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Abstract The Sox and Forkhead (Fox) gene families are
comprised of transcription factors that play important roles
in a variety of developmental processes, including germ
layer specification, gastrulation, cell fate determination,
and morphogenesis. Both the Sox and Fox gene families are
divided into subgroups based on the amino acid sequence
of their respective DNA-binding domains, the high-mo-
bility group (HMG) box (Sox genes) or Forkhead domain
(Fox genes). Utilizing the draft genome sequence of the
cnidarian Nematostella vectensis, we examined the geno-
mic complement of Sox and Fox genes in this organism to
gain insight into the nature of these gene families in a basal
metazoan. We identified 14 Sox genes and 15 Fox genes in
Nematostella and conducted a Bayesian phylogenetic anal-
ysis comparing HMG box and Forkhead domain sequences
from Nematostella with diverse taxa. We found that the
majority of bilaterian Sox groups have clear Nematostella
orthologs, while only a minority of Fox groups are repre-
sented, suggesting that the evolutionary pressures driving
the diversification of these gene families may be distinct
from one another. In addition, we examined the expression
of a subset of these genes during development in Nema-
tostella and found that some of these genes are expressed in
patterns consistent with roles in germ layer specification
and the regulation of cellular behaviors important for gas-
trulation. The diversity of expression patterns among
members of these gene families in Nematostella reinforces
the notion that despite their relatively simple morphology,
cnidarians possess much of the molecular complexity ob-
served in bilaterian taxa.
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Introduction

Gastrulation, or the process through which an embryo
internalizes the germ layers that will form the various
structures of the adult animal, is the primary morphoge-
netic event during early development. This transition from
a monolayered blastula to a multilayered gastrula is accom-
plished through a variety of cellular mechanisms in dif-
ferent metazoans, although there are definite similarities
across phyla in the genes involved in regulating this proc-
ess. An examination of the changes in expression and
regulation of these “gastrulation genes” in diverse taxa
promises to provide insight into the evolution of various
gastrulation mechanisms. Additionally, since many of
these genes are members of multigene families, their in-
vestigation in multiple taxa can also help identify the prin-
ciples underlying the evolution of gene families and their
recruitment into discrete developmental events. For studies
in either of these categories, data from basal metazoans are
critical to provide a means of comparison to the more
derived taxa.

The phylum Cnidaria (which includes sea anemones,
jellyfish, and corals) is just such an out-group of “prim-
itive” metazoans. As the likely sister group to the Bilateria
(Collins 1998; Medina et al. 2001), cnidarians are perfectly
placed to provide insight into the evolution of gastrulation.
They are traditionally considered to be diploblastic (i.e.,
have only two germ layers rather than the three present in
bilaterian metazoans) and radially symmetric. While cni-
darians exhibit relatively simple body-plan organization,
they exhibit diverse gastrulation strategies. Indeed, all of
the mechanisms of gastrulation found in Bilateria taxa are
present in cnidarians (Tardent 1978). There are four major
clades of cnidarians: the basal anthozoans (sea anemones
and corals) and the three medusazoan clades, Scyphozoa,
Cubozoa, and Hydrozoa. Among the Cnidaria, anthozoans
seem to be the most relevant for comparison to bilaterian
taxa because of their basal position and simple life history.
The starlet sea anemone, Nematostella vectensis, has
recently emerged as an important cnidarian model system
for use in studies aimed at inferring character states
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ancestral to the evolution of Bilateria (Fritzenwanker and
Technau 2002; Hand and Uhlinger 1992). In this paper, we
report the temporal and spatial expression of members of
the Forkhead (Fox) and Sox gene families in Nematostella.
Both of these gene families are involved in regulating
numerous developmental processes in other organisms,
including mesendodermal patterning and cellular behaviors
necessary for gastrulation (Carlsson and Mahlapuu 2002;
Pevny and Lovell-Badge 1997; Wegner 1999).

The Sox gene family is composed of transcription factors
related to the mammalian SRY genes. They have been
identified in many taxa, with 20 family members identified
in the mouse and human genomes (Schepers et al. 2002).
They are members of the high-mobility group (HMG)
superfamily, which also includes TCF, MATA, and HMG/
UBF proteins (Laudet et al. 1993; Soullier et al. 1999).
Their defining characteristic is the presence of the highly
conserved 79 amino acid DNA-binding HMG box (Gubbay
et al. 1990). All Sox proteins seem capable of binding to the
same primary sequence, (A/T)(A/T)CAA(A/T)G (Harley et
al. 1994). Outside of the HMG box, Sox sequences diverge

widely, and specificity in their activity is thought to result
from their temporal and spatial expression, as well as
tissue-specific combinatorial interactions with other tran-
scription factors and cofactors (Kamachi et al. 1999, 2000;
Wilson and Koopman 2002). Sox proteins have been
implicated in a variety of developmental processes, in-
cluding development of the central nervous system, neural
crest specification, gastrulation, and mesendodermal pat-
terning (Heeg-Truesdell and LaBonne 2004; Tam et al.
2003; Zhang et al. 2004).

