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Neural crest cells (NCCs) are migratory, multipotent embryonic cells that are unique
to vertebrates and form an array of clade-defining adult features. The evolution of
NCCs has been linked to various genomic events, including the evolution of new
gene-regulatory networks'?, the de novo evolution of genes?® and the proliferation of
paralogous genes during genome-wide duplication events*. However, conclusive
functional evidence linking new and/or duplicated genes to NCC evolution s lacking.
Endothelinligands (Edns) and endothelin receptors (Ednrs) are unique to
vertebrates®>*®, and regulate multiple aspects of NCC development in jawed
vertebrates’'°, Here, to test whether the evolution of Edn signalling was a driver of
NCC evolution, we used CRISPR-Cas9 mutagenesis™ to disrupt edn, ednrand dix
genesinthe sealamprey, Petromyzon marinus. Lampreys are jawless fishes that last
shared acommon ancestor with modern jawed vertebrates around 500 million years
ago™. Thus, comparisons between lampreys and gnathostomes can identify deeply
conserved and evolutionarily flexible features of vertebrate development. Using the
frog Xenopus laevis to expand gnathostome phylogenetic representation and
facilitate side-by-side analyses, we identify ancient and lineage-specific roles for Edn
signalling. These findings suggest that Edn signalling was activated in NCCs before
duplication of the vertebrate genome. Then, after one or more genome-wide
duplicationsin the vertebrate stem, paralogous Edn pathways functionally diverged,
resulting in NCC subpopulations with different Edn signalling requirements. We posit
that this new developmental modularity facilitated the independent evolution of NCC
derivativesin stem vertebrates. Consistent with this, differences in Edn pathway
targets are associated with differences in the oropharyngeal skeleton and autonomic

nervous system of lampreys and modern gnathostomes. In summary, our work
provides functional genetic evidence linking the origin and duplication of new
vertebrate genes with the stepwise evolution of a defining vertebrate novelty.

Inmodeljawed vertebrates, the proper patterning and differentiation of
most NCC subpopulations requires Edn signalling. Ednrs expressed by
migrating and postmigratory NCCs bind Edns secreted by surrounding
tissues. Inzebrafishand mouse, disruption of edni or endothelin recep-
tor A (ednra) results in a hypomorphic pharyngeal skeleton, skeletal
element fusions and ventral-to-dorsal transformations of oropharyn-
geal cartilages and bones”®" . In ednI-mutant zebrafish, the increased
dorsoventral symmetry and lack of ajaw joint causes a ‘sucker’ pheno-
type reminiscent of modern agnathans’. Inboth mouse and zebrafish,
the skeletal phenotype of ednl and ednra mutantsis caused, in part, by
loss of expression of dlx and hand family membersin cranial NCCs®*.1n
non-skeletogenic NCCs of mouse, zebrafish and Xenopus, loss of edn3
orednrbhomologues causes aberrant migration and/or loss of pigment

cells'®”8 In mammals, these defects are accompanied by deficiencies
in the NCC-derived enteric nervous system (ENS)**?°,

Lampreys expresshomologues of edn, ednr, dlx and handin patterns
reminiscent of their gnathostome cognates® %, although lamprey
and gnathostome NCC derivatives differ substantially. In addition to
lacking jaws, the lamprey oral skeleton consists of a specialized pump-
ing organ made of a chondroid tissue called mucocartilage* (Fig. 1a,
Extended DataFig.1a, b).Inthe posterior pharynx, the branchial skel-
etonis anetwork of cell-rich hyaline cartilage bars and a ventral mass of
mucocartilage®. In the trunk, the lamprey peripheral nervous system
(PNS) lacks sympathetic chain ganglia®* and vagal NCC-derived enteric
ganglia®. These differences, and the unclear phylogenetic relationships
betweengnathostome and lamprey edn and dix homologues, have led
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Fig.1|Lamprey and X. laevis Aednrlarvae have pharyngeal skeleton defects
andreducedintermediate-domaindix expression. a, lllustration of the
larval sealamprey pharyngeal skeleton at stage T30 with numbered pharyngeal
archderivatives. Lat. m. pl., lateral mouth plate. b-g, Toluidine blue-stained
sagittal section of the oral mucocartilage (b-d) and flat-mounted alcian blue
stain of the branchial basket (e-g) at stage T30 in wild-type (WT) (b, e),

Aednra (c,f)and Aednra+b (d, g) larvae. Aednra and Aednra+b exhibit reduced
mucocartilagein the upperlip, lateral mouth plate (dotted linesin b-d) and
first pharyngeal arch (arrows inb-d). They also display gaps in the branchial
bars (arrowsinf,g) and reductionsin the epitrematic and hypotrematic
processes (arrowheadsinf, g). Aednra+b additionally lack one or more
posterior branchial bars (asterisksin g). Toluidine blue staining: 3 out of 3
Aednra (c) and 4 out of 4 Aednra+b (d) exhibited reduced oral skeletons; alcian
blue staining: 16 out of 16 Aednra (f) and 19 out of 19 Aednra+b (g) individuals
exhibited disrupted branchial skeletons. h, Summary of expression of lamprey
ednrandedngenesintheheadat T25.5 (ref. ). i-n, Expression of dixD and hand
inwild-type (i, 1), Aednra (j, m) and Aednra+b (k, n) larvae. Loss of

tospeculation that these genesacquired newrolesinthe NCCs of stem
gnathostomes??*,

Ednra controls head skeleton development

To better understand the functional evolution of Edn signalling, we
optimized a method for efficient Cas9-mediated mutagenesis in the
sea lamprey™ and used it to disrupt the function of ednr, edn and dix
genes. Recent assembly of the sea lamprey germline genome? sup-
ports previous reports that the lamprey has one ednra, one ednrb and
six edn genes®?, Targeting two unique protein-coding sequences to
control for off-target effects (Supplementary Table 1), we found that
Cas9-mediated F, mutation of ednra (Aednra) resulted in a hypomor-
phic pharyngeal skeleton with gapsinthe branchial basket, excess and
ectopic melanophores, and heart oedema (Fig. 1a-g, Extended Data
Figs.1c, 2). Whereas the Aednra phenotype resembles gnathostome
ednra and ednl mutants, including the ectopic pigment cells?, it dif-
fers fromthereported effects of an Ednsignalling inhibitor?, probably
reflecting the specificity of CRISPR-Cas9.

Inzebrafish and mouse, Ednra-Ednl signalling acts, in part, by acti-
vating the expression of dlx paralogues in the intermediate pharynx
and hand genes in the ventral pharynx®'%*, We investigated whether
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dorsoventrally intermediate dlxexpressionatstage T26.5isseeninboth
Aednra (red arrowheads) and Aednra+b (asterisks) larvae, but is more frequent
in Aednra+bindividuals. By contrast, the ventral hand expression domain
remainsintactin Aednraand Aednra+blarvae (white arrowheadsinl-n), with
nomeasurable changeinareaasaproportion of total head size (Extended Data
Fig.3).Five out of 14 Aednra (j),and 7 out of 8 Aednra+b (k) individuals showed
reduced dlxD expression domains; O out of 8 Aednra (m) and O out of 9
Aednra+b (p) individuals showed reduced hand expression domains.
Pharyngeal arches arenumberedini. o-r, d[x3.Sand hand2.L expression
domainsare highly reducedin X. laevis Aednra.L+S (p, r) relative towild type
(0, q). Three out of 7 Aednra.L+S (p) individuals showed reduced d(x3.S
expression domains; 5 out of 8 Aednra.L+S (r) individuals showed reduced
hand?2.L expression domains. See Extended DataFig. 4 for X. laevis hand2.L
domain quantification. Pharyngeal arches are numbered in 0. See Methods,
‘Statistics and reproducibility’ and Supplementary Tables 1-4 for detailed
quantification. Anterior is towards the leftin all panels. Scale bars, 100 pm.

lamprey ednra (Fig.1h) regulates these genes inlamprey NCCs. Despite
divergent histories of dix duplicationand loss*, lamprey Aednralarvae
exhibited gapsindlxexpressioninthe intermediate pharynx (Fig. li-k,
Extended DataFig.3a). By contrast, the ventral hand expression domain
displayed nogaps, nodetectablereductioninstainingintensity, and no
obvious reduction in size when taking into account the hypomorphic
heads of mutants (Fig.1l-n). To confirm that Ednra signalling regulates
dlxand handingnathostomes aside from zebrafish and mouse, we used
Cas9tocreate Aednra.L+Sand Aednl.L+S X. laevislarvae. Asin zebrafish
and mouse, we observed a hypomorphic oropharyngeal skeleton, loss
of the jaw joint (Extended Data Fig. 4a—c) and disruptions in dlx and
hand expression that included gaps, decreased in situ hybridization
signal intensity, and areduction in the area of the hand expression
domain (Fig. 1o-r, Extended Data Fig. 4d-h). These data suggest that
pharyngeal expression of dlxwas Edn-dependent in the last common
ancestor of lamprey and gnathostomes, whereas hand regulation has
diverged between X. laevis and lamprey.

Lamprey Ednr paralogues cooperate

Lamprey ednr genes are broadly coexpressed in postmigratory skel-
etogenic NCCs during early larval stages (Tahara* stage 25.5 (T25.5)),
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Fig.2|Skeletogenic NCCdevelopmentis disrupted in lamprey Aednr,
lamprey AdIx and X. laevis Aednralarvae. a-d, Expression of twistA in
migratory NCCs at stage T23 in wild-type (a) and Aednra+blarvae (b; 0 out of 9
with reduced expression in Aednra+b versus wild type) and expression of mycin
postmigratory NCCs at stage T26.5 in wild-type (c) and Aednra+blarvae (d; O out
of 4 with reduced expression in Aednra+b versus wild type) suggest that cranial
NCC formationis largely normal in these mutants. e-1, Reduced and
discontiguous expression (asterisks) of sox£2 and lecticanA in Aednra (f, j),
Aednrb (g, k) and AdIxA (h,1) larvae at stage T26.5 versus wild-type larvae (e, i).
11, lower lip; Imp, lateral mouth pate; ul, upper lip. Reduced expression domain
phenotype (asterisks) for soxE2in n=15 out of 21 Aednra embryos (f), n=4 out of
8 Aednrb embryos (g) and n=20 out of 41 AdIxA embryos (h). Reduced

a pattern not observed in any gnathostome? (Fig. 1h). This suggests
that ednra and ednrb may both function in lamprey oropharyngeal
skeleton development. We thus used three separate single guide RNAs
(sgRNAs) to mutagenize ednrb alone (Aednrb), and together withednra
(Aednra+b) (Supplementary Table 1). We found that, similar to gna-
thostome edn3 and ednrb mutants, lamprey Aednrb individuals have
severereductionsin melanophores, the only discernible pigment cells
inlaboratory-raised lamprey larvae (Extended Data Fig. 5a). However,
unlike reported gnathostome ednrb mutants, many Aednrb larvae
had skeletal defects, with 27% displaying gapsin the branchial basket
(Extended Data Figs. 1d, 5b, Supplementary Table 2). Furthermore,
Aednra+b larvae had skeletal defects that were more frequent and
severe than those in Aednra or Aednrb larvae, including the com-
plete loss of some branchial bars (Fig. 1d, g, Extended Data Figs. 1e,
5c, Supplementary Table 2). Intermediate dlx expression was also
more reduced in Aednra+b larvae than in Aednralarvae, although
Aednrbindividuals showed no apparent dix reduction (Extended Data
Fig. 3a, Supplementary Table 2). Similar to the single mutants, the
hand expression domain of Aednra+b larvae displayed no gaps or
obvious reduction in signal intensity, and image analysis confirmed
that it was not significantly reduced in size relative to overall head
size (Fig.1n, Extended Data Fig.3b, c). We also observed reduced pig-
mentationin Aednra+b larvae (Extended Data Fig. 5¢), similar to that
in Aednrb larvae, in contrast to the excess pigmentation observed in
Aednraindividuals. Together, these results show that ednra and ednrb
cooperate to drive the differentiation of lamprey skeletogenic NCCs,
whereas ednra simultaneously opposes the role of ednrbin promoting
melanophore fate.

expression domain phenotype for lecticanAin n=16 out of 16 Aednra embryos (j),
n=4outof 8 Aednrb embryos (k) and n =16 out of 51 Ad/xA embryos ().

m, n, Expression of sox9.S in wild-type (k) and Aednra (1) X. laevis larvae at stages
Nieuwkoop-Faber (NF) 33-34, n=12 out of 20 Aednra.L+S individuals exhibited
reduced sox9.S expression (asterisks). 0, p, FGFRa expression in cardiac
mesodermis reduced in Aednra (red arrowhead in p) compared with wild type
(whitearrowhead in o). n =3 out of 6 Aednraindividuals exhibited reduced FGFRa
expressionin the heart. See Methods, ‘Statistics and reproducibility’ and
Supplementary Tables 1-4 for detailed quantification. Pharyngeal arches (PAs)
arenumberedine, i, m (grey numbers indicate the positions of PAs with little or
no detectable expression). All panels show left lateral views. Scale bars, 100 pm.

