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Abstract

Developmental changes in myofibrillar protein composition were investigated in the myotomal muscle of the
African catfish,Heterobranchus longifilis(Clariidae), by several electrophoretic techniques. The main muscle
fibres of larvae and the fast-white muscle fibres of juvenile and adult fish were found to express distinct myosin
heavy chain and myosin light chain 2 (LC2) isoforms. Three myosin LC2 chains were successively detected,
differing by their isoelectric points. In contrast, the alkali light chains remained qualitatively and quantitatively
unchanged during fish growth. Actin,α-tropomyosin, and troponin-C (TN-C) were also similar in larval, juvenile,
and adult white muscle, but an additional larval tropomyosin isoform was found in the first developmental stages.
Two isoforms of troponin-T (TN-T) and troponin-I (TN-I) were synthesised in the course of fish growth. Transition
from the larval to the adult isoform was much faster for TN-T than for TN-I. Slow-red muscle myofibrils from
adultH. longifilis showed no common component (except actin) with larval, juvenile, or adult fast-white muscle
myofibrils. Red myofibrils displayed a single TN-T and a single TN-I isoform, but two isoforms of TN-C. The
myofibrillar protein isoforms synthesised at any given developmental stage almost certainly reflect changes in the
functional requirements of swimming muscles in the course of fish development.

Introduction

Vertebrate muscle fibres are dynamic structures adapt-
ing to altered functional demands, hormonal signals,
and changes in neural input. In higher vertebrates,
multiple isoforms of the myofibrillar proteins are ex-
pressed in a tissue- and developmental-stage-specific
manner (see reviews: Pette and Staron 1990; Schi-
affino and Reggiani 1996). Muscle development in
fish differs from that of mammals and birds. In most
fish, the different fibre types of axial muscle de-
velop in physically distinct areas and the production
of new fibres continues throughout much of adult
life in proportion to the continuous increase in body
length (Weatherley and Gill 1985; Koumans and Ak-

ster 1995). Myotomes of adult fish contain a lateral
zone with slow-red aerobic fibres. A zone of pink
fibres separates the red fibres from the bulk of the
musculature that consists of fast-white anaerobic fi-
bres. Only red muscle is active at slow swimming
speeds, whereas white muscle is used for bursts of
rapid vigorous activity (Johnston et al. 1977; Bone
1978). As in terrestrial vertebrates, distinct isoforms
of the myofibrillar proteins, chiefly myosin, have been
described in fast-white and slow-red fish fibres. White-
muscle myosin possesses three types of light chains
while red-muscle myosin has only two, differing from
the white-muscle types (Focant et al. 1976; Huriaux
and Focant 1985; Rowlerson et al. 1985; Karasinski
and Kilarski 1989; Huriaux et al. 1990; Martinez et al.
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1990; Bassani and Dalla Libera 1991). White- and red-
muscle myosins also differ in their heavy-chain sub-
units (Karasinski and Kilarski 1989; Chanoine et al.
1990; Martinez et al. 1990; Bassani and Dalla Libera
1991; Huriaux et al. 1991; Karasinski 1993). All these
subunits show great species-related variability.

Fish muscle development is associated with se-
quential expression of a range of myofibrillar protein
isoforms. Histochemical and immunohistochemical
investigations have revealed developmental transitions
in myosin composition in the sea bassDicentrarchus
labrax(L. 1758) (Scapolo et al. 1988): distinct myosin
isoforms appear in early and late larvae, and these
are different from those found in adult white or red
muscle fibres. Myofibrillar isoforms have been stud-
ied more extensively in several other teleost species
by a range of electrophoretic techniques. Martinez
and collaborators (1991, 1993, 1994) analysed the de-
velopment of two Salmonidae species, the Atlantic
salmon, Salmo salarL. 1758 and the Arctic charr,
Salvelinus alpinus(L. 1758). They found up to six
different myosin heavy chains sequentially expressed
in white skeletal muscle from the embryo to the adult
stage. They observed qualitative and/or quantitative
differences in expression of the alkali light chains LC1
and LC3 and in the relative proportions of the two
tropomyosin subunits. Polymorphism of myosin iso-
forms has also been demonstrated during growth of
the eel,Anguilla anguilla(L. 1758) (Chanoine et al.
1992). Changes in the composition of all myofibrillar
proteins have been investigated in the myotomal mus-
cle of the Atlantic herring,Clupea harengusL. 1758
reared at temperatures ranging from 5◦C to 15 ◦C.
It was concluded that although the main muscle-fibre
type in larvae shares some myofibrillar proteins with
adult white muscle, it also contains characteristic iso-
forms of myosin heavy chains, myosin light chain
LC2, troponin-I, and troponin-T and thus represents
a distinct fibre type (Crockford and Johnston 1993).
Embryonic isoforms of the aforementioned proteins
were identified in presumptive white muscle, these be-
ing gradually replaced by other isoforms during the
larval stages. The size range over which embryonic
isoforms were present was inversely related to rearing
temperature (Johnston et al. 1997). In a flatfish such as
the plaice,Pleuronectes platessaL. 1758, metamor-
phosis does not correlate with changes in fibre types
or myosin heavy chain composition (Brooks and John-
ston 1993). In contrast, following metamorphosis and
during the first year, inner-muscle fibres co-express

Figure 1. SDS-PAGE of myofibrillar proteins from (1) larval mus-
cle (fish length: 1.5 cm), (2) juvenile muscle (11 cm), (3) adult white
muscle (38 cm), and (4) adult red muscle (38 cm). HC: myosin
heavy chain; A: actin; TM: tropomyosin; TN-T: troponin-T; LC1:
myosin light chain 1; TN-I: troponin-I; LC2: myosin light chain 2;
LC3: myosin light chain 3.

two LC2 isoforms characteristic of adult superficial
fast muscle, in addition to the two larval isoforms.

