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The diversification of paired appendages has been a major factor in
the evolutionary radiation of vertebrates. Despite its importance, an
understanding of the origin of paired appendages has remained
elusive. To address this problem, we focused on T-box transcription
factor 5 (Thx5), a gene indispensable for pectoral appendage initia-
tion and development. Comparison of gene expression in jawless and
jawed vertebrates reveals that the Tbx5 expression in jawed verte-
brates is derived in having an expression domain that extends caudal
to the heart and gills. Chromatin profiling, phylogenetic footprinting,
and functional assays enabled the identification of a Thx5 fin enhancer
associated with this apomorphic pattern of expression. Comparative
functional analysis of reporter constructs reveals that this enhancer
activity is evolutionarily conserved among jawed vertebrates and is
able to rescue the finless phenotype of tbx5a mutant zebrafish. Taking
paleontological evidence of early vertebrates into account, our results
suggest that the gain of apomorphic patterns of Tbx5 expression and
regulation likely contributed to the morphological transition from a
finless to finned condition at the base of the vertebrate lineage.
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aired appendages are one of the fundamental novelties of ver-

tebrates. Having emerged in Paleozoic taxa, they have been
associated with major patterns of phylogenetic, ecological, and
functional diversification ever since. An understanding of the
origin of paired appendages is a problem that links multiple
approaches—from paleontology to genomics (1-7). The main
challenge to progress in the field derives from understanding the
similarities and differences between taxa with and without paired
fins: How did the mechanisms that pattern paired appendages
arise from taxa that lack them altogether?

Whereas jawed vertebrates have two sets of paired fins—pectoral
and pelvic—their outgroups, jawless vertebrates, have a range of
conditions. Extant jawless fish such as the lamprey and hagfish do
not have any paired appendages. The fossil record, however, re-
veals extinct jawless fish that have pectoral appendages but lack
pelvic ones (8). The phylogenetic distribution of extant and extinct
species supports the notion that pectoral fins arose before the
pelvics (7-12). Therefore, an understanding of pectoral fin devel-
opment looms large in analyses of the origin of paired appendages.

Tbx5, and its homolog in jawless fish, Thx4/5, have emerged as
attractive candidates to explore the origin of pectoral fins. Phy-
logenetic analysis reveals that 7bx4/5 of an ancestral jawless ver-
tebrate split into two functional paralogs in species with paired
appendages, Tbx4 and Tbx5. These paralogs are involved in
the initiation of the pectoral and pelvic appendages, respectively (6,
13-17). Of particular interest is 7bx5 because of its role in pectoral
fin development (16-22). The expression pattern of 7bx5 has been
studied in multiple chordate species, including amphioxus 7bx4/5.
However, data on the expression of 7bx4/5 is sparse in jawless
vertebrates (13-16, 18, 23, 24), and detailed comparative expression
analysis in taxa with and without paired appendages is lacking.
Moreover, whereas it has been hypothesized that cis-regulatory
changes of Thx5 have played an important role in pectoral fin
evolution, an understanding of 7bx5 regulation is limited to am-
niotes and, therefore, lacking in more basal outgroups (15, 24-28).
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Here, we performed embryological and genomic analyses of
Tbx5 and Thx4/5 in vertebrates lacking paired fins as well as di-
verse finned and limbed vertebrates. First, we assessed lamprey
Tbx4/5 expression and compared it with that of vertebrates with
paired appendages. Subsequently, we explored 7bx5 enhancer
activity through a combination of phylogenetic footprinting, func-
tional genomics, and transgenic reporters in zebrafish. Our data
reveal phylogenetic patterns of 7bx5 expression and regulation that
provide a window into the origin of mechanisms that pattern paired
appendages.

