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Abstract Hox and ParaHox genes are transcriptional
regulators vital for many aspects of embryonic develop-
ment in bilaterian animals and are considered to have
originated from one ancestral proto-Hox/ParaHox cluster.
Hox genes are clustered in the genome of both protostomes
and deuterostomes, and there is a specific relationship
between the position of a gene in the cluster and the
position of its expression along the animal body axis
(colinearity). It is not clear whether the ParaHox genes
Gsx, Xlox, and, Cdx generally exhibit a similar phenom-
enon since developmental expression for all three ParaHox
genes within a single species has not yet been described for
any protostome animal. Here we show the spatial and
temporal localization for all three ParaHox genes in the
polychaete Capitella sp. I, a member of one of the
morphologically most diverse and understudied groups
within the Metazoa, the Lophotrochozoa. Our data
demonstrate that although both CapI-Xlox and CapI-Cdx
are regionally expressed in the gut, the three Capitella sp. I
ParaHox genes as a group do not perfectly fit predictions
of temporal or spatial colinearity. Instead, there is a
conservation of expression across species associated with
development of particular tissues, and the relative order of
initiation of ParaHox gene expression likely reflects the
relative order of species-specific tissue development during
ontogenesis.
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Introduction

ParaHox and Hox genes are thought to have evolved from
a single ancient four-gene proto-Hox/ParaHox cluster prior
to the divergence of cnidarians and bilaterians (Brooke et
al. 1998; Garcia-Fernandez 2005; Kourakis and Martindale
2000). ParaHox and Hox genes are thus evolutionary
sisters (or paralogues). Hox genes increased in number by
tandem duplication to 8–10 genes in the postulated
bilaterian ancestor (de Rosa et al. 1999) and have a
clustered genomic organization in flies and vertebrates
(McGinnis and Krumlauf 1992), and also amphioxus
(Brooke et al. 1998). Hox genes play a role in axial
patterning of animals, and there is a relationship between
the relative position of a gene within the cluster and its
expression domain along the anterior–posterior axis,
known as spatial colinearity. That is, genes at one end of
the genomic cluster are expressed at one end of the animal,
and those located at the other end of the cluster are
expressed at the other end of the animal. Hox genes also
show a temporal colinearity that refers to the relative onset
of gene expression and relative position of the gene within
the cluster. When initially described for the cephalochor-
date Branchiostoma floridae (amphioxus; Brooke et al.
1998), the ParaHox genes were also shown to be
physically linked on the chromosome, consisting of a
cluster of three genes: Gsx, Xlox, and Cdx. Phylogenetic
analysis revealed the following: Gsx genes show high
similarity to anterior class Hox genes (lab), Xlox is similar
to Hox3, and Cdx is most similar to posterior Hox genes
(AbdB). In vertebrates, ParaHox genes are also clustered
along the chromosome (Chawengsaksophak and Beck
1996; Fiedorek and Kay 1995; Holland 2001; Inoue et al.
1996; Pollard and Holland 2000) and exhibit both spatial
and temporal colinearity, with Gsx expressed anteriorly,
Xlox expressed in the middle, and Cdx expressed in a
posterior position.
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ParaHox genes have been less well characterized in
protostomes. Only a subset of the ParaHox gene
orthologues maintained in cephalochordates and verte-
brates are present in ecdysozoans such as Drosophila and
Caenorhabditis. Caenorhabditis has only a Cdx ortho-
logue, pal-1, and Drosophila has Gsx (ind) and Cdx
orthologues (Macdonald and Struhl 1986; Ruvkun and
Hobert 1998; Weiss et al. 1998). Furthermore, in Dro-
sophila, ind and Cdx are not linked on the chromosome. In
the other major protostome supergroup, the lophotrocho-
zoans, orthologues of the three ParaHox genes, Gsx, Xlox
and Cdx, have been identified in each of two sipunculans,
demonstrating that all three ParaHox genes were present in
the common ancestor of the lophotrochozoans and the
deuterostomes (Ferrier and Holland 2001). This result
supports the prediction that three ParaHox genes were
present in the bilaterian ancestor, as originally proposed by
Brooke et al. (1998). Additionally, it indicates that both the
Drosophila and Caenorhabditis genomes have lost Para-
Hox genes, and thus, ParaHox genes in these species
represent a derived condition for protostomes.

