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Abstract Embryos of different species of vertebrat&al biology, and especially in the conservation of devel-
share a common organisation and often look similapmental mechanisms, re-examination of the extent of
Adult differences among species become more appanearation in vertebrate embryos is long overdue. We pres-
through divergence at later stages. Some authors hemthere the first review of the external morphology of
suggested that members of most or all vertebrate clatieibud embryos, illustrated with original specimens
pass through a virtually identical, conserved stage. Thism a wide range of vertebrate groups. We find that em-
idea was promoted by Haeckel, and has recently beenbrgos at the tailbud stage — thought to correspond to a
vived in the context of claims regarding the universalippnserved stage — show variations in form due to allome-
of developmental mechanisms. Thus embryonic resemny; heterochrony, and differences in body plan and
blance at the tailbud stage has been linked with a cenmite number. These variations foreshadow important
served pattern of developmental gene expression — difeerences in adult body form. Contrary to recent claims
zootype. Haeckel's drawings of the external morpholotjyat all vertebrate embryos pass through a stage when
of various vertebrates remain the most comprehensiiey are the same size, we find a greater than 10-fold
comparative data purporting to show a conserved staggiation in greatest length at the tailbud stage. Our sur-
However, their accuracy has been questioned and onleg seriously undermines the credibility of Haeckel's
narrow range of species was illustrated. In view of tldeawings, which depict not a conserved stage for verte-
current widespread interest in evolutionary developmedrates, but a stylised amniote embryo. In fact, the taxo-
nomic level of greatest resemblance among vertebrate
embryos is below the subphylum. The wide variation in

M.K. Richardson [(]) - M.L. Gooneratne _ morphology among vertebrate embryos is difficult to
gf%"gor?eg,ts °|f|gsnei‘ttglml\%e%?ga'fg‘éﬁf&mg{‘;ﬁ‘%%??grﬁce reconcile with the idea of a phyogenetically-conserved
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whereas evolutionary biologists emphasise the differ-
ences. The result is a long history of disagreement o%g
the extent to which embryonic development is conservp®
during evolution (reviewed by McKinney and McNama
ra 1991; Hall 1992; Raff 1992, 1996; McNamara 199%;
Richardson 1995). This is partly because, with a few gx-
ceptions (e.g. Slack et al. 1993; Burke et al. 1995), mahy
of our current ideas about the molecular basis of verfe-
brate development and evoltuion come from studies o] a
small number of laboratory species. The assumption that
these findings are generally applicable to all vertebrates
is not necessarily a valid one (Raff 1996).

A prevalent idea in developmental evolution is that ir
termediate embryonic stages are resistant to evqutionEry

change, and that differences among species arise thro
divergence at later stages of development. As a con
qguence, all vertebrates are often said to pass througph @
common stage when they look virtually identicd
(Haeckel 1874; Butler and Juurlink 1987; Wolpert 199]
Alberts et al. 1994; Collins 1995). The conserved stage
is called thephylotypicstage because it is thought to bg
the point in development when there is maximum resefn-
blance among members of a phylum or comparable high-
er taxon (Slack et al. 1993). Conservation of embryoryc
form is thought to be associated with the conservation jof
patterns of developmental gene expression across a Widg
range of animal clades (Slack et al. 1993).
One puzzling feature of the debate in this field is tha
while many authors have written of a conserved embry-
onic stage, no one has cited any comparative data in gtigp-1 The hourglass model of the relationship between evolution
port of the idea. It is almost as though the phylotypﬁ’@d development. This model implies divergence at earlier and la-

: ; ; ; stages from a conserved intermediate stage. Horizontal dis-
stage is regarded as a biological concept for which ;ﬁh e represents morphological divergence during evolution, and

proof is needed. This has led to many problems, not legsfical distance represents developmental stage. Based on Elinson
of which is the lack of consensus on exactly which stages7), Duboule (1994), and Collins (19%5)

is conserved (Richardson 1995). The phylotypic stage in
vertebrates has been defined asptharyngulastage, af-
ter the series of pharyngeal pouches seen in embriypparticular stressed the similarities among the embryos
(Ballard 1981). However it is not clear precisely whicbf different vertebrates. For example, von Baer (1828)
stage of development this represents, since pharyngegled that the embryos of different amniotes often ap-
pouches appear over an extended period of developmpaar strikingly similar, and that many differences among
Slack et al. (1993) suggest that the tailbud stage maytte adults of different species arise at later stages of de-
a time of maximum resemblance among species. Wadlopment. The gradual appearance during development
pert’s (1991) definition of a conserved stage is much eaf-differences among embryos is known as divergence or
lier and corresponds to an early somite stage, just afteviation (de Beer 1951). Haeckel took this idea further
neurulation. Duboule (1994) takes a broader view and a&d suggested that essentiallydifferences among spe-
gards the period between the head fold and tailbud stagies arise at late stages, and that embryos are therefore
as a time of high morphogenetic resemblance. virtually identical. This was famously depicted in his
According to recent models, not only is the putatidrawings (Fig. 2) which purport to show different spe-
conserved stage followed by divergence, but it is precetkes arising from a conserved embryonic stage (Haeckel
ed by variation at earlier stages, including gastrulati@874). The drawings were intended to demonstrate
and neurulation. This is seen for example in squamataeckel’s recapitulation theory or biogenetic law. A con-
where variations in patterns of gastrulation and neurut®rved stage was a necessary part of this theory because
tion may be followed by a rather similar somite stagwolution was claimed to progress principally by the ter-
(Hubert 1985). Thus the relationship between evolutiomnal addition of new adult stages to the end of ancestral
and development has come to be modelled as an “evalevelopmental sequences.
tionary hourglass” (Fig. 1; Elinson 1987; Duboule 1994; Haeckel's ideas soon came in for strong criticism. His
Collins 1995). drawings are also highly inaccurate, exaggerating the
The idea of a conserved embryonic stage arose in $imailarities among embryos, while failing to show the
nineteenth century. Pioneers in the field of embryologyfferences (Sedgwick 1894; Richardson 1995; Raff
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nander. T.Schildkrote H. Haubu .

