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Summary

cDNA clones encoding the myogenic regulatory factors considerably higher in 7-month-old juveniles than in 1-
(MRFs) myogenin, MyoD and myf-5 were isolated by month-old larvae. mMRNAs encoding carp myosin heavy
reverse-transcription polymerase chain reaction from chain anda-actin were first detected at approximately the
larvae and embryos of the common carpQyprinus carpio  time of the first heartbeat, and levels were maximal in
L.). Myocyte-specific enhancer factor 2 (MEF2) cDNAs juveniles 1 month post-hatching. The relatively high levels
were identified from a cDNA library from adult carp. of MRF mRNA in juvenile fish probably reflect the
Northern blot analysis showed that MyoD, myf-5 and recruitment of new muscle fibres from the satellite cell
MEF2C transcripts were present in three-somite embryos, population. It was concluded that the relative importance
whereas myogenin and MEF2A transcripts were not of the different members of the MyoD and MEF2 families
detected until the 15-somite stage. Intense signals of of transcription factors for muscle differentiation changes
myogenin and MyoD transcripts were observed even in 1- during ontogeny in the carp.
month-old juveniles. Levels of MyoD, myogenin and
MEF2A transcripts declined between 1 and 7 months after Key words: carpCyprinus carpip myogenin, MyoD, myf-5, MEF2A,
hatching, and myf-5 gave only a weak signal in the oldest MEF2C, myogenesis, development, cDNA cloning, myosin heavy
fish. In contrast, levels of MEF2C transcripts were chain,a-actin, muscle.

Introduction

The trunk musculature of fish is derived from the segmentatudies with vital fluorescent dyes have shown that these cells
plate mesoderm flanking the notochord and lying underneathigrate through the somite to become the superficial layer of
the presumptive spinal cord. Studies in zebrafish¢hydanio  slow muscle fibres (Devotet al. 1996). A small subset of the
rerio) have shown that the most medial cells in the segmentaldaxial muscle cells elongates to span the entire width of the
plate, called adaxial cells, commit to becoming myoblasts witsomite, and these cells form the mononuclear muscle pioneer
a specific slow muscle lineage (Devetoal. 1996) under the fibres present at the horizontal septum (Dett@l. 1996).
influence of the glycoprotein Sonic hedgehog (Shh) secretethe pioneer cells are distinguished by their high levels of
from the notochord (Blagdeat al. 1997). In zebrafish, the expression of thengrailedgene (Hattaet al. 1991) and they
adaxial cells are also distinguished from the smaller, morare the first muscle fibres to become innervated (Hanneman,
numerous, lateral segmental plate cells by their uniqu&992; Johnstoret al. 1997). The fast muscle fibres derived
expression o$naill(Thisseet al. 1993) andMyoD (Weinberg  from the lateral presomitic mesoderm are formed from the
et al.1996) prior to somite formation. Somites are formed fronfusion of several myoblasts to form multi-nucleated myotubes.
the segmental plate in a rostral to caudal sequence as pai®dnic hedgehog appears not to be required for the commitment
blocks of mesoderm that rapidly differentiate into a ventrabf the lateral presomitic cells to a fast muscle lineage because
sclerotomal compartment and an epithelial dermomyotomehe boz mutant lacks Shh and yet contains fast muscle fibres
which contributes to the dermis and gives rise to the muscklaroughout the somite (Blagdex al. 1997).
tissue (Morin-Kensicki and Eisen, 1997). The rows of adaxial Members of the MyoD family of basic helix—loop—helix
cells become incorporated within each somite, and injectiotbHLH) transcription factors have a central role in the
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determination and differentiation of vertebrate skeletathe early larval stages (Weatherletyal. 1988). In contrast,
muscle (see Weintraub, 1993). Collectively referred to afor species with indeterminate growth, including common
myogenic regulatory factors (MRFs), they include the genesarp, new muscle fibres continue to be recruited during the
for MyoD and myogenin, which are not closely linked, andjuvenile and adult stages from a stem cell population present
the closely linked genes for myf-5 and MRF4 (myf-6), theunder the basal lamina of muscle fibres (Stickland, 1983;
coding sequences of which are separated by only 8500 ba&tami-Duranteet al. 1997; Koumangt al. 1993; Johnstoet
pairs (8.5kb) on human chromosome 12 (Bratial. 1990). al. 1998). In addition, carp fast muscle fibres change myosin
In mammals, forced expression of each of the MRFs caheavy chain isoforms following temperature acclimation
convert non-muscle cells to myoblasts, suggesting that thgguo et al. 1994; Watabeet al. 199%; Imai et al. 1997;
may be functionally interchangeable (Weintratal. 1991), Hirayama and Watabe, 1997), suggesting the participation of
although ‘knock-out’ and expression studies indicate thaMRFs in muscle fibre recruitment for adult carp in
each has distinct but overlapping functional roles (Rudnickassociation with environmental temperature fluctuation.
et al. 1992; Smithet al. 1994). Double-mutant knock-out However, almost nothing is known about the expression
mice deficient in the genes for both MyoD and myf-5 arepatterns and role of MRFs and MEF2 isoforms during post-
lethal and lack all myogenic progenitor cells (Rudniekal.  larval growth in fish. The aim of the present study was to
1992). There is evidence thais-acting interactions are isolate cDNA clones of MyoD, myogenin, myf-5 and MEF2
important in regulating the expression of the genes for myfisoforms from the common carp and to investigate their
5 and MRF4 (Yooret al. 1997). MRFs form heterodimers temporal expression patterns in relation to actin and myosin
with E protein products, such as E12 and E47 of théeavy chain gene expression in embryonic, larval and
ubiquitiously expresseli2A gene family, and bind to the E juvenile stages of the life cycle.

box DNA sequences (CANNTG) present in the control

regions of many muscle-specific genes (see Olson, 1992).

