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Abstract There are still numerous difficulties in the
successful farming of pikeperch in the anthropogenic
environment of various aquaculture systems, especially
during early developmental steps in the hatchery. To
investigate the physiological processes involved on the
molecular level, we determined the basal expression
patterns of 21 genes involved in stress and immune
responses and early ontogenesis of pikeperch between

0 and 175 days post hatch (dph). Their transcription
patterns most likely reflect the challenges of growth
and feed conversion. The gene coding for apolipopro-
tein A (APOE) was strongly expressed at 0 dph, indi-
cating its importance for yolk sac utilization. Genes
encoding bone morphogenetic proteins 4 and 7
(BMP4, BMP7), creatine kinase M (CKM), and SRY-
box transcription factor 9 (SOX9) were highly abundant
during the peak phases of morphological changes and
acclimatization processes at 4–18 dph. The high expres-
sion of genes coding for peroxisome proliferator-
activated receptors alpha and delta (PPARA, PPARD)
at 121 and 175 dph, respectively, suggests their impor-
tance during this strong growth phase of juvenile stages.
As an alternative experimental model to replace further
in vivo investigations of ontogenetically important pro-
cesses, we initiated the first approach towards a long-
lasting primary cell culture from whole pikeperch em-
bryos. The present study provides a set of possible
biomarkers to support the monitoring of pikeperch farm-
ing and provides a first basis for the establishment of a
suitable cell model of this emerging aquaculture species.
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Introduction

Pikeperch (Sander lucioperca L., 1758) is an important
food fish in Europe. Due to its exceptionally soft flesh,
rapid growth, and positivemarket acceptance, pikeperch
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is traded as an outstandingly high-quality fish. Conse-
quently, it became an increasingly attractive freshwater
species for European aquaculture (FAO 2018). Formore
than two decades, efforts have beenmade to improve the
intensive production of pikeperch in recirculating aqua-
culture systems (RAS) (Hilge and Steffens 1996;
Steenfeldt 2015; Policar et al. 2016). Nevertheless,
pikeperch farming and especially hatcheries are ham-
pered by difficulties during early ontogenesis, which
comprises the central developmental stage of organo-
genesis, including myo-, skeleto-, and neurogenesis, as
well as the phase of growth and the development of the
immune system (Zapata et al. 2006; Alix et al. 2015).
The embryonic phase of pikeperch ends with hatching at
approximately 4 to 6 days post fertilization (dpf). It
spans from shortly after the mouth opens and the
mixotrophic feeding phase begins until the complete
resolution of the yolk sac up to 7 dph. This is followed
by the gradual adaptation to pelleted feed and transition
to the juvenile stage (Ott et al. 2012a; Güralp et al.
2017). The three main bottlenecks of pikeperch farming
are the conversion from endogenous to exogenous feed,
the inflation of the swim bladder, and cannibalism
(summarized in Steenfeldt 2015). This results in general
problems such as animal malformations, impaired
growth, and high mortality rates (Kestemont et al.
2007; Szkudlarek and Zak ś 2007; Policar et al. 2016;
Schaefer et al. 2017; Baekelandt et al. 2018; Schaefer
et al. 2018).

Therefore, basic knowledge of the physiological pro-
cesses that occur during pikeperch rearing is of major
importance for improving aquaculture production. This
includes the profiling of the basal gene expression pat-
tern during the early developmental stages. Although
pikeperch is considered to be highly stress susceptible
(Németh et al. 2013; Baekelandt et al. 2018), the stress
physiology of the species has received little attention
thus far (Milla et al. 2015; Swirplies et al. 2019; Wang
et al. 2019), especially in the early phases of develop-
ment. This also applies to the immune response, which
is well investigated in percid fishes such as yellow perch
(Perca flavescens) or Eurasian perch (Perca fluviatilis)
but is poorly documented in pikeperch. Current studies
mainly focus on humoral stress and immune markers
under certain husbandry conditions (Baekelandt et al.
2019; Baekelandt et al. 2020; Żarski et al. 2020), but
alterations within gene expression during physiological
changes of early ontogenesis have not been reported so
far. In the present study, we investigated the

transcription patterns of selected genes involved in
stress and immune responses as well as the growth
phase and the previously mentioned stages of early
development. During organogenesis, the retinoid X re-
ceptor alpha (RXRA) is important for the development
of the posterior brain, neural crest, and tail bud (He et al.
2009). Bone morphogenetic proteins such as BMP4 and
BMP7 have been shown to be involved in
skeletogenesis and the development of the immune
system (Zapata et al. 2006). The growth phase is repre-
sented among others by the growth hormone receptor
(GHR) (Calduch-Giner et al. 2003). Since pikeperch is
particularly sensitive during the phase of feed conver-
sion, genes important for lipid metabolism and the mo-
bilization of energy reserves such as APOE (Otis et al.
2015) have been included. Common markers for stress
such as the glucocorticoid receptor (NR3C1) have fur-
ther been applied regarding the high impact of stressful
events on the welfare status of pikeperch in early stages.

In addition to the in vivo studies, it is also our
concern to advance the in vitro studies in fish research,
as the efforts of the 3Rs (replacement, reduction, and
refinement) have so far been highly limited in fish
research. This statement is underlined by high num-
bers of experimental animals (2017: ~ 1,220,000 fish
within the European Union [European Commission
2020]), which suggests that the establishment of al-
ternative experimental models such as cell culture
systems of the respective fish species are necessary.
These 3R cell models can be used as an essential tool
for detailed research purposes, such as for studying
ontogenetically relevant processes or the effects of
stress under controlled exogenous conditions. There
are several commercially available cell lines from
different teleost fishes (ATCC and ExPASy
databases, reviewed by Lakra et al. 2011), including
the cell lines established from walleye (Sander
vitreus): WF1 (dermal sarcoma; BS TCL 65) and
WF2 (whole fry (Wilensky, C and Bowser 2005);
BS Cl 88) (IZSLER Brescia, Italy). A cell line from
S. lucioperca is currently not available.

Therefore, the main goals of this study were (i) to
characterize and evaluate key genes for development
as well as stress response in the early ontogenesis of
pikeperch, (ii) to initiate the first approach to generat-
ing a cell model from pikeperch derived out of whole
embryos, and (iii) to analyze the suitability of an
in vitro model for studying developmental processes
in pikeperch.