Members of the Fox gene family are also transcription
factors, defined by the presence of a 110 amino acid
winged helix domain, also known as the Forkhead/HNF-3
domain (Kaufmann and Knochel 1996; Weigel and Jackle
1990). In humans, the Fox gene family consists of 39
members, although invertebrates seem to have consider-
ably fewer (Carlsson and Mahlapuu 2002). Drosophila
melanogaster, for example, has 17 members (Lee and
Frasch 2004). Similar to the Sox family, they have been
implicated in a diverse array of developmental processes,
including eye development, epithelial organization in the

Fig. 1 Alignment of the HMG
box from Sox protein sequences
used in this study. Boxshade
alignment of the HMG box do-
main from Sox proteins belong-
ing to the various groups in the
gene family. The 14
Nematostella genes reported in
this study are listed at the bottom.
Taxa represented are as follows:
Alligator mississippiensis (Am),
Caenorhabditis elegans
(Ce), Drosophila melanogaster
(Dm), Danio rerio (Dr), Halio-
tis asininia (Ha), Homo
sapiens (Hs), Macropus eugenii
(Me), Mus musculus (Mm),
Nematostella vectensis (Nv),
Strongylocentrotus purpuratus
(Sp), Xenopus laevis (Xl)
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lung, maintenance of neural crest precursor cells, as well as
gastrulation and axial patterning (Carlsson and Mahlapuu
2002). Fox transcription factors are targets of a number of
signaling pathways, including the TGFβ/Smad pathway
downstream of Nodal involved in endoderm specification
in vertebrates (Hoodless et al. 2001; Yamamoto et al.
2001). Interestingly, Sox genes (specifically Sox17) are also
involved in endoderm specification in vertebrates as
downstream targets of Nodal signaling (Alexander and
Stainier 1999), and in Xenopus, Foxa1 and Foxa2 are direct
transcriptional targets of Sox17 (Sinner et al. 2004). In
addition, Sox and Fox functions are linked during the de-
velopment of the neural crest, as expression of FoxD3 in
Xenopus neural crest requires Sox10 (Honore et al. 2003).

Here we report the genomic inventory and phylogenetic
analysis of the multiple Sox and Fox genes present in N.
vectensis, along with expression data for a subset of them.

Our analysis of the evolution of these gene families as
aided by the recent completion of a genome sequencing
initiative for Nematostella indicates that at least some of the
members of each of these families are expressed in a
manner consistent with a role in gastrulation and/or germ
layer specification, providing insight into the evolution of
both these processes.

Materials and methods

Identification of Sox and Fox genes

Degenerate primers were designed to the most highly
conserved regions of bilaterian orthologs for Sox and Fox
genes. Gene fragments were obtained by PCR amplification
from genomic DNA and embryonic cDNA. PCR fragments

Fig. 2 Phylogenetic relation-
ship between Nematostella Sox
genes and those from other
organisms. Bayesian phylogram
(Mr.Bayes v3.0b4) produced
from the comparison of the
HMG box domains of the Sox
proteins aligned in Fig. 1. This
topology represents the 50%
majority-rule consensus tree re-
sulting from 9,001 trees gener-
ated. The posterior probability
for each node is indicated ad-
jacent to the node, and the
branch length representing five
changes is indicated by the scale
bar at the bottom. Mus musculus
TCF1 and LEF1 are included as
out-group sequences (Bowles et
al. 2000). Previously reported
Sox family groups A–I are
largely supported, with clear
Nematostella orthologs in many
cases, although we could not
resolve group B2. The Nemato-
stella sequences NvSox1,
NvSox2, NvSox3, NvSox4, and
NvSox5 do not align with any
particular Sox group
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were cloned into the pGEM-Teasy plasmid vector (Promega)
and sent to Gene Gateway, LLC, for sequencing. Sequences
from authentic clones were used to design nested sets of
nondegenerate primers wi-th annealing temperatures between
68 and 70°C for rapid amplification of cDNA ends (RACE).
Both 3′-RACE and 5′-RACE were performed using the
SMART RACE cDNA Amplification Kit (BD Biosciences
Clontech). Sox genes identified by this method (and GenBank
accession numbers) are as follows: NvSoxB1 (DQ173695),
NvSoxB2 (DQ173696), NvSoxE.1 (DQ173697), NvSoxF.1
(DQ173698), NvSox1 (DQ173692), NvSox2 (DQ173693),
and NvSox3 (DQ173694). Fox genes identified by this meth-
od (and GenBank accession numbers) are as follows:NvFoxA
(AY465175; Martindale et al. 2004), NvFoxB (DQ173688),
NvFoxC (DQ173689), NvFoxD.1 (DQ173690), NvFoxE
(DQ173691), and NvFox1 (DQ173687).

