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Abstract 

The idea that chordates, during their evolution, have inverted their dorsoventral body axis has recently gained substantial support. It 

has been shown that various dorsoventral patterning genes that are evolutionarily conserved between insects and vertebrates are 
expressed dorsally in insects, and ventrally in vertebrates, or vice versa. The ventral body side of insects thus seems to correspond 
to the dorsal body side of vertebrates, and these are the nerve cord-bearing, neural body sides in both groups. In order to exclude that the 
inverted polarity of gene patterning activity is purely accidental, we compare here vertebrate and invertebrate blastula fate maps and 
their gastrulation patterns in the framework of early gene expression. From this comparison it appears that the neural body sides, 
‘ventral’ in annelids or arthropods, and ‘dorsal’ in chordates, develop at similar positions with respect to the initial egg asymmetry. In 
addition, the formation of the neural body sides involves similar movements during gastrulation. We further suggest that the deuter- 
ostome gastrulation seen in today’s chordates can be derived from a more ancestral gastrulation pattern seen in today’s annelids and 
arthropods, and that the ventral midline cells of insects correspond to the dorsal midline cells of vertebrates. 0 1997 Elsevier Science 
Ireland Ltd. All rights reserved 
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1. Introduction 

Orthologous genes with key functions in early develop- 
ment provide a new tool for interphyletic comparisons. On 
the basis of gene expression patterns we have recently 
proposed that the ventral side of insects corresponds to 
the dorsal side of vertebrates, and that chordates have 
inverted their dorsal-ventral (D-V) body axis during their 
evolution (Arendt and Niibler-Jung, 1994; Niibler-Jung 
and Arendt, 1994). A pair of orthologous genes, decupen- 
taplegic in Drosophila and BMP-4 in vertebrates, are 
expressed dorsally in insects and ventrally in vertebrates, 
where they exert, respectively, dorsalizing and ventraliz- 
ing functions (reviewed in Hogan et al., 1994). Another 
pair of orthologous dorsal-ventral patterning genes, that 
act antagonistically to dpp and BMP-4, has now been dis- 
covered (short gastrulation in Drosophila and chordin in 

Xenopus), and further supports the idea of D-V axis inver- 
sion during chordate evolution (Frarqois and Bier, 1995; 
Holley et al., 1995; reviewed in Hogan, 1995; Jones and 
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Smith, 1995). The conserved system of dorsoventral pat- 
terning already existed in ancestral bilatetians for which 
the name ‘Urbilateria’ has recently been proposed (De 
Robertis and Sasai, 1996). The idea that insects and verte- 
brates share rather similar body plans, and that the ventral 
side of insects corresponds to the dorsal side of vertebrates 
was first articulated in 1822 by Geoffroy St. Hilaire (‘unit6 
de plan’; reviewed in Niibler-Jung and Arendt, 1994). 
Some 50 years later, Anton Dohm proposed that verte- 
brates evolved from an annelid-like ancestor by dorsal- 
ventral inversion, and that the annelid and vertebrate cen- 
tral nervous systems (CNS) be homologous structures 
(‘annelid theory’; Dohm, 1875; reviewed in Niibler-Jung 
and Arendt, 1994). These homologies could then extend 
from vertebrates to insects, as predicted by Geoffroy St. 
Hilaire. In keeping with this idea, the insect and vertebrate 
brain and nerve cord develop according to a common 
ground plan (Arendt and Nibbler-Jung, 1996). 

Comparable structures found in distinct animal groups 
are considered homologous if a common precursor struc- 
ture existed in their most recent common stem species. 
Indicative of a common evolutionary origin, the concerned 
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structures often share specific qualities (Remane, 1952). In 
this sense, the specific expression and function of ortholo- 
gous genes can indicate homology. Gene expression alone, 
however, is not sufficient to establish homology, because 
the patterning activity of ancestral genes might have been 
co-opted independently in separate lines of evolution (see 
e.g. Dickinson, 1995). A homologous relationship 
becomes more likely if the compared structures or 
embryonic anlagen also form at comparable sites within 
a comparable spatial reference system (Remane, 1952). 
Here, we utilize both molecular and embryological data 
to show that this is the case for the dorsal body region of 
chordates, as compared to the ventral body region of anne- 
lids and arthropods. We compare ancestral cleavage pat- 
terns in annelids, arthropods and chordates, and we show 
that in the blastula we find the same sequence of prospec- 
tive epidermal, neural, mesodermal and endodermal blas- 

tomeres along the animal-vegetal (an-veg) axis of the egg. 
These conserved fate maps are established by similar 
molecular mechanisms in insects and in vertebrates. In 
spite of the conserved position between the mesoderm 
and the prospective epidermis, however, the prospective 
neural region of the blastula is then later termed ‘ventral’ 
in annelids, and ‘dorsal’ in vertebrates. These findings 
strongly support the concept of D-V inversion during 
early chordate evolution. During gastrulation the later 
neural body sides of annelids and vertebrates form in a 
similar manner. We therefore suggest that the deutero- 
stome gastrulation mode seen in vertebrates evolved 
from an ancestral gastrulation pattern with mouth and 
anus arising from opposite ends of a longitudinal blasto- 
pore, as observed in extant polychaete annelids. Finally, 
we propose homology of the insect and vertebrate midline 
cells. These cells specifically mark the median line along 
which the lateral blastopore margins of a longitudinal blas- 
topore had fused in their putative last common ancestor, 
and along which the nerve cord develops in both groups. 