Several freshwater fish studied by us seem to dis-
play a similar myofibrillar development pattern. In
the barbel,Barbus barbus(L. 1758) and the rainbow
trout, Oncorhynchus mykiss(Walbaum 1792), differ-
ent myosin isoforms were identified in embryonic,
larval, and adult white muscle, and the ratios of the
alkali light chains were also found to change during
development (Focant et al. 1992, 1994). In a recent
work concerning an African catfish of the Claroteidae
family, Chrysichthys auratus(Geoffroy Saint-Hilaire
1808), we described successive expression of two
troponin-I isoforms (23.5 and 21.5 kDa). Both forms
were present in equal amount in juvenile fish 5 cm
long (Chikou et al. 1997).

The aim of the present study was to investigate the
biochemical composition of the swimming muscles
of the catfish,Heterobranchus longifilisValenciennes
1840 (Clariidae), which is a key species in Western
African fisheries and a candidate for tropical aquacul-
ture because of its fast growth (Legendre et al. 1992;
Hecht et al. 1996; Otémé et al. 1996). This biochemi-
cal approach should contribute further to knowledge
on this species, chiefly to a better understanding of
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Figure 2. SDS-PAGE of myosin heavy chains. (1) larval muscle
(fish length: 0.6 cm); (2) larval muscle (0.8 cm); (3) larval mus-
cle (1.5 cm); (4) juvenile muscle (7.5 cm); (5) adult white muscle
(38 cm); (6) adult red muscle (38 cm).

Figure 3. Peptide maps (SDS-PAGE) of myosin heavy chains from
(1) larval muscle (fish length: 0.8 cm), (2) juvenile muscle (13 cm),
and (3) adult white muscle (28 cm). Heavy chains were digested
with Staphylococcus aureusV 8 protease for 1 min. Arrowheads to
the left of the lanes indicate differences between larval and juvenile
muscles, those to the right indicate differences between juvenile and
adult muscles.

Figure 4. Evolution of the relative proportions of the three myosin
light chains as a function of fish body length. (A) LDPA batch;
(B) GAMET batch. Data were obtained from one-dimensional
SDS-PAGE.N, LC1; �, LC2; H, LC3. Arrow indicates the
larval-to-juvenile stage transition (1.7 cm).

the relationships between biochemical and morpho-
logical (Legendre and Teugels 1991; Vandewalle et al.
1997) or behavioural (Baras 1999) changes during its
ontogeny. In the present study, the expression of all
myotomal myofibrillar proteins was investigated by
high-resolution electrophoresis in the course of devel-
opment. Red-muscle myofibrils from adult fish were
also examined in order to detect the possible presence
of red-fibre isoforms during white muscle ontogeny.

Materials and methods

Fish samples

H. longifilis specimens were obtained from two ex-
perimental hatcheries: LDPA (University of Liège,
Tihange, Belgium) and IRD-GAMET (Montpellier,
France). To make it easier to compare fish of different
breeds (± 27 ◦C), growth stages were expressed in
relation to standard length rather than age. The mor-
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Figure 5. Alkali-PAGE of myofibrillar proteins incubated in the
presence of 0.005 M EGTA, from (1) juvenile muscle (fish length:
5.2 cm), (2) juvenile muscle (10.9 cm), and (3) adult white muscle
(45 cm). TM: tropomyosin; LC1: myosin light chain 1; NP-LC2:
myosin non-phosphorylated light chain 2; P-LC2: myosin phos-
phorylated light chain 2; LC3: myosin light chain 3; TN-C:
troponin-C.

phological stages of post-hatching development were
established according to Legendre and Teugels (1991).

The LDPA batch of developing fish was sampled
from 0.3 to 13 cm corresponding to day 1 post-
hatching to day 100 (in graphs: 0.6 cm, day 4; 0.7 cm,
day 5; 0.8 cm, day 8; 0.95 cm, day 10; 1.2 cm, day
15; 1.7 cm, day 20; 2.5 cm, day 30; 5.2 cm, day
40; 5.5 cm, day 50; 7.5 cm, day 60; 9.8 cm, day
70; 10.8 cm, day 80; 10.9 cm, day 90; 13 cm, day
100). Adult specimens (length 28 to 52 cm) were also
obtained from this hatchery. The IRD-GAMET batch
was sampled from 0.3 to 12.5 cm corresponding to
day 1 post-hatching to day 70 (in graphs: 1.1 cm, day
10; 1.5 cm, day 13; 1.9 cm, day 18; 2.3 cm, day
21; 3.5 cm, day 25; 4.8 cm, day 29; 6.4 cm, day
33; 6.8 cm, day 37; 7.2 cm, day 41; 8.5 cm, day 47;
12.5 cm, day 70). The larvae became juvenile between
1.6 and 1.8 cm. All specimens were stored frozen.

