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Abstract Genomic and cDNA clones of an Msx clastibe, whileMsx-1andMsx-2are also expressed in other
homeobox gene were isolated from amphio&rmifchi- tissues during embryogenesis, including cranial neural
ostoma floridag The geneAmphiMsx is expressed in crest cells, placodes, limb buds, tooth buds, genital tu-
the neural plate from late gastrulation; in later embryosiercle, pituitary and hair follicles. Expression in non-
is expressed in dorsal cells of the neural tube, excludmgural tissues is clearly functional, as demonstrated by
anterior and posterior regions, in an irregular reiteratgdne targeting (Satokata and Maas 1994) and antisense
pattern. There is transient expression in dorsal cells wiéxperiments in mice (Foerst-Potts and Sadler 1997),
in somites, reminiscent of migrating neural crest cells iofentification of a human mutation (Jabs et al. 1993) and
vertebrates. In larvae, mRNA is detected in two patchestopic expression in chick embryos (Ferrari et al. 1998).
of anterior ectoderm proposed to be placodes. Evolutidetermining how vertebrate Msx genes evolved their
ary analyses show there is little phylogenetic informationultiple roles may be addressed by comparison to their
in Msx protein sequences; however, it is likely that dalosest invertebrate relatives: cephalochordates or amphi-
plication of Msx genes occurred in the vertebrate lioxus. For many vertebrate gene families involved in the

eage. control of development, amphioxus has just single ho-

mologues (Holland 1996); amphioxus can therefore pro-
Key words Amphioxus - Msx gene - Neural crest - vide information about possible ancestral roles and about
Placodes - Vertebrate evolution timing of gene duplication events.

We first amplified a 220-bp fragment from amphioxus
] genomic DNA using Msx-specific polymerase chain reac-
The Msx class of homeobox genes encode highly c@éian (PCR) primers described by Holland (1991). This
served homeodomain proteins implicated in the develggelded eight identical recombinant clones. Screening of a
ment of a wide range of embryonic tissues (reviewed Byanchiostoma floridae genomic library (Garcia-
Davidson 1995). Multiple Msx genes have been isolate@rmandez and Holland 1994) with a PCR clone lead to
from vertebrates, including mouse (three genes), chigkjation of the 3’ exon of the gene, including the full ho-
(two genes),Xenopus(two genes) and zebrafish (fivemeobox sequence. Using this to screen a cDNA library
genes); single Msx genes have been reported from inv@de from 5- to 24-h embryos (kindly provided by Dr J.
tebrates, includin@rosophila ascidian, sea urchin and angeland, University of Kalamazoo, Mich) yielded three
leech (Ma et al. 1996; Master et al. 1996; Dobias et glerlapping cDNA clones from the same gene, which we
1997; Ekker et al. 1997; Isshiki et al. 1997). The thrg@noteAmphiMsx A genomic Southern blot revealed that
mouse Msx genes are all expressed in the dorsal nepfaphiMsxis present in a single copy in the amphioxus
genome (data not shown). The longest cDNA contained
the full open reading frame, shown in Fig. 1A. The de-
duced start codon matches the Kozak consensus and is
The sequence reported in this paper has been deposited inthigefirst methionine downstream of an in-frame stop co-
GenBank data base under the accession number AJ130766  don. The gene contains an intron 5’ to the homeobox, as
A.C. Sharmah- S.M. Shimeld - P.W.H. Holland{) expecte1d for Msx genes; the existence of other introns
School of Animal and Microbial Sciences, more 5" would not have been detected since this region
The University of Reading, Whiteknights, Reading, RG6 6AJ, Ukvas not cloned from genomic DNA. The homeodomain
Present address encoded byAmphiMsxhas much higher sequence identity
1Trends in Biochemical Sciences, Elsevier Trends Journals, {0 the Msx class (between 92 and 95%) than to related
68 Hills Road, Cambridge, CB2 1LA, UK homeodomain classes such as DIx, NK1, NK2, NK3,
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Fig. 1 A Complete deduced A
protein sequence for Amphi-

Msx. Thearrowheaddenotes MAQSTLPTSSNSAFSKPTTSAPSSASSPTSTEKLPFSVASIMADK 75
the position of an intron in the PKETEQNQSDSGPPPLQOSPGGPQSPASPPATVPTAPAQPPSRPSD 150
gene; sequence motifs (ehl, FSVEGILSKPCSSETAAAEKGHDPTGFAAARFPWLQSSRYSPPPR 225
hexapeptide and homeodomain, v 300
in that order from amino to car- DRL PTPNKC TLRKHK TNRKPRTPFTTQOLLALERKFROKQOYLSIA

boxy termini) areunderlined in ERAEFSASLNLTETQVKIWFONRRAKAKRLOFAELEKLKMAAKPM 375
bold. The full nucleotide se- LPPALGMTFPSPFYAAASPFHRPGLPVQACQIGPYTYYPSHTYAG 450
quence is available from the

