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Summary

Myogenic regulatory factors of the myod family (MRFs) are transcription factors essential for
mammalian skeletal myogenesis. Here we show that a mutation in the zebrafish myod gene delays
and reduces early somitic and pectoral fin myogenesis, reduces miR-206 expression, and leads to a
persistent reduction in somite size until at least the independent feeding stage. A mutation in
myog, encoding a second MRF, has little obvious phenotype at early stages, but exacerbates the
loss of somitic muscle caused by lack of Myod. Mutation of both myodand myf5 ablates all
skeletal muscle. Haploinsufficiency of myod leads to reduced embryonic somite muscle bulk.
Lack of Myod causes a severe reduction in cranial musculature, ablating most muscles including
the protractor pectoralis, a putative cucullaris homologue. This phenotype is accompanied by a
severe dysmorphology of the cartilaginous skeleton and failure of maturation of several cranial
bones, including the opercle. As myod expression is restricted to myogenic cells, the data show
that myogenesis is essential for proper skeletogenesis in the head.
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Introduction

As its name implies, skeletal muscle develops and functions in intimate contact with the
skeleton. It is clear that cartilage and bone can develop in the absence of skeletal muscle
(Chevallier, 1979; Christ et al., 1977; Kardon, 1998). However, abundant evidence from
sports science and exercise physiology shows that there is mutual dependency of muscular
and skeletal maintenance and growth (Robling, 2009). Indeed, skeletal defects have been
observed early in development of mice genetically modified to lack skeletal muscle. For
example, mice lacking the key myogenic regulatory transcription factors (MRFs) not only
lack certain early muscle fibres but also show skeletal defects (Hasty et al., 1993; Rawls et
al., 1998; Rudnicki et al., 1992; Valdez et al., 2000; Venuti et al., 1995; Zhang et al., 1995).
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As these MRF genes are expressed only in the skeletal muscle lineage, it has been suggested
that skeletal defects arise due to altered signalling between early muscle cells and skeletal
precursors (Vinagre et al., 2010; Vivian et al., 2000). Additionally, alteration of expression
of adjacent genes caused by the genomic manipulations may have a role, as new knockout
alleles have less severe skeletal consequences (Kassar-Duchossoy et al., 2004; Kaul et al.,
2000). To compare musculoskeletal developmental interactions and the roles of individual
MRFs across the vertebrates, we turned to the zebrafish, in which point mutations and/or
antisense morpholinos minimize genetic complications.

Like mice, zebrafish have four MRF family members: Myod, Myf5, Myogenin and Mrf4/
Myf6. Previously, we analysed my#5and myf6 mutants and found rather mild defects, less
pronounced at early stages than those in mice lacking these MRFs individually (Hinits et al.,
2009; Kassar-Duchossoy et al., 2004; Kaul et al., 2000; Zhang et al., 1995). Mice lacking
Myod also have a surprisingly mild phenotype (Rudnicki et al., 1992). In contrast, we
observed severe defects in somitic and cranial myogenesis in /myod morphant embryos
(Hinits et al., 2009). These differences raise the possibility that the functions of myf5and
myod have diverged during vertebrate evolution. On the other hand, the phenotype of double
myf5;myodoss of function appears quite similar in mice and fish; most, but not all, early
myogenesis is ablated (Hinits et al., 2009; Kassar-Duchossoy et al., 2004). Thus, the extent
of divergence in role of MRF genes is unclear.

Here we report analysis of myodand myog mutant alleles that reveal that zebrafish Myod is
essential for viability. Myod is required for most early cranial myogenesis and some early
pectoral fin and somitic myogenesis. Mutants lack the ability to feed and die during the post-
hatch larval period. Myotome size is reduced in myod mutants, prior to independent feeding.
There is also a transient reduction in somite bulk in /my0d heterozygotes. Unlike mice,
myf5;myod double mutant zebrafish lack all myogenesis at least until 5 days post
fertilization (dpf). Most strikingly, the lack of cranial muscle in myod mutants leads to a
severe deformation and failure of maturation of cranial skeletogenesis. The data indicate that
early myogenesis is essential for normal head patterning.

Materials and methods

Zebrafish lines and maintenance

Wild type and transgenic lines 7g(actal:GFP)zf13 (Higashijima et al., 1997),
T9(-2.2mylz2:GFP)i135 (Moore et al., 2007), Tg(Bactin.HRAS-EGFP)vu119(Cooper etal.,
2005), myf5"2022 (Hinits et al., 2009) were maintained on King’s wild type background and
staging and husbandry were as described (Westerfield, 1995). Myod™261 and myog™265
mutant alleles were identified by TILLING (Draper et al., 2004) and were maintained on the
*AB background and genotyped by sequencing of PCR products amplified from fin clip or
embryo genomic DNA using primers 5’ GGACCCCAGGCTTGTTC3’ and
5'GTTGGATCTCGGACTGGA3’ for myod, 5’ AACCGGGCCATTGTCTCCA3’ and
5'CTCCATCGGCAGGCTGTAGTAGTAGTT3’ for myf5and

5’ TGACAGCTTTACCATCGCGCTTGA3’ and

5 GTCAGTTCACTCAACCAGCAGGAGCATGAC3’ for myog (the last contains a single
base mutation for the dCAPS method, http://labs.fhcre.org/moens/Tilling_Mutants/
index.html).

