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Summary

The ancestral chordate neural tube had a tripartite
structure, comprising anterior, midbrain-hindbrain
boundary (MHB) and posterior regions. The most anterior
region encompasses both forebrain and midbrain in
vertebrates. It is not clear when or how the distinction
between these two functionally and developmentally
distinct regions arose in evolution. Recently, we reported a
mouse PRD-class homeobox ger@mbx1, expressed in the
presumptive midbrain at early developmental stages, and

genomic organisation, albeit more divergent inCiona. In
amphioxus, no Dmbx expression is observed in the neural
tube, supporting previous arguments that the MHB
equivalent region has been secondarily modified in
evolution. In Ciona, the CiDmbx gene is detected in neural
cells caudal to Pax2/5/8-positive cells (MHB homologue), in
the Hox-positive region, but, interestingly, not in any cells
rostral to them. These results suggest that a midbrain
homologue is missing inCiona, and argue that midbrain

the hindbrain at later stages, with exclusion from the MHB. development is a novelty that evolved specifically on the
This gene provides a route to investigate the evolution of vertebrate lineage. We discuss the evolution of midbrain
midbrain development. We report the cloning, genomic development in relation to the ancestry of the tripartite
structure, phylogeny and embryonic expression of Dmbx neural ground plan and the origin of the MHB organiser.
genes from amphioxus and fromCiona, representing the

two most closely related lineages to the vertebrates. Our

analyses show that Dmbx genes form a distinct, ancient, Key words:Dmbx1, AmphiDmhxCiDmbx Ciona, Chordate, MHB,
homeobox gene family, with highly conserved sequence and Isthmus

Introduction cord of vertebrates). These zones do not, of course, correspond
The complex brain of vertebrates is not only a product ofo the classically defined anatomical divisions of fore-, mid-
ontogenetic processes, but also of evolutionary histor and hindbrain of vertebrates, but instead reveal the probable

Unravelling this history can reveal which developmentaf2ncestral ground plan upon which chordate brain development
processes are the most ancient, constituting the fundamentg/Pased (Wada et al., 1998). Very recently, a similar tripartite
basis of vertebrate brain formation, and which processes hapgttern of gene expression has been reported for hemichordates
been superimposed later. Two groups of animals are provifgowe et al., 2003) and arthropods (Hirth et al., 2003),
particularly useful for these analyses: the cephalochordat&blggesting that this ground plan may be even older even than
(notably amphioxus), which constitute the most closely relateghordate origins. _ . _
invertebrates to the vertebrates: and the urochordates There are several unresolved issues concerning the evolution
(including ascidians such &iona), which form the second of the tripartite neural tube, particularly c.oncerning the central_
closest branch. Both these groups of animals are chordat@§ne marked by Pax2/5/8 gene expression. In vertebrates, this
sharing with vertebrates a hollow nerve cord, dorsal to one is the site of the midbrain-hindbrain boundary organiser
notochord. (MHB organiser or isthmic organiser, 1sO). The MHB
Comparison of gene expression patterns and developmenQ{ganiser was initially identified through transplantation
anatomy between vertebrates, amphioxus and ascidians reperiments in chick embryos (Gardner and Barald, 1991;
yielded some surprises concerning the evolutionary history d¥lartinez and Alvarado-Mallart, 1990; Martinez et al., 1991).
brain pattering. For example, both ascidians and vertebratdgese experiments suggest that the vertebrate MHB acts an
show a basic tripartite ground plan along the anteroposteri@rganising centre, with inductive influences both anterior and
axis of the dorsal nerve cord, comprising an anterior regioposterior of its location. In urochordates, a homologous region
expressing Otx family homeobox genes (marking the forebraiwas first noted inHalocynthia as a stripe of Pax2/5/8
and midbrain of vertebrates), a central region expressingxpression, similar to Pax gene expression in the vertebrate
Pax2/5/8 genes (marking the midbrain-hindbrain boundary d¥lHB (Wada et al., 1998). An FGF8/17/18 gene is expressed
vertebrates) and a Hox-expressing region (hindbrain and spinaimediately caudal to this stripe i@iona suggesting that
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ascidian embryos probably do have organiser activity in thisulture and fixation for whole-mount in situ hybridisation were
region within the visceral ganglion (Imai et al., 2002); howeverperformed as previously described (Holland, 1999; Holland and
this organiser activity has not been tested functionally. Wada, 1999). Adult specimens Gfona intestinalisvere collected in
One important issue of uncertainty surrounding the MHBSUMmMer 2002 from Sparke’s Marina, Hayling Island, Hampshire, UK.
region concerns amphioxus. Unlike vertebrates and ascidiar]g, Vitro fertilisation, embryo fixation and storage were performed as
the cephalochordate amphioxus does not show Pax2/5 scribed by Boorman and Shimeld (Boorman and Shimeld, 2002).
expression p_osterio_r to Otx gene expression and anterior to th@jation of the amphioxus Dmbx gene
Hox-expressing region (Kozmik et al., 1999). FurthermBre, gqr cloning the amphioxus homologue of tebx1gene, nested
and Wntl genes are also not expressed in this region igegenerate oligonucleotide primers were designed to amplify a
amphioxus, despite their expression and function at the MHBagment of 129 bp conserved between vertebrate Dmbx1l
in vertebrates (Holland et al., 1997; Holland et al., 2000)genes. Initial primer sequences were: F-out;CBACGTC-
Amphioxus, therefore, lacks the MHB. Taking into account th€GAG(CT)(AC)GNACNGC-3  with  SO2T 'sC(GT)NC(GT)-
comparative data from ascidians and hemichordates, it is md&{G)TT(CT)TT(AG)AACCA-3’; the nested reaction used F-mit, 5
parsimonious to conclude that tripartite regionalisation is affT SCA(AG)CTNGANGCN(CT)TNGA-3 with SO2T. A CDNA
ancient character of the vertebrate neural tube, and th%ﬁ?rzry frorg B;: fIc()jr_lrdag emb)r;EEs (relverse-ttralnsi:ggg;j with bc(;jth
e . I om and oligo primers angelana et al., Wwas useda as a
ﬁﬁgggga(%an;gﬂlZ?t'?_g9h8&_lsw?|(|:ig%rsegngnHt3?aﬁgp;_]gg)sgh%rgc R template. After cloning of the amplified band, five recombinant
A o ’ - . : lones were sequenced, of which three showed high sequence
modifications might have occurred in concert with the unusualimijarity to vertebrate Dmbx1 genes. Screening of Bhdloridae
rostral extension of the notochord in amphioxus, extendingpNA library with this PCR-derived clone yielded one cDNA clone
beyond the tip of the cerebral vesicle. including a 2.66 kbEcoRI fragment. This fragment was fully
A related issue of importance concerns the origin obequenced on both strands.
the midbrain. In vertebrates, the Otx-expressing domain .
encompasses both forebrain and midbrain; consequentlyelation of the ascidian Dmbx gene
comparative data on Otx gene expression cannot reveal wh¥g identified a presumptive orthologue Dfmbx1 through tblastn
the distinction between these two structures arose. Recent%f"’”meS of th€iona intestinalisgenome assembly v. 1.0 (Dehal

