Proc. Natl. Acad. Sci. USA
Vol. 93, pp. 13036-13041, November 1996
Evolution

Evolutionary analyses of hedgehog and Hoxd-10 genes in fish
species closely related to the zebrafish

(developmental genes/Sonic hedgehog/functional domains /homeobox /paralogues)

RAFAEL ZARDOYA, EHAB ABOUHEIF, AND AXEL MEYER*

Department of Ecology and Evolution and Program in Genetics, State University of New York, Stony Brook, NY 11794-5245

Communicated by Ernst Mayr, Museum of Comparative Zoology, Cambridge, MA, August 22, 1996 (received for review April 19, 1996)

ABSTRACT The study of development has relied primar-
ily on the isolation of mutations in genes with specific func-
tions in development and on the comparison of their expres-
sion patterns in normal and mutant phenotypes. Comparative
evolutionary analyses can complement these approaches. Phy-
logenetic analyses of Sonic hedgehog (Shi) and Hoxd-10 genes
from 18 cyprinid fish species closely related to the zebrafish
provide novel insights into the functional constraints acting
on Shh. Our results confirm and extend those gained from
expression and crystalline structure analyses of this gene.
Unexpectedly, exon 1 of Skh is found to be almost invariant
even in third codon positions among these morphologically
divergent species suggesting that this exon encodes for a
functionally important domain of the hedgehog protein. This
is surprising because the main functional domain of Shh had
been thought to be that encoded by exon 2. Comparisons of Shh
and Hoxd-10 gene sequences and of resulting gene trees
document higher evolutionary constraints on the former than
on the latter. This might be indicative of more general
evolutionary patterns in networks of developmental regula-
tory genes interacting in a hierarchical fashion. The presence
of four members of the hedgehog gene family in cyprinid fishes
was documented and their homologies to known hedgehog
genes in other vertebrates were established.

Many vertebrate homologues of Drosophila developmental
regulatory genes have recently been identified (1-4). These
discoveries provide intriguing evidence that comparable on-
togenetic processes, even in species from different phyla, can
be regulated by homologous and evolutionarily conserved
signaling factors. Despite their high degree of sequence con-
servation and their similarity of interactions in developmental
networks, the expression of these homologous developmental
control genes results in drastically a divergent Baupléne like
those of insects and vertebrates. The homology and often
extensive degree of sequence similarity illustrates the some-
what paradoxical contradiction between biological diversifica-
tion among different animal phyla and the phylogenetic con-
servation of some developmental genes and their interactions.

Originally identified by Niisslein-Volhard and Wieschaus (5)
in Drosophila, the hedgehog (hh) gene has emerged as one of
the most interesting and important developmental genes char-
acterized so far. In Drosophila, hh has been reported to
regulate embryonic segmentation and patterning (6), whereas
in vertebrates one member of the 4k gene family, the protein
encoded by the Sonic hedgehog (Shh) gene, controls several
developmental processes including dorsal-ventral patterning
of the neural tube (7), left-right distinction (8, 9), and limb bud
morphogenesis (10). One of the most interesting long-range
signaling activities of the Shh protein is the regulation of limb
bud patterning in vertebrate embryos (1, 3, 11-13). Recent
evidence indicates that the effect of Shh signal on mesenchy-
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mal limb bud proliferation is indirect and is mediated through
a wide variety of secondary transductional factors (10). No-
tably, the expression of posterior members of the HoxD gene
cluster (i.e., Hoxd-10 to Hoxd-13) is associated with Shh gene
expression, in the early developmental stages of the mesoderm
primordium of fish and tetrapods (14, 15). Furthermore,
differential late distal expression patterns of Shhi and Hoxd-10
to Hoxd-13 genes in fish and tetrapod limb buds is responsible
for the development of fins and limbs (15). Both hh and Shh
proteins are expressed as precursors that undergo self-cleaving
and secretion events (16, 17). After autoprocessing, N-
terminal and C-terminal fragments are generated and locally
released. The N-terminal processed form corresponds to exons
1 and 2 and seems to be implicated in short- as well as
long-range signaling activities, whereas the C-terminal portion
of the protein is encoded by exon 3 and has the autoproteolytic
activity (18).

