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ABSTRACT
Extensive gene duplication is thought to have occurred in the vertebrate lineage after it diverged from

cephalochordates and before the divergence of lobe- and ray-finned fishes, but the exact timing remains
obscure. This timing was investigated by analysis of the Dlx gene family of a representative cartilaginous
fish, the leopard shark, Triakis semifasciata. Dlx genes encode homeodomain transcription factors and are
arranged in mammals as three convergently transcribed bigene clusters. Six Dlx genes were cloned from
Triakis and shown to be orthologous to single mammalian Dlx genes. At least four of these are arranged
in bigene clusters. Phylogenetic analyses of Dlx genes were used to propose an evolutionary scenario in
which two genome duplications led to four Dlx bigene clusters in a common ancestor of jawed vertebrates,
one of which was lost prior to the diversification of the group. Dlx genes are known to be involved in jaw
development, and changes in Dlx gene number are mapped to the same branch of the vertebrate tree
as the origin of jaws.

COMPARISONS of vertebrate and invertebrate ans (Amores et al. 1998, 2004; Prince 2002; Wagner
gene families have provided evidence for large- et al. 2003; Chiu et al. 2004).

scale gene duplication in the vertebrate lineage after it Less information is available for assessing whether
diverged from its extant sister group, the cephalochor- four Hox clusters were present prior to the divergence
dates (Holland et al. 1994; Sidow 1996; Spring 1997; of osteichthyans (actinopterygians and sarcopterygians)
Furlong and Holland 2002; Panopoulou et al. 2003). from chondrichthyans (cartilaginous fishes) or the di-
One of the most extensively studied of these gene fami- vergence of lampreys and hagfishes from gnathostomes
lies is the Hox family of homeodomain transcription (jawed vertebrates, which include osteichthyans and
factors (Pendleton et al. 1993; Ruddle et al. 1994a; chondrichthyans). Recent analyses of lamprey Hox
Prince 2002; Wagner et al. 2003). The 39 Hox genes genes have suggested that not all of the duplications
of mammals are arranged as four clusters of closely leading to the four-cluster condition antedated the lam-
linked genes, each located on separate chromosomes. prey-gnathostome divergence and, furthermore, that in-
In contrast, the cephalochordate amphioxus has 14 Hox dependent Hox duplications occurred in the lamprey
genes linked in a single cluster (Ferrier et al. 2000). lineage (Force et al. 2002; Irvine et al. 2002; Fried et
The existence of a single Hox cluster in more distantly al. 2003; Wagner et al. 2003). While only two Hox clus-
related invertebrate outgroups and the presence of mul- ters have been described to date from a chondrichthyan
tiple Hox clusters in actinopterygian (ray-finned) fishes (Kim et al. 2000), it has been speculated that the four-
suggest that a single Hox cluster gave rise to four prior to cluster condition characterized the ancestral gnathos-
the divergence of actinopterygians and sarcopterygians tome (Wagner et al. 2003).
(lobe-finned fishes and tetrapods; Amores et al. 1998; Hox cluster duplications are commonly described as
Finnerty and Martindale 1998; Balavoine et al. 2002; the result of complete genome duplications (Sidow
Prince 2002; Wagner et al. 2003). Additional Hox clus- 1996; Furlong and Holland 2002; Larhammar et al.
ter duplications are likely to have occurred in the acti- 2002), but this interpretation remains controversial
nopterygian lineage after it diverged from sarcopterygi- (Hughes et al. 2001; Martin 2001; Horton et al. 2003;

Hughes and Friedman 2003). Much attention in this
controversy has focused on the linkage of additional
families of paralogous genes to the Hox clusters of verte-Sequence data from this article have been deposited with the

EMBL/GenBank Data Libraries under accession nos. AY738118– brates and more specifically on the question of whether
AY738123. their duplication history parallels that of the Hox genes

1Address for correspondence: Department of Ecology and Evolutionary (Lundin 1993; Ruddle et al. 1994b; Bailey et al. 1997;Biology, N122 Ramaley, Campus Box 334, University of Colorado,
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808 D. W. Stock

and Friedman 2003; Lundin et al. 2003). As pointed the divergence of osteichthyans and chondrichthyans
and (2) that the four-cluster condition antedated thisout by Larhammar et al. (2002), many of the analyses

of these gene families have not included a sample of divergence. The first scenario predicts that shark genes
will be orthologous to multiple osteichthyan genes,vertebrate lineages adequately representing the diversity

of the group. A partial exception to this generalization while the second predicts that shark genes will be or-
thologous to single osteichthyan genes. Under eitheris the Dlx family of homeodomain transcription factors

related to the Drosophila gene Distal-less. scenario, sharks may have lost orthologs of gnathostome
genes or undergone independent gene duplication.Dlx genes have been shown to play a role in the