EMBL database, accession FIHSS 455

number AJ13076@ Align-

ment showing high sequence

similarity of the AmphiMsx B

homeodomain to Msx class ho- AmphiMsx NRKPRTPFTTQQLLALERKFRQKQYLSIAERAEFSASLNLTETQVKIWFQNRRAKAKRLQ

meodomains (Mouse Msx-1, Msx-1 = —--—-—-——— A-mm—mmm e e B
Msx-2, Msx-3,Drosophila MsxX-2 —m—mmm—mm——— S m S m
msh). For comparison, repre-  pgx-3 ———-ee———— Ac—mmmmmmm Hemm o [P P
sentative homeodomains from o, oo ______ S —Kmm —Fmmmmm e e
related classes are also shown: B S .
DIx (AmphiDlIl), NK1 - NK4
(DrosophilaS59, vnd, bap, tin), .
HIx-1 and TIx-1.Dashesndi- AmphiDll M----- IY-SF--QQ-N-R-QRT---ALP----LA-Q-G--Q-----------S-Y-K-M
cate amino acids identical to NK1/S59 P-RA--A--YE--VS--N--KTTR---VC-~LNLAL~--S~-~~=-—-~--——-- T-W-KQN
AmphiMsx NK2/vnd K--R-VL--KA-TYE---R---QR---AP--EHLASLIR--P-----—---H-Y-T--A-
NK3 /bap KKRS-AA-SHA-VFE---R-A-QR---GP--S-MAK--R-—-~======-=-= Y-T--K-
NK4/tin K----VL-SQA-V-E--CR--L-K--TG---EIIAQK---SA--—-----—-—— Y-S--GD
Hlx-1 RSWS-AV-SNL-RKG--KR-EIQK-VTKPD-KQLA-M-G--DA-==V-=—=—~ M-WRHSK
Tlx-1 KK----S--RL-ICE--KR-HRQK--AS----ALAKA-KM-DA---T------ T-WR-QT

NK4, TIx or HIx (between 37 and 60%; Fig. 1B). Phylodate members of this gene family, due to invariance of
genetic analysis also supports assignment to the Msne motifs combined with very low conservation in
class (not shown). The deduced protein sequence hasdther regions of the protein.
other conserved protein motifs characteristic of Msx and The expression pattern AimphiMsxwas examined in
several other homeodomain proteins: the ehl maihphioxus embryos and larvae by whole-mount in situ
(Fig. 1A, bold and underlined) and a sequence relatechtdoridisation. Expression was first observed in late
the hexapeptide of Hox proteins (Fig. 1A, bold and ugastrulae in two lateral stripes in the ectoderm (Fig. 2 A).
derlined). The ehl motif acts as a transcriptional représ-neurulae, prior to neural tube closure, expression be-
sor in En class proteins and is present in Msx, NK-1, NEemes confined to the lateral neural plate, with express-
2 and gsc homeodomain proteins (Smith and Jaymeg cells excluded from the midline. This expression is
1996) plus, surprisingly, fork-head proteins (Shimeltost intense posteriorly, adjacent to somite 5 (Fig. 2B).
1997). Both the ehl and the hexapeptide motif ake neurulation continues, expression is activated along
thought to mediate interaction with protein cofactors touch of the neural tube but remains excluded from the
modulate transcriptional activity or specificity. anterior and posterior extremes (Fig. 2C, D). There is
We constructed molecular phylogenetic trees of Msikight asymmetry between left and right expression,
proteins using several alternate alignments and phylogetching asymmetry of the adjacent somites, and from a
netic methods. ClustalW (Thompson et al. 1994) addrsal aspect the intensity of expression can be seen to
MUST (courtesy of Hervé Philippe, CNRS, Paris) werary along the anterior/posterior axis in approximate reg-
used for constructing alignments and the Neighbor-joiistry with the somites (Fig. 2D). Over the next few hours,
ing and Parsimony methods of MUST, PHYLIP (Felsethe amphioxus embryo elongates before beginning the
stein 1993) and MEGA (Kumar et al. 1993) for cormmorphogenetic movements that produce the asymmetric
structing phylogeniesAmphiMsxwas consistently found larval head. During this timeédmphiMsxexpression re-
to be closely related to vertebrate Msx genes, usuallysadves into a semi-regular series of reiterated patches of
an outgroup although this was not well-supported lexpression (Fig. 2F), before decreasing and becoming
bootstrapping (not shown). Taken together with thmdetectable in the neural tubes of early larvae (Fig. 2I
Southern analysis and the fact that we cloned the saand data not shown). Reiterated expression is reminis-
Msx gene by PCR, cDNA and genomic library screepent of the transient expression of chiblsx-2 and
ing, this leads us to suggest that the gene duplicatiomsuseMsx-3in alternate rhombomeres (Graham et al.
leading to multiple vertebrate Msx genes took place @893; Shimeld et al. 1996), though we think it unlikely
the vertebrate lineage, after the cephalochordates hadtht this indicates some rhombomeric characteristics are
verged. We also conclude that the amount of phylogerfetdnd in a larger portion of the amphioxus neural tube.
ic information retained by Msx protein or DNA sequendviore likely, this represents a confinement of Msx ex-
es is insufficient to resolve relationships between ch@ression to a specific subpopulation of neural cells. Sec-
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Fig. 2 A-J Expression oAmphiMsxduring amphioxus embryon- tions of hybridised neurulae revealed that expression is
ic and 'ar‘lfla' d%Ve'OPmem detecaed bﬁ’ Who'?'mﬁunlt ;t“ Slitu hybrigonfined to dorsal cells in the neural tube and is exclud-
isation. All embryos are oriented with antertorthe leff all sec- : :

