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Abstract 
 

This Thesis covers the muscle differentiation and development in the blackspot seabream 

(Pagellus bogaraveo, Brunnich), a fish under consideration as a potential candidate for 

Mediterranean aquaculture. Firstly, we used a panel of myosin isoform-specific antibodies, 

as well as histochemical staining for myosin ATPase and for SDH enzyme activity (a 

marker for mitochondrial content and oxidative metabolism), to identify developmental 

transitions in myosin expression in the muscle of blackspot seabream, from hatching to 

juveniles and adult. Secondly, we used in situ hybridization to characterise the spatial and 

temporal expression of embryonic myosin light chain 1 (MLC1), 2 (MLC2) and 3 (MLC3) 

gene expression during the fish early life. The combination of these two approaches 

contributed to understanding the differentiation of blackspot seabream muscle during 

development. Overall, these studies showed that changes in fibre phenotype reflected 

developmental events in the lateral muscle of blackspot seabream, and although many 

features resembled events also observed in other fish species, there were some particular 

characteristics too. Data supported that, at hatching, several layers of deep fast-white 

fibres were covered by a superficial fibre monolayer. At this age, the superficial monolayer 

was already differentiated from the deep muscle in what regards its myosin composition 

and MLC expression. At 5 days (transition from endogenous to exogenous feeding), slow-

red fibres appeared near the lateral line nerve as shown by immunohistochemistry using 

anti-myosin sera, although these fibres did not contain any of the three MLC transcripts 

studied. At 40 days (weaning), an additional fibre type was identified: a typical ‘pink’ or 

also called intermediate type. These fibres were identified by their intermediate SDH 

activity and alkaline-stabile mATPase activity. We also observed a higher degree of 

similarity between the intermediate-pink and the fast fibre MLC isoforms, suggesting that 

these two types of fibres have the same origin. Also at 40 days of age, slow-red and fast-

white muscle layers transitions occurred, from larval myosin isoforms to the ones typical of 

the adult muscle. Thus, the three main fibre types observed in the later juvenile and adult 

blackspot seabream stages appeared by the end of larval life, and were typically located 

within the myotome as observed in other species during the stratified hyperplastic growth 

phase. At 70 days (juveniles), small fibres with a distinct ATPase profile and MLC 

expression appeared throughout the fast-white muscle, marking the onset of “mosaic” 

hyperplasia. The persistence of early MLC isoforms in growing blackspot seabream 

suggested that de novo myogenesis process that occurs in growing muscle could be 

similar to that observed during embryonic development. Unexpectedly, in juveniles and 

adults, the slow-red muscle layer could be resolved into two distinct types. Therefore, we 

conducted an electron microscopy study in order to clarify whether the two distinct slow-
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red fibres types could have different fine structural features. It was concluded that the 

basic ultrastructural aspects of the blackspot seabream skeletal muscle did not seem to 

vary in comparison to those described for other fish species. It was also proved that, 

despite the different phenotype, all slow-red fibres seemed to have the same fine 

structure. Overall, the slow-red muscle was characterised by high amounts of 

mitochondria (21%) and lipid droplets (4%). In contrast, just 1% of fast-white fibre volume 

was occupied by mitochondria and no lipid droplets were found in fast-white fibres, 

suggesting that this seabream uses the slow-red muscle specifically and only for 

sustained or slow swimming. 

Although changes in muscle fibre phenotype (especially in contractile protein expression) 

can be correlated to hyperplastic mechanisms of growth, this does not give a measure of 

muscle growth. Therefore, the lateral muscle growth of blackspot seabream was 

measured using a morphometric approach in order to determine the relative contributions 

of hyperplasia and hypertrophy to muscle growth, from hatching until the juvenile stage. 

Our morphometric data of both fibre types showed that growth throughout the various 

stages resulted from both hypertrophy and hyperplasia of muscle fibres. The fibre number 

and the fibre area of both fibre types were correlated, linearly and positively, with the body 

length. A pause in both hypertrophy and hyperplasia occurred in the first five days after 

hatching. Thereafter and until the end of the larval period (23 days) larvae muscle growth 

occurred simultaneously by hypertrophy and by marked hyperplasia, mainly of the fast-

white fibres. We believe that the noted increase in the number of fibres did correspond, in 

fact, to the stratified hyperplastic growth observed in other fishes. That increase in the 

fibre number is in accordance with the embryonic character of the fast-white fibres shown 

by the immunohistochemical and in situ hybridization studies. Between 70 and 100 days, 

a distinct hyperplastic process started in the fast-white muscle, resulting in a threefold 

increase in the total number of fibres over that period. This was reflected in a wide range 

of fibre diameters displaying the mosaic appearance, as demonstrated in transverse body 

sections. This hyperplastic mosaic growth perfectly agreed with the result obtained with 

blackspot seabream, in the histochemical and in situ hybridization studies in which, at this 

age, new small fibres were noted in the fast-white muscle; different from the large fibres in 

their ATPase reactivity and MLC expression. The growth of the slow-red muscle in the 

blackspot seabream juveniles seemed to be due to cellular hypertrophy rather than to 

hyperplasia, as shown by a progressive increase in mean fibre area and in the values of 

the proportion of hypertrophy contribution to slow-red muscle area. Overall, hyperplasia 

provided the main relative contribution to the increase of fast-white muscle cross-sectional 

area, whereas the slow-red muscle area mainly benefited from hypertrophy. By 180 days, 

neither hyperplastic nor hypertrophic growth had ceased. 
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After studying the differentiation and development of the skeletal muscle of the blackspot 

seabream, we tried to promote the understanding of how external factors could influence 

growth mechanisms in this fish at several development stages. Temperature is probably 

the single most important factor affecting muscle growth during the embryonic and larval 

stages. Therefore, we investigated the influence of two water temperatures (14 and 18 ºC, 

used in incubating early embryos and sustaining the vitelline phase) on the blackspot 

seabream axial muscle cellularity, at two important development moments: hatching and 

mouth opening. It was concluded that the temperature of 18 ºC accelerated the development 

rate of the fish and influenced the larval muscle growth dynamics, via differential effects 

on the production of new fast-white muscle fibres (hyperplasia) at the post-opercular level. 

Facing this interesting result, and as a higher fibre number in young fish was previously 

related to improved growth potential in other fish species, we stressed the importance of 

further investigation to find out whether this early temperature effects can be maintained in 

posterior developmental stages or influence future growth outcomes. 

The level of dietary protein has a particularly important effect on fish growth, especially in 

juveniles. For that reason, we performed two parallel studies: one aimed at determining 

the effect of graded dietary protein level on growth, nutrient utilisation and body composition 

of juvenile blackspot seabream, and other at evaluating the effect of diet protein level on 

the muscle cellularity and growth. From the results of both studies, it was concluded that a 

protein content slightly higher than 40% seems to be the most adequate for the blackspot 

seabream, simultaneously maximizing growth performance, nutrient use and further growth 

potential. Moreover, a higher total fast-white fibre number in the posterior part of the fish 

was found in fish fed those diets. 

All these histological studies were carried out in two different body locations, namely at 

post-opercular and post-anal levels. It was concluded that the fibre phenotype profiles and 

ultrastructural features were the same for all myotomes studied, regardless of their 

position along the cranio-caudal axis. It was proved, however, that during ontogeny rostro-

caudal differences exist in fibre cellularity, with a consistently higher number of smaller 

sized slow-red fibres being found at caudal level when compared to the post-opercular 

level. It was also proved that the axial musculature of blackspot seabream embryo/larvae 

reacted differently to temperature influence according to the body location. All these 

conclusions strongly support the need to look at different body locations when evaluating 

muscle cellularity in fish, namely in growth and aquaculture related studies. 

To the best of our knowledge, the studies described in this Thesis were the first ones 

performed in the skeletal muscle of blackspot seabream. When compared with studies in 

other species, we can say we even used more complete approaches in a broad context, 

such as the cranio-caudal analysis, or else promoting unbiased fast-measuring strategies 
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(such as the 2D-nucleator) in the study of muscle fibres. If by one hand the Thesis adds 

data about differentiation, development and growth of Pagellus bogaraveo muscle, by 

other hand new questions of prospective relevance were raised, concerning both 

fundamental questions and farming. Further work is worth and needed for solving at least 

some of the questions. 
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Resumo 
 

Esta Tese descreve a diferenciação e o desenvolvimento do músculo do goraz (Pagellus 

bogaraveo, Brunnich), uma espécie que está em consideração como potencial candidata 

à aquacultura mediterrânica. Numa primeira fase, e com o objectivo de identificar 

mudanças na expressão da miosina do músculo do goraz ao longo do seu 

desenvolvimento, desde a eclosão até ao adulto, utilizamos um painel de anticorpos 

específicos para as isoformas da miosina, bem como colorações histoquímicas para 

detecção da actividade enzimática da ATPase da miosina e da SDH (um marcador para o 

conteúdo em mitocôndrias e para o metabolismo oxidativo). Numa segunda fase, 

utilizamos hibridização in situ para caracterizar a expressão espacial e temporal do gene 

para a miosina de cadeia leve embrionária 1 (MLC1), 2 (MLC2) e 3 (MLC3) durante a 

fase inicial da vida do peixe. A combinação destas abordagens contribuiu para 

compreender a diferenciação do músculo do goraz durante o seu desenvolvimento. De 

uma forma geral, estes estudos mostraram que alterações no fenótipo da fibra muscular 

reflectem as modificações que ocorrem no crescimento do músculo do goraz e, apesar de 

muitas das características serem semelhantes às encontradas em outras espécies, foram 

descobertas, também, algumas diferenças. Os dados mostraram que, na eclosão, várias 

camadas de músculo rápido (branco) estavam revestidas por uma monocamada 

superficial de fibras. Nesta idade, tal monocamada era já diferente da camada muscular 

profunda relativamente à sua composição em miosina e expressão das MLCs. Aos 5 dias 

de idade (transição da alimentação endógena para a exógena), fibras musculares lentas 

(vermelhas) apareceram junto do nervo da linha lateral, conforme o demonstrado 

imunohistoquimicamente com o uso de soro antimiosina. No entanto, estas novas fibras 

não continham nenhum dos 3 transcritos de MLC estudados. Aos 40 dias (“desmame”), 

um tipo de fibra adicional foi identificado: o típico “rosa”, também chamado de tipo 

intermédio. Estas fibras foram identificadas por possuírem uma actividade da SDH 

intermédia e uma actividade ATPásica estável para pH’s alcalinos. Foi também 

observado um elevado grau de similitude entre as MLC das fibras musculares 

intermédias e as rápidas, sugerindo que estes dois tipos de fibras têm a mesma origem. 

Também aos 40 dias ocorreram modificações nas camadas de fibras lentas (vermelhas) 

e de rápidas (brancas), observando-se uma transição das isoformas larvares para as 

isoformas típicas do adulto. Ou seja, no goraz, os três tipos de fibras principais 

apareceram no final da vida larvar, ocupando posições no miótomo consideradas típicas 

da fase de crescimento hiperplástico estratificado. Aos 70 dias (juvenis), pequenas fibras, 

com perfil histoquímico bem marcado para a ATPase, apareceram no músculo (branco) 

rápido, marcando o início do crescimento hiperplástico em mosaico. A persistência das 
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isoformas de MLC embrionárias no goraz em crescimento sugere que este processo de 

miogénese de novo, que ocorre no músculo em crescimento, pode ser idêntico ao que 

ocorre durante o desenvolvimento embrionário. Inesperadamente, nos juvenis e nos adultos, 

a camada muscular lenta vermelha pôde ser subdividida em dois tipos de fibras. Nessa 

sequência, realizámos um estudo de microscopia electrónica com o objectivo de verificar 

se esses tipos de fibras lentas possuíam características ultra-estruturais diferentes. Foi 

observado que as características ultra-estruturais básicas do músculo-esquelético do 

goraz não parecem diferir das de outras espécies de peixes. Demonstrou-se, também, 

que apesar das diferenças fenotípicas, todas as fibras musculares lentas (vermelhas) 

apresentavam a mesma ultra-estrutura. De uma forma geral, o músculo lento (vermelho) 

distinguia-se por possuir fibras com uma elevada quantidade de mitocôndrias (21%) e de 

gotículas lipídicas (4%). Pelo contrário, apenas 1% do volume das fibras rápidas 

(brancas) era ocupado por mitocôndrias, não tendo sido quantificadas gotículas lipídicas 

nestas fibras. Os dados quantitativos fizeram-nos sugerir que o goraz utiliza específica e 

exclusivamente o músculo lento (vermelho) para uma natação lenta e sustentada. 

Apesar da alteração no fenótipo das fibras musculares (especialmente na expressão das 

proteínas contrácteis) poder ser correlacionada com os mecanismos de hiperplasia, a 

mesma não nos dá uma medida do recrutamento de novas fibras. Assim, o crescimento 

do músculo lateral do goraz foi medido utilizando uma abordagem morfométrica, de forma 

a determinar as contribuições relativas de hiperplasia e hipertrofia celular. Os resultados 

morfométricos dos dois tipos principais de fibras mostraram que o crescimento ao longo 

das várias fases resultou quer de crescimento hipertrófico quer hiperplástico das fibras 

musculares. O número e a área dos dois tipos de fibras correlacionaram-se, linear e 

positivamente, com o comprimento corporal. Nos primeiros cinco dias após a eclosão 

ocorreu uma pausa na hipertrofia e na hiperplasia. A partir daí, e até ao final da fase 

larvar (23 dias), o crescimento muscular ocorreu simultaneamente por hipertrofia e por 

uma marcada hiperplasia, principalmente das fibras musculares rápidas. Acreditamos que 

este aumento significativo no número de fibras corresponde, de facto, ao crescimento 

hiperplástico estratificado observado em outras espécies de peixes. Aquele aumento do 

número de fibras está de pleno acordo com o carácter embrionário das fibras musculares 

rápidas observado nos estudos de imunohistoquímica e hibridização in situ. Entre os 70 e 

os 100 dias, um crescimento hiperplástico distinto no músculo rápido (branco), resultou 

num aumento de 3 vezes do número de fibras nesse período. Este resultado reflectiu-se 

no aparecimento de fibras de diferentes diâmetros, dando ao músculo rápido (branco) 

uma aparência em mosaico, indubitavelmente observado em cortes transversais do 

corpo. Este crescimento hiperplástico confirmou, assim, o resultado obtido nos estudos 

histoquímicos e de hibridização in situ, nos quais, nesta idade, foram identificadas novas 
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fibras, diferindo das maiores na reactividade da ATPase e expressão das MLC. O 

crescimento do músculo lento (vermelho) dos juvenis do goraz parece estar mais 

relacionado com a hipertrofia celular do que com a hiperplasia, como foi demonstrado 

pelo progressivo aumento da média da área da fibra e na contribuição da hiperplasia e da 

hipertrofia para a área total de músculo lento (vermelho). De uma forma geral, a hiperplasia 

foi o mecanismo que mais contribuiu para o crescimento da área de músculo rápido 

(branco), enquanto a área de músculo vermelho beneficiou principalmente da hipertrofia. 

Aos 180 dias, nem o crescimento hiperplástico nem o hipertrófico tinham cessado. 

Depois de estudar a diferenciação e desenvolvimento do músculo-esquelético do goraz, 

tentámos contribuir para a compreensão da influência de alguns factores externos nos 

mecanismos de crescimento nesta espécie, em diferentes fases do seu desenvolvimento. 

A temperatura é, provavelmente, o mais importante dos factores a influenciar o crescimento 

muscular durante as fases embrionária e larvar. Assim, nós investigamos a influência de 

duas temperaturas da água (14 e 18 ºC, usadas na incubação e mantidas até ao final da 

fase vitelina) na celularidade do músculo axial do goraz. Este efeito foi avaliado em dois 

momentos importantes do seu desenvolvimento: eclosão e abertura da boca. Concluímos 

que a temperatura de 18 ºC acelerou a velocidade de desenvolvimento do goraz e a 

dinâmica de crescimento muscular, via efeitos diferenciais na produção de novas fibras 

musculares rápidas brancas (hiperplasia), na zona pós-opercular. De acordo com este 

interessante resultado e com o facto de ter sido previamente descrito em outras espécies 

que um maior número de fibras musculares nos peixes melhora o seu potencial de 

crescimento, nós realçamos neste trabalho a importância de continuar esta investigação 

para descobrir se as diferentes respostas iniciais à temperatura são mantidas em fases 

posteriores, ou mesmo se influenciam as fases seguintes de crescimento muscular. 

O nível de proteína na dieta tem um efeito particularmente importante no crescimento do 

peixe, especialmente em juvenis. Por esta razão, realizámos dois estudos paralelos: um 

com o objectivo de determinar o efeito do nível de proteína no crescimento, no 

aproveitamento de nutrientes e na composição corporal dos juvenis de goraz; e outro 

para determinar o efeito do nível de proteína no crescimento e celularidade muscular. 

Pelos resultados obtidos nos dois estudos concluímos que um nível proteico ligeiramente 

superior a 40% parece ser o mais adequado para maximizar, simultaneamente, a 

“performance” de crescimento, aproveitamento de nutrientes e potencial de crescimento 

futuro, uma vez que foi encontrado na parte posterior destes peixes um maior número de 

fibras musculares rápidas brancas. 

Todos os nossos estudos histológicos foram realizados em duas localizações corporais 

diferentes, nomeadamente na zona pós-opercular e na pós-anal. Concluiu-se que perfil 

fenotípico e as características estruturais das fibras eram as mesmas em qualquer um 
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dos miótomos estudados, independentemente da sua posição ao longo do eixo crânio-

caudal. No entanto, foi provado que existem diferenças na celularidade ao longo do corpo 

e durante a ontogenia, verificando-se consistentemente um maior número de pequenas 

fibras musculares lentas (vermelhas) na zona caudal, quando comparada com a zona 

pós-opercular. Ficou também provado que a musculatura axial do embrião/larva reage 

diferentemente à influência da temperatura de acordo com a sua localização. Todas estas 

conclusões sustentam fortemente a necessidade de se analisar diferentes localizações 

corporais quando se está a avaliar a celularidade muscular nos peixes, nomeadamente 

em estudos de crescimento e de aquacultura. 

Tanto quando sabemos, os estudos descritos nesta Tese foram os primeiros a ser 

realizados em músculo-esquelético do goraz, e também a utilizar abordagens espaciais 

mais completas num amplo contexto de estudo, tais como a análise crânio-caudal, e, 

ainda, os primeiros a promover estratégias de medição rápidas e não-enviesadas (como 

o “2D-nucleator”) no estudo das fibras musculares. Com este estudo, passaram a existir 

novos dados sobre a diferenciação, desenvolvimento e crescimento do músculo do 

Pagellus bogaraveo, levantando-se novas questões relevantes para o futuro, quer no 

âmbito de assuntos fundamentais quer da criação intensiva do goraz. Parece justificar-se 

pois encetar esforços para tentar responder a pelo menos algumas destas questões. 
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Résumé 
 

Cette Thèse décrit la différenciation et le développement du muscle chez le pageot rose 

(Pagellus bogaraveo, Brunnich), espèce présentant un potentiel dans l'aquaculture 

méditerranéenne. Dans un premier stade, et avec l'objectif d'identifier des changements 

dans l'expression de la myosine du muscle du pageot rose au long de son 

développement, depuis l'éclosion jusqu'à l'adulte, nous utilisons un panneau d'anticorps 

spécifiques pour les isoformes de la myosine, ainsi que des colorations histochimiques 

pour la détection de l'activité enzymatique de l'ATPase de la myosine et de SDH (un 

marqueur pour le contenu dans des mitochondries et pour le métabolisme oxydative). 

Dans un secondes phases, nous utilisons hybridation in situ pour caractériser l'expression 

spatiale et temporale du gène pour la myosine embryonnaire à chaîne légère 1 (MLC1), 2 

(MLC2) et 3 (MLC3) pendant la phase initiale de la vie du poisson. La combinaison de ces 

abordages a contribué pour comprendre la différenciation du muscle du pageot rose 

pendant son développement. D'une forme générale, ces études ont montré que des 

modifications dans le phénotype de la fibre musculaire reflètent les modifications qui se 

produisent dans la croissance du muscle du pageot rose et, malgré beaucoup de ces 

caractéristiques être semblables aux trouvées dans d'autres espèces, quelques 

différences ont été observées. Les données ont montré que, pendant l'éclosion, plusieurs 

couches de muscle rapide (blanc) étaient enduites par une monocouche superficielle de 

fibres. À cet âge, telle monocouche était déjà différente de la couche musculaire profonde 

à l'égard de son  contenu en myosine et expression des MLCs. Aux 5 jours d'âge 

(transition de l'alimentation endogène pour l'exogène), des fibres musculaires lentes 

(rouges) sont apparues près du nerf de la ligne latérale, comme démontré par 

immunohistochimie avec l'utilisation de sérum antimyosine. Néanmoins, ces nouvelles 

fibres ne contenaient aucune des 3 transcriptions de MLC étudiées. Aux 40 jours 

(« sevrer «), un type de fibre supplémentaire a été identifié : la typique « rose », aussi 

appellé de type intermédiaire. Ces fibres ont été caractérisées comme possédant une 

activité de SDH intermédiaire et une activité ATPase stable pour pH' s alcalin. Nous avons 

aussi observé un élevé degré de similitude entre les MLC des fibres musculaires 

intermédiaires et les rapides, en suggérant que ceux-ci deux types de fibres aient le 

même origine. Aussi aux 40 jours se sont produites des modifications dans les couches 

de fibres lentes (rouges) et rapides (blanches), en s'observant une transition des 

isoformes larvaires pour les isoformes typiques de l'adulte. C'est-à-dire, chez le pageot 

rose, les trois types de fibres principales sont apparus à la fin de la vie larvaire, en 

occupant des positions dans la myotome considérées typiques de la phase de croissance 

hyperplastique stratifié. Aux 70 jours (juvéniles), de petites fibres, au profil histochimique 
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bien marqué pour l'ATPase, sont apparues dans le muscle (blanc) rapide, en marquant le 

début de la croissance hyperplastique en mosaïque. La persistance des isoformes de 

MLC embryonnaires chez le pageot rose en croissance suggère que ce processus de 

myogenèse de novo, qui se produit dans le muscle en croissance, puisse être identique 

auquel se produise pendant le développement embryonnaire. Inopinément, chez nos 

juvéniles et nos adultes, la couche musculaire lent rouge a pu être subdivisée dans deux 

types de fibres. En conséquence, nous avons réalisé une étude de microscopie 

électronique avec l'objectif de vérifier si ces types de fibres lentes possédaient des 

caractéristiques ultrastructurelles différentes. Il a été observé que les caractéristiques 

ultrastructurelles basiques du muscle squelettique du pageot rose ne semblent pas 

différer de celles d'autres espèces de poissons. Il s'est démontré, aussi, que malgré des 

différences phénotypiques, toutes les fibres musculaires lentes (rouges) présentaient la 

même ultrastructure. D'une façon générale, le muscle lent (rouge) se distinguait par 

posséder des fibres avec une quantité élevée de mitochondries (21%) et des gouttelettes 

lipidiques (4%). Par contre, seulement 1% du volume des fibres rapides (blanches) était 

occupé par des mitochondries, les gouttelettes lipidiques dans ces fibres n'ayant pas été 

quantifiées. Les données quantitatives suggèrent que le pageot rose utilise spécifique et 

exclusivement le muscle lent (rouge) pour une natation lente et soutenue. Malgré la 

modification du phénotype des fibres musculaires (spécialement dans l'expression des 

protéines contractiles) pouvoir être corrélé avec les mécanismes hyperplasiques, cela ne 

nous donne pas une mesure du recrutement de nouvelles fibres. Ainsi, la croissance du 

muscle latéral du pageot rose a été mesurée en utilisant un abordage morphométrique, 

de manière à déterminer les contributions relatives de l’hyperplasie et de l’hypertrophie 

cellulaire. Les résultats morphométriques des deux types principaux de fibres ont montré 

que la croissance, au cours des plusieurs phases, a résulté soit de la croissance 

hypertrophique soit hyperplasique des fibres musculaires. Le nombre et le secteur des 

deux types de fibres se sont corrélés, linéaire et positivement, avec la longueur corporelle. 

Pendant les cinq premiers jours après l'éclosion s'est produite une pause dans la 

hypertrophie et dans la hyperplasie. À partir de là, et jusqu'à la fin de la phase larvaire (23 

jours), la croissance musculaire s'est produite simultanément par hypertrophie et par une 

hyperplasie marquée, principalement des fibres musculaires rapides. Nous croyons que 

cette augmentation significative dans le nombre de fibres correspond, de fait, à la 

croissance hyperplastique stratifiée observée dans d'autres espèces de poissons. Cette 

augmentation du nombre de fibres est d’accord au caractère embryonnaire des fibres 

musculaires rapides observé par nos études d'immunohistochimie et d’hybridation in situ. 

Entre les 70 et 100 jours, une croissance hyperplastique distincte dans le muscle rapide 

(blanc), a résulté dans une augmentation de 3 fois du nombre de fibres dans cette 



Résumé 

23 

période. Ce résultat s'est reflété dans l'aspect de fibres de différents diamètres, en 

donnant au muscle rapide (blanc) une apparence dans mosaïque, indubitablement 

observé dans des coupes transversales du corps. Cette croissance hyperplastique a 

confirmé, ainsi, le résultat obtenu dans nos études histochimiques et d'hybridation in situ, 

qui montre que, a cet âge, sont identifiées de nouvelles fibres, en différant des plus 

grands dans la réactivité de l'ATPase et expression de MLC. La croissance du muscle lent 

(rouge) des juvéniles du pageot rose semble être plus en rapport avec l’hypertrophie 

cellulaire qu'avec l’hyperplasie, comme il a été démontré par la progressive augmentation 

de la moyenne de la section de la fibre et dans la contribution de l’hyperplasie et de 

l’hypertrophie pour la section total de muscle lent (rouge). D'une forme générale, 

l’hyperplasie a été le mécanisme qui plus a contribué à la croissance de la section du 

muscle rapide (blanc), pendant que la section du muscle rouge a bénéficié principalement 

de l’hypertrophie. Aux 180 jours, ni la croissance hyperplastique ni l’hypertrophique 

avaient cessé.  

Après étudier la différenciation et le développement du muscle squelettique chez le 

pageot rose, nous avons essayé de contribuer à la compréhension de l'influence de 

quelques facteurs externes dans les mécanismes de croissance chez cette espèce, 

pendant les différentes phases de leur développement. La température est, 

probablement, la plus importante des facteurs capables d'influencer la croissance 

musculaire pendant les phases embryonnaire et larvaire. Ainsi, nous avons étudié 

l'influence de deux températures de l'eau (14 et 18ºC, utilisées dans l'incubation et 

maintenues jusqu'à la fin de la phase vitelline) dans la cellularité du muscle axial du 

pageot rose. Cet effet a été évalué pendant deux moments importants de son 

développement : l’éclosion et l’ouverture de la bouche. Nous concluons que la 

température de 18 ºC a accéléré la vitesse de développement du pageot rose et la 

dynamique de croissance musculaire, par des effets différentiels dans la production de 

nouvelles fibres musculaires rapides blancs (hyperplasie), dans la zone post-operculaire. 

Conformément à ce intéressant résultat et avec le fait d'avoir été préalablement décrits 

chez d'autres espèces que un plus grand nombre de fibres musculaires chez les  

poissons améliore son potentiel de croissance, nous montrons dans ce travail 

l'importance de continuer cette recherche pour découvrir si les différentes réponses 

initiales à la température sont maintenues dans des phases postérieures, ou même si 

elles influencent les phases suivantes de croissance musculaire. 

Le niveau de protéine dans le régime alimentaire a un effet particulièrement important 

dans la croissance du poisson, spécialement chez les juvéniles. Pour cette raison, nous 

avons réalisé deux études parallèles : un avec l'objectif de déterminer l'effet du niveau de 

protéine dans la croissance, dans l'exploitation d'éléments nutritifs et dans la composition 
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corporelle des juvéniles du pageot rose ; et l’autre pour déterminer l'effet du niveau de 

protéine dans la croissance et cellularité musculaire. Par les résultats obtenus dans les 

deux études nous concluons qu'un niveau protéique légèrement supérieur à 40% semble 

être ajusté pour maximiser, simultanément, la «performance» de croissance, 

d'exploitation d'éléments nutritifs et le potentiel de croissance future, vu qu'il a été trouvé 

dans la partie postérieure de ces poissons un plus grand nombre de fibres musculaires 

rapides blancs. Toutes nos études histologiques ont été réalisées dans deux localisations 

corporelles différentes, notamment dans la zone post-operculaire et dans la post-anal. Il 

s'est conclu que profil phénotypique et les caractéristiques structurelles des fibres étaient 

les mêmes dans quelconque une des myotomes étudiées, indépendamment de sa 

position au long de l'axe crânio-caudal. Néanmoins, il a été prouvé que existent des 

différences dans la cellularité au long du corps et pendant l'ontogénie, en se vérifiant 

d’une façon cohérente un plus grand nombre de petites fibres musculaires lentes (rouges) 

dans la zone caudale, quand comparée avec la zone post-operculaire. Il a été aussi 

prouvé que la musculature axiale de l'embryon/larve réagit différentement à l'influence de 

la température en fonction de sa localisation. Toutes ces conclusions soutiennent 

fortement la nécessité d'analyser différentes localisations corporelles quand nous voulons 

évaluer la cellularité musculaire chez les poissons, notamment dans des études de 

croissance et d'aquaculture. Tant ce qui nous savons, les études décrites dans cette 

Thèse ont été les premiers à être réalisés dans le muscle squelettique chez le pageot 

rose, et aussi à utiliser des abordages spatiaux plus complets dans un suffisant contexte 

d'étude, tels que l'analyse crânio-caudal, et, encore, les premiers à promouvoir des 

stratégies de mesure rapides et non biaisées (comme la « 2D-nucleator ») dans l'étude 

des fibres musculaires. Avec cette étude existent de nouvelles données sur la 

différenciation, développement et croissance du muscle du Pagellus bogaraveo, en se 

soulevant nouvelles questions importantes pour l'avenir, soit dans le contexte de sujets 

fondamentaux soit de la création intensive du pageot rose. A notre avis, il se justifie de 

commencer dés maintenant les efforts pour essayer de répondre, au moins,  à quelque de 

ces questions. 
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Preface 
 
In a broad sense, the aim of this Thesis was to increase the cytological and histological 

knowedge of the muscle fibre types from the axial musculature of the blackspot seabream 

(Pagellus bogaraveo, Brunnich), and to use such information for: i) studying hypertrophic 

and hyperplastic mechanisms of muscle enlargement; and ii) assessing the influence of 

selected external factors on the growth of this fish. In the first part of this Chapter, the 

focus will primarily be on the biology of blackspot seabream. The rest of the Chapter aims 

summarizing what is known about the mechanisms of muscle patterning and growth in 

fish. First, the characteristics of the various fish muscle fibre types and their development 

are discussed. After that, a summary is given of methods used to measure muscle fibre 

hypertrophy (size increase) and hyperplasia (number increase), during post-embryonic 

growth. Then, the main features of hypertrophic and hyperplastic growth are covered. 

Finally, various biotic and abiotic factors that can affect muscle growth are considered, 

especially in the context of aquaculture. The Chapter concerns mainly fish that are 

important aquaculture species, especially those raised by intensive methods. 

 

The blackspot seabream Pagellus bogaraveo (Brunnich) 
 

Marine fish farming has undergone a significant growth in recent years. In Portugal, 

marine aquaculture is currently concentrated on the production of gilthead seabream 

(Sparus aurata, Linnaeus) (aquaculture production in 2006: 1,519 tons (7,502,000 €), 

European seabass (Dicentrarchus labrax, Linnaeus) (aquaculture production in 2006: 

1,530 tons (8,153,000 €) and turbot (Psetta maxima, Linnaeus) (aquaculture production in 

2006: 214 tons (1,499,000 €) (INE, 2007). The marine teleost blackspot seabream has a 

high market price (captured fish, unloaded in Portugal docks in 2006: 1,114 tons; average 

price of unloaded fish: 10.35 €/kg) (INE, 2007) and it is considered a candidate species for 

intensive aquaculture in Mediterranean. Yet, studies on blackspot seabream in captivity 

are extremely scarce and deal mainly with reproduction and disease control, larvae and 

juveniles culture techniques (Olmedo et al., 1998; Peleteiro et al., 2000; Micale et al., 

2002; Mladineo, 2003) and more recently with nutritional requirements (Palmegiano et al., 

2007; Figueiredo-Silva et al., 2009; Valente et al., 2009).  
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The blackspot seabream (Fig. 1) has the following taxonomy classification: 

• Super-class - Pisces 

• Class – Actinopterygii 

• Super-order – Teleostei 

• Order - Perciformes 

• Super-family – Percoidea 

• Family – Sparidae 

• Species – Pagellus bogaraveo 

 

 

 

 

 

 

 

 
Figure 1: External anatomy of Pagellus bogaraveo (Brunnich). Adapted from original picture 

hosted at: (a) http://filaman.ifm-geomar.de/Photos/ThumbnailsSummary.php?ID=890; 

(b) www.fishing.pl/ryby/ryby_swiata/morlesz_bogar. 

 

The fish body is long, fusiform and bilaterally symmetric, characteristics which are found in 

other percoid fish. With a large head, a small mouth, a snout shorter than the eye 

diameter (Muus & Nielsen, 1999), the species presents a grey back, which changes 

gradually to silver plated white in the abdomen. This fish shows a distinctive black spot 

above the pectoral fin base. Its dorsal fin has 12-13 spines, although its anal fin is 

supported by 3 spines only. 

The blackspot seabream is a benthopelagic fish commonly found in the Mediterranean 

(Fig. 2). It can also be found in the Atlantic from Norway (65ºN) to Cape Blanco, Madeira 

and the Canaries, exceptionally farther south, in depths from the inshore waters above 

various bottoms (rocks, sand and mud), down to 400 m in the Mediterranean and 700 m in 

the Atlantic (Bauchot & Hureau, 1990). 
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Figure 2: Geographical distribution of Pagellus bogaraveo (Brunnich). The image is hosted at 

http://fishbase.ifm-geomar.de. 

 

The species exhibits protandric hermaphroditism, with males becoming females when 

they reach a length of 20-30 cm. In an adult population, most of the individuals are 

females (Krug, 1990). In the natural environment, the blackspot seabream reaches sexual 

maturity at age of 5 years, at a mean weight and length of 650 g and 35 cm, respectively 

(Sánchez, 1983). While in captivity, the first spawning occurs at 4 years of age when a 

mean weight and length of 800 g and 30 cm, respectively, is attained (Fernández-Pato et 

al., 1990). The reproducing stage in the natural environment varies in terms of latitude and 

longitude. Generally, spawning occurs at the end of winter between January and April 

(Bauchot & Hureau, 1990), reaching peak spawning activity between February and May 

(Sánchez, 1983; Krug, 1990). In captivity, spawning coincides more or less with the above 

periods, as it has been observed in the north-west of the Iberian Peninsula (Olmedo et al., 

1998). Fecundity estimates ranges from 73,000 to 1,500,000 oocytes for female fish with 

lengths swinging between 29 and 41 cm (Krug, 1990). The eggs float and fingerlings swim 

in big groups near the shoreline. When they grow, they dive into deeper zones (Morales, 

1986). In captivity (Instituto Español de Oceanografia, Cabo Estay, Vigo, Spain), 

embryonic life (from fertilization to hatching) lasts 54 hours only. Larvae are maintained in 

the incubators at the natural temperature with running water until the day prior to mouth 

opening (at 115 h after hatching) when they are transferred to the larva culture tanks at 18 

± 1 ºC. To our knowledge, the blackspot seabream has been mainly fed on diets 

specifically developed for other marine fish, namely gilthead seabream, and few available 

publications exist on the specific nutritional requirements of blackspot seabream 

(Figueiredo-Silva et al., 2009; Valente et al., 2009). Generally, the feeding plan consists in 

rotifers (Brachionus plicatilis, Mueller) (5 - 35 days), Artemia AF380 (30 - 35 days) and 
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metanauplius (35 – 45 days) followed by innert microdiets (45 - 60 days) (Krug, 1990; 

Peleteiro et al., 1997; 2000; Olmedo et al., 1998). Ribeiro et al. (2008) analysed the 

activity of digestive enzymes at different development stages of blackspot seabream 

raised with this feeding plan and observed that the pattern of digestive enzymes activity 

was related to organogenesis and the type of the food used. 

The first growth experiments performed with blackspot seabream juveniles relied on fish 

caught in the natural environment. Fish exhibit lower growth rates (Peleteiro et al., 1994; 

Olmedo et al., 2000) when compared to other farmed Sparidae, such as gilthead 

seabream (Aksnes et al., 1997; Santinha et al., 1999; Izquierdo et al., 2003), and high 

lipid deposition in muscle, liver and particularly around viscera (Linares et al., 2001). 

These results clearly point the need of optimizing culture conditions and improving specific 

diets for supporting the consolidation of blackspot seabream farming. 

 

Muscle morphology and fibre types in teleost fish 
 

The swimming muscle of fish comprises about approximately 40 – 60% of the total body 

mass (Bone, 1978). The muscle tissue is organized in a series of myotomes on either side 

of the body. These units are separated by sheets of connective tissue, the myosepta. The 

myosepta are attachment sites for the muscle fibres and play a role in force transmission. 

The myosepta form a series of overlapping cones which are stacked along axes parallel to 

the midline, giving rise to the characteristic W-shape appearance of myotomes in 

longitudinal section (Van Leeuwen, 1999) (Fig. 3a). Each myotome contains: 1) a 

superficial wedge-shaped region lying directly beneath the lateral line, where the muscle 

fibres run parallel to the body axis; 2) and a deeper part where the muscle fibres are 

arranged in a helical fashion, forming angles of up to 40º  (Sänger & Stoiber, 2001) (Fig. 

3b). The functional significance of this arrangement is that it is thought to allow similar 

degrees of sarcomere shortening at different body flexures (Rome et al., 1988). A 

horizontal septum divides the axial musculature into a dorsal (epaxial) and a ventral 

(hypaxial) part (Bone, 1978). 

The muscle fibre is made up of many myofibrils. A cylindrical myofibril consists of 

thousands of microscopic units called sarcomeres – each being about 2 µm long – that 

are connected end-to-end (Fig. 3d). The components of sarcomere include two types of 

myofilaments, made of proteins called actin and myosin. When a nerve impulse reaches a 

skeletal muscle fibre, it causes a change in electric potential across the plasma 

membrane. Skeletal muscle fibres can quickly convert this elecytric signal into 

despolarization through a rise of cytosolic Ca2+ from the sarcoplasmic reticulum, and then 

initiates the contraction. Myosin is a motor protein that interacts with actin filaments and 
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couples the hydrolysis of ATP. In skeletal muscle, contraction is regulated by four proteins 

associated with the actin filament: tropomyosin and troponins C, I and T. The cytolosic 

Ca2+ concentration influences the position of these proteins on the thin filaments, which in 

turn controls myosin-actin interaction (Purves et al., 2001). Myosin is a major component 

of the contractile apparatus, consisting of two heavy chains and two pairs of light chains. 

Each heavy chain consists of a structural α-helical rod and a globular head. The globular 

head region is known to contain the light chain and actin binding sites as well as the 

ATPase activity (Sellers, 2000). 

In contrast to mammalian muscle, which is characterised by a mosaic pattern of fibre 

types, the axial muscle of teleosts shows anatomically distinct zones of fibre types. The 

muscle fibres are separated in two layers: subdermal slow-red muscle, with oxidative 

metabolism and slow contraction; and deep fast-white muscle, with glycolytic metabolism 

and fast contraction (Fig. 3c). In several fish, intermediate-pink muscle located in the 

transitional zone between slow-red and fast-white muscle can be distinguished (Fig 3c), 

with fibres characterized as fast contracting with intermediate resistance to fatigue and 

intermediate speed of shortening (Johnston et al., 1975; Bone, 1978). 

