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Effect of diet on molecular
relationships between Atlantic
cod larval muscle growth
dynamics, metabolism, and
antioxidant defense system

Tu A. Vo1*, Trina F. Galloway2†, Augustine Arukwe1,
Rolf B. Edvardsen3, Kristin Hamre3, Ørjan Karlsen3,
Ivar Rønnestad4 and Elin Kjørsvik1

1Department of Biology, Norwegian University of Science and Technology, Trondheim, Norway,
2Department of Marine Resources Technology, SINTEF Fisheries and Aquaculture, Trondheim,
Norway, 3Feed and Nutrition, Institute of Marine Research, Bergen, Norway, 4Department of
Biological Science, University of Bergen, Bergen, Norway
We studied molecular effects (RNAseq and qPCR) of first feeding prey types

(copepods or rotifers/Artemia) on skeletal muscle myogenesis and growth

dynamics (prol iferation, differentiat ion), metabolism (glycolysis,

gluconeogenesis, oxidative phosphorylation), and antioxidant defense system

(production/regulation of reactive oxygen species (ROS) in cod (Gadus morhua)

larval skeletal muscle. Larval somatic growth rates were significantly higher in

copepod fed larvae, although shifts in gene expressions related tomuscle growth

dynamics between hypertrophy and hyperplasia and generation and regulation

of ROSmostly occurred around 5-, 10-, and 15-mm standard length (SL) for both

groups. Gene expression for cell membrane proteins (such as nox1 and igf1r)

peaked at 7mmSL in all larvae, correspondingwith increased ROS expressions in

cod muscle during the exponential stratified hyperplasia phase from 7 mm SL.

Expression for muscle differentiation (mef2a) occurred continuously (strongest

from 10 mm SL). Expressions for muscle proliferation (pcna) and hydrogen

peroxide (H2O2) generation (sod1 and sod2) occurred in the 5 - 15 mm SL

range, peaking at 10 mm SL in all larvae. A downregulation of sod1 and sod2 in

skeletal muscle from 15 mm SL indicated the first response of the defense

antioxidant system. Gene expressions related to glucose metabolism (slc2A11,

pfk, fpb2, ldha) was 3 - 10 times higher in copepod-fed larvae than in rotifer/

Artemia-fed larvae between 7 – 10mm (live prey period). Copepods move faster

than rotifers, and cod larvae will also gradually increase their active swimming

periods, due to less viscous forces. Active swimming during the strongestmuscle

stratified hyperplasia phase (7 – 10 mm SL) could promote a better delivery and

transport across the muscle membrane and intracellular flux through glycolysis

and oxidative phosphorylation and would contribute to the observed earlier and

more effective glucose metabolism in the larvae fed copepods. We suggest that

active swimming is an important factor promoting cod larval muscle growth,

especially during the strongest muscle hyperplasia phase between 7 and 10 mm
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Abbreviations: casp3, caspase 3; cat, catalase, Dph, d

deep white muscle fibers; gpx1, glutathione peroxida

peroxide, MH, mosaic hyperplasia; O−
2 , superoxide, SH

SL, larval standard length; sods, superoxide dismutase

Vo et al. 10.3389/fmars.2022.814022

Frontiers in Marine Science
SL. The rapid movements of copepods and better nutritional composition could

play important roles in stabilizing ROS levels, promoting high swimming activities

and enhancing long-term muscle growth in cod.
KEYWORDS

Atlantic cod larvae, larval nutrition, muscle hypertrophy and hyperplasia, larval
metabolism, antioxidant defense system, muscle growth and differentiation, Gadus
morhua (L.), larval growth
Introduction

Marine pelagic fish larvae such as the Atlantic cod (Gadus

morhua) larvae hatch at a small size (a few mm standard length;

SL) and with a rather immature developmental stage, and they

need to develop the most important functions for survival before

the small yolk-sac is exhausted (Blaxter, 1988). The larval

feeding success is dependent on their functional anatomical

and physiological development, and they need to grow fast to

obtain a wider selection of prey and to avoid predation

(Lasker, 1981).

Zooplankton such as copepods are generally superior to

rotifers and Artemia as prey for pelagic marine fish larvae

(Shields et al., 1999; Støttrup, 2000; Evjemo et al., 2003;

Boglione et al., 2013; Hamre et al., 2013; Rønnestad et al.,

2013). Rotifers and Artemia are the dominant live prey

cultivated for feeding of fish larvae, and they are relatively easy

to cultivate in large scale production, in contrast to copepods.

Enriched rotifers and Artemia are not nutritionally optimal for

cod larval development, and significantly better growth and

development is obtained by using zooplankton/copepods

during the whole live-feed period (Kvenseth and Øiestad,

1984; Kjørsvik et al., 1991; Imsland et al., 2006; Van der

Meeren et al., 2008; Busch et al., 2010; Koedjik et al., 2010;

Hamre et al., 2013; Mæhre et al., 2013; Karlsen et al., 2015).

Copepods as live feed have also given positive long term effects

on growth in cod (Imsland et al., 2006; Karlsen et al., 2015), and

even copepod feeding for shorter periods during the earliest

feeding stages has shown positive effects on the juvenile size (Øie

et al., 2015). Copepods have a well-balanced composition of

proteins, free amino acids and lipids, including significant

amounts of n-3 fatty acids in the phospholipids (Shields et al.,

1999; Evjemo et al., 2003; Drillet et al., 2006; Van der Meeren

et al., 2008; Olsen et al., 2014; Karlsen et al., 2015). Changing the

first-feeding diets from rotifers to copepods have shown
ays post-hatch; DWF,

se 1, H2O2, hydrogen

, stratified hyperplasia;
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promising results in several aquatic species (Conceição et al.,

2010). However, the mechanisms leading to this prolonged

growth advantage are yet unknown.

Skeletal muscle is the largest and most rapid growing tissue

in fish larvae (Osse et al., 1997; Johnston et al., 2011). The two

main mechanisms for growth of skeletal muscle in vertebrates

are hypertrophy (increase in muscle size) and hyperplasia

(increase in the number of muscle cells) (Weatherley et al.,

1988). Generally, hypertrophy occurs all the time throughout

most of a fish’ life, whereas stratified hyperplasia occurs in

distinct phases (Rowlerson et al., 1995; Johnston et al., 1998).

