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Spatiotemporal coordination of FGF and Shh signalling underlies the
specification of myoblasts in the Zebrafish embryo
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Somitic cells give rise to a variety of cell types in response to Hh, BMP and FGF signaling. Cell position
within the developing Zebrafish somite is highly dynamic: how, when, and where these signals specify
cell fate is largely unknown. Combining four-dimensional imaging with pathway perturbations, we
characterize the spatiotemporal specification and localization of somitic cells. Muscle formation is
guided by highly orchestrated waves of cell specification. We find that FGF directly and indirectly
controls the differentiation of fast and slow-twitch muscle lineages respectively. FGF signaling imposes
tight temporal control on Shh induction of slow muscles by regulating the time at which fast-twitch
progenitors displace slow-twitch progenitors from contacting the Shh-secreting notochord. Further, we
find a reciprocal regulation of fast and slow muscle differentiation, morphogenesis and migration. In
conclusion, robust cell fate determination in the developing somite requires precise spatiotemporal
coordination between distinct cell lineages and signaling pathways.

Zebrafish, Myogenesis, Adaxial cells, Sonic hedgehog, FGF signaling, Temporal regulation, Somite
polarity, Somite rotation

BMP: Bone Morphgenetic Protein
FGF: Fibroblast Growth Factor

Shh: Sonic Hedgehog Protein

SDF: Stromal cell-derived factor
CycA: cyclopamine

DM: Dorsomorphin

PSM: Presomitic Mesoderm

MP: Muscle Pioneer

SSF: Superficial Slow Muscle Fiber
ECL cells: External cell layer cells
ABC: anterior border cell

S-1, SO, S1,...: Somite stage -1, 0, 1
AP: Anterior-posterior

DV: Dorsal-ventral

ML: Medial-lateral

Mins: Minutes

Hpf: Hours post fertilization

FISH: Fluorescent in situ hybridization

Cell fate decisions in metazoa are determined by an assemblage of receptor stimulations in response
to a limited number of extracellular signals (Cooper and Hausman, 2007). During development,
numerous cell types and diverse patterns are induced through combinations of inputs from these signals.
Extensive studies over the past two decades have revealed the crucial importance of precise spatio-
temporal control of signaling pathway activation (Housden and Perrimon, 2014; Ingham and Placzek,
2006) in imparting cells with unique positional information (Kicheva et al., 2007; Perrimon et al., 2012;
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Wolpert, 1969). However, positional information must often be conveyed to cells in the context of
dynamic rearrangements. For example, during the transition of the neural plate to the neural tube,
extensive cell migration, intercalation and proliferation take place concurrently with Shh gradient
formation and interpretation (Xiong et al., 2013). There is currently a dearth of understanding of how
cells integrate biochemical and biomechanical inputs whilst also undergoing morphological and
positional changes. To gain deeper insight, here we analyze the process of skeletal muscle
differentiation in the zebrafish somite, a tissue that undergoes rapid cell morphogenesis and cell
migrations.

Previous studies have implicated inputs from three different signaling systems in the specification of
muscle fiber identity: Sonic Hedgehog (Shh) along the medial-lateral (ML) axis (Blagden et al 1997;
Wolff et al., 2003); Bone Morphogenetic Protein (BMP) along the dorsal-ventral (DV) axis (Maurya et
al., 2011; Nguyen-Chi et al., 2012); and Fibroblast Growth Factor (FGF) along the anterior posterior
(AP) axis (Nguyen-Chi et al., 2012). Two major skeletal muscle lineages are specified in response to
these signals, giving rise to the slow-twitch (henceforth slow) and fast-twitch (henceforth fast) muscle
fibers (Devoto et al., 1996) (Figure 1A). These fiber-types differ in their physiological and metabolic
properties, with very different contraction velocity, mitochondrial number and motor-neuron innervation
(Schiaffino and Reggiani, 2011). The progenitors of the muscle fiber types originate from distinct
locations within the somite (Devoto et al 1996; Stickney et al., 2000): the earlier differentiating slow-
muscles arise from an epithelial-like cell group (termed adaxial cells) within the presomitic mesoderm
(PSM), located medially in the somite close to the notochord (Devoto et al., 1996; Hirsinger et al., 2004)
(Figure 1B). These cells differentiate into elongated slow muscle fibers soon after somite segmentation
(Figure 1C) (Daggett et al., 2007); subsequently, the majority migrate radially to form a monolayer of
fibers on the surface of the myotome (the so-called superficial slow fibers (SSFs)) leaving behind a
small number of medially located fibers, termed muscle pioneers (MPs) (Felsenfeld et al., 1991), located
at the dorsal-ventral midline in close apposition to the notochord (Figure 1D) (Devoto et al 1996; Henry
and Amacher, 2004).

At a similar time to slow muscle differentiation, the more lateral somitic cells differentiate into fast muscle
fibers and external cell layer (ECL) cells (Figure 1A and 1D). The ECL cells are equivalent to the
dermomyotome of amniotes and provide a pool of progenitors for post-embryonic muscle growth and
repair (Amthor et al., 1999; Goulding et al., 1994). The ECL cells are located lateral to the SSFs by the
end of primary myogenesis (Figure 1D) (Hollway et al., 2007; Stellabotte et al., 2007). In addition to
skeletal muscles and muscle progenitors, somitic cells also give rise to a variety of non-muscle
progenitors (Figure 1A and 1D) including fin mesenchyme cells, dorsal aorta, vasculature and apical
ectodermal ridge (Lee et al., 2013; Masselink et al., 2016; Nguyen et al., 2014; Shimada et al., 2013).
However, it remains largely unknown precisely from where the various progenitors arise and how these
different cell fates are specified.

The notochord is an important signaling center for the induction of slow muscle cell types, in particular
by acting as a source of Hedgehog family proteins (Blagden et al., 1997). The differentiation of MPs is
Hh dependent (Currie and Ingham, 1996), as is the specification of the entire slow muscle lineage
(Blagden et al., 1997; Lewis et al., 1999). Modulation of Shh signaling strength and duration suggests
MPs require both higher levels and longer duration of Shh exposure compared to the SSFs for their
specification (Wolff et al., 2003). A combination of Shh-mediated activation and BMP-mediated
inhibition determines MP cell fate amongst the adaxial cells, in part by controlling the transcription of
the homeobox gene engrailed2A (eng2A) (Maurya et al., 2011). The extracellular matrix between the
notochord and somite also plays a role in MP differentiation, by modulating BMP signaling (Dolez et al.,
2011).

FGF appears to participate in the further differentiation of both the slow (MPs and SSFs) and fast (fast
muscle fibers and ECL cells) twitch lineages (Groves, 2005; Nguyen-Chi et al., 2012). Compared with
the direct roles of Shh and BMP signaling in regulating eng-family expression, the role of FGF signaling
in MP differentiation is less well defined. Nguyen-Chen and colleagues have presented evidence that
modulation of the FGF signaling pathway in adaxial cells restricts MP cell fate to the anterior-most cells
in each somite (Nguyen-Chi et al., 2012). However, earlier studies had indicated that the FGF pathway
is not directly activated within adaxial cells (Groves, 2005; Hamade et al., 2006). Hence, there remains
uncertainty as to whether FGF signaling acts directly - in concert with Shh and BMP signaling - to
specify MP cell fate. In contrast, there is good evidence that FGF pathway is activated among fast
muscle progenitors and directly controls their differentiation (Groves, 2005). Since the migration and
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further differentiation of slow muscles is closely associated with fast muscle differentiation, it seems
possible that FGF might influence MP specification indirectly through its regulation of fast fiber
differentiation.

Here, we combine live imaging with targeted pathway perturbations using drug treatments and genetic
manipulation, to characterize systemically the spatiotemporal specification and localization of various
types of somitic cells. We adopt a multi-dimensional whole-somite imaging approach, which enables
simultaneous monitoring of cell morphogenesis and migration, together with the expression of key
markers of cell identity. We use this to create a cell fate map for the whole somitic cell population. Our
data reveal that cell fate specification within the newly formed somite is highly polarized both temporally
and spatially. Distinct domains within newly formed somites robustly give rise to MPs, SSFs, ECL cells,
fast muscles, and non-muscle progenitors. During somite patterning, orchestrated waves of muscle
formation occur in both the slow and fast muscle lineages. These waves occur along distinct axes of
the somite (AP axis for fast muscle fibers and DV axis for slow muscle fibers), and help to ensure that
different cell types locate to their specific destination within it. In particular, we have revisited the role of
FGF signaling in the patterning of both slow and fast muscle lineages. Our results indicate that FGF
directly patterns the fast muscle progenitors along the AP axis; by contrast, rather than directly
regulating eng2A expression as previously implied (Nguyen-Chi et al., 2012), FGF signaling influences
MP cell fate by modulating adaxial cell migration from the notochord, the source of Shh. Further analysis
suggests the migration of SSFs requires the myogenesis of their neighboring fast muscle progenitors.
Thus, we conclude that FGF acts indirectly to determine the precise temporal window of exposure of
slow muscle progenitors to Shh and BMP signaling, through its direct effect on fast muscle
differentiation.

Differential Hedgehog activity along the DV axis in the PSM endows a wave of slow muscle
morphogenesis

We used confocal and light-sheet microscopy to collect movies of muscle fiber formation, starting from
somite stage -2 (S-2) at PSM through to the end of primary myogenesis at around 10 hours after somite
segmentation. We imaged at sufficient spatial and temporal resolution to enable tracking of every
somitic cell in each somite (see Methods). We also recorded cell shape and, where appropriate,
recorded expression of cell specific transgenes such as Tg(eng2a:eGFP), a marker of MPs (Maurya et
al., 2011) or Tg(prdmla:GFP), a marker of all slow-muscle cells (Elworthy et al., 2008). We used these
tracks to curate maps of muscle fiber location throughout myogenesis (Figure 1E and Video S1) and
also the spatio-temporal variation in reporter expression (Figure 1F). These maps form the basis of the
results presented below. Our approach is highly robust, as it utilizes cell tracking on the full adaxial cell
and lateral somitic cell population across contiguous somites, based both on a cell fate marker as well
as final cell morphology. We refer to the developing muscle segments from stage S1 to S8 as somites,
whilst the more mature tissue after S8 are referred to as muscle segments.

Adaxial cells intercalate with each other and elongate to span the whole somite soon after segmentation.
Using single cell tracking, we identified a wave of muscle morphogenesis among adaxial cells within
each somite, emanating outward from the DV midline (Figure 2A and Video S2). We quantified the
timing for each slow muscle progenitor to elongate fully such that it spanned the whole somite. We
found most adaxial cells along the DV midline fully elongated 40-60mins after segmentation of their
corresponding somite (Figure 2A(iii-iv) and Figure 2B). In contrast, adaxial cells on the dorsal and
ventral edges of the PSM displayed a large variation in the timing of complete fiber elongation, ranging
from 50mins to 150mins after segmentation (Figure 2A(v-viii) and Figure 2B).