Results

To compare Thx5 expression in jawless and jawed vertebrates, we
cloned sea lamprey 7hx4/5, skate Thx5, and zebrafish tbx5a and
performed whole-mount in situ hybridization. The phylogenetic
relationship of sea lamprey 7bx4/5 and skate Tbx5 was confirmed
by using the maximum-likelihood method (Fig. S1). In skate and
zebrafish embryos, Thx5 was expressed in the dorsal portion of the
eye, heart, and LPM (lateral plate mesoderm) of the pectoral fin
field (Fig. 1 4 and C). In embryos of skate and zebrafish, expres-
sion in the heart and pectoral fin formed a continuous domain as
in tetrapods (Fig. 1 4 and C) (16, 18, 23). In sea lamprey, Tbx4/5
expression was found in the heart (Fig. 1E and Fig. S2) (24) but,
lacking molecular markers, it is difficult to compare the posterior
border of expression with jawed vertebrates. To delineate the
posterior limit of the heart field, we isolated Flt (fms-like tyrosine
kinase/vascular endothelial growth factor receptor) and observed
its expression (Fig. 1 B, D, and F and Figs. S1 and S2). Flt is a
marker of angioblasts and prefigures the formation of blood ves-
sels. Flt4 and Flt1/4 genes marked anterior and posterior cardinal
veins (acv and pev), which extended in both rostral and caudal
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Fig. 1. Comparison of Tbx5 cognate genes in vertebrates. Skate Thx5 (A) and
FlIt4 (B) expression at stage 23. Zebrafish tbx5a (C) and f/t4 (D) expression at
22 hpf. Sea lamprey Tbx4/5 (E) and FIt1/4 (F) expression at stage 24. (G) A
depiction of the Tbx5 expression domain (purple) relative to embryonic com-
ponents in jawed and jawless vertebrates. acv, anterior cardinal vein; ccv,
common cardinal vein; e, eye; g, gills; h, heart; hv, hepatocardiac vein; pcv,
posterior cardinal vein; 9, somite 9. (Scale bars: 200 pm.)

directions in the embryos. These two veins were confluent and
continued vertically toward the common cardinal vein (ccv, also
known as ductus Cuvieri), posterior to the gills. The vein ran
further ventrally, bifurcated the hepatocardiac vein, and reached
to the posterior extremity of the heart (Fig. 1 B, D, F, and G and
Fig. S2). This circulatory pattern, and its topological relationships
with surrounding structures, is conserved in vertebrates (5, 29).
When the patterns of Tbx5 and Flt4 expression were compared by
using these morphological landmarks, we found that the 7bx5 do-
main included the dorsal part of eye, heart, ccv, and LPM posterior
to this vein in jawed vertebrates. In contrast, the 7bx4/5 domain
resides exclusively in the heart in sea lamprey with no posterior
extension (Fig. 1 and Figs. S2 and S3). Because 7bx5 expression
posterior to the heart and gills is limited to jawed vertebrates and
Tbx5 is essential for pectoral fin/limb development (16-22), these
results imply that the expansion of 7bx5 expression in the LPM
posterior to the heart might be associated with the evolution of
pectoral fins.

The regulation of 7bx5 in limbs has been explored in mouse,
revealing one forelimb enhancer in the second intron (7bx5 in-
tron2) and its regulation by Hox genes (15, 25, 30). To assess the
phylogenetic diversity of 7bx5 regulation by this enhancer, we first
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analyzed the evolutionary conservation of 7bx5 intron2 activity. By
comparing vertebrate genomic sequences adjacent to the 7bx5 lo-
cus, we found that 7bx5 intron2 was conserved in mammals, but
not in other vertebrates (Fig. S4 A-C). Because enhancers can
retain function without displaying sequence similarity (31), the
regulatory potential of 7hx5 intron2 from skate, gar, and zebrafish
was tested in transgenic zebrafish. Several independent stable lines
were established in zebrafish, but none could recapitulate the
endogenous expression pattern of 7bx5 (five lines with skate
sequence, three lines with gar sequence, and seven lines with
zebrafish sequence) (Fig. S4 D-I). Enhancers can change their
position in the genome (32, 33), and if zebrafish retains a 7bhx5
intron2-like enhancer somewhere else in the genome along with
the similar trans environment to mouse, transgenic zebrafish car-
rying mouse 7bx5 intron2 could express GFP in the pectoral fin. To
test this possibility, we assayed mouse 7bx5 intron2 activity in
transgenic zebrafish. Six stable lines were established, but con-
spicuous GFP signal was never detected in the pectoral fin (Fig. S4
J and K). Altogether, these results do not support the notion that
Tbx5 intron2 and its regulation are evolutionarily conserved.

