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Extreme novelties in the shape and size of paired fins are exempli-
fied by extinct and extant cartilaginous and bony fishes. Pectoral fins
of skates and rays, such as the little skate (Batoid, Leucoraja erina-
cea), show a strikingly unique morphology where the pectoral fin
extends anteriorly to ultimately fuse with the head. This results in a
morphology that essentially surrounds the body and is associated
with the evolution of novel swimming mechanisms in the group.
In an approach that extends from RNA sequencing to in situ hybrid-
ization to functional assays, we show that anterior and posterior
portions of the pectoral fin have different genetic underpinnings:
canonical genes of appendage development control posterior fin
development via an apical ectodermal ridge (AER), whereas an
alternative Homeobox (Hox)-Fibroblast growth factor (Fgf)-Wingless
type MMTYV integration site family (Wnt) genetic module in the an-
terior region creates an AER-like structure that drives anterior fin
expansion. Finally, we show that GLI family zinc finger 3 (Gli3), which
is an anterior repressor of tetrapod digits, is expressed in the poste-
rior half of the pectoral fin of skate, shark, and zebrafish but in the
anterior side of the pelvic fin. Taken together, these data point to
both highly derived and deeply ancestral patterns of gene expression
in skate pectoral fins, shedding light on the molecular mechanisms
behind the evolution of novel fin morphologies.
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he paired fins of fishes are extraordinarily diverse in skeletal
composition, pattern, and function (1-3) (Fig. 14). In par-
ticular, the cartilaginous fishes (chimaeras, sharks, skates, and
rays) exhibit morphological variation in appendages, such as
claspers in males and extreme elongation in the caudal fin of
thresher sharks. Batoids (skates and rays) exhibit an extraordi-
narily modified body plan that is dorso-ventrally flattened, with a
novel pectoral fin morphology that is unique among vertebrates.
The pectoral fins extend anteriorly and fuse with the head,
establishing a broad wing and flat body adapted to benthic life (4,
5). This remarkable appendage is composed of three basal car-
tilages, the propterygium, mesopterygium, and metapterygium,
which extend along the anterior-posterior (A-P) axis to support
the fin. Although ancestral fishes have these three bones, they
are significantly shorter compared with skate (Fig. 14).
Although a great deal is known about the molecular mecha-
nisms that build tetrapod limbs, significantly less is known about
the genetic underpinnings of appendage diversity in vertebrates
more broadly. Previous studies of skate development have
revealed a constellation of ancestral and derived traits (5, 6). The
paired fin buds of skates initiate development in the same lateral
position of the body as observed in the shark, however the width
of the fin buds along the A-P axis is wider than other fishes (5).
During later development, the pectoral fin dramatically trans-
forms its shape, extending anteriorly. As in tetrapods, Sonic
hedgehog (Shh) expression is detected in a restricted posterior
domain in the developing fins of the little skate Leucoraja eri-
nacea (7) as well as the developing clasper (8). Although
equivalent expression patterns of 5'Hox genes are found in
paired fins/limbs of sharks and tetrapods (9), there are some
differences in the A-P expression of key factors. For example,
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Gli3 mRNA is more enriched in the posterior pectoral fins of
fishes as opposed to the anterior region in tetrapods (10). It
remains unknown how the skate embryo extends the anterior fin
domain, where no Shh transcripts are detected, and whether the
SHH-Fibroblast Growth Factor (FGF)-Homeobox (HOX) sig-
naling axis drives anterior fin growth.

To address the molecular mechanisms of fin diversity, we have
performed a functional genomic screen during fin development of
the little skate, L. erinacea. Using multiple approaches extending
from RNA sequencing (RNA-seq) and in situ hybridization to
functional assays, we show that anterior and posterior portions of
paired fins have different genetic underpinnings within the little
skate and among vertebrates. Canonical genes of appendage de-
velopment control the posterior fin development in skate, whereas
an alternative Hox-Fgf~-Wingless type MMTV integration site family
(Wnt) genetic module in the anterior region creates a second apical
ectodermal ridge (AER) that is likely to drive anterior fin expansion.