development of a variety of vertebrate structures, includ- The cloning and analyses of Triakis Dlx genes presented
herein are interpreted as support for the origin of fouring the brain, ears, nose, jaws, teeth, and limbs (Pangan-

iban and Rubenstein 2002). Mammals possess six Dlx bigene clusters and the subsequent loss of one of these
prior to the divergence of the main gnathostome lin-genes arranged as three convergently transcribed bi-

gene clusters, with each cluster located on a different eages. No evidence was found for additional Dlx duplica-
tions or losses in the chondrichthyan lineage. The acqui-Hox-containing chromosome (Panganiban and Ruben-

stein 2002; Sumiyama et al. 2003). Analyses of the eight sition of the three-cluster condition of sharks and
mammals therefore maps to the same branch of thedescribed zebrafish Dlx genes (arranged as three bi-

genes clusters and two unlinked single genes) have sug- phylogenetic tree of extant vertebrates as the origin of
jaws.gested a duplication history resembling that of Hox

genes (Stock et al. 1996; Amores et al. 1998; Neidert
et al. 2001; Sumiyama et al. 2003). Specifically, duplica-

MATERIALS AND METHODS
tion of an ancestral bigene cluster led to four clusters
in a common ancestor of osteichthyans, followed by loss Specimens: Gravid females of the Leopard shark, T. semifas-

ciata, were provided by fisherman participating in the Pajaroof a cluster before the divergence of actinopterygians
Valley Rod and Gun Club Shark Derby of July 10, 1994. Theand sarcopterygians. These events were followed by in-
specimens were captured in Elkhorn Slough, Monterey

dependent duplication and losses of Dlx genes in the County, California. Embryos were collected from the females
actinopterygian lineage. As in the Hox gene family, it by dissection and were dechorionated, separated from the

yolk, and staged according to the series constructed by Bal-has been suggested that independent Dlx duplications
lard et al. (1993) for Scyliorhinus canicula, a member of thehave occurred in the lamprey lineage (Neidert et al.
same order. The embryos were then frozen on dry ice and2001).
stored at �70�.

No data have been available to indicate whether four RNA isolation: A single embryo 30 mm in total length (ap-
Dlx bigene clusters arose before the divergence of the proximate stage 30) was ground to a fine powder in liquid N2

using a mortar and pestle. Total cellular RNA was extractedmain lineages of gnathostomes. Such data are of interest
from the powder using the RNAzol B reagent (Biotecx Labora-for a number of reasons. Jaws, the possession of which
tories, Houston) according to the manufacturer’s instructions.gives gnathostomes their name, are believed to be pat-

Reverse transcriptase-mediated PCR of Dlx homeoboxes:
terned by Dlx genes (Depew et al. 2002) and expression Reverse transcription of total RNA was carried out at 42� using
differences exist between lamprey and tetrapod Dlx an RNase H� Moloney murine leukemia virus reverse tran-

scriptase (Superscript II; Invitrogen, Carlsbad, CA) and ran-genes (Neidert et al. 2001; Shigetani et al. 2002). The
dom hexamer primers. Single-stranded cDNA from this reac-possibility that Dlx genes were involved in the evolution
tion was used as the template for PCR amplification withof gnathostome jaws raises the question of whether gene
degenerate Dlx primers described by Stock et al. (1996).

duplication events were important in addition to changes These included the primers 5�-GCCGGGATCCAARCCNMG
in expression. The linkage of Hox and Dlx genes in NACNATHTAYTC-3� (where the underlined sequence repre-

sents a restriction site added to the 5�-end) and 5�-TTYTosteichthyans allows interpretation of an identical dupli-
GRAACCADATYTTNAC-3�, which bind codons near the 5�-cation history of these genes as evidence for duplication
and 3�-ends, respectively, of the homeoboxes of all previouslyof at least large chromosomal regions. In addition, infor-
known Dlx genes. The additional primers used (5�-GCCG

mation on Dlx genes of chondrichthyans may aid the GGATCCGGNAARAARATHMGNAARCC-3� and 5�-GCCG
interpretation of the incompletely characterized Hox GGATCCATNGTNAAYGGNAARCCNAA-3�) bind to regions

conserved in a subset of vertebrate Dlx genes and located justclusters of this group. Finally, if it is assumed that Hox
upstream of the homeobox. The thermocycling profile usedand Dlx duplications are the result of whole-genome
was 2 min of denaturation at 94� followed by 40 cycles of 1duplications, information on the Dlx genes of chon-
min at 94�, 1 min at 45�, and 1 min at 72�.

drichthyans would provide insight on the organization PCR amplification of 5� and 3� cDNA ends: To obtain com-
of the genome of the common ancestor of gnathos- plete cDNA sequences corresponding to the reverse tran-

scriptase-mediated PCR (RT-PCR) products described above,tomes.
the homeobox sequences determined were used to designThis study seeks to address the above issues through
gene-specific primers for the rapid amplification of cDNA endsa characterization of the Dlx gene complement of a
(RACE) procedure (Frohman 1990). 3�-RACE was carried

representative chondrichthyan, the leopard shark, Tri- out on poly(A)� RNA using the Marathon RACE method
akis semifasciata. Two main alternative hypotheses tested (Chenchik et al. 1996) and 5�-RACE was carried out on total