The recently determined crystal structure of the N-terminal
signaling domain of Shh revealed the presence of an unsus-
pected zinc-coordinated catalytic site (19). The discovery of
this catalytic site, which had not been predicted based on the
amino acid sequences, emphasizes that Shh might have fea-
tures and functions that still await discovery. Herein, we use an
alternative approach to improve our understanding of both the
evolution of ontogenetic processes and the developmental
genes that regulate them (20). This method involves the study
of the evolutionary history of developmental genes to char-
acterize the evolutionary and presumably functionally permis-
sible variation within them and to discover conserved func-
tional domains.

MATERIALS AND METHODS

Samples and DNA Extraction. Total DNA was extracted as
described (21) from muscle of individuals of 18 cyprinid
species related to the zebrafish (Danio rerio): Danio frankei,
Danio kerri, Danio pulcher, Danio sp. aff. albolineatus, Danio
sp. aff. tweediei, Devario devario, Devario cf. aequipinnatus,
Devario pathirana, Devario malabaricus, Rasbora heteromor-
pha, Rasbora elegans, Rasbora paviei, Amblypharyngodon chu-
labhornae, Pseudorasbora cf. parva, Tanichthys albonubes, Pun-
tius tetrazona, Puntius conchonius, and Carassius auratus.

PCR Amplification, Cloning, and DNA Sequencing. Four
sets of PCR primers were designed to consistently amplify Shh
exon 1 (Shhl1-F, 5'-CTGGCCTGTGGTCCCTGGCAGAGG-
3’; Shh1-R, 5'-CTGAGTCATGAGCCGGTCC GCTCC-3'),
Shh exon2 (Shh2-F, 5'-GACAAGCTGAACGCACTGGCC-
ATCTC-3’; Shh2-R, 5'-CTTTGGACTCGTAATAGACCC-
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AGT-3"), Hoxd-10 exon 1 (Hoxd10.1-F, 5'-ATGTCCTTTC-
CCAACAGCTCTCC-3'; Hoxd 10.1-R, 5'-TTTGCCTTCTC-
TGTGTGGCAATT-3"), and Hoxd-10 exon 2 (Hoxd10.2-F,
5'-GCAGAATCTAAAAACGACACACC-3’; Hoxd10.2-R,
5'-CTAGGTTTTTGATTTGCACTTGT-3"). Amplification
by the polymerase chain reaction (PCR) was conducted with
30 PCR cycles (denaturing at 94°C for 60 s, annealing at
50-56°C for 60 s, and extending at 72°C for 60 s). An aliquot
of the PCR product was cloned with the pGEM-T vector
(Promega) following the manufacturer’s instructions. Positive
clones were sequenced in both directions with an Applied
Biosystems 373A Stretch DNA sequencer using the Taq Dye
Deoxy Terminator Cycle Sequencing kit (Applied Biosystems)
and M13 universal (—40) and reverse sequencing primers
following the manufacturer’s instructions. Sequencing errors
resulting in frame shifts in the originally reported Hoxd-10
zebrafish sequence (15) were discovered shortening the actual
size of the gene.

Sequence Analyses. A multiple alignment was performed
using CLUSTAL W (22). DNA sequence data were analyzed (23)
by maximum parsimony (MP) method (23) (Heuristic search,
TBR, MULPARS, 10 random stepwise addition) with PAUP
version 3.1.1 (23), and by neighbor joining (NJ) (24) (based on
Kimura distance matrixes; jumble option in effect) and max-
imum likelihood (ML) (25) (Ti:Tv of 2:1; one category of
substitution rates; input order randomized 10 times) methods
using PHYLIP version 3.5 (25). The robustness of the inferred
trees was assessed by the bootstrap method (26) as imple-
mented in PAUP and PHYLIP with 500 pseudoreplications.
Establishment of orthologous relationships among the differ-
ent members of the vertebrate hedgehog gene family by the NJ
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method (24) was conducted with PAUP version 4.0d47 (27)
using the midpoint rooting option and 1000 bootstrap pseu-
doreplications.

