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Summary

The influence of changes in environmental temperature gene expression as well as a trend towards an increase in
on the mRNA levels of myogenic regulatory factors total muscle fibre number and higher growth rates after
(MRFs), i.e. MyoD and myogenin, as well as myosin transfer at ambient temperature. Results suggest that
heavy chain (MyHC) were studied during early larval mRNA levels of MRF and MyHC can be used to optimise
development in rainbow trout and sea bass. early development. An experiment in which the
Phosphoimager analysis of northern blots indicated that temperature was changed illustrates the consequence of
there is an optimum temperature for the RNA transcript  precise temporal expression of MRF genes in specifying
levels of MRF and MyHC RNA in trout and in sea muscle fibore number at critical stages during early
bass larvae. In the trout strain studied, the highest development.
concentration for MRF and MyHC transcripts was found
at 8°C rather than 4°C or 20°C. In European sea bass,
the highest concentrations of MRF and MyHC mRNA Key words: Muscle development, trout, sea bass, growth, MyoD,
were observed at 15-20°C rather than 13°C. Raising sea myogenin, myosin, MRF, rainbow troudncorhynchus mykissea
bass larvae at 15°C was associated with higher MyHC bass Dicentrarchus labrax

Introduction

With only a few exceptions, fish have body and musclalifferentiation, muscle growth occurs mainly by hypertrophy
temperatures closely related to ambient water temperaturef existing fibres (Stickland, 1983). However, in fish the initial
This affects metabolic activity (Brett, 1979), and is a majodevelopmental processes may determine the extent of both
factor controlling muscle growth (Loughna and Goldspink,muscle hyperplasia and muscle hypertrophy post-hatching
1985) and in determining muscle phenotype (Johnston et a{Veggetti et al., 1990).

1975). Studies on several fish species have shown that theMyogenic regulatory factors (MRFs), such as MyoD and
early stages of development are particularly sensitive tmyogenin, play an important role in the initial formation and
environmental temperature, which can affect muscle cellularitdifferentiation of skeletal muscle (Weintraub et al., 1989;
and the dynamics of muscle development and growtkrempler and Brenig, 1999; Sabourin and Rudnicki, 2000).
(Stickland et al., 1988; Sumpter, 1992). Fish as ectotherms offer the possibility of manipulating the

Muscle in fish, which is the major edible tissue, representevels of MRFs thus enabling the effects on development to be
about 60% of total body mass. Skeletal muscle developmestudied in relation to number of muscle fibres formed and the
in fish differs from that of mammalian muscle in that in fishexpression of structural genes. In rainbow trout, recent studies
muscle mass continues to increase throughout the animahsave indicated that the timing and spatial expression of
lifetime by hyperplasia and hypertrophy (Weatherley et al.myogenic regulatory factors (MRFs) are important during
1988). In mammals it has been shown that, after embryologicabrly development. Two MyoD genes exist in trout, TMyoD
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and TmyoD2 (Rescan and Gauvry, 1996). TmyoD was firsBobe et al. (Bobe et al., 2000). After fertilisation, the eggs were
detected in the adaxial cells of forming somites from the middivided into groups and incubated at different temperatures
gastrula on either side of the elongating embryonic shieldjuring development. Three groups were incubated at fixed
TmyoD2 is expressed later in the posterior compartment démperatures of 4, 8 or 12°C. In order to determine if there is
somites (stage 14), which have already formed. In the adudt time window in development when the larvae are more
skeletal musculature, the TMyoD2 mRNA transcript is onlysensitive to altered temperatures and regulatory factor
detected in red muscle (Delalande and Rescan, 1999). The fiestpression, two more groups had the temperature changed at
expression of myogenin is only seen in somites formed whespecific points during development. As in other temperature
around 15 somites are present (Rescan et al., 1995; Rescarstetlies it was necessary to equate developmental time by using
al., 1999; S. Q. Xie, D. Wilkes, S. Andre, P. S. Mason, J. Brediegree days. The groups in which environmental temperature
G. Goldspink, B. Fauconneau and N. C. Stickland, manuscriptas altered at different points in development included:
submitted for publication). LAWA4: 12 °C, fertilisation to 72 degree days then lowered to
Myosin is the most abundant protein in muscle, and in fisi °C until 192 degree days then raised to 12 °C until yolk sac
this is the most abundant tissue. As well as encoding proteimgsorption; LAWS: 12 °C, fertilisation to 72 degree days then
that have a structural function, the myosin heavy chaitowered to 8°C until 192 degree days then raised to 12 °C until
(MyHC) genes also encode the molecular motors that generatelk sac resorption.
the contractile power for movement. Therefore the MyHC Sea bass Oicentrarchus labrax were incubated at the
genes seem to be the appropriate choice for assessing musetperimental aquaculture facilities of the Institute of Marine
gene expression in general. One problem is that these are pgirdochemistry of Crete (Heraklion Crete, Greece). After
of a multigene family, which is even larger in fish than it is infertilisation ¢ epiboly), the eggs were divided into three
mammals. In some species different MyHC genes argroups and incubated at different fixed temperatures during
expressed at warm temperatures than at cold temperatugsvelopment: 20.0+£0.2°C, 15.0+0.1°C and 13.0£0.2 °C (mean
during seasonal adaptation (Gerlach et al., 1990) and ats.p.). Stages of sea bass embryonic and yolk sac larval
different developmental stages (Ennion et al., 1999). Witlilevelopment were defined according to Divanach (Divanach,
respect to development, it is possible that regulatory sequenctg85).
ensure expression of the correct MyHC genes in the type of
environment that exists in embryonic cells, and this involves Species-specific gene probes by cDNA isolation and cloning
the MRFs. The effect of temperature on muscle developmereDNA synthesis

