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The duplication of Hox clusters and their maintenance in a lineage has
a prominent but little understood role in chordate evolution. Here we
examined how Hox cluster duplication may influence changes in
cluster architecture and patterns of noncoding sequence evolution.
We sequenced the entire duplicated HoxAa and HoxAb clusters of
zebrafish (Danio rerio) and extended the 5’ (posterior) part of the
HoxM (HoxA-like) cluster of horn shark (Heterodontus francisci) con-
taining the hoxa71 and hoxa13 orthologs as well as intergenic and
flanking noncoding sequences. The duplicated HoxA clusters in ze-
brafish each house considerably fewer genes and are dramatically
shorter than the single HoxA clusters of human and horn shark. We
compared the intergenic sequences of the HoxA clusters of human,
horn shark, zebrafish (Aa, Ab), and striped bass and found extensive
conservation of noncoding sequence motifs, i.e., phylogenetic foot-
prints, between the human and horn shark, representing two of the
three gnathostome lineages. These are putative cis-regulatory ele-
ments that may play a role in the regulation of the ancestral HoxA
cluster. In contrast, homologous regions of the duplicated HoxAa
and HoxAb clusters of zebrafish and the HoxA cluster of striped
bass revealed a striking loss of conservation of these putative cis-
regulatory sequences in the 3’ (anterior) segment of the cluster,
where zebrafish only retains single representatives of group 1, 3, 4,
and 5 (HoxAa) and group 2 (HoxAb) genes and in the 5’ part of the
clusters, where zebrafish retains two copies of the group 13, 11, and
9 genes, i.e., AbdB-like genes. In analyzing patterns of cis-sequence
evolution in the 5’ part of the clusters, we explicitly looked for
evidence of complementary loss of conserved noncoding sequences,
as predicted by the duplication-degeneration-complementation
model in which genetic redundancy after gene duplication is resolved
because of the fixation of complementary degenerative mutations.
Our data did not yield evidence supporting this prediction. We
conclude that changes in the pattern of cis-sequence conservation
after Hox cluster duplication are more consistent with being the
outcome of adaptive modification rather than passive mechanisms
that erode redundancy created by the duplication event. These results
support the view that genome duplications may provide a mechanism
whereby master control genes undergo radical modifications condu-
cive to major alterations in body plan. Such genomic revolutions may
contribute significantly to the evolutionary process.

ox genes encode transcription factors that control pattern

formation along the anterior-posterior axis (1). Hox genes
are organized in clusters produced by a series of tandem
duplications of progenitor gene(s) long before the protostome-
deuterostome split (2). Although cluster organization has been
maintained in both protostome (e.g., Drosophila) and deuteros-
tome (e.g., human) lineages, the number of Hox clusters varies.
To date, all protostome lineages have a single Hox cluster (3-8).
The number of clusters in deuterostomes ranges from one (e.g.,
amphioxus; ref. 5) to several [e.g., four in mammals (9) and seven
in zebrafish (10)]. Hox clusters have been shaped by different
molecular evolutionary processes including tandem gene dupli-
cations (2, 11), cluster duplication and subsequent gene loss (10,
12), gene sequence divergence, functional divergence, and reg-
ulatory element evolution. Hox clusters also display the phe-
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nomenon of colinearity, in which the position of a gene in the
cluster is related to its spatiotemporal pattern of expression
along the A-P axis. The study of Hox clusters, therefore,
provides the opportunity to understand the relationship between
molecular evolution, genome organization, and gene expression.
Here we report on the molecular evolution of the HoxA cluster
in representatives of the three major gnathostome lineages, horn
shark (cartilaginous fish), common zebrafish (ray-finned fish),
and human (lobe-finned fish).

