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Abstract 
Three turbot groups were kept at 15˚C - 16˚C (Cold Temperature, T), 17˚C - 18˚C (ambient T) and 
21˚C - 22˚C (warm T) during the larval development in order to study the thermal influence on 
muscle growth and larval development in this species. During the early stages (2 - 6 days of post- 
hatching), the body and the muscle growth was scarce, although the hyperplasia increased slightly, 
being higher at ambient and at cold T than at warm T. In contrast, the highest value of hypertrophy 
was found in the warm group. At 15 days of age, the body length and muscle growth increased in 
all the groups, being significantly higher in the warm than in the rest of groups. Thus, the highest 
values of both the hypertrophy and the hyperplasia of the white muscle fibres were reached at 
warm T, although it was only significant for the hyperplasia. The end of the metamorphosis was 
reached at 29 days of age in the warm group, whereas in the rest of groups it was no observed yet. 
At this developmental stage, the warm group showed the typical morphological mosaic of the myo- 
tome, and it was accompanied by an increase of the transverse area of the white and the red mus-
cles, parallel to an increase of both the hypertrophy and the hyperplasia of the muscle fibres. The 
hyperplasia of the white fibres was the parameter most significantly increased. Also, the body 
length increased significantly in this group, reaching ≈1.6 cm at this stage. 
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1. Introduction 
Muscle growth involves the recruitment (hyperplasia) and subsequent increase in size (hypertrophy) of muscle 
fibres [1]. After hatching, the larval stage is an important period in which the intensity and/or alternation of 
hypertrophy and hyperplasia vary depending on several aspects such as the characteristics of each species, food 
and interrelation of external factors such as temperature, photoperiod, etc. [2]. This leads to a large intra- and 
inter-variability in the mechanism of growth of fishes. In red sea bream Pagrus major [3], the number of white 
fibers remained constant during the pre-larval phase, but the hypertrophy increased gradually. Similarly, at the 
beginning of the larval stage of herring, Clupea harengus [4]-[6], turbot, Scophthalmus maximus (L.) [7] and 
salmon Salmo salar [8], the white muscle grew by hypertrophy of existing fibers. However, in another salmon 
stock, other authors found a great generation of fibers in this period [9].  

Temperature has a profound effect on the development and growth of fish [10] [11]. Thus, various studies 
show that the temperature accelerates myogenesis and development of organs and tissues of embryos and larvae 
of different teleost species such as salmon [8] [12] [13], herring [4] [5] [14] [15], plaice (Pleuronectes platessa 
L.) [16] and sea bass, Dicentrarchus labrax [2] [17]-[20]. The thermal effect on the axial musculature depends 
on various factors such as species, stage of growth, genetic factors, etc. [2]. Thus, in newly hatched larvae of 
herring, high incubation temperatures increased the white muscle hyperplasia [5] [14]. In newly hatched larvae 
of plaice, other authors observed that both hypertrophy and hyperplasia of the white fibers were increased at 
high incubation temperatures [16]. In salmon [8] [12] [13], turbot [7] and another stock of herring [4], the high 
incubation temperature increased the hypertrophy of the white muscle fibers.  

Turbot is a marine teleost which is characterized by its rapid growth, reaching 1.85 kg at an age of 25 - 29 
months old. In aquaculture, high temperatures are applied in order to increase the growth rates. Some authors 
reared turbot larvae at different temperatures and observed that the developmental rate was faster at 18˚C and 
22˚C than at 14˚C [21]. Thus, the cold larvae showed a reduction in the rate of ossification and growth in com-
parison with the larvae reared at higher T. Recent studies revealed in this species that the thermal early history 
influenced in the juvenile and adult stages [22]. Hence, the thermal effect is important in the larval specimens in 
order to elucidate the mechanisms that influence their growth in short and long terms. The present work studies 
the mechanisms of muscle growth in turbot larvae being maintained at different Ts. The results can be useful to 
optimize the rearing conditions during the larval stages. 

