
Citation: Tönißen, K.; Franz, G.P.;

Rebl, A.; Lutze, P.; Grunow, B. Does

Size Matter? Small and Large Larvae

of Pikeperch (Sander lucioperca) in a

Comparative Gene Expression

Analysis. Fishes 2024, 9, 33.

https://doi.org/10.3390/

fishes9010033

Academic Editor: Xidong Mu

Received: 12 December 2023

Revised: 5 January 2024

Accepted: 10 January 2024

Published: 12 January 2024

Copyright: © 2024 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

fishes

Article

Does Size Matter? Small and Large Larvae of Pikeperch (Sander
lucioperca) in a Comparative Gene Expression Analysis
Katrin Tönißen 1,* , George Philipp Franz 1, Alexander Rebl 2 , Philipp Lutze 1,3 and Bianka Grunow 1,*

1 Fish Growth Physiology Workgroup, Research Institute for Farm Animal Biology (FBN), Wilhelm-Stahl-Allee 2,
18196 Dummerstorf, Germany; franz@fbn-dummerstorf.de (G.P.F.); philipp.lutze@med.uni-greifswald.de (P.L.)

2 Fish Genetics Workgroup, Research Institute for Farm Animal Biology (FBN), Wilhelm-Stahl-Allee 2,
18196 Dummerstorf, Germany; rebl@fbn-dummerstorf.de

3 Institute of Pathophysiology, University Medicine of Greifswald, Martin-Luther-Straße 6,
17489 Greifswald, Germany

* Correspondence: toenissen@fbn-dummerstorf.de (K.T.); grunow@fbn-dummerstorf.de (B.G.)

Abstract: Size differences are common in the aquaculture of fishes. In the larviculture of cannibalistic
species such as pikeperch, they majorly influence mortality rates and consequently provoke losses
in the aquaculture industry. With this study, we aim to reveal molecular differences between small
and large pikeperch of the same age using a set of 20 genes associated with essential developmental
processes. Hereby, we applied a general study design to early and late larval pikeperch before the
onset of piscivory to explore the causes of growth differences in these developmental groups. The
analysis of the expression levels showed developmental but not size-related differences in PGC1A,
TGFB1, MYOD1, MRF4, and the collagens COL1A1 and COL1A2. Furthermore, increased head lengths
were found in larger late larvae compared to their smaller conspecifics. While no uniquely size-related
expression differences were found, the expression patterns of PGC1A in combination with TGFB1 as
regulators of the citric acid cycle indicate a possible influence of mitochondrial energy metabolism.
Furthermore, expression differences of MYOD1 and MRF4 point out possible temporal advantages of
myogenetic processes in the larger late larval group and hypothesise growth advantages of the larger
late larvae resulting from various influences, which provide a promising target for future research.

Keywords: fluidigm array; gene expression; ontogeny; larval fishes; Percidae

Key Contribution: This study demonstrates that developmental stage rather than size-dependent
factors significantly influence growth in pikeperch larvae. This is supported by molecular differences
in genes associated with key developmental processes and provides evidence for potential factors
influencing larval growth.

1. Introduction

Fish larval development is a critical aspect of aquaculture, as it directly affects the
success of commercial fish farming. Effective management during this stage is essential to
ensure the survival and optimal growth of fish larvae, which will influence the profitability
of aquaculture companies. Also in pikeperch aquaculture, the husbandry of early-stage
larvae is a significant bottleneck in the rearing process [1,2]. One of the main challenges
are size differences during the larval stages, which are connected to the cannibalism
of larger individuals towards their smaller conspecifics when the animals start hunting
independently [3–5]. This influences the overall mortality rate in pikeperch aquaculture and
consequently affects its economic success. Previously, differences between cannibalistic and
non-cannibalistic pikeperch were considered to result from developmental differences [6,7].
In pikeperch, the first cannibalism was found to occur among individuals attaining 15 mm
total length under rearing conditions in aquaculture [8]. In a study by Colchen and
colleagues [6], piscivorous pikeperch larvae exhibited a more advanced digestive system,
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characterised by increased digestive enzyme activity, along with larger heads and tails
compared to their non-piscivorous counterparts.