The presence of three ParaHox genes in lophotrochozo-
ans raises several questions. Are the ParaHox genes
clustered along the chromosome in lophotrochozoans as
they are in cephalochordates and vertebrates? Do lopho-
trochozoan ParaHox genes exhibit spatial and temporal
colinearity? If so, we can infer that the common ancestor of
the lophotrochozoans and deuterostomes exhibited these
features. Expression patterns for all three ParaHox genes
have not yet been reported within a single lophotrochozoan
species, and there is no available genomic linkage data.
Thus far, expression for a Cdx orthologue has been
described in the mollusc Patella vulgata (Le Gouar et al.
2003), the oligochaete Tubifex tubifex (Matsuo et al. 2005),
and the polychaete Platynereis (de Rosa et al. 2005), and
Xlox orthologues have been described in the two leech
species, Helobdella triserialis and Hirudo medicinalis
(Wedeen and Shankland 1997; Wysocka-Diller et al.
1995). Given the gene loss in ecdysozoans and the
incomplete data from lophotrochozoans, it has been
difficult to determine ancestral bilaterian features of the
ParaHox genes.

To gain insight into the evolution of the ParaHox
genes in the Bilateria, we report the sequence as well as
temporal and spatial expression patterns for all three
ParaHox orthologues by whole mount in situ hybridiza-
tion from embryonic through juvenile stages in the
segmented polychaete annelid Capitella sp. I. Although
we do not yet have genetic linkage data for the Capitella
sp. I ParaHox genes, we can predict the appearance of a
colinear expression pattern based on data from chor-
dates; Gsx expression would be initiated first in the most
anterior tissues, Xlox expression would be initiated
second and localized to tissues in the middle of the body,
and Cdx would appear last in posterior tissues. Our data
show that each ParaHox gene displays a distinct
spatiotemporal expression pattern, and together, they
are observed in derivatives of all three germ layers. Our
results only partially support expected spatial and tem-

poral colinear expression relationships predicted from
chordate examples.

Methods

Collection of developmental stages of Capitella sp. I

Embryos and larvae were collected as previously described
(Seaver et al. 2005). To obtain juveniles, competent St. 9
larvae were induced to undergo metamorphosis by addition
of mud to a finger dish with filtered seawater (FSW).
Following relaxation in 0.19 M MgCl2 in FSW, juveniles
were collected by sifting them through a fine mesh sieve,
and then transferred to fresh dishes of FSW without food
for 2 days to empty their digestive tracts. For the collection
of older juveniles, animals were kept in their original
dishes, fed with fresh mud weekly until the desired age was
reached, and then transferred to fresh dishes for 2 days to
empty their digestive tracts prior to fixation.

Cloning of ParaHox genes from Capitella sp. I
and riboprobe synthesis

Degenerate primers corresponding to the conserved homeo-
domain were designed to isolate fragments of Capitella sp.
I ParaHox orthologues. Fragments of Cdx and Xlox were
recovered in a degenerate Hox screen using the primers
AQLVELEKE (5’-GCB CARYTN GTH GARYTV GAR
AAR G-3’) and WFQNRR (5’-CKN CKRTTY TGR AAC
CA-3’). A Gsx fragment was recovered using the primers
QLLELER (5’-CARYTK YTD GARYTH GARMGR G-
3’) and WFQNRR. Additional sequence for each fragment
was obtained by rapid amplification of cDNA ends
(RACE) using the SmartRACE Kit (BD Biosciences) and
gene-specific primers (sequences available upon request)
with subsequent cloning into the pGEM-Teasy vector
(Promega). A linear template for probe synthesis was gener-
ated by the polymerase chain reaction (PCR) with SP6
and T7 oligonucleotides. Digoxigenin-labeled riboprobes
were transcribed in vitro with the MEGAscript High Yield
Transcription Kit (Ambion, Austin, TX) in the presence of
11-dig-UTP (Roche). Riboprobes were diluted to a work-
ing concentration of 1 ng/μl for CapI-Cdx, 3 ng/μl for
CapI-Gsx, and 3 ng/μl for CapI-Xlox. The CapI-Cdx
riboprobe was 1,546 bp in length and included 822 bp of
open reading frame (ORF) and 547 bp 5’UTR, CapI-Gsx
was 612 bp with 236 bp ORF and 199 bp 3’UTR, and
CapI-Xlox was 1,121 bp including 594 bp ORF and 350 bp
5’UTR.