MRF activity is controlled through both positive and negative Materials and methods

regulatory pathways involving, among other factors, LIM Fish
protein (MLP) (Konget al. 1997) and Id proteins (Benezra Carp Cyprinus carpiolL.) were reared at the Yoshida
et al. 1990), respectively. Research and Training Station, Tokyo University of

Another important regulator of skeletal muscle Fisheries, Japan. Eggs and milt were stripped from two male
differentiation is the myocyte-specific enhancer factor 2and two female fish to produce four families. Embryos and
(MEF2) family of transcription factors which bind to an A/T- larvae were cultured in freshwater aquaria at approximately
rich sequence present in many muscle-specific promotors a@@ °C. Somite formation was observed with a light
enhancers (Gossett al. 1989). Multiple isoforms of MEF2 microscope to assess the developmental stage of the embryos.
have been identified in vertebrates, including fish (Tethal.  Whole fish were quickly frozen in liquidNor extraction of
1996), all of which contain the DNA-binding sequencetotal RNA. Whole larvae at hatching were also used for
characteristic of the MADS gene family and an adjacent highlpolymerase chain reaction (PCR) amplification of myogenic
conserved MEF2-specific domain. MEF2 isoforms regulateegulatory factors after freezing in liquickNLarvae aged 2
myogenic bHLH genes and cooperates with MRFs irdays were transported to the laboratory of the University of
activating skeletal-muscle-specific transcription (for a reviewTokyo and cultured for a further 7 months under a 14 h:10h
see Olson, 1992). L:D photoperiod at approximately 20°C. Fish were fed

In zebrafish, MyoD (Weinbergt al. 1996) and MEF2D commercial pellets twice daily. Fast muscle was isolated
(Ticho et al. 1996) transcripts are first detected at mid-from the trunk muscle of juveniles aged 1 and 7 months,
gastrulation and are present in the adaxial cells adjacent tmzen in liquid N, and stored frozen aB0 °C until used for
the notochord in the presomitic mesoderm. Duringnorthern blot analysis.
somitogenesis, MEF2D-containing cells are present on either
side of the transverse myoseptum, and expression occurs in Total RNA extraction
a rostral to caudal sequence (Tidtal. 1996). MEF2A and Total RNA used for PCR amplification was isolated from
MEF2C transcripts appear later, but follow the same patterlarvae at  hatching by the acidic guanidinium
of expression within the somites as MEF2D (Tioktoal. thiocyanate—phenol—chloroform extraction method
1996). Myogenin appears in the somites at approximately th€homczynski and Sacchi, 1987). Total RNAs used for
same time as MEF2A (Tichet al. 1996; Weinberget al.  northern blot analysis were extracted with Isogen solutions
1996). (Nippon Gene) from embryos at 30 h (three-somite stage), 42h

Although the zebrafish is an excellent system for studyingl5-somite stage), 61 h (heartbeat stage) and 77 h (eyed stage)
early muscle commitment and differentiation, it does nopost-fertilization and from larvae at hatching. Muscle samples
provide a general model for post-larval muscle growthwere also taken from 1-month-old and 7-month-old juveniles.
because of its modest ultimate body size (length 3-5cmppproximately 30qug of total RNA was extracted from 1g of
Muscle growth in small species involves primarily theembryos, whereas 1 mg of total RNA was obtained from 1g of
hypertrophy of the fibres formed in the embryo and durindarvae at hatching and from juvenile muscle. The
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concentrations of RNA were determined from the absorbance 5-RACE system version 2.0 kit (Gibco BRL). Amplified
at 260 nm using a Shimadzu UV-160 spectrophotometer. DNA fragments were subcloned into plasmid pBluescript Il
(SK™) using Escherichia colistrain MV1190 as a host
cDNA cloning of the MyoD family: PCR amplification bacterium.

First-strand cDNA was synthesized using a T-primed first- DNA sequencing was performed using a dye-terminator
strand kit (Pharmacia Biotech). PCR primers were designetiycle sequencing ready reaction kit with a DNA sequencer
with reference to DNA nucleotide sequences of myogeninimodel 373S; Perkin Elmer Applied Biosystems). The
MyoD and myf-5 from various vertebrate species (Table lnucleotide sequence data for carp myogenin, MyoD and myf-
Fig. 1). Primer 4 had the same sequence as an adapter regonwill appear in the DDBJ/EMBL/GenBank nucleotide
of the Notl d(T)is primer contained in the kit. PCR sequence databases with the accession numbers AB012881,
amplifications were carried out for 3min at 94 °C, followedAB012882 and AB012883, respectively.
by 30 cycles of denaturation for 1min at 94°C, 1.5min of
annealing at 50 or 60°C and 2 min of extension at 72°C (the CDNA cloning of the MEF2 family: screening of a cDNA
last extension step was extended for 5min), using a DNA library from adult carp
thermal cycler (model 2400; Perkin Elmer Applied First, we tried to isolate cDNA clones encoding the MADS
Biosystems). The composition of the reaction mixture was asox and MEF2 domain by PCR from a cDNA library prepared
follows: each of the 100l reaction mixtures contained from the fast myotomal muscle of carp acclimated to 10 °C for
40 pmol of forward and reverse primers, approximatglg 1 a minimum of 5 weeks (Imait al. 1997). PCR primers 16 and
of first-strand cDNA from embryos at hatching, 20 nmol of17 were designed with reference to DNA nucleotide sequences
dNTP mixture, 1@l of 10x PCR buffer (100mmott  of MEF2C from various vertebrate species (Table 1). A PCR
Tris/HCI, pH8.3, 500 mmoit KCI, 15mmolfl MgClz,  product of approximately 200 bp encoding the MADS box and
0.01%, w/v, gelatin) and 1unit cfaq DNA polymerase MEF2 domain of carp MEF2C was randomly labelled with a
(Perkin Elmer). Alternatively, DNA fragments were amplified digoxigenin DNA-labelling kit (Boehringer Mannheim)
by 5-rapid amplification of cDNA ends RACE) PCR using according to the manufacturer’'s instructions. Hybridization

Table 1. Nucleotide sequences of primers used for polymerase chain reaction amplification of carp myogenin,
MyoD, myf-5 and MEF2

No. Sequence Nucleotide position* Myogenic regul atory factor
1 5'- GTGTGTAAGCGCAAGTCTG 3' 418436 Y
2 5'- GATGCT( ¢/ G) TOCACGATGGA( O G) G- 3' 833-852 Y
3 5'- GGAGCAGTGCGTCTGAGC- 3' 734-751 Y
4 5'- TTGACCTTCT TAAGCGCCG 3' 3 end Y,Dand F
5 5'- TCAGGTTGGI TTACTCT- 3’ 807823 Y
6 5'- TCATGAGCGI GCTCCTCTTA- 3 516-53% Y
7 5'- TGCCTACTGI GGBCATGCAA- 3' 392411 D
8 5'- ACTCACTTCTGCTGATCTGC- 3 1214-1233 D
9 5'- ATCTCCACTTTGE3CACGCCT- 3’ 542-561 D
10 5'- TGCCT CATGT GGACCTGCAA- 3' 212-231 F
11 5'- AGGAT CTCCACCTTGGGCAG- 3 365-3%4 F
12 5'- ACTGTI GGACCGCCCGAGAGC- 3' 254-273 F
13 5'- GCAGGCTGAAGAAGGTGAAC- 3 294-313 F
14 5'- GCGCTTTCGATGTACTGEATG- 3' 394413 F
15 5'- GGATCTCCACCTTGGGAAGA- 3 364-383 F
AUAP 5'- GBCCACGCGT CGACTAGTAC- 3 5" end Y, Dand F
16 5'- ATGGGGAG( A/ G) AAAAAGAT( A/ T/ C) CAGAT- 3' 424-44¢ E
17 5'- CTCCAC( A G) ATGTCTGAGTT( A T/ G GT- 3’ 663—683 E