Subsequent to the initiation of our PCR survey, the Joint
Genome Institute (DOE) made available trace files from the
N. vectensis genome-sequencing project. In silico searches of
theNematostella genomewere accomplished by performing a
BLASTsearch against the N. vectensis trace archive using the
amino acid sequence of either an HMG box (Sox genes) or
Forkhead domain (Fox genes). The resulting sequence frag-
ments were downloaded into MacVector 8.0 (Accelrys) and
assembled using AssemblyLIGN (Accelrys). Sox genes iden-
tified by this method (with representative trace identifiers) are
as follows: NvSoxA (573062011), NvSoxC (595435966),
NvSoxE.2 (567604228),NvSoxF.2 (578421981),NvSoxJ (557
583743), NvSox4 (573066226), and NvSox5 (558243222).
Fox genes identified by this method (with representative trace
identifiers) are as follows: NvFoxD.2 (573154754), NvFoxL2
(559524830), NvFoxN (560471737), NvFoxO (557608368),
NvFox2 (558523303), NvFox3 (568704718), NvFox4 (557
660630), NvFox5 (578453495), and NvFox6 (600265481).

Phylogenetic analysis

Amino acid sequences for the HMG box and Forkhead
domains were aligned in MacVector 8.0 (Accelrys) via the
ClustalWalignment tool and corrected by hand for obvious
errors. A Bayesian phylogenetic analysis was performed on
these alignments with Mr.Bayes v3.0b4 (Huelsenbeck and
Ronquist 2001) using the Whelan and Goldman (2001)
model of protein evolution, with 1,000,000 generations
sampled every 100 generations and four chains. A “con-
sensus tree” was produced with PAUP*4.0b10 (Swofford
2002) from the last 9,001 trees representing 900,100 sta-
tionary generations. Posterior probabilities and branch
lengths were calculated from this “consensus.”

Gene expression

Embryos from various stages were fixed in fresh ice-cold
3.7% formaldehyde with 0.2% glutaraldehyde in 1/3×
seawater for 90 s and then postfixed in 3.7% formaldehyde
in 1/3× seawater at 4°C for 1 h. Fixed embryos were rinsed
five times in PBS buffer plus 0.1% Tween 20 (PTw) and

once in deionized water, and transferred to 100% methanol
for storage at −20°C. Early embryos were removed from
the jelly of the egg mass by treating with freshly made 2%
cysteine in 1/3× seawater (pH 7.4–7.6) for 10–15 min.
Planula and polyp stages were relaxed in 7% MgCl2 in
1/3× seawater for 10 min prior to fixation. In situ hybrid-
ization using 1–2 kb digoxigenin-labeled riboprobes were
performed to determine the spatial and temporal dis-
tribution of transcripts as previously described (Finnerty et al.
2003). Probe concentration ranged from 0.05 to 1.00 ng/ml,
and hybridizations were performed at 65°C for 20–44 h.
Probe detection was achieved by incubation with an
antidigoxigenin antibody conjugated to alkaline phospha-
tase (Roche). Subsequently, the presence of alkaline phos-
phatase was detected by a colorimetric detection reaction
using the substrate NBT–BCIP. Specimens were photo-
graphed on a Zeiss Axioplan with a Nikon Coolpix 990
digital camera.

Results

Identification of NematostellaSox genes

Our investigations into the Sox gene family in Nematostella
utilized both a degenerate PCR approach and an in silico
screening of the Nematostella genome as it was sequenced.
These analyses identified 14 Sox genes. An alignment of
the 79 amino acid HMG box of the proteins encoded by
these genes is shown in Fig. 1. A comparison with the
HMG box in Sox proteins from other organisms indicates a
high degree of conservation. A comparison of the con-
sensus HMG box sequence of Nematostella Sox proteins
with that of the other Sox proteins used in this study indi-
cates 62% identity.