HoxA cluster organization and gene complement is highly con-
served between horn shark and human (13). Here we first asked
whether this conservation extends to noncoding DNA sequences,
i.e., can the criterion of evolutionary conservation identify candi-
date cis-regulatory sequences that may be responsible for HoxA
cluster and gene regulation? To address this question, we sequenced
the 5" (posterior) part of the HoxM (HoxA-like) cluster of the horn
shark (Heterodontus francisci), which includes the previously undis-
covered hoxall and unsequenced hoxal3 orthologs, as well as
considerable stretches of noncoding DNA and spliced these se-
quences to the partial HoxA-like cluster of horn shark reported in
ref. 13, generating a contig that spans the entire cluster. We aligned
this sequence to a contig that contains the entire HoxA cluster
sequence of human. We identified several putative cis-regulatory
sequences that are conserved, some to a striking degree, between
these two distantly related taxa (Fig. 1; Table 1). Our findings
suggest that human and horn shark each may retain and share in
common features of the “archetypal” HoxA cluster in the gnatho-
stome common ancestor.

Working in this framework, we next asked how HoxA cluster
architecture and patterns of putative cis-regulatory sequences
evolve subsequent to cluster duplication. The common zebrafish
(Danio rerio) possesses two HoxA clusters (HoxAa and HoxAb) as
a result of duplication of either the entire genome or local regions
(10). At present, evidence suggests that other teleosts including
pufferfish (Fugu rubripes; ref. 14), cichlid (Oreochromis niloticus;
ref. 12), and likely the striped bass (Morone saxatilis; refs. 12 and 15
and this study) also possess more than one HoxA cluster. To address
the second question, we sequenced the entire HoxAa and HoxAb
clusters of the common zebrafish and present a detailed description
of their structural and putative cis-regulatory features. Differences
in cluster architecture and patterns of putative cis-regulatory se-
quences between the duplicated HoxA clusters of zebrafish and the
single HoxA clusters of horn shark and human (Fig. 1; Table 1) have
yielded significant insights and raised interesting questions on the
molecular evolutionary processes that have shaped the HoxA
cluster in gnathostomes.

Abbreviations: PF, phylogenetic footprint; PFC, phylogenetic footprint cluster; PAC, P1
artificial chromosome.

Data deposition: The sequences reported in this paper have been deposited in the GenBank
database (accession nos. AC107364, AC107365, and AF479755).

*To whom reprint requests should be addressed. E-mail: chiu@biology.rutgers.edu.

The publication costs of this article were defrayed in part by page charge payment. This
article must therefore be hereby marked “advertisement” in accordance with 18 U.S.C.
§1734 solely to indicate this fact.

www.pnas.org/cgi/doi/10.1073/pnas.052709899



d PP e b b PP
5 " m m w0l m m mom - e m 9m mw g
bw 13 1 10 T 6 5 e 3 2 1
P pp pp abc de fg =
® . ‘m AN mam » »» =
7T 6 5 ek
. . PP Y =TT L P
c d pp c - - pp
5 e aem n o u W« m_ mm . aa Pm m g
e 13 11 10 9 ¥ 6 5 4 3 2 1
a b
_l_::g_z__l_l_p:l_;pp —
5 A__em m 3
" ) evx1 13 1 9 5 4 3 1
4 ppabc be pp
5 om  lmoal m wm 3
b 18 1 10 9 2
| | l | | | |
0 10 20 30 40 50 60 70 ) 90 100 110 120 130
kilobases

Fig. 1.

HoxA clusters for human (Hs A), horn shark (Hf M), zebrafish (Dr Aa), and zebrafish (Dr Ab) are drawn schematically. Coding regions of each gene on a cluster

arerepresented by dark blue squares. For human and horn shark only, the region spanning from hoxa7to hoxa4is enlarged. Phylogenetic footprint clusters (PFCs) within
each intergenic region share the same geometric shape; letters above shape are as found in Table 1. Note that except for the region between hoxa7 and hoxa4, the
only PFCs shown are those that are present in human and/or horn shark as well as at least one of the zebrafish clusters. PFCs shared between human and horn shark
are red shapes. A red shape with an asterisk designates a PFC that is found only in human or horn shark. PFCs on the zebrafish HoxAa cluster that are homologous to
hornshark and/or human are magenta shapes. PFCs on the zebrafish HoxAb cluster that are homologous to horn shark and/or human are light blue shapes. PFCs shared
only by zebrafish HoxAa and HoxAb clusters or by at least one zebrafish cluster and the HoxA cluster of striped bass (Table 1) are yellow shapes. PFCs shared by all four
clusters (taxa) are green shapes. See text and Table 1 for description. The line indicates distance in kilobases (kb).

