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Abstract —In farm animals (bovine, ovine, swine, rabbit and poultry), muscle fibre characteristics
play a key role in meat quality. The present review summarises the knowledge on muscle fibre char-
acteristics and ontogenesis in these species. Myofibre ontogenesis begins very early during embry-
onic life, with the appearance of two or three successive waves of myoblasts which constitute the ori-
gin of the different types of muscle fibres. In small animals (rodents and poultry), a primary and a
secondary generation of fibres arise respectively during the embryonic and foetal stages of development.
In the largest species (bovines, sheep, pigs) a third generation arises in the late foetal or early post-
natal period. Following these two or three waves of myogenesis, the total number of fibres is fixed.
This occurs during foetal life (bovines, ovines, pigs and poultry) or during the first postnatal month

in rabbits. Contractile and metabolic differentiation proceed by steps in parallel to myogenesis and
are partially linked to each other. In bovines and ovines, the main events occur during foetal life,
whereas they occur soon after birth in the pig, poultry and rabbit, but some plasticity remains later
in life in all species. This comparative survey shows that the cellular processes of differentiation
are comparable between species, while their timing is usually species specific.

myogenesis / myofibre / myosin / species

1. INTRODUCTION product. Several studies dealing with the
biological mechanisms involved in the deter-

In farm animals, a better control of meatMination of the meat sensory quality sug-
quality is of major importance for producersgest that the production factors (age, breed,
and retailers in order to satisfy the confeeding...) exert an effect on meat quality
sumer’s requirement for a consistently goody altering the biological characteristics of
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the muscle tissue (collagen, fibres, lipidsalkaline or acid pre-incubation (Figs. 1A and
enzymes...) and those of the muscle fibres ihB). The mATPase activity of type | slow-
particular. Muscle fibre characteristics arewitch fibres is inhibited after alkaline pre-
involved in meat tenderness and flavour inncubation, while that of type Il fast-twitch
different species [43]. The rate and extentibres is inhibited after acid pre-incubation
of post-mortem pH decline is higher in fast-(Fig. 1A). Three subclasses can be identi-
twitch glycolytic muscles with higher glyco- fied within type Il fibres in humans [10] by
gen. This type of muscle also exhibits fastepre-incubating muscle sections at two dif-
post-mortem ageing [55]. Oxidative mus-ferent acid pH (4.3 and 4.9): the IlA fibres
cles generally contain higher levels of lipidsexhibit an mATPase activity which is inhib-
in favour of a better flavour. In sheep, aited after pre-incubation at pH < 4.9, while
direct positive relationship between flavourthat of the IIB fibres is inhibited at pH < 4.3
and the percentage of oxidative fibres haand that of the IIC fibres is partially resistant
been shown [95]. A negative correlationat this last pH. However, the conditions of
between fibre cross sectional area and temH pre-incubation must be defined for each
derness has been reported in pigs and bovinggecies and ages. In birds, type Il fibres
[67, 69]. Thus, meeting the challenge of(slow tonic and multi innervated fibres) can
optimising the efficiency of muscle growth also be distinguished. Combining metabolic
and meat quality requires a thorough underenzyme-based and mATPase-based histo-
standing of the processes involved in musehemical methods, Barnard et al. [6], and
cle fibre development and diversification inPeter et al. [61] distinguished three types of
meat producing species. fibres (Fig. 1C) : slow-twitch oxidative (SO),
The aim of this review was to describefaSt-twitch oxido-glycolytic (FOG) and fast-
the classification of the different types of Witch glycolytic (FG). Similarly, Ashmore

fibres and to compare their ontogenesis jA"d Doerr [1] by combining the measure of

the different meat producing species (i.eMATPase activity and the activity of SDH,

