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Summary

Seven cDNA clones coding for different muscle-specific
proteins (MSPs) were isolated from the fast muscle tissue
of Atlantic cod Gadus morhual. In situ hybridization
using cRNA probes was used to characterize the temporal
and spatial patterns of gene expression with respect to
somite stage in embryos incubated at 4°C, 7°C and 10°C.
MyoD transcripts were first observed in the presomitic

16-somite stage, followed bynyosin heavy chain, troponin
T, troponin | and muscle creatine kinaselThe final mMRNA
in the series to be expressed wasoponin C. All genes
were switched on prior to myofibril assembly. The
troponin C sequence was unusual in that it showed the
greatest sequence identity with the rainbow trout
Oncorhynchus mykiss cardiac/slow form, but was

mesoderm prior to somite formation, and in the lateral
compartment of the forming somites.MyoD expression
was not observed in the adaxial cells that give rise to the
slow muscle layer, and expression was undetectable ly
situ hybridization in the lateral somitic mesoderm after
the 35-somite stage, during development of the final ~15
somites. RT-PCR analysis, however, confirmed the
presence of low levels of the transcript during these later
stages. A phylogenetic comparison of the deduced amino-
acid sequences of the full-lengtiMyoD cDNA clone and
those from other teleosts, and inference from thén situ
expression pattern suggested homology with a second
paralogue (MyoD2) recently isolated from the gilthead Key words: Gadus morhuatemperature, development, musdte,
seabreamSparus aurata Following MyoD expression,a-  situ hybridization, cod, myofibril, MyoD, myosin, troponin, creatine
actin was the first structural gene to be switched on at the kinase.

expressed in the fast myotomal muscle and not in the
heart. In addition, the third TnC calcium binding site
showed a lower level of sequence conservation than the
rest of the sequence. No differences were seen in the
timing of appearance or rate of posterior progression
(relative to somite stage) of any MSP transcripts between
embryos raised at the different temperatures. It was
concluded that myofibrillar genes are activated
asynchronously in a distinct temporal order prior to
myofibrillar assembly and that this process was highly
canalized over the temperature range studied.

Introduction

Muscle is an unusual and highly specialized tissue in that (Lin et al., 1994; Yoshimi et al., 1995; van der Ven and Furst,
consists predominantly of post-mitotic syncytial cells. Many1998), which may not reflect the vivo situation (Costa et al.,
proteins are expressed uniquely in muscle cells (terme2002). At the current time, whole embryo studies are limited
muscle-specific proteins or MSPs; Xu et al.,, 2000). Thes® the mouseMus musculugFurst et al., 1989), zebrafish
include structural and contractile proteins (ewgactins, Danio rerio (Xu et al., 2000) an&Xenopus laevigMartin and
myosins, troponins) as well as soluble muscle proteins andarland, 2001), and the relative timing of the onset of MSP
enzymes (e.g. muscle creatine kinase and parvalbumindxpression appears to differ considerably between these
During differentiation, non-muscle isoforms of many proteinsspecies (see Costa et al., 2002). Teleost muscle is unique in
are downregulated, while muscle-specific isoforms begin to beany aspects of its structure compared to other vertebrates
expressed (Rubenstein and Spudich, 1977; Goncharova et éluther et al., 1995), and the extent to which myofibril
1992; Phillips et al.,, 1995). Much is known about theassembly shows phylogenetic variation is unknown.
biochemistry of muscle contraction, but comparatively less The first aim of the present study was therefore to
about the process of myofibrillogenesis, and there are relativetharacterize and investigate the expression of MSP genes
few models. Most studies have relied on cell culture systemequired for myofibril assembly in the Atlantic cégadus
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morhual., including a full-length cDNA oMyoD. Myogenic  hypothesis that differences in muscle cellularity with
regulatory factors (MRFs) of thdyoD gene family play a key temperature in cod embryos (Hall and Johnston, 2003) are
role in lineage determinatiomMoD, Myf-5) and in initiating  correlated with changes in the relative expression of MSP genes
and stabilizing the differentiation programmenygenin  required for myofibril assembly. Somite stage was used as a
MRF4), in cooperation with other basic helix—loop—helix andnormalized index of development at the different temperatures
MADS box transcription factors (MEF-2 proteins) (for studied (Hall and Johnston, 2003; Hall et al., 2003).
reviews, see Sabourin and Rudnicki, 2000; Pownall et al.,
2002; Johnston et al., 2002). The promoter regions of most ,
muscle-specific genes, includiddyHC, containMyoD and Materials and methods
MEF-2 recognition sites (Giger et al., 2000; Wheeler et al., Larval rearing
1999). It has been shown th&dyoD mRNA expression Six female and six male caddadus morhud.. broodstock,
precedes thele novoexpression oMyHC [IB mRNA in rat  approximately 6 years old, were caught by gillnet from Ardtoe
fast muscle following hind limb suspension (Wheeler et al.Bay, Scotland, and kept in spawning tank systems of the type
1999). Other MSP cDNA clones characterized included described by Huse and Jensen (1983). Three discrete clutches
actin, which forms the backbone of the thin filament in theof newly fertilized eggs from different females were collected
myofibril (Gordon et al., 2000)myosin heavy chaiMyHC),  during March 2001. Clutches taken on consecutive days from
which is the major component of the thick filament and thehe same tank were known to be spawned from different
most abundant protein of the sarcomere (Lu et al., 1999ndividuals, since the release of eggs is subject to an ovarian
muscle creatine kinag€€K-M), which plays a central role in cycle lasting 361 or more (Kjesbu et al., 1996). A third clutch
the catalysis of ADP to form high energy ATP (Wallimann etwas taken from a separate closed system. Within clutches, eggs
al., 1992), and the three troponin (Tn) subunit gergsonin ~ were almost certainly of multiple paternity due to the spawning
C (TnQ), troponin |, (Tnl) andtroponin T (TnT), which are  behaviour of this species (Hutchings et al., 1999; Bekkevold
involved in calcium binding and signal transduction (Filatov etet al., 2002). Clutches were divided into three groups and
al., 1999). incubated in 18itre containers under three temperature
Temperature is known to have major effects on early muscleonditions: 4°C, 7°C and 10°C (range +0.2°C). The incubators
development in teleosts, altering the timing of myofibrilwere supplied with O.um filtered, UV-sterilized seawater
assembly with respect to somite stage (Atlantic herring(34%.) with a flow rate of 1@nl min-l. Gentle aeration was
Johnston et al.,, 1995), as well as the number and size oénstant and photoperiodicity wasi84h light (1.4 lux):total
embryonic muscle fibres in numerous species (Stickland et atlarkness. Prior to use, embryos were killed with an overdose
1988; Vieira and Johnston, 1992; Brooks and Johnston, 1998f anaesthetic (MS-222).
Gibson and Johnston, 1995; Hanel et al., 1996; Matschak et
al., 1998), including Atlantic codzadus morhugGalloway Isolation of cDNA clones
et al.,, 1998; Hall and Johnston, 2003). During ontogeny, Total RNA was extracted from embryos of mixed
embryonic isoforms of the myofibrillar proteins are graduallydevelopmental stages using Tri-reagent (Sigma, Poole, UK).
replaced by larval and adult isoforms, reflecting increases iImRNA was purified from the total RNA using a poly-3pin
body sizes and associated changes in swimming behaviocolumn (Amersham Pharmacia Biotech, Little Chalfont, UK).
(Martinez et al., 1991; Chanoine et al., 1992; Mascarello et alA first-strand reaction was carried out withid poly(A)* RNA
1995). The relative timing of expression of developmentalusing Superscript Il reverse-transcriptase (Gibco BRL, Paisley,
stage specific isoforms varies for different myofibrillar UK) and either an oligo-DT,' RACE cDNA synthesis primer
components and is altered by rearing temperature (Johnston(&ibco BRL) or an oligo-DT, SJRACE cDNA synthesis primer
al.,, 1997, 1998). For example, in Atlantic herrigdupea (Clontech, Basingstoke, UK) in conjunction with a SMART
harengusthe appearance of adult isoforms of myosin lightll oligonucleotide (Chenchik et al., 1998). Primers were
chain 2, troponin T and troponin | occurred at longer bodyesigned to conserved regions of multiple nucleotide sequence
lengths in larvae reared at 5°C compared to 12°C (Johnstonaignments of genes from related species (Tables 1, 2),
al., 1997). prepared using the Clustal algorithm in Lasergene (DNAstar
In a recent study in rainbow tro@ncorhynchus mykiss  Inc, Madison, USA). Polymerase chain reaction (PCR)
was shown that MRF expression was delayed and prolong@dnditions were complex and often involved multiple rounds
at low compared to high egg incubation temperatures, and and touchdown cycles. Final PCR products were purified by
was suggested that this resulted in a higher number of mus@garose gel electrophoresis followed by gel extraction on a spin
fiores in hatched embryos, due to a longer period focolumn (Qiagen, Crawley, UK). cDNAs were ligated into
proliferation of the myogenic precursor cells prior to terminathe PCR-4-TOPO vector (Invitrogen, Paisley, UK) and
differentiation (Xie et al., 2001). In contrast, the onséflpdD  transformed into TOP-10-F competent cells (Invitrogen)
andmyogeninexpression relative to developmental stage wasccording to the manufacturer’s instructions. All clones were
found to be similar at a range of temperatures in the Atlantisequenced twice in either direction, and the nucleotide and
herring (Temple et al., 2001). deduced amino acid sequences submitted to the NCBI database
The second aim of the present study was therefore to test t{ieablel).
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Tablel. Details of muscle-specific protein clones and the most homologous cDNAs, determined by the DDJP blast engine