516 Fish Physiol Biochem (2021) 47:515–532



Materials and methods

Fish sample material

Pikeperch (strain “Sachsen,” Germany) were bred and
reared in RAS at the State Research Centre for Agricul-
ture and Fisheries Mecklenburg-Vorpommern (Hohen
Wangelin, Germany) within their normal production
cycle from June 2018 until their transfer as fingerlings
(108 dph) to the Experimental Animal Facility Aqua-
culture of the Leibniz Institute for FarmAnimal Biology
(FBN, Dummerstorf, Germany).

Seven matings of pikeperch were generated with a
sex ratio of 2:1 or 1:1. The progeny was mixed and
reared in a RAS system with a total volume of 9 m3. A
pump with a capacity of 9 m3/h supplies eight fish tanks
with a volume of 0.5 m3 each with a water exchange rate
of 20%/h/tank. The system also consists of a drum filter
(72-qm gauze), a heater, an electrically controlled water
supply, a moving bed biofilter (50% of the total volume,
granulate surface of 850 m2/m3), and pressure sensors
for pump operation. The initial stocking density was 100
larvae/l. The water quality was ensured by continuous
purification, UV disinfection, and daily monitoring of
temperature, oxygen saturation, and pH value. Concen-
trations of NH4+, NO2, and NO3−were determined twice
per week in circulating systems of larvae and finger-
lings. The photoperiod during hatchery was set at
24L:0D until day 45 and subsequently at 17L:7D (+
1.5 h dusk and dawn). The feed included a copepod mix
from 5 dph (Aquacopa, Germany), followed by Artemia
nauplii from 7 dph, and enriched Artemia from 9 dph
(both Inve, Belgium). From 15 dph onwards, dry feed
was added until the complete conversion to dry feed
(Otohime B1, PTAqua, Ireland) had taken place. Fish
were transported to the Leibniz Institute for Farm Ani-
mal Biology in a transport box with an additional oxy-
gen provision and in small groups for animal welfare
reasons. The transport was followed by an acclimation
period of at least two weeks to the local RAS system
before sampling.

Eyed eggs were kept at ~ 15.5 °C, ~ 12.9 mg/l
dissolved oxygen (DO), and a pH of ~ 8.0. To ensure
clean water, approximately 20–30% of the water was
renewed every day. Larvae were kept at ~ 15.7 °C, ~ 9.2
mg/l DO, ~ 0.1 mg/l NH4+, ~ 15.7 mg/l NO3−, ~ 0.2 mg/
l NO2−, and a pH of ~ 8.7. Fingerlings were kept at ~
21.1 °C, ~ 8.1 mg/l DO, < 0.001 mg/l NH4+, ~ 38.8 mg/l
NO3−, ~ 0.07 mg/l NO2−, and a pH of ~ 8.5. For gene

expression analysis, we sampled eyed eggs (0 dph/78
degree days (DD); three pools of n = 20), yolk sack
larvae (4 dph/137 DD; three pools of n = 20), larvae fed
with Artemia spp. (7 dph/252 DD; three pools of n =
30), larvae fed with dry feed (18 dph/481 DD; three
pools of n = 30), and liver tissues from 121- to 175-dph-
old fingerlings (each n = 3 individuals). Prior to tissue
sampling, we anesthetized fingerlings with 2-
phenoxyethanol (50 mg/l). According to the recommen-
dations of the German Animal Welfare Act (§ 4(3)
TierSchG), fishes were then stunned by a blow on the
head and killed directly by a bleed cut in the heart as
well as cutting of the spinal cord posterior to the head.
Collected material was snap-frozen in liquid nitrogen
and stored at − 80 °C until further investigation.

Cell isolation

By generating an embryonic cell line, we aimed to
create an alternative to the use of embryos for experi-
mental purposes. Nine days after fertilization and at an
age of 125 DD, 12 embryos from pikeperch, with a
length of about 4.7 ± 0.07 mm, were used for cell
isolation. At 125 DD, the embryos were at eyed egg
stage (= 0 dph) which was confirmed by observing them
under the microscope. Based on the trypsinization tech-
nique, which we had already applied for the Atlantic
sturgeon (Acipenser oxyrinchus) cell line AOXlar7
(Grunow et al. 2011a), we isolated the specimen from
the eggshell and decapitated it using forceps. After
washing three times with 1× DPBS (Dulbecco’s
Phosphate-Buffered Saline; PAN-Biotech), we trans-
ferred whole embryos into a 1.5-ml tube and dissociated
each with scissors and 100 μl of 0.1% trypsin/EDTA
solution (Gibco Life Technologies) for one to two mi-
nutes. Digestion was terminated by adding triple the
volume of Dulbecco’s modified Eagle medium
(DMEM, with 4.5 g/l glucose and L-glutamine; Lonza
BioWhittaker) supplemented with 20% FBS (fetal
bovine serum, PAN-Biotech) and a 1% (v/v)
penicillin/streptomycin solution (Gibco). After centrifu-
gation for 5 min at 130g, cells were resuspended in cell
culture medium supplemented with additional antibi-
otics (Gentamycin: 0.1 mg/ml and Kanamycin: 0.1
mg/ml; Biochrom AG). Additionally, an antimycotic
agent (Amphotericin: 250 μg/ml, Biochrom AG) was
added. Cells were placed into 6-well culture plates
(TPP) and incubated at 20 °C and 2.5% CO2. In the
following, this long-term cell culture is called SLUlar1.
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Cell culture

For SLUlar1 cells, the medium was exchanged every 2
days for the first 2 weeks. Afterwards, half the medium
was exchanged once or twice per week, without the use
of additional antibiotics. Cells were sub-cultured at a
ratio of 1:2, when confluence of 80 to 90%was reached.
Therefore, the cells were washed with DPBS and incu-
bated with 0.1% trypsin/EDTA solution at 37 °C for 1 to
2 min. Trypsinization was stopped by adding double the
volume of the cell culture medium. Cells were centri-
fuged for 5 min at 130 g, and the cell pellet was resus-
pended in a new culture medium and transferred into
new culture dishes. From passage two onwards, T25
flasks (TPP) were applied. Cell attachment and cell
morphology were visualized under the inverted phase-
contrast microscope (Motic AE2000), and pictures were
taken with Motic Images Plus 3.0 Software. Images
were optimized with Adobe Photoshop CS 4 (Adobe
Inc.).