*The positions of bases in myogenin, MyoD, myf-5 and MEF2C (DDBJEMBL/GenBank nucleotide sequence databases accession
numbers AB012881, AB012882, AB012883 and AB012885, respectively).
Y, myogenin; D, MyoD; F, myf-5; E, MEF2.
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was carried out as described previously (Iretial. 1997). AUAP P1 P3

Positive clones were plaque-purified, and the inserts WerMyogeni-E_| *- = —
excised in the form of pBluescript Il (SKplasmid vectors A PSP B
according to the manufacturer’s protocol for sequencing.

Sequence analysis was performed as described above. The ayap p7

nucleotide sequence data for carp MEF2A anq MEF2C Wi"MyoD e *-

appear in the DDBJ/EMBL/GenBank nucleotide sequence 59 % B2

databases with the accession numbers AB012884 and

AB012885, respectively. AUAP P10 P12 P13

Northern blot analysis myt-5 — [ "
Samples for northern blot analysis were collected from P11 P14 P4
various developmental stages of carp including embryos, P15 e

larvae and juveniles. Two series of sample collection were
carried out for northern blot analysis. Total RNAs wereFig. 1. Locations of primers (P) used for polymerase chain reaction
fractionated in 1.4 % (w/v) agarose gels containing 18 % (v/vamplification of carp myogenin, MyoD and myf-5 cDNAs. The boxes
formamide and blotted onto nylon membranes (Amersham@nd solid bars indicate the coding and non-coding regions,
The membranes were prehybridized at 65°C for 1h in ‘respectlvgly. The ha_tched areas in the coding regions represent the
solution containing 0.5mot} Church buffer (Church and basic helix-loop-helix domains.
Gilbert, 1984), 1 mmott EDTA and 7% SDS, and then
hybridized at 65°C for 20h in the same solution used fon). First, a 435 nucleotide cDNA fragment was successfully
prehybridization but containing?P-labelled probe. After amplified using primers 1 and 2. Amplification of tHen8n-
hybridization, the membranes were washed sequentially witboding region was carried out by nested PCR as follows. Primers
2xSSC (&SSC is 0.15moft sodium chloride, 0.015moll 1 and 4 were used in the first PCR, then a second PCR was
sodium citrate) plus 0.1 % SDS at room temperature for 20 miarried out with primers 3 and 4, resulting in amplification of a
1xSSC plus 0.1% SDS at 65 °C for 30 min andx83C plus 722 nucleotide cDNA fragment. SubsequentlyRBCE PCR
0.1% SDS at 65 °C for 10 min, and then exposed to X-ray filmg/as carried out with primers 5 and 6 as well as AUAP in the
for periods ranging from 2 days to 2 weeks-80°C using  kit, producing a 515 nucleotide cDNA fragment. The PCR
intensifying screens. products were subcloned into plasmid vectors and sequenced.
The DNA fragments used as probes encoding carpinally, we obtained the cDNA clone, which had a single major
myogenin, MyoD, myf-5, MEF2A, MEF2C, fast skeletal open reading frame (ORF) encoding putative 253 amino acid
myosin heavy chain and-actin were amplified by PCR and residues. The total DNA nucleotide sequence was confirmed by
labelled with fi-32P]JdCTP using a random primer DNA- a single PCR. The first ATG at nucleotide 142 is probably the
labelling kit (Takara). The probes correspond to nucleotidefitiation codon because of its sequence similarity around the
418-1264 of myogenin cDNA, 392-1233 of MyoD cDNA, ATG (AACATGG) to a consensus sequence (A/CNNAT)G
294-1242 of myf-5 cDNA, 648-1679 of MEF2A cDNA and for eukaryotes (Kozak, 1981).
881-1927 of MEF2C cDNA, or were amplified from the DNA It has been proposed that the bHLH region in myogenic
sequence encoding residues 534-717 from the N terminus faggulatory factors is required for DNA binding and
carp 10°C-type fast skeletal myosin heavy chain (Hirayam#eterodimerization with E proteins in higher vertebrates
and Watabe, 1997) or nucleotides 1-511 of carpctin (Lassaret al. 1989; Daviset al. 1990). The corresponding
(Watabeet al. 199%). region in carp myogenin (enclosed within a box in Fig. 2) was
It should be emphasized that the region selected for caggry conserved and showed almost the same sequence
myosin heavy chain is thought to react with all known isoformg§93-98 % identity) as those of other vertebrates, including
of this protein in carp (Hirayama and Watabe, 1997)rainbow trout Oncorhynchus mykisgRescanet al. 1995).
Furthermore, it has been demonstrated that chicken embryonighile myogenin was also well conserved at residues 81-94
(Gulick et al. 1985) and fast skeletal (Chao and Bandmanand 156-164, the entire sequence of carp myogenin showed
1997) myosin heavy chains have 89.7 % homology for DNAG9, 55 and 51 % sequence identity with those of rainbow trout
nucleotide sequences in this region, suggesting that our profRescaret al. 1995), chicken (Fujisawa-Sehatal. 1990) and
should hybridize with  mRNAs encoding any potentialmouse (Edmondson and Olson, 1989), respectively. In
embryonic isoforms of myosin heavy chains in carp. addition, carp myogenin had additional sequences at residues
52-56 and 68-79 from the N terminus which were not

