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Summary

Temperature influences many aspects of muscle
development in herring (Clupea harengus In Clyde
herring, myofibril synthesis occurred later with respect to
somite stage in embryos reared at 5°C compared with
12°C. The aim of the present study was to test the
hypothesis that the relative timing of expression of
myogenic regulatory factors (MRFs) and myosin heavy
chain (MyHC) transcripts changes with developmental
temperature. Reverse transcriptase/polymerase chain
reaction (RT-PCR) was used to clone partial coding
regions of MyoD, myogenin and MyHC from juvenile
Clyde herring. Embryos were reared at 5, 8 and 12°C,
and the spatial and temporal expression patterns of
transcripts were investigated using cRNA probes and
in situ hybridisation. Antisense probes revealed a

rostral-caudal progression of all three transcripts. MyoD
transcription initially took place in the adaxial cells of the
unsegmented, presomitic mesoderm, whereas myogenin
transcription first occurred in newly formed somites.
The MyHC gene transcript was not detected until
approximately nine somites had formed. Since the somite
stage at which the MRFs and MyHC were first expressed
was independent of temperature, the hypothesis was
rejected. We suggest that the effects of temperature on
myofibril synthesis must occur downstream from MyHC
transcription either at the level of translation or at the
assembly stage.

Key words: herringClupea harengustemperature, muscle, MyoD,
myogenin, myosin heavy chain.