Edn signalling acts through soxE and dix

Tobetter understand the function of Edn signalling inlamprey NCC, we
analysed the expression of several NCC markers in Aednra, Aednrb and
Aednra+bembryos and larvae. Expression of twistA, foxD-A and soxE2
instage T22-23 Aednra+b embryos suggests that the specification and
initial migration of cranial NCCs is largely normal in Aednrindividu-
als (Fig. 2a, b, Supplementary Table 2). In T26.5 Aednra, Aednrb and
Aednra+b larvae, expression of myc, ID, soxE1, twistA and msxA also
persisted in most postmigratory NCCs, confirming largely normal
cranial NCC development, although subtle migration defects cannot
be ruled out (Fig. 2¢, d, Extended Data Fig. 3d). By contrast, at T26.5,
both Aednra and Aednrb larvae displayed clear reductions in soxE2
transcription in the forming branchial bars, and lecticanA (lecA)—a
homologue of aggrecan—in the branchial bars and differentiating
mucocartilage (Fig. 2e-g, i-k, Extended DataFig.1g-k, Supplementary
Table 2). Similar reductions in soxE2 and lecticanA were observed in
Aednra+blarvae, whichalso displayed reductionsin twistA and soxE1,
and localized loss of ID transcripts in oral mucocartilage precursors
(Extended DataFig. 3d). Together, these results show that mutation of
either orboth ednrgenesresultsin reduced soxE expression and disrup-
tionsinskeletogenic NCC differentiation, with these effects occurring
most consistently in Aednra and Aednra+bindividuals (Supplementary
Table 2).Reductionsin postmigratory skeletogenic NCC are also seen
following perturbation of ednl or ednrain model gnathostomes'**3*,
although disrupted soxE (sox9a) expression has only been reported
in zebrafish®, We thus visualized sox9.S in X. laevis Aednra larvae and
found reduced expression (Fig. 2m, n). This suggests that regulation
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Fig.3|Lamprey ednrgenes have aminor role in the PNS and display specialized
ligand interactions. a-d, HuC/D immunohistochemistry at stage T26.5 reveals a
largely intact set of cranial ganglia (a, b) and DRGs (¢, d, arrowheads) in Aednra+b
larvae, although some cranial ganglia are misshapen (n =6 out of 6 individuals).

e, f,soxE2 expressionin DRGs of Aednra+b larvae resembles wild type at stage T26.5.
n=10 out of 10 individuals. g-i, Neurofilament immunohistochemistry at stage
T27 reveals that all major facial nerves (white arrows) are present in wild-type (g),
Aednrb (h) and Aednra+b larvae (i), although presumptive chromaffin-like cells in
the forming kidneys* (black arrowheads in g) are absent in the mutants (red
arrowheadsinh, i); Aednrbn=4 out of 4; Aednra+b n=3 out of 3individuals show
this phenotype.j, k, phox2 expression at stage 26.5 reveals forming epibranchial
ganglia (white arrows) and enteric neuron precursors® (black arrows) in wild-type (j)

of soxE expression and NCC skeletogenesis are deeply conserved func-
tions of Edn signalling in vertebrates.

We nextinvestigated whether dlxgenes are effectors of Edn signalling
in the lamprey pharyngeal skeleton by comparing the phenotype of
Aednrand AdIxindividuals. Mutation of dixA, dIxCand dlxD alone or in
combination, resulted in disruptions of soxE2 and lecticanA expression,
similar to Aednrlarvae (Fig. 2h, i, Extended Data Fig. 6a). At stage T30,
AdIxindividuals also had hypomorphic pharyngeal skeletons with gaps
inthe branchial basket (Extended DataFig. 6b), though they lacked the
heartand pigment defects seenin Aednrlarvae. The similar phenotypes
of Aednr and AdIx individuals suggest that, as in gnathostomes, Edn
signalling works through dix genes in lamprey skeletogenic NCCs.

Conservedrole for Ednrain the heart

In mouse ednra mutants, defects in cardiac NCCs and mesoderm
contribute to a severe cardiac phenotype™*. Similar to mouse, lam-
prey ednra transcripts mark the presumptive cardiac mesoderm and
heart®, and lamprey Aednralarvae have severe heart defects (Extended
Data Fig. 2a-d). We therefore examined the expression of the FGFR
homologue FGFRa in Aednralarvae. In addition to being transcribed
inlamprey cardiac mesoderm, functional studies suggest that FGFRa
signalling is required for lamprey heart development®. We observed
astrong reduction in cardiac FGFRa expression in Aednra individuals
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and Aednra+b (k; n=11out of 11) individuals with wild-type in situ hybridization
pattern. I-p, Aednlarvae phenocopy mild Aednr mutants. AednA larvae (m)
recapitulate the hypomorphic head and heart oedema (brackets) of Aednra
larvae (n), but lack the ectopic pigmentation caused by ednra disruption
(arrowheads in n). AednE (0) exhibits reduced pigmentation, resembling Aednrb
larvae (p). AednA, n=22 out of 67; Aednra, n=264 out of 325; AednE, n=113 out of
154; and Aednrb, n=177 out of 403 individuals exhibited similar phenotypes to
those shown here. See Methods, ‘Statistics and reproducibility’ and
Supplementary Tables 1-4 for detailed quantification. All panels show left lateral
views, except c-f, which show dorsal views of the trunk (anterior on top).
Scalebars, 100 um; scale barsinaand calso apply toband d, respectively.

(Fig. 20, p). This indicates that the heart oedema seen in lamprey
Aednralarvaeis caused in part by reduced FGFR signalling in cardiac
mesoderm. Whether NCC defects are also involved in this phenotype
is unclear, as cardiac NCCs have not yet been identified in lamprey.

Ednrb functionin PNS has diverged

Lamprey and gnathostome ednrb genes are widely expressed in
the NCCs that form the PNS?, and mammalian £dn3 and Ednrb1
mutants lack parts of their ENS¥. We thus examined the expression of
several PNS markers in lamprey Aednrb and Aednra+b larvae
(Fig. 3a-k, Extended Data Fig. 5d-g). All PNS ganglia and nerves were
easilyidentifiable and presentin normal numbers, though select cranial
ganglia were misshapen and measurably smaller in double mutants
(Fig.3a, b, g, i, Extended Data Fig. 5d, f). Recently described ENS pre-
cursors?® also appeared unaffected in mutants (Fig. 3j, k), although
neurofilament-positive chromaffin-like cells in the presumptive kid-
ney were absent® (Fig. 3g-i, arrowheads). Because PNS defects have
been reported only in mammalian Edn3 and Ednrb mutants®, we used
CRISPR-Cas9 to target ednrb2 and edn3 genes in X. laevis. Targeting
ednrb2 genes resulted in no obvious phenotype, probably owing to
incomplete disruption of all three ednrb2 paralogues. By contrast,
Aedn3.L+Sindividuals were frequently leucistic (Extended DataFig. 7).
Whereas all PNS components we visualized, including nascent ENS
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Fig.4|The co-option, duplication and specialization of Edn signalling
pathways drove the expansion and diversification of NCCsubpopulations.
a, Ourresults suggest that the vertebrate ancestor had bona fide multipotent
NCCsthat activated the NCC gene-regulatory network’, but developedin the
absence of Ednsignalling. b, Before the first whole-genome duplication (1R) in
stem vertebrates, the primordial Edn signalling system was co-opted to NCC,
affecting the patterning and/or proliferation of non-neural NCC derivatives,
buthavinglittle effect on the autonomic nervous system. c, Later inthe
vertebrate stem, duplication and specialization of the Ednraand Ednrb
signalling pathways resultedin three or four NCC populations with different

neurons, cranial nerves and dorsal root ganglia, appeared normal in
Aedn3.L+Slarvae (Extended Data Fig. 8a-e), subadult Aedn3.L+S frogs
had a mild Hirschsprung disease-like phenotype that included miss-
ing submucosal ganglia and excess goblet cells***° (Extended Data
Fig.8f-q). Our results show that disrupting Ednrb signallingin lamprey
and frog causes defects in distinct autonomic components of the PNS.
Together with previous work in mammals, these observations imply
that the development of most PNS elements wasindependent of Ednin
thelast common ancestor of lamprey and gnathostomes. They further
suggest that the role of Edn signalling in development of the auto-
nomic nervous system has diverged intetrapods and/or lamprey. Data
from other key groups—suchasray-finned fishes—should help identify
ancestral and derived roles for Edn signalling in this NCC derivative.

Lamprey Ednrs have dedicated ligands

Invitrobinding assays* and the similarity of edn and ednr mutant phe-
notypes™** suggest that Ednl is the main ligand for Ednra, whereas
Edn3is the main ligand for Ednrb. To test whether lamprey Ednra and
Ednrbalso have dedicated ligands, we mutated ednA, ednCand ednkE, the
only edngenes expressed intissue-specific patterns during sealamprey
development®. Targeting ednCwith three different sgRNAs yielded no
reproducible mutant phenotype (see Methods). By contrast, lamprey
AednA larvae displayed a combination of heart oedema and skeletal
defects that resembled hypomorphic Aednraindividuals, but without
pigmentation defects, whereas AednF larvae resembled Aednrb larvae
(Fig.3l-p, Extended DataFig. 9). Theincomplete loss of melanophores
in AednE and Aednrblarvae mimics amniote and teleost edn3and ednrbl
mutants'®*?, whereas edn3 mutant salamanders are completely leucis-
tic*’. We noted that, similar to salamanders, a high percentage of Aedn3.
L+S X. laevis exhibited a complete loss of NCC-derived pigmentation
(Extended Data Fig. 7, Supplementary Table 1). We conclude that all
modern vertebrates have anednthatislargely dedicated to ednrb, and
that NCC-derived pigment cell development in modern amphibiansis
particularly dependent on Edn3-Ednrb signalling.

~ M Ednra and Ednrb cooperate
. [l Ednra dependent
[l Ednrb dependent

Bony fishes
~61,000 living species

Ednsignalling requirements, depending on when the cardiac NCClineage
arose.d, e, Changesto Ednraand Ednrb signalling targets correlate with
divergence of the oropharyngeal skeleton and autonomic nervous systemin
thelineagesleading to modern cyclostomes (d) and gnathostomes (e).

f, The deduced transitional forms depicted ina-e mapped onto a phylogenetic
tree of extant chordate groups. The colours of the arrows and lines reflect the
steps of Ednsignalling system evolution depicted ina-e. Theinferred origin of
ednand ednr, and their duplication during the vertebrate genome-wide
duplications (IRand 2R)**, are shown with grey arrows.

Evolutionary history of edn and ednrgenes

Despite inconclusive phylogenies®??, the similarity of mutant phe-
notypes raise the possibility that lamprey ednA and ednk are cryptic
orthologues of gnathostome ednI and edn3, respectively. We therefore
used synteny datafrom therecently completed sealamprey germline
genome? to reevaluate ednr and edn phylogeny. Other than ednra,
our analyses fail to support one-to-one orthology of lamprey and gna-
thostome ednr or edn genes (Extended Data Fig. 10), consistent with
previous reports>* and recent genomic comparisons**. Although these
analyses leave the precise history of edn and ednr duplication and loss
unresolved, synteny and phylogenetic analyses of flanking genes sup-
port co-orthology of lamprey ednrb, ednE, ednA and gnathostome
ednrbl and ednrb2, ednl and edn3, and edn2 and edn4, respectively.
These relationships suggest that duplication of single primordial ednr
and edngenesinthe vertebrate stemyielded ednra, ednrb and two edn
genes; the ancestors of the edni-edn3-ednE and edn2-edn4-ednA
clades. The conserved roles of lamprey EdnE and gnathostome Edn3
further suggest that after this initial ‘1R’ duplication, and possibly after
an additional duplication event, a member of the Edn1-Edn3-EdnE
paralogy group became largely specialized for Ednrb binding.
Later, after the divergence of cyclostomes and gnathostomes,
non-orthologous Edns (EdnA and Ednl) became independently spe-
cialized for Ednrabindingin each lineage (Fig. 4f, Extended DataFig.10).