observed in chicken and mouse.
Results

cDNA cloning of carp myogenin cDNA cloning of carp MyoD

The cloning of cDNAs encoding carp myogenin was Cloning of carp MyoD was also carried out through
accomplished through several PCR amplifications (Fig. 1; Tableequential PCR amplifications. A 1194 nucleotide cDNA
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fragment was first amplified with primers 4 and 7 (Table 1PCR was carried out with primers 14 and 15 as well as AUAP
Fig. 1). Subsequently," RACE PCR was carried out using in the kit, producing a 385 nucleotide cDNA fragment. The PCR
primers 8 and 9 as well as AUAP. The resulting cDNAproducts were subcloned into plasmid vectors and sequenced.
contained 1561 nucleotides with an ORF of 825 nucleotideBinally, we obtained the cDNA clone, which had a single major
that encoded 275 amino acid residues. The total DNARF encoding putative 240 amino acid residues. The total 1288-
nucleotide sequence was confirmed by a single PCR. The finsticleotide sequence was confirmed by a single PCR. The first
ATG in the ORF was considered as the initiation codon for th&TG in the ORF was considered to be the initiation codon, for
same reason as outlined for myogenin. the same reason as outlined for myogenin.
The bHLH region of carp MyoD was highly conserved with The bHLH region of carp myf-5 was highly conserved,
a sequence identity to other vertebrates, including zebrafish, ghowing an identity with other vertebrate myf-5s of
the range 93-98%. In contrast to myogenin, however, MyoB2-84%. Carp myf-5 contained several other conserved
from carp contained several other conserved regions at 27-58gion at residues 64-77, 139-151 and 205-216, and the
77-101, 189-211 and 246—261 amino acid residues from tlréhole molecule showed 56, 57 and 56 % identities with myf-
N terminus, resulting in higher homology of the whole5 from Xenopus laevifHopwood et al. 1991), chicken
molecule in carp with that of higher vertebrates. MyoD in cargSaitoh et al. 1993) and mouse (Buonanrei al. 1992),
showed 93, 81, 73 and 71% identities with MyoD fromrespectively. Carp myf-5 contained deletions at postions
zebrafish (Weinbergt al 1996), rainbow trout (Rescat al.  4-8, 28-30 and 37-45 from the N terminus relative to mouse
1994),Xenopus laeviHopwoodet al.1989) and chicken (Lin and chicken (Fig. 4).
et al. 1989), respectively (Fig. 3). Carp MyoD was relatively
similar to other fish MyoDs sequenced, containing deletions at cDNA cloning of the carp MEF2 family
9-21, 66-76, 171-175 and 306—312 amino acid residues fromThe cloning of cDNA encoding the carp MEF2 family was
the N terminus that are not observed in higher vertebrates. accomplished through screening of a cDNA library from adult
carp acclimated to 10°C with a PCR product encoding the
cDNA cloning of carp myf-5 MADS box and MEF2 domain of carp MEF2C. We isolated
The cloning of cDNAs encoding carp myf-5 was cDNA clones containing the complete coding sequence for
accomplished through several PCR amplifications (Table 1; Figarp MEF2A and MEF2C. Carp MEF2A and MEF2C were
1). First, a 173 nucleotide cDNA fragment was successfull2746 and 2031 nucleotides in length, respectively, and had
amplified using primers 10 and 11. Amplification of the@-  ORFs that coded for proteins of 472 and 474 amino acids,
coding region was carried out by nested PCR as follows. Primeraspectively. The first ATG in the ORF was considered to be
12 and 4 were used in the first PCR, then a second PCR we initiation codon, for the same reason as outlined for
carried out with primers 13 and 4, resulting in amplification ofmyogenin. The region of the MEF2A and MEF2C cDNAs
a 1089 nucleotide cDNA fragment. SubsequentlyRACE  encoding the MADS box and MEF2 domains showed

Carp MELLETNPYF FADQRFYEGG DNFFQSRLTG GFDQTGYQDR SSMVGLCGDG 50
Tr out
Chicken ...F...... .PE....D.- E.LG..Q -YEAAAFPE. PEV-T..PES
Mouse ...Y..S... YQEPH..D.- E YLPVH Q -.EPP..-E TEL-S. SPEA
Carp RLLSNGVGLE DKPSPSSSLG LSLSPHQEQQ HOPGQCLPWA CKVAKRKSVT 100
Trout
Chicken . ----- GA. ED.TLP--- -cenmm--- E.oovvvinn .. I.l..T.s
Mbuse . GP.. E.GLGTP--- -v=nm---- [ S S
Carp VDRRKAATLR EKRRLKKVNE AFEALKRSTL MNPNQRLPKV EI LRGAI QYI 150
Trout ..... M o e
Chicken |...R.... ... ... ... ... ... ... Lo oo
Mouse A [
Carp ERLQALVSSL NQREHEQGN- - LHYRSTAPQ A- VSSSSDQG SGSTCCSSPE 200
Trout ... | . ND..TQ G Q.TGPA. PR .... E. ooovvnnn..
Chicken ....S/L... .... R.--RERPA.-- PQPAAP.EC. ...SS..-..
Fig. 2. Comparison of the deduced amino acid sequence ¥wse  .....jL... ..ER---- D R.GEG PQPMP.ECN . HAS. . -..
carp myogenin with those from other vertebrates. l_)ata we VISSASEQCAP AYSSTHEDLL NDDSSEQTNL RSLTSI VDS TGTEVIPVPY 250
taken from rainbow trout (Rescast al. 1995), chicken 1y CUNT.DH . QS .--N... SALP.oor o, . AA GA LA
(Fujisawa-Seharat al. 1990) and mouse (Edmondson andchi cken .. TQ.. FGTN P----ADH.. S..QA DR . H..S...E. . AVED. AV---
Olson, 1989). Amino acid residues identical to those of cargpuse .GN.L.FGPN P----GDH.. AAPTDAH . H........ . VEDVBV- - -

are shown by periods, and gaps are represented by dashed

: - ; . . Carp SVDI SK 256
lines. The box indicates the basic helix—loop—helix domalnl.r out P. PVGTEPNK PRAADRLVOC

Note that the N-terminal sequence has not yet beeRicken ----- TFPEE RVQN

determined for rainbow trout. Mouse  ----- AFPDE TMPN
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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 (Weinbeeg al.
1996), rainbow trout (Resca al.1994),
Xenopus laevigHopwood et al. 1989),
chicken (Lin et al. 1989) and mouse
(GenBank accession number M84918).
Amino acid residues identical to those of

Carp

Zebr af i sh
Trout
Xenopus
Chi cken
Mouse

Car p
Zebrafi sh
Tr out
Xenopus
Chi cken
Mouse

Carp

Zebr afi sh
Trout
Xenopus
Chi cken
Mouse

Carp
Zebr af i sh
Trout
Xenopus
Chi cken
Mouse

Carp

Zebr af i sh
Trout
Xenopus
Chi cken
Mouse

Carp

carp are shown by periods, and gaps are?ePrafish

represented by dashed lines. The box

indicates
domain.

the basic helix-loop-helix

Fig. 4. Comparison of the deduced amino acid sequencg,

of carp myf-5 with those from other vertebrates. Data wereyg s
obtained fromXenopus leavifHopwood et al. 1991),
chicken (Saitolet al. 1993) and mouse (Buonaneb al.