Orthology of NematostellaSox genes

Sox proteins have been categorized into groups based on
phylogenetic analyses of the amino acid sequence of their
HMG box domains. Orthologs of many Sox groups have
been found in both vertebrates and invertebrates, although
members of groups G, H, and I have only been found in
vertebrates to date, and group J is unique to Caenorhabditis
elegans. To determine which groups are represented among
proteins encoded byNematostella Sox genes, we performed
a Bayesian phylogenetic analysis (see “Materials and
methods”) using the sequences shown in Fig. 1. The re-
sulting consensus tree is shown in Fig. 2. As expected, our
analysis recovered most of the Sox groups previously
reported (Bowles et al. 2000), although we could recover
only very weak support for group B2. Some of the
Nematostella sequences can be unambiguously assigned to
a particular group, while others are not so clearly aligned.
NvSoxA clusters with the group A gene MmSRY, although
the other group A sequence, MeSRY, clusters elsewhere
with the group B1 genes by this analysis. This result is
consistent with prior phylogenetic analyses of the Sox
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family, which found that group A was not monophyletic
and thatMeSRY was more closely related to group B genes
than was MmSRY (Bowles et al. 2000). NvSoxB1 and
NvSoxB2 are likely group B genes, with NvSoxB1 aligning
most closely with DmSoxB1 and SpSoxB1, and NvSoxB2
with group B2. NvSoxC aligns with the group C clade,
although the posterior probability for its node (68) is
somewhat low. NvSoxE.1 and NvSoxE.2 are clearly group
E genes, and there is good support for the group F
orthology of NvSoxF.1 and NvSoxF.2. NvSoxJ aligns most
closely with CeSoxJ, which is the sole member of that
group. We found no clear evidence for Nematostella
members of groups D, G, H, or I, although, except for
group D, these groups were each represented by only one
or two vertebrate sequences and, in the case of groups H
and I, have only recently been defined in vertebrates
(Bowles et al. 2000). NvSox1, NvSox2, NvSox3, NvSox4,
and NvSox5 could not be assigned clear orthology with
particular Sox groups based on this analysis.

Nematostella Sox gene expression patterns

To gain some insight into the developmental processes
regulated by Sox genes in Nematostella, we performed in
situ hybridizations with a subset of the Sox genes identified
(Fig. 3). We observe a variety of expression patterns across
the gene family. NvSoxB1 expression at the gastrula stage is
seen broadly in the aboral half of the embryo, as well as a
separate domain surrounding the blastopore (Fig. 3a,b).
Through the planula stage and polyp formation, the aboral
expression becomes limited to a spot at the aboral pole
corresponding to the apical tuft, while the oral expression is
restricted to the pharyngeal ectoderm (Fig. 3c–e). NvSoxB2
exhibits a salt-and-pepper pattern of expression in the early
embryo (Fig. 3f–h). NvSoxB2 expression remains confined
to individual cells scattered throughout both the ectoderm

and endoderm through polyp development (Fig. 3i,j).
NvSoxE.1 is not expressed maternally (Fig. 3k) but begins
to be expressed orally during gastrulation (Fig. 3l–n). Ex-
pression is maintained in the endoderm through polyp
formation, at particularly high levels in the endoderm
underlying the tentacle buds (Fig. 3o,p). NvSoxF.1 is not
expressed prior to gastrulation (Fig. 3q,r). During the
planula stage, expression is turned on broadly in pharyn-
geal endoderm and becomes restricted to a ring surround-
ing the pharynx (Fig. 3s). During polyp formation, this
endodermal expression becomes restricted to a ring within
the pharyngeal endoderm at the base of the pharynx, near
the junction between the pharynx and the first two directive
mesenteries (Fig. 3t,u). During the early stages of devel-
opment, NvSox1 is expressed in the ectoderm in the oral
half of the embryo (Fig. 3v–y). Following gastrulation, this
expression becomes restricted to the pharyngeal ecto-
derm (Fig. 3z,aa), where it persists through polyp formation
(Fig. 3bb–ee). NvSox2 exhibits a salt-and-pepper pattern of
expression during the early stages of development (Fig. 3ff,
gg), which becomes restricted to the tentacle buds during
polyp formation (Fig. 3hh–jj). NvSox3 expression is unique
among the genes we examined in that it is highly ex-
pressed maternally (Fig. 3kk,ll). As gastrulation proceeds,
its expression is gradually restricted to the oral ectoderm
(Fig. 3mm,nn). During polyp formation, expression be-
comes further restricted to the ectoderm at the bases of
the tentacle buds (Fig. 3oo–rr).

Identification of Nematostella Fox genes

Similar to the Sox gene family, Fox genes are divided into a
number of subgroups based on the sequence of their
Forkhead domains (Mazet et al. 2003). An alignment of the
Forkhead domains of Fox proteins from a variety of
organisms, arranged by group, is shown in Fig. 4. The 15
Nematostella Fox genes identified in this study through
degenerate PCR as well as in silico screening of the
genome are aligned at the bottom.