Conclusions

The origin and early evolution of NCCs has been linked to the rewir-
ing of gene-regulatory networks’, the evolution of new genes?
and genome-wide duplication events*. Although these are attrac-
tive hypotheses, functional genetic evidence conclusively linking
vertebrate-specific genes and/or gene duplications to NCC evolution
is sparse. This is largely owing to the difficulty of inferring ancestral
gene functions using conventional genetic model organisms, which
represent only a fraction of vertebrate diversity. We compared the
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roles of Edn signalling in lamprey, X. laevis, mammals and zebrafish
to deduce when different Edn signalling functions arose (Fig. 4). All
lamprey and gnathostome Edn signalling mutants have defectsinthe
patterning, differentiation, and/or quantity of non-neural neural crest
derivatives. However, early NCC development in these mutants, includ-
inglamprey and mouse ednra/ednrb double mutants* appears largely
normal, and all major NCC derivatives are discernable. This suggests
that Ednsignalling was probably first activated in a stem vertebrate that
already had bona fide multipotent NCCs (Fig. 4a), and its recruitment
affected the later patterning and/or proliferation of NCCs (Fig. 4b).
The fact that alllamprey and gnathostome Ednrs function during NCC
development also strongly suggests that integration of Edn signalling
systeminto the neural crest gene-regulatory network occurred before
the vertebrate genome duplications. We also find conserved speciali-
zation of the lamprey and gnathostome Ednra and Ednrb pathways in
the major NCC lineages. This indicates that after the first or second
vertebrate genome-wide duplication events, paralogous Edn signalling
pathways acquired distinct functions in different NCC populations, as
previously hypothesized®. This resulted in three, and possibly four,
NCC populations with different Edn signalling requirements in stem
vertebrates (Fig. 4c). We speculate that this new Edn signalling-based
developmental modularity facilitated the independent evolution of
these NCC populations and their derivatives. For example, after Ednra
and Ednrb specialization, alterations in the Ednra-signalling pathway
yielding adaptive skeletal phenotypes would be expected to havelittle
effect on development of the PNS or pigmentation. Consistent with
notion, we find differences inlamprey and gnathostome Edn signalling
function that correlate to their divergent oropharyngeal skeletons
and PNSs (Fig. 4d). We posit that divergence of Edn signalling targets
contributed to the morphological divergence of modern jawed and
jawless vertebrates. Together, our results link the stepwise recruit-
ment, duplication and functional divergence of Edn signalling pathway
components to the stepwise evolution of NCCs and their derivatives
(Fig. 4f).
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Methods

No statistical methods were used to predetermine sample size, because
we could notaccurately predict the general nature and thus the ‘effect
size’ of the phenotypes resulting from our experimental manipula-
tions. Because most phenotypes arising from the manipulations were
visually obvious, and in order to perform in situ hybridization (ISH)
and immunohistochemistry (IHC) assays truly in parallel (in the same
tubes) for control, the experiments were not randomized, nor were the
investigators blinded to allocation during experiments and outcome
assessment.

P. marinushusbandry

P. marinusfertilizations and husbandry were carried out as described
previously". Adult spawning phase sealampreys were housed in 200-|
tanks containing reverse-osmosis-purified water with 800-1000 ppm
artificial sea salt. Water in the tanks was completely replaced daily.
Onceripe, the animals were stripped of gametes into Pyrex dishes,
where in vitro fertilization took place in deionized water containing
400-600 ppm artificial sea salt. All animals were wild-caught from
fresh water streams during their late spring—early summer spawning
season, with the majority being derived from aninvasive populationin
Lake Huron. Asmallfraction (1%), were trapped at the Holyoke Dam in
Massachusetts. Each sgRNA was injected into clutches fromat least of
two different pairs of adults. Embryos and larvae were kept at 18 °Cin
Pyrex dishes containing deionized water and 400-600 ppm artificial
seasalt. Depending onthe quality of oocytes (almost all mature males
produce sperm capable of fertilization) which appears determined by
female broodstock health and progression of the spawning season,
uninjected sea lamprey embryos display survivorship to stage T26.5
from 1-99%. Dead embryos and larvae were removed daily from each
dishandthe water was changed at least every other day. All . marinus
staging was as described®. All P. marinus husbandry and experiments
were in accordance with CU-Boulder IACUC protocol no. 2392.

X. laevis husbandry

X. laevis fertilizations and husbandry were performed according to
standard methods*¢. Adult females were induced to ovulate viainjection
of human chorionic gonadotropin, and eggs were stripped into Petri
dishes. Testes were dissected from males, homogenized, and applied
to the eggs for in vitro fertilization. All frog staging was according to
Nieuwkoop and Faber®. All X. laevis husbandry and experiments were
inaccordance with CU-Boulder IACUC protocol no.2392.

F, mutagenesis strategy

We used CRISPR-Cas9-mediated mutagenesis to induce deletions
and insertions (indels) into the protein-coding exons of injected F,
sealamprey (P. marinus) and African clawed frog (X. laevis) embryos as
previously described™*#2, Although CRISPR-Cas9 s highly efficientin
sealamprey, differencesinthe efficiency of individual sgRNAs results
indifferent ratios of wild-type and mutant alleles in F, mosaic mutants.
This variable mosaicism resultsin different sgRNAs producing pheno-
typically mutant individuals at different frequencies, with a range of
severities. Previous work shows targeting an evolutionarily conserved,
embryonically expressed gene typically resultsin 20-90% of injected
individuals displaying a gene-specific mutant phenotype™*!, Work
inourlaboratory with 35 guides targeting 20 different developmental
regulators confirms this, with an average of 46% phenotypically mutant
individuals produced per gene-specific sgRNA (Supplementary Table1,
Extended Data Fig.11).

Also as previously reported, the severity of a CRISPR-Cas9-induced
phenotype correlates well with the percentage mutant alleles; with
most ‘severely affected’ F, mosaic mutants typically exhibiting 75-100%
mutant (indel) alleles™ ", Consistent with this, the 74 severely affected
phenotypic mutants selected for genotyping in this study had an

average of 88% indel alleles at targeted loci (Supplementary Table 4).
Importantly, every severely affected individual selected for genotyp-
inghadindel mutations at the targeted locus. Thus, as with traditional
inbred mutant lines, the phenotype of CRISPR-Cas9-generated F,
mosaic mutants is a strong predictor of their genotype.

Based on these observations, we devised a strategy for creating,
selecting, and analysing CRISPR-Cas9-generated sea lamprey and
X. laevis mutants. First, two or more unique sgRNAs were designed
against protein-coding exons of the gene of interest. When possible,
we selected unique, but evolutionarily conserved regions to increase
the chances that in-frame deletions will disrupt functionally critical
domains andyield loss-of-functionalleles. Second, individual sgRNAs
were co-injected with Cas9 protein or mRNA into zygotes or, in the
case of X. laevis, zygotes and two-cell stage embryos. Third, F,injected
embryos were monitored daily and scored for morphological defects.
Fourth, morphological defects associated with two or more sgRNAs
targeting the same gene were designated as the putative ‘mutant pheno-
type’ for that gene. For example, the unique pigmentation defect seen
when targeting ednrb exons was deemed the putative ‘ednrb mutant
phenotype’ only after two different sgRNAs targeting the ednrblocus
produced the same defect. Fifth, mutagenesis of the targeted loci was
confirmed by genotyping several representative severely affected
phenotypic mutants (see below for genotyping method). Sixth, once
mutant genotype and mutant phenotype were linked by showing all
selected mutants had mutant alleles, severely affected phenotypic
mutants were picked for analyses via in situ hybridization, alcian
blue staining, immunohistochemistry and toluidine blue staining
(see below for protocols). For dlx sgRNAs, which resulted in unusu-
ally high mortality before larval stages, probably owing to the early
function of dix genes in neurectoderm patterning, severe phenotypic
mutants were lightly fixed and genotyped after in situ hybridization
analysis asrecently described**°. This additional step was performed
tore-confirmthelinkbetween mutant phenotype and mutant genotype
inthe relatively small number of surviving dlx mosaic mutants.

P. marinus sgRNA and Cas9 injections
We mutagenized the P. marinus dIxA, dIxC, dIxD, ednA, ednC, ednE,
ednra and ednrb loci by injecting zygotes with at least two unique
sgRNAs per gene (Supplementary Table 1). To create ednra+b double
mutants, zygotes were injected with four different combinations of
ednra and ednrb guides. dIxA+C+D triple mutants were created using
asingle sgRNA 100% complementary to dixA and d{xD, with one mis-
match todIxC(Supplementary Table1). As previously described, sgRNA
target sites were chosen using all available transcriptome sequence
data to avoid protein-coding off-targets™. In brief, candidate sgRNA
sequences demonstrating off-target matches with >80% overall iden-
tity in the target site, and >90% identity in the 3’ half of the target site
(closest to the protospacer adjacent motif (PAM) site) to any off-target
sequence (withan NGG PAM site) were not used. Lamprey zygotes were
injected as previously described with approximately 5 nl of asolution
containing 400 pg sgRNA, and either 800 pg Cas9 protein (a 2:1ratio
of protein:sgRNA by mass) or 1 ng Cas9 mRNA, 5 mg ml™ lysinated
rhodamine dextran (LRD) and nuclease free water. For ednra + ednrb
combined experiments, 200 pg of each of two sgRNAs were used with
800 pg of Cas9 protein. Approximately 200-500 zygotes were injected
per experiment, and each sgRNA-Cas9 combination was injected into
zygotes from at least two different pairs of wild-caught sea lampreys.
Asinother vertebrates®, microinjection of lamprey embryos causes
increased mortality before gastrulation and developmental delay com-
pared to uninjected ibling controls". Owing to differences in the qual-
ity of female broodstock (we see no difference in sperm quality among
mature males), personinjecting and progression of the spawning sea-
son, this microinjection-induced mortality can range from 10-90%.
However, after gastrulation, clutches of microinjected embryos have
asurvivorship to early larval stages (T26-T30) similar to uninjected
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siblings, typically around 90%. This was true for all sgRNAs tested in
this study, except for the dix sgRNAs, which had substantially increased
mortality to larval stages compared to uninjected siblings, resulting
in30-40%survival to T26.5. We suspect thisis due to the early roles of
dIx genesin neurectoderm patterning.

X. laevis sgRNA and Cas9 injections

Inthetetraploid frog X. laevis, both the ‘long’ (L) and ‘short’ (§) homeo-
logues (following the gene nomenclature convention of Session et al.>*)
of X. laevis ednl, edn3and ednrawere simultaneously targeted*? (Sup-
plementary Table1). Zygotes or two-cell embryos were injected with a
Snldroplet containing 800 pg of asingle sgRNA targeting both edn3.L
andedn3.S,or400 pgofeach of two sgRNAs targetingednl.L andednl.S,
orednra.L and ednra.S, alongside either 1 ng of Cas9 mRNA, or 1.6 ng
of Cas9 protein. X. laevis injection mixes were supplemented with 5
mg ml™ LRD and/or 300 pg eGFP mRNA (per 5 nlinjection droplet).
Approximately 50-200 zygotes were injected per experiment.

P. marinus CRISPR-Cas9 controls

To demonstrate that the phenotypes associated with each sgRNA
injected were due to disruption of the targeted genes, rather than to
off-targets, each P. marinus gene was targeted with at least two unique
sgRNAs. All sgRNAs targeting the same gene produced the same mutant
phenotype, though usually with different efficiencies (Supplementary
Tablel).