. . t' al.,, 2002), accessed at the Joint Genome Institute server
we and others reported cloning and expression of a novel PR ttp://[genome.jgi-psf.org/cionad/cionad4.home.html). It was not

class homeobox gene in the _mou@ambxl (diencephalon/ passible, however, to predict and assemble the complete gene
mesencephalon-expressed brain homeobox gene 1) (Brocc@lquence from the surrounding genomic sequence information alone,
etal., 2002; Gogoi et al., 2002; Miyamoto et al., 2002; OhtosRijithout cDNA information. To obtain this, we first designed four
et al., 2002; Takahashi et al., 2002; Zhang et al., 20023pecific PCR primers (Forl, For2, Rev3 and Rev4) to amplify a
Orthologues of this gene have also been reported frofiragment of 319 bp from the’ Jart of the coding region of the
zebrafish (Kawahara et al., 2002), chicken (Gogoi et al., 200®yedicted gene. Nested PCR was performed using primers Forl and
and human (Zhang et al.,, 2002), although not from anjrev4, followed by For2 and Rev3, using as a temiatatestinalis

invertebrate. The human and mouse genes are also referrefRNA reverse-transcribed from mRNA extracted from S hour
mbryos. After cloning of the amplified band, four recombinant

asOtx3 which is erroneous as the gene is not part of the Otgones were sequenced, all of which showed high sequence similarity

gene fqmlly._ Ir:hall SIUd'eSt'. a pr_((ej(gomlnartlt S't? mﬁbt))(l to vertebrate Dmbx1 genes. To clone thieadf of the gene, sequence-
expression IS the prospective midbrain at early embryonig,e isic primers For2 and For3 were used in conjunction with vector

stages. IndeeddDmbx1 gene inactivation using morpholino primers M13 Forward and T7 to amplify fronCaintestinaliscDNA
antisense oligonucleotide results in substantial reduction in th@rary constructed in pBluescript (kindly provided by Dr Patrick
size of tectum and eyes in zebrafish (Kawahara et al., 2002)emaire, Marseille, France). After PCR amplification and cloning of
These results suggest tHambx1is a useful marker for the the amplified band, two recombinant clones were sequenced, both
presumptive midbrain before the MHB organiser is establisheavith high sequence similarity to vertebrate Dmbx1 genes. After
To clarify how midbrain patterning emerged during chordate&ombining the sequence information from these two experiments, a
evolution, we have cloned orthologues@bx1lgene from Néw sequence specific primer NewRev1 was designed nedrethe 3
amphioxus and ascidians. We report their full sequenceQL\}gﬁnge%eas?n(ﬂ t'hs:dc(')r(‘jiﬁg”gg;ﬁ:’nncg’v'tf?o?r; :;)izmg“fgf%bh%nﬁ
phylogepy, exon-intron organlsatlon .an.d. spatlotgmporaimbryo cDNA and the cDNA library. This was cloned and two re-
expression patterns. There are both similarities and dn‘ferencE?émbinants completely sequenced to verify that then8l 3 clones
in expression pattern between ascidians and vertebrates, but fig naturally contiguous in mRNA. The sequence was compatible
expression in amphioxus is strikingly different. These datajth all sequence information obtained from the preceding
further strengthen the case for homology between ascidian aBgdperiments. Primer sequences were: FotHATGAATTATTAT-
vertebrate tripartite organisations, with secondary modificatio®ACGCAAT-3; For2, 5-TCGTGCAATGTCAGTGTTCA-3; For3,
in amphioxus. Furthermore, the data suggest that midbrabrCTCTGGCAGATTTAATACTC-3; Rev3, 5CAACATTCTCT-
development is a novel character that evolved specifically iFTTGTTTTC-3;  Rev4, 5CTGTTGTTTTCGATATTTTG-3;
the vertebrate lineage, superimposed onto the ancestfdgWRevl, SAATTGAAGATTCCAAGGTTG-3.