Introduction

In vertebrates, the development of trunk musculature occuBlagden et al., 1997). In contrast, MyoD expression in birds
within the somites, which are formed from the paraxialand mammals is first detected after the formation of somites,
mesoderm and progress in a rostral—caudal direction (Chriahd no analogues of the adaxial cells have been detected
and Ordahl, 1995). However, the formation of embryonioRudnicki and Jaenisch, 1995).
muscle fibres in teleost fish differs in a number of respects from There are four members of the MyoD gene family of
that described in other vertebrates (Currie and Ingham, 1998hnyogenic regulatory factors (MRFs) in vertebrates. Gene
Cells of the paraxial mesoderm become committed to a musclknock-out’ experiments in the mouse have established that
fate towards the end of gastrulation, which is much earlier thaMlyoD proteins are components of a highly complex regulatory
in amniotes (Kimmel et al., 1990). The sclerotome is also muchetwork that play a pivotal role in myogenesis (Rudnicki et al.,
reduced compared with that in higher vertebrates, and most 8993; Hasty et al., 1993). The primary MRFs, MyoD and myf-
the somite differentiates into myotomal musculature (Morin5, are involved in muscle lineage determination whereas the
Kensicki and Eisen, 1997). Restriction of mesodermal cells teecondary MRFs, myogenin and MRF4, play a role in initiating
a muscle lineage is thought to be associated with the expressiand stabilising the differentiation programme (Perry and
of MyoD, a basic helix—loop—helix transcription factor Rudnicki, 2000). MRFs share a highly conserved basic region,
(Weinberg et al., 1996). Studies in zebrafish have shown thathich mediates DNA binding, and a helix—loop—helix domain
MyaoD is first expressed prior to segmentation in the adaxiahat regulates dimerisation with the universal proteins E12 and
cells lying either side of the notochord and occurs in respond&47 coded by the E2A gene (Ma et al., 1994). The resulting
to axial hedgehog signalling (Weinberg et al., 1996; Devoto dieterodimer has a high affinity for the E-box motif present in
al., 1996; Blagden et al., 1997). Zebrafish adaxial cells migratée promoter region of the majority of muscle-specific genes
through the lateral mesoderm to the surface of the myotome (@atabe, 2001). Accessory proteins involved in muscle
form a superficial layer of slow muscle (Devoto et al., 1996differentiation include a family of cysteine-rich proteins
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(CRPs) with a LIM domain that form a complex with the males. The slides were placed in racks in flow-through aquaria
MyoD/E protein complex (Kong et al., 1997). The cloning andat 5, 8 or 12°C. To sample all developing stages during the
expression of MRFs, E-proteins and CRP isoforms have beevorking day, the remainder of the eggs were fertilised 12h
reported in a very restricted number of fish species [for &ater and also incubated at 5, 8 or 12°C.
review, see Watabe (Watabe, 2001)]. Embryos were sampled approximately every five somites by
Fertilisation of the eggs is external in the majority ofremoving the chorion with fine forceps and fixing overnight at
teleosts, and the rate of development is therefore strong/°C in 4% (m/v) paraformaldehyde in phosphate-buffered
influenced by the prevailing temperature. There is alssaline (PBS) in 0.1% (v/v) dimethyl pyrocarbonate (DMPC).
evidence that temperature affects the relative timing of variouhe embryos were then washed twice in DMPC PBS, once in
aspects of the muscle developmental programme (Johnston5&t% DMPC PBS/50 % methanol (v/v) and storeeZ °C in
al., 1996). We have studied myogenesis in a spring-spawnirig0 % methanol.
stock of Atlantic herringClupea harengug.) from the Firth
of Clyde, Scotland (Johnston et al., 1995; Johnston et al., 1997; CDNA cloning, probe synthesis aimdsitu hybridisation
Johnston et al., 1998). Historical records indicate that sea Total RNA was isolated from juvenile herring fast (Myod
temperatures during deposition of the eggs range from 5 tnd MyHC probe synthesis) and slow (myogenin probe
10°C and increase by several degrees during the period synthesis) skeletal muscle using an RNeasy Midi kit (Qiagen).
embryonic development (Jones and Jeffs, 1991). At 5-15 °G;irst-strand cDNA synthesis was carried out using &3id
the cranial-to-caudal progression of multinucleated myotubamplification of cDNA ends (Race) system (Gibco BRL Life
formation occurred at similar somite stages (Johnston et allechnologies) in which synthesis was initiated at the poly(A)
1995). In contrast, subsequent aspects of differentiation, &ail using Adapter Primer. PCR amplification was carried out
demonstrated by the appearance of myofibrils and thesing Abridged Universal Amplification Primer (AUAP) and
development of acetylcholinesterase staining at thgene-specific primers designed from various vertebrate species
neuromuscular junctions, occurred at later somite stages as ffsee Table 1). A 100l polymerase chain reaction (PCR)
incubation temperature was reduced (Johnston et al., 199ontained 0.5g of first-strand cDNA, 10l of 10x Taq
Johnston et al., 1997). polymerase buffer (500 mmof KCI, 100 mmol i Tris-HCI,
Recent studies indicate that the degree of developmentaH9.0, and 1.0% Triton X-100) (Promega), 1.5mmbll
plasticity of myogenesis associated with temperature variatioklgClz, 0.2 mmoltl dNTP mix, 0.2umoll1 each of forward
differs between herring populations spawning at different timeand reverse primer and 1 unit ©&qg polymerase (Promega).
of the year (Johnston et al., 2001). Although transitory in naturéJsing a DNA thermal cycler (Techne, Cambridge, UK),
changes in the relative timing of differentiation with temperatureeaction conditions were 94 °C for 2 min followed by 30 cycles,
may be of considerable ecological importance. Clyde herrinfpr Myod and MyHC, of 1 min of denaturation at 94 °C, 1 min
larvae were found to exhibit more advanced developmentalf annealing at 59 °C and 1 min of extension at 72 °C. Reaction
characters at shorter body lengths, including expression of adalbnditions for myogenin involved a 30-cycle touchdown PCR
myofibrillar protein isoforms (Johnston et al., 1997) and therotocol of 94°C for 30s, 63°C for 30s reducing by 0.3°C
formation of fin rays and associated muscles (Johnston wfith every cycle and 72°C for 30s. After the last cycle,
al.,, 1998; Johnston et al., 2001), when hatching from eggsxtension of incomplete products was carried out by holding
incubated at 12°C compared with 5°C. Over the length range samples at 72 °C for 7 min.
12.5-18.0mm, larvae hatching from eggs incubated at 12 °C hadPCR products were analysed on 1% agarose gels in TAE
a more advanced carangiform style of swimming and superiduffer (4 mmolf! Tris-HCI, 4 mmolf! sodium acetate,
fast-start performance than fish hatching from eggs incubated 2mmol 1 EDTA). Products were isolated from gels using a
5°C, in spite of the fish having the same thermal experiend@lAquick Gel Extraction kit (Qiagen) and cloned into
following hatching (Johnston et al., 2001). pCRP4-TOPC® (Invitrogen). DNA sequencing was
The objective of the present study was to test the hypothegierformed by The Sequencing Service (School of Life
that temperature influences the relative timing of transcriptiosciences, University of Dundee, Scotland;
of the MRFs and myosin heavy chain gene, thereby providingttp://DNASEQ.bioch.dundee.ac.uk) using DYEnamic ET
a potential mechanism for the delay in the appearance ¢érminator chemistry (Amersham Pharmacia Biotech) on
myofibrils at low temperatures. Applied Biosystems automated DNA sequencers.
Plasmids were linearised using the restriction enzymes
) Notl and Spe. (Promega). Probes were synthesised using
Materials and methods digoxigenin-UTP (DIG) and bacteriophage T7/T3 RNA
Embryos polymerases (Boehringer Mannheim). Antisense probes were
Mature herring Clupea harengud..) were caught in the produced withNotl linearisation and T3 RNA polymerase.
Firth of Clyde during March 2000. The gonads were removed Embryos were processed fiorsitu hybridisation following
and transported on ice to the Gatty Marine Laboratory. Halétandard procedures (Schulte-Merker et al., 1992; Joly et al.,
the eggs from six females were scattered over glass microscop@93). MyoD and MyHC antisense probes were used on 20,
slides in sea water and fertilised with half the milt from six22 and 15 embryos from the 5°C, 8°C and 12°C groups,
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Table 1.Primer sequences used in PCR amplification of MyoD, myogenin and myosin heavy chain