Since size differences are the foremost influence on the occurrence of cannibalism, the
understanding of growth phases and ontogenetic processes is crucial to aiding pikeperch
larviculture. The growth of pikeperch larvae does not occur steadily during development.
A previous study described different phases of growth occurring during the larval devel-
opment of pikeperch reared in a semi-natural environment [9]. Similarly, a study with a
focus on skeletal development demonstrated an intermediate reduction in size increase
for individual pikeperch reared in environments with constant temperatures [10]. As a
result of these studies, a distinct early larval growth phase with a low to no size increase
can be differentiated from a later larval growth phase with increasing size variants [9,10].
Based on the occurrence of characteristic ontogenetic events, these groups can be attributed
to the larval stages L1 to L2 (early larval group) as well as L3 to L6 (late larval group)
described by Peňáz [11]. The early larvae are characterised by a straight notochord and
mixed feeding, whereas in late larvae, the notochord is bent upwards and caudal fin skele-
tal elements are formed. The appropriate timing for the initial feeding, differentiated by
the feed type and the feed quality, is a well-known factor that influences the growth of
larval pikeperch [12,13]. However, it is not fully understood how these growth differences
still occur in groups that are fed the same type of feed and ad libitum, as exemplarily
carried out by Ott and colleagues [10]. This opens the question of whether there are also
transcription-level differences that result in variations in the growth of same-age specimens,
thus influencing the cannibalism rate of pikeperch in later stages within a batch.

With the present study, we aim to investigate possible differences in the gene expression
patterns of same-age larval pikeperch of smaller and larger size. For this purpose, we
comparatively investigated the expression patterns of genes relevant for developmental
processes in larval pikeperch [14–16]. Hereby, we tried to exclude the influence of pis-
civory/cannibalism on the expression levels by sampling individuals before the onset of
cannibalism based on the age and size of first-time cannibalistic individuals provided by
the literature [3,6,8]. By combining size comparisons and gene expression analyses, our
approach can contribute to elucidating potential relationships in the genetic regulation of
growth differences in aquaculture pikeperch.

2. Materials and Methods
2.1. Sample Collection and Size Sorting

Pikeperch larvae were obtained from a fishery at Lake Hohen Sprenz in Mecklenburg-
Vorpommern, Germany, that applies semi-controlled pikeperch reproduction (compare
with [9,14]). From a local population of breeders of three females and five males, a mixed
clutch nest from one fertilisation date was sampled. Eggs were kept in Zuger jars until the
eye-point stage. Afterwards, they were transferred to net cages in flow-through channels.
Following the hatch, lake zooplankton, collected with an additional light trap, was provided
as a food source (Daphnia sp., Bosmina sp., copepod nauplii).

During the rearing process, lake water was used, having a variable temperature
regime with a mean of 17.1 ± 3.9 ◦C (min 11.8 ◦C, max 23.8 ◦C). Data on water temperature
and quality and air temperature were collected continuously (Maxim Integrated iButton
MF1921G, Hanna Instruments hi9829). Besides the age in days post fertilisation (dpf), the
age in degree-days (dd) was calculated based on the daily average water temperature.
Due to the natural temperature variances and different sampling days, the calculation
of dd is used to determine the developmental age of the poikilothermic organisms. In
accordance with developmental [11] as well as described growth differences during larval
development [9], the specimens were separated into an early and late larval group. In total,
we collected six larval age stages (early larval: 16 dpf/227 dd, 18 dpf/256 dd, 21 dpf/306 dd;
late larval: 31 dpf/512 dd, 35 dpf/600 dd, 38 dpf/666 dd). Representative light microscope
images of the pikeperch larvae from the examined early and late larval groups, with their
corresponding ages, are shown in Figure 1. All pikeperch individuals used in morphometric
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measurements and gene expression analysis were euthanised using MS222 (Serva) in a
0.25 g/L concentration. For each individual age stage, specimens were collected and
stored in ethanol for measurements and photography, as well as in RNAlater for molecular
analyses. All sampling procedures followed national and international animal welfare
regulations (Directive 2010/63/EU and Act (§ 4(3) TierSchG)).
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on the individual TL in comparison to the overall sampling group mean TL and size range, 
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specimens were collected from the largest third of the size range of each sampling group 
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Figure 1. Exemplary light microscope images of pikeperch from the two distinguished larval devel-
opmental groups. (a) Larvae of the early larval group at the start of the exogenous feeding. (b) Late
larval group specimen after the completed change to exogenous feeding but before the onset of
cannibalism. Ages are given in days after fertilisation (dpf) and degree-days (dd). Scale: 1 mm.

