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Abstract

Greater amberjack (Seriola dumerili) shows potential for Mediterranean aquaculture due to
its swift growth, consumer appeal, and commercial value. However, challenges in juvenile
production, such as growth dispersion and unsynchronized development, impede further
expansion. This study explores the impact of rearing temperature and live feed types on
early white muscle development in greater amberjack larvae. Findings reveal substantial
effects of temperature and diet on larval development, highlighting that the combination of
24 ◦C and a copepod + rotifer co-feeding scheme resulted in the highest axial growth rate,
whereas rotifer-fed larvae at 20 ◦C exhibited a slower pace. Incorporating both histological
and gene expression analyses, the study underscores temperature’s significant influence on
white muscle development. Among larvae reared at 24 ◦C, the two live feed types led to
phenotypic variations at metamorphosis, with rotifers supporting longer larvae featuring a
smaller total cross-sectional area compared to copepods. Gene expression analysis indicates
heightened mylpfb and myog expression at 24 ◦C during early larval stages, suggesting
increased hyperplasia and myoblast differentiation. This study highlights the necessity of
considering both temperature and feed type in larval rearing practices for optimal muscle
development, and further research exploring combined diets during rearing could offer
insights to enhance amberjack aquaculture sustainability.

Keywords: Seriola dumerili; myogenesis; different live feeds; early development; rear-
ing temperatures

Key Contribution: The study demonstrates that both the rearing temperature and live feed
type significantly influence early white muscle development in greater amberjack (Seriola
dumerili) larvae. By integrating histological and gene expression analyses, it identifies the
combination of 24 ◦C and copepod + rotifers scheme diet as optimal for promoting muscle
hyperplasia and accelerated axial growth.

Fishes 2025, 10, 360 https://doi.org/10.3390/fishes10070360

https://doi.org/10.3390/fishes10070360
https://doi.org/10.3390/fishes10070360
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/fishes
https://www.mdpi.com
https://orcid.org/0000-0002-2354-2019
https://orcid.org/0009-0000-4964-557X
https://orcid.org/0000-0001-5296-4088
https://orcid.org/0000-0002-1842-5432
https://orcid.org/0000-0002-7109-7132
https://doi.org/10.3390/fishes10070360
https://www.mdpi.com/article/10.3390/fishes10070360?type=check_update&version=2


Fishes 2025, 10, 360 2 of 14

1. Introduction
Greater amberjack (Seriola dumerili) is a cosmopolitan species found throughout the

temperate zone and has high growth rates; consumer appreciation and commercial value
make it a highly promising candidate for the diversification of the Mediterranean aquacul-
ture. Greater amberjack has the potential to reach 6 kg in 2.5 years under culture conditions,
and it grows in a wide temperature range, varying from 15 to 27 ◦C [1]. Hormonally
induced spawning is a well-developed process, yet there are still many limiting factors
for the further expansion of greater amberjack farming [2,3]. Growth dispersion at the
hatchery stages and unsynchronized development are major drawbacks in intensifying
juvenile production, as the size variation reaches up to 200 or 300%, imposing serious
management problems in the industrial production of the species [4]. Early in development,
this variation often stems from differential growth rates and feeding efficiency among
otherwise similarly sized larvae, which can rapidly lead to the formation of dominant
individuals and subordinate classes. The introduction of live feeds such as Artemia has
been repeatedly linked to the onset of aggressive behaviors and cannibalism, particularly
in carnivorous species like greater amberjack (Seriola dumerili), yellowtail kingfish (S. la-
landi), and Japanese yellowtail (S. quinqueradiata) [5]. Larger individuals may chase, nip, or
even partially consume smaller siblings, leading to injuries, chronic stress, and suppressed
feeding in the latter [6]. These interactions amplify size heterogeneity, decrease overall
survival, compromise juvenile quality, and increase production costs due to the need for
size grading and intensified management [7]. Inevitably, this variation in size has negative
effects on production performance, the quality of juveniles and of the final product, and
the cost of production.