RNA by the SMART RACE method (Chenchik et al. 1998).are (1) that the four bigene-cluster-condition postdated
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809Shark Dlx Genes

In both cases, the RNA came from the same individual used mouse (Mus musculus) Dlx1 (NM_010053), Dlx2 (NM_
010054), Dlx3 (NM_010055), Dlx5 (U67840), and Dlx7for RT-PCR and the protocol followed that provided by the

manufacturer (BD CLONTECH, Palo Alto, CA). RACE prod- (AF452637); and human (Homo sapiens) DLX1 (XM_087198),
DLX2 (NM_004405), DLX3 (NM_005220), DLX5 (NM_ucts corresponding to the gene of interest were identified by

Southern blotting with oligonucleotide probes or by restric- 005221), DLX6 (NM_005222), and DLX7 (AF452638). The
nomenclature of human, mouse, and zebrafish Dlx genes wastion enzyme digestion.

PCR amplification of exons and introns from genomic DNA: adjusted from the above GenBank records where necessary
to follow Panganiban and Rubenstein (2002). Related genesThe exon/intron structure of Dlx genes has been described

for human (Nakamura et al. 1996; Sumiyama et al. 2002), outside of the Distal-less family were obtained for use as out-
groups (Stock et al. 1996). These sequences were mouse Barx1mouse (McGuinness et al. 1996; Nakamura et al. 1996; Liu

et al. 1997; Sumiyama et al. 2002), and zebrafish (Ellies et al. (Y07960) and Msx1 (NM_010835) and D. melanogaster Msh
(U33319).1997). Intron location is conserved in all described cases, with

one intron 5� of the homeobox and a second intron within. Upon inspection of initial alignments, a few of the above
sequences were interpreted as containing errors or trunca-To determine whether this genomic structure is also conserved

with Dlx genes of Triakis, PCR primers were designed to am- tions of their 5�-ends. Adjustments to these sequences were
made as follows. The lamprey sequences DlxD (P. marinus)plify from genomic DNA the entire coding region of each gene

in two overlapping fragments. These two fragments extended and LjDLX1/6 (L. japonicum) are clearly orthologous on the
basis of a high degree of nucleotide identity. However, compar-from the 5�-UTR to the predicted second exon and from this

exon to the 3�-UTR. This strategy identifies all introns located ison of these genes with each other and with other vertebrate
Dlx genes suggests that DlxD is truncated at its 5�-end, whilewithin the coding region of the genes, but cannot exclude

the possibility of introns at the extreme ends of the 5�- and LjDLX1/6 has a frameshift error in the region 3� of the homeo-
box (which itself has a six-nucleotide deletion found in no3�-UTRs.

Genomic DNA (extracted from individual, unstaged em- other animals). A composite lamprey DlxD sequence was there-
fore constructed with the missing amino terminus of P. marinusbryos by overnight proteinase K digestion at 55� followed by

phenol/chloroform extraction and isopropanol precipita- DlxD replaced by the corresponding region from L. japonicum
LjDLX1/6. The reported human DLX6 sequence similarly ap-tion) was used as a template for long PCR (Barnes 1994).

These PCR reactions employed the Expand DNA polymerase pears to have an internal methionine designated as the start
codon. Translation of the genomic sequence of a BAC clonemixture and associated buffer (Roche, Indianapolis) and the

TaqStart Antibody (CLONTECH), with the latter allowing a (accession AC004774) revealed the likely true start codon in
frame and part of the same exon; this region was added to“hot start” (Kellogg et al. 1994). Thermocycling consisted of

2 min of denaturation at 94�, followed by 35 cycles of 30 sec the reported amino acid sequence. X. laevis Xdll-2 was reported
to have a truncated 5�-end. The missing nucleotides wereat 94� and 5 min at 68�. PCR products were subcloned and

intron positions were determined by sequencing. The sizes added to this sequence from an X. laevis EST that appeared
to be derived from the same gene (accession BF613971). Fi-of the introns were estimated by a combination of partial

sequencing and agarose gel electrophoresis of PCR products. nally, a single amino acid adjustment was made to the homeo-
domain of zebrafish dlx2a on the basis of unpublished se-Genomic long PCR: The presence of Dlx bigene clusters

in Triakis was investigated by long PCR, using conditions as quence data, which exhibited a better match to all other
sequenced animal Distal-less-related genes. After these modifi-described above (with the exception that the annealing/exten-

sion step at 68� was increased to 10 or 15 min). PCR products cations, the only incomplete coding region remaining among
the chordate sequences analyzed was that of P. marinus DlxBwere characterized by restriction mapping, subcloning, and

partial sequencing. (reported as such by Neidert et al. 2001).
The 61-amino-acid homeodomain of all Dll/Dlx genes mayCloning and sequencing: PCR products were subcloned into

pBluescript II SK� (Stratagene, La Jolla, CA) or pCR4-TOPO be aligned reliably without gaps. However, alignment outside
of the homeodomain of the most distantly related genes is(Invitrogen) by standard procedures (Sambrook et al. 1989).

