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Multiple embryonic sources converge to
form thepectoral girdle skeleton in zebrafish

Shunya Kuroda 1,3,4 , Robert L. Lalonde 2,4, Thomas A. Mansour1,
Christian Mosimann 2 & Tetsuya Nakamura 1

The morphological transformation of the pectoral/shoulder girdle is funda-
mental to the water-to-land transition in vertebrate evolution. Although pre-
vious studies have resolved the embryonic origins of tetrapod shoulder
girdles, those of fish pectoral girdles remain uncharacterized, creating a gap in
the understanding of girdle transformation mechanisms from fish to tetra-
pods. Here, we identify the embryonic origins of the zebrafish pectoral girdle,
including the cleithrum as an ancestral girdle element lost in extant tetrapods.
Our combinatorial approach of photoconversion and genetic lineage tracing
demonstrates that cleithrum development combines four adjoining embryo-
nic populations. A comparison of these pectoral girdle progenitors with
extinct and extant vertebrates highlights that cleithrum loss, indispensable for
neck evolution, is associated with the disappearance of its unique develop-
mental environment at the head/trunk interface. Overall, our study establishes
an embryological framework for pectoral/shoulder girdle formation and pro-
vides evolutionary trajectories from their origin in water to diversification
on land.

The pectoral girdle anchors the pectoral appendage (pectoral fin or
forelimb) to the body wall in jawed vertebrates1. The pectoral girdle
comprises of dermal bones and cartilage or their replacement bones
(endoskeleton), while cartilaginous fishes secondarily lost the dermal
components2. In bony vertebrates with paired fins living in water (sar-
copterygians and actinopterygians), the cleithrum3, one of the pectoral
dermal bones, is both functionally and anatomically amajor component.
As vertebrates transitioned onto land, the relative size of the cleithrum in
the pectoral girdle began to decrease and eventually disappeared inde-
pendently in multiple lineages leading to extant tetrapods1,4,5. Conse-
quently, except for some anuran amphibians6,7 and possibly turtles8, no
extant tetrapods form the cleithrum, and enlarged endoskeletal ele-
ments are instead the dominant component of the pectoral girdle in
tetrapods9. In contrast to these accumulating anatomical descriptions,
the embryonic changes responsible for the evolutionary loss of the
cleithrum and expansion of the endoskeleton remain elusive.

The major embryonic sources of the shoulder girdle in tetrapods
have been identified by works in several model systems. Homotopic
transplantations between chicken and quail embryos10 and genetic cell
lineage tracing using Prx1:Cre in mice11 revealed that the clavicle, a
dermal component of the shoulder girdle, derives mainly from the
trunk lateral plate mesoderm (LPM). The same strategy of tissue
transplantation and genetic cell lineage tracing using Mef2c-AHF:Cre
mice (cardiopharyngeal marker) identified that the cardiopharyngeal
mesoderm (CPM) also contributes to the medial extremity of the cla-
vicle in chicken and mice10,12. The CPM or cardiopharyngeal field
defines a deeply conserved progenitor field that forms at least in part
within the anterior LPM13–16. Moreover, previous studies discovered
that the scapula, an endoskeletal component of the girdle, in axolotls,
chickens, and mice derives mainly from the trunk LPM and its
dorsal portion from the somites, potentially due to the scapula’s
developmental position across these mesodermal boundaries17–20.
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Consequently, the trunk LPM is an important contributor to both
dermal and endoskeletal components in tetrapod shoulder girdles,
while the CPM and somites contribute to their medial and dorsal
margins to some extent.

Neural crest cells are migratory ectodermal cells with broad
lineage potential that among its diverse descendant lineages con-
tribute to canonical ectodermal tissues (neurons and gilia) and cranial
mesenchymal tissues (skeletons and connective tissues)21,22. Previous
work in axolotl tested the potential contribution of neural crest cells to
the shoulder girdle, but did not detect any neural crest-derived cells in
the shoulder girdle skeletons23. In contrast, tissue transplantations in
chicken embryos24 and genetic lineage tracing using Sox10:Cre mice
(with Sox10 being expressed in migratory neural crest cell4) identified
that neural crest cells give rise to clavicles.More recent genetic tracing
of Wnt1:Cre that marks pre-migratory neural crest cells in mice, how-
ever, found no neural crest cell-lineage in the shoulder girdle
skeletons11,12. This inconsistency among lineage labeling studies may
partially be due to the deployment of isolated cis-regulatory elements
of different neural crest genes. The distribution of genetically labeled
neural crest cell lineages in mice arguably varies depending on the cis-
regulatory elements that drive Cre expression25. Consequently, the
contribution of the neural crest cells to the shoulder skeletonsmust be
resolved by additional cell lineage tracking such as region-specific
photoconversions or tissue transplantations (see an example in ref.
26). Nonetheless, in sum, the contribution of neural crest cells to the
tetrapod shoulder girdle has not been unambiguously determined
and, if any, appears to be minor4,24.

Revealing the developmental processes forming the pectoral
girdle in actinopterygians would provide mechanistic insights into

how such intricate tetrapod shoulder development was established.
However, in contrast to the accumulated, yet incomplete knowledgeof
the embryonic origins of tetrapod shoulder girdles, less is known
about the developmental lineages contributing to the pectoral girdles
of fishes with paired fins. Previous work assumed that the embryonic
origin of the dermal pectoral components, including the fish clei-
thrum, is the neural crest, but this assumption has not yet been tested4.
In contrast, Sox10:Cre-labeled lineages did not contribute to dermal
components of the pectoral girdle in zebrafish27. However, this could
be partially due to the deployment of Sox10 regulatory elements from
mice in the used transgenics thatmight not fully recapitulate zebrafish
sox10 expression or lineage. The endoskeletal scapulocoracoid, a
cartilaginous precursor for the scapula and coracoid, seems to be
formed within the fin bud mesenchyme in the larval zebrafish
(reviewed in ref. 28), yet the embryonic origins of the endoskeletal
component have not been fully identified either. Accordingly, the
embryonic origins of the dermal and endoskeletal pectoral girdle
components in bony fishes remain to be determined.

