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Abstract: The cephalochordate amphioxus is the best available proxy for the last common invertebrate ancestor of the
vertebrates. During the last decade, the developmental genetics of amphioxus have been extensively examined for in-
sights into the evolutionary origin and early evolution of the vertebrates. Comparisons between expression domains of
homologous genes in amphioxus and vertebrates have strengthened proposed homologies between specific body parts.
Molecular genetic studies have also highlighted parallels in the developmental mechanisms of amphioxus and verte-
brates. In both groups, a similar nested pattern of Hox gene expression is involved in rostrocaudal patterning of the
neural tube, and homologous genes also appear to be involved in dorsoventral neural patterning. Studies of amphioxus
molecular biology have also hinted that the protochordate ancestor of the vertebrates included cell populations that
modified their developmental genetic pathways during early vertebrate evolution to yield definitive neural crest and
neurogenic placodes. We also discuss how the application of expressed sequence tag and gene-mapping approaches to
amphioxus have combined with developmental studies to advance our understanding of chordate genome evolution. We
conclude by considering the potential offered by the sequencing of the amphioxus genome, which was completed in
late 2004.

Résumé : L’amphioxus, un céphalochordé, est le meilleur modèle de remplacement disponible pour représenter le der-
nier invertébré à servir d’ancêtre commun des vertébrés. Au cours de la dernière décennie, on a beaucoup étudié la gé-
nétique du développement d’amphioxus à la recherche de perspectives nouvelles sur l’origine évolutive des vertébrés et
sur le début de leur évolution. La comparaison des domaines d’expression des gènes homologues chez l’amphioxus et
les vertébrés a appuyé les homologies proposées pour les différentes structures spécifiques du corps. Les études de gé-
nétique moléculaire ont aussi mis en lumière les parallèles qui existent entre les mécanismes du développement chez
l’amphioxus et chez les vertébrés. Chez les deux groupes, un pattern emboîté semblable de l’expression du gène Hox
est impliqué dans la structuration de la région rostrocaudale du tube neural et des gènes homologues semblent aussi
être impliqués dans la structuration neurale dorsoventrale. De plus, des études de la biologie moléculaire de
l’amphioxus laissent croire que l’ancêtre ptotochordé des vertébrés possédait des populations de cellules qui ont modi-
fié leur voie génétique de développement durant la première évolution des vertébrés pour produire une véritable crête
neurale et des placodes neurogènes. L’application des techniques de marqueurs de séquence exprimée et de carto-
graphie génique à l’amphioxus combinée aux études sur le développement ont permis une meilleure compréhension de
l’évolution du génome des chordés. Enfin, le séquençage du génome de l’amphioxus qui a été complété à la fin de
2004 offre un potentiel intéressant.
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Introduction

The evolution of vertebrates from invertebrates is espe-
cially interesting because it is one of the big origin questions
(cosmos, universe, life on Earth, etc.) that help us ascertain
our place in nature (Huxley 1895). The identity of our last
common invertebrate ancestor was a contentious subject dur-
ing the 19th and much of the 20th century, when almost
every invertebrate phylum was proposed, at one time or an-
other, to be immediately ancestral to the vertebrates (Gee
1996). In recent decades, however, advances in molecular bi-
ology have progressively narrowed the field of contenders
until amphioxus (also called the lancelet) has come to be
widely accepted as the best available stand-in for the proxi-
mate invertebrate ancestor of all vertebrates. This winnow-
ing has been helped most by the elucidation of gene family
trees (Holland 2000; Ruvinsky et al. 2000; Schubert et al.
2000) and by the sequence-based restructuring of the phylo-
genetic tree of animal life (Winchell et al. 2002).

Figure 1 shows the phylogenetic arrangement of amphi-
oxus, vertebrates, and other major groups within the deutero-
stome branch of the animal kingdom. The sister-group
relation of amphioxus and vertebrates, by itself, permits two
hypotheses about the common ancestor (diamond in Fig. 1):
either (1) Dohrn’s idea that the ancestor was vertebrate-like
and degenerated into amphioxus in one line of descent or
(2) Haeckel’s view that the ancestor was amphioxus-like and
became more complex in the vertebrate line of descent (re-
viewed in Stokes and Holland 1998). By now, however, the
notion of amphioxus as a degenerate vertebrate has firmly
been countered by data showing that the number of genes
per gene family is markedly lower in amphioxus than in ver-
tebrates. Such a pattern is readily explicable if small gene
families in an amphioxus-like common ancestor enlarged by
gene, chromosome, or genome duplications during early ver-
tebrate evolution, but not in the amphioxus line of descent.
The converse idea, that a large number of vertebrate genes in
a vertebrate-like ancestor was reduced in the amphioxus lin-
eage, would require a very improbable combination of gene
removal events (Holland 2000).