Tr out
Xenopus
Chi cken
Mouse

1992). Amino acid residues identical to those of carp are

shown by periods, and gaps are represented by dashéﬁrp
lines. The box indicates the basic helix-loop—helix i cken

domain.

MELSDI PF-- ---------- - PI PSADDFY DDPCFNTNDM HFFEDLDPRL VHV- SLLKPD
...... S T 1 I -G.
...LPP.LRD MEVT--EGSL CAF.TP.... ....... S.. S......... .T-....E
.D.LGP---- MEMI--EGSL CSFTA..... ....... S .GG ... E
...LSP.LRD I DLTGPDGSL CSFET..... ..... DSP.L R........ .GA ... E
EHHHL----- ------ EDEH VRAPSGHHQA GRCLLWACKA CKRKTTNADR RKAATMRERR
e e s e
D..YN---- -om--- ) A S,
PN e e
..P.TRA--- PPREPT.E.. .......... ... . ... b oo
AFSTAVH PGPGAR. .. L e b
RLSKVNDAFE TLKRCTSNNP NQRLPKVEI L RNAI SYI ESL QY LRGQE-E ----- NYYPV
................. T, e s S -D -
.G N .q....DG -----.. ...
...... E. . YT oo LR HD.D-. -----AF.
...... E.. .......T.. .......... ....R.... .. }J..EE.-D-----A ...
...... E .. .......S . .. ... R ..G ..}..D. DAA PPGAAAF. AP
———————— LE HYSGDSDASS PRSNCSDGVWM DFMGPTCQSR RRNSYDSSYF NDTPNADARN
———————— M oo s T s A
.................. LQ....... .YNA..TA..SN..... AE....S S
............................ YNS.P.G. ........FY S.S..-.S L
-------- CEoo ... . EYS..P.S.. .........Y TES..-.PKH
GPLPPGRGS. .......... ... ... .YS..PSGP. .Q G .TA Y SEAVR-ES. P
TKSSWSSLD CLSSI VERI' S TETPACPVLS VPEG HEGSP CSPQEGSVLS ETGAPAPSPT
NN LA CHo L D..TT.....
N NAA . ... N .D.S..T... &GQ.-S... ....... I.. RN.GIV.
G...l.... .......... .. S. .. PT AVDSGS. . .. LQET.. .RVITI...S
G.......0 DNST..1.P PAAVA ... ...... G\N.. Ds..Q....
G.AA ... ... .DS.. APA. L LADAPP. SP. -G P..AS.. D--TEQ GIQ
-TCPQ ---- --QQARDPI Y QVL
-S. - --. . QET..
AN --P-SH ...
N.. T. LSQDP SST----- .. H.
N-. TPLPQES SSSSSSN. . .
TPS. DAAPQC PAGSNPNA. .
Carp MDV- - - - - FS TSQ FYDSTC ASSPEAL--- EFGPGG--- ----- ELAG
Xenopus .EMWDSCH.. P.EF....S. |P...EGYTE DYEH. - M5l Y GAHKKD. EE-
Chi cken .E.MDSCQ. . P.EL....S. L....GEFPE D. E. RELPPF GAPAPTEPAC
Mouse .. MIDGCQ.. P.EY..EGS. |P...DEFGD Q E. R-VAAF GAHKA. . Q -
Carp SEEDEHVRVP GAPHQPGHCL QWACKACKRK ASTVDRRRAA TVRERRRLKK
Xenopus Do A IGH.AN. M..... ... S..T...K. ...
Chi cken P..E...A SGH.A M..... STM..K. ..........
Mouse .DDE.... A TGH .A M..... STM..K. ..........
Car p VNHAFEALRR CTSANPSQRL PKVEI LRNAI  QYI ESLQHLL REQVENYYSL
Xenopus QLT K LUTTUN . o O. ..........
Chi cken QL. T.K TN R......p. ... ..., H.
Mouse QL T.K O LLUTT.UN . R......}. .o
Car p PMESSSEPAS PSSSCSESMV DCNSPVWPQM NPNFGNNYNF  EAQNASAVDR
Xenopus .QCT..G .M...DGS..S..QSGR .SS.D.V.CS DL. TSFSSTK
Chi cken .QC..T. ...... DV.A .SR..... AR GSS. EAG CR . MPHGY. TEQ
Mouse .&QC..T. .T.N.DGPE ..... SRK .SS.DSI.CP DVS..C A K
TPGASSLQCL SSI VDRLSSV DTGVAMGVRN MVALSPTGS- DSQCSSADSP
LT-L...D.. ...... I..P QQCG-SLPIPD SITP...S. T ..LPR P. AH
Chi cken SGAL...D.. ........ PA EEP-GLPL.H AGS...GA | ..GPGIPG .
Mouse SS-V...D.. ...... I T.T EPS-ELALQD TAS...AT. A N.. PATPGPS
SNRPVYHVL
enopus DC..I1....
PP. RT. QA.
Mouse .S.L....

60

120

180

240

300

323

100

200

250

259
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94-100% sequence identity with other vertebrate MEF2levelopmental stages and subjected to northern blot analysis
isoforms. Carp MEF2A contained deletions at 211-229 antbr myogenin, MyoD, myf-5, MEF2A and MEF2C mRNAs as
424-437 amino acid residues from the N terminus comparedell as for muscle-specific genes encoding skeletal myosin
with sequences for higher vertebrates, the entire sequenbeavy chain and-actin. Three determinations were carried out
showing 91, 72 and 70% sequence identity with those dfom two series of sample collections during ontogeny. Since
zebrafish (Tichet al. 1996), mouse (Lirt al. 1995; GenBank good reproducibility was obtained for each determination, only
database accession number U30823) and humanre(¥al. typical results are shown in Fig. 7.
1992), respectively (Fig. 5). Carp MEF2C contained a deletion A single mRNA band of approximately 1.5 kb encoding carp
at 345-348 amino acid residues from the N terminus comparedyogenin was first detected in embryos 42 h post-fertilization
with sequences for higher vertebrates. As shown in Fig. 6, the the 15-somite stage (Fig. 7). Strong signals were detected in
amino acid sequences of zebrafish (Tiehal. 1996), mouse embryos at 61h post-fertilization, at approximately the time
(Martin et al. 1993) and human (McDermott al. 1993) that the heartbeat was first observed, as well as in 1-month-old
MEF2C are 85, 80 and 80% identical to the carp MEF2Quveniles. In contrast, relatively weak signals were obtained for
sequence, respectively. myogenin transcripts in eyed-stage embryos (77h post-
fertilization), in larvae at hatching and in 7-month-old
Northern blot analyses of carp myogenin, MyoD, myf-5, juveniles (Fig. 7).
MEF2A and MEF2C in comparison with expression patterns Carp MyoD mRNA was detected in embryos 30h post-
of carp skeletal myosin heavy chain amactin fertilization at the three-somite stage, appearing earlier than
Total RNAs were extracted from carp at variousmyogenin mRNA (Fig. 7). The developmental stages that