Phylogenetic analyses

The identity of cloned sequences was initially evaluated by
BLASTX searches of the GenBank database from NCBI.
Gene orthology analysis was performed by first generating
amino acid alignments in CLUSTALW of homeodomain
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regions using the MacVector software (version 7.2.2,
Accelyrs Inc.), with default alignment parameters (align-
ment available upon request). Sequences included the
recovered Capitella sp. I clones and ParaHox sequences
retrieved from the databases on NCBI. Neighbor Joining
analysis was performed in PAUP*4.0b10 (Swofford 2002)
with 1,000 replicates. Bayesian analysis was performed
with MrBayes V3.0 (Huelsenbeck and Ronquist 2001)
using the wag model for protein evolution. Four indepen-
dent chains were run for 1,000,000 generations, and a
majority consensus tree was generated in PAUP*4.0b10
from 9,500 trees representing 950,000 stable generations.

Whole-mount in situ hybridization

The whole-mount in situ hybridization protocol used was
according to that of Seaver and Kaneshige (in press;

detailed protocol available upon request). After rehy-
dration, fixed larvae and juveniles were treated with
0.01 mg/ml proteinase K in PTw [1× phosphate-buffered
saline (PBS), 0.1% Tween 20] for 3 or 5 min, respectively,
and stopped by washing twice with 2 mg/ml glycine in PTw,
and then postfixed in 3.7% formaldehyde in PTw. Specimens
were hybridized in hybridization buffer [50% formamide; 5×
saline sodium citrate (SSC), pH 4.5; 50 μg/ml heparin; 0.1%
Tween 20; 1% sodium dodecyl sulfate (SDS); 100 μg/ml
denatured sheared salmon spermDNA]with either a sense or
antisense riboprobe (0.5–3 ng/μl) at 65°C for 72 h, and then
gradually washed to 0.05× SSC. Riboprobes were detected
using an alkaline-phosphatase-coupled anti-digoxigenin Fab
fragment (1:5,000; Roche) in 1% blocking buffer (Roche
blocking powder in 100 mM maleic acid, 150 mM NaCl,
pH 7.5) overnight at 4°C and visualized by incubation in
NBT/BCIP (Amersham-Pharmacia Biotech) in alkaline
phosphatase (AP buffer) [100 mM NaCl, 50 mM MgCl2,

Fig. 1 Neighbor Joining con-
sensus tree of ParaHox genes.
The Capitella sp. I sequences
group robustly with their re-
spective ParaHox orthologues.
Numbers above the branches
represent bootstrap values for
Neighbor Joining analysis and
those below the line represent
posterior probabilities for Bayes-
ian analysis. Species abbrevia-
tions: Artemia franciscana (Afr),
Branchiostoma floridae (Bfl),
Bombyx mori (Bmo),Capitella
sp. I (CapI), Chaetopterus vario-
pedatus (Cva),Drosophila
melanogaster (Dme),Hirudo
medicinalis (Hme),Mus muscu-
lus (Mmu), Nephasoma minuta
(Nmi), Nereis virens (Nvi), Peri-
onyx excavatus (Pex), Ptycho-
dera flava (Pfl), Phascolion
strombus (Pst), Patella vulgata
(Pvu), Schistocerca gregaria
(Sgr), Strongylocentrotus
purpuratus (Spu),Tubifex tubifex
(Ttu), Xenopus laevis (Xla). Ac-
cession numbers are as follows:
CapI-Gsx, DQ132894; CapI-
Xlox, DQ102390; CapI-Cdx,
DQ102389
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100 mM Tris (pH 9.5), 0.1% Tween 20]. Specimens were
mounted in 80% glycerol supplemented with 1 μg/ml
Hoechst 33342 (Sigma) to stain nuclei and were analyzed
with a Zeiss Axioskop plus. Digital photomicrographs were
taken with a Nikon Coolpix 4,500 digital camera (4.0
megapixel).