Dissection of muscle samples was adapted to spec-
imen size. For fish up to 1 cm, 30 specimens were
pooled and the head, yolk-sac, and tail were removed.
For fish up to 5 cm, 20 to 4 specimens were pooled
and their trunk white muscle was collected after re-

moval of the skin along with the superficial muscle
fibres. For each length exceeding 5 cm, white muscle
was dissected from a single specimen. For adult fish,
only a piece of white muscle located in front of the
dorsal fin was cut out. Red muscle was dissected at
the level of the lateral line of adult fish (35–38 cm
long); special care was taken to remove any pink or
white fibres. Tibialis anterior rabbit muscle was used
as a reference for fast-muscle tropomyosin isoforms.
Samples were handled on ice for minimum proteolytic
breakdown; they were minced, kept in glycerol preser-
vative solution according to Focant et al. (1992), and
conserved at−18 ◦C until required.

Preparation of myofibrils

Muscle preserved in glycerol was isolated by cen-
trifugation and homogenised with Ultra-Turrax T25
(IKA) (3 × 25 s at 20,500 rpm) in 10 vol ice-cold
buffer (pH 7.4) containing 0.05 M KCl, 0.01 M Tris-
HCl, 0.005 M EDTA and the following proteolytic
enzyme inhibitors (Sigma): 300µM phenylmethyl-
sulphonyl fluoride, 150µM n-tosyl-L-phenylalanine
chloromethyl ketone, 1µM leupeptin, 1.5µM pep-
statin A, 0.1µM aprotinin. The suspension was cen-
trifuged for 30 min at 17,000× g and the pellet was
again treated under the same conditions. It was then
suspended in 10 vol of 40% (w/v) sucrose, 0.1 M KCl,
0.005 M Tris-HCl, pH 7.4, homogenised for 25 s at
20,500 rpm, and centrifuged for 10 min at 17,000×
g. The final pellet containing washed myofibrils was
incubated for gel electrophoresis or suspended in 50%
(v/v) glycerol, 0.1 M KCl, 0.005 M Tris-HCl, pH 7.4
for preservation at−18 ◦C.

Incubation of proteins

Myofibril components were dissociated by mixing
the myofibril pellets in at least 2 vol of one of the
following three solutions: for alkali-PAGE, 0.02 M
Tris, 0.12 M glycine, 8 M urea, 5% (v/v) 2-
mercaptoethanol, pH 8.6 (with or without 0.005 M
EGTA); - for SDS-PAGE, 0.0625 M Tris-HCl, 2%
SDS, 10% (v/v) glycerol, 5% (v/v) 2-mercaptoethanol,
pH 6.8, with heating for 3 min at 100◦C; - for iso-
electric focusing (IEF) and non-equilibrium isoelec-
tric focusing (NEIEF)-PAGE, 2% Servalyt ampholytes
3–10, 9 M urea, 2% (v/v) Nonidet P–40, 5% (v/v)
2-mercaptoethanol.
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Figure 6. Two-dimensional PAGE of acidic myofibrillar proteins with an IEF gel as the first dimension (pH 5.4 on the left side and pH 4.3
on the right side of the window of the electrophoretogram). (a) larval muscle (fish length: 1.2 cm), (b) juvenile muscle (5.2 cm), (c) juvenile
muscle (10.9 cm), (d) adult white muscle (35 cm), (e) adult red muscle (35 cm), (f) comigration of adult white (d) and red (e) muscle. TM:
tropomyosin; LC1: myosin light chain 1; LC2: myosin light chain 2; LC3: myosin light chain 3; C: troponin-C; w: white muscle; r: red muscle.
The arrow shows the position of larval LC2 and the arrowheads the positions of phosphorylated-LC2 (N) and non-phosphorylated LC2 (H).
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Polyacrylamide gel electrophoresis (PAGE)

Analytical PAGE separations of myofibrillar proteins
were performed in a Bio-Rad Mini-Protean II cell (ver-
tical plate 8.3× 6 × 0.075 cm) under various condi-
tions. For whole myofibrils, discontinuous SDS-PAGE
was done in gels containing 20% acrylamide and 0.1%
bis-acrylamide according to Laemmli (1970), but at
pH 8.4. For myosin heavy chains, discontinuous SDS-
PAGE was done in gels containing 6% acrylamide,
0.1% bis-acrylamide, and 40% (v/v) glycerol accord-
ing to Danieli Betto et al. (1986), but at pH 8.4 and
for 5 h at 10 mA. IEF-PAGE was carried out on gel
made with 7.1% acrylamide, 0.4% bis-acrylamide and
usually containing 1.6% Servalyt 3–6, 0.4% Serva-
lyt 3–10, 9.2 M urea, and 2% (v/v) Nonidet P–40 or
1.6% Servalyt 4–5, 0.4% Servalyt 3–10, 8 M urea,
and 2% (v/v) Nonidet P–40 (for better discrimination
of the three LC2 forms in two-dimensional PAGE),
at 2,500 V h. NEIEF-PAGE was carried out on 7.1%
acrylamide, 0.4% bis-acrylamide gels containing 1%
Servalyt 7–9, 1% Servalyt 9–11, 9.2 M urea and
2% (v/v) Nonidet P–40 at 400 V h (O’Farrell et al.
1977). Alkali-PAGE was performed in gels containing
10% acrylamide, 0.26% bis-acrylamide, 8 M urea, at
pH 8.6 (Focant et al. 1976). Two-dimensional elec-
trophoresis was carried out using IEF-, NEIEF-, or
alkali-PAGE as the first dimension (from left to right)
and SDS-PAGE as the second dimension (from top to
bottom). Vertical strips were cut from first-dimension
gels and loaded horizontally on 1-mm-thick second-
dimension gels as described by O’Farrell (1975).