Carp MJRKKI Q TR | MDERNRQVT FTKRKFGLVK KAYELSVLCD CEI ALITFNS SNKLFQYAST 60
Zebr afi sh .
Mouse T Lo
Human T Lo
Carp DVDKVLLKYT EYNEPHESRT NSDI VEKLRN KGHNDCASPD PDDCFGHSPL MDDRFSKLNE 120
Zebrafish ... e e e L P G...
MOUSE b e T..K..LLAEN.. A.Y.E.... SE...l....
Human b o ANK .ERGD... .. TSYVLT. H TEEKYK. I . .
Carp ESDLMYK- RC GPTALPPQNFS MHVAVPVTN PNAMS- YNHG ASLSSQSLSA ATA- SLSDGA 180
Zebrafish ... .. - L P. AA .....
Mbuse D..FIF.--R ..PGF. .S.T....S ..PL.DT.P. S..V.P..-- .ASST. AETS
Human ENMRNHK IAPG ... ... .S.T....S...L..... S..V.P..-- .ASST.T..S
Carp M.SPPQGSLH RNLVSAGPPQ RPPSTGSAAG - === ----== ==---==== N GFVNSRGSPG 240
Zebrafish ........ M .SV.---... ....... T- mmmme e e
Muse  ..... PAT.. ..-..P.A. .. |S. M.STTDLTVP NGAGNSPVG. . ..... A N
Human S..... TT.. ..-..P.A. 'N.G MSTTDLTVP NGAGSSP\G. ... ... AN
Carp LLGTPSGNGL GKVMPAKSPP PPGG- NMG G SRKPDLRWI PPSSKGWPP LQSEEEEMEL 300
Zebrafish ... e e R
Mouse JUNTGALS. .....T.... ....GSL.MN ........ A - L..
Human JLATGA'S. . T o i GLMN o .
Carp NTHRI SSSQS TQPLATPWS | TTPSLPPQG LVYSGVPTAY NSEYSLSSAE LSSLQGFGSP 360
Zebr afi sh Qo V.o.... A e e
Mbuse AQ ... AL Voo AL, .TD...T..D .. A ...T..
Human Q. AL Voo AL .TD...T..D..A ...N.
Carp G LSI GSMBA WOQHQLGQAA LNSLVGGGHL PQGSNLSI NT SQNVNI KSEP | SPPRERI TP 420

Fig. 5. Comparison of the deduced amino Zebrafish .-..... Voo oo S e s V..

acid sequence of carp MEF2A with those Mouse .M. t Q.. .. E : ..TT .S, ﬁ .Q S E . : ........... B M.

from other vertebrates. Data were obtained ™" MLLQ S Q S Seeven e M

from zebrafish (T'_Ch@t al. 1996), mouse 4y SGF---mmmm e PPQ QQQQPPSSRP - DMGRSPVD SLSSSCSSYD GSDREDHRHD 480

(GenBank accession number U30823) and zebrafi sh  ...--cceee cmmmmee o - Goo e e P.

human (Yuet al. 1992). Amino acid Muse ... QHHHHHP QQQPPP---- --- ... QPQ RQE ............ St . P.G

residues identical to those of carp are Human ... Q000 QUQQPPP... P.P...QPQ RE. ...... ..... St . P.G

shown by pe.rlods, and gaps are represente rp FHSPLGLGRP RPPGOREGD- PTVKRVRVDT W/T 513
by dashed lines. Open and shaded boxeszeprafish .......... PAG AD.RES .S........ ...

indicate the MADS box and MEF2 wuse oo IV..-- . ANTEDRES .S........ ...
domain, respectively. Hurmran <o IV -- . NTEDRES .S....... AL
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Carp MFRKKI Q AR | MDERNRQVT FTKRKFGLMK KAYELSVLCD CEIALITFNS 50
Zebrafish .| ... e
Mouse P A T e
Human A T s s
Carp TNKLFQYJAST DVDKVLLKYT EYNEPHESRT NSDI VETLRK KGLNGCDSPD 100
Zebrafish ... .. b . o e e
Mouse b e e
Human .. o o e i i
Carp | DAEDS- GHS PESGDKYCKI NEDI DLM SR QRLCAI PQSN YDMWPI S| PVS 150
Zebrafish ...... EI E...R . ... V...,
Mouse P..D..V. E..R V. PPS FE.. VT
Human P..D.. V. E...R V.PP. FE..V.....
Carp NPNSLI YSHP GASLGNPNML PLAHPSLQRN SMBPGVTHRP PSAGNTGGLM 200
Zebrafish ....... G. ...M...L .T.o.. e
Mbuse SH...V..N. VST..... L et e
Human SH..V..N. VS...... L et e
Carp GPDLSSGVGT SAGNGYGNHR NSPGLLVSPG SMSKNMQAKS PPPMTVEMEN 250
Zebrafish ---------- - L L N...L.... ....N.L.-
Mouse LG.T..A. P....... Poo NLN .1 NLG N
Human LGLT AL Poo NLN. ... e NLG N
Carp RKPDLRVLI P PGSKNTMPSI  NQRI NNSQSA QSLSTPWSV ATPTLPGQGM 300
Zebrafish .......... .. Ao SS. . EV.
Mouse L. Voo Ao
Human oo Voo Ao
Carp GGYPSALSTS YGTEYSLSSG DLSSLTGFNS SASLHLGSMI GAPQ - --NM 350
Zebrafish ....... N SA .. s
Mouse ... oo T oo AL S..T . .......V. ..QQHH..
Human ... .. (1P S AL S..T..A....V. ..QQHH..
Carp QHSGLVHLGN CTSTPLCQSS TLSLPSNQSL HI KSEPVSPP RDRAGGTPGG 400
Zebrafish ..... G... .SAQ.... A...... N S....L
Mouse PP.ASQ.A....HS... N.... T.. S TT-..SR
Human PP.ASQ.A....HS... N.... Tooo Noeo o TT-..SR
. . . . Carp YAQPPPQQQQ PASQQRGQLRQ DAGRSPVDSL SSCGSSYEGS DREEHRI DFH 450

Fig. 6. Comparlso_n of the deduced amino acid SEQUENCE L afish .GV --mmmm --- TP LS D.. ..D...AN.

of carp MEF2C with those from other vertebrates. Datayyse PP.AS...A....HS... N.... Tt TT-. . SR

were obtained from zebrafish (Tickbal. 1996), mouse  Human ceee e HTe e CHE ... L. S...D.. ... D.. NE..