Results

Fragments of the three ParaHox orthologues for Capitella
sp. I were isolated by degenerate PCR using primers
designed to complement the conserved regions of the
homeodomain. Additional sequence information for the
putative Gsx, Xlox, and Cdx orthologues was recovered by
RACE PCR using a template generated from mixed stage

larval RNA. The composite sequences of the cDNA clones
were tentatively named CapI-Gsx, CapI-Xlox, and CapI-
Cdx. Examination of the predicted amino acid sequence for
the homeodomain reveals the presence of diagnostic
residues (Ferrier and Holland 2001) for each of the three
Capitella sp. I ParaHox genes (not shown), and complete
open reading frames (ORF) were recovered for CapI-Xlox,
and CapI-Cdx. To determine the orthology assignments for
each gene, we performed phylogenetic analysis using
multiple methods. Both Neighbor Joining and Bayesian
analyses strongly support the orthology assignments of
CapI-Gsx, CapI-Xlox, and CapI-Cdx in the three distinct
ParaHox gene families, rather than clustering with Hox
genes (Fig. 1).

CapI-Gsx is transiently expressed during early stages
of brain formation in a subset of anterior neuroectoderm

Fig. 2 ParaHox gene expression during Capitella sp. I develop-
ment. a Schematic of embryonic and larval stages for Capitella sp.
I. b–l (except c) Whole-mount in situ hybridizations. Anterior is to
the left in all panels. b Expression of CapI-Gsx in the forming
brain (arrowheads) of a St. 4 larva, dorsal view. c Epidermal
thickening (arrowheads) during early brain formation (St. 4),
visualized with the nuclear stain Hoechst. d CapI-Xlox expression
in the gut (bracket; St. 8), lateral view. e–l Expression of CapI-
Cdx. Expression domains are marked as follows: brain (black
arrows), peristome region/pharynx/oesophagus (white arrows),
pygidium/hindgut (black arrowheads), belly plate mesoderm (white
bracket), and coelomesoblasts (white arrowhead). e Initial expression
in coelomesoblasts (white arrowheads) shortly after blastopore
(white ring) closure in St. 3, ventral view. f Same embryo and view

as in e, nuclear staining with CapI-Cdx expression superimposed. g
Brain expression (early St. 4), ventral view, midbody focal plane. h
CapI-Cdx is expressed in brain, belly plate mesoderm, peristome,
and pygidium of the same larva as in g. i Lateral view of a St. 6
larva, midbody focus plane, showing expression in the brain,
peristome, segmental mesoderm, and pygidium. j Continued
expression in domains shown in h (ventral view, St. 7.5). k
Lateral view of a juvenile 3 days post-metamorphosis. Highest
expression levels are in the hindgut, pharynx/oesophagus, and
ventral nerve cord (broad black arrowhead). Note the weak brain
expression. l Expression in the hindgut after addition of new
juvenile segments (3 weeks post-metamorphosis). Abdominal
ganglia are labeled A1–A10. Asterisk marks the stomodeum, and
brackets mark the position of the posterior growth zone
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cells at St. 4 (Fig. 2b). Cerebral ganglia formation is
initiated as localized thickening of the ectoderm in bilateral
areas (Fig. 2c), which results from continued cell divisions
in the brain neuroectoderm (Seaver et al. 2005). CapI-Gsx
is expressed prior to the internalization and separation of
the brain from the ectoderm epithelia and is not observed in
any other tissue, or at any other larval or juvenile stage.