Primer

name Sequence Gene

AUAP 5-GGCCACGCGTGCACTATGAC-3 MyoD and MHC

1 5-TGCCTACTGTGGGCATGCAA-3 MyoD

2 5-CCACTTTGGGCAGCCTCTGG-3 MyoD

3 5-GATGCACGTCTACAAATCCGAACCA-3 MyoD

4 5-CTTTTYGAGACCAACCCCTACTT-3 Myogenin

5 5-CCACTCTGGRCTGCTRCAGCA-3 Myogenin

6 5-CGATGCGGGAGAAGCGGCGGCTGAAGAA-3 MyHC
respectively. Myogenin antisense probes were uUS  Hering ACKRKTTNSDRRKAATMRERRRLSKVNDAFESLKRCTSTNPNQRLPKVEILRNAISYIES 60
18, 14 and 16 embryos from the 5°C, 8°C and 1 Troumete o 7 S %
groups, respectively. Sense probes were tested o1 gf:‘ L i N o

embryos of varying ages from each group. Treat Hering LOSILR

in 50ug mi~1 proteinase K was carried out for 2-3r  zebraf i sh SQE D, ---r- M- MG T-QF— S- S- N 118
Hybridised transcripts were detected using a  Trou oo - de ne oo OO iz
QE - . - 118

nucleic acid detection kit (Boehringer Mannhe e
Embryos were photographed on a Leica | Herring ETPN . DSRNNKNTVISSLDCLSSIVERITTETSPCPTV QEGSEG SPCSPQESVLTE 176

. . . Zebrafish DA - A- A S Verroeooeeeen S PA- VLSVR AH- . - H--- SD 177

microscope with a RS Photometrics Coolsnap d Trout MoD2 — A- S— AAV— Neow S D- A TVLSG— [ I-SR 178

H Tl Trout oD - A- . - HK- S---meeve Ne-oeees D-- A- A-.. -D-- S GD- IAS- 177

camera using Openlab (Improvision). Carp D A A TS Voo S PA- VLSVR- Hhe . coooeeeee s 1

Two 15-somite stage embryos reared at 8°C _

. . Herring PVAPLPSPTSCIPSSHDPNPIYQVL 201

stained for MyoD and two 46-somite stage emb  zebrafish T GrTA— PQQQAQET--- 201

> . . Trout MoD2 NGG@V---- N-PQR- . DP. ----- 201

reared at 8°C and stained for myogenin \  froutMoD N G- I~ IN-V-AL- T 202

embedded in wax and cut to produceui®transvers <P T G A T-PRQQARDR-— 201
and sagittal sections. Fig. 1. Comparison of the deduced partial amino acid sequence of herring

MyoD with comparable sequences for zebrafish (Weinberg et al., 1996), trout
TMyoD2 (Rescan and Gauvry, 1996), trout TMyoD (Rescan et al., 1994) and
Results carp (Kobiyama et al., 1998). Dashes represent amino acid residues identical
cDNA cloning was achieved for MyoD, myoge to those of herring; dots represent gaps. The boxed area indicates the basic

and MyHC. A partial coding and non-cod Nelix-loop-helix domain.

nucleotide sequence of MyoD was cloned f
juven”e herring fast muscle through several rount Herring DQRFYEGGDNYFPGARMPGGFDQGGYQER.GSMMGLCGDGRLLSGMVGGLEDKASPSAGL 59

e o : Zebraf i sh - A F-QSRN. - E-Ac D-.Neoeecrees MTTT- . Pe SS 5 7
PCR amplification. Primers 1 and 2 gave a SR T — FYQSRL--  Yerrroem- [N G.. — G- VGLGGGMEDRA 5 6
oY S F- QSRIT. «oorTer D-.§ soeereecmenee NG- .-~ P— S 5 7

nucleotide sequence which was used to design [

H H H H H Herring GVPLSPHQEQPHCPGQCLPWACKVECKRKSMDRRKARMREKRRLKKVNEAFEALKRS 119
3 (Table 1). This primer was used in combination il A pORISIMDRREARMREKRRLIEVE 117

AUAP to give a 1192-nucleotide sequence, inclu (T:r;;t PSG o P s
the poly(A) tail, which was used to make the C

P Herri LMNPNQRLPKVE | LRSA QY ERLQALVSSLNQQDHD®@.GLHYR...AAQP.PRVSSS 174

labelled probe. Combining the two Sequences gi  eoraisn QUERLC R i A N T

- i Trout EN- GTQ- Q- ... TGPAQ--- 172

1322-nucleotide  sequence (GenBank acce 7 EEGN o S TA GA~- o
number AF265553). The deduced amino acid seq| _

. . . . . Herring SDQGSGS T 182

showed 76 % identity to zebrafisBgnio rerio), 79%  zebrafish - 182

. . . Trout - Eeee 180

identity to both trout ©@ncorhynchus myki¥ cap = e 179

¢ ’ 1 H 0
TMyod2’ and carp Cyprinus_carpig and 809 Fig. 2. Comparison of the deduced partial amino acid sequence of herring

Iderltlty to trput TMyod_ (Fig. 1). The .bas myogenin with comparable sequences for zebrafish (Chen et al., 2000), trout
helix-loop-helix (b_HLH)_ region showed 93 % iden (Rescan et al., 1995) and carp (Kobiyama et al., 1998). Dashes represent
to carp and 95% identity to both trout (TMyoD i aming acid residues identical to those of herring: dots represent gaps. The
TMyoD2) and zebrafish. boxed area indicates the basic helix—loop—helix domain.

