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Abstract

The chicken is a well-established model for amniote (including human) skeletal muscle formation because the
developmental anatomy of chicken skeletal muscle matches that of mammals. The accessibility of the chicken in
the egg as well as the sequencing of its genome and novel molecular techniques have raised the profile of this
model. Over the years, a number of regulatory and marker genes have been identified that are suited to
monitor the progress of skeletal myogenesis both in wildtype and in experimental embryos. However, in the
various studies, differing markers at different stages of development have been used. Moreover, contradictory
results on the hierarchy of regulatory factors are now emerging, and clearly, factors need to be able to
cooperate. Thus, a reference paper describing in detail and side-by-side the time course of marker gene
expression during avian myogenesis is needed. We comparatively analysed onset and expression patterns of the
key markers for the chicken immature paraxial mesoderm, for muscle-competent cells, for cells committed to
myogenesis and for cells entering terminal differentiation. We performed this analysis from stages when the
first paraxial mesoderm is being laid down to the stage when mesoderm formation comes to a conclusion. Our
data show that, although the sequence of marker gene expression is the same at the various stages of
development, the timing of the expression onset is quite different. Moreover, marker gene expression in
myogenic cells being deployed from the dorsomedial and ventrolateral lips of the dermomyotome is different
from those being deployed from the rostrocaudal lips, suggesting different molecular programs. Furthermore,
expression of Myosin Heavy Chain genes is overlapping but different along the length of a myotube. Finally,
Mef2c is the most likely partner of Mrf proteins, and, in contrast to the mouse and more alike frog and
zebrafish fish, chicken Mrf4 is co-expressed with MyoG as cells enter terminal differentiation.
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Introduction

Vertebrates evolved from their chordate ancestors 550 mil-
lion years ago (reviewed in Clack, 2002). These animals — as
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eventually the vertebral column functionally replaced the
notochord, and muscle pattern became more complex.
However, in the embryo, notochord and myotomes are pre-
sent. In vertebrates that develop via free-feeding larvae (all
vertebrate taxa with the exception of amniotes), the myo-
tomes become immediately functional and allow the larva
to swim in a similar fashion as larvae of non-vertebrate
chordates. During the transition to adulthood, myotomal
muscles regroup. This is particularly advanced in tetrapods,
where myotomal muscles are rearranged to provide the
back and abdominal muscles, essential to lift the body off
the ground, and in humans, to stand upright. However, the
segmental organisation of muscle is still evident for the
intercostal muscles.

Myotomes and notochord are derived from the embry-
onic middle germ layer, the mesoderm (reviewed in Gilbert,
2000). As the notochord demarcates the longitudinal axis of
the developing embryo, the neighbouring myotomes are
also referred to as par-axial mesoderm (reviewed in Bryson-
Richardson & Currie, 2008; Buckingham & Vincent, 2009;
Relaix & Zammit, 2012). Significantly, during vertebrate evo-
lution, additional paraxial mesodermal cell types evolved.
Already during the evolution of chordates, animals
acquired the ability to generate muscle stem cells for later
phases of muscle growth and repair (Holland et al. 1999;
Somorijai et al. 2012). In vertebrates, these cells are tran-
siently stored in a compartment dorsolateral to the myo-
tome. The cells initially also have the ability to contribute to
the dorsal dermis, and this compartment is therefore
referred to as dermomyotome. During the evolution of the
vertebrate lineage, cells in the paraxial mesoderm also
acquired the ability to form the cartilages and bones of the
vertebral column and ribs. These cells are also allocated to a
separate compartment, the ventrally located sclerotome
(which includes precursors for muscle connective tissue and
tendons collectively referred to as syndetome). We thus
refer to the vertebrate segmented paraxial mesoderm as
somites, which subdivide into sclerotome, dermomyotome
and a myotome placed in between.

Differentiated, functional muscle consists of postmitotic
cells. In the amniotes, adult muscle mass increases via hyper-
trophy, the generation of more contractile proteins. During
embryonic, fetal and perinatal phases of development, mus-
cle grows via hyperplasia, the addition of cells from the
mitotically active muscle precursor/muscle stem cell pool.
This occurs in waves (reviewed in Buckingham & Vincent,
2009; Relaix & Zammit, 2012 for amniotes; for anamniotes
see Bryson-Richardson & Currie, 2008). In amniotes, first cells
from the medial wall of the newly formed somites spread
laterally between the emerging sclerotome and dermomy-
otome. They form the primary myotome that provides a
scaffold for the cells arriving next (Kahane et al. 1998b).
Then, cells from the dorsomedial lip of the dermomyotome
detach and contribute to the myotome, thereby driving its
dorsomedial outgrowth (Denetclaw et al. 1997). With a

slight delay, cells from the ventrolateral dermomyotomal
lip engage in the same process, driving ventrolateral out-
growth (Kahane et al. 1998a, 2007; Denetclaw & Ordahl,
2000; Pu et al. 2013); the exception is found at limb levels
where cells from the ventrolateral dermomyotomal lip emi-
grate to provide the limb musculature. Cells from the rostral
and caudal lips also detach and intercalate into the existing
scaffold, thereby driving the extension of the myotomal
centre (Kahane et al. 1998a). Together, this second wave of
cell influx leads to an elongated, secondary myotome. Even-
tually, the centre of the dermomyotome disperses, and cells
enter the myotome directly (Kahane et al. 2001; Ben-Yair &
Kalcheim, 2005; Gros et al. 2005; Relaix et al. 2005; Ahmed
et al. 2006). These cells, while losing the ability to become
dermis, retain their stem cell features, being able to self-re-
new and to produce differentiating daughters. Thus, these
cells are specialised muscle stem cells which provide the —
now tertiary — myotome with an innate ability to enlarge
(Hutcheson et al. 2009). In the adult, the muscle stem cells
adopt a quiescent state, only to become activated when
muscle is in need of repair (reviewed in Relaix & Zammit,
2012).

A number of regulatory genes have been associated with
the process of myogenic cell deployment and differentia-
tion. When the paraxial mesoderm is being laid down dur-
ing gastrulation, it expresses the T-box transcription factor
Tbx6 and the axial mesoderm expresses its paralog T (Bra-
chyury); Tbx6 has been shown to be essential for paraxial
mesoderm development and the suppression of premature
differentiation (Chapman & Papaioannou, 1998; Chapman
et al. 2003; Windner et al. 2012). As the paraxial mesoderm
segments, genes primarily associated with Notch-Delta sig-
nalling but also other signalling systems are being
expressed in a cyclic fashion and control segment periodic-
ity. Controlled by a caudal-high to rostral-low Fgf gradient,
cyclic gene expression stops, and gene expression is sta-
bilised in the prospective rostral or caudal compartment of
the developing somite (reviewed in Hubaud & Pourquie,
2014).