CapI-Xlox also shows limited spatiotemporal expression
and is found only in endodermal cells that form the midgut
epithelium during gut morphogenesis at late larval stages
(St. 8; Fig. 2d). In Capitella sp. I gut development,
endodermal cells are initially scattered within the yolk and
later migrate to the yolk boundaries and form the definitive
midgut (Eisig 1899). CapI-Xlox expression has a patchy

appearance, reflecting CapI-Xlox expression in midgut
progenitor cells that have not yet formed a continuous
epithelium. Once the midgut is fully formed, CapI-Xlox
expression is no longer detected. CapI-Gsx expression is
initiated prior to that of CapI-Xlox and has a more anterior
localization, thus the relative expression of these two
genes exhibit characteristics of both spatial and temporal
colinearity.

CapI-Cdx displays a spatially and temporally dynamic
expression pattern that, unlike both CapI-Gsx and CapI-
Xlox, includes tissues derived from multiple germ layers.
Soon after closure of the blastopore, CapI-Cdx is expressed
in a pair of bilaterally symmetric lateral cells in the
posterior half of the embryo at St. 3 (Fig. 2e), located

Fig. 3 ParaHox gene expres-
sion patterns in Capitella sp. I
and comparison with expression
in other animals. a Summary of
ParaHox gene expression in
Capitella sp. I. b Comparison of
ParaHox gene activation order
between chordates and Capitella
sp. I. The temporal onset of
ParaHox gene expression in
Branchiostoma is reversed with
respect to that observed in
vertebrates. c Expression do-
mains of ParaHox genes are
conserved in tissues within and
among diverse animal groups.
The relative order of gene acti-
vation reflects the timing of
tissue formation expressing each
gene
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beneath the ectoderm, with large nuclei relative to
surrounding cells (Fig. 2f). The position of these cells
coincides with that of 4d-derived mesendodermal stem
cells, or coelomesoblasts (Eisig 1899), characteristic of
spiral-cleaving lophotrochozoans. Soon after, two ventro-
lateral bands of Cdx-expressing mesodermal cells appear
(early St. 4), extending anteriorly from the coelomesoblasts
(which produce the body wall mesoderm; Fig. 2h). Over
time, the mesodermal bands expressing CapI-Cdx enlarge
in area and reflect the circumferential expansion of the
midbody mesoderm (Seaver et al. 2005; Fig. 2i). CapI-Cdx
becomes broadly expressed throughout the segmental
mesoderm (Fig. 2j, St. 7), as it is in other lophotrochozoans
(Le Gouar et al. 2003; Matsuo et al. 2005).

CapI-Cdx is also expressed in the anterior nervous
system and the developing gut. Soon after initial expres-
sion in larval coelomesoblasts (early St. 4), CapI-Cdx is up-
regulated in the anterior neuroectoderm (Fig. 2g,h) of the
brain primordia. As the cerebral ganglia internalize and
separate from the overlying ectodermal epithelia, CapI-
Cdx brain expression persists (Fig. 2i,j, black arrows). At
late larval and juvenile stages, brain expression decreases
to low levels (Fig. 2k). CapI-Cdx brain expression overlaps
both temporally and spatially with the expression of CapI-
Gsx (compare Fig. 2b and g). CapI-Cdx is also prominently
expressed in the forming gut, initially in ectodermal cells at
the posterior pole of the embryo (Fig. 2h, black arrowhead)
at approximately the same time anterior neuroectoderm
expression appears (St. 4; Fig. 2h, black arrows). This is
soon followed by ectodermal expression lateral to the
stomodeum in the peristomal region (Fig. 2h) and will
contribute to the anterior portion of the gut (Fig. 2h–j).
Over time, the posterior expression in the presumptive
hindgut shifts inward, becoming located beneath the
surface epithelium (compare Fig. 2h and i). By late larval
stages, CapI-Cdx expression decreases in all anterior and
midbody regions, with the exception of weak ventral nerve
cord expression (not shown). After metamorphosis in
juvenile worms, CapI-Cdx is localized to the anterior
digestive tract, ventral nerve cord, and is most prominent in
the hindgut, which has expanded in area relative to late
larval stages (Fig. 2k). CapI-Cdx is not expressed in the
posterior growth zone or in mesoderm in juveniles (Fig. 2k,l).
Juvenile expression in the hindgut persists and is detectable
after generation of eight additional segments (Fig. 2l).
Thus, in Capitella sp. I, CapI-Cdx is expressed in distinct
tissues of all three germ layers (Fig. 3a) and spans the entire
anterior–posterior axis of the body. The onset of CapI-Cdx
in each distinct tissue precedes morphogenesis, consistent
with a patterning role in the brain, segmental mesoderm,
and the anterior and posterior regions of the gut.