In situ mMRNA hybridisation, immunohistochemistry and histology

In situ mMRNA hybridisation and immunohistochemistry were performed as described (Hinits
and Hughes, 2007). Fluorescein- or digoxigenin-tagged probes used were myog (Weinberg
etal., 1996), engZa (Ekker et al., 1992), my/z2and myhz1 (Xu et al., 2000), smyhcl

Dev Biol. Author manuscript; available in PMC 2012 May 27.


http://labs.fhcrc.org/moens/Tilling_Mutants/index.html
http://labs.fhcrc.org/moens/Tilling_Mutants/index.html

syduasnue|A Joyiny siapun4 JIAd adoin3 ¢

syduosnuelA Joyiny sispun4 DA @doing ¢

Hinits et al.

Page 3

(Bryson-Richardson et al., 2005), actin (actalb, IMAGE 7284336), d/x2a (Akimenko et al.,
1994), kIf2b (Oates et al., 2001). Dual-digoxigenin-labelled miR-206 specific LNA probes
were obtained from Exiqgon and hybridised and washed at 50 °C as described in (Sweetman
et al., 2008). Antibodies were against Myod and Pax3/7 (Hammond et al., 2007), Myog
(Hinits et al., 2009), striated muscle myosin heavy chain (MyHC; A4.1025 (Blagden et al.,
1997) or MF20 (DHSB)), slow MyHC (F59; Devoto et al., 1996) and Smooth muscle
Myosin (Myh11, Biomedical Technologies). Stains with alcian blue for cartilage and
alizarin red for ossified bone was as described (Walker and Kimmel, 2007), followed by
dissection to separate upper and lower head skeleton. 4,5-Diaminofluorescein diacetate
(DAF-2DA, Santa Cruz) staining of bone was as described (Grimes et al., 2006).

Embryo manipulation

Myod MO (Gene-Tools, 5'-ATATCCGACAACTCCATCTTTTTTG-3") was injected into
1-2 cell stage embryos at 4 ng/embryo. Cyclopamine (100 uM in fish medium) or vehicle
control was added at 50% epiboly to embryos whose chorions had been punctured with a 30
G hypodermic needle.

Muscle size analysis

Results

To(Bactin:HRAS-EGFP)vu119fish were bred onto myod™26 and live 0.2 mM 1-phenyl-2-
thiourea-treated embryos hemizygous for Bactin:GFP were embedded in 1.5% low melting
point agarose in fish water containing MS222, and imaged by confocal microscopy on a
Zeiss Exciter using a 20x1.0 W dipping objective on successive days. Fish were released
from the agarose each day. A single lateral image and three equi-spaced transverse images
within somite 17 were collected from each embryo at each stage. The somite was outlined in
Zen software and an average transverse area calculated. This area was multiplied by the
somite length, measured at the horizontal myoseptum, to yield an estimate of somite volume
for each fish at each stage. After analysis, individual embryos were genotyped by
sequencing of genomic PCR. Data are presented as mean * s.e.m. with the number of
embryos at each developmental stage indicated. Somite volume of fixed MF20-stained 72
hpf embryos was calculated similarly, and genotyped as mutants or sibs according to head
muscle immunostaining. Data was analysed by two way ANOVA showing significant effect
of both age and genotype using Graphpad Prism 4.0. Adult (15 month) fish from a single
tank were anaesthetised, weighed and length measured, then tail-clipped for genotyping by
sequencing of genomic PCR.

Myod mutation delays slow and reduces fast myogenesis

TILLING (Draper et al., 2004) was used to isolate a zebrafish mutant in myod with a stop
codon at residue 126 early in the second helix, thereby generating a predicted null mutation
(Fig. 1A; (Davis et al., 1990; Ma et al., 1994)). One quarter of embryos from a carrier in-
cross of myod™261/* |acked Myod immunoreactivity. DNA sequencing of individual stained
embryos confirmed that those lacking Myod were mutants and that heterozygotes had less
staining than wild types (Fig. 1B; quantification of all experiments is presented in Table S1).
Myod mRNA was reduced in heterozygotes and greatly diminished in mutants at 10 somite
stage (10s), suggesting nonsense-mediated decay of the mutant mRNA (Fig. 1C). Consistent
with the result of morpholino (MO) knockdown of Myod, slow myogenesis was delayed in
mutants (Fig. 1B)(Hinits et al., 2009). In adaxial precursors of superficial slow fibres, myog
mMRNA and other muscle differentiation markers examined were expressed, although
delayed (Fig. 1D). However, engZa, a marker of the specialised muscle pioneer cells, was
diminished (Fig. 1E). Thus, this mutant confirms that Myod contributes to, but is not
essential for, early slow myogenesis (Hinits et al., 2009).
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Loss of Myod caused more dramatic defects in fast myogenesis in the somite. Early myog
and later my/z2and myhz1 myosin mRNASs were diminished in fast muscle (Fig. 1D,F).
Conversely, Pax3/7, a marker of dermomyotome was up-regulated in the lateral somite at 24
hpf, with more Pax3/7-immunoreactive nuclei in sections of mutants (Fig. 1F). In summary,
fast myogenesis was reduced in myod™262 mutants, extending results from MO knockdown
studies (Hammond et al., 2007; Hinits et al., 2009; Maves et al., 2007).