In zebrafish, the cleithrum lies between the head and trunk
structures in the absence of a forming neck in fishes (Fig. 1a); the
cleithrum posteriorly delineates the most caudal pharyngeal arch
and the pericardium, the mesothelium-lined body cavity encapsu-
lating the heart (Fig. 1b, c), and anteriorly delineates the trunk lateral
body wall where the pectoral fin attaches (Fig. 1b, c). Moreover, the
cleithrum develops closely associated with the pectoral musculature:
cleithrohyoid, pectoral fin adductor/abductor, and posterior hypax-
ial muscles (Fig. 1b, c, see Supplementary Note 1 for nomenclature
summary). Embryologically, these anatomical components asso-
ciated with the cleithrum derive from distinct embryonic sources:

Fig. 1 | The anatomical position and developmental environment of the pec-
toral girdle. a Left lateral view of the larval zebrafish. b, c Schematic view of
horizontal sections obtained from two dorsoventrally different levels as indicated
in (a), showing that the larval cleithrum is located at the interfacemade bymultiple
embryonic populations: anterior somites (pink), cranial neural crest cells (light
blue), CPM (green), and trunk LPM (yellow). The embryonic origins of the pectoral
girdle that develops at the boundary of fin-field LPM, cranial neural crest cells, and

CPM remains to be identified. b, c Were drawn after open data sets available on
Zebromes (https://neurodata.io/project/zebromes/) originally published in ref. 95.
A anterior, ab abductor muscle, ad adductor muscle, cb 4–7 ceratobranchial 4–7,
ccv common cardinal vein, cle cleithrum, clehy cleithrohyoid muscle, CPM cardi-
opharyngeal mesoderm, D dorsal, ed endoskeletal disc, ie inner ear, LPM lateral
platemesoderm, op operculum, pc pericardium, phy posterior hypaxialmuscle, pn
pronephros, sc scapulocoracoid.
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the pharyngeal arch mesenchyme from cranial neural crest cells27,29,
the pericardium from the LPM including tbx1-expressing CPM30,31, the
lateral body wall (mesothelium and connective tissues of the pos-
terior hypaxial muscle) and pectoral fin bud from the trunk LPM31–33,
and the pectoral musculature from anterior somites34,35. Thus, given
its anatomically unique position, cleithrum development in zebrafish
potentially deploys any of these diverse embryonic cell populations
(Fig. 1a–c).

Here, by combining region-specific photoconversions andgenetic
cell lineage analyses, we labeled the anterior somites, cranial neural
crest cells, CPM, and trunk LPM to identify the embryonic lineage
contributions to the pectoral girdle skeleton in zebrafish. Our results
document that the cleithrumdevelops as amosaic bone frommultiple
embryonic populations, while the scapulocoracoid exclusively derives
from the fin field-associated LPM. A broad evolutionary comparison of
the topographical position of the cleithrum implies that the multiple
embryonic origins of the pectoral girdle skeletons are shared features
among extinct and extant cleithrum-bearing species. Our data further
propose that the evolutionary loss of the cleithrum in amniotes might

have followed rearrangements of the ancestral developmental envir-
onment at the origins of the neck.

Results
Anterior somites give rise to pectoral musculature and the
dorsal cleithrum
Previouswork found that somites 1–4 are themajor contributors to the
pectoral musculature in zebrafish35. Of these, mesenchymal cells
derived from somites 1-3 ventrally migrate over the prospective clei-
thrum area between the pharynx and the pectoral fin bud (Fig. 1a–c)
and eventually develop into the cleithrohyoidmuscle at the bottom of
the pharynx33,35. We therefore tested whether these somitic mesench-
ymal cells also contribute to the cleithrum along theirmigratory route.
To this end, we injected Kaede mRNA, encoding a photoconvertible
protein, into one-cell stage embryos36 (see Methods for details) and
labeled somites 1–3 by Kaede photoconversion from green to red
fluorescence (Kaede-red) at the 10–12 somite stage (mid-segmentation
period37) (Fig. 2a, b). We then examined the contribution of labeled
cells to the pectoral region at 72 h post-fertilization (hpf) (protruding

Fig. 2 | Contribution of anterior somites to pectoral muscles and dorsal clei-
thrum. a, b Photoconversion of the anterior three somites and adjacent neural
tube at the 10–12 somite stage (ss), viewed from the left lateral side (a) and in
horizontal confocal section (b) (n = 10). Kaede-red is pseudo-colored in magenta.
c–e Confocal parasagittal sections of 72 hpf embryos from lateral (c) to medial (e)
show that labeled cells are in the anterior three myotomes and cleithrohyoid
muscle, but not in the ventral cleithrum (n = 8/8). f, g Transverse confocal sections
obtained at the level of ventral (f) and dorsal (g) cleithrum found that labeled cells
are in the dorsal cleithrum in a mosaic manner (arrowheads, n = 4/8), but not in
ventral cleithrum. h, i Photoconversion of the somites 2–4 at the 10–12 ss (n = 14/
14). j–l At 72 hpf, parasagittal confocal sections obtained from the medial (j) to
lateral (l) levels show that labeled cells are in the adductor and abductorfinmuscles

(n = 10/14), posterior hypaxial muscles (n = 10/14), myotomes (n = 13/14), and clei-
throhyoid muscle (n = 10/14), but not in the ventral cleithrum (n = 14/14).
m,nTransverse confocal sections obtained at the level of ventral (m) anddorsal (n)
cleithrum show that labeled cells are found in the dorsal cleithrum (arrowheads,
n = 4/14), but not in ventral cleithrum.XII, hypoglossal nerve; A anterior, ab
abductor muscle, ad adductor muscle, cle cleithrum, clehy cleithrohyoid muscle,
ed endoskeletal disc, epi epidermis, gp posterior lateral line ganglion, gX vagus
ganglia, i inner ear, op operculum, P posterior, pa pharyngeal arches, phy posterior
hypaxial muscle, ppa primary pectoral artery, sc scapulocoracoid,m1–3myotomes
1–3, nt neural tube, pn pronephros, s1–4 somites 1–4. Scale bars: (a and h) 200 µm,
(b–g, i–n) 50 µm.
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mouth stage37) when the bone matrix of the cleithrum, cartilage, and
skeletal muscles become histologically and molecularly evident (see
Supplementary Fig. 1). Due to laser illumination (405 nm) through the
outside of the embryos to target somites, areas of the epidermis and
neural tube dorsally and medially adjacent to the target somites,
respectively, were also labeled (Fig. 2b). Given the lack of their con-
tribution to skeletogenic mesenchyme38, these non-mesodermal cells
were not expected to affect the analysis of somite-derived cell lineages
(Fig. 2c). Labeled cells derived from the anterior three somites were
found in the first to third myotomes (Fig. 2d, e) and the cleithrohyoid
muscle (Fig. 2e, n = 8/8). The observed contributions of the anterior
three somites to the myotomes and the cleithrohyoid muscle are
consistent with previous reports34,35, supporting the efficacy of our
photoconversion. Kaede-red signal was not found in the ventral clei-
thrumcells (n =0/8; cleithrumpositive/all labeled embryos), but in the
cells delineating the dorsal cleithrum at the level of the myotome 2
(n = 4/8) (Fig. 2d–g; Supplementary Data 1). To comprehensively
investigate the contribution of the anterior somites, we also photo-
converted somites 2–4 at the 10–12 somite stage (Fig. 2h, i). At 72 hpf,
labeled cells were found in the pectoral fin adductor/abductor mus-
cles, posterior hypaxial muscles, myotomes 2–4, and cleithrohyoid
muscle (Fig. 2j–l). These distributions also align with previous
reports34,35. Again, cells labeled with Kaede-red were not found in the
ventral cleithrum (n =0/14) or scapulocoracoid (n =0/14), but were
distributed in the dorsal cleithrum (n = 4/14) (Fig. 2k–n; Supplemen-
tary Data 1).