During development, the alimentary shift from endogenous to exogenous feeding
is accompanied by a significant increase in muscle mass. White muscle accounts for 70%
of total body mass and is the fastest-developing tissue [8]. It consists of muscle fibers,
multinucleated cells that result from recurrent events of hyperplasia (the creation of new
muscle fibers) and have the ability to increase in size (hypertrophy) by synthesizing and
accumulating contractile proteins of the sarcomere [9]. Muscle fiber recruitment occurs
in three distinct phases during development: (1) embryonic myogenesis; (2) stratified
hyperplasia, which adds new white muscle fibers at the dorsal and ventral apical zones;
and (3) mosaic hyperplasia, which mainly progresses by fusing myogenic progenitor cells
to form new myotubes [8]. The latter results in mature musculature with fibers of varying
diameters, which is responsible for a mosaic appearance. In species that reach large adult
sizes, post-larval hyperplastic growth continues, forming new fibers around the mature,
large fibers, further contributing to the mosaic appearance of the muscle [10].

The number of muscle fibers in fish is directly related to the individual’s size. Even
the large growth rate recorded in fish that have been genetically modified to produce
greater amounts of growth hormone is due to the greater production of muscle fibers [11].
Consequently, smaller individuals are expected to have a smaller number of muscle fibers
than larger ones, and the factors responsible for the phenomenon are expected to affect
the mechanisms of hyperplasia and hypertrophy [12]. At the same time, tissue remodel-
ing plays a key role in development, modulating myogenesis—the formation of muscle
fibers—which is essential for locomotion and prey capture. This aligns with the concurrent
process of skeletal development, encompassing ossification and cartilage formation, which
contributes to the establishment of a functional skeletal system, providing crucial support
for muscle growth [13].
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Temperature is one of the main factors affecting embryo and larval development in
fish, which is a basic feature of their poikilotherm nature. In the genus Seriola, the longfin
yellowtail (Seriola rivoliana) exhibited an accelerated developmental pace with increasing
constant (16–32 ◦C) egg incubation temperatures, and the hatched larvae at 20 ◦C had
the highest yolk sac and oil drop volume. Larvae length and morphological traits were
also variably affected by the egg incubation temperature [14]. The effect of the incubation
temperature (20–30 ◦C) on the size of–the lipid droplet and the content of triacylglycerides
at the egg stage was confirmed in a subsequent study [15], in addition to the impact of the
early rearing temperature (16–32 ◦C) on the hatching rate, larvae survival and growth, yolk
sac and oil droplet consumption, protein and lipid contents, notochord size, and mouth
opening [16]. Similarly, the egg incubation and larvae rearing temperature (22, 26, and
28 ◦C) significantly affected the expression of key molecules in the hypothalamic–pituitary–
thyroid axis and their ontogenetic profile in early longfin yellowtail larva, without evidence
of endocrine disruption [17].

In the advent of climate change, the effects of early temperature on Seriola development
gain perspective beyond aquaculture, as the genus includes circumglobal species. When
the effects of the projected future temperature and carbon dioxide (CO2) levels on survival,
growth, morphological development, and swimming performance on the early life stages
of the yellowtail kingfish Seriola lalandi were studied in cross-factored treatments from
fertilization to 25 days post-hatching (dph), temperature had the greatest effect on survival,
growth, and development. The critical swimming speed (Ucrit) was increased by elevated
temperatures but reduced by elevated pCO2, indicating the importance of early events in
life traits critical in fish stock dynamics [18].

Along with temperature, feed type and quality are crucial for a successful transition
from endogenous to exogenous feeding, and the benefits from accelerated development at
higher temperatures should be balanced with adequate nutrient supply. Zooplankton is
the primary natural food supply for larval and young fish in the wild [19], and in order to
simulate natural feed chains, rotifers (Brachionus sp.) and Artemia nauplii have traditionally
been the principal live feed utilized in marine aquaculture [20]. Although larval rearing
has been accomplished in greater amberjack by feeding Artemia and rotifers, their fatty
acid profile is unavoidably enriched due to a lack of key fatty acids [21]. Marine copepods,
which are a well-established element of the food chain in natural habitats, offer another
feeding option, and previous studies have shown that copepods may meet Seriola dumerili’s
exceptionally high needs during the larval stage [22]. In addition, experiments exploring
how rearing temperatures affect feeding rate in S. lalandi larvae revealed that the quantity
of rotifers and Artemia ingested can be optimized via temperature manipulation [23].