We mapped all the slow muscles from four contiguous somites back to their initial location within the
PSM (Figure 2C-C”). Consistent with previous understanding of the role of Shh signaling in slow muscle
specification, almost all the slow muscle progenitors are in direct contact with the notochord in the PSM,
whilst a subset of them on the dorsal and ventral sides displays only very limited contact of their basal
surface with the notochord (Figure 2C). Careful examination of the absolute timing of muscle elongation
throughout four contiguous somites revealed a temporal gradient of elongation along the AP body axis
(Figure 2C"). Among cells at similar AP position, we noticed large temporal variations along the DV axis,
particularly toward the dorsal and ventral edges of the somite (Figure 2C"). The timing of slow fiber
myogenesis is hence dependent on both the AP and DV position of the adaxial cells. However, within
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each somite, the temporal variation appears predominantly dependent on DV position (Figure 2C” and
Figure S1A).

One explanation for the temporal variation along the DV axis is differential Shh activity within the adaxial
cell population. Using expression of the Shh target gene ptch2 as a reporter of transcriptional responses
to Shh signaling (Figure S1B), we observe differential responses to Shh within the adaxial cell
population along the DV axis (Figure S1C). Midline adaxial cells display stable and relatively high levels
of ptch2 expression, whilst near the margins of the notochord there is large cell-to-cell variation in ptch2
expression (Figure S1B and S1C). This variability may be due to restricted physical contact with the
notochord of such cells. To test this possibility further, we utilized low concentrations of the Shh pathway
inhibitor cyclopamine (CycA) to inhibit partially the response to Shh signaling. Elongation of adaxial
cells was delayed by 1 hour or 2 hours of CycA treatment (Figure S1D). Taken together, our data show
that a wave of slow muscle morphogenesis occurs from the midline to the dorsal and ventral sides of
each somite, mediated at least in part by differential Shh activity along the DV axis.

MPs originate from midline adaxial cells without AP bias

We identified MPs using the Tg(eng2a:eGFP) transgenic line and based on their distinctive shape and
location within the somite, and then tracked them back to their initial location within the PSM at SO or
S-1. We found that adaxial cells initially located at either anterior and posterior positions within the
somite can take on a MP cell fate (Figure 2D-E, and Video S3). In order to locate the spatial origin of
MP cells, we constructed the MP cell fate map from 52 somites (for somite numbers from 8 to 25,
Nembryos=16) (Figure 2F). Our data indicate that MPs originate from the DV midline but display no overall
AP bias in their provenance. To estimate the variability in the origin of MPs within somites, we quantified
the AP bias in each single somite (Figure 2G). Notably, 30% (16/52) of somites analyzed showed at
least a 0.5-fold difference in AP bias, with 15% (8/52) of somites displaying at least a 1-fold difference
between the anterior and posterior portions of the somite. Despite this significant variability in MP origin
between somites, there is, however, on average no AP bias in MP cell fate determination; this contrasts
with the conclusions of a previous study that reported an AP bias in MP specification (Nguyen-Chi et
al., 2012).

The MP fate map can be explained through the migration pattern induced by the muscle morphogenesis
wave along the DV axis. Anterior and posterior adaxial cells near the DV midline elongate and
intercalate with each other first, which also extrudes the dorsal and ventral adaxial cells further away
from the notochord (Figure 2E). Subsequently, the cells at the midline experience sustained Shh-
mediated activation and BMP-mediated inhibition, whereas notochord-derived signals are diminished
for the more dorsal and ventral adaxial cells (Figure S1E-G). In effect, sequential slow muscle
morphogenesis induces feedback into adaxial cell fate by clearly demarcating between cells that
continuously contact the notochord (both MPs and SSFs) and cells that migrate away from the
notochord (always SSFs) (Figure 1E).

FGF signaling participates in further differentiation of both slow and fast muscle lineages

Fgf8a, a key ligand of FGF signaling in zebrafish body axis patterning (Dorey and Amaya, 2010), is
expressed in the anterior border cells of immature somites (Groves, 2005). Perturbation of FGF
signaling has been shown to alter both fast and slow muscle cell fate (Groves, 2005; Nguyen-Chi et al.,
2012). However, it remains unclear how different types of muscle progenitors interpret and respond to
the FGF ligand. Using fluorescent in situ hybridization (FISH) combined with immunostaining of
To(prdmla:GFP) embryos, we determined the response of distinct cell populations to the FGF ligand.
Consistent with previous observations, we find fgf8a to be expressed in a stripe of the anterior-most
cells in each somite (Figure S2A). The downstream activator of FGF signaling, pea3, displays
expression across the anterior region of each somite (Figure 3A), whilst another downstream activator,
erm, is expressed ubiquitously in lateral regions of each somite (Raible and Brand, 2001; Roehl and
Nusslein-Volhard, 2001) (Figure 3B). These distinct patterns of erm and pea3 expression are
suggestive of differential activation by FGF signaling. However, the expression of both pea3 and erm
is barely detectable within the slow muscle lineage in the anterior PSM or in immature somites (Figure
3A-3A”, 3B’-3B” and S2B). By contrast, sprouty4 (spry4), which encodes an intracellular inhibitor of
tyrosine kinases that antagonises FGF signaling (Furthauer et al., 2001), is expressed within the slow
muscle lineage from stage S2 (Figure 3C-C”) but displays neither AP nor DV bias among slow muscle
cells (Figure 3C"" and Figure S2C). In all, the expression patterns of these FGF downstream activators
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and inhibitor suggest that the FGF signaling pathway is differentially activated in slow and fast muscle
lineages.

Consistent with previous work, the initial separation between slow and fast muscle lineages is
independent of FGF signaling, as the number of slow muscle remains largely unperturbed under FGF
inhibition (Figure S2D). However, the further differentiation of both slow and fast muscle lineages is
subject to FGF perturbations (Groves, 2005; Nguyen-Chi et al., 2012; Reifers et al., 1998). To explore
the basis of this effect further, FGF signaling was modulated by: (i) a pharmacological inhibitor SU5402;
(i) heat shock of Tg(hsp70l:dn-fgfrl-eGFP) embryos, which carry a heat shock inducible cDNA
encoding a dominant negative form of the FGF receptor 1 (hs:dn-fgfrl); and (iii) heat shock of
Tg(hsp70l:ca-fgfrl), a heat shock inducible construct encoding a constitutively active form of the FGF
receptor 1 (hs:ca-fgfrl). In the first two perturbations, in which FGF signaling is inhibited, ectopic MPs
(assayed by Tg(eng2a:eGFP) expression) were observed (Figure 3D-F and Figure 3H). In contrast, the
induction of constitutive FGF receptor activity resulted in significantly decreased numbers of MPs in
most muscle segments (Figure 3G-H), and a complete absence in some (3/40) (Figure S2E). We also
note that ectopic MPs were induced in the muscle segments that segmented soon after drug treatment,
and these muscle segments still had a stereotypic size (Figure S3A-B). This suggests that the induction
of ectopic MPs under FGF inhibition is not due to abnormally enlarged somites caused by the
perturbation (Sawada et al., 2001).

By the end of primary myogenesis, the ECL cells of the fast muscle lineage reside at the lateral surface
of the myotome and remain Pax7 positive (Figure 3I). In wild type embryos, there are around 30-40
ECL cells per muscle segment. Inhibition of the FGF pathway results in induction of an ectopic cell
population located laterally to the SSFs after their migration (Groves, 2005) (Figure 3J-K). This ectopic
lateral population displays a similar localization to the ECL cells in wild type embryos, as well as Pax7
expression. In contrast, over-activation of FGF signaling results in the loss of ECL cells (Figure 3L and
3M), and the SSFs migrate more laterally than in wild type embryos. Thus, FGF signaling determines
the further differentiation of slow and fast muscle lineages within similar timeframes.

The direct and indirect roles of FGF signaling in the further differentiation of fast and slow
lineages respectively

Though we do not observe pea3 or erm activity in slow muscle fibers, this does not preclude the
possibility that these cells may respond to FGF signaling. To test this further, we utilized the UAS:GAL4
binary mis-expression system with the promoter of the slow myosin heavy chain 1 (smyhcl) gene
(Elworthy et al., 2008), to drive expression of dn-fgfrl and ca-fgfrl exclusively in adaxial cells and slow
muscle fibers (Figure 4A-A’). The dn-fgfrl and ca-fgfrl were designed as previously described (Lee,
2005; Neilson and Friesel, 1996) and their activity verified by injecting the encoded mRNA into embryos
at the one cell stage (Figure S3C-D). Microinjection of the corresponding UAS plasmids into
Tg(smyhcl:gal4) embryos induced mosaic FGF perturbations in the slow muscle fibers identifiable
through mCherry expression (Figure 4B-C). Interestingly, both dn-fgfrl-p2a-mCherry positive and ca-
fgfrl-p2a-mCherry positive slow muscle cells display a similar fraction of MPs compared with that of
control, which only express mCherry (Figure 4D and Figure S3E). Therefore, neither selective inhibition
nor over-activation of FGF signaling in slow muscles had a significant effect on MP differentiation,
suggesting FGF signaling determines MP cell fate indirectly.

To investigate further the role of FGF signaling in fast muscle specification, we induced mosaic
expression of dn-fgfrl or ca-fgfrl using the heat shock promoter hsp70l (Figure 4E-F). Heat shock was
performed at the 16-somite stage to induce mosaic FGF inhibition or over-activation regardless of cell
type. We calculated the percentage of positive ECL cells among the total population of mCherry positive
cells in fast muscle lineages in muscle segments 16-22 at 30hpf - when primary myogenesis is
completed in the corresponding muscle segments. Cells positive for dn-fgfrl-mCherry displayed a
significantly larger fraction of ECL cells compared with the control, which only express mCherry under
hsp70l (Figure 4G and Figure S3F). In contrast, almost all the lateral somitic cells with cafgfrl-p2a-
mCherry expression committed to the fast muscle fate. Consistent with the previous UAS:GAL4 binary
mis-expression system, the cell fate decision between MPs and SSFs is not significantly changed at a
single cell level by either the mosaic expression of dn-fgfrl-mCherry or ca-fgfrl-p2a-mCherry (Figure
S3G) under the hsp70l promoter. We observed a reduction in the number of MPs in a subset of muscle
segments where only fast muscle progenitors are over-activated with ca-fgfrl-p2a-mCherry (1 or 2 MPs,
4 out of 32 segments), whilst all the wild type muscle segments analyzed contained 3 or more MPs (55
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out of 55 segments) (Figure 4F). However, there is no significant difference in the average number of
MPs per muscle segment between them, possibly because only a small portion of fast muscles are
activated under the mosaic expression of ca-fgfrl-p2a-mCherry (Figure S3H). Taken together, these
results suggest FGF pathway activity determines the further differentiation of fast and slow muscle
lineages directly and indirectly respectively.

