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Abstract. Comparison of relevant gene sequence
and functional data is central to understanding the
evolution of metazoan development. The conserva-
tion of portions of regulatory genes, such as ho-
meoboxes, allows for the design of PCR-based
sequence isolation and amplification strategies. Here
we describe a simple protocol that uses a degenerate
primer pair to isolate a variety of homeobox-con-
taining genes from diverse metazoan taxa. In a non-
exhaustive survey, we have isolated 28 gene sequence
fragments from 15 taxa, representing eight inverte-
brate phyla (Mollusca, Echiura, Annelida, Platyhel-
minth, Acoela, Ctenophora, Cnidaria, and Porifera).
Based on BLAST and parsimony analyses, these gene
fragments affiliate with several gene groups
(PAIRED-like, HOX, and ParaHOX) and several
single genes, including pancreas/duodenum homeo-
boxes (Pdx), empty spiracles (ems/Emx), gastrulation
brain homeoboxes (Gbx), hematopoietically ex-
pressed homeoboxes (HEX), brain specific homeobox
(bsh/BarH1/BarH2), NK-1 (NK-1/s59/slouch), and
ladybird (Lbl/Lbe/Lbx). In several cases, these frag-
ments represent the first reported orthologue for the
phylum or superphyletic group (i.e., Lophotrocho-
zoa).
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Comparative studies1 of developmental genes provide
critical information about the morphological evolu-
tion of the metazoa. The sequences of many of these
genes contain motifs that are highly conserved across
taxa, a characteristic that allows investigators to de-
sign PCR-based strategies to recover gene fragments
from unexplored organisms. For example, the often
referred to ‘‘Ruddle’’ primers, and other similar
protocols, have been used successfully to isolate
small fragments of Hox, and other related, homeo-
box-containing genes (Murtha et al. 1991; Schier-
water et al. 1991; Bartels et al. 1993; Cartwright et al.
1993; Pendleton et al. 1993; Dick and Buss 1994;
Snow and Buss 1994; Finnerty et al. 1996; de Rosa
et al. 1998; Mouchel-Viehl et al. 1998; Abzhanov and
Kaufman 2000; Kim et al. 2000; Bastianello et al.
2002).

Although the amount of information regarding
developmental gene sequence and function continues
to grow, these data are primarily generated for classic
developmental systems such as mouse, fly, and nem-
atode, and many phyla of evolutionary interest
remain unexplored. Here we describe a simple PCR-
based technique that isolates a diversity of homeod-

J Mol Evol (2003) 56:509–516
DOI: 10.1007/s00239-002-2421-2

Correspondence to: Shannon E. Lee; email: shannond@ucla.edu



omain-containing gene fragments (PAIRED-like,
HOX, ParaHOX, and others) from a broad range
of metazoans. This protocol differs from the afore-
mentioned techniques in that it isolates a greater
variety of homeodomain containing genes (i.e., well
beyond the HOX subset) and produces a slightly
larger fragment.

Our protocol, and the ‘‘Ruddle’’-type techniques,
generate fragments that are less than 100 base pairs in
length and likely too small to be directly useful as a
probes in functional assays. However, these gene
fragments allow for (1) a first level examination of
gene sequences from understudied taxa, (2) a phylo-
genetic comparison of sequences across diverse taxa,
and (3) the subsequent design of species and gene
specific PCR primers for use in gene extension pro-
tocols. Additionally, when generated using tissue- or
stage-specific cDNA templates and rt-PCR tech-
niques, these sequences provide preliminary informa-
tion on developmental timing and regional specificity.
As such, these techniques have broad utility.

Our protocol employs two degenerate primers that
correspond to the amino acid translations QLEELE
(5¢ cagctsgargarctggag 3¢) and QNRRA (5¢ gcbcknc-
grttytgraacc 3¢) to amplify 96 bp of novel homeodo-
main sequence (novel = excluding primers). We have
used these primers to obtain multiple homeodomain
gene fragments from cDNA and genomic DNA tem-
plates extracted from five molluscs, one echiuran, one
annelid, three flatworms, one acoel flatworm, one
ctenophore, one cnidarian, and two sponges (see web-
based Table 1 [http://www.link.springer-ny.com/link/
service/journals/00239/index.htm] for taxonomic posi-
tion, collection site, and2 template type.