In mammals, hyperplasia also occurs in two major waves, but

hyperplasia stops shortly after birth (Kelly and Zacks, 1969;

Denetclaw et al., 1997; Gros et al., 2004; Rossi and Messina,

2014). The primary muscle fibers in fish are formed from

embryonic myoblasts (called embryonic muscle fibers). In

pelagic fish larvae, new muscle fibers are formed between the

red and white muscle layers (stratified hyperplasia) from the

start of exogenous feeding, and from metamorphosis new fibers

are formed between the existing white muscle fibers in the whole

myotome (mosaic hyperplasia) (Weatherley et al., 1988; Veggetti

et al., 1990; Rowlerson et al., 1995).

In cod larvae, stratified hyperplasia occurs in the 5 – 15 mm

SL larvae and is the predominant muscle growth mechanism in

the 7 – 10 mm SL cod larvae (Vo et al., 2016) during the live prey

feeding period. After hatching teleost muscle hyperplasia

requires the proliferation of muscle precursor cells and a

common feature of many proliferating cells is aerobic

glycolysis, a phenomenon termed “the Warburg effect”

(Vander Heiden et al., 2009). A major function of aerobic

glycolysis is to support macromolecular synthesis of DNA,

RNA, proteins, and lipids by providing precursors for these

chemical constituents (Lunt and Vander Heiden, 2011).

However, glycolysis is inefficient in generating adenosine

triphosphate (ATP) and the yield is only 2 ATP/glucose,

whereas oxidative phosphorylation can generate up to 36

ATP/g lucose (Lehn inger e t a l . , 1993) . Ox ida t iv e

phosphorylation in mitochondria (aerobic energy) is therefore

the main contributor of ATP in most cells, including in

proliferating cells (Lunt and Vander Heiden, 2011). Therefore,
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investigating the molecular effects of live prey types on

glycolysis, gluconeogenesis and oxidative phosphorylation

processes in relation to muscle growth phases may shed new

light on the underlying cellular mechanisms behind the variation

in larval growth rates caused by live prey types.

The fundamental events in myogenesis (the specification,

proliferation, differentiation and fusion of myogenic precursor

cells (MPCs)) are regulated by myogenic regulatory factors (i.e.,

myod, Myf5, Myogenin, Mrf4) (Johnston, 2006; Rossi and

Messina, 2014), but it also depends on external signaling

factors, released by the surrounding tissues (Valente et al.,

2013; Rossi and Messina, 2014). The insulin-like growth factor

(IGF) system is one of the central signaling pathways of

hypertrophic growth in fish larvae and regulates protein

synthesis, breakdown and replacement (Johnston et al., 2011;

Valente et al., 2013; Garcıá de la Serrana et al., 2014). However,

the specific signaling factors and pathways that control the

temporal muscle hyperplastic growth phases remain unclear in

vertebrates (Valente et al., 2013; Rossi and Messina, 2014).

A rapid growth to a larger size is also beneficial for the

larvae’s ability to swim faster, which in small pelagic larvae is

dependent on the viscous forces of water relative to their body

size. Skeletal muscle is the main organ for locomotion, which

probably needs to develop continuously to adapt to these

perceived changes in water viscosity relative to their increasing

body size. Cod larvae hatch at around 3 – 4 mm SL, they start

with an anguilliform swimming behavior, characterized by

undulations throughout the body, and they gradually shift to a

carangiform swimming mode, with movements mainly near the

tail (Weihs, 1980; Webb and Weihs, 1986; Osse and van den

Boogart et al., 2004; Müller et al., 2008; Voesenek et al., 2018).

Their swimming activity/capability increase exponentially from

around 10 mm SL (Clark et al., 2005; Peck et al., 2006; Leis et al.,

2007), which is associated with a shift from muscle hyperplasia

to muscle hypertrophy (Vo et al., 2016). The “adult type”mosaic

hyperplasia occurs from around 20 mm SL (Vo et al., 2016).

The period of stratified hyperplasia (7 – 10 mm SL) is

associated with a shift to a more oxidized redox state during

cod larval development (Hamre et al., 2014). The cellular redox

state is known as a key determinant of cell fate (cell survival,

proliferation, differentiation, and apoptosis) in multicellular

organism development (Kamata and Hirata, 1999; Matsuzawa

and Ichijo, 2008). The change in redox state in a biological system

occurs commonly in response to a change in the level of reactive

oxidative species (ROS), including the superoxide anion (O−
2 ),

hydrogen peroxide (H2O2), and hydroxyl radicals (OH·) (Urao

and Ushio-Fukai, 2013; Holmström and Finkel, 2014; Schieber

and Chandel, 2014; Chandel et al., 2016). ROS have long been

considered to evoke damage or oxidative stress to tissues, but

especially H2O2 is now also considered as a secondary messenger

when induced in small amounts. ROS act as signaling molecules to

initiate biological processes and to maintain physiological

functions in cells; so-called ROS signaling – redox biology
Frontiers in Marine Science 03
(Urao and Ushio-Fukai, 2013; Holmström and Finkel, 2014;

Schieber and Chandel, 2014; Jones and Sies, 2015; Chandel

et al., 2016). ROS are by-products of aerobic metabolism

(Halliwell, 1991), which is the main metabolism of red muscle,

while white muscle function changes from predominantly aerobic

to anaerobic metabolism during climax-metamorphosis in fish

larvae (El-Fiky et al., 1987). During intense contractile activity,

muscle mitochondria generate a high ROS flow, which may

trigger different signaling pathways leading to diverging

responses, from adaptation to cell death (see reviews by Jackson,

2005; Barbieri and Sestili, 2012 ). Therefore, our hypothesis is that

the viscous force of seawater and the ROS level in muscle tissues,

represent external and internal drivers that generate the

correlation between muscle growth dynamics and body size

growth in cod larvae.

The cod larvae in this experiment were fed either harvested

zooplankton (mainly copepods) or enriched rotifers and Artemia

as described by Karlsen et al. (2015). Larvae fed copepods had a

much higher growth rate (Karlsen et al., 2015), and Penglase et al.

(2015) found that the rotifer fed cod larvae developed a more

reduced redox potential than copepod fed larvae. Even at the late

juvenile stage (28.5 to 31.5 cm SL range, 15 months), the body size

was still significantly larger in the cod where the larvae were fed

copepods compared to those fed rotifers/Artemia. The largest

dietary growth effect was thus observed especially after weaning to

a formulated diet, and our hypothesis is that the predominant

stratified hyperplastic growth phase in larval cod muscle is a

window for modulating the growth rate in larvae and that it may

lead to a long-lasting improved growth potential.