To genetically trace the somitic lineages in the pectoral region, we
analyzed tbx6:cre; ubi:Switch embryos that switch the reporter
expression from EGFP to mCherry upon Cre expression driven by the
tbx6 paraxial mesoderm promoter (Supplementary Fig. 2a–g)38,39. At
72 hpf embryos, labeled cells were found in the anterior myotomes,
adductor and abductor pectoral muscles, posterior hypaxial muscles,
and cleithrohyoid muscles (Supplementary Fig. 2a–d). The tbx6:cre
lineage cells were also sparsely distributed in the scapulocoracoid
(Supplementary Fig. 2c) and ventral cleithrum (SupplementaryFig. 2e),
anddensely in thedorsal cleithrum (SupplementaryFig. 2f). The sparse
labeled cells in the scapulocoracoid and ventral cleithrum could be a
consequence of an additional labeling of the LPM lineage at the gas-
trulation stage, when tbx6 expression does not explicitly discern the
LPM and paraxial mesoderm39. We confirmed that the labeled cells in
the dorsal cleithrum were osteoblasts by colocalization of mCherry
and sp7 expression (Supplementary Fig. 2g), supporting the somitic
contributions to dorsal cleithrum osteoblasts. Since the labeled dorsal
cleithrum cells were exclusively at the level of the paraxial mesoderm
dorsoventrally, these cells seem to derive from the dermis of the
epaxial region, not frommigratory somitic cells in the hypaxial region.
Furthermore, applying sp7 fluorescent in situ hybridization chain
reaction (HCR) to various ontogenetic stages, we confirmed that the
somitic dorsal cleithrum is formed appositionally, following the
initiation of the cleithrum ossification at the pharyngeal arch level (see
Supplementary Note 2 and Supplementary Fig. 2h–p). In summary, our
photoconversion and genetic lineage tracing show that the first four
anterior somites contribute to the pectoral musculature and dorsal
extremity of the cleithrum.

Trunk LPM contributes to the fin mesenchyme, lateral body
wall, scapulocoracoid, and cleithrum
Next, to query the contribution of the trunk LPM to the pectoral girdle,
we photoconverted the LPM at the prospective pectoral fin region
(hereafter “fin-field LPM” as a subpopulation of the trunk LPM) of
Kaede-injected embryos at the 10–12 somite stage (Fig. 3a, b). To label
thefin-field LPM,we photoconverted the LPMat the level from thefirst
to the third somite32 (Fig. 3a, b). At 72 hpf, the photoconverted cells did
not appear in skeletal muscles that arose from the anterior somites
(Fig. 2), indicating that our photoconversion avoided ectopic labeling

of adjacent somites (Fig. 3c–e). The labeled cells in the epidermisof the
head and pectoral fin likely reflect ectopically labeled epidermal
ectoderm (Fig. 3c, Supplementary Note 3). Labeled cells were also
distributed in the endoskeletal disc, the scapulocoracoid (n = 7/7)
(Fig. 3c; Supplementary Data 1), and additionally in the posterior
margin of the cleithrum (n = 5/7) (Fig. 3f; SupplementaryData 1). These
data indicate that LPM at the level of the prospective pectoral fin
region contributes to the cleithrum.

To genetically corroborate the contribution of the LPM to the
pectoral girdle, we labeled the LPM lineage using drl:creERT2 trans-
genic zebrafish, in which the draculin (drl) regulatory region drives (Z)
−4-hydroxytamoxifen (4-OHT)-inducible CreERT2 recombinase
expression in the LPM40 (see Methods, and Supplementary Table 1 for
detailed strain information). Embryos obtained from crossing
drl:creERT2 and hsp70l:Switch reporter (in which EGFP is expressed
upon Cre-mediated loxP recombination) were treated by 4-OHT from
the shield stage to 24 hpf and subjected to heat shock at 72 hpf as
previously described30,41 (Supplementary Fig. 3). At 72 hpf, EGFP-
labeled cells distributed in the cleithrohyoid muscle and the epithe-
lium of the pharyngeal clefts (Supplementary Fig. 3a, c, d) are attri-
butable to early-stage drl enhancer activity in the somitic lineage and
endodermal epithelium of the pharynx, respectively33,40. Consistent
with previous studies, EGFP-positive cells were observed in the pec-
toral fin and aortic arches40,41 (Supplementary Fig. 3a, b, d). EGFP-
labeled cells were enriched in the cartilage of the endoskeletal disc,
scapulocoracoid, and cleithrum (Supplementary Fig. 3b, c). Addition-
ally, in situ HCR confirmed that EGFP-positive cells in the cleithrum are
osteoblasts expressing an osteoblast marker sp7 (Fig. 3g, Supplemen-
tary Fig. 3c). Taken together, these results indicate that the region-
specific photoconversion and genetic lineage labeling consistently
identified the contribution of the LPM to the endoskeletal disc, sca-
pulocoracoid, and cleithrum.

