


830 MAJOR TRANSITIONS IN ANIMAL EVOLUTION

eral sequential transitions, although these
are not readily divisible using data from ex-
tant taxa. Consideration of another lineage,
such as that leading to flies, or that to bi-
valves, would share some of these major
transitions, but include other transitions.

Other authors have suggested very dif-
ferent approaches to denning major transi-
tions in evolution. For example, Maynard-
Smith and Szathmary (1995) concentrate on
methods of information transfer rather than
developmental control. Consequently, they
highlight very different events from those
highlighted in this paper. Within the animal
kingdom, for example, Maynard-Smith and
Szathmary include only the origin of mul-
ticellularity, the origin of social groups and
the origin of language in their list of major
transitions; only the first coincides one of
the major transitions as defined here.

ANIMAL PHYLOGENY

In order to identify times in evolution
when developmental mechanisms were rad-
ically altered it is necessary to have a sound
phylogeny of the animal kingdom. The past
ten years have witnessed major steps for-
ward in this direction, particularly through
the use of ribosomal gene sequencing, pi-
oneered for this application by Field et al.
(1988). It is not possible here to review a
decade of work in this area, suffice to say
that ribosomal gene sequences have now
been obtained from representatives of most
animal phyla; analytical methods have also
advanced to the stage where phylogenetic
signal in a set of DNA sequences can gen-
erally be distinguished from noise. Conse-
quently, there is now general consensus on
the interrelationships of the major phyla of
animals, perhaps for the first time. There
are still disputes about many phylum-level
relationships, of course, and a few have not
been analyzed at all, but the general pattern
of animal phylogeny is clear (for example,
Philippe et al., 1994; Halanych et al., 1995;
Aguinaldo et al., 1997). The phylogenetic
hypothesis used in this paper is depicted in
Figure 1.

Some aspects of Figure 1 are almost uni-
versally accepted; other aspects are far
more contentious and require some justifi-
cation. Figure 1 depicts a basal split be-

tween the Parazoa (sponges) and the rest of
Metazoa; this is generally accepted. It is
also commonly assumed that the common
ancestor at this node had a body organisa-
tion of the sponge grade of organisation
(Brusca and Brusca, 1990). Looking just at
the lineage that will eventually lead to hu-
mans, the next side branch to diverge leads
to the Cnidaria (sea anemones, jellyfish, hy-
droids). Again, this rather basal position for
Cnidaria is almost universally accepted, as
is the contention that the common ancestor
at this node had a body organisation of the
diploblast (two germ layer) grade of orga-
nisation (Brusca and Brusca, 1990). The
subsequent phase of evolution along our
lineage is more difficult to piece together.
Traditional zoology textbooks generally
place the so-called 'acoelomate' and 'pseu-
docoelomate' phyla as the next animals to
diverge (for example, Barnes, 1980). How-
ever, the existence of such intermediate
grades of organisation is not clearly con-
firmed by molecular phylogenetic studies.
Ribosomal DNA sequencing suggests that
the three best known and speciose groups
within these categories, the Nemertea (rib-
bon worms), Platyhelminthes (flatworms,
tapeworms, flukes) and Nematodes, should
all be elevated to a more crownward posi-
tion in the phylogeny, within a clade con-
taining the classic coelomate protostomes
(arthropods, annelids, molluscs and others;
Turbeville et al., 1992; Balavoine, 1997;
Aguinaldo et al, 1997). The elevated po-
sition for nematodes is not found in all
studies, hence the dotted line on Figure 1.
The removal of Nemertea and (at least
some) Platyhelminthes from a basal posi-
tion in the tree is more consistent between
studies and is probably very sound. This
means that the next phase of evolution
along our lineage, after divergence of Cni-
daria, was a radiation into many lineages of
triploblastic (three germ layer) animals.
Resolution of the precise branching order
has proved problematic, and may reflect
rapid radiation of several lineages (Philippe
et al., 1994).

From this rapid radiation, it is clear that
the deuterostomes emerged as a defined
branch, containing the common ancestor of
echinoderms, hemichordates and chordates.

 by on A
ugust 14, 2010 

http://icb.oxfordjournals.org
D

ow
nloaded from

 



PETER W. H. HOLLAND

Diploblasts Triploblasts

831

FIG. 1. Possible phylogenetic relationships between major groups of animals, showing the proposed six major
transitions in animal evolution. Transition 1 = origin of multicellularity; 2 = symmetry, two germ layers,
neurones; 3 = bilateral symmetry, three germ layers, axial nerve cord, through gut; 4 = dorsoventral axis
inversion; 5 = neural crest, new cell types; 6 = migratory mesoderm, paired appendages, jaws. Multiple hori-
zontal bars indicate that a particular major transition may have occurred through several sequential alterations
to development.