Discussion

The data presented in this study represent the first report of
expression for all three ParaHox genes in a single
lophotrochozoan species during body plan formation.
Our identification of all ParaHox gene orthologues in the

polychaete Capitella sp. I supports the observation from a
previous report in sipunculans that, unlike the ecdy-
sozoans, lophotrochozoans have retained three ParaHox
gene orthologues (Ferrier and Holland 2001). The presence
of three ParaHox genes in lophotrochozoans is consistent
with an ancestral bilaterian ParaHox cluster of three genes.
Linkage data are not yet available for ParaHox genes from
any lophotrochozoan, although the Capitella sp. I genome
is currently being sequenced by the Joint Genome Institute
(DOE).

Although the Capitella sp. I genome clearly has
orthologues of all three ParaHox gene members, when
considered as a group, their expression profiles do not
completely fit predictions of spatial and temporal colin-
earity (Brooke et al. 1998; Holland 2001; Fig. 3a). The
earliest Capitella sp. I ParaHox gene to be expressed is the
‘posterior’ gene Cdx, followed by the ‘anterior’ gene Gsx,
and finally the ‘central’ gene Xlox (Fig. 3b). This temporal
order does not correlate with the order of the ParaHox
cluster seen in chordates. Spatially, CapI-Gsx is expressed
anteriorly and CapI-Xlox is in the midbody; thus, these two
genes exhibit spatial colinearity. In contrast, CapI-Cdx
expression is not limited to the posterior; it extends to the
length of the anterior–posterior axis during some stages of
its expression, and it also overlaps with CapI-Gsx expres-
sion in both timing and position. Our observations that, as a
group, spatial and temporal colinearity predictions from
chordates are not perfectly met by the Capitella sp. I
ParaHox genes can be interpreted in multiple ways. In one
scenario, the bilaterian ancestor had a ParaHox cluster of
three genes that exhibited spatial and temporal colinearity.
According to this scenario, a genomic cluster organization
may have been lost in Capitella sp. I, releasing the three
ParaHox genes from a strictly coordinated spatiotemporal
colinear expression pattern. This is the case for Ciona, in
which ParaHox genes are not clustered and also do not
exhibit either temporal or spatial colinearity (Ferrier and
Holland 2002). Alternatively, in the last common ancestor
of the deuterostomes and lophotrochozoans, ParaHox gene
expression did not exhibit spatial and temporal colinearity,
and possibly the ParaHox genes were not clustered in the
genome. Additional data from other protostome taxa,
especially regarding genomic organization, are necessary
in providing more definitive evidence to distinguish
between these alternatives.

Based on ParaHox developmental expression domains
in chordates, a model was proposed implicating Para-
Hox genes in patterning the intestinal tract (Holland
2001). According to this scenario, the Eubilaterian
displayed colinearity of the ParaHox genes along the
digestive tract, with Gsx anterior, Xlox in the middle, and
Cdx posterior. Of the Capitella sp. I ParaHox genes,
CapI-Xlox expression in the larval midgut fits this
model, although CapI-Gsx and CapI-Cdx do not. The
model further suggests that Gsx was expressed in the
region of the Eubilaterian mouth (Holland 2001). Lack
of Gsx expression in the anterior gut of deuterostomes
was explained as a loss of the primary mouth and
evolution of a new secondary mouth in the deuterostome
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clade (Holland 2001). If this were the case, protostomes
should maintain Gsx expression in anterior gut struc-
tures. Our results do not support such a model since
CapI-Gsx expression is limited to a restricted region of
the forming brain. Additionally, CapI-Cdx is expressed
in both anterior and posterior gut regions.