Myogenin cooperates with Myod in fast myogenesis

Myogenin is a Myod target gene. We previously suggested that Myogenin cooperates with
Myod in somitic fast myogenesis (Hinits et al., 2009). We isolated a /my0g™26 mutant by
TILLING, which has a stop codon in place of residue 167, just downstream of the helix-
loop-helix domain (Fig. 2A). As with myod, myog mRNA was reduced in heterozygotes and
greatly diminished in mutants at 10s, suggesting nonsense-mediated decay of the mutant
mRNA (Fig. 2B). Although Myog immunoreactivity was lost in mutants, no defect was
observed either in in-crosses from heterozygous myog™265* carrier fish or in genotyped
myog™265/* mutants: pectoral fin, jaw and somite morphology and movement appeared
normal, at least until 5 dpf (Fig. 2C,D and data not shown). However, to date no myog™26/*
mutants were obtained among in-cross progeny genotyped at 10 weeks of age.

To test the hypothesis that Myod and Myog cooperate to drive fast myogenesis, myod MO
was injected into a myog™265* in-cross. In siblings, myod MO alone reduced myhz1
expression to a similar extent to that observed in myod™261 mutants (Fig. 2E, compare to
Fig. 1F). In 25% of embryos from a myog™265* incross, myod MO elicited an exacerbated
loss of fast my/hz1 mRNA (Fig. 2E). We conclude that although full length Myog is
dispensable for embryonic development, it functions to promote early fast myogenesis in the
somite in co-operation with Myod.

Myod promotes miR-206 expression

Myod drives normal fast muscle differentiation in zebrafish acting, in part, through
induction myog (Hinits et al., 2009). By 72 hpf, myog mRNA has declined in differentiated
muscle, although its expression in dorsal and ventral somite extremes is still Myod-
dependent, suggesting that Myod is required for ongoing myogenesis (Fig. 3D). miR-206 is
a muscle-specific microRNA that, like Myog, has been suggested to promote myoblast
differentiation (Hirai et al., 2010). In zebrafish, miR-206 expression was similar to that of
myog in early stage somites, accumulating weakly in adaxial slow fibres as they terminally
differentiate, and more strongly in medial fast muscle as it formed (Figs 1D, S1A). At 24
hpf, miR-206 was abundant in fast muscle of the somite (Fig. S1) and at later stages also in
head and pectoral fin muscle, persisting beyond myog in differentiated fast fibres (Fig. S1B-
D). Ablation of Myod function, either in 77y00d™26Z or morphants, led to down-regulation of
miR-206 in both slow and fast cells at 15s, although faint signal in the PSM was unchanged
(Fig. 1D). Lateral miR-206 is also reduced by lack of Hh signalling, suggesting that either
expression persists in slow fibres at 24 hpf or Hh signalling is required for miR-206
expression in some fast muscle (Fig. S1E). At this stage, miR-206 is clearly reduced in fast
muscle of the /myod™261 mutant (Fig. S1E). Reduction in miR-206 persisted during the pre-
hatching period after loss of myod function (Fig. 3A,B), and was comparable in myod
morphants and myod™261 mutant (Fig. 3C,D). By contrast, no alteration in miR-206 was
detected at 15, 24 or 48 hpf embryos from a myf542022/* jn-cross (data not shown). These
findings suggest that miR-206 accumulates in differentiating muscle fibres and that its loss
could contribute to the reduction in muscle differentiation observed at 24 hpf in myod™261
mutants.
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The reduction in miR-206 accumulation appeared to be greater than the loss of overall
muscle mass in myod™?61 mutants at 48 hpf (Fig. 3B). Congruently, myod™261/*
heterozygotes showed a reduction in miR-206 compared to wild types (Fig. 3A). These data
suggest that Myod function up-regulates miR-206 in differentiated muscle fibres.

Myod requirement for somitic myogenesis appears transient

The reduction in miR-206 suggested that muscle growth might be decreased in myod™261
mutants. Myod morphants have reduced muscle differentiation at 24 hpf, but growth did
occur between 24 and 72 hpf ((Hinits et al., 2009); Fig. 3C). We used the myoa™262 mutant
to test whether this growth was truly Myod-independent or reflected loss of MO
effectiveness. At 24 hpf, myod™261 mutants had approximately half the somite volume of
wild type siblings. Strikingly, even heterozygous myod™Z61/* embryos had significantly
reduced somite volume, intermediate between wild type and mutant siblings (Fig. 3E).
These differences appear to be maintained at 48 hpf (Fig. 3A). At 72 hpf, both my#z1- and
miR-206-expressing tissue was reduced, as in myod morphants (Fig. 3C,D). In parallel,
myod™261 mutants had reduced myotome volume compared to siblings (Fig. 3E).
Significant somite growth was, nevertheless, observed in myo0d™261 mutants between 24, 72
and 120 hpf (Fig. 3A-E; P<0.001). At 120 hpf, myod™261 mutants were slightly smaller than
wild type siblings, but increase in somite volume since 24 hpf seemed to have been normal
(Fig. 3E). Studies of growth after 5 dpf were not possible in mutants owing to cranial defects
(see below). We conclude that Myod is required for normal somitic myogenesis and its lack
leads initially to smaller muscle bulk.

At 24 hpf, heterozygotes had significantly less somitic muscle than wild type siblings, but
this defect became less significant in larvae (Fig. 3E). We compared the growth into
adulthood of fish with one or two functional copies of the myod gene. Heterozygous
myod™261/# fish survived well to adulthood, and were not significantly lighter than their
wild type siblings (P = 0.27; Fig 3F). Fish growth is difficult to measure because any slight
size advantage leads to success in competition for food and consequent faster growth. We
used fish length to control for overall growth differences. Heterozygotes were not
significantly different in length from wild type (P = 0.36; Fig. 3F). These data show that loss
of one myodallele has little effect on growth of zebrafish.