Amino acid Coding
Most homologous cDNA sequence Whole insert region (nt) GenBank
Gene name Abbreviation (species, GenBank accession no.) identity (%) length (nt) (F, full length)  accession no.
Myogenic determination MyoD  Zebrafish, Z36945 64 1568 804 F AF329903
factor
Skeletala-actin a-actin Alaskan pollack AB073380 100 1598 1131 F AF500273
Myosin heavy chain MyHC  Chum salmon AB076182 88 897 782 AY093703
Troponin T ™T Atlantic salmon AF072687 86 767 690 F AF500272
Troponin | Tnl Atlantic salmon U84394 62 817 516 F AF498091
Muscle creatine kinase CK-M  Mozambique tilapia AY034098 89 1187 777 AF329904
Troponin C nC African clawed frog ABO03080 81 589 367 AF500274

DDJP, DNA data bank of Japan.

In addition to the MSP genes, the 60S ribosomal subuntiuffer and 2J pl-1 of the appropriate RNA polymerase (T3
gene L15 was cloned for use as an internal standard during Rfbr Notl digests, T7 foiSpe digests). Following incubation at
PCR analysis. None of the clones have been previous§7°C for 2h, the labelled probe was purified by lithium
isolated or sequenced elsewhere, all are novel sequencddoride/ethanol precipitation and dissolved in diethyl-
reported for the first time. Sequence manipulation was carrigagyrocarbonate (DEPC)-treated water, before storage at —80°C.
out using DNAman (Lynnon Biosoft, Vaudreuil, Canada)All probes were made using the longest plasmid insert
and Lasergene (DNAstar Inc.). The phylogenetic tree wapossible, with the exception ofactin, the 3UTR of which
constructed from a Clustal alignment followed by neighboumwas used to avoid cross-hybridization witactin, which is
joining in PHYLIP (Felsenstein, 1995). Initial homology ubiquitously expressed (Xu et al., 2000).
searches were carried out on the DNA data bank of Japan

(DDBJ) protein-blast engine. In situ hybridization
_ 20 embryos of mixed somite stages from each temperature
Preparation of DIG-labelled cRNA probes group per cRNA probe were used for situ hybridization.