Next, we assayed for 7bx5 fin-specific enhancers. We used re-
cently published ATAC-seq (Assay for Transposase-Accessible
Chromatin) data from whole zebrafish embryos at 24 h after fer-
tilization (hpf) to assess open chromatin regions as sites of pu-
tative enhancers (34). In addition, we inspected predicted CTCF
(CCCTC-binding factor) sites in the open chromatin regions (35).
Because these sites are involved in the formation of chromatin
loops, we prioritized open chromatin regions without CTCF sites.
Using these criteria, more than 30 open chromatin regions were
detected within a 120-kb genome sequence between tbx3a and
pax8, two flanking genes of thx5a in the zebrafish genome (Fig. 24
and Fig. S5). Subsequently, we assessed sequence conservation of
diverse vertebrate species to reveal CNSs (conserved noncoding
sequences) around the Tbx5 locus (Fig. 2B and Fig. S5). This ap-
proach revealed more than 30 CNSs. The intersection of these two
criteria (open chromatin regions and CNSs) winnowed the pool to
10 candidate enhancer regions to assay by using functional tests in
transgenic reporter constructs. The gar genome was used to engi-
neer these constructs because it is more similar to the tetrapod
genome than zebrafish one, being basal to the teleost-specific
whole genome duplication (34, 36). Gar DNA fragments were in-
tegrated into the GFP reporter vector and injected into zebrafish
eggs to establish stable transgenic lines (Fig. S6). With these lines,
we identified CNS12, a 3,108-bp sequence located downstream of
the 7bx5 coding region, as a fin enhancer. CNS12 drove GFP ex-
pression in the dorsal part of eye and pectoral fin (Figs. 2 and 3,
three independent transgenic stable lines), in a spatial pattern
identical to that of Tbx5 ortholog in jawed vertebrates. Importantly,
GFP signals in the LPM driven by the enhancer reside posterior to
the heart and gills in the same apomorphic pattern detected in
jawed vertebrates (Figs. 1 and 3 and Figs. S3 and S7) (16, 18, 23).

Phylogenetic footprinting revealed a highly conserved domain
within CNS12, an ~200-bp sequence, which was named CNS12sh
(CNS12 short) (Fig. 2). To test the evolutionary conservation of
CNS12 activity, we isolated orthologous sequences of CNS12sh
from gar, zebrafish, and mouse, and assayed their activity in
transgenic zebrafish. Analysis of stable lines revealed that all three
CNS12sh drove GFP expression in the pectoral fin bud (four lines
with gar sequence, two lines with zebrafish sequence, and nine lines
with mouse sequence) (Fig. 4). GFP expression in the dorsal part
of eye was not detected in these lines. We also cloned a DNA
fragment from the Japanese lamprey genome, which was aligned to
CNS12 of jawed vertebrates in mVISTA analyses (Fig. 2B and Fig.
S8), and tested its activity in transgenic zebrafish. Four transgenic
stable lines were established, but GFP expression was undetectable
in the pectoral fin (Fig. 4). These results indicate that the function
of CNS12 is conserved only among jawed vertebrates.
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Fig. 2. Chromatin state and sequence comparison adjacent to the Thx5 locus. (A) A schematic representation of zebrafish tbx5a locus, ATAC-seq data from 24 hpf
zebrafish, and predicted CTCF sites. CNS12 is denoted in yellow. (B) A schematic representation of human TBX5 locus and mVISTA analysis with Tbx5 (Tbx4/5 in
Japanese lamprey) coding and the downstream noncoding sequences using the mouse sequence for comparison. CNS12 is labeled in yellow, and peaks at the
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middle of the label indicate CNS12sh.