Our aim in this study was to investigate the effect of larval

live feed (copepods or rotifers and Artemia) on the molecular

relationships between somatic growth and the skeletal muscle

growth dynamics, metabolism, and antioxidant defense system

in developing Atlantic cod larvae from the experiment of Karlsen

et al. (2015). We focused on whole body analyses (RNAseq) for

gene expressions of myogenic markers (proliferation,

differentiation) and target genes and receptors of metabolism

(glycolysis, gluconeogenesis, oxidative phosphorylation). For

more specific data from skeletal muscle tissue samples, we

used qPCR analyses for gene expressions of skeletal muscle

myogenesis, and antioxidant defense system (production/

regulation of reactive oxygen species (ROS)). The target genes

that were used in the molecular analyses are listed in Table 1.
Materials and methods

Experimental design and larval sampling

The cod larvae and juveniles were reared in accordance

with the Norwegian Animal Welfare Act of 20th December

1974, No. 73, Sections 20– 22, amended 19th June 2009.

Fertilized eggs were obtained from coastal Atlantic cod from
frontiersin.org
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western Norway, which were held at the Institute of Marine

Research (IMR), Austevoll Research Station. Details for the

main cod larval feeding experiment related to larval growth

and survival, experimental conditions, prey types, prey

quantities, prey and larval sampling, and biochemical

composition are described in Van der Meeren et al. (2014)

and in Karlsen et al. (2015).

In summary, the cod larvae were stocked in four 500-litre

tanks from hatching to 4 days post-hatch (dph), then they were

divided into six tanks at 50000 cod larvae/tank. Larvae in three

tanks were fed harvested copepods from a marine pond system

(Copepod-fed larvae), while larvae in the other three tanks were

fed cultivated and enriched rotifers followed by enriched

Artemia nauplii (Rotifer/Artemia-fed larvae). Weaning started

with formulated diets from around 15 mm standard length (SL)

and continued until around 50 mm SL (juvenile stage)

(see Figure 1).
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Whole larvae were sampled at 4 dph (the control point before the

start of exogenous feeding), and 2 hours after morning feeding on

other sampling days. Due to the expected increased differences in

larval growth between treatments, the larvae and early juveniles were

sampled according to specific developmental stages and mean

standard lengths, as described in Karlsen et al. (2015) and in Table 2.

All larvae were sampled randomly from the experimental

tanks. The sampled larvae were euthanized in tricaine methane

sulfonate (MS-222, Argent Chemical Laboratories Inc.,

Redmond, WA, USA), and rinsed in distilled water for a few

seconds before further fixation and analytical treatments.
RNA sequencing

Samples of whole larvae were stored in RNA later (Ambion,

Austin, Texas, USA). A pooled sample of larvae was used at stage 0
ABLE 1 Target genes and receptors selected for evaluation of possible effects from live prey type in relation to myogenesis, glycolysis,
luconeogenesis and oxidative phosphorylation in cod larvae.

rea Genes Function References

yogenesis pax7
myod
pcna
mef2
igf1
igf1-r

myogenic progenitor cells (MPC)
activated MPCs
cell proliferation
differentiation muscle cells
regulator myoblast proliferation
transmembrane receptor

Johnston, 2006; Rossi and Messina, 2014

Garcia de la Serrana et al., 2014
Valente et al., 2013

etabolism pfkl – liver isoform of phosphofructokinase
pfkm - muscle isoform of
phosphofructokinase
fbp2 - Fructose diphosphatase
ldhA - Lactate dehydrogenase
slc2a11 - muscle-specific
ppar-a - nuclear receptor

glyolytic enzyme

gluconeogenic enzyme
glycolysis
fructose transport facilitator
lipid metabolism

Knox et al., 1980; Koster et al., 1980; Dunaway et al.,
1988

Rogatzki et al., 2015

Zhao and Keating, 2007
Lefebyre et al., 2006

ntioxidant defense
stem

sod1 / sod2
gpx1 - glutathioneperoxidase
cat - catalase
p38
caspase
nox1

convert O2
- to H2O2

Enzymatic antioxidant defense
Enzymatic antioxidant defense
Inhibit cell division
Mediator apoptosis
Encoding the enzyme NADPH
oxidase 1

Brand, 2010
Fridovich, 1997

Igea and Nebreda, 2015
Lakhani et al. 2006
Lambeth, 2004
FIGURE 1

Experimental setup. Cod larvae were fed either copepods (nauplius and copepodite stages) or rotifers and Artemia, then weaned onto a
commercial formulated diet from around 15 mm size. Cod larvae were sampled at corresponding larval body sizes at around 4, 5, 7, 9-10, 24-26,
and 35-42 mm SL in the two treatments.
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(control point, 4 dph), and total RNA from pooled samples of five

whole larvae in each triplicate were used for sequencing in later stages.

The details of the RNA extraction, quantification, and

sequencing analysis were described in Penglase et al. (2015),

and the mean larval sizes at each sampling points are shown in

Table 2. The gene expression data by RNA-seq were from 4 – 30

mm range, i.e., only larval stages. The raw data of the cod larvae

from this experiment can be found at The Sequence Read

Archive at NCBI (Accession ID: PRJNA277848). The reads

were normalized by the total number of mapped sequences.

Thereafter, they were expressed as fold change compared to day

4 post-hatch larval samples (4 mm/control samples) and were

presented as a function of larval body size (SL) and of white

muscle growth dynamics as described in Vo et al. (2016).
Frontiers in Marine Science 05
Quantitative real-time PCR (qRT_PCR)

For more specific analyses of development in the larval

muscle tissue, messenger RNA (mRNA) expression of genes

encoding for myogenic markers (pcna, pax7, myod1, myodh1)

and antioxidant enzyme genes (sod1, sod 2, cat, gpx1, nox1, and

p38) were analyzed by quantitative real-time (RT) PCR (see

Table 3 for details). The larvae were snap frozen in liquid N2,

freeze dried and stored at -80°C before further treatment. To

quantify the gene expression levels in the larval muscle tissues,

head and gut were dissected (mostly muscle and skeleton

remaining) from sampled larvae that were of approximately

similar size for each stage and treatment (stages 0 – 5, up to

mean size of 40 mm SL).
TABLE 2 Overview of larval developmental stages and mean sizes for RNA-seq and qRT-PCR at different sampling points.