in rainbow trout was investigated and it was found that with Total RNA (1ug) extracted from either trout or sea bass
increased incubation temperature, from 5°C to 10°C, thghite muscle by the method described by Chomczynski and
observed fibre number decreased (Matscha et al., 1998acchi (Chomczynski and Sacchi, 1987) was resuspended in
Another study (S. Q. Xie, D. Wilkes, S. Andre, P. S. Masonj1 i of DEPC (diethylpyrocarbonate)-treated water, heated to
J. Bredi, G. Goldspink, B. Fauconneau and N. C. Sticklandzo °C for 10 min, then quickly chilled on ice. To this was added
manuscript submitted for publication) indicated that low | of RNAase inhibitor (40 units, Promega)yfirst strand
incubation temperature (4°C) delays myogenin expressiopuffer (GibcoBRL catalogue number Y00146)12.1 mol -2

and muscle differentiation in rainbow trout embryos whenpTT and 50Qug (1pl) of the oligonucleotide primer RoRiT17:
compared with a higher temperature (12°C). This studys’ ATCGATGGTCGACGCATGCGGATCCAAAGCTTGA-
indicated a greater distribution of myogenin throughout thTTCGAGCTCTTTTTTTTTTTTTTTTT 3) (Harvey and
somites in fish reared at lower incubation temperatures, anglarlison, 1991). The mix was incubated to bring the
this was associated with a greater number of muscle fibres @mperature to 42 °C for 2 mingl (200 units) of Superscriptl|
hatching. (GibcoBRL catalogue number 18064-022) was added and the

The aim of the present study was to examine if there is @cubation was continued at 42 °C for 50 min. Heating at 70 °C
correlation between water temperature during early larvae figar 15 min inactivated the enzyme.

muscle development and the levels of mRNA of MyoD and
myogenin genes in relation to muscle development, in tw&olymerase chain reaction
species of fish that are adapted to different environmental PCR (polymerase chain reaction) of first-strand cDNA and
temperatures and are also of considerable econom@oning to obtain species-specific probes were performed using
importance. methods described by Ennion et al. (Ennion et al., 1999),
except that the PCR products were subcloned in the vector
pGEM T easy (Promega). Primers used for PCR cloning are
listed below. Reverse primer for all reactions was the universal
Animals primer (Ro) that hybridised to the RoRiT17 primer sequence
Rainbow trout Oncorhynchus mykiysvere incubated at the used for first strand cDNA synthesis:' (BTCGATGGTC-
experimental facilities of the INRA Drennec fish farm GACGCATGCGGATCC 3. Primers used for PCR to obtain
(Finistére, France). Details of the circulating water systemglones for species-specific MyoD, myogenin and MyHC were
chemical water parameters and oxygen levels are described tlyosen from regions of DNA that showed high interspecies