Results

RNA-seq in the Skate Pectoral Fin. During pectoral fin development
in skates, the anterior portion of the fin elongates along the A-P
axis (Fig. 1 B-E and SI Appendix, Fig. S1). To identify the profile
of genes expressed at different times and places during skate fin
development, we conducted RNA-seq on three portions of the
pectoral fin (anterior, central, and posterior) at three different
stages (stages 29, 30, and 31) (Fig. 24 and SI Appendix, Fig. S2).

Significance

With pectoral fins that surround much of the body, by fusing
to the head, the skate is a cartilaginous fish that has one of
the most unique appendages of all vertebrates. Here, we use
an unbiased RNA screen to uncover genetic pathways un-
derlying this morphology. Unlike tetrapods and other fishes,
skates induce a second growth center in the anterior region,
by the redeployment of an ancient genetic module. We find
that some of the genes involved in generating the anterior-
posterior fin function differently in skates than they do in
limbed animals. Our data reveal the mechanisms for the unique
skate fin morphology and also provide insights into the genetic
origins of fin variation and morphological innovation in paired
appendages.
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Fig. 1. Appendage diversity and the skate unique fin. (A) The pectoral fin
and forelimb skeleton in a variety of taxa. Chondrichthyan and basal acti-
nopterygian fins are composed of three bones, pro-, meso-, and meta-
pterygium, whereas the sarcopterygian appendage is a single rod of the
metapterygium axis. The batoid fin is extremely wide along the A-P axis
compared with other vertebrates. Dermal bones (derm) and endochondral
bones (endo) are labeled by gray and black colors depending on the dif-
ference of its developmental mechanisms (36). (B-D) Alcian Blue-stained
skeletal preparations of skate embryos at stages 30-32. mes, mesoptery-
gium; met, metapterygium; pro, propterygium. Both pectoral and pelvic fins
elongate along the A-P axis. (E) Immunostaining for phosphorylated histone
H3 (green) and DAPI (blue) in the pectoral fin at stage 31. Image composed
using tiled scanning by confocal microscope (Zeiss ZEN software). Inset,
magnified portions of the anterior and central fin. Statistical analysis of cell
proliferation rates in each portion can be found in S/ Appendix, Fig. S1.
(F and G) Summary of the developmental mechanisms of the tetrapod limb.
At an early stage (F), Shh is expressed in the posterior limb bud, and 5'Hox
genes show a gradient of expression. Fgf10 induces and maintains AER
structure. In turn, Fgf8 and Wnt3 in AER stimulate cell proliferation in the
limb mesenchyme. As the limb bud develops, 5’Hox genes mark the autopod
domain, whereas 3'Hox genes are expressed in the proximal limb.

In lieu of a skate genome, each mRNA was annotated using the
zebrafish genome. RNA-seq identified Alx4 and Pax9 (known
anterior-specific limb genes in tetrapods) (11, 12) in the anterior
pectoral fin, indicating the efficacy of this technique to identify
site-specific gene activity (Fig. 24). RNA-seq also revealed a
number of genes that were significantly enriched in the posterior
portion of the fin (Fig. 24 and B). These include genes involved
in the limb development, including Hox, Fgf, and Wnt. We per-
formed in situ hybridization of a subset of these genes to
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characterize their expression patterns. FgfS8-Fgfl0, which main-
tain the AER and stimulate cell proliferation in tetrapod limbs
(Fig. 1 F and G) (13, 14), are expressed in the posterior half of
the fin (Fig. 2 A-D). Fgf8 expression is restricted to the posterior
ectoderm, whereas Fgfl0 is expressed in the posterior mesen-
chyme (Fig. 2 C and D). The 5’Hox genes also localize in the
posterior fin, consistent with the pattern described in limbs (Fig.
2 A, B, and F-H). These data demonstrate that the mechanisms
for maintaining the posterior fin development in skate are equiva-
lent to those of the tetrapod limb.

