



PUBLICATIONS 

88 

 



PUBLICATIONS 

89 

 



PUBLICATIONS 

90 

 



PUBLICATIONS 

91 

 



PUBLICATIONS 

92 

 



PUBLICATIONS 

93 

 



PUBLICATIONS 

94 

 



PUBLICATIONS 

95 

 



PUBLICATIONS 

96 

 



PUBLICATIONS 

97 

 

  



PUBLICATIONS 

98 

Table S1. Individual values of blood and health parameters measured in this study. 

A  
Day1 

Mean ± S.E.M 

Day7 

Mean ± 

S.E.M 

Day14 

Mean ± 

S.E.M 

Day21 

Mean ± 

S.E.M 

Day28 

Mean ± 

S.E.M 

Cotrisol (nmol/L) 
Control 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 4.76 ± 0.85 3.72 ± 0.99 4.74 ± 0.81 6.01 ± 1.92 

Treatment 5.68 ± 0.48 6.07 ± 0.77 5.91 ± 1.00 3.12 ± 0.21 4.22 ± 1.11 

Lactate (mmol/L) 
Control 2.62 ± 0.68 0.68 ± 0.42 0.65 ± 0.22 0.60 ± 0.25 1.70 ± 0.44 

Treatment 3.08 ± 2.89 0.76 ± 0.37 0.92 ± 0.41 0.00 ± 0.00 1.34 ± 0.22 

HSI 
Control 1.40 ± 0.11 1.43 ± 0.11 1.29 ± 0.07 1.48 ± 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. Day 2 p.s. Day 3 p.s.   

SSI 

Control 

unstimulated 
0.05 ± 0.00 0.06 ± 0.01 0.06 ± 0.01   

Treatment 

unstimulated 
0.04 ± 0.01 0.05 ± 0.00 0.05 ± 0.00   

Control 

stimulated 
0.08 ± 0.01 0.07 ± 0.00 0.07 ± 0.00   

Treatment 

stimulated 
0.08 ± 0.01 0.06 ± 0.00 0.06 ± 0.01   

 

HSI = hepato-somatic index, p.s. = post stimulation; S.E.M. =standard error of the mean; SSI = spleen somatic index;  
A: n = 5 fish per group and day, B: n = 4 fish per group and day. 
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5.4. Identification of Molecular Stress Indicators in Pikeperch Sander 

lucioperca Correlating with Rising Water Temperatures. 

 

Swirplies F, Wuertz S, Baßmann B, Orban A, Schäfer N, Brunner RM, Hadlich F, Goldammer T and 

Rebl A (2019) in Aquaculture 501, 260-271. 

doi: 10.1016/j.aquaculture.2018.11.043. 
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Supplementary Table 1: List of potential biomarker genes investigated in the present study along with gene symbols and annotated function 

 
Official gene 

symbol 

Alternative 

gene name 
Gene product Function 

Reference genes:   

ACTB BRWS1 Beta-actin  Cytoskeletal composition 

EEF1A1 EF1A, CCS3 Eukaryotic elongation factor 1 alpha 1 Translation 

GAPDH G3P Glyceraldehyde-3-phosphate dehydrogenase Carbohydrate metabolism 

MTRNR2 16S RNA Mitochondrially encoded 16S RNA Cell survival 

RNA18S RN18S 18S ribosomal RNA Protein synthesis 

RPL32 L32, PP9932 Ribosomal protein L32 Protein synthesis 

RPS5 RS5 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 

CXCL8 IL-8 Interleukin 8 Inflammation 

CYSTM1 C5orf32 

Cystein rich transmembrane module-containing 

protein 1 Stress and immune response 

DNAJA1 DJ-2 DnaJ heat shock protein family (Hsp40) member A1 

Regulation of ATP hydrolysis activity, recruiting 

of substrates  

DNAJA3 TID1 DnaJ heat shock protein family (Hsp40) member A3 

Protein folding, regulation of proliferative and 

apoptotic processes 

DNAJB11 CB954 DnaJ heat shock protein family (Hsp40) member B11 Protein folding 

ENO1 EH28_01742 Enolase 1 Glycolysis 

FGL2 T49 Fibrinogen-like protein 2 Regulation of immune responses 

FKBP4 FB34f09 FK506 binding protein 4 Protein folding, regulation of immune responses 