If Tbx5 regulation by CNS12 is associated with pectoral fin ini-
tiation, then CNS12 driving 7bx5 expression posterior to the heart
and gills should be sufficient to induce pectoral fin development
(28). To test this possibility, we used a zebrafish thx5a mutant,
heartstrings (hst), that has an aberrant heart and does not develop a
pectoral fin (Fig. 5 4-D) (19). The Ast mutation is a premature stop
codon in thx5a exon8, and tbx5a is weakly expressed in the LPM of
hst embryos until 32 hpf, but undetectable thereafter (19). We per-
formed injections of a vector carrying two copies of gar CNS12sh
and the zebrafish thx5a coding sequence into Ast embryos and
assayed development through 3 dpf (Fig. S9). The injected homo-
zygous hst embryos were screened for heart morphology and geno-
typed by the sequence of tbx5a exon8. Although the heart
morphology of hst was not rescued, a number of injected homozy-
gous embryos revealed pectoral fin buds in the region where fin buds
appear in the wild-type (n = 22/163) (Fig. 5 E and F). When we
injected a control vector, which contains the zebrafish tbx5a coding
sequence but lacks the cis-regulatory element (Fig. S9), the injected
hst embryos did not develop a pectoral fin (n = 0/52) (Fig. 5 G and
H). fgf8a and fgfl0a, markers for apical ectodermal ridge and fin
mesenchyme, respectively, were expressed in the rescued fin buds in
a manner similar to the wild-type (Fig. 5 1, J, L, and M) (37). We
further detected col2ala expression at the base of the rescued fin,
indicating that aspects of pectoral girdle development were also
restored by the expression construct (Fig. 5 K and N). To test phy-
logenetic conservation of CNS12sh function, we engineered a con-
struct with two copies of mouse CNS12sh and the zebrafish thx5a
coding sequence, and injected it into st mutant. We found fin buds
in a subset of the injected Ast embryos (n = 16/175). In these rescue
experiments, fin buds appeared variable in size and laterality, likely
due to the mosaicism of injected embryos (Fig. 5 and Fig. S9, seven
bilateral and 15 unilateral rescued fins in gar CNS12sh and five bi-
lateral and 11 unilateral rescued fins in mouse CNS12sh). These
results indicate that CNS12 driving tbx5a is able to partially rescue
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the phenotype of Ast that lacks a pectoral fin and girdle (Fig. 5 and
Fig. S9). Moreover, this ability is conserved between fish and mouse.

Discussion

Epigenetic, comparative, and functional genomic analyses led to the
identification of a 7bx5 fin enhancer, CNS12, in the noncoding
region downstream of 7bx5 locus (Figs. 2 and 3). This enhancer
drove reporter gene expression in the LPM posterior to the heart,
where vertebrates with pectoral appendages exhibit an apomorphic
pattern of 7bx5 expression (Figs. 1-3). Importantly, sequence con-
servation of CNS12 was detected among jawed vertebrates, while
remaining undetectable adjacent to the Japanese lamprey Thx4/5
locus (Fig. 2B and Fig. S8). Indeed, we confirmed the evolutionary
conservation of CNS12 activity only among jawed vertebrates (Figs.
2, 4, and 5). Comparative genomic analyses of the noncoding se-
quence downstream of jawed vertebrate 7bx5 and Japanese lamprey
Tbx4/5 repeatedly aligned the same sequence of the Japanese
lamprey genome with CNS12, but this lamprey sequence did not
show any activity in pectoral fins of transgenic zebrafish (Fig. 4).
In this context, Tbx4/5 expression in amphioxus (Branchiostoma
floridae BfTbx4/5 and Branchiostoma lanceolatum BITbx4/5) becomes
phylogenetically relevant. BfTbx4/5 expression was originally de-
scribed in the caudoventral part of the amphioxus body and was
compared with 7bx5 expression in the heart and LPM of jawed
vertebrates (14, 15). However, reexamination of these patterns
revealed that BITbx4/5 is expressed in the pharyngeal and poste-
rior mesoderm together with cardiac genes. This broad expression,
and its association with cardiac markers, suggests that amphioxus
Tbx4/5 is involved in the development of a noncentralized heart
(38). Consistent with this observation, marker genes for vertebrate
head and trunk mesoderm are expressed in overlapping domains
in amphioxus dorsal mesoderm indicating that, in contrast to
vertebrates, the mesodermal components of amphioxus are not
differentiated along the craniocaudal axis (39). Together with our
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Fig. 3. Gar CNS12 drives GFP expression in the pectoral fin of zebrafish. Brightfield (A, D, and G) and fluorescent (B, E, and H) images of gar CNS12 transgenic
zebrafish. Lateral views are in A—C and dorsal views are in D—/. GFP expression is found in the dorsal part of the eye and pectoral fin field at 24 hpf (A, B, D, and E),
and in the common cardinal vein (arrowhead) and pectoral fin bud at 36 hpf (G and H). Dotted lines outline the pectoral fin. Zebrafish tbx5a in situ hybridization

at 24 hpf (C and F) and at 36 hpf (/). (Scale bars: 200 um.)