A 552 partial coding, nucleotide sequence

myogenin from juvenile herring slow mus

(GenBank accession number AF367622) was cloned usinge also cloned a 612-nucleotide sequence of MyHC partially
forward primer 4 and reverse primer 5 (Table 1). The aminencoding L-meromyosin, including the poly(A) tail, from
acids for myogenin showed 82%, 79% and 84 % identity tguvenile herring fast muscle (GenBank accession number
zebrafish, trout and carp myogenin, respectively (Fig. 2). ThAF367621) using forward primer 6 and AUAP. The herring
bHLH region showed 98 % identity to zebrafish, trout and carglyHC sequence showed 91 %, 90% and 88% amino acid
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identity to zebrafish, trout and 10 °C-acclimated «  Herring EQDTSSHLERMKKNLEVTVKDLQHRLDEAENLAMKGGKKQLQKLESRVRELEGEVEGEQR 60
. . Zebr af i sh - A | T-I- A--- 60
MyHC, respectively (Fig. 3). Tr out | T A 60

Carp - A ML s H- A- A-— 60

Herring larvae hatched after 10 days at 12°C
days at 8 OC and 24 days at 5 OC_ The firSt Somites Herring RGVDAVKGVRK YERRVKLTYQTEEDKKNVTRLQDLVDKLQLKWKRQAEEAEEQANT 120

formed 42, 66 and 110h after fertilisation at 12, 8 Tron - : o - WS A-Q 120
5°C, respectively. During embryonic developm " 7" : A 120
herring were sampled fdn situ hybridisation. Sens ~ fepnd H-SK - CRKVOHELEEAEERABESQUNKLRAKGRDGGKCOKEAA 1os
probes for MyoD, myogenin and MyHC produced T M eyt 163

staining (not shown).In situ hybridisation usin _ _ _ _ _

antisense probes showed a rostral-caudal progre ~ Fig- 3. Comparison of the deduced partial amino acid sequence of herring
of all three RNA transcipts. Initial MyoD transcr light meromyosin with comparable sequences for zebrafish (Xu et al., 2000),
expression occurred in the adaxial cells of trout (Gauvry and Fauconneau, 1996) and 10 °C-acclimated carp (Hirayama
unsegmented, presomitic mesoderm (Fig. 4A,B) and Watabe, 1997). Dashes represent amino acid residues identical to those

MyoD transcript was then expressed in the adaxial of herring; dots represent gaps.
of newly formed somites and in the lateral, poste
regions of the somites themselves, with expression increasiegxpanded laterally before progressing rostrally (Fig. 5F).
until the entire myotome was stained (Fig. 4C-G; Fig. 5A—E)When embryos reached approximately 34 somites, the
As MyoD expression passed along the body, so it started tayogenin transcript began to disappear from the more rostral
fade from the most anterior somites (Fig. 5E), leavingsomites, leaving staining only in the outer regions of those
expression in the adaxial cells and the centres of the somiteemites (Fig. 5H-J; Fig. 7). Expression of the myogenin
(not shown). Temperature had no effect on the timing of MyoRranscript was very transient; it disappeared from the rostral
expression with respect to somite stage (Fig. 6A-D). somites before MyoD transcript expression (Fig. 5C-E,H-J).
Myogenin expression also occurred in a rostral-cauddhcubation temperature had no effect on the timing of
direction, closely following that of MyoD. However, it was myogenin transcript expression with respect to somite stage
never detected in the adaxial cells of the presomitic mesoderitkig. 6E,F).
but occurred initially within the adaxial cells of newly formed MyHC transcript expression was also found only in the
somites. Expression within these cells appeared low comparedmites. However, it lagged behind MyoD and myogenin
with the staining intensity of MyoD transcript (Fig. 5F). transcript expression, such that there were approximately nine
Myogenin transcript expression within the somite thensomites between the most recently formed somite and the most

A

Fig. 4. MyoD expression in herring embryos reared at 8°C. (A) Three-somite embryo; head positioned towards the bottomref Tiee figu
MyoD transcript accumulates in the adaxial cells prior to expanding into the lateral posterior regions of newly formed(Be@jtelb-
somite herring embryo; (B-E) transverse sections, arranged most posterior first, showing the accumulation of MyoD trgB3ctiat in
adaxial cells only and (C-E) the adaxial cells and the somites. (F,G) Sagittal sections, head towards the top of thewiggréhesho
accumulation of MyoD transcript in the somites and (G) in the adaxial cells of the presomitic mesoderm. n, notochord; rpitic preso
mesoderm. Arrows indicate adaxial cells; arrowheads indicate somites. Scale pars, 50
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Fig. 5. Comparison of MyoD, myogenin and MyHC RNA transcript expression in herring embryos with similar numbers of somitas and a
variety of rearing temperatures. (A—E) Expression of MyoD, (F-J) expression of myogenin, (K-O) expression of myosin heavy chain
(A,F) Embryos, dorsal view, head positioned towards the bottom of the figure. All other embryos are positioned anteriogtit the ri
(A,F,K) 15-somite embryos. (B,G,L), 18-, 17- and 18-somite embryos, respectively. (C,H,M), 35-, 34- and 34-somite embrgtdgelyespe
(D,I,N), 49-, 46- and 48-somite embryos, respectively. (E,J,0) Embryos with almost complete segmentation. Arrows indalatelksldxe
arrowhead indicates unstained somites. Scale bargin300