In amniotes, simultaneous with the arrest of cyclic gene
expression, signals from the surface ectoderm trigger the
expression of the bHLH transcription factor Paraxis, and the
two paralogous paired box transcription factors Pax3 and
Pax7, which facilitate epithelial somite formation and segre-
gation of somites from the as yet not segmented paraxial
mesoderm (segmental plate, pre-somitic mesoderm; Burgess
et al. 1996; Sosic et al. 1997; Dietrich et al. 1997; Mansouri
& Gruss, 1998; Schubert et al. 2001; Linker et al. 2005).
Importantly, Paraxis and the two Pax genes remain
expressed in the dermomyotome while being downregu-
lated (Paraxis) or shut off (Pax3, Pax7) in the sclerotome;
specifically Pax7 remains expressed in muscle stem cells
throughout life. Mutations for these genes cause muscle or
muscle regeneration defects in vitro and in vivo, and it has
been shown for Pax3/7 that these factors can, at least in
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certain genetic contexts, directly bind and upregulate
expression of MyoD, a key gene associated with myogenic
commitment (see below; Tajbakhsh et al. 1997; Tremblay
et al. 1998; Wilson-Rawls et al. 1999; Seale et al. 2000;
Relaix et al. 2004, 2006; Collins et al. 2009; Lepper et al.
2009; Hutcheson et al. 2009; von Maltzahn et al. 2013;
reviewed in Relaix & Zammit, 2012). Therefore, Paraxis and
Pax3/Pax7 are referred to as pre-myogenic genes.

Parallel to the Pax genes, Six genes, Dach genes (nega-
tive Six regulators) and Eya genes (positive Six regulators)
have been implicated in the initiation of myogenesis (Hea-
nue et al. 1999; reviewed in Aziz et al. 2010). Single and
double knockout experiments have shown that paralogous
Six and Eya genes have overlapping roles. Important for
this study, mammalian Six genes both of the sine oculis
(Six1, 2) and the Six4 (Six4, 5) but not the optix (Six3,6)
subfamily are expressed in somites. Moreover, they also
can bind to the promoters of MyoD and the related MyoG
gene and upregulate their expression (Spitz et al. 1998;
Relaix et al. 2013). Thus, Six and Eya genes are also
referred to as pre-myogenic genes. In the ventrolateral lips
of the mouse dermomyotome, Pax3 expression is lost
when Six and Eya genes are mutated (Grifone et al. 2005,
2007). Thus, in this case, Six and Eya genes act upstream
of the Pax genes. On the other hand, Six and Eya genes
regulate the expression of genes required for the estab-
lishment of the fast-twich, glycolytic muscle fibre type,
hence displaying a prolonged role downstream in myoge-
nesis (Grifone et al. 2004).

The MyoD family of basic helix-loop-helix transcription
factors is firmly associated with myogenic commitment, and
is referred to as Mrf (muscle regulatory factors; reviewed in
Aziz et al. 2010; Fong & Tapscott, 2013). In vitro, any of the
four paralogous genes — Myf5, MyoD, MyoG (Myogenin,
Mng) and Mrf4 (Myf6, Herculin) — can drive myogenic as
well as non-myogenic cells into myogenic differentiation
(Braun et al. 1989b; Edmondson & Olson, 1989; Weintraub
et al. 1989; Miner & Wold, 1990). Moreover, Mrf bind to
promoters of numerous muscle differentiation genes (Cao
et al. 2010). However, Myf5 and MyoD are expressed early
and in cells that are still mitosis-competent; in the mouse,
the double knock-out prevents the formation of myoblasts.
On the other hand, Myogenin is expressed when cells with-
draw from the cell cycle and enter terminal differentiation,
and in knock-out mice, myoblasts form but fail to become
differentiating myocytes (Rawls et al. 1995; Wang & Jae-
nisch, 1997; Bergstrom & Tapscott, 2001). Yet MyoD and
MyoG function is linked in a feed-forward mechanism, with
MyoD upregulating its own expression and that of MyogG,
and both cooperate to activate muscle structural genes
(Penn et al. 2004; Cao et al. 2006). Mrf4 is arguably the
most dubious Mrf as, phylogenetically, it is most closely
related to MyoG. However, in the mouse, expression com-
mences early and is required for hypaxial myogenesis from
the ventrolateral dermomyotomal lips (Atchley & Fitch,
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1997; Summerbell et al. 2002; Kassar-Duchossoy et al. 2004;
Zheng et al. 2009). However, its main expression phase is
during fetal myogenesis.

During the initiation of myogenesis, Mrf bind to tar-
get promoters at sites closely linked to the binding sites
of MADS box transcription factors of the Myocyte
Enhancer Factor 2 family (Mef2a,b,c,d; reviewed in Naya
& Olson, 1999). These factors, while poorly promoting
myogenesis alone, enhance the myogenic capacity of the
Mrf (Molkentin et al. 1995). Moreover, Mrf and Mef2
factors physically interact (Black et al. 1998), and they
enhance each other's expression in positive feedback
loops (Braun et al. 1989a; Edmondson et al. 1992). How-
ever, Mef genes also have a role in the differentiation
of cardiomyocytes (and other tissues), whereas Mrf gene
function is restricted to skeletal muscle (reviewed in Wu
et al. 2011).

Eventually, the activation of the myogenic cascade
cumulates in the activation of muscle structural genes that
are crucial for the functional properties of the cells (re-
viewed in Alberts et al. 1983). Among these are genes
that control the elongation of myocytes into myotubes,
and the establishment of protein complexes (sarcomeres)
that control cell contraction. Moreover, myotubes will
align, and they will recruit cells to fuse into terminally dif-
ferentiated syncytial myofibres (reviewed in Abmayr &
Pavlath, 2012; Hindi et al. 2013). Thus, expression of cell
adhesion molecules and of sarcomeric proteins such as
muscle Actin, Troponin, Tropomyosin, muscle Myosin and
the Z-line protein Desmin are indicators of the terminal
differentiation process.

The above outline suggests that amniote myogenesis is
governed by a stereotypical, sequential action of regulatory
genes. However, the various waves of myogenesis suggest
that the gene regulatory cascades are not equivalent during
these phases. Likewise, the dermomyotomal lips and the
dermomyotomal centre are not equivalent sources of myo-
genic cells. Furthermore, studies in P19 embryonic carci-
noma cells indicated that MyoD can act upstream of the
premyogenic genes (Gianakopoulos et al. 2011). Epigenetic
studies showed that MyoD, Mef2 and Six proteins have to
interact with each other and with histone modifying
enzymes that control the opening of chromatin in order to
activate target genes (reviewed in Aziz et al. 2010; Fong &
Tapscott, 2013). This suggests that regulatory networks are
complex, and cellular decisions depend on which factors are
available at a given time.

Owing to its large size, extra-uterine development, ease
of manipulation and low costs, the chicken has always
been the model of choice for embryological studies of
amniote muscle development. Moreover, understanding
chicken muscle development in its own right is important
for the poultry industry. Nonetheless, its long generation
time and large size of the adults has rendered the chicken
unsuited for genetic studies. However, following the
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sequencing of the chicken genome and the establishment
of a variety of novel methods for transient genetic and
genomic manipulation, the popularity of this model is
picking up momentum (reviewed in Burt, 2007; Cogburn
et al. 2007). A growing number of gene expression pat-
terns are being deposited in the GEISHA (Gallus Expression
In Situ Hybridization Analysis) database (http:/geisha.
arizona.edu). Astonishingly, myogenic gene expression has
not been systematically analysed and, for example, it is
not known where premyogenic and myogenic gene
expression may overlap, and which of the four Mef2
genes might be the most prominent partner of Mrfs in
the chicken myotome. Moreover, Myf5, MyoD and sarcom-
eric Myosin expression have all been used as markers for
myogenic differentiation, making the comparison of
experimental data difficult.