Materials and Methods

Genomic DNA Sequencing. Two P1 artificial chromosome (PAC)
genomic clones containing the entire HoxAa [241-17 (10, 16) and
HoxAb (10-O19); ref. 17] clusters of zebrafish were shotgun-
sequenced and contiged at the Whitehead Institute Center for
Genome Research (Massachusetts Institute of Technology, Cam-
bridge, MA). Clones 241-17 and 10-O19 have the GenBank acces-
sion nos. AC107364 and AC107365, respectively. In addition, we
sequenced an isolated PAC clone (45E) of the horn shark (Gen-
Bank accession no. AF479755) that extends the HoxM (HoxA-like)
cluster 5" of the group 10 gene and spliced the sequence to
nucleotide position 1 of clone Hetl (GenBank accession no.
AF224262; ref. 13), generating a 124,487-bp contig that contains the
entire HoxA cluster (Fig. 1). The human HoxA cluster sequence
spans nucleotide positions 181,288-344,666 of a larger contig
(GenBank accession nos. AC004079, AC004080, and AC010990).

Cluster Alignment and Sequence Comparisons. We assembled,
aligned, and analyzed nucleotide sequences of the entire HoxA
clusters of horn shark, zebrafish (Aa, Ab), and human (Fig. 1).
Some analyses included partial HoxA cluster sequences of the
striped bass (GenBank accession no. AF089743; ref. 15). HoxA
clusters were confirmed as orthologous by using two methods: (7)
whole cluster alignments, drawn as percentage identity plots, using
the PIPMAKER program (http://bio.cse.psu.edu/pipmaker/; ref. 18)
and (i) evolutionary analyses of coding regions (data not shown).
Individual sequence files of each HoxA intergenic region also were
constructed for each taxon. For example, four intergenic sequence
files were created for the DrHoxAb sequence (hox13-11b, hox11-
10b, hox10-9b, and hox9-2b; see Fig. 1).

Phylogenetic Footprints (PFs) and PFCs. PFs are defined as short
blocks of noncoding DNA sequence, typically 6 bp or more, that are
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100% conserved in taxa that have an additive evolutionary time of
at least 250 million years (19). So-identified PFs are putatively
functional cis elements and in several cases have been shown to
regulate gene expression (e.g., ref. 20). We identified PFs in
intergenic regions using CLUSTAL W (21), PIP (18), and BAYESIAN
(22) alignment methods; the latter method does not require preset
gap penalties. Most PFs were found to be (i) in close proximity to
one another, i.e., at least two and as many as 13 PFs are located
within 200 bp, and (if) located at comparable distances, in nucle-
otides, from the 3’ gene of each intergenic region (Table 1). We
designated these PFCs, organized and named according to the
specific intergenic region, starting with the letter “a” and moving in
a 5'-to-3' direction. A PFC located within 350 bp upstream of the
start codon is a “proximal promoter.” The results are summarized
in Table 1. The full data set of PF and PFC sequences is available
at the website of C.-h.C. (http://lifesci.rutgers.edu/~molbiosci/
Professors/chiu.html).

Results

HoxA Cluster Architecture and Evolution by Duplication. Here we
sequenced an isolated PAC clone of the horn shark that extends the
HoxA-like cluster (13) at the 5" end (Fig. 1). Although clone 45E
extends nearly 60 kb upstream of hoxa 13, it does not contain an evx/
gene. The exact number of Hox clusters in the horn shark is yet to
be determined; however, the results illustrated in Fig. 1 are con-
sistent with the possibility that cartilaginous (e.g., horn shark) and
lobe-finned [e.g., lungfish (23) and human (9)] fishes each possess
a single HoxA-like cluster with a diagnostic architecture and size of
~110 kb.