Myod drives cranial and pectoral fin myogenesis

Like myod morphants, myod™262 mutants lacked miR-206 in most cranial muscle at 72 hpf,
with the exception of the sternohyoideus muscle (Fig. 4A). Other cranial muscle markers,
myog, myhz1 and myosin accumulation, were also greatly reduced or entirely absent (Fig.
4B-D). Fin muscle was also diminished (Fig. 4B-E), but to a variable extent amongst mutant
embryos, with 68% showing bilaterally symmetrical reduction (28/41) and 32% (13/41)
having asymmetry between fins of the same embryo, with greater reduction on the right
more common (11/13 P = 0.013 X2; Fig. 4E). Similarly, the levator and adductor operculi
muscles were often present but reduced in fibre number. In contrast, the adjacent dilatator
operculi and adductor hyomandibulae and most other cranial muscles were missing (Fig.
4F). These data confirm our morphant finding that Myod is the primary MRF driving early
myogenesis in cranial and pectoral fin muscles (Hinits et al., 2009).

We examined the effect of loss of Myod on various other muscles linking the hypobranchial
and pectoral regions. Whereas sternohyoideus was substantially preserved, most other
muscles were reduced or missing entirely in 77y0d™261 mutants. However, small groups of
myhzI-expressing cells are observed in the pectoral zone (Fig. 4C,E). We analysed the
protractor pectoralis, in particular, because this is thought to be the teleost homologue of the
cucullaris muscle group (Diogo et al., 2008; Greenwood and Lauder, 1981). Looking
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anterior to the cleithrum, no protractor pectoralis or levator 5 muscles were detected in
myod™261 mutants (Fig. 4F).

Lack of Myod is larval lethal. At embryonic stages, myod™261 mutants were identified by
sequence genotyping at the expected frequencies. In breeding programmes, we have not
found an homozygous mutant at 13 dpf or beyond. We also separated myod™261 mutant
embryos from siblings at 5 dpf, when cranial defects become apparent (Fig. 5A) and reared
them with feeding. Whereas all siblings survived (36/36), all myod™261 mutant embryos
died (9/9) in the period 6-12 dpf, presumably due to failure to feed.

Myod is essential for normal cranial skeletogenesis

By 5 dpf, myod™261 mutants lacking cranial muscle have a striking morphological defect of
the mouth (Fig. 5A). The defect was phenocopied in myod morphants, eliminating the
possibility that a second mutation linked to the my0a™261 allele accounts for the skeletal
defects (Fig. 5A). At 5 dpf, Meckel’s and ceratohyal cartilages are down-turned, giving a
permanently open protruding mouth (Fig. 5B). Dissection and flatmounting of cranial
cartilages revealed that all major cartilage elements are present at 6 dpf (Fig. 5C). However,
the morphology of chondrocytes in the head of the palatoquadrate was rounded in myod™261
mutants and they failed to form the stacks observed in siblings, correlating with failure of
morphogenesis of the joint articulation between Meckel’s and palatoquadrate cartilages (Fig.
5C). We conclude that Myod function is required for aspects of cranial cartilage
morphogenesis.

Some dermal bones, such as the opercle, cleithrum, and parasphenoid, which form directly
from mesenchyme, were reduced or missing at 5 dpf in myod™261 mutants (Fig. 5B). A day
later, ossified cleithrum and parasphenoid were apparent, but the opercle was still missing.
Moreover, ossification of cartilaginous bones such as the ceratobranchial 5 was reduced
(Fig. 5C). Myod is therefore required for normal formation of bone.

No skeletal defects were observed in myod™Z61 mutants prior to, or at, the normal time of
cranial muscle differentiation at 3 dpf (Fig. 6A-C). We examined d/x2a mRNA, which is a
transcription factor expressed in branchial arch skeletal precursors, &/f2b mRNA, another
transcription factor which prefigures cartilage formation, and the fluorescent nitric oxide
indicator 4,5-diaminofluorescein diacetate (DAF-2DA), which strongly labels dermal bones
(Lepiller et al., 2007). None was disrupted in myod™Z61 mutants at 72 hpf (Fig. 6A-C).
Thus, the striking skeletal defects in myod™261 mutants only arise after the failure of muscle
formation, consistent with the restriction of myo0d mRNA to myogenic zones.

Myf5 and Myod are essential for embryonic myogenesis

Myf5and myod double morphants lack muscle at 15s (Hammond et al., 2007; Maves et al.,
2007), but by 24 hpf small amounts of somitic muscle form even in myf5"2022 mutants
treated with myod morpholino (Hinits et al., 2009). To test whether this muscle is formed
independent of both Myf5 and Myod activities, we bred double mutant

myf5u2022. myod™261 fish. Such embryos lacked all muscle differentiation at 15s (Fig.
S2A). Even a single functional my/f5allele was sufficient for partial differentiation at this
stage. At 24 hpf, neither slow nor fast muscle was found in the double mutants (Fig. 7A,B
and Fig. S2B), suggesting that the residual muscle we observed in myf57"“2022mutant+myod
MO (see (Hinits et al., 2009)) differentiated due to inefficiency of the myod MO. All cranial,
pectoral fin and somitic muscle was entirely lacking at 72 and 120 hpf (Fig. 7C,D and Fig.
S2C-E), indicating that either Myf5 or Myod is essential for early myogenesis in the
zebrafish.
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Double mutant myf542022; myod™261 fish show cranial skeletal defects more severe than
those of myod™26 single mutants (Fig. 7E). As both myod™261and myf52022. myod™261
mutant fish die prior to trunk skeletogenesis, the effect of muscle loss on vertebral and rib
development could not be assessed. However, the skeletons of adult myo0d™26/* and 13 dpf
myod™261/* and my 2022+ myod™261/+ dual heterozygous fish showed no consistent
defects (data not shown). Among the cohort of fish analysed at 13 dpf no

myf52022. myod™261/* or myf5u2022 mutants were found among 30 larvae analysed,
showing that these genotypes fail to survive.