Convincing fossils that closely approximate the last com-
mon invertebrate ancestor of the vertebrates have not yet
come to light. Although the late-Cambrian Pikaia gracilens
(Walcott, 1911) from the Canadian Burgess shale is widely
reputed to be the ancestor of the vertebrates; this reputation
is not justified by available data (Holland and Chen 2001).
Similarly, chordate fossils recently described from the
Chengjiang formation of the early Cambrian in south China,
although of great significance, do not approximate an
amphioxus-like creature particularly closely. One such fossil
(Haikouichthys ercaicunensis Luo, Hu, and Shu, 1999) is
almost certainly a vertebrate, and another (Haikouella
lanceolata Chen, Huang, and Li, 1999) has been alterna-
tively interpreted as either a vertebrate (Mallatt and Chen
2003) or a very basal deuterostome (Shu 2003). The absence
of unequivocally amphioxus-like fossils from the early
Palaeozoic makes it problematic to decide whether some
amphioxus features are primitive or derived within chordates.
Amphioxus and vertebrates have been evolving separately
since they diverged from their common ancestor half a bil-

lion years ago, which is ample time for independent gain
and (or) loss of characters.

Our present purpose is to review how recent advances in
molecular biology have had an impact on ideas about
chordate phylogeny and developmental mechanisms. Special
emphasis is given to how the complete sequencing of the
amphioxus genome (Gibson-Brown et al. 2003), completed
in late 2004, can be expected to provide even deeper insights
into vertebrate evolution and development at the dawn of
chordate evolution.

Utility of developmental genetic data for
assessing body-part homologies between
amphioxus and vertebrates

The underlying logic of using molecular genetic data for
hypothesising body-part homologies between distantly re-
lated animals is based on the remarkable conservation of de-
velopmental gene structure, as well as on similarities in the
molecular machinery directing development over a wide
spectrum of the animal kingdom. Many developmental genes
encode proteins with highly conserved amino acid domains
that can be used to identify homologous genes from different
organisms (on this virtually everyone agrees). In addition,
the developmental expression domains of homologous genes
tend to be conserved in different kinds of animals. These
conserved expression domains help suggest body-part homo-
logies between distantly related species (without qualifica-
tion, this statement is by no means acceptable to everyone,
so some explanation is in order here). The chief problems
with this approach are that a given gene may be used at
more than one time and placed in the development of the
same embryo, and there are unequivocal examples of disso-
ciation between genotype and phenotype (Tautz 1998). Both
of these problems are serious when one attempts to infer
homologies between organisms with highly divergent body
plans (e.g., when one tries to reconstruct a hypothetical an-
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Fig. 1. Phylogenetic relationships among the deuterostomes. The
node marked with the diamond is the hypothetical last common
ancestor of amphioxus and vertebrates.



cestor for all bilaterian animals mainly on the basis of mo-
lecular genetic data). In contrast, as discussed in Holland
and Holland (1999), these problems are much less critical
when comparisons are between organisms with similar body
plans, such as amphioxus and vertebrates.

This section considers several comparisons between
amphioxus and vertebrate structures that have been assessed
with relatively extensive gene expression data. However, it
should also be mentioned that more limited expression data
have also given insights into many additional body-part
homologies between amphioxus and vertebrates. Examples
include the heart (Fig. 2, HT; Holland et al. 2003), pro-
nephric kidney (Fig. 2, PK; Kozmik et al. 1999), frontal and
pineal eyes (Glardon et al. 1997), gill slits (Holland et al.
1995a; Kozmik et al. 1999), notochord (Fig. 2, NC; Holland
et al. 1995b; Shimeld 1997), tail-bud tissues associated with
the neurenteric canal (Fig. 2, NEC; Schubert et al. 2001;
Horton and Gibson-Brown 2003), adenohypophysis (Yasui
et al. 2000; Boorman and Shimeld 2002; Wang et al. 2002),
and muscular somites (Fig. 2, SO; Minguillón and Garcia-
Fernàndez 2002; Gostling and Shimeld 2003; Minguillón et
al. 2003; Schubert et al. 2003).