2. Material and Methods 
2.1. Fish Samples and Rearing Conditions 
This experiment was carried out with turbot specimens proceeding of a stock of spawners adapted to captivity at 
the Instituto Español de Oceanografía (Centro Oceanográfico de Vigo, España). All the methods being used in the 
present work are in accordance with the European Directive (2010/63/EU) for the protection of animals used for 
scientific purposes and in accordance with the current legislation in Spain (RD 53/2013, of February 1), which es-
tablishes the basic rules for the protection of animals used for experimental and other scientific purposes. Turbot 
embryos were obtained in October of 2013. The embryo period lasted 5 days at 14˚C - 15˚C. At 2 days post- 
hatching (dph) the larvae were divided into three groups in duplicate 450-L tanks (density: 30 larvae L−1) which 
were maintained at 15˚C - 16˚C (cold group: C), 17˚C - 18˚C (ambient group: A) and 21˚C - 22˚C (warm group: 
W), respectively until the end of the experiment. These temperatures (Ts) cover the range of larval T that this spe-
cies can encounter in the natural environmental [21]. At 3 dph the larvae opened the mouth. At this moment all fish 
were fed ad libitum with rotifers until 7 dph. From 8 to 10 dph, the larvae were fed with rotifers plus Artemia sp. 
nauplii. From 10 to 17 dph the larvae were fed with newly hatched Artemia sp. nauplii, and from 17 - 29 days they 
were fed with multigainR enriched-Artemia metanauplii. The experiment finished at 30 dph. Muscle samples 
were obtained during the following stages post-hatching: 2 days (common T in all the larvae: 14˚C - 15˚C) 6 days 
(3 thermal groups: C, A and W), 15 days (3 thermal groups: C, A and W) and 29 days (only in the W group, coin-
ciding with the end of the larval metamorphosis in this group at 1.4 - 1.8 cm of body length). At each stage, 20 tur-
bots per group (10/tank) were transported in bags with oxygen to the Veterinary Faculty of Murcia.  

2.2. Muscle Samples Processing for Structural Studies  
In Veterinary Faculty of Murcia, the larvae were killed by an overdose of the anesthetic MS-222. Later on, the 
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specimens were fixed in 2.5% glutaraldehyde in buffered 0.1 M cacodylate (pH 7.2 - 7.4) for 3 h at 4˚C and then 
embedded in Epon resin according to other authors [23]. Subsequently, the specimens were cut transversely 
along the long body axis from the point of the anal opening. Further processing was performed in the Servicio 
Universitario de Microscopía Electrónica (University of Murcia, Spain), according to the standard protocol for 
epoxy embedding. Semi-thin sections (5 μm thick) were obtained with a Reichert Jung (Heidelberg, Germany) 
ultramicrotome and then stained with Toluidine Blue.Muscle growth was quantified in 10 specimens per group 
(5/tank) by means of a morphometric analysis system (Sygma Scan Pro5). The following parameters were 
measured: total cross-sectional area of the red and white muscles, number of red and white muscle fibres, size 
(area and minor axis length) of red and white muscle fibres and muscle fibre density (number of fibres/μm2). In 
early larvae (2 - 6 dph), most of the muscle fibres were measured in the whole section of the myotome. In the 
rest of the stages (15 and 29 dph), due to the large number of muscle fibres, the average size was estimated from 
the fibres located in the intermediate and apical sectors in one half of the transversal section of the myotome, 
following the methodology described by other authors [24]. Body length was measured in all specimens (20/ 
group).  

2.3. Statistical Analysis 
The statistical analysis was performed with Statistical Package SPSS 15.0. The mean and standard error (SEM) 
were calculated in each group. Data distribution was analyzed in each stage by the Shapiro-Wilk test for P < 
0.05. Data showed a normal distribution (P > 0.05). Analysis of variance (ANOVA) was used to evaluate the 
temperature effect at each sampling point, for P < 0.05. Tukey test was used to compare means as post-hoc 
analysis. 