A posterior to anterior wave of fast muscle elongation leads to somite rotation

We next analyzed the ontogeny of fast muscle fibers using our four-dimensional dataset. The
development of fast muscle cells begins in the posterior of each somite around 180-220mins after its
formation. These posterior fast muscle progenitors elongate anteriorly and extend between slow
muscles in reaching the anterior somite border (Figure 5A). Concomitant with this initial phase of fast
muscle elongation, the SSFs are gradually displaced by the elongating fast muscle fibers and move
away from the notochord (Figure 5B-E). By following every cell in the lateral region of the somite, we
determined that fast fiber formation occurs sequentially as a wave along the AP axis, starting from the
posterior to anterior (Figure 5F-G). In addition to the posterior to anterior wave of fast muscle elongation,
fast muscle morphogenesis occurs from the medial to lateral sides of the somite (Figure 5B). Thus, the
most posterior cells elongate first and occupy the most medial position of myotome after their elongation
(Figure 5C). Cells initially located centrally within the somite elongate later and are positioned more
laterally within the myotome (Figure 5D). Finally, cells initially located in the anterior migrate eventually
migrate to the lateral surface of myotome and differentiate into dermomyotome (Figure 5E). This
sequential elongation of fast muscle progenitors induces an apparent somite rotation through 90° , as
previously reported (Hollway et al., 2007; Stellabotte et al., 2007).

FGF signaling determines cell fate directly in the anterior of each somite

To characterize fully the somite polarity in generating fast muscle fibers, we tracked backwards every
fast muscle progenitor starting from full elongation to its location in stage S2. As shown in Figure 5F,
the whole somite displays heterogeneous cell behaviors in the course of fast fiber differentiation along
cell fate along the AP axis. We quantified the timing of elongation of medial fast muscle progenitors
(Figure 5G) along the DV midline (rectangular region in Figure 5F(ii)). Inhibition of FGF activity
significantly delays muscle elongation (Figure 5G and H’) compared to wildtype embryos (Figure 5G
and H) and induces ectopic ECL cells from the anterior half somite (Figure 5/ and I'). In contrast, over-
activation of FGF activity leads to premature muscle elongation in the middle somite (Figure 5G, 5H")
and ectopic fast muscle cells at the expense of ECL cells at anterior half somite (Figure 51 and 1”). Thus,
the anterior border cells (ABCs) commit into dermomyotome as previously reported, whilst the rest of
cells in the anterior half somite correspond to the lateral fast muscle fibers, which have previously been
reported as sensitive to FGF inhibition (Groves, 2005; Hollway et al., 2007; Stellabotte et al., 2007).
Cell fate in the posterior somite is relatively independent of FGF activity, though a slight delay in
elongation was observed under FGF inhibition (Figure 5G).

Tempo-spatial expression profiles of eng2a reveals the importance of lateral migration in MP
differentiation

We used the Tg(eng2a:eGFP) line as a live reporter for the transcriptional activity of eng, enabling cell
fate determination of MPs to be studied at single cell resolution. Eng2a:eGFP expression in wild type
embryos was detected 100-150mins after the segmentation of the corresponding somite from the PSM
(Figure 6A-A"). Premature Eng2a:eGFP expression was observed in embryos exposed to dorsomorphin
(DM), an inhibitor of BMP and VEGF signalling (Figure 6B-B’). This observation is consistent with the
previous demonstration that BMP signaling acts as an upstream inhibitor of eng in slow muscle cells
(Maurya et al., 2011). However, no premature expression of Eng2a:eGFP was detected under FGF
inhibition, even when ectopic MPs were induced (Figure 6C-C’). On the contrary, an extended time
window of MP induction was observed, ranging from 100- 180mins after somite segmentation. Taken
together, these data suggest that FGF signaling is not directly involved in driving eng expression in slow
muscle fibers. Instead, the extended time window for MP induction might be a result of delayed
migration of slow muscle cells in response to FGF inhibition.

A portion of SSFs display Eng2a:eGFP expression (denoted as Eng2a:eGFP+ SSFs) (Nguyen-Chi et
al., 2012). To test the fidelity of eng expression in the Eng2a:eGFP+ SSFs, we stained Tg(eng2a:eGFP)
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embryos with anti-Eng antibody 4D9, (Figure S4A-A’). The Eng2a:eGFP+ SSFs showed stronger 4D9
intensity than SSFs without Eng2a:eGFP expression, but consistently lower intensity levels than in MPs
(Figure S4B). Of the 126 Eng2a:eGFP positive slow muscle fibers tracked, 20 had a SSF cell fate, with
the rest becoming MPs. The 20 Eng2a:eGFP+ SSFs migrated to the lateral surface of the myotome,
and resembled the rest of the SSFs in terms of cell morphology and migration (Figure 6D and Figure
S4C). Further, the intensity of Eng2a:eGFP in these cells became weaker compared with that of MPs
after they migrated away from the notochord. In contrast, the MPs, which remain in contact with the
notochord, displayed increasing GFP intensity. Perturbations to FGF signaling resulted in changes to
both MPs and Eng2a:eGFP+ SSFs populations, though with opposite trends. As shown above, FGF
inhibition results in increased numbers of MPs. However, under these conditions we also observed a
smaller fraction of Eng2a:eGFP+ SSFs compared to unperturbed embryos (Figure 6E and Figure 6G-
G"). Conversely, over-activation of FGF signaling led to an increase in the number of Eng2a:eGFP+
SSFs (Figure 6F-G, Figure S4D and Video S4), with more Eng2a:eGFP+ SSFs than MPs (2.1+0.9
compared with 1.7£0.5, nsomites=28, p-value=0.05). Therefore, eng expression alone is insufficient to
determine MP cell fate; FGF signaling is also required to segregate properly between SSFs and MPs.
As shown in Figure 5A, the lateral migration of slow muscles coincides with the elongation of fast muscle
progenitors. Thus, FGF signaling likely determines the timing of SSF migration by modulating the
morphogenesis of fast muscle progenitors.

FGF signaling controls the timing, velocity, and range of lateral migration

We used our cell tracks to explore the role of FGF signaling on muscle fiber migration (Figure 6H-J and
Video S5). To quantify the timing of lateral migration of SSFs, the initial breaking of the slow muscle
monolayer integrity was used to denote the start of migration, (Figure 5A(v-vi) and Figure 6H(i)). In wild
type embryos, SSFs started to migrate around 200mins after somite segmentation (Figure 6H and
Figure 6K). Under FGF signaling pathway inhibition (SU5402 (Figure 6l) or hs:dn-fgfrl (Figure S5A),
the start of lateral migration was significantly delayed (Figure 6K). This observation indicates that FGF
signaling is necessary for the proper lateral migration of SSFs. However, another possibility is that the
ectopic MPs induced by FGF inhibition obstruct the lateral migration of the remaining SSFs. To test this,
we quantified the initiation time of lateral migration in DM treated embryos and found it to resemble that
in WT embryos, despite the presence of ectopic MPs (Figure 6K). Likewise, over-activation of FGF
signaling did not change the initiation of lateral migration (Figure 6K).

To measure the changes in position of fast muscle fibers and SSFs during migration, we quantified the
size of the area lateral to the migrating SSFs from the transverse somite (muscle segments) aspect. To
account for variability in somite size, we normalized each measurement by dividing it by the initial size
of the lateral area before migration. As fast muscle cells exchange position with SSFs, the size of the
area lateral to the migrating SSFs gradually decreases (Figure 6L). In WT embryos, this area began to
decrease around 180mins after somite segmentation and stabilized at about 50% of its initial size about
240mins later. Inhibition or over-activation of FGF signaling significantly changed the timing and velocity
of lateral migration of slow muscle cells. Under SU5402 treatment, the lateral area decreased more
slowly and had a larger final size (around 30% larger than that of wild type embryos, p-value<0.001),
suggesting that both the velocity and range of SSF migration is compromised by FGF inhibition. The
larger lateral area is populated by ectopic ECL cells under FGF inhibition (Figure 3J-K). In contrast,
over-activation of FGF activity speeds up the lateral migration of SSFs compared to unperturbed
embryos (Figure 6L). Taken together, these data indicate that FGF signaling influences the timing,
velocity and range of SSF migration.

Lateral migration of SSFs depends on fast muscle myogenesis

The above results show that FGF signaling determines the timing and velocity of slow muscle migration
and their final position within the myotome by modulating the process of fast myogenesis and the
segregation between fast muscles and ECL cells. We confirmed that SSFs selectively inhibited for FGF
pathway activity displayed no obvious defects in their lateral migration (Figure S5B). Therefore, the
lateral migration of SSFs appears to require participation of the neighboring fast muscle progenitors.
To test this conclusion further, we took advantage of the observation that fast muscle fiber specification
is disrupted by perturbation of Ripplyl function. Together with Tbx6 and Mesp-b, Ripplyl regulates
somite boundary formation and fast muscle myogenesis (van Eeden et al., 1996; Windner et al., 2015).
Injection of a morpholino oligonucleotide targeting the ripplyl mRNA, resulted in the complete absence
of fast muscle myogenesis and the stalling of adaxial migration such that all the slow muscle fibers
remained at the medial surface of each muscle segment (Figure 7A-B) with the concomitant induction
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of ectopic MPs (Figure 7A’-B’). In contrast, the migration of SSFs remains largely unperturbed in tbx6-
I (fused-somite) mutants, in which somite boundaries, but not cell fates, are disrupted (Figure 7C-C).
In both of these experiments, our cell tracking suggests that the posterior to anterior wave of muscle
elongation within each somite is lost (Figure 7D). The fast muscle progenitors in tbx6- mutants
sequentially elongate from the anterior to posterior along the AP body. In contrast, there is no fast
muscle progenitor elongation in the Ripplyl morphant (Figure 7D). This observation further supports
our hypothesis that fast muscle myogenesis is required for migration of SSFs and robust MP
differentiation.

SSF migration is necessary for complete fast muscle myogenesis

We next addressed whether SSFs play a role in fast fiber myogenesis. The formation of fast muscle
fibers is significantly delayed in smo’ (smoothened) mutants, which lack Hh pathway activity and
consequently, all slow muscle fibers (Figure 7E) (Barresi et al., 2000). We noticed that AP polarized
sequential fast muscle elongation still occurs in smo”- mutants, suggesting the AP polarity of fast muscle
progenitors within each somite is independent of Shh signaling and the population of slow muscle cells.
We next analyzed prdmZla’ (U boot) mutants, in which the development of slow muscle fibers is aborted
before the onset of their lateral migration (Roy et al., 2001). Fast muscle elongation is significantly
delayed in the prdmla’ mutant (around 1-3 hours of delay), depending on the AP position within the
somite compared with the wild type embryo (Figure 7E). These observations indicate that the migration
of slow muscles promotes fast muscle myogenesis reciprocally, consistent with the finding that
transplanted wild type slow muscles can rescue fast fiber myogenesis in smo”- mutants (Henry and
Amacher, 2004).