To further validate sgRNA specificity in P. marinus, and to ensure
that the CRISPR-Cas9 method does not artefactually cause any of the
described defects, we used two negative control strategies. In addi-
tion to the negative control sgRNA described in our methods paper”,
we tested an intron-spanning sgRNA partially complementary to two
separate exons of the P. marinus ednrb gene (see Supplementary Table 1
forsequence). Neither sgRNA produced aphenotype (Supplementary
Tablel), thoughbothresultedinaslight developmental delay, as previ-
ously reported™. Inaddition to these ‘untargeted’ sgRNA negative con-
trols, we also injected more than 20 other sgRNAs complementary to
the exons other P. marinus developmental genes (Extended Data Fig. 11).
These sgRNAs were designed to disrupt developmental regulators
expressedinthe developing head at the same time as ednr, ednand dlx.
None of these negative control sgRNAs yielded the ednr oredn mutant
phenotypes, though three sgRNAs (a2cgl, p19gl and wllg3) produced
phenotypes grossly similar to dix mutants (Extended Data Fig. 11).

Severe heart oedema (approximate heart cavity volume greater
than3x normal by visualinspection) is part of both the ednra and ednA
mutant phenotypes, and occurs ata high frequency in embryosinjected
with sgRNAs targeting fgf8/17/18" (Extended Data Fig. 11). This raised
the possibility that heart oedema could be a non-specific side-effect
of sgRNA-Cas9 injection. To test this, we counted the number of nega-
tive control larvae, aside from those injected with fgf8/17/18 sgRNA,
displaying heart oedema (Extended Data Fig.11). Of 21 pools of larvae
injected with 21 different negative control sgRNAs, 9 pools displayed no
detectable heart oedema, while 11 displayed heart oedema of various
severities at a frequency of 7.7% or lower. One sgRNA yielded severe
heart oedemaatafrequency of 27%. These datashow that severe heart
oedemais notageneralside effect of the CRISPR-Cas9 method inlam-

prey.

X. laevis CRISPR-Cas9 controls

An edn3 morphant phenotype was previously reported in X. laevis™.
An sgRNA designed to simultaneously target the edn3.L and edn3.S
homeologues yielded a severe version of the X. laevis edn3 morphant
phenotype that mimicked salamander edn3 mutants*, confirming
its specificity. For ednl and ednra, we designed separate sgRNAs
againstthe L and Shomeologues and performed negative controls by
individually injecting each sgRNA separately as reported previously*.
This strategy relies on redundancy of the X. laevis homeologues to show

that neither sgRNA alone causes any spurious morphological defects.
The fact that defects are only obtained by simultaneous disruption
of homeologues, serves as a control showing that the phenotype is
specifically due to aloss of ednl and ednra function®,

Scoring of mutant phenotypes

Successfully injected embryos were identified by fluorescence of
the LRD lineage tracer at 4-6 days post fertilization and dead and
LRD-negative larvae were discarded. Successfully injected embryos
and larvae were then monitored for morphological abnormalities as
they developed. Suites of morphological defects associated with injec-
tion of a particular sgRNA, and also seen when injecting one or more
other sgRNAs targeting the same gene, were designated as the ‘mutant
phenotype’ for that gene. Of embryos and larvae displaying the ‘mutant
phenotype’, we deduced, based on previous work, that most severe had
more than 75% mutant alleles and were likely near null-mutants™*5-,
This assumption was supported by genotyping representative severe
mutants for all targeted genes (see ‘Genotyping’).

Foreachgene, we focused on ‘severely affected’ mutants for detailed
morphological and histological analyses. The severe mutant phenotype
ofallgenes was apparent at pharyngula stages onward (stage T26.5 for
lamprey, stage 41for X. laevis) and defined as follows. For X. laevis Aedn1
and Aednrathe severe mutant phenotype was defined asareductionin
headsize (all structures anterior to the heart) to approximately 70% of
WT size or smaller. For P. marinus AednA the severe mutant phenotype
was defined asareductionin head size to approximately 70% of its WT
size or smaller, together with heart oedema. For Aednra, the severe
mutant phenotype was defined as areductionin head size to approxi-
mately 70% of its WT size or smaller, together with heart oedema, and
ectopic pigmentation around the heart. For AdIxA, AdixC, and AdIxD,
severe mutants were defined as having ahead reduced to approximately
70% of WT size or smaller. For A Aedn3.L+S, AednE, and Aednrb severe
mutants were defined as having a50% reductionin the number of mel-
anophores or greater (in the case of X. laevisinjected unilaterally at the
2 cell stage, this applies only to the injected side). For the Aednra+b,
the severe mutant phenotype was defined as an approximately 70%
reductioninheadsize, heart oedema, and approximately 50% reduced
pigmentation. All larvae demonstrating a ‘severe mutant phenotype’
were counted and are presented as fraction of the total number of
LRD-positive embryos and larvae that survived to fixation at a stage
were phenotype could be scored (Supplementary Tables1and 2).

Asin other vertebrates®, sea lamprey embryos injected with nega-
tive control sgRNAs, DNA constructs, or any other synthetic oligo-
nucleotide, display a slight developmental delay. In sea lamprey we
find that a delay of ~-5% is typical, that is, 10-day-old injected embryos
and larvae typically appear 9.5 days old compared to unmanipulated
siblings. Thus, developmental events such as somite segregation, yolk
absorption, gill openings and melanin deposition* were used, rather
than days post-fertilization, to stage-match mutant and negative con-
trol embryos.

Statistics and reproducibility
See Supplementary Tables 1-4 for quantification, statistics, and experi-
mentinformation for all assays in thiswork, including: larval phenotype
frequencies observed for each sgRNA and the number of times each
sgRNA wasinjected for this work (Supplementary Table 1); ISH, IHC and
histological assay total numbers observed and assigned as affected, and
the number of times each experiment was repeated (Supplementary
Table2); hypothesis testing of our observed phenotypicrates as signifi-
cant effects versus null-background deformity rates (Supplementary
Table 3) and a summary table of how many animals were genotyped
for each target site (Supplementary Table 4). This information is also
described in detail below for each assay.

We have never observed the ednra, ednrb, ednra+b, ednra.L+S,
ednA, ednE or edn3.L+S mutant phenotypes in WT or negative control



embryos. Inother words, the ednra, ednrb, ednra+b, ednra.L+S, ednA,
ednE or edn3.L+S phenotypes are only seen in embryos and larvae
injected with Cas9 and sgRNAs targeting these genes. Similarly, we
have never observed thereduced expression patternswe reportin WT
or negative control embryos. However, non-specific body axis deformi-
ties (mainly incomplete yolk sac extension) can occur at a frequency
of 5-8% in surviving uninjected and negative control-injected larvae.
While these deformities are qualitatively different from the ednra,
ednrb, ednra+b,ednra.L+S, ednA, ednE or edn3.L+S mutant phenotypes,
we used this background level of developmental deformity as a proxy
to estimate mutant phenotype frequencies in negative control sea
lamprey larvae (Supplementary Table 3). Using the conservative esti-
mate that one out of ten negative control (untreated) individuals will
spontaneously display the observed phenotypes, we applied Fisher’s
exact test to evaluate the null hypothesis that our treatments can be
explained by a high ‘background’ level of developmental deformities.
This null hypothesis is rejected with P values of <0.017 for all mutant
phenotypes, with the majority having P values <« 0.000001 (see Sup-
plementary Table 3 for individual P values).

Mostinsitu hybridization,immunohistochemistry and histological
stains were performed on embryos and larvae displaying the consistent,
severe morphological phenotype characteristic of each targeted gene.
Because these specimens were non-randomly selected phenotypic
mutants, statistical analysis is inappropriate. For preselected pheno-
typic mutants, we report the fraction of those assayed by ISH displaying
disrupted gene expression patterns in Supplementary Table 2. The
remaining ISH assays were performed on embryos before the mutant
phenotype became apparent and severe mutants could be selected.
Inthese cases, selected individuals were arandom sample of the pool
of sgRNA-Cas9 individuals and could be compared with untreated
controls with Fisher’s exact test (Supplementary Table 3). For these
experiments, we assumed spontaneous disruption of gene expres-
sionin5outof100 of untreated, WT embryos and larvae. We view this
assumption as conservative as we have never observed such variationin
gene expression patterns in wild-type embryos that have been properly
processed for in situ hybridization orimmunohistochemistry. Under
this assumption, every reported effect of ‘no expression change’in
this work is consistent with a null hypothesis of no effect or 5% back-
ground levels of gene disruption (Fisher’s exact test, all P> 0.35, see
Supplementary Table 3 for individual values). For all genes we report
as having discontiguous, missing, or otherwise reduced gene expres-
sion after treatment, the null hypothesisis rejected with P<0.004 (See
Supplementary Table 3 for individual values).

Genotyping
To confirm successful mutagenesis, individual severe F, mutants were
genotyped by preparing genomic DNA, PCR amplifying the target site,
subcloning the amplicons and Sanger sequencingindividual alleles as
previously described™*®" In total, 86 diploid loci across 74 individuals
were genotyped for this work (some animals were genotyped at multi-
pleloci).See Supplementary Table 4 for abreakdown of individuals and
target sites genotyped. Target sites and genotyping primers for each
sgRNA are in Supplementary Table 1. Overall, we genotyped at least 3
severely affected individuals for each targeted gene or combination
of genes (Extended Data Figs. 2,4, 5,7, 8,10, Supplementary Table 2)
except in the case of the P. marinus ednrb sgRNA2 target site, which
probably liesimmediately adjacent to anintron-exon boundary con-
served across jawed vertebrates (on the 5’ end of exon 4 in zebrafish
ednraa (NM_001099445.2)), and isincompletely assembled in all three
publicly available genomic assemblies (including the most recent pet-
Mar3%). For dix mutants, genotyping after ISH of lightly fixed mutants
was performed as previously described* ",

Frequently, we found six or more uniqueindel alleles atagiven locus
inasingle specimen (in X. laevis, we consider the homeologous . and S
loci separately), whichindicates that biallelic Cas9-driven mutagenesis

is still occurring after the second cleavage event in both species. As
previously reported™**, when insertions of DNA fragments were dis-
covered, these motifs often appeared on the endogenous reverse or
forward strand near the target site or induced lesion (see green and
purple nucleotide strings in Extended Data Figs. 2,4, 5,7,10).

Insitu hybridization, immunohistochemistry and histological
staining

AllISH, alcian blue cartilage staining and toluidine blue staining was
carried out as described previously?***’, The cDNA sequences used
tosynthesize lamprey riboprobes were dixA?, dIxB?, dIxD*, FGFRa*,
foxD-A%, hand?, ID¥, lecA (GenBank: MK487484.1; see Extended Data
Fig.1for WT expression), msxA* (formerly referred to as msxB), myc*®,
phox2°°, soxE1%, soxE2?, twistA®® and soxB1b®*. The cDNA sequences
used to synthesize X. laevis riboprobes were phox2a®*, d(x3.5°¢, hand?.
L% and s0x9.5°°. The antibody used for riboprobe detection ISH was
anti-digoxygenin-alkaline phophatase, diluted 1:3,000 (Sigma SKU
11093274910). Neurofilament IHC was as described previously® (pri-
mary antibody, Fisher 13-0700 (diluted 1:300); secondary antibody,
Fisher G-21060 (diluted 1:2,000)), with the addition of 1% dimethyl
sulfoxide (DMSO) to the phosphate buffer solution before the block-
ing step, and for X. laevis only, the secondary antibody was incubated
overnight at 4 °C. For HNK-11HC®¢, digestive tracts were dissected
from 2-year-old subadult frogs (see Extended Data Fig. 8f) and fixed
in MEMFA overnight at 4 °C. The guts were rinsed once and washed
twice for 10 min in 1x PBS at room temperature, and stored in PBS at
4 °Covernight. Thin (0.5-1mmwide) transverse rings of the small and
large intestines were cut with a razor blade. The samples were then
pretreated with PBS-Triton X-100 + 1% DMSO for 1 h, followed by a2
hblock at room temperature in 10% heat-inactivated goat serum (all
blocking solutions are PBS-Triton X-100 supplemented with either 5%
or10% heat-inactivated goat serum, as specified below). The HNK-1 pri-
mary antibody (Sigma SKU C6680) was diluted 1:10 in block (10% goat
serum) and incubated with the samples for 1-3 days at 4 °C with high
agitation. The samples were then washed with PBS-Triton X-100 at least
six times over a3-hinterval before beingincubated with the Alexa Fluor
488-conjugated secondary antibody (Fisher A-21042), diluted 1:100in
block (10% goat serum), for either 4 h at room temperature or overnight
at4 °C, agitated. Samples were then washed at least three times for
10 min in PBS-Triton X-100 and imaged. HuC/D IHC was performed
essentially as described previously®>®, diluting the primary antibody
(Fisher A-21271) 1:200, and the Alexa Fluor 488-conjugated secondary
antibody 1:150 (Fisher A-11001), both in block (5% goat serum).