3. Results 
3.1. Endogenous Phase (from the Fertilization until the End of the Yolk Phase) 
Embryo phase lasted 5 days at 14˚C - 15˚C. The specimens were kept to this T until 2 dph. At this age (2 dph) 
mean body length was 2.7 mm (±0.2) (Table 1). The mouth opening and the reabsorption of the yolk sac took 
place at 3 and at 4 dph, respectively.  

At 2 dph the transverse section of the myotome of the pre-larvae showed two muscular strata just behind the 
anal opening: a superficial monolayer of red muscle fibres and a deeper stratum of white muscle fibres. Red 
muscle fibres had high mitochondrial content and scarce myofibrillar content (Figure 1(a)). Beneath the red fi-
bres, there were several layers of polygonal white fibres, with few mitochondria and abundant myofibrils. The 
myofibrils were still incomplete and the position of the nuclei was usually central. 

3.2. 6 Days Post-Hatching 
At 6 dph, a few small fibres were observed adjacent to the horizontal septum, which corresponded to precursors 
of new red muscle fibres (Figure 1(b)). The degree of maturity of the white fibres was slightly higher than in the 
previous stage. When comparing the different thermal groups, we observed the incipient beginning of the strati-
fied hyperplasia at the dorsal and ventral extremes of the myotome in both the ambient and the cold groups 
(Figure 1(b)), whereas in the warm group it was not observed. 

The body length and the transverse area of the white and the red muscles did not grow significantly. However, 
the number of fibres increased slightly. In relation to the thermal effect, the body length and the transverse area 
of the white muscle were greater at cold and at ambient T than at warm T (Table 1). The size of the white and 
the red muscle fibres were greater at warm T, followed by cold T, showing the ambient group the smallest size 
(Table 1 and Table 2). The number of fibres showed the inverse tendency, such that the highest number was 
found at ambient T, followed by the cold T, showing the warm group the smallest values (Table 1 and Table 2).  

3.3. 15 Days Post-Hatching 
New white muscle fibres appeared at the epaxial and hypaxial extremes (the second phase of myogenesis) in all 
the specimens, although it was more evident in the warm group (Figure 1(c) and Figure 1(d)). The red muscle 
presented a higher degree of development than in the previous stages, mainly in the warm group. The pink o in-
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termediate layer of the myotome was already present in the warm group (not shown). Also, in this latter group-
some small fibres could already be observed among the adult white fibres, thus indicating the incipient mosaic 
phase (the third phase of myogenesis). When comparing the growth in this stage in relation to the previ- 

 
Table 1. Body length and white muscle parameters (Mean ± SEM) in the three thermal groups: cold (C), ambient (A) and 
warm (W) groups) during the vitelline and larval phases. Different superscripts indicate significant differences (P < 0.05) 
among light regimes within each stage. 

  2 days 6 days 15 days 29 days 

Total length (mm) 

C 

2.7 ± 0.2 

3.3ª ± 0.1 4.1ª ± 0.2 
 

A 3.3ª ± 0.1 4.3a± 0.2 

W 2.6b ± 0.3 8.2b ± 0.5 16.3 ± 0.5 

White muscle transverse section (μm2) 

C 

11,537.9 ±361.7 

18,378.1ª ± 1862 62,316.7ª ± 7998.8 
 

A 16,796.9ª ± 526.4 89,854.6ª ± 11,643.2 

W 16,026.6ª ± 5184.9 228,606.2b ± 59,462.4 830,757.7 ± 143,863.9 

White muscle fibres area (μm2) 

C 

61.4 ± 4.3 

79.7a ± 3.6 83.2a ± 4.8 
 

A 60.9b ± 3.2 82.6a ± 4.2 

W 87.9a ± 9.5 90.6a ± 4.1 156.2 ± 26.8 

White muscle fibres minor axis length (μm) 