In search of the mechanisms underlying size variation at the early stages in S. dumerili,
in this study, we investigated how the combination of two different temperatures during
the autotrophic stages and two different live feeds (rotifers and copepods) affected larvae
ontogeny and the process of myogenesis up to metamorphosis. The expression of marker
genes at major developmental stages was coupled with histological measurements of the
white myotomal area to infer the effects on white muscle hyperplasia and hypertrophy.

2. Materials and Methods
2.1. Ethics Statement

Fish were reared at the Hellenic Center of Marine Research (HCMR) in Crete, Greece.
The HCMR aquaculture facilities are certified by the national veterinary authority (code
GR94FISH0001) and are licensed for operations of breeding and experimentation with
fish issued by the Region of Crete, General Directorate of Agricultural & Veterinary, No.
3989/1 March 2017 (approval codes EL91-BIObr-03 and EL91-BIOexp-04). The experimen-



Fishes 2025, 10, 360 4 of 14

tal protocol was approved by the Veterinarian Authority of the Region of Crete in the
255,332/29 November 2017 document. Animal experiments were carried out in accordance
with the EU Directive 2010/63/EU.

2.2. Experimental Rearing

Larval rearing trials were performed in the facilities of the Institute of Marine Biology,
Biotechnology and Aquaculture at the Hellenic Centre for Marine Research (HCMR, Crete,
Greece). Greater amberjack eggs from a hormone-induced spawn of captive breeders were
subjected to a 2 × 2 rearing experiment, where fertilized eggs were incubated either at 20 ◦C
or 24 ◦C throughout the autotrophic stage. From first feeding onwards and throughout
the larval stages up to metamorphosis, the water temperature was maintained at 24 ◦C.
At first feeding, larvae were fed with either rotifers or rotifers combined with copepods
(Table 1). This design resulted in four experimental groups: 20R (20 ◦C, rotifers), 20C (20 ◦C,
rotifers + copepods), 24R (24 ◦C, rotifers), and 24C (24 ◦C, rotifers + copepods).

Table 1. Feeding schemes applied during larvae rearing.

Feeding Scheme

Diet Type Rotifers (R) Rotifers + Copepods (C)

Rotifers 2–17 dph 2–17 dph

Copepods - 2–8 dph

AF Artemia 9–19 dph 9–19 dph

EG Artemia 12–35 dph 12–35 dph

Microdiet 13 dph onwards 13 dph onwards

Eggs were incubated in 500 L cylindroconical tanks (80 eggs L−1) with a white internal
wall and underwater light. For each treatment, two independent RAS (recirculating aqua-
culture system) tanks were used, ensuring biological replication at the tank level. The tanks
were connected to a closed water recirculating system coupled to a biological filter. Tanks
were filled with borehole 35 psu water, pH ranged from 7.8 to 8.2, and the dissolved oxygen
was maintained between 4.9 and 7.2 mg/L. During embryogenesis, egg hatching, and the
autotrophic larval stage, water circulation was achieved through a biological filter at a rate
of 15% of tank volume per hour. After the first feeding, water circulation was maintained
for each tank by means of an airlift pump. The water in the biological filter was used for
renewal in the larval rearing tanks at a rate of 3% daily until 9 dph and then increased
gradually to 50% until 25 dph. The photoperiod was 00L:24D during the autotrophic stage,
switched to 24L:00D (constant light) from mouth opening until 20 dph, and kept at 18L:06D
for the remaining experimental period.