Anterior Extension During Skate Fin Development. To investigate
the embryological development of the skate fin’s anterior ex-
tension, we performed whole-mount fin staining for the cell
proliferation marker phosphorylated histone H3. Initially, the
staining pattern showed uniform distribution of fluorescent nu-
clei at stage 29. Later in fin development, the number of positive
cells increased in both anterior and posterior regions of the fin
(stage 31) (Fig. 1E and SI Appendix, Fig. S1), indicating that
skate fin elongation consists of two domains of enriched cell
proliferation.

RNA-seq showed that Wnt3, which maintains the AER in limb
development (Fig. 1F) (15-19), is expressed in both the anterior
and posterior fin compartments (Fig. 2B). Whole-mount in situ
hybridization showed that Wnt3 is expressed in the fin ectoderm
at stage 29 and continues to be expressed in the posterior tip at
stage 30 (Fig. 3C and SI Appendix, Fig. S3). Surprisingly, and in
concordance with the RNA-seq results, we found that Wnt3 is
also expressed in the anterior ectoderm at stage 30 (Fig. 3B and
SI Appendix, Fig. S104). In addition, Bmp4, a secreted factor and
indispensable to the maintenance of the AER (20), is highly
expressed in the anterior and posterior fin, whereas Bmp?2 is
localized to the posterior fin (SI Appendix, Fig. S10 D and E).
Furthermore, sagittal sections of skate fins showed that there is a
thickened ectodermal tissue in the anterior pectoral fin, similar
to the AER structure (Fig. 3 F and G). As Wnt3 maintains the
AER in tetrapod limbs, we hypothesized that the anterior ex-
pression in skate fins could represent a mechanism for anterior
fin elongation. To test the function of Wnt3 in the developing
skate fins, we added an inhibitor of the canonical WNT signaling
pathway (IWR-1) (21) directly to their aquarium seawater at
stage 24. After 3 weeks of development under these conditions,
we assessed alterations to the fin skeleton using Alcian Blue
staining (Fig. 3 D and E). In WNT-inhibited fins, the proptery-
gium of the pectoral and pelvic fins were shorter than control
embryos and notably did not elongate anteriorly. In addition,
the metapterygium was also slightly reduced. These results
suggest that the anterior skate fin extends along an A-P axis
through the establishment of a proliferative region that re-
sembles a second AER.

A Deployment of 3'Hox and Fgf7 Module for Anterior Extension. To
identify the molecular mechanisms responsible for maintaining
the anterior AER-like tissue, we again turned to the RNA-seq
results to investigate genes that are differentially expressed in the
anterior fin. We found that 3'Hox genes and Fgf7 mRNAs were
highly enriched in the anterior portion of the pectoral fin (Fig. 2
A and B). We regarded these genes as candidates for anterior fin
development due to their role in morphogenesis of the tetrapod
proximal limb (22). In situ hybridization and real-time PCR
validated that 3'Hoxa and 3'Hoxd genes are highly expressed in
the anterior mesenchyme at stage 30 (Figs. 4 A-D and SI Ap-
pendix, Figs. S7 and S8). To reinforce these findings phyloge-
netically, we investigated the pattern of Hoxa5 expression in the
bamboo shark (Chiloscyllium plagiosum), another cartilaginous
fish. We found that Hoxa5 is expressed, as in the skate, in the
anterior and posterior (but not the center) of the pectoral fin
mesenchyme of the bamboo shark embryo at stage 31 (Fig. 4E).
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Fig. 2. Analysis of skate fin development by RNA-seq. (4) Differential expression of transcripts assembled from RNA-seq of anterior and posterior fin tissue
specimens of stage 30 skates. Differential expression score is derived from multiple A-P comparisons of transcript abundance (n = 3; see S/ Appendix). Above
the red dotted line corresponds to P values less than 0.05. Blue, 5'Hox genes; green, Fgf genes; purple, Gli3; red, 3'Hox genes. (B) Standardized read counts
(z-scores) for selected transcripts in the pectoral fin at three developmental stages and locations of the pectoral fin. Transcripts were median-summarized
according to their annotations. A, anterior fin; C, center fin; P, posterior fin. Sample developmental stages are listed at the top, and clustering is based on
relative expression levels. (C-H) Whole-mount in situ hybridization for canonical tool kit genes for limb development at stage 30. (C) Fgf8. The expression is at
the posterior ectoderm. (D) Fgf10. The expression can be seen at the posterior mesenchyme. (E) Gremlin. (F) Hoxd10. (G) Hoxd12. (H) Hoxd13. Note that all

