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cDNA clones encoding the myogenic regulatory factors
(MRFs) myogenin, MyoD and myf-5 were isolated by
reverse-transcription polymerase chain reaction from
larvae and embryos of the common carp (Cyprinus carpio
L.). Myocyte-specific enhancer factor 2 (MEF2) cDNAs
were identified from a cDNA library from adult carp.
Northern blot analysis showed that MyoD, myf-5 and
MEF2C transcripts were present in three-somite embryos,
whereas myogenin and MEF2A transcripts were not
detected until the 15-somite stage. Intense signals of
myogenin and MyoD transcripts were observed even in 1-
month-old juveniles. Levels of MyoD, myogenin and
MEF2A transcripts declined between 1 and 7 months after
hatching, and myf-5 gave only a weak signal in the oldest
fish. In contrast, levels of MEF2C transcripts were

considerably higher in 7-month-old juveniles than in 1-
month-old larvae. mRNAs encoding carp myosin heavy
chain and α-actin were first detected at approximately the
time of the first heartbeat, and levels were maximal in
juveniles 1 month post-hatching. The relatively high levels
of MRF mRNA in juvenile fish probably reflect the
recruitment of new muscle fibres from the satellite cell
population. It was concluded that the relative importance
of the different members of the MyoD and MEF2 families
of transcription factors for muscle differentiation changes
during ontogeny in the carp.

Key words: carp, Cyprinus carpio, myogenin, MyoD, myf-5, MEF2A,
MEF2C, myogenesis, development, cDNA cloning, myosin heav
chain, α-actin, muscle.
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The trunk musculature of fish is derived from the segmen
plate mesoderm flanking the notochord and lying underne
the presumptive spinal cord. Studies in zebrafish (Brachydanio
rerio) have shown that the most medial cells in the segmen
plate, called adaxial cells, commit to becoming myoblasts w
a specific slow muscle lineage (Devoto et al. 1996) under the
influence of the glycoprotein Sonic hedgehog (Shh) secre
from the notochord (Blagden et al. 1997). In zebrafish, the
adaxial cells are also distinguished from the smaller, mo
numerous, lateral segmental plate cells by their uniq
expression of snail1(Thisse et al.1993) and MyoD (Weinberg
et al.1996) prior to somite formation. Somites are formed fro
the segmental plate in a rostral to caudal sequence as pa
blocks of mesoderm that rapidly differentiate into a ventr
sclerotomal compartment and an epithelial dermomyotom
which contributes to the dermis and gives rise to the mus
tissue (Morin-Kensicki and Eisen, 1997). The rows of adax
cells become incorporated within each somite, and inject
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studies with vital fluorescent dyes have shown that these ce
migrate through the somite to become the superficial layer 
slow muscle fibres (Devoto et al.1996). A small subset of the
adaxial muscle cells elongates to span the entire width of t
somite, and these cells form the mononuclear muscle pion
fibres present at the horizontal septum (Devoto et al. 1996).
The pioneer cells are distinguished by their high levels 
expression of the engrailedgene (Hatta et al. 1991) and they
are the first muscle fibres to become innervated (Hannem
1992; Johnston et al. 1997). The fast muscle fibres derived
from the lateral presomitic mesoderm are formed from th
fusion of several myoblasts to form multi-nucleated myotube
Sonic hedgehog appears not to be required for the commitm
of the lateral presomitic cells to a fast muscle lineage becau
the bozmutant lacks Shh and yet contains fast muscle fibr
throughout the somite (Blagden et al.1997).

Members of the MyoD family of basic helix–loop–helix
(bHLH) transcription factors have a central role in the
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determination and differentiation of vertebrate skelet
muscle (see Weintraub, 1993). Collectively referred to 
myogenic regulatory factors (MRFs), they include the gen
for MyoD and myogenin, which are not closely linked, an
the closely linked genes for myf-5 and MRF4 (myf-6), th
coding sequences of which are separated by only 8500 b
pairs (8.5 kb) on human chromosome 12 (Braun et al.1990).
In mammals, forced expression of each of the MRFs c
convert non-muscle cells to myoblasts, suggesting that th
may be functionally interchangeable (Weintraub et al.1991),
although ‘knock-out’ and expression studies indicate th
each has distinct but overlapping functional roles (Rudnic
et al. 1992; Smith et al. 1994). Double-mutant knock-out
mice deficient in the genes for both MyoD and myf-5 a
lethal and lack all myogenic progenitor cells (Rudnicki et al.
1992). There is evidence that cis-acting interactions are
important in regulating the expression of the genes for m
5 and MRF4 (Yoon et al. 1997). MRFs form heterodimers
with E protein products, such as E12 and E47 of t
ubiquitiously expressed E2A gene family, and bind to the E
box DNA sequences (CANNTG) present in the contr
regions of many muscle-specific genes (see Olson, 199
MRF activity is controlled through both positive and negativ
regulatory pathways involving, among other factors, LIM
protein (MLP) (Kong et al. 1997) and Id proteins (Benezra
et al. 1990), respectively.