The LPM containing CPM-associated cells contributes to the
cleithrum
To further confirm our finding using drl:creERT2-based LPM lineage
labeling, we sought to refine the spatial photoconversion and genetic
labeling into anterior LPM including prospective CPM-derived
cells30,31,40. We photoconverted the ventrolateral head region at the
post-otic level (hereafter “ventrolateral head region”), which contains
the CPM, at the 10–12 somite stage (Fig. 4a). Immediately after pho-
toconversion, we confirmed that the labeled ventrolateral head region
contained the prospective CPM, epidermal ectoderm, and ven-
trolateral half of the post-otic placode (Fig. 4a, b; see also Supple-
mentary Note 3). At 72 hpf, we found labeled cells in the epidermis in
the head and pectoralfin, presumably due to ectopic photoconversion
of the epidermal ectoderm (Fig. 4c–e). The entire vagus ganglia
(derivatives of the epibranchial placode: n = 8/8) and the ventral por-
tion of the posterior lateral line ganglion (a derivative of the lateral line
placode: n = 7/8) were also labeled (Fig. 4d, e; Supplementary Data 1),
which probably derived from the ectopically labeled ventrolateral half
of the post-otic placode at the 10–12 somite stage (Fig. 4b). This result
is consistent with the previously reported developmental fate of the
post-otic placode42,43. Labeled cells were also found to delineate the
bone matrix of the cleithrum without specific spatial distribution
(n = 7/8) (Fig. 4f; Supplementary Data 1). In horizontal confocal sec-
tions, we found that the labeled cells surrounding the bone matrix of
the cleithrum (Fig. 4g, h; white arrowheads) are contiguous with the
mesenchymal cells at the posterior edge of the pericardial wall
(Fig. 4g, h; black arrows) that itself originates from the LPM including
tbx1-expressing presumptive CPM31,41. Overall, these results indicate
that anterior LPM including CPM-associated cells (Fig. 4b) generates
osteoblasts contributing to the cleithrum.

To corroborate the result of the anterior LPM and CPM photo-
conversion, we subsequently performed a genetic cell lineage tracing
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of tbx1:creERT2;hsp70l:Switch embryos (see Methods and Supple-
mentary Table 1). The T-box transcription factor gene Tbx1 shows
evolutionarily conserved expression patterns in the pharyngeal
mesoderm across chordates44,45. As such, the zebrafish tbx1:creERT2
transgene indelibly labels cardiopharyngeal lineages, endoderm in the
pharynx, and possibly trigeminal neural crest lineages in zebrafish
embryos30,41. We treated embryos obtained fromcrossing tbx1:creERT2
and hsp70l:Switch zebrafishwith 4-OHT from the shield stage to 24 hpf
and observed the distribution of EGFP-positive cells at 72 hpf as pre-
viously described41 (Supplementary Fig. 4). Consistent with previous
studies30,41, EGFP-positive cells were observed among mesenchymal
cells surrounding the inner ear and in pharyngeal musculature (Sup-
plementary Fig. 4a–c). Additionally, labeled cells sparsely delineated
the cleithrum bone matrix. In situ HCR confirmed that these cells are
sp7-positive osteoblasts (Fig. 4i, Supplementary Fig. 4c), demonstrat-
ing tbx1-positive lineage contribution to the cleithrum. Labeled cells

were also found in the epithelium of the pharyngeal clefts (Supple-
mentary Fig. 4d), reflecting early tbx1:creERT2 activity in the endo-
dermal lineage, akin to Tbx1 in mouse30,46. Taken together, the results
of both photoconversion and genetic lineage tracing of the
tbx1:creERT2-labeled lineage further support a contribution of the
anterior LPM and presumptive CPM-associated cells to the zebrafish
cleithrum (Fig. 4, Supplementary Fig. 4).

Branchial neural crest cells give rise to the pharyngeal
mesenchyme and the anterior half of the cleithrum
Several elements of the tetrapod shoulder girdle integrate cells of
different lineage origins10–12,17–20. In our LPM-focused experiments
above, we noted highly mosaic lineage labeling in the cleithrum,
indicating that the cleithrummight also integrate cells from additional
lineage origins. The neural crest contributes to numerous features in
the craniofacial skeleton as major evolutionary innovation in

Fig. 3 | Contributions of the LPM to the pectoral girdle and fin skeleton.
a, b Photoconversion of the LPM adjacent to somites 1–3 at the 10–12 somite stage
(ss), viewed from the left lateral side (a) and in horizontal confocal section (b)
(n = 9). Kaede-red is pseudo-colored in magenta. Asterisk in (a) shows the ectopi-
cally labeled optic vesicle. c–e At 72 hpf, parasagittal confocal sections obtained
frommediolaterally different levels [lateral (c) tomedial (e)] show that labeled cells
are in the endoskeletal disc (n = 7/7), scapulocoracoid (n = 7/7), and (f) in the pos-
terior half of the cleithrum (n = 5/7). g Contributions of the genetically labeled
drl:creERT2 lineage cells to the osteoblasts of the cleithrum. The obtained embryos

were subjected to in situ HCR with sp7 probe and DAPI staining. EGFP signal is raw
fluorescence. Arrowheads in (g) point drl:creERT2 lineage cells expressing sp7
(n = 3).A anterior, ab abductor muscle, ad adductor muscle, ccv common cardinal
vein, cle cleithrum, clehy cleithrohyoid muscle, D dorsal, ed endoskeletal disc, epi
epidermis, ie inner ear, LPM lateral plate mesoderm, M medial, m1–2 myotomes
1–2, op operculum, P posterior, pa pharyngeal arches, phy posterior hypaxial
muscle, s1–4 somites 1–4, sc scapulocoracoid. Scale bars: (a) 200 µm, (b–e)
50 µm, (g) 20 µm.
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Fig. 4 | Contributions of CPM to the pectoral girdle and pericardium.
a,bPhotoconversionof the ventrolateral head region at the 10–12 somite stage (ss),
viewed from lateral (a) and transverse confocal section (b) (n = 10). The photo-
converted area (pseudo-colored inmagenta) in (b) contains CPM.Dotted line in (b)
depicts the interface between ectodermal epithelium and its underlying tissues.
Asterisk in (a) shows the ectopically labeledoptic vesicle. c–eAt 72 hpf, parasagittal
confocal sections at mediolaterally different levels [lateral (c) to medial (e)] show
that labeled cells are in the ventral part of the posterior lateral line ganglion (n = 7/
8), vagus nerve ganglia (n = 8/8), and (f) in the cleithrum (n = 7/8). g, h Horizontal
confocal sections at different dorsoventral levels also show labeled cells in the
cleithrum (white arrowheads) laterally adjacent to the common cardinal vein
(outlined by a dotted line) (n = 7/8). Labeled cells are also observed in the