We tested the freezing and thawing of SLUlar1 cells
as follows: After trypsinization, cells were resuspended
in precooled (+ 4 °C) freezing medium (9:1 ratio of
precooled FBS:DMSO [Dimethylsulfoxid; Roth]),
placed into 1.2-ml cryogenic vials (Roth; ~ 7.5 × 105 ±
0.4 × 103 cells/ml), and transferred into a freezing con-
tainer filled with isopropanol (Thermo Scientific) for a
freezing step at − 80 °C until long-term storage in liquid
nitrogen. To thaw frozen cells, cryogenic vials were
warmed up at room temperature (22–23 °C) until the
ice crystals had nearly disappeared. Cell suspension was
mixed with triple the volume of culture medium, centri-
fuged at 130g for 5 min, resuspended in cell culture
medium, and placed in a T25 flask (TPP) for incubation
at 20 °C and 2.5% CO2. After the freezing and thawing
process, the total number of cells and percentage of
viable cells was determined according to the manufac-
turer’s instructions applying the Countess Automated
Cell Counter using trypan blue staining.

Commercially available WF2 cells (IZSLER Bre-
scia) were incubated in 100 mm culture dishes
(Sarstedt) with MEM Eagle medium, including Earle’s
salts (Sigma) at 20 °C and 3% CO2. Medium was
complemented with 10% fetal bovine serum (Gibco),
10 mM non-essential amino acids (Merck), 40 mM L-
glutamine (Merck), and penicillin/streptomycin (Sig-
ma). Cells were grown until a confluency of ~90%
was reached, followed by harvesting for RNA
extraction.

Immunofluorescence

The morphology of SLUlar1 cells at passage six was
evaluated by immunofluorescence labeling. 300,000
cells were cultivated in 35-mm μ-dishes (ibidi GmbH)
for 24 h, washed three times with PBS, fixed with
paraformaldehyde (4%, 10 min, Merck), and perme-
abilized with Triton X-100 (0.1%, 10 min, Sigma-Al-
drich). Actin staining was performed using Bodipy FL
Phallacidin (1:40, 30 min, Molecular Probes, Eugene).
Focal adhesions were stained using vinculin-Alexa 647
(1:100, 30 min; Abcam, Cambridge, UK), and nuclei
were stained by Hoechst 33342 dye (1 μg/ml, Sigma-
Aldrich). Finally, cells were analyzed with a confocal
laser scanning microscope (LSM) 780 (Carl Zeiss),
using a × 63 oil objective via the software ZEN2.3.

Nucleic acid isolation

For total RNA extraction from different developmental
stages of pikeperch, sampled material was homogenized
individually in 1 ml TRIzol Reagent (Thermo Fisher
Scientific), based on the manufacturer's protocol.
SLUlar1 cells (passage six) and WF2 cells (passage
17) were resuspended in 350-μl RLY lysis buffer (ISO-
LATE II RNA Mini Kit; Bioline) with an additional
3.5 μl of 2-mercaptoethanol (Sigma) following a wash-
ing step with phosphate-buffered saline solution (PBS,
Biochrom) and centrifugation at 300g for 5 min at 15
°C. All samples were subsequently purified with the
RNeasy Mini Kit (Qiagen) including DNase treatment.
The quality and quantity of isolated RNAwere analyzed
by agarose gel electrophoresis and spectrophotometry in
repeated measurements (ND 1000; NanoDrop
Technologies/Thermo Fisher Scientific). RNA was
stored at − 80 °C until further use.

Gene selection and primer design

To establish a screening panel for key steps of the
developmental process, we included 21 genes involved
in stress (NR3C1, endothelial PAS domain protein 1
[EPAS1], hypoxia inducible factor 1 subunit alpha
[HIF1A], heat shock transcription factor 1 [HSF1], heat
shock transcription factor 2 [HSF2], teleost-specific os-
motic stress transcription factor 1 [tOSTF1]; Le Goff
et al. 2004; Deane and Woo 2011; Tse 2014;
Malandrakis et al. 2016; Pelster and Egg 2018), and
immune response (interleukin 1 beta [IL1B], lysozyme
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[LYZ]; Saurabh and Sahoo 2008; Zou and Secombes
2016) as well as cell homeostasis (transcription factor
EB [TFEB]; Settembre and Ballabio 2011; Raben and
Puertollano 2016), nutritional status (APOE, PPARA,
PPARD; Poupard et al. 2000; Leaver et al. 2005;
Napolitano and Ballabio 2016), growth (insulin-like
growth factor 2 [IGF2], GHR; Bergan-Roller and Sher-
idan 2018; Nipkow et al. 2018), energy metabolism
(CKM, glycine amidinotransferase [GATM]; Borchel
et al. 2019), the process of gonadal maturation (SOX9;
Leet et al. 2011; Bhat et al. 2016), and the organogenesis
of the early life stages (BMP4, BMP7, myosin heavy
chain [MYH6], RXRA; He et al. 2009; Ahi 2016;
Bloomquist et al. 2017; Tang et al. 2018) (Table 1).
For the stress screening of SLUlar1 and WF2 cells, the
additional immune markers interleukin 8 (CXCL8) and
interleukin 10 (IL10) were included. No cDNA se-
quences were publicly available for the selected candi-
date genes at the beginning of the study, except for
CXCL8, and NR3C1 (Swirplies et al. 2019). Therefore,
we identified orthologous gene sequences from the or-
der Perciformes (Acanthochromis, Dicentrarchus,
Epinephelus, Gasterosteus, Notothenia, Oreochromis,
Perca, Sebastes spp.) from the NCBI (National Centre
for Biotechnology Information) GenBank (GB) data-
base. Using BLAST searches against our recently pub-
lished genome of S. lucioperca (RefSeq NCBI:
GCA_008315115.1), obtained with Illumina technolo-
gy and PacBio Sequel System (Nguinkal et al. 2019),
we identified the corresponding sequences. To verify
the identified sequence fragments, a reciprocal BLAST
against the NCBI nucleotide database was performed.
Optimal pikeperch-specific oligonucleotide primers
(Sigma-Aldrich) were derived using the Pyrosequenc-
ing Assay Design software (version 1.0.6; Biotage;
Table 1). For primer validation, all PCR products were
sequenced on an Applied Biosystems 3500 Genetic
Analyzer (Life Technologies).