FTH1 FHC Ferritin heavy chain 1 Iron storage 

HMOX1 EH28_20803 Heme oxygenase 1 Haeme catabolism 

HMX1 Nkx5-3 H6 homeobox 1 Morphogenesis, response to stress 

HP BP Haptoglobin Plasma haemoglobin-binding 
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HSP90AA1 HSP90(A) Heat shock protein 90 alpha family class A member 1 Protein folding, response to stress 

HSP90AB1 HSP90B Heat shock protein 90 alpha family class B member 1 Protein folding, signal transduction 

HSPA1A 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 

HSPA8a1 HSC70-1 Heat-shock protein family A (Hsp70) member 8a1 Protein folding, response to stress 

HSPA8a2 HSC70-1 Heat-shock protein family A (Hsp70) member 8a2 Protein folding, response to stress 

HSPA8b HSC70-1 Heat-shock protein family A (Hsp70) member 8b Protein folding, response to stress 

HSPB1 HSP27 Heat-shock protein family B (small) member 1 Protein folding, response to stress 

HSPB6 HSP20 Heat-shock protein family B (small) member 6 

Protein folding, vasodilation, platelet function, 

insulin resistance 

HSPB8 FC09C11 Heat-shock protein family B (small) member 8 Cell proliferation, apoptosis and carcinogenesis 

HSPD1 HSP60 Heat-shock protein 60 

Protein folding, signalling in innate immune 

system 

IGF1 MGF Insulin-like growth factor 1 Growth regulation, Anabolism 

MUSTN1 MSTN1 Musculoskeletal embryonic nuclear protein 1 Growth regulation 

NR3C1 GR Nuclear receptor subfamily 3 group C member 1 

Regulation of inflammatory responses, cellular 

proliferation, and differentiation 

OSER1 Perit1 Oxidative stress responsive serine-rich protein 1 Response to oxidative stress 

OSGIN2 hT41 

Oxidative stress-induced growth inhibitor family 

member 2 Regulation of cell growth 

PGM3  AGM1 Phosphoglucomutase 3 Glycolysis 

SAA1 PIG4 Serum amyloid A1 Acute-phase response, tissue protection 

SERPINH1 HSP47 Serpin family H member 1 Collagen biosynthesis 

STK39 DCHT Serin/threonin kinase 39 Response to cellular stress 

TCRG TCRGV1S1 T-cell receptor gamma chain Adaptive immune response 

TNF DIF Tumor necrosisfactor Innate immune response 

UCP2 SLC25A9 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 III 

EEF1A1 Eukaryotic elongation factor 1 alpha 1 Translation I, II, III 

GADPH Glyceraldehyde-3-phosphate dehydrogenase Carbohydrate metabolism III 

MTRNR2 Mitochondrially encoded 16S RNA Cell survival III 

RNA18S 18S ribosomal RNA Protein synthesis III 

RPL32 Ribosomal protein L32 Protein synthesis I, II, III 

RPS5 Ribosomal protein S5 Protein synthesis I, II, III 

RPS9 Ribosomal protein S9 Protein synthesis III 

Stress response 

   

CYSTM1 Cysteine rich transmembrane module-containing protein 1 Stress and Immune responses III 

DNAJA1 DnaJ heat shock protein family (Hsp40) member A1 Regulation of ATP hydrolysis activity, recruiting of substrate III 

DNAJA3 DnaJ heat shock protein family (Hsp40) member A3 Protein folding, regulation of proliferative and apoptotic processes III 

DNAJB11 DnaJ heat shock protein family (Hsp40) member B11 Protein folding III 

EPAS1 Endothelial PAS domain protein 1 Developmental processes, response to hypoxia I, II 

HIF1A Hypoxia inducible factor 1 subunit alpha 
Response to hypoxia, development: angiogenesis, glucose 

metabolism, cellular proliferation, apoptosis 
I, II 
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Table 1: Candidate genes (continued) 

Gene symbol Gene product Function Study 

Stress response 

   

HMOX1 Heme oxygenase 1 Haeme catabolism, response to stress II, III 

HMX1 H6 homeobox 1 Morphogenesis, response to stress III 

HSF1 Heat shock transcription factor 1 
Response to environmental stress, protein and lipid metabolism, 

contribution to immune processes, protein refolding 
I, II 

HSF2 Heat shock transcription factor 2 Signal transduction during heat stress, development I, II 