expression patterns are limited to the posterior half, not in the anterior fin.

However, we could not detect expression of other 3'Hox tran-
scripts in the anterior fin of bamboo sharks. These results in-
dicate that one of the anterior 3’Hox expression patterns is
conserved in other cartilaginous fishes and likely plays a role in
fin development, but many 3’Hox and also Fgf7 expressions are
unique in the skate pectoral fin. To explore the function of
3'Hox genes in the establishment of an AER-like tissue, we took
advantage of the native module in the zebrafish fin to overcome

15942 | www.pnas.org/cgi/doi/10.1073/pnas.1521818112

difficulties of genetic manipulations in skate embryos (SI Ap-
pendix, Fig. S94). First, to decrease Wnt3a expression in the
zebrafish fin, we treated zebrafish embryos with cyclopamine
from 24-36 hours post-fertilization (hpf). Cyclopamine disrupts
the Shh-5'Hox module, resulting in a loss of native Wnt3a ex-
pression in the fin (21/21 embryos; SI Appendix, Fig. S9 B and C).
Next, we used a previously reported fin enhancer, gar Island I
(23), to drive ectopic Hoxa2b in the distal mesenchyme of the fins
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Fig. 3. Dual AERs in the developing paired fins of skates. (A-C) Wnt3 ex-
pression in the pectoral fin of skate at stage 29 (A) and 30 (B, ventral view; C,
dorsal view). Wnt3 expression is a continuous strip in the ectoderm at stage
29, but splits into the anterior and posterior domain after stage 30. (D and E)
Alcian Blue-stained skeletal preparations of skate embryos treated by DMSO
or the WNT inhibitor IWR1. Pro- and mesopterygium were affected and
shorter in IWR1-treated embryos compared with the control embryo. (F and
G) Sagittal section of skate embryo at stage 30. An AER-like structure can be
observed at the anterior tip of the pectoral fin (G).

of cyclopamine-treated embryos (SI Appendix, Fig. S9D) and
found that ectopic expression of Hoxa2b rescued Wnt3a expres-
sion in 4 of the 24 embryos, implying that 3'Hox genes have an
ability to induce an AER marker gene (SI Appendix, Fig. SOE).
However, more rigorous tests, such as establishing stable trans-
genic lines that may rescue Wnt3a expression efficiently, would
strengthen this result.

As 5'Hox genes maintain the AER in tetrapod limbs via an
induction of Fgfl0 expression (24), 3'Hox genes are likely to
maintain the AER-like tissue of skate fins via Fgf genes in the
anterior mesenchyme. In the skate pectoral fin, Fgf7 is expressed
highly in the anterior mesenchyme, especially underlying the
anterior AER-like tissue at stage 30. This expression becomes
gradually restricted to a narrow mesenchymal strip at stage 31
(Fig. 4 F and G and SI Appendix, Fig. S4). To test the function of
Fgf7 in skate fin development, acryl beads soaked in human-
FGF7 protein were implanted into the mesenchyme of the
central fin at stage 30, where Wnt3 expression has ceased. FGF7
beads induced Wnt3 expression in the ectoderm surrounding the
implanted beads (Fig. 4 H and I). By contrast, SU5402, a
chemical inhibitor of FGF receptors, was injected directly into
the anterior pectoral fin, which resulted in a loss of Wnt3 ex-
pression and a malformation of the propterygium (Fig. 4 J-M).
These data demonstrate that 3'Hox—Fgf7-Wnit3 genes comprise
an anterior genetic module responsible for maintaining the an-
terior AER-like tissue, in turn driving the extreme elongation of
the batoid pectoral fin.