To ensure equivalent signal development in injected and WT indi-
viduals, morphologically stage-matched WT embryos, larvae or tis-
sue samples were included in every ISH, IHC and histological staining
experiment, with WT and treated larvae kept inthe same tubes, with the
caudal1/4 cut offfor identification when necessary. Inaddition, to verify
that none of the disrupted expression patterns or aberrant histology of
mutants could be explained by slight developmental delay, a previously
reported side effect of sgRNA+Cas9 injection, WT embryos one stage
younger were also used for comparisons; for example, morphological
stage T26.5 mutant larvae were compared with both morphological
stage T25.5 and stage T26.5 WT larvae. The number of embryos and
larvae processed for each histological method, and the frequencies
of aberrations, are reported in Supplementary Table 2.

Paraffin sectioning of subadult frog digestive tracts and haematoxy-
linand eosin (H&E) staining was performed per standard methods with
some modifications. Entire frog digestive tracts were fixed in MEMFA
overnightat4 °C, rinsed once and washed twice for 10 minin 1x PBS at
roomtemperature, and stored in PBS at 4 °C for one week. Transverse
samples, -3 mm (that s, ‘rings’ of gut tissue), were cut with a razor
blade fromthe distalmost large intestine. Dissected gut tissue samples
were washed 5 min eachin 30, 50, 70% ethanol (in deionized water),
then twice for 10 min in 100% ethanol, followed by 10-min washes in
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50% ethanol/50% Hemo-De (Electron Microscopy Biosciences), 75%
Hemo-De/25% ethanol and twice for 10 minin100% Hemo-De. Samples
were then washed in preheated 50% Hemo-De/50% paraffin wax at
67 °Cforonehour, thenrinsed and washed into preheated 100% paraf-
fin wax overnight at 67 °C. Samples were then embedded, mounted,
and sectioned on the transverse plane at a thickness of 7 pm using a
Microm HM340E microtome (see Extended Data Fig. 8f). Slides with
sectioned samples were allowed to desiccate overnightina 37 °C dry
incubator. Slides were then annealed face up for 10 minat 67 °C, allowed
to cooltoroom temperature, and then de-waxed by washing twice for
10 min in Hemo-De, once for 10 min in 100% ethanol, once for 10 min
in 75% ethanol, and 2 for 10 min in deionized water. H&E staining was
performed immediately, using the following series of washes: hae-
matoxylin solution (VWR) for 3 min, tap water twice for 20 s, bluing
solution (0.1% sodium bicarbonate) for 2 min, tap water for 20 s, acid
alcohol (0.32% HCl in 95% ethanol) for 20 s, tap water for 20 s, eosin
solution (VWR) for30's, 95% ethanol twice for 2min, 100% ethanol twice
for 2 min, then Hemo-De twice for 5 min. Slides were thenimmediately
coverslipped with Permount (Fisher), allowed to dry overnight and
imaged on a compound microscope.

Dorsal root ganglia counts, submucosal ganglia quantification,
and cranial ganglia size analyses

Toquantify DRGsin Aedn3.L+S X. laevis, we counterstained whole-mount
neurofilament IHC specimens with DAPI, flat-mounted the dissected
trunks (allmyomeres), and viewed them with a compound microscope.
We ran a Student’s one-sided ¢-test on the WT versus Aedn3.L+S DRG
counts from each left and right half of each animal and found no sig-
nificant difference (P=0.381). For this test, wereduced the degrees of
freedom to match the number of individuals we analysed (rather than
the number of left and right halves individually measured). To quantify
Aednra+b P. marinus DRGs, we counted the number of HuC/D-positive
clustersin the first ~10 myomeres (anterior to the yolk), left and right
halves combined. This subset was chosen owing to variationin WT
posterior DRG staining at stage 26. We ran a Student’s one-sided ¢-test
onthe WT versus Aednra+b DRG counts and found no significant dif-
ference (P=0.129).

To quantify the reductionin Aedn3 submucosal ganglia, we counted
the number of ganglia visible by HNK-1IHC (Extended Data Fig. 8k-n),
and divided that number by the total area of each gut fragment assayed
(counted and/or measured in ImageJ®®) to find the average number
of submucosal ganglia per unit area in each treatment. The material
used were distalmost gut pieces derived (dissected by hand with a
razor blade, averaging ~-1.1 mm?in surface area per sample) fromn=4
Aedn3and n=3 WT frogs, for a total area analysed of 5.4 mm?for WT,
and 6.6 mm?for Aedn3. A Student’s one-sided t-test yielded a P value
of 0.0015, suggesting that these ganglia are reduced in Aedn3frogs.

To quantify the planar lateral area occupied by different cranial
ganglia in P. marinus, we size-calibrated imagesof n=4WTandn=6
Aednra+blampreys and used Image] to quantify the area of each (count-
ingnodose 1-5as asingle field). We then tested for a difference inthese
raw area values using one-sided ¢-tests. We found significant differences
onlyintheareaoftwo ganglia, opV (P=0.0076) and n1-5(P=0.0012),
as was recently observed in sox£2 mutant lampreys®. No other gan-
glia tested yielded a significant difference in area (mmV P=0.276, g/
all P=0.189, p P=0.289, pll P=0.212). Abbreviations of ganglia are as
follows: all, anterior lateral line; g/all, geniculate/anterior lateral line
(fused); mmV, maxillomandibular trigeminal; n1-5, nodose 1-5; opV,
ophthalmic trigeminal; p, petrosal; pll, posterior lateral line.

Ectopic pigment analyses

To test for the presence of excessive pigment cells in Aednralampreys,
we applied equivalent contrast thresholds to whole lateral images of
WT and Aednra mutant lampreys (n =5 each) and inferred the percent-
age of melanin cover using an image analysis. Lampreys were fixed

as described above, washed into 50% glycerol to clear them slightly,
and imaged laterally on a white background with intense lighting. We
traced the outline of each lamprey, applied a contrast threshold that
only selected melanized tissue (see Extended Data Fig. 2f), and calcu-
lated the pixel cover within each body using ImageJ. Each of fiveimages
contained asingle WT and asingle Aednralamprey, thus ensuring that
threshold values were applied equivalently between WT and Aednra.
AStudent’s one-sided t-test supported anincrease in melanin coverin
Aednra (P=0.0075), suggesting that melanophores have overprolifer-
ated and/or migrated to ectopic locations.

Using bright-field images, we also counted the number of melano-
phores present in WT (n =5) and Aednra (n=9) lamprey ventral fin
folds, aregion not usually heavily pigmented in WT. Using a Student’s
one-sided t-test, we also found a significantincrease in melanophores
in this specific region (P=0.00051). See Extended Data Fig. 2e.

Ventral hand/hand2.L domain size ratio analysis

To quantify any difference in hand (P. marinus) or hand2.L (X. laevis)
expressiondomain sizesinthe ventral pharynxin Aednra+b P. marinus
and Aednra.L+S X. laevis, we quantified the ratio of lateral X/Y plane
hand/hand2.L domain size to head ratios on both the left and right
side of. Using right and left lateral images of WT and ednra mutant P.
marinus and X. laevis, we used Image]J to outline the head (from the
anterior end to the back of the pharyngeal skeleton) and the hand or
hand2.L expression domain. We did this for n=8 Aednra+b P. marinus
versus n=6 WT P. marinus, and n= 8 Aednra.L+S X. laevis versus n = 4
WT X. laevis. Dividing the hand orthologue expression domain size by
the overall head size yielded hand domain:head size ratios for each
species, which are graphed in Extended Data Figs. 4h, 5h (for X. laevis
and P. marinus, respectively). To test for significant differences in the
WT versus mutant groups, we ran ¢-tests to characterize any consist-
ent difference between WT and ednra mutants. For these tests, we
grouped the hand domain:head size ratio value from each image by
treatment, and reduced the degrees of freedom to match the number
of individuals we analysed (rather than the number of images meas-
ured). We found that in X. laevis, the hand2.L expression domain did
significantly decrease insize (Student’s one-sided ¢-test P=0.000833),
asexpected fromworkinother model vertebrates (see text). However,
unexpectedly, the P. marinus hand expression domain does not appear
to be proportionally reduced, and trended towards an increase in its
proportional size (Student’s two-sided t-test P=0.0647).

Synteny and phylogenetic analysis

For the Ednrs and ligands, we looked at synteny at each locus where
possible (Extended Data Fig. 11). The synteny analysis was performed
by finding the coding sequences of all ednr and edn ortholologs in
the 2017 P. marinus genome? via the UCSC genome browser (https://
genome.ucsc.edu/) and comparing the neighbouring genes to that
of chicken (Gallus gallus) and/or human (Homo sapiens) as published
previously’. For the Edns, synteny information alone was ambiguous
and amino acid similarity across large phylogenetic distances is poor
(other thanin the 21-amino-acid secreted peptide sequence, which is
highly conserved). We thus used the conceptual gene products (both
separately and concatemerized) of the closely linked hivep and phactr
genes to deduce thelikely evolutionary history of these gene families®
(Extended Data Fig.10c-e). For the Ednrs, we repeated an amino acid
similarity analysis according to the same methods as we used previ-
ously?, but with a subset of sequences. All phylogenetic and molecu-
lar evolutionary analyses were conducted using MEGA version 6%,
See Supplementary Table 5 for all accession numbers associated with
these analyses.

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


https://genome.ucsc.edu/
https://genome.ucsc.edu/

Data availability

Alldatagenerated or analysed, and allmethods used during this study
are summarized in the Article (and its Supplementary Information).
Therawdataandimages are available from the first and second authors
upon reasonable request.
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Extended DataFig. 1| Petromyzon marinuswild-type and mutantlarval
alcianblue stained head skeletons and lecticanA expression. Anterior to
leftinall panels. For detailed quantification information, see Supplementary
Table 2and Methods section ‘Statistics and reproducibility’.a, WT ventral view
atst. T30.b, WT lateral view of the same specimen, with skeletal elements and
cartilage typeslabelledinb’and b”, respectively. Inb’, regions of the oral
skeletonare delineated. Inb”, Epitrematicindicates the epitrematic processes
onPAs3and 4, though these also exist on all branchial arches. Hypotrematic
indicates the hypotrematic processes of PAs 3 and 4, though these also exist on
allbranchial arches. Hypobranchial indicates the hypobrancial cartilage
connecting PAs4,5,and 6, but exists between all branchial arches. Subchordal
indicates the subchordal cartilage connecting PAs 4, 5,and 6, but exists

betweenallbranchial arches. c-f, Alcianblue reveals Aednra, Aednrb,
Aednra+b, AednAhead skeleton phenotypesatst. T30 (n=16/16,n=5/18,
n=19/19,and n=12/15individuals for each gene, respectively). Red arrowheads
highlight some regions where cartilages are missing or separated.