2. Comparison of blastula fate maps 

2.1. Cleavage generates a comparable sequence of 
epidermal, neural, mesodermal and endodermal 

blastomeres 

The egg of most animals shows radial symmetry with a 
single an-veg axis. The animal pole of the egg is where 
polar bodies form during meiosis, and where the nucleus 
of the zygote often lies. The vegetal half of the egg is often 

richer in yolk. An-veg polarity is ancestral for the eggs of 
annelids, chordates and arthropods. It is found, for exam- 
ple, in polychaetes, in Brunchiostoma and in crustaceans 
(Fig. I ). An-veg polarity also characterizes the egg of the 
more primitive apterygote insects, such as the Collembola. 

The egg of pterygote insects shows bilateral symmetry 

with two perpendicular axes, the later anterior-posterior 
(A-P) and dorsal-ventral (D-V) axes of the embryo. This 
latter situation is likely to be phylogenetically derived 
(Anderson, 1972). 

During cleavage, an egg rapidly divides into numerous 
smaller cells (blastomeres) that eventually form a sphere 
known as blastula. In the majority of forms with aquatic 
larvae, the cleavage furrows extend through the entire egg 
(total or holoblastic cleavage). In contrast, terrestrial forms 
often produce enormous amounts of yolk as a built-in 
nutrient supply, and cleave their eggs only superficially 
(e.g. pterygote insects, reptiles and birds). Many crusta- 
ceans and the apterygote Collembola start with total clea- 

vage to later continue with superficial cleavage (Anderson. 
1973). 

Cleavage patterns have often been used for phyloge- 
netic considerations. For example, the total cleavage of 
crustaceans has been considered as derived from spiral 
cleavage (Anderson, 1973). Fig. 1 outlines resemblances 
between the overall pattern of spiral cleavage in a poly- 
chaete annelid and of the ahnost radial cleavage of a crus- 
tacean. We show that these resemblances can be extended 
to the cleavage of lower chordates (e.g. Brunchiostomcl). 

In all these groups, the first two cleavage planes pass 
through the animal and the vegetal egg poles (Fig. I I). 
The third cleavage plane then lies approximately perpen- 
dicular to the first and the second, thus producing an ani- 
mal and a vegetal quartet of blastomeres (Fig. 111). From 
the third cleavage onwards, there is another common reg- 
ularity in that each new cleavage plane forms perpendicu- 
lar to the former (Fig. 111,111). From approximately the 
sixth cleavage onwards, the orientation of cleavage planes 
becomes irregular. At the end of cleavage, the blastula fate 
maps show a similar sequence of prospective epidermal. 
neural. mesodermal and endodermal groups of blasto- 
meres with respect to the an-veg axis of the egg (Fig. 
IN). Blastomeres around the animal pole will form the 
epidermal ectoderm (and anterior brain), those below the 
neuroectoderm, and the mesodetm. The most vegetal blas- 
tomeres form the endoderm. In the chordates, there is a 
ring of mesoderm (Fig. 1 IVb). Anderson (1973) suggested 
that such a mesodermal ring be ancestral also for annelids 

Fig. I. Cleavage and blastula fate maps showing contributions of blastomeres to specitic tissues. (a) Podarkr (Po/wYu~etcr. Ann&da); after- Anderson 

(1973) and Dorresteijn et al. (1993). (b) Brunchiostoma (Acranio, Chord&u); after Conklin (1932); Tung et al. (1962). (c) Polyphemus (Cludocrrtr. 

Crustacea); after Kuhn (1913). (I) Dashed lines on the egg surface indicate where the tirst two meridional (1,2) and the third equatorial (3) cleavage 

planes will cut through the egg. (II) Eight-cell-stage. The fourth and fifth cleavage planes he perpendicular to each other (4.5). (III) Thirty-two-cell-stage 

(IV) Blastula. Bold line separates prospective external tissues (epidermal ectoderm, blue; neuroectoderm, yellow) from tissues that will be intemalired 

during gastrulation (mesoderm, red; endoderm, green). Note that in polychaete annelids blastomeres at the animal pole will contribute to the cerebral 

ganglia. Prospective anterior tissues shown to the left. an, animal; veg, vegetal. For the orientation of the future dorsal-ventral axes see Fig. 2. 