The phylogeny of deuterostomes is rather
clearly resolved by molecular phylogenetics
(Fig. 1) and includes a surprising sister
group relationship for echinoderms and
hemichordates, and a chordate phylogeny
involving divergence of the urochordate
lineage, then the cephalochordates, and fi-
nally emergence of the vertebrate (craniate)
lineage (Wada and Satoh, 1994). The nature
of most ancestral forms within the deutero-
stomes is unclear, except that it is generally
accepted that the common ancestor of ceph-
alochordates and vertebrates had the ceph-
alochordate grade and layout of organisa-
tion (Holland, 1996). Figure 1 resurrects the
term agnatha (including a monophyletic cy-
clostome group of extant hagfish and lam-
preys) for the basal clade of vertebrates;
this is contentious, since it is consistent
with most molecular evidence, but not most
morphological and palaeontological analys-
es (Stock and Whitt, 1992; Lanfranchi et
al.y 1994; Forey and Janvier, 1993). Wheth-

er extant agnatha are a monophyletic clade
or a paraphyletic grade does not affect the
present discussion.

Six PHASES OF DEVELOPMENTAL
REVOLUTION

From the above phylogeny, plus inferred
pattern of character change, six internode
phases can be identified as times when de-
velopmental control mechanisms must have
undergone radical alteration (numbered 1 to
6 on Fig. 1). Changes in developmental
control must ultimately be based in changes
at the genetic level. Three general catego-
ries of genetic change might be associated
with any phenotypic change: the causative,
the permissive and the inconsequential. In
practise, distinguishing these will be diffi-
cult. Simply looking for genetic differences
between higher level taxa will not suffice,
since over the time scales involved most of
the genetic differences are likely to be in-
consequential to the transition itself. In-
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832 MAJOR TRANSITIONS IN ANIMAL EVOLUTION

stead, it is necessary to take into account
the nature of the developmental alterations,
hypothesize the sorts of genes that may
have been important, and then focus atten-
tion on these. An important property to ex-
amine for each character is its phylogenetic
distribution, as discussed by Erwin (1993).

Transition 1 marks the origin of multi-
cellularity, and must have involved the or-
igin of numerous cellular and developmen-
tal mechanisms. These include cell layers,
cell adhesion, and spatially controlled pat-
terns of differentiation. Genes necessary for
these cellular functions include cadherins,
extracellular matrix molecules, collagen, in-
tegrins and transcription factors involved in
the specification of distinct cell types. In
may be predicted, therefore, that many of
these genes will be present in sponges (and
all other animals), but not in non-animal
outgroups. Representatives of several of
these gene classes have been cloned from
sponges, including a collagen gene, an S-
type lectin, and an integrin gene (see Pancer
et al, 1997). Erwin (1993) argues that the
origin of collagen may have been a partic-
ularly important step permitting the origin
of multicellular animals. PCR screens have
also identified a number of homeobox
genes in sponges (Seimeya et al, 1994), the
majority of these, perhaps all, belong to
classes that in higher animals are associated
primarily with cell differentiation roles, as
opposed to spatial patterning roles. These
data are consistent with the hypothesis that
many genes necessary for multicellularity
evolved at transition 1, permitting the origin
of animals. One major problem, however, is
that insufficient molecular data have been
obtained from close outgroups, such as
choanoflagellates (as of October 1998, the
GenBank database includes no protein-cod-
ing sequences from any choanoflagellate).

Transition 2 involved the origin of de-
fined axes of symmetry, more precisely
controlled species-specific body shape,
structural repetition, origin of neurones and
the invention of defined inner and outer ep-
ithelial germ layers. The origin of neurones
is predicted to have required genes for neu-
rotransmitters, their receptors and ion chan-
nels; in fact, many of these genes predate
the Metazoa (Erwin, 1993). It is difficult to

predict which genes would be necessary for
control of precise shape, repetition and the
origin of germ layers, since the develop-
mental control of these characters has been
studied primarily in bilateral triploblasts
rather than radially symmetrical diploblasts.
Research into cnidarian development in
several laboratories is addressing these
questions, and a few candidate genes have
emerged (Schummer et al., 1992; Naito et
al., 1993; Miller and Miles, 1993; Kuhn et
al, 1996). Most intriguingly, cnidarians of
all three classes possess homeobox genes
closely related in deduced protein sequence
to the Hox genes of chordates, arthropods
and nematodes. Comparison between spe-
cies of cnidarian suggests there are at least
five of these 'Cnox' genes, denoted Cnox-
1 to Cnox-5. There is also some evidence,
particularly from regeneration studies in
Hydra, that Cnox genes play roles in axial
specification (a vital component of shape
generation) and/or germ layer distinction
(Schummer et al, 1992).