pericardial wall (black arrows). i Contribution of the genetically labeled
tbx1:creERT2 lineage cells to osteoblasts of the cleithrum. The obtained embryos
were subjected to in situ HCR with sp7 probe and DAPI staining. EGFP signal is raw
fluorescence. Arrowheads in (i) point tbx1:creERT2 lineage cells expressing sp7
(n = 3). A anterior, ab abductor muscle, ad adductor muscle, bncc branchial neural
crest cells, ccv common cardinal vein, cle cleithrum, clehy cleithrohyoid muscle,
CPMcardiopharyngealmesoderm,Ddorsal, edendoskeletal disc, epi epidermis, gp
posterior lateral line ganglion, gX vagus nerve ganglia, ie inner ear, L lateral, nt
neural tube, op operculum, otv otic vesicle, P posterior, pa pharyngeal arches, phy
posterior hypaxial muscle, pl placode, m1–2 myotomes 1–2, s1 first somite. Scale
bars: (a) 200 µm, (b–e) 50 µm, (i) 20 µm.
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vertebrates47,48. To date, a possible contribution of the neural crest to
the cleithrum remains unclear. We therefore used photoconversion to
revisit a potential cleithrum contribution of branchial neural crest
cells, an evolutionarily conserved, posterior-most cranial neural crest
stream in jawed vertebrates49. We first photoconverted the dorsome-
dial region of the embryonic head at the post-otic level (hereafter
referred to as “dorsomedial head region” corresponding to a pre-
viously identified cardiac neural crest population50) in embryos ubi-
quitously expressingKaede-green at the 10–12 somite stage (Fig. 5a). In
situ HCR discerned a cell population positive for foxd3, a migrating
neural crest cell marker51, between the otic vesicle and first somite,
confirming that the photoconverted dorsomedial head region
includes the branchial neural crest cells (compare Fig. 5b with 5c). The
adjacent otic vesicle, neural tube, epidermal ectoderm, and dor-
somedial portion of the post-otic placodewere also ectopically labeled
(Fig. 5a, b, Supplementary Note 3). The lateral migrating frontier of the
branchial neural crest stream at this stage does not reach beyond the
placodal region (Fig. 5c) and does not enter into the ventrolateral head
region (compare Fig. 4b with Fig. 5c), indicating that our photo-
conversions of the branchial neural crest cells (in the dorsomedial
head region) and prospective CPM (in the ventrolateral region) were
mutually exclusive.

At 72 hpf, Kaede-red labeled cells were found in the posterior wall
of the inner ear, epidermis, and posterior lateral line ganglion
(Fig. 5d–f), consistentwith ectopic photoconversionof the otic vesicle,
epidermal ectoderm, and dorsolateral half of the post-otic placode,
respectively, using our laser-based approach (Fig. 5a, b). Nonetheless,
the labeled mesenchymal cells around the vagus ganglia in the pos-
terior pharyngeal arches match previously observed descendants of
cranial neural crest cells52, supporting our photoconversion efficacy
(Fig. 5d–f). We also found that labeled cells delineate the anterior
margin of the cleithrum (n = 10/12) (Fig. 5e, white arrowheads in
Fig. 5g–i, Supplementary Data 1) and disseminate toward the labeled
pharyngeal arch mesenchyme (black arrows in Fig. 5h). We also cor-
roborated this result by conducting neural crest cell-specific photo-
conversion with sox10:Kaede embryos (see Supplementary Table 1).
We altered the color of Kaede fromgreen to red in the branchial neural
crest region by UV illumination at the 12 somite stage (Supplementary
Fig. 5a) and identified the photoconverted cells in the anterior margin
of the cleithrumat 72 hpf (Supplementary Fig. 5b, c; white arrowheads.
For our interpretations on other labeled tissues, see Supplementary
Note 4.). All these observations persistently indicate a branchial neural
crest cell contribution to the cleithrum in addition to our previously
established somitic and LPM contribution.

To complementarily determine the neural crest distribution with
genetic labeling, we first used crestin:creERT2 with ubi:Switch as loxP
reporter (GFP to mCherry change upon Cre activity; see Methods, and
Supplementary Table 1). The crestin regulatory element deployed in
this transgenic fish is selectively active in the premigratory and
migratory neural crest cells after the somitogenesis stage53,54. We
treated embryos with 4-OHT at the shield stage, imaged at 96 hpf, and
observed mCherry-labeled cells in the opercle (n = 4/6), a pharyngeal
arch derivative, and the cleithrum (n = 2/6; Supplementary Fig. 6a).
Second, we obtained embryos from crossing sox10:creERT2 and
actb2:Switch reporter zebrafish (BFP to DsRed change upon Cre
activity; see Methods, and Supplementary Table 1). The deployed
zebrafish sox10 promoter is active in premigratory/early migratory
neural crest cells and the otic epithelium at 11–16 hpf and chon-
drocytes after 48 hpf55–57. To predominantly label migrating neural
crest cells, we treated the embryos with 4-OHT from 11 – 24 hpf
(Supplementary Fig. 6). At 72 hpf, DsRed-positive cells were found in
mesenchymal cells in the operculum, pharyngeal arch mesenchyme,
epithelium of the inner ear, and cleithrum (Supplementary Fig. 6b–e).
In situ HCR confirmed that these DsRed-positive cells express sp7 and
reside in only the anterior half of the cleithrum (Fig. 5j, Supplementary

Fig. 6d), consistent with the Kaede-based photoconversion result
(Fig. 5g). Overall, the comprehensive and meticulous photoconver-
sions and genetic labeling consistently demonstrated the contribution
of cranial neural crest cells to the anterior half of the cleithrum at the
posterior to the pharyngeal arch mesenchyme (Fig. 5g–j, Supplemen-
tary Figs. 5, 6).

Discussion
Our photoconversion and genetic-cell lineage tracing experiments
here provide evidence that the zebrafish cleithrum develops as a
composite bone of somitic cells, LPM-derived cells (the fin-field LPM
and CPM-associated cells), and cranial neural crest cells, while the
endoskeletal scapulocoracoid derives solely from the fin-field LPM
(Fig. 6). The conflicting data of neural crest contribution fromprevious
work27 may be attributed to an activity difference between the mouse
Sox10 enhancer and the here deployed zebrafish sox10 promoter57,
observations with which we further support using crestin-based
genetic lineage labeling and targeted Kaede photoconversion (Fig. 5,
Supplementary Figs. 5 and 6). Intriguingly, photoconverted fin-field
LPM cells were found at the posterior margin of the cleithrum
(Figs. 3 and 6) while branchial neural crest cells were found only at the
anterior margin (Figs. 5 and 6). In contrast, tbx1 lineage-labeled and
generally CPM-associated LPM cells distributed throughout the clei-
thrum (Figs. 4 and 6). The spatially confined aggregation of the fin-field
LPM and branchial neural crest cells in the cleithrummight result from
the position of the cleithrum primordium which lies anteriorly to the
pectoral fin bud and posteriorly to the pharynx58. Later, the cleithrum
dorsally extends into the epaxial region and incorporates somitic cells,
which become topographically available (Fig. 6b, Supplementary
Fig. 2p). Intriguingly, the tetrapod endoskeletal scapula also arises
from two distinct cell populations: the LPM and somitic/paraxial
mesoderm17,18,20. Although the somitic contribution into the endoske-
letal scapula could be a derived character in tetrapods due to the
dorsal expansion of the scapula2,20, similar position-dependent incor-
poration of the somitic cells may also be the case in the ontogenetic
dorsal expansion of the zebrafish cleithrum (Fig. 6b). Formulating
available evidence and our results, we postulate that the zebrafish
larval cleithrum develops at the head/trunk interface by assembling
topographically nearby cell populations at each ontogenetic stage,
such as the head (CPM and cranial neural crest cells), trunk (fin-field
LPM) mesenchyme, and later somitic cells (Fig. 6, Supplementary
Fig. 7a). As previous research found indispensable genes for normal
cleithrum formation58–60, future genetic and molecular studies are
warranted to functionally test these genes or identify the previously
unknown molecular machinery that converges on the assembly of
distinct embryonic cell populations into the cleithrum.