 

Slow-red muscle fibres 
 

Slow-red muscle fibres are located in a superficial strip that forms a thicker layer at the 

major horizontal septum. In general, the superficial slow-red fibres run parallel to the 

longer axis of the body. Slow-red fibres are relatively small (ca. 25 - 45 μm) and usually 

comprise around 10 - 30% of the myotomal muscle, according to the locomotion mode 

(Sänger & Stoiber, 2001). Active pelagic families, like the Scombridae, have a higher 

proportion of slow fibres compared to the myotomes of benthic predators and deep-sea 

fish, which are almost entirely composed of fast muscle (Johnston, 1981). 

In most muscle cross sections, the proportion of slow-red fibres increases from rostral to 

caudal regions (Bone, 1978; Sänger & Stoiber, 2001), but this depends upon the lifestyle 

of fish species. For example in the scup (Stenotomus chrysops, Linnaeus), the total area 

occupied by the slow-red muscle in body cross sections was larger in the mid and 

posterior body positions (Zang et al., 1996). On the contrary, another study on variations 

in the total slow-red muscle cross-sectional area found it more anteriorly developed in 

thunniform swimmers (Ellerby et al., 2000). Slow-red fibres in all fish are profusely 

innervated (Bone, 1978). 

Sustained swimming speeds are supported by the contraction of the slow-red muscle 

fibres using aerobic pathways and mostly carbohydrates and/or lipids as fuels (Sänger & 

Stoiber, 2001). The continuous use of the superficial slow-red muscle requires a good 
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supply of oxygen-carrying blood. This is provided by extensive vascularization and a high 

concentration of myoglobin in the muscle cells, which endows its red colour (Bone, 1978). 

Other major general ultrastructural features of this muscle type are a high amount of 

subsarcolemmal and inter-myofibrillar mitochondria of the lamellar type and lipid droplets. 

The relative numbers of these intracellular components vary dependent upon species and 

environmental influences. The myofibrils are roughly polygonal in shape, except the most 

peripheral ones, which exhibit a radial alignment (Sänger & Stoiber, 2001). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 3: Myotomal muscle in fish. Myotomes are shown as they appear in the lateral (a) and 

dorsal view (b) of fish. A longitudinal band of slow-red muscle runs down the midline of each side 

of the fish (b). The fast-white muscle is visible above (epaxial) and below (hypaxial) the slow-red 

muscle band. When viewed transversely (c), the lateral bands of slow-red muscle are “V” shaped, 

while the bulk of the myotome is fast-white muscle. In some fish species, an intermediate-pink 

muscle is observed between these layers (c). The muscle fibres are composed of smaller 

cylindrical units called myofibrils (d) which are made of many small structures called sarcomeres. 

Figures based on: (a) Bone, 1978; (b) Rome et al., 1988; (c) Johnston et al., 1975; (d) Johnston, 

2001. 

 

The slow-red muscle contains relatively high concentrations of respiratory and citric acid 

cycle enzymes, required for energy generation for slow sustained aerobic swimming (the 

most commonly measured of these being succinic dehydrogenase (SDH) (Johnston & 

Lucking, 1978; Higgins, 1990). Histochemical analysis of slow-red muscle also shows an 

alkaline-labile mATP activity (Veggetti et al., 1993; Assis et al., 2004; Aguiar et al., 2005). 
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Slow-red fibres bind antibodies against slow-red fish myosin; the distinct phenotype of 

slow-red fibres is also demonstrated by the presence of two “slow” myosin light chains 

(Rowlerson et al., 1985). 

 

Fast-white muscle fibres 
 

The fast-white fibres make up the major part of the skeletal muscle fish and represent at 

least 70% of the muscle. Deeper muscle fibres follow complex helical trajectories, making 

angles up to 40º with the body axis (Bone, 1978). The fast-white fibres have the largest 

diameters, ranging between 50 and 100 µm or even higher (Sänger & Stoiber, 2001).The 

total area occupied by the fast-white muscle in the cross-sectional area of the skeletal 

muscle varies along the length of the fish, peaking in the anterior part of the animal and 

declining caudally (Zhang et al., 1996). Fast-white fibres in the vast majority of bony fish 

are poly-neuronally innervated (Bone, 1978), whereas the fast-white fibres in elasmobranches 

and primitive teleosts are focally innervated (in the form of single endplates). 

Generally, this type of muscle is used at high swimming speeds, e.g., in fast-start burst 

swimming for prey capture and escape response.  

In many teleost fish, electromyographic evidence suggests that both slow-red and fast-

white muscle, specially the more superficial fast-white fibres, have a role to play in 

sustained intermediate speed swimming (Bone, 1978), although this may not be the case 

in all species (Johnston et al., 1977; Bone, 1978; Johnston & Moon, 1980a). The fast 

swimming is powered by phosphagen hydrolysis followed by the activation of anaerobic 

glycogenolysis, resulting in the accumulation of lactic acid in the fast-white muscle 

(Sänger & Stoiber, 2001). As the oxidative regeneration of glycogen in fast-white muscle 

is a relative slow process these bursts are necessarily short in duration and require a 

recovery period (Sänger & Stoiber, 2001). Fast-white fibres contain tightly packed 

myofibrils taking between 75% and 95% of fibre volume and containing the contractile 

protein filaments of actin and myosin (Johnston, 1980; Johnston & Maitland, 1980; 

Sänger, 1992a; Johnston et al., 1998a). The myofibrils show a marked radial orientation 

and retain a relatively uniform width (around 1 µm diameter). Typically, when compared 

with slow-red fibers, fast-white fibres have lower concentrations of myoglobins and lipid 

droplets, and fewer capillaries and mitochondria. Glycogen content is also lower, with 

granules mainly located amongst myofibrils (Sänger & Stoiber, 2001). 

According to their metabolism, fast-white muscle fibres may be identified by a lack of SDH 

activity (Sänger & Stoiber, 2001). Fast-white fibre mATPase activity shows a trend to acid 

lability and alkaline stability. These reactions are species dependent (Johnston & Lucking, 

1978; Kilarski & Kozlowska, 1985; Rowlerson et al., 1985; Assis et al., 2004; Aguiar et al., 
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2005). The predominant myosin (and fibre) in the fast-white muscle react with anti-fast fish 

sera and contains three “fast” light chains (Rowlerson et al., 1985). 

 

Intermediate-pink muscle fibres 
 

An intermediate or pink fibres zone is inserted between slow-red and fast-white fibre 

domains in most juvenile and adult teleost species. Most intermediate-pink fibres run 

parallel to the body axis, like the slow-red fibres. The relative amount of intermediate-pink 

muscle differs between both fish species and their development stage (Sänger & Stoiber, 

2001). It was shown in the scup, that the proportion of cross-sectional area occupied by 

intermediate-pink fibres is constant along the length of the fish in contrast to slow-red and 

fast-white muscle (Zhang et al., 1996). Like the slow-red and fast-white muscle fibres, the 

intermediate-pink muscle fibres of the majority of teleost are multiply innervated (Bone, 

1978). 

The precise function of the intermediate-pink muscle fibres is obscure, although, from the 

early biochemical studies of Johnston et al. (1977), it seems that this muscle type has an 

inherent speed of contraction intermediate between that of the slow-red and fast-white 

muscle. Similarly, the ultrastructural features of intermediate fibre are in many aspects in-

between those of slow-red and fast-white fibres, e.g., regarding arrangement of myofibrils 

in cross-section, content of lipid and glycogen granules, amounts of subsarcolemmal and 

inter-myofibrillar mitochondria (tubular and lamellar) and relative length of transverse 

tubules and sarcoplasmic reticulum (T-SR) junction and sarcoplasm (Johnston et al., 

1975; 1977; Sänger, 1992a). 

Intermediate-pink fibres have relatively high aerobic and glycolytic capacities if compared 

to slow-red and fast-white muscle (Johnston et al., 1977; Mascarello et al., 1986). 

Myofibrillar ATPase activity is intermediate between slow-red and fast-white fibre activities, 

mostly with high alkaline stability (Johnston et al., 1977; Mascarello et al., 1986). 

Immunohistochemistry studies showed that all these fibres show a positive reaction with 

anti-fast sera and no reaction with ant-slow sera (Rowlerson et al., 1985). Intermediate-

pink fibres are therefore classified as a fast aerobic type (Johnston et al., 1974; Johnston, 

1982). 

 

Methods used to study muscle growth 
 

Fish growth is commonly determined by changes in body weight, body length or condition 

factor, which give an indirect, but fast estimation of muscle growth. The majority of studies 

involving specific muscle growth have measured the cross-sectional area (or diameters) of 
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fast-white muscle fibres within a representative area of lateral muscle at various ages, 

sizes or conditions (Wheatherley et al., 1979; 1980; Veggetti et al., 1990; Kiessling et al., 

1991; Rowlerson et al., 1995; Alami-Durante et al., 1997; 2000; 2006; 2007; Fauconneau 

et al., 1997; Johnston et al., 1998b; 2002; Galloway et al., 1999; Valente et al., 1999; Dal 

Pai-Silva et al., 2003; Assis et al., 2004; Periago et al., 2005). Commonly, samples are 

taken at the level of the anal vent, and including the area surrounding the lateral line nerve 

so that all three main muscle layers (slow-red, intermediate-pink and fast-white) are 

represented. The comparison of the frequency distributions of fibre diameters in fish of 

different size (length) can provide the information about hypertrophy as well as indirect 

information about hyperplasia of muscle fibres. Information about hyperplasia can be 

inferred from the presence or absence of small, new muscle fibres. The resulting patterns 

of fibre numbers and fibre size distributions are often referred to collectively as the 

‘cellularity’ of the muscle (Nathanailides et al., 1995a; Johnston & McLay, 1997; Alami-

Durante et al., 2000; 2006; 2007; Stoiber et al., 2002; Periago et al., 2005). Cellularity is 

frequently used as an indicator of changes in the hypertrophy-hyperplasia balance, which 

is also an important determinant of fish quality and thus of economic relevance (Johnston, 

1999; Johnston et al., 2000a).  

The majority, if not all myofibrillar proteins can exist as isoforms, each with slightly 

different functional properties, according to the development stage and to the specific 

tissue. They either occur as multiple gene families, such as myosin heavy chains, or are 

produced via an alternate RNA-splicing mechanism from a common primary transcript, as 

in the case of troponin T (Johnston & Altringham, 1991). Myosin isoforms are useful 

markers of muscle development in fish, because they show development transitions 

characteristic of different muscle fibre types and can be detected by immunostaining 

(Scapolo et al., 1988; Focant et al., 1992; Veggetti et al., 1993; Johnston & Horne, 1994; 

Mascarello et al., 1995). Expression of adult isoforms of myosin in slow-red, intermediate-

pink and fast-white muscles is preceded by “embryonic” and “larval” isoforms during 

development (Carpenè & Veggetti, 1981; Scapolo et al., 1988; Crockford & Johnston, 

1993; Veggetti et al., 1993; Johnston, 1994; Johnston & Horne, 1994; Johnston et al., 

1998b). 

Biochemical indices are also valuable to understand the muscle growth process in fish 

and they can have important applications in studies relating to aquaculture production as 

they might predict the growth capacities of a fish (Arndt et al., 1994). The relative contents 

or rates of synthesis of protein and nucleic acids in muscle are commonly used to 

estimate muscle growth. In general, the rate of (protein) growth is well correlated with the 

RNA concentration and with the RNA:DNA ratio (Grant, 1996; Rowlerson & Veggetti, 

2001; Alami-Durante et al., 2007; Rungruangsak-Torrissen, 2007; Tanaka et al., 2007). 
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Hypertrophic growth can be indirectly measured using protein:DNA ratios (Tanaka et al., 

2007) whereas an increase in DNA concentration indicates a rise in hyperplastic growth 

(Valente et al., 1998). 

Cell proliferation can be identified by in vivo labelling with incorporation of tritiated 

thymidine or 5BrdU (5-bromo-deoxy-uridine) or by staining tissue sections with 

proliferating cell nuclear antigen (PCNA). These labelling methods reveal the site(s) and 

intensity of mitotic activity in cells and have been applied to fish muscle to identify 

hyperplastic growth processes (Alfei et al., 1994; Johnston et al., 1995; Rowlerson et al., 

1995; Veggetti et al., 1999; Brodeur et al., 2002; 2003; Assis et al., 2004; Martin & 

Johnston, 2005; Alami-Durante et al., 2006; 2007). 

 

Fish muscle growth 
 

From pre-existing works it is clear that post-larval muscle growth in fish involves both the 

enlargement of the already existing muscle fibres (hypertrophy) and the recruitment of 

new fibres (hyperplasia). This situation is different from that found in birds and mammals 

in which hyperplastic muscle growth occurs only in the early period, leaving hypertrophy 

as the main mechanism during the post–natal life (Goldspink, 1972). 

 

Hypertrophy 
 

Throughout post-embryonic life of fish muscle grows by enlargement of existing fibres 

(hypertrophy) until they reach a functional maximum “diameter”, in the range 100-300 µm 

for fast-white fibres in most species (Rowlerson & Veggetti, 2001). Muscle is a post-mitotic 

tissue and a population(s) of undifferentiated myoblasts is involved in post-embryonic 

growth (Johnston, 1999). In order to maintain a relatively constant nuclear cytoplasm ratio 

fibres absorb myoblast nuclei as they expand (Fig. 4) (Koumans et al., 1994). The 

maximum fibre diameter is set by diffusional constraints that vary with body mass, activity 

patterns and metabolic demand (Johnston et al., 2003a; 2004). Myogenic progenitor cells, 

analogous to the satellite cells in the adult mammalian muscle, are responsible for 

postembryonic growth in teleosts (Fig. 4). Such cells in teleosts, however, are not always 

found beneath the basal lamina of muscle fibres (Veggetti et al., 1990; Johnston et al., 

2003b) and should not be called satellite cells, but just myogenic progenitor cells 

(Johnston, 2006). 
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Hyperplasia 
 

Hyperplastic growth of muscle result of an increase in muscle fibre number due to 

formation of new fibres. After initial muscle formation, the myotome consists of a bulk of 

fast-white muscle fibres and a superficial layer of slow-red muscle fibres. Further 

hyperplastic growth involves a combination of two phases: stratified hyperplasia and 

mosaic hyperplasia (Rowlerson & Veggetti, 2001). 

 

 
Figure 4: A model for the cellular basis of muscle in fish (Johnston, 1999). According to Johnston 

(1999), stem cells are believed either to exist in a quiescent GO phase of the cell cycle or to be 

activated to undergo an asymmetric division regenerating the original stem cell and a “producer 

cell”. Producer cells are proliferating myoblasts committed to terminal differentiation. They can 

undergo a limited number of further divisions controlled by a balance between proliferation and 

differentiation signals. These myoblasts either fuse together on the surface of an existing muscle 

fibre — to form multinucleated myotubes which mature into a new muscle fibre — or they are 

absorbed into muscle fibres as they hypertrophy. (Differentiated myonuclei in the muscle fibres are 

shown as elongated filled ellipses.). 

 

Firstly, there is a phase of stratified growth in the embryos and young larvae, through 

which new fast-white fibres are added between the slow-red and fast-white fibres and at 

dorsal and ventral apices of the myotome (Rowlerson et al., 1995; Stoiber & Sanger, 

1996; Patruno et al., 1998). Stellabotte et al. (2007) found that new fast muscle fibres in 

the zebrafish (Danio rerio, Hamilton) germinal zone are derived from the dermomyotome 

(a multipotent tissue which can be identified as an epithelial layer of proliferative cells on 

the external surface of the primary myotome). A similar origin has been proposed for 

pearlfish (Rutilus meidingery, Heckel) (Steinbacher et al., 2006) and trout (Oncorhynchus 

mykiss, Walbaum) (Steinbacher et al., 2007). New slow-red fibres are initially added 
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laterally to the original superficial fibre layer next to the horizontal septum (Scapolo et al., 

1988; Ramirez-Zarzosa et al., 1995) as well as to the dorsal and ventral terminations of 

same layer. During the early larval period, far more numerous fast than slow fibres are 

added, and it is not known if the dermomytome also gives rise to slow fibres during 

stratified hyperplasia (Stellabotte et al., 2007). The stratified phase further comprises the 

formation of an intermediate-pink fibre zone between slow-red and fast-white muscle 

(Stoiber & Sanger, 1996; Lopez-Albors et al., 1998). The origin and time of appearance of 

intermediate-pink fibres remains uncertain. Some ultrastructural and histochemistry work 

supposed that intermediate-pink fibres derive from a fascia-like proliferation zone of 

myogenic cells arising between the slow-red and fast-white fibre areas (Lopez-Albors et 

al., 1998), or among fast-white fibres adjacent to the horizontal septum (Mascarello et al., 

1995). By contrast, other histochemical and immunohistochemical findings have lead to 

the hypothesys that the intermediate-pink fibres are gradually transformed from fast-white 

or immature fast-white fibres (Scapolo et al., 1988; Veggetti et al., 1993). So, the first 

phase is a continuation of embryonic myogenesis which completes the formation of the 

definitive muscle layers (slow-red, intermediate-pink and fast-white) (Rowlerson & 

Veggetti, 2001). 

In a second phase, new fibres are produced through the activation and proliferation of 

myogenic precursor cells that are widely scattered through the myotome (Rowlerson et 

al., 1995; Johnston, 1999). Myogenic cells withdraw from the cell cycle and fuse to form 

myotubes on the surface of existing muscle fibres (Johnston, 1999) (Fig. 4). This process 

is usually termed mosaic hyperplasia because of the characteristic mosaic pattern of large 

and small diameter fibres that are produced. 

The basic cellular processes leading to muscle growth are well conserved across 

vertebrates and include the specification of a stem cell lineage to become myoblasts, 

myoblast self-replication (proliferation), myoblast-differentiation, myoblast migration and 

finally myoblast fusion (summarised in Fig. 4). The origin of the myogenic precursor cells 

for this growth phase in fish is unknown. Stellabotte et al. (2007) suggested that either 

dermomyotome cells or a population of cells other than the dermomyotome is responsible 

for mosaic hyperplasia. In many fish species such as Poecilia reticulata (Peters) (Veggetti 

et al., 1993) and Pimephales notatus (Rafinesque) (Weatherley & Gill, 1984) which remain 

small, the second hyperplastic growth phase is lacking. According to these findings it was 

presumed that mosaic hyperplasia occurred predominantly in fish that reach a large adult 

size (Rowlerson & Veggetti, 2001), which was posteriorly confirmed in zebrafish (Biga & 

Goetz, 2006). However, in another very recent study, also with zebrafish, Patterson et al. 

(2008) observed that mosaic hyperplasia contributes to trunk muscle growth even during 
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later larval growth. These contradictory results require future research on fish muscle 

growth and should include a greater number of fish species. 

The mATPase and immunoreactivity profiles of the small diameter fibres in fast-white 

muscle mosaic vary widely from species to species. In the rainbow trout and Atlantic 

salmon (Salmo salar, Linnaeus) they are not different from large diameter fibres 

(Rowlerson et al., 1985; Higgins, 1990). In various species of the Mugilidae family, as in 

the gilthead seabream, only their mATPase activity differs (Carpenè & Veggetti, 1981; 

Rowlerson et al., 1985; 1995), whereas in the common carp (Cyprinus carpio, Linnaeus), 

European eel (Anguilla anguilla, Linnaeus) and European seabass both mATPase activity 

and immunostaining profiles differ (Rowlerson et al., 1985; Romanello et al., 1987; 

Scapolo et al., 1988). The relative timing of the main hyperplastic growth in relation to the 

life cycle varies among species. Mosaic hyperplastic growth, which occurs principally 

during juvenile life and mainly contributes to reach fish market size, is therefore, of the 

greatest interest in commercial aquaculture (Rowlerson & Veggetti, 2001). 

There are marked species differences in the contribution of hyperplastic and hypertrophic 

processes to muscle growth in fish (Stickland et al., 1988; Vieira & Johnston, 1992; 

Brooks & Johnston, 1993; Johnston, 1993; 1994; Johnston et al., 2000b; Dal Pai-Silva et 

al., 2003). The interaction between hypertrophy and hyperplasia is not only an interesting 

problem in terms of biological mechanisms, but is also of great practical importance in 

aquaculture. Indeed, the plasticity of muscle growth under different production conditions 

establishes different muscle cellularities, which is a major factor determining both growth 

potential and flesh quality, in particular the texture and processing characteristics of the 

flesh (Johnston, 1999). 

Species-specific differences seem to exist with respect to the relationship between 

hyperplasia and hypertrophy of muscle fibres in fish larvae (e.g., Veggetti et al., 1990; 

Rowlerson et al., 1995; Alami-Durante et al., 1997; Johnston et al., 1998b; Nejedli et al., 

2006). For example, in Atlantic herring larvae (Clupea harengus, Linnaeus), hypertrophy is 

the predominant mechanism for increasing muscle mass from hatching (8-9 mm Total 

Length, TL) until 16 mm TL, with the recruitment of new fast-white muscle fibres starting at 

approximately 15 mm TL (Johnston et al., 1998b). A pause in hyperplastic growth in the first 

few days after hatching was noted in some species (Johnston, 1993; Gibson & Johnston, 

1995; Johnston et al., 1998b; Galloway et al., 1999; Veggetti et al., 1999). In yolk sac 

larvae of the Atlantic salmon, some authors have reported hypertrophy as the predominant 

growth mechanism in axial muscle (Stickland et al., 1988; Usher et al., 1994; Nathanailides 

et al., 1995a) while others have found a substantial contribution of hyperplasia to muscle 

growth at the same stage (Johnston & McLay, 1997). These seemingly conflicting results 

may be related to genetic differences or to different methodological approaches used. 
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From juvenile to adult size, it was found that hyperplastic growth decreases gradually until 

the fish reaches a characteristic fraction of body size, after which further growth occurs by 

hypertrophy only. This was observed when studying rainbow trout (Weatherley et al., 

1980), European eel (Romanello et al., 1987), European seabass (Veggetti et al., 1990; 

Kiessling et al., 1991), common carp (Koumans et al., 1993), and gilthead seabream 

(Rowlerson et al., 1995). 

Previous studies reported substantial differences in the relative contribution of both 

hypertrophy and hyperplasia of muscle fibres between rapid and slow growing strains of 

the same species, in such a manner that a rapid somatic growth is commonly associated 

to a higher rate of hyperplasia (Weatherley et al., 1979; Higgins & Thorpe, 1990; Alami-

Durante et al., 1997; Valente et al., 1999; Johnston et al., 2000c). 

 
Effect of intrinsic factors on muscle growth 
 

Genetic effects 
 
There is some evidence for genetic influences on muscle growth patterns. For example, 

variations in myotomal fibre number were found between families in Atlantic salmon 

(Johnston & McLay, 1997). Also, Meyer-Rochow & Ingram (1993) found different relative 

contributions of hypertrophy and hyperplasia to muscle growth in lacustrine and riverine 

Southern smelt (Retropinna retropinna, Richardson). Valente et al. (1998) determined the 

RNA, DNA and protein concentrations in the skeletal muscle of a fast (Cornec) and slow 

(Mirwart) growing strains of rainbow trout. The higher DNA: protein ratio in the muscle of 

the fast growing strain suggested a smaller cell size. A subsequent morphometric study 

validated this biochemical result since smaller fast-white fibre diameters and greater 

number of small fibres was observed in the fast-white muscle of the fast growing strain 

(Valente et al., 1999). 

Triploidy induction has important economical and ecological benefits and became frequent 

in many fresh- and sea-water fish species. The use of sterile triploids fish has pottential 

beneficts in the aquaculture since the sterility protects somatic growth, survival and flesh 

quality from the negative effects of sexual maturation. Moreover, using triploids can 

reduce potential problems of genetic interaction between escaped farmed and wild fish. 

Triploids differ from diploids by having fewer but larger cells in most tissues and organs 

(Benfey, 1999; Maxime, 2008). The effects of triploidy on growth performance are 

variable. Muscle growth patterns have been shown to vary between triploid and diploid 

individuals from the same families in both rainbow trout (Suresh & Sheehan, 1998; 

Poontawee et al., 2007) and Atlantic salmon (Johnston et al., 1999; BjØrnevik et al., 
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2004). Triploid Atlantic salmon recruited around one-third fewer fibres than diploids to 

reach a given muscle cross-sectional area, although they showed a compensatory 

increase in hypertrophic growth (Johnston et al., 1999). The reduced number of muscle 

fibres in triploids was associated with a lower density of muscle myogenic progenitor cells 

(Johnston et al., 1999). 

 

Hormonal control 
 

A number of endocrine and paracrine factors affect muscle growth in fish, including growth 

hormone (GH), insuline-like growth factor I (IGF-I), thyroid hormone and sex steroids 

(Mommsen & Moon, 2001). Previous studies found that the supplementation of growth 

hormone (GH) promotes hyperplastic growth in rainbow trout (Weatherley & Gill, 1982), 

common carp (Fauconneau et al., 1997), coho salmon (Oncorhynchus kisutch, Walbaum) 

(Hill et al., 2000) and Artic charr (Salvelinus alpinus, Linnaeus) (Pitkänen et al., 2000). In 

vitro studies investigated the role of growth factors (especially insulin-like growth factors 

and myostatin) in post-embryonic myogenesis and showed mitogenic effects of IGF on 

cultured muscle cells (Castillo et al., 2004; 2006; Funkenstein et al., 2006; Montserrat et 

al., 2007a; Codina et al., 2008). Other studies aimed to investigate the IGF expression 

under distinct physiological conditions support a role of IGF in fish muscle growth 

(Chauvigne et al., 2003; Vong et al., 2003; Peterson et al., 2004; Benedito-Palos et al., 

2007; Montserrat et al., 2007b,c). 

 

Effect of extrinsic factors on muscle growth 
 

Blackspot seabream is found in marine habits that often show complex temporal-spatial 

variations in temperature, salinity, oxygen content, pH, light availability and water flow. 

These variations affect the skeletal muscle growth. In this part we are concerned mainly 

with the factors which can affect directly muscle grow as diet, temperature and exercise. 
 
Diet 
 

The development and profitability of intensive fish cultivation largely depends on diets 

containing sufficient quantities of all nutrients essential for optimum growth. Nevertheless 

there are few studies relating dietary factors with muscle celularity. Aguiar et al. (2005) 

studied the effects of lysine supplementation on the growth characteristics and 

morphological pattern of skeletal muscle in Nile tilapia (Oreochromis niloticus, Linnaeus) 

larvae and found that fish fed on commercial diets presented higher numbers of muscle 
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fibres in the myotomal count area and larger diameters of fibres in the slow and fast 

compartments. The effects of dietary deficiences on muscle growth have also been 

studied in the common carp and Atlantic cod larvae (Gadus morhua, Linnaeus) and it was 

found that hyperplastic growth was preferentially reduced (Alami-Durante et al., 1997; 

Galloway et al., 1999). 

Few studies have focused on the dietary effect on muscle growth during juvenile stages. 

Johnston et al. (2002) investigated the effect of two levels (high and low) of dietary protein 

on muscle cellularity in two strains of Atlantic salmon; in one strain they found no 

differences either in fibre size distribution or in fibre number, whereas in the other strain 

the high-protein diet favoured growth by fibre recruitment. No specific effects of the dietary 

lipid composition on fast-white muscle growth dynamics were found in rainbow trout 

(Fauconneau et al., 1997) and in Atlantic halibut (Hippoglossus hippoglossus, Linnaeus) 

(Haugen et al., 2006).  

Some studies performed comparisons between farmed and wild fish and their results 

suggest that extrinsic factors (including the feeding regimes and diet composition) may 

determine variations of structural parameters of the fish muscle its growth. For example a 

comparison between farmed and wild gilthead seabream revealed differences both in the 

amounts of fatty acid and trace element in muscle, and in the myosin light chain content of 

slow-red muscle (Carpenè et al., 1998). Also, wild European seabass had a higher muscle 

fibre density, together with a smaller fast-white muscle fibre diameter, when compared to 

farmed specimens (Periago et al., 2005). The effects of diet on growth, however, may be 

affected by several factors affecting feding behaviour, such as temperature, photoperiod, 

social interactions and others (Rowlerson & Veggetti, 2001). 

 

Temperature 
 

Fish are poikilotherm animals which can adapt to water temperature on a species- and 

stage-dependent way. Among the external factors affecting fish muscle cellularity, 

ambient temperature is probably one of the most important ones. The effects of varying 

water temperature on muscle growth have been described in some species and at 

different life stages. These effects include acclimation responses such as phenotype 

transformations of existing muscle fibres, effects on protein growth and efficiency as well 

as changes in muscle growth dynamics (reviewed by Johnston 1993; 1994).  

The number and/or size of muscle fibres and myogenic progenitor cells produced 

throughout the embryonic and larval stages can be affected by changes in rearing 

temperature, although the exact effect can vary inter- and intra-species (Rowlerson & 

Veggetti, 2001). In European seabass, for example, there is considerable intra-specific 
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variation in the effects of temperature on muscle cellularity (Ayala et al., 2000; 2001; 

López-Albors et al., 2003; Alami-Durante et al., 2006). Such an intra-specific difference in 

response of muscle cellularity — which may reflect genetic variation and/or differences in 

egg quality, including the concentrations of maternally-derived mRNAs and growth factors 

— was previously recorded in Atlantic herring (Vieira & Johnston, 1992; Johnston, 1993; 

Johnston et al., 1995) and in Atlantic salmon (Stickland et al., 1988; Usher et al., 1994; 

Nathanailides et al., 1995a; Johnston & McLay, 1997; BjØrnevik et al., 2003a). Large 

inter-specific differences in embryonic fish muscle growth in response to changes in water 

temperature are also found. In Atlantic salmon (Stickland et al., 1988; Usher et al., 1994; 

Nathanailides et al., 1995a), common whitefish (Coregonus lavaretus, Linnaeus) (Hanel et 

al., 1996) and Arctic cod (Galloway et al., 1998) higher pre-hatch temperatures did not 

modify fast-white muscle size and rather decreased fibre number and increased fibre size 

at hatching or one day later. In turbot, Gibson & Johnston (1995) observed that incubation 

at 16 ºC, instead of 12 ºC, increased fast-white muscle size and fast-white fibre size one 

day after hatching but did not change the fast-white fibre number. By the contrary, in 

Atlantic halibut (Galloway et al., 1999) higher incubation temperatures reduced fast-white 

muscle size, fibre number and fibre size at hatching. In common carp, higher pre-hatch 

temperatures were reported to have no significant effect on fibre number and fibre size at 

hatching (Alami-Durante et al., 2000). 

In juveniles and adults of some fish species such as common carp - which have a wide 

thermal range - changes in the temperature regime resulted in alterations in myofibrillar 

ATPase activity (Heap et al., 1985), expression of contractile protein isoforms (Crockford 

& Johnston, 1990) and myosin heavy chain gene expression (Gerlack et al., 1990; 

Goldspink et al., 1992). Higher water temperatures can also affect juvenile muscle growth, 

stimulating fibre recruitment and therefore resulting in the appearance of new fibres 

throughout the lateral muscle (Nathanailides et al., 1995b; Johnston et al., 1998b). 

Interestingly, the temperature during the fish early development can have both temporary 

and long-term impacts on muscle growth characteristics (Johnston, 2001). Alami-Durante 

et al. (2007) observed that, after 14 months, the European seabass juveniles originally 

reared at low temperatures later compensated for the growth retardation experience 

during early life. These higher temperature boosted juveniles were found to have a higher 

and longer capacity to recruit new fast-white muscle fibres, when seawater temperature 

increased, supporting, therefore, their best somatic growth. In a recent study, also with 

seabass, the whole productive lifecycle (hatching to commercial size) was studied, and it 

was demonstrated that temperature modelated the rates of hypertrophy and hyperplasia 

of white fibres throughout the larval, fingerling and juvenile periods, in such a way that at 
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commercial size the number and size distributions of muscle fibres varied depending on 

the previous thermal story (López- Albors et al., 2008). 

 

Exercise 
 

Fish are ideal for the so-called exercise training studies because they can be easily 

exercised by forcing them to swim against a water current in a flume or respirometer. 

However, it is currently extremely difficult to compare the results from different exercise 

training experiments, due to inherent differences in the experimental procedures such as: 

length of swimming period, swimming speed, temperature, feeding regime, photoperiod, 

inter-treatment group differences in tank conditions, water quality, behaviour and 

aggression. Moreover, training responses are species-specific relating to the swimming 

activity and lifestyle of each fish species. In light of all above, is not surprising that data on 

the effect of fish exercising are sometimes contradictory and this makes it difficult to get a 

general understanding of the effect of exercise in fish (Sänger & Stoiber, 2001). 

Despite the above, evidence points that forced exercise is known to be a powerful 

stimulus for the hypertrophy of both slow-red and fast-white muscle in fish (Johnston & 

Moon, 1980a,b; Sänger, 1992b; Meyer-Rochow & Ingram, 1993; Martin & Johnston, 2005; 

2006). In the common carp, forced swimming is also a powerful stimulus for nuclear 

accretion, and results in higher myonuclear content in fibres (Martin & Johnston, 2006). 

Swimming at low speed often results in increased slow-red muscle fibre diameter although 

not always being the case with the fast-white muscle (Johnston & Moon, 1980b; Kiessling 

et al., 1994; BjØrnevik et al., 2003b). Endurance exercise training has been found to result 

in an increased aerobic capacity of the slow-red muscle in some species such as the 

European chub (Leuciscus cephalus, Linnaeus) although not in brook trout (Salvelinus 

fontinalis, Mitchill) (Johnston & Moon, 1980a). 
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Objectives of the thesis 
 

The general aim of this Thesis was to study the muscle differentiation and growth of 

blackspot seabream (Pagellus bogaraveo, Brunnich), a commercially important fish that is 

under consideration for the Mediterranean aquaculture. To attain this objective we firstly 

characterized the muscle differentiation and growth throughout blackspot seabream 

ontogenetic development in order to clearly understand the mechanisms underlying 

muscle growth in this fish species. We used histology, histochemistry, 

imunohistochemistry, in situ hybridization, electron microscopy and morphometry. These 

studies provided basic knowledge to further understand how muscle cellularity could be 

modulated by external factors in blackspot seabream. From a number of important agents, 

we considered a priori the effects of the incubation temperature and diet protein content 

as the most important influencing factors on the muscle cellularity in larvae and juveniles, 

respectively. All these studies were carried out in two body locations, namely at post-

opercular and post-anal levels, to find out whether the gross anatomical different shape 

between distant sampling areas of the axial musculature promotes different fibre 

phenotype profiles and muscle cellularity. Always considering a comparative view with 

what is known from other fish, the specific objectives of this Thesis were as follows: 

• To characterize the phenotype of the muscle fibres from hatching to adult age, through 

histochemical and immunohistochemical methods, complementing the description by 

studying the spatial and temporal expression of embryonic myosins, targeting the light 

chains 1 (MLC1), 2 (MLC2) and 3 (MLC3) by means of in situ hybridization; 

• To acquire further knowledge of the morphology of the main muscular fibres types, by 

studying their ultrastructure through transmission electron microscopy evaluation; 

• To determine the relative contributions of hyperplasia and hypertrophy for the muscle 

growth kinetics from hatching to juveniles, through morphometric methods; 

• To study, also by morphometric methodology, the influence of two water temperatures 

(14 and 18 ºC), during incubation of the early embryos and during the vitelline phase, 

on the cellularity of the axial musculature, at hatching and at mouth opening; 

• To evaluate the effect of dietary protein level (20-60%) on the muscle growth kinetics 

of juveniles, while simultaneously evaluating the effect of graded dietary protein level 

on growth, nutrient utilisation and body composition, using a 12 week growth trial; 

• To analyse the similarities and differences of: muscle fibre phenotype profiles, relative 

contributions of hyperplasia and hypertrophy for muscle growth and the effect of 

external factors at two different body locations: at post-opercular level (at the first ray 

of the dorsal fin) and at post-anal level (at the beginning of caudal fin).
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Abstract 
 

The aim of this work was to gain insights into the mechanism of muscle differentiation and 

growth in Pagellus bogaraveo, by studying muscle fibre phenotypes identified by 

immunohistochemistry. At hatching, several layers of deep fast-white fibres were covered 

by a superficial fibre monolayer. At 5 days, slow-red fibres appeared near the lateral line 

nerve. At 40 days, the intermediate-pink muscle became visible, and in the slow-red and 

fast-white muscle layers transitions from larval myosin isoforms to the isoforms typical of 

adult muscle occurred. Between 70 and 100 days, small fibres with a distinct ATPase 

profile appeared throughout the fast-white muscle, marking the onset of “mosaic” 

hyperplasia. The myosin of the original superficial monolayer fibres underwent two myosin 

transformations, before being slowly replaced by an adult slow-red isoform. In juveniles 

and adults, the slow-red muscle layer could be resolved into two distinct types. The 

analysis of fibre phenotypes indicated that post-larval muscle growth occurred by two 

distinct stages of hyperplasia. This study offers a basis for further comparative and 

experimental studies with this economically relevant species, namely for identifying factors 

influencing its muscle growth dynamics and disclosing underlying mechanisms. 

 

Introduction 
 

Skeletal muscle forms 40-60% of the body mass in most fish. In contrast to mammalian 

muscle, which is characterised by a mixture of fibre types, the axial muscle of teleosts 

shows anatomically separate zones of muscle fibre types. The muscle fibres are 

separated in two layers: superficial slow-red muscle, with oxidative metabolism and slow 

contraction; and deep fast-white muscle, with glycolytic metabolism and fast contraction 

(Johnston et al., 1977; Bone, 1978). Between those layers, an intermediate muscle 

appears with fibres characterized as fast contracting with intermediate resistance to 

fatigue and intermediate speed of shortening (Johnston et al., 1977). 

From pre-existing works it is clear that post-hatching muscle growth in fish involves both 

the enlargement of the already existing muscle fibres (hypertrophy) and the recruitment of 

new fibres (hyperplasia). During larval life, differentiation of slow-red and fast-white fibre 

types is supported by a hyperplastic mechanism that occurs by apposition of new fibres 

along proliferative zones, principally under the lateral line and in the apical myomere 

regions, and also just under the superficial monolayer (Rowlerson et al., 1995). The 

embryonic and larval phases of muscle growth are followed by a second period of 

myofibre formation in the fast-white muscle (Weatherley & Gill, 1981; Weatherley et al., 

1988). The new wave of hyperplastic growth gives rise to a typical mosaic appearance of 
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muscle fibres, as seen in transverse section, where fibres of different sizes intermingle 

(Carpenè & Veggetti, 1981; Rowlerson et al., 1985; Romanello et al., 1987; Scapolo et al., 

1988). This second period of myofibre formation is greatly reduced or entirely absent in 

species that remain small in their ultimate size, such as Danio rerio (Hamilton) (Patterson 

et al., 2008) and Poecilia reticulata (Peters) (Veggetti et al., 1993), respectively. Thus, the 

early (embryonic and larval) ‘stratified’ hyperplasia occurs in all fish, but the extensive 

later (post-embryonic and most especially juvenile) ‘mosaic’ hyperplasia is namely a 

feature of the fish which reach large final sizes, and which are of most interest to 

commercial aquaculture (Rowlerson & Veggetti, 2001). In all fish, hypertrophic growth of 

the muscle fibres occurs at all life stages (until the maximum somatic size is reached), but 

it predominates in juveniles and adults (Veggetti et al., 1993; Rowlerson et al., 1995). 

Myosin is a primary determinant of important contractile properties in vertebrate muscles, 

and exists in a variety of isoforms. In fish (as in other vertebrates) these can be 

distinguished by histochemical ATPase staining and by immunostaining with isoform-

specific antimyosin antibodies – methods which can also be used to follow changes in 

isoform content occurring during development (e.g., as reviewed by Carpenè & Veggetti, 

1981; Scapolo et al., 1988; Crockford & Johnston, 1993; Veggetti et al., 1993; Johnston, 

1994; Johnston & Horne, 1994; Johnston et al., 1998). Polyacrylamide electrophoresis 

and peptide mapping techniques can also be used to identify myosin isoforms, although 

these studies require the isolation of pure population of fibres and are mainly limited to 

fast muscle (Martinez et al., 1991; Focant et al., 1992; Johnston et al., 1998). Recently, 

new molecular techniques have been used, bringing also very important contributions to 

better understand fish muscle development and growth (e.g., as reviewed by Chauvigné 

et al., 2006; Nihei et al., 2006; Steinbacher et al., 2006). 

