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Two-sentence summary: The classical hypothesis that jaws evolved from a gill arch is
widely cited, but remains unsupported by palacontological or developmental genetic data. We
identify a shared molecular mechanism that delineates the dorsal and ventral skeletal
segments of jaw, hyoid and gill arches, consistent with their serial homology.



Gegenbaur’s classical hypothesis of jaw-gill arch serial homology is widely cited, but
remains unsupported by either paleontological evidence (e.g. a series of fossils reflecting
the stepwise transformation of a gill arch into a jaw) or developmental genetic data (e.g.
shared molecular mechanisms underlying segment identity in the mandibular, hyoid
and gill arch endoskeletons). Here, we show that nested expression of DIx genes — the
“DlIx code” that specifies upper and lower jaw identity in mammals and teleosts — is a
primitive feature of the mandibular, hyoid and gill arches of jawed vertebrates. Using
fate-mapping techniques, we demonstrate that the principal dorsal and ventral
endoskeletal segments of the jaw, hyoid and gill arches of the skate Leucoraja erinacea
derive from molecularly equivalent mesenchymal domains of combinatorial DIx gene
expression. Our data suggest that vertebrate jaw, hyoid and gill arch cartilages are
serially homologous, and were primitively patterned dorsoventrally by a common DIx

blueprint.



The pharyngeal endoskeleton of jawed vertebrates (gnathostomes) was primitively segmented
dorsoventrally into the palatoquadrate and Meckel’s cartilage in the mandibular arch, the
hyomandibula and ceratohyal in the hyoid arch, and epibranchial and ceratobranchial
elements in the gill arches. This ancestral (plesiomorphic) dorsoventral segmental
organization is most readily observed, among extant gnathostomes, in the cartilaginous
elasmobranch fishes (sharks, skates and rays)', and differs considerably from the unjointed
branchial basket and rostral velum of extant jawless vertebrates (cyclostomes, i.e., lampreys
and hagfishes)’. Gegenbaur’s classical hypothesis of jaw evolution by transformation of a
rostral gill arch’ was based on the apparent anatomical correspondence between the principal
dorsal and ventral endoskeletal elements of the jaw, hyoid and gill arches of elasmobranchs,
suggesting that these elements are serially homologous derivatives of a primitive branchial
series.

Framed in a modern phylogenetic context, the evolutionary origin of the jaw may be
regarded as the culmination of stepwise anatomical changes to the rostral pharynx and
nasohypophyseal complex along the gnathostome stem™*, and comparative developmental
studies of lampreys and gnathostomes have identified patterning disparities and
morphogenetic constraints that account for differences in their oral apparatus®’. While this
approach has yielded important insight into the developmental basis of morphological
differences between mandibular arch derivatives in gnathostomes and cyclostomes, it remains
difficult to polarize the sequence or direction of developmental patterning changes between
these groups because there is no extant vertebrate outgroup for comparison. However, living
representatives of both cartilaginous and bony fish lineages with plesiomorphic pharyngeal
endoskeletal organization are available for study, and this renders testable the central tenet of
Gegenbaur’s transformational hypothesis of jaw evolution — that the primitive endoskeletal
elements of the upper and lower jaw, i.e. the palatoquadrate and Meckel’s cartilage, are
respectively serially homologous with the dorsal and ventral endoskeletal elements of the
hyoid and gill arches. If these endoskeletal elements are indeed homologous, we would

expect the molecular basis of their development to be shared across the mandibular, hyoid



and gill arches, and we would further predict that such shared developmental mechanism are
more likely to be conserved in taxa with less divergent jaw, hyoid and gill arch endoskeletal
morphology.

In the mandibular and hyoid arches of both mouse® "

(a tetrapod, i.e., a derivative of
the sarcopterygian bony fish lineage) and zebrafish'” (a teleost, i.e., an actinopterygian bony
fish), nested mesenchymal expression of the six genes encoding the DIx family of
transcription factors (a ‘Dlx code’) specifies dorsal versus ventral endoskeletal fate. In the
mouse mandibular arch, Dlx[-2 are expressed throughout the entire arch, while DIx3-6 are
expressed only in the ventral half of the arch (with DIx3-4 expression more ventrally
restricted than DIx5-6 expression''). This nested D/lx expression, in turn, delineates domains
of dorsal and ventral mesenchyme that form, among other structures, the derivatives of the
palatoquadrate and Meckel’s cartilage (i.e., the incus/ala temporalis and the malleus,
respectively). For example, mice lacking DIx/ and/or Dix2 exhibit striking upper jaw
malformations but effectively normal lower jaws®’ while mice lacking both Dix5 and Dix6

exhibit a homeotic transformation of their lower jaw into an upper jaw'®""