Two feeding schemes were applied at each temperature group. The types of diet
used in each feeding scheme and the time of application are shown in Table 1. Copepods
were obtained from C-Feed (Norway), and they were reared according to the manufac-
turer’s instructions. Rotifers (Brachionus sp.) enriched with DHA Protein Selco (INVE
S.A., Dendermonde, Belgium) were added daily to the rearing tanks from 2 dph to
17 dph. Instar I AF Artemia nauplii (9 to 19 dph) and instar II EG Artemia nauplii (12 to
35 dph) enriched with A1 DHA Selco (INVE S.A., Dendermonde, Belgium) were offered
to the larvae at a starting concentration of 0.05 to 0.35 nauplii mL−1. Enrichment in all
cases was performed according to the manufacturer’s instructions. Prey concentrations
were carefully adjusted to match larval developmental needs. In the rotifer-only (R)
treatment, rotifers were administered at a density of 5 individuals/mL, three times
daily. In the rotifer + copepod (C) treatment, during the co-distribution phase (2–8
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dph), copepods and rotifers were provided at 5 and 2 individuals/mL, respectively, also
three times daily. From 9 dph onward, rotifers were increased to 5 individuals/mL. AF
Artemia were introduced at 0.5 individuals/mL, three times daily. EG Artemia were
initially administered at 0.1 individuals/mL on the first day of use, gradually increasing
to 1 individual/mL by 20 dph and then to 2 individuals/mL by 25 dph, a level that was
maintained thereafter. Minor adjustments to prey densities were made throughout the
trial in response to larval consumption.

Microalgae [2 L Chlorella sp. (density: 80 M*mL−1) and 1 L Isochrysis sp. (density:
50 M*mL−1)] produced in HCMR installations were added daily to the tanks. All tanks were
equipped with a surface skimmer for removing buoyant organic material up to 13 dph, and
microdiets were added in both feeding schemes, starting with the smallest size available
(NRD 1/2, grain size 100–200 µm, INVE S.A., Dendermonde, Belgium). The distribution
of the microdiets was manual at the beginning (a few times daily) and performed with an
automatic feeder from 16 dph onwards.

Larval samples were collected at three key developmental stages: notochord flexion
(FL), the end of larval rearing (ELR), and middle metamorphosis (MM). These stages were
selected due to their biological and practical significance for hatchery operations. The
criteria used to define each stage followed standard hatchery practices. Specifically, the
FL stage corresponded to the point at which notochord flexion was observed in at least
50% of the individuals within each tank. The ELR stage, a hatchery-derived term, often
referred to as the “all fins” stage, was defined by the presence of all fins in 50% of the
larvae. Finally, the MM stage was reached when 50% of the individuals exhibited juvenile
characteristics and had completed metamorphosis. For histological analysis, white muscle
samples were used. Ten individuals per stage for each condition were placed in cold
Serra’s (ethanol, formaldehyde, and glacial acetic acid) fixative and kept at 4 ◦C. For gene
expression analysis, eight individuals per stage for each condition were sampled and stored
in RNA later at −20 ◦C until further analysis.

2.3. Quantitative Histology

Samples were processed using a carousel tissue processor (MTP, SLEE medical, Nieder-
Olm, Germany). They were first dehydrated in graded ethanol to minimize distortion.
Xylene was then used to displace ethanol and partially remove lipids, facilitating paraffin
infiltration. Infiltration involved replacing xylene with liquid paraffin. For embedding,
specimens were oriented in stainless-steel molds filled with molten paraffin (58 ◦C). Serial
transverse sections (6 µm) were prepared by using a microtome (Leica Biosystems, Nuss-
loch, Germany R2125), placed on glass slides, and dried at room temperature overnight [24].
Sections were stained with Ehrlich hematoxylin and 1% eosin [25] after the dewaxing of the
sections in xylene (two changes for 15 min), rehydration through a graded ethanol series
(100%, 95%, and 70%), and washes in distilled water. Following staining, re-dehydration
was performed with increasing concentrations of ethanol washes (70%, 95%, and 100%) [24].
The sections were then mounted with DPX mounting medium. Stained sections of 10 in-
dividuals per group were observed by using a light microscope (Leica Microsystems,
Nussloch, Germany, DM2000) coupled with a digital camera, and captured images were
analyzed using ImageJ software (NIH, Bethesda, MD, USA, software version: 1.53u 15 Oc-
tober 2022). The samples were classified by total length (TL) by group age and chosen at
random for embedding. Each specimen was studied in one dorsal epaxial quadrant of
the myotome placed in the vent region, and the total cross-sectional area (TCSA) of this
quadrant was measured in three different cross-sections. Sections of the FF group were
omitted due to poor quality.
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2.4. RNA Extraction and Reverse Transcription