Real-time quantitative PCR

For gene expression profiling in vivo and in vitro, sim-
ilar as in our previous study (Swirplies et al. 2019), real-
time quantitative PCR (RT-qPCR) was performed with
a LightCycler96 system (Roche Diagnostics) and the
SensiFAST™One-Step qPCR kit (Bioline), in line with
the manufacturer’s instructions. Therefore, cDNA syn-
thesis from 1.5 μg (in vivo samples) or 0.03–0.1 μg
(in vitro samples) of total RNAwas performed using the

SuperScript II Reverse Transcriptase Kit (Thermo Fish-
er Scientific) based on the manufacturer's instructions.
The resulting cDNA was stored at − 20 °C until further
use. An initial denaturation step (95 °C, 5 min) was
followed by 40 cycles of denaturation (95 °C, 5 min),
15 s of annealing (60 °C), 15 s of elongation (72 °C),
and a fluorescence measurement step for 10 s (72 °C).
Standard curves were established for all genes to calcu-
late the copy numbers using linear regression analysis
(R2 > 0.998). These were based on the Cq values of
tenfold dilutions of the generated fragments (1 × 103 –1
× 108 copies). Cq values < 35 were considered detect-
able. For data normalization, three reference genes
(EEF1A1, RPL32, RPS5) which were already
established for data normalization in pikeperch
(Swirplies et al. 2019) were included and evaluated for
each sample (Table 1). For quality control, PCR prod-
ucts were verified via gel electrophoresis and melting
curve analysis.

Statistics

RT-qPCR data were analyzed with the LightCycler 96
analysis software v.1.1, and the suitability of reference
genes was assessed using the qBase+ software
(Biogazelle, with CV ≤ 0.3). The statistical significances
of different ontogenesis stages of pikeperch were calcu-
lated using the one-way analysis of variance (ANOVA)
followed by parametric Tukey’s multiple comparison
test using the GraphPad Prism 8 software, version
8.3.0.538. To analyze cell number and viability, mean
and S.E.M. were calculated for all cell passages of
SLUlar1.

Results

Ontogenetic stage-specific expression profiles of un-
challenged pikeperch

In the current study, we defined the basal mRNA
abundance of the 21 genes listed in Table 1 at 0 dph, 4
dph, 7 dph, 18 dph, 121 dph, and 175 dph of farmed
pikeperch through RT-qPCR analysis (Fig. 1). The av-
erage transcript numbers of the analyzed genes ranged
from around 1 × 101 (BMP7 at 121 dph) to 1 × 108 (LYZ
at 121 dph) copies per 100 ng RNA. We detected
ontogenesis-specific transcription patterns for all genes
analyzed with the exception of HSF1, which was
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Table 1 Gene-specific primer set used in this study

Gene symbol Official names Sense primer (5′–3′) Antisense primer (3′–5′) Primer
efficiency [%]

Fragment
length [bp]

Reference genes

EEF1A1 Elongation factor 1 alpha ATGGACAGACCCGT
GAGCATG

TTCTTGATGTAGGT
GCTCACTTC

105 151

RPL32 Ribosomal protein L32 GGCGTAAACCCAGA
GGTATTGA

ACCTCGAGCTCCTT
GACATTGT

105 157

RPS5 Ribosomal protein S5 GCAGGATTACATTG
CTGTGAAAG

TCATCAGCTTCTTG
CCATTGTTG

101 161

Target genes

Stress response

EPAS1 Endothelial PAS domain protein1 AGTGCAGAGGACGC
ACAGATG

TCATGTTCACCTGC
GTGAGCC

100 139

HIF1A Hypoxia inducible factor
1 subunit alpha

CCAGTCGAATCCCT
TGAGAGTT

CTGTGGGGTCCTCT
TAGCAAC

97 156

HSF1 Heat shock transcription factor 1 TGTGTCTTGTGCAG
AGTGGAAC

GCTGGCCATGTTGT
TGTGTTTG

111 101

HSF2 Heat shock transcription factor 2 AGCCGTCCCGCAGC
TCCCT

CGGGACTCAGTTCG
CACAGG

91 93

tOSTF1 Teleost-specific osmotic stress
transcription factor 1

CTCCCTTGAATCGG
TGGTGAG

GACACTGTGAAAGA
AGAGCAGTA

102 109

NR3C1 Nuclear receptor subfamily
3 group c member 1

CCAGTCCTGCATGG
ATTCACTT

AGGTCCATAGTGTT
GTCACTGAA

100 180

Immune response

CXCL8† Interleukin 8 AACAGGGATGAGTC
TGAGAAGC

GCTTGGAAATGAAG
TCTTACATGA

98 158

IL1B Interleukin 1 beta TCGACCTACTTGCA
CCCTACA

TCTGCCTCCACAAC
CTGAA

101 137

IL10† Interleukin 10 TTTGCCTGCCACGC
CATGAAC

AGGCTTTAAGTCAT
TGGTCTCCT

95 102

LYZ Lysozyme TTTGGCCAACGCCA
GGGTCTA

TCCGTCTGTGTTGT
GGTTGATG

98 160

Cell homeostasis

TFEB Transcription factor EB AGTGATGTGCGCTG
GAACAAAG

CCTGTTACCTGGAT
GCGTAGC

95 158

Nutritional status

APOE Apolipoprotein E GCTAGAGCACTCTG
ATCTCTGA

TTGGCATCCAGCAT
GTCCTTCT

99 160

PPARA Peroxisome proliferator-activated
receptor alpha

ATCTGAATGATCAG
GTGACTCTC

TTGGGCTCCATCAT
GTCGCTAA

96 172

PPARD Peroxisome proliferator-activated
receptor delta

CTTTGTGACCAGGG
AGTTCCTT

AGGACGATCTGGAC
AGAGAATAA

99 157

Growth

GHR Growth hormone receptor ACCACAAACTGGGA
AGCATTGGA

CCTTTGCTGGGAAT
CTCAGTCA

96 173

IGF2 Insulin-like growth factor 2 GAGGCTTCTATTTC
AGGTAGGC

ACGGGTATGACCTG
CAGAGAG

108 179

Energy metabolism

CKM Ceratine kinase, M AGTACTACCCCCTG
AAGTCCAT

TCTTGCTGTCGTTG
TGCCAGAT

98 156

GATM Glycine amidinotransferase ATCCTTCTGGTTGT
CGGGAATG

GGATGGGGTAGTCC
TGAACATA

92 178

Gonadal maturation

SOX9 SRY-box transcription factor 9 c CGCGTTAACGGCTC
AAGTAAAAA

TTCGTTGAGCAATC
TCCAAAGTTT

94 165

Organogenesis
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constitutively expressed. For MYH6, we did not obtain
valid data at 0 dph.