Discussion

The findings described here provide genetic demonstration of three major points. First, that
Myod is essential for viability, normal somite and limb myogenesis and most of cranial
myogenesis in zebrafish. Second, that either myf5 or myod is essential for all embryonic
muscle differentiation. Third, that formation of a normal cranial skeleton is dependent upon
the proper generation of musculature.

MRF roles in muscle development

We previously suggested, based on morpholino knockdown experiments, that myod
functions to drive differentiation of a specific subset of somitic muscle fibres (Hinits et al.,
2009). The results presented here provide independent genetic confirmation that Myod is
essential for both cranial and somitic myogenesis. We show here that, in zebrafish, Myod is
essential for viability, in sharp contrast to mice in which Myod null mutants are viable and
fertile (Rudnicki et al., 1992). The molecular nature of my0d™Z262 and the severity of the
phenotype suggest that the allele is a functional null. As a truncated N-terminal peptide
could theoretically be produced in myod™Z26Z, either the truncated protein is not significantly
accumulated or the in vitro finding that a Myod protein lacking the second helix loses its
ability to bind DNA, dimerise and function in myogenesis (Davis et al., 1990)) is also true
for Myod function in vivo. In this regard, we note that the mutant myod mRNA is less
abundant, probably due to nonsense-mediated decay, indicating a low translation rate of the
truncated N-terminal peptide.

We describe a persistent somitic muscle defect in my0d™261 mutants, at least until 5 dpf,
when lack of ability to feed complicates further analysis (see below). Nevertheless,
significant somitic muscle growth does occur during the larval period. Myf5 is required for
this growth, as myr5;myod double mutants fail to make any skeletal muscle. The myf5-
dependent cells do not fully compensate for lack of Myod. Yet Myf5 can support significant
pre-hatching growth in myod™261 mutants, despite the low levels of myf5 mRNA detected
at these stages. Numerous minor defects are present in Myod mutant mice, even though they
are viable (Brack et al., 2005; Chargé et al., 2008; Hughes et al., 1997; Megeney et al., 1996;
Tiidus et al., 1996; Wang et al., 2003; Yablonka-Reuveni et al., 1999). MyoD™ mutant
mice show poor postnatal survival when in competition with littermates carrying a wild type
MyoD allele, but survive well without such competition (Rudnicki et al., 1992). In the case
of myod™261 mutant zebrafish, by contrast, all mutants fail to survive in bulk rearing, in
which competition for resources is less intense than in mouse pups, and even when reared
alone. It seems that despite elements of redundancy between Myf5 and Myod, a significant
role for each explains their conservation across the vertebrates.

The identification of haploinsufficiency in myoa™261/* embryos demanded detailed study.
By comparing fish of molecularly verified genotype, we describe both a significant
reduction in Myod protein immunoreactivity and miR-206 at early stages and a reduction of
embryonic muscle bulk in my0d™26/* heterozygotes. Haploinsufficiency in MyoD and
Mrf4 has been observed at the molecular level in mice (Patapoutian et al., 1995; Rudnicki et
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al., 1992). In humans, haploinsufficiency in Mrf4 has been suggested to exacerbate muscular
dystrophy (Kerst et al., 2000). With growth during the larval period, the muscle defect in
myod™261/* heterozygotes appears to diminish, at least as a proportion of total muscle bulk.
Adult myod™261/# heterozygous fish had no significant growth defect.

Pectoral fin muscle derives from cells of somitic origin (Neyt et al., 2000). Fin muscle was
delayed and diminished in myod™261 mutants, although some fin movement was observed
by 5 dpf. This confirms our finding of variable defects in fin musculature in myod
morphants and is consistent with the delayed limb myogenesis in MyoD1 mutant mice
(Chen and Goldhamer, 2004; Hinits et al., 2009; Kablar et al., 1997). Recent analyses have
highlighted the importance in amniotes and basal chordates of the cucullaris muscle group
that links forelimb and neck movement and stabilizes the shoulder girdle (Kusakabe et al.,
2011; Theis et al., 2011). The development and even the existence of cucullaris muscles in
teleosts has been unclear, as the group is reduced and appears to develop late, being known
as the protractor pectoralis (Diogo et al., 2008; Greenwood and Lauder, 1981). The zebrafish
protractor pectoralis depends on Myod for its formation, like many other head muscles.
However, as some somitic myogenesis is also Myod-dependent, our finding does not
address the developmental origin of the teleost protractor pectoralis.