We also sequenced PAC clones containing the entire HoxAa and
HoxAb clusters of zebrafish. In striking contrast to the HoxA
clusters of human and horn shark, the duplicated zebrafish clusters
are highly modified in structure, most notably in reduced gene
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complement (10) and overall size (Fig. 1). Counting from the first
nucleotide of the hoxal3a gene to the last nucleotide of the hoxala
gene, the zebrafish HoxAa cluster is 57,871 bp. The evx! gene is only
~10 kb upstream from the hoxal3a gene, much shorter than
the 44-kb distance in human. Counting from the first nucleotide of
the Hoxal3b gene to the last nucleotide of the Hoxa2b gene, the
zebrafish HoxAb cluster is only 33,347 bp, approximately one-third
the size of the HoxA clusters of human or horn shark. The genes
in paralog groups 7 and 6 are lost in both zebrafish clusters. The
genes in paralog groups 5-1 are maintained in complementary sets
in the zebrafish clusters (Fig. 1; ref. 10). The segment 3’ of the group
9 paralog in the HoxAb cluster is much shorter than the same
segment in the HoxAa cluster; both are shorter than the ortholo-
gous segments of the horn shark and human HoxA clusters (Fig. 1).
Interestingly, the posterior segments of each zebrafish HoxA cluster
that contain the Abd-B-like genes (paralog groups 9, 10, 11, and 13),
have remained similar in size to one another. Unlike the situation
in the 3’ end of the clusters, however, only one gene, paralog group
10 on the zebrafish Aa cluster, has been lost after the cluster
duplication (Fig. 1). Note that the intergenic distance between the
group 11 and 9 paralogs on the HoxAa cluster is not reduced by the
loss of the group 10 gene. These observations highlight different
patterns of evolution of the 3" and 5’ parts of the HoxA clusters after
duplication (see below).

The architecture of the striped bass partial HoxA cluster (15)
resembles the zebrafish HoxAa cluster with the presence of group
9, 5, and 4 genes and the absence of a group 6 gene and resembles
the HoxAb cluster with the presence of a group 10 gene. Differ-
ential partitioning of genes after HoxA cluster duplication has been
documented also for Fugu (14); hence, it is possible that the striped
bass has more than one HoxA cluster. Accelerated rates of hoxa4
and hoxa9 coding sequence evolution in the striped bass (12) is
consistent with cluster duplication, as was found for the Hoxalla
and Hoxallb genes of zebrafish (16).

HoxA cis-Sequence Patterns Detected in Human-Horn Shark Compar-
isons. Noncoding sequences between genes, i.e., intergenic regions,
can contain two types of functional sequences: proximal promoter
elements, defined here as the first 350 bp immediately 5’ of the first
codon, and “distal” elements, which act to enhance or suppress
gene expression. We identified putatively functional, intergenic cis
sequences using two criteria: evolutionary conservation and dis-
tance, in nucleotides, of cis-sequence elements to each other and to
the anterior-most (3") gene of each pair. As illustrated in Table 1,
we found that the HoxA clusters of human and horn shark share a
striking degree of cis-sequence conservation. PFCs are distributed
throughout homologous regions of the human and horn shark
HoxA clusters, with the highest concentration of PFCs near the 4,
5, and 6 orthologs (Fig. 1). The 2, 5, 6, 7, 9, and 11 orthologs of
human and horn shark share conserved, putative proximal pro-
moters. The 9-7-pp sequence (Table 1), which is a proximal
promoter of soxa7, also is conserved in the hoxa7 proximal region
of mouse and chick (24). A number of PFCs detected upstream
(6-5-a, 6-5-pp) and downstream (5-4-a,b,c,d,e) of the hoxa5 gene
(Table 1; Fig. 1) coincide with an 11.1-kb genomic fragment of
mouse hoxa5 (from —3.8 kb to + 7.3 kb) that reproduces, to a large
extent, the endogenous expression of soxa5 in transgenic mouse
embryos (25). Our findings are consistent with the observations that
for vertebrate taxa, (i) functional cis sequences in one species are
evolutionarily conserved (26, 27) and (if) cis sequences identified
using evolution-based methods are functional when tested (16, 20,
28, 29). It will be important to determine whether the additional
PFCs identified in this study are functional.