posterior somite to express MyHC (Fig. 5K-0). This patterrcomparing herring and the few fish species studied to date, the
occurred irrespective of developmental temperature (Fig. 8).bHLH regions of MyoD and myogenin were highly conserved,
with percentage identities comparable to those reported
between carp and other vertebrates (Kobiyama et al., 1998).
Discussion Using cRNA probes anih situ hybridisation, we found that
Herring is an important species in terms of both fisheries anelkpression of the MyoD transcript in herring embryos occurred
pelagic ecosystems (Overholtz et al., 2000). Successfutitially within the adaxial cells of the presomitic mesoderm
recruitment to the adult population is a highly variable procesBefore progressing to the adaxial cells and the posterior regions
dependent on numerous factors including food availabilitypf newly formed somites (Fig. 4). Similar expression patterns
predation pressure and environmental conditions (Cushingave been reported in zebrafish and trout (Weinberg et al.,
1990; Gallego et al., 1996). Temperature is a probable sour@®96; Delalande and Rescan, 1999). However, in herring, we
of variability in muscle phenotype in natural populations,detected initial MyoD transcript in as few as three somites (Fig.
which can impact on swimming performance with potentiakA), whereas in zebrafish it was simultaneously observed in
consequences for survival (Temple et al., 2000; Johnston et ahe first 5-7 somites (Weinberg et al., 1996). In trout,
2001). Previous laboratory experiments have shown that th2elalande and Rescan (Delalande and Rescan, 1999) found
appearance of myofibrils in the myotubes of Clyde herringhat the expression patterns were fulfilled by two nonallelic
embryos was progressively delayed with respect to somitgenes, TMyod and TMyoD2. Increased gene copy number is
stage as developmental temperature was decreased (Johnstatcommon feature in fish and is thought to have arisen from
et al., 2001). In the present study, we tested the hypothesis tmatiltiple duplications of the fish genome (Meyer and Schartl,
differences in the relative timing of myofibril formation are 1999). Further study would be required to determine whether
related to changes in the timing of MRF expression and/amore than one MyoD gene existed in herring.
transcription of the myosin heavy chain (MyHC) gene. Myogenin expression in herring embryos followed that of
We cloned and sequenced partial-length cDNAs of MyoDMyoD, as has also been found in zebrafish, carp and trout
myogenin and fast muscle MyHC from herring. When(Weinberg et al., 1996; Kobiyama et al., 1998; Delalande and
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Rescan, 1999). As in the present study, myogenin transcrighe retarded differentiation of the masseter. Although the
expression in trout and zebrafish embryos was never detectedncentration of MRFs within the somites may impact upon
in the adaxial cells of the presomitic mesoderm but extendattes of myofibril synthesis, any semi-quantitative analyses of
from the adaxial cells of newly formed somites into theembryonic muscle samples in the present study would be
posterior compartment of the somite before extendinglifficult to interpret because of the transient nature and
anteriorly into the somite (Weinberg et al., 1996; Delalandeomplex patterns of expression observed. No differences in the
and Rescan, 1999). In herring embryos with completedtaining intensity of the MyHC transcript inn situ
segmentation, the myogenin transcript was also detected hybridisations were observed between embryos reared at
non-myotomal muscle in the head region, as found in troudifferent temperatures. We suggest, therefore, that the effects
(Delalande and Rescan, 1999). Weinberg et al. (Weinberg ef temperature on delayed myofibril synthesis in herring
al., 1996) reported that myogenin transcript levels remaineembryos must impact downstream from MyHC transcription
high after those of MyoD had decreased in the more rostr&ither at the level of translation or at the assembly stage.
somites of the zebrafish. In contrast, herring myogenin Studies with human cultured cells have shown that, although
transcript levels showed a very transient expression pattermyosin heavy chain is one of the first myofibrillar proteins to
decreasing before the transcript levels of MyoD (Fig. 5)be expressed, its characteristic A-band structure appears much
Variations in the transcriptional regulation of the MRFs havdater in differentiation and requires a cytoskeletal scaffold (van
been noted between fish and other vertebrates (Watabe, 199%r Ven et al., 1999). Myosin is thought to polymerise directly
The reasons for differences in MRF expression between fighto thick filaments 1.@m long since shorter precursors are
species are not clear, but may depend on muscle fibre typest observed in differentiating myotubes (Fischman, 1970).
and/or evolutionary considerations including duplicated geneghin filaments, the other major component of the myofibril, are

which may not yet have been recognised. arranged in an anti-parallel polarised manner in each sarcomere
MyHC transcript expression in the somites ~f
herring embryos lagged behind myoge A B

expression by approximately nine som

(Fig. 5). Staining produced a characteri

chevron pattern thought to occur from
accumulation of message at the myoseptal

of the fibres (Ennion et al., 1999). Recent w

by Rescan and colleagues (Rescan et al., :

has challenged the general conception of mt
differentiation in fish based on that of - —
zebrafish. Using cRNA probes for slow and

MyHC in the trout, they found that adaxial ct

C
gave rise not only to slow muscle but also to O

muscle, which differentiated prior to the late
migration of the slow muscle progenitors. In ¢
embryos, two MyHC genes, EGGS22
EGGS24, were found each to exhibit an iden
expression pattern within the fast muscle of
somites until 2 weeks post-hatching, when 1
were replaced by gene transcripts for n
developmentally mature isoforms (Ennion et E F
1999). The carboxyl-terminal region of 1
herring juvenile, fast muscle MyHC show «
higher identity (92 %) to the equivalent regior
EGGS24 than to that of EGGS22 (86 %).