Single- or double-stranded plasmid DNA was subjected to auto- problematic (Stock et al. 1996; Neidert et al. 2001). To iden-
tify the location of the root of the tree of vertebrate Dlx genes,mated sequencing. With the exception of a few nucleotides

in the 5�-untranslated regions, each nucleotide of the six Tri- an initial phylogenetic analysis of homeodomain sequences
was attempted. Pairwise distances between amino acid se-akis Dlx cDNAs was determined from at least five different

clones, representing each strand at least twice. Sequences were quences were calculated as percentage of similarities [P-values,
as recommended by Zhang and Nei (1996) in their analysismanipulated and translated using programs in the DNASTAR

package (DNAstar, Madison, WI). of Hox gene homeodomains] and used to construct neighbor-
joining trees with the program MEGA, version 2.1 (Kumar etPhylogenetic analyses: Amino acid sequences of Distal-less-

related genes were obtained from the GenBank database with al. 2001). To reduce the number of identical sequences in
the analyses, gnathostome sequences were restricted to thosethe following accession numbers: nematode (Caenorhabditis

elegans) C28A5.4 (Z32680); fruit fly (Drosophila melanogaster) Dll of human, zebrafish, and Triakis.
To provide increased resolution of the phylogeny of verte-(S47947); acorn worm (Ptychodera flava) Pf-Dlx (AB028221);

tunicate (Ciona intestinalis) Dll-A (AJ278696), Dll-B (AJ27- brate Dlx sequences, an alignment of complete vertebrate Dlx
sequences was constructed using Clustal X (Thompson et al.8697), and Dll-C (AJ278698); amphioxus (Branchiostoma flori-

dae) AmphiDll (U47058); lamprey (Petromyzon marinus) DlxA 1997). The profile alignment feature of this program was used
to align sequences in clades identified from the analysis of(AY010116), DlxB (AY010117), DlxC (AY010118), and DlxD

(AY010119); lamprey (Lethenteron japonicum) LjDLX1/6 (AB04- homeodomain sequences, followed by sequential alignment
of these subalignments into a global alignment. Adjustments8759); zebrafish (Danio rerio) dlx1 (U67842), dlx2 (U03875),

dlx3 (X65060), dlx4 (U03876), dlx5 (U67843), dlx6 (U67844), to alignments at all stages of the process were made either
by changing alignment parameters for specific regions or bydlx7 (U67845), and dlx8 (U67846); frog (Xenopus laevis) Xdll

(D10259), X-DLL1 (A56570), Xdll-2 (S74210), X-dll2 (L09730), manual editing. The alignment is available as supplementary
material at http://www.genetics.org/supplemental/.X-dll3 (L09729), and X-dll4 (L09728); newt (Notophthalmus

viridescens) NvHBox-4 (X63531) and NvHBox-5 (X63532); Maximum likelihood and neighbor-joining analyses of com-
plete Dlx protein sequences were conducted with the PROML,chicken (Gallus gallus) DLX3 (AJ243432) and Dlx5 (U25274);
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810 D. W. Stock

Figure 1.—Genomic organiza-
tion of Triakis Dlx genes. Phyloge-
netically related genes are aligned
in columns. Boxes indicate pro-
tein-coding portions of exons (ho-
meodomain in black), angled lines
indicate introns, and horizontal
lines indicate intergenic regions.
Transcriptional orientation is de-
noted by arrows. All distances be-
tween the start and stop codons of
an individual gene are drawn to
scale, while intergenic distances
(listed) are not. Question mark in-
dicates lack of data from genomic
PCR to support or refute linkage
predicted from phylogenetic anal-
yses.

PROTDIST, and NEIGHBOR programs of the PHYLIP pack- Dlx2 and Dlx5-Dlx6), with the genes oriented in the
age (version 3.6; Felsenstein 1989). Both types of analyses convergently transcribed arrangement characteristic of
employed the Jones-Taylor-Thornton model of amino acid

chordate Dlx genes (Figure 1). Furthermore, the link-change ( Jones et al. 1992) and a gamma distribution of rates
age of these specific orthologs (identified by phyloge-among sites (coefficient of variation is 0.707, corresponding

to an �-value of 2.0, as recommended by Kumar et al. 2001). netic analysis of amino acid sequences—see below) is
For maximum likelihood analysis, six rate categories, 40 ran- the same as that described in other gnathostome verte-
dom addition sequences, and global rearrangements were brates (Panganiban and Rubenstein 2002). The stop
used.