tripartite organisation. Sequence comparisons and molecular phylogenetic

analyses
M rial nd meth Deduced amino acid sequences were aligned usﬁng ClustalX
.ate als and methods (Thompson et al., 1997) and edited using GeneDoc (Nicholas et al.,
Animals 1997) to remove regions of ambiguous alignment. Phylogenetic

Adult amphioxus,Branchiostoma floridgewere collected in Old analyses of amino acid sequences were performed using the
Tampa Bay (FL, USA) in August 2001. In vitro fertilisation, embryo neighbour-joining method implemented in ClustalX, with outputs
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displayed using TreeView (Page, 1996). For the analysis of PRD-claf3esults
homeobox genes, we restricted the analysis to the homeodomainéﬁ

maximise representation of PRD class genes. Confidence in theor_nng of amphioxus and ascidian Dmbx genes .
phylogeny was assessed by bootstrap re-sampling of the data. ~ We isolated and sequenced a 2.66 kb cDNA derived from an

amphioxus gene related to vertebrBmmbxl and eight PCR-
Genomic organisation of Dmbx genes generated 1.06 kb cDNAs of a homologous gene from an
A genomic clone of the amphioxus Dmbx gene was obtained fromascidian. The amino acid sequence of the longest open reading
amphioxus cosmid library MPMGc117 (distributed by the Resourcérame (ORF) was deduced for each (371 and 240 amino acids
Centre and Primary Database, www.rzpd.de) by screening using thg@spectively), and aligned to protein sequences predicted for
cDNA clone under high stringency conditions. Cosmid cloneyerteprate Dmbx1 genes (Fig. 1). The high degree of
MPMGc117 G1048 was found to contain the amphioxus Dmbx geng,qnsepvation of the homeodomain argues that these genes are

as confirmed by direct sequencing. Exon-intron organisation w. - ;
determined by direct sequencing of the cosmid clone, using prime meers of the same homeobox gene fa’.“"y' we designate
is the Dmbx gene family. The nucleotide sequence of

based on cDNA sequence. Exon-intron organisation of the ascidia{

Dmbx gene was determined by comparison of the cDNA sequenddMPhiDmbx and CiDmbx are accessible in the
with theCiona intestinaligenome assembly v. 1.0 (Dehal et al., 2000). EMBL/GenBank/DDBJ databases under accession numbers

AY588475 and AY588476 respectively.

Whole-mount in situ hybridisation and sectioning Sequencing eight independent PCR clone€iBimbx and
In situ hybridisation of whole-mount specimens were carried out aalignment to genomic sequendg. intestinalis revealed
described by Holland (Holland, 1999) for amphioxus, and by Mazetonsiderable variation at the nucleotide level. This includes
et al. (Mazet et al., 2003) for ascidians. Probes for amphioxus angumerous synonymous substitutions that do not alter the amino
_Flfr']\'A Labﬁ_"”g Mg (Eocthe),lfczllowmg th‘i f“lfbpl'egib&ns"gcf'onszWeII as several non-synonymous substitutions that alter the

e amphioxus Dmbx template was a 1. c subclone i : .
pBluescript, containing the full open reading frame, linearised Wiﬂ;&igduced protein sequence (20 sites). We conclude th‘?lt thgse
Notl. The ascidian Dmbx template was a 681 bp cDNA subclone ir(;ilffergnces reflect a high degree of natural p0|ymorph'sm In
PGEM-T Easy, covering most of the open reading frame, lineariset!€ CiDmbxgene. We also note that most of the substitutions
with Sal. To enable double staining with other genes, we identifie@using amino acid changes are located at tHel8 of the
cDNA clones ofCi-Pax2/5/8-A, Ci-Fgf8/17/1&nd CiHox3 from a  CiDmbx gene, where less conservation is observed between
CionaEST collection assembled at Kyoto University by Professor NDmbx genes of different species.
Satoh and collaborators (http://ghost.zool.kyoto-u.ac.jp/indexrl.html).
Identity of the clones (Gene Collection ID: R1CIGC01B13@r  Conservation of Dmbx proteins
Paxz/%S'A RlCinCSSt‘;l"' fO'Ci'Fgf8/17/1§a”d RlCiGC02C13bf|°rh The homeodomain is highly conserved between amphioxus
CiHox3 was verified by sequencing and comparison to publishe of i e
sequence (Satou et al.,, 2002). @i-Pax2/5/8-A riboprobe was {%ﬂ err]u?dnisgrg[;rﬁtb)?n%?gr?; E%;ﬁ; I\?v(?tﬂtlt%hrilgﬁ;l)léig Ithl(;l_Jgh