. There is currently
little evidence from mouse or zebrafish that a Dix code similarly patterns gill arch derivatives,
though it is possible that such a patterning role has been modified or obscured with the
evolution of their gill arch endoskeletal anatomy. In mouse, the “gill arches” (i.e. post-hyoid
pharyngeal arches) no longer give rise to discrete epi- and ceratobranchial homologues, and
the effects of DIx gene loss-of-function on the morphology of gill arch endoskeletal
derivatives are ambiguous'. In zebrafish, a full complement of gill arch endoskeletal
derivatives does not form until after the endpoint of most molecular developmental studies'*.
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Expression of D/x orthologues has been reported in the gill arches of zebrafis (and also
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in cichlids'™"

), though available data do not clearly demonstrate the existence of nested
expression domains equivalent to those characterized in the zebrafish mandibular and hyoid

arches'?, and the role of Dix genes in patterning the gill arch endoskeleton has not been

assessed.



In order to investigate putative primitive jaw and gill arch patterning mechanisms, we
characterized expression of the DIx gene family during pharyngeal arch development in three
gnathostome taxa that have retained a relatively plesiomorphic pharyngeal endoskeletal
organization: two cartilaginous (elasmobranch) fishes (the little skate, Leucoraja erinacea,
and the small-spotted catshark, Scyliorhinus canicula) and a basal actinopterygian bony fish
(the Mississippi paddlefish, Polyodon spathula). We show, in all three taxa, that an equivalent
mesenchymal Dlx code is present in the mandibular, hyoid and gill arches. We also show that
the principal dorsal and ventral segments of the jaw, hyoid and gill arch endoskeleton of the
skate arise from equivalent dorsal and ventral domains of Dix-coded mandibular, hyoid and
gill arch mesenchyme. Overall, our data are consistent with the classical hypothesis of jaw-

gill arch serial homology.

Results

Nested DIx expression in elasmobranch pharyngeal arches

We identified six DIx genes each in skate and shark. Bayesian phylogenetic analysis
of translated sequences (Fig. 1) recovered six well supported DIx clades, each containing a
single skate and shark DIx orthologue. Consistent with previous findings in shark®, our
analysis also recovered well supported DIx2/DIx3/DIx5 and DIx1/DIx4/DIx6 clades, strongly
supporting the 1:1 orthology of the six elasmobranch D/x genes with the six mammalian Dlx
genes.

We next characterized Dlx gene expression in elasmobranch pharyngeal arches by
wholemount in situ hybridization from developmental stages 24-27. During these
developmental stages in skate’' and shark®, the pharyngeal arches are well formed (with four
to six pharyngeal clefts perforated), the rostral-most pharyngeal cleft (spiracle) remains large
and slit-like, and gill buds become apparent on all pharyngeal arches. Unlike in mouse and
zebrafish, where nested D/x expression has only been described in the mandibular and hyoid

arches®'?, we observed nested Dix expression in the developing mandibular, hyoid and gill



arches in both skate (Fig. 2a-g; Supplementary Fig. S1) and shark (Fig. 2h-n; Supplementary
Fig. S1). Dix1 (Fig. 2a,h) and DIx2 (Fig. 2b,i) are expressed throughout the entire
dorsoventral extent of the mandibular, hyoid and gill arches (except a small intermediate
domain of lower DIxI and DIx2 expression in the middle of each arch in skate and shark, and
very reduced DIx/ expression in the ventral domain of each arch in shark). Expression of
Dix5 (Fig. 2¢,j) and DIx6 (Fig. 2d,k) is more ventrally restricted than that of Dix/-2, while
expression of DIx3 (Fig. 2e,l) and Dix4 (Fig. 2f,m) is more ventrally restricted than that of
DIx5-6. These expression patterns produce a combinatorial ‘D/x code’ in all pharyngeal
arches (Fig. 2g,n), essentially indistinguishable from that characterized in the mammalian
mandibular arch, i.e. a dorsal domain of DIx/ and DIx2 expression, an intermediate domain of
Dix1, 2, 5 and 6 expression, and a ventral domain of Dlx /-6 expression. Sections reveal that
DlIx expression is restricted to the neural crest-derived mesenchyme of the pharyngeal arches
(Fig. 20-u). Overall, these expression data indicate that nested, combinatorial expression of
DlIx genes establishes molecularly equivalent dorsal, intermediate and ventral domains of
mesenchyme in all pharyngeal arches (i.e. in the mandibular, hyoid and gill arches) of

elasmobranchs.