Fig. 2 Haeckel's (1874) view of a conserved stage. Successpesitional field, whereby the embryos of all species use
stages in the development of each species are read from top tofpt- same mechanisms to encode positional value (Wol-

tom. The top row represents Haeckel's view of a stage at which L
species look virtually identical. Species from left to right: fish, sai- rt 1989). Recent findings of a conserved pattern of de-

amander, turtle, chicken, pig, cow, rabbit, human. Courtesy of T¥@lopmental gene expression _ (th_e‘ zootype) in a wide
Bodleian Library, University of Oxford, Plates 4 and 5 fromange of vertebrates support this view (Slack et al. 1993).

18917d.2" Furthermore, it has been suggested that the zootype is
most clearly expressed at the tailbud stage, and that this
i in turn corresponds to the conserved stage for vertebrates
1996). Sedgwick (1894) argued that even closely relajegack et al. 1993). Nevertheless, the idea remains con-
species of vertebrates can be told apart at all stageg@jersial. Richardson (1995) has recently shown that
development, but that the distinguishing characters @&pryonic stages are subjected to shifts in developmen-
not necessarily the same as those used to distingyi§himing during evolution (heterochrony) so that differ-
among adults. Lillie (1919) argued that embryos Show &% organs develop at different times in different species.
much proportional variation as adult stages, but tha{is makes it impossible to define a single conserved
adults look more divergent because of differential grom@kage when all species will have the same body plan.
and an increase in size and complexity of organisation.th,s more than a century after von Baer's (1828) pi-
The idea that embryonic stages are more resistant tjy Bering work in comparative developmental biology,
other stages to evolutionary change was criticised byflgre remains considerable uncertainty over the true ex-
Beer (1951). Summarising more than a century of COfgnt of morphological variation in vertebrate embryos at
parative embryology studies he concluded: the putative phylotypic stage. The debate is hindered by
... there are no grounds for the view that an organism as it dedble scarcity of comprehensive comparative studies of
ops passes through systematic categories of differing ‘values’vefrtebrate embryos, and the great practical difficulties in
of differing degrees of estrangement from organisms of Ot'l?btaining embryos for study from a wide range of spe-
groups. (de Beer 1951). cies. Keibel (1906) provided figures, redrawn from pub-
The idea of a phylogenetically conserved stage has lighed studies, of embryonic development in a wide
gained popularity in recent years. It has been claimehge of vertebrates. However, with a few notable excep-
that all vertebrate embryos pass through a consertieds (Bellairs 1971) modern textbooks rarely consider
stage when they are the same size (Collins 1995). Fspecies other than the common laboratory animals. There
thermore it has been argued that the existence of a gias been no textbook of descriptive comparative embry-
lotypic stage is consistent with the concept of a universégy in English, covering all the major vertebrate
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Table 1 Specimens examined in this study. Hill and Hubrecht collections are both housed in the Netherlands Institute for Developmen-

tal Biology (coll. collection,St.stage,

Species Source Stage
Petromyzontoidea
Sea lamprey Petromyzon marinus Dr. G.M. Wright St. 14 (Piavis 1971)
Elasmobranchii
Electric ray Torpedo ocellata Hill coll. Fi50/4 C.f. St. 21 in Scammon 1911
Actinopterygii
Sterlet Acipenser ruthenus Hubrecht coll A. ruthenus28 Tailbud
Flying fish Exocetus sp Hubrecht coll Exocetussp. 2 Tailbud
Zebrafish Danio (Brachydanig rerio ~ Photo courtesy Dr. C.B. Kimmel, Tailbud
Univ. of Oregon
Salmon Salmo salar Hubrecht coll.S. salar34 Tailbud
Dipnoi
African lungfish Protopterussp. Hill coll. Fil54a St. 26 (Kerr 1909)

Queensland lungfish

Caudata

Mudpuppy
Hellbender

Mexican axolotl

Neoceratodus forsteri

Necturus maculosus
Cryptobranchus
allegheniensis
Ambystoma mexicanum

Sharp-ribbed salamanderPleurodeles waltl

Alpine newt

Anura
Common toad
Common frog

Puerto Rican treefrog
Striped chorus frog
Gymnophiona

Blind worm

Testudinata

European pond terrapin

Lepidosauria
Green lizard
Australian skink
African skink

Crocodilia
Alligator

Aves

Duck

House sparrow
Moorhen

Chicken (“Ross White”)
Japanese qualil

Monotremata

Echidna, spiny anteater
Marsupialia

Eastern Australian
native “cat”
Brush-tailed possum

Eutheria
Domestic cat
Domestic dog
Domestic sheep

Triturus alpestris

Bufo bufo
Rana temporaria

Eleutherodactylus coqui
Pseudacris triseriata

Siphonopsp.

Emys orbicularis
Lacerta viridis
Sphenomorphus quoyi

Mabuyasp.

Alligator mississippiensis

Anas platyrhynchos
Passer domesticus
Gallinula chloropus
Gallus gallus
Coturnix coturnix

Tachyglossus aculeatus

Dasyurus quoll

Trichosurus vulpecula

Felis catus
Canis familiaris
Ovis aries

Scaly anteater or MalayaManis javanica

pangolin
Norway rat
Rabbit

Hedgehog
Human

Rattus norvegicus
Oryctolagus cuniculus

Erinaceus europaeus
Homo sapiens

Hubrecht coll Ceratodust

Hubrecht collN. maculosug6
Hill coll. AM61-3

Hill coll. AM70-4
Hubrecht coll P. walltlii 2.4

Hubrecht coll B. bufo72-91
Hubrecht coll.

R. fusca/temporarid@0-73
Dr. J. Hanken

Hubrecht coll.

Hill coll. AM104-3
Dr. C. Pieau

Dr. A. Raynaud
Hill coll. RE43 (7)
Hill coll. RE34

Photo courtesy Prof. Mark Ferguson,

Univ. of Manchester.

Hubrecht coll A. platyrhynchod
Hill coll. AV23

Hubrecht coll.G. chloropusl

Dr. M.K. Richardson
Dr. M.K. Richardson

Hill coll. MOF 142c

Hill coll. MA195d
Dr. L. Selwood

Hill coll. CA236¢c
Hill coll. CA39
Hubrecht coll.O. aries27a

Hubrecht coll M. javanical36

Dr. N. Brown, Univ. London
Hill coll. LA16

Hubrecht coll.E. europaeud50a
Photo courtesy Prof. R. O’Rahilly

St. 31-32 (Kemp 1982)

St. 23 (Eycleshymer & Wilson 1910)
St. 18-19 (Smith 1912).