. : : ; f the metabolic pathway, also
bovines, ovines, pigs, poultry, rabbits). The?! €nzyme o .
mechanisms of regulation which are numerdescribed three types of fibréi, ATPase

ous and complex will not be described: foracido-resistant and oxidative metabolism;

review [77], see Buckingham et al. [11]. gg;ﬂﬁﬂiiﬁ:@ﬁgﬂ?;ﬁ"i?gg;exgga%'}"

labile and glycolytic metabolism (Tab. I).
2 MYOFIBRE CHARACTERISTICS These classifications are the most commonly

used. However, further subtypes of fibres
2.1. Myofibre typing can be delineated (cf. review of Staron and

Pette [84]), which suggests differences in

The skeletal muscle fibres represent éhe molecular composition of myosin within

heterogeneous population differing in their® ¢1ass:

energy metabolism, contractile properties

and colour. Various methods based on his- . _

tochemical approaches have been proposed 2-2- Myosin heavy chain isoforms

to classify the different fibre types. They

were originally classified on the basis of Myosin is the predominant protein in
their major metabolic activities, such asskeletal muscle (about 1/3 of the total mus-
oxidative or glycolytic [22]. They have also cle proteins), and it makes up the largest
been distinguished on the basis of their corportion of the contractile apparatus of mus-
tractile properties evaluated by their myofib-cle fibres. This hexameric protein consists in
rillar actomyosin adenosine triphosphataséour light chains (MLC) and two heavy
(mATPase) activity [27] measured following chains (MHC), each of which exists in
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(A) Acidic ATPase

(D)

Antibody I

Contractile type

%

Antibody II

(B) Alkaline ATPase

417

Metabolic type

Antibody I and IIb

Figure 1. Classification of muscle fibred\j Guth and Samaha [33B) Brooke and Kaiser [10]
(C) Peter et al. [61]; (d) use of antibodies. SDH: Succinate dehydrogenase. Antibody I: anti slow MHC.
Antibody II: anti fast MHCs. Antibody | and Ilb recognises both MHC | and MHC IIb/IIx.

Table I. Characteristics of the different fibre types (Bacou and Vigneron [2]). (1) Nomenclature of
Brooke and Kaiser [10], (2) nomenclature of Ashmore and Doerr [1], (3) nomenclature of Peter

et al. [61].
Fibre types
1) | A 1B
2 BR (red) aR (red) oW (white)
3) SO FOG FG
(slow oxidative) (fast oxido- (fast glycolytic)
glycolytic)
Physiology
Motrice unit S FR FF
Speed of contraction Slow Fast Fast
Fatigue resistance +++ ++ +
Morphology
Colour Red Red White
Myoglobine +++ +++ +
Nomber of mitochondria +++ +++ +
Sectional area + +++ +++
Metabolites
Glycogen + +++ 444+
Lipides +++ +++ +
Enzymatic properties
Myosin ATPase + +++ +++
Glycolytic enzymes + ++ +++
Oxidative enzymes +++ ++ +
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numerous isoforms and can combine difadult muscles such as the hunmaasseter
ferently within a muscle fibre or even within [7, 60].

a single myosin filament. The major MHC o ) ) )

isoforms determine the contractile properties Initially, in mammalian species, fast
of a fibre. The diversity of these isoforms“MHCIIa” and “Ilb” were reported to be