Orthology of Nematostella Fox genes

To determine which Fox groups are represented among
proteins encoded by Nematostella Fox genes, we per-
formed a Bayesian phylogenetic analysis similar to our
analysis of Sox sequences (see “Materials and methods”)
using the sequences shown in Fig. 4. The resulting
consensus tree is shown in Fig. 5. Our analysis was able
to confirm most of the Fox groups previously reported
(Adell and Muller 2004; Mazet et al. 2003). In contrast to
the Sox gene family, however, the majority of Fox groups
did not have a clear Nematostella representative. NvFoxA,
which was previously identified as Nv-forkhead, is clearly
orthologous to group A Fox sequences, consistent with
published results (Fritzenwanker et al. 2004; Martindale et
al. 2004). NvFoxB clusters with group B, while NvFox3 is
basal to the clade comprised of groups A and B. NvFoxC is

3Fig. 3 Expression patterns for a subset of the Nematostella Sox
genes. In situ expression patterns at various developmental stages
for NvSox genes. All images are oriented with the oral pole to the
right, except b, m, x, aa, gg, ii, nn, and pp, which are oral views.
a–e NvSoxB1 expression at the gastrula stage can be seen orally
surrounding the blastopore (a, b), as well as broadly in the aboral
half (a). Later expression is restricted to a spot at the aboral pole
and the pharyngeal ectoderm (c–e). f–j NvSoxB2 is expressed in a
salt-and-pepper pattern throughout development. k–p NvSoxE.1
exhibits salt-and-pepper expression in the endoderm during gastru-
lation (l, m), and broad endodermal expression is maintained
through polyp formation (o–p). q–u NvSoxF.1 is not expressed in
the early embryo (q, r). Following gastrulation, broad endodermal
expression can be seen (s), which is later restricted to a narrow band
surrounding the pharynx (pharyngeal endoderm) (t, u). v–ee
NvSox1 is initially expressed in the ectoderm in the oral half of
the embryo through the gastrula stage (v–aa). Following gastrula-
tion, its expression is maintained in the pharyngeal ectoderm
through polyp formation (z–ee). ff–jj NvSox2 is expressed in a salt-
and-pepper pattern early (ff, gg), with later expression restricted to
the tentacle buds (hh–jj). kk–rr NvSox3 exhibits strong maternal
expression (kk, ll). During gastrulation, its expression becomes
gradually restricted to the oral half of the embryo, surrounding the
blastopore (mm, nn), with further restriction to the bases of the
tentacle buds during polyp formation (oo–rr)
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the sole Nematostella ortholog in group C. NvFoxD.1 and
NvFoxD.2 align with group D. NvFoxE is most similar to
group E genes, and NvFoxL2 falls within group L2. While
the amino acid sequence of the Forkhead domains of
NvFoxN and NvFoxO are more divergent than the other
Nematostella Fox genes we identified, they do cluster
strongly with groups N and O, respectively, suggesting that
they are genuine Fox genes. NvFoxO is particularly un-

usual in that it possesses a stop codon within the Forkhead
domain that truncates the domain at the start of the second
wing. We could identify no Nematostella orthologs of
groups F, G, H, I, J, K, L1, M, P, or Q. NvFox1, NvFox2,
NvFox3, NvFox4, NvFox5, and NvFox6 could not be
assigned orthology with particular Fox groups based on
this type of analysis. NvFox1 and NvFox5 are most similar
to each other, however, as are NvFox2 and NvFox4, sug-
gesting Nematostella-specific gene duplications.

Nematostella Fox gene expression patterns

To gain some insight into the developmental processes
regulated by Fox genes in Nematostella and thereby get
some indication of how conserved their functions are likely

Fig. 5 Phylogenetic relation-
ship between Nematostella Fox
genes and those from other
organisms. Bayesian phylogram
produced from the comparison
of the Forkhead domains of the
Fox proteins aligned in Fig. 4.
This topology represents the
50% majority-rule consensus
tree resulting from 9,001 trees
generated. The posterior proba-
bility for each node is indicated
adjacent to the node, and the
branch length representing ten
changes is indicated by the scale
bar at the bottom. Saccharomy-
ces cerevisiae Fhl1p is included
as an out-group sequence (Lee
and Frasch 2004). Previously
reported Fox family groups
A–Q are largely supported, with
clear Nematostella orthologs in
many cases. The Nematostella
sequences NvFox1, NvFox2,
NvFox3, NvFox4, NvFox5, and
NvFox6 do not align with any
particular Fox group. There is
also evidence for Nematostella-
specific gene duplications: the
gene pairs NvFox2 and NvFox4
as well as NvFox1 and NvFox5
are more similar to each other
than to any other Fox sequences

