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Abstract Contrary to traditional views, molecular eVijntroduction
dence indicates that the protostomian ventral nerve COI‘J
plus apical brain is homologous with the vertebrate$’has generally been assumed that the dorsal sides of all
dorsal spinal cord plus brain. The origin of the protwilateral animals are directly comparable, i.e. homolo-
stomian central nervous system from a larval apical gous, and that the dorsal chordate central nervous system
gan plus longitudinal areas along the fused blastopdGNS) is therefore not homologous with the apical-ven-
lips has been documented in many species. The origirtraf protostome CNS. However, new observations on a
the chordate central nervous system is more enigmatigmber of orthologous dorsoventral patterning genes in-
About a century ago, Garstang proposed that the ciligligate that the dorsal nervous system of vertebrates is in-
band of a dipleurula-type larva resembling an echindeed comparable to the ventral nerve cord of arthropods
derm larva should have moved dorsally and fused (Mubler-Jung and Arendt 1994; Arendt and Nubler-Jung
form the neural tube of the ancestral chordate. This ideg94).
is in contrast to a number of morphological observations, The idea of comparing arthropod and vertebrate ner-
and it is here proposed that the neural tube evolwaslis systems goes back to the beginning of the 19th cen-
through lateral fusion of a ventral, postoral loop of thary when Geoffroy-Saint-Hilaire (1822) compared the
ciliary band in a dipleurula larva; the stomodaeudvorsal nervous system of a vertebrate and the ventral
should move from the ventral side via the anterior endrierve cord of a crayfish, but he also compared the verte-
the dorsal side, which faces the substratum in cephdleal column with the cuticle of insects, and in the pre-
chordates and vertebrates. This is in accordance with ¢kelutionary period such similarities were not seen as re-
embryological observations and with the molecular dagalts of common descent. Nevertheless, the idea has been
on the dorsoventral orientation. The molecular obsertaken up from time to time, but has not met much accep-
tions further indicate that the anterior part of the inseeince (review in Nubler-Jung and Arendt 1994). More re-
brain is homologous with the anterior parts of the vertgently, observations on the morphology and embryology
brate brain. This leads to the hypothesis that the two of-pterobranchs, enteropneusts and chordates led Mala-
gans evolved from the same area in the latest comnikbiov (1977) to the conclusion that the chordates are “up-
bilaterian ancestor, just anterior to the blastopore, wille-down enteropneusts”, but his paper has apparently
the protostome brain developing from the anterior rim béen completely overlooked by western biologists.
the blastopore (i.e. in front of the protostome mouth) aNdibler-Jung and Arendt (1994, 1996) and Arendt and
the chordate brain from an area in front of the blasteiibler-Jung (1994, 1997) concluded that a combination
pore, but behind the mouth (i.e. behind the deuterostosiemorphological, embryological and molecular data
mouth). from annelids, arthropods and chordates indicate that
chordates are inverted protostomes. Finally, Nubler-Jung
Key words Chordate - Embryology - Nervous system -and Arendt (1996) reached the conclusion that the inver-
Phylogeny sion could have happened between enteropneusts and
chordates. Bergstrom (1997) also found support for the
last point of view. This interpretation of the chordates re-
sults in some nomenclatural problems with the dorsoven-
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The “inversed” orientation of the chordates is in dipears to be homologous with Hatschek’s pit-and-groove
agreement with the traditional interpretation of a numbieramphioxus; this structure is derived from the left ante-
of morphological observations. The purpose of this pap&r coelom and not associated with the neuropore (Rup-
is to propose a scenario for early chordate evolutipert 1997b).
which accommodates the morphological and molecularThe planktotrophic larvae of echinoderms and entero-
evidence, to highlight possible discrepancies betwegmeusts have ciliary bands of almost identical shape and
morphological and molecular results, and to point to istructure, with separate cilia on monociliary cells, and
vestigations which may throw new light on the remaifunction as “upstream-collecting” bands in filter-feeding
ing questions. (Strathmann and Bonar 1976; Nielsen 1987). Ultrastruc-
tural studies of starfish larvae have demonstrated a char-
acteristic organization, including neurociliary innerva-
Morphological evidence tion, of the ciliary band (Lacalli et al. 1990; Lacalli and