For the morphometric measurements, the total length (TL) and head length (HL) were
measured for 20 pikeperch of each age stage under a stereomicroscope (Leica SD9). Based
on the individual TL in comparison to the overall sampling group mean TL and size range,
the specimens were associated with the size class “small” or “large”. For this, “large”
specimens were collected from the largest third of the size range of each sampling group
and “small” specimens from the smallest third. Per size class within a sampling group, two
sample pools were created, each with n = 15. For gene expression analysis, the separated
age stages and size classes of specimens were stored in RNAlater at −80 ◦C.

2.2. RNA Isolation

For RNA isolation from pikeperch larvae, pools of 15 animals from each group were
used. After a mechanical disruption (Precellys Evolution, VWR), RNA was isolated in two
steps, following Rebl et al. [17]. The first step consisted of a Trizol-chloroform precipitation,
and in the second step, the precipitated total RNA was purified using the RNeasy Micro
Kit (Qiagen, Hilden, Germany) and treated with a DNase (Qiagen, Hilden, Germany). The
final RNA concentration was determined with the NanoDrop ND-1000 spectrophotometer
(Peqlab, Erlangen, Germany) according to the manufacturer’s instructions.

2.3. Design of Primer and Fluidigm Multiplex Real-Time PCR

A total of 20 genes of interest (GOI) and two reference genes (Ribosomal Protein L32
and Ribosomal Protein S5) were selected for analysis. The GOI and reference genes were
established in previous studies on pikeperch and were selected to gain insight into the early
ontogeny of pikeperch larvae, with a focus on general development and myogenesis [14,18].

The primers are based on pikeperch sequences (RefSeq NCBI: GCA_008315115) from
the NCBI GenBank database. In the absence of sequence information, sequences of other
perciform species, such as Perca flavaescens and Epinephelus coioides, were used. All primers
were checked for homology via BLAST algorithms against the Sander lucioperca transcrip-
tome. The polymerase chain reaction (PCR)-generated amplicons were evaluated by gel
electrophoresis. Primer efficiency was also evaluated in quantitative PCR (qPCR) ap-
proaches at different temperatures in the LightCycler96 instrument (Roche) [14]. A full
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list of the primers for GOI and their properties is included in Supplementary Table S1.
Expression analysis was performed on a 48.48 Gene Expression biochip (Standard BioTools)
using the BioMark HD system (Standard BioTools) as described previously [17]. The data
collection is based on two biological and two technical replicates per sample taken. Gene
expressions within all experimental groups were output as normalised relative quantity
(NRQ) using the delta-delta CT method [19].

2.4. Statistical Analyses

To check for the formation of significant size differences between the size classes per
sampling, we compared their TL and HL using a Student’s test. To allow for the comparison
of the influence of the developmental stage or the size class, a two-tailed ANOVA was
applied that included the two factors of size class (small and large) as well as the two
larval age groups (early larval group and late larval group). To check test prerequisites,
the normal distribution was determined by the Shapiro–Wilk test, and the homogeneity
of variances was tested using the Levene test. All statistical analyses were done using
R (version 4.2.3) with RStudio (version 2023.03.0) with a significance level of p < 0.05. Graph
plotting was done using GraphPad Prism (version 10.0.2). In the graphs, gene expression
data is presented as mean + SEM (standard error of the mean). To highlight the differences
between the statistical models, asterisks were used for the Student’s test and letters for the
ANOVA and the Tukey test.