synthesised with a fluorescein RNA Labeling Mix (Roche), an v th | s of similarit t fined to th
double staining performed (Mazet et al., 2003) using this probe i nusually, these levels of similanty are not confined to the

conjunction with DIG-labellecCiona Dmbx. Ci-Fgfg/17/18and a  homeodomain, but are also seen in the N-terminal part of the
CiHox3 riboprobes were labelled with DIG and double stainingProtein. Amphibmbx and human DMBX1 proteins are 88%
performed using fluorescein-labell€tbnaDmbx. Briefly, specimens identical from the beginning of the ORF to the end of
were simultaneously hybridised with the DIG and fluorescein-labellethtomeodomain, while CiDmbx and human DMBX1 show 47%
probes, before washing and sequential detection of the two labeiglentity over the same region. The C-terminal half of the
First, alkaline phosphatase-conjugated anti-fluorescein antibody wagiotein is less conserved and particularly diverger@iona

used, followed by staining with Fast-Red (Roche). Specimens withrhe AmphiDmbx protein does have several scattered
definite signal were treated with 0.1 M glycine-HCl (pH2.2), 0.1%¢qnserved residues in this region, plus a well conserved OAR
Tween 20 for 10 minutes at room temperature to inactivate the m?omain (Furukawa et al., 1997) near the C terminus. The OAR

alkaline phosphatase, washed, incubated with alkaline phosphataae- . first d ibed in th R tei di
conjugated anti-digoxigenin antibody and stained blue with NBT- omain was first described In the mouse kax protein, and 1S

BCIP (Roche). After being photographed as whole mountsS€EN in several aristaless-related proteins and some other PRD-

amphioxus embryos were counterstained pink in 1% Ponceau S in 16§ss homeodomain proteins. It functions as an intra-molecular
aqueous acetic acid, dehydrated in ethanol, embedded in LR Whigvitch to regulate the activity of the transcription factor

resin (TAAB) and prepared as 7ufn sections. (Brouwer et al., 2003).
H. sapi ens = RERL AMETNLPE
M nuscul us = “15 ANETNLPE
G gal |l us = ISQE ANETNLEPE
D.rerio = Iii A =
T.rubripes = RERL A F
B.fl ori dae = RERL A =
C.intestinalis A FBEeeYPD SSWA| =
H. vul garis ERAHSISHYPDVVERERL ASIE =

Fig. 1. Comparisons of homeodomains from Dmbx family genes. Sequences of vertebrate and hydra proteins from i@nBaaliens
(Accession Number AB037699)us musculugAF499446)Gallus gallus(AF461038) Danio rerio (AF398526),Takifugu rubripes
(AY071923) ancHydra vulgaris(AF126249). Sequences AmphiDmbxBranchiostoma florid@eandCiDmbx(Ciona intestinali¥ cDNA
sequences have been deposited in GenBank (Accession Numbers AY588475 and AY588476, respectively).
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One conserved motif of interest near the N terminus (datdne AmphiDmbx gene consists of five exons spanning a
not shown), is a six amino acid stretch [LAD(IL)IL]. This motif genomic region of 5.1 kb (Fig. 3). The homeobox is split
is similar to the GEH/en-1 consensus region (FSIDNIL) seebetween two exons, with an intron between homeodomain
in several homeodomain proteins, known to function as positions 46 and 47. This is a common splice site position for
repressor domain (Mailhos et al., 1998). It is relevant to notERD-class homeobox genes and is seen in the Otx, Gsc and
that vertebratddmbxlgenes are also reported to function asPtx gene families (Galliot et al., 1999). Using sequence
repressors (Kawahara et al.,, 2002; Zhang et al.,, 2002nformation from genome projects, in comparison to cDNA
Interestingly, an alternatively spliced formibxlin human, sequence, we also determined the exon-intron structures of
mouse, chicken and zebrafish has a five amino acid insertitmuman, mouse and pufferfiffmbx1genes, and the ascidian
(GCTFQ) within this motif. The two splice variants may CiDmbx gene. These are aligned with themphiDmbx
interact with different partner proteins, and have differengenomic structure in Fig. 3. All vertebrai2mbxl genes

repressor activities. consist of four exons, with a conserved genomic structure. The
_ ) homologue of the fourth exon is divided into two exons in
Evolutionary history of Dmbx genes amphioxus. The ascidia@iDmbx gene is rather different;