Patterns of cis-Sequence Evolution in the Duplicated HoxAa and
HoxAb Clusters of Zebrafish and the HoxA Cluster of Striped Bass. A
major objective of this study was to investigate the patterns of
cis-sequence evolution in the duplicated HoxAa and HoxAb clus-
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ters of zebrafish. We carried out this objective using two ap-
proaches, and each yielded interesting patterns. First, we used the
PFCs identified in the orthologous HoxA clusters of human and
horn shark (Fig. 1; Table 1) as a guide to search for homologous
PFCs in the zebrafish HoxAa and HoxAD clusters. We also included
the sequences of a partial HoxA cluster of the striped bass (15). The
first, most frequent pattern is that the teleost HoxA clusters do not
have homologues, as judged by sequence conservation (see Dis-
cussion), of several PFCs shared by human and shark (Table 1). The
second pattern shows that there are very few PFCs that are shared
in all clusters and all taxa, i.e., are symplesiomorphic for the
archetypal HoxA cluster (Fig. 1; Table 1). Indeed, we detected only
five PFCs: upstream of 13-c, shared in human, horn shark, and
zebrafish (Aa and Ab); 13-11-pp (hoxall proximal promoter),
shared in human, horn shark, and zebrafish (Aa and Ab); 10-9-b,
shared in human, horn shark, zebrafish (Aa and Ab), and striped
bass; 9-7-pp (hoxa7 proximal promoter), shared in human, horn
shark, and striped bass; and 7-6-a, shared in human, horn shark, and
striped bass (Fig. 24). Note, the latter two examples are interesting,
because striped bass, human, and horn shark possess hoxa7 or-
thologs, whereas the gene has been lost in both zebrafish clusters
(Fig. 1; ref. 15). The third major pattern is that, for some HoxA
genes, zebrafish and/or striped bass intergenic sequences retain a
subset of the full spectrum of PFCs identified in the orthologous
HoxA region of human and horn shark (Fig. 1; Table 1). A good
example is PFC 5-4-f, which is one of seven PFCs located in the
hoxa5-hoxa4 intergenic region of the human and horn shark HoxA
clusters and is the only PFC detected in the homologous segment
of the zebrafish HoxAa cluster, which has these two genes (Figs. 1
and 2B; Table 1). In the homologous segment of the striped bass
HoxA cluster, only PFCs 5-4-c, 5-4-d, and 5-4-e are found (Fig. 1;
Table 1).

In the second phase of this analysis, we carried out different
combinations of intergenic sequence alignments to identify PFCs
shared by teleosts, i.e., autapomorphies that may or may not be
associated with duplication, and differential partitioning of ele-
ments conserved with human or horn shark, but not both. The
example for a PFC that is shared only by the zebrafish HoxAa and
HoxAD clusters is 11-9-a, which consists of 10 closely spaced PFs
(Figs. 1 and 2C). By using parsimony, this element was acquired in
the ray-finned fish lineage before the duplication of the HoxA
clusters in zebrafish. We note, however, that the alternative sce-
nario, i.e., independent loss of this element in the separate lineages
leading to both human and horn shark, cannot be excluded entirely.
Most significant to this study, however, is this signature of extensive
cis-sequence conservation in the paralogous zebrafish HoxAa and
AD clusters (see Discussion).

We found six examples of PFCs that are shared between one
zebrafish HoxA cluster and a HoxA cluster of either human or
shark, but not both (Fig. 1; Table 1). The parsimonious interpre-
tation of this pattern is that the PFC is ancestral (plesiomorphic) but
that it has been lost in (i) the HoxA clusters of either horn shark or
human and (i) one of the zebrafish HoxA (Aa or Ab) clusters after
duplication.