3Fig. 4 Alignment of the Forkhead domain from Fox protein
sequences used in this study. Boxshade alignment of the Forkhead
domain from Fox proteins used in this study, arranged by group. The
15 Nematostella genes identified are listed at the bottom. Taxa
represented are as follows: Branchiostoma floridae (Bf), Ciona
intestinalis (Ci), Ciona selvatgi (Cs), Dugesia japonica (Dj),
Drosophila melanogaster (Dm), Homo sapiens (Hs), Hydra vulgaris
(Hv), Mnemiopsis leidyi (Ml), Mus musculus (Mm), Nematostella
vectensis (Nv), Suberites domuncula (Sd), Xenopus laevis (Xl)
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to be, we performed in situ hybridizations with a subset of
the Fox genes we identified (Fig. 6). The expression pattern
of NvFoxA has been reported previously and is expressed
surrounding the blastopore during gastrulation and later in
the pharynx and pharyngeal mesenteries. NvFoxB expres-

sion is found around the blastopore during gastrulation
(Fig. 6a–f). During the planula larval stage, expression
remains in a ring at the oral pole in the pharyngeal ecto-
derm (Fig. 6g–k), as well as in a subset of the more aboral
pharyngeal cells (i.e., arrows in Fig. 6g–i,n). This pharyn-

Fig. 6 Expression patterns for a subset of the Nematostella Fox
genes. In situ expression patterns at various developmental stages
for NvFox genes. All images are oriented with the oral pole to the
right, except b, d, f, h, k, t, u, dd, and hh, which are oral views.
a–o NvFoxB expression tightly rings the blastopore at the gastrula
stage (a–f). Expression persists at the oral pole in the planula (g–k),
with some internalized cells retaining expression (e.g., arrows in g,
h, i, n). This oral expression remains through metamorphosis in a
narrow domain in the pharyngeal ectoderm (l–o). p–y NvFoxC and

NvFox1 show identical expression patterns. They are not expressed
during early embryonic stages. In the planula, expression can be
seen in the endoderm in the presumptive mesenteries (p–u). This
expression persists during polyp development (t–y). z–jj NvFoxD.1
is expressed at the aboral pole during early development, through
the planula stage (z–ee). At metamorphosis, the aboral expression
recedes and new expression at the bases of the developing tentacles
can be seen (ff–jj)
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geal expression is maintained through polyp formation
(Fig. 6l–n) and in the juvenile polyp, where it persists in a
band around the oral end of the pharynx (Fig. 6o). NvFoxC
and NvFox1 exhibit identical expression patterns. Expres-
sion is first seen in the pharyngeal endoderm (but not body
wall endoderm) of the first two directive mesenteries in the
planula larva (Fig. 6p,q). Expression is maintained in these
two mesenteries through development of the polyp
(Fig. 6r–w) and persists even in the juvenile polyp
(Fig. 6x,y), although no expression is seen in the other
six mesenteries. In contrast to the oral expression of
NvFoxA and NvFoxB, NvFoxD.1 is expressed in the aboral
third of the embryo during gastrulation (Fig. 6z–cc). This
aboral expression is maintained through the planula stage
(Fig. 6dd,ee). Upon development of the polyp, however,
the aboral expression is shut off, and expression comes up
at the bases of the developing tentacle buds and gradually
increases in intensity (Fig. 6ff–jj).

Discussion

The Sox and Fox gene families are important regulators of a
variety of developmental processes. Members of both are
involved in germ layer specification, with Fox genes
having a prominent role in mesoderm development
(Carlsson and Mahlapuu 2002), while both Sox and Fox
genes have roles in endodermal patterning (Shivdasani
2002; Tam et al. 2003). Additionally, both are involved in
morphogenetic processes such as gastrulation and neural
crest development (Heeg-Truesdell and LaBonne 2004).
We have examined these gene families in the cnidarian N.
vectensis to gain insight into their ancestral roles and the
nature of their evolution.

Six of the ten groups of Sox genes previously identified
in other organisms have orthologs in Nematostella, indi-
cating that despite the animal’s morphological simplicity,
the Nematostella genome possesses much of the complex-
ity observed in bilaterian taxa. This has also recently been
observed for the Wnt gene family, in which Nematostella
possesses orthologs in 11 of the 12 Wnt subfamilies
observed in chordates, while the D. melanogaster genome
possesses orthologs in seven subfamilies and C. elegans
has only five Wnt genes (Kusserow et al. 2005). This ob-
servation supports the notion that the genomic structure of
the last common ancestor of Cnidaria and Bilateria was
more complex than previously appreciated and highlights
an important role for gene loss in the evolution of some
lineages.