Total RNA was extracted using E.Z.N.A.® Total RNA Kit I (Omega Bio-Tek, Norcross,
GA, USA) according to the manufacturer’s protocol and was further treated with DNAfree
DNA Removal kit (Thermo Scientific, Waltham, MA, USA) to remove any DNA residuals.
RNA quantity and quality were assessed using a Qubit™ RNA BR Assay Kit. cDNA
synthesis was performed using the High-Capacity cDNA Reverse Transcription Kit with
RNase Inhibitor (Thermo Scientific, Waltham, MA, USA), 1 µg of DNAse-treated total
RNA, and a combination of oligodTs and random primers according to the kit’s manual.
cDNA samples were further diluted (1:20 for all samples) and were stored at −80 ◦C until
further use.

2.5. Relative Quantification of Gene Expression Determined Using Real-Time Quantitative
Polymerase Chain Reaction Analysis

The gene expression levels of genes implicated in hypertrophy (myosin light chain,
phosphorylatable, fast skeletal muscle a, mylpfa), hyperplasia (myosin light chain, phospho-
rylatable, fast skeletal muscle b, mylpfb), the coordination of myogenesis (myogenin, myog),
and tissue and bone remodeling (cathepsin S, ctss2.1), were detected using the Real time
PCR method. Primers were designed using Primer3 (v.0.4.0) and Beacon Designer software,
and all primers were designed to span the coding sequences of the transcripts (Table 2).
QPCR efficiency was calculated using a standard curve using serial dilutions of all samples
(pooled cDNA sample, 1/5, 1/10, 1/20, 1/50, 1/100, 1/200) [26].

Table 2. Primers sequences and product size for each gene.

Gene Gene ID Forward Primer Reverse Primer Product Size Efficiency (%)

elf1 ENSSDUG00000008198 CACCCCAAGTTCGTCAAGTC GACCAAGGGGAGCGTAGTTG 100 bp 103.7

rps18 ENSSDUG00000012209 ATCGCCTTCGCCATCACTG GCTCCCCAGCCCTCTTGTTG 100 bp 99

rpl13 ENSSDUG00000001262 TTGCCCCACAAAACCAAGAG GGACAACCATGCGCTTCCTC 100 bp 101.6

actb ENSSDUG00000018712 CGTGGCTACTCCTTCACCAC TACCCATCTCCTGCTCGAAG 100 bp 97.2

fau ENSSDUG00000009474 TGAGGGGACAGACACCCAAG ACGTTCACAAAGCGCCTGTT 100 bp 99.1

mylpfa ENSSDUG00000022124 TCCTCTTCTTCCTCCCTGCT CCGTCTCCTGTGTCATTGTG 95 bp 97.6

mylpfb ENSSDUG00000022903 CAAACCCATACCCGCTCCAC CTGGCAAGGGGAAAGAAAGG 99 bp 96.9

myog ENSSDUG00000001886 GAGGAGCACCCTGATGAACC TCGCTTGACGACAACACTCT 186 bp 99.3

ctss2.1 ENSSDUG00000002074 TTTCAGTGGGGATTGACGCC GCCCTGGTCTCCGAAAGTAG 182 bp 98.3

A real-time polymerase chain reaction was conducted in a StepOne PCR System
(Thermo Scientific, Waltham, MA, USA) in duplicates by using the KAPA SYBR FAST
qPCR (2×; KAPA Biosystems, Wilmington, MA, USA, KK4602). All reactions contained
200 nmol/L of each primer and 2 µg/µL cDNA in a reaction volume of 10 µL. The following
PCR conditions were used: an initial denaturation step at 95 ◦C for 5 min and 40 cycles of
amplification (each cycle was 20 s at 95 ◦C, and 20 s at 60 ◦C), followed by the melting curve
step (15 s at 95 ◦C, 1 min at 50 ◦C, 15 s at 95 ◦C) to verify the specificity of the reaction.