Gli3 Inversion and Implications for Fin Diversity. Previous studies
showed that Gli3 mRNA, which is expressed in the anterior of
tetrapod limbs and restricts Shh to the posterior (25, 26), is
expressed throughout the catshark pectoral fin and posteriorly in
the elephant shark pectoral fin (10). Surprisingly, our RNA-seq and
in situ hybridization data show that GIi3 is expressed in the pos-
terior pectoral and dorsal fin but is anteriorly localized in the pelvic
fin of skate (Figs. 24 and B and 5 A-C and SI Appendix, Fig. S5).
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To assess the generality of this pattern, we performed in situ hy-
bridization of G/i3 in bamboo shark and zebrafish. G/i3 is also more
enriched in the posterior mesenchyme of the pectoral fin but not
the anterior in the pelvic fin in both species (Fig. 5 D and E and
SI Appendix, Figs. S6 and S10). Thus, the pectoral fins of elephant
shark, bamboo shark, skate, and zebrafish show an inverted pattern
of Gli3 expression relative to tetrapods, whereas the pelvic fins
exhibit the tetrapod condition.

Discussion

One mechanism by which skates obtain their unique pectoral fin
morphology is via the development of the extra AER-like tissue
in the anterior fin. The posterior AER in the fin is equivalent to
the canonical AER of tetrapods, whereas the anterior AER-like
tissue is likely to be formed and maintained via a 3'Hox-Fgf7-
Wnt3 module (Fig. 5F). The maintenance of an anterior AER-
like tissue may be a novel feature deployed in skates to achieve
the broad wing-like fin that enabled undulatory swimming and a
benthic life history in batoids. Intriguingly, both 3'Hox and Fgf7
genes are expressed in the proximal region of the tetrapod limb
(Fig. 1G) (22, 27). Furthermore, Fgf7 can induce Fgf8, the AER
marker in chicken (28). This preexisting genetic network was
likely coopted to promote the anterior pectoral fin outgrowth of
the skate. As Fgf7, Fgfl0, and Fgf22 diverged from the same
ancestral Fgf10-like gene and bind to FGF receptor 2 (29), it is
likely that the downstream targets of these genes are the same in
the anterior and posterior pectoral fin of the skate. Our data
suggest a role for 3'Hox genes in the induction of Fgf7 in
the anterior portion of the skate fin, akin to the 5'Hox gene