codons of Dlx1 and Dlx2 are separated by �7.9 kb, while
those of Dlx5 and Dlx6 are separated by �10.2 kb. De-

RESULTS spite attempts with multiple sets of primers, no genomic
PCR product was obtained that included Dlx3 and Dlx4,Six Dlx genes detected in T. semifasciata : Sixty-five
genes whose presumed orthologs form a bigene clustercloned Dlx homeobox fragments obtained by RT-PCR
in other gnathostomes.were sequenced. These fragments arose from two inde-

Phylogenetic analysis of bilaterian Dlx homeodomainpendent reactions performed with each of three differ-
sequences: A neighbor-joining tree constructed froment primer combinations (using a common antisense
homeodomain sequences is shown in Figure 2. Gnathos-primer). The sequences obtained fell into six classes
tome Dlx sequences in this tree are found in two mainand were used to design primers for 5�- and 3�-RACE
clades. One of these (35% bootstrap support) containsPCR reactions. Cloning and sequencing of the latter
Dlx1, Dlx4, Dlx6, and one lamprey Dlx sequence, whilePCR products resulted in complete cDNA sequences
the other contains Dlx2, Dlx3, Dlx5, and three lampreythat were divergent enough to confirm that the six
sequences (63% bootstrap support). One tunicate Dllclasses represented different loci rather than multiple
gene forms the sister group to the Dlx1/Dlx4/Dlx6alleles. The loci were named according to their or-
clade, while the single reported Dll/Dlx genes of Dro-thology to other vertebrate Dlx genes (Panganiban and
sophila, the hemichordate Ptychodera, and the cephalo-Rubenstein 2002), as inferred from the phylogenetic
chordate amphioxus, as well as one tunicate Dll geneanalyses described below. These loci and the number
form a clade outside of both gnathostome-containingof homeobox clones obtained by RT-PCR are Dlx1 (5),
Dlx clades. An additional tunicate Dll gene and theDlx2 (2), Dlx3 (35), Dlx4 (10), Dlx5 (5), and Dlx6 (8).
single reported nematode (C. elegans) Dll/Dlx geneGenomic organization of Triakis Dlx genes: The exon/
group outside of other animal Dll/Dlx genes.intron structures and linkage arrangements of the six

This analysis of homeodomain sequences providesT. fasciata Dlx genes are shown in Figure 1. All six genes
little phylogenetic resolution (as judged by low boot-possess two introns and three exons. The second intron
strap values). Nevertheless, it reveals that Triakis pos-occupies an identical location in the homeobox of all
sesses three members of each of the main gnathostomegenes and is phase 0 (between codons). The first intron
Dlx clades and suggests that the root of the vertebrateis phase 1 (between the first and second nucleotides of
Dlx tree lies on the internal branch connecting thesea codon) in all genes and is located 50–68 nucleotides
clades.5� of the homeobox. Intron 1 ranges in size from 128

Phylogenetic analysis of complete vertebrate Dlx se-bp (Dlx2) to �1.8 kb (Dlx3), while intron 2 ranges in
quences: The phylogenetic analyses of Dlx genes re-size from 221 bp (Dlx2) to �3.9 kb (Dlx4).
ported by Stock et al. (1996) and Neidert et al. (2001)Analysis of genomic long PCR products revealed that

Triakis possesses at least two Dlx bigene clusters (Dlx1- provided evidence for the existence of six clades of
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811Shark Dlx Genes

Figure 2.—Neighbor-joining anal-
ysis of Dll/Dlx homeodomain se-
quences. Numbers indicate the per-
centage of 1000 bootstrap replicates
in which the indicated node was pres-
ent. The tree is rooted at the mid-
point of the longest path between two
taxa. Brackets indicate the two main
clades of vertebrate Dlx genes named
after the mammalian members.

osteichythyan Dlx genes, each possessing a single mam- outgroup analysis in Figure 2). If this is the true location
of the root of the tree, then DlxA, DlxB, and DlxC aremalian Dlx gene and one or two zebrafish genes. The

results of maximum likelihood and neighbor-joining members of the vertebrate Dlx2/Dlx3/Dlx5 clade and
DlxD is a member of the Dlx1/Dlx4/Dlx6 clade. Theanalysis of complete vertebrate Dlx genes shown in Fig-

ure 3 indicate that each of these clades also contains a analysis shown in Figure 3 provides little support for
the phylogenetic position of the lamprey genes withinsingle Triakis gene. The monophyly of five of these six

clades is supported by bootstrap values of at least 99% these major clades, with the exception of strong boot-
strap support (93%) for a sister group relationship be-with one or both methods of analysis. Somewhat lower

bootstrap values for the monophyly of the Dlx4 clade tween lamprey DlxA and DlxC.
(74 and 76%) may be due to the rapid evolution of
mammalian Dlx4 apparent in the tree in Figure 3.