St.29-30 (Schreckenberg and
Jacobson 1975)

Tailbud

C.f. St. 21 (Anderson 1943)

Tailbud
St. 11 (Kopsch 1952)

St. 4-5 (Townsend & Stewart 1985)
Tailbud

C.f. St. 21 (Sammouri et al. 1990)
C.f. St. 10 (Yntema 1968)

33 Somites (C.f. no. 77, Peter 1904)
Tailbud
Advanced tailbud

Stage 3 (Ferguson 1985)

Advanced tailbud

Advanced tailbud

Advanced tailbud
Advanced tailbud
Advanced tailbud

Early forelimb bud

Digital plate

25 somites, C.F. St. 27-28
(McCRady 1938)

Tailbud st. (Evans & Sack 1973).
Tailbud st. (Evans & Sack 1973).
Tailbud st. (Evans & Sack 1973);
C.f. 20d. (Bryden et al. 1972).

St. 10 (Huisman & de Lange
1937)

St. 22 (Christie 1964)
St. 10 (Minot & Taylor 1905);
St. 5 (Edwards 1968)

Embryo 13 (Jacobfeuerborn 1908)

St. 13 (O’Rahilly and Miiller 1987)
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Table 2 Taxonomic classification of specimens exam'ied

Traditional groupings Current grouping Figure

Jawless vertebrates Fishes Anamniotes  Agnathans Petromyzontoidea (lampreys) 3a

Jawed vertebrates Cartilaginous Elasmobranchii (sharks, skates and rays) 3b
fishes

Bony fishes Actinoptreygii (rayed-fin fishes)
Acipenseriformes (sturgeons and paddlefish)  3c

Teleostei (teleosts) 3d-f; 4a,b
Dipnoi (lungfishes) 30-i
Tetrapods Amphibians Amphibia
Caudata (salamanders 5a-e)
Anura (frogs and toads) 5f-i
Gymnophiona (caecilians) 5j
Amniotes Reptiles Testudinata (turtles) 6b
Lepidosauria (lizards, snakes, tuatara) 6c-e
Crocodilia (alligators and crocodiles) 6a
Birds Aves
Anseriformes (ducks) 7a
Galliformes (game birds) 7d,e
Gruiformes (rails) 7c
Passeriformes (perching birds) b
Mammals Mammalia
Monotremata (monotremes) 8a
Marsupialia (marsupials) 8b,c
Eutheria (“placental” mammads 8d-k

a Although the term “placental” mammals is commonly used for eutherians, it is unsatisfactory because marsupials also hav: a placenta

groups, for over 70 years (Jenkinson 1913; Kerr 1918je accelerated and are more advanced at the tailbud
Huettner's (1941) book, purporting to be a comparatigéage than they are in other species. In this review we
vertebrate embryology text, is typical of the textbooksve chosen to compare embryos at a stage when somite
available to the modern reader. It only covers Amphiogegregation in the trunk is advanced, but the tailbud has
us, which is not a vertebrate; and the frog, chick and “thet yet become elongated and segmented. In all species
mammal”. To compound problems, developmental biolthis corresponds to a stage when many organ primordia
gists use just a small number of laboratory speciesaas present, but have not differentiated (Slack et al.
model systems, and are therefore unfamiliar with the dB93). Because of heterochronic variation, it is not
versity of embryonic form in vertebrates (Hanken 1998jeaningful to try to be more precise than this with the
Bolker 1995; Raff 1996). staging.

Our aim in this paper is to examine the idea that em-
bryos from all or most vertebrate clades pass through a
highly conserved stage; and that at this stage their exjghterials and methods
nal form is virtually identical. Haeckel’'s drawings of em-
bryos at tailbud stages are widely used in support of tBjgcies, sources and stages studied are listed in Table 1. The clas-
hypothesis. We_ have therefore examined the exterdBICT of feke Specis 5 uinee b Ta0e 2 by s
fqrm of embryos from a wide range of_vertebrate SpET century, or in the late 19th century, and now housed in The
cies, at a stage comparable to that depicted by HaecKgtherlands Institute of Developmental Biology (formerly the
A significant problem in this study has been to defineHabrecht Laboratory), Uppsalalaan 8, Utrecht, The Netherlands.
common reference stage thal js applicable (0 al Specg E3c, e e amiayon. The s b
Heterochronic variation makes it impossible to define were %itr’lergcollected by the authors, 03/ are shown as pho)[/o-
conserved stage at which all vertebrate embryos havedh@hs supplied by collaborators (for details see Table 1). Embry-
same combination of organ primordia present (Richaid- were fixed in conventional histological fixatives and photo-
son 1995). Chosing a fixed somite number would beaphed in 70-80% alcohol through a dissecting microscope using
meaningless because of the wide variation in the rateected O The brushuales possu and ot wee B
somltogene_S|s across the vertebrates, and the total n gue except the zebrafish, which was photographed as a live
ber of somites formed. Nevertheless the tailbud staggscimen.
proposed by Slack et al. (1993), is a useful concept be-The extra-embryonic membranes were either missing or were

cause it corresponds approximately to the end of sonifi@oved by us. However the allantois was preserved where pres-

segregation in the trunk region ent. All measurements give greatest length (including, where ap-
9 ; ) . . propriate, the tailbud), or crown-rump length in the case of curved

However, even the tailbud stage is problematic h&nbryos. Left-lateral views, in line with zoological convention,

cause in marsupials and monotremes anterior structunesused, except for the treefrog, which was easier to display in
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oblique (dorsolateral) view. As indicated in the figure legendSqualus acanthiasThe characteristic dorsoventral flat-
negatives have sometimes been inverted so that the printed in@ng of the head in rays does not become apparent un-
I

conforms to the standard left view. This proved to be particula . . -
necessary for the birds, where a left view would show only tHe |2{€r €émbryonic stages. The first gill has not begun to

ventral surface of the trunk because of torsion. Each plate shé@¥m the spiracle, a structure which characterises adult
embryos at the same magnification to facilitate size comparisoahondrichthyans. There are no paired fin buds at this

For most plates this was x10. Because many fish embryos angigge, so the great enlargement of the pectoral fins seen

sed were extremely small, some have been enlarged (see figyr ; ;
legends for details). Species for which an illustration is providg@ adults of this species must occur at later stages. What

are indicated ifbold type at their first mention. appears to be the tail is part of the trunk; the cloaca lies
close to the tip of this structure (Scammon 1911). The
true tailbud swelling has only just appeared, so this is an
early tailbud embryo. This is an example of the caution

that must be exercised in attempting to identify the tail-

. bud stage in vertebrate embryos.