From examination of our live movies, we noticed that fast muscle progenitors undergo cell-cell fusion
between migrating slow muscle fibers (Figure 7F(iii-v)). After the cell-cell fusion, the multinucleated fast
muscle fibers further expand and eventually fill the space vacated by the migrating SSFs (Figure 7F).
We hence hypothesized that the migrating SSFs play an important role in shaping fast muscle fibers.
To test this idea, we compared the patterning of fast muscle fibers between prdmla“’ and wild type
embryos (Figure 7G-H). The fast muscle fibers in prdmla’ mutants are not only smaller (Figure 71), but
also display much larger cell-to-cell variations (Figure 71’). Therefore, the migration of SSFs appears to
play important roles in controlling the timing of fast fiber myogenesis and in size control of fast muscle
fibers.

By utilizing a multi-dimensional whole-somite imaging approach, we have monitored cell
morphogenesis, cell migration, and relevant spatio-temporal gene expression profiles throughout the
differentiation of cells within the developing somite. The formation of the myotome and dermomyotome
are underpinned by a series of highly organized and directional cell morphogenesis and cell migration
events. These highly orchestrated cellular behaviors ensure robust cell fate determination and somite
compartmentalization. The sequential wave of slow muscle morphogenesis determines the cell fate of
adaxial cells by positioning them at different DV locations. The midline adaxial cells remain attached to
the notochord, thereby continuing to receive the highest levels of Shh input and eventually become
MPs. The sequential elongation of fast muscle progenitors along the AP axis within each somite rotates
almost all the cells through 90°, transforming the AP polarity of the somite into a ML polarity, and
positioning ECL cells to the lateral surface of the somite. This tightly coordinated series of cell
movements and rearrangements ensures spatial segregation of different cell fates along the DV axis
(MPs, SSFs, and non-muscle progenitors) and the AP axis (ECL cells and fast muscle fibers). Another
interesting point is that our results suggest that commitment to the MP fate depends upon a finely
balanced competition between migration and signaling activation (e.g. of Eng). This concept may well
be applicable to other developmental processes in ensuring the proper partitioning of cell fate. For
example, in the self-renewal of germline stem cells in the Drosophila ovary, different levels of E-cadherin
can stimulate their competition for niche occupancy, thus eventually determining distinct cell fates (Jin
et al., 2008; Ting, 2013).

An apparent rotation of the somites has previously been observed based on single cell labelling and
time-lapse imaging of somitogenesis in the coronal plane (Hollway et al., 2007; Stellabotte et al., 2007).
Two models for the mechanism of the somite rearrangement have been proposed. (1) The whole-
somite rotation is induced by the directional and coherent movement of most or all of the somitic cells
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under control by the Sdf family of secreted cytokines (Hollway et al., 2007). (2) The rearrangement of
somitic cells is due to the active lateral migration of slow muscles and/or the active morphogenesis of
the posterior fast muscle progenitors (Stellabotte et al., 2007). In this study, we systematically explored
cell morphogenesis and cell migration by reconstructing the developing somite in 4D. Consistent with
Stellabotte et al., we find that the earliest elongating fast muscles originate from the posterior-most
region of each somite and occupy the most medial position of the myotome (Stellabotte et al., 2007).
The ABCs eventually move to the lateral surface of the myotome after the primary myogenesis. Our 4D
cell tracking data further reveals a polarization of the somite along its AP axis in terms of the timing of
fast muscle elongation, which leads to the buildup of the myotome sequentially from the posterior fast
muscle progenitors to the anterior. This induces a rotation of most somitic cells through around 90°
(Figure S6A). However, the apparent somite rotation starts soon after somite segmentation, a time
earlier than the elongation of fast muscle progenitors and the lateral migration of slow muscles,
consistent with the report of Hollway et al., 2007. This observation can be explained by the dynamic
cell shape changes of slow muscles and fast muscle progenitors prior to the slow muscle migration.
The slow muscles remain comparatively flat along the medial surface of the somite at stages S1 and
S2 (Figure S6B-B’). Soon after stage S2, the posterior fast muscle progenitors move toward the medial
direction and start to display a sawtooth pattern along the posterior somite border (Figure S6C)
(McMillen et al., 2016). Almost simultaneously, the slow muscles extend laterally in the anterior half
somite (Figure S6C’). Thus, the early cell shape changes of slow muscles and the movement of lateral
cells appear to initiate a whole somite rearrangement prior to slow muscle migration. This distinctive
sawtooth shape of the posterior fast muscle progenitors is thought to depend on Cadherin-2 (McMillen
et al., 2016).

One way to distinguish between the two models is to map the relative movement of neighboring somitic
cells throughout the rearrangement (Stellabotte and Devoto, 2007). Whole-somite rearrangement
should largely preserve the cellular neighbor relationships, whilst dynamic cell rearrangements should
significantly change the relative positions of the somitic cells. In this study, we quantified the neighbor
changes of lateral somitic cells during somite rotation by tracking neighboring cells (Figure S6D-F).
Interestingly, cells located in the anterior-lateral region collectively moved towards the posterior
direction, with few neighbour changes throughout somite rearrangement (Figure S6D). In contrast,
dynamic cell rearrangements were observed in the middle and posterior regions of the somite shortly
before their elongation (Figure S6E-F). During muscle elongation, the posterior somitic cells appear to
elongate actively and move in an anterior direction (Figure S6F). Thus, cell motility varies both across
the somite and stages. The apparent rotation of the somite is due to dynamic cell rearrangement and
active morphogenesis of the fast muscle progenitors and the coherent migration of the dermomyotome
cells. The somite appears to rotate largely through the rearrangement cells with most of the cells rotated
through varying angles in a less cohesive manner (Figure S6A).

Partial or total loss of slow muscles affects the timing of fast muscle elongation. Yet, the temporal wave
of fast muscle elongation can still be found within the smo”- and prdmla” mutants, indicating the somite
can still ‘rotate’ even in the absence of slow muscles (Figure 7E). SDF signaling has been implicated in
dermomyotome formation and possibly the somite rotation (Hollway et al., 2007). However, it remains
largely unclear whether the Sdf ligand directly induces the directional movement of dermomyotome
progenitors or fast muscle progenitors as a cytokine. Another possibility is that SDF signaling is involved
in the cell fate segregation of dermomyotome and fast muscles, given the fact that knockdown of SDF1a
or CXCR4b inhibit early myogenesis in Zebrafish (Chong et al., 2007). Further study is required to
compare and distinguish the two scenarios. Above all, we believe the apparent somite rotation is
underpinned by the sequential cell shape changes and muscle elongation from the posterior cells to
anterior, potentially under the control of the somite AP polarity genes including ripplyl and mesp-b
(Sawada et al., 2000; Windner et al., 2015) (Figure 7D).

Here, we have focused predominantly on myogenic cell fates of skeletal muscles. However, distinct
origins of non-muscle progenitors have been revealed by our single cell tracks and further tested with
photo-conversion of the photo-convertible protein Kaede (Figure S7). There appear to be three domains
of non-muscle progenitors located at the dorsal margin, lateral ventral margin, and medial ventral
margin of each somite. Due to the time limitations of the live imaging, we were unable to identify the
future cell fate of these groups of cells, though we have been able to follow their distinct migratory
routes away from the somite. It will be interesting to track these cells from early somite stages through
to their final location within the developing embryo. Light-sheet microscopy should enable such long-
term imaging with sufficient spatial resolution to perform such analyses.
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In this study, we have revealed the framework for somite patterning of the posterior trunk (somite 9-15)
and tail (somite 16-30) somites. However, the anterior trunk somites (somite 1-8) differ from their
posterior trunk and tail counterparts both in their embryonic origin and the molecular players underlying
their segmentation (Holley, 2006; Row et al., 2016; Yin and Solnica-Krezel, 2007). In contrast to the
tailbud-derived posterior trunk and tail somites, the anterior trunk somites are generated from the
mesoderm during gastrulation. In addition, complementary genetic networks have been observed, with
Integrin-a5 and Notch dominating the boundary formation of the anterior and posterior trunk somites
respectively (Jilich et al., 2005). In contrast, the establishment of somite AP (rostro-caudal R-C) polarity
appears independent of somite position. The somite AP polarity genes mesp-b and ripplyl are
expressed in the rostral and the caudal regions of somites respectively from somite 1 to somite 15
(Lackner et al., 2013; Sawada et al., 2000; Windner et al., 2015; Yabe et al., 2016). Thus, the sequential
waves of fast muscle myogenesis are likely to occur regardless of the somite position. The DV polarity
within the adaxial cell population is likely established in both of the trunk and tail somites, since the
notochord provides essential stimuli to the somites in these regions. Though the general framework for
patterning skeletal muscles is expected to be largely similar in different somites, the induction of the
myogenic and non-muscle progenitors of the limbs and fins is reliant on the position of an individual
somite (Haines, 2004; Masselink et al., 2016). Further study is required to compare the differences
between the trunk and tail somites in somitic cell differentiation and migration, especially for the
progenitors of limbs and fins that underlay the body plan.

Cell fate decisions in response to Shh signaling have been shown to depend not just upon how strong
the Shh input is, but also for how long the signal is received (Balaskas et al., 2012; Dessaud et al.,
2007; Ribes and Briscoe, 2009). However, such a mechanism implies tight temporal — and not just
spatial — regulation of morphogen signaling. In this study, we have shown that carefully timed cell
migration can effectively act as a timer to “switch off” Shh signaling in SSFs through spatial
rearrangements with fast muscle fibers. FGF effectively controls slow muscle cell fate by (indirectly)
regulating the duration of Shh pathway activation and BMP pathway inhibition in slow muscle cells
(Figure 7J-J). In effect, FGF signaling influences slow muscle cell fate non-autonomously, through
controlling the timing, velocity and range of the migration of SSFs. In systems with multiple
morphogenetic inputs, each morphogen may not always be acting to provide spatial information, but
may also contribute temporal information that plays a role in the interpretation of other morphogenetic
inputs. This insight opens up new avenues for understanding the spatio-temporal regulation of
morphogenesis in complex three-dimensional tissues.