SDS and alkali gels were routinely stained with
Coomassie Brilliant Blue R-250 or, for detection
of troponin-C in two-dimensional gels, with silver
(Schleicher and Watterson 1983). IEF and NEIEF gels
were stained with 0.04% Coomassie Brilliant Blue R-
250, 0.05% Crocein Scarlet 7B, 0.5% CuSO4, 27%
isopropanol, 10% acetic acid. Apparent relative mole-
cular masses (Mr ) were estimated using protein stan-
dard kits covering the range 14.4 to 97.4 kDa (SDS-
PAGE Standards, Low Range, Bio-Rad). Isoelectric
points (pI) were determined using theH. longifilispar-
valbumins PA II (pI 4.51), PA III (pI 4.76), and PA IV
(pI 5.21) as standards (Focant et al. 1999). Mr and pI
determinations were done from one-dimensional gels.
Densitometry was performed with a Bio-Rad Model
GS-670 densitometer combined with the Molecular
Analyst Gelscan software. Measurements were done
on at least three gels.

Identification of myofibrillar proteins

The different proteins were located by comparing their
mobilities in the different gel systems: each band sep-
arated by IEF-PAGE or alkali-PAGE in the presence or
absence of EGTA was cut out and subjected to SDS-
PAGE and IEF-PAGE. Myosin heavy chains and actin
were identified by their relative abundances and ap-
parent Mr on SDS-polyacrylamide gels. Tropomyosin
was identified on the basis of its anomalous migra-
tion on SDS-gels containing 8 M urea (Sender 1971).
Myosin light chains were identified by their low appar-
ent Mr and acidic pI (Huriaux and Focant 1977). The
troponin complex was isolated by extracting the ace-
tone powder in 0.6 M LiCl, 0.05 M Tris-HCl, 0.005 M
2-mercaptoethanol, pH 7.5, eliminating tropomyosin
at pH 4.6, and fractionating the supernatant with
(NH4)2SO4 between 40 and 70% saturation (Mc Cub-
bin et al. 1982). This preparation was used to locate
troponin-T, troponin-I, and troponin-C by one- and
two-dimensional PAGE. Troponin-T and troponin-I
have basic isoelectric points but different apparent Mr

values (Crockford and Johnston 1993). Troponin-C is
the most acidic component of myofibrils and was iden-
tified by its characteristic blue stain with ‘Stains all’
(Campbell et al. 1983).

Isolation and peptide mapping of myosin heavy
chains

Heavy chains were isolated by discontinuous SDS-
PAGE at pH 8.8 in gels 1.5 mm thick (Mini-Protean II)
made with 6% acrylamide, 0.1% bis-acrylamide, 40%
(v/v) glycerol. The heavy-chain bands were located
by staining of external migration lanes. They were cut
out and incubated in 1 ml buffer (pH 7.4) containing
0.05 M Tris-HCl, 0.001 M EDTA, 1% SDS. They were
eluted with the Model 422 Electro-Eluter (Bio-Rad) in
0.05 M Tris-HCl, 0.001 M EDTA, 0.1% SDS, pH 7.4
(2 h at 10 mA/tube followed by 12 h at 5 mA/tube).
The electrode buffer was changed once. Eluted heavy
chains (0.4 ml) were collected in the membrane cap
(membrane molecular weight cut-off 12–15 kDa). The
pH of the protein-containing solution was adjusted to
7.5.

Six µg of Staphylococcus aureusV8 protease
(Sigma) dissolved in water was added to 0.2 ml eluted
heavy chains. Digestion was carried out at 20◦C
for 1 and 10 min, then stopped by addition of 2µl
2-mercaptoethanol, 20µl 20% SDS and heating at
100 ◦C for 2 min (Crockford et al. 1991). The pep-
tides produced were resolved on discontinuous SDS
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gels (20% acrylamide) under the usual conditions. The
gels were silver-stained.

Results

Identification of myofibrillar proteins

Myofibrillar protein bands were detected, after PAGE,
in larvae 0.4 cm long (day 2), but densitometric eval-
uation was possible only from 0.6 cm (day 4 – LDPA
batch) or from 1.1 cm (day 10 – GAMET batch) on-
ward because of a protein background in first-stage
samples. Specimens from both hatcheries displayed
very similar electrophoretic patterns and developmen-
tal kinetics when results were related to the fish body
length. One-dimensional SDS-PAGE of larval mus-
cle, juvenile white muscle, adult white and adult red
muscle revealed all myofibrillar components except
troponin-C (TN-C), present in too-low amount (Fig-
ure 1). Only for myosin heavy chains and actin was
the apparent relative molecular mass (Mr ) the same
in all fibre types (Figure 1 and Table 1). Myofibrils
from larval, juvenile, and adult white muscle appeared
similar except as regards troponin-T (TN-T) (presence
of two close isoforms in larval samples) and espe-
cially troponin-I (TN-I). One TN-I isoform was found
in larvae and another in adult fish; both forms were
expressed in the juvenile muscle. The apparent Mr of
TN-C was evaluated by cutting the EGTA-myofibril
TN-C bands from alkali gels and subjecting their con-
tent to SDS-PAGE. Except myosin heavy chains and
actin, adult red myofibrils shared no bands with white
myofibrils, and two TN-C isoforms were detected in
the red myofibrils.