comparative assays, these findings support the hypothesis that
expansion of Thx5 expression in the LPM of the prospective
pectoral domain is an apomorphic feature of jawed vertebrates
and is not directly comparable to 7hx4/5 expression of amphioxus.

Given the function of Tbx5 and its regulatory element in pectoral
fin development (16-22, 28) (Fig. 5), the gain of a 7bx5 expression
domain controlled by CNS12 was likely an important step in the
acquisition of vertebrate paired appendages. Analysis of Paleozoic
osteostracans, armored jawless fish from the Silurian and Devo-
nian, may reveal phylogenetic nodes at which this developmental
mechanism arose. Osteostracans have head shields containing a
canal for a lateral head vein, which passes along the lateral side of
the semicircular canals, and another for a marginal vein, that runs
ventrolaterally to the lateral head vein (Fig. S10). Ventromedial to
the canals, an ossified pericardial capsule lies posterior to the gill
region in osteostracans. Based on the topographic relationships of
this capsule and the canals, the common cardinal vein is inferred to
reside in the caudal part of the head shield in osteostracans (Fig.
S10) (12, 40, 41). Importantly, osteostracans have a pectoral girdle,
and portions of the fin skeleton, lying caudally to the heart, gills,
and the inferred position of the ccv, a condition much like jawed
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vertebrates (7-12, 40, 42-45). These observations support the hy-
pothesis that Tbhx5 expression and regulation caudal to the heart
and gills, characteristic of jawed vertebrates, may have had its or-
igins in Paleozoic jawless taxa.

Materials and Methods

Embryos, Cloning, and in Situ Hybridization. The protocol for animal experi-
ments was approved by the University of Chicago Institutional Animal Care and
Use Committee. Sea lamprey embryos were sampled in the Bronner laboratory at
the California Institute of Technology and staged as described (46). Skate em-
bryos were purchased from the Marine Biological Laboratory and staged as
described (47). Zebrafish embryos (strain *AB) were obtained from natural
mating and staged as described (48). Sea lamprey, skate, and zebrafish embryos
were fixed in MEMFA (MOPS, EGTA, magnesium sulfate salts, and formalde-
hyde) fixative. Total RNAs of these animals were extracted from whole embryos
with TRIzol Reagent (Life Technologies) and then used to synthesize cDNAs
with SuperScript Ill system (Thermo Fisher Scientific). DNA fragments were
amplified by GoTaq (Promega) and cloned into pCRII-TOPO vector (Invitrogen).
RNA probes were synthesized by using SP6 or T7 RNA polymerase (Promega).
The accession numbers of cloned genes and all primer sequences used in this
study were listed in Tables S1 and S2. In situ hybridization was performed as
described (49), with modification of the hybridization solution (5x SSC, pH 4.5,
and 50 pg/mL heparin, instead of salt solution and dextran sulfate). The initial
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Fig. 4. Brightfield (A, C, and E) and fluorescent (B, D, and F) images of
CNS12sh transgenic zebrafish from dorsal view at 36 hpf. Gar (A and B),
zebrafish (C and D), and mouse (E and F) CNS12sh drive GFP expression in the
pectoral fin bud. (G and H) Transgenic zebrafish with Japanese lamprey DNA
fragment aligned to jawed vertebrate CNS12 at 36 hpf. Dotted lines outline
the pectoral fin. (Scale bars: 200 pm.)

stage showing Flt4 (FIt1/4) expression in the common cardinal vein of sea
lamprey, skate, and zebrafish embryos was used for the comparison. Embryos
were postfixed in MEMFA fixative, washed in TE buffer, and photographed on
a Leica M205FA microscope.