Plasmids were linearized usingpéd or Notl restriction  Sense probes were also used in each case as negative controls.
endonucleases and purified on an enzymatic cleanup spim situ hybridization was carried out using a procedure
column (Qiagen). 5pgpul~! of linear plasmid was used to incorporating aspects of those described by Wilkinson (1992)
transcribe the probes in a reaction containing MAt@ume  and Ennion et al. (1999), which permitted a high throughput
DIG-RNA labeling mix (Roche, Lewes, UK), transcription with small embryos and gave an excellent signal. The

Table2. Primer sequences used for first-strand cDNA synthesis, ‘@l RACE

Product Product
cDNA 3 RACE forward primer size (bp) "RACE reverse primer size (bp)
MyoD AGATGCACGTCCACCAACCCGAACC 1143* AAGGATCCCCACTTTGGGCAGCCTCTGG 512
a-actin ACCTTCCAGCAGATGTGGATCAGCA 494* AAGCACTTCCTGTGGACGATGGAGG 1194
MyHC CAAGGAGCAGGCTGCTATGGTTGAGC 934*
™nT CCAAGCAGCAGAAGGGCCCGTT 447
Tnl GATGAGGAGCGGTACGATGCTGCGG 516* GCAGACATGCGCACCTTCTTCAGGG 447
CK-M GGTGGCGATGACCTGGACCCC 1205*

TnC TGCATCAGTACCAAGGA 606*

RT-PCR analysis primers Product
cDNA Forward Reverse size (bp)
MyoD GAGCCTTGGTCGAACATCACCGAC GGAACTTTGATGAGCTTGCTTCTTATCAG 1262
L15 GCTCCCAGACCCACCAGACCC ATGGCCTTGTGGAAGGTGTCG 311

MyoD, Myogenic determination factog-actin, skeletala-actin; MyHC, myosin heavy chainTnT, troponin T;Tnl, troponin |; CK-M,
muscle creatine kinas&nC, troponin C.

RACE, rapid amplification of cDNA ends; RT-PCR, reverse transcriptase-polymerase chain reaction. For details, see Materihtsdand

Final product sizes calculated include the primer sequences.

*Clones used foin situ hybridization.
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triethanolamine wash, antibody p & 6o A 60, B
absorption step and RNAse digest g &0 = Ly
step were found to be unnecessary, @ s
use of CHAPS rather than SDS allov £’ 40 ;: 40 o
briefer stringency washes carried out  § 3, ,-*ﬂ.' 30 y’z =
single temperature. Importantly, t Q )t/ . ‘.!
length of hybridization was lengthen 2 20 } 20 o !
considerably and appeared to result G 10 /,/ . 10 A
stronger final signal. 5 | A _ _ o B

Details of then situ hybridization are 0O 10 20 30 40 5 60 0 10 20 30 40 50 60
as follows. Embryos were dechoriona  § 607 C 60| p
on ice under a dissecting microsct € 50 e/ 50 o7
using no. 10 watchmaker’s forceps, tl 2 « ¥ f'

o 40 b 40 o

rehydrated at room temperature thro £ -’ -
75% methanol:25% 0.1% Tween-20 § 30 % 30 50
phosphate-buffered ~ saline (PBS & g | : 20 ..,2'
50%:50% methanol:PBST, 25%:7¢ 2 o e oy Ao
methanol:PBST, followed by tw £ 10 .,,/"- 10 L.
washes in 100% PBST. Permeabiliza 0: : g . , 0 . .,
was achieved by digestion in pgml-t 609 10 20 30 40 50 60 60O 10 20 30 40 50 60
proteinase K in PBST for @in, % E . F -
followed by 2 5min washes in PBS" g 90 i 50 e/
Embryos were refixed in 4% (W 2 49 . ‘ 40 ~/
paraformaldeyde, 0.1% gluteraldehy @ o, 4
in PBST, followed by 8 5min washe £ % Ve = i
in PBST. A pre-hybridization step w & 20- o /b 20 W
carried out in hybridization buffer [50 = 10 - A J_n_f' 10 .?'
formamide, 2% (w/v) blocking reage 5 oy o
(Roche), 0.1% Triton X-100, 0.1% (w/ 51 2 30"" 0 50 60 Oo 10 20 30 40 50 €0
CHAPS, 20ugml-l vyeast tRNA Somite stge Somite stge

50ug mi-1  heparin  in  Smmoll-1
EDTA] for 20min at 70°C befor Fig. 1. Expression of myofibrillar muscle-specific protein mRNAs at different temperatures

addition of 0.5ugmi~! digoxygenir according to somite stage. (A-actin, (B) myosin heavy chaigMyHC), (C) troponin T
(DIG)-labelled ' CRNA probe. TF (TnT), (D) troponin | (Tnl), (E) muscle creatine kinag&€K-M) (F) troponin C(TnC). Blue,
hybridization step lasted for 3 days 4°C; green, 7°C; red, 10°C.
70°C. Subsequent to hybridization,

embryos were washed with decreasing stringency to remoy 60 -

unbound probe. The post-hybridization washes were carrie Oh‘/[aﬁt(i:“
out at 70°C and consisted of 20 min in 2x SSC, % 20min 2 504 = T|¥T

in 2x SSC, 0.1% (w/v) CHAPS, and a furthex 20min = s (T:T(IM
washes in 0.2 SSC, 0.1% (w/v) CHAPS. Embryos were then 3 40 TnC
rinsed X 10min in ‘Heaven Seven’ (HS) soluton 2 — —_ Myotubes
(150mmol -1 NaCl, 1% Tween-20 in 10@moll-1 Tris, § 30 SURHRES
pH 7.5) at room temperature followed by ardth blocking a

step in 20% sheep serum in HS. Bound probe was conjugat 3

to an alkaline-phosphatase labelled anti-DIG antibody <zE 207

(Roche), which was used at a dilution of 1:4000, overnight ¢ DE: 10-

4°C. Free antibody was removed by 4 h washes in

1 mmoll~! levamisole in HS. The final colour reaction was

carried out in ‘Divine Nine’ (DN) solution (10@moll-1 0 1'0

NaCl, 1% Tween-20, inmoll-1 levamisole, 109nmoll-1 _
Tris, pH 9.5) containing ing mi-L of nitroblue tetrazolium Somite stage