Myosin heavy chains

These high-Mr (∼ 200 kDa) myofibrillar components
were analysed by SDS-PAGE at pH 8.8 or 8.4 and at
several glycerol concentrations (Huriaux et al. 1991).
The different myofibril samples showed a single band
in all gel types. No mobility difference was observed
when the glycerol concentration was 25% (v/v). Pro-
tein bands were best distinguished in 40% (v/v) glyc-
erol, pH 8.4 (Figure 2). Myosin heavy chains from
larval, juvenile, and adult white muscle migrated iden-
tically under these conditions, but the adult red-muscle
isoform migrated more slowly, thus reflecting a differ-
ent chemical composition.Staphylococcus aureusV8
protease peptide mapping revealed further differences

Table 1. Apparent relative molecular masses
(kDa) of the main myofibrillar proteins inH. longi-
filis

Protein White muscle Red muscle

Actin 44.0 44.0

Tropomyosin 36.0 36.2

Light chain 1 26.5 26.0

Light chain 2 19.5 20.0

Light chain 3 16.0 –

Troponin-T 31.5 33.0

31.0

Troponin-I 25.0 27.0

23.0

Troponin-C 18.0 20.0

19.0

among the myosin heavy-chain bands from larval, ju-
venile, and adult white myofibrils (Figure 3). It thus
appears that these four muscle types express a different
heavy chain.

Myosin light chains

The relative proportions of the three myosin light
chains were evaluated by SDS-PAGE in the course
of development (Figure 4). No significant difference
in light-chain ‘stoichiometry’ was found during fish
growth. The LC2 content remained predictably near
50% in all but the first larval stages, where it ap-
peared lower (Figure 4A), probably because of the
greater instability of this regulatory light chain (larval
LC2 – see below). The LC3 content varied inversely
to the LC2 content, its titre always remaining higher
than that of LC1 as in all fish myosins. When my-
ofibril preparations are run in the presence of EGTA
on alkali gels, only tropomyosin, myosin light chains,
and TN-C enter the gel. Under these conditions, the
phosphorylatable LC2 from specimens 5.2 cm long
migrated as a double band (Figure 5, lane 1). Ac-
cording to its electrophoretic location, the slow band
could be identified as the non-phosphorylated form
(NP-LC2, pI 5.06) and the fast band as the phospho-
rylated form (P-LC2, pI 5.01) of this light chain (Pires
et al. 1974; Focant and Huriaux 1976). Both bands
appeared equally intense in this juvenile fish, the fast
band diminishing during growth and becoming very
minor in adult specimens (Figure 5, lanes 2 and 3).
The two alkali light chains LC1 (pI 5.25) and LC3 (pI
4.68) displayed no change with age.
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For better precision, myosin light chains were in-
vestigated in the course of fish development using
the more discriminating two-dimensional PAGE with
isoelectric focusing as the first dimension (Figure 6).
There was no evidence of differences in myosin LC1
or LC3 from larvae to adults. Both NP-LC2 and P-
LC2 were found in juvenile white muscle (Figure 6b,
c) but the less acidic spot (NP-LC2) was almost alone
when the extract was from an adult specimen 35 cm
long (Figure 6d). Two LC2 spots were also visible on
two-dimensional electrophoretograms obtained with
myofibril preparations from larvae 1.2 cm long. In this
case, however, the less acidic spot corresponded with
the more acidic one observed in juvenile fish (P-LC2);
the other spot was identified as larval LC2 (Figure 6a).
Figure 7 shows the variation of the proportions of the
three LC2 forms with respect to the body length. In lar-
vae 0.8 cm long, larval LC2 and P-LC2 were in nearly
equal amount. Larval LC2 decreased regularly and no
longer appeared once the body length reached 3.5–
5.0 cm. P-LC2 diminished from 2.5–3.5 cm onward
but remained the major isoform until 5 cm. NP-LC2
appeared at 2.5 cm and increased until 13 cm, at which
time it represented 85% of total LC2 light chain. The
relative proportions of NP-LC2 and P-LC2 remained
relatively constant during adult life.

On two-dimensional polyacrylamide gels, no dif-
ference was detected between adult white-muscle and
adult red-muscle LC1 myosin light chains (pI of red
muscle LC1: 5.23) (Figure 6e, f). Myosin light chain
LC2 from red myofibrils displayed two spots (pI val-
ues 4.93 and 4.83), both distinct from white-muscle
LC2.

Tropomyosin

In two-dimensional PAGE, two spots were obtained
for tropomyosin from adult white and adult red my-
ofibrils. In both cases, the two spots displayed the
same pI (4.97) and very similar apparent Mr values
(Figure 8a, b). The lighter component of red-muscle
tropomyosin migrated at the level of the heavier com-
ponent of white-muscle tropomyosin (Figure 1). All
these subunits migrated close to rabbitα-tropomyosin
(Figure 8c–e). The two white-muscle components dis-
played a constant 1:1 ratio during fish development.
An additional spot with a more acidic pI (4.87) was
detected in young larvae; its amount diminished with
increasing age and disappeared at the end of the larval
stage (Figure 8,f–h). It was thus identified as a larval
tropomyosin isoform.