RNA was extracted with Trizol (GibcoBRL) and
reverse-transcribed to cDNA using Superscript II
(GibcoBRL) according to the manufacturer’s in-
structions, and genomic DNAs were purified using a
standard phenol–chloroform extraction. These tem-
plates were used in 50-ll PCR reactions containing
1 · PCR buffer, 2 mM MgCl2, 1 U AmpliTaq Gold
DNA polymerase (Applied BioSystems), 0.2 lM
dNTPs (Amersham Pharmacia Biotech), and a 0.5 lM
concentration of each primer. The AmpliTaq Gold
DNA polymerase was activated for 12 min at 94�C
and the gene fragments amplified with 30 cycles of 1
min at 94�C, 1 min at 53�C, and 2 min at 72�C. A
second round of PCR was conducted on 1 ll of the
primary PCR amplification, including the negative
control, using the cycling conditions described above.
PCR products were cloned using the TOPO TA
cloning kit (version K; Invitrogen) and the plasmid
DNAs were isolated using the Qiagen Plasmid Minikit
(Qiagen) according to the manufacturer’s instruc-
tions. These clones were manually sequenced to screen
for homeobox fragments and the homeobox-positive
clones resequenced with an automated sequencer.
Each homeobox-positive sequence was listed by genus
and sequentially assigned a number (e.g., Stylochus-
1). Sequences generated from cDNA templates were
further designated with a ‘‘C’’ (e.g., Urechis-1C).

We have employed this protocol on eight phyla
and amplified a total of 28 gene fragments belonging
to nine gene groups (Table 2). Most isolated frag-
ments were the expected 96 bp in length, however,
three PCR products, amplified from genomic DNA
templates, contained short (<300 nucleic acids) in-
trons (Table 2). Figure 1 aligns the deduced amino

Table 2. Taxonomic and gene affiliation information for the novel gene fragmentsa

Phylum Species name Gene affiliation(s)b

Mollusca Crassostrea gigas PAIRED-type (I)

Nutricola sp. (cDNA) empty spiracles/Emx

Kelletia kelletii ind/Gsh, pdx

Bulla bulla HOX

Loligo opalescens GBX2, ladybird/Lbx

Echiura Urechis caupo PAIRED-type (I), HOX,

empty spiracles/EMX

Urechis caupo (cDNA) GBX2

Annelida Lumbricus sp. HOX, GBX2

Platyhelminthes Notoplana acticola PAIRED-type, HOX

Stylochus tripartitus PAIRED-type

Himasthla rhigedana NK-1/s59

Acoela Neochildia fusca HOX

Ctenophora Beroe sp. PAIRED-type, HEX/BAR

Cnidaria Aurelia aurita HOX

Porifera Acarnus sp. PAIRED-type

Spongilla sp. PAIRED-type (I)

a Summary of gene isolation data. Results are listed according to taxonomy and organized by phylum and species name. In addition, the

gene affiliation of the isolated genes is indicated. Except where indicated as (cDNA), genomic DNA was used as the template in the PCR

amplifications.
b I, intron present.
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acid translations for our gene fragments against the
commonly used hox standard, antp, translated from
the Drosophila sequence. To assign the gene frag-
ments an affiliation, each sequence was compared to
the SwissProt database using the standard protein-
to-protein Basic Local Alignment Search Tool,
BLAST (Blastp; http://www.ncbi.nlm.nih.gov/
BLAST/ [Altschul et al. 1990]). The corresponding
top BLAST result for each new gene is also listed in
Fig. 1. Due to the dynamic nature of the international
databases, more accurate affiliations may arise as new
data become available.