West 1993; Lacalli 1996c¢), and some of these cells and
The ontogeny of many protostomes, such as annelids Hrer arrangement resemble cells in the neural tube of
molluscs, indicates that their brain develops from the lgoung amphioxus larvae (Bone 1959). This lead Lacalli
val apical organ or from adjacent lateral cell groups (Land West (1993; see also Lacalli 1996a,b) to the conclu-
calli 1984; Cragg 1996). In groups such as arthropaglen that the neural tube could have evolved through fu-
and nematodes, which lack the ciliated apical organ, 8ien of the aboral sides of a larval ciliary band as that of
apical component is difficult to identify, and it is obviouthe dipleurula larva [the presumed larval type of the
that perioral and postoral parts of the CNS have moweammon deuterostome ancestor (Nielsen 1995); this is in
forward and constitute the major part of the brain (Snoagreement with Garstang’s theory described below].
grass 1938). The paired or fused ventral nerve cords,The origin of the chordate central nervous system and
which are connected with the brain through circumoests possible morphological homology with that of the
phageal connectives, develop ontogenetically from a paiotostomes have not been discussed in the light of the
of midventral, longitudinal ectodermal zones. The ontogew interpretation.
eny of some annelids, onychophorans and nematodes
demonstrates that the blastopore becomes divided_to
form mouth and anus by fusion of the lateral blastopdiarstang’s dipleurula theory
lips and that the differentiating ventral nerve cords are
located along the fused lips (Nielsen 1995). The origin of the chordate central nervous system has

The ontogeny of non-chordate deuterostomes, suctbasn a matter for discussion for more than a century (see
phoronids, echinoderms and enteropneusts, unequivoead: Gee 1996). The most accepted hypothesis is that of
ly shows that the larval apical organ degenerates at m&arstang (1894, 1928), which derives the chordate CNS
morphosis and that new, less well-defined central n&nem the ciliary band of a dipleurula (auricularia) larva,
vous centres take over (Nielsen 1995). The embryologhere the band moves dorsally, finally fusing middorsal-
of echinoderms (Horstadius 1973) and enteropneustsind enclosing the entire aboral surface of the larva in-
(van der Horst 1927-39) shows that the blastopore diuding the anterior apical pole with the apical organ as
rectly becomes the anus and a new mouth breaks throwgh as the posterior blastopore. This hypothesis is sup-
from the bottom of the archenteron. ported by the well-known formation of the neurenteric

In the chordates, gastrulation is highly oblique, wittenal through fusion of the posterior part of the neural
extensive infolding of presumptive endodermal and mields around the blastopore and by detailed ultrastructur-
sodermal cells at the dorsal blastopore lip, along theatsimilarities between the ciliary bands of larval echino-
dorsal side of the embryo (Keller 1975). There is no laterms and enteropneusts and the neural tube of amphiox-
eral blastopore closure as proposed by Arendt aml(see above). Garstang’s interpretation places the chor-
Nubler-Jung (1997); the slit-like closure is the neuruldate CNS on the dorsal side of the larva, but this is not in
tion. Bergstrom (1997) compared the chordate neurudacord with the molecular data and new interpretation
tion resulting in the formation of the neuropore with theutlined above. Nielsen (1995) pointed out that some ob-
lateral blastopore closure of the protostomes resultingservations on chordate ontogeny contradict Garstang’s
the formation of the adult mouth; however, the carefidea:
cell-lineage studies of both ascidians and anurans (Nish-
ida 1987; Eagleson and Harris 1989; Drysdale and Elin-Cell lineage studies have shown that the apical pole of
son 1991) show that the mouth develops from an invatfie eggs of urochordates (Nishida 1987), amphioxus
nation at the frontal side of the neural fold and thus anf@ung et al. 1962) and vertebrates (Vogt 1929) does not
rior to the neuropore. The opening of the ciliated duct lsécome incorporated into the neural tube but moves to
the urochordate neural gland (sometimes called hypofie c-ventral side of the embryo behind the mouth (Niel-
ysis) is formed as a secondary opening between the pkan 1995: Fig. 51.1).
ynx and the neural tube, and therefore is not homolog@usGarstang’s theory implies that the relative position of
with the neuropore (Kowalevsky 1871; Ruppert 199(pical pole and mouth is inversed between enteropneusts
The vertebrate adenohypophysis (Rathke’s pouch) apd chordates.
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3. The gill slits of enteropneusts develop behind the opghew hypothesis for the origin of the chordate
area of the tornaria, whereas according to Garstang’s