In this study, we have systematically explored the interactions between cells of the slow and fast muscle
lineages. Previous work (Henry and Amacher 2004) characterized the role of slow muscle migration in
driving fast muscle myogenesis. Our results significantly extend these conclusions by providing
evidence that the interactions between fast and slow muscle lineages are indeed reciprocal to each
other in regulating differentiation, morphogenesis and migration. Our results also broaden our
understanding of the diverse roles of FGF signaling in AP patterning of the somite. Lateral somitic cells
display a varying dependency upon FGF signaling along the AP axis in determining their behaviors and
cell fates. Importantly, we are able to demonstrate how the meticulous tuning of FGF activity is key to
the proper segregation between dermomyotome (Hollway et al., 2007; Stellabotte et al., 2007) and
lateral fast muscle fibers (Groves, 2005), which occurs in the anterior half somite. In contrast, no AP
bias was found in slow muscle lineages in the muscle elongation and cell fate determination.

There are several open questions that arise from our study. Even though we have determined that fast
muscle myogenesis is closely coupled with slow muscle migration and MP differentiation, the molecular
mechanisms underlying the interaction between the two muscle lineages remains largely unknown.
Reciprocal expression waves of M-Cadherin (M-Cad) and N-Cadherin (N-Cad) have previously been
implicated in the lateral migration of slow muscles (Cortés et al., 2003). The change in the adhesive
environment during fast muscle myogenesis may help to drive migration of SSFs. It will be interesting
to image such changes in living embryos using reporters such as the TgBAC(cdh2:cdh2-sfGFP-
TagRFP) (Revenu et al., 2014). However, perturbation of M- or N-Cad expression only induces limited
defects on the lateral migration of SSFs (Cortés et al., 2003; Ono et al., 2015). This suggests that other
mechanisms might be involved into the lateral migration of SSFs. It is also not clear if (and if so, how)
the notochord restricts the migration of MPs. Notably, itga5, a molecule implicated in the cell-matrix
junction, is expressed exclusively in MPs after lateral migration (Thisse et al., 2001). Further study is
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needed to reveal the possible participation of cell-matrix junctions between the myotome-notochord
interface.

Supplemental Information includes seven figures, and five movies and can be found online with this
article.

We wish to thank the IMCB fish facility for support. We thank Tom Carney (Nanyang Technological
University, Singapore) for helpful suggestions and for sharing reagents. JY and TES were supported
by a National Research Foundation Singapore Fellowship awarded to TES (NRF2012NRF-NRFF001-
094). PWI held a Toh Kian Chui Foundation endowed chair, which supported YO. RL was supported
by IMCB core funding awarded to PWI.

PWI, TES and JY conceived and designed the study. JY performed experiments with support from RL
and YO. JY performed image analysis and cell tracking with assistance from TES. JY, PWI and TES
interpreted the data and wrote the manuscript.

The authors declare no competing financial interests.



621
622
623
624
625
626
627
628
629
630
631
632
633
634
635
636
637
638
639
640
641
642
643
644
645
646
647
648
649
650
651
652
653
654
655
656
657
658
659
660
661
662
663
664
665
666
667
668
669
670
671
672
673
674
675
676
677
678
679
680

Amthor, H., Christ, B., and Patel, K. (1999). A molecular mechanism enabling continuous embryonic
muscle growth - a balance between proliferation and differentiation. Development 126, 1041-1053.
Balaskas, N., Ribeiro, A., Panovska, J., Dessaud, E., Sasai, N., Page, K.M., Briscoe, J., and Ribes, V.
(2012). Gene regulatory logic for reading the sonic hedgehog signaling gradient in the vertebrate
neural tube. Cell 148, 273-284.

Barresi, M.J., Stickney, H.L., and Devoto, S.H. (2000). The zebrafish slow-muscle-omitted gene
product is required for Hedgehog signal transduction and the development of slow muscle identity.
Development 127, 2189-2199.

Baxendale, S., Davison, C., Muxworthy, C., Wolff, C., Ingham, P.W., and Roy, S. (2004). The B-cell
maturation factor Blimp-1 specifies vertebrate slow-twitch muscle fiber identity in response to
Hedgehog signaling. Nat. Genet. 36, 88-93.

Blagden, C.S., Currie, P.D., Ingham, P.W., and Hughes, S.M. (1997). Notochord induction of
zebrafish slow muscle mediated by sonic hedgehog. Genes Dev. 11, 2163-2175.

Chong, S.W., Nguyet, L.M., Jiang, Y.J., and Korzh, V. (2007). The chemokine Sdf-1 and its receptor
Cxcr4 are required for formation of muscle in zebrafish. BMC Dev. Biol.

Cooper, G.M., and Hausman, R.E. (2007). The Cell: A Molecular Approach 2nd Edition.

Cortés, F., Daggett, D., Bryson-Richardson, R.J., Neyt, C., Maule, J., Gautier, P., Hollway, G.E.,
Keenan, D., and Currie, P.D. (2003). Cadherin-mediated differential cell adhesion controls slow
muscle cell migration in the developing zebrafish myotome. Dev. Cell 5, 865-876.

Currie, P.D., and Ingham, P.W. (1996). Induction of a specific muscle cell type by a hedgehog-like
protein in zebrafish. Nature 382, 452—-455.

Daggett, D.F., Domingo, C.R., Currie, P.D., and Amacher, S.L. (2007). Control of morphogenetic cell
movements in the early zebrafish myotome. Dev. Biol. 309, 169-179.

Dessaud, E., Yang, L.L., Hill, K., Cox, B., Ulloa, F., Ribeiro, A., Mynett, A., Novitch, B.G., and Briscoe,
J. (2007). Interpretation of the sonic hedgehog morphogen gradient by a temporal adaptation
mechanism. Nature 450, 717-720.

Devoto, S.H., Melancon, E., Eisen, J.S., and Westerfield, M. (1996). Identification of separate slow
and fast muscle precursor cells in vivo, prior to somite formation. Development 122, 3371-3380.
Dolez, M., Nicolas, J.-F., and Hirsinger, E. (2011). Laminins, via heparan sulfate proteoglycans,
participate in zebrafish myotome morphogenesis by modulating the pattern of Bmp responsiveness.
Development 138, 1015-1015.

Dorey, K., and Amaya, E. (2010). FGF signalling: diverse roles during early vertebrate
embryogenesis. Development 137, 3731-3742.

van Eeden, F.J., Granato, M., Schach, U., Brand, M., Furutani-Seiki, M., Haffter, P., Hammerschmidt,
M., Heisenberg, C.P., Jiang, Y.J., Kane, D. a, et al. (1996). Mutations affecting somite formation and
patterning in the zebrafish, Danio rerio. Development 123, 153-164.

Elworthy, S., Hargrave, M., Knight, R., Mebus, K., and Ingham, P.W. (2008). Expression of multiple
slow myosin heavy chain genes reveals a diversity of zebrafish slow twitch muscle fibres with differing
requirements for Hedgehog and Prdm1 activity. Development 135, 2115-2126.

Felsenfeld, A.L., Curry, M., and Kimmel, C.B. (1991). The fub-1 mutation blocks initial myofibril
formation in zebrafish muscle pioneer cells. Dev. Biol. 148, 23-30.

Furthauer, M., Reifers, F., Brand, M., Thisse, B., and Thisse, C. (2001). sprouty4 acts in vivo as a
feedback-induced antagonist of FGF signaling in zebrafish. Development 128, 2175-2186.
Goulding, M., Lumsden, A., and Paquette, a J. (1994). Regulation of Pax-3 expression in the
dermomyotome and its role in muscle development. Development 120, 957-971.

Groves, J.A. (2005). Fgf8 drives myogenic progression of a novel lateral fast muscle fibre population
in zebrafish. Development 132, 4211-4222.

Haines, L. (2004). Met and Hgf signaling controls hypaxial muscle and lateral line development in the
zebrafish. Development.

Hamade, A., Deries, M., Begemann, G., Bally-Cuif, L., Genét, C., Sabatier, F., Bonnieu, A., and
Cousin, X. (2006). Retinoic acid activates myogenesis in vivo through Fgf8 signalling. Dev. Biol. 289,
127-140.

Henry, C.A., and Amacher, S.L. (2004). Zebrafish slow muscle cell migration induces a wave of fast
muscle morphogenesis. Dev. Cell 7, 917-923.

Hirsinger, E., Stellabotte, F., Devoto, S.H., and Westerfield, M. (2004). Hedgehog signaling is
required for commitment but not initial induction of slow muscle precursors. Dev. Biol.

Holley, S.A. (2006). Anterior-posterior differences in vertebrate segments: Specification of trunk and
tail somites in the zebrafish blastula. Genes Dev.



681
682
683
684
685
686
687
688
689
690
691
692
693
694
695
696
697
698
699
700
701
702
703
704
705
706
707
708
709
710
711
712
713
714
715
716

718
719
720
721
722
723
724
725
726
727
728
729
730
731
732
733
734
735
736
737
738
739
740

Hollway, G.E., Bryson-Richardson, R.J., Berger, S., Cole, N.J., Hall, T.E., and Currie, P.D. (2007).
Whole-Somite Rotation Generates Muscle Progenitor Cell Compartments in the Developing Zebrafish
Embryo. Dev. Cell 12, 207-219.

Housden, B.E., and Perrimon, N. (2014). Spatial and temporal organization of signaling pathways.
Trends Biochem. Sci. 39, 457-464.

Ingham, P.W., and Placzek, M. (2006). Orchestrating ontogenesis: Variations on a theme by sonic
hedgehog. Nat. Rev. Genet. 7, 841-850.

Jin, Z., Kirilly, D., Weng, C., Kawase, E., Song, X., Smith, S., Schwartz, J., and Xie, T. (2008).
Differentiation-Defective Stem Cells Outcompete Normal Stem Cells for Niche Occupancy in the
Drosophila Ovary. Cell Stem Cell 2, 39-49.

Julich, D., Geisler, R., Holley, S.A., Van Bebber, F., Busch-Nentwich, E., Dahm, R., Frank, O.,
Fronhofer, H.G., Geiger, H., Gilmour, D., et al. (2005). Integrina and delta/notch signaling have
complementary spatiotemporal requirements during zebrafish somitogenesis. Dev. Cell.

Kicheva, A., Pantazis, P., Bollenbach, T., Kalaidzidis, Y., Bittig, T., Julicher, F., and Gonzalez-Gaitan,
M. (2007). Kinetics of Morphogen Gradient Formation. Science (80-. ). 315, 521-525.

Kimmel, C.B., Ballard, W.W., Kimmel, S.R., Ullmann, B., and Schilling, T.F. (1995). Stages of
embryonic development of the zebrafish. Dev. Dyn. 203, 253-310.

Lackner, S., Schwendinger-Schreck, J., Jilich, D., and Holley, S.A. (2013). Segmental Assembly of
Fibronectin Matrix Requires rap1b and integrin a5. Dev. Dyn.

Lee, Y. (2005). Fgf signaling instructs position-dependent growth rate during zebrafish fin
regeneration. Development 132, 5173-5183.