It is known that developmental transitions in myosin isoform expression are often linked to 

the formation of distinct ‘waves’ of fibres, which in fish are the initial embryonic, 

subsequent stratified and final mosaic phases of myogenesis (e.g. as reviewed by, 

Rowlerson & Veggetti, 2001; Sänger & Stoiber, 2001; Stellabotte & Devoto, 2007). The 

primary phase has been well-studied in a very few species, most notably Danio rerio 

(Hamilton) (Devoto et al., 1996; 2006; Stickney et al., 2000) but the post-embryonic 

myogenic phases (stratified hyperplasia during larval life, and the later mosaic 

hyperplasia) have received much less attention. Larval growth is important, however, for 

survival in the first few weeks post-hatching, and the last phase, mosaic hyperplasia, is by 

far the greatest contributor to the muscle growth that brings fish to commercial size for 

aquaculture; so, these phases are of considerable practical as well as biological interest. 

We have, therefore, studied muscle development in Pagellus bogaraveo (Brunnich), a fish 

under consideration as a potential candidate for Mediterranean aquaculture. In this study, 
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we aimed to make a characterization of muscle differentiation and growth in this species, 

by focussing on: (1) the detailed aspects of the development of lateral muscle fibre 

phenotypes, especially their myosin isoforms, from hatching to juveniles and adult and (2) 

their correlation with the hyperplastic mechanisms of growth. Our approach employed 

both histochemical and immunohistochemical methods. 

 

Material and Methods 
 

Larvae, fry and juveniles of Pagellus bogaraveo were obtained in the Instituto Español de 

Oceanografía (IEO) (Centro Oceanográfico de Vigo, España) and sexually mature adult 

fish from Mariculture Center of Calheta, in Madeira Island, Portugal. Spawning occurred 

from January to May (peaking in February – March) at 14 ± 1 ºC, and embryonic 

incubation was performed at the same temperature. Embryonic life (fertilization to 

hatching) lasted only 54 hours. Larvae were maintained in the incubators at the natural 

temperature with running water until the day prior to mouth opening (at 115 h after 

hatching), at which they were transferred to the larvae culture tanks at 18 ± 1 ºC. Fish 

feeding plan progressed from rotifers (fish age: 5-35 days), to Artemia naupli (fish age: 30 

– 35 days) and metanaupli (fish age: 35 – 45 days), and finally to Gemma Micro diet (fish 

age: 45 – 60 days). Larvae aged from 0 to 23 days had 17 myotomes. 

Fish were killed by anaesthetic overdose with MS-222 (tricaine methane sulphonate). For 

histochemistry and immunohistochemistry whole fish were snap frozen in isopentane at -

80 ºC. Before freezing, small individuals were combined with each other in composite 

blocks, being “sandwiched” with two slices of pig liver. Sections were cut at 10 µm, 

mounted on slides treated with 3-aminopropyltriethoxysilane (Sigma Chemicals, Poole, 

UK) to improved section adhesion, and then stained histochemically for myosin ATPase 

and succinic dehydrogenase (SDH) activity or immunostained for myosin isoforms. 

Development of lateral muscle fibres and myosin isoforms was studied on transverse 

body sections and through a “cranial-caudal” examination as well as at different ages. 

Five antibodies specific for various isoforms of myosin were used: (1) 3-96: polyclonal 

anti-fish (Sparus aurata, Linnaeus) fast myosin; (2) 4-96: polyclonal anti-fish (Sparus 

aurata) slow myosin (Veggetti et al., 1999; Stoiber et al., 2002); (3) BA-G5: monoclonal 

anti-mammalian (Rattus norvegicus, Berkenhout) cardiac alpha myosin (Rudnicki et al., 

1990); (4) SC–71: monoclonal anti-mammalian (Rattus norvegicus) type 2A myosin 

(Schiaffino et al., 1989) and (5) BA-F8: monoclonal anti-mammalian (Rattus norvegicus) 

slow-beta myosin (Borrione et al., 1988). The polyclonal antibodies were raised by AMR 

and colleagues, and the SC-71, BA-F8 and BA-G5 monoclonals were obtained from 

hybridomas originally produced by Prof. S. Schiaffino and colleagues. 
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A streptavidin-biotin-peroxidase immunohistochemistry kit was used (Histostain Plus; 

Zymed, San Francisco, CA), following the maker’s instructions with minor adaptations. 

Firstly, endogenous avidin/biotin-binding activity was blocked and, after the slides were 

rinsed using a standardized washing scheme (used throughout) consisting of: 5 min in 

distilled water, 5 min (twice) in PBS, and 5 min in distilled water; 10% non-immune goat 

serum was applied for 120 min thereafter, followed by a long incubation step with the first 

antibody, at room temperature and for 48 h, to ensure immunomarking through the full 

section thickness. After another washing in distilled water and in PBS, an incubation for 10 

min with biotinylated secondary antibody followed. Then, sections were again washed and 

incubated for 10 min in a streptavidin-peroxidase solution. After rinsing in distilled water 

and PBS, the peroxidase activity was developed using 0.05% 3,3'-diaminobenzidine 

(DAB), in PBS and with 0.03% H2O2, which gave a brown end product. Once rinsed in tap 

water, sections were mounted in DPX. Sections for which primary antibodies were omitted 

showed no immunomarking (negative controls). 

Histochemistry of ATPase activity used a method described by Mascarello et al. (1986). In 

short, sections were pre-incubated for 5 min in 0.075 M Na-barbital, 0.07 M Na-acetate, 

0.1 M CaCl2 buffer, adjusted with NaOH, using a pH range from 9.8 to 10.6. After pre-

incubation, sections were incubated in a Na2ATP solution (1 mg Na2ATP/ml of the same 

buffer used for alkaline pre-incubation, adjusted to pH 9.4) for 60 min. Sections were 

mounted in DPX. 

Histochemistry of SDH activity was revealed by incubation of sections in a solution of 

sodium succinate, at pH 7.4 in 0.2 M phosphate buffer. Nitroblue tetrazolium (1 mg/ml) 

was added to the solution prior to incubation, which was carried out in the dark until the 

stain developed (usually 120 to 180 min). Sections were finally mounted in glycerol 

gelatine (Sigma). 

 

Results 
 

Larvae aged 0 (hatching)-40 days 
 

At hatching (0 days), the myotomal muscle consisted of several layers of deep fibres and 

a monolayer of fibres that extended hypaxially and epaxially away from the lateral line. 

However, the most caudal (and therefore the most recently formed) myotome consisted of 

apparently only a complete monolayer, with no deep fibres. Deep fibres were polygonal in 

cross section and were bigger than those in the superficial monolayer. All fibres bound 

antibodies against both fast and slow fish myosins. The immunostaining was stronger in 

the superficial fibres than in the deep ones for all antibodies except BA-F8, which reacted 
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weakly only with the deep fibres, showing that the fibres in those two muscle layers (LSM 

and LW) already differed in their myosin composition. At hatching, the superficial 

monolayer fibres stained strongly with the myosin ATPase technique, following 5 min of 

alkaline pre-incubation at pH 9.8, but no SDH activity could be demonstrated. The 

immunostaining patterns are shown in Table I, and the time course of transitions is 

outlined in Figure 1. 

At 5 days (transition from endogenous to exogenous feeding) three layers of muscle fibres 

were present: superficial monolayer, slow-red (present only as one or two small-diameter 

superficial fibres adjacent to the lateral line nerve, LR) (Fig. 1), and fast-white, (forming 

the bulk of the muscle). These new slow-red fibres showed a particularly strong reaction 

with the monoclonal BA-G5 (Fig. 2A) and BA-F8 antibodies and anti-fish slow myosin 

(Table I). This immunostaining profile of LR fibres was similar to the later slow-red muscle 

(R2), although the ATPase activity was different (Table I, Fig. 2C). These fibres were also 

SDH positive (Table I; Fig. 2 B). 

The superficial monolayer fibres continued to stained strongly with the myosin ATPase 

technique; nonetheless, from 5 days showed higher SDH activity than in the deeper (fast-

white) muscle layer (Fig. 2B, 3A). The same phenotypes were seen over the next few 

days (Fig. 3), although the number of fibres with the LR profile gradually increased in 

number (Fig. 3D). 
At 23 days, the histochemical and immunohistochemical profiles of the superficial and 

deep fast-white fibres was unchanged except for a reduction in immunoreactivity of the 

superficial monolayer fibres with BA-G5 (Fig. 3D). In the deep muscle, there were no 

histochemical and immunohistochemical differences between the largest (most mature) 

and the smallest (presumed most recently formed) fibres. The muscle wall of the 

abdomen (derived from hypaxial myotomes) was formed by a small number of layers of 

fast fibres, externally covered with very small diameter fibres of the superficial monolayer 

type. 

At 40 days, the superficial monolayer muscle now gave a positive reaction with BA-F8 

(Table I), suggesting a change to the isoform called juvenile superficial myosin (JSM1), as 

shown in Fig. 1. These fibres still had an ATPase activity stronger than that displayed by 

fast-white fibres. 

At 40 days, all fibres of the deep layer were now immunonegative to 4-96 and BA-G5, 

suggesting a switch to a new isoform, called W in Table I. At this age, a layer of slow-red 

fibres (with a strong SDH reaction) present at the lateral surface of the original superficial 

monolayer in a deeper position at the level of the horizontal septum showed a new 
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Figure 1: Summary of myosin isoform transitions in the muscle layers during development. LSM, JSM1 and JSM2, larval and juvenile superficial 

monolayer myosin isoforms; LR, R1 and R2, larval and adult slow-red myosin isoforms; LW and W, larval and adult fast-white myosin isoforms; P, 

intermediate-pink myosin isoform. 
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Table I: Summary of histochemical and immunohistochemical reactions of muscle fibre type in Pagellus bogaraveo 

Muscle layer   Myosin isoform Immunoreactivity for antibodies Histochemistry result 

     3-96 4-96 SC-71 BA-G5 BA-F8 ATPase SDH 

Superficial monolayer  SM 

LSM  ++ ++ ++ ++ - ++ ++ 

JSM1  ++ + ++ + + ++ ++ 

JSM2  - + - + + ++ ++ 

Slow-red muscle 
 

 
R 
 

 LR  - +++ - +++ +++ - ++ 

 R1  - +++ - - - - ++ 

 R2  - +++ - +++ ++ ++ ++ 

Intermediate-pink muscle P P  +++ + +++ ++ ++ +++ + 

Fast-white muscle W 

LW  + + + + + + - 

W ld ++ - + - + + - 

 sd ++ - + - + ++ - 

LSM, JSM1 and JSM2, larval and juvenile superficial monolayer myosin isoforms; LR, R1 and R2, larval and adult slow-red myosin isoforms; LW and W, larval and adult fast-white myosin 

isoforms; P, intermediate-pink myosin isoform; ld, large diameter fast-white fibres; sd, small diameter fast-white fibres; +++ strong positive reaction; ++ moderate positive reaction; + very weak 

reaction; - no reaction;  3-96: anti-fish fast myosin; 4-96: anti-fish slow myosin; BA-G5: anti-mammalian alpha-cardiac myosin; SC–71: anti-mammalian 2A myosin; BA-F8: anti-mammalian 

slow myosin. 
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staining profile (alkali-labile ATPase and immunopositive only with 4-96), attributed to a 

new slow myosin isoform (R1) in Table I. The immunoreactivity with 4-96 is shown in Fig. 

4. 

Also at 40 days, very small diameter fibres located at either side of the horizontal septum 

and just under the slow-red fibres were identified by their strongly anti-fish fast myosin (3-

96) and anti-mammalian 2A myosin (SC-71) reactions (Table I). Those fibres also had a 

very alkali-stable ATPase activity, and were therefore already “intermediate-pink” in type, 

with a myosin composition (here termed P) very similar, if not identical, to that found in 

juvenile and adult intermediate-pink muscle. 

From 23 days, fibre phenotype profiles were the same for all myotomes studied, 

independent of their position along the cranio-caudal axis.  

 

 

Figure 2: Transverse sections of lateral muscle of 

Pagellus bogaraveo aged 5 days. (A) immunostaining 

with BA-G5; (B) SDH; (C) alkali-stable mATPase. 

The superficial monolayer fibres (LSM) showed a 

strong immunoreaction with BA-G5 antibody and 

displayed strong ATPase and SDH activities. At this 

age, a small group of slow-red fibres (LR) appeared 

adjacent to the lateral line nerve – these are also 

strongly BA-G5 immunoreactive and SDH positive, 

but mATPase negative. Other symbols: SC = spinal 

cord, N, notochord, LW, fast-white muscle. Scale bar 

= 25 µm.
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Fry aged 70-100 days 
 

By 70 days, the slow-red fibres had increased in number close to the horizontal septum, 

where they formed a layer several fibres deep. These fibres now also appeared epi- and 

hypaxially, as very small diameter fibres interspersed between the superficial monolayer 

fibres. The deep muscle showed a mosaic appearance, and a distinct intermediate (‘pink’) 

zone inserted between slow-red and fast-white fibre domains was visible. Both deep and 

intermediate fibres reacted with anti-fish fast myosin (3-96); nevertheless, reaction was 

stronger in the latter zone. The ATPase technique showed that the fast-muscle layer had 

a mosaic appearance in all individuals examined (Fig. 5). The small-diameter fibres 

stained stronger than the adjacent larger ones even though they had the same 

immunostaining profile. 

 

 
Figure 3: Transverse sections of lateral muscle of Pagellus bogaraveo aged 11 (A-C) and 23 (D) 

days. (A) SDH; (B and D) immunoreaction with BA-G5; (C): immunoreaction with 4-96. The 

superficial monolayer fibres (LSM) stain strongly for SDH, and weakly with BA-G5, whereas the 

new slow-red fibres (LR) close to the lateral line nerve are very strongly stained with both 4-96 and 

BA-G5. Fast-white (LW) muscle fibres are negative for all reactions. Li indicates liver, used as 

support tissue when the larvae were snap-frozen. Scale bar A, B and C = 50 µm and D = 25 µm. 

Other symbols: SC, spinal cord, N, notochord. 
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At 100 days, small diameter fibres with the ATPase and immunostaining profile of 

intermediate-pink muscle appeared in a limited deep area of the fast-muscle, at either side 

of the dorso-ventral septum, in both the epaxial and hypaxial quadrants. In parallel, the 

slow-red muscle layer became thicker not only near the horizontal septum but also hypo- 

and epiaxially. Slow-red fibres were also present along the horizontal septum, near the 

notochord. At that age, the immunohistochemical and histochemical reactions remained 

unchanged. 

 

Juveniles aged from 140 days to adult 
 

In juveniles, significant changes occurred in the slow-red muscle layers. These showed 

changes in fibre type properties, and also grew in thickness by addition of more fibres, 

especially at the level of the horizontal septum, giving the typical wedge shape also seen 

in adult fish. 
At 140 days, the superficial muscle was multi-layered close to the horizontal septum and 

as its fibres were now anti-fish fast myosin (3-96) and anti-mammalian 2A myosin (SC-71) 

negative, the myosin immunostaining profile present in those fibres is called JSM2 (Table 

I; Fig. 1). Between 140 and 180 days, the myosin immunoreactivity of superficial fibres 

underwent a third transition, as the JSM2 profile was replaced by a slow myosin isoform 

(R1), which had both the immunoreactivity and histochemical ATPase and SDH activities 

typical of red (slow) muscle (Table I). At 180 days, the superficial fibres with JSM2 myosin 

profile were present only in the superficial muscle zones located farthest from the 

horizontal septum. 

Surprisingly, and at the end of juvenile life, the slow-red muscle at the level of horizontal 

septum next to the intermediate-pink muscle, could be resolved into two distinct types by 

immunostaining against mammalian myosin antibodies (Fig. 6) and also by ATPase 

activity: 1) an innermost layer of fibres with a myosin profile (R2) similar to the latest 

isoform (JSM2) found in the superficial monolayer fibres (Table I); and 2) an exterior layer 

of fibres displaying the usual adult slow myosin profile (R1). There were no changes in the 

immunostaining or histochemical profile of the intermediate-pink fibres. In adult fish, the 

number of fibres with the R2 profile increased sufficiently to form a layer several fibres 

deep separating the main slow-red muscle (R1, i.e., BA-G5 and BA-F8 negative) from the 

underlying intermediate-pink muscle (characterized by the SC-71 immunoreactivity). The 

“pink” muscle showed a mosaic pattern of intermediate-pink and fast-white fibre types 

(Figure 6 A, C and E). 
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Figures 4 and 5: Fig. 4 shows transverse sections of one epaxial quadrant of lateral muscle of 

Pagellus bogaraveo aged 40 days, immunoreaction with 4-96. Fast-white muscle (W) is 

immunonegative, most superficial monolayer fibres now have the JSM1 profile (including weak 

staining with 4-96), and the number of slow-red fibres (now with R1 myosin profile, and strongly 

reactive with 4-96) has increased. Other symbols: Sk, skin; SC, spinal cord; N, notochord; P, 

intermediate-pink muscle; Li, liver (support tissue), continuous grey line running from R1 to 

notochord, horizontal septum, dotted grey lines, position of myosepts. Scale bar = 50 µm. Fig. 5 

shows transverse section of lateral muscle (fast-white portion) of Pagellus bogaraveo aged 70 

days, stained for mATPase activity after mild alkalai pre-incubation. This shows the “mosaic 

appearance” of the fast-white muscle. Boxed area is shown at higher magnification on the right. 

Symbols: ld, large diameter fibres; sd, small-diameter fibres; Ms, myosept; hs, horizontal septum. 

Scale bar = 50 µm. 
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Discussion 
 

The aim of our study was to follow post-embryonic developmental changes in myosin 

composition and other fibre type properties (such as oxidative activity) in lateral muscle of 

Pagellus bogaraveo, relating those changes to the appearance of new fibres from 

hatching to adult life. We used a panel of isoform-specific antibodies for identifying 

developmental transitions in myosin expression, as well as histochemical staining for 

myosin ATPase and for SDH enzyme activity (a marker for mitochondrial content and 

oxidative metabolism). Some of the antibodies were monoclonals raised against 

mammalian myosins the structural homology of which with fish myosins is not known, so 

immunoreactivity with those antibodies is therefore used only to distinguish between 

myosins (to give a reactivity profile), rather than for identifying them as a specific type. 

However, other antibodies were raised against myosins from fish and, therefore, can be 

used for identifying myosins in Pagellus bogaraveo as ‘fast’ or ‘slow’. The last antibodies 

were examined by the Western Blotting method and the main reaction was with the 

myosin heavy chain. All the evidence presented in this paper was based not only on the 

antibodies reaction but also on ATPase staining. Together, they allowed us to 

characterize several different isoform profiles appearing at specific locations and 

developmental stages, as discussed below. 

 

Larvae aged 0 (hatching)-40 days 
 

At hatching, lateral muscle in Pagellus bogaraveo consisted of several layers of deep fast-

white fibres covered by a typical superficial fibre monolayer. The latter extended into the 

edges of the hypo- and epaxial regions and represented the only muscle layer of the most 

caudal myomeres, as observed in Sparus aurata by Mascarello et al. (1995). At hatching, 

the superficial monolayer was already differentiated from the deep muscle with regard to 

its myosin composition (compare LSM and LW profiles in Table I), although neither 

resembled the adult types. The existence of both fibre types is in accordance with the 

finding that the first phase muscle formation occurs quite early in most teleosts and is, in 

fact, a sequential process in itself, beginning with adaxial (“primary slow fibre”) 

myogenesis and continuing with fast fibre myogenesis (Devoto et al., 1996; Stickney et 

al., 2000; Steinbacher et al., 2006). Several studies in Danio rerio showed that initial 

muscle formation is comprised of at least two different myogenic cell types (Devoto et al., 

1996; Blagden et al., 1997). Provided that co-expression of two or more isoforms cannot 

be excluded (and transient expression of a ‘fast’ myosin in superficial fibres has been 

described in trout (Oncorhynchus mykiss, Walbaum) larvae by Chauvigné et al., 2006), 
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the overall staining profile of the SM myosin does not fit what could be expected from a 

simple mix; so it is more likely due to the presence of a specific isoform. Again, this 

resembles the situation seen in Sparus aurata (Mascarello et al., 1995). 

 

 
Figure 6: Transverse sections in the epaxial region of lateral muscle of Pagellus bogaraveo aged 

180 days. (A and B) Serial sections immunostained with 4-96 and BA-F8, respectively; for 

orientation, the same two fibres are indicated with arrows. There is a small amount of intermingling 

of the intermediate-pink (4-96 weakly positive, BA-F8 positive) and slow-red (4-96 positive, BA-F8 

negative) fibres at the junction between these layers. (C, D and E) Serial sections from an adjacent 

area, immunostained for BA-G5 (C), BA-F8 (D) and SC-71(E). This shows the junction between 

intermediate-pink and slow-red muscle at higher power.  Intermediate-pink fibres (P) are strongly 

SC71-immunoreactive, whereas the slow-red fibres have 2 different immunoreactivity profiles: R1, 

indicated by the open triangles (BA-G5 and BA-F8 negative) or R2, indicated by the filled circles 

(BA-G5 and BA-F8 positive). Scale bar A and B = 100 µm and C, D and E = 50 µm. 

 

At 5 days of age (transition from endogenous to exogenous feeding), a third muscle fibre 

type profile (LR) appeared in a small group of fibres adjacent to the lateral line nerve, and 

differed from one of the definitive slow-red muscle isoforms only in its ATPase staining 

(Table I – compare LR with R2). Like the superficial monolayer fibres, those were positive 

for SDH, and the combination of their position and overall staining profile suggests that 

these are the first fibres of the adult slow-red muscle layer. A molecular characterisation of 

cell recruitment over the three phases of myogenesis was carried out in Rutilus meidingeri 
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(Heckel) (Steinbacher et al., 2006) and it was found that the zones where expression of 

muscle-specific transcriptional activators arise at the lateral of the slow fibre monolayer 

next to the horizontal septum were entirely slow type, which is an accordance with our 

hypothesis. To the best of our knowledge, however, the cellular origin of the newly larval 

slow-red fibres it is not clearly identified. Most recent work, reviewed by Stellabotte & 

Devoto (2007), provides a possible explanation of the original source of at least some of 

the myogenic cells involved in teleost muscle hyperplasia. They suggested that as in the 

amniotes, such cells could originate from the dermomyotome, which have now been 

proved to also exist in fish in the form of the so-called external cell layer. An external cell 

origin of the new slow muscle fibres emerging from the lateral surface next to the lateral 

line nerve was supposed by several authors in different fish species as Danio rerio 

(Waterman, 1969), Clupea harengus (Linnaeus) (Johnston, 1993), Dicentrarchus labrax 

(Linnaeus) and Sparus aurata (Linnaeus) (Veggetti et al., 1990; Lopez-Albors et al., 

1998). As seen in other fish (Scapolo et al., 1988; Mascarello et al., 1995; Patruno et al., 

1998), the appearance of those fibres coincided with the first attempts of the larvae at 

cruise swimming in search for food, and may be an important factor in larval survival at 

that age.  

At the end of larval life (23-40 days), all fibres of the deep layer lost their LW reaction 

profile and acquired the fast-white profile (W) typical of large diameter fast-white muscle in 

adult fish. A similar transition from one myosin isoform to another in the deep muscle was 

also observed in Dicentrarchus labrax (Linneaus) (Scapolo et al., 1988), but it differs from 

the situation found in Sparus aurata, another Sparid species (Mascarello et al., 1995) in 

which no change could be detected.  

Information about developmental myosins in fish is currently very uneven. For example, 

peptide mapping studies in charr (Salvelinus alpinus, Linnaeus) by Martinez et al. (1991) 

and in herring (Clupea harengus, Linnaeus) by Johnston et al. (1998) have revealed 

developmental changes in myosin heavy chain composition in fast-white muscle, whereas 

in Brycon moorei (Steindachner), the same technique showed only minor differences in 

the chemical composition of myosin heavy chain expressed at various larval and juvenile 

stages (Huriaux et al., 2003). Molecular biology techniques such as those employed by 

Chauvigné et al. (2006) and Nihei et al. (2006), for following the expression of isoforms at 

mRNA level may eventually prove more informative in this regard. 

At 40 days of larval life (weaning, i.e., transition from live to formula food), the superficial 

monolayer fibres acquired a new immunoreactivity profile (JSM1), and the increasing 

number of new slow-red fibres located just under the superficial monolayer around the 

lateral line lost their reaction with BA-G5 and BA-F8 monoclonal antibodies, thereby 
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acquiring the typical profile of myosin in adult slow-red muscle (a transition from LR to R1, 

see Table I). 

Also at 40 days, an additional fibre type was identified, forming a distinctive ‘pink’ or 

intermediate layer. The combination of very alkali-stable ATPase, strong reaction with 

3/96 (specific for fish fast myosin) and an intermediate staining for SDH is typical of 

intermediate-pink fibres in many (although not all) fish species (e.g., as reviewed by 

Mascarello et al., 1986, 1995; Sänger & Stoiber, 2001). The strong reaction observed in 

the intermediate-pink fibres with the antibody for fish fast myosin is in accordance with the 

recent results obtained in the Steinbacher et al. (2006) study. Using molecular techniques 

it was found that the new muscle cells arising at the lateral growth zones of Rutilus 

meidingeri are fast type rather than intermediate. It was suggested that the myosin heavy 

chain (MyHC) expressed by intermediate fibres diverged only slightly from fast fibre 

isoforms in their nucleotide sequence, thus causing a cross-reaction of the fast MyHC. 

According to Johnston (1980), the intermediate-pink fibres can be considered functionally 

analogous to the oxidative fast twitch fibres of other vertebrates, and contribute to the 

cruise swimming at intermediate speeds. 

Thus, in Pagellus bogaraveo the three main fibre types seen in later juvenile and adult life 

had appeared by the end of larval life, in positions within the myotome typical of the 

stratified hyperplastic growth phase. This pattern was observed in another Sparid fish, 

Sparus aurata (Mascarello et al., 1995), but it is different from the situation observed in 

another large, fast growing fish, Dicentrarchus labrax, in which the large diameter fast 

fibres do not acquire their definitive mATPase profile until a later life stage (Scapolo et al., 

1988). The significance of this species variation is as yet unknown. 

 

Fry aged 70-100 days 
 

The mosaic appearance of fast-white muscle is the result of the third hyperplastic process 

and generally occurs only in fish which grow to a large final size (Carpenè & Veggetti, 

1981; Rowlerson & Veggetti, 2001; Sänger & Stoiber, 2001; Johnston, 2006). In Pagellus 

bogaraveo small diameter fibres appeared in the fast-white muscle between 70 and 100 

days post hatching, i.e., in early juvenile life, and this was reflected in a wide range of fibre 

sizes that gave the mosaic appearance in cross sections. The ATPase and 

immunoreactivity profiles of the small diameter fibres in mosaic fast-white muscle vary 

widely among species (Rowlerson et al., 1985; Romanello et al., 1987; Scapolo et al., 

1988; Higgins, 1990; Sänger & Stoiber, 2001). However, in Pagellus bogaraveo we 

observed the same picture found in Sparus aurata (Mascarello et al., 1995), where the 

small diameter fibres in the fast-white muscle differed from the large diameter ones only in 
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their ATPase reactivity. With this study we do not know if mosaic hyperplasia started after 

the previous phase had ceased or overlapped with stratified growth. The examination of 

the MyoD and Myogenin (members of the myogenic regulatory family) expression in 

Salmo trutta lacustris (Linnaeus) showed that the stratified hyperplasia and mosaic 

hyperplasia began simultaneously and progressed vigorously (Steinbacher et al., 2007). A 

similar approach can be used in future in Pagellus bogaraveo to clarify this issue. To the 

best of our knowledge, the origin of the myogenic cells involved in mosaic hyperplasia in 

teleosts remains unknown. Recent research using lineage analysis techniques suggested 

that either dermomyotome cells or a dermomyotome-independent population of cells 

could be responsible for mosaic hyperplasia (Stellabotte & Devoto, 2007). 

Mosaic hyperplasia is quantitatively the most important phase of myogenesis (Johnston, 

2006), and also allows for the more effective and faster locomotion, which is important for 

juveniles. The intensity of the mosaic hyperplastic process gradually wanes in older fish, 

although in some fish it may also be seasonal (Carpenè & Veggetti, 1981; Alami-Durante 

et al., 2007). The very interesting study by Alami-Durante et al. (2007) also shows that 

juvenile hyperplastic muscle growth is affected by earlier thermal life history, an effect 

presumably operating at the level of the myogenic cell population(s), which is the 

substrate for the mosaic growth phase. 

Between 40 and 180 days, the myosin composition of superficial muscle fibres underwent 

a further transition, as the superficial monolayer isoforms JSM1 was gradually replaced by 

the JSM2 profile summarized in Table I. As the original superficial monolayer fibres are 

eventually subsumed into the adult slow-red muscle layer, it is likely that the JSM2 profile 

does not represent a distinct isoform, but rather the near-complete transition to the R2 

isoform of the slow-red muscle layer. Thus, monolayer fibres underwent three 

transformations from their original composition to the slow-red type. This transformation 

began in all monolayer fibres close to the lateral line, and gradually proceeded epi- and 

hypoaxially. 

The definitive slow-red muscle was formed gradually due to the combined mechanism of 

hyperplastic growth forming new slow-red fibres with additional conversion of all the 

monolayer fibres into slow-red muscle fibres, a phenomenon already described in other 

species (Scapolo et al., 1988; Veggetti et al., 1993; Mascarello et al., 1995; Patruno et al., 

1998). 

 

Juveniles aged from 140 days to adult 
 

At these ages, the axial muscle consisted mainly of fast-white fibres covered by a 

intermediate-pink layer and above that a slow-red layer. Unexpectedly, the slow-red layer 
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could be resolved into two distinct types by myosin immunostaining: one (R1) with the 

expected slow-red myosin isoform (alkali-labile ATPase and a strong reaction with 

polyclonal antibody 4/96), and the other (R2) which had a positive immunoreactivity with 

two of the monoclonal antibodies as well as with 4/96, had an alkali-stable ATPase 

activity, and was present in fibres closest to the underlying intermediate-pink muscle. 

Heterogeneity of the slow-red muscle layer in fish is not unknown, but none of the kinds 

previously described - slow-red muscle rim fibres (van Raamsdonk et al., 1980), tonic 

fibres (Chayen et al., 1993; Sänger & Stoiber, 2001), and the ATPase mosaic due to 

hyperplastic growth in Sparus aurata (Mascarello et al., 1995), are equivalent. The 

Ictalurus melas (Rafiesque) has been described as having two distinct layers of 

intermediate-pink muscle as shown by ATPase staining (Mascarello et al., 1986), but as 

the outer one of these had an alkali-labile ATPase, it is presumably not equivalent to the 

R2 profile in Pagellus bogaraveo. Also in Dicentrarchus labrax juveniles heterogeneity in 

the superficial muscle was observed, due to the appearance of small groups of very small 

diameter fibres with a rosette-like appearance which have more alkali and acid-stable 

mATPase activity (Scapolo et al., 1988). In Pagellus bogaraveo we obtained a similar 

ATPase result, although, the slow-red fibres did not have the “rosette” arrangement 

observed in Dicentrarchus labrax. Moreover, the antibodies used in this study were 

completely different from the ones used in the Dicentrarchus labrax study, so no direct 

comparison between the fibres imuno-profile could be done. The pattern of expression of 

myosins in relation to the development stage and muscle type is complex. Nihei et al. 

(2006) isolated six myosin heavy chains (MYH) DNAs from carp (Cyprinus carpio, 

Linnaeus) and revealed that MYHs predominantly associated with slow muscle or early 

development stages were expressed in the fast muscle of adult fish at some acclimation 

temperatures but not others. Our study does not allow conclusions about the exact nature 

of the R2 myosin composition; although the combination of differences in both ATPase 

activity and immunoreactivity do suggest they contain different isoforms of myosin, we 

cannot at present exclude the possibility that those are hybrid fibres expressing both the 

JSM2 and R1 forms. We hope to investigate this in future, by other means. 

Apart from some obvious anatomical differences, the arrangement of the three main fibre 

types was shared by all the myomeres of the trunk. Caudally, the deep muscle layer 

tended to become gradually thinner; in contrast, the slow-red muscle layer continued to be 

well developed both epi- and hypaxially. This was also seen in the majority of species 

where it was observed that slow-red muscle occurs as a continuous mid-lateral strip, the 

relative dimension of which increases in rostro-caudal direction, achieving maximal values 

in the posterior part of the body (Bone, 1978). The finding that most of the red muscle is in 

the posterior part of Pagellus bogaraveo further supports the idea that most power for 
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steady swimming at moderate speeds comes from posterior rather than anterior 

musculature (Luther et al., 1995). As Pagellus bogaraveo is a benthopelagic fish (Bauchot 

& Hureau, 1990), this result also suggests that the possession of a relatively high 

proportion of slow-red muscle is not confined to active, pelagic fish (Luther et al., 1995). In 

general, the rostral myomeres showed more advanced and organized developmental 

stages than the caudal ones at early ages, following the rostro-caudal myogenesis rule of 

most fish (Johnston et al., 1996). 

 

Conclusions 
 

From the histochemistry and immunoreactivity of fibres in lateral muscle of Pagellus 

bogaraveo, various developmental sequences of myosin isoform transitions were 

identified over the period from hatching to adult. Superficial monolayer fibres appeared to 

transform from their original larval composition firstly into two intermediate forms (at 40 

days and 140 days of age) and then gradually to the slow-red type. The pink 

(intermediate) muscle layer was the last major layer to appear, at about weaning. The 

deep fast-white muscle initially grew by stratified hyperplasia, but shortly after weaning (fry 

stage, ca 70 days) mosaic hyperplasia was detected. The axial muscle of juveniles, thus 

consisted mainly of fast-white fibres, covered by thin layers of intermediate-pink and slow-

red muscle fibres. The slow-red fibres could be divided in to two distinct subtypes by 

differential myosin immunostaining and ATPase activity, neither of which corresponded to 

slow-red muscle rim or tonic fibres. This was an unexpected and unprecedented finding, 

the significance of which is not yet apparent.  

Overall, this study showed that changes in the fibre phenotype reflected the 

developmental events in lateral muscle of Pagellus bogaraveo, and although many 

features resembled events in Sparus aurata, there were also differences (such as the two 

subtypes of slow-red muscle in the older fish). Information about developmental 

transitions in myosin isoform expression in fish muscle is still very fragmentary the 

methods used are indeed different, and too few species have been examined throughout 

development in order we may have a clear picture of what are common features and what 

are species-specific variations that may be related to the particular environmental 

conditions or life-style. However, our study does provide additional support for the notion 

that developmental transitions in myosin isoform expression in muscle do occur in fish as 

in mammals, and are linked, at least in part, to the different phases of fibre formation. In 

this study, in which fish were raised in conditions of water salinity and temperature close 

to those found in the natural environment, we have established the basic timeline of 

events for Pagellus bogaraveo. This is crucial for supporting future comparative and 
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experimental studies targeting muscle growth dynamics and its underlying mechanisms in 

a species, which has considerable potential for commercial aquaculture. 
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Abstract 
 

Previous study on the histochemistry and immunoreactivity of fibres in lateral muscle of 

blackspot seabream indicated that there is a developmental transition in the composition 

of myofibrillar proteins, which presumably reflects changes in contractile function as the 

fish grows. We hypothesize that the phenomenon underscores age and spatial differences 

in the expression of myosin light chains, not studied yet in that species. In this study, we 

examined selected stages in the post-hatching development of the muscle of blackspot 

seabream: hatching (0 days), mouth opening (5 days), weaning (40 days) and juveniles 

(70 days). The spatial expression of embryonic MLC 1 (MLC1), 2 (MLC2) and 3 (MLC3) 

was studied by in situ hybridization. Overall, MLCs expression patterns were overlapping 

and restricted to the fast muscle. At hatching and mouth opening, all MLC types were 

highly expressed throughout the musculature in fast muscle. The expression levels in fast 

muscle remained high until weaning when germinal zones appeared on the dorsal and 

ventral areas. The germinal zones were characterized by small-diameter fast fibres with 

high levels of MLC expression. This pattern persisted up to day 70, when the germinal 

zones disappeared and expression of MLCs was observed only in the smaller cells of the 

fast muscle mosaic. These results support our hypothesis and, together with the imuno- 

and histochemistry ones, allow a better understanding of the mechanism of muscle 

differentiation and growth in fish beyond larval stages, whereas offering a basis for further 

comparative and experimental studies with this economically relevant species. 

 

Introduction 
 

In most fish, the lateral musculature is the principal propulsive organ generating motion. It 

differs from the skeletal muscle of other vertebrates in its segmental antero-posterior 

myotomal organization and by the fact that the two main types of fibres (fast and slow) are 

not intermingled but develop in physically distinct areas. The superficial red-slow fibres 

are responsible for slow swimming or cruising, whereas the bulk of deep white-fast fibres 

are used in fast burst locomotion (Johnston et al., 1977; Bone, 1978). Another type of 

fibre, the so-called intermediate fibre, also occurs in most fish (Johnston et al., 1977). 

Also, fish muscle growth differs from that of mammals or birds as new fibres are 

continuously produced over much of the life cycle (Rowlerson & Veggetti, 2001). 

Myosin is essential for muscle contraction and comprises six polypeptides encoded by 3-5 

genes for heavy (MHC) and light chain myosins (MLC). The relative content of MHC and 

MLC in muscle determines its contractile properties, including its ATPase activity, 

maximum shortening speeds and force-velocity relationship. The myosin complex is made 
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of two heavy chains each of which consists of a structural α-helical rod portion and a 

globular head. The myosin heads contains one essential light chain and one regulatory 

light chain that are encoded by different genes (reviewed by Johnston & Hall, 2004). In 

fast skeletal muscle of carp (Cyprinus carpio, Linnaeus), Hirayama et al. (1997) found that 

the two isoforms of essential light chain are encoded by distinct genes. 

In common with terrestrial vertebrates, distinct isoforms of the myofibrillar proteins, chiefly 

myosin, have been described in white-fast and red-slow fish muscle fibres, with great 

variability between taxa (Focant et al., 1976; Rowlerson et al., 1985; Karasinski & Kilarski, 

1989; Devoto et al., 1996). In fish, the components of the myosin complex differ between 

slow and fast muscle, for example different forms of MHC are found in the two muscle 

types (Scapolo et al., 1988; Karasinski & Kilarski, 1989; Martinez et al., 1990) and there 

are two types of MLC in slow muscles, and three types in fast muscle (Rowlerson et al., 

1985; Karasinski & Kilarski, 1989; Martinez et al., 1990). 

The fibre type composition of individual muscles has been shown to vary dramatically 

during fish ontogeny. Various biochemical, histochemical and immunohistochemical 

investigations have revealed that during fish muscle development there is a sequential 

expression of a range of myofibrillar protein isoforms (e.g., Carpenè & Veggetti, 1981; 

Scapolo et al., 1988; Martinez et al., 1991; Brooks & Johnston, 1993; Crockford & 

Johnston, 1993; Veggetti et al., 1993; Johnston, 1994; Johnston & Horne, 1994; Johnston 

et al., 1998; Huriaux et al., 1999; Focant et al., 2000; Moutou et al., 2001; Huriaux et al., 

2003; Chauvigné et al., 2006). In the plaice Pleuronectes platessa (Linneaus), larval 

MLC2 is gradually replaced by adult MLC2 in postmetamorphic fish, whereas changes in 

myosin heavy-chain composition occurs later (Brooks & Johnston, 1993). In developing 

turbot Scophthalmus maximus (Linneaus), sequential expression of different MHC, MLC2, 

troponin-T, and troponin-I isoforms occurs (Focant et al., 2000). More recently, molecular 

biology tools have been applied to follow the expression of isoforms at mRNA level, 

offering more and new insights about the muscle fibre composition in the course of fish 

development (Chauvigné et al., 2006; Nihei et al., 2006). 