To address this problem, we have comparatively analysed
onset and expression patterns of the key markers for
the chicken immature paraxial mesoderm, for muscle-
competent cells, for cells committed to myogenesis and for
cells entering terminal differentiation, focusing on the
stages when somites and, subsequently, the primary and
secondary myotome form. Our data reveal a set sequence
of gene expression, yet the timing of expression onset was
quite different at different stages of development. More-
over, marker gene expression in myogenic cells being
deployed from the dorsomedial and ventrolateral lips of
the dermomyotome was different from cells being
deployed from the rostrocaudal lips, suggesting different
molecular programs. Furthermore, expression of Myosin
Heavy Chain genes overlapped but differed along the
length of a myotube. Finally, our work revealed that Mef2c
is the most likely partner of Mrfs, and, in contrast to the
mouse and more akin to the frog and zebrafish fish models,
chicken Mrf4 did not show an expression phase prior to
that of MyoD; instead, it was co-expressed with MyoG as
cells entered terminal differentiation.

Material and methods

Culture and staging of embryos

Fertilised chicken eggs from a mixed flock (Winter Farm, Royston,
and Henry Stewart Ltd, Norfolk, VA, USA) were incubated in a
humidified atmosphere at 38.5 °C and staged according to (Ham-
burger & Hamilton, 1951). Embryos were harvested in 4%
paraformaldehyde.

In situ hybridisation

Whole mount in situ hybridisation and double in situ hybridisation
was carried out as described by (Dietrich et al. 1997, 1998, 1999).
Probes are detailed in Table S1.

Immunohistochemistry

Whole mount antibody staining and antibody staining following
an in situ hybridisation were carried out as described by Mootoo-
samy & Dietrich (2002), Alvares et al. (2003) and Lours & Dietrich
(2005). For the anti-Desmin, -Myh7, -Myh15 and -Tnni1 antibody
staining, a heat-induced epitope retrieval (HIER) was performed for
30 min at 95 °C, using 10 mm Tris pH9, 1 mm EDTA, 0.05% Tween-
20 (anti-Desmin antibody) or 1.8 mm citric acid, 8.2 mm sodium
citrate, 0.05% Tween at pH5 (anti-Myh7, -Myh15 and -Tnnil anti-
bodies). Details of the antibodies can be found in Supporting Infor-
mation Table S2.

Vibratome sectioning

Embryos subjected to whole mount stainings were embedded in
20% gelatine and cross-sectioned to 30-50 um on a Pelco 1000
Vibratome as described in Dietrich et al. (1997, 1998, 1999).

Photomicroscopy

Images in Fig. 7G-K are flattened z-stacks acquired on a Zeiss
LSM710 confocal microscope. All other embryos and sections were
photographed on a Zeiss Axioskop, using Nomarski optics. Images
were acquired using the axiocam/axiovision system. All images were
processed using ADOBE PHOTOSHOP.

Results

Since the myotome develops from somites, we focused our
analysis on the period between stage HH4-5 when the primi-
tive streak begins to lay down the prospective somitic meso-
derm, HH7-8 when the first somites emerge, and HH19-20
when almost all of the 50 chicken somites have been gener-
ated (Hamburger & Hamilton, 1951). Gene expression was
monitored by in situ hybridisation; to detect sarcomeric
Myosins, the MF20 antibody was also used. As most markers
were not expressed at HH4-5, embryos are not shown. The
onset of gene expression is shown side-by-side for HH8
(Fig. 1), HH10 (Fig. 2), HH14 (Fig. 3) and HH16 (Fig. 4).
Expression in mature flank somites of HH19-20 embryos is
shown side-by-side in Fig. 5; additional, detailed marker
comparisons at HH19-20 are displayed in Figs 6-8. The devel-

Fig. 1 Marker gene expression at HH8. Dorsal views (Q-S: ventral views) of chicken embryos with three to five somites, rostral to the top. Markers
are shown on top of each individual image. (B,C) The notochord is additionally stained for Chordin expression in red. Note the overlapping expres-
sion of Tbx6 and the pre-myogenic genes in the rostral segmental plate and most recently formed somite (s1). Mrf genes are not yet expressed.
Mef2c and 2d display some somitic expression. However, the main expression of Mef2 genes, and of Thnil, Myh15, Myh7 is in heart precursors
(ht). e, epiblast; hm, head mesoderm; hn, Hensen’s node; ht, cardiac precursors; nf, neural folds; not, notochord; np, neural plate; ps, primitive
streak; s, somite; sp, segmental plate; the position of the youngest somite (s1) is indicated.
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opmental age of somites was determined as in McGrew &
Pourquie (1998), counting the condensing somite as somite
0, the first fully formed somite as somite 1, the next as
somite 2, etc. Results are summarised in Table 1.

Expression of Thx6

Tbx6 expression commenced in the primitive streak before
the stages shown here. At HH8 (Fig. 1A), the gene labelled
the rostral primitive streak. Expression continued in the cells
that leave the streak to settle as paraxial mesoderm; more-
over, expression was found in the immature paraxial meso-
derm prior to somite formation, known as segmental plate
or pre-somitic mesoderm. Significantly, expression was still
visible as an epithelial somite formed. At HH10 (Fig. 2A), a
similar expression patterns was seen; in a strongly stained
specimen, Thx6 expression was detectable up to the somite
2/3, labelling the medial-rostral edge of the somite most
strongly. At HH14 (Fig. 3A) and HH16 (Fig. 4A), Tbhx6
labelled the paraxial mesodermal cells emerging from the
tail bud. As before, expression continued in the segmental
plate and the youngest somites. At HH19-20, mesoderm for-
mation is almost complete. As few further cells are being
added, the process of somite formation now consumes the
segmental plate; hence the youngest somites are located
close to the tail bud. Thx6 was expressed from the tailbud
up to the youngest two somites (Figs 5A and 6A).

Expression of Paraxis

Paraxis expression labelled the prospective somitic meso-
derm as soon as HH4 (not shown). At HH8 (Fig. 1B), expres-
sion was found in the rostral segmental plate, continuing in
somites as they segregated from the segmental plate. The
same pattern was observed at HH10 (Fig. 2B), HH14
(Fig. 3B), HH16 (Fig. 4B) and HH19-20 (not shown). As
somites matured, Paraxis expression became confined to
the somitic dermomyotome and sclerotome; the strongest
expression by far was found in the dorsomedial (epaxial)
portion of the dermomyotome (Fig. 5B,Bi). Thus Paraxis
expression partially overlapped with that of Thx6 but con-
tinued at high levels in myogenic precursor cells.