Fig. 4. An ancient genetic module underlies the pro- and mesopterygium.
(A-D) The 3’Hox gene expression patterns at stage 30. Each gene is
expressed in the anterior mesenchyme. The expression domain is limited to
only a narrow strip underlying the ectoderm. (E) Hoxa5 in the pectoral fin of
the shark (C. plagiosum), where expression is in the anterior and posterior
fin mesenchyme. (F and G) Fgf7 expression at stage 30 and 31. (H and /) Wnt3
expression 1 d after the implantation of DMSO (H) or FGF7 beads (/). (/ and
K) Wnt3 in situ hybridization in the pectoral fin at stage 31 following DMSO
(J) or SU5402 (K) injection into the anterior fin. (L and M) Alcian Blue
staining following DMSO or SU5402 injection into the anterior fin. The tip of
the pectoral fin regressed in SU5402 injection (arrowheads).
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Fig. 5. GIi3 expression inversion and the mechanism of skate fin develop-
ment. (A-C) Gli3 expression at stage 30 in the pectoral (A), pelvic (B), and
dorsal fin (C) of skate. G/i3 is expressed in the posterior side of the pectoral
and dorsal fin while it is expressed in the anterior pelvic fin. The expression
in the posterior tip of pelvic fin is likely in the clasper. (D and E) Gli3 ex-
pression at stage 30 in the pectoral (D) or pelvic fin (E) of shark. Gli3 is
expressed in the posterior pectoral fin and in the anterior pelvic fin, as seen
in skate. (F) Summary of molecular mechanisms controlling skate unique fin
development. Although the posterior genetic module is similar to that of
tetrapods, the anterior genetic module is distinct. Fgf7 and 3'Hox genes are
expressed in the anterior mesenchyme and induce Wnt3 expression, result-
ing in an extra AER-like tissue in the anterior fin. The posterior AER and
anterior AER-like tissue extend the fin in posterior and anterior directions.
Note that Gli3 is coexpressed with Shh and 5'Hox in the posterior fin.

induction of FgfI0 in the tetrapod limb bud. Additional work to
determine the precise function and downstream targets of 3'Hox
genes will be important to understand the evolution of these
pathways. Despite the similarity of the two genetic modules in
the anterior and posterior fin, the distribution of 3’Hox mRNA
in the anterior fin is distinct compared with that of 5'Hox in the
posterior fin; 3'Hox expression domains in the mesenchyme of
the anterior fin are narrower than the posterior 5'Hox expres-
sion. This difference might reflect the functional discrepancy
between 3’Hox and 5’Hox genes or tissue-level differences that
influences 3’Hox expression in the anterior fin.

Intriguingly, Wnt3 maintains the AER in mice, whereas Wnt3a
does so in the chicken limb bud (16, 30, 31). Cartilaginous fishes,
including skates and sharks, represent the ancestral, extant-jawed
vertebrates (Fig. 14), and our analysis shows that Wnt3 is expressed
in the AER of the skate, which suggests that Wnt3 plays an an-
cestral role in AER maintenance. Wnt3 and Wnt3a diverged in
fishes before the origin of amniotes. The function of AER main-
tenance was probably reassigned to Wnt3a in avians instead of
Wnt3, even though the functional difference of WNT3 and
WNT3A in the limb development remains unclear. A more precise
phylogenetic test of Wnt3 and Wnt3a expression will reveal how the
AER has been maintained in different lineages in evolution.
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Our data provide evidence for the evolutionary and de-
velopmental mechanisms underlying the extraordinarily wide fin
of batoids. Skates are not the only extant species of fish with wide
fins. Angel sharks also show a unique fin skeleton with an in-
dependently altered propterygium similar to skate (32, 33). In
addition, the hillstream loach (Beaufortia kweichowensis) also
contains particularly wide proximal radials. Thus, it will be
intriguing to investigate if the same genetic modules are used
during fin development in these additional taxa or if distinct
modules are deployed. As our data point to redeployments of
conserved genetic modules, future work will concentrate on
understanding the regulatory controls that may have been
modified to drive these modules in new areas of the developing
appendage. A phylogenetically diverse understanding of the
regulatory elements activating key factors (including Hox and Fgf
genes) will be instrumental in uncovering the specific genetic
mechanisms responsible for the previously unidentified activity
of these conserved pathways.