In contrast to the situation for the Sox family, there are
only clear Nematostella orthologs for 8 of the 19 pre-
viously identified Fox groups, although six Nematostella
Fox sequences do not show orthology with any group (see
Fig. 5). Given the involvement of Fox transcription factors
in morphogenetic processes such as gastrulation and neural
crest development, it has been suggested that the di-
versification of the Fox gene family may have been driven
by an increasing complexity in body plan organization
(Carlsson and Mahlapuu 2002). This hypothesis is sup-

ported by the correlation between Fox gene number and
anatomical complexity in metazoans with fully sequenced
genomes (4 in Saccharomyces cerevisiae, 15 in C. elegans,
20 in D. melanogaster, and 39 in Homo sapiens; Carlsson
and Mahlapuu 2002). Our analysis of the Nematostella
genome reveals 15 Fox genes, which is consistent with this
view. We also observe that some Nematostella Fox
sequences are more similar to each other than Fox se-
quences from other species, suggesting Nematostella-spe-
cific duplications (Fig. 5).

Given that the Sox and Fox gene families are involved in
many of the same developmental processes, we might
expect the evolutionary pressures driving the diversifica-
tion of these gene families to be similar. Our finding that
the majority of bilaterian Sox groups have Nematostella
orthologs, while only a minority of Fox groups are rep-
resented, suggests, however, that they are under distinct
evolutionary pressures. Since not all of the Sox groups are
represented in Nematostella, a trivial explanation for this
could be that the situation for the Sox and Fox families is
actually comparable, but the presence of fewer groups in
the Sox family masks its subsequent diversification.
Certainly, the number of Sox and Fox genes in Nemato-
stella is similar. Alternatively, perhaps the nature of the
involvement of these genes in the processes they control
(i.e., the types of targets they regulate, etc.) results in
differing evolutionary pressures between the families.
Future investigations into the details of Sox and Fox func-
tion in Nematostella relative to other organisms should
provide insight into this issue.

Sox gene expression patterns

While it is difficult to argue the function of a gene based on
its expression, comparison of the Nematostella Sox gene
expression patterns with orthologs in other organisms re-
sults in some interesting observations. Group B Sox genes,
important regulators of neural development (Taguchi et al.
2002), have been divided into B1 and B2 subgroups based
on the observation that B1 proteins are generally transcrip-
tional activators, while B2 proteins are typically repressors
(Uchikawa et al. 1999). Our phylogenetic analysis did not
reveal a clear distinction between these groups, although
the B1 sequences did cluster more closely with one another
than with any of the B2 sequences (Fig. 2). NvSoxB2 is a
likely B2 group gene, and its salt-and-pepper expression
pattern in the early embryo, which persists to the early
polyp stages (Fig. 3f–j), may be indicative of a role in
specifying neural cell fates since a pattern of this sort is
suggestive of the neural net present in some cnidarians
(Girosi et al. 2005; Grimmelikhuijzen and Westfall 1995).
More markers of neural development in Nematostella are
required to address whether the cells expressing NvSoxB2
are neuronal in nature, however.

NvSoxB1 is most similar to DmSoxB1 and SpSoxB1.
DmSoxB1 is expressed in the neurogenic ectoderm in the
early Drosophila embryo and later in the central nervous
system (CNS, where it is important for proper CNS

627



development (Cremazy et al. 2000). SpSoxB1 is important
in ectodermal differentiation in the sea urchin and is
initially expressed in all blastomeres during urchin devel-
opment. Downregulation of SpSoxB1 expression in the
endodermal micromeres is required for the proper nuclear
localization of β-catenin, activation of TCF/LEF-depend-
ent transcription, and specification of endodermal and
mesenchyme fates (Kenny et al. 2003). Similarly, during
early development in Nematostella, nuclear localization of
β-catenin is observed in endodermal cells prior to and
during gastrulation and plays an important role in the
specification of endodermal fate, as LiCl treatment of
Nematostella embryos results in a greater number of cells
exhibiting nuclear β-catenin accumulation and hyperpro-
liferation of endoderm at gastrulation (Wikramanayake et
al. 2003). The aboral, ectodermal expression of NvSoxB1,
along with the lack of expression in endodermal cells, is
consistent with the notion that it may act through a
mechanism similar to that of SpSoxB1 in endodermal
determination. The pharyngeal expression of NvSoxB1 in
Nematostella can be seen as a molecular indication of the
ectodermal origin of the epithelium lining the lumen of the
pharynx (Finnerty et al. 2004) and is consistent with a role
in the ectodermal differentiation and/or repression of
endodermal fate in those cells.