Anamniotes As in the lamprey, the series of pharyngeal arches
and somites do not show distinct regionalisation with re-

spect to the craniocaudal axis in the electric ray. The ray

The jawless fishes (agnathans or “cyclostomes”) includdfers from the agnathan embryos at the tailbud stage in

lampreys and hagfishes. It is regrettable that so few #85S€ssing a prominent rhombo-mesencephalic flexure,

scriptive studies have been made of the embryology"Bf/ch may correlate with greater size and development

these animals. Their development shows a number of the brain; and in the position of the heart, which lies

teresting features. Theea lamprey (Petromyzon marin- 1! @ Plane ventral to the pharynx. The pharyngeal clefts
ae elongated in the dorsoventral axis.

us) embryo has a serpentiform body resembling, in gefi- ; X .
eral form, that of the adult (Fig. 3a). Somites and p a_;’hset;igeéalilsed daegg%n;()jl Ogn% Cmﬁgggfgéhﬁnsaé;g%tﬁlfs

ryngeal pouches constitute two distinct and overlappi !
segmental series, with little indication of regional modj=: 11) work on the dogfish. At stage 21 (comparable to

fication along the anteroposterior axis. In other wor 9. 3b), 44 pairs of somites are visible externally, the

each unit in the repeating series resembles its neig%[solateral, epibranchial and lens placodes are forming,

bours. This contrasts with embryos of many tetrapods, sal pits are present, and the otocyst is_developing. Four
which the pharyngeal arches are of different sizes ryngeal arches are present and the first two clefts are

; ; coming perforate. As in the ray, it is not until much la-
32‘325;';{ gemgizrtvlgrttgt?rﬁz %ﬁ%r@?sbrﬁ/izslsirt#raﬂgi;? 8’that the first slit becomes modified to form the spira-

caudal to the pharynx instead of forming a ventral bulge: " tTihebllverrgilxertlc%I;lm tls dpiesfhm a?dnthehﬁro?et?r}rlc
The head region is of similar diameter to the rest of t }# S becoming conneécted 1o the pronephric tubules,
body and is not distinctly marked off from the trunk. Tl;ﬁ1

Results

Jawless fishes

ich are just beginning to develop. The heart loop and
nostrils begin at this stage as a single midline invagi st two aortic arches have appeared. There is a median

tion rather than as the two nasal pits seen in other ve fold but paired fin buds have yet to form.
brates (Piavis 1971). The embryo begins hatching at the
stage described, and shows active movements ang a fish (cl Osteichth
heartbeat. The body plan itself differs in cyclostom PNy s (class Osteichthyes)
from that in many other vertebrates because paired fi
limb buds never form.

Damas (1944) found that in the brook lampregr-

nFf)afy—finned fishes (subclass Actinopteryglihe simple
series of pharyngeal clefts seen in lampreys and chondr-

petra fluviatilig, the liver, lens, optic vesicle, heart tubéchthyans at the tailbud stage is not as well defined in the

nasal placode, four pharyngeal pouches and 40 Somﬁg})bryos of the bony fish (Figs. 3, 4). For examplepi-
have formed by the tailbud stage. Embryos of myxinoids,

Whlc.h are phylogenetlcally_ distinct from lampreys (e'&ig. 3a-| Fish embryos at the tailbud stage-i Are all at the
hagfish, Bdellostoma stoutinot shown), are extremelysame scale (x10) for comparison with each other, and with other
difficult to obtain and are rarely studied. As illustratefiures.j-I Are details.a—e, g, iAre lateral views with the cranial
by Dean (1899), the hagfish embryo at the tailbud Stgfg'@l of the embryo at the topjs a lateral view with the cranial

o i ; end at the left of the figuré;is a dorsal viewk, | are dorsal views
IS hlghly elongated and has more than 70 somites. of the head, with the rostral end at the bottom. See Table 1 for fur-

ther details of embryos shown (* negative invertadjea lamprey

L . . (Petromyzon marinyscleared with methyl salicylatédr Electric
Cartilaginous fish (class Chondrichthyes) ray (Torpedo ocellatp ¢ Sterlet* Acipenser ruthen)sd Flying
fish (Exocetussp.) e, f Salmon Galmo salay in left lateral view

Cartilaginous fish include the most primitive living gnate) and dorsal viewf). g, h African lungfish Protopterussp.) in
thostomes. They are represented here byefkeetric oblique left anterolateral viewgl and ventral viewk). i Queens-

; . : and lungfish Neoceratodus forsterij As a, but detail of side of
ray, Torpedo ocellata(Fig. 3b; see also Ziegler an ead and rostral end of trunk (x4K)As c, but enlarged view of

Ziegler 1892), which at this stage strongly resemblg@grsum of head and rostral end of trunk (x2@s d, but enlarged
other chondrichthyan embryos such as the dogfisiew of dorsum of head and rostral end of trunk (::50)
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There are surprisingly few detailed studies on the de-
velopmental anatomy of teleosts, and indeed fish are of-
ten completely ignored in textbooks of vertebrate embry-
ology. Tavolga (1949) gives a good description of devel-
opment in the platyfish{iphophorus maculatisAt the
tailbud stage in this species (stage 10) there are 12/13 so-
mites, the heart is no more than a diffuse mass of mesen-
chyme, and the pectoral fin buds are indicated as mesen-
chymal condensations. There is an open blastopore, three
primary brain vesicles, optic cup, lens pit, hollow audito-
ry vesicle without an endolymphatic duct (which never
develops), and three pharyngeal pouches. It has been
claimed that all organs are indicated as primordia by the
tailbud stage (Slack et al. 1993) but this is not true in the

b case of the platyfish because the swim bladder anlage
Fig. 4a,b Zebrafish Danio rerio) embryo. Lateral view with the does DOt appear ur_1t|I -Iater' Furthermore—’ although a pro-
cragllnialiend at the top. Courtesy of [))/r.. Charles Kimmel. Rep ephric duct[ IS beglnnlng_ to form, nephric tubules do UOt
duced from Kimmel et al. (19953 Fifteen-somite embryo. x16. develop until after the tailoud stage and nor does a liver
As a, but enlarged. x52. Copyright © Wiley-Liss, Inc., a sutprimordium. The anlagen of the lateral line system are
sidiary of John Wiley & Sons In::. present as thickened ectodermal grooves, so even at em-