D. Arendt, K. Niibler-Jung /Mechanisms of Development 61 (1997) 7-21 

an 

IV 

C 

an 

t \ f/ \ 
I’ I2 0 T- -3- --I 

\ :’ 
---_’ 

\/ 

annelid chordate crustacean 



10 D. Arendt, K. Niibler-Jung /Mechanisms qf Development 61 (1997) 7-21 

and arthropods, because this would best explain that in 
polychaetes (Fig. 1IVa) and in crustaceans (Fig. 1IVc) 
the prospective mesoderm locates to opposite A-P posi- 
tions with respect to the endoderm. 

A similar sequence of tissue qualities forms along the D- 
V axis of the insect egg. This is most obvious in the ptery- 
gote isopterans (Kututermis) that form a midventral stripe 
of endodermal cells, flanked by the mesoderm, neuroecto- 
derm and epidermal ectoderm (Striebel, 1960; reviewed in 

Anderson, 1972). In the apterygote Thysanuru and in most 
pterygote insects, there is a midventral area of mesodermal 
cells enclosed by the prospective ectoderm. Prospective 
endodermal cells, however, attain an internal position dur- 
ing blastoderm formation in apterygotes (Jura, 1972), and 
form from the extreme anterior and posterior of the egg in 
most pterygote insects (cf. Fig. 3a). 

lid, arthropod and chordate former or present dorsal and 
ventral body sides, we now utilize the term ‘neural’ for 
their later nerve cord-bearing side. This term allows an 
unambiguous identification of corresponding body hides 
in these groups independent of their actual orientation 
with respect to the substrate. In both amphibians and anne- 
lids prospective ‘neural’ tissues (e.g. neuroectoderm) then 
locate to similar regions in the blastula. 

2.3. Conserved molecular mechanisms transform the 

initial egg usymmetry into a similar sequence ofprospec- 

tive tissues 

2.2. Blastula fate maps predict an inverse assignment 

of ‘dorsal’ and ‘ventral’ in annelid and amphibian 

embryos 

Fig. 3 illustrates that D-V patterning genes conserved 
between insects and vertebrates specifically lay down the 
characteristic sequence of prospective epidermal. neural 
and mesodermal blastomeres seen at blastula stages. 
Given that a similar sequence of prospective tissue quali- 
ties forms along the an-veg axis of the egg in annelids. 
arthropods and chordates (cf. Fig. 1). it seems likely that 
an-veg patterning is an ancestral function of these genes. 

The conserved distribution of epidermal ectoderm and Within the Drosophila blastula ectoderm, the decupen- 

neuroectoderm within the animal half of the embryo fore- taplegic (dpp) secreted protein promotes the formation ol 
shadows the later D-V axis of the embryo, as shown for the epidermal tissue but represses the formation of neuroecto- 

blastula of a polychaete annelid (Fig. 2a) (Anderson, 1973) derm (Fig. 3a) (Ferguson and Anderson, 1992a; Ferguson 

and of an amphibian (Fig. 2b) (Keller, 1975). In spite of and Anderson, 1992b; Wharton et al., 1993). A similar 

their conserved distribution, however, prospective epider- situation is seen in Xenopus, where a dpp orthologue. 
ma1 and neural regions of the annelid and amphibian blas- BMP-4, is active in animal blastomeres, and also has anti- 

tulae show an inverse assignment of ‘dorsal’ and ‘ventral’ neurogenic activity (Fig. 3b) (Fainsod et al., 1994; Ma&o 
after gastrulation. For example, the region of the epidermal et al., 1994; Suzuki et al.. 1994; Xu et al., 1995: Hawley et 
ectoderm is then termed ‘dorsal’ in annelids, and ‘ventral’ al.. 1995: Sasai et al., 1995; Suzuki et al., 1995; Wilson 
in chordates, and the reverse is true for the neuroectoderm. and Hemmati-Brivanlou, 1995; Jones et al., 1996). In both 
The assignment of ‘dorsal’ and ‘ventral’ in the ectoderm insects (Shimell et al., 1991; Childs and O’Connor. 1994) 
with respect to the an-veg axis thus seems to be inverted in and vertebrates (Ma&o et al., 1993; Fukagawa et al.. 
amphibians as compared to annelids (Fig. 2). Since, by 1994) the specific activation of the dpp-protein may simi- 
definition, ‘ventral’ is the side that is usually oriented larly require the activity of a metalloprotease encoded bq 

towards the substrate, this inverse assignment can easily tolloid-orthologues. The activity of dpp-orthologues is 

be accounted for, if chordates turned upside down during antagonized by another conserved pair of secreted mole- 

their evolution, so as to orient their former dorsal side cules. .short gastrulation in Drosophila (Franqois et al.. 

towards the substrate (Arendt and Niibler-Jung, 1994). 1994; Holley et al., 1995) and chordin in Xenoplc.\ 

For simplicity, and in order to avoid confusion over anne- (Sasai et al., 1994; Holley et al., 1995: Sasai et al.. 