Nested DIx expression in paddlefish pharyngeal arches

To determine whether nested D/x expression in elasmobranch gill arches is a derived
feature of cartilaginous fishes, or a primitive gnathostome feature, we characterized Dlx gene
expression in the pharyngeal arches of the paddlefish. Like elasmobranchs, paddlefishes have
retained a relatively plesiomorphic pharyngeal arch organization. Expression analysis was
carried out at developmental stage 34>. At this stage, the mandibular, hyoid and gill arches
are well formed and externally recognizable, and the posterior expansion of the operculum
(which derives from the hyoid arch) has not yet commenced. We identified six D/x genes in
paddlefish (Fig. 1). As in skate and shark, we observed nested D/x expression in the
developing mandibular, hyoid and gill arches, with Dix/ (Fig. 3a,h) and DIx2 (Fig. 3b,i)

expressed throughout the entire dorsoventral extent of the arches, Dix5 (Fig. 3c,j) and Dix6



(Fig. 3d,k) expressed in a more ventrally restricted pattern than DIx/-2, and DIx3 (Fig. 3e,l)
and DIx4 (Fig. 3f,m) expression nested within the D/x5 and DIx6 domain. This combinatorial
Dlx expression (Fig. 3g,n) is, again, reminiscent of the D/x code of the mammalian
mandibular arch. As in skate and shark, D/x expression in all pharyngeal arches is restricted
to the mesenchyme (Fig. 30-u). Our expression data from elasmobranchs and paddlefish,
therefore, indicate that the existence of molecularly distinct dorsal (D/x/-2), intermediate
(DIx1, 2, 5 and 6) and ventral (DIx1-6) domains of pharyngeal mesenchyme is not exclusively
a developmental feature of the jaw and hyoid arch of bony fishes, but rather was a primitive

feature of the mandibular, hyoid and gill arches in the last common ancestor of gnathostomes.

Skeletal fate of skate DiIx-expressing pharyngeal mesenchyme
Nested Dlx expression in the pharyngeal arch mesenchyme of elasmobranchs and

paddlefish is established before cartilage differentiation®**

. We therefore sought to determine
if/how domains of Dix-expressing mesenchyme correspond with endoskeletal anatomy in the
mandibular, hyoid and gill arches. Using the lipophilic dye Dil, we labeled small populations
of pharyngeal mesenchyme at three points along the dorsal-ventral axis of the mandibular,
hyoid and first gill arch of stage 25-27 skate embryos: (1) within the dorsal D/x/-2-expressing
domain; (2) within the ventral Dlx1-6-expressing domain, and (3) at the intermediate Dix/, 2,
5, and 6-expressing domain. We noted from our gene expression data that the intermediate
domain corresponds with the point of maximum pharyngeal arch curvature in the mandibular,
hyoid and first gill arch of L. erinacea (Fig. 2g). Dil injections targeting mesenchyme of the
intermediate domain were therefore focused at the point of maximum arch curvature, while
Dil injections targeting the dorsal and ventral domains were directed sufficiently dorsal or
ventral to the point of curvature to ensure focal labeling of cells exclusively within the target
domain. Embryos were cultured for up to 70 days and analyzed histologically to assess the
endoskeletal fates of each labeled mesenchymal cell population.

After dorsal (DIx1-2-expressing) mesenchyme was labeled (Fig. 4a), Dil-positive

chondrocytes were located almost exclusively in the dorsal segments of each arch (Fig. 4b),



e.g. in the palatoquadrate within the mandibular arch (Fig. 4c-d), in the hyomandibula and
pseudoepihyal within the hyoid arch (Fig. 4e-f), and in the epibranchial within the first gill
arch (Fig. 4g-h). Conversely, after ventral (Dlx[-6-expressing) mesenchyme was labeled (Fig.
4i), Dil-positive chondrocytes were located almost exclusively in the ventral segments of
each arch (Fig. 4j), e.g. in Meckel’s cartilage within the mandibular arch (Fig. 4k-1), in the
pseudoceratohyal within the hyoid arch (Fig. 4m-n), and in the ceratobranchial within the first
gill arch (Fig. 40-p). Finally, in embryos in which mesenchyme of the intermediate (Dlx1, 2,
5, and 6-expressing) domain was labeled (Fig. 4q), Dil-positive chondrocytes were found in
both dorsal and ventral cartilages (Fig. 4r) in the mandibular (Fig. 4s-u), hyoid (Fig. 4v-w)
and first gill arch (Fig. 4x-z). These findings indicate that pharyngeal endoskeletal segments
classically regarded as serial homologues — e.g. the dorsal
palatoquadrate/hyomandibula+pseudoepihyal/epibranchials and the ventral Meckel’s
cartilage/pseudoceratohyal/ceratobranchials — arise from equivalent domains of Dlx-

expressing mesenchyme within their respective pharyngeal arches.