Expression of Pax3 and Pax7

Pax3
Pax3 had a complex expression pattern, and at HH4-5 was
expressed in the epiblast and along the primitive streak

(not shown). This expression continued at HH8 (Fig. 1C)
but, in addition, the lateral aspect of the condensing
somites and the overlying edge of the neural plate (the
neural folds) also expressed the gene. At HH10 (Fig. 20),
Pax3 expression similarly encompassed the epiblast flanking
the remnant of the primitive streak, the neural folds/dorsal
neural tube and the condensing as well as well-formed
somites. At HH14 (Fig. 3C), HH16 (Fig. 4C) and HH19-20
(Fig. 5C,Ci and not shown), Pax3 expression was found in
the tail bud, the dorsal neural tube, the lateral aspect of
the condensing paraxial mesoderm and the somites. As
somites matured, expression became restricted to the der-
momyotome, with somewhat elevated levels in the der-
momyotomal centre and very strong expression in the
dorsomedial and ventrolateral lips (Fig. 5C,Ci). Thus, Pax3
expression tightly overlapped with that of Paraxis, but areas
of elevated expression levels were distinct.

Pax7

Expression of Pax7 was very similar to its paralog Pax3
(Figs 1-5D,Di). However, Pax7 did not show prominent
expression in the epiblast and tail bud but rather had ele-
vated expression levels in the emigrating cranial neural crest
cells. Somitic expression began in the rostral segmental plate
as observed for Pax3. In the HH19-20 mature somite, expres-
sion was strongest in the dermomyotomal centre, occupying
a dorsoventrally wider region than Paraxis (Fig. 5D,Di).

Expression of Six1

Six genes evolved from an ancestral Six1/2/sine oculis gene,
a Six4/5 gene and a Six3/6/optix gene, with Six4/5 and optix-
related genes having arisen from an earlier, common ances-
tor (Kumar, 2009). In mouse and chicken, Six7 and Six4/5 are
co-expressed in the newly formed somite, the developing
dermomyotome, eventually becoming confined to the der-
momyotomal lips and the myotome; other Six genes don't
show prominent somitic expression (Oliver et al. 1995;
Esteve & Bovolenta, 1999; Heanue et al. 1999; Jean et al.
1999; Klesert et al. 2000; Grifone et al. 2005; Schubert &
Lumsden, 2005). Single Six1, but not Six4 or 5, mutations
cause somitic phenotypes, indicating that Six7 is the most
important player in myogenesis (Grifone et al. 2005). We
therefore focused on Six7 in this study. At HH4-5, Six1 was
expressed in the non-somitic head mesoderm and the
pre-placodal ectoderm (not shown). At HH8 (Fig. 1E) and
HH10 (Fig. 2E), this expression was accompanied by expres-
sion in the pre-chordal plate and the developing somites.

Fig. 2 Marker gene expression at HH10. Dorsal views (P-T: ventral views), rostral to the top. Markers are indicated on top of each individual
image as before. Thx6 and the pre-myogenic genes show overlapping expression in the rostral segmental plate and the most recently formed
somite. The pre-myogenic genes label the condensing as well as fully formed epithelial somites. Of the Mrf genes, Myf5 is expressed weakly in the
condensing somite, and more robustly in the medial wall of the epithelial somites. Similar to HH8, Mef2c and 2d display some weak somitic
expression, but the main expression of the Mef2 genes, of ThniT and the Myosins remains in heart (ht). Abbreviations see Fig. 1 and: bi, blood
islands; ncc, neural crest cells; nt, neural tube; the position of the youngest somite is indicated (s1).
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Expression in the rostral segmental plate and somites was
also evident at HH14 and HH16 (Figs 3E and 4E). In differen-
tiating somites, strong Six7 expression was maintained in
the dermomyotome, thus overlapping with the expression
of Paraxis, Pax3 and Pax7 (not shown). In contrast, in
mature somites at HH19-20, the strongest expression was
found in the dorsomedial and ventrolateral lips of the der-
momyotome and the underlying myotome (Fig. 5E,Ei).

Expression of Eyat

Eya proteins are protein tyrosine phosphatases which,
among other roles, are able to convert Six proteins into
strong transcriptional activators (Li et al. 2003; Tootle et al.
2003; reviewed in Tadjuidje & Hegde, 2013). Vertebrates
have four Eya genes; in the mouse, the closely related EyaT,
2 genes and the more distantly related Eya4 are co-ex-
pressed first in the dermomyotome and its dorsomedial and
ventrolateral lips, and later in the myotome, and they have
overlapping roles; Eya3 shows weak somitic expression only
but the protein cooperates with Ski and Six1 in the differen-
tiation of C2C12 myoblasts (Xu et al. 1997; Borsani et al.
1999; Grifone et al. 2007; Zhang & Stavnezer, 2009). Expres-
sion of chicken Eya2 has been described by Heanue et al.
(1999) and matches that of the mouse, hence we focused
on Eyal. The gene showed very similar expression to that of
Six1 at stages HH8, HH10, HH14 and HH16 of development
(Figs 1F, 2F, 3F and 4F). In mature somites at HH19-20, the
strongest expression was found in the dorsomedial and ven-
trolateral lips of the dermomyotome and in the myotome
(Fig. 5F,Fi). This suggests that throughout somite develop-
ment, Eya1 is available to Six1 to activate myogenic genes,
and both are in the position continuously to drive myogenic
differentiation in the myotome.

Expression of Mrf genes

Myf5

Myf5 has been portrayed as the earliest Mrf gene to be
expressed. However, even though embryos at HH7-8 have
one to four somites, Myf5 expression was not detectable
(Fig. 1G). We first found a somewhat diffuse signal in con-
densing and newly formed somites at HH10, with somite 4/5
to somite 10 showing expression in their medial wall
(Fig. 2G). This is the territory from which the cells building
the primary myotome arise (Kahane et al. 1998b). At HH14
(Fig. 3G) and 16 (Fig. 4G), a similar pattern was observed.
From somite 9 onwards, Myf5 expression began to spread
laterally, in tune with the establishment of this myotomal

scaffold. In mature somites at HH19-20 (Figs 5G,Gi and 8A,
Ai), Myf5 labelled the sub-lip domain of both the dorsome-
dial as well as the ventrolateral lip, in tune with myogenic
cell production from both lips (Denetclaw et al. 1997,
Kahane et al. 1998a, 2007; Denetclaw & Ordahl, 2000).
Moreover, prominent expression was seen throughout the
myotome. However, the immediate sub-lip domains of the
rostral and caudal lips that are also contributing to the myo-
tome (Kahane et al. 1998a), did not express Myf5 (Fig. 8A,
Aii). Nevertheless, at a short distance from these lips, individ-
ual Myf5-positive cells were found (Fig. 8A, arrows), sug-
gesting that after the entry into the myotome, cells derived
from the rostrocaudal lips quickly activated Myf5.

MyoD

MyoD expression was not detected at stages HH4-10 of
development (Figs 1H and 2H, and not shown). At HH14,
the gene labelled the dorsomedial territory of somites 4/5
and older, as seen for Myf5 (Fig. 3H); at H16, this expression
was already seen in somites 1/2 (Fig. 4H). Expression
expanded laterally as seen for Myf5, but lagging behind by
one to two somites. At HH19-20, expression in mature
somites was nearly indistinguishable from that of Myf5
(Fig. 5H,Hi). However, the immediate dorsomedial and ven-
trolateral sub-lip domains were not stained, and expression
appeared more punctuate than that of Myf5, suggesting
that not all cells expressed MyoD.