A series of housekeeping genes (ef1α, b-actin, rpl13a, and rps18) were validated for use
and were rated using the geNorm VBA applet [27]. The most stable housekeeping genes
used for normalization were rps18 and rpl13a.
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2.6. Statistical Analysis

From the obtained Ct values, R0 was calculated using R0 = Threshold/(1 + efficiency) ct,
and was normalized using the geometric mean of the two most stable expressed housekeep-
ing genes [27,28]. Both morphometric and expression data failed to fit the Shapiro–Wilks
test for normality and were analyzed using a non-parametric test. Significant differences
between the expression level of each gene under different conditions were analyzed using
the Wilcoxon signed-rank test. Kendall’s rank correlation was performed to assess the
statistical dependence of the two variables. Statistical analyses were performed in R.

3. Results
3.1. Temperature and Live Feed Effect on Larvae Developmental Pace

The larval developmental transitions appear to be affected by both the feed type and
temperature (Figure 1). The combination of 20 ◦C with a copepod + rotifers scheme resulted
in the fastest developmental rate (32 days to the MM stage), whereas feeding on rotifers
resulted in the slowest (40 days to the MM stage). Despite the differences in transitioning
from stage to stage between the two feeding schemes at 24 ◦C, the larvae of both groups
reached the MM stage on the same day (35). The transition to the exogenous feeding (FF)
stage appeared to be temperature-dependent, since the 24 ◦C groups transitioned earlier,
which is indicative of the sensitivity of this developmental stage to temperature fluctuations.
Finally, the diet type appeared to influence the transition from the FL to ELR stage in either
temperature, where a delay was observed in the groups fed with rotifers.

Figure 1. Developmental stage transition in the four combinations of live feeds and temperatures
applied in the experiment.

The axial-specific growth rate throughout development up to metamorphosis was the
highest in the 20C group (0.42 mm/day) and the lowest in the 20R group (0.22 mm/day).
However, no such difference in the axial SGR was observed between the 24C (0.35 mm/day)
and 24R (0.33 mm/day) groups.

3.2. Stereological Analysis

Total length (TL) exhibited linear growth after hatching, and the TCSA of dorsal
white muscle increased continuously between stages. The combined effect of tem-
perature x live feed significantly affected larval growth (p = 0.037), whereas TCSA
was strongly affected by the type of live feed (p = 0.039). At MM, the largest dorsal
epaxial quadrant was observed in the larvae reared in the 24C group (p < 0.05). TCSA
increased at different paces in the four groups, with 24C exhibiting the smallest TCSA
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at ELR and ending with the largest at MM. Interestingly, the 24C group had the shortest
overall TL. Group 24R, on the other hand, exhibited high axial growth throughout
the rearing phase. Overall, rearing at 24 ◦C appeared to favor axial and white muscle
growth (Figure 2a,b). Representative histological sections for each group are shown in
Supplementary Figure S1.

Figure 2. Effect of temperature and live feed per developmental stage at (a) total cross-section area
(TCSA) of one dorsal epaxial quadrant and (b) total length (TL) of fish. 20R: group reared at 20 ◦C
fed rotifers, 20C: group reared at 20 ◦C fed copepods, 24R: group reared at 24 ◦C fed rotifers, 24C:
group reared at 24 ◦C fed copepods. Superscripts indicate statistically significant differences between
each group (n = 10), (ns: p > 0.05, *: p < 0.05, **: p < 0.01).

3.3. Gene Expression

The expression levels of the mylpfa gene did not differentiate with temperature and
live feed (Figure 3a). Significant differences were identified in the expression of mylpfb
(Figure 3b) and myog (Figure 3c) genes between the four groups at the stages of FL and ELR.
At FL, the expression of myog, which drives myocyte differentiation, and mylpfb, which
signifies hyperplasia, was higher in larvae reared at 24 ◦C. By ELR, group 24R exhibited
the highest myog and mylpfb expression. At MM, mylpfb expression was highly dispersed in
larvae reared at 24 ◦C, regardless of the type of live feed.