Proposed homology between the amphioxus endostyle
and the vertebrate thyroid gland

In embryonic and larval amphioxus, the endostyle is a
glandular portion of the endoderm on the right side of the
pharynx (Fig. 2, EN). During metamorphosis, the endostyle
is remodelled into a midventral pharyngeal groove. Although
the amphioxus endostyle has no known endocrine functions
(it produces food-capturing mucoidal secretions), its homo-
logy with the vertebrate thyroid gland was first proposed in
Müller (1873) and has been gaining support ever since. Both
structures derive from the pharynx, both metabolise iodine
to form iodothyronines, and both synthesise similar thyro-
globulins. Moreover, in developing lampreys, there is a tran-
sition between an endostyle-like structure in the larva and a
definitive vertebrate thyroid gland in the adult (references in
Holland and Holland 1999).

In addition there are striking parallels between genes di-
recting vertebrate thyroid development and those directing
amphioxus endostyle development. Pax-8 is a thyroid marker
in vertebrates (Plachov et al. 1990), and its amphioxus
homolog (AmphiPax-2/5/8) is an endostyle marker in
amphioxus (Kozmik et al. 1999). Similarly, the vertebrate
thyroid marker Nk2.1 (also called TTF-1, thyroid transcrip-
tion factor-1; Lazzaro et al. 1991) has an amphioxus
homolog (AmphiNk2.1) that is expressed in the developing
endostyle (Venkatesh et al. 1999). In addition, the thyroid-
specific thyroperoxidase gene is well conserved between
vertebrates (Kimura et al. 1989) and amphioxus (Ogasawara
2000). Finally, FoxE1 (also called TTF-2, thyroid transcrip-
tion factor-2) is a vertebrate thyroid marker (Zannini et al.
1997) with an amphioxus homolog (AmphiFoxE4) that is ex-
pressed, if not in the endostyle itself, at least immediately
adjacent to it in the enigmatic endodermal club-shaped gland
(Yu et al. 2002a). The anomalous expression domain of
AmphiFoxE4 might be resolved if, at larval metamorphosis,
part of the club-shaped gland were to be incorporated into
the definitive adult endostyle, as tentatively suggested in
Olsson (1983); this idea needs to be tested by a detailed

study of pharyngeal remodelling during metamorphosis. In
summary, data from recent gene expression studies have
provided robust support for the homology between the
amphioxus endostyle and the vertebrate thyroid gland.

Major anteroposterior subdivisions of the central
nervous system: homologies between amphioxus and
vertebrates

Beginning in the 19th century, there were three conflicting
schools of thought about the central nervous system of
amphioxus and, by extension, the brain of the proximate in-
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Fig. 2. Diagram of amphioxus embryology. The gastrula and
neurula stages are shown in side and cross-sectional views (left
and right of each pair, respectively). The broken line on the side
view of the late-neurula stage indicates the level of the frontal
section (marked by the arrow). Arrowheads 1–3 show migration
of the non-neural ectoderm across the neuroectoderm (first phase
of neurulation), and arrowheads 3 and 4 indicate the curling up
of the neural plate into the neural tube (second phase of
neurulation). During the mid-neurula stage, somites (SO) and
notochord (stippled) arise from the gut by evagination and
upfolding, respectively. For the late-neurula stage, the approxi-
mate positions of the endostyle (EN), pronephric kidney (PN),
and rudiment of the possible adenohypophysis (AP) are indicated
near the anterior end; the frontal section of the tail-bud region
shows the notochord (NC), the neurenteric canal (NEC), and a
nascent somite (SO*); the cross sections show the ventral
mesoderm (VM) evaginating down from the somites and the for-
mation of the heart tube (HT) midventrally between the gut and
the visceral mesothelium.
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vertebrate ancestor of the vertebrates: Huxley (1874) be-
lieved that the amphioxus brain was relatively large, Steida
(1873) thought that it was quite small, and Schafer (1880)
thought that it was completely absent. In recent years, stud-
ies of amphioxus neuroanatomy and developmental genetics
have tended to support each other and support Huxley’s
suggestion that the amphioxus brain is a relatively large
structure. Because Wicht and Lacalli (2005) cover amphioxus
neuroanatomy, we will limit our discussion to studies of de-
velopmental gene expression along the anteroposterior and
dorsoventral axes of the amphioxus central nervous system.