To additionally examine the relationships of our
gene fragments to other published gene sequences, we
conducted parsimony analyses on a combined amino
and nucleic acid database (Agosti et al. 1996; Jacobs
et al. 1998; Schubert et al. 2000). To accomplish this,
we initially compared our fragments with aligned
portions of all Drosophila homeobox-containing
genes (spanning the amino acid translation PKRKQ
to QEKVGP of the aristaless gene [accession No.
L08401]) using heuristic searches (third-base pair
positions removed for the nucleic acid section of the
combined database; PAUP version 4.0b10). Based on
these analyses, we excluded the most basal genes or
gene groups for whom we have no novel orthologues
(i.e., iroquois, extradenticle, and sineoculis) and in-

ferred appropriate outgroups (Lim3, zf1, IPOU) for
our later analyses. We then added several vertebrate
examples of homeobox-containing genes that are not
well represented in the Drosophila genome (i.e., sev-
eral PAIRED-like, Hex, Gbx, and IPF-related genes)
and included any genes similar to our novel frag-
ments (based on the BLAST surveys) isolated from
the same or related phyla.

After third-base pair positions were removed from
the nucleic acid section of the combined data set, the
matrix was analyzed as follows. First, a heuristic
search was conducted using only the Drosophila and
vertebrate genes, with our gene fragments excluded
(200 repetitions: Tree Bissection/Reconnection
swapping algorithm). Second, the characters were
reweighted to reflect the topology of this search (re-
weight characters function, base weights = 1000,
maximum value/ best fit is more than one tree, and
reweighted according to the rescaled consistency in-
dex, RC). This weighting strategy attempts to address
the issue of the limited data and consequent resolu-
tion based on the short sequences recovered from the
PCR protocol. Finally, our gene fragments, and the
closely related orthologues, were added to the re-
weighted data set and subjected to a heuristic search
(200 repetitions) and a jacknife analysis (50% dele-
tion, emulate ‘Jac’ resampling, 100 repetitions, re-

Fig. 1. Putative amino acid translations for the gene sequence

fragments aligned against the Drosophila Antp gene. Dashes indi-

cate identical amino acid residues compared to the alignment

standard. Closest BLAST results are listed to the right of the

translations and indicate the top BLAST result for each translated

new sequence using the SwisProt database, basic BLAST, and

amino acid translations of the gene fragments as the search tem-

plate. Accession numbers are given in brackets to the right of the

gene name and the taxonomic affiliation.
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taining groups with frequencies >50% [Farris et al.
1996]). The resulting strict consensus tree, from the
heuristic search, with jacknife values3 overlain is
shown in the web-based Fig. 2.

The BLAST3 results (Fig. 1) and parsimony anal-
yses (Fig. 2; ) reveal that some of our gene fragments
are similar to members of the PAIRED-like, HOX,
and ParaHOX gene groups, and others are closely
related to the pancreas/duodenum homeoboxes (Pdx),
empty spiracles (ems/Emx), gastrulation brain ho-
meoboxes (Gbx), hematopoietically expressed ho-
meoboxes (HEX) and/or brain specific homeobox
(bsh/BarH1/BarH2), NK-1 (NK-1/s59/slouch), and
ladybird (Lbl/Lbe/Lbx) genes. Throughout the text,
our gene fragments are discussed in the context of the
most closely related Drosophila gene (e.g., NK-1),
however, where the gene is not represented in the
Drosophila genome, we refer to the most closely re-
lated vertebrate orthologue (e.g., Pdx, Gbx).

PAIRED-like Genes. Seven of our gene fragments
are PAIRED-like genes. To our knowledge, the
echiuran sequence represents the first reported
PAIRED-like gene for this phylum, and the mollus-
can, platyhelminth, and poriferan sequences appear
to be novel types within each of these phyla.
PAIRED-like genes are characterized by two con-
served motifs, a homeodomain and a PAIRED do-
main. The homeodomain of this gene group has a
distinctive ‘‘YPD’’ amino acid signature. Our gene
fragments contain this signature, and according to
the BLAST analysis, they are most closely related to
reversed polarity (repo), Paired mesoderm homeobox
(Pmxb/Phox2b/Pmx2), Visual system homeobox
(Vsx), and Drg11.