The expression levels of the ctss2.1 gene exhibited temperature-dependent alterations,
with an increase in temperature associated with higher expression. The impact of live feed
on the gene expression pattern was not uniform and varied across developmental stages.
During the ELR stage, R groups exhibited higher expression levels than C groups. However,
a notable shift occurred at the mid metamorphosis (MM) stage, where, at 20 ◦C, the gene
expression levels in the rotifer-fed group were lower than those in the copepod-fed group
(Figure 3d).
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Figure 3. Relative expression of genes involved in muscle development and degradation at each
developmental stage; (a) mylpfa, (b) mylpfb, (c) myog, (d) cathepsin S. FL: flexion, ELR: end of larvae
rearing, MM: mid-metamorphosis. 20R: group reared at 20 ◦C fed rotifers, 20C: group reared at 20 ◦C
fed rotifers + copepods, 24R: group reared at 24 ◦C fed rotifers, 24C: group reared at 24 ◦C fed rotifers
+ copepods. Superscripts indicate statistically significant differences between groups within each
developmental stage (n = 8). Statistical significance is denoted as follows: *: p < 0.05, **: p < 0.01, ***:
p < 0.001.

4. Discussion
Based on the results, both the rearing temperature and live feed type influenced the

developmental pace and muscle development in greater amberjack larvae. Differences
were observed in the time required to reach metamorphosis as well as in the transition
pace between stages (Figure 1). The shift from larvae to juveniles depends on the proper
deployment of hyperplastic and hypertrophic processes during the early phases of mus-
cle development.

Diet plays an important role in muscle development by providing the necessary amino
acids (e.g., lysine, methionine, and threonine) for muscle growth. As noted by Luís E.
C. Conceição et al., rotifers and Artemia may contain suboptimal levels of certain amino
acids, vitamins, and minerals. The specific amino acid composition of the diet is essential
not only for efficient nutrient utilization but also for the regulation of gene expression
involved in muscle metabolism [20]. Additionally, the ratio of essential to non-essential
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amino acids can influence protein turnover and the balance between protein synthesis and
degradation [29]. Therefore, optimizing the amino acid composition of the diet is crucial for
promoting muscle growth and development. The inclusion of alternative live feeds, such
as copepods, may contribute to this goal by providing a more balanced nutrient profile.

White muscle development after hatching is mainly based on the formation of new
muscle fibers. In gilthead sea bream, the early stages of hyperplasia are marked by the
expression of the phosphorylatable myosin light chain b (mylpfb), which appears to be
replaced by the phosphorylatable myosin light chain a (mylpfa) during hypertrophic muscle
fiber growth [24]. The same two genes were identified in the genome of S. dumerili, and their
ontogenetic profile matched that of gilthead sea bream; the expression of mylpfb was higher
than the expression of mylpfa and increased with metamorphosis (Figure 3a,b). Based on
our results, it seems that temperature had a minimal impact on white muscle hypertrophy
(mylpfa), whereas it had a high impact on hyperplasia (mylpfb), with the highest expression
levels observed at 24 ◦C for both live feeds studied. Similarly, a higher developmental
temperature induced higher myogenin (myog) expression at FF and ELR stages. Myogenin
is the transcription factor driving myocyte differentiation, and its upregulation precedes
the upregulation of structural muscle-specific genes, such as the phosphorylatable myosin
light chains [30].