C  7.5a ± 0.2 7.2a ± 0.2 
 

A 7.1 ± 0.2 6.2b ± 0.2 7.4ª ± 0.2 

W  7.8a ± 0.4 7.5ª ± 0.2 10.7 ± 0.9 

Number of white muscle fibres 

C  229.6ª ± 23.8 745.9ª ± 67.4 
 

A 190.2 ± 9.3 300.5ª ± 43.3 1086.3ª ±96.5 

W  194.1a ± 39.9 2505.2b ± 550.5 5796.7 ± 965.2 

White muscle fibres density  
(×10,000) (number/µm2) 

C  131.3ª ± 16.7 123.7ª ± 9.6 
 

A 165.8 ± 10.8 179.6ª ± 26.4 125.2ª ± 12.7 

W  159.3ª ± 59 120.2ª ± 12.8 71.9 ± 12.0 

 
Table 2. Red muscle parameters (Mean ± SEM) in the three thermal groups: cold (C), ambient (A) and warm (W) groups) 
during the vitelline and larval phases. Different superscripts indicate significant differences (P < 0.05) among light regimes 
within each stage. 

  2 days 6 days 15 days 29 days 

Red muscle transverse section (µm2) 

C  1967.4ª ± 231.1 8093.1ª ± 839.4 
 

A 2204.7 ± 113.4 1911.3ª ± 145.4 12,582.6ª ± 1968.7 

W  2457.8ª ± 986.4 25,476.6b ± 6280.4 63,081.1 ± 14,939.3 

Red muscle fibres area (µm2) 

C  13.6ª ± 1.7 34.3ª ± 4.8 
 

A 21.3 ± 0.9 11.9ª ± 0.8 45.6b ± 6.8 

W  30.6b ± 8.7 40.0a ± 9.5 78.9 ± 12.0 

Red muscle fibres minor axis length (µm) 

C  3.3ª ± 0.2 5.9ª ± 0.4 
 

A 4.5 ± 0.1 3.2ª ± 0.2 6.6b ± 0.6 

W  4.9b ± 1.8 5.5a ± 0.7 7.8 ± 0.8 

Number of red muscle fibres 

C  155.9ª ± 18.6 243.4ª ± 22.8 
 

A 100.2 ± 6.8 167.8ª ± 13.7 274.1ª ± 14.8 

W  106.2a ± 21.1 764.8b ± 222.1 886.5 ± 217.7 

Red muscle fibres density  
(×10,000) (number/µm2) 

C  820.1ª ± 102.4 311.4ª ± 36.3 
 

A 470.6 ± 20.6 852.2ª ± 54.8 248.7ª ± 51.5 

W  684.7ª ± 332.3 264.8ª ± 62.8 146.2 ± 33.2 
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Figure 1. Transverse muscle sections stained with Toluidine blue from 2 days old specimens of the ambient group (a) 6 days 
old specimens of the cold group (b), 15 days old specimens of the cold (c) and of the warm groups (d) and 29 days old spe-
cimens of the warm group (e). Bar: a, (c)-(d): 50 µm; (b): 20 µm. R: red muscle fibres; nR: new red fibres; hs: horizontal 
septum; No: notochord; Sc: spinal cord; Epa: epaxial extreme of the myotome; Hypa: hypaxial extreme of the myotome, N: 
nucleus of white myotube, W: white muscle fibres; nW: new white muscle fibres. 

 
ous stages, it was observed a significant increasing of the body length in all the groups. Also, the transverse area 
of the white and the red muscles increased in all the groups, parallel to an increase of the hyperplasia of red and 
white fibers. 

In relation to the thermal influence, the body length and all the white muscle parameters were greater at warm 
T than in the rest of groups (Table 1). However, these results were only significant for the number of white fi-
bres. The red muscle showed a similar tendency to than described for the white muscle, with the only exception 
of the size of the red fibres, which showed the highest value at ambient T (Table 2). 