BLAST and4 parsimony analyses document the
similarity between the echiuran gene Urechis-1
(AY187691) and the Drosophila gene repo. In Dro-
sophila, the repo gene is expressed in most glial cells
in both the CNS and the peripheral nervous system
of embryonic flies (Xiong et al. 1994). A detailed
examination of amino acid translations in the
PAIRED-like gene group reveals that Urechis-1 also
has signatures similar to those of the Ptx and Mix
PAIRED-like genes (Galliot et al. 1999), suggesting
possible alternative assignment.

BLAST results for the molluscan and ctenophore
fragments (Crassostrea-1 [AY187692] and Beroe-4
[AY187693], respectively) document similarity to the
vertebrate Pmxb/Phox2b/Pmx2 genes. These genes
play a role in the specification of neurons in both the
central and the peripheral nervous systems (see Pat-
tyn et al. 1997), but their role outside vertebrate
model systems has not yet been explored. The Cras-
sostrea-1 sequence, however, has signatures consis-
tent with al and Arix genes (Gaillot et al. 1999), and
in the parsimony analysis, this gene groups with vsx

and cart genes. Thus, precise assignment is ambigu-
ous. To our knowledge, this is the first report of a
gene of this general type from the phylum Mollusca.
A gene very similar to Beroe-4 has been reported
from the congener Beroe ovata (Ctenopaired
[U21206]). This gene is identical in amino acid
translation to our ctenophore fragment, but only 85%
similar in nucleic acid sequence (Finnerty et al. 1996),
and in our parsimony analysis, the two genes cluster
as sister sequences to the cart gene group member.

The two platyhelminth PAIRED-like fragments,
Stylochus-1 (AY187694) and Notoplana-2 (AY-
187695), are most closely affiliated with the vertebrate
vsx genes based both on the BLAST searches and on
the parsimony analysis. Although there are a number
of published PAIRED-like flatworm genes (i.e.,
Smox-3 [M85303], DTPRD15 [Xl0299], and EGHBX4
[Oliver et al. 1992]), they are not as similar to vsx
genes as Stylochus-1 and Notoplana-1. The human
counterpart of this gene is expressed in embryonic
craniofacial and adult ocular tissues (Semina et al.
2000). The C. elegans gene, ceh-10, may be closely
related to vsx, but we know of no other reports of vsx
orthologues from invertebrates. It will be interesting
to see if these flatworm orthologues are involved in
the patterning of photoreceptors or anterior neuro-
genic elements within these taxa.

Our two sponge PAIRED-like fragments, Acar-
nus-1 (AY187696) and Spongilla-1 (AY187697), dif-
fer from other published PAIRED-like sponge genes
(i.e., PAX-37 [D84254] and PAX 2/5/8 [AB007462]).
They may be related to the rodent gene Drg11, as
suggested by the BLAST searches, however, they
have signatures similar to those of Otx and Ptx genes
(Galliot et al. 1999), and based on the parsimony
analyses, they group within the Otd(Otx)-containing
clade. Drg11 is a rat gene expressed in most sensory
neurons and in a portion of the spinal cord (Saito
et al. 1995). The potential presence of an orthologue
in organisms that lack nervous organization is a
provocative finding and one that requires further in-
vestigation.

HOX-Type Genes. Seven of our gene fragments
are members of the HOX gene group. Such genes are
best known for their roles in defining positions on the
anterior–posterior axis across taxa.

Our Kelletia-5 (AY187698), Notoplana-1
(AY187699), and Neochildea-1 (AY187700) frag-
ments are labial orthologues, according to both the
BLAST and the parsimony analyses. Our molluscan,
Kelletia-5, and flatworm, Notoplana-1, fragments are
very similar to the published abalone labial ortho-
logue, Hox1_Ha (AF327746). The acoel flatworm
fragment, Neochildea-1 (AY187700), is identical in
amino acid translation (two nucleic acid differences)
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to the published labial orthologue from a parasitic
trematode flatworm, FhHbx1 (X66823).