(NBT) and 0.5Smgmi~t of 5-bromo-4-chloro-3-indolyl- Fig. 2. Comparison of the regression lines of muscle-specific protein
phosphate (BCIP). After 24 of development in the dark at expression with somite stage, together with the regression lines of
4°C, the reaction was stopped with 4% paraformaldehyde imyotube and myofibril synthesis (from Hall and Johnston, 2003)

PBS. Photographs were taken on a binocular microscofagainst somite stage.
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Atlantic cod K N SET! | K

Atlantic sal non : KDL El LTl R .. V.. GLPELQ M. £ . . E. T. . .E.Q

Atlantic herr in g: X . TREE. . b TYRSI SL. YPSS EDS QKL. HSKL| E: LFKETESK
Actin/TnC site

Atlantic cod  : L QTHSNVEL RA P, EDKA--- TT--

Atlantic sal non : . Lo H. A . E-- DE . . A--

Atlantic herr ing: LESKHKVSZ. &S| X GD. .. RGOMG . ko GAEA

Fig. 3. Multiple sequence alignment of the deduced amino acid sequence of AtlarBadaesl morhudroponin | (Tnl), with those of Atlantic

salmonSalmo salar(sequence identity 62%) and Atlantic herri@tupea harengugsequence identity 55%). The actin\Troponin C (TnC)
binding site is boxed. Identical regions are shaded.

Low identity region

Atlantic cod
Atlantic sal non :
Zebr af i sh

' B 5 8§ B

1 N ! . : . . .

Atlantic cod |

i T S N
Zebr af i sh : . - X L LA E.

Atlantic cod KT -

gl W

Zebr af i sh : K

Fig. 4. Multiple sequence alignment of the deduced amino acid sequence of Atlant@adad morhuaroponin T (TnT), with those of

Atlantic salmonSalmo salasequence identity 86%) and zebraf&mio rerio (sequence identity 81%). A region of low homology near to the
N terminus is boxed. Identical regions are shaded.

(Lieca MZz7.5, Milton Keynes, UK) using darkfield Results
illumination and Zeiss (Welwyn Garden City, UK) Axiocam The sequence of development of somites, myotubes and
imaging system. myofibril assembly was identical to that described by Hall and
Johnston (2003). Somite development proceeded in a rostral-
Analysis of expression patterns. caudal wave, beginning at 182n the 4°C group, 7B in the

Expression patterns were determined for the structura?’C group and 58 in the 10°C group. Further somites were
contractile mRNAs by scoring the most posterior somiteadded at intervals of 45 3.Ch and 2.3, respectively. The
expressing a particular mRNA against the somite stage. Férst myotubes appeared in the anteriormost somites at
MyoD, however, this was not considered appropriate sincapproximately the 12-somite stage and the first myofibrils
expression preceded somite formation and was confinezbuld be discerned in the most rostral somites at approximately
transiently to a small number of somites. Instead, expressidhe 37-somite stage. There was no difference in the rate of
was compared visually and RT-PCR analysis was carrietiming of myotube or myofibril appearance, or rate of their
out on RNA-cDNA extracted from different stages of posterior progression, between temperature groups 1Fgs
development, as in Wyzykowski et al. (2002) and Lin-Jonesiall and Johnston, 2003).
and Hauschka (1997). Primers are shown in T2b&tatistics,
one-way analysis of variance (ANOVA) and multiple analysis Sequence analysis
of covariance (MANCOVA) were performed according to Zar Of the amplified cDNAs, deduced amino acid sequence
(1999). conservation was generally higitactin was the most highly

Ca* site |l Ca* site Il

Atlantic cod  : E El Q
Rain bowt rout : | D DL K El
Atlantic sal non : | D DL K El

Ca*site M

Atlantic cod
Rain bowt rout :
Atlantic sal nmon :

Fig. 5. Multiple sequence alignment of the deduced amino acid sequence of Atlant@&adad morhugroponin C (TnC), with those of
rainbow troutOncorhynchus mykisand Atlantic salmorBalmo salar(sequence identity 83% in both cases)?*Ganding sites II, Il and IV
are boxed. Identical regions are shaded.
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Atlantic cod : F Tl E [ T
Mozamh que tila pia: .. A. . S D. .. .
Zebr af i sh : Y, V.. S K L E

Active site

Atlantic cod : TCHL Y

Mbzamh que tila pia: . - VL IQ | L

Zebr afi sh : - . | F. .
Atlantic cod : L - K

Mozamh que tila pia: . L L | -

Zebr afi sh : [ L | -

Fig. 6. Multiple sequence alignment of the deduced amino acid sequence of AtlanBadoesl morhua@reatine kinase (CK-M), with those of
Mozambique tilapiaOreochromis mossabicusequence identity 89%) and zebrafi3anio rerio (sequence identity 87%). The active site
motif is boxed. Identical regions are shaded.