For 10 genes, we observed the highest copy num-
bers in early developmental stages (0–18 dph).
APOE reached the highest transcript levels at 0
dph. The transcript levels of BMP4, BMP7, CKM,
MYH6, and NR3C1 were highest at 4 dph. While the
expression of BMP4 significantly decreased from
early (4 and 7 dph) to late larval (18 dph) and
fingerling stages (121 and 175 dph), that of BMP7,
CKM, and NR3C1 significantly increased from 0
dph to either 4 dph (BMP7 and NR3C1) or all larval
stages (4–18 dph; CKM). The four genes GATM,
HSF2, SOX9, and TFEB were most strongly
expressed at 7 dph, whereby the transcript levels of
HSF2, SOX9, and TFEB significantly increased be-
tween 0 and 7 dph. GATM significantly decreased
between the early (0–18 dph) and late developmen-
tal stages (121 and 175 dph).

The genes GHR, IGF2, and LYZ were most strongly
expressed at 121 dph, whereby the expression of LYZ
was highly significantly (p = 0.003) increased from
early (0–18 dph) to late developmental stages (121
dph). EPAS1, IL1B, tOSTF1, RXRA, PPARA, and
PPARD revealed the highest transcript levels at the
fingerling stage of 175 dph. Thereby, EPAS1 and RXRA
were significantly increased between the early (0–18
dph) and late developmental stages (121 and 175 dph).
The expression of tOSTF1, PPARA, and PPARD was
enhanced compared with the early developmental stages
but only significant at 121 dph.

HIF1A significantly increased in transcript number
from 0 to 4 dph as well as the late fingerling stage (175
dph), with similarly high copy numbers for each.

Characterization of the basal stress level
of a long-lasting primary cell culture

As the first approach towards a cell model from
pikeperch, the long-lasting primary cell culture SLUlar1
out of isolated embryos was established (Fig. 2a, b).
Following cell isolation, single cells and tissue frag-
ments attached to the culture dish within 48 h. With
increasing numbers of passages, the cells grew in mono-
layer, and from the third passage onwards, tissue frag-
ments were no longer present. Cell size increased from
10 to 13 μm in passage two to 15 to 17 μm in passage
six. Cells exhibited a density of 7.5 × 105 ± 0.4 × 103

cells/ml with a vitality of 91 ± 2% after trypsinization.
After thawing, cell vitality was around 89 ± 0.7%.
However, even with a vitality of 90%, only 60 to 70%
of the cells attached to the bottom after 2 days. There-
fore, cells needed up to 4 weeks for recovery and to
reach a confluency of 80 to 90%. Although we tested
various cultivation conditions, including different tem-
peratures (16 °C, 20 °C, and 25 °C), different cell
culture media (DMEM and Leibowitz-15), as well as
gas mixtures (with or without CO2), cells stopped pro-
liferating at passage eight and remained in the stagnation
phase but without signs of cell death.

The morphology of SLUlar1 cells at passage six was
evaluated by phase-contrast microscopy (Fig. 2c, d) and
immunofluorescence labeling of β-actin and vinculin
(Fig. 2e–g). A high proportion of stress fiber formations
and cross-linked actin networks (CLANs) was observ-
able. Regarding the location of β-actin, three different
population types were determined: (i) cells with well-
established cortical actin rings in the periphery and
rather thin actin fibers spanning the cell body (Fig. 2e,

Table 1 (continued)

Gene symbol Official names Sense primer (5′–3′) Antisense primer (3′–5′) Primer
efficiency [%]

Fragment
length [bp]

BMP4 Bone morphogenetic protein 4 CCGTAAACGCAACC
GCAACTG

TGAGTTCAGATGAT
CCGCCAGA

94 151

BMP7 Bone morphogenetic protein 7 TGTTTCTGCTGGAC
TCTCGGG

TTGATGCTCTCTCC
GTTTGTGC

98 151

MYH6 Myosin heavy chain GGGAAGACTGTGAA
CACCAAGA

TCCCGAAGCGAGAC
GAGTTGT

98 175

RXRA Retinoid x receptor alpha CATGAAGAGAGAAG
CCGTTCAG

GTATGTCTCGGTTT
TGGGTTCC

98 151

†Genes applied exclusively for in vitro analysis
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e1), (ii) cells with strong stress fiber formation through-
out the cell body (Fig. 2f, f1), and, frequently observed,
(iii) cells with actin arranged in a net-like shape as it is
described for CLANs (Fig. 2 g, g1). The focal adhesions
(represented by vinculin staining) of cells with cortical
actin were located in the cell margins and larger than
cells with stress fibers. In contrast, cells with CLANs
exhibited high numbers of rather small focal adhesion
spots throughout the entire cell.

Since this altered cell morphology indicates stress, we
further investigated the stress level of the cells and com-
pared it to that of the established cell line WF2 by deter-
mining the transcript level of 10 marker genes for stress
(HIF1A, EPAS1, HSF1, HSF2, tOSTF1, and NR3C1) and
immunity (LYZ, IL1B, CXCL8, and IL10) at cell passage
six (Fig. 3). In SLUlar1 cells, we detected high transcript
levels of HSF1 (1 × 107) and IL1B (1 × 106), moderate
mRNA levels ofHIF1A (7 × 105),NR3C1 (6 × 105),HSF2
(1 × 105), and tOSTF1 (2 × 104), as well as EPAS1 (1 ×
104), and low transcript numbers forCXCL8 (8 × 102) and
LYZ (9 × 101). In WF2 cells, the highest copy numbers
were detected for tOSTF1 (4 × 105), HSF1 (1 × 105), and
HSF2 (5 × 104), while EPAS1 (8 × 102),NR3C1 (5 × 102),
CXCL8 (1 × 102), and LYZ (6 × 101) were only marginally
expressed. Transcript levels of HIF1A, IL1B, and IL10

were not detectable.