(Martin et al.1993) and human (McDermat al. 1993).

Amino acid residues identical to those of carp are shown

by periods, and gaps are represented by dashed lineg, " SPMALRPSP DERCEPSVIR MRLSE GMAS 480

y p : gap rep y brafish ..V..MAAE N......... ..... A...
Open and shaded boxes indicate the MADS box andpyse T E ... T
MEF2 domain, respectively. Human ST | ST

showed maximal expression levels were different forto that of myogenin in terms of having two peaks, with the
myogenin and MyoD. While the accumulated levels ofmaximal level of MEF2A mRNA being detected in 1-month-
myogenin transcripts showed two peaks, those of Myold juveniles. MEF2C was first detected in three-somite
transcripts had only one. The abundance of the Myo2mbryos, and the level increased gradually during development,
transcripts increased during development until hatching analthough the signal obtained from eyed-stage embryos 77h
thereafter declined, although transcripts were still present ipost-fertilization was weak. Levels of carp MEF2A and
the fast myotomal muscle of 7-month-old juveniles. MEF2C transcripts increased after hatching. In contrast to other
The carp myf-5 probe detected one size of transcript, whicMRFs, a strong signal for MEF2C was detected in the fast
was present in three-somite embryos (30h post-fertilizationnuscles of 7-month-old juveniles.
and was still weakly detectable in 7-month-old juveniles. The The mRNA levels of skeletal myosin heavy chain arattin
strongest signal for myf-5 mRNA was in early embryonicwere also examined to determine their temporal relationship
samples, at 30 and 42 h post-fertilization. with those of myogenin, MyoD, myf-5, MEF2A and MEF2C
Transcripts corresponding to MEF2A were first detected(Fig. 7). The signals of the two muscle-specific mMRNAs were
though faint, in 15-somite embryos (42h post-fertilization)first detected in embryos 61 h post-fertilization at approximately
coincident with the appearance of myogenin mRNA. Thehe time that the heartbeat was first observed, although the
expression pattern of MEF2A during development was similaabundance ofi-actin transcripts was very low at this time.
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1 2 3 4 5 6 7 upregulation of myogenin and of MEF2 family factors, which

i ' enhance expression of differentiation genes (Yun and Wold,
1996). The last myogenic regulatory factor to be activated in
most muscle types is MRF4, which is expressed until
adulthood (Rhodes and Konieczny, 1989).

We have now determined the coding and non-coding regions
of the cDNAs from the MyoD and MEF2 families of
transcription factors in the common carp. Comparison of the
deduced amino acid sequences of carp MRFs with those from
other vertebrates revealed that MyoD was more highly
conserved than myogenin and myf-5, including in the bHLH
DNA-binding domain (see Figs 2-4). It is thought that
myogenic activity maps onto two amino acid residues (alanine

_ _ and threonine) in the centre of the MyoD basic domain and one
amino acid residue in the junction region of the first helix of
' s MyoD (Davis and Weintraub, 1992). Blaekal.(1998) found

that the myogenic residues alanine and threonine were required
for MyoD to activate transcription synergistically with MEF2,

but were not required for interaction with MEF2. Marked
MEF2C .' differences were observed between the amino acid sequences
. of carp myogenin, MyoD and myf-5, showing only 73-87 %

identity in the bHLH region and 31-47 % identity in the whole
coding region. Similar sequence divergence has been reported
between myogenin, MyoD and myf-5 in higher vertebrates
(Lin et al.1989; Fujisawa-Sehaet al. 1990; Edmondson and
Olson, 1989; Pinnegt al. 1988; Saitotet al. 1993; Buonanno

et al. 1992). A comparison of the predicted amino acid
o-Actin sequences of MEF2A and MEF2C from carp showed 93 %
L identity in the MADS box and MEF2 domain and 58 % identity

30 42 61 77 H | 7 in the whole coding region.

MEF2A

Myosin
heavy chain

The present study has shown differences in the relative
Time months timing of expression of MyoD and MEF2 transcription
post-fertilization (h) . P“;f' factors during embryogenesis in the carp. It should be noted
atching

that, although expression of the MyoD family is specific to
Fig. 7. Northern blot analyses of mMRNAs encoding carp myogenirskeletal muscle, MEF2 transcripts are also present in nervous
MyoD, myf-5, MEF2A and MEF2C compared with those for carpand cardiac tissue of zebrafish (Ticled al. 1996). In
skeletal myosin heavy chain amdactin. Total RNAs (2Qig for  mammals, genes for MEF2 are expressed in a broad range of
MyoD, myf-5, MEF2A, MEF2C, skeletal myosin heavy chain and  cell types, including brain and neural crest cell derivatives as
actin and 3@Qug for myogenin) were electrophoresed in 1.4 % agarosgye|| as skeletal, cardiac and visceral muscle (Edmondson
gels and transferred onto nylon membranes. The membranes weyp 1994). The first MRF to be expressed during

then hybridized witt¥2P-labelled polymerase chain reaction products ; o . .

. . somitogenesis in the carp is probably myf-5, since mRNAs
f MyoD -5, MEF2A, MEF2 keletal h . . .
of MyoD, myogenin, myr5, ! ¢, skeletal myosin e tor this factor are already present at high levels in three-

chain andx-actin. Lanes 1-7 contain total RNAs from whole embryos . N >
at 30h, 42h, 61h and 77h post-fertilization, from whole larvae a§om'te embryos (30 h post-fertilization) (Fig. 8). mRNAs for

hatching (H) and from muscle of juveniles 1 and 7 months postMEF2C and MyoD can be detected at much lower levels in
hatching, respectively. three-somite embryos, whereas mRNAs for myogenin and
MEF2A were not detected until the 15-somite stage (42h
post-fertilization). In contrast, mRNAs for skeletal myosin
Discussion heavy chain andi-actin were not detected in northern blot
The MyoD family contains four myogenic regulatory analysis until the heartbeat stage (61h post-fertilization),
factors, all of which contain the bHLH DNA-binding domain. which is consistent with their expression being a downstream
They act at multiple points in the skeletal muscle lineage teonsequence of MRF expression (Fig. 8). The interpretation
establish the skeletal muscle phenotype. In addition to thef our results is complicated by the fact that total RNA was
MyoD family, members of the MEF2 family have been showrextracted from the whole body of embryos and larvae,
to play important roles in the control of muscle-specific genevhereas myotomal muscle samples were used from juveniles.
expression (Molkentin and Olson, 1996). In all known skeletah comparison with other expression data reveals differences
muscle lineages, myf5/MyoD expression is followed byin the transcriptional regulation of the MyoD and MEF2
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myogenin. However, myogenixi-) mice maintained certain,
although decreased, levels of many muscle-specific transcripts
(Hastyet al. 1993). Forced expression of myogenin or MyoD in
10T1/2 fibroblasts induced MEF2 DNA-binding activity, and it