Another important regulator of skeletal muscl
differentiation is the myocyte-specific enhancer factor 
(MEF2) family of transcription factors which bind to an A/T
rich sequence present in many muscle-specific promotors 
enhancers (Gossett et al. 1989). Multiple isoforms of MEF2
have been identified in vertebrates, including fish (Ticho et al.
1996), all of which contain the DNA-binding sequenc
characteristic of the MADS gene family and an adjacent high
conserved MEF2-specific domain. MEF2 isoforms regula
myogenic bHLH genes and cooperates with MRFs 
activating skeletal-muscle-specific transcription (for a revie
see Olson, 1992).

In zebrafish, MyoD (Weinberg et al. 1996) and MEF2D
(Ticho et al. 1996) transcripts are first detected at mid
gastrulation and are present in the adaxial cells adjacen
the notochord in the presomitic mesoderm. Durin
somitogenesis, MEF2D-containing cells are present on eit
side of the transverse myoseptum, and expression occur
a rostral to caudal sequence (Ticho et al.1996). MEF2A and
MEF2C transcripts appear later, but follow the same patte
of expression within the somites as MEF2D (Ticho et al.
1996). Myogenin appears in the somites at approximately 
same time as MEF2A (Ticho et al. 1996; Weinberg et al.
1996).

Although the zebrafish is an excellent system for studyi
early muscle commitment and differentiation, it does n
provide a general model for post-larval muscle grow
because of its modest ultimate body size (length 3–5 cm
Muscle growth in small species involves primarily th
hypertrophy of the fibres formed in the embryo and durin
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the early larval stages (Weatherley et al. 1988). In contrast,
for species with indeterminate growth, including commo
carp, new muscle fibres continue to be recruited during t
juvenile and adult stages from a stem cell population pres
under the basal lamina of muscle fibres (Stickland, 198
Alami-Durante et al.1997; Koumans et al.1993; Johnston et
al. 1998). In addition, carp fast muscle fibres change myos
heavy chain isoforms following temperature acclimatio
(Guo et al. 1994; Watabe et al. 1995b; Imai et al. 1997;
Hirayama and Watabe, 1997), suggesting the participation
MRFs in muscle fibre recruitment for adult carp in
association with environmental temperature fluctuatio
However, almost nothing is known about the expressio
patterns and role of MRFs and MEF2 isoforms during pos
larval growth in fish. The aim of the present study was 
isolate cDNA clones of MyoD, myogenin, myf-5 and MEF2
isoforms from the common carp and to investigate the
temporal expression patterns in relation to actin and myo
heavy chain gene expression in embryonic, larval a
juvenile stages of the life cycle.

Materials and methods
Fish

Carp (Cyprinus carpioL.) were reared at the Yoshida
Research and Training Station, Tokyo University o
Fisheries, Japan. Eggs and milt were stripped from two m
and two female fish to produce four families. Embryos an
larvae were cultured in freshwater aquaria at approximate
20 °C. Somite formation was observed with a ligh
microscope to assess the developmental stage of the embr
Whole fish were quickly frozen in liquid N2 for extraction of
total RNA. Whole larvae at hatching were also used f
polymerase chain reaction (PCR) amplification of myogen
regulatory factors after freezing in liquid N2. Larvae aged 2
days were transported to the laboratory of the University 
Tokyo and cultured for a further 7 months under a 14 h:10
L:D photoperiod at approximately 20 °C. Fish were fe
commercial pellets twice daily. Fast muscle was isolate
from the trunk muscle of juveniles aged 1 and 7 month
frozen in liquid N2, and stored frozen at −80 °C until used for
northern blot analysis.

Total RNA extraction

Total RNA used for PCR amplification was isolated from
larvae at hatching by the acidic guanidinium
thiocyanate–phenol–chloroform extraction metho
(Chomczynski and Sacchi, 1987). Total RNAs used f
northern blot analysis were extracted with Isogen solutio
(Nippon Gene) from embryos at 30 h (three-somite stage), 4
(15-somite stage), 61 h (heartbeat stage) and 77 h (eyed st
post-fertilization and from larvae at hatching. Muscle sampl
were also taken from 1-month-old and 7-month-old juvenile
Approximately 300µg of total RNA was extracted from 1 g of
embryos, whereas 1 mg of total RNA was obtained from 1 g
larvae at hatching and from juvenile muscle. Th
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concentrations of RNA were determined from the absorba
at 260 nm using a Shimadzu UV-160 spectrophotometer.

cDNA cloning of the MyoD family: PCR amplification

First-strand cDNA was synthesized using a T-primed fir
strand kit (Pharmacia Biotech). PCR primers were design
with reference to DNA nucleotide sequences of myogen
MyoD and myf-5 from various vertebrate species (Table
Fig. 1). Primer 4 had the same sequence as an adapter re
of the NotI d(T)18 primer contained in the kit. PCR
amplifications were carried out for 3 min at 94 °C, followe
by 30 cycles of denaturation for 1 min at 94 °C, 1.5 min 
annealing at 50 or 60 °C and 2 min of extension at 72 °C (
last extension step was extended for 5 min), using a DN
thermal cycler (model 2400; Perkin Elmer Applie
Biosystems). The composition of the reaction mixture was
follows: each of the 100µl reaction mixtures contained
40 pmol of forward and reverse primers, approximately 1µg
of first-strand cDNA from embryos at hatching, 20 nmol o
dNTP mixture, 10µl of 10× PCR buffer (100 mmol l−1