bryonic stages this species is showing a character that

dosteusat the tailbud stage possesses a branchial edistinguishes it from amniote embryos. The telencepha-
nence with two transverse streaks that may representltimeis small and scarcely distinguishable from the dien-
first two clefts (Balfour and Parker 1882). Teleosts (Figsephalon.
3, 4) include the smallest embryos examined in this
study. The zebrafish at 0.9 mm was the smallest embbyabe-finned fishes (subclass Sarcopteryiie African
included in this review. The largest teleost embryo exahangfish (Protopterussp.) shows secondary neurulation
ined was thesalmon (Salmo salay at 4 mm. In addition (Kerr 1909). By the tailbud stage shown here (Fig. 3g, h)
to wide size variation, our analysis of the literature indihe neurocoele has formed in the central nervous system.
cates that teleost embryos show a striking range of &econdary cavitation is seen in many other organs as
erochronic shifts. Thus in the cunneCténolabrus coe- well. There are two pronephric tubules and a prominent
ruleus, Kingsley and Conn 1882), arfeindulus(Arm- cement gland. The heart primordium is only just begin-
strong and Child 1965), fin buds first appear much lateing to develop and there are no limb, lung or liver buds
than the tailbud stage. However Symbranchusan un- yet. Thus the tailbud embryo lacks several organ primor-
usual eel-like teleost, the pectoral fin buds are precocidalia. A tail swelling develops at an early stage in this spe-
and appear earlier than in the cunner Baddulus(Tay- cies, but growth in the true caudal or postcloacal region
lor 1913). Optic vesicles start evaginating at the 6dbes not begin until later. This again shows the difficulty
somite stage in zebrafish (Schmitt and Dowling 199#) defining precisely a tailbud stage. There are six solid
whereas in the platyfishP(atypoecilus maculatyghey pharyngeal arches, and the pharyngeal clefts are imper-
are already well developed before any somites have degate. This in contrast to the electric ray and amniotes,
regated (Tavolga 1949). in which one or more clefts is perforate. TQaeeens-

Because many teleost embryos are so small we lemd lungfish (Neoceratodus forstérishows primary
clude an enlarged image of a tailbud stagbrafish neurulation (Kemp 1982). At the stage shown here
(Danio rerio) embryo in order to indicate the generdFig. 3i) the embryo has 30-32 somites, a heart primor-
form (Fig. 4). There are no pharyngeal arches becad#em and three pharyngeal arches; like the African lung-
the pharyngula stage in the zebrafish does not occur ufigh, limb and lung buds do not appear until much later
after the tailbud stage (Kimmel et al. 1995). This is higfSemon 1901; Kemp 1982).
ly unusual amongst vertebrate embryos, which typically
have one or more arches differentiated by the tailbud
stage. In the shad\lpsasp.) heart anlagen are seen asmphibians (class Amphibia)
condensations of lateral plate mesoderm at the 15-somite
stage. The heart tubes start to fuse at the 34-somite s@ggre is great variation in embryonic morphology among
and circulation begins at the 42-somite stage, when the Amphibia at the tailbud stage (Fig. 5). Our series var-
dorsal aorta is completed (Senior 1909). The shad hdesain size from the small embryo of th&iped chorus
total somite count of 59 or 60, so heart development déesy (Pseudacris triseriatpat 1.5 mm, to the large em-
not take place until relatively advanced stages of sontiyo of themudpuppy (Necturus maculosdswhich has
segregation in this species. By comparison, heart dewehreatest length of 9.25 mm. This is the largest tailbud-
opment is apparent at early somite stages in some amstage vertebrate embryo examined in this study. Oral
tes (Mollier 1906; Mc Crady 1938). suckers are present in some species but not others. Dor-
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Fig. 5a—j Amphibian embryos at the tailoud stage, lateral viewsot perforate. Somite numbers range from 11 in the

with the cranial end at the top (* negative inverted). See Tableolerto Rican treefr Eleuther [ ver
for further details of embryos showa. Mudpuppy* (Necturus beerto Rican tree og (Eleutherodactylus coglto ove

maculosus b Hellbender Cryptobranchus alleghenienisc 60 in the blind worm. . .
Mexican axolotl* @mbystoma mexicanymd Sharp-ribbed sala-  The morphology of several urodeles is shown in
mander Pleurodeles waltl)i. e Alpine newt {Triturus alpestriy. f Fig. 5a—e. The mudpuppy has a cranial flexure, and al-
gag;{gogiégﬁdﬁgégobguzf{)éu%h%?on&fggnlJ;O%oﬁ?gt;?rzggoﬁﬁﬂ though the branchial eminence is becoming segmented
cian blue.i Striped chorus frogF{sgudacris triseriatp j Blind ther'e are no pharyngeal clefts yet. There IS a hollow ear
worm (Siphonopsp.).a—j x1C vesicle with a well-developed endolymphatic duct, and
the heart tube has formed (Eycleshymer and Wilson
1910). Thehellbender (Cryptobranchus alleghenien¥is
sal curvature is kyphotic in tmommon frog (Rana tem- shown at an early tailbud stage, has 12 somites in exter-
poraria) lordotic in theblind worm (Siphonopssp.) and nal view, two pharyngeal pouches, and distinct cervical
straight in thealpine newt (Triturus alpestri3. Pharyn- and cranial flexures. Limb buds only appear at later stag-
geal pouches are clearly indicated in most species butesgSmith 1912). Iraxolotls (Ambystomasp.) there are
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Caecilians (order Gymnophiona) have no limbs. The
body is elongated and has numerous somites. This
worm-like body form is seen also in lampreys and hag-
fish, reptiles such as snakes and amphisbaenians (Ray-
naud 1985), and some salamanders and bony fish. Unlike
shakes, the somites of caecilians are almost all preclo-
acal and the anus therefore lies at the tip of the tail. Sur-
prisingly, the unusual body form of caecilians is apparent
at the tailbud stage and does not arise through divergence
Fig. 6 Reptile embryos at the tailbud stage, lateral views with thieom a conserved stage (Fig. 5j). At the tailbud stage, the

cranial end at the top (* negative inverted). See Table 1 for furt i ;
details of embryos showa.Alligator (Alligator mississippiens)s 'E%{ecnlan Typhlonectes compressicauduas more than

b European pond terrapilEnys orbiculariy. c Green lizard* (a- 60 Somites, a heart primordium and six pharyngeal
certa viridis). d African skink* (Mabuyasp.).e Australian skink arches (Sammouri et al. 1990).
(Sphenomorphus qugya—ex10