MyoG

MyoG expression was first detected at HH13-14, i.e. in ani-
mals with a total count of 19-22 somites, commencing in
somite 9/10 (Fig. 31). As for Myf5 and MyoD, expression
spread laterally in older somites. Notably, at HH16, expres-
sion was already visible from somite 6/7 onwards (Fig. 4l),
and at HH19-20, already the 5th youngest somite expressed
the gene (Fig. 6B), suggesting that the progress of somite
maturation speeds up as development progresses. In
mature somites at HH19-20, MyoG was expressed through-
out the myotome similar to MyoD (Fig. 51,1i); as for MyoD,
not all cells appeared MyoG-positive.

Mrf4

Mrf4 expression commenced in somites 9/10 at HH13-14,
about concomitant with the expression of MyoG (Fig. 3J).
At HH16, the first signal was seen in somites 8/9 (Fig. 4J)
and at HH19-20, in somites 6-7 (not shown). Compared with
the other Mrf genes, Mrf4 expression levels were low. In
mature somites, Mrf4 expression was seen in the myotome;
the sub-lip domains of the dermomytome were not stained

Fig. 3 Marker gene expression at HH14. Dorsal views of the caudal region of HH14 chicken embryos, rostral to the top. Similar to earlier stages,
Tbx6 expression and the expression of pre-myogenic genes and of Myf5 overlaps in the rostral segmental plate and youngest somite. More mature
somites sequentially express MyoD, Mef2c, Mef2d, Cdh4, MyoG, Mrf4, Tnnil, Desmin and the Myosins (exception: Myh7; not yet expressed).
Abbreviations see Figs 1,2 and: im, intermediate mesoderm; Im, lateral mesoderm; tb, tail bud; the position of the youngest somite is indicated

(s1).
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(Fig. 5J,Ji). Expression was concentrated in the middle of
the myotome, with the staining in the epaxial domain
being stronger than in the hypaxial domain. Expression
appeared even more punctuate than that of MyoD or
MyoG, indicating that only a fraction of cells in the myo-
tome expressed the gene.

Expression of Mef2 genes

Vertebrates have retained the four Mef2 genes that were
generated during their two rounds of genome duplication
(Wu et al. 2011). Of these, Mef2a and Mef2c are thought to
have arisen from one of the ancestral genes generated in
the first duplication event, and the genes have remained
rather similar. Mef2b and Mef2d are thought to stem from
the other ancestral gene; however, Mef2b has evolved fas-
ter and is now rather divergent. The genes are displayed
according to their similarity to Mef2a.

Mef2a

Mef2a was already expressed at HH4-5 in the primitive
streak, albeit weakly (not shown). At stages HH7-8 and
onwards, a low-level widespread staining was seen, with
the strongest expression in the precursors of the primitive
heart (Figs 1K and 2K; ht). The early heart, blood island and
the notochord were prominent expression domains at
HH14 (Fig. 3K and not shown) and from this stage onwards,
the somites also showed Mef2a expression (Figs 3K and 4K).
In mature somites at HH16 (Fig. 4K) and HH19-20 (Figs 5K,
Ki), elevated expression was found in the myotome, in a
pattern similar to that of MyoG and Mrf4.

Mef2c

Mef2c was co-expressed with Mef2a in the cardiac precur-
sors of HH7-8 embryos and the primitive heart of HH10
embryos (Figs 1L and 2L; ht). At these stages, a diffuse,
weak staining was also seen in the somites. At HH14, robust
somitic expression was seen from somites 5/6 onwards,
labelling the dorsomedial territory as seen for MyoD
(Fig. 3L). At HH16, somites 3/4 were already Mef2c-positive
(Fig. 4L), with expression spreading laterally as seen for Mrf
genes. In mature somites at HH19-20, robust expression was
seen in the myotome, with elevated expression in the myo-
tomal centre (Fig. 5L,Li). Notably, Mef2c expression at that
stage also strongly labelled domain beneath the rostral and
caudal lips of the dermomytome (Fig. 8B,Bii, arrowheads).

Mef2d

Mef2d had low overall expression levels, and expression
was just about detectable in cardiac precursors at HH7-8
and the primitive heart at HH10 (Figs 1M and 2M). At
HH14, expression in the medial aspect of the somite was
detectable from somite 6-8 onwards, and a similar range
was displayed at HH16 (Figs 3M and 4M). At HH19-20, sig-
nals were found from somites 3/4 onwards. In the mature

somites of the flank, expression was confined to the myo-
tome.

Mef2b

Mef2b showed widespread expression in all germ layers, at
HH7-8 most strongly labelling the primitive streak, the
neural plate, the cardiac precursors and the somites
(Fig. 1N). At HH10, the expression was similar; however, the
somitic signal appeared weaker than that for the neural
tube and primitive streak (Fig. 2N). Widespread expression
was also seen at HH14, 16 and 19-20 (Figs 3N, 4N and 5N).
Cross sections showed that the myotome expressed the
gene similar to other Mefs, but the sclerotome was also pos-
itive (Fig. 5Ni).

Expression of Cadherin 4 (R-Cadherin, Cdh4)

Cdh4 has been shown to be expressed in the developing
myotome, and its ability to support cell adhesion in
epithelia suggests a role in myogenic cell alignment and
cohesion (Inuzuka et al. 1991; Rosenberg et al. 1997). We
found the first Cdh4 expression in the developing noto-
chord at HH7-8 and 9-10 (Figs 10 and 20). At HH14
(Fig. 30), the gene showed a complex expression pattern,
encompassing the notochord and the intermediate meso-
derm-derived nephric duct. Weak expression was seen in
the condensing somite and the first one to three newly
formed somites. More robust expression, however, was
found in the medial territory of somites 7-9. In further
rostral somites, the signal spread laterally, concomitant
with the developing myotome as seen for Mrf genes.
Notably, nine to 10 somites rostral to the somite express-
ing the gene first, a new expression domain emerged in
the lateral lip and sub-lip domain of the dermomyotome.
At HH16 (Fig. 40) and HH19-20 (Fig. 50 and not shown),
a similar pattern was observed. Cross sections of HH19-20
flank somites confirmed Cdh4 expression in the myotome
and throughout the ventrolateral dermomyotomal lip
(Fig. 50i).

Expression of muscle structural genes

Desmin, Tnni1 (Troponin | 1), Myh15 (Myosin Heavy Chain
15 or ventricular Myosin Heavy Chain) and Myh7 (Myosin
Heavy Chain, slow/cardiac or atrial Myosin Heavy Chain) are
components of the functional sarcomere and have been
reported to be expressed in the early embryo (http:/
geisha.arizona.edu). We therefore included these markers
in our analysis. To monitor the availability of Myosins inde-
pendent of individual contributing genes, we used the pan-
sarcomeric Myosin MF20 antibody. To evaluate the levels of
protein production, we performed whole mount antibody
stainings on HH21 embryos with antibodies known (Des-
min) or predicted (Tnni1, Myh17, Myh7) to recognise the
avian proteins.