Fig. 2. Inverted assignment of ‘dorsal’ and ‘ventral’ in the ectoderm with respect to the an-veg axis in (a) Podarke (Po!\chaetu. Annrlid~ after .Anderson. 

1973) with respect to (b) Xenopus (Amphibia. Vertebruta; after Keller, 1975). Distribution of prospective anterior-dorsal (AD), anterior-ventral I AV I. 

posterior-dorsal (PD) and posterior-ventral (PV) tissues after gastrulation (separated by broken lines) in blastula fate maps viewed from the left side Kcd 

arrows indicate orientation of the future A-P and D-V body axes in the ectoderm. Bold lines separate prospective external tissues (epidermal ectoderm. 

blue; neuroectoderm, yellow) from prospective internal tissues (mesoderm, red; endodcrm. green). an. animal; veg, vegetal. For the fate maps. compare 

Fig. I. 

Fig. 3. Regionally specific activity of GATA-orthologues (black dots), decapentaple,q,-orthologues (stippled) and snail-orthologue\ (white dot\ I 111 
Drosophila (a) and Xenopus (b) at the onset of gastrulation (viewed from the left side). Bold line separates prospective external tissues tepidcrmal 

ectoderm, blue; neuroectoderm, yellow) from tissues that will be internalized during gastrulation (mesoderm, red; endoderm. green). Small arrous stand 

for mesoderm-inducing signals. A, anterior; P, posterior: AD, anterior-dorsal; PV. posterior-ventral. Fate maps after (a) Hartenstein 01 al. ( 1985). 
Hartenstein (1993) and (b) Gilbert (1994). Note that, beside its mesodermal expression. snctil is also expressed in a subset of prospective endodem 
(anterior midgut anlage in Drosophila, suprablastoporal endoderm overlying the mesoderm in Xenopus: Ray et al., 1991: Mayor et al., 1993). Exprea\lon 

of Drosophila decapentuplegic disappears from the prospective forebrain and the posterior midgut anlage after gastrulation (Ray et al.. 1491 1. FIW 

additional references see text. 
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1995). Finally, genes likely to act downstream of dpp 
have also been conserved during evolution. For example, 
in both Drosophilu and Xenopus (Kelley et al., 1994; 
Walmsley et al., 1994) a GATA orthologue is expressed 
within the dpp domain (Fig. 3). In Drosophilu, dpp 

mutants fail to express dGATAa/punnier (Winick et al., 
1993; Ramain et al., 1993); and in Xenopus, BMP-4 may 
induce GATA-2 (Walmsley et al., 1994). Interestingly, the 
Drosophila dGATAa/pannier protein also represses neuro- 
genesis (Ramain et al., 1993), as do the dpp-orthologues in 

Drosophila and in vertebrates. 
The specification of mesodermal cells also involves 

similar strategies. In the amphibian blastula, vegetal sig- 
nals induce the equatorial ring of mesoderm (Fig. 3b) 
(Nieuwkoop, 1969), and in Drosophilu, the specification 
of the mesoderm is induced by signals that had originally 
emanated from the ventral follicle cells during oogenesis 
(Fig. 3a) (reviewed in Chasan and Anderson, 1993). The 
position of signaling follicle cells along the later ventral 
side of the egg thereby corresponds to the position of the 
midventral stripe of endodermal cells in isopterans, and 
thus to the vegetal position of mesoderm-inducing endo- 
derm in vertebrates. Given that endodermal cells localize 
to the vegetal pole in most bilaterians, it seems possible 
that the Drosophila mode of mesoderm induction has been 

evolutionarily derived from a vertebrate-like situation, 
where mesoderm-inducing signals emanate from the vege- 
tal endoderm. This would explain why downstream effects 
of the signaling are rather similar in insects and in verte- 
brates. For example. expression of snail orthologues is 
induced in the future mesoderm, in Drosophila (Ip et al., 
1992), and in Xenopus (Mayor et al., 1993). During gas- 
trulation, snail expression occurs in involuting or invagi- 
nating cells in both insects (Leptin, 1991; Sommer and 
Tautz, 1994) and vertebrates (Nieto et al., 1992; Smith et 
al., 1992; Hammerschmidt and Niisslein-Volhard, 1993; 
Mayor et al., 1993), suggesting that these genes have 
retained a conserved function in mesoderm formation 
(Fig. 3a,b). 

In conclusion, similar molecular mechanisms help 
to establish a similar sequence of prospective meso- 
derm, neuroectoderm and epidermal ectoderm along 
the an-veg axis of the embryo. The anlagen of the 
neural body sides in vertebrates and invertebrates thus 
form from similar positions in the topological and mole- 
cular framework of the early embryo. We now show that 
they also undergo comparable movements during gastru- 
lation. 