The patterns of MRF and MyHC transci
expression in herring embryos provided
support for our hypothesis that tempera
would affect the timing of transcription wi
respect to somite stage. In contrast, using re

transprlptlon arld competitive polymerase ct Fig. 6. MyoD (A-D) and myogenin (E,F) expression in embryos reared at different
reaction techniques, Yamane et al. (Yamar emperatures. (A) 30-somite embryo reared at 5°C, (B) 30-somite embryo reared at
al., 2000) found a delayed expression of M 12°C, (C) 42-somite embryo reared at 5°C, (D) 42-somite embryo reared at 8°C,
in the masseter muscle of the mouse W (E) 17-somite embryo reared at 8 °C and (F) 17-somite embryo reared at 12 °C. Scale
compared with the tongue, which correlated\  bars, 30Qm.

D
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C

Fig. 7. Myogenin expression in a 46-somite embryo reared
at 8°C. (A) Sagittal section showing the accumulation of
myogenin transcript in the caudal somites and the decrease
in transcript expression in the more rostral somites.
(B-E) Transverse sections, arranged most posterior first,
showing the decrease in ftranscript expression in
progressively older (more rostral) somites. n, notochord;

——— ' e " g, gut. The arrowhead indicates somites. Scale bars300
<
with the barbed ends at the Z-line and the pointed ends intl £
middle of the sarcomere (Huxley, 1960). The barbed cappin g 607
protein (CapZ) is thought to function early in myofibril % 50
assembly to nucleate actin filament assembly and to establi =
filament polarity by aligning the barbed ends of the filament: £ 45
with the Z-line (Schafer et al., 1995). Tropomodulin is i
associated with the capped ends of actin filaments and is al = 304
expressed early in differentiation prior to the cross-linking of 3
the filaments to the Z-line by-actinin (Almenar-Queralt et 5 207
al., 1999). o
Another key protein involved in filament assembly and § 101
alignment is the giant sarcomeric protein titin that extend 3 ' ' ' ' ' ' '
from the Z-line to the M-line (Gregorio et al., 1999). Titin has = 0 10 20 30 40 50 60 70

a role in directing the assembly of sarcomeres and maintainir Number d somites
sarcomere integrity by providing mechanical linkages witl

other sarcomeric proteins. Cell culture studies to characterisz)'(g'rg'ssi:hem f;ﬁ'ﬁgit‘/'pchi?;\’\&enH é;franrzgr?tt :r?dSttiréorrnuni%r:rltgf
a functional knock-out of titin resulted in a failure of thick —.> g my y y b

. . ) somites in herring embryos incubated at different temperatures. Open
filament formation and the absence of ordered actin/myosig;cjes represent embryos reared at 5°C, filled circles represent

arrays, although the sarcomeric proteins were expressed (Vembryos reared at 8°C and filled triangles represent embryos reared
der Ven et al, 2000). There is also evidence that that 12°C. A common least-squares regression line is shown; slope
cytoskeletal scaffolding protein nebulin has an important rolb=0.97+0.03, mean &£.M., N=49;r2=0.96.

in the accessibility/exchangeability of actin into nascen

myofibrils (Nwe and Shimada, 2000). Thus, there are

numerous potential targets for temperature to impact on thecaffold/sarcomeric proteins. The complexity of the assembly
assembly of myofibrils downstream from the transcription oinechanism may make it relatively more susceptible to
the myosin heavy chain gene, involving either the transcriptiodisruption by temperature change than earlier stages in muscle
of other genes and/or movement of the cytoskeletadlifferentiation.



3636 G. K. Temple, N. J. Cole and I. A. Johnston

This work was supported by a grant from the Naturabohnston, I. A, Vieira, V. L. A. and Temple, G. K.(2001). Functional

Environment Research Council awarded under the consequences and population differences in the developmental plasticity of
muscle to temperature in Atlantic herri@upea harengusMar. Ecol.