is due to their specific actin-activated ancexpressed in type IIA and 1IB fibres, respec-
Ca*-stimulated ATPase activities which tively. However, an additional fast MHC
reside in the head region of the heavy chaialled “lld” or “lIx” was identified, first in
[34]. In mammals, slow twitch fibres contain sSmall animals [5, 78, 94], then in humans
the slow “MHC I” which corresponds to the [81], pigs [48] and bovines [92]. It was
cardiac beta myosin heavy chain. AnotheBhown to be the product of a specific gene,
slow isoform “ICton” is also present in different from the genes coding lla and llb
extraocular muscles, tensor tympani musMHC [19, 81]. Itis expressed in fibres called
cle and intrafusal fibres (see review in [84])./IX which cannot be distinguished from the
It corresponds to the MHC isoform associtype 1B fibres by conventional histochem-
ated with slow tonic fibres in the bird ALD ical techniques. They appear to be interme-
muscle. In birds, there are at least 4 distindliate between the type IIA and IIB fibres
slow MHC genes (see review in [4]). with respect to their oxidative metabolism,
Recently, Hughes et al. [40] showed that atesistance to fatigue and maximum veloc-
least 3 isoforms of slow twitch MHC could ity of shortening [81]. Initially, Ilb MHC, the
be distinguished in human and rat skeletdastest isoform, was thought to be expressed
muscle based on the use of epitope specifienly in small species in accordance with
monoclonal antibodies and that their exprestheir fast movements. However, recent data
sion was temporally distinct during earlyon the pig muscle have shown that all three
gestation. Alpha cardiac MHC is alsofast MHC isoforms are expressed in this
detected in the skeletal muscle during foetadpecies (Fig. 2). In bovine muscles, only
life in bovines [62] or early postnatal devel-two different types of fast fibres can be
opment in piglets [46, 47] and in specialdetected by histochemical techniques,

Figure 2. MHC in situ hybridisation in the pipngissimusnuscle (100 kg BW), Lefaucheur et al.
[48]. The three fast MHCs are observed in pig muscle.
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whereas 3 fast MHC isoforms were revealedhe pig. The emb, lla, lIx, llb, neo, and
by electrophoretic separation (Picard, dat&xtraocular MHC are localised in this order
not published). This suggests that the threi another cluster on chromosome 11 in the
fast isoforms also exist in this species, butmouse, 17 in humans and 12 in the pig. A
we were unable to distinguish between IIXsimilar organisation exists in the chicken,
and IIB fibres. Two other specific fast MHC with seven fast MHC genes clustered on a
have been detected in super-fast contractinglicro-chromosome, and at least three of the
fibres of extraocular muscles “MHC Il eom” four slow MHC genes closely linked on
and in muscles derived from the firstanother chromosome (see review in [4]).
branchial arch “MHC IIm” [84]. Two devel- But it seems that the evolution of MHC
opmental MHC are expressed at specifi@enes has been independent in birds and
stages during development: embryonic MHGNammals [56].

“MHC emb” and foetal MHC “MHC foet”
also called neonatal MHC “MHC neo”.
These developmental MHC usually disap-
pear in adult muscles, except in particular
muscles such as the extraocular muscle [98%,.
massetef17] and intrafusal fibres [51]. In °! e oo fond i b o bou
avian species, at least seven fast MHC genrlg this can be found in humans [42], bovines
have been identified (see [4] for a review), ], rats [91], and horses [70]. These hybrid

. - . ibres contain at least two MHC isoforms
which cannot be unambiguously assi negiI ; .
to the different subtypegs of fayst fib?es.and can be designated according to the MHC

Indeed, depending on the muscle, fast ﬁbre%{asgrﬁtxz;n?&wg |E'\r/|a:;(():, ﬁi ILBK; ﬁ“éﬂﬁ);lb >

of adult muscles can express one of the thrq?XA (MHC 1Ix > MHC lla), and 11AX
embryonic MHC genes, the neonatal or th?MHC lla > MHC I1x). Fibre’s containing