Discussion

A mandibular arch skeleton derived from Hox-negative neural crest mesenchyme is a
shared, primitive feature of vertebrates®**’, but segmentation of the mandibular, hyoid and
gill arch endoskeleton is observed only in gnathostomes. This must reflect the
superimposition of a dorsoventral segmental patterning mechanism onto a pre-existing
anteroposterior (i.e., Hox-encoded) molecular identity in the pharyngeal arches of
gnathostomes. We have demonstrated that an identical, nested pattern of Dlx gene expression
(i.e. a DIx code) is present in the mandibular, hyoid and gill arches of elasmobranchs (shark,
skate) and a basal actinopterygian bony fish (paddlefish). Furthermore, the principal dorsal
and ventral endoskeletal segments of the mandibular, hyoid and gill arches of skate are
derived from equivalent domains of this code. Given these findings, we suggest that the

ancestral gnathostome jaw, hyoid and gill arch endoskeletal elements may indeed be



classified as serial homologues, i.c., that the palatoquadrate and Meckel’s cartilage may be
regarded as “epi” (dorsal) and “cerato” (ventral) components of the first pharyngeal arch (Fig.
5). While shared patterns of gene expression do not necessarily provide evidence for the
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homology of associated anatomical structures

, we argue that the experimental
demonstration in an elasmobranch of shared origins of the principal dorsal and ventral
endoskeletal segments of the jaw, hyoid and gill arches from cell populations that co-express
multiple developmental genes in identical patterns provides sufficient grounds for classifying
these structures as serial homologues — i.e. iterative features within an individual that
correspond owing to a shared underlying gene regulatory network®®>’. The demonstration of
conservation of the D/x code in the mandibular, hyoid and gill arches in representatives of
both gnathostome lineages (i.e. cartilaginous and bony fishes) further indicates that the
iterative deployment of this patterning mechanism is a synapomorphy of jawed vertebrates.
Molecular developmental studies in lamprey have previously reported uniform (non-
nested) expression of Dlx genes in all pharyngeal arches’*°. However, a recent study’’
describes nested expression of Hand (see also’®), MsxB and four Dix genes (DIxA-D) in the
pharyngeal arches of lamprey, indicating a previously unrecognized dorsoventral patterning
role for these factors in the pharyngeal arches of cyclostomes. While these findings
demonstrate that the last common ancestor of vertebrates possessed pharyngeal arches with
some degree of dorsoventral polarity™, it is likely that both cyclostomes and gnathostomes
employ a combination of plesiomorphic and apomorphic developmental mechanisms in
patterning their pharyngeal arches along the dorsoventral axis. For example, pharyngeal arch
expression patterns of Hand and MsxB in lamprey are similar to those of orthologous genes

during gnathostome pharyngeal arch development®*’

, indicating that the role of these
transcription factors in pharyngeal arch patterning is most likely conserved in cyclostomes
and gnathostomes. However, discrepancy in the number of D/x orthologues expressed in
domains along the dorsoventral axis of the pharyngeal arches of lampreys and gnathostomes,

and the unresolved orthology of lamprey and gnathostome Dix genes*', precludes direct

quantitative or qualitative comparisons of the lamprey pharyngeal “Dlx prepattern” with the



gnathostome D/x code. Thus, while differential expression of D/x genes along the
dorsoventral axis of lamprey pharyngeal arches may correspond with

morphological/histological differentiation of the branchial basket’*

, the precise nature of the
evolutionary relationship between the Dlx prepattern of lampreys and the D/x code of
gnathostomes remains unclear.

Given the apparent correspondence of the dorsal and ventral domains of the D/x code
with the principal dorsal and ventral endoskeletal segments of each pharyngeal arch of
elasmobranchs, the conservation of the D/x code in the mandibular, hyoid and gill arches of
paddlefish, and the above-mentioned differences between the expression/orthology of Dilx
genes in lampreys and gnathostomes, we envision a scenario in which the Dlx code was
initially established along the gnathostome stem, in all pharyngeal arches, likely coincident
with the origin of pharyngeal endoskeletal segmentation (Fig. 5). This would have established
a primitive series of dorsal (“epi”) and ventral (“cerato”) skeletal elements — all patterned by a
common D/x blueprint — which would ultimately be modified to give rise to the jaw, hyoid
and gill arch skeletal elements of the gnathostome crown group. The conservation of the Dilx
code in the pharyngeal arches of elasmobranch fishes provides a molecular mechanism for

the pronounced iterative pharyngeal endoskeletal segmentation that was the basis of

Gegenbaur’s iconic hypothesis of jaw-gill arch serial homology over a century ago.

Methods

Embryo collection

L. erinacea and S. canicula eggs were obtained from the Marine Biological Laboratory
(Woods Hole, MA, USA) and the Station Biologique (Roscoff, France), respectively. Eggs
were maintained in a flow-through seawater system at ambient temperature until stages 24-
27*'*2. P. spathula embryos were purchased from Osage Catfisheries (Osage Beach, MO,
USA). Embryos were raised at approximately 22°C in tanks with filtered and recirculating

water (pH 7.2 + 0.7, salinity of 1.0 + 0.2 ppt) to stage 34>. All embryos were fixed in 4%
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paraformaldehyde for 4 hours at room temperature or overnight at 4°C, rinsed in phosphate-
buffered saline (PBS), dehydrated stepwise into 100% methanol or ethanol and stored at -

20°C.