NvSoxF.1 is a member of the group F Sox genes, which
in mammals are involved in vasculogenesis, hair follicle
development, and endothelial cell organization (Hosking et
al. 2001; Pennisi et al. 2000). NvSoxF.1 is expressed in cells
in the endodermal lining of the pharynx (Fig. 3ll,mm).
These cells exhibit a squamous morphology that contrasts
with the columnar organization of the pharyngeal ectoderm
(Magie et al., unpublished data). Perhaps this morphology,
which is reminiscent of the squamous morphology of
endothelial cells, indicates an ancestral role for group F Sox
genes in regulating epithelial cells of this type.

Fox gene expression patterns

Similar to what we have observed for members of the Sox
family, i.e., NvSox1 and NvSoxB1, some members of the
Nematostella Fox gene family exhibit complementary oral
and aboral expression patterns: in the early embryo,
NvFoxA (Fritzenwanker et al. 2004; Martindale et al.
2004) and NvFoxB (Fig. 6v–aa) are expressed orally, while
NvFoxD.1 (Fig. 6a–c) is expressed aborally, although
expression shifts to the oral pole at metamorphosis. The
significance of this complementary pattern of expression of
various family members is unclear, although its presence
among both the Fox and Sox gene families is striking.
Future functional studies of these genes will be necessary
to address the basis of this phenomenon.

NvFoxB expression in the early embryo is restricted to
the cells surrounding the blastopore and remains so
throughout gastrulation. Expression can also be seen in a
few individual cells after their internalization (arrows in
Fig. 6g,h,i,n), although not in the majority of cells. The
NvFoxB expression surrounding the blastopore is consist-

ent with a role for NvFoxB in regulating the cell-shape
changes associated with gastrulation. At the polyp stage,
NvFoxB is expressed in a ring surrounding the mouth at the
oral end of the pharyngeal ectoderm. This is highly
reminiscent of the expression pattern observed for the
Hydra vulgaris Fox gene budhead, which is expressed in
an endodermal ring in the hypostome, a structure contain-
ing the mouth located just above the tentacles (Martinez et
al. 1997). While NvFoxB is a member of a different group
than budhead (group B vs. group A for budhead), our
phylogenetic analysis indicates a close linkage for groups
A and B, and the previously published expression pattern
of NvFoxA indicates that it is also expressed in a ring within
the pharyngeal ectoderm (Fritzenwanker et al. 2004;
Martindale et al. 2004). The ectodermal expression of the
Nematostella genes, however, is distinct from the endo-
dermal budhead expression in Hydra (Martinez et al.
1997).

In vertebrates, the group C Fox genes Foxc1 and Foxc2
are crucial regulators of mesoderm development. They are
expressed in the presomitic mesoderm and are required for
proper somitogenesis (El-Hodiri et al. 2001; Iida et al.
1997; Kume et al. 1998). Cnidarians do not possess
mesoderm. Instead, the Nematostella group C ortholog
NvFoxC is expressed in the pharyngeal endoderm both
surrounding the pharynx and adjacent to the pharyngeal
mesenteries. This endodermal expression of NvFoxC
supports the idea that the mesoderm of bilaterians arose
from endoderm in a diploblastic ancestor (Martindale et al.
2004). An alternative hypothesis to explain the origin of
mesoderm is that diploblasts such as cnidarians were
primitively triploblastic but lost mesoderm resulting in the
recruitment of mesodermal genes to other functions. The
NvFoxC expression pattern we observe cannot distinguish
between these possibilities. Sampling more taxa both
within the Cnidaria as well as at the base of the Bilateria
will be necessary to reconstruct the ancestral condition
prior to the cnidarian–bilaterian divergence, which will be
crucial to understanding the origin of mesoderm.

Foxd1, a mouse group D Fox gene, is expressed in the
kidney and is involved in the formation of a tubular
epithelium from mesenchymal cells (Hatini et al. 1996).
NvFoxD.1 expression at the bases of the tentacles during
metamorphosis may indicate an ancestral role for members
of this Fox group in the morphogenesis of tubular epithelia.

Overall, the Fox genes we have examined expression for
in Nematostella define distinct domains along the oral/
aboral axis, with NvFoxC and NvFox1 expressed in the
pharyngeal mesenteries, NvFoxA in the pharyngeal ecto-
derm, NvFoxB in the mouth/oral end of the pharynx, and
NvFoxD.1 in the tentacle buds. This raises the intriguing
possibility that this gene family is involved in specifying
fate along the oral/aboral axis, although future functional
studies are required to determine which aspects of axial
identity are under the control of this important family of
transcription factors.
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