Tris/HCl, pH 8.3, 500 mmol l−1 KCl, 15 mmol l−1 MgCl2,
0.01 %, w/v, gelatin) and 1 unit of Taq DNA polymerase
(Perkin Elmer). Alternatively, DNA fragments were amplifie
by 5′-rapid amplification of cDNA ends (5′-RACE) PCR using
No.

1 5′-GTGTGTAAGCGCAAGTCTG-3′

2 5′-GATGCT(C/G)TCCACGATGGA(C/G)G-3′

3 5′-GGAGCAGTGCGTCTGAGC-3′

5 5′-TCAGGTTGGTTTGCTCT-3′

6 5′-TCATGAGCGTGCTCCTCTTA-3′

7 5′-TGCCTACTGTGGGCATGCAA-3′

8 5′-ACTCACTTCTGCTGATCTGC-3′

9 5′-ATCTCCACTTTGGGCAGCCT-3′

4 5′-TTGACCTTCTTAAGCGCCG-3′

AUAP 5′-GGCCACGCGTCGACTAGTAC-3′

10 5′-TGCCTCATGTGGGCCTGCAA-3′

11 5′-AGGATCTCCACCTTGGGCAG-3′

12 5′-ACTGTGGACCGCCGGAGAGC-3′
13 5′-GCAGGCTGAAGAAGGTGAAC-3′

14 5′-GGCTTTCGATGTACTGGATG-3′

15 5′-GGATCTCCACCTTGGGAAGA-3′

16 5′-ATGGGGAG(A/G)AAAAAGAT(A/T/C)CAGAT-
17 5′-CTCCAC(A/G)ATGTCTGAGTT(A/T/G)GT-3′

   *The positions of bases in myogenin, MyoD, myf-5 and MEF2C (DDB
 numbers AB012881, AB012882, AB012883 and AB012885, respective
    Y, myogenin; D, MyoD; F, myf-5; E, MEF2.

Table 1. Nucleotide sequences of primers used for po
MyoD, my
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a 5′-RACE system version 2.0 kit (Gibco BRL). Amplified
DNA fragments were subcloned into plasmid pBluescript
(SK−) using Escherichia coli strain MV1190 as a host
bacterium.

DNA sequencing was performed using a dye-termina
cycle sequencing ready reaction kit with a DNA sequen
(model 373S; Perkin Elmer Applied Biosystems). Th
nucleotide sequence data for carp myogenin, MyoD and m
5 will appear in the DDBJ/EMBL/GenBank nucleotid
sequence databases with the accession numbers AB012
AB012882 and AB012883, respectively.

cDNA cloning of the MEF2 family: screening of a cDNA
library from adult carp

First, we tried to isolate cDNA clones encoding the MAD
box and MEF2 domain by PCR from a cDNA library prepar
from the fast myotomal muscle of carp acclimated to 10 °C 
a minimum of 5 weeks (Imai et al.1997). PCR primers 16 and
17 were designed with reference to DNA nucleotide sequen
of MEF2C from various vertebrate species (Table 1). A PC
product of approximately 200 bp encoding the MADS box a
MEF2 domain of carp MEF2C was randomly labelled with
digoxigenin DNA-labelling kit (Boehringer Mannheim)
according to the manufacturer’s instructions. Hybridizatio
  

Y418–436

Y833–852

Y734–751

Y807–823

Y516–535

D392–411

D1214–1233

D542–561

Y, D and F3′ end

5′ end Y,  D and  F

212–231 F

365–384 F

254–273 F

294–313 F

394–413 F

364–383 F

3′ E

E

424–448

663–683

J/EMBL/GenBank nucleotide sequence databases accession 
ly).

lymerase chain reaction amplification of carp myogenin,
f-5 and MEF2

Nucleotide position* Myogenic regulatory factor
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AUAP

Myogenin

AUAP

MyoD

AUAP

myf-5

P1 P3

P6 P5 P2 P4

P4P8P9

P7

P10 P12 P13

P15

P11 P14 P4

100 bp

Fig. 1. Locations of primers (P) used for polymerase chain reaction
amplification of carp myogenin, MyoD and myf-5 cDNAs. The boxes
and solid bars indicate the coding and non-coding regions,
respectively. The hatched areas in the coding regions represent the
basic helix–loop–helix domains.
was carried out as described previously (Imai et al. 1997).
Positive clones were plaque-purified, and the inserts w
excised in the form of pBluescript II (SK−) plasmid vectors
according to the manufacturer’s protocol for sequencin
Sequence analysis was performed as described above.
nucleotide sequence data for carp MEF2A and MEF2C w
appear in the DDBJ/EMBL/GenBank nucleotide sequen
databases with the accession numbers AB012884 
AB012885, respectively.