conserved, with an identical deduced amino acid sequence @nd salmon cardiac/slow sequences (5jgand 81% with the
those of Alaskan pollackheragra chalcogrammand rat-tail  Xenopuscardiac/slow sequence (not shown). The portion of
fish Coryphaenoides cinere$ablel). the TnC sequence isolated incorporated the second, third and
The MyHC cDNA was a partial sequence (the full codingfourth C&* binding sites (Fig5). Sites Il and IV were highly
cDNA is >5000bp in carp; Hirayama and Watabe, 1997). Theconserved, exhibiting only five differences in 65 residues (92%
isolated clone came from thé 8nd and spanned 7B of identity) with the trout sequence. Site Il showed less
coding region and 8Bp of untranslated region (UTR). The conservation, sharing 64% sequence identity with that of the
deduced amino acid sequence most closely matched that todut.
chum salmonOncorhynchus ketadult fast skeletal muscle  The fast muscle creatine kinase (CK) clone was most closely
MyHC, exhibiting 88% sequence identity (Talile No related to that from Mozambique tilapi®reochromis
specific functional domains were defined in this region. mossambicushowing 89% identity in deduced amino acid
Troponin | (Tnl) exhibited the lowest identity with sequence (Tablk), and 87% with that of the zebrafish. It was
published sequences, 62% when compared with Atlantipossible to recognise the active site motif CPSNLGT @ig.
salmonSalmo salarand just 55% when compared to Atlantic which is absolutely conserved between all known CK isoforms
herring (Tablel, Fig.3). The most highly conserved region (Taylor et al., 1990; Fritz-Wolf et al., 1996).
within the Tnl molecule was the actin/troponin C (TnC) When blast searched on the DDBJ protein-blast engine, the
binding site located towards the center of the sequence. THigll-length cod MyoD amino acid sequence showed greatest
binding site exhibited the motif characteristic of invertebratesdentity with zebrafish MyoD (64%; Tablg. The most
(KPXLK) rather than that usually seen in vertebratexonserved regions were the basic and the helix—loop—helix
(RPXLR). domains, with the extent of sequence identity declining
Troponin T (TnT) showed 86% sequence identity with theowards the C terminus (Fi@).
Atlantic salmon isoform 3 (TablE). A short region of low

conservancy at the N terminus (F4&). was present in a In situ hybridization
position that spans several known splice sites in avian and mRNA signals for all of the MSP genes began in the most
mammalian TnTs (Smillie et al., 1988). differentiated somites at the anterior of the embryo and

Surprisingly, troponin C most closely matched the troutprogressed rostro—caudally, mirroring the pattern of somite
cardiac/slow isoform (Tablg), despite being expressed formation (Fig.8). The onset of expression of different genes
exclusively in the skeletal muscle and not in the heart (sesas sequentiaMyoD being the first to be expressed in a single
Fig. 8, below). Sequence identity was 83% with both the trouband in the presomitic mesoderm. Upon formation of somites,

Basc region

Atlantic cod : DS L| [ I L SE| HKHI | | |
Zebr afish EL I u LVH. . l. PDEH. || S
Rain bowt rout: EL. | T LV PD. . S

Helix-loop-helix region
Atlantic cod : | -- GG QEDTYF D PPCTTKN--- KE
Zebr afish P! X . S-- . NoYP.- L El . T.Q RR . NI
Rain bowt rout: P . A YPa- & . PPRR TN
Atlantic cod : - BSRN I E- PAASTHTCHE -Ps --- SEDASPLSSD<CG TSGDP
Zebr afish . . . T. . CPVLSVP. A - HE. SVL. DTGTAP.|PT. |P- QQQ@CE. |
Rain bowt rout: -4 iH . . LDTS.|CP-- AVQD.. Sl Al NGAl PPl NS VPALH. NI
Fig. 7. Multiple sequence alignment of the deduced amino acid sequence of AtlanBadosl morhudyoD, with those of zebrafisBanio

rerio and rainbow trou®ncorhynchus mykigsequence identity 64% in both cases). Basic and helix—-loop—helix domains are boxed. Identical
regions are shaded.




Activation of myofibrillar genes in co8193

10-somite 20-somite 30-somite 40-somite 50-somite

MyoD

Fig.8. Whole-mountin situ
hybridization ~ of  muscle-
specific protein  mMRNAs in
developing cod embryos at
4°C at sequential somite
stages. Patterns at 7°C and
10°C were identical (Fidl).
MyHC, myosin heavy chajn
TnT, troponin T, Tnl, troponin

I; CK-M, muscle creatine
kinase TnC, troponin C Scale
bar, 200um.

a-actin

MyHC

expression was seen in the posteriormost s
plus a single band equivalent to the field of
next somite to be formed (Fig). After
approximately the 35-somite stage, expres
faded, and somites continued to be added ¢
to the anal pore, unstained fislyoD mRNA.
However, RT-PCR analysis showed 1
transcripts were still present at the 40- and
somite stages despite the lack of situ
hybridization staining (Figl0). No expressic
was seen in the adaxial cells adjacent tc
notochord at any stage (Fig).

Subsequent expression of the contrac..._.
structural MSPs was correlated with myotube and myofit
synthesis (Fig&, 2). Expression occurred throughout tt
fibres/myotubes and no localization of message was seen €
within cells or within the myotome. Unfortunately it was n
possible to deduce whether expression occurred differenti
in the slow and fast muscle. Whilst slow muscle fibres w
undoubtedly stained, their presence as a superficial monol
meant that unspecific bleed-through of products from -
alkaline-phosphatase colour reaction was indistinguishe
from any specific staining. Expression of all MSPs precec
development of organized myofibrils (F&).

No significant differences in expression of any genes w
seen between embryos raised at different temperat
(Table3, Fig.1). Expression oMyoD was not scored against shorter than those incubated at lower temperatures, as a result
somite stage, because it was expressed before the first sontfeasynchrony between the extent of epiboly and segmentation
formed, but the expression pattern remained the same iat these fish (Figll; Hall and Johnston, 2003). RT-PCR
different temperatures nonetheless. In all cases thenalysis showed that no transcript was detectable at the
characteristic pattern of expression of a single stained band @mbryonic shield stage, shortly prior to the initiation of
the presomitic mesoderm followed by seven stained somiteamyogenesis, but as segmentation began, expressigiyaid
was observed. At the initiation of myogenesis, however, thevas switched on (Fid.0). Furthermore, low-level expression
body axis of embryos incubated at 10°C was frequently slightlpersisted even after completion of formation of somites at the

nT

Tnl

CK-M

TnC
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~50-somite stage, when transcripts are no longer v
by in situ hybridization (Fig8).

When the expression patterns of different M
transcripts were compared with each other
MANCOVA, all were highly significantly different |
terms of slope or intercept, with the exception
MyHC/a-actin and TnC/CK-M (Tables 4, 5, Fig2).