Expression profiles of unchallenged WF2 cell line

Due to the above described difficulties in establishing a
specific cell line from S. lucioperca, we investigated the

�Fig. 1 Transcription patterns of candidate genes in developing
pikeperch. Genes categorized in stress response (dark green),
immune response (dark blue), cell homeostasis (red), nutritional
status (brown), growth (purple), energy metabolism (light green),
maturation (yellow), and organogenesis (light blue). Columns
represent normalized mean (+SEM), calculated per 100 ng of
total RNA of each three pools of eyed eggs (0 days post hatch
(dph); n = 20/pool), yolk sac larvae (4 dph; n = 20/pool), larvae fed
with Artemia spp. (7 dph; n = 30/pool), larvae fed with dry feed
(18 dph; n = 30/pool), and three individual samples of liver tissue
from fingerlings (121 and 175 dph). Different letters (A–D)
indicate significant changes in transcript numbers (p < 0.05); in
the case of two represented genes: first depicted in black and
second depicted in grey. nd: no data detectable
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Fig. 2 Source and morphology of SLUlar1 cells from Sander

lucioperca. Larvae at an age of 125 degree days (DD; nine days
after fertilization) in (a) the egg and (b) isolated from the eggshell,
phase contrast microscopy of isolated SLUlar1 cells from (c)
passage five and (d) passage six. High concentrations of actin

filaments are marked with #. Immunofluorescence: Cells with
cortical actin rings (e) clearly differ from cells with stress fibers
throughout the cell body (f) and cells with cross-linked actin
networks (g). ß-actin: green; vinculin: red; nuclei: Hoechst
33342 dye. Scale bars: (a–d) 100 μm, (e–g) 10 μm
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suitability of the existing cell lineWF2 from S. vitreus to
examine the expression of the 21 ontogenetic target
genes from the in vivo study (compare Table 1). For
16 of these genes, we detected relevant transcript num-
bers inWF2 cells. However, we did not forCKM, IGF2,
HIF1A, IL1B, and GATM. We recorded average tran-
script numbers from 6 × 101 (LYZ) to 2×106 (BMP4)
copies per 100 ng RNA (Table 2). Gene expression in
the WF2 cell line was similar compared with that in
pikeperch at 0 dph in the case of GHR, at 4 dph in the
case of PPARD, and fingerlings in the case of MYH6

(175 dph), PPARA (175 dph), RXRA (121 and 175 dph),
and tOSTF1 (121 and 175 dph). Moreover, transcript
levels of HSF2 in the cells were similar to several
developmental stages of whole pikeperch (0, 18, 121,
175 dph). In contrast, APOE, TFEB, GATM, EPAS1,
HSF1, NR3C1, LYZ, and SOX9 were expressed slightly
less, while BMP4 and BMP7 were more strongly
expressed in WF2 cells than in vivo.

Discussion

The farming of pikeperch in intensive aquaculture sys-
tems such as RAS is continuously growing in impor-
tance for European aquaculture. The strategies for in-
tensive pikeperch rearing generally focus more on eco-
nomic considerations than on welfare concerns. How-
ever, optimizations of intensive aquaculture techniques
are necessary to improve animal welfare as well as to

increase the production of fingerlings for stocking con-
sidering the determination of optimal breeding parame-
ters as well as the definition of limit values. The current
study evaluated key genes involved in the early steps of
ontogenesis to improve basic knowledge of the physio-
logical processes during pikeperch rearing and the asso-
ciated challenges.

Transcription factors HSF1 and HIF1A with uniform
or biphasic expression patterns

While the majority of the examined genes displayed an
ontogenesis-specific transcription pattern with a peak
expression at a specific developmental stage, HSF1
was constitutively expressed. This transcription factor
is the major regulating factor involved in the response to
environmental stressors in vertebrates (Morimoto 1998;
Buckley and Hofmann 2002; Padmini and Usha Rani
2009). It coordinates the transcriptional activation of
heat shock proteins (HSPs), protects protein and lipid
metabolism during stress conditions, and contributes to
distinct immune processes (Deane and Woo 2004;
Roberts et al. 2010). The constant expression of HSF1
in the present study indicates that no specific stress
response was induced by HSF1 at any time point.

For HIF1A, we noticed a biphasic expression pattern
with a significant increase of copy numbers at 4 and 175
dph compared with the transcript level at 0 dph. During
organogenesis as well as during the period of growth in
general, the organs require higher levels of oxygen

Fig. 3 Basal transcript levels of stress and immune marker in
unchallenged cell models. Transcription patterns of genes impor-
tant for stress (a) and immune response (b) in SLUlar1 (black

columns) and WF2 cells (grey columns). Columns represent nor-
malized means of three individual samples (+ SEM), calculated
per 100 ng of total RNA. nd: no data detectable
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(Anderson and Podrabsky 2014). HIF1A is the major
regulator of the response to hypoxia (Rytkönen et al.
2007; Geng et al. 2014). Additionally, HIF1A is in-
volved in several physiological processes during verte-
brate development, such as angiogenesis, glucose up-
take and metabolism, and cellular proliferation, as well
as apoptosis (Gracey et al. 2001; Vuori et al. 2004;
Rojas et al. 2007; Liu et al. 2017; Tan et al. 2017).
The observed constitutive HIF1A expression pattern in
pikeperch resembles observations during the early on-
togenesis of zebrafish (Danio rerio), Wuchang bream
(Megalobrama amblycephala), and lake whitefish
(Coregonus clupeaformis) (Rojas et al. 2007; Shen
et al. 2010; Whitehouse and Manzon 2019). Neverthe-
less, HIF1A appears to underly species-specific modu-
lations during the different developmental stages, as
exhibited in zebrafish and lake whitefish (Rojas et al.
2007; Whitehouse and Manzon 2019).