In a previous imunohistochemical study with blackspot seabream (Pagellus bogaraveo, 
Brunnich), recently adopted for aquaculture, it was shown that changes in fibre phenotype 

reflect developmental events in lateral muscle of this fish (Silva et al., 2008). We 

hypothesize that the phenomenon underscores age and spatial differences in the 

expression of myosin light chains. So, to further characterise the modification in myosin 

during the development of myotomal fibres in this species in situ hybridization was used 

herein to characterise the spatial and temporal expression of MLCs 1 (MLC1), 2 (MLC2) 

and 3 (MLC3) gene expression. This is the first study using this approach in blackspot 

seabream, and in which key specific morphological and physiological development stages 
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were chosen to investigate whether the changes in myosin are related to some precise 

step(s) in ontogenesis. 

 

Material and Methods 
 

Sample collection and preparation 
 

Blackspot seabream were collected at 0, 5, 40, and 70 days post-hatch, fixed overnight at 

4 ºC in 4% PFA solution (4% paraformaldehyde in phosphate buffer at pH 7.4), washed 

three times in buffer and stored in 70% ethanol at 4 ºC. Samples were decalcified before 

further processing by immersion in 0.5 M EDTA, pH 8.0, for at least seven days in a dark 

chamber. Subsequently, samples were dehydrated and wax embedded, and the serial 

sections (5 µm) mounted on 3-aminopropyltriethoxysilane (APES)-coated slides. 

 
Histology 
 

Probe generation 
Digoxigenin-labeled antisense RNA probes were synthesized using a digoxigenin RNA 

Labeling Kit (SP6/T7) (Roche). Linearised minipreps of pGEM-T Easy (Promega) plasmid 

vector containing inserts of the complete coding region of MLC1, MLC2 and MLC3, 

isolated from gilthead seabream (Sparus aurata, Linnaeus) were used as templates 

(Moutou et al., 2001). The linearised vector was purified and an in vitro transcription 

carried out using 20U of T7 RNA polymerase in transcription buffer (Amersham 

Biosciences) with 1 μl of digoxigenin-RNA labelling mix (Roche Diagnostics, Mannheim, 

Germany), for 1.5 hour at 37 ºC. The reaction was stopped with 2 μl of 0.2 M EDTA. The 

riboprobe was purified by lithium precipitation and resuspended in 25 μl of water. 

 

Hybridisation procedure 
Sections were dewaxed in xylene and rehydrated through a graded alcohol series (100% 

to 50%), washed twice in Tris buffered saline containing 0.1% tween-20 (TBST) and pre-

hybridised at 58 ºC for 120 -240 min in hybridisation solution (50% formamide, 4xSSC, 

0.1% torula RNA, 0.01% Heparin, 1x Denhart’s, 0.1% Tween 20, 0.04% CHAPS). 

Sections were then hybridised overnight at 58 ºC, in hybridisation solution containing 5 

µl.ml-1 of riboprobe. To remove nonspecifically bound probe, stringency washes were 

carried out at 58 ºC first with 2xSSC (2x5 min) and then 5 min with 1xSSC. Detection of 

hybridised probe was carried out using anti-digoxigenin-AP Fab fragments (Roche 

Diagnostics) (1:500) for 120 min at room temperature, after first blocking for 120 min in a 
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2% solution of blocking reagent (Boehringer-Mannheim) containing 10% sheep serum. 

Sections were washed in two changes of TBST and colour detection was carried out at 37 

ºC from 120 - 300 min, using the chromagens NBT (4-Nitroblue tetrazolium chloride) and 

BCIP (5-Bromo-4-Chloro 3-indolylphosphate). The staining reaction was stopped by 

washing sections in 1x PBS and sections were further fixed for 15 min with 4% 

paraformaldehyde at room temperature, rinsed with 1x PBS and distilled water and then 

mounted in glycerol gelatin.  

Control experiments were performed confirming a lack of signal when treating samples 

with RNAase prior to hybridisation with the riboprobe and/or by omitting riboprobe from 

the reaction. In order to help to detect the tissue structures some sections were stained 

with haematoxylin-eosin. Sections were analysed using a microscope (Olympus BH2). 

 

Results and Discussion 
 

Previously, we used histochemistry and immunohistochemistry to characterize the muscle 

differentiation and growth in the blackspot seabream (Silva et al., 2008). The development 

of lateral muscle fibre phenotypes was then described, especially their myosin isoforms, 

from hatching to juveniles and young adults. In this study, we used in situ hybridization for 

MLC to offer new insights about muscle fibre heterogeneity and functional specialization in 

blackspot seabream. Thus, we were able to identify fibre types as they appeared during 

the post-embryonic growth. Related to this we saw a high degree of similarity between 

intermediate and fast fibre MLC isoforms, suggesting that intermediate fibres have the 

same origin as fast fibres, which differs from what was previously proposed to gilthead 

seabream (Mascarello et al., 1995). Accordingly, the new information we obtained is 

important not only to tackle our questions for this species but to highlight interspecies 

differences, namely because muscle development from hatching to juveniles is 

documented for very few aquaculture fish.  

The high degree of similarity among the MLC clones isolated from the gilthead seabream 

(Moutou et al., 2001) with the ones previously isolated from other fish allow us to conclude 

that the MLC expression obtained in blackspot seabream is specific. For example, the 

MLC1, MLC2 and MLC3 clones showed a degree of similarity with zebrafish (Danio rerio, 

Hamilton) of 83%, 92% and 91%, respectively. Overall, herein MLC expression was 

restricted to the fast muscle, which agrees with data obtained in juvenile and developing 

gilthead seabream (Moutou et al., 2001). In common with the gilthead seabream, a 

notable change in the tissue expression pattern of the various forms of MLC occurs during 

blackspot seabream development. This may be a general feature of MLCs during fish 

development, as changes in myosin light chains have also been observed in an 
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immunohistochemical study of Atlantic herring (Clupea harengus, Linnaeus) at different 

development stages (Crockford & Johnston, 1993). 

At hatching, MLCs were uniformly expressed in the deep fast muscle fibres of blackspot 

seabream. This spatial distribution of fast muscle isoform transcripts is consistent with the 

previous identification at hatching of two major fibres types [superficial monolayer (LSM) 

and fast muscle (LW)] in that species (Silva et al., 2008), as shown by 

immunohistochemistry using anti-myosin sera. This result suggests that the superficial 

monolayer fibres contain a specific myosin isoform which is an agreement with our 

previous immunohistochemical results (Silva et al., 2008). The MLC disposition in early 

developing blackspot seabream muscle, however, differs from rainbow trout 

(Oncorhynchus mykiss, Walbaum) larvae (Chauvigné et al., 2006), in which several fast 

isoform mRNAs, including MLC1 and MLC3, selectively accumulate in the superficial 

neoformed slow muscle. In blackspot seabream at 5 days of age (mouth opening, i.e., 

transition from endogenous to exogenous feeding), the in situ hybridization result was the 

same as the one obtained at hatching (Fig. 1). The small group of slow fibres adjacent to 

the lateral line nerve identified for the first time at this age by imunohistochemistry (Silva 

et al., 2008) contains none of the three MLC transcripts studied. 

 

 
Figure 1: Temporal and spatial expression of MLC1 in transverse sections of lateral muscle of 

Pagellus bogaraveo aged 5 days. The larvae white-fast muscle (LW) showed MLC1 expression. 

Other symbols: SC = spinal cord, N = notochord, LSM = superficial monolayer. Scale bar = 25 µm. 

 

At 40 days of larval life (weaning, i.e., transition from live to formula food), a strong MLC 

signal was detected at the periphery of the dorsal and ventral germinal zones (Fig. 2). The 

germinal zones were characterized by small-diameter fast fibres with high levels of MLC 

expression, whereas the deeper layer consisted of polygonal, large-diameter fast fibres 

that expressed no MLC. This result suggests that MLC transcripts are largely restricted to 

myoblasts and/or young fibres that arise in those germinal zones, thus making MLC a 
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useful marker of hyperplasia during this stratified growth phase. Previous work based on 

BrdU-labeling and ultrastructural observation has shown that, during larval life, 

differentiation of slow and fast fibre types is supported by a hyperplastic mechanism that 

occurs by apposition of new fibres along proliferating zones, principally under the lateral 

line and in the apical myomere regions, and also just under the superficial monolayer 

(Rowlerson et al., 1995). With the ultimate aim of examining the sites and the timing of 

myogenic activation in pearlfish (Rutilus meidingery, Heckel) embryos and larvae, 

Steinbacher and co-authors (2006) studied the role of myocyte-specific enhancer factor 2 

(MEF2) transcriptor factors, which are known to bind the promoter and enhancer regions 

of teleost Myogenin and MLC genes. They observed that in germinal zones, most MEF2+ 

cells give rise to fast fibres and that only a few such cells generate new slow fibres at the 

terminations of the superficial slow muscle layer, which is in agreement with our results. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2: In situ hybridization 

showing MLC3 expression in white-

fast muscle of Pagellus bogaraveo 

aged 40 days. Note the lateral 

germinal zones – thicker arrows in 

(a) and Gz in (c). Boxed area in (a) 

is shown at higher magnification on 

the right (b). The juvenile superficial 

monolayer (JSM) showed no MLC3 

expression. Other symbols: W = 

adult fast white muscle; Sk = skin. 

Scale bar = 25 µm. 
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Also at 40 days of life, an additional fibre type was identified by immunohistochemistry 

(Silva et al., 2008), forming a distinctive ‘pink’ or intermediate layer. In gilthead seabream, 

other sparid fish, the same germinal zone under the lateral line that gives rise to additional 

slow fibres from hatching to the midpoint of larval life also gives rise to intermediate (pink) 

fibres (Mascarello et al., 1995). In blackspot seabream, however, the new muscle cells 

arising at the lateral growth zones are MLC+ which suggests that the MLC gene(s) 

expressed by intermediate fibres diverge only slight from fast fibres in their nucleotide 

sequence, thus causing cross-reaction of the fast MLC probe. This explanation is 

corroborated by the intermediate fibres pattern of myosin expression obtained previously 

by histological methods (Silva et al., 2008), which is different from the slow fibres one. It 

remains unknown at this point whether this difference between these two sparid fish has a 

functional meaning. Eventually the reassessment using molecular techniques could 

elucidate the pink-intermediate muscle fibre origin in this important fish group. 

In blackspot seabream of 70 days, several myosepta separating adjacent W-shaped 

myotomes are visible in the transverse sections (Fig. 3). The expression of MLC was 

limited to the small diameter fast muscle fibres (W) which appeared dispersed in the fast 

muscle at 70 days post hatching, i.e., in early juvenile life, and this was reflected by a wide 

range of fibre sizes that gave the mosaic appearance in cross section (Fig. 3). The mosaic 

character of muscle has been suggested to be a result of hyperplastic processes 

generally only occurring in fish which grow to a large final size (Carpenè & Veggetti, 1981; 

Rowlerson & Veggetti, 2001; Sänger & Stoiber, 2001; Johnston, 2006). The small 

diameter fibres in the fast muscle of blackspot seabream also differed from the large 

diameter fibres in their ATPase reactivity (Silva et al., 2008). It has been suggested that 

de novo myogenesis process which occurs in growing muscle is similar to that observed 

during embryonic development (Johnston, 1999). The persistence of early MLC isoforms 

in growing blackspot seabream could be related to this process. 

In conclusion, the observations support our hypothesis that transition in the composition of 

myofibrillar proteins in blackspot seabream, from hatching to juveniles, is founded in age 

and spatial differences in the expression of myosin light chains. We saw that the temporal 

and spatial MLC expression patterns follow fast muscle development and mark the 

germinal zones and the newly formed fast fibres, indicating their embryonic character. The 

changes in myofibrillar protein composition during the early life of blackspot seabream 

observed in this study probably reflect a modification in the functional properties of the 

muscle as body size increases. The fibre type transitions described in both this and in a 

previous paper (Silva et al., 2008) demonstrate that gene expression of this post-mitotic 

cell can be altered with age. Future research will be needed to elucidate in more detail the 
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molecular elements and mechanisms underlying fibre type determination and 

transformation in blackspot seabream. 

 

 
Figure 3: Transverse section of lateral muscle of Pagellus bogaraveo (a) aged 70 days showing 

MLC1 expression at post-opercular level (b and c) and at post-anal level (d, e and f). (f) shows the 

“mosaic appearance” of the white-fast muscle. Thicker arrows indicate cells in the inter-fibre space 

expressing MLC1. Symbols: ld = large-diameter white-fast fibres; sd = small-diameter white-fast 

fibres; W = adult white-fast muscle; R = adult red-slow fibres. Scale bar (b), (d) = 250 µm; (c), (e) = 

100 µm and (f) = 25 µm. 

 

Acknowledgements 
 
Work partially supported by FCT PhD Grant SFRH-BD-14068-2003 attributed to P. Silva. 

The authors are greatly indebted to the “Instituto Español de Oceanografía” (Centro 

Oceanográfico de Vigo, Spain) which provided the fish. 

 

 



MLC expression in Pagellus bogaraveo muscle 

105 
 

References 
 

Bone, Q. (1978). Locomotor muscle. In: Fish physiology (Hoar, W. S. & Randall, D. J., 

ed.). pp. 361-424. Volume VII. Academic Press 

Brooks, S. & Johnston, I. A. (1993). Influence of development and rearing temperature on 

the distribution, ultrastructure and myosin sub-unit composition of myotomal muscle-

fibre types in the plaice Pleuronectes platessa. Marine Biology 117, 501-513 

Carpenè, E. & Veggetti, A. (1981). Increase in muscle fibres in the lateralis muscle (white 

portion) of Mugilidae (Pisces, Teleostei). Experientia 37, 191-193 

Chauvigné, F., Ralliere, C., Cauty, C. & Rescan, P. Y. (2006). In situ hybridisation of a 

large repertoire of muscle-specific transcripts in fish larvae: the new superficial slow-

twitch fibres exhibit characteristics of fast-twitch differentiation. Journal of 

Experimental Biology 209, 372-379 

Crockford, T. & Johnston, I. A. (1993). Development changes in the composition of 

myofibrillar proteins in the swimming muscles of Atlantic herring, Clupea harengus. 

Marine Biology 115, 15-22 

Devoto, S. H., Melancon, E., Eisen, J. S. & Westerfield, M. (1996). Identification of 

separate slow and fast muscle precursor cells in vivo, prior to somite formation. 

Development 122, 3371-3380 

Focant, B., Huriaux, F. & Johnston, I. A. (1976). Subunit composition of fish myofibrils: the 

light chains of myosin. International Journal of Biochemistry 7, 129–133 

Focant, B., Collin, S., Vandewalle, P. & Huriaux, F. (2000). Expression of myofibrillar 

proteins and parvalbumin isoforms in white muscle of the developing turbot 

Scophthalmus maximus (Pisces, Pleuronectiformes). Basic and Applied Myology 10, 

269–278 

Hirayama, Y., Kanoh, S., Nakaya, M. & Watabe, S. (1997). The two essential light chains 

of carp fast skeletal myosin, LC1 and LC3, are encoded by distinct genes and 

change their molar ratio following temperature acclimation. Journal of Experimental 

Biology 200, 693-701 

Huriaux, F., Vandewalle, P., Baras, E., Legendre, M. & Focant, B. (1999). Myofibrillar 

proteins in white muscle of the developing African catfish Heterobranchus longifili 

(Siluriforms, Clariidae). Fish Physiology and Biochemistry 21, 287-301 



References 

 106

Huriaux, F., Baras, E., Vandewalle, P. & Focant, B. (2003). Expression of myofibrillar 

proteins and parvalbumin isoforms in white muscle of dorada during development. 

Journal of Fish Biology 62, 774-792 

Johnston, I. A. (1994). Development and plasticity of fish muscle with growth. Basic and 

Applied Myology 4, 353-368 

Johnston, I. A. (1999). Muscle development and growth: potential implications for flesh 

quality in fish. Aquaculture 177, 99-115 

Johnston, I. A. (2006). Environment and plasticity of myogenesis in teleost fish. Journal of 

Experimental Biology 209, 2249-2264 

Johnston, I. A. & Horne, Z. (1994). Immunocytochemical investigations of muscle 

differentiation in the Atlantic herring (Clupea harengus: teleostei). Journal of the 

Marine Biological Association of the United Kingdom 74, 79-91 

Johnston, I. A. & Hall, T.E. (2004). Mechanisms of muscle development and responses to 

temperature change in fish larvae. In: The development of form and function in fish 

and the question of larval adaptation (Govoni, J. J., ed.), pp. 113-144. Bethesda, 

Maryland: American Fisheries Society Symposium, 40.  

Johnston, I. A., Davison, W. & Goldspink, G. (1977). Energy metabolism of carp 

swimming muscles. Journal of Comparative Physiology 114, 203-216 

Johnston, I. A., Cole, N. J., Abercromby, M. & Vieira, V. L. A. (1998). Embryonic 

temperature modulates muscle growth characteristics in larval and juvenile herring. 

Journal of Experimental Biology 201, 623-646 

Karasinski, J. & Kilarski, W. (1989). Polymorphism of myosin isoenzymes and myosin 

heavy chains in histochemically typed skeletal muscles of the roach (Rutilus rutilus 

L., Cyprinidae, Fish). Comparative Biochemistry Physiology 92B, 727–731 

Martinez, I., Ofstad, R. & Olsen, R. L. (1990). Intraspecific myosin light chain 

polymorphism in the white muscle of herring (Clupea harengus harengus, L.). FEBS 

Letters 265 number 1, 2, 23-26  

Martinez, I., Christiansen, J. S., Ofstad, R. & Olsen, R. L. (1991). Comparison of myosin 

isoenzymes present in skeletal and cardiac muscles of the Arctic charr Salvelinus 

alpinus (L.): sequential expression of different myosin heavy chains during 

development of the fast white muscle. European Journal of Biochemistry 195, 743-

753  



MLC expression in Pagellus bogaraveo muscle 

107 
 

Mascarello, F., Rowlerson, A., Radaelli, P. & Veggetti, A. (1995). Differentiation and 

growth of muscle in the fish Sparus aurata (L): I. Myosin expression and 

organization of fibre types in lateral muscle from hatching to adult. Journal of Muscle 

Research and Cell Motility 16, 213-222 

Moutou, K. A., Canario, A. V. M., Marmuris, Z. & Power, D. M. (2001). Molecular cloning 

and sequence of Sparus aurata skeletal myosin light chains expressed in white 

muscle: developmental expression and thyroid regulation. Journal of Experimental 

Biology 204, 3009-3018  

Nihei, Y., Kobiyamal, A., Ikeda, D., Ono, Y., Ohara, S., Cole, N. J., Johnston, I. A & 

Watabe, S. (2006). Molecular cloning and mRNA expression analysis of carp 

embryonic, slow and cardiac myosin heavy chain isoforms. Journal of Experimental 

Biology 209, 188-198 

Rowlerson, A. & Veggetti, A. (2001). Cellular mechanisms of post-embryonic muscle 

growth in aquaculture species. In: Muscle Development and Growth. Fish 

Physiology series Vol. 18 (Johnston I. A., ed.). pp. 103-140. San Diego. Academic 

Press 

Rowlerson, A., Scapolo, P. A., Mascarello, F., Carpenè, E. & Veggetti, A. (1985). 

Comparative study of myosin present in lateral muscle of some fish: species 

variations in myosin isoforms and their distribution in red, pink and white muscle. 

Journal of Muscle Research and Cell Motility 6, 601-640 

Rowlerson, A., Mascarello, F., Radaelli, G. & Veggetti, A. (1995). Differentiation and 

growth of muscle in the fish Sparus aurata (L): II. Hyperplastic and hypertrophic 

growth of lateral muscle from hatching to adult. Journal of Muscle Research and Cell 

Motility 16, 223-236 

Sänger, A. M. & Stoiber, W. (2001). Muscle fiber diversity and plasticity. In: Muscle 

Development and Growth. Fish Physiology Series Vol. 18 (Johnston, I. A., ed.). pp. 

187-250. San Diego. Academic Press 

Scapolo, P. A., Veggetti, A., Mascarello, F. & Romanello, M. G. (1988). Development 

transitions of myosin isoforms and organisation of the lateral muscle in the teleost 

Dicentrarchus labrax (L.). Anatomy and Embryology 178, 287-295 

Silva, P., Rowlerson, A. M., Valente, L. M. P., Olmedo, M., Monteiro, R. A. F. & Rocha, E. 

(2008). Muscle differentiation in blackspot seabream (Pagellus bogaraveo, 

Brunnich): histochemical and immunohistochemical study of the fibre types. Tissue 

and Cell 40, 447-458 



References 

 108

Steinbacher, P., Haslett, J. R., Six, M., Gollmann, H. P., Sänger, A. M. & Stoiber, W. 

(2006). Phases of myogenic cell activation and possible role of dermomyotome cells 

in teleost muscle formation. Development Dynamics 235, 3132-3143 

Veggetti, A., Mascarello, F., Scapolo, P. A., Rowlerson, A. & Carnevali, C. M. D. (1993). 

Muscle growth and myosin isoform transitions during development of a small teleost 

fish, Poecilia reticulata (Peters) (Atheriniformes, Poeciliidae): a histochemical, 

immunohistochemical, ultrastructural and morphometric study. Anatomy and 

Embryology 187, 353-361 

 

 

 



CHAPTER III



 

 



 

111 

Ultrastructural observations and morphometric data on the muscle from 
blackspot seabream (Pagellus bogaraveo, Brunnich) 
 

Silva, P.1,2, Valente, L.M.P.1,2, Malhão, F.1,2, Galante, M.H.1, Monteiro, R.A.F.1,2 & 
Rocha, E.1,2* 
 
1 ICBAS – Institute of Biomedical Sciences Abel Salazar, UPorto - University of Porto, 

Portugal. 
2 CIIMAR – Interdisciplinary Centre for Marine and Environmental Research, CIMAR LA – 

Centre for Marine and Environmental Research Associate Laboratory, UPorto - University 

of Porto, Porto, Portugal. 

 
*Corresponding author:  

Prof. Eduardo Rocha  

Laboratory of Histology and Embryology 

ICBAS – Institute of Biomedical Sciences Abel Salazar 

Largo Prof. Abel Salazar 2 

4099-003 Porto, Portugal 

Telephone: 351 222 062 220 

Fax: 351 222 062 232 

E-mail: erocha@icbas.up.pt 

 

Running title: Ultrastructural features in Pagellus bogaraveo muscle. 

 

Keywords: Pagellus bogaraveo; Blackspot seabream; Ultrastructure; White muscle. 

 

 



 

 



Ultrastructural features in Pagellus bogaraveo muscle 

113 

Abstract 
 

Qualitative and quantitative ultrastructural studies were carried out on muscle fibres of 

blackspot seabream offer baseline data for morphofunctional studies and to identify 

subcellular features that might be related to muscle fibre phenotype described in a 

previous immunohistochemical study. Morphological characteristics of white-fast and red-

slow muscles appeared similar to those of other fish species. Individual fibres were 

separated by connective tissue and the nuclei were peripheral and subsarcolemmal. 

Fibres were primarily composed of myofibrils which were roughly columnar (white-fast 

fibres) or polyhedral (red-slow fibres) in cross section and surrounded by the sarcoplasm, 

filled with the typical organelles and endogenous energy depots. The fractional volume 

occupied by myofibrils was of approximately 85% and 57% in white-fast and red-slow 

muscle fibres, respectively. The prominent characteristic of blackspot seabream red-slow 

muscle fibres was the high mitochondrial density (ca. 21%). In contrast, approximately 1% 

of white-fast fibre was occupied by mitochondria. Lipid droplets were only present in the 

red-slow muscle (ca. 4%), suggesting that this species mainly uses the red-slow muscle 

for sustained or slow swimming. The fine structure of red-slow and white-fast fibres was 

relatively homogeneous throughout the respective muscle area and within the fish body. 

 

Introduction 
 

The blackspot seabream (Pagellus bogaraveo, Brunnich) is a benthopelagic fish 

commonly found in the continental shelf of the Southern European Atlantic and throughout 

the Mediterranean, and represents a high local commercial value. That is why basic and 

applied studies are being conducted with that species (e.g., Ribeiro et al., 2008; Silva et 

al., 2006, 2008; 2009). As in other teleosts, three main fibre types can be distinguished in 

the trunk muscle of blackspot seabream juveniles based on histochemical and 

imunnohistochemical staining features (Silva et al., 2008). Red-slow fibres appear as a 

narrow superficial strip situated beneath the lateral line. White-fast fibres form most of the 

remaining musculature and a distinct intermediate (‘pink’) zone between the superficial 

and deep muscle layers can be observed. Unexpectedly, we noted that the red-slow layer 

could be resolved into two distinct types by myosin immunostaining (Silva et al., 2008). 

Therefore, it was hypothesised that these two distinct red-slow fibres types could have 

different ultrastructural features. 

Electron microscopy studies of muscle fish revealed differences in the sarcomere length, 

z-line thickness, organization of myofibrils, amount of mitochondria and content of lipids 

and glycogen among muscle fibres (Sänger & Stoiber, 2001). In general, red-slow fibres 
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have high fat and myoglobin contents, mitochondrial densities and degree of 

vascularization. Red-slow fibres function is to power slow sustainable swimming using 

predominantly aerobic metabolic pathways (Sänger & Stoiber, 2001). White-fast fibres, 

characteristically, contain few mitochondria, have a poor blood supply and low lipid 

content and are largely supported by anaerobic metabolic pathways. The white-fast 

muscle powers fast swimming that is rapidly exhausted (Sänger & Stoiber, 2001). Pink-

intermediate fibres display a mixture of ultrastructural aspects of white-fast and red-slow 

fibres (Sänger & Stoiber, 2001). In fish, the scarce stereological studies on the fine 

structure of axial muscle fibre types (Johnston & Moon, 1981; Johnston & Bernard, 1982; 

Kilarski & Kozlowska, 1987; Sänger, 1992) were done in cyprinids and demonstrated that 

volume densities of intracellular components differ significantly between species. 

To complement our previous studies and offer baseline data for interspecies comparisons, 

the present study investigates the regional differences in the fine structure of white-fast, 

red-slow and pink-intermediate fibres at two selected sampling levels of the trunk (post-

opercular and post-anal) in the blackspot seabream. In addition, and as a first approach, 

the volume densities of intracellular components of those muscle fibres were quantified by 

an initial stereological study. To our knowledge, this is the first quantitative approach of 

regional differences in muscle fine structure reported for a commercially important marine 

Mediterranean aquaculture species. 

 

Material and Methods 
 

Two blackspot seabream juveniles were over-anaesthetized with MS-222 (tricaine 

methane sulphonate) the fins were cut and the scales gently removed. Two cross-

sectional body slabs for each fish were removed; one from the region immediately before 

the first dorsal fin and the other from the region immediately following the anal opening. 

Small samples of red-slow and white-fast muscles were dissected from the epaxial and 

hypaxial muscle regions and were fixed in 2.5% glutaraldehyde in cacodylate buffer (0.2 

M, pH 7.4) for 3 hours at 4 ºC. Samples were subsequently washed in cacodylate buffer (2 

hours at 4 ºC, with 3 buffer changes) and then post-fixed for 3 hours in 1% OsO4 in 

cacodylate buffer (final concentration of 0.2 M). After post-fixation, the samples were 

dehydrated in graded alcohols up to 100%, washed in propylene oxide and finally 

embedded in epoxy resin. Three blocks from each sample were randomly chosen for 

stereology. Semithin sections (1 μm) were cut with glass knifes in a Reichert Supernona 

Ultramicrotome, stained with methylene blue 1% and azure II 1% (1:1), and viewed under 

a light microscope to verify that the orientation of the fibres was transverse, as required. 

By comparison of semithin with frozen sections treated immunohistochemically with 
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myosin antibodies (Silva et al., 2008), the three types of muscle fibres, i.e., white-fast, red-

slow and pink-intermediate, were identified and located in semithin sections. Ultrathin 

sections with silver/gold interference colours were made with a diamond knife (Diatome 

45º), placed on uncoated copper grids and stained with uranyl acetate and lead citrate to 

improve contrast. Section were studied with an electron microscope JEOL JEM-100CX II, 

operated at 60 kV. For the stereological study, the sections were photographed at a 

magnification of X 5,300. Ten fields per block were sampled. This yielded 30 images per 

sample for the stereology. Negatives were converted in digital images (1200 dpi) with an 

Epson Perfection 3170 Photo scanner, with an adapter for negatives. Morphometry was 

performed on high quality prints with a final magnification of X 15,900. 

Stereological analyses measured the volume densities (VV) of myofibrils, mitochondria, 

lipid droplets, nuclei and other cellular components; i.e., the ratio between the volume of a 

structure in relation to the volume of the containing reference space (e.g., cell body). The 

relative volume of a particular tissue component [VV (component,fibres)], was estimated 

by manual point-counting, using a multipurpose test-grid containing three sets of points 

(1:4:16) overlaid on the photograph, and, according to the size and frequency of each 

structure, a particular set of points was used. The final estimates are unbiased by the 

technical nature of the procedure and were computed as follows (Howard & Reed, 1998): 

 

VV (component,fibres) = ∑P(component) ÷ [R · ∑P(fibres)] 

 

where ∑Pi(component) and ∑Pi(fibres) correspond to the total number of points in a 

section hitting the organelle and the fibres (reference space) of interest, respectively, and 

R is the point-ratio used for each particular VV estimation (i.e., 1, 4 or 16). 

Data were analyzed using the software Statistica (version 6, StatSoft). The significance 

level was set at α = 0.05. Data were submitted to Student t-test for independent samples. 

The significance of the differences between post-opercular and post-anal values within an 

animal was compared by the Student t-test for dependent samples. 

 

Results and Discussion 
 

Early histological studies demonstrated there is heterogeneity within the myotomal muscle 

of blackspot seabream (Silva et al., 2008). However, no studies on the ultrastructure of 

this important commercial fish were performed. This is the first work designed to take a 

closer look at the ultrastructure of blackspot seabream skeletal muscle and it is the first 

attempt to quantify regional ultrastructural differences in fish muscle fine structure. Such 
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data is useful to understand the muscle fibres phenotype, correlating light and electron 

microscopy aspects, and offers baseline data for further morphofunctional studies. 

Overall, ultrastructural characteristics of the blackspot seabream muscle appeared similar 

to that of other fish (Sänger & Stoiber, 2001). Individual muscle fibres were separated by 

connective tissue and possessed subsarcolemmal nuclei with a loose chromatin (Fig. 1). 

White-fast fibres were tightly packed with myofibrils occupying approximately 85% of fibre 

volume (Table I). The myofibrils showed a marked radial orientation and retained a 

relative uniform width (Fig. 1). In accordance with the histochemical fast fibre 

characteristics (Silva et al., 2008) and with the morphometric results obtained for the white 

muscle of blackspot seabream (Silva et al., 2009), intermingle white-fast fibres of different 

diameters were observed also at electron microscope level, giving the typical “mosaic 

appearance” to the white muscle. The red-slow myofibrils were approximately polygonal in 

shape (Fig. 2) and, on average, occupied about 57% of red-slow muscle fibre volume 

(Table I). The arrangement (Fig. 3) and density of myofibrils (Table I) in the intermediate 

muscle displayed a mixture of white-fast and red-slow fibre features. Myofibrils were 

surrounded by the sarcoplasm, which contained sarcoplasmic reticulum, mitochondria and 

lipid droplets (Figs. 1, 2 and 3). Between the fibres there was the endomisial sheath, 

containing capillaries which were clearly more abundant in the red-slow muscle. 

Lipid droplets were absent in blackspot seabream white-fast muscle (Fig. 1; Table I). 

Intracellular lipids provide important energy stores and are a major source of aerobic ATP 

production in the muscle cell. Therefore, the lack of intracellular lipids droplets in the 

white-fast fibres point to the non-existence of aerobic activity of these muscle fibre types. 

Lipid droplets in the red-slow muscle (approximately 4%) (Table I) were normally closely 

associated with mitochondria (Fig. 2). Stereological analysis of the fine structure of red-

slow muscle fibre type in fish demonstrated that lipid content differ significantly between 

species (Sänger & Stoiber, 2001). It is likely that differences in muscle intracellular lipid 

content reflect differences in locomotory style and environmental factors, such as the 

temperature (Sänger, 1992). In this study we obtained similar lipid volume densities to the 

ones obtained in the red-slow muscle of the bleak (Alburnus alburnus, Linnaeus), 

European chub (Leuciscus cephalus, Linnaeus), roach (Rutilus rutilus, Linnaeus) (Sänger, 

1992), and sea trout (Salmo trutta, Linnaeus) (Davison, 1983). 
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Table I: Summary data for muscle stereology of the blackspot seabream (Pagellus bogaraveo). Vv(Myo,fibres), Volume density of myofibrils; Vv(Mit,fibres) 

volume density of total mitochondria; Vv(Lip,fibres), volume density of lipid droplets; Vv(Nuc,fibres), volume density of nucleus and Vv(Oth,fibres) volume 

density of other cellular components combined 

Body Location Muscle Vv(Myo,fibres) Vv(Mit,fibres) Vv(Lip,fibres) Vv(Nuc,fibres) Vv(Oth,fibres)

Post-opercular 
White Muscle 85.57 (0.01) 0.97 (0.13) 0.00 0.07 (0.13) 13.38 (0.09) 

Red Muscle 57.52 (0.07) 19.92 (0.27) 3.49 (0.28) 0.27 (1.41) 18.80 (0.52) 

Pink Muscle 69.39 (0.08) 14.32 (0.78) 0.01 (1.41) 0.23 (0.42) 16.05 (0.38) 

Post- anal 
White Muscle 84.99 (0.01) 1.08 (0.45) 0.00 0.18 (1.40) 13.76 (0.14) 

Red Muscle 56.96 (0.02) 22.39 (0.09) 3.80 (1.12) 1.29 (1.00) 15.56 (0.15) 

Pink Muscle 72.68 (0.22) 14.40 (1.18) 0.00 0.09 (1.41) 12.83 (0.08) 

CV - Coefficient of variation (SD/Mean) 
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Figure 1: Transverse section of fast (white) fibre. ifm, intermyofibrillar mitochondria; mf, myofibrils; 

ssm, subsarcolemmal mitochondria; sr, sarcoplasmic reticulum, sl, sarcolemma and n, nuclei. 

 

The electron-dense mitochondria appeared as discrete, ellipsoid structures located either 

between myofibrils (interfibrillar mitochondria) (Figs. 1-3) or adjacent to the sarcolemma 

(subsarcolemmal mitochondria) (Fig. 1). It was common to observe mitochondria 

compressed into irregular shapes due to its close proximity to myofibrils, lipid droplets, or 

other mitochondria. Internal mitochondrial structures were not visible in any micrograph, but 

mitochondria typically displayed cristae that extended perpendicularly from the outer 

mitochondrial wall to the organelle’s centre and lay parallel to adjacent cristae. (Fig. 1 and 2). 

The mean relative mitochondrial volume density of deep fibres – despite small (c.a., 1%) – is 

probably sufficient to support resting metabolism. However, the mitochondrial fraction is 

notably higher in white-fast fibres of several other teleosts (Fig. 4). Electromyographical 

studies have shown that some of these species recruit fast fibres at relatively low swimming 

speeds. For example, Johnston & Moon (1980) found that the threshold speed for the 

recruitment of fast fibres in brook trout (Salvelinus fontinalis, Mitchill) was 1.8 body 

lengths/second. Thus, in contrast to blackspot seabream, the aerobic capacity of brook trout 
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fast muscle is higher. High mitochondrial density (c.a., 21%) (Table I) was found in red-slow 

muscle of blackspot seabream which is similar to that found in other species (Fig. 4). Our 

results seem to indicate that the blackspot seabream slow fibres are the sole responsible for 

sustained activity and that the fast fibres are only used during periods of burst swimming. 

Direct confirmation of this would require electromyographical studies. The higher 

mitochondrial volume (14 %) we found in superficial fast fibres is in agreement with the 

histochemical evidence for an intermediate capacity, to that found in the red-slow and deep 

white-fast regions of the blackspot seabream trunk (Silva et al., 2008). This aerobic potential 

may reflect the preferential recruitment of these fibres with increasing speed. Such 

“intermediate” ultrastructural features of the pink-intermediate fibres were reported for a 

number of species (Sänger & Stoiber, 2001), but facing the inter-species diversity it cannot 

be faced as a universal fish trait. 

 

 
Figure 2: Transverse section of slow (red) fibre. ifm, intermyofibrillar mitochondria; ssm, 

subsarcolemmal mitochondria; mf, myofibrils; li, lipid droplets; sr, sarcoplasmic reticulum, sl, 

sarcolemma and cap, capillary. 
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Figure 3: Transverse section of intermediate (pink) fibre. ifm, intermyofibrillar mitochondria; mf, 

myofibrils; sr, sarcoplasmic reticulum. 

 

A previous study with blackspot seabream revealed that the red-slow fibres layer could be 

resolved into two distinct types by myosin immunostaining (Silva et al., 2008). However, the 

present study showed that the fine structure of red-slow fibres did not differ according with 

the position within the red-slow muscle layer. Nevertheless, this result is consistent with the 

immunohistochemistry-derived conclusion that none of the two red-slow fibre types were 

equivalent to the tonic fibres observed in other fish (Sänger & Stoiber, 2001), in view of the 

fact that none of the ultrastructural features of those fibres were detected. 

Finally, and irrespective of the significant smaller size of the posterior red-fibres of the 

blackspot seabream (Silva et al., 2009), there were no significant differences between the 

anterior and posterior muscle fibres for the measured volume density variables (Table I). This 
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means that irrespective of size differences, each fibre type retains a particular structural 

organellar balance. This is also in agreement with the immunohistochemical result obtained 

by Silva et al. (2008) where, apart from some anatomical differences, the phenotype of the 

three main fibre types was shared by all the myomeres of the trunk. 

 

 
Figure 4: Bar charts showing the percent mitochondria composition of fibre volume density in two 

muscle types of various fish species. Data for Pagellus bogaraveo compiled from this study; 

Pleuronectes platessa, Carassius carassius and Salvelinus fontinalis Johnston & Moon (1981); Rutilus 

rutilus, Sänger (1992), Salmo trutta, Davison (1983) and Anguilla anguilla, Egginton & Johnston 

(1982). 