: itral nervous system
ory they should develop in the oral area of the ancestra
dipleurula larva; this seems to imply either that the gifhe enteropneusts are usually regarded as the sister
slits are not homologous in the two groups or that the gjloup of the chordates based on morphological data (e.g.
slits have moved through the ciliary band in chordateédaisey 1986; Schram 1991, 1997; Nielsen 1995; Nielsen
both possibilities appear improbable. et al. 1996), and some molecular results support this in-
terpretation (Holland et al. 1991; Garey et al. 1996) al-
Both Lacalli (1996a) and Nielsen (1997) have athough other authors disagree, without pointing unequiv-
tempted to reconstruct the ancestral deuterostome asedlly to one alternative phylogeny (Wada and Satoh
“upside-down protostome”, but it now seems clear th#®94; Halanych 1996; Castresana et al. 1998). However,
the inversion has taken place in the ancestral chordatebioth Winnepenninckx and Backeljau (1996) and Naylor
stead. and Brown (1998) have demonstrated that refined meth-
ods of analysing base sequences give phylogenetic trees
which can be quite different from those produced by or-
dinary analyses, and which in some cases are more in ac-
cordance with traditional, morphology based results.

Fig. 1 Schematic representa- ECHINODERMATA ENTEROPNEUSTA CHORDATA
tions of larvae and adults of

deuterostome phyla. The draw-
ings of the chordates express
the hypothesis proposed in this
paper. The urochordates are
represented by a tadpole larva.
Arrows 1 and 2lenote move- N
ments of the apical pole and the / blastopore
mouth, respectively. The apical 9 =anus
pole is indicated barrow- ciliar

heads the mouth byvhite ar- pand

rows, and the anus hiylack ar-

rows The intraepithelial ner-

vous system of the adult en- ontogeny

teropneust (see Fig. 5) has been UROCHORDATA VERTEBRATA
omitted. The position of the
new anus in the ancestral uro-
chordate larva is uncertain, be-
cause it is unknown when the
atrium evolver!
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Fig. 2 Fate maps of entero- polar polar
pneusts and chordates. The dor- bodies adhesive
soventral orientation of the collar | organ
chordate eggs are modified cord c-vedrgral /
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Both enteropneusts and the closely related echinodewhshe band is involved and that the neural tube accord-
have dipleurula larvae and it therefore appears probaibigly is formed on the ventral (= c-dorsal) side of the lar-
that the ancestral chordate had a similar larval stage It implies that the apical pole of the embryo remains
(Nielsen 1995). If the chordate CNS should develautside the infolding of the nervous system and that the
from the ventral side of a dipleurula-like larva it wouldelative positions of chordate brain, mouth and apical
have to be along the mid-ventral line between mouth gmale remain unchanged during ontogeny. Also, the qill
blastopore. The observations of Lacalli and West (1993ifs are not required to cross the larval ciliary band dur-
and Lacalli (1996b; see above) indicate that the chordeig evolution. It is further implied that the dorsal tongue
CNS has evolved from fused ciliary bands, and | propdsa&r's of enteropneusts and the c-dorsal tongue bars of the
that it evolved through fusion of the longitudinal parts @hordates are not homologous, and several differences in
the postoral neotroch loop, posteriorly extending just kteeir structures have been pointed out previously that
hind the blastopore, while the remaining part of the nesupport this theory (Ruppert 1997a). Pterobranchs and
troch degenerated (Fig. 1). This would result in a neugaiteropneusts have an anterior extension of the gut
tube with an anterior neuropore behind the mouth andadled the stomochord which is often interpreted as a ho-
posterior neurenteric canal. mologue of the notochord although this is questioned by
The proposed formation of the CNS in the hypothetither authors (see discussion in Ruppert 1997a). The il-
cal chordate ancestor is in accordance with parts of Gastration in Nibler-Jung and Arendt (1996) indicates
stang’s hypothesis and with Lacalli's observations in thée presence in the enteropneust of a pygochord, a ven-
the CNS and the neurenteric canal are formed by thethal longitudinal extension of the intestine (van der Horst
sion of two aboral sides of the ciliary band of a dip929-36); it is found only in the Ptychoderidae and its
eurula larva, but it differs in that only the postoral loofunction is unknown, but Willey (1899) proposed that it
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could be a notochord homologue. These homologies ae mouth
indeed quite uncertain, and it is interesting that bothP%/ 7=\
dorsal and a ventral structure in enteropneusts have beg
proposed as homologues of the notochord.