3.4. 29 Days Post-Hatching 
At this stage, the warm group completed the metamorphosis, such that the migration of eyes was completed and 

No
Sc

R
Hs

W

Epa Hypa

a

W

nW

R

d

W

R

nW

e

W

nW

R

nR

c

n

nR

R
W nW

b
Hs



M. D. Ayala et al. 
 

 
407 

the spines and the swim bladder were fully reabsorbed. Also, the swimming behaviours changed. Thus, whereas 
in the previous stages the larvae swam on the surface of the tanks, in this stage the specimens already swam on 
the bottom of the tank, showing the adult behavioural performance.  

The mean body length was 16.3 mm (±0.5). In relation to the myotome, the morphological mosaic was al-
ready evident in the red and white muscles of all the specimens of this group (third phase of myogenesis) 
(Figure 1(e)). The rest of groups had not completed the metamorphosis yet and hence, we did not collect sam-
ples from these groups. 

When comparing the growth in the warm group in relation to the previous stages, it was observed an signifi-
cant increasing of the body length and the transverse area of the white and the red muscles (Table 1 and Table 
2). Hypertrophy and hyperplasia of the red and white muscle fibres were also observed, but it was only signifi-
cant for the hyperplasia of the white fibres.  

4. Discussion 
4.1. Muscle and Body Growth 
Eggs and pre-larvae were kept at 14˚C - 15˚C from the fertilization to the end of the vitelline phase. Embryo 
phase lasted 5 days, which coincided with the results found in other populations of this species under these 
thermal conditions [7] [25]. 2 days after hatching the mean body length was 2.7 mm and the yolk sac was still 
present. The thermal conditions being used in this endogenous phase are considered optimal for yolk utilization 
[21] [26] [27]. The mouth opening and the reabsorption of the vitelline sac took place at 3 and at 4 dph, respec-
tively. Other authors [27] found similar results described in the present work. Thus, newly hatched larvae meas-
ured ~2.3 - 2.8 mm, the reabsorption of the vitelline yolk took place at 3 - 4 dph and the mouth opening hap-
pened at 4 - 6 dph [27]. According to these authors the main processes occurring during the endogenous stage 
are the absorption of the yolk and its conversion into body tissue. At the end of this stage, these authors ob-
served that the gills were open, the eyes were black, the mouth and anus were open, and the gut was ready to re-
ceive food. In other flatfish this phase in larval development is considerably longer, lasting ~10 - 12 days in 
Lepidopsetta mochigarei and Xystrias grigorjewi [28] [29] and 12 - 14 days in plaice [30] [31]. 

In relation to the muscle structure, a superficial monolayer of red muscle fibres and immature white muscle 
fibres were observed, coinciding with those observed in this species [7] and other teleosts: gilthead sea bream, 
Sparus aurata [32], dentex, Dentex dentex [33] [34] and sea bass [18]-[20] and shi drum, Umbrina cirrosa [24]. 
During this phase, muscle growth was scarce, corresponding with an endogenous feeding period, where the de-
velopment interacted with the muscle growth [2] [27] [35].  

At 6 dph, an apparent hyperplasia of white and red fibers was observed, whereas the hypertrophy was not ob-
served. In contrast, other authors observed an increasing of hypertrophy in turbot pre-larvae [7]. This shows the 
intra-specific variations that exist in fish, as observed in other teleosts. Thus, in a stock of salmon, other authors 
found that the muscle growth was largely due to hypertrophy during the endogenous phase [8]. In contrast, other 
authors observed a great generation of new fibres during this early period [9]. 

At 15 - 29 dph, turbots of the present work increased both the hypertrophy and the hyperplasia, but it was 
more significant for the hyperplasia. This coincides with that found previously in this species [7] and other te-
leosts such as salmon [9], sea bass [2] [19] and shi drum [24], and shows that the hyperplasia is the main me-
chanism involved in fast growth. 