tions with dorsako the top A Late gastrula in which the blasto-ed from the floor plate (Flg_. 2E). Sections (_)f O'Fjer em-
pore has almost closeAmphiMsxexpression is present in twoPryos revealed _that the reiterated expression is due_ to
broad domains in the lateral ectodeiBnDorsal view of 5-somite groups of cells in the lateral neural tube. Reconstruction
neurula.AmphiMsxexpressing cells are present in the lateral negf sectioned embryos showed that left and right patches

ral plate and excluded from the midline. Expression is strongest c:+.; ; ; : ;
posteriorly, adjacent to somites 4 andCLateral andD dorsal 61 stained cells did not precisely align (Fig. 2G, H and

views of 7-somite embryos. Transcripts are confined to the nef@t@ not shown).
tube from the level of somite 1 to somite 6. The dorsal view re- Sectioning 18-h embryos also revealed a small num-
veals that at this stage expression can be resolved into a semiteg- of expressing cells in the dorsal somite, outside the

ular alternation of cells with highafrows) and low levels of stain- eural tube (arrow on Fig. 2H). These expressing cells
ing. E Transverse section through an embryo at approximately {ﬁe ’ )

7-somite stage, note exclusion of staining from the floor plate cefe nc_’t detected either before or after the 18-h stage._ It_ is
overlying the notochordr Larva beginning to undergo the transtempting to speculate that these cells are of neural origin,
formations that create asymmetric anterior morphology. _Patdhavmg separated from the neural tube during neurula-
tekﬁ%rj‘gﬁ'%rr‘] 'Z%Er'%ev'ﬂtﬁh:b%eulirg' ;‘éﬁ-t gﬂ;"')?]?a‘ggfpf;c;;ggstion; if so, these cells may be homologous to the neural
cells are visible in the lateral neural tube and in small numberscfrﬁ':‘St cells of Vertebrates.' However, since we could not

the dorsal somiteagrows). | Lateral and) dorsal views of a larva detect these cells at earlier or later developmental stages
in which the mouth has just openédnphiMsxexpression is con- we were not able to determine if they originated in the

fined to a small group of anterior ectodermal cells, rostral to th@uraj tube or if they Subsequenﬂy migrated away from
cerebral vesicleatrow; b blastoporecv cerebral vesiclefp floor the dorsal somite

plate, g gut, ml midline, n notochord,nt neural tube). Thecale - . . . .
bar on A'is equivalent to 40 um fok, C, D, F, | andJ, 25 pm for Expression oAmphiMsxwas also investigated during
B and 17 um foE, G andH early larval development. In animals raised at 23°C the

mouth opens at about 36 h and feeding commences. At
this stage, expression is confined to a small, bilaterally
symmetrical patch of cells in the anterior ectoderm
(Fig. 21, J). This patch of cells is anterior to the cerebral
vesicle and adjacent to the notochord, in a position where
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an anterior sense organ (the corpuscles of de Quatrefage%nd PWH (1996) Molecular biology of lancelets: insights into
will develop (de Quatrefages 1845). We suggest that trﬂ evelopment and evolution. Isr J Zool 42: S247-S272

- : sshiki T, Takeichi M, Nose A (1997) The role of timshhomeo-
expression domain may be homologous to mddse-1 box gene durindrosophilaneurogenesis: implication for the

or axolotl Msx-2gene expression in ectodermal placodes dorsoventral specification of the neuroectoderm. Development
(Grindley et al. 1995; Metscher et al. 1997). 124: 3099-3109
Jabs EW, Muller U, Li X, Ma L, Luo W, Haworth IS, Klisak |,
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