Develop-
mentalstage

Meta-morphic
stage

Diets Copepod-fed larvae Rotifer-fed larvae

Day post-
hatch

Mean larval
sizes (SL - mm)

Day post-
hatch

Mean larval
sizes(SL - mm)

RNA-
seq

qPCR RNA-
seq

qPCR

0 Pre- Before feeding 4 4.5 ± 0.2 4.5 4 4.5 ± 0.2 4.5

1 Pre- Copepods vs. Rotifers 11 5.1 ± 0.3 5.2 11 5.2 ± 0.4 5.2

2 Pro- Copepods vs. Rotifers 22 7.0 ± 0.7 7 22 6.9 ± 0.6 7

3 Pro- Copepods vs. Rotifers 29 10.1 ± 0.9 10 31 8.5 ± 0.7 10

4 Climax- Copepods vs. Artemia 37 12.9 ± 1.4 15 54 14.8 ± 2.6 15

5 Post climax- Commercial formulated
diet

53 23.7 ± 3.1 25 71 26.5 ± 3.2 25

6 Juvenile Commercial formulated
diet

74 – 40 85 – 40
frontie
Developmental stages, and mean size of larval samples for RNA-seq are as described in Karlsen et al., 2015. From each treatment, pooled larval samples were used for RNAseq analysis, and
four larvae close to the mean SL ( ± 0.1 mm) for each stage were dissected for muscle qPCR-analysis.
TABLE 3 Primer pair sequences, amplicon size for genes used for real time PCR.

Target gene 5′-3′ primer sequence Amplicon size

Forward Reverse

Pax7 CGTGTTGAGGGCCCGGTTTGGCA CCTCGTCTGTGCGGTTGCCTTTA 131

Pcna GATGGGTTTGACTCCTACCG CGAGCGTGTCAGCATTGTCT 126

Myod1 ACGCGTTTGAGACACTGAAG AGTGTCCTCCTGTCCTCCAC 112

Myod1h1 CGCTGAAGAGGAGCACCCTGATG TCCTGCTGGTTGAGCGAGGAGAC 121

Sod1 CATGGCTTCCACGTCCATG CGTTTCCCAGGTCTCCAACAT 133

Sod2 ATGTGGCCTCCTCCATTGAA GCATCACGCCACCTATGTCA 129

Gpx1 CCAAATATGGACGGCATAGGA CAAACGCTACAGCCGGAACT 101

p38 AGTCTCTGCTTCCAGTCGGT CTCGACAGCTTCTTCACTGC 132

nox1 GCCTATATGATTGGCCTGATGAC GCTGTGCTGAGTGGGTCGTA 107

cat GCCAAGTTGTTTGAGCACGTT CTGGGATCACGCACCGTATC 101
(Annealing temperature conditions at 60°C).
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At each stage, each treatment had three to four replicates of 1-

6 larvae. All samples were homogenized in Trizol reagent

according to the manufacturer’s protocol. The purity and

integrity of the RNA samples were verified by NanoDrop

ND-1000 Spectrophotometer (Nano- Drop Technologies),

OD260 nm/OD280 nm ratio for all samples ranged between 1.96

and 2.10 and formaldehyde agarose gel electrophoresis.

Complementary DNA (cDNA) for the quantitative PCR (qPCR)

reactions were generated from 1 mg total RNA using a combination

of random hexamer and poly-T primers from iScript cDNA

Synthesis Kit, as described by the manufacturer (Bio-Rad). The

expressions of individual gene targets were analyzed usingMx3000

real-time PCR system (Stratagene, La Jolla, CA). Each 25-mL DNA
amplification reaction contained 12.5 mL of iTAQTMSYBR Green

Supermix with ROX (Bio-Rad), 5 mL of diluted cDNA (1:6), and

200 nM of both forward and reverse primer. The three-step real-

time PCR program included an enzyme activation step at 95°C

(3min) and 40 cycles at 95°C (15s), 55–60°C (30s), and 72°C (20s).

PCR reaction efficiency (E) for each gene assay was

determined using serial dilutions of plasmid containing the

amplicon of interest and showed a stable expression pattern

between larval pools. To confirm amplification specificity, the

PCR products from each primer pair were subjected to melting

curve analysis during qPCR assays. Cycle threshold (Ct) values

obtained were converted into mRNA copy number using

standard plots of Ct versus log copy number. The standard

plots were generated for each target sequence using known

amounts of plasmid containing the amplicon of interest, as

previously described, and validated (Arukwe, 2006; Kortner

et al., 2011). Data obtained from cDNA amplification were log

transformed, averaged, and thereafter expressed as fold change

of day 4 post-hatch larvae (control sample).
Statistical analysis

Statistics were performed with SPSS 18.0 for Windows.

Normality and homogeneity of variances were tested with the

Shapiro–Wilk W-test and Levene’s test, respectively. Significant

differences between different larval stages were determined using

One-way ANOVA followed by Tukey’s Multiple Comparison

Test. To find the combined differences between diets and larval

stages of the two dietary treatments, a two-way ANOVA was

used, using larval stages as repeated measurement. The level of

statistical significance was set at p < 0.05.
Results

Growth and survival

The cod larvae from both groups had similar growth rates up

to 22 dph (mean 7 mm SL, stage 2). In the size range 7 - 15 mm
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SL (stages 2 – 4), the specific growth rate of the Copepod-fed cod

larvae increased to about two times higher (15.5% day−1) than

for the Rotifer/Artemia-fed larvae (8.6% day−1). After weaning

to the same commercial formulated diet from around 15 mm SL

(stage 4/5), they had similar specific growth rates (about 12%

day−1) until the end of the experiment at around 49 mm SL

(stage 6, the juvenile stage). With regards to time, larvae in the

copepod-fed group reached a mean SL of 10 mm at about 30

dph, while larvae in the rotifer/Artemia-fed group reached 10

mm SL at around 40 dph. Cod larvae reached a mean SL of 49

mm at 73- and 84 dph in the copepod-fed and in the rotifer/

Artemia-fed group, respectively.
Gene expression patterns (RNAseq) of
whole cod larvae

The cod larvae had significantly more upregulated pcna

expression at 7 – 10 mm SL (stage 2 – 3), and from 15 - 25

mm SL (stage 5) expression levels were no longer different from

those in unfed yolk sac larvae (stage 0) in both larval groups as

shown in Figure 2A.

The myogenic precursor cell (MPC) population (expression

of pax7) was significantly upregulated in the 4 - 10 mm SL range

(stages 0 – 3), then expression values decreased steadily in the 15

- 25 mm SL range, with no significant differences between the

nutritional treatments (Figure 2B).