The head/trunk interface generates multiple structures, including
the neck, that grants independent mobility to the skull from the pec-
toral girdle61. Neck musculoskeletal components have been reported
to originate from amixture ofmultiple embryonic cell populations in a
variety of jawed vertebrates. In mice, neck musculatures, such as the
trapezius, sternocleidomastoid, and infrahyoid muscles, contain con-
nective tissues derived from a combination of cranial neural crest cells
and LPM11,12. Moreover, the gill arch skeletons in cartilaginous fishes
and amphibians and the laryngeal skeleton in amniotes develop as
composites of cranial neural crest cells and CPM62–65. Likewise, the
cleithrum develops between the pharyngeal arches and pectoral fin,
deploying distinct cellular sources and, possibly, developmental
genetic programs. Although the functional contributions or properties
of these mixed embryonic origins in neck and shoulder girdle evolu-
tion remain limited, functional diversity of osteoblasts derived from
several progenitor cell populations may be critical for development
and evolution of the cleithrum, which was lost in amniotes during the
posterior shift of the pectoral girdle due to the neck elongation
(see below).
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Fig. 5 | Contributions of cranial neural crest cells to the head and pectoral
girdle. a, b Photoconversion of the dorsomedial head region at the 10–12 somite
stage (ss) labels the branchial neural crest cells and adjacent neural tube, epidermis,
and placode (n = 15). Asterisk in (a) points the faintly labeled optic vesicle. c foxd3
in situ HCR image obtained from approximately at the same transverse level in (b).
The lateral migratory frontier of branchial neural crest cells does not laterally
exceed the level of the placode at this stage (n = 3). d–f At 72 hpf, parasagittal
confocal sections at mediolaterally different levels [lateral (d) to medial (f)] show
that labeled cells are in the dorsal part of the posterior lateral line ganglion (n = 11/
12), mesenchymal cells in the pharyngeal arches (n = 12/12), and the anterior half of
the cleithrum (g) (n = 10/12). h, i Horizontal confocal sections at different dorso-
ventral levels also show labeled cells in the cleithrum (white arrowheads). Labeled

cells are continuously distributed from the pharyngeal arch mesenchyme to the
cleithrum (black arrows) (n = 10/12). j Contribution of the genetically labeled
sox10:creERT2 lineage toosteoblasts of the cleithrum (n = 3). Theobtained embryos
were subjected to in situHCRwith sp7probe andDAPI staining, and then stainedby
DsRed immunofluorescence (see Methods). Arrowheads in (j) point sox10:creERT2
lineage cells expressing sp7. A anterior, bncc branchial neural crest cells, cle clei-
thrum, clehy cleithrohyoidmuscle, CPM cardiopharyngealmesoderm, D dorsal, ed
endoskeletal disc, epi epidermis, gp posterior lateral line ganglion, gX vagus nerve
ganglia, ie inner ear, L lateral, nt neural tube, op operculum, otv otic vesicle, P
posterior, pa pharyngeal arches, phy posterior hypaxial muscle, pl placode, m1–2
myotomes 1–2, s1 first somite, sc scapulocoracoid. Scale bars: (a) 200 µm, (b–f)
50 µm, (j) 20 µm.
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The detailed analysis of the embryonic origins of the cleithrum
and scapulocoracoid illuminates the intricate developmental
mechanisms of the pectoral girdle in bony fishes. Several genetic
mutant zebrafish with a complete loss of the pectoral fin and scapu-
locoracoid develop a completely or almost normal cleithrum
(reviewed in ref. 28), suggestive of a certain degree of ontogenetic
independency between the cleithrum and scapulocoracoid, at least
during early pectoral girdle development. For example, ikarus-mutant
zebrafish, which possess a stop codon mutation in fgf24, lack the
scapulocoracoid with morphologically normal cleithrum66. Fgf24 is
expressed in the LPM and regulates mesenchyme migration and gene
expressions indispensable for fin development. Consistent with our
cell fate tracing demonstrating that the endoskeletal disc and scapu-
locoracoid arise exclusively from the LPM, fgf24 mutation seems to
chiefly affect the scapulocoracoid formation but not the adjacent
cleithrum. The fin-field LPM contributes only to the posterior portion
of the cleithrumandcouldbe compensatedby theCPMthat also forms
the posterior cleithrum (Fig. 6b). Concomitantly, the LPM could be
responsible for the integration of cleithrum and scapulocoracoid
developmental processes. A recent study identified that LPM cells
differentiate to either osteoblasts in the cleithrum or chondrocytes in
the scapulocoracoid depending on the intensity of hedgehog
signaling67. This bipotency of LPM cells constructs the trade-off of
development and evolution of the cleithrum and scapulocoracoid.
Overall, the investigation of fish pectoral girdle origins explains a wide
range of phenotypes that have been difficult to interpret by genetic
knockout or genomics alone.

Multiple embryonic origins of the cleithrum provides novel
insights into the origin of the pectoral girdle in fin-bearing gnathos-
tomes. The head/trunk interface where the zebrafish cleithrum
develops (Fig. 6) is embryologically defined as the distribution
boundary between the head and trunk mesenchyme68. Importantly,
anatomical structures around the interface (e.g., circumpharyngeal
ridge, common cardinal vein, hypoglossal nerve, and hypoglossal
cord) are highly preserved across all jawed vertebrates68,69; thus, the
relative position of cleithrum with these anatomical structures serves
as a means to infer the embryonic environment of the cleithrum in
extinct and extant species. For instance, in Australian lungfish