4.2. Thermal Effect on Muscle and Body Growth 
In relation to the thermal influence, it was observed that at 6 days post-hatching, the specimens previously 
maintained at cold and ambient T reached higher values of body length, transverse area of the white muscle and 
number of fibres than the specimens reared at warm T. In contrast, the warm group showed higher values of hy-
pertrophy than the rest of groups. However, these results were not always significant. Similarly, other authors 
observed greater hypertrophy in newly hatched larvae of turbot previously incubated at higher embryonic 
temperatures [7]. Also, newly hatched larvae of S. salar previously incubated at high T showed higher hypertrophy 
but lower hyperplasia than larvae previous incubated at lower T [8] [12] [13]. These results demonstrate that the 
temperature seems to have a different effect on cell division (hyperplasia) that on protein synthesis (hypertrophy) 
[12]. 
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At 15 days post-hatching, the body length and the muscle growth showed higher values at warm T than in the 
rest of groups, mainly due to the significant increase of the hyperplasia of the white fibres in the warm group, 
where the secondary myogenesis or stratified hyperplasia was more evident than in the rest of groups. Similarly, 
other authors found higher values of hyperplasia in 26 days old larvae of turbot reared at 16˚C than at 12˚C [7]. 
Also, other teleosts have shown greater growth at higher rearing temperature, being the hyperplasia the muscle 
parameter most significantly influenced, that is consistent with the general finding that in fish rapid growth is 
associated with muscle fibre hyperplasia [9] [17]-[19]. Other authors reared turbot larvae under similar condi-
tions than those described in the present study [21]. They found significant differences in the wet body mass 
from 15 days on, such that the ambient (18˚C) and the warm groups (22˚C) grew faster than the cold group 
(14˚C).   

Other authors [36] reared Senegalese sole larvae, Solea solea at 15˚C, 18˚C or 21˚C during the pelagic phase. 
During pre-metamorphosis and metamorphosis, larvae from 21˚C weighed more than those reared at 18˚C or 
15˚C and it was concomitant with an increase in gene expression, namely myogenic regulatory factors. Also, 
larvae of gilthead sea bream, Sparus aurata L. were reared at different temperatures to metamorphosis and it re-
sulted in a greater body mass at higher temperature [37].  

In the present work, the larval metamorphosis was completed earlier at higher T, such that the warm group 
finished this development stage at 29 days post-hatching, whereas the rest of groups had not completed the meta-
morphosis yet at this age. Thus, at 29 days, the morphological mosaic (the third phase of myogenesis) was al-
ready observed in the warm group, parallel to a significant increase of the hyperplasia of the white fibers. Simi-
larly, other authors observed that the larval period was shorter at 16˚C than at 12˚C in turbot [7]. These authors 
observed that the development of the gut, the swim bladder and the caudal fin took place earlier at higher T, 
which could be associated with an increase in digestion efficiency and in buoyancy in the water column. These 
changes in the relative timing of organogenesis could promote growth and survival at higher temperatures [7]. 
Similar changes in the relative time of development have also been observed in this species by other authors 
[21]. These authors observed that at 50 dph, larvae from the warm and the ambient groups showed the same de-
velopmental stage as those reared at cold T at 80 dph. Turbot reared at cold T showed a reduction in the rate of 
ossification and growth [21]. The positive effect of the temperature on the developmental rate has also been ob-
served in other teleosts [8] [12] [14] [15] [17]-[19] [36]. On the other hand, in some teleosts (halibut Hippo-
glossus hippoglossus [38]; salmon [6] [39] [40]; sea bass [17] [18] [20]; European pearlfish Rutilus meidingeri 
Heckel [41]; Senegalese sole [36]; gilthead sea bream [37]) has also been shown that early T determines future 
growth characteristics. In this sense, we have carried out a recent study with three groups of turbot reared under 
the same conditions than in the present work until 150 dph and then transferring all of them to ambient T until 
the commercial size [22]. Results showed lasting T effects on the subsequent muscle growth, such that it seems 
that the early T produce imprinting effects on the muscle myogenic precursors as suggested by different authors 
[41] [42]. Hence, we think that the application of different Ts in the fish farming should consider the thermal in-
fluence in both short and long terms to optimize the final performance.  
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