Dil labeling and histology

Dil labeling in L. erinacea embryos was performed as described **. Embryos were fixed as
described above, rinsed in PBS and stored at 4°C in PBS with 0.02% sodium azide before
embedding in paraffin wax and sectioning as described”. Sections were counterstained with

DAPI (1ng/mL for 10 minutes) before imaging.

In situ hybridization, sectioning
Wholemount in situ hybridization in S. canicula (Dix1-6, JX270824-29), L. erinacea (DIx1-6,
GenBank JX270812-17) and P. spathula (DIx1-6, GenBank JX270818-23) was carried out as

. 143,44
described™

. Following in situ hybridization, L. erinacea and S. canicula embryos were
cleared in 75% glycerol in PBS and embedded in 15% gelatin in PBS. Gelatin blocks were
post-fixed in 2% paraformaldehyde overnight at 4°C and sectioned at 40 um using a Leica
VT1000S vibratome. P. spathula embryos were incubated in 5% sucrose in PBS for 5 hours
at room temperature, then in 15% sucrose in PBS overnight at 4°C, followed by an overnight
incubation in pre-warmed 7.5% gelatin in 15% sucrose at 37°C. Embryos were oriented in

embedding molds, which were immersed in a dry ice and isopentane solution for 1 minute to

freeze the gelatin, followed by cryosectioning at 20 um.

References
1. de Beer, G. The development of the vertebrate skull (Oxford University Press, 1937).
2. Janvier, P. Early Vertebrates (Clarendon, 1996).

3. Gegenbaur, C. Elements of comparative anatomy (MacMillan and Co., 1878).

11



10.

11.

12.

13.

14.

Gai, Z., Donoghue, P. C., Zhu, M., Janvier, P. & Stampanoni, M. Fossil jawless fish
from China foreshadows early jawed vertebrate anatomy. Nature 476, 324-327 (2011).
Shigetani, Y. et al. Heterotopic shift of epithelial-mesenchymal interactions in
vertebrate jaw evolution. Science 296, 1316-1319 (2002).

Kuratani, S. & Ota, K. G. Primitive versus derived traits in the developmental program
of the vertebrate head: views from cyclostome developmental studies. J. Exp. Zool.
310B, 294-314 (2008).

Kuratani, S. Evolution of the vertebrate jaw from developmental perspectives. Evol.
Dev. 14, 76-92 (2012).

Qiu, M. et al. Null mutation of DIx-2 results in abnormal morphogenesis of proximal
first and second branchial arch derivatives and abnormal differentiation in the forebrain.
Genes. Dev. 9,2523-2538 (1995).

Qiu, M. et al. Role of the DIx homeobox genes in proximodistal patterning of the
branchial arches: mutations of DIx-1, DIx-2, and DIx-1 and -2 alter morphogenesis of
proximal skeletal and soft tissue structures derived from the first and second arches.
Dev. Biol. 185, 165-184 (1997).

Beverdam, A. et al. Jaw transformation with gain of symmetry after DIx5/Dix6
inactivation: mirror of the past? Genesis 34, 221-227 (2002).

Depew, M. J., Lufkin, T. & Rubenstein, J. L. Specification of jaw subdivisions by Dlx
genes. Science 298, 381-385 (2002).

Talbot, J. C., Johnson, S. L. & Kimmel, C. B. hand? and DIx genes specify dorsal,
intermediate and ventral domains within zebrafish pharyngeal arches. Development
137, 2507-2517 (2010).

Depew, M. J., Simpson, C. A., Morasso, M. & Rubenstein, J. L. Reassessing the D/x
code: the genetic regulation of branchial arch skeletal pattern and development. J. Anat.
207, 501-561 (2005).

Cubbage, C. C. & Mabee, P. M. Development of the cranium and paired fins in the

zebrafish Danio rerio (Ostariophysi, Cyprinidae). J. Morphol. 229, 121-160 (1996).

12



15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

Walker, M. B., Miller, C. T., Coffin Talbot, J., Stock, D. W. & Kimmel, C. B.
Zebrafish furin mutants reveal intricacies in regulating Endothelinl signaling in
craniofacial patterning. Dev. Biol. 295, 194-205 (2006).

Borday-Birraux, V. et al. Expression of D/x genes during the development of the
zebrafish pharyngeal dentition: evolutionary implications. Evo.l Dev. 8, 130-141
(2006).

Albertson, R. C. & Kocher, T. D. Genetic and developmental basis of cichlid trophic
diversity. Heredity (Edinb) 97, 211-221 (2006).

Fraser, G. J. et al. An ancient gene network is co-opted for teeth on old and new jaws.
PLoS Biol 7, 31 (2009).

Renz, A. J. et al. Ancestral and derived attributes of the dix gene repertoire, cluster
structure and expression patterns in an African cichlid fish. Evodevo 2, 1 (2011).
Stock, D. W. The Dix gene complement of the leopard shark, Triakis semifasciata,
resembles that of mammals: implications for genomic and morphological evolution of
jawed vertebrates. Genetics 169, 807-817 (2005).