Northern blot analysis

Samples for northern blot analysis were collected fro
various developmental stages of carp including embry
larvae and juveniles. Two series of sample collection we
carried out for northern blot analysis. Total RNAs we
fractionated in 1.4 % (w/v) agarose gels containing 18 % (v
formamide and blotted onto nylon membranes (Amersha
The membranes were prehybridized at 65 °C for 1 h in
solution containing 0.5 mol l−1 Church buffer (Church and
Gilbert, 1984), 1 mmol l−1 EDTA and 7 % SDS, and then
hybridized at 65 °C for 20 h in the same solution used 
prehybridization but containing 32P-labelled probe. After
hybridization, the membranes were washed sequentially w
2×SSC (1×SSC is 0.15 mol l−1 sodium chloride, 0.015 mol l−1

sodium citrate) plus 0.1 % SDS at room temperature for 20 m
1×SSC plus 0.1 % SDS at 65 °C for 30 min and 0.1×SSC plus
0.1 % SDS at 65 °C for 10 min, and then exposed to X-ray fil
for periods ranging from 2 days to 2 weeks at −80 °C using
intensifying screens.

The DNA fragments used as probes encoding ca
myogenin, MyoD, myf-5, MEF2A, MEF2C, fast skeleta
myosin heavy chain and α-actin were amplified by PCR and
labelled with [α-32P]dCTP using a random primer DNA-
labelling kit (Takara). The probes correspond to nucleotid
418–1264 of myogenin cDNA, 392–1233 of MyoD cDNA
294–1242 of myf-5 cDNA, 648–1679 of MEF2A cDNA an
881–1927 of MEF2C cDNA, or were amplified from the DN
sequence encoding residues 534–717 from the N terminus
carp 10 °C-type fast skeletal myosin heavy chain (Hiraya
and Watabe, 1997) or nucleotides 1–511 of carp α-actin
(Watabe et al.1995b).

It should be emphasized that the region selected for c
myosin heavy chain is thought to react with all known isoform
of this protein in carp (Hirayama and Watabe, 1997
Furthermore, it has been demonstrated that chicken embry
(Gulick et al. 1985) and fast skeletal (Chao and Bandma
1997) myosin heavy chains have 89.7 % homology for DN
nucleotide sequences in this region, suggesting that our pr
should hybridize with mRNAs encoding any potenti
embryonic isoforms of myosin heavy chains in carp.

Results
cDNA cloning of carp myogenin

The cloning of cDNAs encoding carp myogenin wa
accomplished through several PCR amplifications (Fig. 1; Ta
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1). First, a 435 nucleotide cDNA fragment was successfu
amplified using primers 1 and 2. Amplification of the 3′ non-
coding region was carried out by nested PCR as follows. Prim
1 and 4 were used in the first PCR, then a second PCR w
carried out with primers 3 and 4, resulting in amplification of 
722 nucleotide cDNA fragment. Subsequently, 5′-RACE PCR
was carried out with primers 5 and 6 as well as AUAP in th
kit, producing a 515 nucleotide cDNA fragment. The PCR
products were subcloned into plasmid vectors and sequenc
Finally, we obtained the cDNA clone, which had a single maj
open reading frame (ORF) encoding putative 253 amino ac
residues. The total DNA nucleotide sequence was confirmed
a single PCR. The first ATG at nucleotide 142 is probably th
initiation codon because of its sequence similarity around t
ATG (AACATGG) to a consensus sequence (A/CNNATGG)
for eukaryotes (Kozak, 1981).

It has been proposed that the bHLH region in myogen
regulatory factors is required for DNA binding and
heterodimerization with E proteins in higher vertebrate
(Lassar et al. 1989; Davis et al. 1990). The corresponding
region in carp myogenin (enclosed within a box in Fig. 2) wa
very conserved and showed almost the same seque
(93–98 % identity) as those of other vertebrates, includin
rainbow trout (Oncorhynchus mykiss) (Rescan et al. 1995).
While myogenin was also well conserved at residues 81–
and 156–164, the entire sequence of carp myogenin show
69, 55 and 51 % sequence identity with those of rainbow tro
(Rescan et al.1995), chicken (Fujisawa-Sehara et al.1990) and
mouse (Edmondson and Olson, 1989), respectively. 
addition, carp myogenin had additional sequences at resid
52–56 and 68–79 from the N terminus which were no
observed in chicken and mouse.

cDNA cloning of carp MyoD

Cloning of carp MyoD was also carried out through
sequential PCR amplifications. A 1194 nucleotide cDNA
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fragment was first amplified with primers 4 and 7 (Table
Fig. 1). Subsequently, 5′-RACE PCR was carried out using
primers 8 and 9 as well as AUAP. The resulting cDN
contained 1561 nucleotides with an ORF of 825 nucleotid
that encoded 275 amino acid residues. The total DN
nucleotide sequence was confirmed by a single PCR. The 
ATG in the ORF was considered as the initiation codon for 
same reason as outlined for myogenin.