To examine the phylogenetic distribution of Dmbx gene familyCiDmbx gene consists of eight exons and is particularly
we conducted blast searches of GenBank. We detected divergent in gene structure over tHehalf of the gene. This is
Drosophila Anophelesor nematode genes that can bealso the region of sequence divergence.
classified in the Dmbx gene family. Indeed, we detected only Although the Ciona intestinalisgenome sequence is not
one gene that could be an invertebrate Dmbx gene (in additimompletely assembled, the available genomic information
to the amphioxus and ascidian genes reported here). This is tielicates thatCiDmbx is localised on the same scaffold as
Hydra vulgarishomeobox genmanacle(GenBank Accession CiHox2 and CiHox3 (Dehal et al., 2002). By contrast, the
Number AF126249), which has regions of high sequenc®mbxlgene is not co-localised with any Hox clusters in mouse
similarity to CiDmbx(71.7% identity over the homeodomain; or human. To test whethAmphiDmbxs co-localised with the
Fig. 1). The manacle cDNA sequence was deposited onHox gene cluster, we used fluorescent in situ hybridisation to
GenBank by D. M. Bridge and R. E. Steele (unpublished)amphioxus metaphase chromosomes (Castro and Holland,
expression of this gene in differentiating basal disc ectoderr2002). This revealed that, like the vertebrate situation,
is described by Bridge et al. (Bridge et al., 2000). This findingAmphiDmbxmaps to a different chromosome from the Hox
reveals that the Dmbx gene family originated before thgene cluster (data not shown).
divergence of the cnidarian and bilaterian lineages, very earlg ) ]
in animal evolution. xpression of the AmphiDmbx gene
The homeobox gene superfamily can be divided on the badissing whole-mount in situ hybridisation and sectioning, we
of homeodomain sequence into the ANTP class, the PRD clasgamined the spatiotemporal pattern @&mphiDmbx
and several divergent lineages such as LIM and TALE (Galliogxpression during amphioxus development. No expression
et al., 1999). The Dmbx homeobox gene family is clearly avas detected in blastulae, early gastrulae or mid gastrulae
member of the PRD class. For example, the human DMBX{data not shown). At the end of the gastrula stAgghiDmbx
homeodomain has 60-65% identity with human OTX1, PTXlexpression was first detected in the anterior mesendoderm
and GSC (members of the PRD class), but only 38-42%Fig. 4A). This is also clearly evident at the mid neurula stage
identity with human HOXA1, EN1 and MSX1 (members of (13 hours post fertilisation), when expression is seen to be
the ANTP class). dorsal within this tissue (Fig. 4B). At the mid neurula stage
We conducted phylogenetic analysis using a diversity of24 hours) and late neurula stage (36 hours), the anterior
PRD-class homeodomains. The analysis clearly groupmesendoderm expression extends rostrally into Hatschek’s
manacle AmphiDmbx CiDmbx and vertebrate Dmbx genes diverticula (Fig. 4D-G). Expression in the most rostral tip of
together, confirming that they form a distinct gene family (Figthe notochord is also evident at 36 hours, although this
2A). They are not part of the Otx gene family. The most closelgxpression does not overlie the pharyngeal expression (Fig.
related gene families are probably Ptx, Otx and Gsc, althougtE,G). Expression in anterior endoderm persists at least for a
low support values make this conclusion tentative. Thigew days, and is clearly evident in swimming larvae (60 hours;
analysis is based on only the homeodomain, so should not B&g. 4H). At this stage, the expressing cells include part of the
used to infer precise relationships, particularly within theclub-shaped gland, endostyle, pharyngeal endoderm and the
Dmbx gene family. To address this, we undertook a secongteoral ciliated pit that develops from Hatschek’s left
phylogenetic analysis using the full amino acid sequences dliverticulum. Expression in notochord has faded at this stage.
only Dmbx genes (other PRD class genes cannot be include®o expression is detected in the neural tube at any stage of
assigning manacle as the outgroup. This gave a genedevelopment examined.
phylogeny of CiDmbx AmphiDmbxand vertebrates Dmbx ) )
genes that is entirely consistent with known relationship&xpression of the CiDmbx gene
between the seven species (Fig. 2B). The implication is thdthe developmental expression @Dmbxwas examined by
these genes are orthologues, and that we are not samplwfole-mount in situ hybridisation. No expression was

paralogous genes from a larger gene family. detected prior to the tailbud stage (Fig. 5A,B). At the tailbud

] ] stage, expression was first detected in one bilateral pair of
Comparison of genomic structures of chordate cells in the neural tube (Fig. 5C,D). In order to precisely locate
Dmbx genes theseCiDmbxexpressing cells, we compared the expression

We isolated amphiDmbygenomic clone and determined that of CiDmbx with the Ci-Pax2/5/8-A(Wada et al., 2003)Ci-
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Mm Pixl HvOtx Mm Otx1
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Dm Ptx1 m Crx Mm Otx2
Bf Ptx Bf Otx
Dm Gsc
Dmbx (K 50) Hv manacle Gsc (Ks0)
1000 Bf Gsc
Ci Dmbx 954
886
Bf Dmbx 823
Mm Dmbx1 1000
Mm Alx3 911 521 998 ’\?m gx
Mm Alx4 m Rax
%Y o Rx (Qs0)
Alx1
SpAl Mm Cartl
Dm Prx2
Mm Arx
Mm Vsx1 Dm aristaless Mm Prx1
Mm Mm Prx2
Mm Chx10 Phox2a,b
Sm smox3 Prx (QSO)
Dm Otp
Cecehl10 Mm Otp
aristaless and related (Qso) 01

Hydra manacle

CiDmbx

AmphiDmbx

Takifugu Dmbx1

0.1

1000

—1 9%

Zebrafish Dmbx1
1000

Chicken Dmbx1
— 954

MouseDmbx1

1000

Human Dmbx1

Fig. 2.(A) Unrooted phylogenetic tree of paired-like homeobox
genes from the PRD class, constructed from the homeodomain only.
Bf, Branchiostoma floridaéamphioxus)Ce, Caenorhabditis

elegansCi, Ciona intestinaligascidian);Dm, Drosophila
melanogasterHv, Hydra vulgaris Mm, Mus musculuysSm

Schistosoma mansor®50 and K50 denote the amino acid of
homeodomain position 50. (B) Molecular phylogenetic tree of Dmbx
family proteins. This tree is constructed from the entire amino acid
sequences (after removal of unalignable regions) and is rootdd by
vulgarismanacle protein. Both trees are constructed by the
neighbour-joining method. Branch lengths are proportional to
evolutionary distance corrected for multiple substitutions. Scale bar:
0.1 underlying amino acid substitutions per site. Figures on branches
indicate robustness of each node, estimated from 1000 bootstrap
replicates.