DISCUSSION
If the six Dlx genes isolated from Triakis are in fact

the orthologs of the osteichthyan genes, then they would Orthology of the Triakis Dlx genes: The number of
Dlx genes isolated from Triakis is the same as that re-be expected to exhibit a sister group relationship to all

the other members of a given clade. This relationship ported from mammals and all are supported as mem-
bers of clades containing a single human gene (Figureis found for all clades other than Dlx2 in which the

expected relationship is contradicted by an internal 3). It has been argued that the six-Dlx-gene condition
of the osteichthyan common ancestor arose by the lossbranch with relatively weak bootstrap support (64%;

Figure 3). of a Dlx bigene cluster linked to the HoxC complex
(Stock et al. 1996; Neidert et al. 2001; Sumiyama et al.The phylogenetic analysis in Figure 3 reveals 100%

bootstrap support for an internal branch separating 2003). Because of the phylogenetic position of chon-
drichthyans as the sister group of all other gnathostomeslamprey DlxA, DlxB, and DlxC from lamprey DlxD. It is

likely that this branch also contains the root of the in the analyses, it is not possible to rule out the orthology
of one or two of the Dlx genes of Triakis to such HoxC-tree (on the basis of midpoint rooting in Figure 3 and
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812 D. W. Stock

Figure 3.—Maximum likeli-
hood and neighbor-joining analy-
sis of vertebrate Dlx genes. Tree
topology and branch lengths are
from a maximum likelihood analy-
sis, with midpoint rooting. Nodes
with single numbers indicate the
results of a bootstrap maximum
likelihood analysis with 100 repli-
cates and options as described in
materials and methods, except
for the use of two random addi-
tion sequences for each replicate.
Where two numbers appear, the
upper is from the bootstrap maxi-
mum likelihood analysis and the
lower is from a bootstrap neigh-
bor-joining analysis with 1000 rep-
lications. Brackets indicate the six
clades of jawed vertebrate Dlx
genes, each named after and con-
taining a single Triakis gene.

linked Dlx genes. The failure to amplify a PCR product the members of the osteichthyan Dlx clade of the same
name.containing Triakis Dlx3 and Dlx4 is in fact consistent with

the possibility that one of these genes is orthologous to Conservation of Dlx intron structure: Comparison of
the locations of introns in Triakis Dlx genes with thosea Dlx gene lost in the ancestry of gnathostomes. This

result does not constitute positive evidence for the non- of zebrafish (dlx1a, dlx2a, dlx3b, dlx5a, and dlx6a ; Ellies
et al. 1997), mouse (Dlx1, Dlx2, Dlx3, and Dlx4; McGuin-orthology of one of these genes to osteichthyan Dlx

genes, however. Not all primer combinations attempted ness et al. 1996; Sumiyama et al. 2002), and human
(DLX3, DLX4, DLX5, and DLX6; Sumiyama et al. 2002;amplified the other bigene clusters and it is possible that

Dlx3 and Dlx4 are too far apart to be reliably amplified by GenBank accession no. AC004774) revealed the exact
correspondence of intron location among Dlx ortho-the PCR methods employed. Given the high degree of

divergence between osteichthyan Dlx clades relative to logs, with the exception of the first intron in zebrafish
dlx3b, which was displaced by two amino acids from thethat within, orthology of a Triakis Dlx gene to one lost

from osteichthyans would be expected to be associated corresponding alignment position in shark and mam-
mal orthologs. All vertebrate Dlx genes exhibited anwith extensive divergence of the Triakis sequence from

its closest relatives in the tree. No clear evidence exists identical location for the second intron (within the ho-
meobox), while the first intron varied in location (butfor this (Figure 3), and it is concluded on the basis of

parsimony that each Triakis Dlx gene is orthologous to not phase) by up to six alignment positions.
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813Shark Dlx Genes

The location of the intron in the homeobox of verte-
brate Dlx genes is identical to that of Drosophila. Five
additional introns are present in the Drosophila gene
(Vachon et al. 1992), however, and in the absence of
outgroup information, it is not possible to determine
whether the differences in intron number arose through
loss in vertebrates or gain in Drosophila. Of the three
reported Dll genes in the tunicate C. intestinalis, two
have been reported to have a homeobox intron in the
same location as that of vertebrates (Di Gregorio et al.
1995). The structure of the region upstream of the
homeobox has not been reported for any of the genes,
but Ci-DllB has two introns 3� of the homeobox (Carac-
ciolo et al. 2000). As discussed below, it is likely that Dlx
bigene clusters arose by a tandem duplication before the
divergence of vertebrates and tunicates. The virtually
identical intron/exon structure of members of bigene

Figure 4.—Scenario for the evolution of Dlx genes showing
clusters (more distantly related than orthologous tuni- selected deuterostome taxa. Boxes indicate individual Dlx
cate and vertebrate Dlx genes) suggests that Ci-DllB genes arranged in columns according to phylogenetic rela-

tionship. Horizontal lines joining boxes indicate demon-gained introns after the divergence of vertebrates and
strated linkage relationships. See text for details of eventstunicates. Such gain of introns over this time scale is
postulated to have occurred along numbered branches.not unusual (Lynch and Richardson 2002).