It is well known that the environment, especially temperature and dissolved oxygen
concentrations, has a significant impact on teleost embryonic development [8]. Muscles
can have a role in behavior and locomotor performance in the early-life stages, which is
directly linked to the survival ability of larvae. Additionally, the duration and intensity of
myotube production during the adult stages, as well as the growth of skeletal muscle in
some species, can be affected by the embryonic temperature regime [31]. Several species
displayed varied patterns of muscle formation and growth in response to variations in
temperature, indicating that the plasticity of larval myogenesis in teleost species due to
temperature is a complicated and multifaceted phenomenon [32]. Higher temperatures tend
to speed up metabolism and growth, which can result in higher rates of both hyperplasia
and hypertrophy. Several studies in different species have shown the plastic response of
myogenesis to temperature. A variety of responses for fast muscle morphology have been
noted at high versus low egg incubation temperatures, with species-specific adaptations
ranging from no alterations in muscle cellularity [33,34] to a transition toward either
hypertrophy [35–37] or hyperplasia [38,39]. In greater amberjack, the plastic response of
myogenesis to temperature was shown to be mainly driven by hyperplasia rather than
hypertrophy (Figure 3a,b). These observations are in accordance with the findings for
Atlantic herring and Atlantic cod [8].

Myoblast fusion is a multistep process involving myoblast recognition, adhesion,
membrane breakdown, and actin cytoskeleton remodeling, as in other vertebrates [40].
In teleosts, subsequent myotube elongation involves extensive nuclear accretion through
repeated myoblast–myotube fusion, with the new nuclei integrating into the syncytium
and contributing to muscle fiber growth [41]. Concurrently, early teleost development
features tissue remodeling linked to morphological changes. Cathepsin S, a key gene
in tissue remodeling and bone formation [42], showed increased expression with rising
temperature (Figure 3d). Across all groups, ctss2.1 peaked at the ELR stage, coinciding
with major morphological transitions such as fin and scale development. At 20 ◦C, live
feed influenced ctss2.1 expression, potentially reflecting the role of dietary composition,
particularly phosphorus availability, in ossification and growth, as supported by previous
studies [43–47]. Interestingly, the 24C group, despite exhibiting comparable growth rates
to other groups and a significant increase in myomeres, had a shorter length compared
to larvae reared with rotifers. Ossification has been associated with length increase in
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fish larvae [48,49], and our findings follow a pattern previously described in copepod-fed
larvae, which exhibited a delay in ossification, despite experiencing substantial growth [48].

It is noteworthy that total length variation at metamorphosis was comparable between
all four groups (Figure 2b). However, variation in TCSA was higher in the groups reared at
24 ◦C, as it involved the variation in mylpfb (Figures 2a and 3b), which can be indicative
of broader size variation later on. These results make muscle development mechanisms
possible contributors to the size disparity often observed in greater amberjack, and a higher
rearing temperature is a driver of size disparity, which should be further investigated
before a link can be established.

5. Conclusions
The development of white muscle in greater amberjack larvae is influenced by a

variety of factors, including the rearing temperature and feed type. In summary, the 24C
group had the fastest axial growth, while the 20R group had the slowest growth. The
groups given copepods transitioned faster from the FF to the FL stage at both rearing
temperatures. Our study, which involved both histological and gene expression analyses,
found that temperature had a significant impact on white muscle development, with larvae
reared at 24 ◦C exhibiting a higher rate of muscle development compared to those reared at
20 ◦C. Interestingly, among larvae reared at 24 ◦C, the type of live feed used was associated
with phenotypic variance at metamorphosis (MM), with rotifers supporting longer larvae
with a smaller total cross-sectional area (TCSA) compared to copepods. A faster pace
of development was associated with greater variation in gene expression levels, but not
with greater variation in total length (TL). These findings provide valuable insights into
the factors that affect the development of white muscle in greater amberjack larvae and
underscore the importance of considering both temperature and feed type during larval
rearing. Rearing at 24 ◦C promoted muscle growth in great amberjack larvae, along with
higher individual variation in TCSA, which might be linked to broader size disparity.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/fishes10070360/s1, Figure S1: A: Representation of the dorsal
epaxial quadrant of the myotome located in the ventral region of the specimen. The total cross-
sectional area (TCSA) was measured within this defined quadrant to assess muscle growth. B: Histo-
logical sections for each group. The sections are stained with H&E. 20R: group reared at 20 ◦C fed
rotifers, 20C: group reared at 20 ◦C fed copepods, 24R: group reared at 24 ◦C fed rotifers, 24C: group
reared at 24 ◦C fed copepods.
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