Materials and methods
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DNA homology, thus MyoD: (5ECCAACTGCTCAGACGG-  After careful consideration of all genes for normalisation, it
AATGATGGA 3'), myogenin: (5 CTGACGTCCATCGTG- was decided that for this study normalisation by housekeeping
GACAGCATC 3), fast (white) MyHC: (5 GAGAAGAT- genes was inappropriate (Suzuki et al., 2000). Electrophoresis
GTGCCGTACTCTTGAG 3. of RNA (20ug) was performed in 1.0 % agarose gels prepared
Inserts were confirmed by sequencing with universal vectdan Mops buffer (0.02 molt Mops, 5mmolt! sodium acetate,
primers (T7 and SP6) and Amersham Pharmacia Biotech Tmmol 1 EDTA, pH7.0) with 0.66moI! formaldehyde.
Sequenase Kit. Subsequent sequence identification wé&sllowing electrophoresis, RNA was transferred ontamidon

performed using Blast search in the EMBL database. membrane (Amersham) in 2Gtandard saline citrate (SSC:
_ S 10x is 1.5 mol ! NaCl, 0.15molt! sodium citrate) and fixed
In situ hybridisation by baking at 80°C for 2h. Hybridisation and subsequent

As the RNA for the northern blot was extracted from pooledvashes were carried out at 65 °C. Hybridisation was performed
samples of whole eggs or larvaesitu hybridisation was used in Church buffer (Church and Gilbert, 1984) with the addition
to determine whether the gene probes were tissue specific. Tole sheared single-stranded calf thymus DNA at a final
whole-mountin situ method was as described by Ennion et alconcentration of 0.05 mg mi. Trout myogenin (Rescan et al.,
(Ennion et al., 1999) (Fig. 1). 1995) and trout MyHC probes were radiolabelled according to

the method of Feinberg and Vogelstein (Feinberg and
Quantification of MRF and MyHC mRNA in larvae Vogelstein, 1983).

The molecular biology analysis was carried out on batches 50-100ng of probe was made up touB4vith dH.O and
of trout from embryos at hatching (yolk sacs removed) andenatured by boiling for 5min, then cooled to 37°Cull0
yolk sac reabsorption, taken from each temperature regimef oligo-labelling buffer (OLB), 5U DNA Poll (Klenow
and 0.5 g wet mass of larvae were stored in liquid nitrogen pridragment), 21 BSA (10 mg mt1) and 1.1 mBq ofd-32P]dCTP
to RNA extraction. Total RNA was extracted by the method ofvere added and incubated at 37 °C for a minimum of 3 h.
Chomczynski and Sacchi (Chomczynski and Sacchi, 1987). After incubation, the mixture was spun through a Sephadex

Fig. 1. In situ hybridisation of species-specific probes at different developmental stages. (A) Eyed stage trout hybridised with trout myogenin

RNA, (B) eyed stage trout hybridised with trout MyoD RNA. (C) Sea bass embryo (30-somite stage) hybridised with sea bassAVghtC RN
(D) sea bass hatched embryo hybridised with sea bass MyHC RNA.
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Fig. 2. Comparison of northern blot signals revealed by conventional autoradiography (A and B) and by phosphoimaging (C). The
phosphoimager image contains orders of magnitude more information than the autoradiograph and is not subject to signallsatafatie
the intensities of the bands on the image reflect the mRNA levels more accurately. Top panels, autoradiographs; botttampdrgsts.s