RESULTS AND DISCUSSION

Shh Gene Is Phylogenetically More Constrained Than Hoxd-
10. We amplified via the PCR, exons 1 and 2 of Shh and the
two exons of the Hoxd-10 gene in 18 cyprinid fish species that
are closely related to the zebrafish (Danio rerio), an important
model system in vertebrate developmental biology (28). In-
terestingly, for both sets of genes, most of the nucleotide
variation at this level of evolutionary comparison is limited to
synonymous substitutions (replacement/silent substitutions
ratios: Shh exon 1 = 1:5; Shh exon 2 = 2:5; Hoxd-10 exon 1 =
1:1; Hoxd-10 exon 2 = 1:3). When all these gene sequences
were combined, all three commonly used methods of phylog-
eny reconstruction arrived at identical hypotheses about the
evolutionary relationships among these genes and the species
that contain them (Fig. 14). These results are in almost
complete agreement with those based on morphological (29)
and mitochondrial DNA characters (20, 30).

In the zebrafish and its relatives, Shh and Hoxd-10 genes
were found to contain different levels of DNA variation
(proportion of variable sites: Shh = 12.6%; Hoxd-10 = 20.1%)
and phylogenetic information (Fig. 1 B and C). The level of
mutation variation of Shh exons 1 and 2 is lower than that of
Hoxd-10 exons 1 and 2 (Fig. 1 B and C) indicating that this
upstream control gene is more stringently constrained in its
molecular evolution than is the downstream effector gene.
Moreover, the observed permissible occurrence of insertion
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Fic. 1. Majority-rule bootstrap MP tree (500 replications; 10 random stepwise addition of taxa, TBR branch swapping, MULPARS) (23) based
on (A) the combined data set of Shh gene exons 1 and 2 and Hoxd-10 exons 1 and 2 (about 1300 bp per species); (B) Shh exons 1 and 2 combined;
and (C) Hoxd-10 exons 1 and 2 combined. Nodes with bootstrap values below 50% were forced to collapse and yield polytomies. NJ and ML methods
arrived at identical topologies to that shown for MP. Goldfish (Carassius auratus) was used as an outgroup for all trees.
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and deletion events in vertebrate Hoxd-10 (31, 32) but not in
Shh (1-3, 33) reinforces the notion of an extremely high degree
of sequence conservation in Shh genes. It will be interesting to
investigate whether these divergent patterns of evolutionary
constraints on upstream and downstream regulator genes are
more widespread than previously recognized. These different
levels of evolutionary and functional constraint may be due to
the effect of the hierarchical position of these genes in the
nexus of interactions that control developmental events. Al-
ternatively, these divergent patterns may be associated with the
biochemical properties that are demanded by the secreted and
long-range (Shh) or intracellular and short-range (Hoxd-10)
signaling character of these proteins.

Shh Gene Exon 1 Is Evolutionarily Conserved in Verte-
brates. An important and unanticipated outcome of our
evolutionary analyses of the Shh genes is that exon 1 is at least
as conserved as exon 2 (proportion of variable sites: Shh exon
1 =9.5%; Shh exon 2 = 16.0%; see Fig. 2); the latter is thought
to encode the major functional domain of this gene (3, 19). The
extremely high evolutionary conservation of Shh exon 1 that
extends even to third codon positions among the relatives of
the zebrafish suggests that there are strong selective con-
straints against changes in this region and might imply a
functional role for the DNA sequence itself. One, among
other, potential explanations for this strict conservation might
be that fidelilty of codon recognition by the most abundant
tRNA types is required since developmental genes are often
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expressed at high levels during short periods of time in early
development (34).

Krauss et al. (3) compared the predicted amino acid se-
quences of zebrafish Shh and Drosophila hh and identified a
highly conserved domain in exon 2 (77% identity) that was
proposed to be essential for the signaling activity of the
protein. We find that the exon 2 domain shares 90% amino acid
identity among vertebrates. The same comparisons for exon 1
show that zebrafish Shh and Drosophila hh exon 1 domains
share only 55% amino acid identity, whereas zebrafish Shh and
its vertebrate counterparts {mouse (1), chicken (2), frog (33),
rat (35), and human [V. Marigo, D. J. Roberts, S. M. K. Lee,
O. Tsukurov, T. Levi, J. M. Gastier, D. J. Epstein, D. J. Gilbert,
G. G. Martin, N. G. Copeland, C. E. Seidman, N. A. Jenkins,
J. G. Seidman, A. P. McMahon, and C. Tabin (1995) GenBank
accession nos. 138517 and L38518.]} share 97% amino acid
identity, an even higher level than that of exon 2. These
comparisons suggest that the functional domain of exon 1
might be a novel acquisition of vertebrates. This hypothesis can
be tested by determining and comparing the rates of evolution
of both exons in invertebrate phyla.