Although most intrinsic head muscle are consistently missing in myo0a™26Z mutants,
remnants of certain head muscles are observed. Variable loss of each individual
branchiomeric muscle occurs in 7b6xZ mutant mice and only posterior arch muscles are lost
in tbxI mutant zebrafish (Kelly et al., 2004; Piotrowski and Nusslein-Volhard, 2000). In
contrast, we observe a consistent loss of some muscles in all arches, and a size reduction of
other muscles in the first two arches. Vestiges of both the adductor mandibulae, the putative
masseter homologue, and two specific hyoid arch muscles, adductor operculi and levator
operculi are identifiable based on their location and orientation in my0ad™261 mutants. Both
adductor muscles appear to be common osteichthyan plesiomorphies (Diogo et al., 2008).
The greater role of Myf5 in these muscles is reminiscent of the situation in mice, in which
either Myf5 or MyaD is sufficient for head myogenesis (reviewed in (Sambasivan et al.,
2011). Most strikingly, it is precisely the two hyoid opercular muscles that remain in
myod™261 mutants that are partially lost in Ret signalling mutants, raising the possibility of
complementary mechanisms of myogenesis (Knight et al., 2011).

The myog™265 mutant had little phenotype in both somitic and cranial muscles, and was
thus much milder than we previously reported in /myog morphants (Hinits et al., 2009).
However, on a myod™261 mutant background, /my0g™26° caused a loss of fast muscle
similar to, but less extensive than, that caused by myog MO. These findings raise the
possibility that the myog™26% allele is hypomorphic. Using an antiserum raised to the entire
Myogenin protein, but for which the major epitopes are unknown, we could not detect
protein in myog™265 mutants. Nevertheless, an in vitro study in which the introduction of a
termination codon 3" of the HLH motif of mouse Myogenin (a similar change to the
myog™265 allele) resulted in a partial, rather than a complete, loss in myogenic activity
(Schwarz et al., 1992). Clarification of the role of Myog in fish awaits isolation of an
unambiguous null allele.

The lack of skeletal muscle in myf5;myod double mutants shows that zebrafish Mrf4 alone
cannot drive early somitic myogenesis, unlike the situation in the mouse (Kassar-Duchossoy
et al., 2004). Our data raise the possibility that, early in vertebrate evolution, Myf5 and
Myod were the primary MRF drivers of myogenesis and that Mrf4 secondarily gained a
myogenic role, somewhere in the amniote lineage. Alternatively, zebrafish could have lost
an early role for Mrf4 present in the common ancestor. In either case, our data predict that,
although Mrf4and Myr5 have retained close genetic linkage for at least 400 Myr, the
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regulation in the locus has diverged significantly. Mrf4 clearly evolved prior to the
divergence of sarcopterygian and actinopterygian fish (Atchley et al., 1994). The major
conserved site of expression of Mrf4is in differentiated muscle fibres, so it is likely that its
ancestral role was in these cells and that elements controlling fibre expression may be
conserved across the vertebrates (Hinits et al., 2007).

Myod regulation of miR-206 in vivo

miR-206 is expressed primarily in zebrafish differentiated muscle of both slow and fast
lineages in somitic, limb and cranial muscles. Like mice, zebrafish lacking Myod express
miR-206 in their muscle (Sweetman et al., 2008). The loss of miR-206 in myod™26 mutant
cranial regions is most simply explained by the loss of cranial muscles in the myoa™261
mutant. However, the loss of miR-206 in the trunk musculature is less readily explained by
loss of muscle cells, because miR-206 appears more highly reduced than myhzZ mRNA. In
contrast, the apparently normal accumulation of miR-206 in my 752022 mutant fish, is quite
different from the lack of miR-206 in somitic muscle of Myf5 mutant mice until at least
E14, when muscle is already differentiated (Sweetman et al., 2008). miR-206 can drive
muscle differentiation and promote cell survival in mammals by regulating Pax3/7 genes
(Dey et al., 2011; Hirai et al., 2010; Rao et al., 2006). Lack of miR-206 accumulation may
contribute to the maintenance of Pax3/7 in extra cells we observe in the somite of myoa™261
mutant fish. However, based on its abundant expression, the major function of miR-206 in
fish appears to be in muscle fibres themselves, consistent with its reported role in
neuromuscular interaction (Williams et al., 2009).

Effect of muscle development on skeletogenesis

The data presented show that Myod, and presumably muscle, are essential for proper
development of the ventral head, jaw and pectoral girdle. Not only muscle, but also skeletal
and, presumably, connective tissue elements are affected. These cranial defects prevent
survival of myod mutant fish beyond larval development. This finding is phenocopied in
myod morphants. Therefore, effects on adjacent genes or other genetic changes arising
during the tilling screen can be eliminated as contributing to the phenotype.

Myod mutant mice show no defects in skeletogenesis, presumably reflecting the ability of
Myf5 to compensate for loss of Myod in mouse cranial myogenesis (Sambasivan et al.,
2009). However, mice with no muscles or with reduced muscle mass, such as mutants
affecting the Mrf4/Myf5locus, Myf5; Myod double mutants and Pax3 (Splotch) mutants
have dramatic skeletal defects, the origin of which is complex (Gensch et al., 2008; Haldar
et al., 2008; Kassar-Duchossoy et al., 2004; Kaul et al., 2000; Nowlan et al., 2010; Vinagre
et al., 2010). Unlike myf5, myod lacks synteny between fish and mammals
(www.metazome.org) and, more importantly, is not significantly expressed in presomitic
mesoderm. So a cell autonomous function of Myod in skeletogenic cells is unlikely, as
suggested in mice (Vinagre et al., 2010). We conclude that lack of myogenesis per se leads
to skeletal defects.