Gene expression of APOE, BMP4, BMP7, CKM,
GATM, and TFEB reflect challenges in feed conversion

At 0 dph, we uncovered high APOE transcript levels.
The encoded apolipoprotein E is involved in the verte-
brate lipid metabolism, where it is crucial for the inter-
nalization of plasma lipoproteins into the cell (Mahley
1988; Babin et al. 1997). Fish egg yolk contains high
amounts of lipoproteins (Wiegand 1996). Poupard et al.
(2000) determined high levels for APOE transcripts in
the yolk sac of embryonic and larval turbot
(Scophthalmus maximus). APOE is highly expressed
in the yolk syncytial layer and appears to control its
utilization during the early steps of ontogenesis (Otis
et al. 2015). Thus, our findings in pikeperch embryos are
in line with this study. Furthermore, our data indicate a
general decline in the expression levels from 0 dph to
the later stages, suggesting the necessity of APOE for
the continuous consumption of the yolk sac reserves
from egg to larvae as well as the final basal expression
level for lipid metabolism after entering the exotrophic
feeding phase.

The examined yolk sac larvae at 4 dph demonstrated
the highest expression levels for genes involved in or-
ganogenesis (BMP4, BMP7, and MYH6), general stress
response (NR3C1), and energy metabolism (CKM).
BMP4 and BMP7 encode for bone morphogenetic pro-
teins 4 and 7. These proteins are involved in the process
of chondro- and skeletogenesis as well as in the mor-
phogenesis of several vertebrate organs (Streelman et al.T
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2003; Hoffman et al. 2006; Adams et al. 2007; Bonilla-
Claudio et al. 2012). MYH6 is expressed in the heart
muscles of vertebrates (Dhillon et al. 2009; López-Unzu
et al. 2019). The myosin heavy chain is the major
component of the motor protein myosin in eukaryotic
cells (Vikstrom et al. 1997).

Perciformes such as pikeperch and Eurasian perch
undergo several morphological changes, including skull
and jaw adaptation as well as fin and teeth development
around hatching time and until the start of the first
uptake of exogenous feed (Löffler et al. 2008; Ott
et al. 2012b; Alix et al. 2015). Güralp et al. (2017)
determined the beginning of pectoral fin formation at 1
dph and mouth opening at 5 dph in pikeperch reared at
15 °C (Güralp et al. 2017). Before mouth opening,
Ostaszewska et al. (2005) observed changes within the
larval intestines of pikeperch, including the length, the
lumen, and the appearance of the mucosal lining. An-
other aspect of organogenesis is the growth of the de-
veloping organs (Ostaszewska 2005). The first heart
beating in pikeperch was observed at the 34-somite
stage (around 1.5 h post fertilization [hpf]) and the
beginning of blood circulation at the 50-somite stage,
right before the start of hatching (equal to around 2 hpf)
(Güralp et al. 2017). In our study, the highest expression
of the BMP4 and MYH6 at 4 dph might reflect these
processes. In line with this, the subsequent stages of fed
larvae and fingerlings were characterized by a signifi-
cant decrease in copy numbers (except for BMP4 at 7
dph).

The process of hatching and adapting to new envi-
ronmental conditions is stressful and therefore energy-
consuming. The glucocorticoid receptor, encoded by
NR3C1, is the main regulator of the general stress re-
sponse in vertebrates, including developing fish
(Pavlidis et al. 2011; Tsalafouta et al. 2018). We record-
ed a significant NR3C1 increase from 0 to 4 dph, with a
stable expression at later stages of ontogenesis. CKM
serves as an energy buffer in mammals and fish (Wyss
and Kaddurah-Daouk 2000; Borchel et al. 2014;
Borchel et al. 2019). It is responsible for the dephos-
phorylation of creatine in muscle cells, which is further
used for the regeneration of ADP to ATP within the
target tissue (Wyss and Kaddurah-Daouk 2000). Our
results for NR3C1 and CKM seem to reflect the
restructuring programs of the developing body of fresh-
ly hatched larvae and the challenges of the new envi-
ronment such as oxygen and carbon dioxide gas ex-
change or the acclimatization to new energy resources

due to exogenous feed intake (Artemia spp. followed by
dry feed).

At day 5 post hatching, the mouth opens and the
mixotrophic feeding phase begins, until complete yolk
sac resolution (up to 14 dph) (Güralp et al. 2017). Due to
the small size of freshly hatched pikeperch (4–5-mm
total length) (Schlumberger and Proteau 1996) and the
incompletely developed intestine, the initial feeding re-
quires live prey (Hamza et al. 2007). The phase of
conversion from endo- to exotrophic feeding is highly
critical, since this is when fish react strongly to chemical
or physical stimuli (Woltering 1984). During this im-
portant phase of development at 7 dph, genes involved
in energy metabolism (GATM), nutrition (TFEB), go-
nadal maturation (SOX9), and stress response (HSF2)
were most strongly expressed.

GATM contributes to the creatine energy system in
mammals and fish (Borchel et al. 2014; Borchel et al.
2019). For pikeperch, we detected similar expression
levels in all larval stages at 4–18 dph, with the highest
copy numbers at 7 dph. At that stage, larvae experience
exogenous feed intake including digestion for the first
time. Moreover, the complete yolk sac resorption must
be compensated to reach homeostasis of the energy
metabolism. Thus, high expression of GATM is concor-
dant with the required new energy levels. In line with
this, we found that the expression of the gene encoding
transcription factor EB (TFEB) gradually increased
from 0 dph to larvae fed with Artemia spp at 7 dph.
and then decreased in later developmental stages. In
vertebrates, TFEB is important for cell homeostasis
and is involved in several cellular processes, such as
lipid metabolism, bone resorption, and immune re-
sponse (Ferron et al. 2013; Settembre et al. 2013;
Tiller and Garsin 2014). According to Settembre et al.
(2013), TFEB is the main factor coordinating the meta-
bolic response to the process of starvation in the nema-
todeCaenorhabditis elegans. The first oral feedingmost
likely provoked an immune response due to the first
contact with non-self molecules. Furthermore, the final
resorption of the endogenous yolk sac energy resources
might lead to a state similar to starvation (until first
feeding), while the exogenous feed intake delivers en-
ergy. All three conditions might modulate the observed
transcription of TFEB.