3. Comparison of gastrulation patterns 

3.1. A slit-like blastopore jiwrshadows the longitudinul 

hod! usis 

Gastrulation generally involves an internalization ot. 

vegetal blastomeres through the blastopore. Animals dit‘- 
fer, however, in the fate of their blastopore after gastrula- 
tion. For example, in nemertines the blastopore forms the 
mouth while an anus breaks through secondarily (proto- 
stomy, ‘mouth first’; Fig. 4a). In contrast, in enteropneusth 

the blastopore forms the anus while a mouth break\ 
through secondarily (deuterostomy, ‘mouth second’: Fig. 
4b). In the beginning of this century, these differences in 
ontogeny were considered so fundamental that they were 
given a phylogenetic significance. According to Grobben 
( 1908), animals with bilateral symmetry (Bilatericr ) divide 
into two widely separated phylogenetic groups, the ‘PUN- 
tostomiu and the ‘Deuterostomia’ (Claus et al.. 1932). and 
such views have prevailed into textbooks with slight mod- 
ifications (see e.g. Hyman, 1940; Brusca and Brusca. 
1990: Gruner, 1993). The chordates, hemichordates and 
echinoderms then belong to the ‘Deuterostomitr’, whereas 
annelids. arthropods, molluscs and platyhelminths belong 

to the ‘Protostomiu’ (although most of them do nor 
show a true protostome pattern of development. see Fig. 

4c,d) (Fioroni, 1980; see also Willmer. 1990: Nielsen. 
1995). 

As depicted in Fig. 4a,b. after gastrulation the former 
blastopore lies anteriorly in a prototypical protostome. and 
posteriorly in a deuterostome. This led Grobben to con- 
clude that the longitudinal A-P body axes of the ‘Proto- 

stomitr and of the ‘Deuterostomia’ represent convergent 
(non-homologous) features that evolved independently 
(Fig. Sa). In contrast to this view, however, the colineal 
expression of the phylogenetically conserved Hrj.r-cluster 
genes in various bilaterians. strongly suggest that ‘Proto- 

stomirr’ and ‘Deuterostomiu’ have inherited their A-P 
body axes from their last common ancestor (Slack et al.. 
1993). This view is further supported because the anterior. 
respectively, posterior body regions of insects and verte- 
brates express orthologous patterning genes, like e.g. rhc 
orthodenticle and empty spirucles genes in the anterio 
(Dalton et al., 1989; Finkelstein et al., 1990; Boncinelli 
et al., 1993), and caudul genes in the posterior (Mlodzik et 
al., 1985; Frumkin et al., 1991; Joly et al., 1992: Meyer 
and Gruss, 1993). Given that the A-P body axis is a 
conserved feature of bilaterian animals, the evolution ot 

Fig. 4. Divergent fates of the blastopore in ‘Protostomia’ and ‘Deuterostomia’. (a) Prototypical protostomy in P~o~rph~r1othrr.r. Nww,-rmi c ‘I’~,,ir, 

sromia’). The blastopore moves ventrally and forms the mouth. (b) Deuterostomy III Ho/trnog/o.~.~us. Enfrropnru.\to (‘Derrtrmrto~nia’ 1. The hlustoporc 

forms the posterior any. The mouth forms secondarily by fusion of the gut (g) with the mouth Cm). (c) Deutemstomy In C’i~@x/~r\. GU~~U~/ICJC/CI 

(‘Protostomia’). (a-c) Lateral view; the animal pole is up. (d) Amphistomy in Po/v,qodius. Polychnercr (‘Pn,t,,stomic~’ 1; vegetal viw The Intcral 

blastopore margins fuse along the future ventral midline. The blastopore gives rise to both mouth and anus. Shaded, ectoderm: an, anus: 80. apical orgarl. 

bl, blastopore; g, gut: m, mouth; sg, shell gland; v. velum. (a,c) after Fioroni (1980); Ch) after Van der Horst (1939): Cd) after Wolterech C 19041. 
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protostome and deuterostome organisms must have 
been possible without changing the A-P polarity of the 
embryo. 

Fig. 5b shows a modified concept for the evolution of 
protostome and deuterostome animals, whereby the long- 
itudinal body axis is being maintained. Here, the common 
ancestor of protostome and deuterostome animals already 
formed a digestive tube with a mouth and an anus. During 
its gastrulation, the blastopore lies neither anterior nor 
posterior, but spans the whole length of the body (see 
also Jggersten, 1955; Remane, 1967; Siewing, 1976; Fior- 
oni, 1980; Gruner, 1993), as was first suggested by Sedg- 
wick (1884). Today, such an elongated blastopore is 
observed e.g. in polychaete annelids (Fig. 4d) (see e.g. 