G50 column equilibrated with TE at 760 to remove 32P signal on the phosphoimaging plates is ample for
unincorporated nucleotides. Probes were added to measurements using the phosphoimager for quantitation of
concentration of 1fctsmil. Membranes were sequentially RNA transcript levels.
washed following hybridisation to remove excess probe using
decreasing concentrations of SSG,(2x, 0.1x) containing MyoD expression
0.1% SDS for 30 min at 65 °C, or until detected radiation was The quantified signals of MyoD expression at the different
5-10cts mirrl. Membranes were then mounted and wrappedtages and at the different temperatures are shown in Fig. 3.
in cling film, and placed in a phosphoimaging cassetténterestingly at hatching, trout larvae raised at 4°C showed
(Molecular Dynamics). The cassettes were exposed in a Stornigher levels of MyoD RNA than those incubated at 12 °C and
860 phosphoimager (Molecular Dynamics), and subsequeBt°C. There is also a higher level of MyoD RNA at 8°C than
quantitative analysis was performed using Imagequardt 12°C at yolk-sac absorption (Fig. 3A). As described in
software (Molecular Dynamics). Normal semi-quantitativezebrafish (Weinberg et al., 1996) MyoD expression declined
analysis by northern blotting usually involves scanningafter hatching, except at 8 °C. Trout larvae in the time window
exposed autoradiograph film on a flat-bed scanner armekperiment showed elevated levels of MyoD expression at the
quantifying the density of the signals on the scanned imadewer temperature as compared to the 12 °C control group (Fig.
(see Fig. 2). The phosphoimager analysis was chosen ratt#k). These showed that the MyoD RNA levels were
than conventional densitometry as the dynamic range of X-ragonsiderably enhanced when the temperature was dropped to
film is orders of magnitude less than a phosphoimaging screeh?C (LAW4) or 8°C (LAWS8) after fertilization had taken
More importantly, there is no saturation effect as would be thplace i.e. at the time the muscles were being formed.
case with densitometry using autoradiography, even if a more
sensitive photographic emulsion was used. All the RNAViyogenin expression
samples from the same species and same experiment werd he data obtained again showed expression levels higher in
included on the same membrane and analysed sequentially. Adivae incubated a 4°C compared to 12 °C. Trout larvae that
measurements on pooled samples were carried out in duplicateere subjected to lower temperatures during early
As well as duplicate northern analyses of each RNA sampldevelopment in the time window experiment also showed
the hybridization and washing procedures were performedlevated levels of MyoD expression compared to the 12°C
at the same time. It was considered important that theontrol group (Fig. 3B). As with MyoD, myogenin mRNA
samples from the different temperature conditions were rutevels for the 4°C, 8°C and 12°C groups were seen to drop
simultaneously on the same gels. As the samples were poolédym hatching to yolk sac resorption when the muscle
the variation between individual larvae was not a problem. precursor cells are fully appear fully to enter terminal
differentiation and develop into myotomes. In the time window
Muscle fibre number and area experiment the myogenin RNA levels were enhanced when the
Fibre number and area were estimated as previoustgmperature after fertilization was dropped to 4°C (LAWA4)
described by Alami-Durante et al., 2000 (for sea bass) amahd even 8°C (LAWS) (Fig. 3B) compared to 12 °C.
Stickland et al., 1988 (for trout).
MyHC expression
Myosin heavy chain expression (Fig. 3C) followed MyoD
Results and myogenin expression and was apparent when muscle
MRFs and MyHC RNA transcript levels during early  fibre formation commenced (Akster et al., 1995). Again
development of trout larvae incubated at 4 °C show higher levels of MyHC mRNA
The types of northern blot using conventionalthan those incubated at 12°C, reflecting the pattern of
autoradiography and those analysed using the phosphoimagexpression seen for MyoD and myogenin. In contrast to
method are shown in Fig. 2. In both cases the probklyoD and myogenin the expression levels of MyHC increase
hybridisation shows as discrete bands and the intensity of tlw@ntinuously from hatching to yolk sac resorption. This
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Fig. 3. Northern blot quantification of RNA levels for MyoD (A), myosin (B) and MyoHC (C) in duplicate at hatching and y@kmation
for trout larvae. Units are arbitrary signal strengths detected by phosphoimaging. 4, 8, 12, LAW4 and LAWS, temperatu(eeegime
Materials and methods).

would be expected, as muscle formation is still proceedinyylyoD expression
during this period of growth and thereafter. In the time H|ghest levels of myoD MmRNA expression (F|g 4A) were
window experiments LAW4 and LAWS8 (Fig. 3C) the recorded at the three-quarter embryo stage with 15°C>13°>
enhancement in RNA levels of this structural protein wereQ°C (data not shown). The levels were then seen to fall at the
also seen. hatching stage and to fall further at first exogenous feeding. The