Discussion

Our investigations on the molecular evolution of the HoxA
cluster in taxa that represent the three major gnathostome
lineages have produced two significant findings. First, the single
HoxA clusters of two distantly related taxa, the horn shark and
human, are remarkably conserved in architecture and putatively
functional cis-regulatory sequences. Second, the HoxAa and
HoxAb clusters of zebrafish exhibit striking modifications of
these conserved structural and putative regulatory features,
most likely the outcome of HoxA cluster duplication. In fact, Hox
cluster duplication and retention of duplicates in a lineage have
played a prominent, although relatively little understood, role in
the evolution of chordates. Major architectural changes associ-
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HshA7-6-a ATGGGGAAAGGGTCATARATCCGTTGTT-G
HfAT-6-a ATGGGGAAATG-TCATARAT TTGTT-G
MsAT7=-6=-a ~  ======——-—-- TCATARATCCGTTGTTCG

TTT-ATGAAAATTTACAACTTTG--CAATA
TTTTATGAARARTTTACAACTTTG--CAATA
TTTAGTGAARRTTTACAACAGTGGTCAATA

CARCTTT--ATGAGTTGTTCGGCCCTTCCA
GAACTTT--ACGAGTT GGTTTTTCCA
CARCTCTTAACGACCCGGCTCGACATCATA

TTG:

“FCTGTLGQTPAT”T”GHTuéGrAC
GCTGARAGTCA' .
TTGECCCAGCTGTGTCAC

G

CGTGAACATGAACTTTTTT--~--ATAATTT
CGTGAACATGAACTTTTT—-—— ATAATTT
CGTGAACATGAACTTTTCTATATATAATTT

CACTGTATAGACCTTTTAGAAGCG-CAAAG

-GCACTATAGGCCTTTTAGARATGGCTAAG

TLHAAGr*CFGJGLPRPLaLAArGLCA L
CGTCTAACAAATATGAARATGTCGG-CTAG
ACAARATATGAARATGTCGC-CTCA
CGTCTAACAAATATGAARATGTCACATTTT

TGAAGGGCGC
CGAATGGCA

GCCTTGTGATTTAACARAGA
CTTGTTACTTAACARAGA

_)rAa:; 4-f

CAGAGGGCACGCCTTGTTGTTTAACARAGA
HsAS5-4-f CTGTCAATGTGTAAGATTAATAAGARACAR
HfAS-4-f Cr \ATGTATAAGATTAATAAGAAACAR
Draa5-4-f CTGTCAATGAACAAGATTAATARAGCGGCGA
HsAb-4-f ARTGCACACGGTGTCACTGTTCGGTCACTT
HEAS-4-1f C.
DrAab-4-£
Draall=-9-a GCGCATCCTTTGAGGTGCTGAGGAATATCC
DrAbll-%-a GCGCATCCTTTGAGGCTCGATGGAATTTCG
DrAall-%-a GCCTAATTACGGGGACATCCTCCTTGTTGE
Drabll-%-a CCCTAATTACGGC-ACATCC-CCCCGTTGC
DrAall-9-a I"LAGLnPu""""‘ A

DrAbll-%-a TGCAGCAACTCAG'

DrAall-%-a
Drabll-9-a

GTCTGGAGCATTTGGGCAATTGCAGCGTGE
GTCTGGAGCATTTGTAGAARTTGCAGTGAGG

DrAall-%-a
DrAbll-%-a

TGCCATAAACTGTCT
TGCCATARACCGTCT

Fig. 2. PFCs detected in orthologous HoxA clusters. Abbreviations are as
described in the Fig. 1 and Table 1 legends. PFs conserved among all taxa in the
alignment are underlined. TAAT or ATTA motifs are in bold. (A) PFC 7-6-a. (B)
PFC5-4-f. (C) PFC 11-9-a.

ated with cluster duplication include compression and gene loss
(refs. 10, 14, and 15 and this study). Indeed, compression of Hox
clusters during evolution of the chordates is a definite trend if
one considers that the single Hox cluster of the protochordate
Amphioxus is ~400 kb (11), each of the four Hox clusters (A, B,
C, and D) in human is ~110 kb, and the additional, i.e., greater
than four, Hox clusters of euteleosts are considerably shorter
than 110 kb (Fig. 1; ref. 15). The duplicated HoxA clusters of
zebrafish also exhibit a trend of gene loss, particularly in the 3’
cluster segment where hoxa7 and hoxa6 are lost in both clusters
and the other 3’ genes are retained in complementary sets: hoxa2
in the HoxAb cluster and hoxa5, hoxa4, hoxa3, and hoxal in the
HoxAa cluster (Fig. 1; ref. 10). Interestingly, we found cluster
compression to be correlated only loosely with gene loss. Our
data on the exact intergenic distances of genes housed in the
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zebrafish HoxAa and HoxAb clusters (Fig. 1) show that the
distance between hoxalla and hoxa9a in the HoxAa cluster is
slightly larger than the same intergenic region in the HoxAb
cluster, even though the HoxAa cluster does not have a hoxal0a.
Hence, our results on the zebrafish provide further confirmation
that cluster compression is caused primarily by a decrease in
intergenic distances, as found previously for pufferfish (14) and
striped bass (15).