The head phenotype of myod™?61 mutant fish bears some similarity to the open mouth and
cranial cartilage defects resulting from mutation of mefZca (hoover) (Miller et al., 2007).
Elegant transplantation experiments in fish and lineage-specific deletion of MefZc in mouse
have shown a cell autonomous requirement for Mef2ca in neural crest-derived cartilage cells
(Miller et al., 2007; Verzi et al., 2007). MefZca is expressed in both cranial neural crest and
muscle (Hinits and Hughes, 2007; Miller et al., 2007). In contrast, /myod expression is only
detected in myogenic cells (Hinits et al., 2009; Weinberg et al., 1996), showing that it acts
on cartilage and bone non-cell autonomously. As mefZcais expressed in muscle cells after
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terminal differentiation (Hinits and Hughes, 2007), our data raise the possibility that defects
in muscle fibre function may also contribute to the mef2ca mutant skeletal phenotype.

The effects of the lack of head muscle differentiation on the cranial bone and cartilage
elements, make the zebrafish /myod mutant an excellent model to study the signalling events
and interactions between these tissues.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Myod261 mutants have delayed muscle differ entiation

A. Schematic of Myod gene and protein showing the /2261 arginine to stop mutation within
the helix-loop-helix domain, which is essential for dimerisation and DNA binding. B. Dual
immunodetection of Myod and slow myosin in embryos from a myod™262/# incross,
genotyped by sequencing of genomic PCR. Dorsal view, anterior to top. C. In situ mRNA
hybridization reveals reduction in myod mRNA in embryos from a myod™26/* incross.
Wholemount, anterior to top. D-F. In situ mMRNA hybridization for indicated probes on
myod™261 mutants and their siblings. D. Adaxial slow precursors show reduced myog and
smyhcl at 10s and miR-206 at 15s, but act/in mRNA appeared less affected (white
arrowheads). Fast muscle precursors had no myog or miR-206 expression at this stage
(black arrowheads). Dorsal flatmount, anterior to top. E. eng2aexpression is reduced in
myod™261 mutant in regions of muscle pioneers (black arrowhead) and medial fast fibres
(red arrowhead). Lateral wholemount, anterior to left. F. Embryos labelled for fast my/z2
with Fast Red were cryo-sectioned at the region indicated (arrow, left panels).
Immunofluorescent detection of Pax3/7 protein revealed increased nuclei in the lateral
somite in /myod™261 mutants (yellow arrowheads). Dorsoventral extent of fast myhz1
mRNA (bracket, right panels) is reduced in myo0d™26! mutants at 24 hpf. Lateral
wholemounts, anterior to left. Bars = 100 pm.
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Fig. 2. Myogenin cooperateswith Myod in fast myogenesis

A. Schematic of Myog gene and protein showing the 7265 glutamine to stop mutation
following the helix-loop-helix domain. B-E. /n situ mRNA hybridization for myog (B) or
myhz1 (E) or immunodetection of Myog and slow MyHC (C) or MyHC (D) in myog*/265
incrosses, injected with myod morpholino as indicated (E). B. Expression of myog mRNA is
little affected in myog™26° mutants. Dorsal flatmounts, anterior to top. C. Nuclear
immunoreactivity with a polyclonal anti-rat Myog antibody is lost in myo0g™265 mutants at
22s. D. All embryos from a myog*/"265 incross show normal levels of MyHC at 4 dpf. E.
No change in myhz1 mRNA is detected in myog™?6> mutants at 24 hpf (top panel).
Injection of myod MO into myog™26° (hottom panel) leads to a greater loss of fast muscle
than when injected into their siblings (middle panel), which are comparable to myod™261
mutants (see Fig. 1F). Lateral views, anterior to left (C-E). Bars = 100 pm (except C = 20

pLm).
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Fig. 3. Musclegrowth isimpaired in myodfhzel mutants

In situ mMRNA hybridization for miR-206, myog and my#z1 and immunodetection of
MyHC. Lateral (A,C,D) views, anterior to left or transverse cryosections (B). A. miR-206 in
sequence-genotyped 48 hpf embryos from a myod*/261 incross is primarily in fast fibres
and is strongly reduced. B. Embryos from A were sectioned and stained with MyHC.
miR-206 expression is strongly reduced in myod™261 mutants compared with their siblings,
while MyHC immunodetection is only mildly reduced. C. At 72hpf, miR-206 has increased
in myod morphants, but is still less than in siblings. D. Compared to sibs, myoa™262 mutants
(identified by head muscle defects) had less myog mRNA (arrowheads) and reduction in
dorsoventral extent of somitic miR-206 and /my/hzZ mRNA (brackets). E. Somite volume
increases with age, but is reduced in myo0d™262 mutant. These differences were consistent in
live and fixed embryos. Number of embryos per condition are shown on columns and t-test
statistics are indicated above columns. F. Adult fish mass and length. Bars = 100 pm.
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Fig. 4. Myodfhzel mutantslack head muscles and have defectsin cartilage mor phogenesis

In situ RNA hybridisation for miR-206 (A), myog (B), myhz1 (C, E) and k/f2b (E) or
immunodetection of MyHC (MF20, D; A4.1025, F). Ventral (A, D and left panels of B and
C), lateral (F, right panels of B and C) or dorsal (E) views, anterior to left. A. Myod
morphant and my0a™261 mutant have similar loss of most cranial muscles except
sternohyoideus (yellow arrows). B-D. In myod™261 mutants, myog and myhz1 mRNAs and
MyHC are lost from many cranial muscles (blue arrows). Expression remains in
sternohyoideus (yellow arrows), Weak myog mRNA is detected in adductor mandibulae (B,
black arrows) and occasional fibres differentiate in adductor mandibulae. Hypaxial muscles
(C, green arrows) seem unaffected and pectoral fin muscles (B-F, white arrows, dotted area
in F) are variably reduced. E. In myod™261 mutants, most head muscles are consistently
missing, even though sternohyoid (yellow arrows) and cartilage precursors expressing k/f2b
are present, Pectoral fin muscle is variably reduced (white arrows). F. Higher magnification
shows that levator and adductor operculi are partially spared in myod™Z6Imutants, whereas
pectoral fin and other muscles are missing, revealing the underlying somitic muscle (s). do
dilatator operculi, ah adductor hyomandibulae, lo levator operculi, ao adductor operculi, 1-5
levator 5, pp protractor pectoralis, Bars = 100 pm.
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Fig. 5. Myod™261 mutants have cranial bone defects