© 2015 The Authors. Journal of Anatomy published by John Wiley & Sons Ltd on behalf of Anatomical Society.
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Fig. 4 Marker gene expression at HH16. Dorsal views of the caudal region of HH16 chicken embryos, rostral to the top. Expression patterns are
similar to those at HH14; however, expression of MyoD, MyoG, Mrf4, Mef2c, Mef2d and the muscle structural genes begins earlier. Myh7 is now
also expressed; elevated expression in the myotome of somite 10 is visible for Mef2a. Abbreviations and annotations as in Figs 1-3.
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Fig. 5 Marker gene expression in the flank of embryos at HH19-20. (A) Schematic representation of the images displayed in B-T (lateral view of
flank somites on the right of the embryo, rostral to the top, lateral to the right) and Bi-Ti [cross section to flank somites, dorsal to the top, lateral
to the right; section (Si) is from the forelimb- flank boundary as indicated in S]. Markers are indicated as before. Paraxis, Pax3 and Pax7 show dis-
tinct areas of elevated expression in the dermomyotome (B, Bi-D, Di; arrowheads). Their expression overlaps in dorsomedial and ventrolateral lips
with that of Six7, Eyal and Myf5; in the ventrolateral lip, expression overlaps also with that of Cdh4. The Mrf genes, the Mef2 genes and the
genes encoding cell adhesion and muscle structural proteins show overlapping expression in the myotome, with the late commencing markers still
being confined to the more medial territories. Abbreviations (see also Figs 1-3): da, dorsal aorta; dm, dermomyotome; dml, dorsomedial lip of der-

momyotome; ect, surface ectoderm; fl, fore limb; hl, hind limb; m, myotome; scl, sclerotome; vll, ventrolateral lip of dermomyotome.

Thx6

MyoG

tb

s1—

Tnni1 sarc. Myosin

thii./ tb

s1—

Fig. 6 Expression of selected markers at the caudal end of HH19-20 embryos. Dorsolateral views of the caudal end of HH19-20 embryos; the
position of the tail bud (tb) is indicated. Marker genes are indicated above the individual images as before. Similar to earlier stages, Thx6 expres-
sion still continues in the recently formed somites. However, the onset of MyoG, Thni1 and sarcomeric Myosin expression occurs significantly ear-

lier, i.e. closer to the tail bud. Annotations as before.

Desmin

Desmin mRNA was first detected at HH13-14, labelling
somites 10-12 and older (Fig. 3P). At HH16, a similar expres-
sion was found (Fig. 4P). At HH19-20, expression was
detected already in somites 7/8 (not shown). Expression was
confined to the centre of the myotome which contains the
myonuclei (Fig. 5P, Pi). Overall, somitic Desmin transcription
was low; signals in the heart were more prominent. Nota-
bly, Desmin protein was more readily detectable (Fig. 7H),
suggesting that the production rate or half-life of the
protein is higher than that of the mRNA. In contrast to the
transcript, the protein was evenly distributed along the
myotube, suggesting an active distribution mechanism.

Tnnit

Tnni1T mRNA was expressed weakly in the rostral primitive
streak and the lateral mesoderm at HH4-5 (not shown).
Throughout the stages analysed here, cardiac precursors
and heart were the most prominent expression domains
(see Figs 1Q and 2Q; ht). At HH14, somites 9/10 expressed
the gene (Fig. 3Q), at HH16 expression started already in
somites 5/6 (Fig. 4Q) and at HH19-20 in somites 4/5
(Fig. 6C). Throughout, expression was confined to the
myotome (Fig. 5Q,Qi). Tnni1 transcripts were readily
detectable, as was the Tnni1 protein (Fig. 7I).

Myh15

Myh15 expression was visible from HH7-8 onwards, label-
ling the cardiac precursors and subsequently the heart
(Figs 1R and 2R; ht; Bisaha & Bader, 1991). Myogenic
expression was first detected at HH14 in somites 20/21,
i.e. the oldest two somites (Fig. 3R). At HH16 expression
was seen earlier, namely in somites 14/15, at this stage
starting in the myotomal centre (Figs 4R and 7A). At
HH19/20, expression appeared as early as somites 11/12.
Expression was confined to the developing myotubes,
with the strongest expression at their rostral and caudal
extremities (Figs 5R,Ri and 7B-D, arrows). In comparison
with the mRNA, protein detection was less robust. How-
ever, at HH21, the protein was also enriched along the
rostral and caudal edges of the myotome (Fig. 7J).

Myh7

As reported by Oana et al. (1998) Myh7 expression levels
were low, lower than those of Myh15. At HH7-8 the gene
was expressed in cardiac precursors, and from HH9/10
onwards, expression was found in the atrium of the heart
(Figs 1-4S; ht). At HH16, somites 19/20 expressed the gene
(Fig. 4S), and at HH19-20, expression was visible from somites
11-13 onwards (Fig. 5S). Expression was confined to the
developing myotubes, most strongly labelling their centre

© 2015 The Authors. Journal of Anatomy published by John Wiley & Sons Ltd on behalf of Anatomical Society.
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Fig. 7 Comparison of Myh15 and Myh?7 expression at HH16, 20 and 21. (A-D) Myh15 mRNA expression in the somites of the HH16 neck (A) and the
HH20 neck (B), fore limb-flank border (C) and the flank (D). (E-G) Myh7 mRNA expression in the HH20 neck (E), at fore limb levels (F) and in the flank
(G). Anterior is to the top in all, dorsal to the left. Arrowheads mark the same somites in (C,D) and (F,G), respectively. Note that at HH16, Myh15
expression is strongest in the centre of the developing myotubes; at HH20, expression is strongest at the rostro-caudal ends (arrows), whereas Myh7
labels the centres of the myotubes (arrows). (H-L) Flattened confocal z-stacks of HH21 flank somites, stained with antibodies detecting the proteins
indicated on the top of the panel. Lateral views, dorsal to the top, anterior to the right. Note that Myh15 protein accumulated more strongly along the
rostro-caudal edges of the myotome, whereas Myh7 protein is more concentrated in the centre (arrowheads). Annotations as before.

(Fig. 7E-G, arrow). Myh7 protein was difficult to detect, but skeletal muscle terminal differentiation independent of the
also appeared enriched in the myotomal centre (Fig. 7K). individual contributing Myosin gene (Bader et al. 1982). Ini-
tially, the antibody only detected the developing heart
(Fig. 2T, ht). At HH14, somites 16/17 and older were stained
(Fig. 3T), at HH16 staining was already found in somites 14—
The MF20 antibody recognises the rod-like tail of all sar- 16 (Fig. 4T) and at HH19/20 in somites 8-9 (Fig. 6D). Expres-
comeric Myosins and therefore is a readout for cardiac and sion was confined to myotubes (Figs 5T,Ti and 7L).