Further, the expression pattern of myod1 was more similar

to mef2a expression (Figures 2C, E) while myod2 in Copepod-

fed larvae showed a comparable expression pattern to pcna

(Figures 2A, D),

Expression of pcna and myod2 were significantly more

upregulated in the Copepod-fed larvae at 7 - 10 mm SL

(Figures 2A, D). At 15 mm SL, the expressions of pcna, pax7,

and myod2 (Figures 2A, B, D) were significantly higher in the

Copepod-fed larvae than in the rotifer/Artemia-fed larvae.

Expression of casp3 approximately doubled between 4 and

10 mm SL in both groups. From then the casp3 gene in rotifer fed

larvae was rapidly upregulated to six fold-change. This rapid

upregulation of casp3 only occurred in Copepod-fed larvae from

15 mm SL onwards (Figure 2F).

Igf1 was continuously and significantly upregulated from 4

to 30 mm SL, while igf1r expression increased significantly at 5

mm SL and was stable thereafter. No significant differences in

the expression of igf1 and igf1r were found between the two

groups at any given body size (Figure 3).

The expression pattern of pfkl was relatively stable whereas

pfkm continuously increased in both groups in the 7 - 30 mm SL

size range (Figures 4A, B). The expression of fbp2 and ldhA were

continuously upregulated from 7 to 30 mm SL (Figures 4C, D).

The expression of slc2a11 was stable in the 4 – 15 mm SL range,

and then increased significantly in the 15 - 30 mm SL range

(Figure 4E), and expression values were significantly higher in
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FIGURE 2

Gene expression (RNA-seq) of (A) pcna; (B) pax7; (C) myod1; (D) myod2; (E) mef2a; and (F) casp3 in whole-body Atlantic cod larvae fed rotifers/
Artemia (red line) or Copepods (blue line) in relation to muscle growth dynamics. Muscle growth dynamics (hypertrophy and stratified and
mosaic hyperplasia) in relation to body size is indicated by horizontal bars (data from Vo et al., 2016). Data are given as mean (n=3 [n= 4 at 4
dph] ± SEM) and values are expressed as fold change compared to day 4 post-hatch. Different letters indicate significant differences between
the larval stages and treatments (P < 0.05).
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Copepod-fed larvae in all stages after exogenous feeding started.

The expression of ppar-a increased significantly in the 5-7 mm

SL range, then decreased during development and the lowest

levels in both groups were in the 15 – 30 mm SL

range (Figure 4F).

At 7 and 10 mm SL the expressions of pfkm, fbp2 and ldhA

(Figures 4B–D) were significantly higher in the Copepod-fed

larvae. At 7, 10, and 15 mm SL the expression of slc2a11

(Figure 4E) was about 5 to 10 times higher in Copepod-fed

larvae. At 10 mm SL, the expression of ppar-a (Figure 4F) was

significantly higher in rotifer/Artemia-fed larvae than in the

Copepod-fed larvae.
Gene expression patterns (qPCR) in
skeletal muscle tissue

The cod larvae had upregulated pcna expression about 10 –

30 times at 7 – 10 mm SL (stage 2 – 3), and from 15 - 25 mm SL

(stage 5) expression levels were no longer different from those in

unfed yolk sac larvae (stage 0) in both larval groups, as shown in

Figure 5A. The myogenic precursor cell (MPC) population

(expression of pax7) continuously increased in the 4 - 10 mm

SL range (stages 0 – 3), then values decreased steadily in the 10 -

40 mm SL range (Figure 5B).Myod1 and myodh1 expressions in

both cod larval groups increased in the 4 – 15 mm SL range, then
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slightly decreased and remained stable in the 25 – 40 mm SL

range (Figures 5C, D).

At 10 mm SL, the expression of pcna was more upregulated

in the Copepod-fed larvae, and at 15 mm SL the expressions of

pcna, pax7, myod1 and myodh1 (Figures 5A–D) were

significantly higher in the Copepod-fed larvae than in the

rotifer/Artemia-fed larvae.

In both larval groups the expression patterns of sod1 and

sod2 continuously increased in the 4 – 10 mm SL range, peaking

at 10 mm SL (stage 3) and then decreased 15 - 40 mm SL (Stages

4- 6) (Figures 6A, B). The expression pattern of cat decreased in

both groups in the 4 - 15 mm SL range and increased somewhat

in the 25 - 40 mm SL range (Figure 6C). Further, gpx1 expression

pattern was relatively low and stable in the 4 – 15 mm SL range,

and then increased about 10 – 20 folds at 25- and 40-mm SL

(Figure 6D), although no significant difference between the

groups was observed at 40 mm SL. The expression pattern of

nox1 was stable at 4 – 5 mm SL, peaking at 7 mm SL, and

decreasing thereafter from 10 to 40 mm SL (Figure 6E).

Expression pattern of p38 increased continuously from 4 to 10

mm SL, then decreased from 10 to 40 mm SL in larvae from both

feeding groups (Figure 6F). Also, at 15 mm SL, the expression of

p38 was significantly higher in Copepod-fed larvae (Figure 6F).

In the largest larvae around 40 mm SL, no significant differences

were found for any of the ROS-related genes between the

larval groups.
A B

FIGURE 3

Gene expression (RNA-seq) of (A) igf1; and (B) igf1r in whole-body Atlantic cod larvae fed rotifers/Artemia (red line) or copepods (blue line) in
relation to muscle growth dynamics. Muscle growth dynamics (hypertrophy and stratified and mosaic hyperplasia) in relation to body size are
indicated by horizontal bars (data from Vo et al., 2016). Data are given as mean (n=3 [n= 4 at 4 dph] ± SEM) and values are expressed as fold
change compared to day 4 post-hatch. Different letters indicate significant differences between the larval stages and treatments (P < 0.05).
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FIGURE 4

Gene expression (RNA-seq) of (A) pfkl; (B) pfkm; (C) fbp2; (D) ldhA; (E) slc2a11; and (F) ppar-a in whole-body Atlantic cod larvae fed rotifers/
Artemia (red line) or Copepods (blue line) in relation to muscle growth dynamics: Muscle growth dynamics (hypertrophy and stratified and
mosaic hyperplasia) in relation to body size are indicated by horizontal bars (data from Vo et al., 2016). Data are given as mean (n=3 [n= 4 at 4
dph] ± SEM) and values are expressed as fold change compared to day 4 post-hatch. Different letters indicate significant differences between
the larval stages and treatments (P < 0.05).
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Discussion

Identifying key factors promoting growth
in Atlantic cod larvae

Cod larvae fed copepods had a much higher growth rate

than those fed rotifers/Artemia, and the dietary effects should be

due to the prey’s composition of protein, lipids, as well as

micronutrients. The level of protein is about two times higher

in copepods than in rotifers and Artemia, and is one of the key

factors generating the growth variations between the two larval

groups (Karlsen et al., 2015). Finn et al. (2002) found that in cod

larvae fed copepods the contribution of protein to energy fuel
Frontiers in Marine Science 10
was at a high level in the 4 – 7 mm SL range and started declining

beyond 7 mm SL.