(Neoceratodus), an extant fin-bearing sarcopterygian, the topo-
graphical relationship among the circumpharyngeal ridge, common
cardinal vein, pronephros, and cleithrum is comparable to that of
zebrafish (see refs. 70,71. and compare with Fig. 1b). This conserved
topographical relationship was likely established and fixed in the
course of the stem-group gnathostomes45,69,72. Moreover, their tight
topographical association even dates back to extinct osteostracans,
jawless gnathostomes that possess early paired appendages and der-
mal pectoral girdle73 (discussed in ref. 74). Thus, despite the anato-
mically derived characteristics of the teleost pectoral girdle among
actinopterygians6, the embryonic environment of the cleithrum iden-
tified in this study (Fig. 6) seems to be conserved across fishes bearing
dermal pectoral girdles (also see Supplementary Discussion). We
propose that, since its emergence, the pectoral girdle and appendage
position has been confined to the posterior edge of the head and
heart72,75. This ancestral developmental environment of the dermal
pectoral girdle at the posterior edge of the head aligns with a recently
proposed posterior pharyngeal origin of the pectoral girdle in
placoderms76. Ourfindings also supports the dual embryonic origins of
the pectoral complex (i.e., pectoral girdle and fin) as pharyngeal and
trunk domains, bridging two mutually exclusive hypotheses on the
evolutionary origin of pectoral appendages: the archipterygium
hypothesis77 and the fin-fold hypothesis78,79 (see also discussion
in ref. 10).

Early Synapsida and Sauropsida, such as Edaphosaurus (stem
Synapsida) and Procolophonoidea (stem Sauropsida), retained the
cleithrum even in their entirely terrestrial habitats80,81. However, along
with increases in the cervical vertebral number and extension of the
neck82,83, their crown-groups, including all extant amniotes, completely
lost the cleithrum6,9. In extant amniotes, the long neck integrates cells
from a specialized trunk LPM region, namely the neck LPM84, which is
located between the head/trunk interface and forelimb bud (Supple-
mentary Fig. 7b, c). The expansion of the neck LPM during develop-
ment is critical for the posterior relocation of the heart and providing
the mesenchymal environment for the diaphragm, which is a
mammalian-specific structure85–87 (Supplementary Fig. 7c). Given these
developmental shifts, we hypothesize that the loss of the cleithrum in
all extant amniotes may be attributed to the distant location of the

Fig. 6 | Embryonic origins and environment of the zebrafish pectoral girdle.
a Four embryonic populations reside at the prospective pectoral girdle region at
the 10–12 somite stage. They establish the embryonic head/trunk interface in the
zebrafish embryo by the pharyngula stage.b Schematic drawing of the left pectoral
region of a zebrafish larva. Based on its embryonic origin, each element follows the
same color code as in (a): somites-derived, pink;fin-fieldLPM-derived, yellow; CPM-
derived, green; branchial neural crest cell-derived, light blue. The anterior somites
contribute to pectoral muscles and dorsal cleithrum. The branchial neural crest
cells contribute to ceratobranchial cartilages and anterior ridge of the cleithrum.
TheCPMgives rise tomesenchymal cells surrounding the cleithrohyoidmuscle and

is mosaically distributed throughout the cleithrum. The fin-field LPM forms the
posterior half of the cleithrum. The scapulocoracoid and endochondral disc ori-
ginate exclusively from the fin-field LPM. The oval cells surrounding the bone
matrix of the cleithrum represent osteoblasts. The distal portion of the pectoral fin
elements and the posterior portion of the posterior hypaxial muscle is partially
removed (cut surfaces are shaded). ab abductor muscle, ad adductor muscle, bncc
branchial neural crest cells, cb ceratobranchial, cle cleithrum, CPM cardiophar-
yngealmesoderm, ed endoskeletal disc, gpposterior lateral line ganglion, gX vagus
ganglia, ie inner ear, mmyotomes, opv optic vesicle, otv otic vesicle, phy posterior
hypaxial muscle, sc scapulocoracoid.
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pectoral girdle from the branchial neural crest cell source (i.e., the
head/trunk interface). Alternatively, the dispensability of the gill
respiratory system supported by the cleithrum in terrestrial habitats
might causea loss of the genetic program for cleithrum formation. As a
consequence, the cleithrum and associated dermal plates might have
disappeared, and the functional neck originated in terrestrial
vertebrates.

Recent studies have demonstrated that embryonic sources and
morphological homology can be evolutionarily decoupled20,21,62,88,89. If
this is the case in pectoral/shoulder girdle evolution, the embryonic
sources for the cleithrum could vary in different fish species. More-
over, contrary to the above discussion, the cleithrum may not simply
be a lost component in extant tetrapods; its developmental program
may be maintained in the shoulder girdle even with its distinct
embryonic environment4. Further studies of the cellular trajectories
and molecular mechanisms underlying these cell differentiations in
various cleithrum-bearing fishes are warranted to determine the pos-
sibility of decoupling of ontogenetic origins and homological traits
over the course of pectoral/shoulder girdle evolution.

Methods
Zebrafish lines
Animal husbandry and experiments were carried out in accordance
with the protocol approved by Institutional Animal Care and Use
Committee (IACUC) of Rutgers University (protocol #: 201702646)
and of the University of Colorado School of Medicine (protocol #:
00979). Adult zebrafish [Danio rerio (Hamilton, 1822)90] were kept at
28.5 °C on a 14 h light/10 h dark cycle. Wild-type zebrafish embryos
were obtained from intercross of *AB (star-AB) line. Zebrafish trans-
genic lines used in this study include: Tg(−6.3drl:creERT2, cryaa:Venus),
Tg(−3.2tbx1:creERT2, cryaa:Venus), Tg(−1.5hsp70l:loxP-STOP-loxP-EGFP,
cryaa:Venus), Tg(−3.5ubi:loxP-GFP-loxP-mCherry), and Tg(−4.9sox10:-
creERT2;actb2:loxP-BFP-loxP-DsRed)30,40,56,91. Additional transgenic lines
are listed in the Supplementary Table 1. sox10:creERT2 fish were
identified by PCR (Forward primer: 5’-TGCTGTTTCACTGGTTATGCGG
−3’ and reverse primer: 5’-TTGCCCCTGTTTCACTATCCAG−3’). Other
transgenic fishes were screened by fluorescence markers—cryaa:Ve-
nus, cryaa:YFP, ubi:Switch, and actb2:Switch.

Staging
Since experimental conditions, such as photoconversion, overnight
shipment, and heat shock may affect the developmental speed of
zebrafish embryos, embryonic stages were determined based on
external morphology not on absolute time, with reference to the sta-
ging table provided by ref. 37.