Lee, R.T.H., Knapik, EW., Thiery, J.P., and Carney, T.J. (2013). An exclusively mesodermal origin of
fin mesenchyme demonstrates that zebrafish trunk neural crest does not generate ectomesenchyme.
Development 140, 2923-2932.

Lewis, K.E., Currie, P.D., Roy, S., Schauerte, H., Haffter, P., and Ingham, P.W. (1999). Control of
muscle cell-type specification in the zebrafish embryo by Hedgehog signalling. Dev. Biol. 216, 469—
480.

Marques, S.R., Lee, Y., Poss, K.D., and Yelon, D. (2008). Reiterative roles for FGF signaling in the
establishment of size and proportion of the zebrafish heart. Dev. Biol. 321, 397-406.

Masselink, W., Cole, N.J., Fenyes, F., Berger, S., Sonntag, C., Wood, A., Nguyen, P.D., Cohen, N.,
Knopf, F., Weidinger, G., et al. (2016). A somitic contribution to the apical ectodermal ridge is
essential for fin formation. Nature 535, 542-546.

Maurya, A.K., Tan, H., Souren, M., Wang, X., Wittbrodt, J., and Ingham, P.W. (2011). Integration of
Hedgehog and BMP signalling by the engrailed2a gene in the zebrafish myotome. Development 138,
755-765.

McMillen, P., Chatti, V., Jilich, D., and Holley, S.A. (2016). A sawtooth pattern of cadherin 2 stability
mechanically regulates somite morphogenesis. Curr. Biol.

Neilson, K.M., and Friesel, R. (1996). Ligand-independent activation of fibroblast growth factor
receptors by point mutations in the extracellular, transmembrane, and kinase domains. J. Biol. Chem.
271, 25049-25057.

Nguyen-Chi, M.E., Bryson-Richardson, R., Sonntag, C., Hall, T.E., Gibson, A., Sztal, T., Chua, W.,
Schilling, T.F., and Currie, P.D. (2012). Morphogenesis and Cell Fate Determination within the
Adaxial Cell Equivalence Group of the Zebrafish Myotome. PLoS Genet. 8.

Nguyen, P.D., Hollway, G.E., Sonntag, C., Miles, L.B., Hall, T.E., Berger, S., Fernandez, K.J.,
Gurevich, D.B., Cole, N.J., Alaei, S., et al. (2014). Haematopoietic stem cell induction by somite-
derived endothelial cells controlled by meox1. Nature.

Nikaido, M., Kawakami, A., Sawada, A., Furutani-Seiki, M., Takeda, H., and Araki, K. (2002). Thx24,
encoding a T-box protein, is mutated in the zebrafish somite-segmentation mutant fused somites. Nat.
Genet. 31, 195-199.

Ono, Y., Yu, W., Jackson, H.E., Parkin, C.A., and Ingham, P.W. (2014). Adaxial cell migration in the
zebrafish embryo is an active cell autonomous property that requires the Prdm1a transcription factor.
Differentiation 89, 77-86.

Perrimon, N., Pitsouli, C., and Shilo, B.-Z. (2012). Signaling mechanisms controlling cell fate and
embryonic patterning. Cold Spring Harb. Perspect. Biol. 4, a005975.

Raible, F., and Brand, M. (2001). Tight transcriptional control of the ETS domain factors Erm and
Pea3 by Fgf signaling during early zebrafish development. Mech. Dev. 107, 105-117.

Reifers, F., Bohli, H., Walsh, E.C., Crossley, P.H., Stainier, D.Y., and Brand, M. (1998). Fgf8 is
mutated in zebrafish acerebellar (ace) mutants and is required for maintenance of midbrain-hindbrain
boundary development and somitogenesis. Development 125, 2381-2395.

Revenu, C., Streichan, S., Dona, E., Lecaudey, V., Hufnagel, L., and Gilmour, D. (2014). Quantitative



780
781
782
783
784
785
786
787
788
789
790
791

792

cell polarity imaging defines leader-to-follower transitions during collective migration and the key role
of microtubule-dependent adherens junction formation. Development 141, 1282-1291.

Ribes, V., and Briscoe, J. (2009). Establishing and interpreting graded Sonic Hedgehog signaling
during vertebrate neural tube patterning: the role of negative feedback. Cold Spring Harb. Perspect.
Biol. 1.

Roehl, H., and Nusslein-Volhard, C. (2001). Zebrafish pea3 and erm are general targets of FGF8
signaling. Curr. Biol. 11, 503-507.

Row, R.H., Tsotras, S.R., Goto, H., and Martin, B.L. (2016). The zebrafish tailbud contains two
independent populations of midline progenitor cells that maintain long-term germ layer plasticity and
differentiate in response to local signaling cues. Development.

Roy, S., Wolff, C., and Ingham, P.W. (2001). The u-boot mutation identifies a Hedgehog-regulated
myogenic switch for fiber-type diversification in the zebrafish embryo. Genes Dev. 15, 1563-1576.
Sawada, a, Fritz, a, Jiang, Y.J., Yamamoto, a, Yamasu, K., Kuroiwa, a, Saga, Y., and Takeda, H.
(2000). Zebrafish Mesp family genes, mesp-a and mesp-b are segmentally expressed in the
presomitic mesoderm, and Mesp-b confers the anterior identity to the developing somites.
Development.

Sawada, a, Shinya, M., Jiang, Y.J., Kawakami, A., Kuroiwa, A., and Takeda, H. (2001). Fgf/MAPK
signalling is a crucial positional cue in somite boundary formation. Development 128, 4873—-4880.
Schiaffino, S., and Reggiani, C. (2011). Fiber types in mammalian skeletal muscles. Physiol. Rev. 91,
1447-1531.

Shimada, A., Kawanishi, T., Kaneko, T., Yoshihara, H., Yano, T., Inohaya, K., Kinoshita, M., Kamei,
Y., Tamura, K., and Takeda, H. (2013). Trunk exoskeleton in teleosts is mesodermal in origin. Nat.
Commun. 4.

Stellabotte, F., and Devoto, S.H. (2007). The teleost dermomyotome. Dev. Dyn.

Stellabotte, F., Dobbs-McAuliffe, B., Fernandez, D.A., Feng, X., and Devoto, S.H. (2007). Dynamic
somite cell rearrangements lead to distinct waves of myotome growth. Development 134, 1253-1257.
Stickney, H.L., Barresi, M.J.F., and Devoto, S.H. (2000). Somite development in Zebrafish. Dev. Dyn.
219, 287-3083.

Thisse, B., Pflumio, S., Furthauer, M., Loppin, B., Heyer, V., Degrave, A., Woehl, R., Lux, A., Steffan,
T., Charbonnier, X.Q., et al. (2001). Expression of the zebrafish genome during embryogenesis.
Ting, X. (2013). Control of germline stem cell self-renewal and differentiation in the Drosophila ovary:
Concerted actions of niche signals and intrinsic factors. Wiley Interdiscip. Rev. Dev. Biol. 2, 261-273.
van Eeden, F. J., et al. (1996). Mutations affecting somite formation and patterning in the zebrafish,
Danio rerio. Development 123, 153-164.

Varga, Z.M., Amores, A., Lewis, K.E., Yan, Y.L., Postlethwait, J.H., Eisen, J.S., and Westerfield, M.
(2001). Zebrafish smoothened functions in ventral neural tube specification and axon tract formation.
Development 128, 3497-3509.

Windner, S.E., Doris, R.A., Ferguson, C.M., Nelson, A.C., Valentin, G., Tan, H., Oates, A.C., Wardle,
F.C., and Devoto, S.H. (2015). Tbx6, Mesp-b and Ripplyl regulate the onset of skeletal myogenesis
in zebrafish. Development 142, 1159-1168.

Wolff, C., Roy, S., and Ingham, P.W. (2003). Multiple muscle cell identities induced by distinct levels
and timing of Hedgehog activity in the zebrafish embryo. Curr. Biol. 13, 1169-1181.

Wolpert, L. (1969). Positional information and the spatial pattern of cellular differentiation. J. Theor.
Biol. 25, 1-47.

Xiong, F., Tentner, A.R., Huang, P., Gelas, A., Mosaliganti, K.R., Souhait, L., Rannou, N., Swinburne,
I.A., Obholzer, N.D., Cowgill, P.D., et al. (2013). Specified neural progenitors sort to form sharp
domains after noisy Shh signaling. Cell 153, 550-561.

Yabe, T., Hoshijima, K., Yamamoto, T., and Takada, S. (2016). Quadruple zebrafish mutant reveals
different roles of Mesp genes in somite segmentation between mouse and zebrafish. Development.
Yin, C., and Solnica-Krezel, L. (2007). Convergence and extension movements mediate the
specification and fate maintenance of zebrafish slow muscle precursors. Dev. Biol. 236, 2742-2756



807
808
809
810
811
812
813
814
815
816
817
818
819
820
821
822
823
824
825
826

Figure 1: The differentiation and migration of somitic cells.

(A) Schematic diagram of the differentiation of somitic cells and the further differentiation of slow and
fast muscle lineages. MPs: Muscle Pioneers. SSFs: Superficial Slow Muscle Fiber. ECL cells: external
cell layer cells. (B-D). Schematic representation of the localization of various cell types at somite stage
S0 (B), S3 (C) and the muscle segments around 10 hours after somite segmentation after primary
myogenesis (D) at transverse view, using same color coding for cell fate as in (A). (E): 3D representation
of the slow muscle migration and differentiation throughout primary myogenesis. Red and blue denote
cells with MP and SSF cell fates respectively. (F): The temporal-spatial expression profile of
Eng2a:eGFP in (E), normalized to the maximum Eng2a:eGFP expression in the last time point.

Figure 2: Morphogenesis of adaxial cells and the determination of MPs from DV midline
(A)Time-lapse of the muscle morphogenesis of adaxial cells from segmentation (i) to 140mins after
segmentation (viii). Anterior to the left and dorsal to the top in all parasagittal views unless otherwise
stated. Timing refers to the relative time after the formation of corresponding somite in all figures unless
otherwise stated. White brackets label fully elongated adaxial cells. White dash lines denote to somite
boundaries unless otherwise stated. Images are taken at somite 18-20. (B) The timing of elongation of
each individual adaxial cell at different positions relative to DV midline (nceis=135, from total of 8 somites
taken from 8 embryos), ***p < 0.001, Student’s t test). (C-C”) Mapping of all slow muscles from four
contiguous somites back to the PSM with colors denoting distinct cell fates (C), timing of elongation
relative to the segmentation of somite SO (C’) or relative to the segmentation of each somite (C”). Black
dash lines label the position of notochord. White asterisks in (C) label the adaxial cells lying on the
dorsal or ventral margin of the notochord. (D) Time-lapse of MP differentiation with the live MP cell fate
marker eng2a:GFP from PSM (i) to 290mins later (ix). Images are taken at somite 19-20. (E) 2D
representation of the adaxial cell rearrangement during slow muscle myogenesis. The varying colors in
each track denote the corresponding time relative to the somite segmentation. Black circles and
squares denote to the initial positions of future SSFs and MPs respectively. (F) Probability map of MP
initial position constructed from adaxial cell positions in SO (Nsomites=52, NEmbryos=16). Left, right, top and
bottom refer to anterior, posterior, dorsal and ventral side of adaxial cell population. (G) Distribution of
AP-Bias of the quantified 52 somite. (i) The AP-Bias in each somite is defined by
log(> area(A)/yarea(P)). > area(A) and ) area(P) denote the area taken by the future MPs anteriorly and
posteriorly in the somite respectively.