Another major factor related to the larval growth difference

in this experiment, is the dietary long-chained polyunsaturated

fatty acids (PUFAs). Marine larvae have high requirements of

PUFAs (Izquierdo et al., 2000), and lipid composition in the

copepods is very different from that of enriched rotifers and

Artemia. The essential dietary highly unsaturated n-3 fatty acids

(HUFAs) docosahexaenoic acid (DHA) and eicosapentanoic

acid (EPA) are incorporated in the phospholipids (PL) of the

copepods, whereas they are included in the triacyl-glycerides

(TAG) in enriched rotifers and Artemia (Evjemo et al., 2003;

Van der Meeren et al., 2008). Marine fish larvae can utilize the
A B

DC

FIGURE 5

Gene expression (qPCR) of (A) pcna; (B) pax7; (C) myod1; and (D) myodh1 in skeletal muscle tissue of Atlantic cod larvae fed rotifers/Artemia
(red line) or Copepods (blue line) (quantitative real-time PCR (qPCR) in relation to muscle growth dynamics: Muscle growth dynamics
(hypertrophy and stratified and mosaic hyperplasia) in relation to body size is indicated by horizontal bars (data from Vo et al., 2016). Data are
given as mean (n= 4 ± SEM) and values are expressed as fold change compared to day 4 post-hatch. Different letters indicate significant
differences between the larval stages and treatments (P < 0.05).
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dietary PUFAs more efficiently for growth and normal

development if they are incorporated in the PL than in the

TAG (Gisbert et al., 2005; Kjørsvik et al., 2009; Wold et al., 2009;

Olsen et al., 2014). In marine larvae, these PL requirements seem

to decline towards the juvenile stage (Tocher et al., 2008; Cahu

et al., 2009).

Ppar-a is a key nuclear receptor for regulation of liver and

skeletal muscle lipid metabolism and glucose homeostasis

(Lefebyre et al., 2006). However, ppar-a is also one of the

key transcriptional regulators of intermediary metabolism

during fasting in mammals. It induces hepatic fatty acid

oxidation, regulates hepatic glucose production, and affects

amino acid metabolism (Kersten, 2014). In our experiment,
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larval expression of ppar-a had a similar developmental

pattern in larvae from both treatments. It was rapidly

upregulated between 4- and 5-mm SL (4 – 11 dph), which is

the short period of first exogenous feeding, when some yolk

reserves are still present (“mixed feeding period”) and larval

digestion switches from endogenous to exogenous nutrients

(Hoehne-Reitan and Kjørsvik, 2004). It was significantly more

upregulated in 5-10 mm SL rotifer-fed larvae, and it was similar

between the groups from 15 mm SL, when stratified

hyperplasia was ending and all larvae were weaned to the

same formulated diet.

Ppar-a in the cod larvae was rapidly upregulated when their

yolk nutrients were diminishing, and they had to start exogenous
A B
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FIGURE 6

Gene expression (qPCR) of (A) sod1; (B) sod2; (C) cat; (D) gpx1; (E) nox1; and (F) p38 in skeletal muscle tissue of Atlantic cod larvae fed rotifers/
Artemia (red line) or Copepods (blue line) in relation to muscle growth dynamics. Muscle growth dynamics (hypertrophy and stratified and
mosaic hyperplasia) in relation to body size is indicated by horizontal bars (data from Vo et al., 2016). Data are given as mean (n= 4 ± SEM) and
values are expressed as fold change compared to day 4 post-hatch. Different letters indicate significant differences between the larval stages
and treatments (P < 0.05).
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feeding. The higher expression level of ppar-a in the rotifer fed

larvae during the live feed period was thus most likely due to

suboptimal nutrition, especially during the period with slowest

growth. Both sea bass (Vagner et al., 2009) and Siberian sturgeon

larvae (Luo et al., 2019) demonstrated lower growth and

upregulated mRNA levels of ppar-a and other genes involved

in fatty acid transport during feeding with low levels of n-3

HUFAs, and differences in ppar-a levels disappeared in older

larvae and juveniles, just as we found in this experiment.

The largest growth variation between our two larval groups

was found from 7 to 10 mm SL (stage 2-3), which is also the

strongest phase of stratified muscle hyperplasia (Vo et al., 2016).

Our present results demonstrate that the gene expression of

glycolysis, gluconeogenesis, oxidative phosphorylation and

lactate flux were significantly higher in Copepod-fed larvae

than in rotifer/Artemia-fed larvae in this size range, and this

could result in higher enzyme activities in the Copepod-fed

larvae. The glycolytic enzyme activity of white muscle tissue

increases with body size (Somero and Childress, 1980; Sullivan

and Somero, 1983), with a high rate of lactate production in the

white muscle during maximal burst-type activity (anaerobic

power) (Goolish, 1989). Fish larvae rely almost entirely on

aerobic power until climax metamorphosis (Wieser, 1995),

which occurs from around 10 mm SL in cod larvae (Vo et al.,

2016). A higher ratio of dietary carbohydrate in diets promotes

the rates of glycolysis and gluconeogenesis in gilthead seabream

(Sparus aurata) (Metón et al., 1999) and in zebrafish, (Danio

rerio) (Rocha et al., 2015). Carbohydrate content ranges from 0.2

to 5.1% of dry weight in copepods (Corner and O’Hara, 1986)

and from 10 to 27% in rotifers (Støttrup and McEvoy, 2003), and

fish do not seem to utilize carbohydrates effectively (Wilson,

1994; Moon, 2001).

Proliferating cells rely on aerobic glycolysis with a high rate

of lactate generation (about 90% of total glucose consumption)

for macromolecular synthesis, but they need a high energy

supply from oxidative phosphorylation (Warburg, 1956;

Vander Heiden et al., 2009; Lunt and Vander Heiden, 2011) .

In general, lactate is generated in muscle, then circulated to the

liver, where lactate is converted back to glucose by

gluconeogenesis, called the Cori cycle (Cori and Cori, 1929).