Photoconversion-based spatial lineage tracing
To prepare the DNA template for Kaede mRNA synthesis, the coding
sequence of Kaede was subcloned from pME-Kaede vector into pCS2+
expression vector. Kaede mRNA was synthesized in vitro using
mMESSAGE mMACHINE SP6 kit (AM1340, Invitrogen) following the
manufacturer’s instructions. To obtain zebrafish embryos with ubi-
quitous Kaede expression, Kaede mRNA diluted at 100ng/µl in RNase-
free water containing 0.005% phenol red (P0290-100ML, Sigma) was
injected into the cytoplasm of wild-type embryos at one-cell stage
using an MPPI-3 microinjector (ASI) under a stereomicroscope (S9E,
Leica). Injected embryos were incubated in the embryo medium (10%
Hank’s with full strength calcium and magnesium: 13.7mM NaCl,
0.54mM KCl, 0.025mM Na2HPO4, 0.044mM KH2PO4, 1.3mM CaCl2,
1.0mM MgSO4, and 0.42mM NaHCO3). To photoconvert target
embryonic regions at the 10–12 somite stage or 48 hpf, we embedded
embryos into 0.7% low-gelling temperature agarose (50100, FMC
BioProducts) in the embryo medium on a glass bottom dish (150680,
ThermoFisher Scientific)filled byphenol red-free L-15medium (21083-
027, Gibco). We then conducted photoconversion by illuminating

405 nm laser to the target regions for ~60 s on LSM510 Meta inverted
confocalmicroscope (Zeiss). Labeled embryoswere removed from the
gel and incubated in six-well plates (657160, Greiner bio-one) filled
with the embryomedium containing 0.003% 1-phenyl 2-thiourea (PTU;
P7629, Sigma-Aldrich) at 28.5 °C until 72 hpf. Labeled embryos were
anesthetized with 0.17mg/ml ethyl 3-aminobenzoate methanesulfo-
nate MS-222 (E10521-50G, Sigma-Aldrich), embedded in 0.7% agarose
gel, and imaged alive with the confocal microscope. All labeled results
are listed in Supplementary Data 1. For the consistency of the data,
individuals with weak Kaede fluorescence or an excess amount of
ectopic labeling (shown with asterisks in Supplementary Data 1) were
omitted from the analysis (individuals highlighted in gray in Supple-
mentary Data 1).

Photoconversions in sox10:Kaede embryos
Embryos obtained from sox10:Kaede adultfisheswerephotoconverted
at the 10–12 somite stage as described above with the following
modifications. To visualize tissues other than the neural crest cells
during the photoconversion, sox10:Kaede embryos were raised in the
embryo medium containing 2.5 µM BODIPY FL C5-Ceramide (D3521,
Invitrogen) from immediately after fertilization to 10–12 somite stage.

Genetic lineage tracing
For heat-shock induction of loxP reporter cassettes driven by the
hsp70l promoter and activation of CreERT2 in drl:creERT2 and
tbx1:creERT2 lineages, we followed the previously reported
procedures41. For CreERT2 activation in the crestin:creERT2 and
sox10:creERT2 lineage, we added 5 µM 4-OHT to the embryo medium
containing the dechorionated embryos from the shield stage to 24 hpf
and 11 – 24 hpf, respectively. After the 4-OHT treatment, embryoswere
rinsed, raised to desired stages (72 or 96 hpf) in the embryo medium
containing 0.003% PTU at 28.5 °C, and fixed by 4% paraformaldehyde
(PFA) in phosphate-buffered saline (PBS) at 4 °C overnight.

In situ hybridization
Probe sets for HCR RNA fluorescence in situ hybridization were
designed to be complementary to target transcripts and synthesized
by Molecular Instruments (Supplementary Table 1). For the whole-
mount in situ HCR, fixed embryos were washed with PBST (PBS con-
taining 0.1% Tween 20 [P20370-1.0, RPI Research Products Interna-
tional]) at least three times. Subsequent procedures followed the
manufacturer’s instructions (MI-Protocol-RNAFISH-Zebrafish,
Rev.#9)92. After the HCR, nuclei and actin were stained in PBST con-
taining 5 µg/ml 4′,6-diamidino-2-phenylindole dihydrochloride (DAPI;
D9542, Sigma-Aldrich) andAlexa Fluor 488phalloidin (diluted in 1/100;
A12379, Life Technologies), respectively, without light exposure at
room temperature for two overnights.

Immunofluorescence
A duplexed in situ HCR and immunofluorescence has been performed
as previously described93 withminormodifications. Briefly, weomitted
the methanol and acetone permeabilization steps before the whole
mountHCR from the original protocol. Embryos after in situ HCRwere
washedwith PBST and soaked in blocking solution [5%heat inactivated
(56 °C, 30min) sheep serum (S2263, Sigma-Aldrich) in PBST] at room
temperature for 2 h. The blocking solution was replaced by a primary
antibody solution [anti-mCherry rabbit polyclonal antibody
(GTX128508, GeneTex) diluted in 1/200 inblocking solution]. Then, we
incubated embryos with the primary antibody solution at 4 °C over-
night. We washed the excess antibody solution by PBST and replaced
the solution with a secondary antibody solution [anti-rabbit IgG Alexa
Fluor 594 antibody (A11037, Invitrogen) diluted in 1/200]. Subse-
quently, we incubated embryos with a secondary antibody solution at
4 °C overnight. The excess secondary antibody solution was removed
and embryos were washed with PBST and mounted in the 0.7% low-
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gelling temperature agarose gel in PBST. Finally, mounted samples
were subjected to a graded series of glycerol/PBST and transferred
into 75% glycerol in PBST and imaged.

Imaging
Bright-field and fluorescence whole-mount images were photo-
graphed an upright microscope MZ16 (Leica) equipped with a digital
cameraMC170HD (Leica). Confocal sections were acquired by LSM510
Meta, LSM 800, and LSM 880 inverted confocal laser microscope
equipped with a Plan-Apochromat 20x/0.8 M27, LD LCI Plan-
Apochromat 25x/0.8 Imm Korr DIC M27, or C-Apochromat 40x/
1.20W Korr UV-VIS-IR M27 objective (Zeiss). The whole-mount and
confocal images were processed by ImageJ (NIH) and ZEN 3.5 software
(Zeiss), respectively. Volumetric 3D reconstructions from serial con-
focal images were performed by ZEN 3.5 software. Segmentation and
3D mesh generation were performed by Drishti 3.194 (https://github.
com/nci/drishti) and rendered by Blender 2.80 (https://www.blender.
org). Exported images in TIFF or PNG formatwere then assembled into
figures in Adobe Photoshop (Adobe Systems). Three or more repli-
cates were obtained for each imaging, unless otherwise described.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
The data generated in photoconversion-based lineage tracing are
available in the Supplementary Data 1. Abbreviations are listed within
the file. Any imaging data generated in this study are available from the
Figshare under the following (https://doi.org/10.6084/m9.figshare.
26045854).
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