3. Results
3.1. Morphometry

Before the sorting procedures, all individuals in each early developmental group were
similar in total lengths, i.e., 4.69 ± 0.17 mm at 227 dd, 4.20 ± 0.24 mm at 256 dd, and
4.94 ± 0.29 mm at 306 dd (linear regression, slope = 0.004). The late larval stages were
characterised by an increase in total length and variance. This is reflected by the average
total lengths of 4.98 ± 0.11 mm (512 dd), 7.30 ± 0.25 mm (600 dd), and 8.67 ± 0.29 mm
(666 dd) (linear regression, slope = 0.024) (Figure 2).
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Figure 2. Total length (TL in mm) of pikeperch larval stages prior to the size separations (n = 20 per
age stage) starting from 227 dd. Dots indicate the total length of single individuals. A linear regression
line has been plotted within both developmental larval groups. The corresponding developmental
groups for the expression analysis are added (early larval group: aged 227 to 306 dd, late larval group:
aged 512 to 666 dd).
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The size separation of the individuals into the groups of small and large specimens
resulted in significantly different TL of the size groups within each age stage (Figure 3a,b).
The characteristic for the late larval group was the significantly higher values in head length
(HL) in the large size class compared to their small conspecifics (p ≤ 0.05, Figure 3b).
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(blots without dots), age 227 to 306 dd. (b) Late larval group (blots with dots), age 512 to 666 dd.
Abbreviations: * p < 0.05, using the Student’s test.
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3.2. Gene Expression Pattern

The variance analysis showed differences between the effects of the early and late
larval developmental group but not between the small and large size classes (Table 1).

Overall, the factor developmental group showed significant influence on the ex-
pression of MYOD1 (Myogenic Differentiation 1), TGFB1 (Transforming growth factor
beta1), FGF4 (Fibroblast growth factor 4), MRF4 (Myogenic regulatory factor 4), PGC1A
(peroxisome proliferative activated receptor, gamma, coactivator 1 alpha) and the collagen-
encoding genes COL1A1 (Collagen type 1 alpha 1) and COL1A2 (Collagen type 1 alpha 2).
Furthermore, a combined effect of group and size class was determined for MYOD1. The
size class alone, however, showed no influence on the expression of any of these genes.

Table 1. Resulting effect influences with their p-values of the calculated ANOVA. The effects of
the factors developmental group (early larval, late larval), size class (small and large), and their
effect interaction are given. p-values below 0.05 are highlighted in bold. COL1A1—Collagen type 1
alpha 1; COL1A2—Collagen type 1 alpha 2; EN2—Engrailed 2; FGF4—Fibroblast growth factor 2;
FGF6—Fibroblast growth factor 6; FGF8—Fibroblast growth factor 8; IGF1—Insulin-like growth factor
1; IGF2—Insulin-like growth factor 2; MEF2A—Myocyte enhancer factor 2A; MRF4—Myogenic
regulatory factor 4; MSTN—Myostatin; MSX1—Msh homeobox 1; MYF5—Myogenic factor 5;
MYH6—Myosin heavy chain 6; MYOD1—Myogenic Differentiation 1; MYOG—Myogenin;
PAX3—Paired box 3; PAX7—Paired box 7; PGC1A—Peroxisome proliferative activated receptor
gamma coactivator 1 alpha; TGFB1—Transforming growth factor beta1.

Gene Symbol Developmental Group
p Value

Size Class
p Value

Effect Interaction
(Group × Size)

p Value

COL1A1 0.000 0.196 0.100
COL1A2 0.000 0.065 0.130

EN2 0.195 0.445 0.423
FGF4 0.032 0.652 0.143
FGF6 0.274 0.691 0.594
FGF8 0.178 0.353 0.887
IGF1 0.064 0.201 0.237
IGF2 0.454 0.684 0.915

MEF2A 0.197 0.133 0.432
MRF4 0.001 0.161 0.353
MSTN 0.295 0.135 0.105
MSX1 0.544 0.254 0.837
MYF5 0.193 0.376 0.386
MYH6 0.939 0.799 0.362

MYOD1 0.000 0.977 0.018
MYOG 0.054 0.914 0.830
PAX3 0.813 0.901 0.838
PAX7 0.328 0.324 0.101

PGC1A 0.005 0.199 0.280
TGFB1 0.004 0.888 0.603

No significant differences in the expression levels between size classes within a devel-
opmental group were determined. However, in the comparison of the age/size combination
groups, significant gene expression differences were found for six genes.