SOX9 is critical for the sex determination, gonad for-
mation, and development of vertebrates (Yokoi et al. 2002;
Chaboissier et al. 2004). In Nile tilapia (Oreochromis
niloticus), SOX9 is highly expressed during the early
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ontogenesis of both sexes, but the concentration decreases
in later stages (Ijiri et al. 2008). In pikeperch, we found a
similar transcription pattern with the highest expression of
SOX9 at 7 dph, followed by a decline in later developmen-
tal stages. This pattern was also observed forHSF2, which
is involved in the development of embryos in vertebrates
(Eriksson et al. 2000). This pattern might reflect the con-
tribution of both factors to early developmental processes.

Subsequent to the transition from endo- to exotrophic
feeding, the conversion to artificial feed is another chal-
lenging phase that influences growth and mortality
(Kestemont et al. 2007; Hubenova et al. 2015). Several
studies have demonstrated that the transversion from
endo- to exogenous feed is a critical step in the farming
of fish larvae (Hamza et al. 2007; Kestemont et al.
2007). Unexpectedly, none of the evaluated genes
displayed a peak expression in the stage of larvae fed
with dry feed (18 dph).

The genes GHR, IGF2, and LYZ were highly expressed
during the growth phase of juvenile stages

Within fingerlings at 121 and 175 dph, genes of stress
(tOSTF1, EPAS1) and immune response (LYZ, IL1B),
growth (GHR, IGF2), organogenesis (RXRA), and nu-
tritional status (PPARA, PPARD) were highly
expressed. The innate immune genes LYZ and IL1B

are part of the first line of defense. The transcript levels
of c- and g-type lysozyme were found to be low in olive
flounder (Paralichthys olivaceus) from hatching until
20 dph, followed by a significant increase to 50 dph
(Lee et al. 2014). Our results indicate a similar signifi-
cant increase in the mRNA levels of LYZ from early
stages at 0–18 dph to the stage of juveniles at 121 dph.

The two genes, GHR and IGF2, are involved in the
growth of fish (Schlueter et al. 2007; Besseau et al.
2013; Claudino da Silva et al. 2019). Investigations of
gilthead sea bream (Sparus aurata) demonstrated a pos-
itive correlation between the expression of GHR and a
growth spurt during summer months (Calduch-Giner
et al. 2003). Nipkow et al. (2018) detected increased
IGF2 transcript levels in maraena whitefish (Coregonus
maraena) at the onset of oral feeding and during devel-
opment into fingerlings. We found similar patterns in
pikeperch with an increase in IGF2 and GHR transcript
levels from 0 dph to 4 and 7 dph and the highest levels at
121 dph, reflecting the strong phase of growth of
fingerlings.

The long-lasting primary cell culture SLUlar1 shows
prominent sensitivity including stress fiber formation
and the high expression of stress-related genes

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

Here, we present an approach to derive a cell model
from pikeperch. However, embryonal Sander cells are
apparently more sensitive to the standard handling pro-
cess compared with other primary fish cells from, for
example, Atlantic sturgeon, Atlantic salmon (Salmo
salar), Siberian sturgeon (Acipenser baerii), maraena
whitefish, rainbow trout (Oncorhynchus mykiss), and
zebrafish (Ciba et al. 2008; Grunow et al. 2011b;
Grunow et al. 2011a; Grunow et al. 2015). The cells
stopped to proliferate and remained in the stagnation
phase from passage eight onward. Furthermore, they
accumulated actin filaments in the cytoskeleton, which
are well-known indicators of stress. We identified three
different actin populations at cell passage six; one had
cortical actin rings and low stress fiber formation, which
might be derived from cells of the epithelial or endothe-
lial lineage. These cells grew firmly together and formed
a stable cell architecture by using their neighboring cells
as mechanical support. In another population we ob-
served significant stress fibers, which characterizes me-
chanically stretched cells like muscle cells or bone cells.
These cells transmit forces through their cell body and
therefore have a strong actin network. Moreover, we
observed a star-shaped formation of actin, which has
not been described in unstimulated cells thus far. How-
ever, CLANs (cross-linked actin networks) can occur
under stress or by stimulating different integrin signal-
ing pathways (i.e., via different extracellular matrix
proteins) (Filla et al. 2009; Job et al. 2010).

On the transcriptional level, high transcript numbers
were detected for immune and stressmarker genes IL1B,
NR3C1, HIF1A, HSF1, and HSF2 at the sixth cell
passage. IL1B is a well-established marker for in vitro
stimulation with pathogen-associated molecular patterns
(PAMPs) in the primary cells of different fish species
(Chaves-Pozo et al. 2004; Martorell Ribera et al. 2020).
Comparedwith the cell lineWF2, SLUlar1 cells showed
prominent higher transcript levels for the examined
genes, except for tOSTF1. Along with high expression
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levels of either general cellular and environmental
(NR3C1) or specific environmental stress response
genes (HIF1A, HSF1, HSF2), we conclude that the
current culturing conditions lead to induced stress with-
in the SLUlar1 cells.

The WF2 cell line is currently the most suitable cell
model, but does not correspond to a specific ontogenetic
stage of pikeperch

As a substitution for a cell model from S. lucioperca, we
initially tested the applicability of the in vitro system
WF2 (S. vitreus) for investigating developmental pro-
cesses of pikeperch. The expression for most of the
genes could be verified, although a clear assignment to
a certain developmental stage of the investigated
pikeperch samples could not be detected. However, we
must be aware of the dissimilarity between an in vitro
model and the complexity of a whole organism. More-
over, no further detailed information about the exact
ontogenetic stage of the source material is available.

Conclusion

The process of ontogenesis is accompanied by the contin-
uous adaptation to changing physiological and environ-
mental conditions. In the present study, we determined
basal expression patterns of promising molecular markers
for monitoring the developmental process of early onto-
genesis in pikeperch under current farming conditions.We
identified promising candidates representing the challeng-
ing steps of feed conversion (APOE, BMP4, BMP7,CKM,
GATM, and TFEB) and the growth phase of juvenile
pikeperch (GHR, IGF2, RXRA, PPARA, and PPARD),
which can be used to accompany the development process
of pikeperch farming in future studies. A first approach to
establishing a long-lasting primary cell culture from whole
pikeperch embryos was achieved. However, the impor-
tance of establishing a suitable cell line has been demon-
strated, since it remains a major challenge to yield repro-
ducible results.
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