Materials and Methods

Animal Husbandry and Manipulation. All processes and protocols for experi-
mental animals were approved by the University of Chicago Institutional An-
imal Care and Use Committee (IACUQ). L. erinacea embryos were purchased
from the Marine Resource Center of The Marine Biological Laboratory. Em-
bryos were kept at 15 °C in reconstituted Instant Ocean (Aquarium systems)
with 12 h light-dark cycles. For functional assays, egg shells were removed and
embryos were transferred into a small container with 200 mL Instant Ocean
containing DMSO or IWR-1 (100 pM). At stage 32, embryos were subjected to
Alcian Blue staining. Alcian Blue-stained embryos were generated as pre-
viously described (34). Bead implantation was performed as with other model
organisms. Briefly, blue beads soaked in DMSO or human FGF7 protein solu-
tion (50 pg/mL; R&D Systems) were implanted into the center of the pectoral
fin of anesthetized embryos. After 2 d, embryos were fixed by 4% (wt/vol)
paraformaldehyde (PFA) and subjected to in situ hybridization. In situ hy-
bridization was performed as previously described (35), except for a 60° in-
cubation for hybridizing the Fgf7 probe. All sequences for RNA probes of in
situ hybridization were registered as a part of the transcriptome in National
Center for Biotechnology Information (NCBI). Hoxa5 in situ hybridization of
C. plagiosum was performed by a probe cloned from Scyliorhinus rotifer. For
inhibitor assays, an injection of DMSO or SU5402 (20 mg/mL DMSO; Sigma-
Aldrich) into the anterior tip of the pectoral fin was repeated three times with
each 3-d interval at stage 31, followed by Alcian Blue staining.

C. plagiosum embryos were supplied from the Shedd aquarium in Chi-
cago, IL. Embryos were fixed and subjected to in situ hybridization. In situ
hybridization was performed as described previously (35).

Antibody Staining of Phosphorylated Histone H3. After fixation of embryos by
4% (wt/vol) PFA, embryos were washed with PBS containing 0.1% Triton
X-100 (PBT) followed by incubation in blocking solution (made from blocking
reagent; Perkin-Elmer). The solution was substituted with blocking solution
containing primary antibody (06-570; Millipore) and incubated for 3 d. Next,
embryos were washed by PBT 5 h and incubated with secondary antibody
(A110-34; Invitrogen) for 3 d. Embryos were washed by PBT for 5 h, stained by
DAPI, and observed by a confocal microscopy. Paraffin sections were
prepared at 8 pM, and the antigen was retrieved by citric buffer warmed
with a microwave. The staining procedure was the same as the whole
body staining.

Characterization of Ortholog Genes. The annotation of the skate transcriptome
can be found in S/ Appendix. Skate Wnt3, Fgf7, and Gli3 and bamboo shark
Gli3 were cloned from cDNA of stage 30 pectoral fin by reverse-transcriptase
PCR and integrated into pCRI-TOPO vector (Invitrogen). After sequencing,
each gene was characterized by molecular phylogenetic analysis with Bayesian
analysis. A modified amino acid sequence alignment was provided by Clus-
talW2 and calculated by Phyml. The graphs were drawn by NJplot.

RNA-Seq. Total RNA was extracted from three biological replicates from two
domains (anterior and posterior fin) of L. erinacea embryos at stages 29 and 30
and three domains (anterior, center, and posterior fin) at stage 31 by Qiagen
RNeasy kit. RNA-seq libraries were generated using the TruSeq Stranded
mRNA kit (lllumina). Libraries were multiplexed and 100-bp paired-end
sequencing was conducted on an lllumina HiSeq2000 sequencer.
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Hoxa2b Ectopic Expression in Zebrafish Embryos. The ORF sequence of
zebrafish Hoxa2b genes were amplified by PCR using Platinum Taq DNA
Polymerase High Fidelity (Invitrogen) and swapped into EGFP sequence of
the Gar Island1-EGFP/PXIG vector (23) by Cla1 and Age1 restriction enzyme
sites. The injection of vector and Tol2 transposase into zebrafish fertilized
eggs was performed as previously described (23). After the injection, a
portion of the eggs were transferred into separate dishes and treated by
Cyclopamine (200 uM; LC Laboratories) from 24-36 hpf. All embryos were
fixed at 36 hpf by 4% (wt/vol) PFA and subjected to whole-mount in situ
hybridization, as previously described (23).
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