Figure 3: FGF signaling participates in the further differentiation of both slow and fast muscle
lineages

(A-C) Fluorescent in situ of FGF downstream activators pea3 (A-A”) and erm (B-B”) and inhibitor spry4
(C-C”). Images are taken at the lateral somitic cells (A-C) and the slow muscle fibers (A’-C’) at 18-
somite stage. Constructed transverse images are taken at somite S3 and are displayed in (A”-C”) with
lateral to the top and dorsal to the left. Slow muscles are labeled with Prdmla:GFP and white short
arrows. (C’”’) Spry4 expression level per cell along the DV axis. The expression of spry4 is measured
cell by cell by calculating the average intensity within the nucleus (nceis=153, from total of 9 somites
taken from 5 embryos, NSP >0.05, Student’s t test). (D-G): Perturbations of FGF signaling change the
number of MPs with MPs identified by Eng2a:eGFP expression. Wild type embryo (D), SU5402
treatment at 60puM (E), heat shock of hsp70l:dn-fgfrl-eGFP (F) and heat shock of hsp70l:ca-fgfrl (G)
analyzed, all imaged at 28hpf at muscle segments 16-20, with quantification of MP number shown in
(H), where nsegments=55, 60, 40, 40 (from 11, 12, 10, 10 embryos) for conditions (D-G) respectively. (I-
L) Perturbations of FGF signaling change the number of ECL cells, with ECL cells identified by Pax7
antibody staining. White asterisks label ECL cells with moderate Pax7 intensity. The much brighter cells
labelled with white short arrows are neural crest cells. Wild type embryo (I, I'), SU5402 treatment at
60uM (J, J°), heat shock of hsp70l:dn-fgfrl (K, K') and heat shock of hsp70l:ca-fgfrl (L, L’) analyzed at
28hpf at muscle segments 16-20. Transverse views shown in (I-L) with lateral to the top and dorsal to
the left. (M) Quantification of ECL cell number, where nsegments=16, 21, 15, 19 (from 6 embryos in each
condition) for conditions (I-L) respectively. ***p < 0.001, Student’s t test.

Figure 4: The direct and indirect roles of FGF signaling in the further differentiation of fast and
slow lineages respectively

(A-D) Mosaic FGF perturbations in slow muscle cells driven by smyhc1:gal4;UAS:dn-fgfr1-p2a-mCherry
(A) or smyhcl:gal4;UAS:ca-fgfrl-p2a-mCherry (A’) respectively. (B-C) Mosaic FGF inhibition (B) or
over-activation (C) in the slow muscle fibers is identifiable through mCherry expression. Images are
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taken at 28hpf at muscle segments 13-16 and projected along ML axis. (B’-C’) Transverse views of (B-
C) made at the sites of dash lines with lateral to the left and dorsal to the top. (D) Fraction of mCherry
positive MPs among mCherry positive slow muscles in control group (60/296), FGF inhibited group
(52/262) and FGF over-activated group (45/214). (E-G) Mosaic FGF perturbations regardless of cell
types with the expression of dn-fgfrl-mCherry (E) or ca-fgfrl-p2a-mCherrry (F) driven by heat shock
promoter hsp70l. The perturbed cells are identifiable through membrane localized dn-fgfr1-mCherry (E)
or uniformly distributed mCherry respectively (F) and labelled with white short arrows. (E’-F’)
Transverse views of (E-F) made at the sites of dash lines with lateral to the left and dorsal to the top.
(G) Fraction of mCherry positive ECL cells among the total population of mCherry positive cells in fast
muscle lineage (both fast muscle fibers and ECL cells) in control group (104/495), FGF inhibited group
(373/777) and FGF over-activated group (41/696). Heat shock was performed at 16-somite stage. The
quantification of cell fates was performed at muscle segments 16-22 at 30hpf.

Figure 5: AP polarity of fast muscle myogenesis and the roles of FGF signaling in the AP
patterning

(A) Time-lapse of the earliest fast muscle elongation and the displacement of slow muscles. Yellow,
white, blue and magenta labels the contours of elongating fast muscle progenitors. Slow muscles are
labeled with Prdmla:GFP. (B-E) Time-lapse of the cell rearrangement and differentiation of lateral
somitic cells throughout the primary myogenesis at coronal view (B) with lateral to the top and anterior
to the left and parasagittal optical views (C-E). Yellow, white and blue circles label cells from posterior
(C), central (D) and anterior (E) part of somite S2. In C-E, the z-plane selected corresponds to the
position of the center of each cell being tracked (corresponding z-position is clear in B). White arrows
label the elongating fast muscle progenitors. (F) Maps of the timing of fast muscle elongation
constructed at somite stage S2 (i) at parasagittal planes 20 ym (ii) or 36 (iii) um away from the notochord.
Cells labeled with gray color did not elongate throughout the primary myogenesis. (G) The timing of
elongation of fast muscle progenitors quantified from the rectangle region of 5F(ii) along the AP axis in
wild type embryo (blue, nceis=57 from total of 7 somites taken from 6 embryos), embryos under heat
shock of hsp70l:dn-fgfr1-eGFP (green, nceis=35 from total of 6 somites taken from 5 embryos) or heat
shock of hsp70l:ca-fgfrl (red, nceis=45 from total of 6 somites taken from 5 embryos). The ellipse
represents the minimum-volume covering of data points in each group. (H-1) Maps of timing of fast
muscle elongation (H-H”) and cell fates (I-1”) at somite stage S2 in in wild type embryo (H and 1),
embryos under heat shock of hsp70l:dn-fgfr1-eGFP (H’ and I’) or heat shock of hsp70l:ca-fgfrl (H” and
I”). Images above are taken at somite 16-18.

Figure 6: FGF signaling determines MP cell fate by regulating slow muscle migration

(A-C) Time lapses of Eng2a:eGFP expression during MP differentiation in wild type embryos (A),
embryos under treatment of dorsomorphin (DM) at 50uM (B) or SU5402 at 60uM (C). White short
arrows denote the onset of Eng2a:eGFP expression that can be identified. (A’-C’) The corresponding
temporal expression profile of Eng2a:eGFP for individual MP under same conditions of (A-C). All the
MPs in each group are sorted along the Y-axis according to the timing of initial Eng2a:eGFP expression.
The color map represent differential intensity of Eng2a:eGFP for each cell. White and red lines label
the start and end of the time window for the onset of Eng2a:eGFP expression. (A’) (nceis=22 from total
of 6 somites taken from 5 embryos); (B’) (nceis=28 from total of 6 somites taken from 4 embryos);
(C')(ncens=34 from total of 7 somites taken from 5 embryos). (D-F) Time lapses of Eng2a:eGFP
expression in MPs and Eng2a:eGFP+ SSFs in wild type embryos (D), embryos under treatment of
SU5402 at 60uM (E) and heat shock of hsp70l:.ca-fgfrl (F). White short arrows label Eng2a:eGFP+
SSFs. (G-G’) The number of MPs and Eng2a:eGFP+ SSFs (G’) per muscle segments in conditions of
(D-F) (nsegments=31, 22, 28, Nembryos=7, 7, 5, ***p < 0.001, Student’s t test). (H-J): Time lapses of slow
muscle migration in wild type embryos (H), embryos under treatment of SU5402 at 60uM (l) or heat
shock of hsp70l:ca-fgfrl (J). Slow muscles are identified by the expression of Prdmla:GFP. (H’-J’) The
reconstructed transverse view of (H-J) with medial to the left and dorsal to the top. White arrows denote
the breaking of the slow muscle monolayer by fast muscle elongation. Dash lines label the area at the
lateral side of slow muscles. White asterisk in (I'(1ll)) denotes the ectopic ECL cells under SU5402
treatment. (K) Timing of the initiation of lateral migration in wild type embryos (nNsomites=15 from 5
embryos), embryos under dorsomorphin (DM) treatment at 50uM (Nsomitess=12 from 5 embryos)), heat
shock of hsp70l:ca-fgfrl (nsomites=12 from 5 embryos), SU5402 treatment at 60uM (Nsomites=15 from 5
embryos) and heat shock of hsp70l:dn-fgfr1-eGFP (nsomites=15 from 5 embryos) (***p < 0.001, NSP >0.05,
Student’s t test). (L) The relative size of lateral area (labelled with dash lines in Figure 6H-J) throughout
the lateral migration of SSFs. Blue, green and red denote the profiles under conditions of (H-J) (total of



912
913
914
915
916
917
918
919
920
921
922
923
924
925
926
927
928
929
930
931
932
933
934
935
936
937
938
939
940
941

942

5 somites from 5 separate embryos in each condition). ***p < 0.001, Student’s t test. Images taken at
muscle segments 16-18.