Comparative analyses across the animal kingdom show
conservation of ParaHox gene expression domains in
distinct tissues (Fig. 3c). Gsx is expressed in the cerebral
vesicle in Branchiostoma (Brooke et al. 1998), in primitive
neuroepithelial cells of the forming forebrain and neural
tube in mice (Hsieh-Li et al. 1995), and in the anterior
neuroectoderm during brain formation in Capitella sp. I.
Drosophila Gsx (ind) is expressed prominently in a column
of neuroblasts along the length of the ventral nerve cord
and also in a subset of brain neuroblasts, including a few of
the protocerebrum (Urbach and Technau 2003; Weiss et al.
1998). Such expression patterns are consistent with a
conserved function in brain development. CapI-Xlox
midgut expression is similar to that in leeches (Wedeen
and Shankland 1997; Wysocka-Diller et al. 1995), the only
other protostome pattern reported for Xlox. It is likely that
the highly conserved midgut expression of Xlox found in a
number of deuterostomes (Brooke et al. 1998; Hwang et al.
2003; Ohlsson et al. 1993; Wright et al. 1989) and
protostomes (Wedeen and Shankland 1997; Wysocka-
Diller et al. 1995) may reflect an ancestral function in
midgut epithelia formation and maturation.

CapI-Cdx expression in the brain and anterior digestive
tract is somewhat distinctive from other organisms. How-
ever, the expression of CapI-Cdx in multiple germ layers in
the posterior part of the body is reminiscent of Cdx
expression patterns in chordate tissues, including neural
tube, mesoderm and posterior regions of the gut and
endoderm of vertebrates (Duprey et al. 1988; Gamer and
Wright 1993; Gont et al. 1993; Marom et al. 1997; Pillemer
et al. 1998; Reece-Hoyes et al. 2002; Subramanian et al.
1995), and posterior neural tube and gut in Branchiostoma
(Brooke et al. 1998). Posterior Cdx expression in the
presomitic mesoderm in vertebrates and the posterior
growth zone of short-germ arthropods has previously been
noted (Wu and Lengyel 1998), and an ancestral role has
been proposed for Cdx in posterior axis elongation and
segmentation (Copf et al. 2004). The expression of Cdx in
mesoteloblastic stem cells of Capitella sp. I is consistent
with this scenario. It is noteworthy that in the mollusc, P.
vulgata, Cdx is also expressed in mesoteloblasts, although
P. vulgata is unsegmented and lacks terminal growth.
CapI-Cdx is expressed in mesoteloblasts that generate
mesoderm of larval segments, but not in the posterior
growth zone contributing to new juvenile and adult tissues
(Fig. 2k,l). This suggests that CapI-Cdx may have a
function associated with the formation of larval but not
adult segments and is consistent with a mechanistic
distinction between larval and adult segment formation as
has been previously suggested for serpulid and nereid
polychaetes (Iwanoff 1928). In contrast, in a recent report
for Cdx expression in another polychaete, Platynereis

dumerulii, Cdx is expressed in the posterior growth zone of
juveniles and in regenerating animals (de Rosa et al. 2005).
Conserved Cdx expression in the posterior growth zone in
representatives from all three bilaterian superclades sup-
ports an ancestral role in axis elongation.

The ParaHox genes appear to have taken an evolu-
tionary path distinct from that of its evolutionary sister, the
Hox cluster. Unlike Hox genes, which have expanded in
gene number and remained a distinct cluster with complex
patterns of colinear expression, ParaHox genes may have
undergone gene loss. Additionally, in species such as
Capitella sp. I, the ParaHox genes may have been released
from potential constraints of coordinated gene regulation,
allowing for co-option of novel developmental roles (e.g.,
CapI-Cdx expression in the brain). Our results support the
hypothesis that the ancestral role for the proto-Hox/
ParaHox cluster was in the formation of specific tissue
types along the anterior–posterior axis. It seems that a
conserved feature of the temporal order of ParaHox gene
activation reflects the relative species-specific order of
tissue and organ formation, rather than a strict ordered
position along the chromosome.
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