Figure 7. Evolution of the relative proportions of the three
myosin LC2 chains as a function of fish body length. (A)
LDPA batch; (B) GAMET batch. Data were obtained from
two-dimensional PAGE.�, larval LC2; N, phosphorylated LC2;
H, non-phosphorylated LC2. Arrow indicates the larval-to-juvenile
stage transition (1.7 cm).

Troponin-T and troponin-I

These basic proteins presented a problem when sub-
jected to conventional two-dimensional PAGE. Even
with ampholytes in the pH range of 9–11, TN-T
and TN-I from H. longifilis appeared as streaks on
the focusing gel. This problem was solved by using
the method of O’Farrell et al. (1977), using a non-
equilibrium pH gradient in the first dimension. The
samples were applied on a gel containing ampholytes
in the pH range of 7–11 and were electrophoresed for
a short time so that the proteins did not reach their
equilibrium positions but were separated by charge.

Two TN-T isoforms with close apparent Mr val-
ues (31.5 and 31.0 kDa) were co-expressed during fish
development, as observed after SDS-PAGE (Figure 1
and Table 1). The 31.5 kDa isoform predominated
in the early larval stages but it diminished rapidly in
proportion during fish growth (Figure 9). The two
isoforms appeared in equal amount at the end of the
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Figure 8. Two-dimensional PAGE of tropomyosin with an IEF gel as the first dimension (pH 5.4 on the left side and pH 4.5 on the right side
of the window of the electrophoretogram). (a)H. longifilis adult white muscle (fish length: 35 cm); (b)H. longifilis adult red muscle (35 cm);
(c) rabbit fast muscle; (d) comigration of proteins fromH. longifilis adult white muscle (a) and rabbit fast muscle (c); (e) comigration of
proteins fromH. longifilis adult red muscle (b) and rabbit fast muscle (c); (f)H. longifilis larval muscle (fish length: 0.7 cm); (g)H. longifilis
larval muscle (1.1 cm); (h)H. longifilis larval muscle (1.5 cm). TMw:H. longifilis white-muscle tropomyosin; TMr:H. longifilis red-muscle
tropomyosin;α: α-chain of rabbit fast muscle tropomyosin;β: β-chain of rabbit fast muscle tropomyosin. Arrow in gels (f) and (g) indicates
the presence of the larval isoform ofH. longifilis tropomyosin.

larval stage. The 31.0 kDa isoform increased in pro-
portion to reach 90% of the total TN-T in specimens
11–13 cm long; it stabilised at about 70-80% in adult
fish. On two-dimensional gels, the major and minor
TN-T spots were detected only from a length of 5.5–
6.5 cm onward; they exhibited a slightly different
electric charge at alkaline pH (Figure 10b, c). Adult
red-muscle myofibrils had a single TN-T isoform with
an apparent Mr (33 kDa) higher than those of both
white-muscle isoforms (Figure 1, Table 1). This red-
muscle isoform was not detected by two-dimensional
PAGE (Figure 10 d).

SDS-PAGE revealed two successively appearing
TN-I isoforms, varying in relative proportion as a
function of fish development (Figure 1, Table 1). A
larval TN-I isoform (25 kDa) was gradually replaced
by an adult TN-I isoform (23 kDa) from 2.0–2.5 cm

onward (Figure 11). The latter isoform represented
80% of the total TN-I in biggest fish. The two TN-
I spots displayed distinct electrophoretic mobilities in
NEIEF-PAGE experiments, corresponding very likely
to different isoelectric points (Figure 10a–c). In these
experiments the larval isoform was always accompa-
nied by a minor spot migrating to a lower position,
clearly visible in Figure 10a. A single TN-I spot
was observed in red-muscle myofibrils. This spot dis-
played a higher electrophoretic mobility and a higher
apparent Mr than its white-muscle counterparts (Fig-
ure 10d, e).

Troponin-C

This calcium-binding protein was examined by two-
dimensional PAGE using IEF-PAGE (Figure 6) or
alkali-PAGE in the presence of 0.005 M EGTA (Fig-
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Figure 9. Evolution of the relative proportions of the two tro-
ponin-T isoforms as a function of fish body length. (A) LDPA batch;
(B) GAMET batch. Data were obtained from one-dimensional
SDS-PAGE.N, larval isoform;H, adult isoform. Arrow indicates
the larval-to-juvenile stage transition (1.7 cm).

ure 12) as the first dimension. Both methods gave
similar results but the alkali-PAGE yielded more read-
ily detectable TN-C spots. Under these conditions, the
specific complex formed by TN-I and TN-C was dis-
sociated by EGTA and TN-C migrated as a very fast
band (Syska et al. 1974). White-muscle preparations
from fish at the various developmental stages consis-
tently yielded a single spot, always characterised by
the same isoelectric point, relative mobility on alkali
gels, and apparent Mr . TN-C from adult red muscle,
however, separated into two isoforms with slightly dif-
ferent isoelectric points, relative mobilities at alkaline
pH, and apparent Mrvalues, both distinct from white-
muscle TN-C. White-muscle TN-C had a pI of 4.41
and the two red-muscle TN-C isoforms averaged a pI
of 4.37.