Anderson, 1973; Dorresteijn et al., 1993), where the lateral 
blastopore lips advance around the vegetal hemisphere to 
finally fuse along the midline of the neural body side, and 
thereby form the gut with its anterior and posterior open- 
ing. The longitudinal blastopore thus parallels the A-P 
orientation of the later gut, and therefore foreshadows 
the A-P body axis. The two openings anterior and posterior 
to the line of fusion form the later mouth and anus. We 
refer to this type of gastrulation pattern as amphistomy. 
Amphistomy is found in various polychaetes (e.g. 
Polygordius; Fig. 4d) and in onychophorans (Siewing, 
1976; Fioroni, 1980). From an amphistome situation we 

can conceptually derive both protostomy and deuterost- 
omy, while maintaining the longitidinal body axes, with 
the posterior part of the longitudinal blastopore slit closing 
in protostomes, and its anterior part closing in deuteros- 
tomes (Fig. 5b). This rather simple derivation of deuter- 
ostomy from an amphistome situation would also 
help to explain the unexpected deuterostomy seen 
in the mollusc Viviparus (Fig. 4c) and in the poly- 
chaete Eunice, that both belong to Grobben’s taxon ‘Pro- 
tostomia’ (reviewed in Fioroni, 1980). A deuterostome 
gastrulation mode thus has evolved independently at 
least twice within the ‘Protostomia’, as well as at least 

once at the base of the ‘Deuterostomia’. It appears that 
deuterostomy evolved from an amphistome pattern in 
each case. 

3.2. Textbook drawings turn the vertebrate embryo onto 

its hell) 

Assuming that amphistomy is ancestral for deuterox- 
tome chordates, is there any reminiscence of this amphis- 
tome gastrulation left in today’s chordates’ deuterostome 

gastrulation? To obtain deuterostomy from an amphistome 
situation, the blastopore could close from anterior to PO>- 
terior to form the anus at the embryo’s posterior end (Fig. 
5b). And indeed, during chordate gastrulation, the anterior/ 
dorsal lip of the closing blastopore moves from anterior to 
posterior, while the posterior/ventral lip retains its poster- 
ior position. This is clearly seen in ascidians, where the 
anterior/dorsal blastopore lip grows to the posterior end of 

the embryo during gastrulation (Conklin, 1905). Note that 
in the lower chordates, as well as in fish and amphibians. 
the ‘dorsal blastopore lip’ can as well be called ‘anterior 
blastopore lip’, because the prospective anterior tissues 
and the prospective dorsal axial tissues locate to the 
same side of the animal hemisphere (Fig. 2b) (cf. Conklin. 
1932). In a gastrulating amniote, it is Hensen’s node 
(which corresponds to the anterior/dorsal blastopore lip: 
see e.g. Izpistia-Belmonte et al., 1993) that moves from 
anterior to posterior along the later A-P body axis. A sim- 
lar movement can also be observed in amphibians (Keller 
et al., 1992). 

In usual textbook drawings of amphibian gastrulation. 
however. this posteriorly directed movement of the ante- 
rior/dorsal blastopore lip goes unnoticed because of the 

manner in which gastrulation of the embryo is depicted. 
The process of gastrulation is usually shown through a 
series of drawings which hold the anterior/dorsal blasto- 
pore lip at a constant position as a reference point. With 
this as a fixed point it is then necessary to turn other 
regions of the gastrulating embryo such that the an-veg 
axis. together with the future body axes, become rotated 
(Fig. 6a) (cf. Gilbert, 1994). Yet this representation holds 
still the region of the embryo undergoing much cell move- 
ment, while turning the regions that see the least amount ot 
movements. In Fig. 6b, we instead depict the gastrulating 
amphibian by holding as a fixed point of reference those 

Fig. 5. Two divergent concepts for the evolution of protostomy (to the left) and of deuterostomy (to the right) from a common ancestor (middle). 111 

stages after gastrulation. Bold lines indicate blastopore margins. Blue, epidennal ectoderm: yellow, neuroectoderm; green, endoderm. A. anterior: P. 

posterior; D. dorsal; V, ventral. (a) ‘Protosromia-Deurerostomia concept’: interpretative drawing after Grobben (1908) and Claus et al. c 1032). The 

common ancestor of the ‘Protostomia’ and of the ‘Deuterostomin’ was viewed to resemble a double-layered, gastrula-like organism with a blastopore-like 
opening. (Left) In the ‘Prorostomiu’, the blastopore shifts towards an anterior-ventral position and forms only the mouth. The primary an-veg axis is thu\ 

‘bent towards the (future) ventral side’ (Grobben, 1908). so that the longitudinal A-P axis of the embryo forms approximately rectangular IO the former 

an-veg axis. (Right) In the ‘Deuterostomia’, the blastopore forms the anus. The A-P axis thus corresponds to the former an-veg axis. Dashed arrow\ 

represent the former an-veg axis of the egg. Note that when comparing the ‘Prorostomia’ and the ‘Deufemsromia’ the A-P axes show different 

orientations with respect to the an-veg axes. Grobben leaves open the question whether the common ancestor had a localiized neuroectoderm. (hi 
Modified concept taking into account the conserved colinear expression of the Hex-genes in the ‘Profostomia’ and in the ‘Deurerosfomicr‘ (indicated h! 