Our molluscan fragment, Bulla-1 (AY187701), is
identical in amino acid translation to both the
Drosophila proboscipedia and a polychaete ortho-
logue (Pb_Nv [AF151664]) but is only 84 and 88%
similar at the nucleic acid code, respectively. To the
best of our knowledge, the Bulla-1 sequence is the
first report of a pb orthologue from the phylum
Mollusca.

The fragments Lumbricus-2 (AY187702) and Ur-
echis-2, (AY187703) are Hox3 orthologues and we
believe that the latter is the first report of any HOX
gene from the phylum Echiura. According to the
BLAST analysis, our scyphozoan fragment, Aurelia-
1 (AY187704), is related to AbdominalA and is very
similar to the published jellyfish sequence scox-3
(AF124593). These two genes cluster as sister se-
quences in our parsimony analysis.

Pancreas/Duodenum Homeobox-Type Genes.
Three of our molluscan gene fragments, Kelletia-1
(AY187705), Kelletia-6 (AY187706), and Kelletia-9
(AY187707), affiliate, in both the BLAST and the
parsimony analyses, with the pancreas/duodenum
(Pdx) genes that are known from vertebrates, a
hemichordate, a cephalochordate, and an annelid. To
our knowledge, these sequences represent the first
report of such a gene from the phylum Mollusca. The
expression of the frog and zebrafish Pdx-type genes
suggests a conserved role in the development of the
pancreas and duodenum throughout the vertebrates
(Wright et al. 1989; Milewski et al. 1998). To date,
there are no expression data for the other taxa from
which the sequence has been isolated.

Empty Spiracles-Type Genes. Two of our gene
fragments, Urechis-3 (AY187708) and Nutricola-1C
(AY187709), are most similar to the6 empty spiracles
(ems/Emx)-type genes and represent the first report of
such genes from the superphyletic clade Lophotro-
chozoa. ems/Emx-type genes have been reported for
vertebrates, cephalochordates, Drosophila, cnidari-
ans, and sponges. In vertebrates, the Emx genes are
involved with the patterning and development of
portions of the central nervous system (Bonicelli et al.
1993; Pellegrini et al. 1996; Qui et al. 1996; Yoshida et
al. 1997). Similarly, the Drosophila orthologue, ems,
is involved in the patterning and development of the
anterior head, the two posterior neuromeres of the
brain, and tracheal pits/linings (Dalton et al. 1989;
Hirth et al. 1995; Jones and McGinnis 1993a; Wal-
dorf and Gehring 1992). The similar functions of this
gene in these disparate taxa are provocative and
suggest a conserved role in sensory organ and ‘‘head’’
development. This hypothesis is supported in cnida-

rians, where experimental conversion of posterior
planula into anterior/head up-regulates the expres-
sion of the gene (Mokady et al. 2000).

Gastrulation Brain Homeobox-Type Genes. Three
of our gene fragments, Loligo-1 (AY187710), Ure-
chis-1C (AY187711), and Lumbricus-1 (AY187712),
are closely related, based on BLAST and parsimony
analyses, to the gastrulation brain homeobox (Gbx)
genes that have previously been isolated from verte-
brates, echinoderms, molluscs, and arthropods. Al-
though the Loligo-1 gene is similar to the previously
published squid gene Es-Gbx2 (AF127342), the
echiuran and annelidan fragments are the first report
of Gbx orthologues from these two phyla. In verte-
brates, these genes are involved in the development of
the CNS, the pharyngeal endoderm, the otic placode
and vesicle, and the pharyngeal arches and play a role
in establishing the midbrian–hindbrain boundary
(Bulfone et al. 1993; Shamim and Mason 1998; Von
Bubnoff et al. 1996). In Drosophila, the similar un-
plugged gene is required for the formation of tracheal
branches that penetrate the CNS (Chiang et al. 1995).
There are no available data regarding the role of
these genes in any other taxa.