 

Conclusions 
 

To better understand the ultrastructure of blackspot seabream muscle, samples of two 

different body locations were analyzed using electron microscopy. Mean volume densities of 

mitochondria and lipid of white-fast muscle were around 1% and 0% respectively, which is 

slightly less of what would be predicted for a teleost. The densities of mitochondria and lipid 

droplets of the red-slow muscle were higher (c.a., 21% and 4%, respectively) and are in 

accordance to the ones obtained for other fish. These results are consistent with those for 

aerobic enzyme activities and fibre typing performed on blackspot seabream. The fine 

structure of red-slow and white-fast fibres was relatively homogeneous all over the respective 

muscle area. These results, taken together with previous ones (Silva et al., 2008), contribute 

to increase the knowledge of blackspot seabream growth and differentiation and may be 

useful to optimize aquaculture exploitation, namely controlling fibre composition. However 

other studies need to be done, namely at molecular level, to clarify blackspot seabream 
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muscle fibre phenotype, especially of the two slow fibres immunohistochemical (sub)types 

found in a previous study, and to gain more knowledge about myogenesis. 
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Abstract 
 

To better understand the growth mechanisms in the economically important fish Pagellus 

bogaraveo, in terms of muscle fibre hyperplasia v. hypertrophy, the lateral muscle of this 

fish was studied morphometrically from hatching to juvenile comparing rostral and caudal 

locations. Fish were sampled at 0, 5, 23, 40, 70, 100, 140 and 180 days. Fibre types were 

firstly identified by succinate dehydrogenase (SDH) and immunostaining with a polyclonal 

antibody against fish slow myosin (4-96). Morphometric variables were then measured in 

transverse body sections, at both post-opercular and post-anal locations, to estimate the 

following variables: total muscle area [A (muscle)], total fibre number [N (fibres)], fibre 

number per unit area of muscle [NA (fibres,muscle)] and cross-sectional fibre area [ā 

(fibres)], of the two main muscle fibre types (white and red). Overall, growth throughout 

the various stages resulted from increases both in the number and in the size of muscle 

fibres, paralleled by an expansion of the [A (muscle)]. Nonetheless, that increase was not 

significant between 0 to 5 days on one hand and 100 - 140 days, on the other hand. On 

the contrary, the [NA (fibres,muscle)] declined as the body length increased. Analysis of 

the muscle growth kinetics suggested that, within the important time frame studied, 

hyperplasia gave the main relative contribution to the increase of white muscle [A (white 

muscle)], whereas red muscle [A (red muscle)] mainly grew by hypertrophy, with both 

phenomena occurring at a faster pace posteriorly in the body. Finally, when comparing 

rostral and caudal locations, a greater [N (fibres)] and [A (muscle)] of the posterior white 

and red fibres were the consistent features. It was also observed that the proportion of the 

cross-sectional area of the myotomal muscle comprised of white muscle was greater in 

the anterior part of the fish. 

 

Introduction 
 

The swimming muscle of fish is comprised by c. 60% of the total body mass consisting of 

a number of almost identical units, the myotomes. In most species, the myotomal 

organization of the axial musculature is commonly stratified in three layers. One located 

superficially (red muscle), another deeply and responsible for most of the muscle mass 

(white muscle) and a third between the two former layers (intermediate or pink), which 

varies with species as regards to extension and histochemical properties (Rowlerson et 

al., 1985; Scapolo et al., 1988; Higgins & Thorpe, 1990; Veggetti et al., 1993; Mascarello 

et al., 1995). 

Muscle growth in fish, including early myotome expansion, is a plastic process involving a 

combination of enlargement of previously formed muscle fibres (hypertrophy) as well as 
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recruitment of new ones (hyperplasia) (Rowlerson & Veggetti, 2001). Previous work has 

shown that muscle hyperplasia and hypertrophy require distinct populations of myogenic 

stem cells (Koumans & Akster, 1995). These cells may add new fibres to the myotome 

(hyperplasia) by apposition within peripheral proliferation zones (‘stratified’ type of growth) 

and/or by insertion between the already existing fibres (“mosaic” type growth) (growth 

terminology after Rowlerson & Veggetti, 2001). Stem cells may also enlarge existing fibres 

(hypertrophy) by fusion with them (Johnston, 1999). The relative importance of 

hypertrophy and hyperplasia of muscle growth varies both with fibre types and growth rate 

and ultimate body size of the species (Weatherley et al., 1988). Because the largest tissue 

fraction in most fishes is comprised by myotomal muscle (Weatherley et al., 1979), the 

plasticity of fish growth implies a corresponding effect in the muscle growth dynamics 

(Weatherley et al., 1988). 

The muscular differentiation, development and growth of Pagellus bogaraveo (Brunnich), 

a new fish species under consideration for intensive aquaculture in Southern Europe is 

currently under study. The understanding of the effects of key rearing conditions on P. 

bogaraveo growth depends on the knowledge of its muscular growth mechanisms and 

dynamics during ontogeny. Hence, the muscle growth of P. bogaraveo was measured 

using a morphometric approach in order to: (1) determine the relative contributions of 

hyperplasia and hypertrophy for muscle growth from hatching (0 days) until the juvenile 

stage (180 days) and (2) compare the relative contributions in the anterior and posterior 

body regions, an aspect for which very few data are available for fishes in general. 

 

Materials and Methods 
 

Fish 
 

The eggs of P. bogaraveo were obtained from an adult stock adapted to life in captivity in 

a flow-through seawater system at Instituto Español de Oceanografía (IEO) (Centro 

Oceanográfico de Vigo, Spain). Eggs were incubated at “natural” temperature (c. 14º C) 

and hatching occurred 54 h thereafter. One day prior to mouth opening (115 h after 

hatching), larvae were transferred to culture tanks where temperature was gradually 

increased to 18º C, range ±1 ºC. Fish were fed rotifers Brachiorus plicatilis (fish age: 5-35 

days), Artemia sp. naupli (fish age: 30 – 35 days), Artemia sp. metanaupli (fish age: 35 – 

45 days) and Gemma Micro diet (fish age: 45 – 60 days) (rotifers, Artemia naupli and 

metanaupli were raised by IEO, Gemma Micro diet was supplied by INVE Animal Health, 

SA, San Francisco, CA, U.S.A.). Pagellus bogaraveo were sampled at the following ages: 

0, 5, 23, 40, 70, 100, 140 and 180 days. At each age, six fish were individually killed by 
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over-anesthesia in a solution of MS-222 (Sigma-Aldrich, St Louis, MO, U.S.A.) (400 mgl-

1) and measured to estimate an instantaneous relative growth rate (G) calculated as 

follows (Forsythe & Van Heukelen, 1987): 

 

G = 100 • [(LnS2-LnS1) ÷ (t2-t1)] 

 

where S1 and S2 are initial and final mean total length (LT) expressed in mm and t1 and t2 

are the times (days) of measurement. 

For morphometric analysis, fish were fixed in 4% paraformaldehyde (Sigma-Aldrich) (0-5 

days: 6 h; 23-40 days: 12 hours; 100-180 days: 24 h) in phosphate buffer. Prior to fixation, 

bigger individuals (140 and 180 days) were sliced, and the body cross-sections of interest 

were processed. The samples were then routinely dehydrated in a graded ethanol series, 

cleared in xylol and finally embedded in paraffin. Perfect (i.e., without wrinkles, knife 

strikes or other potential defects) 10 µm-thick sections were cut transversely to the body 

axis at the point of the post-opercular and the post-anal levels, mounted in slides coated 

with aminopropyltriethoxysilane (APES) (Sigma Chemicals, Poole, U.K.), for improving 

section adhesion and then stained with haematoxylin-eosin before placing a coversliped. 

For histochemistry and immunohistochemistry, whole fish (n = 3 per age) were snap 

frozen in isopentane (Sigma-Aldrich) at -80º C. Before freezing, small individuals were 

combined with each other in composite blocks and “sandwiched” with two slices of pig 

liver. Using this method, it was possible to obtain a solid block, easy to cut, and larvae 

could be orientated to provide transverse sections. Also, identical treatment of samples 

with regards to staining was ensured. Sections were cut at 10 µm, mounted on slides 

treated with APES to improve section adhesion. Sections were then histochemically 

stained for succinic dehydrogenase (SDH) activity, which is a marker for mitochondrial 

content and oxidative metabolism or immunostained with 4-96: polyclonal anti-fish 

(Sparus aurata L.) slow myosin (Veggetti et al., 1999). A sensitive streptavidin-biotin-

peroxidase immunohistochemistry kit was used (Histostain Plus; Zymed, San Francisco, 

CA, U.S.A.), following the maker’s instructions with minor adaptations. The endogenous 

avidin/biotin-binding activity was blocked (Avidin/Biotin Blocking Kit; Zymed). The 

peroxidase activity was developed using 0.05% 3,3'-diaminobenzidine (DAB) (Sigma-

Aldrich), in phosphate buffered saline (PBS) and 0.03% H2O2, generating a brown end 

product. Once rinsed in tap water, sections were mounted in DPX (Sigma-Aldrich). 

Sections, for which the primary antibodies were omitted, showed no immunomarking 

(negative controls). Histochemistry of SDH activity was based on incubation of sections in 

a solution of sodium succinate, at pH 7.4 in 0.2 M phosphate buffer. Nitroblue tetrazolium 

(Sigma-Aldrich) (1 mgml-1) was added to the solution prior to incubation; made in the dark 
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until the stain developed (usually 120-180 min). Sections were mounted in glycerol 

gelatine (Sigma-Aldrich). 

 

Morphometrical analysis 
 

The study was carried out using an interactive image analysis system (CAST-Grid; 

Olympus Denmark A/S, Ballerup, Denmark, Version 1.6), working with a live-image 

captured by a CCD-video camera (Sony). The light microscope (BX50; Olympus, Tokyo, 

Japan) used was equipped with a fully-motorized stage (Prior Scientific Inc., Rockland, 

MA, U.S.A.), thus allowing meander sampling with an (x-y axis) accuracy of 1 µm. For 

practical purposes, the muscle tissue was operationally divided into two morphologically 

well-differentiated zones: a main (and innermost) white fibre area and a thinner (and 

outermost) red fibre rich area. Relative and absolute morphometric variables of the fish 

body section and components of interest were estimated as described below. 

 

Muscle cross-sectional area 
The cross-sectional (half) white muscle area [A (white muscle)] and red muscle area [A 

(red muscle)] were computed by the software after the operator interactively traced the 

physical limits of interest in the section. An estimate of the total area [A (muscle)] was 

made by doubling the computed value (as pilot tests showed no left-right asymmetry 

differing >1%). 

 

Relative number (density) of muscle fibres 
In larvae aged 0 and 5 days, all white fibres were directly counted, and the number of 

white muscle fibres per unit area within the respective muscle zone [NA (white,muscle)], 

was then estimated as follows: 

 

NA (white,muscle) = N (white fibres) ÷ [A (white muscle)] (2) 

 

In older fish, a direct count was no longer possible due to the larger number of fibres. The 

number of white muscle fibres per unit area of fish aged 23-180, within the respective 

muscle zone [NA (white,muscle)], was unbiasedly estimated as follows: 

 

NA (white,muscle) = ∑N(white fibres) ÷ [a · ∑P(white muscle)] (1) 

 

where ∑N(white fibres) is the total number of white fibres counted over all systematically 

sampled fields in a section, “a” is the area of the counting frame used (23-40 days: 
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4,02E+3 μm2 and 70-180 days: 1,63E+04 μm2) when counting white fibres, and ∑P(white 

muscle) is the sum of the (one) frame associated point hitting the reference space (i.e., 

white muscle) across all sampled fields. In order to avoid the bias due to edge effects, an 

unbiased counting frame bearing forbidden lines was used (Gundersen, 1977); in 

accordance, fibres were counted only when they were within the counting frame or 

touching the inclusion lines, but in both cases not touching the forbidden lines or their 

extensions. 

Except for the older fish, all red fibres were actually counted and the relative number of 

red muscle fibres was estimated as described above for the white muscle (equation 1). A 

sampling scheme similar to that defined for the white muscle (equation 2) was made for 

fish aged 180 days, using an adequate counting frame with an area of 1,63E+04 μm2. 

When sampling was required for cell counting, such was made in systematically sampled 

fields and working either with the x40 (23-40 days) or the x20 (40-180 days) lens, 

according to the fish size, the respective final working magnification of the live image in 

the screen x 1608 and x799. Pilot approaches showed that, for the variables measured, 

the use of 40 x and 20 x lenses in all the fish produced equal results, therefore, the 20 x 

lens was selected for the sake of practical proposes and high sampling efficiency. After 

pilot trials, the stepwise stage x-y movement was defined according to the fish size in 

order to count the maximum number of fibres per section; the adopted steps varied from 

50 to 1000 µm, for sampling white fibres and from 250 to 400 µm, for red fibres. 

 

Total number of muscle fibres 
Except for the fish where all fibres were counted (see above), the total number of (red or 

white) muscle fibres per cross section (N) was estimated according to general principles 

for handling ratios and absolute values (Howard & Reed, 1998), namely by combining two 

previously estimated variables and by using the following unbiased equation: 

 

N (fibres) = NA (fibres,muscle) · A (muscle)  

 

Mean cross-section fibre area 
The mean individual, white and red, muscle fibre area [ā (fibres)] was derived from A 

(muscle) and N (fibres), using an unbiased variable combination, as follows: 

 

ā (fibres) = A (muscle) ÷ N (fibres) (5) 
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Hyperplasia v. hypertrophy 
 

The relative contribution of hypertrophy and hyperplasia to the increase of the cross-

sectional area was estimated as follows (Valente et al., 1999): 

 

∆A (µm2) = Nm • ∆ā (µm2) + ām (µm2) • ∆N 

 

where ∆ was calculated between two sampling times (t and t + 1) and Nm and ām refer to 

the mean total number of fibres and fibre area at t. 

 

Statistics 
 

Data were analyzed using the software Statistica (version 6; StatSoft, Tulsa, OK, U.S.A.). 

The significance level was set at α = 0.05. All variables were checked for normality and 

homogeneity of variance, by using the Kolmogorov-Smirnoff and the Levene tests, 

respectively. Data were submitted to one-way ANOVA. After a significant ANOVA, pairs of 

means were compared by the Tukey honest significant difference test. For a particular 

age, and for each variable, the significance of the differences between rostral and caudal 

values was compared by the t-test for dependent samples, after checking the test 

assumptions as above. Each variable was plotted against LT. Pair-wise t-tests were used 

to compare slopes of regression lines (Zar, 1996). 

 

Results 
 

The distinction between white and red muscle was evident at very early stages (Fig. 1). At 

hatching, a superficial monolayer, lying just beneath the skin and along the lateral line, 

was clearly demarcated from the underlying white muscle mass. Subsequent growth led 

to the proliferation of the red monolayer fibres at the region of the lateral line. Pink muscle 

fibres were first apparent at 40 days, but only at 140 days a distinct muscle layer that 

would be suitable for morphometric analysis was formed. because it was not always 

possible to distinguish between all muscle fibre types, the morphometric variables 

analysis was carried out for the fast white muscle (including pink muscle fibres) and for 

slow red muscle (including superficial monolayer fibres). 

The mean LT and the G of the fish during the trial are presented in Table I. The LT 

increased linearly with age (R2 = 0.95). The larger growth rate was observed in the end of 

larvae life (between 5 and 23 days), and the smaller one was observed in the middle of 

juvenile life between 100 and 140 days of age (Table I). 
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Table I: Water temperature, total length [LT; mean (c.v.), n = 6] and of instantaneous relative 

growth rate (G), Pagellus bogaraveo during the experiment over 180 days 

Days Water temperature (ºC) LT (mm) G 

0 14.0 3.6 (0.02)a - 

5 16.7 6.0 (0.04)a,b 10.3 

23 19.4 7.9 (0.002)a,b 1.5 

40 19.6 12.0 (0.20)b 2.5 

70 19.2 23.7 (0.003)c 2.3 

100 21.5 51.0 (0.11)d 2.6 

140 19.6 71.2 (0.06)e 0.8 

180 19.1 114.5 (0.07)f 1.2 

Means without a common letter differ significantly (P<0.05). 

 

Fast white muscle 
 

At both locations, the NA (white,muscle) was exponentially and negatively correlated with 

body length, while all other morphometric variables measured were linearly and positively 

correlated with it. Only for N (white fibres) and A (white muscle) were differences between 

the slopes of the respective regression lines detected, with the post-anal level displaying 

the fastest growth (Table II). 

The A (white muscle) increased over the larval period (anteriorly and posteriorly), but only 

significantly (P<0.05) from 5 to 23 days (Table III), a period in which the variable 

increased >10-fold. This increase was mainly due to the hyperplastic mechanism (Table 

IV). In post-larval life, there was a progressive increase in A (white muscle), cranially and 

caudally, as the age increased (Table III). The A (white muscle) increased rapidly from 23 

to 100 days (P<0.05), the 40 to 70 days period being the time where that increase was 

greater (c. 10-fold) (Table III). Such A (white muscle) increase then slowed down from 100 

to 140 days (P>0.05), and rose again rapidly afterwards (3-fold raise from 140 days to 180 

days) (P<0.05) (Table III). At these stages, and at both body locations, with the exception 

of the period from 40 to 70 days, the main post-larval mechanism underlying the 

enlargement of A (white muscle) was hyperplasia (Table IV). 

As to the NA (white,muscle), no significant differences (P>0.05) were found between 0 and 

5 days. The NA (white,muscle) decreased 2.3–fold from 5 to 23 days (P<0.05) (Table III). 

In general, in post-larval life the NA (white,muscle) decreased with age (Table III). No 

significant NA (white,muscle) decrease (P>0.05) was observed, however, from 23 to 40 

and from 100 to 140 day periods, at the post-opercular location, and from 23 to 40 and 70 

to 180 day periods at post-anal location (Table III). 
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Figure 1: Transverse sections of lateral muscle of Pagellus bogaraveo aged 23 days. (A) 

immunostaining with 4-96 (polyclonal anti-fish, slow myosin); (B) succinic dehydrogenase (SDH). 

The superficial monolayer fibres showed a strong reaction with 4-96 antibody and displayed strong 

SDH activities. A small group of red fibres appeared adjacent to the lateral line nerve with a 

particularly very strong reaction with anti-fish slow myosin and SDH activity. Li, liver (used as 

support tissue when the larvae were snap-frozen). Scale bar = 75 µm. 

 

The N (white fibres) did not increase (P>0.05) in the first 5 days post-hatch. By contrast, 

from 5 to 23 days the N (white fibres) increased rapidly (P<0.05), from 117 to 563 fibres 

and from 181 to 1146 fibres, at post-opercular and post-anal positions, respectively (Table 

III). There was a progressive increase in the N (white fibres) from 23 to 100 days 

(P<0.05), which slowed down from 100 to 140 days (P>0.05) and rapidly rose again (2-

fold) from 140 to 180 days (P<0.05) (Table III). 

The ā (white fibres), reflecting hypertrophic growth, increased gradually over the larval 

period from 82 to 194 µm2 at the post-opercular level, and from 56 to 152 µm2 at post-anal 

level. The ā (white fibres) increased only modestly (P>0.05) from hatching to 5 days and 

doubled between 5 and 23 days (P<0.05) (Table III). During the post-larval life, the ā 

(white fibres) rose from c. 194 to c. 3015 µm2 at post-opercular level and from c. 152 to c. 

2795 µm2 at post-anal level (Table III). No significant increase, however, was observed in 

ā (white fibres) in the beginning (23 to 40 days) and in the middle (100 to 140 days) of 

post-larval life (P>0.05) (Table III). 
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When comparing both muscle locations, at hatching, a larger N (white fibres) (P<0.05) 

was observed caudally. At 5 days, the N (white fibres) continued to be larger (P<0.05) at 

the post-anal level but the fibres had now a smaller ā (white fibres) (P<0.05). At this age 

the NA (white,muscle) was higher at the post-anal level (P<0.05). At the end of larval life 

(23 days), the differences between locations were the same as the ones observed at 5 

days, and now the A (white muscle) was also larger (P<0.05) caudally. Overall, from 40 

and 140 days the N (white fibres) and A (white muscle) were the only morphometric 

variables measured that were larger at the post-anal level (P<0.05). No significant 

differences (P>0.05) between locations were found at the end of the study (180 days). 

 
Slow red muscle 
 

The A (red muscle) and NA (red,muscle) were exponentially correlated with the LT at both 

muscle locations, positively and negatively, in this order. The other two morphometric 

variables measured, however, grew linearly and positively with the LT. The slope of the N 

(red fibres) regression line was higher at post-anal level (Table V). 

 

Table II: Relationships between total length (LT) and total muscle area [A (white muscle)], number 

of fibres per unit area of muscle [NA (white,muscle)], total number of fibres [N (white fibres)] and 

cross-sectional fibre area [ā (white fibres)] in white muscle at post-opercular and post-anal 

locations in Pagellus bogaraveo (For all regressions P<0.001) 

Variable Location Regression r2 

A (white muscle) (µm2) 
Post-opercular A (white muscle) = -1,2E+07 + 9,9E+06a · L 0.88 

Post-anal A (white muscle) = -1,3E+07 + 1,2E+07b · L 0.91 

NA (white,muscle) (number mm-2) 
Post-opercular NA (white,muscle) = 6,6E+03 · e (-0.32) · L 0.75 

Post-anal NA (white,muscle) = 7,5E+03 · e (-0.33) · L 0.69 

N (white fibres) 
Post-opercular N (white fibres) = -2319 + 3502a · L 0.95 

Post-anal N (white fibres) = -2247 + 4574b · L 0.97 

ā (white fibres) (µm2) 
Post-opercular ā (white fibres) = 72.03 + 267.29a · L 0.90 

Post-anal ā (white fibres) = 122.93 + 239.39a · L 0.87 

For each variable, slopes followed by the same superscript lower case letters, did not differ significantly from each 

other (P>0.05). 
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Table III: Total muscle area [A (white muscle)], number of fibres per unit area [NA (white,muscle)], total number of fibres [N (white fibres)] and cross-

sectional fibre area [ā (white fibres)] measured in white muscle, in anterior and posterior part of Pagellus bogaraveo at different ages (0-180 days) 

 Days

 0 5 23 40 70 100 140 180 

Post-opercular         

A (white muscle) 

(µm2) 
9,2E+03 (0.45)a 1,0E+04 (0.19)a 1,1E+05 (0.33)b 4,9E+05 (0.47)c 6,0E+06 (0.33)d 3,0E+07 (0.28)e 3,1E+07 (0.18)e 1,2E+08 (0.14)f 

NA (white,muscle) 

(number mm-2), 
1,3E+04 (0.24)a 1,1E+04 (0.09)a 5,2E+03 (0.13)b 5,0E+03 (0.27)b 1,0E+03 (0.09)c 5,1E+02 (0.25)d 5,9E+02 (0.03)d 3,3E+02 (0.08)e 

N (white fibres) 109 (0.13)a 117 (0.19)a 563 (0.30)b 2210 (0.24)c 6159 (0.30)d 14645 (0.27)e 18724 (0.21)e 40401 (0.13)f 

ā (white fibres) 

(µm2) 
82 (0.30)a 88 (0.10)a 194 (0.13)b 215 (0.29)b 979 (0.09)c 2065 (0.22)d 1685 (0.03)d 3015 (0.08)e 

         

Post-anal         

A (white muscle) 

(µm2) 
1,0E+04 (0.26)a 1,2E+04 (0.14)a 1,7E+05 (0.30)b 1,1E+06 (0.33)c 1,0E+07 (0.43)d 3,7E+07 (0.23)e 4,5E+07 (0.16)e 1,4E+08 (0.13)f 

NA (white,muscle) 

(number mm-2), 
1,9E+04 (0.3)a 1,5E+04 (0.13)a 6,7E+03 (0.13)b 4,4E+03 (0.31)b 7,7E+02 (0.08)c 5,8E+02 (0.09)c 6,4E+02 (0.06)c 3,6E+02 (0.09)c 

N (white fibres) 178 (0.05)a 181 (0.13)a 1146 (0.27)b 4376 (0.12)c 7832 (0.35)d 21422 (0.22)e 28547 (0.13)e 50901 (0.18)f 

ā (white fibres) 

(µm2) 
56 (0.26)a 66 (0.13)a 152 (0.12)b 245 (0.25)b 1308 (0.08)c 1725 (0.10)d 1575 (0.06)d 2794 (0.11)e 

Values are presented as means (c.v.), n = 6 per group. Within a row means without a common superscript letter differ significantly (P< 0.05). 
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Table IV: Relative contribution of hyperplasia to white and red muscle growth of Pagellus bogaraveo at two different body locations 

  Age period (days) 

Hyperplasia (%) Location 0 - 5 5 - 23 23 - 40 40 - 70 70 - 100 100 - 140 140 - 180 

White Muscle Post-opercular 50 76 97 33 55 100 59 

 Post-anal 9 80 82 15 84 100 50 

Red Muscle Post-opercular 29 45 98 40 23 78 35 

 Post-anal 97 37 96 41 30 100 37 
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The A (red muscle) increased with age at both locations. Nonetheless, that increase was 

not significant from 0 to 5 nor from 100 to 140 days (P>0.05) (Table VI). As shown in 

Table IV, the main contributor to growth, as evaluated by the increase in A (red muscle), 

in the above time periods and from 23 to 40 days, at post-anal level, was the hyperplastic 

mechanism, whereas in the other periods it was the hypertrophic one. The latter was true 

for the post-opercular level, except for the endogenous feeding period (0 – 5 days) where 

the A (red muscle) grew mainly by fibre hypertrophy. 

The red slow muscle showed an exponential decrease in NA (red,muscle) with age (Table 

V). Nevertheless, no significant differences (P>0.05) were found at both muscle locations 

in the following day periods: 0 – 5, 23 – 40 and 100 – 140. 

As for the white muscle, the N (red fibres) increased with age. The N (red fibres) 

remained, however, fairly stable (Table VI) (P>0.05) in the first five days of life and in the 

middle of post-larval life (from 100 to 140 days). 

The ā (red fibres) was initially 10 µm2 at both locations; gradually rising at 100 days to 454 

and 531 µm2, at post-opercular and post-anal levels, respectively (Table VI). This 

increase, however, was not significant until fish mouth opening (5 days). Between 100 and 

140 days, the ā (red fibres) did not differ significantly (P>0.05). In small juveniles, the ā 

(red fibres) rose again to reach c. 1100 µm2 at 180 days at both locations (P<0.05) (Table 

VI). 

At hatching, no differences between locations were found for all morphometric variables. 

At five days after hatch, a larger N (red fibres) existed caudally. In post-larval life, a higher 

N (red fibres) and A (red muscle) of the caudal red fibres were the consistent features. No 

differences were found, however, between both muscle locations at 70 days. 

 

Discussion 
 

Changes in muscle fibre number during growth have only been determined in a relatively 

few species including: Oncorhynchus mykiss (Walbaum) (Stickland, 1983; Valente et al., 

1999), Cyprinus carpio L. (Koumans et al., 1994), S. aurata (Rowlerson et al., 1995) and 

Clupea harengus L. (Johnston et al., 1998). Thus, this study is one of the few aimed at 

investigating the muscle recruitment between hatching and the beginning of the juvenile 

fish life. The application of this research lies in the understanding of the growth process of 

P. bogaraveo a new species for aquaculture. 
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Growth mechanisms in larvae 
 

The morphometric data of both fibre types indicated that during the larval period P. 

bogaraveo muscle grew mainly by recruitment of new muscle fibres (hyperplasia). A 

different situation was found in C. harengus larva in which growth from 8 to 16 mm LT 

involved a three-fold increase in muscle cross sectional area largely due to the 

hypertrophy of the embryonic red and white muscle fibres (Johnston et al., 1998). Five 

days after hatching, at the end of the endogenous feeding period, slow growth occurring 

by hyperplasia and hypertrophy of both fibre types was observed. A pause in hyperplasia 

also occurred in the first few days after hatching in some other species (Johnston, 1993; 

Gibson & Johnston, 1995; Johnston et al., 1998; Galloway et al., 1999; Veggetti et al., 

1999). The differences found among species in the duration of that pause, however, are 

not similar and may be related to variations in egg quality including the amount of yolk, the 

aminoacid content and the concentration of maternal growth factors (Johnston et al., 

1998). Between the end of the endogenous feeding period (5 days) and the end of the 

larval period (23 days), both a gradual hypertrophy, of red and white fibres already 

present at hatching and an intense hyperplastic phase, mainly of the white fibres were 

detected. It is believed that the observed increase of the number of fibres corresponded to 

the stratified hyperplastic growth, also observed in S. aurata (Rowlerson et al., 1995). 

 

Table V: Relationships between total length (LT) and total muscle area [A (red muscle)], number of 

fibres per unit area of muscle [NA (red,muscle)], total number of fibres [N (red fibres)] and cross-

sectional fibre area [ā (red fibres)] in red muscle at post-opercular and post-anal locations in 

Pagellus bogaraveo (For all regressions P<0.001) 

Variable Location Regression r2 

A (red muscle) (µm2) 
Post-opercular A (red muscle) = 1,6E+03 · e (0.81) · L 0.80 

Post-anal A (red muscle) = 2,5E+03 · e (0.82) ·L 0.79 

NA (red,muscle) (number mm-2) 
Post-opercular NA (red,muscle) = 5,4E+04 · e (-0.42) ·L 0.83 

Post-anal NA (red,muscle) = 4,8E+04 · e (-0.40) ·L 0.79 

N (red fibres) 
Post-opercular N (red fibres) = -42 + 286a · L 0.93 

Post-anal N (red fibres) = -288 + 545b · L 0.91 

ā (red fibres) (µm2) 
Post-opercular ā (red fibres) = -63.88 + 98.64a · L 0.90 

Post-anal ā (red fibres) = -45.79 + 91.44a · L 0.90 

For each variable, slopes followed by the same superscript lower case letters, did not differ significantly from each 

other (P>0.05). 
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Post-larval growth mechanisms 

 
In the juvenile stages, white muscle growth occurred simultaneously by hypertrophy, and 

by marked hyperplasia in both muscle locations. Also in Salmo salar L. juveniles, Higgins 

& Thorpe (1990) reported a higher proportion of small diameter muscle fibres during the 

late summer when fish were growing at their fastest rate, consistent with increased 

muscle fibre recruitment. Between 70 and 100 days a distinct hyperplastic process started 

up in the fast white muscle, resulting in a three-fold increase in the total number of fibres 

over that period. This was reflected in a wide range of fibre diameters displaying the 

mosaic appearance shown in transverse sections. This hyperplastic mosaic growth 

confirmed the result obtained with P. bogaraveo, in a previous histochemical and 

immunostaining study (Rowlerson et al., 2004; Silva et al., 2008) in which, at this age, 

new small fibres in the white muscle, which differed from the large diameter ones only in 

their ATPase reactivity, were observed. The relative timing of the mosaic hyperplastic 

processes in relation to the life cycle varies amongst species (Romanello et al., 1987; 

Veggetti et al., 1990; Brooks & Johnston, 1993; Mascarello et al., 1995; Stoiber & Sänger, 

1996; Johnston et al., 1998; Veggetti et al., 1999). Mosaic hyperplasia resulted in a large 

increase in the total fibre number during juvenile growth, being, therefore, very important 

for commercial aquaculture. According to the mathematical formula used to obtain a 

general idea of the contributions of hyperplasia and hypertrophy to the muscle area 

(Valente et al., 1999), in the middle of the juvenile life, the white muscle area grew mainly 

by hyperplasia being the one and only mechanism between 100 and 140 days. The 

hyperplasia, however, was not enough to produce statistically significant differences in the 

fibre number in the above mentioned period. This fact seems to be related with the 

thermal environment experienced by P. bogaraveo, during ontogeny. Seasonal changes 

in growth rate are apparent in many fishes, being water temperature the major factor. At 

temperatures below the optimum range, metabolic rate slows down. Lower metabolism 

means reduced feed intake and slower growth (Jobling, 1997). In the present study, it was 

verified that growth rate slowed down between 100 and 140 days when rearing 

temperatures fell from 21.5º C to 19.6º C. The growth rate decrease observed in this 

period could explain the pronounced negative influence of the lower temperature on 

muscular growth and the consequent absence of significant differences in the number and 

size of muscle fibres between those ages. 

As a result of the hyperplastic growth, at the juvenile stages, the mean white fibre area 

increased modestly from the end of larval life to 40 days; increased intensely (c. 5-fold) 

between 40 and 70 days, when the very small area fibres disappeared; and then 

underwent a small change after 70 days when those fibres reappeared. By 180 days, at 
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the end of this study, neither hyperplastic nor hypertrophic growth had ceased. Further 

studies will be needed to confirm the persistence of hypertrophic growth throughout 

juvenile life up to adult stages, even after hyperplastic growth had ceased, as described 

for a variety of fishes, including O. mykiss (Weatherley et al., 1980; Kiessling et al., 1991), 

C. carpio (Koumans et al., 1993), Dicentrarchus labrax L. (Veggetti et al., 1990), S. aurata 

(Rowlerson et al., 1995) and Anguilla anguilla L. (Romanello et al., 1987). 

As to the red muscle growth in P. bogaraveo juveniles, it seemed to be due to hypertrophy 

rather than to hyperplasia, as shown by a progressive increase in mean fibre area and in 

the proportion values of hypertrophy contribution to red muscle area. In O. mykiss, the 

proportional increase in fibre number was also lower for red than for white fibres with 

recruitment stopping at significantly shorter LT (Stickland, 1983). 

Overall, it will be possible to better understand how the factors which influence growth 

mechanisms in P. bogaraveo juveniles can be exploited for hyperplasia without detriment 

to hypertrophic growth. 

 

Muscle location influences 
 

To the best of our knowledge the present work is the first to ever investigate muscle 

cellularity of fish considering two body locations (caudal and cranial) during growth. 

Another study with D. labrax also compared the cellularity in the anterior and posterior 

part of the fish but only in commercial-sized samplings (Abdel et al., 2005). It has been 

here demonstrated that muscle growth dynamics were the same in the cranial and caudal 

parts of the fish, and that, overall, a greater total fibre number and muscle area existed at 

post-anal level, for both muscle types. Additionally, and as observed in other species 

(Sänger & Stoiber, 2001), the proportion of the cross-sectional area of the myotomal 

muscle comprised of white muscle was greater in the anterior part of the fish. The 

mechanistic reason for P. bogaraveo muscle displaying a different cellularity between the 

two body locations is not yet clear, but the data strongly support there are different 

regulatory mechanisms for establishing the total number of muscle fibres, according to 

location. 
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TABLE VI: Total muscle area [A (red muscle)], number of fibres per unit area [NA (red,muscle)], total number of fibres [N (red fibres)] and cross-sectional 

fibre area [ā (red fibres)] measured in red muscle, in anterior and posterior part of Pagellus bogaraveo at different ages (0-180 days) 

 Days 

 0 5 23 40 70 100 140 180 

Post-opercular         

A (red muscle) 

(µm2) 
3,7E+02 (0.18)a 4,9E+02 (0.23)a 2,1E+03 (0.15)b 6,0E+03 (0.10)c 1,7E+05 (0.24)d 6,4E+05 (0.13)e 8,4E+05 (0.14)e 3,8E+06 (0.21)f 

NA (red,muscle) 

(number mm-2), 
1,1E+05 (0.13)a 8,7E+04 (0.17)a 3,9E+04 (0.15)b 3,8E+04 (0.10)b 6,1E+03 (0.15)c 2,4E+03 (0.28)d 2,1E+03 (0.15)d 8,8E+02 (0.19)e 

N (red fibres) 38 (0.13)a 42 (0.18)a 82 (0.06)b 226 (0.07)c 1000 (0.21)d 1507 (0.27)e 1815 (0.25)e 3231 (0.15)f 

ā (red fibres) 

(µm2) 
10 (0.12)a 12 (0.17)a 26 (0.15)b 27 (0.09)b 167 (0.14)c 454 (0.27)d 481 (0.16)d 1171 (0.17)e 

         

Post-anal         

A (red muscle) 

(µm2) 
4,7E+02 (0.31)a 6,4E+02 (0.38)a 5,0E+03 (0.29)b 1,2E+04 (0.38)c 2,0E+05 (0.32)d 1,2E+06 (0.24)e 1,3E+06 (0.17)e 6,6E+06 (0.31)f 

NA (red,muscle) 

(number mm-2), 
1,0E+05 (0.24)a 1,0E+05 (0.19)a 3,0E+04 (0.21)b 2,9E+04 (0.26)b 6,1E+03 (0.10)c 1,9E+03 (0.10)d 2,6E+03 (0.24)d 9,4E+02 (0.16)e 

N (red fibres) 47 (0.30)a 61 (0.32)a 146 (0.15)b 341 (0.31)c 1177 (0.22)d 2324 (0.18)e 3174 (0.23)e 6223 (0.30)f 

ā (white fibres) 

(µm2) 
10 (0.28)a 10 (0.22)a 34 (0.22)b 36 (0.24)b 164 (0.10)c 531 (0.09)d 414 (0.29)d 1084 (0.17)e 

Values are presented as means (c.v.), n = 6 per group. Within a row means without a common superscript letter differ significantly (P< 0.05). 
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For the first time the muscle fibre growth kinetics of larvae, fry and juvenile of P. 

bogaraveo have been characterized. Growth throughout the various stages resulted from 

both hypertrophy and hyperplasia of muscle fibres. The N (fibres) and the ā (fibres) of 

both fibre types were linearly and positively correlated with the LT. At 70-100 days, the 

white mosaic hyperplastic growth type was already underway as shown by the increase in 

fibre number and appearance of many very small fibres. Overall, hyperplasia provided the 

main relative contribution to the increase of white muscle cross-sectional area, but the red 

muscle area mainly benefited from hypertrophy, with both phenomena occurring at a 

faster pace posteriorly in the body. Therefore, it was proved that cranial-caudal 

differences existed in fibre cellularity, with a consistently greater number of fibres and 

muscle area being found at caudal level, for both fibre types. The existence of seasonal 

cycles of muscle recruitment found in this study may be important to the design of feeding 

regimes and diets for optimising production and minimising environmental impacts and 

feeding costs. In fact, the chance of using larval growth conditions to potentiate mosaic 

hyperplastic growth phase is very attractive because a higher recruitment of fibres endows 

the fish with the potential to accomplish further growth by fibre enlargement. This has 

immediate practical interest as it brings fish to commercial size. The economic goal of 

further research on P. bogaraveo muscle growth will be the study of factors of potential 

relevance to fish farming (e.g., photoperiod, exercise, diet composition and feeding 

regimes) in the fibre recruitment and hypertrophy. 
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Abstract 
 

Effects of temperature on fish muscle cellularity are not fully understood as yet. This 

aspect in Pagellus bogaraveo was investigated, by morphometry, throughout endogenous 

feeding stage, testing two rearing temperatures: 14º C and 18º C. The following 

parameters were estimated in transversal body sections at two selected sampling levels of 

the trunk (post-opercular and post-anal): total muscle area, total number of fibres and 

mean cross-sectional fibre area. At hatching, apparently no significant influence of the 

temperature was observed on white muscle, fibres number and area. At mouth opening, 

an increase of the number of post-opercular white fibres was promoted by the highest 

temperature. During embryonic development, the red muscle fibres number in the post-

anal part of the larvae increased with the higher temperature; but, it appears that 

difference was no longer present at mouth opening. In conclusion, an increase in white 

fibres number, more marked at mouth opening and at the post-opercular level was 

promoted by a 4 ºC increase in incubation temperature during the vitelline phase. The 

axial musculature of blackspot seabream embryos/larvae reacted differently to 

temperature influence according to the body location, strongly supporting the need to look 

at and account for different body locations when evaluating muscle cellularity in fish, 

namely in growth/aquaculture related studies. 

 

Introduction 
 
Several studies suggested that rearing temperature can influence muscle cellularity at 

hatching and/or in subsequent stages of fish but those effects vary widely among and 

within fish species. Generally, studies have taken eggs from individual or mixed families, 

incubated them at different temperatures and sampled the offspring at defined life history 

stages (e.g. hatching or first feeding). Various patterns of response of muscle cellularity to 

temperature have been described at hatch and the start of exogenous feeding. In recently 

hatched larvae of herring (Clupea harengus, L.), higher temperatures increased white 

muscle fibres hyperplasia (Vieira & Johnston, 1992; Johnston et al., 1995). Nevertheless, 

in a different study with herring (Johnston, 1993) and in salmon (Salmo salar, L.) (Usher et 

al., 1994; Nathanailides et al., 1995) hypertrophy of the white muscle fibres was induced 

by the rearing temperature increase. In sea bass (Dicentrarchus labrax, L.), the slight 

increase in the water temperature during incubation had a positive effect on both 

hypertrophic and hyperplastic muscle growth, from the beginning of the exogenous 

feeding onwards (Ayala et al., 2000). Another study, with the same species, showed that 

when the temperature increase was maintained until mouth opening (5-6 days post 
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hatching), the larval and early larval muscle growth was improved, and that the 

histochemical maturity of white muscle was advanced in prewarmed specimens (López-

Albors et al., 2003). This inter and intraspecific variability in the response to temperature 

may reflect genetic variation, abiotic factors effects and/or could be related to distinct body 

sampling sites, since some of those studies were carried out in anterior positions of the 

larvae trunk (Vieira & Johnston, 1992; Johnston, 1993; Johnston et al., 1995) and others 

in posterior ones (Nathanailides et al., 1995; Ayala et al., 2000; López-Albors et al., 2003). 