Developmental Ecology of Marine Animals programme. We p g ser213 285-300.
wish to thank Professor Shugo Watabe, Yasushi Hirayammly, J. S., Joly, C., Schulte-Merker, S., Boulekbache, H. and Condamine,

and Atsushi Kobiyama for their advice and hospitality. We H. (1993). The ventral 'and posterio_r expres_sion of the even-skipped
. . homeobox gene eve 1 is perturbed in dorsalized and mutant embryos.
are also grateful for the technical expertise of Mr Ron Stuart. Development 19, 1261-1275.
Jones, S. R. and Jeffs, T. M1991). Near-surface sea temperatures in coastal
waters of the North Sea, English Channel and Irish Bata Report, no.
References 24._M|n|§try of_ Agncultu_re, Fisheries and Food Researtiondon: Her
. Majesty’s Stationery Office.
Almenar-Queralt, A., Gregorio, C. C. and Fowler, V. M. (1999).  yimmel ‘C. B., Warga, R. M. and Schilling, T. F.(1990). Origin and
Tropomodulin assembles early in myofibrillogenesis in chick skeletal organisation of the zebrafish fate mBevelopmeni08 581-594.
muscle: evidence that thin filaments rearrange to form striated myofibriIsKobiyama’ A., Nihei, Y., Hirayama, Y., Kikuchi, K., Suetake, H.,

J. Cell Sci112 1111-1123. Johnston, I. A. and Watabe, S.(1998). Molecular cloning and
Blagden, C. S, Currie, P. D., Ingham, P. W. and Hughes, S. NL997). developmental expression patterns of the MyoD and MEF2 families of
Notochord induction of zebrafish slow muscle mediated by Sonic hedgehog. uscle transcription factors in the cadpExp. Biol.201, 2801—2813.
Genes Devll, 2163-2175. ) Kong, Y. F., Flick, M. J., Kudla, A. J. and Konieczny, S. F(1997). Muscle
Chen, Y. H., Lee, W. C., Cheng, C. H. and Tsai, H. J2000). Muscle LIM protein promotes myogenesis by enhancing the activity of M.
regulatory factor gene: zebrafisbanio rerio) myogenin cDNA.Comp. Cell Biol. 17, 4750—4760.
Biochem. PhysioB 127, 97-103. ) _ Ma, P.-C., Rould, M. A., Weintraub, H. and Pabo, C. O(1994). Crystal
Christ, B. and Ordahl, C. P. (1995). Early stages of chick somite  gstrycture of MyoD bHLH domain-DNA complex: perspectives on DNA
developmentAnat. Embryal 191, 381-396. ) ) ) recognition and implications for transcriptional activatiGell 77, 451-459.
Currie, P. D. and Ingham, P. W.(1998). The generation and interpretation \jeyer, A. and Schartl, M. (1999). Gene and genome duplication in
of positional information within the vertebrate myotorivech. Dev 73, vertebrates: the one-to-four (-to-eight in fish) rule and the evolution of novel
3-21. ) ~gene functionsCurr. Opin. Cell Biol 11, 699-704.
Cushing, D. H.(1990). Plankton production and year-class strength in fish\iorin-Kensicki, E. M. and Eisen, J. S(1997). Sclerotome development and
populations — an update of the match mismatch hypotiedis Mar. Biol peripheral nervous system segmentation in embryonic zebrafish.
26, 249-293. Developmenii24, 159-167.

Delalande, J. M. and Rescan, P. Y(1999). Differential expression of two  Nwe, T. M. and Shimada, Y.(2000). Inhibition of nebulin and connectin
nonallelic MyoD genes in developing and adult myotomal musculature of (titin) for assembly of actin filaments during myofibrillogeneJissue &

the trout Oncorhynchus mykissDev. Genes EvoR09, 432-437. Cell 32, 223-227.

Devoto, S. H., Melancon, E., Eisen, J. S. and Westerfield, N1996).  Qverholtz, W. J., Link, J. S. and Suslowicz, L. E(2000). Consumption of
Identification of separate slow and fast muscle precursorigallso, prior important pelagic fish and squid by predatory fish in the northeastern USA
to somite formationDevelopment.22, 3371-3380. shelf ecosystem with some fishery comparistBES57, 1147—1159.

Ennion, S., Wilkes, D., Gauvry, L., Alami-Durante, H. and Goldspink, G.  perry, R. L. S. and Rudnicki, M. A. (2000). Molecular mechanisms
(1999). Identification and expression analysis of two developmentally regulating myogenic determination and differentiati&nont. Biosci 5,

regulated myosin heavy chain gene transcripts in @ypr{nus carpi9. J. D750-D767.
_Exp. Biol. 202, 1081-1090. _ ~ Rescan, P. and Gauvry, L.(1996). Genome of the rainbow trout
Fischman, D. A. (1970). The synthesis and assembly of myofibrils in  (Oncorhynchus mykissencodes two distinct muscle regulatory factors.
embryonic muscleCurr. Topics Dev. Biol5, 235-280. Comp. Biochem. PhysidB 113 711-715.