Numerous studies of developmental gene expression have
been used to elucidate the anteroposterior regionalisation of
the amphioxus central nervous system (Fig. 3). Combined,
they strongly suggest that the dorsal hollow nerve cord of
amphioxus, from anterior to posterior, comprises a dience-
phalic forebrain, a midbrain, a hindbrain, and a spinal cord.
In other words, the telencephalic forebrain appears to be an
evolutionary novelty that arose in early vertebrates. Al-
though many of the amphioxus neural genes that have been
studied fit well into this picture, some do not. A first exam-
ple is amphioxus Krox, which is expressed in the developing
forebrain and hindbrain (Knight et al. 2000; Jackman and

Kimmel 2002) in patterns with no clear counterpart of the
two persistent and distinct Krox expression stripes that are
often used for landmarks in the developing vertebrate
hindbrain. A second example is amphioxus engrailed, which
is likewise expressed in the developing forebrain and
hindbrain (Holland et al. 1997), but not at the midbrain–
hindbrain boundary, a well-known expression domain of its
vertebrate homologues. Because engrailed is expressed in
the presumptive midbrain–hindbrain region of developing
tunicates, the absence of an engrailed landmark may be a
derived feature in amphioxus (Jiang and Smith 2002). In any
event, current microanatomical and developmental genetic
studies indicating the presence of a distinct midbrain in
amphioxus are more suggestive than conclusive. However,
even if, as seems likely, a midbrain is present, there are cur-
rently no indications that this region of the amphioxus neu-
ral tube acts as an anteroposterior organiser in the manner of
the vertebrate midbrain–hindbrain junction (Williams and
Holland 1998; Kozmik et al. 1999).

Conservation and divergence of the anteroposterior
patterning mechanisms of chordate neural tubes

In vertebrates, mesodermal and posterior neural identity is

Fig. 3. The anterior end of the developing central nervous systems of amphioxus and a generalised vertebrate in dorsal view with ante-
rior toward the top. Abbreviations for brain regions are as follows: TFB, telencephalic forebrain; DFB, diencephalic forebrain; MB,
midbrain (the asterisk indicates relatively weak support); HB, hindbrain; and SC, spinal cord. The anteroposterior expression domains
of some key neural marker genes are shown (amphioxus genes to left and vertebrate genes to the right). Orthologous genes have
matching textures; the diagram does not indicate that the Shox, Islet, ERR, and Mnx genes are expressed in periodic patterns in the
hindbrain of amphioxus and vertebrates. The gene expression domains shown in this figure are taken from the following references:
Otx (Williams and Holland 1996), BF1 (Torreson et al. 1998), Islet (Jackman et al. 2000), ERR (P.-L. Bardet, personal communica-
tion), Mnx (Ferrier et al. 2001), Shox (Jackman and Kimmel 2002), Hox3 (Holland et al. 1992), Hox1 (Holland and Garcia-Fernàndez
1996), and Hox4 (Wada et al. 1999).



regulated by collinear Hox gene expression. Hox genes are
expressed throughout the spinal cord and most of the
hindbrain in a nested pattern, and at least three upstream
regulators of Hox patterning have been identified: retinoic
acid (RA), the Cdx homeobox genes, and FGF signalling.
Studies have shown that most, if not all, of this basic molec-
ular machinery is present in amphioxus. Hox gene expres-
sion in the amphioxus neural tube is collinear, with a two-
segment periodicity that matches both the adjacent somites
and the repetitive positioning of neuronal types marked by
the expression of genes such as Islet and Mnx (Wada et al.
1999; Jackman et al. 2000; Ferrier et al. 2001). Hox expres-
sion is also regulated by RA in amphioxus so that the appli-
cation of exogenous RA causes an anterior shift in the
expression of Hox1 (Holland and Holland 1996). Further-
more, while the expression and role of FGFs in amphio-
xus is currently unknown, the amphioxus Cdx ortholog,
AmphiCdx, is posteriorly expressed in a manner compatible
with the collinear regulation of Hox expression (Brooke et
al. 1998).

These data suggest that the regulation of neural identity in
the posterior nervous system is under the control of mecha-
nisms similar to those in vertebrates. As discussed above,
anterior neural tissue is marked by genes with expression
patterns conserved between amphioxus and vertebrates
(Fig. 3). In vertebrate embryos, early anterior development is
regulated by cell populations adjacent to the anterior nervous
system, including endoderm and prechordal mesoderm, al-
though the precise roles of these tissues appear to vary be-
tween different vertebrate species (de Souza and Niehrs
2000). Whether such systems also operate in amphioxus is
unknown, although in the gastrula and early neurula anterior
endodermal tissue and presumptive anterior notochord are in
close proximity to anterior neural tissue.