adult fast MHC gene. fast MHC lla and slow MHC | are called

The different MHC are the product of a© f(ijbres, or type IIC (MHC lla > MHC 1)
multigene family, each gene coding a dis@nd type IC (MHC lla < MHC ) [34].
tinct isoform. Ten different MHC genes Schiaffino and Reggiani [79] also described
have been identified in mammals and mord/A/I1X fibres, and also observed that dif-
than 30 in birds. By contrast, only a single/€'€Nt isoforms can be expressed simulta-
MHC gene was identified iBrosophila r_1e0us|y in some r_nuscle fibres during foetal
melanogastewhere the diversity of MHC Ifé- In rats, Termin et al. [93] reported that
isoforms results from alternative spIicingaﬁleCI:CNﬂ_?(r:eﬁ ma)(/j (I:\;I)ﬂtcam a mixture of
(see review in [3]). The organisation of the » a ar:j_ neo |anvar|ofus
MHC genes is highly conserved, but there iﬂﬂ%o_rtlofns acchor mtg); to afge. dp to four
more similarity between different fast iso- © f_kl)so Olrmlls Eﬁ’e ”%en o(;m én a sin-
forms or between different slow isoforms9Y edl' ore ( ’f'ad X*d ) under brast|c
from different species than there is betweel‘:fgn Itions 09 Z{” Iu_ce conve”rzlon etwe%n
fast and slow isoforms in one species. Thig. re t%pes [h ]5 F&Sfﬂbow we ?c?menti
is likely the result of gene conversion-like that these hybrid fibres result from the
events within each gene family. It is con-transition of MHC expression following an
sistent with the observation that the fast angPlidatory pathway, i.e.2= lilix =Ilb
slow MHC genes are arranged in two clus!lustrating the large plasticity of muscle
ters on different chromosomes [49, 80 ggtissue. Monoclonal antibodies specific for
97]. In mammals, the cardiac alph’a-M,HCthe different MHCs are essential tools to
gene is closely iinked to the beta/slowaccurately classify these fibres (Fig. 1D).
— MHC gene, on chromosome 14 in both The different fibres differ in MHC
humans and mice, and on chromosome 7 ibomposition but also in size. An inverse

2.3. Myofibre diversity

Muscle fibres can express one or a com-
nation of more than one MHC. Examples
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Depending on the maturity of the species,
myofibre characteristics are determined dur-
ing the foetal or perinatal periods.

3. MYOGENESIS

3.1. Ontogenesis of myofibres

b Muscle fibres are issued from myogenic
, _ _ precursor cells called myoblasts which pro-
Figure 3. Cross sectional area (CSA) of myofi- jifarate then fuse to form myotubes, finally
bres in the pigongissimusnuscle at 100 kg BW yigterentiating into muscle fibres (Fig. 4)
(Lefaucheur, unpublished). - . L
The different steps of myogenesis have been
described in birds and mammals. Myoblasts
correlation generally exists between fibreoriginate in the embryo from the mesoderm
diameter and the oxidative metabolism tqFig. 5), more precisely from the dermomy-
facilitate the diffusion of oxygen to the mito- otome, which is part of segmented structures
chondria. In the different adult mammaliancalled somites [87]. The dorso-medial part of
species, IIB fibres are the largest, | and lIAthe dermomyotome gives rise to the para-
fibres the smallest, whereas 11X fibresvertebral and limb muscles, while its ventro-
exhibit an intermediate size (Fig. 3) consisiateral part gives rise to the thoracic mus-
tent with their intermediate metabolism. cles. Craniofascial muscles come from the

| la lix

<I> pre -myoblasts
&>
PROLIFERATION l
&> >
&>
o>
l Embryonic and foetal Myoblasts
Co 2
Ce
o
-
DIFFERENTIATION
Primary and secondary Myotubes

Adult Myoblasts or

:satellite cells

Myofibre

—te

Figure 4. The different stages of myofibres formation.
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(@) (b)
Neural tube

Epithelial somite

Notochord
(c) (d)

O
(8]
Sclerotome ?rotome Myotome®~ °©
Ribs

Vertebra :
paxi Hypaxiat Muscles
Epaxial Hypaxial Muscles
Muscles

Limb Muscles

Figure 5.Origin and formation of muscle in vertebratEg.Somites formation(b) Epithelial struc-
ture of a somite(c) Differentiation of somites(d) Differentiation of dermatome, myotome and
sclerotom.

rostro-occipital and cephalic somites (seembryonic, foetal and adult (or satellite)
review in [82]). Undifferentiated myogenic myoblasts [36, 39, 89].

cells migrate from the somites under the

control of factors produced by the neural

tube and notochord [82] and subsequently 3.2. Different generations of myotubes
differentiate to form individual muscles.