The bHLH region of carp MyoD was highly conserved wi
a sequence identity to other vertebrates, including zebrafish
the range 93–98 %. In contrast to myogenin, however, My
from carp contained several other conserved regions at 27
77–101, 189–211 and 246–261 amino acid residues from
N terminus, resulting in higher homology of the who
molecule in carp with that of higher vertebrates. MyoD in ca
showed 93, 81, 73 and 71 % identities with MyoD fro
zebrafish (Weinberg et al. 1996), rainbow trout (Rescan et al.
1994), Xenopus laevis(Hopwood et al.1989) and chicken (Lin
et al. 1989), respectively (Fig. 3). Carp MyoD was relative
similar to other fish MyoDs sequenced, containing deletions
9–21, 66–76, 171–175 and 306–312 amino acid residues f
the N terminus that are not observed in higher vertebrates

cDNA cloning of carp myf-5

The cloning of cDNAs encoding carp myf-5 wa
accomplished through several PCR amplifications (Table 1; F
1). First, a 173 nucleotide cDNA fragment was successfu
amplified using primers 10 and 11. Amplification of the 3′ non-
coding region was carried out by nested PCR as follows. Prim
12 and 4 were used in the first PCR, then a second PCR
carried out with primers 13 and 4, resulting in amplification 
a 1089 nucleotide cDNA fragment. Subsequently, 5′-RACE
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Fig. 2. Comparison of the deduced amino acid sequence of
carp myogenin with those from other vertebrates. Data were
taken from rainbow trout (Rescan et al. 1995), chicken
(Fujisawa-Sehara et al. 1990) and mouse (Edmondson and
Olson, 1989). Amino acid residues identical to those of carp
are shown by periods, and gaps are represented by dashed
lines. The box indicates the basic helix–loop–helix domain.
Note that the N-terminal sequence has not yet been
determined for rainbow trout.
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PCR was carried out with primers 14 and 15 as well as AUA
in the kit, producing a 385 nucleotide cDNA fragment. The PC
products were subcloned into plasmid vectors and sequenc
Finally, we obtained the cDNA clone, which had a single majo
ORF encoding putative 240 amino acid residues. The total 128
nucleotide sequence was confirmed by a single PCR. The fi
ATG in the ORF was considered to be the initiation codon, f
the same reason as outlined for myogenin.

The bHLH region of carp myf-5 was highly conserved
showing an identity with other vertebrate myf-5s o
82–84 %. Carp myf-5 contained several other conserv
region at residues 64–77, 139–151 and 205–216, and 
whole molecule showed 56, 57 and 56 % identities with my
5 from Xenopus laevis(Hopwood et al. 1991), chicken
(Saitoh et al. 1993) and mouse (Buonanno et al. 1992),
respectively. Carp myf-5 contained deletions at postion
4–8, 28–30 and 37–45 from the N terminus relative to mou
and chicken (Fig. 4).

cDNA cloning of the carp MEF2 family

The cloning of cDNA encoding the carp MEF2 family was
accomplished through screening of a cDNA library from adu
carp acclimated to 10 °C with a PCR product encoding th
MADS box and MEF2 domain of carp MEF2C. We isolated
cDNA clones containing the complete coding sequence f
carp MEF2A and MEF2C. Carp MEF2A and MEF2C were
2746 and 2031 nucleotides in length, respectively, and h
ORFs that coded for proteins of 472 and 474 amino acid
respectively. The first ATG in the ORF was considered to b
the initiation codon, for the same reason as outlined f
myogenin. The region of the MEF2A and MEF2C cDNAs
encoding the MADS box and MEF2 domains showe
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Fig. 3. Comparison of the deduced amino
acid sequence of carp MyoD with those
from other vertebrates. Data were
obtained from zebrafish (Weinberg et al.
1996), rainbow trout (Rescan et al.1994),
Xenopus laevis(Hopwood et al. 1989),
chicken (Lin et al. 1989) and mouse
(GenBank accession number M84918).
Amino acid residues identical to those of
carp are shown by periods, and gaps are
represented by dashed lines. The box
indicates the basic helix–loop–helix
domain.
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Fig. 4. Comparison of the deduced amino acid sequence
of carp myf-5 with those from other vertebrates. Data were
obtained from Xenopus leavis(Hopwood et al. 1991),
chicken (Saitoh et al. 1993) and mouse (Buonanno et al.
1992). Amino acid residues identical to those of carp are
shown by periods, and gaps are represented by dashed
lines. The box indicates the basic helix–loop–helix
domain.
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94–100 % sequence identity with other vertebrate ME
isoforms. Carp MEF2A contained deletions at 211–229 a
424–437 amino acid residues from the N terminus compa
with sequences for higher vertebrates, the entire seque
showing 91, 72 and 70 % sequence identity with those
zebrafish (Ticho et al.1996), mouse (Lin et al.1995; GenBank
database accession number U30823) and human (Yu et al.
1992), respectively (Fig. 5). Carp MEF2C contained a delet
at 345–348 amino acid residues from the N terminus compa
with sequences for higher vertebrates. As shown in Fig. 6,
amino acid sequences of zebrafish (Ticho et al. 1996), mouse
(Martin et al. 1993) and human (McDermott et al. 1993)
MEF2C are 85, 80 and 80 % identical to the carp MEF
sequence, respectively.