Cluster and/or gene(ome) duplications create functional redun-
dancy that can be resolved by different molecular evolutionary
mechanisms including the loss of one of the duplicate daughters,
and the remaining daughter carries out the ancestral function(s)
(e.g., semiconservative; ref. 30) that could account for the trend of
gene loss and shortening of intergenic sequences or by retention of
both daughter duplicates via subfunctionalization (31, 32). A highly
feasible mechanism by which subfunctionalization occurs is the
so-called duplication-deletion-complementation model (32)
whereby the two duplicate genes retain complementary subsets of
the cis-regulatory sequences and functional repertoire of the pro-
genitor gene. Such a mechanism, acting on duplicated Hox clusters,
could produce shortening of intergenic, noncoding sequences,
which suggests that changes in the zebrafish HoxAa and HoxAb
cluster architecture and patterns of conservation of cis-regulatory
sequences could be a passive consequence of the processes outlined
above that erode genetic redundancy created by the duplication
event. However, we found patterns of noncoding sequence evolu-
tion that are largely inconsistent with the expectations that follow
from these processes.

Conservation of noncoding sequences is a powerful method of
identifying functional cis-regulatory sequences (20, 27). We found
the single HoxA clusters of horn shark and human to share a
striking degree of putatively functional cis-sequences, particularly
among the “anterior” (3') HoxA genes (Fig. 1; Table 1). These
results imply that there is strong selection for maintaining cis-
regulatory sequence motifs that most likely are necessary for
essential (plesiomorphic) Hox gene functions ancestral for gnatho-
stomes. Hence, it is reasonable to expect that a cis sequence that is
conserved in the ancestral lineage before duplication will be
retained in one of the duplicated daughter genes, especially if its
sister duplicate is lost, and the remaining gene has to perform the
function(s) of the ancestral gene. Our results on the duplicated
HoxA clusters of zebrafish are inconsistent with this expectation.
Although we did find a small number of conserved cis sequences in
the 3’ segment of the zebrafish HoxAa or HoxAb clusters that retain
at most a single copy of any 3’ gene (Fig. 1), the majority have been
lost. We infer from these results that the essential Hox gene
functions in zebrafish are performed with different cis-regulatory
elements (e.g., phenogenetic drift; ref. 33) than of the ancestral gene
with cis elements highly conserved in horn shark and human. It is
important to note that although the majority of noncoding se-
quences of the zebrafish HoxAa and HoxAb clusters show little or
no homology at the sequence level to HoxA cluster sequences of
horn shark and human (Table 1), it is possible that they are
homologous in function. This phenomenon has been reported
elsewhere for nonvertebrate metazoans (e.g., even-skipped stripe 2
element of Drosophila; refs. 34 and 35).

Nevertheless, our results are intriguing, because despite the
fact that human and horn shark diverged from one another more
than 400 million years ago and have considerable differences in
morphology, selection acting on the HoxA clusters has been
strong enough to maintain their remarkable conservation in
putatively functional cis-regulatory sequences in the absence of
a cluster duplication. Yet, after HoxA cluster duplication in the
zebrafish, radical remodeling of cis sequences occurred even
when only one gene is retained to perform these functions.
Interestingly, some of the cis elements conserved in human and
horn shark and absent in zebrafish are retained in the striped
bass and vice versa (Table 1). If modification of cis-regulatory
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elements is caused only by relaxed selection, then the homolo-
gous, ancestral cis elements in all teleost lineages should be
affected. The retention of different ancestral elements in ze-
brafish and striped bass suggests that cis-regulatory elements in
these different lineages have been shaped by distinct and dif-
ferent selection pressures.