In gilthead sea bream larvae (Sparus aurata, L.) with 20 days, Rowlerson et al. (1995) 

found significant differences between the muscle fibre size distributions at the anal 

opening level and at a level found 2 mm more caudally. In Atlantic salmon, also different 

muscle fibre size distributions were observed among three longitudinal sampling points 

(Johnston, 2001). To the best of our knowledge, previous works were not particularly 

focused on comparing the effects of temperature on muscle cellularity between the distant 

zones of the trunk musculature that display different gross morphology. 

The blackspot seabream (Pagellus bogaraveo, Brunnich) is common along the Southern 

European Atlantic continental shelf and throughout the Mediterranean, and its intensive 

production has increased in the last decade. In the natural environment, blackspot 

seabream spawning occurs at the end of winter between January and April (Bauchot & 

Hureau, 1990) and peak spawning activity is reached between February and May 

(Sánchez, 1983; Krug, 1990). In captivity, spawning coincides more or less with these 

periods, being from February through to May at north-west of the Iberian Peninsula at a 

controlled temperature of 14ºC (Olmedo et al., 1998). A lower growth rate than that 

established for aquaculture species was evidenced in the first studies towards the 

characterization of the nutritional requirements and growth of this fish (Silva et al., 2006). 

In fish embryos and larvae, development and growth are closely linked to their thermal 

environment and the speed of embryonic and larval development generally increases with 

temperature (Polo et al., 1991; Alami-Durante et al., 2000; Parra & Yúfera, 2001). Early 

temperature experience has been shown to have a persistent impact on the teleost post-

larval muscle growth (Johnston et al., 1998; 2000; 2003; Albokhadaim et al., 2007; López-

Albors et al., 2008; Macqueen et al., 2008). The possibility to manipulate larval growth 

conditions in order to influence the further growth is noticeably very attractive from the 

point of view of production. In this context, the evaluation of the temperature-induced 

effects on muscle cellularity of blackspot seabream could be of practical interest for 

selecting environmental conditions that induce favourable muscle structural traits. 

The present work was carried out to investigate the influence of two different water 

temperatures (14 and 18º C), used in incubating early embryos and sustaining the vitelline 

phase, on the blackspot seabream axial muscle cellularity at two important development 
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stages: at hatching and at mouth opening. Another question we wanted to address 

concerned the hypothesis that the effect of temperature on muscle growth is different 

along a "rostro-caudal" gradient. 

 

Materials and Methods 
 
Fish 
 

The experiment was carried out at the Instituto Español de Oceanografía (IEO) (Centro 

Oceanográfico de Vigo, Spain), using eggs obtained from an adult stock of blackspot 

seabream (68 reproducers) maintained in a flow-through seawater system at natural 

seawater temperature (14º C). Eggs were obtained at the end of March of 2006, and were 

divided into two experimental groups (c. 6390 eggs each): one group was maintained at 

14 ± 0.1º C and another was reared at 18.0 ± 0.1º C from fertilization to mouth opening. 

Egg incubation and rearing were carried out in cylindroconical tanks (150 L) and exposed 

to continuous light (1500-2000 lux). Oxygen level was 99% saturation (8.2 ppm). The rate 

of water flow, recirculation, photoperiod and ad libitum supply of live plankton and 

commercial fish food of appropriate particle size were kept constant (all according to the 

standard procedures of the IEO fish breeding laboratory). Since the larvae cultivation 

conditions were always easily and precisely controlled, in terms of treatment groups 

design we decided to follow the approach used in previous works (Johnston et al., 1995; 

Hanel et al., 1996; López-Albors et al., 2003; Albokhadaim et al., 2007), and so we did not 

use replicates of the treatments. 

The growth performance was described using the following parameters: 

Thermal-unit growth coefficient (TGC) = 100 · [(FBW1/3-IBW1/3)/ ∑ (T · Days)] 

Specific growth rate (SGR) = 100 · ((LnFBW-LnIBW)/Days) 

Condition factor (K) = FBW/Length3 · 100 

where IBW is the mean initial body weight (mg) (at hatching), FBW is the mean final body 

weight (mg) (at mouth opening) and T is water temperature in Celsius degrees. 

 

Sample preparation  
 

Larvae sampled at hatching (Day 0 of the experiment was defined as the time when 50% 

of the eggs had hatched) and at mouth opening (MO), were killed by over-anesthesia in a 

solution of MS-222 (Sigma-Aldrich, St Louis, MO, U.S.A.), fixed in 4% paraformaldehyde 

in phosphate buffer. Larvae were later paper dried and bulk-weighed (a total of 6 groups 

each with 6 larvae per treatment) using a digital balance (accuracy 0.001 g). Thereafter, 
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the total length was individually measured under a microscope with a graduated eyepiece 

to estimate growth. For morphometric analysis 6 larvae per group and per sampling level 

were routinely dehydrated in a graded ethanol series, cleared in xylol and, finally, 

embedded in paraffin. Samples were stained with haematoxylin-eosin before being 

coversliped. For immunohistochemistry, whole fish (another group of 6 larvae per group) 

were snap frozen in dry ice isopentan. Before freezing, individuals were combined with 

each other in composite blocks, being “sandwiched” with two slices of fresh pig liver. For 

both morphometry and immunohistochemistry studies, 10 µm thick sections were cut 

transversely to the long body axis, at the post-opercular and post-anal levels (Fig. 1), and 

mounted in aminopropyltriethoxysilane – coated slides (Sigma Chemicals). 

 

 
Figure 1. Photograph (A) and schematic drawing (B) of a Pagellus bogaraveo larva at the onset of 

first feeding, showing where the transverse sections were cut. (C) Schematic drawing of the 

sections cut immediately posterior to the operculum and to the anus at the onset of first feeding. 

SC = spinal cord; N = notochord. 

 

Morphometry 
 

Morphometric variables were measured in transversal body sections, at both post-

opercular and post-anal locations, to estimate the total muscle area [A (muscle)], total 

number of fibres [N (fibres)] and cross-sectional fibre area [ā (muscle fibre)], of the fast 

white muscle (innermost fibres) and for slow red muscle (outermost fibres). In order to 

confirm the right identification of red and white fibres, a preliminary immunoassaying study 

was performed. A previously characterised antibody against myosin isoforms was used 

(BA-G5: monoclonal antibody for rat cardiac alpha myosin heavy chain, Rudnicki et al., 

1990), diluted 1/1000, for tagging superficial monolayer and red fibres. A streptavidin-

biotin-peroxidase immunohistochemistry kit was used (Histostain Plus; Zymed, San 
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Francisco, CA, U.S.A.), following the maker’s instructions with minor adaptations (Silva et 

al., 2008). Firstly, endogenous avidin/biotin-binding activity was blocked and, after the 

slides were rinsed using a standardized washing scheme (used throughout) consisting of: 

5 min in distilled water, 5 min (twice) in PBS, and 5 min in distilled water; 10% non-

immune goat serum was applied for 120 min thereafter, followed by a long incubation step 

with the first antibody, at room temperature and for 48 h, to ensure immunomarking 

through the full section thickness. After another washing in distilled water and in PBS, an 

incubation for 10 min with biotinylated secondary antibody followed. Then, sections were 

again washed and incubated for 10 min in a streptavidin-peroxidase solution. After rinsing 

in distilled water and PBS, the peroxidase activity was developed using 0.05% 3,3'-

diaminobenzidine (DAB) (Sigma-Aldrich), in PBS and with 0.03% H2O2, which gave a 

brown end product. Once rinsed in tap water, sections were mounted in DPX. Sections for 

which primary antibodies were omitted showed no immunomarking (negative controls). 

The study was made using an interactive image analysis system (CAST-Grid; Olympus 

Denmark A/S, Ballerup, Denmark, Version 1.6), working with a live-image captured by a 

CCD-video camera (Sony). The light microscope (BX50; Olympus, Tokyo, Japan) used 

was equipped with a fully-motorized stage (Prior Scientific Inc., Rockland, MA, U.S.A.), 

thus allowing meander sampling with an (x-y axis) accuracy of 1 µm. The cross-sectional 

(half) white muscle area [A (white muscle)] was automatically computed by the software 

after the physical limits of interest in the section were traced by the operator. Precise 

tracing was made on the monitor, at a magnification of ×1608, using live-image primarily 

captured under a × 40 objective lens. Since it had been confirmed that no significant 

differences existed between the right and left side of the fish, an estimate of the total area 

[A (white muscle)] was made by doubling the computed value. 

The cross-sectional red muscle area [A (red muscle)] was estimated as follows: 

 

A (red muscle) = ā (red muscle fibre) · N (red fibres) (1) 

 

where ā (red muscle fibre) is the mean individual red muscle fibre area and N (red fibres) 

is the total number of red muscle fibres per cross section. 

The mean individual red muscle fibre area [ā (red muscle fibre)] of larvae was estimated 

by the 2D-nucleator technique. The area of any object irrespective of its size, shape, and 

orientation is rapidly and unbiasedly estimated by that technique by measuring the 

distance between a "central point" (eventually a virtual one) within the object and the 

intersections between the object boundary and radiating test lines (four in our case) 

(Larsen et al. 1998; Savnik et al., 2002). The mathematical formula underlying this 

technique reads as follows: 



Chapter V 

 160

ā (red muscle fibre) = π · Ī2 (2) 

 

where I is the distance from the “central point” to the object boundary measured in a pre-

determined number of random directions. For our case, the “central point” was chosen by 

the operator as the virtual most approximate centre of a cross-sectioned fibre. All the 

procedure and measurement were assisted by the Grid software (CAST-Grid). All fibres in 

a body cross-section were measured, also at a final magnification of ×1608 (×40 objective 

lens). 

For the sake of measuring efficiency (high speed/effort ratio) the mean individual white 

muscle fibre area [ā (white muscle fibre)] was indirectly estimated by unbiasilly combining 

A (white muscle) and N (white fibres), as follows: 

 

ā (white muscle fibre) = A (white muscle) ÷ N (white fibres) 

 

As with red muscle, the total number of white fibres [N (white fibres)] was obtained by 

counting all the fibres that appeared in sections. 

The relative contribution of hypertrophy and hyperplasia to the increase of the cross-

sectional area was estimated as previously applied (Valente et al., 1999): 

 

∆A (µm2) = Nm · ∆ā (µm2) + ām (µm2) · ∆N 

 

where ∆ is calculated between two sampling times (t and t + 1) and Nm and ām refer to the 

mean total number of fibres and fibre area at t. 

 
Statistics 
 

Data were analyzed using the software Statistica (version 6; StatSoft, Tulsa, OK, U.S.A.). 

For all statistical tests, the significance level was set at α = 0.05. The analysis was carried 

out by the Mann-Whitney U non-parametric test in order to determine the influence of 

water temperatures both on growth and on muscle cellularity. Since fish reared at different 

temperatures do not necessarily hatch or start feeding at the same developmental stage, 

data were analysed for covariance (ANCOVA), in which temperature was set as the 

independent variable while the total length was set as a covariate. In the specific cases 

where the ANCOVA assumptions failed, data transformations were performed to meet the 

assumptions. When differences were significant, individual means were compared by the 

Tukey’s honest significant difference test. For a particular age and temperature, 

comparisons between post-opercular and post-anal morphometric values were evaluated 
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by the Student t-test for paired samples, after checking normality and homogeneity of 

variance, by using the Kolmogorov-Smirnoff and the Levene tests, respectively (Zar, 

1996). 

 

Results 
 
Larvae development and growth performance 
 

Blackspot seabream embryos developed faster at higher temperatures. Embryonic life 

(from fertilization to hatching) lasted 72 h at 18º C, and 96 h at 14º C. Pre-larval (hatching 

- mouth opening) development was also accelerated by higher cultivation temperature 

[occurred at 6 days post-hatching (dph) at 18º C versus 9 dph at 14ºC]. Data on growth 

are reported in Table I. The body weight of larvae reared at 18º C was just higher at 

mouth opening (Table I). A different trend was displayed by the larvae length: larvae 

incubated at 18º C were significantly larger at hatching but according to our experiment 

similar values at mouth opening were induced by both treatments (Table I). The growth of 

fish expressed either as specific growth rate (SGR) or as thermal-unit growth coefficient 

(TGC) was significantly improved at 18º C. The condition factor apparently was not 

significantly affected among fish by different temperatures at both hatching and mouth 

opening. 

 
Table I. Growth performance of Pagellus bogaraveo larvae reared at different temperatures [14º C 

(T14) versus 18º C (T18)], from hatching (H) to mouth opening (MO) 

 T14 T18 

Initial body weight (H), mg 0.25 (0.02) 0.25 (0.02) 

Final body weight (MO), mg 0.27 (0.02)a 0.33 (0.03)b 

Initial body length (H), mm 3.4 (0.02)a 3.9 (0.02)b 

Final body length (MO), mm 4.9 (0.19) 4.9 (0.24) 

Initial Condition Factor (K) 0.22 (0.03) 0.22 (0.04) 

Final Condition Factor (K) 0.24 (0.03) 0.28 (0.04) 

Thermal-unit growth coefficient (TGC) 0.01 (0.02)a 0.05 (0.02)b 

Specific growth rate (SGR) 0.97 (1.03)a 4.37 (1.53)b 

Within a row, means without a common superscript letter differ significantly (P<0.05). Absence of superscript indicates no 

significant difference between treatments. Values are means (standard deviation); n=6. 
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Baseline growth dynamics 
 

The distinction between white and red muscle was always evident. At hatching, the two 

distinct layers of muscle fibres could be resolved with different antimyosin reactivities: a 

superficial monolayer and a deeper one, with fast-white fibres (forming the bulk of the 

muscle). At mouth opening, an additional fibre type was identified: a slow red, present as 

one or two small-diameter superficial fibres adjacent to the lateral line nerve (Fig. 2). Since 

only one or two red fibres were observed, and also because the definitive slow-red muscle 

is formed gradually — due to the combined mechanism of hyperplastic growth and 

conversion of all the monolayer fibres into slow-red muscle fibres (Silva et al., 2008) — the 

morphometric parameters analysis was carried out for the fast white muscle and for slow red 

muscle (including superficial monolayer fibres). 

 

 
Figure 2. Transverse section of lateral muscle (immediately at post-anal level) of Pagellus 

bogaraveo at mouth opening stained with BA-G5. SM = superficial monolayer muscle fibres; R = 

red muscle fibres; W = white muscle fibres; SC = spinal cord; Nt = notochord; Scale bar = 25 µm. 

 

The larvae A (white muscle) increased from hatching until mouth opening with both 

temperatures at post-opercular level and with 14º C at post-anal level, only. In general, N 

(white fibres) increase was the main contributor to the muscle area increase, however, the 

ā (white muscle fibre) increase was the responsible for the enlargement of the white 

muscle area at post-opercular level of the fish at 14º C. During the trial, the A (red muscle) 

increased at both temperatures (P<0.005), at the post-anal level only. This enlargement in 

the red muscle area was related with the ā (red muscle fibre) increase in larvae reared at 

18º C and with the N (red fibres) in larvae reared at 14ºC. 
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Temperature effect on white muscle 
 

No significant temperature-induced effect was observed in A (white muscle) parameter 

during the experiment (Fig. 3a). At 14º C, the white muscle growth of larvae was mainly 

achieved by hypertrophy, at both sampling levels. When larvae were reared at 18º C, the 

hyperplastic process gained importance at both sampling locations and was the preferential 

growing process at post-anal level (Fig. 4a). No significant differences in A (white muscle) 

were found between the two muscle locations sampled (Table II). 

At mouth opening the N (white fibres) at the post-opercular level (Fig. 3c) was significantly 

(P<0.05) increased by the highest incubation temperature. At both sampling moments, the 

N (white fibres) was higher in the posterior zone of the larvae reared at 14º C (Table II). 

However, in the larvae reared at 18º C those differences seem to be inexistent (Table II). 

Throughout the assay, for the two sampling times and for the same sampling level, 

intergroup differences in the ā (white muscle fibre) (Fig. 3e) were induced by temperature. 

Moreover, at mouth opening, larvae reared at 14º C showed a greater ā (white muscle 

fibre) at the post-opercular level when compared to the post-anal one (Table II). On the 

other hand, in larvae subjected to 18º C no significant differences were found in this 

experiment (Table II). 

 
Table II. Significance of differences between Pagellus bogaraveo muscle location (Post-opercular 

versus Post-anal) for the estimated morphometric parameters at different temperatures [14º C 

(T14) versus 18º C (T18)], evaluated by the Student t-test for dependent samples (n.s. = non-

significant). H – Hatching; MO – Mouth opening; A - muscle area; N - total number of fibres and ā - 

cross-sectional fibre area 

  Post-opercular versus Post-anal levels 

  T14 T18 

  H MO H MO 

White muscle 

A n.s. n.s. n.s. n.s. 

N P <0.01 P <0.001 n.s. n.s. 

ā n.s. P <0.001 n.s. n.s. 

Red muscle 

A n.s. P <0.001 n.s. n.s. 

N P <0.001 P <0.05 P <0.01 P <0.05 

ā n.s. n.s. P <0.01 n.s. 
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Figure 3. Total muscle area [A (muscle)], total number of fibres [N (fibres)] and cross-sectional 

fibre area [ā (muscle fibre)] of white fibres (a, c, e) and red fibres (b, d, f) at hatching (H) and mouth 

opening (MO) in Pagellus bogaraveo. Values are means ± SE, n = 6. The effect of the incubating 

temperatures on the morphometric parameters estimated is also showed: within a graph, muscle 

location and stage (H and MO) means without a common letter differ significantly (P<0.05). 

Absence of letters indicates no significant difference between treatments. 

 
Temperature effect on red muscle 
 

At mouth opening, the A (red muscle) (Fig. 3b) was increased by the highest incubation 

temperature. As in the white muscle, an increase in the hyperplasia contribution for A (red 

muscle) growth (Fig. 4b) at post-opercular level higher was induced by temperature. 

However, the opposite situation was found at the post-anal level where the percentage of 

hyperplasia decreased with higher temperature (Fig. 4b). At mouth opening, a higher A 

(red muscle) in the post-anal level at 14º C was the only significant difference observed 

between the muscle locations (Table II). 

At hatching, more red fibres were found at post-anal level in the larvae reared at 18º C 

(Fig. 3d), but such difference was apparently inexistent at mouth opening. When 

comparing muscle locations, the N (red fibres) was superior at post-anal level in the two 

sampling moments and at both temperatures (Table II). 
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When comparing fish sampling at hatching and at mouth opening, red fibre diameter 

during the experiment (Fig. 3f) was not affected by temperature. When comparing both 

muscle locations, at hatching the ā (red muscle fibre) was larger at the post-opercular 

level of the larvae from the 18º C group (Table II); the more anterior ones were caught up, 

however, by the caudal fibres at mouth opening. 

 

 
Figure 4. Relative contribution of hyperplasia and hypertrophy to white (a) and red (b) to total 

muscle area increase of Pagellus bogaraveo at two different body locations (post-opercular and 

post-anal), from hatching to mouth opening. 
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Length variations in the muscle cellularity of larvae 
 

The covariance analysis showed that only the ā (red muscle fibre) was influenced by the 

larvae length, and comparing that analysis with the Mann-Whitney U one just one 

additional significant difference for this parameter between larvae at different 

temperatures being found at mouth opening. Similarly, comparing covariance with the 

Mann-Whitney U analysis, more red fibres at post-anal level and more white fibres at the 

post-opercular level were found in the larvae reared at 18º C, at hatching and mouth 

opening, respectively with the non-parametric test. 

 
Discussion 
 
One key factor of commercial production of marine fish species is the control of hatchery 

production procedures (broodstock and egg managements, larval rearing and feeding). 

Blackspot seabream studies on larvae culture techniques began in the 1990s (Peleteiro et 

al., 1997; Olmedo et al., 1998; Micale et al., 2002), but this is the first study on the 

influence of two water temperatures (14 and 18º C) on the larvae growth and on muscle 

cellularity from hatching to mouth opening. It was also the first study in fish aimed at 

establishing whether the temperature influence is similar anteriorly and posteriorly in the 

body. 

As hypothesized, the development rate of the embryos was improved by an increase in 

the rearing temperature within the tolerance range of the blackspot seabream, as reported 

for other species (Usher et al., 1994; Nathanailides et al., 1995; Johnston et al., 1998; 

Ayala et al., 2001). Comparison of blackspot seabream larvae at equivalent development 

stages confirmed that growth differences were induced by temperature. At hatching, 

larvae incubated at higher temperature were already longer. The same was observed in 

the sea bass, where the body length was greater in larvae incubated at higher 

temperatures (López-Albors et al., 2003; Alami-Durante et al., 2006). Further temperature 

influences in the pre-larval period were not related to body length but rather to weight, as 

18º C larvae reached the stage of mouth opening with higher body weight than 14º C 

larvae. Our explanatory hypothesis is that during the pre-larval phase, the use of vitelline 

energy to satisfy requirements related to organogenesis causing acceleration in vitelline 

sac reabsorption was favoured by the higher temperature (Johnston, 1993). 

In general, the A (white muscle) increased until mouth opening at both locations. The A (red 

muscle), however, increased with age at posterior region only. These results differ from the 

ones included in a study with this fish species (Silva et al., 2009), where a pause in muscle 

growth of both fibre types was observed at mouth opening. As to the increase observed at 
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post-opercular level, the difference in muscular growth observed could be explained by the 

fact of the larvae really displayed different growth dynamics in the two studies. Accordingly, 

in the previous one (Silva et al., 2009) larvae grew mainly in length (3.6 to 6.0 mm), reaching 

mouth opening faster, whereas in the current one the larvae growth at mouth opening was 

mainly related with a weight increase. The present results show that the larvae hatched with 

a greater number of smaller white fibres, and that the white muscle hypertrophy was the 

main contributor for the A (white muscle) enlarge, which relates well with the above cited 

weight increase. As to the post-anal level, the increase observed in the present work in both 

A (white muscle) and A (red muscle), was due to the hyperplastic mechanism. Also at post-

anal level the results were different from the ones observed in the previous study (Silva et al., 

2009). This is probably related with the different position of the post-anal level resulted from 

the larvae length, since as observed in this and in the previous study (Silva et al., 2009) and, 

for the first time in this species, that differences in the cellularity exist between different body 

zones. 

An uninterrupted myogenesis in fast muscle after hatching are also apparent in some teleost 

species including salmon (Stickland et al., 1988), rainbow trout (Oncorhynchus mykiss, 

Walbaum) (Stoiber & Sänger 1996; Xie et al., 2001), zebrafish (Danio rerio, Hamilton) 

(Barresi et al., 2001), and pearlfish (Rutilus meidingeri, Heckel) (Steinbacher et al., 2006). 

A pause in the recruitment of new fibres in the first days after hatching was, however, 

observed in herring (Johnston, 1993), turbot (Gibson & Johnston, 1995; Johnston et al., 

1998), cod (Galloway et al., 1999) and sole (Veggetti et al., 1999). This intraspecific 

difference found rise the question of a possible functional significance  

The embryonic growth of blackspot seabream axial musculature was significantly affected 

by temperature. Fish incubated at higher temperatures (18º C) at hatching showed a 

higher number of red fibres at post-anal level than those incubated at lower temperatures 

(14º C). The same result was obtained when length was taken as covariate. The presence 

of more red fibres in the post-anal part of the newly hatched larvae, suggested that, 

towards the end of embryonic life, new more red fibres were formed in the caudal 

myotomes. Also Rowlerson et al. (1995) suggested that during larval life in sea bream the 

hyperplastic growth of slow muscle fibres occurred in a very restricted zone of the post-

anal muscle. It is suggested by our data that this process is not restricted to a species and 

is modelled by temperature. The majority of the works studied the influence of incubation 

temperature in white muscle only, and large inter-specific differences in embryonic fish 

muscle growth in response to changes in water temperature are found. The present 

results in white muscle are in agreement with those obtained in cyprinids, where higher 

pre-hatch temperatures were found to have no significant effect on fibre number and fibre 

size in common carp (Cyprinus carpio L.) at hatching (Alami-Durante et al., 2000). 
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However, such scenario is not universal in fish and seems to depend on the species. Thus 

in Atlantic salmon (Stickland et al., 1988; Usher et al., 1994; Nathanailides et al., 1995), 

common whitefish (Coregonus lavaretus, L.) (Hanel et al., 1996) and Arctic cod (Gadus 

morhua, L.) (Galloway et al., 1998) a higher pre-hatch temperatures was not cause to 

modify white muscle area but decreases in fibre number, and increases in fibre size at 

hatching or one day later were reported. In turbot (Scophthalmus maximus, L.) (Gibson & 

Johnston, 1995) and in sea bass (Alami-Durante et al., 2006) it was observed that 

incubation at higher temperatures increased white muscle size and white fibre size at 

hatching, but the number of white fibres was not altered. In Atlantic halibut (Hippoglossus 

hippoglossus, L.) white muscle size, fibre number and fibre size at hatching were reduced 

by higher incubation temperatures (Galloway et al., 1999). The absence of differences in 

the white muscle cellularity was confirmed with covariance analysis, taking the fish length 

as covariate.  

At mouth opening, the total number of white fibres was greater at the post-opercular level 

of larvae reared at 18º C. The present results are in accordance with those from herring, 

where fibre hyperplasia in the anterior part of the larvae was augmented due to warmer 

temperatures (Vieira & Johnston, 1992; Johnston et al., 1995). In the end of the 

endogenous feeding period, the total red muscle area at post-anal level was larger in 

larvae at 18º C, which was confirmed when length was taken as covariate. We believe 

that this significant outcome resulted from the ā (red muscle fibre), since a statistically 

significant temperature effect on this parameter was observed when the fish length was 

taken as covariate. Recent studies found that early temperature produced early effects on 

somatic both growth and muscle fibre phenotype that persisted until adult life (López-

Albors et al., 2008; Mcqueen et al. 2008). We believe that the temperature regime prior to 

first feeding affected the number of undifferentiated myoblasts and hence the future 

growth potential. From a production perspective, therefore, the results obtained in the 

present study with the blackspot seabream can be very important, because they indicate 

that the careful manipulation of embryonic temperature could be a promising area for 

optimising desirable growth and muscle traits of the adult fish. 

Comparing the results obtained in both body locations in our experiment, the total number 

of white fibres was always higher at the post-anal level in the larvae from the 14º C group. 

Simultaneously, at first feeding the white fibres tended to be of smaller mean cross-

sectional area at the post-anal level. Also at both sampling moments, and for both 

temperatures, the total number of red fibres was bigger at post-anal level, supporting what 

was above said about the post-anal zone being most likely the main location for the red 

fibre hyperplasia during larval growth. 
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In conclusion, this study showed that the development rate of blackspot seabream was 

accelerated by higher temperature (18º C), and that the larval muscle growth dynamics via 

differential effects on the production of new white muscle fibres (hyperplasia) at the post-

opercular level and on the size of total red muscle area at post-anal level was also 

influenced thereby. These changes in muscle cellularity were also verified when the fish 

length was used as explicative variable. We wonder now whether or not the initial gain in 

the fibre number can support a faster and/or greater growth if such fish are later reared 

under standard conditions. It was also demonstrated that the axial musculature of larvae 

displayed a non-similar response to the different early temperatures between the post-

anal and post-opercular levels. Further investigation is required to find out whether those 

different responses are particular for that species or body size. The muscle growth 

dynamics of blackspot seabream as shown in this study not only add new knowledge on 

fish muscle growth but might contribute to the efforts of optimization of the larval 

cultivation conditions for this species. 
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Abstract 
 

Muscle cellularity was studied in Pagellus bogaraveo juveniles fed on diets with different 

protein contents. Measured in transversal body sections, at both post-opercular and post-

anal locations, the morphometric variables estimated were: total muscle area (A), total 

number of fibres (N), number of fibres per unit area of muscle (NA) and cross-sectional 

fibre area (ā), of the two main muscle fibre types. At the end of the experiment fish fed on 

diets having more than 40% of protein displayed significantly higher body weight. Fish fed 

on protein-rich diets exhibited greater ā and N. For fish fed on 30 and 50% protein diets 

the morphometric parameters measured grew linearly with the fish weight. High-protein 

diets favoured muscle hyperplasia. When comparing rostral and caudal locations, a 

greater N and a smaller ā of posterior red fibres were the consistent differences found - a 

fact, to our knowledge, so far unreported for fish. 

 

Introduction 
 

The myotomal muscle of teleosts contains two main fibre types, grouped in two layers: (1) 

subdermal red muscle, with oxidative metabolism and slow contraction, and (2) deep 

white muscle, with glycolytic metabolism and fast contraction (Johnston et al., 1975; 1977; 

Bone, 1978). Between those layers, an intermediate zone is found, with fibres 

characterized by being essentially fast contracting, with both intermediate resistances to 

fatigue and shortening speed (Johnston et al., 1977). 

Post-larval muscle growth in fishes involves both hyperplasia and hypertrophy 

mechanisms, thus differing from mammals where muscle hyperplasia is largely restricted 

to the pre- and perinatal periods (Goldspink, 1972; Stickland, 1981). In many fishes, a 

long-term hyperplastic growth is the likely cause of the so-called “mosaic appearance” of 

the white muscle, which can be either restricted to particular seasonal periods or 

permanent, depending on the species. Indeed, the smallest fibres are thought to be the 

newly generated ones (Carpenè & Veggetti, 1981; Rowlerson et al., 1985). The rates of 

muscle fibre hypertrophy and hyperplasia for reaching a given girth vary among species 

and different strains of a species (Weatherley et al., 1979) and can be influenced by 

controlled rearing conditions, such as diet (Kiessling et al., 1991; Fauconneau et al., 1997; 

Johnston et al., 2002), exercise training (Johnston & Moon, 1980) and temperature (Ayala 

et al., 2000; 2001; López-Albors et al., 2003). 

Protein, the most expensive component in fish diets, plays an important role in the growth 

of fish. The use of diet protein is related to both protein level and availability of non-protein 

energy sources. A number of studies have been conducted to determine the optimal diet 



Chapter VI 

180 

protein level for some sparids fishes (Santinha et al., 1996; Vergara et al., 1996; Tibaldi et 

al., 1996; Sá et al., 2006) and have estimated 40-50% as the optimal diet protein level in 

terms of growth performance. Being the muscle the final product in fish farming it is 

surprising that there is very little work specifically linking diet protein level to muscle 

growth dynamics in juveniles. Johnston et al. (2002) investigated the effect of two diet 

protein levels (high and low) on muscle cellularity in two strains of Atlantic salmon (Salmo 

salar, Linnaeus); in one strain they found no differences either in fibre size distribution or 

in fibre number, whereas in the other strain the high-protein diet favoured growth by fibre 

recruitment. 

We are evaluating the aquaculture potential of the blackspot seabream, Pagellus 

bogaraveo (Brunnich), and therefore the knowledge of its muscle growth dynamics is 

rather important. A first nutritional assay with P. bogaraveo juveniles revealed, as found in 

other sparids, a high protein dependence (> 40%) in order to achieve maximal growth 

(Silva et al., 2006). A parallel morphometric study was simultaneously conducted in that 

assay in order to evaluate the effect of diet protein level (D20 to D60) on the muscle 

growth after 12 weeks. Moreover, intermediate samplings (4 and 8 weeks) were also 

conducted for two of the diets (D30 and D50) to follow the muscle growth kinetics. Another 

question that we wanted to address concerned the hypothesis that, all the way along a 

"rostro-caudal" gradient, diverse diet protein levels may influence the muscle growth in a 

different way. This is particularly relevant as a fundamental question, because most 

studies on fish muscle growth dynamics were made in samples taken from the caudal 

zones, the cellularity of which may notably differ from that found in the cranial ones. 

 

Materials and Methods 
 

Fish and Treatments 
 

Five isolipidic (crude fat: 12% dry matter, DM) diets were formulated to contain graded 

protein levels (20 to 60%; Table I). All ingredients were finely ground, mixed and dry 

pelleted through a 2.4 mm die at 50ºC (CPM model 3000, San Francisco, CA, USA). Diets 

were subsequently stored at room temperature and light-protected during use. 

The trial was conducted on wild-caught P. bogaraveo at the Mariculture Center of Calheta, 

in Madeira Island, Portugal. After acclimatisation, homogeneous groups of 120 juveniles 

(initial body weight, IBW = 23 g) were randomly distributed among 10 PVC tanks (500 L) 

in a flow-through seawater system (salinity: 38 g L-1), at a temperature of 21-24 °C (Min. – 

Max.). Fish were exposed to a 12-hour light/12-hour dark photoperiod (dawn at 07:00 and 
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dusk at 19:00 hours). The five diets were randomly allotted to the duplicates tanks, and 

fish were hand fed to apparent satiety, twice a day, for over 12 weeks. 

 
Table I. Formulation and proximate composition of the experimental diets. 

 Diet treatments 

 D20 D30 D40 D50 D60

Ingredients (%)      
1Extruded peas meal 10.0 10.0 10.0 5.0 9.0 

Wheat meal 55.7 37.5 22.4 11.2 5.0 
2LT Fishmeal  5.0 17.7 33.2 50.7 50.0 

Wheat gluten 2.0 2.0 2.0 2.0 16.3 

Defatted soybean meal (48% crude protein) 13.7 20.0 20.0 20.0 0.0 
3Fish protein concentrate 1.0 1.0 2.0 2.0 13.2 
4Mineral Mix 0.5 0.5 0.5 0.5 0.5 
5Vitamin Mix 0.2 0.2 0.2 0.2 0.2 

Binder 2.0 2.0 2.0 2.0 2.0 

Fish oil 9.9 9.1 7.7 6.4 3.9 

Proximate composition      

Dry matter (DM, %) 91.0 91.3 92.1 92.5 93.5 

Crude Protein (% DM) 24.1 35.7 45.3 54.4 63.7 

Crude Fat (% DM) 12.7 12.7 12.4 12.4 11.6 

Ash (% DM) 5.7 7.9 10.1 12.2 11.8 
6NFE (% DM) 48.6 34.9 24.3 13.4 6.4 

Gross Energy (kJ g-1 DM)  18.8 19.3 19.5 19.7 20.4 

Digestible protein (DP, % DM)) 17.4 29.7 39.4 48.8 58.3 

Digestible energy (DE)( kJ g-1 DM) 9.2 11.7 13.8 15.0 17.3 

DP/DE ratio (mg kJ-1) 18.8 25.5 28.5 32.6 33.7 
1 Aquatex (20.5 Crude protein (C.P.); Sotexpro, France).  

2 Norse LTay 

3 Soluble fish protein hydrolizate (75.26 crude protein ; Sopropêche, France). 
4 Mineral mixture (g or mg kg-1 diet): calcium carbonate (40% Ca), 2.15 g; magnesium oxide (60% Mg), 1.24 g; ferric citrate, 

0.2 g; potassium iodide (75% I), 0.4 mg; zinc sulphate (36% Zn), 0.4 g; copper sulphate (25% Cu), 0.3 g; manganese 

sulphate (33% Min), 0.3 g; dibasic calcium phosphate (20% Ca, 18% P), 5 g; cobalt sulphate, 2 mg; sodium selenite (30% 

Se), 3 mg; potassium chloride, 0.9 g; sodium chloride, 0.4 g. 
5 Vitamin mixture (IU or mg kg-1 diet): DL-alpha tocopherol acetate, 60 IU; sodium menadione bisulphate, 5 mg; retinyl 

acetate, 15000 IU; DL-cholecalciferol, 3000 IU; thiamin, 15 mg; riboflavin, 30 mg; pyridoxine, 15 mg; cyanocobalamin, 0.05 

mg; nicotinic acid, 175 mg; folic acid, 5 mg; ascorbic acid, 500 mg; inositol, 1000 mg; biotin, 2.5 mg; calcium panthotenate, 

50 mg; choline chloride, 2000 mg. 
6 Nitrogen-free extract - estimated by difference. 

 

Diets were analyzed for dry matter, ash by combustion in a muffle furnace (550 °C for 12 

h); crude protein (Micro-Kjeldahl; N x 6.25) after acid digestion, lipids by petroleum ether 

extraction (at Soxhlet 40-60 ºC), and gross energy, by direct combustion in an adiabatic 

bomb calorimeter (model PARR 1261, Parr, Molin, IL, USA). 
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Fish Sampling 
 

Taking into account the wet weight gain data from the nutritional assay (Silva et al., 2006), 

the morphometrical analysis performed for this study was designed using six specimens 

per each diet from the initial and final sampling and using the same number of fish per 

diets containing 30 and 50% protein from intermediate samplings (4 and 8 weeks). 

At the beginning of the growth trial, and every four weeks thereafter, randomly net 

sampled fish were killed through deep anaesthesia by immersion in a bath of isoeugenol 

(2-methoxy-4-propenylphenol; 5-10 ml 1,000 l-1), immediately dried up with filter paper, 

individually weighed to the nearest ± 0.1 g and finally measured (fork length) to the 

nearest ± 0.1 cm. Then, the fins were cut, the scales gently removed, and two cross-

sectional body slabs (about 3 mm thick) removed; one from the region immediately before 

the first dorsal fin and the other from the region immediately following the anal opening. 

The samples (n = 6 / experimental group) were fixed in Bouin’s (Panreac, Barcelona, 

Spain) fluid for 72 hours, with sporadic shaking. After fixation, and under a 

stereomicroscope (Leica Zoom 2000, Germany), each slab was longitudinally cut in two 

(right and left) equal-sized (mirror) halves. The pieces were then routinely dehydrated in a 

graded ethanol series, cleared in xylol, and finally embedded in paraffin. One lottery 

chosen block (right or left half of the fish) was used per fish and per sampling level (i.e., 

cranial and caudal). A perfect 10 µm-thick section was cut per block, and then stained with 

haematoxylin-eosin before being coversliped for morphometric analysis. 

 

Morphometrical Analysis 
 

The study was made using an interactive image analysis system (CAST-Grid, Olympus 

Danmark A/S, Version 1.6), working with a live-image captured by a CCD-video camera 

(Sony, Japan). The light microscope (BX50, Olympus, Japan) used was equipped with a 

fully-motorized stage (Prior Scientific, USA), thus allowing meander sampling with an (x-y 

axis) accuracy of 1 µm. For practical purposes, the muscle tissue was operationally 

divided in two morphologically well-differentiated zones: a main (and innermost) white 

fibres area and a thinner (and outermost) red fibre rich area. Just for comparative 

purposes, the subcutaneous adipose tissue was also studied. Relative and absolute 

morphometric parameters of the fish body and components of interest were estimated as 

follows: 
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Fish cross-sectional area 
The cross-sectional (half) body area (A), in mm2, was precisely computed by the software 

after the operator (P. Silva) finished circumscribing the physical limits of interest in the 

section. Such delimitation was made using the mouse pointer over a 160 x magnified 

image seen in the monitor, captured under a 4 x objective lens. An unbiased estimate of 

the total area [A (body)] was made by doubling the computed value. Here and below, the 

procedures were alike among studied fish groups. 

 

Relative area of body components 
The relative area occupied by a particular tissue component [AA (tissue,body)], either 

muscle (white and red) or adipose, was estimated by manual point-counting, using a 1:9 

two lattice point-system grid (with 16 repeating units) overlaid on the live video-image 

displayed on a 17’ monitor (Fig. 1). For both adipose tissue and white muscle, the 1:1 

point ratio was used. The tighter 1:9 point ratio was used for the red muscle. The final 

estimates are unbiased by the technical nature of the procedure and were computed as 

follows (Howard & Reed, 1998): 

 

( ) ( ) ( )[ ]∑∑ ⋅÷= bodyPRtissuePbodytissueAA ,  

 

where ∑Pi(tissue) and ∑Pi(body) correspond to the total number of points in a section 

hitting the tissue of interest or the fish body (reference space), respectively, and R is the 

inverse of the point ratio used for each particular AA estimation (i.e. 1 or 9). 