Dlx arrangement as bigene clusters: A convergently
transcribed bigene-cluster arrangement has been de-

analysis of homeodomain sequences (Figure 2) did notscribed for two of the three Dll genes of the tunicate
yield the predicted clustering of all tunicate Dll genesC. intestinalis (Caracciolo et al. 2000), six of the eight
as members of one or the other of the two main cladeszebrafish Dlx genes (Ellies et al. 1997; Ghanem et al.
of vertebrate Dlx genes. Such a relationship was found2003), four Dlx genes of the pufferfishes Takifugu ru-
for Dll-C, but was weakly supported, while the linkedbripes and Spheroides nephelus (Ghanem et al. 2003), and
Dll-A and Dll-B genes clustered outside of all vertebratethe six mammalian Dlx genes (reviewed by Sumiyama et
Dlx genes. Rather than postulating the complex patternal. 2003). The Dlx1/Dlx2 and Dlx5/Dlx6 bigene clusters
of gain and loss implied by a literal interpretation ofidentified for Triakis are consistent with the organiza-
the tree in Figure 2, the scenario in Figure 4 followstion of Dlx genes in the other vertebrates examined.
Stock et al. (1996) in interpreting the bigene clustersFurthermore, the intergenic distances (between stop
of tunicates and vertebrates as unlikely to have evolvedcodons) of 7.9 and 10.2 kb, respectively, fall within the
independently.range of those reported for ray-finned fish and mam-

Placing the initial tandem duplication on branch 1mals (5.3–12.3 kb and �3–10.7 kb, respectively; Gha-
of Figure 4 implies that the single Dll gene isolated fromnem et al. 2003; Sumiyama et al. 2003). The bigene
amphioxus was ancestrally (if not still) a member of acluster for which no evidence was obtained in T. semifas-
bigene cluster. The position of the amphioxus sequenceciata, Dlx3/Dlx4, contains an intergenic region of �17.6
in Figure 2 does not support this assertion, but thekb in humans (Sumiyama et al. 2003). Such a distance
expected clustering in one of the two major clades ofbetween these genes in Triakis may explain the failure
vertebrate Dlx genes is not strongly contradicted.to obtain an intergenic PCR product. In the absence of
Whether the initial tandem duplication occurred beforeevidence of Dlx genomic organization in the lamprey,
protostomes and/or hemichordates diverged from tuni-the existence of Dlx bigene clusters in Triakis provides
cates and vertebrates remains equivocal; Drosophila andfurther support for the hypothesis that this arrangement
hemichordate sequences cluster outside of all vertebrateis primitive for chordates (Stock et al. 1996; Neidert
Dlx genes but are members of a clade containing amphi-et al. 2001; Sumiyama et al. 2003).
oxus and tunicate sequences. A literal interpretationEvolutionary history of vertebrate Dlx genes: A sce-
of the tree would require loss of a Dll-like gene fromnario for the evolution of chordate Dlx genes is shown
vertebrates and loss of a Dlx-like gene from protostomes,in Figure 4. The closer relationship of Dlx genes among
hemichordates, and amphioxus.rather than within bigene clusters provides the evidence

The events on branch 2 of Figure 4 that led to threefor the postulated initial tandem duplication of Dlx
tunicate Dll genes after an initial tandem duplicationgenes shown on branch 1. That this event antedates the
remain unclear because of the contradiction betweendivergence of vertebrates and tunicates is hypothesized
the results of phylogenetic analyses and gene linkageon the basis of the presence of bigene clusters in both

groups. It should be noted, however, that phylogenetic described above. The scenario in Figure 4 postulates
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independent duplications on branches 2 (tunicate lin- duplications have been postulated to have given rise to
additional Dlx genes (Stock et al. 1996; Amores et al.eage) and 3 (vertebrate lineage) on the basis of the

common view that duplication of Hox clusters (linked 1998). Because of potential biases in the ability of degen-
erate PCR primers to amplify multiple Dlx genes and theto Dlx genes) all occurred after the divergence of amphi-

oxus from vertebrates (Holland et al. 1994; Sidow fact that cDNA-based amplification is limited to genes
expressed at the embryonic stage examined, it is not1996; Amores et al. 1998; Finnerty and Martindale