As noted above, the 5’ segment of the duplicated zebrafish
clusters retains genes from paralog groups 9, 11, and 13 (Fig. 1).
If two genes are maintained after gene duplication, this can be
caused either by subfunctionalization (32) or the acquisition of
a new function by one or both genes (36). In the former case,
each duplicated gene retains a subset of the ancestral functions,
and thus both are maintained by stabilizing selection. The
duplication-degeneration-complementation model of this pro-
cess (32) proposes that if the various functions of the ancestral
genes are regulated by modular enhancers, subfunctionalization
simply may be the result of the passive loss of complementary
enhancer sequences. Such a process is entirely nonadaptive, i.e.,
driven only by the chance fixation of degenerative mutations.
This model makes strong predictions about the pattern of
sequence conservation after duplication. Cis-regulatory se-
quences conserved in the ancestral lineage are expected to be
retained in complementary sets among the two duplicates. Here
we examined patterns of putatively functional cis-sequence
evolution to test these predictions.

If each PFC is indicative of a modular enhancer, one possi-
bility is that the duplicated zebrafish paralogs retain two, com-
plementary subsets of the PFCs detected in the HoxA clusters of
human and horn shark. Of the nine PFCs described in the 5’
region of human and horn shark HoxA clusters (excluding
proximal elements), four have no counterpart in the zebrafish,
one is maintained in both paralogs, and only four are found in
either the HoxAa or HoxAb clusters (Fig. 1; Table 1). In
addition, one extensive PFC 11-9-a (Table 1; Figs. 1 and 2C),
which comprises 10 individual PFs, is found only in the zebrafish
HoxAa and HoxAb clusters (Table 1). Thus, only 4 of 10 PFCs
exhibit patterns that are consistent with the predictions of the
duplication-degeneration-complementation model. It is possible
that individual PFs in a PFC are parts of different modular
enhancers. If so, one would expect that for an individual PFC
identified in human and horn shark, each of the two zebrafish
paralogs retain complementary sets of PFs. We found no
example of this pattern in our data.

Although enhancer modularity has been shown for a number of
genes (37), it may not be the rule for Hox genes. A possible reason
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for the conservation of Hox clusters as clusters may be that
extensive sharing of enhancers among genes in the same Hox cluster
prevents the dislocation of Hox genes from each other. Enhancer
sharing also may explain the extent of noncoding sequence con-
servation between horn shark and human. In the absence of
enhancer modularity, complementary degeneration of enhancers
may not be an option for Hox genes.

In interpreting our findings, we think it likely that after Hox
cluster duplication the lineage benefits from an increased evolv-
ability in the developmental genetic system. If this increased
evolvability further coincides with an adaptive radiation, the dupli-
cated Hox clusters may experience adaptive remodeling by direc-
tional selection rather than just the erosion of genetic redundancy.
Duplicated Hox paralogs exhibit increased rates of coding sequence
evolution (12, 16), experience differential purifying selection (38),
and tests for directional selection on duplicated genes are significant
for all zebrafish Hox gene paralogs tested (hoxb5, hoxb6, and hoxc6)
but only for 2 of 22 other duplicated genes (39). It is possible,
therefore, that Hox cis-regulatory elements also can be subject to
directional selection after duplication. Such an adaptive remodeling
may be an important reason for why duplicated Hox clusters are
maintained. In fact, there are only four clusters described for
amniotes, and possibly no more exist in all sarcopterygians. Yet
there are many vertebrate lineages known to have undergone
tetraploidization; hence passive erosion of genetic redundancy
rarely if ever leads to the retention of new Hox clusters. Thus we
think that further efforts in understanding the evolution of Hox
clusters should be directed toward testing the possibility that Hox
cluster duplication and retention is an adaptive phenomenon. To do
this task it will be necessary to obtain a much more fine-grained
taxon sampling, in particular among basal actinopterygians (asso-
ciated with the teleost duplications) and the cartilaginous fishes
(associated with the duplication event leading to the four gnatho-
stome clusters).
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