Pan-sarcomeric Myosin detection
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Pitx3

Follistatin

Fig. 8 Comparison of markers labelling myogenic cells from the dorsomedial-ventrolateral and rostrocaudal lips of the dermomyotome. (A-D) Lat-
eral views of flank somites on the right of the embryo, rostral to the right, dorsal to the top. (Ai-Di) Cross sections of these somites; (Ai, Bi) lead-
ing through the centre; (Ci,Di) sectioned along the caudal edge of the somite as indicated by the vertical lines. (Aii-Dii) Frontal sections, medial to
the top, rostral to the right. Individual cells along the rostrocaudal sub-lip domain of the myotome express Myf5 (A, arrows). In contrast, robust
and widespread expression in this domain is found for Mef2c, Follistatin and Pitx3 (B-D, Bii-Dii; arrowheads).

Comparative analysis of Myf5, Mef2c, Follistatin and
Pitx3 along the four dermomyotomal lips

Myf5 and pre-myogenic genes shown here displayed over-
lapping expression first in the dorsomedial and then in the
ventrolateral lip of the dermomytome. Expression of MyoD,
MyoG, the Mef2 genes and Cdh4 expression overlapped
with that of Myf5 in the dorsomedial and ventrolateral sub-
lip domains. In contrast, Mef2c eventually also displayed
expression along the rostrocaudal dermomyotomal lips
(compare Fig. 8A,Ai,Aii,B,Bi,Bii). We screened our embryo
collection for additional markers labelling this territory. We
found that the gene encoding the transforming growth
factor beta (TGFb) inhibitor Follistatin was expressed in con-
densing and newly formed somites from HH6 onwards
(Bothe et al. 2011). Expression continued in the dermomy-

otome, with upregulated expression along all four der-
momyotomal lips (not shown). In mature somites of the
HH19/20 flank, expression was visible in these lips as well as
in the myotome (Fig. 8C,Ci,Cii). Pitx3 expression initially
labelled the lens of the eye. At HH16 (not shown) and 19/20
(Fig. 8D,Di,Dii) expression was found in the mature somitic
myotomes. Notably, expression was strongest along the
rostrocaudal edges of the myotome, with the most promi-
nent expression found in the lateral aspect of the caudal
sub-lip domain.

Concluding remarks

The aim of this study was to provide, in the avian model for
somitic myogenesis, a side-by-side analysis of the key mark-
ers associated with the progression from an immature state
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Table 1 Maturation age of the paraxial mesoderm expressing a gene at selected stages of development

Stage HH4/5 HH8 HH10 HH14 HH16 HH19/20 Comments
Key feature Fully extended 4 somites 10 somites 22 somites 26-28 somites 37-43 somites
primitive streak —
streak beginning
to retract, head
process visible
Gene
Tbx6; n=2; ps/ n=3; ps, n=75; ps, sp, n=75; tb, n =5; tb, sp, sO-s1 n = 3; tb-s1/2
expression emerging sp, sO s0-s2/3 sp, sO
encompasses mesoderm
Onset
Paraxis n = 3; condensing n = 2; rostral n = 10; rostral n = 3; rostral n = 4; rostral sp, sO  n = 10; sp-s0
somite sp, sO sp, sO sp, sO
Pax3 n = 4; ps, epiblast n = 4; s0 n=2;s0 n =5;s0 n = 5; rostral sp, sO  n = 10; sp-s0 Prominent expression
in the neural tube
and in neural
crest cells
Pax7 n =4; ps n = 4; s0 n=75;s0 n =4;s0 n = 4; rostral sp, sO  n =29; sp-sO Prominent expression
in the neural tube
and in neural
crest cells
Six1 n =2; head n=2;s0 n=17;s0 n=2;s0 n =5; rostral sp, sO  n = 10; rostral  Expression in the
mesoderm sp, sO HH5-10 head
mesoderm
Eyal n=2; ps n=1;s0 n = 3;s0 n=2;s0 n = 1; rostral sp, sO n = 6; sp, sO
Myf5 n=3;- n=4; - n=17;s0-s1 n=17;s0-s1 n = 8; s0-s1 n=11; s0-1
MyoD n=3;- n=3;- n=4 - n = 8; s4/5 n=6;s1/2 n=17;s1/2
MyoG n=1;- n=1,- n=1;- = 4; s9/10 n = 4; s6/7 n=4;s5
Mrf4 n=2;- n=3;- n=2- n=9;s9/10 n=7;s8/9 n=7;s6-8 Low overall expression
levels
Mef2a n=75; ps n=2 - n=1,;- n=7s1 n =8;s1; n=1;sl1 Low overall expression
myotome s10 levels; HH7-16:
widespread expression,
strongest: cardiac
precursors; HH16
onwards: upregulated
in the mature myotome
Mef2c n=1;- n = 8; weak n = 8; weak n=75;s5-7 n =4;s3/4 n=3;s3 HH7-14: strongest signal
signal signal in s1-3 in cardiac precursors
in somites
Mef2d n=1,- n=1;- n=1,- n=2;s6-8 n=2;s7-9 n = 2; s4/5 Low overall expression
levels, strongest:
cardiac precursors
Mef2b n=1,- n=1;sl n=1;s1 n=3;s1 n=1;s1 n=1;sl1 HH7-14: widespread
expression, strongest
in ps and somites
Cdh4 n=1;- n=2 - n=5; - n=6;s7-9 n = 2;s0,s1; =10; s3/4 HH7-10: notochord;
then from from HH13/14 onwards:
s7/8 onwards intermediate mesoderm;
low overall expression
levels
Desmin n=1;- n=1,- n=1;- n=2;510-12 n=2;511-13 n=6;s7/8 Weak signal; HH13/14
onwards: prominent
expression in heart; low
overall expression levels
Tnnit n=1,- n=2 - n=1;- n=1;s9/10 n = 2; s5/6 n = 6; s4/5 HH7-10 onwards: cardiac
precursors; heart
Myh15 n=1,- n=2; - n=3; - n = 3; s20/21 n = 3;s14/15 =2;s11/12 HH7-10 onwards: cardiac
precursors; heart
Myh7 n=1,; - n=2 - n=3; - n=23; - n = 3;s19/20 n=2;s11-13 Low overall expression
levels; HH7-10: precursors
of cardiac inflow tract;
HH13/14 onwards: heart
Sarcomeric n=3;- n=1;- n=3;- n=2;s16/17 n=4;s14-16 n=4;s8-9 HH9/10 onwards: heart
myosins
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of the paraxial mesoderm to myogenic commitment and,
eventually, to myogenic differentiation. Our study also pro-
vided novel insight into the process of skeletal muscle for-
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and epithelial somites form, Tbx6 signals fade away and
expression of the pre-myogenic genes (Paraxis, Pax3,
Pax7, Six1, Eyal) begins. Notably, all pre-myogenic genes

mation. first label the entire developing somite before expression
becomes confined to the dermomyotome; for Six7 and
Eyal, expression eventually becomes further restricted to
the dorsomedial and ventrolateral lips of the dermo-
myotome but continues when cells enter the myotome.