Lactate is now known as the primary production for spatially

linking glycolysis to oxidative phosphorylation (Rogatzki et al.,

2015), as it is a major carbon source to generate ATP via

oxidative phosphorylation in mitochondria in most tissues in

mice and humans (Faubert et al., 2017; Hui et al., 2017). In the 7

– 10 mm SL range (stage 2-3) of cod larvae, a high density of

mitochondria was observed not only in red muscle fibers but also

in new white muscle fibers (Vo et al., 2016). The number of new

white muscle fibers account for more than 90% of the total

number of muscle fibers in the 7 – 10 mm SL range (Vo et al.,

2016). At this stage, lactate generated by proliferating cells thus

has a high potential to go through oxidative phosphorylation in

red and new muscle fibers.
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However, Chauton et al. (2015) found that the content of

lactate was higher in the rotifer/Artemia-fed larvae than in the

Copepod-fed larvae from around 9 - 25 mm SL. Cod larvae fed

rotifers/Artemia also had a significantly higher glycogen store in

the liver than larvae fed copepods at around 6 -7 mm SL

(Kjørsvik, pers. comm.). These data suggest that lactate and

glucose sources were highly available, but larvae were unable to

convert it all to energy for growth when they were fed rotifers/

Artemia. Our present results (ldhA, pfk, slc2a11) also showed

that the glucose metabolism was triggered, and that it

contributed to the energy needed from around 7 mm SL in

cod larvae fed copepods, whereas this occurred only from 10 mm

SL in larvae fed rotifers/Artemia.

We found no differences between the larval groups in the

transcript levels of igf1 and igf1r in the present study, similar to

Katan et al. (2016) who did not find differences in hormones and

hormone receptors (igf1, igf2, growth hormone (gh), gh1r, gh2r

and myostatin (mstn)) between cod larvae fed natural

zooplankton or rotifers and Artemia. However, the expression

of slc2a11 (muscle-specific fructose transport facilitators) was

about 5 to 10 times higher in Copepod-fed larvae than in rotifer/

Artemia-fed larvae in the 5 – 15 mm SL range (the live prey

feeding period). Exercise is now known as an important factor

for promoting glucose metabolism (by up to 50-fold) by

increasing the delivery and transport across the muscle

membrane and intracellular flux in humans (Sylow et al.,

2017). Cod larvae need to use higher swimming speeds

(intense burst) for capturing fast swimming prey (copepods)

than for slow swimming prey (rotifer or protozoan), and there

are less escape responses when cod larvae attack slow-swimming

prey rather than the fast prey organisms (Hunt von Herbing and

Gallager, 2000). Moreover, at around 10 mm SL, the expression

of sod2 in skeletal muscle was significantly higher in the

Copepod-fed larvae than in the rotifer/Artemia-fed larvae.

Sod2 is responsible for rapidly converting superoxide, which is

generated by mitochondria during muscle contraction to

hydrogen peroxide (H2O2) (Fridovich, 1997). Cod larvae thus

probably need to use a higher swimming speed and spend more

time for hunting copepods than for rotifers and Artemia. In

other words, the duration of active swimming of cod larvae

would be higher in those fed copepods than in those fed rotifers/

Artemia. This probably led to a better delivery and transport

across the muscle membrane, and to intracellular flux through

glycolysis and oxidative phosphorylation. We therefore propose

that active swimming may be a key factor for enhancing muscle

growth, in terms of utilizing the available energy sources

for growth.

A high level of taurine in skeletal muscle is vital for

excitation-contraction coupling, organelle structure and

regulation of skeletal muscle energy metabolism during

exercise (Ito et al., 2014). In the present experiment, taurine

and zinc were at least ten times higher in copepods than in

rotifers and Artemia (Karlsen et al., 2015), which could affect the
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swimming capacity of the cod larvae. Taurine deficiencies result

in lipid accumulation, mitochondrial damage, and oxidative

stress (Militante and Lombardini, 2004; Espe et al., 2012; Jong

et al., 2012; Espe and Holen, 2013; Jong et al., 2021),. The low

levels of zinc in rotifers and Artemia could have negative effects

on the enzymatic activity of sod1. Enzymatic activity of sod1

depends on the presence of Cu and Zinc for proper protein

folding and stability (Fukai and Ushio-Fukai, 2011; Marreiro

et al., 2017). In larvae from our experiment, this would probably

lead to accumulation of superoxide, more associated with

oxidative stress than with redox signaling, from around 7 mm

SL in rotifer/Artemia-fed larvae. Rise et al. (2015) also found that

the redox system in cod larvae fed rotifers/Artemia was affected

by a low level of selenium, which plays an important role in

stabilizing the function of sod1 (Rükgauer et al., 2001).

Copepods generally contain much higher levels of minerals

than cultivated rotifers and Artemia sp. (Mæhre et al., 2013).

Therefore, high concentrations of taurine and minerals in larval

diets may be crucial for achieving high muscle contractions, with

subsequent and stabilized ROS levels and improved growth in

cod larvae; especially in the 4 – 10 mm SL range when the most

intense stratified hyperplastic muscle growth is occurring.
External and internal drivers in cod larval
muscle growth dynamics

We previously found that muscle growth dynamics

(relationship between hypertrophy and hyperplasia) is strongly

related to body size in Atlantic cod larvae (Vo et al., 2016).

Although the molecular developmental patterns between larval

groups were similar, the myogenic genes (pcna, pax7, myod)

showed a stronger upregulation in Copepod-fed larvae.

Muscle differentiation (mef2a expression) always occurred,

the mef2a expression was increasing throughout development,

and no difference was observed between the treatments.

Hypertrophy is the predominant early growth mechanism in

cod larval muscle from 4 to 7 mm SL (Vo et al., 2016), which

requires enhanced synthesis of muscle protein and muscle

membranes (Valente et al., 2013). Muscle proliferation

(stratified hyperplasia), as shown by pcna expression, occurred

in the 5 - 15 mm SL range (stage 1-4), peaking at 10 mm SL,

which is similar to our observations from histology of cod larvae

from other experiments (Vo et al., 2016). Muscle proliferation

would also increase the number of mitochondria in the muscle,

which was indirectly confirmed as we found a peak in ROS-

signaling and hydrogen peroxide (H2O2) generation (sod1 and

sod2 expressions) in larvae around 10 mm SL. In aerobic

organisms, superoxide is often produced by mitochondria and

NADPH oxidases (NOXs family) (Fridovich, 1997; Brand,

2010). Whereas ROS production by mitochondria is more

related to intracellular signaling, ROS from the NOXs family

are cell membrane proteins that can be signaling intracellularly
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and extracellularly (Brown and Griendling, 2009; Finkel, 2011).