1998; Ferrier et al. 2000; Force et al. 2002; Furlong possible to rule out the presence of additional, unchar-
acterized Dlx in the Triakis genome, however.and Holland 2002; Irvine et al. 2002; Panopoulou et

al. 2003; Wagner et al. 2003). Dlx genes and the origin of gnathostome characters:
The earliest divergence among extant jawed vertebratesThe general pattern of Dlx bigene cluster duplication

from one (branch 1) to two (branch 3) to four (branch separates chondrichthyans from osteichthyans (Maisey
1986; Janvier 1996, 2001). As argued above, the pres-5) shown in Figure 4 is based on the hypothesis that

the four Hox clusters of mammals arose by two rounds ence of three Dlx bigene clusters characterized the com-
mon ancestor of both lineages and arose by duplicationof genome duplication (Sidow 1996; Furlong and Hol-

land 2002; Larhammar et al. 2002). It is important to and loss after the divergence of lampreys and gnathos-
tomes (branch 5 of Figure 4). This same internalnote that this hypothesis remains controversial (Hughes

et al. 2001; Martin 2001; Horton et al. 2003; Hughes branch, the stem gnathostome lineage (Janvier 2001),
was undoubtedly the location of the origin of jaws, theand Friedman 2003) and that Dlx genes cannot in them-

selves refute or support such a means of duplication defining feature of gnathostomes. Dlx genes have been
shown to be involved in patterning the jaws of micebecause only three bigene clusters are found in jawed

vertebrates that have not undergone relatively recent (Depew et al. 2002; Panganiban and Rubenstein
2002), and the expression patterns of Dlx genes differgenome duplication. The exact placement of genome

duplications shown in Figure 4 (one on branch 3 before between the oral regions of lampreys and gnathostomes
(Myojin et al. 2001; Neidert et al. 2001; Cohn 2002;lampreys diverged from gnathostomes and one on

branch 5 afterward) is based on the analyses of Hox Shigetani et al. 2002). In addition to changes in the
expression of existing Dlx genes playing a role in thegenes by Force et al. (2002) and Fried et al. (2003)

and remains tentative because of lack of phylogenetic origin of jaws, the scenario for Dlx evolution illustrated
in Figure 4 raises the possibility that Dlx gene duplica-resolution of lamprey Dlx sequences (this study and

Neidert et al. 2001). Independent Dlx duplication in tion (and loss) were involved as well.
Janvier (2001) lists 22 characters in addition to jawsthe lamprey lineage relative to that in gnathostomes is

required by the scenario in Figure 4 and is supported that are unique to gnathostomes among living verte-
brates and that are likely to be preserved in fossils.by clustering of lamprey DlxA and DlxC in Figure 3 and

in the analysis of Neidert et al. (2001). Determining whether these originated along the stem
gnathostome lineage (and hence may have been relatedThe most significant finding of this study bearing

on the evolutionary history of vertebrate Dlx genes is to the acquisition of three Dlx bigene clusters) rather
than representing reversals in extant jawless vertebratesevidence that the common ancestor of extant gnathos-

tomes had three Dlx bigene clusters (branch 5 of Figure depends critically on the relationship of fossil jawless
fishes. Recent proposals that many fossil jawless fishes4). This is suggested by the analyses described above

that identify all six Triakis Dlx genes as orthologous (“ostracoderms”) branch from the stem gnathostome
lineage rather than clustering with extant jawless fishesto specific osteichthyan Dlx genes. That this condition

evolved by the loss of a bigene cluster is postulated on (Janvier 1996, 2001; Donoghue et al. 2000) increase
the number of characters that may have arisen afterthe basis of the presence of such clusters on only three

of the four mammalian Hox-containing chromosomes the three Dlx bigene-cluster condition. Those whose
development requires Dlx genes include paired nasal(Stock et al. 1996; Sumiyama et al. 2003). While the

relationship of lamprey Dlx genes shown in Figure 3 openings, three semicircular canals, teeth, and pectoral
fins (see Janvier 2001 and Donoghue et al. 2000 fordiffers somewhat from that obtained in the analysis of

Neidert et al. (2001), both suggest that the acquisition character evolution and Panganiban and Rubenstein
2002 for a review of Dlx function).of four bigene clusters and loss of one occurred after

gnathostomes diverged from lampreys. The structure of the ancestral gnathostome genome:
Recent proponents of the hypothesis of two rounds ofNo evidence was found for independent Dlx gene

duplication in the lineage leading to Triakis (branch 6 genome duplication in vertebrates have argued that
both occurred before the divergence of actinopterygi-of Figure 4), in contrast to those leading to the lamprey

(branch 4, discussed above), zebrafish, and X. laevis. ans and sarcopterygians (Amores et al. 1998, 2004;
Wagner et al. 2003). The presence of three Dlx bigeneThe latter two species (separate derivatives of branch

7, not shown in Figure 4) are thought to have undergone clusters in Triakis and mammals is consistent with both
having also occurred before the divergence of extantgenome duplications after diverging from the other ver-

tebrates examined (Kobel and Du Pasquier 1986; gnathostome taxa. While it has been proposed that the
ancestral gnathostome had four Hox clusters (AmoresAmores et al. 1998, 2004; Fried et al. 2003) and these
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