Hematopoietically Expressed Homeobox-Type
Genes. Two of our ctenophoran gene fragments,
Beroe-1 (AY187713) and Beroe-2 (AY187714)
BLAST as hematopoietically expressed homeobox
genes (Hex). While a Hex orthologue has never been
reported for the Ctenophora, one has been recovered
from the putatively more primitive Cnidaria (cnHex),
a finding that suggests a deeper ancestry for this gene
group. In vertebrates, Hex genes appear to play roles
in several developing organs including the thyroid,
lung, liver, gallbladder, and pancreas (Bogue et al.
2000; Keng et al. 2000; Martinez et al. 2000), which
are all derived from foregut endoderm. Because of
their association with a portion of a germ layer, the
role of Hex orthologues in both Cnidaria and Cte-
nophora would be of great interest to comparative
investigators. The parsimony analyses, however,
suggest that these ctenophore genes may affiliate with
the Drosophila BarH1/2 and bsh genes. BarH1 and
BarH2 are involved with the patterning of distal leg
segments in the fly (Kojima et al. 2000) as well as the
normal development of the eye and external sensory
organs (see, e. g., Hayashi et al. 1998). Bar genes also
exist in vertebrates (see, e. g., Patterson et al. 2000)
and appear to be likewise involved in aspects of visual
system and central and peripheral nervous system
development (see, e. g., Bulfone et al. 2000). A small
subset of cells (30) in the fly brain expresses the brain
specific homeobox (bsh) gene (Jones and McGinnis
1993b). To our knowledge, no other Bar-like genes
have been reported (outside the vertebrates and
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Drosophila). These two novel ctenophore genes
change affiliation with minor modification of the
parsimony analyses (data not shown), and as such, it
is not clear which orthologue (bsh vs Hex) has been
recovered here.

The NK-1/s59/Slouch-Type Gene. Our flatworm
gene fragment, Himasthla-2 (AY187715), is an NK-1/
s59/slouch orthologue and is similar to several other
flatworm and nemertean NK-1 genes (EgHbx1
[X66817], PnNK1 [U76499], and LsNk [Kmita-Cu-
nisse et al. 1998]). In Drosophila, the NK-1 gene is
expressed in a discrete set of mesodermal cells (s59
derivatives) that give rise to somitic muscle tissue, a
subset of neuronal cells of the CNS, and a small re-
gion of the midgut (Dohrmann et al. 1990; Knirr et
al. 1999). There are no expression data from other
invertebrates. The NK-1 genes are similar to the
vertebrate SAX genes, which are also involved in
CNS development. In mouse, Sax1 expression sug-
gests a role in both hindbrain and spinal cord pat-
terning, and later in development, this gene is
expressed in areas of the spinal cord, hindbrain,
midbrain, and forebrain (Schubert et al. 1995). These
data indicate a conserved role in nervous system de-
velopment.

Ladybird-Type Gene. Our molluscan gene frag-
ment, Loligo-2, is related to the ladybird (lbl/lbe/Lbx)
genes. While this gene group has previously been
isolated from vertebrates and arthropods, Loligo-2
(AY187716) represents the first report of this gene
from the phylum Mollusca. The vertebrate Lbx genes
are involved with muscle patterning and differentia-
tion, and they function in the development of many
organs including brain, kidneys, and adrenal glands
(Chen et al. 1999; Neyt et al. 2000; Uchiyama and
Hanaoka 2000). The expression of the Drosophila
ladybird genes in some mesodermal cells that cor-
respond to heart precursors suggests an early role
in heart patterning and development (Jagla et al.
1997 a, b, l998, 1999).

The ParaHOX Intermediate7 Neuroblasts Defec-
tive-Type Gene. Our molluscan gene fragment
Kelletia-3 (AY187717) is related to intermediate
neuroblasts defective (ind/Gsh), a member of the
ParaHOX gene group. Orthologues of this ParaHOX
gene have been identified from several basal meta-
zoans, Placozoa and Cnidaria, and the lophotrocho-
zoan phylum Sipunculida. In Drosophila, ind is
expressed in the intermediate column cells, flanked by
cells expressing vnd and msh (Weiss et al. 1998).
Similarly, the vertebrate gsh genes (together with the
vnd and msh orthologues) are expressed in corre-
sponding ventral, intermediate, and dorsal domains
during neurogenesis (reviewed by Weiss et al. 1998).