Fgf8/17/18(Imai et al., 2002) an€iHox3 (Locascio et al.,
1999) genes using double in situ hybridisatiGirPax2/5/8-

Ais one of two ascidian members of the vertebrate Pax2/5/8
subfamily [our phylogenetic analyses (not shown) indicate
this is the same gene as reported by Imai et al. (Imai et
al., 2002), except for a 174 bp insertion, presumably a
differentially spliced exon]. This gene is expressed in the
‘neck’ region of the neural tube, immediately rostral to the
cells expressingi-Fgf8/17/18 a gene descendent from the
ancestor of vertebrategf8, Fgf17 and Fgfl8 genes (Imai et

al., 2002; Wada et al., 2003). We found t@aDmbx (blue
staining, arrowhead) is expressed in cells immediately
posterior to cells expressin@i-Pax2/5/8-A (red staining,
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1 154 155 333 334 682 683 1134
H.sapiens :I\/II | L [ 1] Fig. 3. Exon-intron genomic structure
of Dmbx genes. Coding sequence
3.3Kb 280bp 759bp exons are shown as rectangles;
N 154 155 233 334 76 677 1131 homeodomains are |r!d|cated by grey
shadows, OAR domains by dotted
M.musculus I:I\/Il | Ll L] boxes and the conserved domains
similar to the GEH/eh-1 domain by
2.9Kb 216b, 1562b
P P black boxes. The numbers at the corner
1 154 155 33 3m 760 761 1143 of rectangles indicate the nucleotide

T rubri I—l-" position at the exon-intron boundary.
rubripes I:I\/Il | L AmphiDmbxgenomic sequences are

available in GenBank (Accession

142b 85b 589b
P P . Numbers AY588477 and AY588478).
Genomic sequences of other species are
36 3 3 316 33 34 897 898 6
B.floridae — . 7| I15 h ! 7|—|7 I—l-"m from GenBank (human, NT 004852;
' I:I\/I mouse, NT 039264fakifugu
-3.2Kb 300bp 216bp 333bp CA/—\_B_01001099) and th_e JGI website
(ascidian). Each genomic structure was
1 124 125 297 298 376377455 456 562 563624 625 706 707723 deduced from comparison of genomic
C.intestinalis sequence with cDNA sequence in
accordance with the GU-AG splice site
361bp 1183bp  3280p 221bp 443bp 263bp  381bp rule.
arrow) (Fig. 5E). TheCiDmbxstaining is coincident witlCi-  junction of trunk and tail in another ascidian specids,

Fgf8/17/18 expression in the visceral ganglion (arrowheadyoretzi, which lacks a defined visceral ganglion (Nicol and
Fig. 5F). This expression also overlaps that GHox3  Meinertzhagen, 1991; Katsuyama et al., 1995). In swimming
(arrowhead, Fig. 5G). Consistent with thiHox3 gene is tadpole larvaeCiDmbx expression is detected in the neural
reported to be expressed in the anteriormost region of thabe just behind the sensory vesicle; these cells are probably
visceral ganglion (Locascio et al., 1999). This region is moslaughters of the cells expressi@gpmbxin neural tube of the
probably homologous to thdrHox-1 positive region at the tailbud stage (Fig. 5H,1).

Fig. 4. Spatial and temporal expressionfsfiphiDmbxdeduced by whole-mount in situ hybridisation. Anterior of whole mounts towards the
right; cross-sections (counterstained pink) viewed from the posterior end of animal. (A) Lateral view of the embryo gateulatstage (9
hours).AmphiDmbyexpression is detected at the anterior mesendoderm. (B,C) Lateral views of the embryo at the neurula stage (13 hours, 20
hours).AmphiDmbyexpression is seen in dorsal anterior mesendoderm. (D) Lateral view of the embryo at the mid neurula stage (24 hours).
The anterior mesendoderm expression extends into Hatschek’s diverticula. (E) Lateral view of the embryo at the lategee(86Ihaies).
Expression is detected in anterior endoderm, including Hatschek’s diverticula, and also in the most rostral tip of the. {B)oChuss-

section througliin E, showing expression in the anterior endoderm. (G) Cross-section tlysuBh showing expression in anterior

endoderm and notochord, but not neural tube. (H) Lateral view of 60-hour swimmingAlmplaiDmbxs expressed in anterior endoderm
including part of the club shaped gland, endostyle and pharyngeal endoderm. Expression is also observed in a few ddhsapogdisab

ciliated pit. No expression is detected in the neural tube at any stage of development examined. a, anterior; d, doedal; vighenl, left;

csg, club shaped gland; Hd, Hatschek’s diverticula; n, notochord; nt, neural tube; pcp, preoral ciliated pit; pe, phatgdgeal ed, the first
somite.
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Pax2/5/8-A Dmbx  Dmbx Fef8/17/18