Northern blot analyses of carp myogenin, MyoD, myf-5,
MEF2A and MEF2C in comparison with expression patter

of carp skeletal myosin heavy chain and α-actin
Total RNAs were extracted from carp at variou
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Fig. 5. Comparison of the deduced amino
acid sequence of carp MEF2A with those
from other vertebrates. Data were obtained
from zebrafish (Ticho et al. 1996), mouse
(GenBank accession number U30823) and
human (Yu et al. 1992). Amino acid
residues identical to those of carp are
shown by periods, and gaps are represented
by dashed lines. Open and shaded boxes
indicate the MADS box and MEF2
domain, respectively.
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developmental stages and subjected to northern blot analy
for myogenin, MyoD, myf-5, MEF2A and MEF2C mRNAs as
well as for muscle-specific genes encoding skeletal myos
heavy chain and α-actin. Three determinations were carried ou
from two series of sample collections during ontogeny. Sinc
good reproducibility was obtained for each determination, on
typical results are shown in Fig. 7.

A single mRNA band of approximately 1.5 kb encoding car
myogenin was first detected in embryos 42 h post-fertilizatio
at the 15-somite stage (Fig. 7). Strong signals were detected
embryos at 61 h post-fertilization, at approximately the tim
that the heartbeat was first observed, as well as in 1-month-
juveniles. In contrast, relatively weak signals were obtained f
myogenin transcripts in eyed-stage embryos (77 h pos
fertilization), in larvae at hatching and in 7-month-old
juveniles (Fig. 7).

Carp MyoD mRNA was detected in embryos 30 h pos
fertilization at the three-somite stage, appearing earlier th
myogenin mRNA (Fig. 7). The developmental stages th
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Fig. 6. Comparison of the deduced amino acid sequence
of carp MEF2C with those from other vertebrates. Data
were obtained from zebrafish (Ticho et al.1996), mouse
(Martin et al.1993) and human (McDermott et al.1993).
Amino acid residues identical to those of carp are shown
by periods, and gaps are represented by dashed lines.
Open and shaded boxes indicate the MADS box and
MEF2 domain, respectively.
showed maximal expression levels were different f
myogenin and MyoD. While the accumulated levels 
myogenin transcripts showed two peaks, those of My
transcripts had only one. The abundance of the My
transcripts increased during development until hatching a
thereafter declined, although transcripts were still presen
the fast myotomal muscle of 7-month-old juveniles.

The carp myf-5 probe detected one size of transcript, wh
was present in three-somite embryos (30 h post-fertilizatio
and was still weakly detectable in 7-month-old juveniles. T
strongest signal for myf-5 mRNA was in early embryon
samples, at 30 and 42 h post-fertilization.

Transcripts corresponding to MEF2A were first detecte
though faint, in 15-somite embryos (42 h post-fertilizatio
coincident with the appearance of myogenin mRNA. T
expression pattern of MEF2A during development was sim
or
of
oD
oD
nd

t in

ich
n)

he
ic

d,
n)
he
ilar

to that of myogenin in terms of having two peaks, with th
maximal level of MEF2A mRNA being detected in 1-month
old juveniles. MEF2C was first detected in three-somit
embryos, and the level increased gradually during developme
although the signal obtained from eyed-stage embryos 7
post-fertilization was weak. Levels of carp MEF2A and
MEF2C transcripts increased after hatching. In contrast to oth
MRFs, a strong signal for MEF2C was detected in the fa
muscles of 7-month-old juveniles.

The mRNA levels of skeletal myosin heavy chain and α-actin
were also examined to determine their temporal relationsh
with those of myogenin, MyoD, myf-5, MEF2A and MEF2C
(Fig. 7). The signals of the two muscle-specific mRNAs wer
first detected in embryos 61 h post-fertilization at approximate
the time that the heartbeat was first observed, although 
abundance of α-actin transcripts was very low at this time.
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Fig. 7. Northern blot analyses of mRNAs encoding carp myoge
MyoD, myf-5, MEF2A and MEF2C compared with those for ca
skeletal myosin heavy chain and α-actin. Total RNAs (20µg for
MyoD, myf-5, MEF2A, MEF2C, skeletal myosin heavy chain and α-
actin and 30µg for myogenin) were electrophoresed in 1.4 % agar
gels and transferred onto nylon membranes. The membranes 
then hybridized with 32P-labelled polymerase chain reaction produ
of MyoD, myogenin, myf-5, MEF2A, MEF2C, skeletal myosin hea
chain and α-actin. Lanes 1–7 contain total RNAs from whole embry
at 30 h, 42 h, 61 h and 77 h post-fertilization, from whole larvae
hatching (H) and from muscle of juveniles 1 and 7 months p
hatching, respectively.