Maxwell, E. E., Frobisch, N. B. & Heppleston, A. C. Variability and conservation in
late chondrichthyan development: ontogeny of the winter skate (Leucoraja ocellata).
Anat. Rec. (Hoboken) (2008).

Ballard, W. W., Mellinger, J. & Lechenault, H. A series of normal stages for
development of Scyliorhinus canicula, the lesser spotted dogfish (Chondrichthyes:
Scylorhinidae). J. Exp. Zool. 267, 318-336 (1993).

Bemis, W. E. & Grande, L. Early development of the actinopterygian head. 1. External
development and staging of the paddlefish Polyodon spathula. J. Morphol. 213, 47-83
(1992).

Gillis, J. A., Dahn, R. D. & Shubin, N. H. Chondrogenesis and homology of the
visceral skeleton in the little skate, Leucoraja erinacea (Chondrichthyes: Batoidea). J.

Morphol. 270, 628-643 (2009).

13



25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Gillis, J. A., Modrell, M. S. & Baker, C. V. H. A timeline of pharyngeal endoskeletal
condensation and differentiation in the shark, Scyliorhinus canicula, and the paddlefish,
Polyodon spathula. J. Appl. Ichthyol. 28, 341-345 (2012).

Hunt, P. et al. A distinct Hox code for the branchial region of the vertebrate head.
Nature 353, 861-864 (1991).

Takio, Y. et al. Evolutionary biology: lamprey Hox genes and the evolution of jaws.
Nature 429, (2004).

Abouheif, E. Developmental genetics and homology: a hierarchical approach. Trends
Ecol. Evol. 12,405-408 (1997).

Miiller, G. B. & Wagner, G. P. Homology, Hox genes, and developmental integration.
Am. Zool. 36, 4-13 (1996).

Wagner, G. P. The developmental genetics of homology. Nat. Rev. Genet. 8, 473-479
(2007).

Roth, V. L. On homology. Biol. J. Linn. Soc. Lond. 22, 13-29 (1984).

Roth, V. L. in Ontogeny and Systematics (ed Humphries, C. J.) 1-26 (Columbia
University Press, 1988).

Wagner, G. P. The biological homology concept. Annu. Rev. Ecol. Syst. 20, 51-69
(1989).

Myojin, M. et al. Isolation of Dlx and Emx gene cognates in an agnathan species,
Lampetra japonica, and their expression patterns during embryonic and larval
development: conserved and diversified regulatory patterns of homeobox genes in
vertebrate head evolution. J. Exp. Zool. 291, 68-84 (2001).

Neidert, A. H., Virupannavar, V., Hooker, G. W. & Langeland, J. A. Lamprey D/x
genes and early vertebrate evolution. Proc. Natl Acad. Sci. USA 98, 1665-1670 (2001).
Kuraku, S., Takio, Y., Sugahara, F., Takechi, M. & Kuratani, S. Evolution of
oropharyngeal patterning mechanisms involving DIx and endothelins in vertebrates.

Dev. Biol. 341, 315-323 (2010).

14



37. Cerny, R. et al. Evidence for the prepattern/cooption model of vertebrate jaw evolution.
Proc. Natl Acad. Sci. USA 107, 17262-17267 (2010).

38. Medeiros, D. M. & Crump, J. G. New Perspectives on Pharyngeal Dorsoventral
Patterning in Development and Evolution of the Vertebrate Jaw. Dev. Biol. (2012).

39. Miller, C. T., Yelon, D., Stainier, D. Y. & Kimmel, C. B. Two endothelin 1 effectors,
hand2 and bapx1, pattern ventral pharyngeal cartilage and the jaw joint. Development
130, 1353-1365 (2003).

40. Thomas, T. et al. A signaling cascade involving endothelin-1, dHAND and msx1
regulates development of neural-crest-derived branchial arch mesenchyme.
Development 125, 3005-3014 (1998).

41. Kuraku, S., Meyer, A. & Kuratani, S. Timing of genome duplications relative to the
origin of the vertebrates: did cyclostomes diverge before or after? Mol. Biol. Evol. 26,
47-59 (2009).

42. Gillis, J. A. et al. Electrosensory ampullary organs are derived from lateral line
placodes in cartilaginous fishes. Development 139, 3142-3146 (2012).

43.  O'Neill, P., McCole, R. B. & Baker, C. V. H. A molecular analysis of neurogenic
placode and cranial sensory ganglion development in the shark, Scyliorhinus canicula.
Dev. Biol. 304, 156-181 (2007).

44, Modrell, M. S., Buckley, D. & Baker, C. V. H. Molecular analysis of neurogenic

placode development in a basal ray-finned fish. Genesis 49, 278-294 (2011).