During their migration along the notochord, During development, myotube formation
myogenic cells or “presumed myoblasts”occurs in two or three temporally distinct
proliferate, then leave the cell cycle, starphases. The first wave of myotubes comes
to synthesise myofibrillar proteins and pre-from embryonic myoblasts, the second from
pare their fusion (see reviews in [76] andfoetal myoblasts (Fig. 4) and they respec-
[82]). The fusion process implies the recogdively give rise to the primary and secondary
nition and alignment of adjacent myoblastsmuscle fibres [28]. In birds, the majority of
the formation of gap junctions, the fusionprimary fibres express both fast and slow
of membranes and then of cytoplasmsisoforms when they first appear, but the
together with numerous biochemical modi-expression of a specific developmental slow
fications. Myoblasts with distinct proper- MHC isoform (slow MHC Ill) specifies the
ties have been isolated at different stages dfiture slow fibres (see review in [88]). At
development and have been named somitithis stage, three distinct types of myoblasts
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can be isolated which give rise in vitro to  3.3. Total number of fibres
fast, fast/slow or slow myotubes, respec-

tively [88], suggesting that myoblasts are |y most species of terrestrial vertebrates,
already committed to distinct lineages. Theyarticularly in birds and mammals, the total
secondary fibres first express fast or fashumper of fibres (TNF) is fixed before
and slow isoforms and the correspondingyatching or birth. This is unlike in some
types of myoblasts can be isolated at thigarge species of fish (trout for example)
stage [88]. In all species, the myotubes ofy which hyperplasia continues during the

the primary generation account for a lim-postnatal life [85]. In bovines, TNF is fixed
ited proportion of the future fibres, while

those of the secondary generation which use
them as a scaffold [82] build a much larger

population [54, 82, 83] (Fig. 6). The number S dg ’

of secondary fibres around each primary t
fibre varies from 5 and 9 in the mouse and °‘ ‘ 0
rat respectively [59, 74] to over 20 in larger ﬂ'Q '

species, such as the pig [86]. Prior to the H
onset of secondary myogenesis, the diame- o

ters of the primary myotubes increase two- ! n
fold, whereas they later increase in size by 8 t
elongation [54]. The kinetics of appearance : '
of these two populations vary according to ﬁ i 1. % 'ﬂ
the maturity of the different species (Tab. II). R
Robelin et al. [72] suggest that this chronol- @ﬁ.ﬁﬁ A 3 -
ogy is a function of the gestation length and §e .
L]
&

animal weight at birth.

It is generally believed that primary fibres
mature to slow type | fibres in the adult,
however, in entirely fast muscles they give
rise to fast fibres. The secondary fibres
mostly mature to fast fibres in fast muscles
and to either fast or slow fibres in the mixed
muscles [46, 63].

The existence of a third generation of
fibres has been described in the sheep [100], |
pig [46, 53], human [21] and bovine [23].
These cells exhibit a small diameter [26,
52], and usually express developmental
MHC isoforms [46]. When first formed,
they are closely associated with secondary
myotubes like newly formed secondary
myotubes with primary myotubes [21]. They
are observed at about 40% of the gestation 4
period in bovines, sheep and humans [21,

23, 100] (Tab. Il), and around birth in pigs'Figure 6. Myogenesis in pig resemitendinosus

They only exist in large animals where theymuyscle Lefaucheur et al. [46]. ATPase pH 4.35.
could be part of the mechanisms leading t@vhite arrow: primary generation, black arrows:
the larger muscle mass. secondary generation.
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Table Il. Stage of appearance of the different generations of myogenic cells in various species.