Despite some clear similarities there are also fundamental
differences between the anteroposterior organisation of the
amphioxus and vertebrate central nervous systems. These in-
clude the apparent absence from amphioxus (as described
above) of the telencephalon and midbrain–hindbrain bound-
ary, and the presence in vertebrates of overt hindbrain seg-
mentation in the form of rhombomeres. Much has been
learned about the developmental mechanisms of rhombo-
mere segmentation in the vertebrate hindbrain (e.g., see
Dupe and Lumsden 2001), and developmental gene expres-
sion in the amphioxus neural tube has been analyzed by
comparison with these vertebrate studies. These comparisons
suggest three key regulative differences between amphioxus
and vertebrate neural development. First, the vertebrate
midbrain–hindbrain boundary has an important organiser
role in regulating anterior hindbrain segmentation, and the
absence of a comparable midbrain organiser (as discussed
above) correlates with the lack of morphologically obvious
segmentation in amphioxus. Second, vertebrate Hox gene
expression, under the control of RA synthesised by anterior
somites, has an important role in regulating posterior
rhombomeric segmentation in vertebrate embryos, in addi-
tion to its role in regulating segment identity. In amphioxus
RA regulates neural identity, but not segmentation, leading
Mazet and Shimeld (2002a) to propose that vertebrates had
evolved a new role for RA and Hox in segmentation in addi-
tion to a primitive role in specification of anteroposterior

identity. Third, critical genes required for establishing verte-
brate hindbrain compartments prior to segmentation are not
expressed appropriately in the amphioxus nervous system,
suggesting that mechanisms downstream of the midbrain–
hindbrain boundary and RA/Hox patterning also differ be-
tween these taxa (Knight et al. 2000; Jackmann and Kimmel
2002). Overall, these studies suggest that although amph-
ioxus and vertebrates share a basic, conserved molecular
ground plan in their nervous systems considerable complex-
ity has been superimposed on this primitive state in verte-
brates.

Conservation and divergence of dorsoventral organisation
of chordate neural tubes

The dorsoventral (DV) axis of vertebrate neural tubes is
organised by signals initially emanating from two sources
(Liem et al. 1997; Briscoe and Ericson 1999). Ventral pat-
tern is regulated by the floor plate, which lies at the ventral
midline of the neural tube. Dorsal pattern is regulated by in-
teractions with adjacent ectoderm. The key molecular com-
ponents of dorsal and ventral patterning are, respectively,
bone morphogenetic protein (BMP) and hedgehog (Hh) sig-
nalling. Numerous transcription factor genes lying down-
stream of these signals are involved in dividing the DV axis
of the neural tube into a complex set of sub-domains that re-
flect the patterned development of multiple neuronal and
glial cell types (Briscoe and Ericson 1999). (Note that in an
embryological context the floor plate derives from the
midline of the neural plate and is the most dorsal neural tis-
sue in the embryo. The floor plate becomes the ventral
neural tube by the process of neurulation. A similar, but op-
posite, reversal occurs for the dorsal neural tube, which prior
to neurulation consists of lateral neural plate, and therefore
is the most ventral part of the neural plate. For consistency
with existing vertebrate developmental literature, we will
continue to describe the floor plate as ventral).

In amphioxus larvae and adults there is clear DV organi-
sation of cell types (Bone 1959, 1960; Wicht and Lacalli
2005), and this is reflected by similarities in the deployment
of patterning genes in amphioxus embryos. At the ventral
midline of the amphioxus neural tube lies a specialised set
of glial cells (Lacalli et al. 1994), and in embryos these ex-
press genes that in vertebrates are expressed by floor-plate
cells, including HNF3/FoxA, Netrin, and the ventral pattern-
ing gene hedgehog (Shimeld 1997, 1999, 2000). Similarly,
amphioxus dorsal neural cells are potentially exposed to
BMP signalling from adjacent ectoderm in which the Bmp-
2/Bmp-4 ortholog AmphiBmp-2/4 is expressed, although
amphioxus dorsal neural cells do not subsequently acquire
expression of this gene family as do vertebrate dorsal neural
cells (Panopoulou et al. 1998). These studies show that at
least initially the amphioxus neural tube is exposed to the
same extracellular signalling molecules as the vertebrate
neural tube. Downstream of these signals, both similarities
and differences between amphioxus and vertebrates have
been uncovered. Similarities include the expression of genes
such as Msx, Dlx and Snail by dorsolateral neural cells, and
of motor-neuron markers such as Islet and Mnx by prospec-
tive neurons (Holland et al. 1996; Langeland et al. 1998;
Sharman et al. 1999; Jackman et al. 2000; Ferrier et al.
2001). The similar expression patterns of these genes in
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amphioxus and vertebrates clearly suggests that many as-
pects of patterning downstream of Hh and Bmp are con-
served between these two groups of animals. A key
difference is in the patterning of dorsal cells in the two taxa,
particularly with regard to the development of neural crest
cells in vertebrates. The neural crest is of such importance to
vertebrate development that we consider this in detail below,
in combination with ectodermal placodes, the development
and subsequent differentiation of which is intimately associ-
ated with the neural crest.