Discussion

Despite the differences in fibre number sh
previously (Hall and Johnston, 2003), there was
difference in the timing of expression of the seven N
studied between temperature groups. Although ther  Frig 9. MyoD expression in the developing somites of a 15-somite embryo.
many additional MSPs involved in myofibrillar assem  Expression can be seen the posteriormost seven somites, and in a single
these data do not support the hypothesis that differ  band in the presomitic mesoderm at the site of imminent somite formation.
in fibre number are related to differences in the timir ~ The anteriormost somites are by this time unstaine§@D. Arrowhead,
expression of myofibrillar genes. However, the disc most recent somite furrow. nm, notochord/mesoderm boundary; Ad,
sequential patterns seen between most of the ml  unstained adaxial cells. Scale bar, L0A.
reinforces the notion of muscle differentiation as a s
centrally regulated, concomitant but autonomous steps (Cos
et al., 2002).

A common feature of many muscle proteins is that they hav
multiple isoforms, which are generated either from separat
genes or by alternate mMRNA splicing from the same gene. Th
situation is complicated in fish by an ancestral whole-genom bp
duplication event (Meyer and Schartl, 1999; Taylor et al.
2001a), which is thought to have occurred after the radiatio
of the sarcopterygian lineage, which includes all terrestrig
vertebrates. A second tetraploidization of the salmonid genon
is also thought to have taken place more recently (Allendol
and Thorgaard, 1984; Rescan and Gauvry, 1996). Evidence 1
genome duplication events is far from conclusive (see Taylc
et al.,, 200l1a,b,c; Robinson-Rechavi et al.,, 2001a,b), bt
whatever the reason, teleost genomes are characterized
expanded gene families (Robinson-Rechavi et al., 2001c).

There are at least six different actin genes present i
mammals, the products of which are expressed in various al
overlapping cell typeg3- andy-actins are constituents of the
cytoskeleton and are ubiquitously expressed. A further foL
actins are specific to muscle cells. These include two striate
muscle @-skeletal andx-cardiac) and two smooth muscte (
aortic andy-enteric) actins (Vandekerckhove and Weber, 1978
1979). Polymerized actin chains form the backbone of the thi
filament, consisting predominantly of mixedand 3 chains
(Gordon et al., 2000). Single cDNAs encoding skeletal muscl
a-actin have been isolated from channel catfistalurus
punctatus (Kim et al., 2000), common carp and goldfish
(Watabe et al., 1995). However, in a recent study of th

Japanese pufferfishugu rubripes Venkatesh et al. (1996) embryos developing at different temperatures. At all temperatures,

ISOIat,e_d nine  distinct geno.mlc actin Clor!es' These WerMythranscripts are switched on as the somites began to form. Note
classified as two skeletatactins, three-cardiac actins, one o despite the lack ofn situ staining for MyoD beyond

testis-type a-actin, two B-actins and one vasculaB-  approximately the 35-somite stage (Fi@), transcripts are stil
cytoplasmic actin. The two skeletal muscle types had identicipresent. L15 is a 60S ribosomal subunit ‘housekeeping’ gene,
genomic organization and differed in only five amino acidexpressed at all temperatures and in all stages, used as an internal
residues. Such high sequence identity is a common feature standard. The positions of marker nucleotides (bp) are shown at left.

Shield stage
1-somite stage
10-somite stage
20-somite stage
30-somite stage
40-somite stage
50-somite stage

MyoD
4°C

L15

MyoD
7°C

L15

MyoD
10°C

L15

Fig.10. RT-PCR analysis ofMyoD expression in different stage
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Table3. Regression data for the expression of muscle-specific protein genes in relation to somite stage

Gene expressed Slope Intercept  r2 (adjusted) F (slopes) F (intercepts) Residual d.f.
a-actin 1.42 —23.55 94.6 0.031 0.326 58
MyHC 1.55 —28.62 94.9 0.079 0.235 58
™T 1.85 -48.64 94.4 1.064 0.358 58
Tnl 1.93 -55.09 90.9 0.051 0.152 58
CK-M 2.01 —63.96 83.1 0.708 0.140 58
TnC 2.16 -71.15 83.8 0.204 0.724 58

a-actin, skeletaki-actin;MyHC, myosin heavy chairf,nT, troponin T;Tnl, troponin I;CK-M, muscle creatine kinasénC, troponin C.

P<0.001 for all regressions.

F values represent the results of analysis of covariance (ANCOVA) between 4, 7 and 10°C groups; in all cases there wasmto signific
interaction between temperature and expres$o0.05).

actins, even between distantly related species. This wasTroponin (Tn), is an actin-associated protein complex,
consistent with the finding that cod skelatahctin exhibited consisting of three interacting subunits, each with an
100% deduced amino acid sequence identity with that dtlentifying letter from the first identified property: troponin C
Alaskan pollack and rat-tail fish (Tallg. The expression (TnC) binds Ca&t, troponin | (Tnl) binds to actin and inhibits
pattern was also comparable with that of zebrafish sketetal the actomyosin ATPase and troponin T (TnT) links the Tn
actin(Xu et al., 2000), being switched on shortly after the onsetomplex to tropomyosin (Gordon et al., 2000). Thieel
of somitogenesis and before the expressiokyfiC. genes exist in mammals, encoding fast, slow and cardiac forms
The MyHCs of vertebrates are encoded by multi-geng¢Huang et al., 1999). In the mouse, these are alternatively
families and are expressed in a tissue-specific manner (Kongpliced into at least 13 fast isoforms (Wang and Jin, 1997) and
et al., 2002). It has been reported that there are at least eightee slow isoforms (Jin et al., 1998). Splicing usually occurs
skeletal and two cardiac MyHCs in humans (Soussi-Yanicostagose to the N terminus and different splice variants are thought
et al., 1993). However, in the common c&pyprinus carpio to be involved in ontogenetic changes in phenotype and in
over 29 different genomic sequences have been identifiedifferent fibre-typing in the adult (Briggs and Schachat, 1996).
(Kikuchi et al., 1999). DifferenMyHC mRNA isoforms in  Five TnT protein isoforms have been isolated from Atlantic
teleosts have been shown to be expressed under differesg#imon, two from slow muscle and three from fast muscle
conditions of temperature (Imai et al., 1997), at different stagg®Vaddleton et al., 1999). A single fast muscle cDNA has been
of development (Ennion et al., 1999) and in different fibre typeisolated from the zebrafish (Xu et al., 2000). Tind isoform
(Rescan et al., 2001). In the present study, no difference isolated from cod showed greatest identity with an Atlantic
MyHC expression was seen with different rearing temperatursalmon fast muscle isoform. The most degenerate area of
It is possible that the probe used in this study boundequence was at the N terminus, in a region spanning several
heterologously to multipl&lyHC mRNA isoforms, since the known splice sites in mammals (Smillie et al., 1988).
proportion of 3 UTR:cds was much greater in this case than As with TnT, the Tnl isoform found in this study showed
with the other clones used (BP:77Sbp, respectively). It is greatest identity with an Atlantic salmon fast muscle isoform.
equally possible that the probe hybridized to a specific isofornThree genes code for slow, fast and cardiac isoforms of Tnl in
which showed a broad pattern of expression. birds and mammals (Guenet et al., 1996; Mullen and Barton,