, i optimum conditions at which there is maximum MyoD RNA
MRFs and MyHC transcript levels during early developmentappear to be at 15°C at hatching and yolk sac resorption.

of sea bass
As with the trout larvae, the RNA extracted from probedMyogenin expression

samples of sea bass larvae was of good quality with no At hatching, a tendency to a higher myogenin mRNA
discernable degradation and northern blotting with the speciekevels was noticed in the larvae at 13°C and 15 °C. Between
specific probes provided good hybridisation signals fohatching and the first exogenous feeding, myogenin mRNA
guantitative phosphoimaging analysis. level increased, particularly in the larvae at 15°C (Table 3).
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Fig. 4. Northern blot quantification of RNA levels in duplicate at hatching and yolk sac resorption for sea bass larvae.ddoitiser signal
strengths detected by phosphoimaging. 13, 15, 20, incubation temperature (°C).

MyHC expression fish first reached the juvenile stage to be increased when early
At hatching MyHC RNA expression levels were development was at the lower temperatures.

15°C>20°C>13°C (Table 3). There was then a marked Different species of fish have evolved to reproduce and

increase in expression levels after hatching in the larvae Heurish at different environmental temperatures. The rainbow

15°C but in comparison the larvae at 13°C and 20 °C showe#out is a member of the salmonid family, which lay their eggs
reduced levels. in cold mountain streams at temperatures about 4 °C to 8 °C,

where larval development proceeds until the fish become

large enough to migrate downstream. In contrast, the
Discussion European sea bass lays its eggs in water at about 15°C.

One of the main findings in this study is that the RNAIn natural conditions, sexual maturation extends from
concentrations for developmental factors such as MyoD an8eptember to March in the Mediterranean with a temperature
myogenin were highest at the lower temperature of the rangeange of 11-15°C (Barnabe, 1976; Mananos et al., 1977,

used for the trout (Table 1 and Table 2) and for the sea babtendez et al., 1995). In the laboratory or hatchery,
(Table 3). This relates well to the morphological aspects ofmbryonic development can occur at a wider range of
development in which there is a tendency for the number démperatures, i.e. 8-20°C (Marangos et al., 1986; Jennings
muscle fibres and nuclei as well as the size attained when thad Pawson, 1992). The data obtained indicate that the levels
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Table 1.Comparison of molecular biology with morphological parameters in rainbow trout raised at different temperatures
during early development

Rearing conditions (°C)

Parameter Larval stage 4 8 12

MyoD mRNA levels* Hatching 761 (98) 457 (38) 585 (14)
Yolk sac resorption 442 (82) 665 (105) 404 (57)

Myogenin mRNA levels* Hatching 167.5 (26) 75 (12) 122.5 (19)
Yolk sac resorption 78 (7) 61 (10) 80 (0)

10871 (864)
27749 (2182)

4169 (1564)
10068 (4246)

5303 (4733)
11174 (4486)

MyHC mRNA levels* Hatching

Yolk sac resorption

Total white muscle fibre number Hatching 1950 (80) 1900 (50) 1625 (50)
in one lateral half of fisht Yolk sac resorption 3000 (100) 2800 (100) 2350 (100)

Total white muscle nuclei in Hatching 980 (25) 790 (25) 525 (25)
lateral half of fish Yolk sac resorption 2300 (100) 2350 (100) 2150 (100)

Mass at juvenile stage (mg) 1120 (80) 870 (120) 810 (200)

The RNA levels are in arbitrary phosphoimager units.
*Values are means <p.; Fvalues are meansg.M.). N is given in parentheses for each condition.

Table 2.Comparison of molecular biology with morphological parameters in rainbow trout subjected to temperature changes
during early development

Rearing conditions

Parameter Larval stage Time window 4°C Time window 8°C
MyoD mRNA levels* Hatching 918 (86) 732 (67)

Yolk sac resorption 650 (14) 666 (67)
Myogenin mRNA levels* Hatching 150 (40) 140 (23)

Yolk sac resorption 103 (19) 90 (14)

MyHC mRNA levels*

Total white muscle fibre number
in one lateral half of fisht

Total white muscle nuclei in
lateral half of fish#

Mass at juvenile stage (mg)

Hatching
Yolk sac resorption

Hatching
Yolk sac resorption

Hatching
Yolk sac resorption

The RNA levels are in arbitrary phosphoimager units.
*Values are means <p.; fvalues are meansg.M.), N is given in parentheses for each condition.