Acknowledgments

We thank Mark Terasaki and Kim Cooper for assistance with skate embryo husbandry and
transport, respectively, and Jonathan Henry and the staff of the Marine Biological Laboratory
and MBL Marine Resources Center for technical assistance. This work was funded by a
Royal Society Newton International Fellowship and Spiegel and Colwin Endowed Summer

Research Fellowships at the MBL to J.A.G., by grant BB/F00818X/1 from the Biotechnology

15



and Biomedical Science Research Council to C.V.H.B, and by funds from the Isaac Newton

Trust to C.V.H.B.

Author contributions

J.A.G., M.S.M. and C.V.H.B. conceived the project. J.A.G. designed the experiments,
performed all vital dye labelling, cloning, in sifu hybridization and imaging in L. erinacea and
S. canicula, and generated all figures. M.S.M. performed all cloning, in situ hybridization and

imaging in P. spathula. J.A.G., M.S.M. and C.V.H.B. wrote the manuscript.

The authors declare no competing financial interests.

16



DIx4

DIx3 s
a a
o0 o
Db 32823 2
8 MpsBEe 5 E o X
% R A H SR T3
= X a /8 o O o k=
B = v SES2N oS 3
9 e 38 S 8 T =
3 2 < § 2 £§9 2 K =
2 BEREEREE =T [ &8 |
= A= 2 = 3 ]
) 235 =2 S g5 3 = IS)
~ N s 0 o S a o ElE S
Z2.2088,85°9 A ]
S O =& = |
SEREE T EE - S 58 O
N§°§°° G = §m=§ 5 1=
2 € 8 = 5 o Eonel 2=
28N § | 3 39 sg9
2 8 S = (=]
£2¢88 2 °-g g o 3
=8 5 [ - cO =
= o 0 = Q — 5 = 23 ()
N o o D|X6 0 o
=) o O & = s <
[} o L s 8 = X
e : = - S Q (=) -
= o = © a Q IS =
L = X w o o w X
7 2 S 8% x9ga_ & Ty £
=) S S - 8980 x0FL g8 = 28 £ 8
< : XNEE — e a 85 § 8 S 5§
6 - aESE8B0 5ol 0 8% e 2 S =
X (= = £ § 5 £ 90 99w ¥ = <= ©
=) X235 528 st 283 ¢ 582 §
S XD = 8 § 5T SOS SV § IS
5 o) 0233487 Qo =27 3 = 3
2 S 2 E= & 3 & S = =
£ & S 25 8
= [=]
& 8 go. 2] E =3 = -
i — [ © o —
[=) N e =
S [}

1.00

0.1

Figure 1: Bayesian phylogenetic analysis of the gnathostome DIx family.

The skate Leucoraja erinacea, the shark Scyliorhinus canicula and the paddlefish Polyodon
spathula each possess six DIx orthologues (in bold). Our analysis recovered six DIx clades, each
containing a single mouse (Mus), leopard shark (7riakis), skate (Leucoraja), dogfish
(Scyliorhinus) and paddlefish (Polyodon) DIx orthologue. All sequences (with the exception of L.
erinacea, S. canicula and P. spathula sequences) were taken from the alignment of Stock™. A
modified sequence alignment (including translated L. erinacea, S. canicula and P. spathula
sequence fragments) was generated using the ClustalW algorhithm in MacVector, and
phylogenetic analysis was performed using MrBayes 3.2. The analysis ran for 2,000,000 MCMC

generations with a sampling frequency of 100. Numbers at the bases of clades are Bayesian

posterior probabilities.
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Figure 2: Nested DIx expression in the pharyngeal arches of elasmobranchs. (a-n)
Wholemount in situ hybridization reveals that in the mandibular, hyoid and gill arches of the
skate L. erinacea, (a,b) Dix1-2, (¢,d) DIx5-6, and (e,f) Dix3-4 are expressed in progressively
more ventrally-restricted domains at stage 27, resulting in (g) nested, combinatorial D/x gene
expression (i.e., a Dix code) in all pharyngeal arches. Similarly nested expression of (h,i) Dix1-2,
(j,k) DIx5-6 and (1,m) DIx3-4 is observed in the mandibular, hyoid and gill arches of the shark S.
canicula at stage 24, establishing (n) a Dlx code in all pharyngeal arches. (o-u) Vibratome
sections after in situ hybridization reveal that pharyngeal arch expression of DIx1-6 is restricted to
the neural crest-derived mesenchyme and excluded from ectoderm, endoderm and the
mesodermal core. /-4, gill arches 1-4; e, eye; ect, ectoderm; end, endoderm; 4, hyoid arch; m,
mandibular arch; mes, mesoderm; nc, neural crest-derived mesenchyme; o, otic vesicle. Scale