7

months

7

Discussion
The MyoD family contains four myogenic regulator

factors, all of which contain the bHLH DNA-binding domain
They act at multiple points in the skeletal muscle lineage
establish the skeletal muscle phenotype. In addition to 
MyoD family, members of the MEF2 family have been show
to play important roles in the control of muscle-specific ge
expression (Molkentin and Olson, 1996). In all known skele
muscle lineages, myf5/MyoD expression is followed b
y
.
 to
the
n

ne
tal
y

upregulation of myogenin and of MEF2 family factors, whic
enhance expression of differentiation genes (Yun and Wo
1996). The last myogenic regulatory factor to be activated 
most muscle types is MRF4, which is expressed un
adulthood (Rhodes and Konieczny, 1989).

We have now determined the coding and non-coding regio
of the cDNAs from the MyoD and MEF2 families of
transcription factors in the common carp. Comparison of t
deduced amino acid sequences of carp MRFs with those fr
other vertebrates revealed that MyoD was more high
conserved than myogenin and myf-5, including in the bHL
DNA-binding domain (see Figs 2–4). It is thought tha
myogenic activity maps onto two amino acid residues (alani
and threonine) in the centre of the MyoD basic domain and o
amino acid residue in the junction region of the first helix o
MyoD (Davis and Weintraub, 1992). Black et al.(1998) found
that the myogenic residues alanine and threonine were requ
for MyoD to activate transcription synergistically with MEF2
but were not required for interaction with MEF2. Marked
differences were observed between the amino acid sequen
of carp myogenin, MyoD and myf-5, showing only 73–87 %
identity in the bHLH region and 31–47 % identity in the whol
coding region. Similar sequence divergence has been repo
between myogenin, MyoD and myf-5 in higher vertebrate
(Lin et al.1989; Fujisawa-Sehara et al.1990; Edmondson and
Olson, 1989; Pinney et al.1988; Saitoh et al.1993; Buonanno
et al. 1992). A comparison of the predicted amino aci
sequences of MEF2A and MEF2C from carp showed 93
identity in the MADS box and MEF2 domain and 58 % identit
in the whole coding region.

The present study has shown differences in the relati
timing of expression of MyoD and MEF2 transcription
factors during embryogenesis in the carp. It should be not
that, although expression of the MyoD family is specific t
skeletal muscle, MEF2 transcripts are also present in nervo
and cardiac tissue of zebrafish (Ticho et al. 1996). In
mammals, genes for MEF2 are expressed in a broad rang
cell types, including brain and neural crest cell derivatives 
well as skeletal, cardiac and visceral muscle (Edmondsonet
al. 1994). The first MRF to be expressed durin
somitogenesis in the carp is probably myf-5, since mRNA
for this factor are already present at high levels in thre
somite embryos (30 h post-fertilization) (Fig. 8). mRNAs fo
MEF2C and MyoD can be detected at much lower levels 
three-somite embryos, whereas mRNAs for myogenin a
MEF2A were not detected until the 15-somite stage (42
post-fertilization). In contrast, mRNAs for skeletal myosin
heavy chain and α-actin were not detected in northern blo
analysis until the heartbeat stage (61 h post-fertilization
which is consistent with their expression being a downstrea
consequence of MRF expression (Fig. 8). The interpretati
of our results is complicated by the fact that total RNA wa
extracted from the whole body of embryos and larva
whereas myotomal muscle samples were used from juvenil
A comparison with other expression data reveals differenc
in the transcriptional regulation of the MyoD and MEF2

nin,
rp

ose
were

cts
vy
os
 at

ost-



2810

pts

n
c

d
d
E
,
ic
g

,
f
g

is
s
1).
ed

s
,

le
;

d
n
d

o
n

y
n
lt

t
n

y

l
n

e-

A. KOBIYAMA AND OTHERS

          