Figure 7: Reciprocal interactions of fast and slow muscle fibers guides their differentiation
(A-C) The lateral migration of SSFs (A-C) and MPs specification (A’-C’) in wild type embryos (A),
Ripplyl morphants (B) and tbx6” mutants (C). Slow muscles are either labeled with Prdmla:GFP (A,
B) or Smyhcl:lyn_eGFP (C). MPs are either labeled with Eng2a:eGFP (A’, B’) or 4D9 antibody (C’).
Images are taken at muscle segments 12-16 at 30hpf. (D) The timing of elongation of individual fast
muscle progenitors along the DV midline from a region corresponding to four adjacent somites. Shaded
regions represent individual somites in wild type embryos. Blue, orange and violet dots denote cells
from WT embryos (Nembryos=5), Ripplyl morphants (nembyos=5) and tbx67 mutants (Nembryos=5)
respectively. Cells with ECL cell fate are placed at the top of the panel. (E) AP dependence of the timing
of elongation relative to somite segmentation of individual fast muscle progenitors along the DV midline
in wild type embryos (nceis=57 from total of 7 somites taken from 6 embryos), prdmla’ (nceis=70 from
total of 6 somites taken from 6 different embryos) and smo” mutants (nceis=42, from total of 4 somites
taken from 4 different embryos). The ellipse represents the minimum-volume covering of data points in
each group. (F) Time-lapse of the patterning of fast muscle fibers in WT embryos at muscle segments
16-18. The fusing fast muscle progenitors are labeled with blue and yellow asterisks. White short arrows
label the dissolving membrane between the fusing cells. The intercalated slow and fast muscles are
labeled with long white arrows. (G-H) Parasagittal optical view of wild type embryos and prdmla’
mutant labelled with membrane marker lyn-td tomato at muscle segments 12-15. Transverse views of
(G-H) are displayed in (G’-H’) with dorsal to the left and lateral to the top and manually segmented in
(G”-H”). () Distribution of the transverse size of fast muscle fibers in wild type embryo (nceis=1246 from
total of 15 muscle segments taken from 8 embryos) and prdmla’ mutant (nceis=1126 from total of 12
muscle segments taken from 6 embryos) (***p < 0.001, Student’s t test). (I") Probability density of (I).
(J) Schematic presentation of how FGF signaling regulates MPs differentiation in wild type embryos by
precisely controlling the timing of SSFs migration and hence their exposure to Shh and BMP signaling.
(J) In the absence of FGF signaling, ectopic MPs are induced not only at the expense of eng+ SSFs,
but also in an extended time window due to the delay of lateral migration.
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CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed to and will be fulfilled
by the Lead Contact, Timothy E Saunders (dbsste@nus.edu.sqg).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Adult fish were maintained on a 14h light/10h dark cycle at 28°C in the Agri-Food and Veterinary
Authority (AVA) of Singapore certificated Institute of Molecular and Cell Biology (IMCB) Zebrafish
Facility (Biopolis, Singapore). Wild type and transgenic zebrafish embryos were obtained by crossing
male and female adults aged 3-18 months and raised at 28 °C. Embryos were staged by hours post-
fertilization (hpf) at 28 °C and/or morphological features (Kimmel et al., 1995). All experiments with
zebrafish embryos were approved by the Singapore National Advisory on Laboratory Animal Research
and performed under the A*STAR Biological Resource Centre IACUC project #090434.

Previously described transgenic Zebrafish lines were used as follows: Tg(PACprdm1:GFP)i1% (Elworthy
et al., 2008) and Tg(-10en2a:EGFP)i233 (Maurya et al., 2011) for the labelling of slow muscles and
muscle pioneers respectively; Tg(hsp70:ca-fgfrl1)rd3 (Marques et al., 2008), Tg (hsp70:dn-Fgfrl-
EGFP)rdL (Lee, 2005), Tg(smyhcl:GAL4-VP16)1316 for the global and selective perturbations of FGF
activity; and smoP®41/b641(\arga et al., 2001), ubo/prdm1atr3939(van Eeden et al 1996; Baxendale et al.,
2004) and tbx611(Nikaido et al., 2002) for the generation of homozygous smo, prdmla and thx6
mutants respectively.

Embryos selected for experiments were typically less than 24hpf, a stage at which sex cannot be readily
determined and is unlikely to influence the biological processes under study.

METHOD DETAILS

Assembly of DNA constructs and RNA for live imaging

For transcription of RNA for time-lapse imaging, we assembled pcs2/SP6-lyn-tdTomato, pcs2/SP6-lyn-
eGFP, pcs2/SP6-lyn-kaede and pcs2/SP6-h2b-EGFP. Plasmids were linearized with Notl before
transcription of capped RNA using an mMessage-mMachine kit (Ambion). We assembled pTol2
(UAS:ca-fgfrl-p2a-mcherry), pTol2(UAS:dn-fgfrl-p2a-mcherry), pTol2(UAS:mcherry), pTol2
(hsp70l.ca-fgfrl-p2a-mcherry), pTol2 (hsp70l.dn-fgfrl-mcherry) and pTol2 (hsp70l:mcherry) for mosaic
FGF perturbations using Gibson Assembly (NEB). The dn-fgfrl and ca-fgfrl of pTol2(UAS:dn-fgfrl-
p2a-mcherry) and pTol2 (UAS:ca-fgfrl-p2a-mcherry) were designed as previously described (Lee,
2005; Neilson and Friesel, 1996) and tested by injecting the encoded mRNA into embryos at the one
cell stage (Figure S4C-D). The ca-fgfrl and dn-fgfrl of pTol2 (hsp70l:ca-fgfr1-p2a-mcherry) and pTol2
(hsp70l:dn-fgfrl-mcherry) were amplified from Tg(hsp70:ca-fgfr1)rd® (Marques et al., 2008) and Tg
(hsp70:dn-Fgfr1-EGFP)PI (Lee, 2005).

Injections and morpholino knockdown

30ng/ml of MRNA encoding lyn-tdTomato, lyn-eGFP, lyn-kaede or h2b-GFP were injected into embryos
at the one cell stage. 30ng/ml of DNA encoding UAS:dn-fgfr1-h2a-mcherry, UAS:dn-fgfr1-h2a-mcherry
or UAS:mcherry were injected into embryos from crosses between Tg(smyhcl:GAL4-VP16) and
Tg(PACprdm1:GFP)i1%, 30ng/ml of DNA encoding hsp70l:dn-fgfrl-mcherry, hsp70l.ca-fgfrl-p2a-
mcherry or hsp70l:mcherry were injected into embryos from Tg(smyhc1:GAL4-VP16). Morpholino (MO)
oligonucleotides were purchased from Gene Tools (Philomath, OR) using previously reported
sequences (Windner et al., 2015). Morpholinos were dissolved in water to a stock solution of 1ImM. The
stock solution of the Ripplyl MO was diluted in injection solution to a final concentration of 200pM and
1-2nL injected into 1-2 cell stage embryos.

Drug treatments and heat shock inductions

SU5402 (Sigma) was added to embryo medium at 14-somite stage 2h before live imaging at a
concentration of 60uM. The same concentration of SU5402 was applied in the agarose-embedding
solution throughout live imaging. For immunostaining purpose, SU5402 was added to embryo medium
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4-somite stage. Dorsomorphin (Sigma) was added to agarose-embedding solution and embryo medium
at 14-somite stage 2h before live imaging at a concentration of 50uM. Cyclopamine (Abcam) was added
either 1 or 2h before live imaging at a concentration of 30uM. The dose of drug treatment was based
on previous reports (Dolez et al., 2011; Groves, 2005; Nguyen-Chi et al., 2012; Wolff et al., 2003). Heat
shock of Tg(hsp70:ca-fgfr1)rd3, Tg(hsp70:dn-fgfrl-EGFP)PIL or transient transgenic embryos with
hsp70l promoter was performed at 16-somite stage at 38°C for 50min. Embryos were immediately
transferred for live imaging after heat shock.

Time-lapse live imaging

Zeiss Lightsheet Z.1 and Zeiss LSM 700 were used for the live imaging of zebrafish embryos. For live
imaging of anterior somites, embryos were mounted into FEP tube with 1% low melting agarose in
embryo medium at 8-10 somites stage (around 13hpf). Well-mounted embryos were transferred to
Zeiss Lightsheet Z.1 and imaged using a 20x water immersion objective. For live imaging of posterior
somites, embryos were mounted into microwell dishes tube with 0.3% low melting agarose in embryo
medium at 18-20 somites stage (around 19hpf). Well-mounted embryos were transferred to Zeiss LSM
700 and imaged using a 40x oil-immersion objective. During live imaging, the environmental
temperature was maintained at 26 C.

Fluorescent In situ hybridization and antibody staining

Fluorescent in situ hybridization (FISH) followed the online protocol:
https://zfin.org/ZFIN/Methods/ThisseProtocol.html. SIGMAFAST™ Fast Red TR (Sigma) was utilized
for generating red fluorescence with alkaline phosphatase. Rabbit Anti-GFP antibody (TP401) was used
to reveal eGFP in FISH. For RNA probe generation, regions of the coding sequences of fgf8a, pea3,
erm, ptch2 were amplified by PCR using the sequences in the key resources table. Antibody staining
was performed at the following dilutions: mAb 4D9 (anti-engrailed; DHSB) at 1:50-1:200; mAb pax7
(anti-pax7; DHSB) at 1:100-1:200; Specimens were imaged using a 40x oil immersion objective on a
Zeiss LSM 700 confocal microscope.

QUANTIFICATION AND STATISTICAL ANALYSIS

Images were analyzed using ImageJ software or homemade MATLAB code. Cell tracking, cell fate
mapping, timing measurement and mapping were performed manually with high reliability.
Quantification of the size of the lateral region of a somite or individual muscle fibers was based on
automatic image analysis with homemade MATLAB code combined with manual corrections. All p-
values unless otherwise stated are calculated using a two-tailed t-test, performed in MATLAB.
Minimum-volume covering of data points (Figure 5G and 7E) was performed in MATLAB. The
expression levels of ptch2, pea3, erm and sprouty4 were obtained through FISH and imaged by
confocal microscopy. The expression profile of pea3 was measured directly along the medial-lateral
axis and then normalized according to the maximum intensity of each profile. The expression level of
spry4 and ptch2 was measured cell by cell by calculating the average intensity within each nucleus.
The spry4 expression displayed very large cell-to-cell variations even within the same somite so no
normalization was performed on it. The ptch2 expression level was normalized according to the mean
expression level among the midline adaxial cells.

DATA AND SOFTWARE AVAILABILITY

All images and data are available upon request.
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Supplemental Video Legends

Video S1: The specification of MPs and lateral migration of SSFs, related to Figure 1E
3D representation of the cell rearrangement of adaxial cells during slow muscle morphogenesis and
the lateral migration of SSFs. Red and blue denote to MPs and SSFs respectively.

Video S2: Wave of slow muscle elongation emanating outward from the DV midline, related to
Figure 2A

Time-lapse of the slow muscle morphogenesis of adaxial cells from somite segmentation to 400mins
after somite segmentation. H2a:eGFP and Lyn-td tomato label cell histone and cell membrane
respectively.

Video S3: MPs originate from midline adaxial cells, related to Figure 2D
Time-lapse of MPs specification from segmentation to 290mins later. MPs are identified by the
expression of Eng2a:eGFP.

Video S4: Ectopic Eng2a:eGFP positive SSFs are induced under heat shock of hs:ca-fgfrl,
related to Figure 6F

Left and right panels are the parasagittal optical view and reconstructed transverse view of the
developing muscle segments.

Video S5: Perturbations of FGF change the timing, velocity, and range of lateral migration of
SSFs, related to Figure 6H-L

Comparison of the lateral migration of SSFs of wild type embryos (top), embryos under treatment of
60uM SU5402 (middle) and embryos under heat shock of hs:ca-fgfrl (bottom). Left and right panels
are the parasagittal optical view and reconstructed transverse view of the developing muscle segments.
Slow muscles are labeled with Prdmla:GFP.