The extracellular ROS from the NOXs family regulate gene

expression, and proliferation, differentiation, and migration of

cells in mammals (Lambeth, 2004; Bedard and Krause, 2007;

Brown and Griendling, 2009). The gene expression of cell

membrane proteins such as nox1 and igf1r peaked at 7 mm SL

(stage 2) in both cod larval groups. Therefore, the NOXs family

might be an important source of ROS, leading to the increasing

ROS levels we observed in cod muscle at the onset of stratified

hyperplasia growth around 7 mm SL (see also Penglase

et al., 2015).

The highest expressions of sod1, sod2, and pcna in the

skeletal muscle tissue (qPCR) were found around 10 mm SL

(stage 3) and their expressions were dramatically decreased from

15 mm length (stage 4) in both cod larval groups. At around 10

mm length, cod larvae change from a viscous to a transitional

swimming mode (Peck et al., 2006), and the larvae increase their

swimming activity exponentially (Peck et al., 2006; Stanley et al.,

2012). Hence, decreasing values thereafter of sod1 and sod2 in

skeletal muscle in cod larvae in both larval groups, might be the

first response of the defense antioxidant system for controlling

the levels of hydrogen peroxide (H2O2). However, this could

probably result in accumulation of superoxide (O−
2 ), which is

more associated with oxidative stress than redox signaling

(Fridovich, 1997). The expression patterns of cat and gpx1

were relatively stable in the 4 – 15 mm SL range, and gpx1

increased significantly at 25 mm SL (stage 5) in both larval

groups. Penglase et al. (2015) also found that the redox potential

(the 2GSH/GSSG concentrations) were significantly higher in

the 5 - 10 mm SL range than in the 15 – 25 mm SL range in

larvae from the present experiment. Significant changes in these

ratios are usually a sign of oxidative stress, and causing toxicity

rather than signaling (Murphy, 2011). Moreover, the expressions

of p38 (muscle, qPCR) and casp3 (whole body, RNAseq)

increased to the highest level at 10 and 15 – 25 mm SL,

respectively. The cells will respond to a low oxidative stimulus

of hydrogen peroxide (H2O2) by activating p38 to inhibit cell

proliferation (Iwasa et al., 2003) and by expressing casp3 before

or at the stage of lost cell viability (apoptosis) (Porter and

Jänicke, 1999). Overall, from around 10 mm SL, ROS levels in

skeletal muscle cells probably reached a lower stress level due to

an expanded duration of active swimming of the cod larvae. In

response, p38 and casp3 would inhibit the MPC proliferation or

even commit to cell death programming in muscle at around 10

- 15 mm SL, leading to a decrease in and/or an ending of the

stratified hyperplastic phase in skeletal muscle.

The expression of p38, cat, and gpx1 in skeletal muscle was

higher in the rotifer/Artemia-fed larvae than in the Copepod-fed

larvae at 7 mm SL. Penglase et al. (2015) also found that from 5

to 7 mm SL the redox potential decreased significantly in rotifer-

fed cod larvae but was stable in Copepod-fed larvae. At low

oxidative stress, p38 is often selectively activated for mitotic

arrest without apoptosis induction (Kurata, 2000), and the
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prolonged mitotic arrest could trigger partial activation of

apoptosis (Orth et al., 2012). To grow from 7 to 10 mm SL,

rotifer-fed larvae needed 10 days more than Copepod-fed larvae

in this experiment. Moreover, the expression of casp3 (regulating

apoptosis and inhibiting proliferation) reached the highest level

at a smaller size in rotifer-fed larvae (from around 15 to 25 mm

SL) than in Copepod-fed larvae (from around 25 mm SL). At

around 15 mm SL (at the end of stratified muscle hyperplasia),

the number of MPCs (seen by the expression of pax7, pcna,

myod1 andmyodh2) was significantly higher in the Copepod-fed

larvae than in the rotifer/Artemia-fed larvae. This corresponds

well with our observation that at a given body size, mosaic

hyperplasia in the early and late juvenile stages were stronger in

Copepod-fed larvae (Vo et al., 2016). Therefore, the prolonged

proliferation at a low stress level could reduce the generation of

MPC numbers during the stratified hyperplasia phase, which

would be the underlying mechanism of the observed long-term

effects of live prey types on muscle growth potential in

cod larvae.
Conclusion

The proposed correlation between muscle development and

growth dynamics, external and internal drivers and energy

metabolism in cod larvae fed different live prey types are

summarized in Figure 7. Although the growth rates of cod

larvae were significantly different between the two larval

groups, shifts in gene expressions related to muscle growth

dynamics between hypertrophy and hyperplasia and the

generation and regulation of ROS mostly occurred around 5,

10, and 15 mm SL. These body sizes coincided with when cod

larvae start the viscous, transitional, and inertial swimming

modes, reflecting the relative changes between viscous and

inertial forces of seawater on the swimming capabilities of the

cod larvae. We suggest that the viscous forces of seawater and

ROS levels in muscle tissue might be the external and internal

drivers for shifts in muscle growth dynamics in cod larvae

around 5, 10, 15 mm SL.

Promoted active swimming during the strongest muscle

proliferation phase (stratified hyperplasia) could enhance the

glycolysis and oxidative phosphorylation flux between muscle

cells (proliferating red and white muscle fibers) for energy

production. In turn, a high-energy flux can promote the

proliferation in muscle. We therefore suggest that active

swimming is probably an important factor for promoting cod

larval muscle growth, especially during the strongest

hyperplasia phase between 7 and 10 mm SL. However,

increasing swimming activities may also lead to increasing

ROS levels in muscle tissue, which represent a double-edged

sword between redox signaling and oxidative stress. High

concentrations of n-3 HUFAs, minerals and taurine and fast

swimming prey would probably play important roles in
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stabilizing ROS levels and promoting high swimming

activities, as well as good growth and development of the

skeletal muscle in cod larvae.

We found that the stratified hyperplasia in fish larvae is a

good model for investigating the details regarding the regulation

of ROS signaling. Further studies on the specific ROS signaling

pathway in the stratified hyperplasia phase, and the roles of ROS

and swimming activity in driving the development of different

muscle fiber types should also be investigated further to achieve a

better understanding of fish larval muscle growth dynamics and

the long-term effects on juvenile muscle development.
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