Vertebrate Hedgehog Gene Family. Two paralogues (Fig. 3)
of Shh exon 2 were identified by sequencing up to 30 clones for
each of the zebrafish-related species. For example, the cloning
and sequencing of 30 clones of the Danio rerio PCR product
yielded 11 Shh, 16 Indian hh (Ihh) and 2 Desert hh (Dhh)
clones [following the nomenclature established by Echelard et
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Fic. 2. Fifty percent majority-rule NJ bootstrap tree (500 replications) (24) and groupings compatible with it, based on Shh exon 1 (4) and
Shh exon 2 (B). Nodes with bootstrap values below 50% were forced to collapse. Shh exon 1 was found to have less phylogenetic resolution than
Shh exon 2, reflecting its extremely low rate of evolution. Hence, it is likely that both exon 1 and exon 2 domains are functionally important. Goldfish

(Carassius auratus) was used as an outgroup for all trees.
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FiG. 3. Hydrophatic profiles of cyprinid hedgehog exon 2 paral-
ogues. PCR primers designed to amplify Shh exon 2 within cyprinids,
also amplified two other exon 2 paralogues [/hh and Dhh according to
the nomenclature of Echelard et al. (2)]. The hydrophilicity of the
deduced amino acid sequences for all exon 2 paralogues was calculated
by the Kyte—Doolittle method (36) using the MACVECTOR program
(IBI). Secondary structures (19) assigned to Shh exon 2 are shown.
Coordinating and noncoordinating residues likely to be important for
catalysis are indicated by an asterisk. Positions that characterize each
of the paralogues are indicated by a dot.

al.(2)]. These two paralogues are the same as those described
by Krauss et al. (3) from zebrafish. A fourth member of the
hedgehog family, tiggy-winkle hedgehog (rwhh), has recently
been found in zebrafish (37); however, with this set of primers
we were unable to detect it in any of the species assayed.
Nevertheless, we were able to amplify twhh in one represen-
tative species from each genus (with the exception of Am-
blypharyngodon and Rashora) with specifically designed prim-
ers that discriminate this paralogue from others (twhh-2F,
5'-CGCTGTAAGGACAAGTTA-3" and twhh-2R, 5'-
TGCAAGCCTGGATAGCA-3'). In some relatives of the
zebrafish, two alleles were found suggesting that this develop-
mental gene is likely to contain variation at the population
level, as has been recently demonstrated for the Drosophila Ubx
gene (38). Comparisons of the deduced amino acid sequences
for each of the paralogues (Fig. 3) revealed that changes among
paralogues are localized at the edge of a-helix 1 and B-sheet
3, in the core of a-helix 2, and in the loops connecting those
structures (19). The putative residues involved in the zinc
coordination site (19) are highly conserved among all three
paralogues. The exon 2 domain for each of the paralogues is
highly hydrophilic as shown by the deduced hydrophatic pro-
files (36) (Fig. 3). Interestingly, differences at the amino acid
level among paralogues do not affect the hydrophatic character
and the putative tertiary structure of the domain (Fig. 3). This
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might imply that the other hedgehog family members may have
similar regulatory functions to those of Shk; however, this
hypothesis remains to be tested by comparing expression
patterns as well as phenotypes induced by ectopic expression
assays. There is increasing evidence that the selective main-
tenance of functionally redundant paralogous copies of Shh
may be explained by the tissue-specific expression of particular
paralogues—i.e., Shh is mainly expressed in notochord, floor
plate, and limb (e.g., refs. 2 and 3), whereas twhh is detected
in floor plate (37), Ihh is expressed in gut and cartilage (39, 40),
and Dhh is expressed in Sertoli cell precursors (41).