Possible evolutionary precursors of definitive neural
crest and placodes in amphioxus

Amphioxus, and by extension the proximate ancestor of
all vertebrates, lacks the definitive neural crest, which is a
quintessential feature of vertebrates (Gammill and Bronner-
Fraser 2003). Even so, amphioxus has a cell population with
properties (location, behaviour, and gene expression) which
indicate that it represents the likely evolutionary source of
definitive neural crest in vertebrates. This is an instance
when it can be difficult to draw the line between homology
and non-homology (our personal preference is to avoid the
term homology here). As Braun and Northcutt (1997) have
pointed out, “Morphological structures, and the ontogenies
which produce them, do not simply arise from the dust of
the earth…”. Under this scenario, the protochordate ancestor
of the vertebrates included a population of cells that modi-
fied their developmental genetic pathways early in vertebrate
evolution to yield a characteristic end product, the definitive
neural crest. The evidence for this is reviewed extensively in
Holland and Holland (2001) and will only be briefly summa-
rised and updated here.

During vertebrate development, the neural crest arises
from cells located along the edges of the neural plate, and
possibly from some immediately contiguous cells of the
non-neural ectoderm. After these cells are internalised by
neurulation, they migrate, mostly as individuals, within the
embryonic body and differentiate into a wide variety of cell
types that contribute to connective tissue, the peripheral and
enteric nervous systems, melanocytes, etc. Nothing so dra-
matic happens during amphioxus development, but cells as-
sociated with the neural plate/non-neural ectoderm boundary
do migrate during neurulation. The amphioxus neural plate
separates at its edges (Fig. 2, arrowhead 1) from the non-
neural ectoderm. The leading cells of the latter then develop
lobopodia, crawl across the neural plate (Fig. 2, arrowhead,
2), and finally meet and fuse in the dorsal midline of the em-
bryo (Fig. 2, arrowhead 3). Importantly, these migrating
cells of amphioxus never move into the interior of the em-
bryo and remain epidermal, evidently never differentiating
into cell types other than the dorsal neurectoderm.

In developing amphioxus, the location of cells at the edge
of the neural plate and their subsequent migration corre-
spond in some ways to those of definitive vertebrate neural
crest cells. However, these similarities become even more in-
teresting in light of gene expression data. The amphioxus
cells in question express a suite of genes whose homologs in
vertebrates are key markers of premigratory and migratory
neural crest cells. These genes include AmphiDll (Holland et
al. 1996), amphioxus snail (Langeland et al. 1998), AmphiPax3/7
(Holland et al. 1999), and AmphiSox1/2/3 (Holland et al.

2000). The partially overlapping suite of genes expressed at
the neural plate boundary of amphioxus and vertebrates sug-
gests that comparably located cells in the protochordate an-
cestor had at least some of the genetic machinery needed for
development of definitive neural crest.

These gene expression data raise the question of what ad-
ditional genetic machinery is needed to be added to this ba-
sic platform to enable such cells to migrate within the
embryo and differentiate into various cell types. Special in-
terest, therefore, attaches to genes that are expressed in ver-
tebrate neural crest cells, but not at the edge of the
amphioxus neural plate. Such genes include amphioxus twist
(Yasui et al. 1998), amphioxus AP2 (Meulemans and
Bronner-Fraser 2002), AmphiFoxD (Yu et al. 2002b),
AmphiZic (Gostling and Shimeld 2003), and amphioxus id
(Meulemans et al. 2003). Evidently, developmental gene net-
works including such genes were recruited to cells at the
edge of the neural plate early in vertebrate evolution. The re-
cruitment of novel gene activities was presumably enabled
by the advent of new relationships among regulatory ele-
ments in the DNA. It is also likely that the conspicuous gene
duplications during early vertebrate evolution facilitated
such recruitment, because the resulting partial redundancy of
gene functions among descendant paralogues presumably fa-
voured their survival, and the evolution of novel regulatory
elements (reviewed by Mazet and Shimeld 2002b).