Thus, in contrast to anamniotes (Hinits et al. 2009; Della

All cells in the somite have a history of pre-
myogenic gene expression

Our study shows that the immature paraxial mesoderm

invariably expresses Tbx6. When the tissue condenses Gaspera et al. 2012), myogenic cells in the chicken
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Fig. 9 Summary. Progression of marker gene expression from HH10-HH19/20, focusing on the onset of the most strongly expressed genes, as
their onset can be determined most precisely. At all times, the expression of Tbx6, of pre-myogenic genes and of Myf5 overlaps. As development
proceeds, the onset of markers associated with myogenic progression and terminal differentiation occurs earlier, indicating that the process accel-
erates in comparison with the progress of somite formation.
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somite have a history of pre-myogenic marker gene
expression.

Myf5 is the first gene to
commitment

indicate myogenic

Mrf genes are thought to drive cells into myogenesis, with
Myf5 and MyoD playing similar roles in the still mitosis-com-
petent myoblast (reviewed in Aziz et al. 2010; Fong & Tap-
scott, 2013). We found, however, that Myf5 was always the
first Mrf to be expressed, showing a diffuse expression in the
epithelialising somite, and then a robust expression in the
medial wall of a newly formed somite, the dorsomedial lip
of the dermomyotome and the expanding myotome; later,
this expression was mirrored in the ventrolateral aspect of
the somite. MyoD was activated after Myf5, and expression
was found in the dorsomedial and ventrolateral sub-lip
domains of the dermomyotome, and not in the dermomy-
otomal lips themselves. This suggests that Myf5 is a marker
for myogenic commitment, whereas MyoD indicates cells
ready to enter differentiation. Significantly, no sign of myo-
genic differentiation was ever seen at the start of Myf5
expression. Thus, Myf5 may not be as capable to drive myo-
genesis in vivo as in vitro. Alternatively, the continued
expression of genes associated with an immature state such
as Tbx6 may be a contributing factor. Furthermore, it was
shown that in quiescent satellite cells, the Myf5 mRNA is held
together with miR31 in mRNP granules, preventing Myf5
translation (Crist et al. 2012), and this mechanisms may also
operate in the embryo. Interestingly, an expression profile
similar to that of Myf5 has recently been shown for avian
Rgm genes (Jorge et al. 2012), and it will be interesting to
learn about the functional relationship of these genes.

In contrast to the mouse, Mrf4 (Myf6) is the last Mrf
to be expressed

During all stages investigated here, Myf5 expression was
always followed by that of MyoD, which was followed by
the expression of MyoG and Mrf4; an early onset of Mrf4
expression as shown in the mouse (Summerbell et al. 2002)
has not been observed. It is not clear whether the murine
expression patterns are typical for all mammals but the
avian sequence of Mrf expression is akin to that shown for
Xenopus and zebrafish, suggesting that this is the basic con-
figuration for jawed vertebrates. MyoG is known to pro-
mote cell cycle exit and terminal differentiation (reviewed
in Aziz et al. 2010; Fong & Tapscott, 2013), yet MyoD, MyoG
and Mrf were eventually all co-expressed in the dorsome-
dial and ventrolateral sub-lip domains of the myotome. This
suggests that cells entering the myotome via these lips
withdraw from cell cycle and begin their differentiation
within this compartment before being displaced to a posi-
tion away from the lips by the next cells entering from the
dermomyotome.

Mef2c is the likely partner for Mrf proteins in
myogenesis

Mrf genes are key regulators of myogenic commitment
and differentiation. Yet they need to interact with Six
and Mef2 proteins to be able to activate target gene
transcription (reviewed in Aziz et al. 2010; Fong & Tap-
scott, 2013). Our analysis suggests that Six and Eya gene
products are available to Mrf all the time, as the genes
were expressed in epithelialising somites, the early der-
momyotome, and then the dorsomedial and ventrolateral
dermomyotomal lips as well as the myotome. Of the
Mef2 genes, however, only Mef2c showed robust expres-
sion in the developing somites, suggesting that Mef2c is
the most likely Mrf partner. Mef2c expression followed
that of MyoD, and this may contribute to the fact that
terminal differentiation does not occur prior to the onset
of MyoD expression.

Differentiation catches up with somitogenesis

At a given state, the precise onset of marker gene expres-
sion varied slightly, possibly because embryos were in a dif-
ferent phase of segmentation and epithelial somite
formation. Moreover, for weakly expressed genes, the dura-
tion of the staining reaction (up to 2 weeks) led to some-
what divergent results. However, the sequence of marker
gene expression was similar at all stages investigated
(shown for the robustly expressed genes in Fig. 9). At early
stages of development, markers indicating entry into
differentiation were not yet expressed (HH10) or were
expressed a distance to the segmental plate (HH14), but
this distance decreased as development proceeded (HH16,
HH19/20), indicating that the process of differentiation
catches up with the process of somitogenesis, and may
contribute to the eventual consumption of immature cells
in the tail bud of the embryo. It has been suggested that
the decline of Wnt and Fgf signalling in the tail bud, com-
bined with the expression of Raldh2 that leads to elevated
retinoic acid levels, controls the cessation of somite forma-
tion and body elongation (Tenin et al. 2010; Rashid et al.
2014). However, these changes occur after the time period
considered here, indicating that additional molecular play-
ers contribute to the acceleration of somite differentiation.

Distinct combinations of marker genes label cells
from the dorsomedial, ventrolateral and rostrocaudal
dermomyotomal lips

Myf5 expression was tightly associated with cells in the dor-
somedial and ventrolateral lips of the dermomyotome and
the associated sub-lip domains, which account for the incre-
mental growth of the myotome (Kahane et al. 1998a, 2007;
Denetclaw & Ordahl, 2000; Pu et al. 2013). However, the
rostrocaudal lips are a further, important source of myo-
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genic cells and are thought to drive the expansion of the
myotomal centre (Kahane et al. 1998a). Although Mef2c
and Follistatin expression labelled cells emerging from all
dermomyotomal lips, this was not the case for Mrf. More-
over, the rostrocaudal lips but not the dorsomedial and
ventrolateral lips expressed Pitx3, suggesting that distinct
cascades control myogenesis from the four lips. However,
Myf5 was expressed in cells at a short distance from the
rostrocaudal lips, suggesting that, eventually, all cells
express Mrf and programs converge.

Gene products are differentially distributed along
the rostrocaudal length of the myotube

The contractile protein complexes of skeletal muscle (my-
ofibrils) are built from repetitive protein units, the sarcom-
eres, and sarcomeres have a stereotype arrangement of
proteins (Alberts et al. 1983). It is therefore interesting to
note that the gene products of the Myh15 and Myh7 genes,
while initially mainly labelling the myotomal centre,
became differentially distributed as the myotomes matured,
with Myh15 mRNA and protein being enriched at the
rostrocaudal extremes and Myh7 gene products in the cen-
tre. Given that Myh7 expression lags behind that of Myh15,
it is possible that Myh7 gene products may eventually
become similarly redistributed as the products of Myh15.
However, it is also possible that the contractile properties
along the length of a myotube are different. Reports on
Fgf signalling molecules showed that many are specifically
expressed in the myotomal centre and control the release
of the embryonic muscle stem cells from the overlying der-
momyotome (Karabagli et al. 2002; Delfini et al. 2009). It
will be interesting to explore in the future whether and
how both processes are linked.
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