These data suggest a function that is conserved across
vertebrates and arthropods, but as yet, the expression
of ind orthologues in placozoans, cnidarians, and
cephalochordates remains unexplored. Such studies
should reveal important information regarding the
evolution of nervous system development.

Conclusion. We have exploited the high degree of
sequence conservation within homeobox-containing
genes to design primers for a PCR-based gene frag-
ment isolation protocol. In a preliminary survey, we
have isolated 28 gene fragments from 15 taxa that
represent eight phyla. These data are the product of
sequencing 18 clones per species, thus our screen does
not represent an exhaustive survey, and a more
thorough treatment would likely reveal numerous
additional gene fragments in each species. The
BLAST and parsimony analyses reveal that our gene
fragments are most similar to members of the
PAIRED, HOX, and ParaHox gene groups, and the
Pdx, ems/emx, gbx, Hex, BarH1/2/bsh, NK-1/slouch,
and lbd/lbx genes. These gene fragments provide the
underpinnings for more detailed investigations of
gene function in disparate taxa, which is a central
feature of comparative evolutionary investigations.
As such, this simple technique has broad utility in the
field of developmental evolution.
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Homeobox genes in the ribbonworm Lineus sanguineus: Evo-

lutionary implications. Proc Natl Acad Sci USA 95:3030–

3035

Knirr S, Azpiazu N, Frasch M (1999) The role of the NK-ho-

meobox gene slouch (S59) in somatic muscle patterning. De-

velopment 126:4525–4535

Kojima T, Sato M, Kaoru S (2000) Formation and specification of

distal leg elements in Drosophila by dual Bar homeobox genes,

BarH1 and BarH2. Development 127:769–778

Littlewood DTJ, Rohde K, Clough KA (1999) The interrelation-

ships of all major groups of Platyhelminthes: Phylogenetic

evidence from morphology and molecules. Biol J Linn Soc

66:75–114

Martinez B, Pedro J, Clements M, Thomas P, Rodriguez T, Meloy

D, Kioussis D, Beddington RSP (2000) The homeobox gene

Hex is required in definitive endodermal tissues for normal

forebrain, liver, and thyroid formation. Development 127:

2433–2445

Milewski WM, Duguay SJ, Chan SJ, Steiner DF (1998) Conser-

vation of PDX-1 structure, function, and expression in zebra-

fish. Endocrinology 139:1440–1449

Mokady O, Dick MH, Lackschewitz D, Schierwater B, Buss LW

(2000) Over one-half billion years of head conservation? Ex-

pression of an ems class gene in Hydractinia symbiolongicarpus

(Cnidaria:Hydrozoa). Proc Natl Acad Sci USA 95:3673–3678

515



Mouchel-Viehl E, Rigolot C, Gibert J-M, Deutsch JS (1998)

Molecules and the body plan: The Hox genes of cirripedes

(Crustacea). Mol Phylogenet Evol 9:382–389

Murtha MT, Leckman JF, Ruddle FH (1991) Detection of ho-

meobox genes in development and evolution. Proc Natl Acad

Sci USA 88:10711–10715

Neyt C, Jagla K, Thisse C, Thisse B, Haines L, Currie PD (2000)

Evolutionary origins of vertebrate appendicular muscle. Nature

408:82–86

Oliver G, Vispo M, Mailhos A, Martinez C, Sosa-Pineda B, Fielitz

W, Ehrlich R (1992) Homeoboxes in flatworms. Gene 121:337–

342

Patterson KD, Cleaver O, Gerber WV, White FG, Krieg PA (2000)

Distinct expression patterns for two Xenopus Bar homeobox

genes. Dev Gene Evol 210:140–144

Pattyn A, Morin X, Cremer H, Goridis C, Brunet J-F (1997) Ex-

pression and interactions of the two closely related homeobox

genes Phox2a and Phox2b during neurogenesis. Development

124:4065–4075

Pellegrini M, Mansouri A, Simeone A, Boncinelli E, Gruss P (1996)

Dentate gyrus formation requires Emx2. Development 122:

3893–3898

Pendleton JW, Nagai BK, Murtha MT, Ruddle FH (1993) Ex-

pansion of the Hox gene family and the evolution of chordates.