Time

Myogenin

MyoD

myf-5

MEF2A

MEF2C
Myosin
heavy chain
α-Actin

0 h 30 h 42 h 61 h 77 h 95 h

Post-fertilization Hatching Post-hatching

1 month 7 months

Fig. 8. Expression patterns of mRNAs encoding carp myogen
MyoD, myf-5, MEF2A and MEF2C compared with those for ca
skeletal myosin heavy chain and α-actin.
families between muscle types and species. For exam
myf-5 is the first MRF to be expressed in the precursor ce
for myotomal muscle in mouse (Ott et al. 1991), zebrafish
(Weinberg et al. 1996) and carp (the present study), b
MyoD is the first to be expressed in the quail (Pownal a
Emerson, 1992). MyoD expression occurs earlier th
myogenin expression in quail and zebrafish (Pownal a
Emerson, 1992; Weinberg et al. 1996). In contrast, MyoD
transcripts are first detected approximately 2 days a
myogenin transcripts begin to accumulate in the precur
cells for the myotomal muscle of the mouse (Sassoon et al.
1989). In zebrafish, MEF2D is first activated in the presomi
mesoderm, followed by MEF2A and then MEF2C (Ticho et
al. 1996). MyoD expression occurs at the six-somite sta
and MEF2D and myogenin expression occur at the 10-som
stage in zebrafish (Ticho et al. 1996). In contrast, MEF2C
transcripts appear first, followed by MEF2A and MEF2D 
the mouse (Edmondson et al. 1994). In carp, the pattern of
accumulation of mRNA for the MyoD family is therefore
similar to that described in quail and zebrafish (Ticho et al.
1996; Pownall and Emerson, 1992), whereas express
patterns for the MEF2 family are similar to those in the mou
(Molkentin and Olson, 1996). Transcripts of the MEF
family were expressed in both somatic and cardiac cells
zebrafish (Ticho et al. 1996). Since the whole embryonic
body and larvae at hatching were used in the northern b
analysis in the present study with carp, it is necessary
determine which cells, somatic or cardiac, express the ME
family by in situ hybridization.

Andres and Walsh (1996) claimed that myogenin-positi
C2C12 myoblasts remained capable of replicating DNA. 
contrast, subsequent expression of the cell cycle inhibitor p2
differentiating myoblasts correlated with the establishment
the postmitotic state (Andres and Walsh, 1996). Later dur
myogenesis, postmitotic mononucleated myoblasts activa
expression of muscle structural proteins such as myosin he
chain and then fused to form a multinucleated myotube. It se
from these results that muscle-specific genes are upregulate
ple,
lls

ut
nd
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nd

fter
sor

tic

ge,
ite

in
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2
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ve
In
1 in
 of
ing
ted
avy

ems
d by

myogenin. However, myogenin(−/−) mice maintained certain,
although decreased, levels of many muscle-specific transcri
(Hasty et al.1993). Forced expression of myogenin or MyoD in
10T1/2 fibroblasts induced MEF2 DNA-binding activity, and it
has been shown that MEF2 proteins lack myogenic activity o
their own, but are able to act synergistically with myogeni
bHLH proteins during myogenic conversion of 10T1/2
fibroblasts in culture. It is thought that the synergy is mediate
by direct protein–protein interactions between MEF2 factors an
heterodimers formed between myogenic bHLH factors and 
proteins (Ludolph and Konieczny, 1995; Molkentin and Olson
1996). Thus, the overall cascade for expression of myogen
regulatory factors and induction of muscle-specific genes durin
myogenesis remains unclear.

In mammals, the number of muscle fibres is fixed at birth
and post-natal muscle growth involves the hypertrophy o
muscle fibres (Rowe and Goldspink, 1969). The expandin
muscle fibres require a source of additional nuclei that 
provided by a pool of undifferentiated myogenic stem cell
located beneath the basal lamina (Moss and LeBlond, 197
These myogenic stem cells (satellite cells) are also activat
following muscle injury. Following activation, the division
products of the myogenic stem cell population expres
myogenic bHLH proteins (Yablonka-Reuveni and Rivera
1994; Megeney et al. 1996). Muscle growth in the common
carp and other fish involves the production of new musc
fibres in addition to fibre hypertrophy (Stickland, 1983
Koumans et al. 1993; Johnston et al. 1998). The continued
expression of members of the MyoD family and MEF2
isoforms in the carp (Fig. 8) presumably reflects activate
myogenic cells. Such cells constitute a declining proportio
of the total number of muscle nuclei during the larval an
juvenile stages as growth proceeds (Koumans et al. 1993;
Johnston et al. 1998). Cornelison and Wold (1997) used a
multiplex single-cell reverse-transcription PCR assay t
monitor the expression of myogenic regulatory factors i
mice following injury and found that activated satellite cells
began to express either MyoD or myf-5 first, followed by
myogenin and MRF4. MRF4 is one of myogenic regulator
factors in mammals that has been claimed to play a
important role in muscle maturation and to maintain the adu
muscle phenotype (Hinterberger et al. 1991). Although we
have been trying to clone carp MRF4, we have not ye
obtained any homologous clone. MRF4 has not yet bee
cloned from any fish species.

The skeletal muscle phenotype can be modified b
temperature acclimation in cyprinid fish, including Cyprinus
carpio. Cold-acclimation results in an increase in myofibrillar
ATPase activity in fast muscle fibres (Johnston et al. 1975;
Sidell, 1980). A minimum of three isoforms of fast skeleta
muscle myosin heavy chain have been identified in commo
carp which are expressed in an acclimation-temperatur
dependent fashion, each with different Mg2+-ATPase activities
and thermal stabilities (Guo et al. 1994; Nakaya et al. 1995;
Watabe et al. 1995a; Imai et al. 1997; Hirayama and Watabe
1997). We now propose to use in situ hybridization to

in,
rp
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investigate the expression of MyoD family and MEF2 fami
transcription factors of carp in relation to both developmen
stage and acclimation temperature.
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