The development, including cell lineage, of entero-
pneusts, ascidians, amphioxus and vertebrates is well
known through a number of studies, and comparisons be- ¢
tween the hypothesis proposed above (Fig. 1) and the atastopore
tual observations of ontogeny give the following results
(Figs. 2, 3).

Enteropneust development (Colwin and Colwin 1951)
shows an uncomplicated process without any movements
of apical pole or mouth, and this is also the case in the
other non-chordate deuterostomes which have been stud- :
ied (Nielsen 1995). This type of development is thereforg, . v
assumed to be the ancestral developmental type withenle
the deuterostomes.

Ascidian embryology (Julin 1904; Nishida 1987)
shows that the apical pole moves to a c-ventral position
at the base of the tail of the tadpole lafiZae mouth de-
velops on the c-dorsal side just in front of the neuropore
i.e. just in front of the neural plate, in complete agree-
ment with the hypothesis. An attachment organ in the
shape of three small papillae develops anteriorly between
the apical pole and the mouth. The orientation of the
adult ascidian with the incurrent opening (mouth) facing
away from the substratum is obtained through a subseprocHORDATA:  CEPHALOCHORDATA: VERTEBRATA:
qguent rotation of the gut during larval metamorphosis ciavelina Branchiostoma Xenopus

(Seeliger 1893-1907). ig. 3 Late embryos and larvae of chordates with indications of
In amphioxus (Tung et al. 1962), the apical pole algt?s.erved movements of the apical pole (the place where the two

moves to the c-ventral side, but the mouth develops fr@f cleavage furrows intersect at the position of the polar bodies)
the left side which makes it difficult to draw any firmand mouth (or the area from which the mouth develops at a later
conclusions. stage) based on blastomere markings. The neural tube of the

; iatiClavelina larva is seen through the urochord because the tail is
Vertebr_a'ge development shows considerable Va”at@fsted 90° at the base. Modifgiled from Nielsen (1995) and Hausen
but amphibian embryology appears to be the least madig riebesell (199Xenopuy
fied type. Comparative studies of annelid and echino-
derm embryos have shown that the relative positions of
prospective areas of the eggs/blastulae are constant @egblastoporal, axis (as indicated through the lateral
a very large variation of developmental types (Andersbfastopore closure and formation of the ventral nerve
1973; Wray and Raff 1990) so it appears reasonablectod), whereas the deuterostomes have the longitudinal
use amphibians with total cleavage as representativeagits parallel to the primary axis (Nielsen 1995). This
all vertebrates. liBombinator(Vogt 1929) andXenopus makes it difficult to relate the dorsoventral orientation of
(Keller 1975; Drysdale and Elinson 1991), the mouthe two groups on morphological evidence. However, the
forms from an area just in front of the anterior part of tihgpothesis proposed above and the molecular results in-
neural fold, and both the apical pole and mouth argigate that the ventral nerve cord of insects and the c-
move to the c-ventral side, with the apical pole becomidgrsal CNS of vertebrates develop from similar areas of
situated behind the mouth. As in the ascidian tadpole,ths embryo, and this supports the traditional dorsoventral
adhesive organ develops between mouth and apical pot&ntation of protostomes and non-chordate deuteros-
but it is not known whether this is of phylogenetic signifomes.
icance. Some earlier theories (Garstang 1928) have in-
cluded a sessile stage in the evolution of the chordates,
so this should be investigated further. Discussion and perspectives
It appears that the ontogeny of enteropneusts, uroc-
hordates, amphioxus and vertebrates (Fig. 3) are in @e new interpretation of the chordate CNS implies both
cordance with the hypothesis theory proposed here, sinilarities and differences between protostome and
that the chordate CNS evolved from the postoral loop gifordate nervous systems (Figs. 4, 5). According to the
the ciliary band in a dipleurula larva. trochaea theory (Nielsen 1979, 1985) the ventral nerve
It has been proposed that the protostomes have ¢bed(s) of the protostome ancestor was formed from the
longitudinal body axis at an angle to the primary, i.e. affirsed lateral blastopore lips which originally carried the