Table5. MANCOVA comparison of the intercepts of the
regression lines of expression between different muscle-

Table4. MANCOVA comparison of the slopes of the
regression lines of expression between different muscle-

specific protein genes (all temperatures)

specific protein genes (all temperatures)

MyHC ™nT Tnl CK-M TnC MyHC ™T Tnl CK-M TnC
a-actin NS P<0.001 P<0.001 P<0.001 P<0.001 a-act NS P<0.001 P<0.001 P<0.001 P<0.001
MyHC P<0.05 P<0.01 P<0.001 P<0.001 MyHC P<0.001 P<0.001 P<0.001 P<0.001
™T NS NS NS ™nT P<0.01 P<0.001 P<0.001
Tnl NS NS Tnl P<0.001 P<0.001
CK-M NS CK-M NS

MANCOVA, multivariate analysis of covariance.

NS, not significant.

a-actin, skeletal a-actin; MyHC, myosin heavy chain;TnT,
troponin T; Tnl, troponin I; CK-M, muscle creatine kinas@nC,
troponin C.

MANCOVA, multivariate analysis of covariance.

NS, not significant.

a-actin, skeletal a-actin; MyHC, myosin heavy chainTnT,
troponin T; Tnl, troponin |; CK-M, muscle creatine kinas&nC,
troponin C.
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2000). Much less is known about ~
in fish. Three cDNAs have be
isolated from salmon (Jackman et
1998) and one from herring (Hodgs
et al., 1996). Surprisingly, however,
each case the amino acid sequt
identity was considered too low
assign orthology to either the fe
slow or cardiac varieties seen in ot
vertebrates. In addition, the actin/T
binding site contained a mo
(KPXLK) peculiar to invertebrate
rather than that seen in avian
mammalian speciesRPXLR). This
same, invertebrate-type motif w
also seen in the cod sequence four
this study (Fig3). The significance «
this finding is unknown, but it appei
that Tnl is more heterologous in fisl
than in other vertebrates. At 1
protein level too, Crockford et i
(1991) resolved two differe
isoforms of Tnl being co-expressec
the fast fibres of Oreochromi:
niloticusandO. andersoniusing tWo-  Fig. 11. MyoD expression in 5-somite (A—C) and 35-somite (D—F) embryos at 4, 7 and 10°C.
dimensional gels and affini  Note that the 7 and 10°C embryos are shorter than the 4°C embryos, reflecting differences in the
chromatography. No genomic, cDI'  extent of epiboly between temperature groups (Hall and Johnston, 2003). However, the
or proteomic information on Tnl h expression oMyoD in relation to somite development remains constant. Scale bagn300
yet been presented for the zebrafi:

Troponin C exists as two distir
tissue-specific types rather than the three exhibited by the othee, therefore, that TnC expression in teleosts is more complex
Tn subunits. In birds, mammals and amphibians, a fast-fibrdan previously thought, as has been demonstrated in the case
type and a type specific to both slow and cardiac fibres hawd Tnl.
been identified (Reinach and Karlsson, 1988; Gahlmann and Fast skeletal muscle TnC contains fou?Cainding sites,
Kedes, 1990; Parmacek et al., 1990; Jin et al., 1995; Tiso wthich facilitate conformational changes in the protein
al., 1997; Warkman and Atkinson, 2002). Numerous studieaccording to calcium concentration. Sites | and I, in close
have investigated aspects of TnC function in teleosts at th@oximity to the N terminus, have a lower Laffinity than
protein level (Demaille et al., 1974; McCubbin et al., 1982sites Il and IV, which are located towards the C terminus. In
Gerday et al., 1984; Feller and Gerday, 1989; Crockford antthe cardiac/slow form of TnC, site | is non-functional. The
Johnston, 1993; Francaois et al., 1997), but until now the onlgucleotide sequence isolated from cod did not cover site I, so
published nucleotide sequences were those from zebrafisbmparison of this region could not be made with fast and slow
(showing highest identity tdenopugast-type; Xu et al., 2000) isoforms from other species. However, binding sites Il and 1V
and trout (showing highest identity Xenopusslow/cardiac- were highly conserved, sharing 89% identity with the trout
type; Moyes et al.,, 1996). Because protein sequences wigequence. Site Il was less highly conserved, sharing 64%
homology to both fast-skeletal and slow/cardiac forms haveequence identity with the trout sequence.
been isolated from fish, it has been supposed that their natureln cells and tissues with intermittently high and fluctuating
is equivalent to those in birds and mammals (Yuasa et aknergy requirements, including skeletal muscle, creatine kinase
1998). In this study, however, the cddC sequence showed plays a central role in the catalysis of the reversible transfer of
highest identity with the trout cardiac form, but was onlya phosphate ion from phosphorylcreatine to ADP to form high
expressed in the myotomal muscle, and not in the heart. Tissueaergy ATP (Wallimann et al., 1992). Creatine kinase enzymes
specific expression has not been investigated in the trout, beonstitute a family of different isoforms with tissue-specific
the timing of expression shown in this study was quite differenéxpression and isoenzyme-specific subcellular localization
to that of the zebrafish fast-typaCshown by Xu et al. (2000). (Stolz and Wallimann, 1998). Four isoform types are present
In zebrafish, fast-typ@nC was one of the first MSPs to be in all vertebrates: a cytosolic brain-type (CK-B), a cytosolic
switched on, whereas in the cod, expression occurred last auuscle-type (CK-M) and two mitochondrial types, CK-MiA
of the seven MSPs, towards the end of somitogenesis. It mayd CK-MiB (Benfield et al., 1984; Ordahl et al., 1984; Sun et
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Carp Seabream(1) protein isoforms have been isolated (Yao et al., 1992). This
Tilapia could be for several reasons; it might be that the differences in
Seabream (2) protein structure are so subtle as to not be resolved by currently
Cod available techniques, or that many proteins are inefficiently
transcribed or not stably incorporated into the myofibrils.
Alternatively, the explanation could simply be that isoform
diversity is not so important at the level of the protein.
54 Ascidian Duplication of genes at the genomic level might allow them to
be placed under different conditions of transcriptional control,
and divergence in mRNA primary structure might be a
prerequisite for differential timing and maintenance of
Pig translation.