Generations Primary Secondary Tertiary References
Poultry 3-7 df 8-16 df - Bandman and Rosser [4]
Pig 35 df 55 df 0to 15dpn Lefaucheur et al. [46]
Sheep 32 df 38 df 62-76 df Wilson et al. [100]
Bovine 60 df 90 df 110 df Gagniere et al. [29]
Human 56 df 90 df 110-120 df Draeger et al. [21]

df: days of foetal life, dpn: days of postnatal life.

from the end of the second third of gestaRecent data have shown that the growth fac-
tion (180 days) [29, 62] and in pigs by 80%tor, Myostatin, a member of the TGF beta
of gestation [99]. This suggests that the thiréuper-family responsible for the double-
generation of fibres which appears later isnuscled genotype in bovines, is a negative
not quantitatively important in these speciestegulator of TNF [44].
In less mature species such as the rabbit [S8] |, pirgs and mammals, the large postna-
TNF is definitively determined during the 15 increase in muscle mass is achieved by
f|rs§ month after birth. In birds, it is generall.y the hypertrophy of the existing fibres due
believed to be established before hatching, i fysion of satellite cells with the fibres
[68]. There are, however, some exceplionszo) These cells are present as a distinct
to this rule. For example, some myofibrey o, jation at least as early as the mid foetal
hyperplasia has been observed in the f‘”rk%tages of development [28, 37]. In the
ALD muscle at 15 weeks of age in a highlynegnate, they proliferate actively, adding
muscled industrial genotype [15]. nuclei to fibres [57], while in the adult, they
Different works have suggested that theare mitotically quiescent and only become
number of primary myofibres is under active in response to an insult or injury to the
genetic control in pigs [87] and in bovinesmuscle (see review in [12]). They can be dis-
[20]. On the contrary, the number of sectinguished from other myoblasts by their
ondary fibres would be more under epigebehaviour in cell culture: they require longer
netic control such as maternal nutrition forperiods of time before entering the cell cycle.
the mammalian species. Indeed, underndWhether satellite cells differ between muscle
trition of pregnant sows leads to offspringsfibres of different types is not clear and
with fewer secondary fibres in their mus-could depend on the species.
cles, but no alteration of primary fibres [24].
Low birth weight due to multiple offspring
in the pig is also associated with a lower
number of secondary fibres [35]. On the ) ,
contrary, over-nutrition of the sow between At birth, the primary and secondary gen-
25 and 50 days of gestation [25] or injec_eratlons of fibres contain developmental
tion of growth hormone between 10 andVHC (émb, foet, a-cardiac) which are pro-
24 days of gestation [66] increases the TNFYressively replaced by adult MHC. Most
Therefore, the very early stage of gestatioRimary fibres express the slow MHC very
seems to be particularly critical with regard<£@ry during gestation, while the secondary
to the nutritional influences on the determi-flores only express it at the end of gestation
nation of TNF. The effects of a high nutri- [16].
tional level may involve an increase and/or In bovine muscle (Fig. 7), the cell popu-
a prolongation of myoblasts proliferation. lation consists only in primary myotubes up

3.4. Contractile differentiation
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Primary

generation
Secondary

generation

60 d @ RSEFA Third
Q RSEFA generation
o

-SEFA

I
I
|
180d O - O R-EFA

O O O O O

Birth S R R

Fibres I 1IB and IIAB ITA and IIC
and I
Figure 7. Schematic contractile differentiation of myofibres in bovinemuscle, Picard et al. [62],

Gagniere et al. [29]. R: Fast MHC, S: Slow MHC, E: Embryonic MHC, F: Feetal MHC, A: cardiac
MHC.