A. Bright field image of a live 6 dpf myod™261 mutant (retrospectively sequence genotyped)
and a 5 dpf myod morphant showing craniofacial defects of lowered jaw and open mouth
compared with sibling and control, respectively. B,C. Alcian blue and alizarin red double
staining for cartilage and bone in my0d™262 mutants and siblings. At 5 dpf (B), cartilage
components in mutants have different morphology with the whole lower jaw dropping,
forming a gaping mouth. Both first and second arch derivatives, such as Meckel’s (mk) and
ceratohyal (ch) cartilage respectively, are bent ventrally. The ethmoid plate (eth) is only
mildly affected. Little bone staining is detected in the mutant. Anterior to left, ventral (left
panel) and lateral (right panel) views. At 6 dpf (C), myod™261 mutants show various
cartilage and bone defects; the opercle (arrowheads) is missing, ceratobranchial 5 and the
parasphenoid (white arrows) less ossified bone and the cleithrum is reduced. Cartilage cells
in the mutant remain rounded, failing to mature into flattened columns. Anterior to left.
Wholemounts in lateral view (left panel), or flatmounts of the dissected pharyngeal skeleton
(ventral view, second from left) or neurocranium (dorsal view, central panel). Large boxed
areas are magnified in the fourth panels, showing reduced ossification of ceratobranchial 5
and cleithrum. Small boxed areas are magnified in righthandmost panels to reveal rounded
morphology of cartilage cells in the joint between Meckel’s and palatoquadrate (pq)
cartilages in the /myo0d™261 mutant. cl, cleithrum; nc, notochord; op, opercle; ps,
parasphenoid; ch5 ceratobranchial 5. Bars = 100 pm.
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Fig. 6. Early cranial skeletal development isnormal in myodfh%1 mutants

A,B. In situ mRNA hybridisation for d/x2aand myod (A), kIf2band myhz1 (B) in 52 hpf
(A) and 72 hpf (B) myod™?61 mutant and sibling embryos, shown in wholemount, anterior
to left. Outer panels, lateral view, central panels, ventral view. Myod mRNA is absent but
dIx2a unaffected in the pharyngeal arches (PA, brackets). MyhzI mRNA is detected in
sternohyoideus (sh, arrows) but not in other head muscles in the mutant. &/7Z2b mRNA in
skeletal parts is normal. C. Confocal stacks of heads of myo0d™261 mutant and sibling stained
with DAF-2DA (green), MyHC (MF20, red) and DAPI (blue). Anterior to left, ventrolateral
view. Muscle in the mutant is missing except for the sternohyoideus (sh, white arrows),
adductor operculi and levator operculi (ao and lo, orange arrows). Bones such as the opercle
(op, yellow arrowhead), cleithrum (cl, pink arrowheads) and parasphenoid (ps, white
arrowheads) are normal at this stage. Bar = 100 pm.
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Fig. 7. Myf5 or Myod isrequired for myogenesis

Wholemounts (A), flatmounts (B) and confocal stacks (C,D) in lateral (A-C) or ventral (D)
view of zebrafish embryos from myf51u2022/*: myod261/+ in-cross analysed at the indicated
stage by /n sitt mRNA hybridization for my/z2 (B) or immunohistochemistry for all-MyHC
(green), smooth muscle myosin heavy chain 11 (red) and Hoechst (blue) in C,D, anterior to
left. A. By 24 hpf, double mutant embryos are curved and have misshapen somites with
signs of cell death. B. mRNA encoding fast myosin is reduced in putative myoad™261
mutants and absent in doubles. C. Confocal stacks of somite-16 region at 4 dpf embryos
show that no skeletal muscle MyHC is detected in genotyped double mutants, in which
embryos are severely reduced in size. Smooth muscle myosin in the gut (red arrowheads) are
unaffected. D. Confocal stacks of the head region of 4 dpf embryos show that all skeletal
muscle is missing in myf57"202Z. myod™261 double mutant, while heart (yellow arrows) and
smooth muscle are intact. myo0d™262 mutant is missing all muscle except for the
sternohyoideus (white arrows), adductor operculi and levator operculi (orange arrows). E.
Alcian blue and alizarin red double staining for cartilage and bone in 6.5 dpf
myf52022-myoa™26 1 shows a more severe phenotype than in myod™261 mutants and
siblings. Flatmounts of the dissected pharyngeal skeleton (ventral view, left panels) or
neurocranium (dorsal view, right panels). Cartilage components in double mutants stain
poorly. Bone is only detected in the double mutant in cleithrum (cl) and teeth (left panel)
and faintly in the notochord (nc) and parasphenoid (ps) (right panel). oc, occipitals; op,
opercle; en, enteropterygoid; ch5, ceratobranchial 5. Bars = 100 pm.
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