Point-counting was made in systematically sampled fields and working with the 4 x 

objective lens and a final screen magnification of 160 x. The sampling was assured by the 

software-controlled motorized stage, being defined a stepwise x-y movement of 1,250 µm 

as distance between fields (Fig. 2). 

Each AA (tissue,body) was estimated to be used solely as an intermediate value in further 

computations of other morphometric parameters, as detailed below. 

 
Total area of body components 
The total area of each body component [A (tissue)], namely white muscle, red muscle and 

adipose tissue, expressed in mm2, and was unbiasedly estimated as follows: 

 

( ) ( ) ( )bodyAbodytissueAtissueA A ⋅= ,  
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Figure 1: Test grid used for light microscopical analysis containing 16 point counting units, each 

consisting of a point double lattice, with either 1 or 9 points, each defined by one cross. All crosses 

are used to estimate the area of red muscle whereas the encircled crosses are only used to 

estimate the reference area, the white muscle and the adipose tissue. In this example, 11 points hit 

red muscle, 9 (encircled) hit the white muscle, and 5 (encircled) hit the adipose tissue, respectively. 

In addition, 16 (encircled) points hit the reference space. So, in this field of view, the area fraction 

of red muscle per total area can be estimated as 13/(9×16) = 0.09, because 9 times as many 

crosses are used to estimate red muscle area in relation to the total area. In addition, the white 

muscle fractional area can be estimated as 9/16 = 0.56, as the lattice grid used (1:1 point ratio) is 

the same for both compartments. Symbols: white muscle (W); red muscle (R) and subcutaneous 

adipose tissue (A) (stained with haematoxylin-eosin). Scale bar = 250 µm. 

 

Relative number (density) of muscle fibres 
The numbers of white and of red muscle fibres per unit area (mm2), within the respective 

muscle zones [NA (fibres,muscle)], were unbiasedly estimated as follows (Howard & Reed, 

1998): 

 

( ) ( ) ( )[ ]∑∑ ⋅÷= musclePafibresNmusclefibresN A ,  

 

where ∑N(fibres) is the total number of (white or red) fibres counted over all sampled 

fields in a section, “a” is the area of the counting frame used (8,141 μm2) when counting 

white and red fibres, and ∑P(muscle) is the sum of the (unique) frame associated point 

hitting the reference space (i.e. white muscle or red muscle) across sampled fields. For 

avoiding bias due to edge effects, an unbiased counting frame bearing forbidden lines 

was used (Gundersen, 1977); in accordance, fibres were counted only when they were 

within the counting frame or touching the inclusion lines but did not touch the forbidden 

lines or their extensions (Fig. 3). 
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Figure 2: Diagram illustrating the sampling track taken over a single section, at the fish caudal 

portion. Point-counting was made in systematically sampled fields (with the first field being 

randomly positioned with the software) and working with the x 4 objective lens and a final screen 

magnification of x160. The systematic sampling track of fields was carried out by software-

controlled stepwise movements of the precise motorized stage, in the x- and y directions (x = y = 

1,250 μm). 

 

Cell counting was made in systematically sampled fields and working with the 20 x 

objective lens and a final magnification of 799 x. After pilot trials, the stepwise stage x-y 

movement was defined according to the fish size so to provide a minimum of 100 sampled 

fields per section. For the heavier fishes (providing bigger section sizes), a less tight 

sampling scheme was used. A smaller x-y step was defined for sampling red fibres. The 

adopted steps varied from 750 to 1,250 µm, for sampling white fibres, and from 175 to 400 

µm, for red fibres. 

 
Total number of muscle fibres 
The total number of (red or white) muscle fibres per fish cross section (N) was unbiasedly 

estimated after general principles for handling ratios and absolute values (Howard & 

Reed, 1998), namely by combining three previously estimated parameters, as follows: 

 

( ) ( ) ( ) ( )bodyAbodymuscleAmusclefibresNfibresN AA ⋅⋅= ,,  
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Figure 3: Light micrograph of a 10-µm-thick section. (a) red muscle fibres (R); (b) white muscle 

fibres (W) (stained with haematoxylin-eosin). Two sampling/counting, with the exclusion (red) and 

inclusion lines (green) are represented. The larger grid was used for sampling cells for applying the 

2D-nucleator technique and the smaller one was used for cell counting. In the pictures it is given an 

example of number counting, per 8,141 µm2 (smaller grid area): (a) 11 red muscle fibres counted; 

(b) 4 white muscle fibres counted. Fibres are unbiasedly counted if they touch the inclusion line or if 

they are partially our totally inside the grid area, as far as they do not touch the forbidden lines. A, 

adipose tissue. Scale bar = 50 µm. 

 

Mean cross-sectional fibre area  
The mean individual muscle fibre area [ā (muscle fibre)] was estimated by the 2D-

nucleator technique. The latter unbiasedly estimates the area of any object profile 

irrespective of its size, shape, and orientation by measuring the distance between a 

"central point" within the object and the intersections between the object boundary and 

radiating test lines (four in our case) (Larsen et al., 1998; Savnik et al., 2002). The formula 

reads as follows: 

 

( )
2__

Iemusclefibra ⋅= π  

 

where I is the distance from the “central point” to the object boundary measured in a pre-

determined number of random directions. For our case, the “central point” was chosen by 

the operator (P. Silva) as the virtual most approximate centre of a cross-sectioned fibre. 

All the procedure and measurement were assisted by the Grid software. Muscle fibres 

were sampled by using the same rules used for the cell counting (see details above), 

using an unbiased sampling frame with 16,281 μm2, but the fibres were measured only 

when simultaneously captured by the sampling frame and the observer judging them as 

being cross-sectioned. All measurements were made when working with the 20 x 

objective lens and with a final screen image magnification of 799 x. 
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Statistical analysis 
 

Data were analyzed using the software Statistica (version 6, StatSoft). For all statistical 

tests, the significance level was set at α = 0.05. For each group of animals data are 

presented as means, followed by the respective coefficients of variation (CV = standard 

deviation ÷ mean), thus providing instant information on interindividual variability. All 

variables were checked for normality and homogeneity of variance, by using the 

Kolmogorov-Smirnoff and the Levene tests, respectively. 

The significance of the difference when comparing a particular experimental group to the 

fish at the start of the assay (time zero) was evaluated by the Student t-test for 

independent samples. The effects of diet on body weight and body length were tested 

using the one-way analysis of variance (ANOVA). For each morphometric parameter, 

analysed at a particular sampling time, data were submitted to an analysis of covariance 

(ANCOVA), in which diet protein content was set as the independent variable and body 

weight as a covariate. After a significant ANOVA or ANCOVA, pairs of means were 

compared by the Duncan’s multiple range test. 

For a particular animal group, and for each parameter, the significance of the differences 

between rostral and caudal values was compared by the Student t-test for dependent 

samples, after checking the test assumptions as above. Pairwise t-tests were also used to 

compare slopes and elevations of regression lines (Zar, 1996), as obtained by regression 

analysis between fish weight and morphometric data from muscle. 

A first analysis of the results revealed that the average individual cross-sectional white 

fibre area was superior to 2,000 µm2 in most trial groups. It was decided to use, therefore, 

the percentage of fibres with an area inferior to that value as an indication of the 

contribution of hyperplasia, since the increase in the number of smaller fibres 

unquestionable denotes hyperplastic growth, i.e. recruitment of new fibres. The 

significance of the differences between the percentage of smaller fibres (area < 2,000 

µm2) seen in the trial groups was tested calculating the z-ratio and associated two-tail 

probabilities for the difference between two independent proportions, as applied in 

VassarStats (http://faculty.vassar.edu/ lowry/VassarStats.html). 

 

Results 
 

Biometric Parameters 
 

The mean body weight and length increase of the fish are presented in Table II. After 12 

weeks all groups increased their body weight significantly. Moreover, the body weight was 



Chapter VI 

188 

higher in fish fed on diets with a protein content greater than 40%. The fork length also 

increased with diet protein levels up to 40%, with no further improvements being observed 

with higher protein levels (Table II). 

 

Adipose tissue 
 

The total cross-sectional area occupied by the subcutaneous adipose tissue was greater 

(expect for one case) at the end of the trial (Table II). The values tended to increase with 

body weight, but, considering weight as covariate, no significant gains were observed 

among protein levels. Marked differences existed between the anterior and posterior parts 

of the fish, with the former consistently presenting greater amounts of fat (typically, twice 

more). 

 

Muscle growth 
 

The distinction between white and red muscle was largely evident in all fish (Fig. 1), due 

to the distinct positioning and also separating myosepta. Overall, growth from 0 to 12 

weeks mainly resulted from an increase in fibres size (ā), which induced a larger A (body); 

an increase in fibre number was, however, only observed in the posterior part of the fish 

fed on diets with more than 50% protein. All the results related with size and numbers are 

summarized in Tables 3 and 4. 

 

White muscle 
At 12 weeks, and although no significant protein effect was found among treatments, the 

white A (white muscle) showed increasing trends with increasing body weight. The 

enlarged body size during the experiment was explained by an increase of the white A 

(white muscle), both at cranial and caudal locations (Table III). There was a positive 

regression (P<0.05) between the white A (white muscle) and the body weight (Table V), 

but no major differences between the slopes of the regression lines of the two diet groups 

at the post-opercular level of the fish were found; although at the post-anal level the slope 

of the D30 group line was higher (Table V). At the beginning of the assay, the A (white 

muscle) at the cranial part was larger than at the caudal level (Table III), and although the 

mean values were always higher anteriorly, with time the difference turned out to be less 

important facing the greater interindividual variability. 
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Table II. Body weight (BW), fork length (FL) and subcutaneous adipose tissue total area [A (adipose tissue)] in anterior and posterior parts of Pagellus 

bogaraveo fed the different diet treatments (protein varying from 20 to 60 %) for over 12 weeks 

  Diets 

 Initial D20 D30 D40 D50 D60 

BW (g) *24.32(0.13) **35.97(0.19)a **48.75(0.18)b **62.72(0.19)c **66.38(0.19)c **68.9(0.13)c 

FL (cm) *10.47(0.04) **11.90(0.05)a **13.20(0.04)b **13.90(0.05)b,c **14.20(0.05)c **14.50(0.03)c 

      

A (adipose tissue) (mm2)       

Anterior *32.45(0.03)# **54.51(0.13)# **81.28(0.23) # **82.62(0.21) # **99.58(0.33)# **91.62(0.20) # 

Posterior *21.49(0.17) *27.84(0.24) **39.39(0.27) **56.12(0.21) **49.30(0.26) **50.46(0.17) 

Values are presented as means (CV), n = 6 / group. Within a row, means with the superscript symbol (**) differ significantly from the initial mean and means without a common superscript letter 

differ significantly (P < 0.05). Within a column, anterior mean with the superscript symbol (#) differ significantly (P < 0.05) from the posterior mean. Absence of superscript indicates no significant 

difference between treatments. 
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Table III. Total muscle area [A (white muscle)], total number of fibres [N (white fibres)], number of fibres per unit area [NA (white fibres,muscle)] and cross-

sectional fibre area [ā (white fibres)] measured in white muscle, in anterior and posterior part of Pagellus bogaraveo fed the different diet treatments 

(protein varying from 20 to 60%) for over 12 weeks 

White Muscle 

  Diets 

 Initial D20 D30 D40 D50 D60 

A (white muscle) (mm2)       

Anterior 
*1,3E+02(0.10) # *1,4E+02(0.19) **1,9E+02(0.17) **2,2E+02(0.11) **2,5E+02(0.21)# **2,5E+02(0.21) 

Posterior 
*1,1E+02(0.09) *1,1E+02(0.22) **1,8E+02(0.15) **2,1E+02 (0.17) **2,1E+02(0.14) **2,3E+02(0.16) 

NA (white fibres,muscle) (N/mm2)       

Anterior 
*3,0E+02(0.10) **2,3E+02(0.12) **2,0E+02(0.26) **1,8E+02(0.11) **1,7E+02(0.13)# **1,9E+02(0.06) 

Posterior 
*3,1E+02(0.05) **2,3E+02 (0.16) **2,3E+02(0.20) **1,9E+02(0.14) **2,1E+02(0.04) **2,2E+02(0.20) 

N (white fibres)       

Anterior 3,9E+04(0.09) 3,1+04(0.24) 3,7E+04(0.11) 4,0E+04(0.10) 4,3E+04(0.14) 4,6 E+04(0.23) 

Posterior 
*3,5E+04(0.09) **2,5E+04(0.26)a *4,0E+04(0.13)b *3,9E+04(0.17)b **4,4E+04(0.11)b,c **4,9E+04(0.18)c 

ā (white fibres) (µm2)       

Anterior 
*1,9E+03(0.15) *2,1E+03(0.16) **2,4E+03(0.14) **2,8E+03(0.14) **2,9E+03(0.09) **2,7E+03(0.10) 

Posterior 
*2,0E+03(0.11) *2,3E+03(0.21) *2,4E+03(0.17) **2,6E+03(0.19) **2,8E+03(0.09) **2,6E+03(0.12) 

Values are presented as means (CV), n = 6 / group. Within a row, means with the superscript symbol (**) differ significantly from the initial mean and means without a common superscript letter 

differ significantly (P < 0.05). Within a column, anterior mean with the superscript symbol (#) differ significantly (P < 0.05) from the posterior mean. Absence of superscript indicates no significant 

difference between treatments. 
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Table IV. Total muscle area [A (red muscle)], total number of muscle fibres [N (red fibres) ], number of muscle fibres per unit area [NA (red fibres,muscle)] 

and cross-sectional fibre area [ā (red fibres)] measured in red muscle, in anterior and posterior part of Pagellus bogaraveo fed the different diet treatments 

(protein varying from 20 to 60 %) for over 12 weeks 

Red Muscle 

  Diets 

 Initial D20 D30 D40 D50 D60

A (red muscle) (mm2)       

Anterior *4,8E+00(0.40) *6,4E+00(0.27) **9,0E+00(0.34)# **1,1E+01(0.46) **9,9E+00(0.34) **9,4E+00(0.16)# 

Posterior *5,8E+00(0.38) *7,9E+00(0.35) **1,2E+01(0.24) **1,3E+01(0.31) **1,3E+01(0.26) **1,5E+01(0.34) 

NA (red fibres,muscle) (N/mm2)       

Anterior *5,2E+02(0.14) *5,7E+02(0.28) **3,5E+02(0.35)# **4,0E+02(0.25) **3,8E+02(0.13)# **3,7E+02(0.18)# 

Posterior *7,0E+02(0.21) *7,1E+02(0.18) *6,9E+02(0.20) **4,6E+02(0.29) *5,7E+02(0.19) *6,0E+02(0.19) 

N (red fibres)       

Anterior 2,6E+03(0.48) 3,5E+03(0.25)# 3,2E+03(0.62)# 4,1E+03(0.35) 3,7E+03(0.39)# 3,5E+03(0.27)# 

Posterior *4,1E+03(0.41) *5,6E+03(0.37) **7,8E+03(0.27) *5,9E+03(0.32) **7,3E+03(0.23) **8,6E+03(0.19) 

ā (red fibres) (µm2)       

Anterior *7,7E+02(0.14)# *6,4E+02(0.19) *9,6E+02(0.29)# **1,2E+03(0.31)# **1,1E+03(0.12)# **9,4E+02(0.16) 

Posterior *6,5E+02(0.21) *6,5E+02(0.16) *7,2E+02(0.17) *9,3E+02(0.35) **8,5E+02(0.14) *8,5E+02(0.23) 

Values are presented as means (CV), n = 6 / group. Within a row, means with the superscript symbol (**) differ significantly from the initial mean and means without a common superscript letter 

differ significantly (P < 0.05). Within a column, anterior mean with the superscript symbol (#) differ significantly (P < 0.05) from the posterior mean. Absence of superscript indicates no significant 

difference between treatments. 
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As to the relative number of fibres, at 12 weeks no differences among treatments were 

found in the white muscle NA (white fibres,muscle). Moreover, the white fibres NA (white 

fibres,muscle) declined as the body size increased, as shown in both D30 and D50 groups 

(Table V). The slopes of such decline were different, being higher for the D50 group 

(Table V). 

 
Table V. Relationships between body weight (BW) and total area [A (tissue)] (mm2), number of 

fibres per unit area [NA (fibres,muscle)] (N/mm2), total number of fibres [N (white fibres)] and cross-

sectional fibre area [ā (fibres)] (µm2) in white muscle in anterior and posterior part of Pagellus 

bogaraveo fed the different diet treatments (D30 and D50) for over 12 weeks. N = 24 

White Muscle

 Parameter Diet Line R2

Anterior A (white muscle) 
D30 

A (white muscle) = 6.78 + 4.05 · BW 0.97 
D50 

Posterior A (white muscle) 
D30 A (white muscle) = 50.19 + 2.37 · BW 0.68 

D50 A (white muscle) = 55.98 + 2.14 · BW 0.75 

Anterior NA (white fibres,muscle) 
D30 NA (white fibres,muscle) = 364.25 - 3.52 · BW 0.57 

D50 NA (white fibres,muscle) = 327.50 - 2.48 · BW 0.58 

Posterior NA (white fibres,muscle) 
D30 NA (white fibres,muscle) = 383.43 - 2.96 · BW 0.47 

D50 NA (white fibres,muscle) = 339.69 - 2.08 · BW 0.68 

Anterior N (white fibres) 
D30 No linear correlation 0.25 

D50 N (white fibres) = 32304 + 131.58 · BW 0.17 

Posterior N (white fibres) 
D30 No linear correlation  

D50 N (white fibres) = 30449 + 141.52 · BW 0.19 

Anterior ā (white fibres) 
D30 

ā (white fibres) = 191.57 + 53.85 · BW 0.93 
D50 

Posterior ā (white fibres) 
D30 ā (white fibres)= 1483.70 + 19.92 · BW 0.44 

D50 ā (white fibres) = 1681.20 + 16.63 · BW 0.56 

For each parameter, when the slopes and elevations did not differ from each other (P > 0.05) the common equation 

regression was computed. In all other cases, slopes differed (P < 0.05). 
 

Comparison of the N (white fibres) between dietary groups at the end of the experiment 

showed that greater numbers of fibres were present in the D50 and D60 groups at the 

post-anal level (Table III). During the trial, the white muscle N (white fibres) increased at 

the post-anal level in fish fed on diets with more than 50% of protein, despite the fact that 

at the post-opercular level no statistically differences were detected among treatments 

(Table III). There was also a linear and positive regression (weakly positive, but 

statistically significant) between the N (white fibres) and the body weight of fish fed on the 

D50 diet (Table V). The size-distribution fibre analysis within animals at the end of the trial 
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revealed that the percentage of smaller-area fibres (<2,000 µm2) – an indication of the 

contribution of hyperplasia – was significantly and negatively correlated with body weight 

in white muscle, decreasing with increasing levels of dietary protein (Fig. 4). At the end of 

the trial, however, still more than 1/3 of the posterior white muscle fibres in fish fed on 

D40, D50 and D60 diets were on this smaller sized fibres class (37%, 34% and 40%, 

respectively). 

Regarding muscle hypertrophy, as evaluated by the mean cross-sectional area (ā), at 12 

weeks no differences among treatments were found in ā (white fibres) (Table III). During 

the trial, we observed an increase in the ā (white fibres) of fish fed on diets with over 30% 

protein, at the post-opercular level, and with over 40% protein, at the post-anal level. 

Concerning the ā (white fibres), it was linearly and positively correlated with the body 

weight at the two corporal locations (Table V). 

 

 
Figure 4: Proportion of smaller fibres (< 2,000 µm2) in white muscle in anterior and posterior part of 

Pagellus bogaraveo fed the different diet treatments (protein varying from 20 to 60 %) for over 12 

weeks. Within each column, means without a common letter differ significantly (P < 0.05) (normal 

and Greek alphabet for anterior and posterior locations, respectively). The 95% confidence 

intervals were between ± 0.02 or 0.03% in relation to the proportion value obtained for each diet. 

 

Red muscle 
As in the white muscle, diet treatments did not have a noticeable differential effect on the 

A (red muscle). After 12 weeks, the A (red muscle) was higher than at the beginning 

(Table IV) in fish fed on diets with a protein content superior to 30%. In short, during the 

trial the A (red muscle) increased by approximately 2-fold at both post-opercular and post-
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anal levels. As shown in Table VI, there was a strong positive linear regression between 

red A (red muscle) and body weight of fish fed on D30 and D50 diets, with no differences 

in the slopes. 

As to the NA (red fibres,muscle), after 12 weeks, no differences were found among groups 

(Table IV). However, a few changes occurred in the NA (red fibres,muscle) during the 

assay, namely at the post-opercular level, where that parameter decreased in magnitude 

for most fish treated with diets containing over 30% of protein. For the fish fed on diet 

D30, no linear regressions were found between red muscle NA (red fibres,muscle) and 

body weight (Table VI). In most groups the red fibre density was higher at the post-anal 

level (Table IV). 

Concerning the absolute number, at 12 weeks no differences among groups were 

observed. The pattern of differences in the N (red fibres) between the beginning and the 

end of the trial, for each treatment, was similar to those observed in the white muscle. For 

fish fed on D30 and D50 diets, the correlation between N (red fibres) and body weight was 

linear at the post-anal level (Table VI), being the D30 line slope higher. As seen for the NA 

(red fibres,muscle), the N (red fibres) was greater in the posterior part of the fish. 

Concerning red fibre size, at 12 weeks no diet effects were found in the ā (red fibres) at 

the post-anal level, and at the post-opercular level only fish fed on diets with more than 

40% of protein had a bigger ā (red fibres) when comparing to the initial values (Table IV). 

For D30 and D50 diet groups, the ā (red fibres) increased linearly and positively with the 

body weight, both cranially and caudally (Table VI). Finally, regarding anterior vs posterior 

comparisons, only in the D20 group the mean value for ā (red fibres) was nearly equal at 

both locations. In the other groups, smaller fibres were found post-anally (Table IV). 

 

Discussion 
 

This study was simultaneously conducted with a nutritional assay (Silva et al., 2006), 

which showed that the growth performance of the fish analysed herein was affected by the 

dietary protein content. Increasing diet protein contents improved the biometric records, 

with fish fed on 40, 50 and 60% protein diets having had a similar final (average) body 

weight. The cited nutritional assay also revealed that the higher protein levels induced a 

similar daily growth index and that feed conversion ratio gradually improved with the 

increment of diet protein up to 40%, when growth was maximal. Silva et al. (2006) also 

observed that diet protein levels below 40% resulted in lower growth as well as lower 

protein and energy use. In the present study, a strong relationship between body weight 

and the morphometric variables (total muscle area, number and size of fibres) was found, 
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and this fact underlines the importance of including body weight as a covariate when 

studying changes in muscle fibres. 

 
Table VI. Relationships between body weight (BW) and total area [A (tissue)] (mm2), number of 

fibres per unit area [NA (fibres,muscle)] (N/mm2), total number of fibres [N (red fibres)] and cross-

sectional fibre area [ā (fibres)] (µm2) in red muscle in anterior and posterior part of Pagellus 

bogaraveo fed the different diet treatments (D30 and D50) for over 12 weeks. N = 24 

Red Muscle

 Parameter Diet Line R2

Anterior A (red muscle) 
D30 

A (red muscle) = 0.25 + 0.16 · BW 0.90 
D50 

Posterior A (red muscle) 
D30 

A (red muscle)= 0.27 + 0.22 · BW 0.92 
D50 

Anterior NA (red fibres,muscle) 
D30 No linear correlation  

D50 NA (red muscle) = 549.65 - 2.40 · BW 0.17 

Posterior NA (red fibres,muscle) 
D30 No linear correlation  

D50 NA (red muscle) = 801.00 - 3.69 · BW 0.22 

Anterior N (red fibres) 
D30 No linear correlation  

D50 No linear correlation  

Posterior N (red fibres) 
D30 N (red fibres) = 1979.10 + 106.89 · BW 0.32 

D50 N (red fibres) = 3700.80 + 57.20 · BW 0.20 

Anterior ā (red fibres) 
D30 ā (red fibres) = 600.65 + 8.93 · BW 0.18 

D50 ā (red fibres)= 722.27 +5.61 · BW 0.21 

Posterior ā (red fibres) 
D30 

ā (red fibres) = 64.67 + 17.47 · BW 0.92 
D50 

For each parameter, when the slopes and elevations did not differ from each other (P > 0.05) the common equation 

regression was computed. In all other cases, slopes differed (P < 0.05). 

 

Considering that white muscle is the main accumulating tissue in fishes (Houlihan & 

Laurent, 1987), it was somewhat surprising that the effect of the increase of the diet 

protein content was not more expressively reflected in the inner-out expanding growth of 

muscle mass. A feasible explanation could be that differences in growth of P. bogaraveo 

induced by the protein feed level affected also lipid deposition rather than protein buildup 

only (Silva et al., 2006). During this study, however, when the body weight was a 

covariate, no parallelism was seen between the increasing body weight and the mounting 

of adipose tissue area in body sections, which supports the conclusion that the excess of 

dietary protein was used to build up muscle tissue. 

In accordance with the nutritional assay, one of the present findings was that P. 

bogaraveo fed with different protein levels had different growth rates, reflected in 
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dissimilar mean cross-sectional muscle fibre areas. Overall, these differences only 

became apparent in fish fed on protein-rich diets (> 40%). Increases in the cross-sectional 

area of white muscle fibres during growth were also observed in other fish species 

(Weatherley et al., 1980; Kiessling et al., 1991; Koumans et al., 1993; Fauconneau et al., 

1997; Suresh & Sheehan, 1998) — here we further proved that such increases are 

maximal only above a threshold of diet protein intake. 

Comparisons among the different somatic growth rates linked to the diet protein content 

showed, that the white fibre number was significantly higher in the posterior part of the fish 

fed on the highest protein diets (D50 to D60). This result indicates a higher hyperplastic 

muscle growth of this fish during the experiment. Moreover, the higher percentage of 

smaller fibres (< 2,000 µm2) observed in the groups fed high-protein diets (> 40%) 

suggest a greater potential for hypertrophic growth thereafter. Previous studies reported 

substantial differences in the relative contribution of both hypertrophy and hyperplasia of 

muscle fibres between rapid and slow growing strains of the same species (Weatherley et 

al., 1979; Higgins & Thorpe, 1990; Alami-Durante et al., 1997; Valente et al., 1999; 

Johnston et al., 2000) in such a manner that rapid somatic growth is commonly associated 

to a higher rate of hyperplasia. These changes in fibre numbers were described in fish 

exhibiting different body sizes, and so, if size is taken into account these differences could 

be minimal (Kiessling et al., 1991). However, in the present study, this does not seem to 

be the case; when the body size (covariate) was taken into account the statistical analysis 

still supported that hyperplasia was influenced by the dietary protein level.  

Our analyses showed that the increase in total posterior white muscle area resulted from 

a both fibre recruitment and hypertrophy in animals fed on high protein diets (>40%); 

nonetheless, such an increase was entirely due to fibre hypertrophy in fish fed on protein-

poor diets. This seems a very important result, as the fish somatic growth is mainly due to 

skeletal muscle development. Silva et al. (2006) proposed diets containing 40% protein as 

the most favourable for growth and feed conversion ratio in P. bogaraveo. The present 

results, however, showed that despite the absence of body weight differences, a higher 

total white fibre number was still observed in the posterior part of the fish fed on diets with 

high protein content (D50 and D60). This result, coupled with the high % of smaller fibres 

in such diets, suggests that a protein content slightly higher than 40% may be the most 

adequate to further induce this species growth. In fact, as the high-protein diets mainly led 

to hyperplastic muscle growth in juveniles, such specimens with both more total and more 

numerous smaller fibres hold a greater potential to hypertrophic growth, when compared 

to fish with larger but fewer fibres, being able to reach the commercial size faster. 

From the kinetics of muscle growth in fish fed on D30 and D50 diets, it can be concluded 

that, for the body size-range studied, the white muscle fibre hypertrophy increased linearly 
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with the animal weight, which is in full agreement with a number of some other studies in 

fish (Weatherley et al., 1988; Kiessling et al., 1991; Valente et al., 1999). In addition, 

although the fibre number was only linearly correlated with total body growth for D50 fish 

diet group, this further stressed the importance of the hyperplasia for growth in fish fed on 

diets having higher protein contents. 

The present work is one of the very few studying muscle cellularity of fish related to body 

location (caudal and cranial). As in Dicentrarchus labrax (Linnaeus) (Abdel et al., 2005), 

the present results for the average white muscle fibre area, number of fibres and fibre 

density did not show significant differences between the two sampling levels, despite the 

existing anterior-posterior difference regarding body shape. But the same constancy is not 

true for the red muscle, where the number of muscle fibres was higher and the size 

smaller at the caudal level of the fish, at least in most of all experimental groups. To the 

best of our knowledge, this is the first time that such scenario is reported in a fish species, 

despite the study conducted by Zhang et al. (1996), who, upon the examination of the 

distribution of red, pink and white muscle along the length of scup (Stenotomus chrysops, 

Linnaeus), reported that the total area occupied by the red muscle in body cross sections 

was larger in the mid and posterior body positions. Also, in a Meyer-Rochow & Ingram 

(1993) article there was (despite not statistically tested) a right shift in the size-diameter 

distribution of the aerobic red fibres towards the tail of the Southern smelt (Retropinna 

retropinna, Richardson); only graphically observable in the lacustrine form. This agreed 

with a reported greater total area of the red muscle, at least up to 70% of the fork length. 

On the contrary, another work checking for variations in the total red muscle cross-

sectional area found it more anteriorly developed in thunniform swimmers (Ellerby et al., 

2000). The mechanistic reason why the red muscle of P. bogaraveo displayed a different 

cellularity between the two body locations is not clear at this time, but the data strongly 

suggest there are different regulatory mechanisms for establishing the number and size of 

the fish red fibres, according to location. 

In conclusion, it was shown that differences in body size between the P. bogaraveo fed on 

diets with different diet protein levels were mainly due to different muscle fibres dynamics. 

Our data indicated that high-protein ratio diets favoured muscle growth by fibre 

recruitment. The fish fed on protein-rich diets (namely the D50 and D60) showed 

evidences of a sustained higher recruitment of fibres endowing the fish with the potential 

to accomplish further growth by fibre enlargement. Finally, we proved that rostro-caudal 

differences exist in fibre cellularity, with a consistently higher number of smaller sized red 

fibres being found at caudal level when compared to the post-opercular ones. 
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Abstract 
 

When considering new marine species for Mediterranean aquaculture, blackspot 

seabream emerges as a potential candidate. However, there are scarce data on the 

nutritional requirements and optimal growth conditions of this species. A 12-week feeding 

trial was conducted to evaluate the effects of dietary protein on growth, nutrient utilisation 

and body composition of blackspot seabream (23 g). Five isolipidic diets (12%) with 

graded levels of protein (20-60%) were distributed, twice a day, to duplicate groups of fish, 

until satiation. Growth increased significantly with increasing dietary protein up to 40%, but 

higher protein levels induced a similar daily growth index (1.4). Feed conversion ratio 

(FCR) decreased with increasing levels of dietary protein (4.2-1.6). No significant 

differences were detected in protein of whole body blackspot seabream among 

treatments, but fat percentage decreased with increasing dietary protein. Dry matter and 

energy digestibility showed a concomitant increase with the reduction in dietary wheat 

meal, attaining maximal values with high protein diets. These results suggested that the 

most favourable values for growth and FCR are obtained with diets containing 40% 

protein. However, the excessive lipid deposition reveals that more nutritional studies are 

necessary before the species can be established in aquaculture. 

 

Introduction 
 

In Southern Europe, marine aquaculture is currently concentrated on the production of 

gilthead seabream (Sparus aurata, Linnaeus), European seabass (Dicentrarchus labrax, 

Linnaeus) and turbot (Psetta maximus, Linnaeus). With the expansion of aquaculture 

sector in recent years there has been increased interest in other species, and blackspot 

seabream (Pagellus bogaraveo, Brunnich) is currently under consideration due to its high 

commercial value, scarcity in the market, and biological characteristics (Peleteiro et al., 

2000). 

The blackspot seabream is common along the continental shelf of the Southern European 

Atlantic and throughout Mediterranean. Studies on blackspot seabream in captivity are 

extremely scarce and have dealt mainly with reproduction and disease control, larvae and 

juveniles culture techniques (Olmedo et al., 1998; Peleteiro et al., 2000; Micale et al., 

2002; Mladineo, 2003). Individuals caught in the natural environment exhibits lower 

growth rates (Peleteiro et al., 1994; Olmedo et al., 2000) compared to other farmed 

Sparidae, such as gilthead seabream (Aksnes et al., 1997; Santinha et al., 1999; 

Izquierdo et al., 2003), and very high lipid deposition in muscle, liver and particularly 

around viscera (Linares et al., 2001). These results clearly suggest the need of optimizing 
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culture conditions and improving diets for this species for possible future consolidation of 

blackpot seabream farming.  

Wild blackspot seabream is mainly carnivorous (Morato et al., 2001), but the optimum 

level of dietary protein for this species in captivity was not reported yet. The aim of the 

present study was to determinate the effect of graded dietary protein level on growth, 

nutrient utilisation and body composition of juvenile blackspot seabream. 

 

Materials and Methods 
 

Diets 

 
Five isolipidic (crude fat: 12% dry matter (DM)) diets were formulated to contain graded 

protein levels (20- 60%) (Table I). The dietary protein was provided from a mixture of LT 

fishmeal, wheat gluten, soybean meal and fish protein concentrate. All ingredients were 

finely ground, mixed and dry pelleted through a 2.4 mm die at 50ºC (CPM model 3000, 

San Francisco, CA, USA). 

 
Experimental conditions 

 
The feeding trial was conducted on wild-caught blackspot seabream at the Mariculture 

Center of Calheta, in Madeira Island. Fish were held for six weeks to acclimation to 

captive conditions. During that time, fish were fed ad libitum with a commercial diet (44% 

protein, 17% fat; Sorgal, S.A.). After acclimatisation, homogeneous groups of 120 

juveniles [initial body weight (IBW) = 23 g) ] were randomly distributed among 10 PVC 

tanks (500 L) in a flow-through seawater system (salinity: 38 g L-1) at a temperature of 21-

24 °C (Min. – Max.). Fish were exposed to a 12 h /12 h dark photoperiod (dawn at 07:00 

hours and dusk at 19:00 hours). The five diets were randomly allotted to the duplicates 

tanks, and fish were hand fed to apparent satiety, twice a day, for over 12 weeks. Every 

four weeks fish were bulk-weighed to estimate growth and register feed consumption. 

Before sampling, fish were deprived of food for 24 h, anaesthesized by immersion in a 

bath of isoeugenol (2-methoxy-4-propenylphenol) at 5-10 ml 1000 l-1, weighed and 

measured. A pooled sample of 20 fish was taken from the initial stock, and 6 fish per tank 

at the end of the experiment. Fish were stored at -20 ºC for subsequent whole body 

composition analysis. 
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Digestibility trial 
 

The apparent digestibility coefficient (ADC) of the dietary components of the diets was 

determined after incorporation of 0.5% of chromic oxide to a grounded portion of each 

diet. The mixtures were then dry pelleted through a 2.4 mm die at 50 ºC (CPM, C-300 

model). Ten homogenous groups of 10 fish (mean body weight of 60 g) were distributed 

by a digestibility flow-through seawater system of 55-L tanks specially constructed 

according to the Guelph System protocol (Cho et al., 1982). The experimental fish were 

adapted to the new conditions for twenty days and were subjected to a 12 h/12h dark 

photoperiod regime provided by artificial illumination. The diets were randomly assigned 

by the tanks (two tanks per treatment) and the first four days were used for acclimation to 

the feed and no faeces were collected. Fish were fed once daily until apparent satiety and 

approximately 30 minutes after fish consumed their meal any uneaten food and faeces 

were removed from the system. Before the fish were fed each morning, the faeces were 

collected, centrifuged at 1715g. for 10 minutes and frozen at –20 oC. The ADC’s were 

calculated according to Maynard & Loosly (1969). 

 

Analytical methods 
 

Frozen whole body samples and faeces were ground and analysed for dry matter (105 ºC 

for 24 h). Samples were then freeze-dried before analyses. Diets, whole body samples 

and faeces were analyzed for DM, ash by combustion in a muffle furnace (550 °C for 12 

h); crude protein (Micro-Kjeldahl; N x 6.25) after acid digestion, lipids by petroleum ether 

extraction (at Soxhlet 40-60 ºC), and gross energy, by direct combustion in an adiabatic 

bomb calorimeter (model PARR 1261, Parr, Molin, IL, USA). Chromic oxide in both faeces 

and diets was determined according to Bolin et al. (1952). 

 

Calculations 
 

The growth performance, feed intake and feed utilization were described using the 

following parameters: 

Wet weight gain (WWG) = Final body weight (FBW) - Initial body weight (IBW), (g); 
Daily growth index (DGI) = 100 · ((FBW1/3 - IBW1/3) ÷ Days); 
Feed conversion ratio (FCR) = Dry feed intake (g) ÷ WWG (g); 
Voluntary feed intake (VFI) = Feed intake ÷ Mean body weight (MBW) ÷ Days, (g kg-1 d-1); 
Protein efficiency ratio (PER) = WWG ÷ Crude protein intake; 
Condition factor (K) = FBW/Length3 · 100. 
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Table I: Formulation and proximate composition of the experimental diets 

 Dietary treatments

 D20 D30 D40 D50 D60 

Ingredients (%)      
1Extruded peas meal 10.0 10.0 10.0 5.0 9.0 

Wheat meal 55.7 37.5 22.4 11.2 5.0 
2LT Fishmeal  5.0 17.7 33.2 50.7 50.0 

Wheat gluten 2.0 2.0 2.0 2.0 16.3 

Defatted soybean meal (48% crude protein) 13.7 20.0 20.0 20.0 0.0 
3Fish protein concentrate 1.0 1.0 2.0 2.0 13.2 
4Mineral Mix 0.5 0.5 0.5 0.5 0.5 
5Vitamin Mix 0.2 0.2 0.2 0.2 0.2 

Binder 2.0 2.0 2.0 2.0 2.0 

Fish oil 9.9 9.1 7.7 6.4 3.9 

Proximate composition      

Dry matter (DM, %) 91.0 91.3 92.1 92.5 93.5 

Crude Protein (% DM) 24.1 35.7 45.3 54.4 63.7 

Crude Fat (% DM) 12.7 12.7 12.4 12.4 11.6 

Ash (% DM) 5.7 7.9 10.1 12.2 11.8 
6NFE (% DM) 48.6 34.9 24.3 13.4 6.4 

Gross Energy (kJ g-1 DM)  18.8 19.3 19.5 19.7 20.4 

Digestible protein (DP, % DM)) 17.4 29.7 39.4 48.8 58.3 

Digestible energy (DE)( kJ g-1 DM) 9.2 11.7 13.8 15.0 17.3 

DP/DE ratio (mg kJ-1) 18.8 25.5 28.5 32.6 33.7 
1 Aquatex (20.5 Crude protein (C.P.); Sotexpro, France).  

2 Norse LTay 

3 Soluble fish protein hydrolizate (75.26 crude protein ; Sopropêche, France). 
4 Mineral mixture (g or mg kg-1 diet): calcium carbonate (40% Ca), 2.15 g; magnesium oxide 

(60% Mg), 1.24 g; ferric citrate, 0.2 g; potassium iodide (75% I), 0.4 mg; zinc sulphate (36% Zn), 0.4 

g; copper sulphate (25% Cu), 0.3 g; manganese sulphate (33% Min), 0.3 g; dibasic calcium 

phosphate (20% Ca, 18% P), 5 g; cobalt sulphate, 2 mg; sodium selenite (30% Se), 3 mg; potassium 

chloride, 0.9 g; sodium chloride, 0.4 g. 
5 Vitamin mixture (IU or mg kg-1 diet): DL-alpha tocopherol acetate, 60 IU; sodium menadione 

bisulphate, 5 mg; retinyl acetate, 15000 IU; DL-cholecalciferol, 3000 IU; thiamin, 15 mg; riboflavin, 30 

mg; pyridoxine, 15 mg; cyanocobalamin, 0.05 mg; nicotinic acid, 175 mg; folic acid, 5 mg; ascorbic 

acid, 500 mg; inositol, 1000 mg; biotin, 2.5 mg; calcium panthotenate, 50 mg; choline chloride, 2000 

mg. 
6 Nitrogen-free extract - estimated by difference. 