Fig. 5. Spatial and temporal expressionGDmbxdeduced by whole-mount in situ hybridisation. Anterior towards the right in all specimens
except A. (A) Lateral view of 32-cell embryo; animal pole towards the right. (B) Dorsal view of a neurula stage em@ijambbo

expression is observed at these stages. (C) Lateral view of mid tail-bud stage @ifmjuxexpression is detected exclusively in the neural
tube. (D) Dorsal view of the same developmental stage, showing that expression is in one bilateral pair of cells. (E) iCohgagisssion
betweenCiDmbx(blue stain, arrowhead) azl-Pax2/5/8-A(red stain, arrow) at mid tail-bud stage (lateral viedibmbxis expressed in cells
immediately posterior to cells expressiigPax2/5/8-A with no gap and no overlap. (F) Comparisol€fFgf8/17/18(blue stain) and
CiDmbx(red stain) at mid tail-bud stage (lateral view) showing co-localised expression (arrowhead). Additional expr€sstgfBat7/18is
detected in the trunk-lateral cells and at the tip of the tail after prolonged staining. (G) Compatistox8iblue stain) ancCiDmbx(red

stain) at later mid tail-bud stage embryo (lateral view), showing co-localised expression (arrowhead). Dorsal (H) aidviatesabf

swimming tadpole larva&CiDmbxexpression is observed in the visceral ganglion, just behind the sensory vesicle. o, otolith and ocellar pigment
spots (expression negative); pb, polar bodies (expression negative); vg, visceral ganglion (exjiizsging

Discussion

Origin, loss and divergence of Dmbx genes Our evidence at the time was circumstantial and based
Most mammalian homeobox genes have clear orthologues primarily on molecular phylogenetics of homeobox genes. The
the Drosophila melanogasteaind/or Caenorhabditis elegans cloning of definitive Dmbx genes from amphioxus and
genomes. In addition, most belong to small gene families iascidians, reported here, has confirmed this deduction.
the human and mouse genomes, usually containing two (elgurthermore, our analyses show that tiydra homeobox
Emx, Otx, En, Gbx), three (e.g. Cdx, TIx) or four (Hox cluster)gene manaclgBridge et al., 2000), also belongs to Dmbx gene
paralogues. In each case, the duplicates have been tracedamily. These findings demonstrate that the Dmbx genes form
gene duplications that occurred at the base of vertebratedistinct, ancient, homeobox gene family. Members of this
evolution (Furlong and Holland, 200)mbx1is an unusual gene family have been secondarily lost in the evolutionary
homeobox gene because it violates both of these genetaleages leading tb. melanogasteIC. eleganandAnopheles
patterns: it has no clear orthologues in flies and nematodegambiae
and no paralogues in human or mouse. Current evidenceComparison of ascidian, amphioxus and vertebrate Dmbx
suggests there is also only a single Dmbx gentakifugy  genes reveals some unusual patterns of conservation. First,
zebrafish and chicken. Th®mbx1 situation could be although exon-intron organisation of the gene is well
interpreted in one of two ways. One view is tBahbxlis a conserved between human, mouse, pufferfish and amphioxus
‘new’ gene that originated in vertebrate evolution. For(with an extra intron in amphioxus), the ascidZbmbxgene
example, it could be a cryptic member of a differenthas a very different genomic organisati@Dmbxhas eight
homeobox gene family, and has diverged in sequence such tleibns, compared with four in human, most probably the result
its vertebrate paralogues and invertebrate orthologues are rajt four additional intron insertions. This change in gene
recognised. Alternatively, the Dmbx genes might constitute aarganisation is mirrored by high levels of sequence divergence
ancient and distinct homeobox gene family; in this case, theithin the Ciona gene. We also detected a large amount of
Dmbx gene must have been secondarily lost from theequence polymorphism within th€iona CiDmbx gene,
DrosophilaandCaenorhabditigenomes. After duplication in including numerous substitutions that cause variation in the
the vertebrate lineage, additional vertebrate paralogues aeacoded protein sequence between alleles, especially in the C-
also though to have been lost, to leave a single oppx1l terminal half of the protein. These findings provide another
gene in human and mouse. example of the high rate of sequence evolution reported for the
The latter interpretation is the one we proposed whenscidian genome (Ferrier and Holland, 2002; Holland and
reporting the cloning of mousgmbx1(Takahashi et al., 2002). Gibson-Brown, 2003).
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Fig. 6. Comparison of expression
domains between chordate neural tubes
Amphioxus Ascidians Vertebrates and proposed homology of brain regions.
An underlying tripartite organisation is
depicted by brackets, expression of
transcription factors by shading and the
organiser activity of FGF8/17/18 proteins
by arrows (not proven in ascidia). In all
Tripartite Organization three chordate taxa, the most anterior of
the three regions is marked by expression
of Otx. This region is divided into two
: : regions in vertebrates: an anterior region
o without Dmbxexpression (forebrain) and
a posterior region witbmbxexpression
(midbrain). Amphioxus and ascidia do

: tLost

?

l.