bars: (a-f) = 500um; (h-m) = 500um; (o-t) = 25um.
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Figure 3: Nested DIx expression in the pharyngeal arches of paddlefish. Viewed laterally,
wholemount in situ hybridization in stage 34 P. spathula embryos reveals expression of (a,b)
Dix1-2, (¢,d) DIx5-6, and (e,f) Dix3-4 in progressively more ventrally-restricted domains in the
hyoid and gill arches, resulting in a nested D/x code in these arches, schematized in (g). Frontal
views of the same embryos reveal similarly nested expression patterns of (h,i) Dix1-2, (j,k) DIx5-
6 and (I,m) D/x3-4 in the mandibular arch, schematized in (n). Sections reveal that paddlefish
pharyngeal arch expression of (0-u) DIx/-6 is restricted to the neural crest-derived mesenchyme,
and excluded from the ectoderm, endoderm and mesodermal core. /-3, gill arches 1-3; e, eye; ect,
ectoderm; end, endoderm; /4, hyoid arch; m, mandibular arch; mes, mesoderm; mth, mouth; olf,
olfactory organ; nc, neural crest-derived mesenchyme; o, otic vesicle. Scale bars: (a-f) = 200um;

(h-m) = 200um; (o-t) = 50um.
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Figure 4: Fate of Dix-coded pharyngeal arch mesenchyme in skate. (a) Focal Dil-labelling of
the dorsal (DIx1-2-expressing) mesenchyme of the mandibular, hyoid and first gill arch resulted
in (b) regions of Dil-positive chondrocytes (red dots) concentrated in the dorsal segments of the
jaw, hyoid and gill arch skeleton, e.g. (¢) in the palatoquadrate but (d) not in Meckel’s cartilage;
(e) in the hyomandibula but (f) not in the pseudoceratohyal; and (g) in the epibranchial but (h) not
in the ceratobranchial. Conversely, (i) focal Dil-labelling of ventral (D/x1-6-expressing)
mesenchyme of the mandibular, hyoid and first gill arch resulted in (j) regions of Dil-positive
chondrocytes (red dots) concentrated in the ventral segments of the jaw, hyoid and gill arch
skeleton, e.g. (K) not in the palatoquadrate, but (I) in Meckel’s cartilage; (m) not in the
hyomandibula, but (n) in the pseudoceratohyal; and (0) not in the epibranchial, but (p) in the
ceratobranchial. (q) Focal Dil-labelling of intermediate (D/x1, 2, 5 and 6-expressing) mandibular,
hyoid and gill arch mesenchyme resulted in (r) Dil-positive chondrocytes (red dots) concentrated
at the point of articulation between the dorsal and ventral segments of the jaw, hyoid and gill arch
skeleton, e.g. (s-u) at the articulation between the palatoquadrate and Meckel’s cartilage; (v,w) in
the hyomandibula and the pseudoceratohyal; and (x-z) at the articulation between the epibranchial
and ceratobranchial. Dorsal and ventral skeletal elements of the mandibular, hyoid and first gill
arch, therefore, arise from equivalent domains of combinatorial DIx expression. All dorsal-ventral
image pairs are from the same individual. Cb, ceratobranchial; Ch, pseudoceratohyal; e, eye; Eb,
epibranchial; ga, gill arch; ha, hyoid arch; Hm, hyomandibula; ma, mandibular arch; Mk,
Meckel’s cartilage; o, otic vesicle; Pq, palatoquadrate. Scale bars: (a,i,q) = 200um; (c-h),(k-p),(s-

z) = 25um.
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Figure 5: Evolution of the Dix code and serial homology of gnathostome pharyngeal
endoskeletal elements. The D/x code arose along the gnathostome stem, and was primitively
deployed in all pharyngeal arches. The evolutionary relationship between the Dix code of
gnathostomes and the nested expression of Dix4-D in the pharyngeal arches of lamprey’’ remains
unclear. Dorsal (D/x1-2-expressing) and ventral (Dlx/-6-expressing) domains of the D/x code

99 ¢

would have primitively given rise to dorsal “epimandibular”, “epihyal” and “epibranchial”
elements and ventral “ceratomandibular”, “ceratohyal” and “ceratobranchial” elements (in the
mandibular, hyoid and gill arches, respectively), while intermediate (DIx1, 2, 5 and 6-expressing)
domains would have given rise to the region of articulation between these elements. The
primitive role for the Dix code in patterning the mandibular, hyoid and gill arch endoskeletal
segments has been conserved in elasmobranchs, and presumably in non-teleost actinopterygians
(e.g. paddlefish), while post-hyoid arch expression of the D/x code has been modified or obscured
in amniotes (e.g. mouse), and possibly in teleosts. at, ala temporalis; cb, ceratobranchials; “ch”,
hypothetical ceratohyal; ch, ceratohyal; “cm ”, hypothetical ceratomandibula; eb, epibranchial;

“eh”, hypothetical epihyal; “em ”, hypothetical epimandibula; Am, hyomandibula; in, incus; mk,

Meckel’s cartilage; pq, palatoquadrate; sp, styloid process; st, stapes.
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