12523 (2676)
11181 (5741)

1850 (50)
2400 (100)

850 (25)
2100 (100)

980 (100)

16363 (146)
26772 (9741)

1750 (100)
2600 (100)

650 (25)
2200 (100)

830 (130)

of regulatory factor transcripts e.g. MRF and structural gensea bass from the Atlantic will have a lower optimum than
mRNA e.g. MyHC, are the most abundant at these respectitkose from the Mediterranean.

temperatures for the strains of trout and sea bass studied. ThisThese data on MRF and structural gene expression can be
may suggest that, if the temperature is elevated, the rate ilated to morphological parameters of larval development of
RNA degradation may exceed the rate of gene transcriptiothe same strain of trout and sea bass studied. Details of the
leading to decreased concentrations of regulatory anehorphological differences plus the methods used will be
structural proteins. During the course of evolution it seempublished elsewhere, but the major differences are highlighted
that the optimisation of development for individual specieshere so the influence of the enviromental temperature on
has therefore been adjusted in the thermal stability of the\RNA concentrations of the myogenic factors can be seen
RNA as well as the cellular processes involved in proteirfTable 1, Table 2, Table 3). At hatching the total cross-
synthesis. It should be mentioned that a precursorgectional area of an apaxial quadrant of white muscle of the
investigation of a commercial strain of trout (LA) did not larvae reared at 20 °C was higher than those of 13°C and 15 °C.
show such a low optimum temperature and it is likely thait the stage of flexion the reverse is true, with a smaller total



2770 D. WILKES AND OTHERS

Table 3 Comparison of molecular biology with morphological parameters in Mediterranean sea bass subjected to different
temperatures during early development

Rearing conditions (°C)

Parameter Larval stage 13 15 20
MyoD mRNA levels* Hatching 67 (3) 70 (3) 56 (11)
Yolk sac resorption 30 (3) 44 (4) 26 (4)
Myogenin mRNA levels* Hatching 362 (77) 367 (9) 298 (22)
Yolk sac resorption 204 (17) 412 (10) 370 (22)
MyoHC mRNA levels* Hatching 37592 (4212) 46618 (2549) 63884 (14414)
Yolk sac resorption 38893 (1763) 68576 (7748) 36201 (2543)
Total white muscle fibre number Hatching 50 (5) 55 (5) 50 (5)
in one epaxial of fish} Yolk sac resorption 70 (5) 75 (5) 70 (5)
Total white muscle nuclei in a Hatching 39 (4) 45 (5) 38 (5)
cross section of fisht Yolk sac resorption 31(3) 33(3) 31(3)
Mass on reaching juvenile stage (P3) 46 (15) 56 (15) 53 (10)

3—-6 months after metamorphosis Il (g)

The RNA levels are in arbitrary phosphoimager units.
*Values are means <p.; fvalues are meansg.M.). N is given in parentheses for each condition.

white muscle cross-sectional area at a higher rearingnore detail. As the molecular mechanisms involved in early
temperature. In addition the post-larval growth, as indicated bgevelopment seem to be particularly sensitive to temperature,
the body mass for the trout, are given to show the markeadaptation of these mechanisms to a given thermal niche must
change in growth potential of fish raised at 4 °C compared thave been under strong selective pressure during evolution.
eggs and larvae raised at higher environmental temperatures.

These data have considerable economic significance, asThis work was supported by an EC grant in the FAIR
there has been a tendency in the aquaculture industry to raBeogram No: PL96-1941. We wish to acknowledge the help
trout and sea bass eggs and larvae at elevated temperatuexived from Dr Steven Ennion and Dr Pierre Rescan, and
to speed up development. Although it may be faster it ithank Dr Sadasivam Kaushik for his useful comments on the
apparently less complete, as this results in lower levels of MRmanuscript. During this period Professor Goldspink also
transcripts and these are associated with a reduced fibmeceived a grant from NERC to study fish myosins.
number and a diminished growth potential. In the case of sea
bass, fish raised at 20°C had 25% less body mass at the end
of the production period than those raised initially at 15 °C. References
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