Amnioted

16-18 somites, fin folds, and three pharyngeal arches,
but no heart tube or limb buds (Harrison 196%Vhile sharing many features with anamniotes, the em-
Bordzilovskaya et al. 1989 fokmbystoma punctatym bryos of amniotes (Figs. 6-8) also show characteristic
The first three pharyngeal arches are formed from differences. The heart develops early and forms a large
tinct cell masses, whereas the remaining arches becdwlge. Brain vesicles are prominent. The head region is
segregated from a common branchial eminence (Hal@irge and distinctly marked off from the trunk. As we
son 1969). have pointed out, neural crest pigmentation develops

Anurans (Fig. 5f—i) that have a tadpole stage are call®dch later in amniotes than in anamniotes (Richardson
indirect-developing species; those that lack a tadpeéfeal. 1989). Rotation (torsion) is a conspicuous feature
stage are direct-developing species. The morphologyobdevelopment in birds and some mammals and reptiles.
indirect-developing anurans is exemplified Kgnopus
laevis When the tailbud becomes prominent, this species
has 19 somites, three pharyngeal arches, but no heart Rejetiles (class Reptilia)
or limb buds (Nieuwkoop and Faber 1994). The common
frog Rana temporarighas a similar morphology at thisThe appearance of some reptile embryos at the tailbud
stage although the heart tube has formed (Kopsch 1953fage is shown in Fig. 6. Tladligator embryo Alligator

The direct-developing Puerto Rican treefrog is unustmssissippiens)sis remarkably large (8.9 mm, measured
al among the species of anurans considered herefr@mn plates in Ferguson 1985). This is larger than most
showing distinct hind limb buds at the tailbud stage. Otbther vertebrate embryos at the tailoud stage examined in
er unusual features of development in this species aretttie study. Like theEuropean pond terrapin (Emys
fact that the embryo develops on top of the egg, ratiggbicularis) andgreen lizard (Lacerta viridig it shows
like an amniote embryo, and only two pairs of complet® evidence of torsion. This is in contrast to shénks
aortic arches develop (New 1966). The branchial regigviabuyasp. andSphenomorphus qugyin which there
shows two pharyngeal clefts (which are imperforate) aate signs of torsion. Peter (1904) made a detailed study of
an unsegmented region posterior to the second aglelvelopment of the lizartacerta agilis At the tailbud
(Moury and Hanken 1995); the first two arches are
formed from separate neural crest streams, and theiigz inciude the paraphyletic group “reptiles” in this category, to-
maining arches from a common (caudal otic) streajther with mammals and birds, because all living reptiles have an
(Moury and Hanken 1995). amnior
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Fig. 7a—e Bird embryos at the tailbud/early limb bud stages, latefian mammals shown (Fig. 8d—k) because of the preco-
S g 1 aensy Ry miyos e e, UEvelopmen, of e forelb buds, External mor-
gﬁgﬁﬁy?nore advanced tailbud stages than most othe?embryo@ logy of t.he e(_:h_ldna (Tac_:hyglossus aculeatus
this survey. See Table 1 for further details of embryos shawnmonotreme) is strikingly similar to that of theush-
Duck (Anas platyrhynchgs b Sparrow Passer domesticiisc tailed possum(Trichosurus vulpeculaa marsupial). The
Moorhen Gallinula chloropus. d Chicken Gallus gallug. e Jap- pranchial region looks similar in all of the mammalian
anese quailGoturnix coturniy. a-ex10 embryos shown in Fig. 8. There are large maxillary and
mandibular processes, with the size of succeeding pha-
stage this species has over 30 somites, nasal pits, livergngeal arches decreasing progressively so that the pos-
lage, three pharyngeal arches and two perforate clefts;tevior arches are barely distinguishable. This is in strong
no lung bud and only faint indications of forelimb buds. contrast to the cyclostomes and chondrichthyans, which
have a series of rather similar arches. In mammals the
; arches caudal to the mandibular lie recessed in the cervi-
Birds (class Aves) cal sinus (Tamarin and Boyd 1977).
Birds are said to show the least embryonic variation of Among the eutherian mammals examined, the princi-
all groups of vertebrates (Kerr 1919), and it has been jgle variations in external form appear to be differences in
gued that specific differences among birds arise largélgxion and rotation. For example, thabbit, Oryctola-
through the modification of later stages (Starck 1998)us cuniculushas a characteristic double flexure in the
However, we need to study development in a greatemk, whereas theat, Rattus norvegicubhas a spiralled
range of birds before we can be sure that this is a genbmly. The prosencephalon is particularly prominent in
rule. Like many mammals and some reptiles, the bite rat (compared, for example, with the prosencephalon
embryos illustrated (Fig. 7) show rotation around the the human embryo; Fig. 8). Huisman and de Lange
craniocaudal axis (torsion) and have a prominent cervi€8937) found that thecaly anteater(Manis javanica at
flexure. Another conspicuous feature of avian embryti®e tailbud stage has approximately 28 somites, an allan-

at this stage is the prominent mesencephalon. tois and an amnion, early indications of lens and nasal
placodes, a pair of early limb buds, a liver diverticulum,
Mammals (class Mammalia) a looped heart, and a mesonephric duct that opens into

the cloaca. This embryo shows marked differences from
The embryos of monotremes and marsupials illustratibeé embryos of anamniotes. It has a very small notochord
here (Fig. 8a—c) are easily distinguished from the eutlfeluisman and de Lange 1937). In anamniotes such as the
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Fig. 8a—k Mammal embryos, lateral views with the cranial end #&mprey, the notochord is large in the embryo and re-

the top (* negative inverted). All tailbud stage excapin which i i i i
the tailbud has not yet formed. See Table 1 for further detailsm]‘:juns prominent in the adult. The pronephros, which

embryos showna Echidna or spiny anteatefdchyglossus acu- rﬂay be retained in anamniotes into larval stages or even

leatu3. Because of the extreme rarity of monotreme material élulthood, has already been reduced to mere traces in the
were only able to obtain this embryo, which is younger than teealy anteater at the tailbud stage (Huisman and de

tailbud stageb Brush-tailed possumT(ichosurus vulpecula ¢ | ange 1937).