Discussion

Up to now, little is known about how the biochem-
ical composition of myofibrils from catfish muscles

evolves in the course of development. In a preliminary
note concerningClarias gariepinus(Burchell 1822),
we found no structural difference between myosin iso-
lated from larval and adult white muscle (Focant et al.
1996). In a multidisciplinary survey ofC. auratus, we
monitored expression of the three myosin light chains
and two troponin-I isoforms during growth (Chikou
et al. 1997). Here we have investigated developmen-
tal changes in the composition of all myofibrillar
proteins in the swimming muscles of the Clariidae
speciesH. longifilis. We have monitored these changes
from hatching to the adult stage, using several dif-
ferent high-resolution electrophoretic techniques. The
myofibrillar extracts were compared with extracts of
adult red-muscle fibres. Specimens from two different
breeds were examined. The GAMET batch only com-
posed of larval and juvenile stages confirmed results
obtained with the LDPA batch.

Myosin

Myosin heavy- and light-chain composition is a major
determinant of muscle shortening velocity (Schiaffino
and Reggiani 1996). The peptide maps obtained here
with H. longifilis muscle preparations show that dis-
tinct myosin heavy-chain isoforms are synthesised in
the white muscle of larvae, juveniles fishes and adults.
Similar observations have been made on other teleost
(Martinez et al. 1991, 1993; Chanoine et al. 1992;
Focant et al. 1992; Brooks and Johnston 1993; Crock-
ford and Johnston 1993; Johnston et al. 1997; James
et al. 1998). One- and two-dimensional PAGE did not
reveal any qualitative or quantitative difference in the
alkali light chains LC1 and LC3 during development.
At any stage, the LC3 titre is higher than the LC1 titre,
as in all adult fish myosins. Both catfish previously
examined showed similar characteristics (Focant et al.
1996; Chikou et al. 1997). In other teleosts such as the
barbel (Focant et al. 1992), trout (Focant et al. 1994),
or Arctic charr (Martinez et al. 1991), the proportion
of LC3 is very low at hatching and increases regularly
in the early larval stages.

On the other hand, there appear three forms of
the phosphorylatable myosin light chain LC2 during
H. longifilis development. These display the same
apparent relative molecular mass but distinct isoelec-
tric points. The first, expressed in the larval stage,
disappears during the juvenile stage and was thus iden-
tified as ‘larval LC2’. The other two forms are clearly
visible on alkali gels from the time the fish reach
5 cm. Their electrophoretic mobilities suggest that
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Figure 10. Two-dimensional PAGE of basic myofibrillar proteins with an NEIEF gel as the first dimension. In NEIEF-PAGE, proteins migrated
to the cathode (right). (a) larval muscle (fish length 1.2 cm); (b) juvenile muscle (5.5 cm); (c) adult white muscle (35 cm); (d) adult red muscle
(35 cm); (e) comigration of proteins from adult white (c) and red (d) muscle. T1: larval troponin-T; Ta: adult troponin-T; I1: larval troponin-I;
Ia: adult troponin-I; Tw: white muscle troponin-T; Iw: white muscle troponin-I; Ir: red muscle troponin-I. Arrow in gel (a) indicates the satellite
spot of the larval troponin-I.

they are the non-phosphorylated and phosphorylated
forms of the same adult LC2. Phosphorylated LC2 di-
minishes during the juvenile stage and is very minor
in the adult specimens. Distinct larval and adult LC2
forms have also been described in the Atlantic herring
(Crockford and Johnston 1993) and plaice (Brooks
and Johnston 1993), but in these fish the two iso-
forms display not only different isoelectric points as
in H. longifilis, but also different apparent relative
molecular masses, suggesting different chemical com-
positions. As the myosin light chain LC2 is located
at the head-rod junction of the myosin molecule, it
would appear to influence the mechanical properties
of the muscle fibre (Moss et al. 1982). Successive
synthesis of different myosin LC2 forms must presum-
ably enable modulation of the contractile response of
the myotomal musculature according to the develop-
mental stage although the functional significance of
LC2 phosphorylation has not been established in fish
muscle (Yancey and Johnston 1982).

I filament proteins

Actin is the main protein of the I filament and appears
unchanged during growth ofH. longifilis.

Tropomyosin is involved, with the troponin com-
plex, in calcium regulation of muscular contraction.
In mammals, this protein consists of two subunits,α

andβ, whose ratio appears to be species- and muscle-
specific (Pette and Staron 1990). By electrophore-
sis, white muscle from various fish species has been
found to contain eitherα-type tropomyosin orβ-type
tropomyosin (Heeley and Hong 1994).H. longifilis
tropomyosin splits into two spots (with very similar
molecular masses) when subjected to two-dimensional
PAGE. The complex appears identical throughout
growth and corresponds with theα-tropomyosin sub-
unit of mammals. An additional, acidic spot is present
early in development, as in developing salmon fry
(Heeley et al. 1995); it was identified as a larval
α-tropomyosin isoform.