to 60 days of gestation [71]. First theyexpress emb, foet and slow type | MHC
express slow, fast, emb, foet, and alpha cafFig. 8). They subsequently mature to type |
diac MHC and from 180 days of gestationfibres in most muscles, but can also give
they only express the slow MHC | isoformrise to fast type Il fibres in pure fast-twitch
characteristic of the type | fibres [62, 72].muscles, such as the superficial white por-
In totally fast muscle, they revert to the fastion of thesemitendinosugl6]. Secondary
phenotype through type IIC fibres [64]. Sec{ibres begin to appear at 50-55 days of
ondary fibres when they appear also expreggestation and also express emb and foet
slow, fast, emb, foet and alpha cardiadMHC during the foetal period. However,
MHC. Most of them subsequently developunlike primary myotubes, they do not
into type Il fibres, while a few of them also express type | MHC until late gestation.
develop into type | fibres [62]. At the samePerinatally, a subpopulation of secondary
time, emb, foet and alpha cardiac MHCfibres in the direct vicinity of primary
decrease and the proportion of adult MHGnyotubes starts to express type | MHC and
(I, la and lIx) increases [62, 72] so thatmature to type | fibres. Some of these fibres
developmental MHC are completelytransiently express the alpha-cardiac MHC
replaced by adult isoforms by the end of46, 47]. Adult fast type lla MHC is present
gestation (Fig. 7). Porcine muscle exhibits @ some secondary fibres during the foetal
highly organised pattern and a unique disperiod, whereas lIx and llb appear shortly
tribution of fibres consisting in clusters of after birth [13, 14]. During the first postna-
slow type | fibres surrounded by fasttal weeks, secondary fibres which do not
type Il fibres (rosette) since foetal life [46]. express type | MHC mature to either type
In this species, primary myotubes initially II1A, 11X or IIB fibres.
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Age PRIMARY
GENERATION
embryonic
foetal
type |
1
50 embryonic SECONDARY
foetal GENERATION
I
embryonic
foetal
v l l
embryonic embryonic
foetal foetal
A
L L
Birth 1 | foetal foetal
a-cardiac A X
l |
I 104 [).4
l B
| ! I
Adult | < > JA4—> |IX «—> |IB

Figure 8. Schematic evolution of fibre type differentiation in developping skeletal muscle of pig
based on myosin heavy chain isoform transitions [48].

Recent results in bovine muscle showand IIB fibres is possible only from 30 days
that foet MHC disappears between 180 défter birth [8, 33]. In the rat, MHC |, lIx and
and 21 dpn (Fig. 9a). In other species such dka appear before birth and MHC IIb after
sheep [52], pigs [46], and rabbits [31, 50],birth [19]. In bovine muscle, lIA fibres dif-
foet MHC disappears between 140 df anderentiate earlier than IIB fibres [23]. In pig
28 dpn, 10 and 20 dpn, 20 and 30 dpnand rabbit muscles, MHC lla mRNA is
respectively (Tab. Ill). Fast adult MHC expressed earlier than IIx and IIb mRNA
appear at the end of foetal life in bovined13, 50]. As mentioned earlier, the situation
(Fig. 9A), sheep muscle and only after birthis different in birds, where muscle fibre con-
in pigs and rabbits. For example, all mustractile typology cannot simply be related
cles exhibit a slow speed of contraction into MHC expression. The slow phenotype is
the rabbit at birth but ATPase activity established during the end of the foetal
increases greatly during the first week. Aperiod when MHC expression switches from
clear histochemical distinction between [IAslow MHC Il to slow MHC 1l (see review
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Figure 9. Contractile A) and metabolicE) differentiation of bovine muscles during feetal life,
Picard et al. [63] et Gagniere et al. [30]. MHC 1: Slow MHC, MHC 2: Fast MHC (lla, lIx), MHC F:
Foetal MHC, LDH: Lactate dehydrogenase, ICDH: Isocitrate dehydrogenasdviddseter(slow
oxidative in adult), CTCutaneus trundffast glycolytic in adult), STSemitendinosugnixt in adult).

* P<0.05; *P<0.01; ** P<0.001.

in [88]). At the same period, the neonatafirst 4 or 8 postnatal weeks in sheep [90]
isoform disappears in the future fast musand pigs [18, 45], respectively. In bovines,
cle. However, developmental isoforms carthis occurs during the last third of gestation
later reappear in fast muscles and only a fe{i80, 63]. Overall in mixed muscles of mam-
of them, among which tHeectoralis Major, mals, an increase in type 1IB and IIX fibres
finally express the adult fast isoform (seds observed during postnatal growth together
review in [88]). At hatching, fast and slow with a decrease of type IlA fibres. In
fibres can be distinguished according to theipovines, it seems that this conversion begins
mATPase activity, but not the IIA and IIB soon after birth [63] and is accompanied by
subtypes, which are apparent only at on@n increase in the proportion of hybrid II1AB
week of age [68]. fibres containing both lla and Ilb MHC [23].
In horses, on the contrary, the proportion of

The postnatal changes in fibre types varyype IIA fibres increases and that of type
between species. An increase in the proiB decreases with age, probably as a con-
portion of | fibres was observed during thesequence of exercise [73].
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Table Ill. Stage of disappearance of foetal MHC expression in various species.