Hox3’-5’). The putative common ancestor forms a longitudinal blastopore cleft leaving mouth and anus at opposite ends (amphistomy). t Left) In mo\t 

protostome animals. the blastopore cleft is restricted towards the anterior and forms only the future mouth. (Right) In deuterostome animal\. the 

blastopore cleft is restricted towards the posterior and forms only the future anus. D. V refer to the inverted chordate simation. Note thar the A-P 
body axis of the putative common ancestor is maintained in both protostome and deuterostome animals. 
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regions with the least amount of cell movements, such as, 
for example, the forebrain region close to the animal pole. 

The future body axes of the embryo are then held constant 
(Fig. 6b). This representation shows how the anterior/dor- 
sal blastopore lip moves towards the posterior end of the 
embryo (Fig. 6b,c) (Keller et al., 1992, their Fig. 3). As a 
matter of course, depicting gastrulation in this way results 
in the embryo lying somewhat awkwardly, though signifi- 
cantly, on its back. 

3.3. The annelid and chordate neural body side forms by 

epiboly, with lateral cells moving towards the neural 

midline 

In the blastula of a polychaete annelid, the neuroecto- 

derm of the later ventral nerve cord maps to the lateral 
blastopore margins (Figs. 2 and 7a). During gastrulation, 
these lateral blastopore margins move around the vegetal 
hemisphere, thereby enclosing endodermal and mesoder- 
ma1 cells to finally meet along the midline. The two halves 
of the neuroectoderm then fuse to form the neural body 
side (Fig. 7a). Such a movement of ectodermal cells in 
animal-vegetal direction is called epiboly (see e.g. Gilbert, 
1994). 

In the amphibian blastula the neuroectoderm maps to 
the anterior and lateral blastopore margins (Figs. 2b and 
7b). During gastrulation, the anterior/dorsal blastopore lip 
moves around the vegetal hemisphere towards the poster- 
ior, while the posterior/ventral lip shows only scarce 
movements. The lateral blastopore lips, however, also 
move and close around the vegetal hemisphere, so that 
the blastopore opening is progressively constricted 
towards the posterior. The future neural plate thereby nat- 
rows in the lateral-medial direction, and elongates in the 
anterior-posterior direction (convergence and extension; 
see e.g. Keller et al., 1992). Epiboly during amphibian 
gastrulation thus involves both an anterior to posterior, 
as well as a lateral to medial movement of neuroectoder- 

ma1 tissues around the internalizing vegetal hemisphere 
(Fig. 7b). 

In gastrulating annelids and amphibians the neural body 
side thus forms in a similar way, that is by epiboly around 
the internalizing vegetal hemisphere. Lateral cells thereby 
move towards the prospective midline of the neural body 
side in both groups. Cellular mechanisms of epiboly also 
seem to be rather similar between annelids and vertebrates 
(Smith et al., 1996), in that in leeches and in polychaetes, 

as well as in fish the cytoskeleton of the vegetal cytoplasm 
is involved in generating forces that pull the blastopore 
margins towards the vegetal pole (Trinkaus, 1984; Strahle 
and Jesuthasan, 1993; Solnica-Krezel and Driever. 1994: 

Smith et al., 1996). 

3.4. Homology of insect and vertebrute midline cells 

In both insects and vertebrates a specific population 
of midline cells marks the median line of their neurul 

body sides that corresponds to the line of fusion of 
the lateral blastopore lips in the amphistome situation 
(Fig. 7a). Naef (1927), after an analysis of cell movements 
during newt gastrulation, had already proposed that 
the midline of the amphibian neural plate corresponds to 
the line of fusion of the lateral blastopore margins in an 
amphistome ancestor. In keeping with this idea, molecular 
data now reveal that the insect and vertebrate midline 
cells have more in common than their comparable posi- 
tions (Arendt and Ntibler-Jung, 1996). For example, in 
both insects and vertebrates midline cells of the CNS 
share a common signaling molecule called netrin. that 
plays a key role in the guidance of commissural axons 

(Klambt et al., 1991; Davies, 1994). An orthologous 
netrin gene is expressed in the ventral nerve cord in nema- 
todes (Colomarino and Tessier-Lavigne, 1995). Another 
pair of orthologous genes expressed in insect and verte- 
brate midline cells are short gastrulation in Drosophila 

which is confined to the midline cells by germ band exten- 
sion (Francois et al., 1994) and its Xenopus counterpart. 
chordin, which resolves to midline cells that form the 
prechordal plate and the notochord (Sasai et al.. 1994: 
Holley et al., 1995; Sasai et al., 1995; Schmidt et al.. 
1995). 