The expression pattern of genes associated with the activation of satellite cells and
stem cells had no significantly different expression levels for three of the four genes anal-
ysed (Figure 4). PAX3 (Paired box gene 3) was constantly expressed. A slightly elevated
expression level of PAX7 (Paired box gene 7) was found for the large early larval group.
MSX1 (Msh homeobox) had moderately higher levels of expression in the small larvae
of the early and late developmental groups. In contrast, PGC1A had significantly higher
expression levels in both early larval groups compared to the lowest expression in the large
larval group.
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Figure 4. Expression patterns of selected genes during satellite cell and stem cell activation. Nor-
malised relative quantity (NRQ) of pikeperch larvae of the early larval (blots without dots) and late
larval groups (blots with dots) in the two size classes small (grey blots) and large (white blots) is
illustrated by its mean and SEM. Small letters indicate significance p ≤ 0.05 between age groups
using ANOVA and Tukey’s test. PAX3—Paired box 3; PAX7—Paired box 7; MSX1—Msh homeobox 1;
PGC1A—Peroxisome proliferative activated receptor gamma coactivator 1 alpha.

The expression levels of the insulin-like growth factor-encoding genes IGF1 and IGF2,
as well as the fibroblast growth factor-encoding genes FGF4, FGF6, and FGF8, showed no
significant differences across the samples (Figure 5). The expression of TGFB1 (Transform-
ing growth factor beta 1) was significantly increased between the early large larval and late
large larval samples (Figure 5).

Two of the six genes coding for myogenic regulator factors and the muscle develop-
ment regulators were significantly differentially expressed between the samples (Figure 6).
The gene MYOD1 had a significantly lower expression in the early larval group compared
to the late larval group. Furthermore, in the early large larval stage, MYOD1 is significantly
less expressed than in the late large larval group. These differences in the expression pattern
between small and large larvae could not be found for MYF5 (Myogenic factor 5), which
also initiates myoblast formation. However, the transcription factor MRF4, which is active
later in myofibre formation, also showed a similar pattern to MYOD1, having significant
lower expressions in both early larval sizes compared to the large late larval group. MYOG
(Myogenin) had no significant expression-level differences. Nevertheless, a slight increase
was observed between the small and large larvae within the developmental groups and
between the early larval and late larval groups themselves. Of the genes that influence
muscle development, MEF2A (Myocyte enhancer factor 2A) was uniformly expressed in all
developmental groups and size classes. The muscle growth inhibitor-encoding gene MSTN
(Myostatin) showed no significant differences in the examined developmental groups.
However, there is a trend towards a higher MSTN expression in the large, late larvae.
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Fibroblast growth factor 2; FGF6—Fibroblast growth factor 6; FGF8—Fibroblast growth factor 8; 
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development regulators were significantly differentially expressed between the samples 
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Figure 5. Expression patterns of the regulatory genes of growth and development. Normalised
relative quantity (NRQ) of pikeperch larvae of the early larval (blots without dots) and late larval
(blots with dots) groups in the two size classes small (grey blots) and large (white blots) is illus-
trated by its mean and SEM. Small letters indicate significance p ≤ 0.05 between groups using
ANOVA and Tukey’s test. IGF1—Insulin-like growth factor 1; IGF2—Insulin-like growth factor 2;
FGF4—Fibroblast growth factor 2; FGF6—Fibroblast growth factor 6; FGF8—Fibroblast growth
factor 8; TGFB1—Transforming growth factor beta1.
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Figure 6. Expression patterns of genes in myogenic development. Normalised relative quantity
(NRQ) of pikeperch larvae of the early larval (blots without dots) and late larval (blots with dots)
groups in the two size classes small (grey blots) and large (white blots) is illustrated by its mean
and SEM. Small letters indicate significance p ≤ 0.05 between groups using ANOVA and Tukey’s
test. MYOD1—Myogenic Differentiation 1; MYF5—Myogenic factor 5; MRF4—Myogenic regulatory
factor 4; MYOG—Myogenin; MEF2A—Myocyte enhancer factor 2A; MSTN—Myostatin.