Species Stages References
Poultry 1 week pn Bandman and Rosser [4]
Rat 0to 30 dpn D’Albis et al. [7]
Rabbit 0to 30 dpn Gondret et al. [31]

Pig 0to 15dpn Lefaucheur et al. [46]
Sheep 140 df to 28 dpn Maier et al. [52]
Bovine 180 df to 21 dpn Duris [23]

df: days of foetal life, dpn: days of postnatal life.

Table IV. Stage of increase of glycolytic metabolism in different species.

Species Stages References
Chicken 0to 10 dpn Bacou and Vigneron [2]
Rabbit 0 to 8 wpn Briand et al. [9]

Pig 0to 15 dpn Lefaucheur and Vigneron [45]
Bovine From 210 df Gagniere et al. [30]

df: days of foetal life, dpn: days of postnatal life, wpn: weeks of postnatal life.

3.5. Metabolic differentiation of gestation and concerns 100% of the fibres
at 3 weeks pn. The oxidative acti_vity of mus-
The differentiation of oxidative and gly- cles then decreases between birth up to 9 to

colytic pathways also depends on the matyt2 months of postnatal life (puberty) in
rity of the species at birth [2]. In rabbits, POvine muscle [41], whereas glycolytic
chickens and pigs, the oxidative metabolisnin€tabolism increases. Overall the glycolytic
represents the principal source of energ ctivity mcreases_Wlth growth in all species,
during foetal life. At birth or hatching, all Put decreases with aging [9, 45, 68].
muscles are oxidative, and glycolytic

metabolism dramatically increases during

the first postnatal weeks (Tab. IV) [2, 8,9, 4. CONCLUSION

45]. Oxidative and glycolytic fibres can be

distinguished from 7 to 15 dpn in chickens This review illustrates that myogenesis
[2, 71], from 10 to 20 dpn in rats [75], from is a complex process involving multiple
21 dpn in rabbits [31] and from 21 to 28 dpnsteps and regulation factors. It appears that
in pigs [18, 45]. In bovines, oxidative andthe general process of myogenesis is similar
glycolytic enzyme activities increase dur-in the different species (birds, rodents, mam-
ing the last third of gestation (Fig. 9B) [30, mals) involving a succession of at least two
38]. Fibres can be distinguished on theiigenerations of myogenic cells. However, the
metabolic properties from 210 days of foetakinetics of muscle fibre development appears
life [30, 71]. All future type | fibres exhibit different between species depending on their
an oxidative metabolism from 210 dg. Formaturity at birth. The precocity of their mus-
type llA fibres it increases from the last thirdcle fibre differentiation can be classified in
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the following order: bovines = humans >[8]
sheep > pigs > birds > rabbits > mice and
rats. In large mammals such as bovine, sheep
and human, the major events of contractile
and metabolic differentiation occur during[9]
the last third of gestation and are fully
achieved just after birth. In these species,
foetal life represents a primordial step forlO]
muscle maturation. In the less mature
species, contractile and metabolic muscle
fibre properties mostly differentiate during [11]
the first two postnatal weeks in pigs or the
first postnatal month in rodents and birds. [12]

For farm animal producers, the knowl-
edge of the accurate kinetics of muscle fibrél3]
development is of prime importance to iden-
tify the key stages of myogenesis involved
in each species. The understanding of this
dynamic process may permit to improve[14]
breeding conditions and selection criteria
necessary to meet the challenge of simulta-
neously optimising meat quality and effi- 1
ciency of muscle growth.
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