The troponin complex consists of three different
subunits in equimolar proportions, two basic proteins,
TN-T and TN-I, and an acidic calcium-binding pro-



298

Figure 11. Evolution of the relative proportions of the two tro-
ponin-I isoforms as a function of fish body length. (A) LDPA batch;
(B) GAMET batch. Data were obtained from one-dimensional
SDS-PAGE.N, larval isoform;H, adult isoform. Arrow indicates
the larval-to–juvenile stage transition (1.7 cm).

tein, TN-C. Two isoforms of TN-T and two of TN-I
appear during the development ofH. longifilis, but
transition from one form to the other occurs at dif-
ferent speeds for the two troponins. The larval form
of TN-T is present already in the juvenile stage as
the minor component. For TN-I, transition from the
larval to the adult isoform is slower, some adult speci-
mens still exhibiting equal amounts of the two forms.
The different sequential synthesis of TN-T and TN-
I isoforms suggests that the expression of the genes
for the two subunits is under different control. Dis-
tinct embryonic, larval, and adult isoforms of TN-T
and TN-I have been described in the development of
the Atlantic herring (Crockford and Johnston 1993;
Johnston et al. 1997). These authors find the exis-
tence of a larval TN-I isoform particularly interesting,
since no similar isoform has ever been identified in
higher vertebrates. InH. longifilis contrary to the her-
ring, however, the larval TN-T and especially TN-I
isoforms remain quite abundant in adult specimens.

Figure 12. Two-dimensional PAGE of acidic myofibrillar proteins
with alkali gel as the first dimension. In alkali-PAGE, proteins were
incubated in the presence of 0.005 M EGTA and migrated to the
anode (right). The gels were silver-stained. (a) adult white muscle
(fish length: 35 cm); (b) adult red muscle (35 cm); (c) comigration
of proteins from adult white (a) and red (b) muscle. Cw: white mus-
cle troponin-C; Cr: red muscle troponin-C; TM: tropomyosin; LC1:
myosin light chain 1; LC2: myosin light chain 2; LC3: myosin light
chain 3.

Changes in TN-T and TN-I isoforms might affect the
regulation of the muscle contraction.

In our samples,H. longifilis displayed only one
form of TN-C throughout growth. This calcium-
binding protein was detected with difficulty by PAGE,
being partly removed during myofibril sample prepa-
ration probably because of its higher solubility. For
a few years we have been studying the synthesis of
other calcium-binding proteins, the parvalbumins, in
the course of development in several fish (Focant et al.
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1992; Huriaux et al. 1996, 1997; Chikou et al. 1997).
In H. longifilis, five isoforms are sequentially syn-
thesised during growth (Focant et al. 1999). In cold-
blooded vertebrates, parvalbumins are involved in
Ca++ transfer from the myofibrils to the sarcoplasmic
reticulum during relaxation of white muscles (Gillis
and Gerday 1977). In addition to TN-C, the various
parvalbumin isoforms could modulate the calcium flux
during the contraction-relaxation cycle, according to
the physiological needs of the fish.

Adult red muscle

Myofibrils from adult H. longifilis red muscle share
no common component with larval, juvenile, or adult
white muscle, except actin which is known to be
highly conserved in vertebrate skeletal muscle (Van-
dekerckhove and Weber 1984). Myosin heavy and
light chains appeared distinct from their white-muscle
counterparts. As previously described (Huriaux et al.
1991), the relative electrophoretic mobility of red-
muscle and white-muscle myosin heavy chains de-
pends on the glycerol content of the gels and on
the fish species studied. Under the experimental
conditions giving the best separation of barbel red-
and white-muscle heavy chains, the corresponding
H. longifilis isoforms migrate together. Heavy-chain
molecular mass estimates based on this electrophoretic
method must thus be taken with caution. Although
both red-muscle and white-muscle tropomyosins were
classified asα-type tropomyosins, the former has a
slightly higher molecular mass. TN-T and TN-I each
exhibited only one isoform; the molecular masses
determined for these isoforms were again somewhat
higher than those determined for their white-muscle
counterparts. Even TN-C, which appeared very con-
stant throughout fish development, displayed a dif-
ferent isoform pattern in red and white muscle: two
components were discerned in red myofibrils, differ-
ing in both molecular mass and electric charge from
white-myofibril TN-C. These results tally with the
division of labour between white and red fibres in fish.

In summary, the myofibrillar isoform pattern of
H. longifilis varies substantially during its ontogeny
and the transition between isoforms does not systemat-
ically follow ontogeny steps. No isoform characteristic
of adult slow-red muscle appears in fast-white mus-
cle, whether larval, juvenile, or adult stage. Sequential
expression of specific isoforms at different life stages
presumably reflects variations in the contractile prop-
erties of the muscle fibres, required by changes in

functional demands. To this respect, it is worth notic-
ing that a significant biochemical change in myofibril-
lar pattern takes place at the larva-juvenile transition
characterized by a major expression of phosphory-
lated LC2, the disappearance of larval tropomyosin,
an equal expression of larval and adult TN-T, and
the emergence of adult TN-I. This biochemical transi-
tion coincides with changes in morphology, swimming
and feeding behaviour of this catfish (Legendre and
Teugels 1991; Vandewalle et al. 1997; Baras 1999).
The present results correlate with the recent descrip-
tion of the successive appearance of three larval and
two adult parvalbumin isoforms in the developing
muscle ofH. longifilis(Focant et al. 1999). These mus-
cle proteins can constitute valuable tools in monitoring
fish development.
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