Eastern Australian native “catD@syurus quo)l. d Domestic cat*
(Felis catu$. e Domestic dog Canis familiarig. f Domestic sheep
(Ovis arie3. g Scaly anteateanis javanica. h Rat Rattus nor- — -
vegicus. i Rabbit Oryctolagus cuniculysj Hedgehog Erinaceus Discussion
europaeuy k Human Homo sapienys a—k x1C

We have reviewed the morphology of vertebrate embryos
at the tailbud stage, which is generally considered to be
resistant to evolutionary change, if not invariant. A wide
range of clades has been considered, and the possible
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Petromyzontoidea only become apparent at later stages. However this is not

the case. In the embryos examined here, somite count at

Elasmobranchii tailbud stages varies from 11 in the Puerto Rican treefrog,
) . to over 60 in the blind worm. This indicates that somite
Actinopterygil number can vary independently of conserved positional

field encoded by genes of the zootype.

Dipnoi Differences in somite number may be related to the
Amphibia rate of growth of the body. Data from comparative stud-
ies support this idea. Raynaud (1994) compared somito-
Testudinata genesis in the lizard and the slow worm. The adult slow
worm has a more elongated body and more vertebrae
Lepidosauria than the lizard. Raynaud found that the slow-worm em-
bryo elongated more rapidly, and laid down somites
Crocodilia more rapidly than the lizard. Furthermore these emerging
differences in body form were apparent at early stages of
Aves somite segregation, and could not therefore be attributed
Mammalia to divergence from a conserved intermediate stage. Dif-

ferential growth (allometry) is also apparent in embryos.
Fig. 9 Hypothesis of phylogenetic relationships among the group®r €xample, the mesencephalic vesicle is the most
of vertebrates considered in this study. Based on Pough etpabminent brain vesicle in the chicken embryo, whereas
(1996; the prosencephalic vesicle is the most prominent in the
rat (Figs. 7d, 8h).
phylogenetic relations among these clades are indicatedize is another parameter which varies tremendously
in Fig. 9. Vertebrates show many common features at thesween tailboud embryos — from 7Qéh in the scorpion
stage. These include the presence of somites, neural tfible,to 9.25 mm in the mudpuppy. Our data do not there-
optic anlagen, notochord and pharyngeal pouches. Hdare support the recent proposal that all vertebrates pass
ever, these and other prominent features of the vertebthteugh a conserved stage when they are the same size:
body plan show considerable evidence of evolutionafy¥8 mm (Collins 1995). The belief that size is necessari-
modification when the embryos of different species aseconserved at the proposed phylotypic stage is a puz-
compared. Some examples of variation in embryoriling one: variations in size are not incompatible with
anatomy at the putative phylotypic stage are given in The idea of a conserved positional field established by
ble 3. homeobox and other genes. Indeed size regulation is one
A striking example of this variation is somite numbeagf the predicted properties of patterns generated by posi-
which differs widely in the embryos examined. Accordional information mechanisms (Wolpert 1989).
ing to the hourglass model, one might predict that somiteHeterochrony is another phenomenon that is associat-
number would be similar in different species at the taéd with evolutionary changes in embryonic stages (Rich-
bud stage, and that differences in somite number woaldison 1995). The heart has not yet formed in the zebra-

Table 3 Variations in developmental anatomy in a small selectiaariability in body form between species at the tailbud stage. (
of vertebrate embryos at the tailbud stage. Even this narrow rastgacture is presenf] structure has not yet developédi] struc-
of species and morphological criteria demonstrates the strikitnge faintly indicatec’

Species Somites Pharyngeal Limb or Lens Liver Heart Reference
arches paired bud tube
fin buds
Brook lamprey Lampetra fluviatili3 40 4 never present [ d d Damas 1944
Dogfish Squalus acanthigs 44 4 O O ad ad Scammon 1911
Platyfish Xiphophorus maculatys 12-13 3 O g d g Tavolga 1949
Queensland lungfisiNeoceratodus forstéri 30-32 2 O ad ad ad Semon 1901
African clawed toadXenopus laevjs 19 1 O 0/a ad ad Nieuwkoop and
Faber 1994
Caecilian Typhlonectes compressicaudlus 65 6 never present 0O ad ad Sammouiri et al.
1990
Lizard (Lacerta agilig 32 3 0/0 ad ad ad Peter 1904
Chicken Gallus gallug 23 2 O O ad O Keibel and
Abraham 1900
Scaly anteateanis javanica 28 3-4 0/0 o/o ad ad Huisman and

de Lange 1937
Mouse Mus musculus 30-34 3-4 O d d ad Theiler 1989




Fig. 10a-h Right lateral views of the head and cervical region of Another point to emerge from this study is the consid-

Se'egte%embry‘its (ei‘hcept Fég- lOd'ileic? ids?‘dlgrso'egega' chie\é’DabIe inaccuracy of Haeckel's famous figures. These
mostly drawn after the embryos illustrated in Figs. 3-8; tho . . :
marked with anasteriskwere drawn after other specimens frona‘F"’“NIngs are still widely reproduced in textbooks and re-

the same source. Sea lampreyRetromyzon marinysb Electric View articles, and continue to exert a significant influence
ray (Torpedo ocellatp ¢ Sterlet Acipenser ruthenysd Puerto on the development of ideas in this field (Wolpert 1991,
Ric,?nEtreefrOQ EF)E_lelJIth_erOQgctylus COQ)Jig Euffogﬁ_afll pond }lerfa' Alberts et al. 1994; Duboule 1994). Sedgwick (1894) and
DI e 40 somie embrycl, Chicken Gelie - Richardson (1995) have argued that Haeckels dravings
somite embryoh Domestic catfelis catu3 are inaccurate, and we have now provided persuasive evi-
dence that this is indeed the case. This is particularly ap-
parent from the atypical body form of agnathan, anuran
fish at the tailbud stage, whereas in the amniote embrgosl caecilian embryos shown here (Figs. 3, 5). Haeckel
discussed here, the heart has completed looping. Famexplicably omitted these species from his figures. It is
limbs in marsupials are well-advanced compared to thard to believe that he could not have obtained embryos
other species. These and other observations, such aothe common anuran such Bena temporariaFurther-
lack of a swim-bladder anlage, liver bud, and nephric toarore he fails to give scientific names, stages or source of
bules in some osteichthyans at the tailbud stage, are lihedspecimens illustrated. These inaccuracies and omis-
to reconcile with the claim that most organs are pressigns seriously undermine his credibility. We suggest that
as primordia at this stage (Slack et al. 1993). Haeckel's conserved embryonic stage is in fact a stylised
No limb or paired fin buds ever form in the lampremniote embryo. An interesting perspective was provided
so this element of the body plan differs among vertebrateGoldschmidt (1956):