 
Statistical analysis 

 
Statistical analysis followed methods outlined by Zar (1996). All data were checked for 

normality and homogeneity of variance using Kolmogorov-Smirnov and the Levene tests, 

respectively. Arcsine transformations of percentage data were preformed to achieve 

homogeneity of variance. Data were then submitted to a one-way analysis of variance 
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(ANOVA), with dietary protein level as the main factor, using the Statistica (StatSoft) 

version 6. When F values showed significance, individual means were compared using 

the Duncan’s multiple range test. Significant differences were considered when P < 0.05. 

 

Results 
 

Growth performance 

 
Data on growth and feed utilization are reported in Table II. The growth of fish, expressed 

either as wet weight gain (WWG) or as daily growth index (DGI), was significantly 

improved with increasing levels of dietary protein up to 40 %, but there was no further 

significant increase at higher dietary protein concentrations. The length-weight 

relationships did not vary significantly among fish in the different treatments. Voluntary 

feed intake decreased with increasing dietary protein level (Table II). Feed conversion 

ratio (FCR) varied between 1.6 and 4.2 with no significant differences emerging when fish 

were fed above 40 % dietary protein. Protein efficiency ratios (PERs) were not 

significantly different (P>0.05) among treatments. 

 

Whole body composition 

 
Data on whole body composition are reported in Table III. The percent of both protein and 

ash were similar among treatments. There was a significant and inverse effect of dietary 

protein level on the percent whole body moisture and lipids, with lowest lipid (18.3 %) and 

highest moisture (61.7 %) values in fish fed D60. These fish have also exhibited the 

lowest energy (9.6 kJ g-1). 

 

Digestibility 

 
The ADC of dry matter increased significantly from D20 to D60 (Table IV). Protein and 

lipid digestibilities were highest for D60 (92 % and 99 %, respectively), although no 

significant differences were observed from D50 to D60. Energy digestibility increased 

significantly with increasing dietary protein, and decreasing levels of carbohydrate (Table 

IV). 
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Table II: Growth performance and feed utilization in juvenile blackspot seabream, Pagellus 

bogaraveo, fed the experimental diets over 12 weeks 

 Dietary treatments 

 D20 D30 D40 D50 D60

Initial body weight (IBW) (g) 22.4 (0.8) 23.5 (0.1) 22.3 (0.5) 22.7 (1.6) 23.1 (0.3) 

Final body weight (FBW) (g) 36.9 (2.4)a 50.1 (2.1)b 58.8 (1.3)c 61.2 (1.1)c 61.9 (2.5)c 

Condition Factor (K) 2.2 (0.03) 2.3 (0.1) 2.4 (0.03) 2.4 (0.03) 2.3 (0.03) 

Wet weight gain (g) 14.4 (1.6)a 26.5 (2.2)b 35.5 (0.8)c 38.5 (2.8)c 38.9 (2.2)c 

Daily growth index 0.7 (0.1)a 1.1 (0.1)b 1.3 (0.01)c 1.4 (0.1)c 1.4 (0.1)c 

Feed conversion ratio 4.2 (0.6)a 2.6 (0.3)b 2.1 (0.04)b,c 1.8 (0.01)c 1.6 (0.1)c 

Voluntary feed intake (g kg-1 BW day-1) 26.1 (0.2)a 24.2 (0.1)a 22.8 (0.04)a,b 20.6 (0.2)b,c 19.1 (0.02)c 

Protein efficiency ratio 1.0 (0.1) 1.1 (0.1) 1.1 (0.02) 1.1 (0.003) 1.0 (0.03) 

Values are means (SD), n=2. Within a row, means without a common superscript letter differ significantly (P<0.05). Absence 

of superscript indicates no significant difference between treatments. 

 
Table III: Whole body composition (% or kJ g-1 of wet weight) in juvenile blackspot seabream, 

Pagellus bogaraveo, fed the experimental diets over 12 weeks 

1Initial body composition (% or kJ g-1 of wet weight) was: moisture 63.3, protein 13.9, fat 16.3, ash 3.7 and energy 8.97. 

Values are means (SD), n=2. 

Within a row, means without a common superscript letter differ significantly (P<0.05). Absence of superscript indicates 

no significant difference between treatments. 

 

Nutrient and energy balance 
 

The partition of the nutrients as nitrogen, lipid and energy is expressed in Table V. The 

digestible nitrogen intake was not affected by the dietary protein content, being the 

recovered nitrogen similar among treatments. Crude lipid and gross energy intake showed 

the significant highest values when the low protein/high carbohydrate diet was used 

(D20). Values for recovered lipid and energy followed the very same trend. No significant 

differences were observed for nitrogen and energy retention efficiency values among 

dietary treatments (P > 0.05). However, the retention efficiency of lipids increased 

 Dietary treatments 

 D20 D30 D40 D50 D60 

Final body composition1      

Moisture (%) 58.9 (0.3)a 59.7 (0.3)a,b 60.4 (0.2)b,c 61.3 (0.3)c,d 61.7 (0.8)d 

Ash (%) 3.5 (0.1) 3.7 (0.5) 3.5 (0.5) 4.0 (0.3) 4.0 (0.6) 

Protein (%) 13.2 (1.4) 14.0 (0.6) 14.6 (0.5) 14.2 (0.3) 14.3 (0.7) 

Lipids (%) 21.0 (0.6)a 19.7 (0.5)a,b 19.9 (0.7)a,b 18.8 (0.03)b,c 18.3 (0.5)c 

Energy (kJ g-1 ) 10.7 (0.1)a 10.2 (0.3)b 10.0 (0.01)b,c 9.9 (0.1)b,c 9.6 (0.2)c 
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significantly with increasing protein levels until a protein content of 40% was supplied 

(D40, D50 and D60). Based on daily protein gain and on protein intake data, and using a 

second order polynomial regression analysis (Fig. 1), the maintenance protein intake level 

was estimated to be 4.3 g Kg-1 day-1, for fish weighing between 20 and 60 g. 

 
Table IV: Apparent digestibility coefficients (ADC, %) of the different experimental diets 

 Dietary treatments 

 D20 D30 D40 D50 D60 

Dry matter 32.7 (3.0)a 38.9 (4.4)a 51.1 (3.0)b 59.3 (0.8)c 66.2 (0.3)d 

Protein 72.3 (0.9)a 83.2 (2.2)b 86.9 (1.7)b,c 89.7 (0.8)c,d 91.5 (1.0)d 

Lipids 83.9 (1.3)a 93.3 (1.7)b 96.3 (1.2)b,c 98.1 (1.6)c 99.0 (0.3)c 

Energy 49.1 (1.4)a 60.3 (2.4)b 70.9 (1.3)c 76.2 (0.03)d 84.6 (0.8)e 

Values are means (SD), n=2. 

Within a row, means without a common superscript letter differ significantly (P<0.05). Absence of superscript 

indicates no significant difference between treatments. 

 

Discussion 
 

Few data are available on growth of blackspot seabream and these mostly refer to 

preliminary experiments. The DGI observed in this study (0.7-1.4) were not very good if 

compared to other farmed Sparidae (Santinha et al., 1996), but are higher than those 

previously obtained during ongrowing of juveniles (20-25 g) caught in the wild (Chereguini 

et al., 1990). Moreover, previous studies reported better DGIs in smaller fish (2.0 g) born 

in captivity (Olmedo et al., 1997), stressing the need of improving both reproduction and 

larvae culture techniques to further achieve good growth rates of juveniles. 

Weight gain of young fish is usually a reliable indicator of the adequacy of the nutritional 

and management regimes (Cho & Kaushik, 1990). In the present study, the growth 

performance and feed utilization displayed by blackspot seabream confirm the 

dependency of this fish species on a high protein diet. Both WWG and DGI of blackspot 

seabream improved with increasing levels of dietary protein up to 40 %, but there was no 

further significant increase at higher dietary protein concentrations. The high voluntary 

feed intake of fish fed protein-poor diets (D20 and D30) showed that these fish consumed 

more DM in order to adjust the amount of protein ingested to their needs. Moreover, FCR 

has gradually improved with the increment of dietary protein up to 40%, when growth was 
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maximal. This agrees with other studies in gilthead seabream (Santinha et al., 1996; 

Vergara et al., 1996a) that have shown that growth and FCRs improve with high protein 

diets. 

 
Table V: Intake and retention efficiency (g kg-1 or kJ g-1 of wet weight gain), of nitrogen, lipid and 

energy in blackspot seabream, Pagellus bogaraveo, fed the experimental diets over 12 weeks 

  Dietary treatments 

 D20 D30 D40 D50 D60 

      

Crude Nitrogen intake 161.7 (21.5) 150.2 (15.2) 148.9 (2.8) 152.3 (0.5) 166.4 (5.9) 

Digestible Nitrogen intake 116.9 (15.5) 125.0 (12.6) 129.4 (2.4) 136.6 (0.4) 152.3 (5.4) 

Recovered Nitrogen 1 19.2 (6.4) 22.6 (1.6) 24.0 (1.5) 23.1 (0.7) 23.1 (1.1) 

Non faecal excreted Nitrogen 2 97.8 (21.9) 102.4 (14.2) 105.5 (3.9) 113.5 (0.3) 129.2 (6.5) 

Nitrogen retention efficiency 3 16.9 (7.7) 18.2 (3.1) 18.5 (1.5) 16.9 (0.4) 15.2 (1.3) 

(% digestible nitrogen intake)      

      

Crude lipid intake 531.7 (70.7)a 334.4 (33.8)b 255.4 (4.8)b,c 217.6 (0.6)c 189.0 (6.6)c 

Digestible lipid intake 446.1 (59.3)a 312.0 (31.5)b 246.0 (4.6)b,c 213.4 (0.6)c 187.1 (6.6)c 

Recovered lipid 1 282.1 (12.3)a 227.1 (14.7)b 223.8 (13.8)b 203.0 (0.1)b 194.1 (14.9)b 

Non faecal excreted lipid 2 164.0 (71.6)a 84.8 (16.8)a,b 22.2 (18.4)b,c 10.4 (0.6)b,c -7.0 (8.4)c 

Lipid retention efficiency 3 64.0 (11.3)a 72.9 (2.6)a 91.1 (7.3)b 95.1 (0.3)b 103.7 (4.3)b 

(% digestible lipid intake)      

      

Gross energy intake 79.0 (10.5)a 50.8 (5.1)b 40.0 (0.8)b,c 34.4 (0.1)c 33.3 (1.2)c 

Digestible energy intake 38.8 (5.2)a 30.6 (3.1)b 28.3 (0.5)b 26.2 (0.1)b 28.2 (1.0)b 

Recovered energy 1 13.3 (0.2)a 11.3 (0.8)b 10.7 (0.1)b 10.4 (0.2)b 10.1 (0.7)b 

Non faecal excreted energy 4 2.4 (0.6) 2.6 (0.4) 2.6 (0.1) 2.8 (0.01) 3.2 (0.2) 

Metabolizable energy 5 36.4 (4.6)a 28.1 (2.7)b 25.6 (0.4)b 23.3 (0.1)b 25.0 (0.8)b 

Total heat loss 6 23.4 (4.8)a 16.8 (1.9)b 15.0 (0.5)b 13.0 (0.3)b 14.9 (0.2)b 

Energy retention efficiency 3 34.6 (5.1) 36.9 (1.0) 37.8 (0.9) 39.6 (0.9) 35.7 (1.1) 

(% digestible lipid intake)      

The values are mean (SD) (n=2) 

Within a row, means without a common superscript letter differ significantly (P<0.05). Absence of superscript indicates no 

significant difference between treatments. 
1 Recovered nutrient = recovered nutrient in final carcass - recovered nutrient in initial carcass. 
2 Non faecal excreted nutrient = digestible nutrient - recovered nutrient. 
3 Nutrient retention efficiency = Nutrient recovered / Digestible nutrient intake, %. 
4 Non faecal excreted energy = non faecal excreted nitrogen x 25kj.g-1. 
5 Metabolizable energy = digestible energy intake - non faecal excreted energy. 
6 Total heat losses = metabolizable energy - recovered energy. 

 

The protein requirements for blackspot seabream growth seem to be in the same range 

as other marine carnivorous fish species. A number of previous studies in gilthead 
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seabream (Santinha et al., 1996; Vergara et al., 1996b), European seabass (Hidalgo & 

Alliot, 1988; Ballestrazzi et al., 1994; Peres & Oliva-Teles, 1999), dentex (Dentex dentex, 

Linnaeus) (Tibaldi et al., 1996) and Japanese seabass (Lateolabrax japonicus, Cuvier) (Ai 

et al., 2004) have estimated 40-50% as the optimal dietary protein level in terms of growth 

performance. 

The ADC for both DM and protein were slightly lower than those obtained in other fish 

species, like gilthead seabream (Santinha et al., 1996) and rainbow trout (Oncorhynchus 

mykiss, Walbaum) (Cho & Kaushik, 1990), fed good-quality proteins. Nevertheless, the 

ADC of lipids was high for all diets and comparable to values found in other fishes (Cho & 

Kaushik, 1990; Santinha et al., 1996; Guillaume & Choubert, 1999). In this study the ADC 

of DM and energy showed a concomitant increase with the reduction in dietary wheat 

meal, attaining maximal values with high protein diets (D50 and D60). This can be due to 

the relative high level of fibre in this raw material, suggesting a poor capacity of blackspot 

seabream to digest the carbohydrate fraction of this dietary component. The latter 

phenomenon might result in the deposition of a larger proportion of the recovered energy 

as fat. Recent studies in blackspot seabream larvae referred a high trypsine specific 

activity and considerably low amylase specific activity in this species compared to other 

fish (Ribeiro et al., 2005), confirming the low ability of these fish to use dietary 

carbohydrates. 
 

 

 

 

 

 

 
 
 
Figure 1: Relation between protein intake and protein gain is blackspot seabream Pagellus 

bogaraveo with an estimation of maintenance and growth needs by a polynomial model. 
 

Protein utilization of diets for protein deposition decreases with increasing dietary protein 

levels, probably because more dietary protein is used as an energy source (Cho & 

Kaushik, 1985). This was clearly observed in the present study, where the protein content 

of diet D20 was used to a minimum extent for energy purposes, as the intake of 

digestibility lipids was high, and was reflected in the lower non faecal excreted nitrogen 
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values. Higher dietary protein levels increased the oxidation of protein to satisfy fish 

energy needs, resulting in a higher excretion of ammonia through the branchial system. 

Similar results were observed in other fish species like gilthead seabream (Santinha et al., 

1996) and the rainbow trout (Kaushik & Luquet, 1984). With diet D20 fish did not get 

enough protein and showed significantly lower growth compared with those fed the 

remaining diets. However, no significant differences were found on the nitrogen retention 

efficiency between diets. In growing animals, the energy retention is partitioned between 

protein and lipid (Cho & Kaushik, 1990), but in the present study increasing dietary protein 

levels did not affect energy retention efficiency. Moreover, a large excess of energy intake 

and improper balance of protein to energy ratios with diet D20 resulted in the deposition of 

a larger proportion of the recovered energy as a fat. At the end of the growth trial all fish 

exhibited quite high fat contents (>18%), in spite of the low dietary lipid level (12%), and 

there was a significant and inverse effect of dietary protein level on the percent whole 

body moisture and lipids. It seems that lipogenesis from carbohydrate sources might have 

a role in lipid deposition. 

The maintenance protein requirement in blackspot seabream was estimated as 4.3 g kg-1 

day-1, being superior to those reported for rainbow trout (2.6 g kg-1 day-1) (Kaushik & 

Gomes, 1988), Nile tilapia (Oreochromis niloticus, Linnaeus) (1.9-2.2 g kg-1 day-1) 

(Kaushik et al., 1995); gilthead seabream (0.86 g kg-0.7 day-1) (Lupatsch et al., 1998) and 

European seabass (2.0-2.8 g kg-1 day-1) (Hidalgo & Alliot, 1988; Ballestrazzi et al., 1994). 

This suggests that to reduce cost, alternative sources of proteins should be investigated 

for this species. However, on a dietary concentration basis and considering a feeding rate 

of 2 % day-1 for blackspot seabream juveniles (20-60 g), it can be estimated that the crude 

protein requirements for maximum weight gain would be above 40%, what is in general in 

accord with previous findings that suggested values of 40-60% for optimal growth in 

seabass and gilthead seabream (Hidalgo & Alliot, 1988; Ballestrazzi et al., 1994; Santinha 

et al., 1996; Vergara et al., 1996b; Peres & Oliva-Teles, 1999). 

In conclusion, our data indicates that a diet with about 40% crude protein seems to be 

adequate for blackspot seabream simultaneously maximizing growth performance, 

nutrient utilisation and benefit-cost ratio. However under the assay conditions fish 

evidenced a lower growth rate than the ones observed in other established aquaculture 

species. Moreover, Pagellus bogaraveo showed excessive lipid deposition, regardless of 

the low dietary lipid level (12%). It is clear that more nutritional studies are essential to test 

a wider range of dietary protein/lipid combinations and different protein sources in 

hatchery-reared blackspot seabream, in order to improve growth, and before the species 

can be profitably established in intensive aquaculture. 
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Skeletal muscle studies play an important role both on the understanding of cell fate 

mechanisms in vertebrate embryos, and on the investigation of the control of cell 

development and differentiation. Fish have emerged as powerful models for those studies 

because of the anatomical separation of the different muscle fibre types, which facilitates 

many kinds of studies that are difficult or impracticable in other vertebrates. Moreover, in 

contrast to mammals, fish growth is judged as indeterminate which means that most fish 

grow throughout their life by the formation of new muscle cells (hyperplasia) or by the 

increase of muscle cell volume (hypertrophy) (Johnston, 2001). This peculiarity makes fish 

as unique and very good models to study growth processes in vertebrates. Of course, this 

idea of continuous growth could be useful knowledge when considering muscle illnesses 

in humans, such as muscle atrophies and dystrophies. 

With the Thesis, we wanted to contribute towards a better knowledge of the differentiation 

and development of blackspot seabream (Pagellus bogaraveo, Brunnich) skeletal muscle. 

This project explored muscle growth from the molecular level to the whole animal level, 

covering fundamental, environmental-related, applied and comparative aspects. We chose 

the blackspot seabream because it was (and still is) a strong candidate to mediterranean 

marine aquaculture, although only a limited experience on larval rearing and ongrowing of 

the species exists (Peleteiro et al., 1994; Olmedo et al., 1998; Olmedo et al., 2000; 

Peleteiro et al., 2000; Micale et al., 2002; Mladineo, 2003; Figueiredo-Silva et al., 2009). 

 

Phenotype of the skeletal muscle fibres from hatching to adult 
 

One of the aims of our study was to identify the muscle fibre types and their distribution in 

the axial musculature of the blackspot seabream from hatching until adult. To carry out 

that identification, a variety of techniques and approaches were used. Histochemical 

methods were performed to distinguish muscle fibre types, either by providing evidence of 

enzyme activity of the aerobic and anaerobic energy metabolism (succinic dehydrogenase 

SDH), or were based on Ca2+ -activated myofibrillar adenosine triphosphatase (mATPase) 

activity. Furthermore, and by their specific myosin isoforms, fibre types were distinguished 

immunohistochemically and by mRNA expression. Juvenile muscle fibre types were also 

identified by their fine structure, and differences in qualitative and quantitative features 

were studied. As for the former, different types of mitochondria, as well as shapes and 

alignments of myofibrils were analysed. As to quantitative information, the content of 

myofibrils, volume density of mitochondria, nuclei and lipid droplets were morphometrically 

estimated. Overall, and as in all vertebrates, we found that the axial musculature of the 

blackspot seabream consisted of several muscle fibre types with distinct biochemical, 

histochemical, physiological and morphological properties. We also found that the 
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phenotype of the fibre types varied considerably during ontogeny and was different from 

the one observed in species with a different habitat and evolutionary history (Carpenè & 

Veggetti, 1981; Scapolo et al., 1988; Crockford & Johnston, 1993; Veggetti et al., 1993; 

Johnston, 1994; Johnston & Horne, 1994; Johnston et al., 1998). 

At hatching, the structure of the lateral muscle in blackspot seabream was characterized 

by several layers of deep fast-white fibres covered by a typical superficial fibre monolayer, 

confirming the previous observations by Scapolo et al. (1988), Veggetti et al. (1990), 

Mascarello et al. (1995) and Ramirez-Zarzosa et al. (1995) on other perciformes. The 

superficial monolayer was already differentiated from the deep muscle with regards to its 

myosin composition and MLC expression (Chapter I-II; Silva et al., 2008). At 5 days 

(transition from endogenous to exogenous feeding), slow-red fibres appeared near the 

lateral line nerve as shown by immunohistochemistry using anti-myosin sera (Chapter I; 

Silva et al., 2008), although these fibres did not contain any of the three MLC transcripts 

studied (Chapter II). At larvae stage, the superficial monolayer and the new slow-red 

fibres were identified histochemically by their intense staining for SDH-activity and by their 

alkaline-labile mATPase activity (Chapter I; Silva et al., 2008). As seen in other fishes 

(Scapolo et al., 1988; Mascarello et al., 1995; Patruno et al., 1998), the appearance of the 

slow-red fibres coincided with the first attempts of the larvae at cruise swimming to search 

for food, and it may be an important factor in larval survival at that age. Additional muscle 

fibre types were formed to replace the embryonic fast-white and slow-red fibres during the 

larval stages (Chapter I; Silva et al., 2008). Much of the current information on muscle 

differentiation in fish concerns the early embryonic stages (Devoto et al., 1996). The 

muscle expansion occurring in the larvae is very important to fish development, and 

therefore it seems relevant, in the future, to study the gene activation mechanism(s) that 

determines both the differentiation of new muscle fibres and the maturation of original 

muscle fibres in post-hatching embryos. 

At 40 days of age (transition from live to artificial feeding), an additional fibre type was 

identified: a typical ‘pink’ or intermediate muscle cell. These intermediate-pink fibres were 

recognized by their both intermediate SDH activity and alkaline-stabile mATPase activity 

(Chapter I; Silva et al., 2008). However, from our study it was not possible to determine 

the origin of those intermediate-pink fibres. Information on the determination of precursors 

of those fibres in other species is also largely missing; therefore, further studies are 

needed to establish a comprehensive model of intermediate-pink fibre determination in 

teleost muscle. 

Also at 40 days of age, a strong MLC signal was detected at the peripheries of the dorsal 

and ventral germinal zones. The germinal zones were characterized by small-diameter 

fast-white fibres with high levels of MLC expression, whereas the deeper layer consisted 
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of polygonal, large-diameter fast-white fibres expressing no MLC (Chapter II). Germinal 

zones of myotube formation — in the fast-white muscle that became exhausted in the late 

larval or early juvenile stages — were also identified by labelling experiments with the 

thymidine analogue 5’–2–bromo-deoxyuridine (BrdU), in sea bream, Sparus aurata 

(Linnaeus) (Rowlerson et al., 1995), Atlantic herring, Clupea harengus (Linnaeus) 

(Johnston, 1993; Johnston et al., 1998) and Atlantic cod, Gadus morhua (Linnaeus) 

(Galloway et al., 1999). It was concluded that in blackspot seabream the three main fibre 

types seen in juvenile and adult life had appeared by the end of larval life. This occurred in 

positions within the myotome typical of the stratified hyperplastic growth phase (Chapter I-

II; Silva et al., 2008) (Fig. 1), also described in other teleosts (e.g., as reviewed by 

Rowlerson & Veggetti, 2001; Rescan, 2005; Stellabotte & Devoto, 2007). Further studies 

can be planned with the main goal of establishing the origin of the new fibres (white, slow 

and pink) added in the germinal zones. 

In blackspot seabream juveniles and adults, the main part of the musculature consisted of 

fast-white fibres, with a narrow strip of slow-red fibres situated superficially adjacent to the 

lateral line. Viewed on cross sections, the slow-red fibres zone appeared as a wedge 

shaped insertion at the horizontal septum. A zone of intermediate-pink fibres was inserted 

between the fast-white and slow-red muscle domains. According to their metabolism, fast-

white fibres were identified histochemically by a lack of SDH-activity. In additon, fast-white 

fibre mATPase activity showed a trend to alkaline stability (Chapter I; Silva et al., 2008). 

Unexpectedly, apart from the three main fibre types, an additional slow-red fibre type with 

a different imunnohistochemistry profile was identified at the level of transverse septum 

next to the intermediate-pink muscle (Chapter I; Silva et al., 2008). Heterogeneity of the 

slow-red muscle layer in fishes is not unknown, but none of the kinds previously described 

— slow-red muscle rim fibres (van Raamsdonk et al., 1980), tonic fibres (Chayen et al., 

1993; Sänger & Stoiber, 2001), and the ATPase mosaic due to hyperplastic growth in 

gilthead seabream (Mascarello et al., 1995) — are equivalent to our findings. The extent 

of our study does not allow conclusions about the exact nature of the myosin composition 

of that “transverse septum” fibre type, although the combination of differences in both 

ATPase activity and immunoreactivity do suggest that the fibres contain different isoforms 

of myosin. Nevertheless, whether these fibres represent some kind of hybrid fibres cannot 

be answered solely by the methods we used, and so it requires future studies. We suggest 

investigating the nature of those additional “slow-red” fibres by using molecular tools, for 

example, molecular biological techniques similar to the ones employed by Chauvigné et 

al. (2006) and Nihei et al. (2006). 

An electron microscopy study was conducted in juveniles in order to clarify whether the 

two distinct slow-red fibres types could have different fine structural features. That study 
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showed that the fine structure of red-slow fibres did not differ according with the position 

within the red-slow muscle layer. Overall, as to the fine structure, large fast-white fibres 

were packed with myofibrils occupying 85% of the fibre volume and arranged in a radial 

manner. Fast-white fibre mitochondria were scarce (1%), usually of the ellipsoid type and 

located at both the intermyofibrillar and the subsarcolemmal positions. Lipid droplets were 

not observed in the fast-white fibres (Chapter III). Morphologically, slow-red fibres were 

relatively small and usually highly vascularised as compared to fast-white fibres. The 

slow-red fibres cytoplasm contained abundant mitochondria (21% of the total cell volume) 

together with lipid droplets (4%). Those mitochondria were clustered in subsarcolemmal 

and intermyofibrillar accumulations. Slow-red myofibril cross sections were approximately 

polygonal in shape, apart from those peripherally located, which showed a radial 

arrangement (Chapter III). Intermediate-pink fibres were located between the slow-red 

and fast-white fibre domains. The morphological characteristics of intermediate-pink fibres 

were, and according to their name, intermediate to these two fibre types in many aspects, 

e.g. in regards to the arrangement of myofibrils, number of mitochondria and lipid amount 

(Chapter III). Altogether, these results suggested that in blackspot seabream there are 

both superficial aerobic slow-red muscle fibres, that power sustained activity, and deep 

anaerobic fast-white muscle fibres, which provide the power required for escape responses 

and predation behaviour. Intermediate-pink muscle fibre types were also present, and 

showed to have a relatively higher aerobic capacity than fast-white muscle fibres and, 

therefore, may contribute to the cruise swimming at intermediate speeds. 

 

Muscle growth kinetics from hatching to juveniles 
 

Morphometry at light microscopy level was used to evaluate muscle growth. Quantitative 

variables were measured in transversal body sections, in order to estimate the following 

parameters: total muscle area, total fibre number, fibre number per unit area of muscle 

and cross-sectional fibre area of the two main different muscle fibre types. 

Between the end of the endogenous feeding period (5 days) and the end of the larval 

period (23 days) an intense hyperplastic phase, mainly of the white fibres was detected. 

We believe that the observed increase in the total number of fibres corresponded to the 

stratified hyperplastic growth, also observed in the immunohistochemistry (Chapter I; Silva 

et al., 2008) and in situ hybridization (Chapter II) studies. 

In blackspot seabream, as in other fishes growing to a large final size (e.g., as reviewed 

by Rowlerson & Veggetti, 2001; Rescan, 2005; Stellabotte & Devoto, 2007), the stratified 

hyperplastic growth phase was followed by a second and quite different hyperplastic 

process. This resulted in a large increase in the total number of fibres in all muscle layers, 
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especially in the fast-white layer which acquired a typical mosaic appearance, observed at 

both light (Chapter I-II; Silva et al., 2008) and electron microscope level (Chapter III). In 

blackspot seabream this process, which started at 70 days (Fig. 1), resulted in a threefold 

increase in the total number of fast-white fibres in the period between 70 and 100 days 

(Chapter IV; Silva et al., 2009a). Both the appearance of new fibres and the age of onset 

of the mosaic hyperplasia phase were in accordance with the histochemical (Chapter I; 

Silva et al., 2008) and the in situ hybridization results (Chapter II). All these showed a 

presence of new small fibres in the fast-white muscle, different from the large diameter 

ones in their ATPase reactivity and MLC expression (Fig. 1). Both the phenotype of the 

(presumed) new fibres and the age of onset of the mosaic hyperplastic phase vary widely 

between species (e.g., as reviewed by Rowlerson & Veggetti, 2001). Also as in the 

stratified growth, the origin of the new muscle fibres added during the mosaic growth 

remains unknown. Therefore, the study of fish myogenesis is a new topic opening many 

opportunities for research. Mosaic hyperplasia is quantitatively the most important phase 

of myogenesis (Johnston, 2006), also allowing a more effective and faster locomotion, so 

vital for juveniles. Furthermore, mosaic hyperplasia results in a large increase in total fibre 

number during juvenile growth, and is thus very important for commercial aquaculture 

(Rowlerson & Veggetti, 2001). 

Analysis of the undergoing muscle growth kinetics suggested that, during the juvenile life, 

hyperplasia gave the main relative contribution to the increase of fast-white muscle, 

whereas slow-red muscle mainly grew by hypertrophy (Chapter IV; Silva et al., 2009a). 

A great number of studies found a strong relation between body size and fibre size in 

fishes (Atlantic cod Greer Walker, 1970; rainbow trout Oncorhynchus mykiss (Walbaum) 

Stikland, 1983; Weatherley et al., 1988; Kiessling et al., 1991; Atlantic salmon Salmo salar 

(Linnaeus) Higgins & Torpe, 1990). A significant relationship between body size (both 

weight and length) and fibre cross-sectional area was also found in all our present studies 

(Chapter IV, VI; Silva et al., 2009a,b). Taken collectively, the data of the chapters IV and 

VI provide information about the relative importance of fibre hypertrophy and recruitment 

of new fibres to muscle growth from hatching to later stages of juvenile life. We can 

conclude that in blackspot seabream both hyperplasia and hypertrophy varied with age, 

regardless the muscle type and body location (at least at the two studied locations). The 

variation in fast-white fibres number and cross-sectional area in blackspot seabream at 

post-opercular level is shown as an example in Fig. 2. In fact, both hypertrophic and 

hyperplastic rates varied with different life stages. In the later juvenile periods, a pause in 

muscle growth was observed, but a new wave of hyperplastic growth took place in larger-

sized fish (Fig. 2).  
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Figure 1: The two phases of post-embryonic myogenesis in the fast-white myotomal muscle of the 

Pagellus bogaraveo: stratified hyperplasia and mosaic hyperplasia (based on Johnston, 2006). (A) 

Stratified hyperplasia in the ventral regions of the fast-white muscular layer of the myotome in 

blackspot seabream; 12 mm in total length. The picture shows MLC3 expression (by in situ 

hybridization) in fast-white muscle of blackspot seabream (Chapter II). (B) First evidence of mosaic 

hyperplasia in the fast-white muscle of blackspot seabream; 26 mm in total length. Mature fast-

white fibres are surrounded by daughter fibres at various stages of growth and with a different 

mATPase profile (Chapter I, Silva et al., 2008). It was not possible from this study to identify the 

exact end of hyperplastic growth, possibly occurring in adult life (?). 

 

Influence of temperature during incubation of the early embryos and during 
the vitelline phase, on the cellularity of the axial musculature, at hatching and 
at mouth opening 
 

Fish are becoming more and more important in the human diet as they represent a high 

protein and omega-3 fatty acid source (Givens & Gibbs, 2006). Fish aquaculture may help 

supporting the ever-increasing demand for food by the growing population. As mentioned 

in the beginning of this Chapter, blackspot seabream is a potential candidate to 

mediterranean aquaculture. Therefore, the existence of chronological cycles of muscle 

recruitment found in this study may be important to the design of feeding regimes and 

diets for optimising production and minimising nutritional costs and environmental 

impacts. From a productive point of view, it is very important to identify the environmental 

factors that might stimulate the various waves of hyperplastic processes occurring in fish 

myotomal muscle. 
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Morphometric data of blackspot seabream muscular growth indicated that the period 

between hatching and the first feeding is a period of slow growth (Chapter IV, VI; Silva et 

al., 2009a,b). During this period, fast-white muscle growth occurred both by a slight 

increase in muscle fibre number (hyperplasia) and in muscle fibre size (hypertrophy) 

(Chapter IV, VI; Silva et al., 2009a). Hence, we further decided to investigate the influence 

of two water temperatures (14 and 18 ºC), probably the main factor known to affect 

muscular growth during embryonic and larvae stages, used in incubating early embryos 

and sustaining the vitelline phase, on the blackspot seabream axial muscle cellularity. The 

effects were registered at two important larvae developmental stages: hatching and mouth 

opening. High temperature increased the total number of fast-white fibres at the post-

opercular level of larvae (Chapter V). The present data confirmed the large intra-specific 

differences in larval fish muscle growth, in response to changes in water temperature (as 

reviewed by Johnston, 2001; 2006). Early temperature experience has been shown to 

have a persistent impact on the teleost post-larval muscle growth (Johnston et al., 1998; 

2000a; 2003; Albokhadaim et al., 2007; López-Albors et al., 2008; Macqueen et al., 2008). 

The possibility of manipulating larval growth conditions for positively influencing growth is 

evidently attractive from a productive point of view. Therefore, and after the result 

obtained in this Thesis, further studies should be done to investigate how embryonic 

temperature during a short window of embryogenesis and larvae development affects the 

life-long growth trajectory and final muscle phenotype of blackspot seabream. Therefore, 

future work should focus at determining the subsequent effects of the temperature-

induced differences in embryonic and larval fast-white muscle in juveniles later reared 

under ambient seawater temperature. 

 

Effect of dietary protein level (20-60%) on the muscle growth kinetics and on 
growth, nutrient utilisation, and body composition of juveniles 
 

Despite there is strong evidence that fibre recruitment can be modified through production 

practices, relatively little is known about the effects of diet composition on muscle growth 

characteristics (Rowlerson & Veggetti, 2001). The protein level and source of protein and 

its amino acid composition is largely known to be of primary importance in fish growth 

(Murai, 1992). Giving juvenile blackspot seabream five different dietary protein levels (20, 

30, 40, 50, and 60%) we observed that high-protein diets favoured muscle hyperplasia 

(Chapter VI, Silva et al., 2009b). The fish fed on protein-rich diets (namely with 50% and 

60%) evidenced a sustained higher recruitment of fibres, thus endowing the fish with the 

potential to accomplish further growth by fibre enlargement. This study was simultaneously 

conducted with a nutritional assay (Chapter VII; Silva et al., 2006), which revealed that a 
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diet with about 40% crude protein seemed adequate for blackspot seabream, by 

concurrently maximizing growth performance and nutrient utilisation, and, consequently, 

benefit-cost ratio. Taken collectively, those results showed that having the protein content 

slightly higher than 40% is the better suited to blackspot seabream. The flesh texture has 

been previously related to fibre number and density (Johnston, 1999; Johnston et al., 

2000b), and in the present work we found that a dietary protein increase leads to maximal 

muscle hyperplasia rate. Hence, it will be of utmost importance in future to investigate if 

that increase does not compromise the blackspot seabream flesh quality. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 2: Graph showing the increase in total number of fibres and cross-sectional fibre area (µm2) 

in fast-white muscle, in the anterior part of Pagellus bogaraveo. Body weight 5 g. Approximately at 

140 days. Data were analyzed using the software Statistica (version 6, StatSoft). The significance 

level was set at α = 0.05. Data were submitted to Mann-Whitney U test to access the significance 

between group means. Within each line, means without a common letter differ significantly (normal 

and Greek alphabet for total number of fibres and cross-sectional fibre area, respectively). 
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Similarities and differences of: muscle fibre phenotype profiles, muscle growth 
and the effect of external factors, at two different body locations 
 

Some previous studies have shown that the diameter and number of muscle fibres vary in 

different regions of the same cross-section. For example, in Atlantic salmon the fast-white 

muscle fibre cross-sectional area decreased from medial to superficial to deep muscle 

sites (Higgins & Thorpe, 1990). Also in salmon, Johnston & McLay (1997) observed that 

the mean fibre diameter increased away from the germinal zones at the upper dorsal part 

of the transverse section, with only large-diameter fibres being present in the middle part 

of the myotome. Different growth areas within the muscle of rainbow trout were also 

observed by Kiessling et al. (1991), who found marked differences between the ventral 

and dorsal region of the fast-white epaxial muscle. However, with quite rare exceptions, 

previous works were not particularly designed to compare muscle cellularity between 

distant zones of the trunk displaying different gross morphology. At the post-anal level 

both the morphology and size of the epaxial half in the myotomal cross-section is similar 

to the hypaxial one, whereas at the post-opercular level they are clearly different. Also, the 

effect of external factors in the muscular growth may vary according to body location. With 

this background in mind, we decided to perform all our studies on blackspot seabream 

muscle growth dynamics at two body locations (post-opercular and post-anal). Apart from 

some obvious anatomical differences, the arrangement of the three main fibre types was 

shared by all the myomeres of the trunk (Chapter I, II and III; Silva et al., 2008). Caudally, 

the deep muscle layer tended to become gradually thinner; in contrast, the slow-red 

muscle layer continued to be well-developed, both epi- and hypaxially. Overall, we found a 

consistently higher number of slow-red fibres at caudal level when compared to the post-

opercular ones (Chapter IV, VI; Silva et al., 2009a,b). The higher number of slow-red 

muscle in the caudal part of the trunk is thought to reflect the involvement of this part of 

the body in transferring lateral forces generated by various modes of body undulation to 

the caudal fin (Luther et al., 1995). It was also demonstrated (Chapter V) that the axial 

musculature of blackspot seabream larvae displayed a different response to the different 

early temperatures between the post-anal and post-opercular levels. Such fact stresses 

the importance of not being too dogmatic about a unique and universal representative 

sampling site for muscle analysis. In reality, muscle fibre growth details and kinetics may 

differ along the fish body. The mechanistic reason why the muscle of blackspot seabream 

displayed a different cellularity between the two body locations is not clear yet. Therefore, 

one subsequent challenge will be to study the regulatory mechanisms for establishing the 

number and size of the fish fibres according to location. 
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In conclusion, we made, for the first time, a characterization of muscle differentiation and 

growth of blackspot seabream from hatching to juvenile phases. This information is useful 

for supporting future comparative and experimental studies targeting the muscle growth 

dynamics and its underlying mechanisms, in a species that has considerable potential for 

commercial aquaculture. We also found that it is possible to manipulate muscle cellularity 

through husbandry practices, the ultimate goal of such applied work being the production 

of fish that are able to reach faster the commercial size. Finally, we proved that rostro-

caudal differences exist in fibre cellularity. A multidirectional expansion of this research 

seems now worth, and even necessary, to position the new pieces of information within a 

vaster picture of the muscle formation and growth in the blackspot seabream. 
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