HSP90AA1 Heat-shock protein 90 alpha family class A member 1 Protein folding, response to stress II, III 

HSP90AB1 Heat shock protein 90 alpha family class B member 1 Protein folding, signal transduction III 

HSPA1A Heat-shock protein family A (Hsp70) member 1A Protein folding, response to stress III 

HSPA4 Heat-shock protein family A (Hsp70) member 4 Protein folding, response to stress III 

HSPA6 Heat-shock protein family A (Hsp70) member 6 Protein folding, response to stress III 

HSPA8a1 (HSC70) Heat-shock protein family A (Hsp70) member 8a1 Protein folding, response to stress III 

HSPA8a2 (HSC70) Heat-shock protein family A (Hsp70) member 8a2 Protein folding, response to stress III 

HSPA8b (HSC70) Heat-shock protein family A (Hsp70) member 8b Protein folding, response to stress III 

HSPB1 Heat-shock protein family B (small) member 1 Protein folding, response to stress III 

HSPB6 Heat-shock protein family B (small) member 6 Protein folding, vasodilation, platelet function, insulin resistance III 

HSPB8 Heat-shock protein family B (small) member 8 Cell proliferation, apoptosis and carcinogenesis III 

HSPD1 Heat-shock protein 60 Protein folding, signalling in innate immunity III 

SERPINH1 Serpin family H member 1 Collagen biosynthesis, response to heat stress III 

tOSTF1 Teleost-specific Osmotic stress transcription factor 1 Signal transduction after osmotic stress I 

NR3C1 Nuclear receptor subfamily 3 group c member 1 General stress response, signal transduction I, II, III 

OSER1 Oxidative stress responsive serine-rich protein 1 Response to oxidative stress, signal transduction III 

OSGIN2 Oxidative stress-induced growth inhibitor family member 2 
Growth regulation during stress, response to oxidative stress, 

apoptosis 
III 

C3 Complement C3 Acute-phase protein, complement system activation II, III 
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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 III 

CSF2 Colony stimulating factor 2 Regulation of myeloid cell mobilisation, acute-phase protein II 

CXCL8 Interleukin 8 Pro-inflammatory cytokine I, II, III 

FGL2 Fibrinogen-like protein 2 Acute-phase protein, regulation of immune response III 

FKBP4 FK506 binding protein 4 Protein folding, regulation of immune responses III 

FTH1 Ferritin heavy chain 1 Iron storage, regulation of immune responses II, III 

HP Haptoglobin Plasma haemoglobin-binding, acute-phase protein II, III 

IL1B Interleukin 1 beta Pro-inflammatory cytokine I, II 

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 

RAG1 Recombination activating 1 Immunoglobin V-D-J recombination II 

SAA Serum amyloid A Acute-phase response, tissue protection II, III 

TCRG T-cell receptor gamma chain Antigen recognition (T cell activation) III 

TNF Tumor necrosis factor Proinflammatory cytokine II, III 

Cell homeostasis    

TFEB Transcription factor EB Lipid metabolism, bone resorption, immune response I 

UCP2 Uncoupling protein 3 ATP synthesis, protection form oxidative stress III 

Metabolism    

APOE Apolipoprotein E Lipid metabolism I 

CS Citrate synthase Oxidative metabolism III 

CKM Creatine kinase, M Energy metabolism (creatine system) I 

ENO1 Enolase 1 Glycolysis III 

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 III 

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 III 

IGF2 Insulin like growth factor 2 Growth regulation I 

MSTN1 Muscoskeletal embryonic nuclear protein 1 Growth regulation III 

Gonadal maturation    

SOX9 SRY-box transcription factor 9 c 
Sex determination, gonad development & maturation; chondro- & 

skeletogenesis 
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 II 

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

Treatment Day of the experiment Glucose (mmol/l) 

 

Detection range: 

1.1–33.3 mmol/l 

Lactate (mmol/l) 

 

Detection range: 

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) 

 

Detection range: 

1.1–33.3 mmol/l 

Lactate (mmol/l) 

 

Detection range: 

0.7-26 mmol/l 

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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