embryos. Furthermore there appears to be an mverse]’ﬁ%'present generation cannot imagine the role he played in his

lationship between limb development and somite NURine, far beyond his actual scientific performance ... Haeckel’'s
ber, so that in species with large numbers of body segsy hand at drawing made him improve on nature and put more
ments, the limb buds are small or absent (Raynai,[lt@ the illustrations than he saw ... one had the imp_ression that he
1985). Most embryos at the tailbud stage are also “ph%[(f—tsamv\"j‘ﬂﬁnahfskfrﬁ?r? dfrom hature and then drew an ideal picture as
yngulas”, defined by Ballard (1981) as embryos having a '

series of paired pharyngeal pouches, but in the zebrafitdeckel depicted the branchial apparatus as being virtu-
the branchial apparatus does not appear until after #flg identical in all species at his stage 1 (top row of
tailbud stage (Kimmel et al. 1995). Thus it is difficult t&ig. 2). Our observations do not support this implication.
accept that the tailbud stage and pharyngula both repi&s- show details of the branchial apparatus, redrawn

ent a conserved stage for vertebrates. from photographs of original specimens, in Fig. 10. As
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can be seen, the branchial region varies considerably Besr KE von (1828) Entwicklungsgeschichte der Thiere: Beob-
tween clades. achtung und Reflexion. Borntrager, Kornigsberg
Balfour FM, Parker WN (1882) On the structure and development

Contrary to the evolutionary hourglass model, variatio%s of LepidosteusPhil Trans Roy Soc 173: 359-492

: allard WB (1981) Morphogenetic movements and fate maps of
in the adult body plan are often foreshadowed by modifi="\ . ieprates. Am Zool 21: 391-399

cations of early development. A good example is the agker GR de (1951) Embryos and ancestors. Clarendon Press, Ox-
tic arch system in the rat that, even during the pharyng-ford o
ula stage, begins to presage the adult pattern of artef@edairs R (1971) Developmental processes in higher vertebrates.

. Logos Press, London
Thus the first arch has already broken down Complet%lglker JA (1995) The choice and consequences of model systems

by the 25-somite stage in the rat (de Ruiter et al. 1989). "i5 developmental biology. Bioessays 17: 451455
In summary, evolution has produced a number Bérdzilovskaya NP, Dettlaff TA, Duhon ST, Malacinski GM
changes in the embryonic stages of vertebrates including: (1989) Developmental-stage series of axoltl embryos. In:
Armstrong JB, Malacinski GM (eds) Developmental biology
1. Differences in body size of the axoltol. Oxford University Press, Oxford, pp 201-219

i i den MM, Evans HE, Binns W (1972) Embryology of the
2. Differences in body plan (for example, the presenceBtSYsheep. 3'Morphol 138: 169-186

absence of paired limb buds) o . Burke AC, Nelson CE, Morgan BA, Tabin C (1995) Hox genes
3. Changes in the number of units in repeating seriesand the evolution of vertebrate axial morphology. Develop-
such as the somites and pharyngeal arches ment 121: 333-346

i i i tler H, Juurlink, BHJ (1987) An atlas for staging mammalian
?é”ggaert‘rgis in the pattern of growth of different field! and chick embryos. CRC Press, Boca Raton, Florida
y) . . Christie GA (1964) Developmental stages in somite and post-
5. Changes in the timing of development of different somite rat embryos, based on external appearance, and includ-
fields (heterochrony) ing some features of the macroscopic development of the oral

o ] _cavity. J Morphol 114: 263-286
These modifications of embryonic development are difftollins P (1995) Embryology and development. In: Collins P (ed)

cult to reconcile with the idea that most or all vertebrate Gray’s anatomy, 38th edn. Churchill Livingstone, London, pp

clades pass through an embryonic stage that is highly_Eggr-na; H (1944) Récherches sur le développemenhiadeetra

sistant to evolutionary change. This idea is implicit in"qyiatilis L. Contribution a I'étude de la céphalogenése des
Haeckel's drawings, which have been used to substanti-vertébres. Arch Biol 55: 1-284

ate two quite distinct claims. First, that differences bBean B (1899) On the embryology Bélellostoma stoutiln: Fest-

i i schrift zum siebenzigsten Geburtstag von Carl von Kupffer. Fi-
tween species typically become more apparent at Iatescher, Jena. pp 221-276

stages. Second, that vertebrate embryos are virtugl¥,o e D (1994) Temporal colinearity and the phylotypic pro-
identical at earlier stages. This first claim is clearly true. gression: a basis for the stability of a vertebrate bauplan and

Our survey, however, does not support the second claim the evolution of morphologies through heterochrony. Develop-

and instead reveals considerable variability — and evolu-ment [Suppl]: 135-142 .

. e . dwards JA (1968) The external development of the rabbit and rat
tionary lability — of the tailbud stage, the purported phy- embryo. Adv Teratol 3: 239263

lotypic stage of vertebrates. We suggest that not all @@nson RP (1987) Changes in developmental patterns: embryos of

velopmental mechanisms are highly constrained by con-amphibians with large eggs. In: Raff RA, Raff EC (eds) Devel-
served developmental mechanisms such as the zoot e?pmﬁgtas aE ?X%Ut('fg?%’ Fgocests-l '—(;SSv 'l\‘ew Yo{k, PF& 1—21t_
; ians HE, Sac renatal development of domestic
Embryonlc stages may be key targets for macroevo and laboratory mammals: growth curves, external features, and
tionary change. selected references. Anat Histol Embryol 2: 11-45
Eycleshymer AC, Wilson JA (1910) Normal plates of the develop-
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