In addition to neural crest, ectodermal placodes are also
commonly considered to be a vertebrate innovation. How-
ever, as Begbie and Graham (2001) have observed, there are
many kinds of placodes, and at least some of them (e.g., the
olfactory placodes) may have had counterparts in the
protochordate ancestor of the vertebrates. Placodes may be
non-neurogenic (e.g., anlagen of the adenohypophysis, lens,
and teeth) or neurogenic, and only the latter are considered
in the present section. In vertebrate embryos, neurogenic
placodes are first detected as thickened areas of ectoderm.
Some placodal cells subsequently migrate into the embryo to
become components of cranial ganglia, and others differenti-
ate superficially to help form chemoreceptors (e.g., olfactory
epithelium) or mechanoreceptors, most characteristically the
neuromasts in the lateral line of anamniote vertebrates
(Webb and Noden 1993). In amphioxus embryos, the earliest
(type 1) sensory cells to differentiate are primary neurons,
that is the cell body remains part of the epidermis but pro-
jects an axon into the central nervous system (reviewed by
Holland and Yu 2002). Unfortunately, so far there have been
no conclusive physiological studies of the sensory modalities
of these cells.

In the larval epidermis of amphioxus, all of the type 1
sensory cells appear very similar to one another structurally,
although their sensory modalities and central axonal connec-
tions might be diverse. Thus, it is possible that type 1 sen-
sory cells in the anterior region of the body are comparable
with the placodally derived olfactory neurons of vertebrates,
which are also primary neurons. Some of the anterior epider-
mal cells of amphioxus express AmphiPax6 (Glardon et al.
1997), a homolog of a general placode marker in verte-
brates, as well as AmphiMsx (Sharman et al. 1999) and
AmphiNeurogenin (Holland et al. 2000), which are more
specific markers for vertebrate olfactory placodes. Compari-
sons between amphioxus type 1 sensory cells and the non-
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olfactory, neurogenic placodes of vertebrates may be less
firmly grounded, because epidermal sensory cells differenti-
ating from the latter are secondary neurons, that is the
epidermally located cell body lacks an axon and synapses
basally with deeper elements of the nervous system. More-
over, Mazet et al. (2004) have recently demonstrated an
amphioxus Coe/Ebf gene expressed in a subset of differenti-
ating neurons all along the flanks of the body. Vertebrate
homologues of this amphioxus gene are primarily expressed
in the nervous system, including the olfactory placodes and
in other differentiating sensory neurons (Dubois and Vincent
2001). Mazet et al. (2004) suggested that similar epidermal
sensory cells in the last common invertebrate ancestor of the
vertebrates might, at least in part, have been a source of
neurogenic placodes during early vertebrate evolution.

The future of amphioxus as a developmental and
evolutionary model: the role of genomics and post
genomics

The sections above compare some key amphioxus and
vertebrate structures, and summarise what has been learned
about the molecular mechanisms regulating their develop-
ment. We now consider the future prospects for amphioxus
as a model system for the investigation of evolutionary and
developmental biology. To date, there have been few direct,
manipulative investigations of amphioxus development when
compared with, for example, ascidians (see Cone and Zeller
2005), and consequently, much of our understanding of the
molecular control of amphioxus development is inferred by
examination of gene expression patterns and comparison
with other taxa. This reflects the comparative difficulty of
both obtaining and manipulating amphioxus embryos, al-
though recent advances in manipulative techniques suggest
that this bottleneck has now been passed (L.Z. Holland, un-
published data). An additional asset to such functional stud-
ies is provided via comparative genomics. Recent studies in
the comparative genomics of amphioxus have addressed
gene complement via expressed sequence tag (EST) screens
and gene organisation via gene mapping.

EST studies of amphioxus
Two recent studies have used EST surveys to address

questions of the gene complement in amphioxus and of gene
duplication during vertebrate evolution. Mou et al. (2002)
sequenced 5235 ESTs from the East Asian amphioxus
Branchiostoma belcheri (Gray, 1847). The sequenced tran-
scripts, which were derived from a neurula stage cDNA li-
brary, provided insight into the genes expressed at this
developmental stage and identified amphioxus genes similar
to vertebrate genes for which invertebrate homologs had not
previously been identified (Mou et al. 2002). Panopoulou
et al. (2003) sequenced 14 189 ESTs from the Florida
amphioxus Branchiostoma floridae Hubbs, 1922. These
ESTs were selected for sequencing on the basis of initial fin-
gerprinting by oligonucleotide hybridisation, and as such
contain less redundancy than would be expected from ran-
dom sequencing. Analyses of these data were used to ad-
dress the extent and timing of gene duplication in early
vertebrate evolution, with the results compatible with the
presence of at least one genome duplication in early verte-
brate history (Panopoulou et al. 2003) and consistent with

independent analyses (Furlong and Holland 2003; Horton et
al. 2003).