The existence of several members of the hedgehog gene
family has also been reported for chicken (1, 40), mouse (2),
frog (33), and human [V. Marigo et al. (1995) GenBank
accession nos. 1.38517 and L38518]. The phylogenetic analysis
of the different cognate members of the hedgehog gene family
from vertebrates allowed us to establish likely homology
relationships among members of this gene family (Fig. 4). The
complete amino acid sequences (exons 1-3) of the known
vertebrate hedgehog genes were subjected to all three com-
monly used methods of phylogenetic inference (MP, NJ, and
ML). Ambiguous alignments (mainly in exon 3) were excluded
from the analyses. By using our results, the members of the
vertebrate hedgehog gene family can be classified into three
major orthology groups, Shh, Ihh, and Dhh (Fig. 4). Previous
studies have suggested homologous relationships for some of
the hedgehog gene family based on simple comparisons of
percentage identity (e.g., refs. 2, 3, 33, and 37). However, these
reported relationships should be interpreted with caution since
both convergent and divergent autopomorphies (i.e., unique
evolutionary changes) can influence the degree of similarity
and can potentially lead to false assignments of homology
based on this criterion. For example, residue 122 in zebrafish
Dhh (lysine) (Fig. 3) might have been considered constant in
all three paralogues increasing the percentage of identity of
this copy to the other two zebrafish hedgehog gene family
members. However, the amino acid sequences of other cyp-
rinid fish Indian hedgehog copies found this residue to be a
convergent homoplasious change in Dhh and Shh copies.
Therefore, statements about homology among members of a
gene family must be based on gene-tree phylogenetic analyses
(Fig. 4). Kumar et al. (43) also recently analyzed the evolution
of a smaller set of vertebrate hedgehog genes and report
finding similar relationships to ours. Correct homology assign-
ment is crucial for the comparative study of function and
inferrences about evolutionary shifts in function; i.e., changes
in spatial or temporal expression patterns among paralogues of
a multigene family. Establishing orthology on the basis of
similar expression patterns in time or space has lead to the
unfortunate concept of “functional homology” (44, 45). This is
not a valid criterion to establish true orthologous relationships
since paralogous members of a gene family might serve similar
functions in different species or, alternatively the functional
roles of orthologous genes can change through evolution. Case
in point is the Echidna hedgehog (Ehh) gene that was recently
discovered in zebrafish (42). The expression of this gene is
necessary for the induction of muscle pioneers in zebrafish
(42). However, although this gene performs novel functions in
development, it does not belong to an entirely new group of
vertebrate hedgehog genes, as had been suggested (42), but
rather appears to be the Ihh orthologue in zebrafish (Fig. 4).
Therefore, similarity or dissimilarity in function are not a
reliable indicators of homology, a relationship that is due to
shared evolutionary history and can only be discovered
through evolutionary analyses.

As far as is known, there is no evidence for the existence of
more than one copy of 44 in invertebrates (46, 47). According
to our analyses (Fig. 4), the three major members of the
hedgehog gene family were likely generated by two gene
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Fi1G. 4. Homologous relationships among members of the vertebrate hedgehog gene family. Majority-rule bootstrap NJ tree (1000 replications).
Numbers above branches indicate bootstrap values. Midpoint rooting option of PAUP Version 4.0d47 (27) was used to root the NJ tree. Branch lengths
are propotional to distances. According to this NJ tree, sequences were classified into three groups: Dhh, Ihh, and Shh as shown by three distinct
shaded bars. The existence of these three orthology clades is corroborated by MP and ML methods (data not shown). Nomenclature of the
paralogues follows that of the original studies [refs. 2, 3, 33, 37, 40, and 42; and V. Marigo et al. (1995) GenBank accession nos. L38517 and L38518].

duplication events in which Skhh and Ihh arose more recently,
whereas the Dhh paralogue is the most basal member of this
gene family. There appear to have been recent duplication
events of the Shh gene in zebrafish that resulted in a new
member of the hedgehog gene family, twhh (37), and of the
Dhh gene in frog that resulted in a new member, 4hh. It has
been suggested that the establishment of the vertebrate hedge-
hog gene family clearly preceded the evolution of vertebrates
and possibly chordates (43). Future studies might want to focus
on the precise phylogenetic timing of hedgehog gene duplica-
tion events to elucidate whether these events are correlated
with increasing morphological complexity during evolution
such those that have been suggested at a macroevolutionary
scale for homeobox genes in Hox-gene clusters (48, 49).
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