The structural marker genes COL1A1 and COL1A2 were significantly differently
expressed in the larval groups (Figure 7a). COL1A1 was significantly more expressed in
the large late larval samples compared to both early larval sizes. COL1A2 was significantly
more expressed in both late larval samples compared to the early larval sizes. The gene
expression of EN2 (Mandibular arch-muscle specific engrailed 2), responsible for the
development of the jaw elements, had no significantly different expression between the
samples (Figure 7b). This was also the case for the heart-specific transcription factor MYH6
(Cardiac-specific myosin heavy chain 6) (Figure 7b).
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MYH6—Myosin heavy chain 6.

4. Discussion
4.1. Morphometric Distinctions of Size Classes and Growth

For the size comparisons, individuals were separated into either a small or a large size
class based on the mean total length of the sampling groups. The pronounced distinction
between small and large size classes during the ontogeny was already evident in the early
larval group. Overall, general growth tendencies were positive in both developmental
groups, with a higher regression slope in the late larval group. However, an intermediate
decrease in the group mean total length was present in between the 227 dd and 256 dd
stages, which we consider to be related to the sampling size for the number of measured
individuals and the influence of temperature variation. It is worth noting that, in the subse-
quent late larval group, the increasing size differences were accompanied by significant
size differences in head length. Given the interrelation between head development and
the development of the jaw elements [20], we hypothesise that in pikeperch larvae, a large
head is correlated with larger jaw bones, which could allow the larger larvae to take up
a wider range of prey. This is supported by a strong correlation between fish length and
mouth gape size in pikeperch [21] and further between head length and fish length [9].
Furthermore, previous studies have shown that pikeperch have size-dependent predator-
prey relationships [22], with gape size being the limiting factor for prey ingestion [22,23].
Additionally, the size of the mouth has been shown to be associated with the occurrence of
cannibalism, including the sister species Sander vitreum [24]. Consequently, the greater head
length of the large pikeperch larvae would give these individuals a competitive advantage
in the ingestion of prey. The sampling for this study, between mouth gape opening [25,26]
and the start of piscivory [6,8], allowed to exclude potential influences of piscivory on the
growth and gene expression. However, the differently sized natural zooplancton spectrum
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might have an effect on the growth and gene expression, especially for the later larval
group with their differently sized head lengths.

Contradicting this, the expression of EN2 is similar for all groups. EN2 is expressed
in the jaw muscles of vertebrates [27,28] and was previously found to be expressed more
dominantly after the switch to external feeding [9]. However, since EN2 also influences
midbrain development in fish [29,30] and generally determines muscle fibre type [31], the
temporal and spatial expression changes of EN2 cannot be differentiated by the grouped
sample setup here. In the expression analysis of genes of interest, significant differences
only occurred between the two developmental groups and not between the size classes
within them. The expression patterns showed that initial transcription factors for general
growth as well as muscle growth were active in the two developmental phases investigated.