adhesive organs




Fig. 4 Diagrams of nervous
systems of hypothetical ances-
tral protostomes and chordates
according to the hypotheses
presented in this paper. The
apical organ and the parts of
the ciliary bands (and adjacent
zones of cells) which should
become transformed into the
central nervous system are indi-
cated inblack those that
should disintegrate igrey
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Fig. 5 Comparisons of blasto-
pore fates, positions of apical
organs/poles, gut openings and
central nervous systems in a
generalized protostome, entero-
pneust and vertebrate. The pro-
tostomes have a central nervous
system (CNS) with an apical
brain, circumoesophageal con-
nectives and a paired or fused
midventral nerve cord, often
with a small loop around the
anus. The enteropneusts have a
nervous system without a well
defined brain (Knight-Jones
1952; Cameron and Mackie
1996); the larval apical organ
degenerates at metamorphosis.
The vertebrates have a cordate-
dorsal (c-dorsal) CNS which
develops posterior to the area
from which the mouth subse-
quently develops; the area of
the future mouth initially lies
just in front of the neural fold
(on the c-dorsal side), but dif-
ferential growth during ontoge-
ny gradually displaces it to the
c-ventral side
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lateral parts of the archaeotroch (the ring of compouhdaring ciliary bands, and this is also proposed for the
cilia around the blastopore in the trochaea larva of tbleordates. However, there are several important differ-
ancestral protostome). It appears that the paired neerates between the protostome ventral nerve cord and the
zones fuse in systematic groups lacking a gastrotradtordate neural tube. The protostome nerve cord evolved
(e.g. nematodes and large annelids), whereas the fwon cells associated with cells carrying downstream-
cords remain separate in groups with a narrow gastrottotecting ciliary bands with compound cilia on multicil-

ch (e.g. small polychaetes), and widely separated in tage cells (Nielsen 1987); the fusion was along the ven-
molluscs, which have the wide gastrotroch on the fdaoal midline of the blastopore, i.e. over the oral field, and
specialized for locomotion (Nielsen 1995). The protdhe anterior part of the brain developed from the apical
stome ventral nerve cord(s) thus originated from zonagan or at least from the apical region (Lacalli 1984),
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i.e. from the aboral field. In contrast, the chordate neupadeusts with the chordate CNS on one side and with the
tube evolved from cells bearing upstream-collecting ciljpre-blastoporal) protostome brain on the other side
ary bands with separate cilia on monociliate cells; the &hould be investigated both with molecular and morpho-
sion was along the ventral (c-dorsal) midline between tlogical methods. It will be difficult to obtain an experi-
blastopore and the new (deuterostome) mouth, and thisntal proof of the origin of the chordate CNS from the
implies that no part of the chordate brain evolved fropostoral loop of the neotroch in a dipleurula larva, be-
the apical area. cause the living chordates do not have ciliated primary
Developing arthropod (insect) and vertebrate (moudajvae. A search for endostyle-specific (Ogasawara and
brains express orthologous genes in similar spatial pagtoh 1998) and gill-slit-specific genes (Tanaka et al.
terns (review in Arendt and Nubler-Jung 1996) which 1996) in enteropneusts could perhaps give additional in-
a strong indication of homology of the brains of the twlormation about homologies. Molecular studies of the
groups. According to the hypothesis proposed here, thée of the apical pole/organ in the development of the
chordate brain is exclusively postoral, with the moutdNS in protostomes, enteropneusts and chordates could
developing anterior to the neural fold. However, it shoujferhaps give important information about key differ-
be emphasized that the deuterostome mouth appearenizes in the evolution of the brain of major bilaterian lin-
be a new opening and therefore not homologous with geges.
protostome mouth, which is the anterior part of the blas-
topore. The apical pole of the chordate egg moves to A¢&nowledgementsThe main hypothesis presented in this paper

; ; indicati s inspired by a brief discussion with Dr E.E. Ruppert (Clemson
ventral side during ontogeny, indicating that the Chordégﬁiversity) at the SICB meeting in Boston (1998), and | am grate-

brain has no apical component. The oesophagus P&{iErr his subsequent comments on the manuscript. Constructive
trates the arthropod brain, and numerous embryologic@hments from Dr T. Lacalli (University Saskatchewan) and Dr
studies show that the protostome brain is preoral, andaliltibler-Jung (Albert-Ludwigs-University) and nagging from Dr