g-k, lecticanAWT expression summary in P. marinus. This gene ishomologous
tognathostomelectican genes (such as aggrecan and versican) and like those
genesitisexpressedinneural crest-derived mesenchyme before (for example,
arrowsinhandi) and during chondrogenesis (for example, expressioninj
andKk). I, lower lip; Imp, lateral mouth plate; mvs, medial velar skeleton; 1-9,
pharyngeal arches (numbered individually); tr, trabecular; ul, upper lip.
Thescalebarinais 500 pmand applies toimagesina-f.
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Extended DataFig. 2 | Petromyzon marinus Aednra phenotype and genotype
summary. For detailed quantification information, see Supplementary Tables1,
2,4,and Methods section ‘Statistics and reproducibility’. a, Phenotypic series of
ednra sgRNA4 hypomorphs at st. T30 (n=264/325 injected individuals displayed
asimilarly severe phenotype, here labelled ‘head skeleton + heart + pigment’).
Left lateral views. Scale bar represents 500 pm. b, An example of a genotyped
animal frominjected with ednra sgRNA3 (n =113/154 injected individuals
displayed a similarly severe phenotype). Left lateral view. Scale bar represents
500 pum. Target site is shown in orange with a red PAM. Green nucleotide string
indicates aninsertion with sequence thatis also observed at anearby
endogenous locus near the lesion on the reverse strand (underlined nucleotide
string). This insertion is stacked inside of the lesion on the 5’ end. ¢, A staging
series of Aednraillustrating the typical manifestation of the severe phenotype
showninaandb. Left lateral views in all panels. At st. T24, a slight heart oedemaiis
usually apparent (arrow). From this stage, the reduction in head skeleton size
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becomes progressively more dramatic through development relative to WT
(brackets mark the anterior and posterior boundaries of the skeletogenic
mesenchyme). Scale bar represents 100 um and applies to allimages in this
panel.d, A ventral view of the WT and Aednra heart, showing the most prominent
aggregation of ectopic melanophores. Anterior to top, bracket indicates the
heartin WT and the heart oedemain Aednra. e, Melanophore number is
increased in the ventral fin fold in Aednrarelative to WT (n=5WT versusn=>5
Aednraindividuals, Student’s one-sided ¢-test P=0.000255, Cohen’sd=-1.53,
df=13).Images at right illustrate the pigment cells counted in (green
arrowheads). The median fin fold is outlined. f, External melanin cover is also
increased in Aednrarelative to WT (n=5WT versus n=5 Aednraindividuals,
Student’s one-sided ¢-test P=0.00749, Cohen’s d = -1.74, df = 9). Image at right is
an example threshold image quantified in the analysis, see Methods. Box plots
show all points and delineate all quartile thresholds; medians areindicated with a
horizontalline.
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Extended DataFig. 3 | Petromyzon marinusdixA, -D,-B, hand, ID, lecticanA
(lecA), myc, msxA, phox2, soxE1, soxE2, and twistA expressionin Aednr
lampreys atst.T26.5. For detailed quantification information, see
Supplementary Tables1, 2, 4,and Methods section ‘Statistics and
reproducibility’. a, b, Left lateral views in all panels. Treatment and gene
assayed areindicated inthe figure. Scale bar represents 100 umand applies to
allimages (thatis, all ISH images are to scale with each other). Gray and white
dottedlinesinfand gareexamples of the head size and hand domain size
measurements (respectively) used for the comparisoninc. Aednran=7/21,
n=5/15,n=2/5,and n=0/8individuals with perturbed dixA, dIxD, dIxB and
handISH signals, respectively. Aednra+bn=20/24,n=7/8,n=4/6,andn=0/9
individuals with perturbed dixA, dixD, dIxB, and hand ISH signals, respectively.
Aednrbn=0/8,n=0/6,n=0/5,and n=0/7 individuals with perturbed dixA,
dixD, dIxB, and handISH signals, respectively. ¢, Quantifying the X/Y lateral
size of the hand ventral domain to head size ratio revealsaloosely supported
trend upwards in Aednra+b, suggesting that the ventral hand domainis only
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nominally affected in these mutants (see Methods; left and rightimagesof n=6
WTand n=8 Aednra+bindividuals, Student’s two-sided t-test P=0.0647,
df=13). Box plots show all points and delineate all quartile thresholds; medians
areindicated with ahorizonalline.d, Lateral views with anterior toleftinall
panels. Treatment and gene assayed are indicated in the figure. Overall, Aednra
and Aednrb are most consistentin their gene expression patterns, despite all
domainsbeing shrunkenin Aednra. Conversely, Aednra+b displays some
disruptionsingene expression notobservedineither single receptor
perturbation (red arrowhead, white stars). ISH result numbers are as follows, all
numbersindicateindependentbiological samples (individual lamprey larvae)
that produced areduced, discontiguous, or abrogated ISH signal: Aednra ID
n=0/5,lecAn=16/16, mycn=0/6, msxAn=0/12, phox2n=0/8,soxE1n=0/4,
s0xE2n=15/21, twistAn=0/6; AednrbIDn=0/10,lecAn=4/8, mycn=0/7, msxA
n=0/7,phox2n=0/8,soxE1n=0/7,s0xE2n=4/8, twistAn=0/9; Aednra+bID
n=3/5,lecAn=8/9, mycn=0/4, msxAn=0/8, phox2n=0/11,soxEI n=9/11,s0xE2
n=9/10, twistAn=4/4.
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I edni.L: 11/12 mutant alleles

TGCACCAACTGTACAGACGCACTCACAGCGCTCATC

TTTTATCTTGTTTCTTTGCAGAATCTCTCAGTGAC
TTTTATCTTGTTTCTTTGCAGAATCTCTCACTGA(

GCAATGCA CCAGAAC]

TTGTTTCCTCTCTCTTTGCAGAGTCTCTCAGTGACAGCGCCACGCT -~~~ AACCAGCCCCCTGCACCAACTGTACAGACGCACTCACAGCGCTCATC
TTGTTTCCTCTCTCTTTGCAGAGTCTCTCAGTGACAGCGCCACG---==~~—~======~| CCCCCTGCACCAACTGTACAGACGCACTCACAGCGCTCATC
TTGTTTCCTCTCTCTTTGCAGAGTCTCTCAGTGACAGCG-——————=——=————=———==—— CCCCTGCACCAACTGTACAGACGCACTCACAGCGCTCATC

edn1.S: 15/15 mutant alleles

TTTTATCTTGTTTCTTTGCAGAATCTCTCAGTGACAGC!
TTTTATCTTGTTTCTTTGCAGAATCTCTCACT--~-—

TGCAGCAGCAGCAGCAACACAGACAGCTTCACATCGCTC
-------------- AACGAGCCCCCTGCAGCAGCAGCAGCAACACAGACAGCCTCACACCGCTC
————————— TAACGAGCCCCCTGCAGCAGCAGCAGCAACACAGACAGCTTCACATCGCTC
——————————— ACGAGCCCCCTGCAGCAGCAGCAGCAACACAGACAGCCTCACACCGCTC

TTTTATCTTGTTTCTTTGCAGAATCTCTCAGTGACAGC -~~~ ——————————————————— TGCAGCAGCAGCAGCAACACAGACAGCTTCACATCGCTC
TTTTATCTTGTTTCTTTGCAGAATCTCTCAGTGACAGCGCCA-—————————————=—— CCTGCAGCAGCAGCAGCAACACAGACAGCTTCACATCGCTC
TTTTATCTTGTTTCTTTGCAGAATCTCTCAGTGACAGCGCCAGGCT---~-AACGAGCCCCCTGCAGCAGCAGCAGCAACACAGACAGCTTCACATCGCTC

ednra.L: 10/12 mutant alleles
AATGCAACCCTGCTCAGGATCATTTATCAGAACAAGTGTATGAGGAATG
AATGCAACCCTGCTCAGGATCATTTATCAGAACAAGTGTATGAGGAATG-~~-~~~—~=~ CCCTGATATCAAGCCTTGCTCTAGGAGACCTCATCTACATTG
AATGCAACCCTGCTCAGGATCATTTATCAGAACAAGTGTATGAGGAATGGCCC-—————~~ TGATATCAAGCCTTGCTCCAGGAGACCTCATCTACATTG
AATGCAACCCTGCTCAGGATCATTTATC-——---—-—

TTGCTCTAGGAGACCTCATCTACATTG

_________________________ TGATATCAAGCCTTACTCTAGGAGACCTCATCTACATTG

ednra.S: 10/12 mutant alleles

GCAATGCAAC

GCAATGCA;

CCAGAAC]

GCAATGCAAC

CGTTGCAATGCAAC ATTTACCAGAAC] TGGCCC

GCAATGCAAC 23

c ARGCCTGGCCC

CTCATTTAC

Aednra.L+S o iy

cc.

T - --GCC

Extended Data Fig. 4 | Xenopus laevis Aednra and Aedn1head skeleton defects
and genotyping. For detailed quantification information, see Supplementary
Tables1,2,4,and Methods section ‘Statistics and reproducibility’. a-c, Aednl.L+S
(b) and Aednra.L+S (c) show hypomorphic head skeleton elements relative to

WT (a) at st. N.F.48 (n=20/47 and n=37/71injected individuals for each gene,
respectively). Aednl.L+Sis typically less severe, with a discernible Meckel’s
cartilage (labelled mc) present but fused to the palatoquadrate (pq), thus lacking a
primaryjawjoint (black arrowheadsina’, red arrowheads inb’). However in
Aednra.L+S, Meckel’s cartilage is highly reduced, and frequently unrecognizable,
only visible asabump on the palatoquadrate in most cases. The infrarostral (ir) is
always detectable, and no fusion of this element to Meckel’s cartilage was ever
observed (that s, theintramandibular joint appears unaffected by aloss of edn1 or
ednra,arrowsina’andb’). The ceratohyal (ch) was highly reduced in both
perturbations. The branchial arch skeleton (comprising pharyngeal arches 3-6),
though slightly reduced, maintainedits overall shape and structure more robustly
relative to PAland PA2 derivatives (for example, Meckel’s and the ceratohyal).
Ventral views with anterior to top ina-c, dissected viewsina’and b’, red dotted line
ina’and b’ indicates a cut made during dissection through the palatoquadrate.
Scale barinarepresents SO0 pm and appliestoband c.a’and b’ are not to scale

cc. AAGCCTGATAGCAAGCCTGGC

witheach other. d-g, d[x3.Sand hand2.L expression are reduced in Aednral +S (red
arrowheads; outline) at st. N.F.33 (n=3/7 and n=>5/8 injected individuals for each
gene, respectively). Lateral views with anterior to left. Scale bar in d represents

100 umand also applies to e-g, Gray and white dotted lines in fand g are examples
ofthe head size and hand domain size measurements (respectively) graphedin h.
h, Quantifying hand2.L ventral expression domain to head size ratio (see panels f
and g for examples) reveals a significant decrease in the relative X/Y lateral size of
the hand2.L domain (n=8 and n=16 left/right halves of 4 WT and 8 Aedn3
individuals, respectively, Student’s one-sided ¢-test P=0.000803, Cohen’s
d=1.378, df=11[adjusted to match the number of animals]; see Methods). Box
plots show all points and delineate all quartile thresholds; medians are indicated
with a horizontalline. i-1, Genotyping examples of Aedn1.L+S (j, 1 [top]) and
Aednra.L+S (k,1[bottom]) larvae. The alleles shown inlare derived from the
animals pictured injand k (for each gene, respectively). Target sites are shown in
orange with ared PAM. i-k show ventral views with anterior to the left. Pink and
purple nucleotide strings indicate inserted sequences that are also observed at the
endogenous locus near the lesion on the forward strand (underlined nucleotide
strings). Red nucleotide strings represent insertions without an obvious source.
Insertions are stacked inside of each lesion on the 5’ end.
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Extended DataFig. 5| Petromyzon marinus Aednrb and Aednra+b phenotypes
and genotyping. For detailed quantification information, see Supplementary
Tables1,2,4,and Methods section ‘Statistics and reproducibility’. a, Left lateral
images of Aednrb at st. T30.n=40/42 and n=177/403 injected individuals for
sgRNA2 and sgRNA3, respectively. 100% mutant alleles were returned for the
indicated individual. Target site for sgRNA3 is shown in yellow with a purple PAM.
Four example alleles are shown from the indicated individual. Aninsertion from
thereverse strand is shown in green; its endogenous ‘source’ is underlined. The
insertion is stacked inside of the lesion on the 5’ end. Both scale bars represent
500 pm. b, Alcian blue staining reveals slight skeletal disruptions in Aednrb at st.
T30 (red arrowheads) n=5/18 Aednrb individuals. ¢, Genotyping examples of
Aednra+b atst. T30 that were all found to harbour a majority of mutant alleles
(>75%),n=32/44 injected animals displayed a phenotype similar to those
specimens pictured. Asummary of the alleles found in the third individual are
shown, which returned 100% mutant alleles. Target sites are shown in orange with a
red PAM. Purple (forward) and green (reverse) nucleotide strings indicate
insertions of sequences that are also observed at endogenous loci near the lesion
(underlined nucleotide strings). Red nucleotide represents an insertion without a
single obvious source. Insertions are stacked inside of each the lesions on the 5
end.Scalebarincrepresents 500 pm.d, HuC/D immunohistochemistry reveals
only some slight defects in specific cranial ganglia, namely the opVand