Expression oMyoD in the cod was very unusual in that the
expression pattern appeared to be more limited than that shown
previously in the zebrafish (Weinberg et al., 1996) and in the
herring (Temple et al., 2001)lyoD was not expressed in the
adaxial cells adjacent to the notochord, and was undetectable
with ISH after approximately the 35-somite stage (Bjglt is
Fig.12. Phylogenetic relationships of the vertebrate MyoDwe” known that two paralogues dflyoD exist in the

sequences published to date. Note that the cod sequence clusters ‘ggﬁnonids apparently produced from a recent tetraploidization
the seabream MyoD2 sequence. Similarities are also evidentim the f the salrr,10nid enome (Rescan and Gauvry, 1996), and that
situ expression patterns. The tree was constructed in PHYLII9 9 Y: !

(Felsenstein 1995) by the neighbour-joining method. Node numbeg]ese genes have diverged in f,unCt'on (Delalande and Rescan,
refer to the percentage of bootstrap trials supporting a clade:999). However, two non-alleliMyoD genes have recently
Bootstrap confidence is based on 1000 pseudoreplications. Tieen cloned from the (non-salmonid) gilthead seabream
amino acid sequence for the single myogenic factor (AMD1) of théSparus aurata(Tan and Du, 2002). In this casklyoD2
ascidianHalocynthia roretziaccession no. D13507) was used as thefranscripts are much more restricted in their expression pattern
outgroup. Other accession numbers are seabi@patus aurata thanMyoD1 To test the hypothesis that the ddgloD clone
MyoD1, AF478568, MyoD2 AF478569; blue tilap@reochromis  was an orthologue of seabrediyoD2, a neighbour-joining
aureus AF270790; Atlantic codadus morhuaAF329903; pigSus  phylogenetic tree was constructed in PHYLIP (Felsenstein,
scrofg U12574; humarHomo sapiensNM_002478; sheefOvis  1995) ysing all available full-length vertebratdyoD

aries  X62102; rat Rattus norvegicys M84176; mouseMus — goq ences. Whilst the two trout paralogues clustered together,
musculus XM_124916; chickenGallus gallus L34006; Cotornix the seabream paralogues were more highly divergent. In

cotornix, L16686; Xenopus laevis xImfIM31116,xImf25 M31118; .
rainbow  trout Oncorhynchus mykisdyoD1, X75798, MyoD2, addition, the seabrenyoDZ and codMyoD sequences also
clustered together (Fig2).

246924, zebrafisbanio rerio, NM_131262; common cati@yprinus . . )
carpio, ABO12882. In summary, muscle development in the Atlantic cod is

canalized over the temperature range studied (4-10°C).

Although the number of fibres has been shown to differ
al., 1998). The genetic organization of the creatine-kinasketween temperature groups (Hall and Johnston, 2003), the
enzymes has been little studied in any species, although itrslative timing of muscle development and expression
known that three sub-isoforms of CK-M are encoded by threpatterns of the myofibrillar mRNAs are independent of
different genes in the common carp (Sun et al., 1998) and thegmperature. Myofibrillar genes are activated asynchronously
at least twoCK-M genes exist in the zebrafish (Harder andand follow a distinct temporal order during myogenesis; a
McGowan, 2001) and in the channel catfish (Liu et al., 2001)potentially exciting prospect is the application of these and
Only oneCK-M gene has been identified in any mammaliarrelated cDNAs to the characterization of teleost embryos
species and it has been argued that the multiple copies foufrdm pelagic sampling studies. Surveys of fish egg abundance
in teleosts play a role in overcoming the rate-depressing effebave been used to estimate spawning biomass in stock
of seasonal cooling, and therefore help to retain musclassessments, and require the determination of the age
function over a broad temperature range (Sun et al., 1998). Théstributions and mortality rates of eggs (Armstrong et al.,
number ofCK-M encoding genes in the cod is not known, but2001). It is suggested that the timing of MSP gene expression
the CK-M mRNA isoform examined in this study did not show usingin situ hybridisation could be employed as the basis of
any change in its timing of expression, with respect to somita convenient species-specific method of identification and
stage, between different rearing temperatures. staging.

There is an apparent paradox regarding the myofibrillar

proteins, in that despite the large number of splice variants The authors would like to thank Peter Smith of the Marine
found, and the enormous number theoretically possiblEarming Unit, Ardtoe for technical assistance and supply of
(Miyadzaki et al., 1999), only a relatively small number ofcod eggs, and Mark Chapman and Dean Sibthorpe for advice

Zebrafish

Trout (1)

Trout (2)

Xenopus (xImf25)

Xenopus (xImf1)

Human
Quail

Chicken
Mouse  Rat
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