4.2. Regulatory Genes Connected to Stem Cell Activation

Generally, considering genes related to the activation of satellite cells and stem cells,
PAX3 and PAX7 are mainly expressed by cells in the dermomyotome [32]. In the der-
momyotome of fishes, these regulatory genes are necessary for, but are also suppressed
by, myogenesis [33,34]. Both transcription factors interact together with MSX1 in myo-
genic development [35], but are not affected by the developmental group or size class
investigated in pikeperch larvae within this study. The complex interrelations of muscle
development are reflected in the different expression patterns of the genes studied. The
higher expression of MRF4 and MYOD1 in the older larval pikeperch stages, contrasted
by the partly lower expression in the early larval group, indicates parallels to wave-like
embryonic muscle development [36]. The expression of genes related to growth and muscle
development exhibits a pattern that is dependent on development [14,37]. As already
mentioned, in the present study, no significant difference was found in the expression of
stem cell activation-related genes, with the exception of PGC1A. Here, significantly lower
expressions in the large late larval stage compared to the early larval group were present.
The transcription factor PGC1A is also a master regulator for mitochondrial function and
organismal metabolism (reviewed in [38]). In interaction with other regulatory factors like
TGFB1, an activation of PGC1A increases oxygen consumption in mammalian cells [39]. In
the pikeperch larvae of the present study, no differences in gene expression were detected
for general growth factors (see Figure 5). The transcript levels of the genes coding for the
transcription factors PGC1A and TGFB1 were decreased as well as increased in specifically
the large late larvae in comparison to the other larval groups. As shown by Nam and
colleagues [40], the interaction of these two transcription factors can lead to regulation of
the tricarboxylic acid (TCA) cycle of energy metabolism. Such findings suggest that the
investigation into the factors contributing to the divergence in growth could be related
to mitochondrial energy metabolism. However, an upregulation of genes related to en-
ergy metabolism pathways was previously found to occur in transcriptomic analyses of
Dicentrarchus labrax larvae [41].

4.3. Genes of Growth and General Development

As shown by the stable gene expression of different growth factors (IGF1, IGF2, FGF4,
FGF6, and FGF8), the genetic potential for growth of pikeperch larvae seems to be similar
in the early and late larval groups, regardless of the size. The indications of a different
utilisation in the energy metabolism (PGC1A and TGFB1) could lead to individual effects
up to divergent growth. These individual strategies are not captured in our generalised
experimental approach, which has been designed to examine rather general molecular
mechanisms of size differences in pikeperch larvae. By using a mixed clutch approach
(2–3 female spawners combined with five males), potential biases that may influence egg
quality and subsequent development through both maternal and paternal effects were
minimised [42,43].
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4.4. Myogenic Development and Structural Marker Genes

Considering muscle development and based on the dynamic wave-like expression
pattern in muscle development during pikeperch ontogeny [14,15], we detected signifi-
cant differences in MYOD1 and MRF4 expression between the developmental groups. In
contrast, the effects of other master regulators such as MYF5 and MYOG and their interac-
tions within the myogenesis cascade [44] could be overlaid by the selection of groups of
pikeperch larvae that has been carried out in the present study. Nevertheless, the significant
patterns of the expression levels might indicate possible differences in the developmental
progress between the size classes of the same developmental group.

The generally higher expression of MYOD1 and collagen genes (COL1A1 and COL1A2)
in the late larval developmental groups gives an indication of a temporal advance in
ontogenesis and, furthermore, in the development of skin, bones, and scales through the
formation of extracellular matrix proteins [45,46]. The development and interaction of
muscles and bones together with other elements of the musculoskeletal system ensure the
functionality of locomotion [47]. A resulting better locomotion could lead to a benefit for
larvae with stronger and faster growth due to better hunting and escape abilities. This
hypothesis is supported by the larger tail area of older pikeperch larvae in comparison
to our studied age stages [3], as this area consists of the largest degree of locomotory
muscle tissue.

5. Conclusions

The investigation of some of the genetic determinants contributing to growth dif-
ferences in pikeperch rearing did not yield conclusive evidence. However, this in turn
also means that the fundamental basis for our genes of interest is size-independent in the
larval stages prior to the onset of piscivory. Following indications from the gene expression
patterns, we hypothesise that influences on the individual level affect mitochondrial energy
metabolism as well as myogenesis, resulting in size differences.

Our objective was to identify gene expression variations associated with development,
growth, and muscle in early and late pikeperch larvae (227 dd to 666 dd), specifically
comparing conspecifics of small and large size. The sampling strategy was designed to
capture overall size effects across two development groups while mitigating the impact
of later-onset cannibalism. Based on our data, we could not determine any size-related
influence on gene expression patterns, either overall or within the developmental groups.
Consequently, the capacity for growth appears to be largely independent of the expres-
sion of the analysed genes of interest. Nevertheless, variations in gene expression levels,
particularly in the mitochondrial energy pathway (PGC1A and TGFB1) and myogenesis
(MYOD1 and MRF4), were observed, suggesting potential outcomes being influenced at
the individual level.
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