; ; ; ; ndré Adoutte (Université Paris-Sud), which led to the idea about
least in some phyla, in part derived from the apical Cﬁositional homology of the protostome brain and chordate CNS,

gan. At first sight, it seems difficult to regard the twgre also gratefully acknowledged. Mrs Birgitte Rubaek (ZMUC)
structures as morphologically homologous (Bolker argve fine help with the illustrations

Raff 1996), because of their different position relative to

the mouth, but it is actually the mouths which are not ho-

mologous. The protostome brain could be characterisferences

as pre-blastoporal (+ apical) and the chordate neural tube

is situated between the anterior side of the blastopéféi:rrti?g ggs(lgt;i”gﬁfgﬁggggy g)zlfgrghylogeny in annelids and
and the apical organ, SO the two structures may afterf-?gndt D,pNUbIer-J?Jng K (19943 Inversion of dorsoventral axis.
have comparable positions and be homologous. ThiSnature 371: 26

would imply that the various patterning genes had @kendt D, Nubler-Jung K (1996) Common ground plans in early
ready become operational in the latest common (bilater-brain development in mice and flies. BioEssays 18: 255-259
al) ancestor of protostomes and deuterostomes, probéﬁ@dt D, Nubler-Jung K (1997) Dorsal or ventral: similarities in

correlated with the establishment of the new antero—pos—caﬁgrgqaﬁgg_wgc%aétéglgtl'?r}f;lnems In annelids, arthropods and

terior axis. Bergstrom J (1997) Origin of high-rank groups of organisms.
Nervous concentrations in the shape of tubular ecto- Paleontol Res 1: 1-14 _ N
dermal infoldings like the chordate neural tube aRolker JA, Raff RA (1996) Developmental genetics and traditional
known from other non-chordate deuterostomes, such ﬁhomc"ogy' BioEssays 18: 489-494
. . ' BdRe Q (1959) The central nervous system in larval acraniates.
echinoderms (Ubisch 1913) and enteropneusts (Dawy-Q Jj'Microsc Sci 100: 509-527
doff 1948). However, the pentaradial symmetry of tiullock TH (1946) The anatomical organization of the nervous
echinoderm nervous system and its function without a System of enteropneusts. Q J Microsc Sci 86: 55-111

; ; ; meron CB, Mackie GO (1996) Conduction pathways in the ner-
centralized brain (Cobb 1988) makes comparisons w ialvous system ofaccoglossusp. (Enteropneusta). Can J Zool

chordates futile. The enteropneust collar cord does not74: 15219

have any special concentration of nerve cells and da@astresana J, Feldmaier-Fuchs G, Padbo S (1998) Codon reassign-

not function as a brain. There are intraepithelial median m_entpand ﬁlmtllng a%lds CQ@EXS&%O%%QG&%??O“MG mitochon-
H H ra. Proc Na ca Cl . —,

nherves along tf;e dl(l)rsal S.Idedolf the IprObOSCI? and ;]hml(l}%lfb JLS (1988) A preliminary hypothesis to account for the neu-

the mesosomal collar, paired lateral nerves from the p0S-—| hasis of behaviour in echinoderms. In: Burke RD, Mlade-

terior side of the collar to the ventral side and unpaired nov PV, Lambert P, Parsley RL (eds) Echinoderm biology.

nerves along the dorsal and ventral metasomal midlineBalkema, Rotterdam, pp 565-573

(Knight-Jones 1952; see Fig. 5). A through—conducti&?"l’z‘;'rr\‘/é“gf%g'c"‘é'gg'l-g'ss(’ﬁgS&gv'\?a‘al'e%“s?{l‘isnﬁg’r% Sﬁé\ﬁlgg)]-tgieeg% ggd

pathway with giant fibres is present in proboscis, coIIa_r, planes; general prospective significance of the.early blasto-

lateral and ventral trunk nerves (Bullock 1945), and this meres. J Exp Zool 117: 111-137

has been compared to the cordate brain and spinal corahg SM (1996) The phylogenetic significance of some anatomi-
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