Moreover, insect and vertebrate midline cells are similar 
in that they have mesodermal as well as ectodermal prop- 
erties. In Drosophila, the midline cells are said to derive 
from the mesoderm (Beer et al., 1987), yet develop neural 
properties (reviewed in Wright, 1995). In vertebrates, the 
population of midline cells may comprise the ectodermal 
floorplate as well as the mesodermal notochord. as 
deduced from the common expression offork heud-related 
and hedgehog-related genes in both structures (Echelard et 
al., 1993; Krauss et al., 1993; Roelink et al., 1994; Arendt 
and Niibler-Jung, 1996). This ambiguity could be reminis- 
cent of an amphistome gastrulation pattern. In the amphis- 
tome situation, prospective midline cells lie along the 

Fig. 6. Different manners of depicting amphibian gastrulation. (a) In usual textbook drawings the anterior blastopore margin (arrowhead) is held at a tixcd 

position as a reference point, such that the later A-P body axis (arrow) together with the animal (dots) and vegetal (crosses) poles become rotated. (b) 

Alternatively, the A-P body axis, as well as the animal and vegetal pole regions are kept fixed, such that the embryo comes to lie on its back. (c) The 
vegetal view shows how the anterior blastopore margin moves from anterior to posterior around the (internalizing) vegetal hemisphere, leaving behind the 

neural plate. Movies nicely showing this movement are available on the Internet (http://www.library.wisc.edu/guidesmiology/demo/frog2/gastxe~ 
xlgastmov). Black, prospective forebrain; shaded, neuroectoderm; striped, future notochord. A, anterior; P, posterior; D, dorsal; V, ventral. (a.b) modified 

after Keller et al. (1992): (c) after Balinsky (1981). 
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Fig. 7. Similar formation of neural body sides by epiboly around the former vegetal hemtsphere (open arrows). Comparable developmental stages al late 

blastula (upper panels), shortly after gastndation (middle) and at the phylotypic stage (lower panels). In the amphistome polychaete (a. Polvgordiu.~~ the 

lateral blastopore margins (bold line) fuse along the later neural midline. In the deuterostome vertebrate (b, Xenopus) the bold line is the line along which 

the lateral blastopore margins probably fused in ancestral chordates to form the midline of the neural plate. During neutulation, the midline is internalized 

and forms the median floor plate of the neural tube (dashed bold line in lower panel). Note that the definite mouth forms on the later ventral stdc 

(arrowhead; see Niibler-Jung and Arendt, 1994). Blue, epidermal ectoderm; yellow, neuroectoderm; red, mesoderm: green. endoderm. Red arrows indicate 
orientation of the future A-P and D-V body axes in the ectoderm. Hox gene expression depicted by (HoxY-5’). 
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closing lateral blastopore margins, where they form an 

interface between the external ectoderm and the intema- 

lized mesoderm. The double affinity of insect and verte- 

brate midline cells to mesoderm and to ectoderm could 
reflect such an intermediate position, and lends additional 
support to the proposal that amphistomy is ancestral for the 
deuterostome chordates. 

4. Conclusion 

In annelids, arthropods and chordates cleavage gener- 
ates a similar sequence of epidermal ectoderm, neuroecto- 
derm, mesoderm and endoderm along the an-veg axis of 
the egg (Fig. 1). In spite of its conserved position between 
the mesoderm and the prospective epidermis, the prospec- 
tive neural region of the blastula will later be called ‘ven- 
tral’ in annelids, and ‘dorsal’ in vertebrates (Fig. 2). We 
have proposed before that this inverse situation be the 

result of an inversion of the D-V axis during chordate 
evolution (Arendt and Niibler-Jung, 1994). To avoid mis- 

leading comparisons of body sides in annelids, insects and 
vertebrates, we use the term ‘neural’ for their later nerve- 
cord bearing body side. 

Based on a comparison of gastrulation patterns, we pro- 
pose that the last common bilaterian ancestor of insects, 
annelids and vertebrates formed a longitudinal blastopore 
(Fig. 5b). During gastrulation the lateral blastopore mar- 
gins approached each other to eventually fuse along the 
midline of the prospective neural body side, leaving open 
anteriorly the mouth and posteriorly the anus. This 
‘amphistome’ gastrulation mode is still seen in extant 
polychaetes. Reminiscent of such an amphistome gastrula- 
tion mode may be that during chordate gastrulation lateral 
cells move towards the midline of the neural body side 
(Fig. 7). Given that amphistomy be ancestral for insects, 
annelids and vertebrates alike, these neural midline cells 
would then mark the ancestral line of fusion of the lateral 
blastopore lips. 

Taken together, the comparison of fate maps and of 
gastrulation patterns reveals that developmental strategies 
such as the formation of the dorsal-ventral body axis from 

an initial an-veg asymmetry in the egg, and the various 
modes of gastrulation seen in annelid, arthropod and chor- 
date embryos are surprisingly similar. Interphyletic com- 
parisons may therefore allow us to eventually propound a 
‘model embryogenesis’ valid for various bilaterians, and 
may in turn lead to a better understanding of more diver- 
gent modes of embryogenesis that evolution has derived 
from this general theme. 
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