epibranchial ganglia (n1-5). The white dotted boxes in the top left lateral images
areshowningreater detail below, as indicated for each treatment. Abbreviations:
all, anterior lateral line; g/all, geniculate/anterior lateral line (fused); mmV,
maxillomandibular trigeminal; n1-5, nodose 1-5; opV, ophthalmic trigeminal; p,
petrosal; pll, posterior lateral line. Scale bar represents 20 pm and applies to both
the WT and Aednra+b enlargements. n= 6/6 Aednra+b individuals showed a similar
phenotype.e, foxD-A (left lateral, st T24) and soxB1b (dorsal view, anterior to right)
ISHs show DRGs still express these genes at larval stages in Aednra+b (arrowheads).
n=0/14 and n=0/9 Aednra+bindividuals showed missing or discontiguous ISH
signal for foxD-A and soxB1b, respectively.f, A size analysis of WT (n=4) versus
Aednra+b (n=6) individuals’ left side cranial ganglia confirmed a decrease in the
lateral surface area of the opV (Student’s one-sided ¢-test P=0.00762, Cohen’s
d=1.42,df=9) and n1-5 (Student’s one-sided ¢-test P=0.00120, Cohen’s d=1.625,
df=9), but not themmV (Student’s one-sided t-test P=0.276, df =9), g/all
(Student’s one-sided t-test P=0.189, df=9), p (Student’s one-sided ¢-test P= 0.289,
df=9), nor the pll (Student’s one-sided t-test P=0.212, df = 9). g, Counting the
number of anterior dorsal root ganglia (as visualized by HuC/D IHC, from the first
somite to the anterior boundary of the yolk) in WT (n=7) versus Aednra+b (n=7)
individuals revealed no significant change in their number (Student’s one-sided
t-test P=0.129, df=13). Box plots show all points and delineate all quartile
thresholds; medians are indicated with ahorizontal line.
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CTACTCGAGCTTCCAGCTCGCCGCGC
CTACTCGAGCTTCCAGCTCGCCGCGCTGCAGCGCCGCT

dIxC: 3/3 mutant alleles

GCAAGCCCCGAACCATCTACTCGAGCTTCCAGCTGGCCGCCCTCCAGC |- - -TCGCTCTGCCCGAGC
GCRA- GACCCAGTACC———TCGCTC 'GCCCGAGC
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dIxD: 3/3 mutant alleles

CTACTCGAGCCTACAGCTGCAGGCGCTCAACC
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GGCGCTGCCCGAACGCGCCGAGCTCGCCGCCTC

' TGGCGCTGCCCGAGCGCGCCGAACTCGCCGCCTC

CTACTCGAGCCTACAGCTGCAGGCGCT%CCGCC —————— AGCAGACGCAGTACCTGGCGCTGCCCGAGCGCGCCGAACTCGCCGCCTC

CTACTCGAGCCTACAGCTGCAGGCGCT!

Extended Data Fig. 6 | Petromyzon marinus Adlx genotyping post-ISHand
alcian blue staining. For detailed quantification information, see Supplementary
Tables 2,4, and Methods section ‘Statistics and reproducibility’. a, Examples of
post-ISH genotyping for each dixlocus targeted for mutagenesis at st. T26.5. AdIxA
n=16/51, AdIxD n=16/50, AdIxA+C+D n=14/17 individuals produced perturbed
lecticanA (lecA) ISH signals (as pictured). Gene, target site, and measured
frequency ofindel alleles are all indicated in the figure for each individual. Forward
strand target sites are shown in yellow with a purple PAM, reverse strand target
sites are shownin orange with ared PAM. Purple and green nucleotide strings

GCTGCCCGAGCGCGCCGAACTCGCCGCCTC

representinsertions that reflect endogenous sequence in the forward and reverse
orientation, respectively, near the lesion (underlined nucleotide strings). Red
nucleotide strings represent insertions without an obvious source. Insertions are
stacked inside of each the lesions onthe 5’ end. AllISH images are to scale with each
other. b, Alcian blue staining at st. T30 reveals truncations and gapsin the
intermediate head skeleton (arrowheads), and occasional fusions of branchial
arches (arrows) in Adlxlampreys. AdIxA n=4/61, AdIxD n=>5/34, AdIxA+C+D
n=11/35individuals displayed missing, discontiguous, and/or fused cartilagesin
the pharynx (as pictured). Scale barin b represents 100 pm.



Aedn3.L+S

| edn3.S (4/4 mutant alleles)
CCGGGGATTCTGGGGGAGCCCACAGGAGAGATBECGTTGCACCTGTTATACATACAAGGACAAGGAATGCGTATACTACTGTCATCTGGATATCATATGGATC
CCGGGGATTCTGGGGGAGCC A~ — = = = = = = = = = = = o o o o o e e e e TATGGATC
CCGGGGATTCTGGGGGAGCCCACACCT -~~~ GTTGCACCTGTTATACATACAAGGACAAGGAATGCGTATACTACTGTCATCTGGATATCATATGGATC

CCGGGGATTCTGGGGGAGCCCACAGGA----TCGGCGTTGCACCTGTTATACATACAAGGACAAGGAATGCGTATACTACTGTCATCTGGATATCATATGGATC

edn3.L (9/10 alleles)

CAGGGGATTCTGGGGGAGCCCACAGGAGAGATEBECGCTGCACCTGTTATACATACAAGGACAAGGAATGCGTATACTACTGTCACCTGGATATCATATGGATC

CAGGGGATTCTGGGEGAGC-======wmrorreemrene=sm o= ACCTGTTATACATACAAGGACAAGGAATGCGTATACTACTGTCACCTGGATATCATATGGATC

CAGGGGATTCTGGGGGAGCCCACAGG-—-—----— CGCTGCACCTGTTATACATACAAGGACAAGGAATGCGTATACTACTGTCACCTGGATATCATATGGATC

CAGGGGATTCTGGGGGAGCCCACAGGAGA--TCGGCGCTGCACCTGTTATACATACAAGGACAAGGAATGCGTATACTACTGTCACCTGGATATCATATGGATC
Extended DataFig. 7| Xenopus laevis Aedn3 pigmentation phenotype and never observed (because eye pigmentation is not derived from the neural crest),
genotype summary. For detailed quantification information, see Supplementary  and the black coloration of the claws always remains, whichis also observed in
Tables1, 4, and Methods section ‘Statistics and reproducibility’. a-h, Aedn3.L+S Xenopus tyrosinase mutants (Yonglong Chen, personal communication). All
(a, ¢, e-h) havereduced neural crest-derived pigment cells (including at least images show dorsal views, anterior to topina, d-h, and to therightinband c.
melanophores and iridophores) relative to WT (b, d), n=31/71injected individuals ~ Scalebarinarepresents Imm and applies toa’and a”.Scale bar inbrepresents
displayed a>50% reductionin pigmentation, or in the case of a, e-g, The Smmand applies to c. Scale barind also represents 5mm and applies to e-h.
uninjected half of the specimen (these animals were injected unilaterally at the 2 i, genotyping of aleucistic tadpole revealed a high rate of mutant alleles across
blastomere stage, a’ shows the lineage tracer GFP [coinjected as mRNA], a” shows both the ‘long’and ‘short” homeologues. Target sites are shown in yellow with a
anoverlay ofaand a’), n=27/69 animals displayed a >50% reduction in pigment purple PAM site.

ontheinjected half of the animal. As expected, pigmentation loss in the eye was
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Extended DataFig. 8 | Xenopus laevis Aedn3 peripheral nervous systemin
larvae and subadult frogs. For detailed quantification information, see

Supplementary Tables 1,2, 4, and Methods section ‘Statistics and reproducibility’.

a,b, phox2aexpressionatst. N.F.41in WT (a) and Aedn3 (b) larvae. Aedn3larvae
have no consistent defects or reductions in the epibranchial ganglia (arrows) or
presumptive enteric nervous system precursors (regions within dashed boxes
are shown enlarged and with enhanced contrastina’and b’), n=0/4 Aedn3
individuals displayed a severely reduced ISH signal. Scale bar in a represents

200 pm and applies tob. ¢, d, Neurofilament immunohistochemistry at st. N.F.48
onWT (c) Aedn3(d) larvae. Despite severe reductions in pigment cells on the gut
andinthe skin, Aedn3larvae show no obvious defectsin the cranial nerves (CNs),
dorsal root ganglia (DRG), posterior lateral line (PLL), or vagal nerve (VN) n=0/8
Aedn3individuals displayed missing or overtly mis-patterned cranial nerves.
Scale bar in crepresents 500 pm and applies to d. e, Despite heavy pigmentation
loss, Aedn3tadpoles show no significant change in the number of dorsal root
ganglia present at st. N.F.48 (as visualized by DAPI counterstain on Neurofilament
IHC specimens, see Methods), n=6 and n=8left/right halves of 3WT and 4 Aedn3
individuals, respectively, Student’s one-sided t-test P= 0.381, df = 6 (adjusted to
match the number of animals). f-p, Images of dissected and prepared subadult
frog guts.f, Abrightfield image of a dissected WT frog gut, illustrating the
approximate locations of the assays pictured in panels g-p (boxes not to scale).
Awhite dotted line indicates the boundary between the small and large intestine.
Scale bar represents1mm. g, h, Cross sections of smallintestines dissected
fromWT (g, g’) and Aedn3 (h, h’) subadult frog guts. g’ and h’ show HNK-1
immunohistochemistry. Though they lack pigmentation within the mucosa
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(compare g toh, lumenlabelled lu), Aedn3frogs have no overt defectsin the
myenteric (my) or submucosal (sm) plexuses of the small intestine (compare g’
toh’) n=0/4tissue pieces derived from 4 subadult frogs showed HNK-1signal
reduction, while n=4/4 showed areductionin pigmentation. Scalebaring
represents 100 umand appliesto h.i, j, Brightfield images of the external surface
ofthe dissected large intestine of WT (h) and Aedn3 (i) subadult frogs. Aedn3 frogs
lack pigmentation on this part of the gut (both melanophores and iridophores),
n=4/4subadult frog guts displayed a >50% reduction in pigmentation. Anterior to
top.Scalebar inirepresents 200 um and applies toj. k-n, Optical Zplane sections
on flat-mounted large intestines from WT (k, m) and Aedn3 (1, n) frogs after
HNK-1immunohistochemistry, visualized at the plane of the myenteric (k, I) and
submucosal (m, n) plexuses. The myenteric plexuses of Aedn3 frogs is largely
normal (compare k tol), while the submucosal plexuses lack the gangliaseenin
WT frogs (arrowheads, compare m to n), n=4/4 subadult frogs displayed regions
with low submucosal plexus density, see panel q for quantification. Scalebarink
represents 50 um and applies to k-n. o, p, Haematoxylin and eosin (H&E) staining
ontransverse 7 pm-thick paraffin sections of the large intestine of WT (o) and
Aedn3(p) frogs. Aedn3frogs have an excess of goblet cells (arrowheads)
compared to WT as seen in mammalian Edn3/Ednrb mutants®, n=3/3 subadult
frogs showed dense increasesin goblet cells. Lumen to top. q, Comparingn=4WT
andn=7 pieces of dissected lower intestines from 3 and 4 WT and Aedn3frogs,
respectively, reveals asignificant reduction in the number of submucosal ganglia
per mm?in Aedn3(Student’s one-sided t-test P=0.00646, Cohen’sd=1.47,df=6
[adjusted to match the number of animals]). Box plots show all points and
delineate all quartile thresholds; medians are indicated with a horizontal line.



a ednA sgRNA1

b ednA sgRNA3

i

16/20 mutatant alleles

GACCCCAGACATCOCAG SR GGOEATGECERGOTCTTEGS
-

GA

GACCC C

GA(

AGCGCTGCACCTGCGAGTCCTACCTGGAGARTGCCTCTACTACTGES
v

ednE sgRNA2

11/11 mutant alleles

ATGAC:

Extended DataFig. 9| Petromyzonmarinus AednA and AednE phenotype
and genotype summary. For detailed quantificationinformation, see
Supplementary Tables1, 4, and Methods section ‘Statistics and
reproducibility’.a-d, Examples of genotyped material and the locireturned for
each specimen. Gene, targetsite, and measured frequency of indel alleles are
allindicated inthe figure for eachindividual. ednA sgRNA1n=22/67,ednA
sgRNA3n=29/38,ednEsgRNA2n=70/73, ednE sgRNA3 n=38/51injected
individuals showed similarly severe phenotypes as those pictured for each

gene.Forward strand target sites are showninyellow with apurple PAM,
reverse strand targetsites are shownin orange withared PAM. Green
nucleotide stringindicates aninsertion thatis observed at the endogenous
locusinthe forward orientation near the lesion (underlined nucleotide string).
Red nucleotideisaninsertion without asingle obvious source. Insertions are
stackedinside of eachthelesionsonthe 5’ end. Scale barsrepresent 500 um.

e, ednA,-C,and-EsgRNAs were coinjected, and the material was subjected to
soxE2 ISHatst. T26.5.
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Extended DataFig.10|See next page for caption.
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Extended DataFig.10|ednrand edn synteny and phylogeny. a, Synteny of
ednrgenes. All ednrlociare shown for chicken (G. gallus), human (H. sapiens),
andsealamprey (P. marinus). Red and blue boxes indicate genes or groups of
genesthatwereonly observed at the ednra or ednrbloci, respectively, across
species. Chickenand humaninformation is after Braaschand Schartl. Sea
lamprey genomicinformationis derived from the germline genome?. b, Amino
acid tree made using the Maximum Likelihood method on a ClustalW
alignment, derived from asubset of sequences used in Square etal.?.
Bootstrap scores (n=100) are indicated ateach node. See Supplementary
Table 5 foraccession numbers. ¢, Synteny analysis of edn lociand their
surrounding hivep and phactrgenes. Most vertebrate edn genes are located

between hivep and phactr paralogues, which were previously used by Braasch
etal.*to determine therelationships of jawed vertebrate edn genes. We found
thatsealamprey edn genes are also associated with hivep and/or phactr genes
inmost cases, and used the sequence similarity of their predicted gene
productstoinfer the phylogeny of the ednlocus.d, e, Hivep (b) and Phactr (c)
phylogenies were created by applying the Maximum Likelihood tree building
method to ClustalW alignments of amino acid sequences. Concatenated Hivep
and Phactr sequences were also used to generate a phylogenetic treebut the
results were largely the same as the Phactr tree, but with lower confidence
values at somenodes. Bootstrap scores (n=100) are indicated at each node.
See Supplementary Table 5 for sequence information and accession numbers.
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SgRNA: ednra sgRNA3
number observed: 154
pictured phenotype

(with heart edema): 73.4%

SgRNA: ednA sgRNAT
number observed: 67
pictured phenotype

(with heart edema): 32.8%

SgRNA: Negative Control
number observed:102
100% appeared WT
heart edema: 0%

SgRNA: Tyr sgRNA2
number observed:112
pictured phenotype: 8%
heart edema: 0%

SgRNA: 1292

number observsed: 32
pictured phenotype: 12.5%
heart edema: 0%

SgRNA: 1294
number observsed: 77
pictured phenotype: 3.9%
heart edema: 0%

SgRNA: c2g1

number observsed: 49
pictured phenotype: 79.6%
heart edema: 4.1%

SgRNA: c2g2
number observsed: 167
pictured phenotype: 92.8%
heart edema: 4.2%

SgRNA: bedg3

number observed: 200
pictured phenotype: 10%
heart edema: 1%

SgRNA: bedgd

number observed: 130
pictured phenotype: 2.3%
heart edema: 0%

SgRNA: fEg3

number observed:21
pictured phenotype: 23.8%
heart edema: 0%

SgRNA: trAg1

number observed: 200
pictured phenotype: 7.5%
heart edema: 0%

SgRNA: g5g5

number observed: 200
pictured phenotype: 5%
heart edema: 0.5%

SgRNA: pAg2

number observed: 9
pictured phenotype: 77.8%
heart edema: 0%

SgRNA: pAg1

number observed: 13
pictured phenotype: 84.6%
heart edema: 0%

SgRNA: h1g1

number observed: 11
pictured phenotype: 27.3%
heart edema: 0%

sgRNA: f3g4

number observed:127
pictured phenotype: 25.9%
heart edema: 1.6%

SgRNA: a2cg1

number observed: 47
pictured phenotype: 91.5%
heart edema: 27.7%

SgRNA: fgf8g12

number observed: 133
pictured phenotype: 96.2%
heart edema: 94.7%

SgRNA : p19g3

number observed: 200
pictured phenotype: 26.5%
heart edema: 1.5%

SgRNA: p19g1

number observed: 167
pictured phenotype: 29.9%
heart edema: 5.3%

SgRNA: rpg5

number observed: 52
pictured phenotype: 32.7%
heart edema: 5.8%

SgRNA: rpgd

number observed: 13
pictured phenotype: 38.5%
heart edema: 7.7%

SgRNA: wi1g3

number observed: 35
pictured phenotype: 65.7%
heart edema: 5.7%

Extended DataFig.11|Phenotypesoflarvaeinjected with 22 different T30andst.T26.5. Heart oedemawas not a feature of the mutant phenotype of
negative control sgRNAs. Embryosinjected withan untargeted negative most sgRNAs. See figure for larvae numbers. These results confirm that the
control sgRNA + Cas9 had normal morphology at st. T30. Embryos injected phenotypes described by this work are not non-specific side effects of the

with 21 different sgRNAs targeting other developmental regulators expressed CRISPR/Cas9 methodinthe sealamprey.
inthelarvallamprey head resulted in arange of different phenotypes at st.
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Reporting Summary

Nature Research wishes to improve the reproducibility of the work that we publish. This form provides structure for consistency and transparency
in reporting. For further information on Nature Research policies, see our Editorial Policies and the Editorial Policy Checklist.

Statistics

For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.
Confirmed

The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement

A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

The statistical test(s) used AND whether they are one- or two-sided
Only common tests should be described solely by name; describe more complex techniques in the Methods section.

A description of all covariates tested
A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient)
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
Give P values as exact values whenever suitable.

For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings
For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes

Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated
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Our web collection on statistics for biologists contains articles on many of the points above.

Software and code

Policy information about availability of computer code

Data collection  AxioVision version 4.9.1

Data analysis Image) version 1.52

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Research guidelines for submitting code & software for further information.

Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- Alist of figures that have associated raw data
- A description of any restrictions on data availability

All data generated or analysed, and all methods used during this study are summarized in this published article (and its supplementary information files). The raw
data and images are available from the corresponding author upon reasonable request.
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Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size Based on the rate of spontaneous developmental deformity we observe in untreated lamprey and Xenopus larvae (from 1%-8%) we
estimated, conservatively, that 10% of untreated larvae could spontaneously display the described mutant phenotypes. Thus, to ensure
adequate statistical power we analyzed between 38 and 592 larva per sgRNA tested. For gene expression patterns and other histological
assays, we estimated, conservatively, that 5% of untreated larvae selected for analysis could spontaneously show disrupted gene expression
patterns or histological staining. To ensure adequate statistical power we assayed between 4 and 61 severe mutants per gene expression or
histological staining experiment.

Data exclusions  Per pre-established methods, dead embryos and larvae were discarded and not counted; embryos and larvae subjected to failed in situ
hybridizations, immunohistochemistry, or histological staining due to degraded or compromised reagents, or other technical issues, were not
counted. These failed analyses were detected by including untreated, positive experimental controls.

Replication All Cas9 site-directed mutagenesis was performed 2+ times per target site during the summers of 2015-2018 using at least four unique
parents for all embryonic material. All wildtype in situ hybridizations shown were performed in parallel (in the same tubes) to the treatment
specimens shown to control for signal development. All repeated experiments were successful, barring those excluded due to death or failure
of an assay, as diagnosed by these positive controls (see "Data Exclusions").

Randomization  Wild sea lamprey and X. laevis adults were chosen based on health and fertility. Zygotes from these adults were selected at random for
injection with sgRNA/cas9 mixtures.

Blinding Blinding was not necessary because positive and negative controls were performed in parallel for each experimental condition and assay. See
methods for details.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods
Involved in the study n/a | Involved in the study
Antibodies X[ ] chip-seq
Eukaryotic cell lines E D Flow cytometry
Palaeontology and archaeology E D MRI-based neuroimaging

Animals and other organisms
Human research participants

Clinical data

MXNXOXX[O s
OOOXOOKX

Dual use research of concern

Antibodies

Antibodies used Anti-Digoxygenin-AP, polyclonal, diluted 1:2000 (Sigma SKU 11093274910), anti-Neurofilament (anti-NEFM), polyclonal, diluted 1:300
(Fisher cat. no. 13-0700), anti-HNK-1 (anti-CD57), monoclonal, diluted 1:10 (Sigma SKU C6680), anti-HuC/D, Monoclonal, diluted
1:200 (Fisher cat. no. A-21271), anti-mouse IgG-AP, monoclonal, diluted 1:2000 (Fisher cat. no. G-21060), anti-mouse IgM-Alexa 488,
monoclonal, diluted 1:100 (Fisher cat. no. A-21042).

Validation Anti-Digoxygenin-AP: previously published for detection of Digoxygenin-labeled RNA probes (e.g. Square et al., 2015), validated by
the manufacturer: “The polyclonal antibody from sheep is specific to digoxigenin and digoxin and shows no cross-reactivity with
other steroids, such as human estrogens and androgens.” (source: https://www.sigmaaldrich.com/catalog/product/
roche/110932749107?)

Anti-Neurofilament (Anti-NEFM): previously published for detection of lamprey nerves (e.g. McCauley and Bronner-Fraser, 2002),
validated by the manufacturer: “This antibody reacts with the 160 kD polypeptide subunit of human neurofilament. It specifically
recognizes a phosphate-independent epitope in the tail (carboxy) domain of NF-M of most vertebrates and invertebrates.” (source:
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https://www.thermofisher.com/antibody/product/NEFM-Antibody-clone-RMO-270-Monoclonal/13-0700)

Anti-HNK-1 (Anti-CD57): previously published reactivity in Xenopus neural cell types (e.g. Ware et al., 2015), validated by the
manufacturer: “Recognizes the CD57/HNK-1 human myeloid cell associated surface glycoprotein. The epitope recognized is an N-
linked carbohydrate which is present in a variety of glycoproteins and in some glycolipids. It is resistant to formalin fixation and
paraffin embedding. VC1.1 antibody and the HNK-1 (Leu7) antibody inhibit the binding of each other. The antibody recognizes myelin
associated glycoprotein in some species and a high molecular weight chondroitin sulphate proteoglycan.” (source: https://
www.sigmaaldrich.com/catalog/product/sigma/c6680?lang=en&region=US)

Anti-HuC/D: previously published reactivity in lamprey cranial ganglia (e.g. Modrell et al., 2014), validated by the manufacturer: “This
antibody recognizes the Elav family members HuC, HuD and Hel-N1 neuronal proteins. It does not recognize HuUR, another Elav family
member that is present in all proliferating cells. The antibody has been shown to specifically label neuronal cells in zebrafish, chick,
canaries, and humans, and is likely to label neuronal cells in most vertebrate species. Labeling is visible early in development, at
about the time that the neurons leave the mitotic cycle.” (source: https://www.thermofisher.com/antibody/product/HuC-HuD-
Antibody-clone-16A11-Monoclonal/A-21271)

Animals and other organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research

Laboratory animals Xenopus laevis males and females. Unknown age.

Wild animals Animals were live caught using pheromone traps in streams connected to either Lake Michigan or the Atlantic Ocean. Animals were
transported in inflated plastic bags with ~10L of seawater, in coolers with ice.

Field-collected samples n/a

Ethics oversight University of Colorado IACUC approved and oversaw all experiments.

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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