Myogenin o e has been shown that MEF2 proteins lack myogenic activity on
MyoD e —E their own, but are able to act synergistically with myogenic
myf-5 “““””HHHHH>'. bHLH proteins during myogenic conversion of 10T1/2

fibroblasts in culture. It is thought that the synergy is mediated

MEF2A _. by direct protein—protein interactions between MEF2 factors and

Postfertilization ~ ANNY pogt-hatching
Time O.h S(I)h 4|2h 61.h 7?h 95|h 1 morl1th 7 mlonths

MEF2C :— heterodimers formed between myogenic bHLH factors and E

t'\wﬂe}z;sgzhain __‘ proteins (Ludolph and Konieczny, 1995; Molkentin and Olson,

a Aéin ‘ 1996). Thus, the overall cascade for expression of myogenic
regulatory factors and induction of muscle-specific genes during

Fig. 8. Expression patterns of mRNAs encoding carp myogeninr,nyogeneSIS remains unclear.

MyoD, myf-5, MEF2A and MEF2C compared with those for carp In mammals, the number of muscle fibres is fixed at birth,
skeletal myosin heavy chain andactin. and post-natal muscle growth involves the hypertrophy of

muscle fibres (Rowe and Goldspink, 1969). The expanding

muscle fibres require a source of additional nuclei that is
families between muscle types and species. For examplprovided by a pool of undifferentiated myogenic stem cells
myf-5 is the first MRF to be expressed in the precursor cell®cated beneath the basal lamina (Moss and LeBlond, 1971).
for myotomal muscle in mouse (Odt al. 1991), zebrafish These myogenic stem cells (satellite cells) are also activated
(Weinberget al. 1996) and carp (the present study), butfollowing muscle injury. Following activation, the division
MyoD is the first to be expressed in the quail (Pownal ang@roducts of the myogenic stem cell population express
Emerson, 1992). MyoD expression occurs earlier thamyogenic bHLH proteins (Yablonka-Reuveni and Rivera,
myogenin expression in quail and zebrafish (Pownal anii994; Megeneet al. 1996). Muscle growth in the common
Emerson, 1992; Weinberegt al. 1996). In contrast, MyoD carp and other fish involves the production of new muscle
transcripts are first detected approximately 2 days aftdibres in addition to fibre hypertrophy (Stickland, 1983;
myogenin transcripts begin to accumulate in the precursdfoumanset al. 1993; Johnstort al. 1998). The continued
cells for the myotomal muscle of the mouse (Sassia. expression of members of the MyoD family and MEF2
1989). In zebrafish, MEF2D is first activated in the presomitiégsoforms in the carp (Fig. 8) presumably reflects activated
mesoderm, followed by MEF2A and then MEF2C (Tigio myogenic cells. Such cells constitute a declining proportion
al. 1996). MyoD expression occurs at the six-somite stageyf the total number of muscle nuclei during the larval and
and MEF2D and myogenin expression occur at the 10-somijavenile stages as growth proceeds (Koumansl. 1993;
stage in zebrafish (Tichet al. 1996). In contrast, MEF2C Johnstonet al. 1998). Cornelison and Wold (1997) used a
transcripts appear first, followed by MEF2A and MEF2D inmultiplex single-cell reverse-transcription PCR assay to
the mouse (Edmondsaet al. 1994). In carp, the pattern of monitor the expression of myogenic regulatory factors in
accumulation of mRNA for the MyoD family is therefore mice following injury and found that activated satellite cells
similar to that described in quail and zebrafish (Tieh@l. began to express either MyoD or myf-5 first, followed by
1996; Pownall and Emerson, 1992), whereas expressianyogenin and MRF4. MRF4 is one of myogenic regulatory
patterns for the MEF2 family are similar to those in the mouséactors in mammals that has been claimed to play an
(Molkentin and Olson, 1996). Transcripts of the MEF2important role in muscle maturation and to maintain the adult
family were expressed in both somatic and cardiac cells imuscle phenotype (Hinterberget al. 1991). Although we
zebrafish (Tichoet al. 1996). Since the whole embryonic have been trying to clone carp MRF4, we have not yet
body and larvae at hatching were used in the northern blabtained any homologous clone. MRF4 has not yet been
analysis in the present study with carp, it is necessary tdoned from any fish species.
determine which cells, somatic or cardiac, express the MEF2 The skeletal muscle phenotype can be modified by
family by in situ hybridization. temperature acclimation in cyprinid fish, includi@yprinus

Andres and Walsh (1996) claimed that myogenin-positivearpio. Cold-acclimation results in an increase in myofibrillar

C2C12 myoblasts remained capable of replicating DNA. IPATPase activity in fast muscle fibres (Johns&ral. 1975;
contrast, subsequent expression of the cell cycle inhibitor p21 Bidell, 1980). A minimum of three isoforms of fast skeletal
differentiating myoblasts correlated with the establishment ofmuscle myosin heavy chain have been identified in common
the postmitotic state (Andres and Walsh, 1996). Later duringarp which are expressed in an acclimation-temperature-
myogenesis, postmitotic mononucleated myoblasts activatetependent fashion, each with different @ TPase activities
expression of muscle structural proteins such as myosin heasyd thermal stabilities (Guet al. 1994; Nakayaet al. 1995;
chain and then fused to form a multinucleated myotube. It seerifgatabeet al. 1995; Imai et al. 1997; Hirayama and Watabe
from these results that muscle-specific genes are upregulated1897). We now propose to uda situ hybridization to
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investigate the expression of MyoD family and MEF2 familyDavis, R. L., GHENG, P.-F., lassAr, A. B.AND WEINTRAUB, H. (1990).

transcription factors of carp in relation to both developmental The MyoD DNA binding domain contains a recognition code for

stage and acclimation temperature. muscle-specific gene activatioBell 60, 733—-746.

Davis, R. L. AND WEINTRAUB, H. (1992). Acquisition of myogenic
specificity by replacement of three amino acid residues from MyoD
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