Proc Natl Acad Sci USA 90:6300–6304

Qui M, Anderson S, Chen S, Menese JJ, Hevner R, Kuwana E,

Pedersen RA, Rubenstein JLR (1996) Mutation of the Emx-1

homeobox gene disrupts the corpus callosum. Dev Biol

178:174–178

Ruiz-Trillo I, Riutort M, Littlewood TJ, Herniou EA, Baguña J

(1999) Acoel flatworms: earliest extant bilaterian metazoans,

not members of the Platyhelminthes. Science 283:1919–1923

Ruiz-Trillo I, Paps J, Loukota M, Ribera C, Jondelius U, Baguna

J, Riutort M (2002) A phylogenetic analysis of myosin heavy

chain type II sequences corroborates that Acoela and Nemer-

todermatida are basal bilaterians. Proc Natl Acad Sci USA

9:11246–11251

Saito T, Greenwood A, Qi S, Anderson DJ (1995) Identification by

differential RT-PCR of a novel Paired homeodomain protein

specifically expressed in sensory neurons and a subset of their

CNS targets. Mol Cell NeuroSci 6:280–292

Schierwater B, Murtha M, Dick M, Ruddle FH, Buss LW (1991)

Homeoboxes in cnidarians. J Exp Zool 260:413–416

Schubert FR, Fainsod A, Gruenbaum Y, Gruss P (1995) Expres-

sion of the novel murine homeobox gene Sax-1 in the devel-

oping nervous system. Mech Dev 51:99–114

Schubert M, Holland LZ, Holland ND, Jacobs DK (2000) A

phylogenetic tree of the Wnt genes based on all available full-

length sequences, including five from the cephalochordate am-

phioxus. Mol Biol Evol 17:1896–1903

Semina EV, Mintz-Hittner HA, Murray JC (2000) Isolation and

characterization of a novel human paired-like homeodomain-

containing transcription factor gene, VSX1, expressed in ocular

tissues. Genomics 63:289–293

Shamim H, Mason I (1998) Expression of Gbx-2 during early de-

velopment of the chick embryo. Mech Dev 76:157–159

Snow P, Buss LW (1994) Hox-type homeoboxes from Stylaria

lacustris (Annelida:Oligochaeta). Mol Phylogenet Evol 3:360–

364

Uchiyama A, Hanaoka K (2000) Expression of Lbx1 involved in

the hypaxial musculature formation of the mouse embryo. J Exp

Zool 286:270–279

Von Bubnoff, A, Schmidt JE, Kimelman D (1996) The Xenopus

laevis homeobox gene Xgbx-2 is an early marker of antero-

posterior patterning in the ectoderm. Mech Dev 54:149–160

Waldorf U, Gehring, WJ (1992) Empty spiracles, a gap gene con-

taining a homeobox involved in Drosophila head development.

EMBO J 11:2247–2259

Weiss JB, Von Ohlen T, Mellerick DM, Dressler G, Doe CQ, Scott

MP (1998) Dorsoventral patterning in the Drosophila central

nervous system: The intermediate neuroblasts defective ho-

meobox gene specifies intermediate column identity. Genes Dev

12:3591–3602

Wright CVE, Schnegelsberg P, De Robertis EM (1989) XLHbox8:

A novel Xenopus homeoprotein restricted to a narrow band of

endoderm. Development 105:787–794

Xiong W-C, Okano H, Patel NH, Blendy JA, Montell C (1994)

Repo encodes a glial-specific homeodomain protein required in

the Drosophila nervous system. Genes Dev 8:981–994

Yoshida M, Suda Y, Matsuo I, Miyamoto N, Takeda N, Kuratani

S, Aizawa S (1997) Emx1 and Emx2 functions in development

of dorsal telecephalon. Development 124:101–111

516