Gallego, A., Heath, M. R., McKenzie, E. and Cargill, L. H.(1996).  Rescan, P. Y., Gauvry, L. and Paboeuf, G1995). A gene with homology
Environmentally induced short-term variability in the growth rates of larval  to myogenin is expressed in developing myotomal musculature of the
herring.Mar. Ecol. Prog. Serl37, 11-23. rainbow trout andn vitro during the conversion of myosatellite cells to

Gauvry, L. and Fauconneau, B.(1996). Cloning of a trout fast skeletal myotubesFEBS Lett362, 89-92.
myosin heavy chain expressed both in embryo and adult muscles and Rescan, P. Y., Gauvry, L., Paboeuf, G. and Fauconneau, B1994).

myotubes neoformeih vitro. Comp. Biochem. Physids 115 183-190. Identification of a muscle factor related to MyoD in a fish speBieshim.
Gregorio, C. C., Granzier, H., Sorimachi, H. and Labeit, S(1999). Muscle Biophys. Actal 278 202—204.

assembly: a titanic achieveme@@rr. Opin. Cell Biol 11, 18-25. Rescan, P. Y., Collet, B., Rallier, C., Cauty, C., Delalande, J.-M.,
Hasty, P., Bradley, A., Morris, J. H., Edmondson, D. G., Venuti, J. M., Goldspink, G. and Fauconneau, B.(2001). Red and white muscle

Olson, E. N. and Klein, W. H.(1993). Muscle deficiency and neonatal  development in trout Gncorhynchus mykissas shown byin situ

death in mice with a targeted mutation in the myogenin deéatire 364, hybridisation of fast and slow myosin heavy chain transcriptxp. Biol.

501-506. 204, 2097-2101.

Hirayama, Y. and Watabe, S.(1997). Structural differences in the Rudnicki, M. A. and Jaenisch, R.(1995). The MyoD family of transcription
crossbridge head of temperature-associated myosin subfragment-1 isoformsactors and skeletal myogenedsoessayd 7, 203-2009.
from carp fast skeletal musclgur. J. Biochem246, 380-387. Rudnicki, M. A., Schnegelsberg, P. N., Stead, R. H., Braun, T., Arnold,
Huxley, H. E. (1960). Muscle cells. IThe Cell: Biochemistry, Physiology H. H. and Jaenisch, R.(1993). MyoD or Myf-5 is required for the
and Morphology vol. | (ed. J. Branchet and A. E. Mirsky), pp. 365-481. formation of skeletal muscl€ell 75, 1351-1359.

New York: Academic Press. Schafer, D. A., Hug, C. and Cooper, J. A:1995). Inhibition of CapZ during
Johnston, I. A., Cole, N. J., Abercromby, M. and Vieira, V. L. A.(1998). myofibrillogenesis alters assembly of actin filamedtsCell Biol 128
Embryonic temperature modulates muscle growth characteristics in larval 61-70.
and juvenile herringd. Exp. Biol 201, 623—-646. Schulte-Merker, S., Hermann, H. R. K. and Nusslein-Volhard, C(1992).
Johnston, I. A., Cole, N. J., Vieira, V. L. A. and Davidson, 1(1997). The protein product of the zebrafish homologue of the mouse T gene is
Temperature and developmental plasticity of muscle phenotype in herring expressed in nuclei of the germ ring and the notochord of the early embryo.
larvae.J. Exp. Biol.200, 849-868. Developmeni16 1021-1032.
Johnston, I. A., Vieira, V. L. A. and Abercromby, M. (1995). Temperature Temple, G. K., Fox, C. J., Stewart, R. and Johnston, I. A(2000).
and myogenesis in embryos of the Atlantic her@hgpea harengus). Exp. Variability in muscle growth characteristics during the spawning season in
Biol. 198 1389-1403. a natural population of Atlantic herrinGlupea harengysMar. Ecol. Prog.

Johnston, I. A., Vieira, V. L. A. and Hill, J. (1996). Temperature and Ser 205, 271-281.
ontogeny in ectotherms: muscle phenotype in fishPhenotypic and  van der Ven, P. F. M., Bartsch, J. W., Gautel, M., Jockusch, H. and Furst,
Evolutionary Adaptations of Organisms to Temperafeck |. A. Johnston D. O.(2000). A functional knock-out of titin results in defective myofibril
and A. F. Bennett), pp. 153-181. Society of Experimental Biology Seminar assemblyJ. Cell Sci.113 1405-1414.
Series. Cambridge: Cambridge University Press. van der Ven, P. F. M., Ehler, E., Perriard, J. C. and Furst, D. O(1999).



Expression of muscle genes in herriB§37

Thick filament assembly occurs after the formation of a cytoskeletal (1996). Developmental regulation of zebrafish MyoD in wild-type, no tail

scaffold J. Muscle Res. Cell Moti20, 569-579. and spadetail embryoBevelopmeni22 2711-280.
Watabe, S.(1999). Myogenic regulatory factors and muscle differentiation Xu, Y., He, J., Wang, X., Lim, T. M. and Gong, Z(2000). Asynchronous

during ontogeny in fish]. Fish Biol 55 (Supplement A) 1-18. activation of 10 muscle specific protein (MSP) genes during zebrafish
Watabe, S.(2001). Myogenic regulatory factors. Fish Physiology vol. somitogenesi®ev. Dyn 219, 201-215.

XVIII (ed. I. A. Johnston), pp. 19-41. San Diego, CA: Academic Press. Yamane, A., Ohnuki, Y. and Saeki, Y.(2000). Delayed embryonic
Weinberg, E. S., Allende, M. L., Kelly, C. S., Abdelhamid, A., Murakami, development of mouse masseter muscle correlates with delayed MyoD

T., Andermann, P., Doerre, O. G., Grunwald, D. J. and Riggleman, B. family expressiond. Dent. Res79, 1933-1936.