Phylogenetic Analysis. Amino acid sequences were collected from the Ensembl
(uswest.ensembl.org/index.html), GenBank (www.ncbi.nIm.nih.gov/), and
SkateBase (skatebase.org), and then aligned by ClustalW (www.clustal.org/)
without gaps. The construction of phylogenetic trees was performed by the
maximum-likelihood method the JTT+I+I"4 model in PhyML (50).

Genomic Analysis. ATAC-seq data and CTCF sites were reported (34, 35). Open
chromatin regions with peak intensity more than 10 (arbitrary units) and without
overlapping CTCF sites were regarded as primary candidates for potential
enhancers. Genomic sequences of animals used in this study were gathered
from Ensembl (www.ensembl.org//uswest.ensembl.org/index.html?redirectsrc=//
www.ensembl.org%2Findex.html), University of California, Santa Cruz Genome
Browser (genome.ucsc.edu), SkateBase (skatebase.org), Elephant Shark Genome
Project (esharkgenome.imcb.a-star.edu.sg), and Japanese Lamprey Genome Proj-
ect (jlampreygenome.imcb.a-star.edu.sg). Genomic DNA of Japanese lamprey
was obtained from the Sugahara laboratory at the Hyogo College of Medicine.
The genome assembly gaps adjacent to Japanese lamprey Thx4/5 locus were
cloned and sequenced. The accession number of lamprey genome sequence is
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listed in Table S2. The comparison of genomic sequences was performed by
mVISTA LAGAN program (genome.lbl.gov/vista/mvista/submit.shtml) with the
following parameters: 50 bps calc window, 100 bps min cons Width, and 70%
cons Identity. We defined CNSs as regions conserved between more than two
vertebrate species. Of these regions, CNSs with conservation among more than
five species including gar and/or elephant shark were preferentially assessed.

Vector Construction. Mouse genomic DNA (Swiss-Webster albino mice) was
purchased from Promega. Gar, zebrafish, and skate genome DNA were
extracted with phenol-chloroform-isoamyl alcohol and chloroform solutions.
The DNA fragment of a putative enhancer was amplified by Platinum Taq
DNA Polymerase High Fidelity, cloned into pCR8/GW/TOPO vector, and then
relocated to pXIG-cfos-EGFP by using LR Clonase Il Plus (Life Technologies). The

wild type

rescued hst

col2aila

Fig. 5. tbx5a driven by CNS12sh rescues pectoral fin formation in hst. Wild-type
(A and B) and hst (C—H) at 3 dpf. Lateral views (A, C, E, and G) and dorsal views
(B, D, F, and H). Black arrowheads indicate pectoral fins. fgf8a (I and L), fgf10a
(J and M), and col2ala (K and N) in situ hybridization in the wild-type (/-K) and
rescued hst (L—N) at 3 dpf. Dotted lines outline the pectoral fin and white ar-
rowheads indicate the scapulocoracoid. (Scale bars: A—H, 200 um; /-N, 100 pm.)
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sequence of a putative enhancer was inserted into 5’ of EGFP, and checked by
restriction enzyme digestion and sequencing.

Zebrafish Injection. Zebrafish fertilized eggs (strain *AB) were obtained from
natural mating. Male and female heterozygous tbx5a mutant zebrafish were
mated to obtain homozygous tbx5a mutant eggs. For transgenic analyses,
25 ng/pL pXIG-cfos-EGFP vector was injected into one- or two-cell stage em-
bryos with 35 ng/pL transposase RNA, 0.2 M KCl, and phenol red. Injected eggs
were raised for 3 mo and then outcrossed to *AB fish (34). Zebrafish with GFP
expression in any tissue were screened for establishing transgenic stable lines.
For the rescue experiment, 25 ng/uL pXIG-cfos-tbx5a vector with two copies of
CNS12sh was injected into one-cell stage hst embryos with 50 ng/uL trans-
posase RNA and phenol red. pXIG-cfos-tbx5a vector without the enhancer was
used as a control. Genomic DNA was extracted from wild-type, heterozygous,
and homozygous hst embryos at 72 hpf, and PCR was performed with
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zebrafish tbx5a exon8 and intron8 primers (Table S2). PCR products were
sequenced to identify homozygous tbx5a mutants. Embryos were photo-
graphed on a Leica M205FA microscope.
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