Otx not possess thembxexpressing domain
l (midbrain) anterior t&ax2/5/8
o expression (MHB). In vertebrates and
Dmbx ascidians, expression Bax2/5/8family

genes fills the gap between ex-

Sensory vesicle Forebrain Pax-2/5/8 expressing region and the posterior
Midbrain region expressing Hox genes; this is not
seen in amphioxu®mbxhas a later
Neck MHB/Isthmus . Hox1, 2 or 3 expression domain in the hindbrain of
vertebrates (shown by longitudinal
Visceral ganglion = Hindbrain - stripes), coincident with Hox gene
Hox5 expression (up to rhombomere 2); co-
Tail nerve cord Spinal cord localisation of Hox CiHox3) and Dmbx
U also occurs in the ascidian anterior
Fof-8/17/18 . .
12247 visceral ganglion.
Evolutionary history of chordate brain patterning development in chordate evolution. These comparisons are

The mouseDmbx1 gene shows a particularly interesting facilitated by the fact thddmbxlis not part of a gene family
expression pattern in the context of the tripartite organisatiom mouse; we can be sure we are comparing the expression of
of the chordate neural tube. The earliest expression site is thimgle, directly orthologous genes.
presumptive midbrain (at day E7.5 to E8.5), with expression In amphioxus AmphiDmbxgene expression is strongest in
extending rostrally into the diencephalon by E10. Caudallythe anterior endoderm, notochord, endostyle and part of the
however, this expression has a very clear spatial limit at thdub-shaped gland. We did not detect aAmphiDmbx
MHB (Broccoli et al., 2002; Gogoi et al., 2002; Miyamoto ettranscripts in the dorsal nerve cord of amphioxus at any stage
al., 2002; Ohtoshi et al., 2002; Takahashi et al., 2002; Zharaf development. This finding is consistent with the suggestion,
et al., 2002) Dmbx1transcripts also appear in the hindbrain,made from other gene expression data, that the anterior nerve
where they resolve into bilateral, longitudinal stripes by E1Tord of amphioxus has been secondarily modified from the
(possibly in specific neuronal populations), but the MHBancestral tripartite organisation. Amphioxus has Otx and Hox-
region is strikingly devoid obmbxlexpression (Takahashi et expressing neural domains, in regions homologues to those of
al., 2002). We hypothesise tHambx1lexpression is activated vertebrates, but the intervening zone (equivalent to the MHB
at a distance from the MHB, but repressed by the highest levels vertebrates) is missing. When considered alongside the
of FGF activity at the MHB organiser; indirect support for thisCiona data (discussed below), we conclude that Dmbx gene
comes from the observation thBimbx1is also expressed expression in the nerve cord has been secondarily lost in the
immediately subjacent to the apical ectodermal ridge in limlzephalochordate lineage, alongside loss of the MHB region
development (Takahashi et al., 2002). (Fig. 6).

We reasoned that comparison with Dmbx gene expression In ascidiansCiDmbxis expressed in the developing neural
in amphioxus and ascidian development would be informativeube, but only in the row of neural cells posterior to Pax2/5/8-
in two key respects. First, the apparent absence of an MHB positive cells. These latter cells were useddatocynthig to
amphioxus (or at least absence of a zonBao®/5/8 Enand  define the central zone of the tripartite neural plan (Wada et al.,
Whntlactivity between the Otx and Hox domains) (Kozmik et1998). This row ofCiDmbxpositive cells is coincident with
al., 1999; Holland et al., 1997; Holland et al., 2000), allows &he rostral limit of the Hox-expressing region. In vertebrates,
test of the relation between Dmbx expression and the MHB. Ithis region has evolved into the hindbrain, expressing both Hox
short, we expect a rather different expression pattern igenes andmbx1 It seems logical, therefore, to conclude that
amphioxus. Second, early expressionDohbx1is a useful the CiDmbxexpression we describe here, and the hindbrain
midbrain marker, dividing the Otx-positive zone into anteriorexpression detected in mouse (see above), zebrafish (Kawahara
(forebrain) and posterior (midbrain) regions. We were curioust al., 2002) and chick (Gogoi et al., 2002), are homologous;
to see whether ascidian embryos also showed this expressitiey descend from a common ancestor with this gene
pattern, which may help resolve the origins of midbrainexpression. Interestingly, we do not detect apypmbx
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expression rostral to the ascidian Pax2/5/8-positive cellsegions must have obtained competency to respond to signals
Vertebrates, by contrast, have strong midbrain expression &bm the organiser. The lineage leading to amphioxus, which
Dmbx1 This suggests thationa does not possess a neural diverged a little later, most probably lost the MHB region, with
region homologous to vertebrate midbrain (Fig. 6). It isconcomitant modification of adjacent tissues. In the
possible thatCiona has lost this region or this expression evolutionary lineage leading to vertebrates, we conclude that
domain (and, independently, amphioxus also). It is mor¢he zone immediately rostral to the MHB organiser became
parsimonious to conclude that absence of a distinct midbrafiurther subdivided, to include a specific midbrain region
was the basal condition for chordates; midbrain developmemarked byDmbx1lgene expression.
could be a novelty that evolved specifically on the vertebrate
lineage. We are indebted to Frangoise Mazet and Sebastian M. Shimeld for
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