EST studies are essentially non-targeted, in that they do
not specifically examine a particular type of gene. In an
amphioxus molecular developmental context, their utility is
realised in two ways. First, they provide an invaluable re-
source of genes for molecular studies. Second, they can pro-
vide definitive evidence of the presence of a specific gene or
gene family member in amphioxus, and in this context have
proven a powerful base for molecular phylogenetic studies
of vertebrate genes (Panopoulou et al. 2003). They are lim-
ited, however, in that they cannot prove that a gene is absent
from the amphioxus genome.

Gene organisation in amphioxus
To date, studies of gene organisation in amphioxus have

focused on two areas; the clustering of families of related
genes and the relative positions of amphioxus genes whose
orthologs are linked in vertebrate genomes. Clusters of re-
lated genes in amphioxus include the Hox, ParaHox, and
Nkx homeobox genes (Garcia-Fernàndez and Holland 1994;
Brooke et al. 1998; Luke et al. 2003). All these represent an-
cient gene clusters that have been preserved to varying de-
grees within the amphioxus lineage, and establishing their
organisation has been a key step in unravelling the evolu-
tionary history of vertebrate homeobox gene clusters. Fur-
thermore, the expression of many members of these gene
families in amphioxus embryos has been established. This
has suggested a role for Hox genes in the development of
anteroposterior organisation of the nervous system (see
above; Wada et al. 1999), for ParaHox genes in the develop-
ment of the gut and nervous system (Brooke et al. 1998),
and for Nkx genes in the development of a variety of
endodermal and mesodermal tissues (Holland et al. 1998,
2003; Venkatesh et al. 1999; Kozmik et al. 2001).

Recently, the application of fluorescent in situ hybrid-
isation to chromosomes has been extended to include
amphioxus (Castro and Holland 2002). This has allowed the
relative positions of more distantly distributed genes to be
determined, as it does not rely on the cloning of intervening
genomic DNA to establish that two genes are physically
linked. Castro and Holland (2003) used this technique to es-
tablish long-range linkage between several homeobox genes
in the genome of the amphioxus B. floridae. Similarly, Cas-
tro et al. (2004) addressed the evolutionary origin of the
MHC region on human chromosome 6, which has three
paralagous regions found on chromosomes 1, 9, and 19, re-
spectively. Using fluorescent in situ hybridisation, they
showed that six amphioxus genes orthologous to genes from
these vertebrate paralogy regions mapped to the same
amphioxus chromosomal region (Fig. 4). This indicates that
the vertebrate paralogy regions evolved by block duplication
from a single ancestral chromosomal region, and further-
more, demonstrates that this region has remained relatively
unchanged in amphioxus.

The future of amphioxus genomics
We have provided an indication of the current use of

genome-level studies for investigating amphioxus biology. It
is likely such applications will expand and be complimented
by whole-genome sequencing (Gibson-Brown et al. 2003), a
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project that was completed in late 2004. First, whole-
genome sequencing will provide a catalogue of genes
present in the amphioxus genome. This in turn will help es-
tablish when in chordate evolution specific genes and path-
ways evolved. This is an important issue for understanding
amphioxus development and the evolution of vertebrate de-
velopment, as directed cloning methods vary greatly in suc-
cess depending upon the gene in question, making the
absence of a gene impossible to prove in this manner. Sec-
ond, the amphioxus genome will represent the best available
proxy for the genome of the last common ancestor of the
vertebrates. This will provide a baseline for inferring the
organisation of the ancestral chordate genome and give im-
portant new insights into genome evolution during early ver-
tebrate evolution. Of key importance in this respect will be
the identification of regions of synteny between amphioxus
and vertebrate genomes. A crucial question in vertebrate
evolution concerns the extent and type of gene duplications
inferred to have occurred in early vertebrate evolution, with
a popular hypothesis suggesting that one or more genome
duplications occurred during this time. Such genome dupli-
cations would form a genomic legacy carried by all subse-
quently diverging vertebrate lineages and would have
profound implications for vertebrate evolution. Comparison
of synteny maps between amphioxus and vertebrates is per-
haps the only way that such a hypothesis can be conclu-
sively tested (Horton et al. 2003). In retrospect, over a

decade of molecular investigations into amphioxus develop-
ment has yielded a wealth of data, providing considerable
insight into the basic molecular ground plan of chordates,
and how this has evolved in the vertebrate lineage. Future
studies will soon extend this to the level of the genome, pro-
viding a comprehensive view of the genomic and develop-
mental changes that separate us from our closest invertebrate
relative.
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