These sequence comparisons and expres-
sion studies have tended to highlight the
similarities between Cnox and Hox genes;
indeed, the former are often referred to sim-
ply as cnidarian Hox genes. Consequently,
the origin of Hox genes is often considered
to predate the common ancestor of Cnidaria
ploblasts. This influenced the zootype hy-
pothesis of Slack et al. (1993). In that pa-
per, we reasoned that the origin of a Hox
gene cluster (together with other genes)
may have been influential in permitting the
origin of animals with denned axes and
germ layers. Recent studies have uncovered
two principal problems with this hypothe-
sis. One problem emerged from our studies
of Hox-related genes in higher triploblasts,
and will be discussed later. The other
emerged from molecular phylogenetic ana-
lyses of Cnox and Hox sequences. Kuhn et
al. (1996) undertook maximum parsimony
and UPGMA analyses using (cnidarian)
Cnox and (triploblast) Hox homeobox
DNA sequences, and concluded that Cnox-
1 to Cnox-5 are not directly equivalent to
particular Hox genes. Instead, the common
ancestor of Cnidaria and triploblasts pos-
sessed a single Cnox/Hox precursor gene
that diversified by independent gene dupli-
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cations in the two lineages. The methodol-
ogy of this analysis may be challenged in
that DNA sequences are less appropriate
than protein sequences for inter-phylum
analysis (third codon positions could be un-
der differing directional selection due to co-
don usage bias) and that neither parsimony
nor UPGMA are ideal methodologies for
deducing gene histories when substitution
rates may differ greatly between lineages.
Nonetheless, our own analyses using ho-
meodomain protein sequences and neigh-
bor-joining distance methods (corrected for
multiple substitutions) support the essential
conclusions of Kuhn et al. (N.M. Brooke
and P.W.H.H., unpublished). Our analyses
suggest that the common ancestor of cni-
darians and triploblasts may have had just
one, or more likely two, Cnox/Hox genes;
these duplicated independently in the two
lineages.

The implication for interpreting the evo-
lutionary transitions in Figure 1 is that the
first homeobox gene with a Hox-like se-
quence originated around transition 2, pre-
dating the emergence of axes and germ lay-
ers. We describe this as a ProtoHox gene,
rather than a true Hox gene, since it was
the precursor of Cnox genes, Hox genes
and (as shown later) several other genes. It
is equally important to note that an elabo-
rate Hox gene cluster did not necessarily
originate at this transition point; it is pos-
sibly a later evolutionary invention.

Origin of the ProtoHox gene(s) may have
been an important prerequisite to the evo-
lution of the diploblast grade of body or-
ganisation, but it cannot have been the only
gene necessary. It is interesting to note that
homologues of several other homeobox
genes, implicated in spatial patterning in tri-
ploblasts, have been cloned from cnidari-
ans. These include Evx and Emx class ho-
meobox genes. The former gene was cloned
from the coral Acropora formosa (Miller
and Miles, 1993), where it was shown to be
physically linked to a Cnox gene. An Emx
gene from Hydractinia was cloned by O.
Mokady (personal communication; Gen-
Bank Y11836). Evx genes in vertebrates
play roles in patterning the posterior of the
body axis, whilst Emx genes in chordates
and arthropods play roles at the anterior. It

will be important to deduce if the cnidarian
homologues have similar roles along the
oral-aboral axis; such a finding would
strengthen the hypothesis that their origin,
together with ProtoHox gene(s), permitted
evolutionary transition 2.

Transition 3, more than any of the other
transitions noted, is the one most likely to
be a composite of a series of sequentially
occurring developmental changes. Together,
they resulted in the conversion of a two
germ layer body plan (as seen in cnidarians)
into a three germ layer body plan, the in-
vention of bilateral symmetry (with distinct
dorsal, ventral, left, right, anterior and pos-
terior), the consolidation of the nervous
system into a centralised axial nerve cord,
and the origin of a through gut with distinct
mouth, anus and intermediate regions. In-
sight into the genetic changes that occurred
during this transition (or series of transi-
tions) can be gained by comparison of cni-
darian and triploblast genes (particularly
those implicated in anteroposterior, dorso-
ventral, left-right and germ layer pattern-
ing). I will consider these genetic differenc-
es at the end of this article, since insight
into this transition has emerged most re-
cently. The differences are also best inter-
preted in the light of the other data dis-
cussed.

Transition 4 is unusual in that it is not
defined by invention of new structures. In-
stead, developmental evidence suggests that
an inversion of dorsoventral patterning sys-
tems occurred somewhere along the deu-
terostome lineage. Much of the recent mo-
lecular data supporting this view are sum-
marized by DeRobertis and Sasai (1996),
and additional supporting data have accrued
since their article. How such an axis inver-
sion occurred is unclear and hotly debated.
At one extreme, a simple rotation of the
body would transpose dorsal and ventral,
and simultaneously left and right. If this
was the mechanism, it would hardly qualify
as a major developmental change; indeed,
it would be very trivial. There are many
examples of animals that swim or crawl up-
side-down in comparison to their close rel-
atives (water boatmen, upside-down catfish
and tree sloths, for example). This simple
mechanism for axis inversion is unlikely,
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834 MAJOR TRANSITIONS IN ANIMAL EVOLUTION

however, since other aspects of embryology
seem to differ in concert with the axis in-
version. This suggests that axis inversion
actually reflects a reorganisation of gastru-
lation, possibly concomitant with the evo-
lution of a new oral opening in deutero-
stomes (Lacalli, 1996). More research is
needed, particularly on axis formation and
axis homologies in echinoderms and hemi-
chordates, to clarify the picture. Until then,
any genetic correlates of axis inversion are
likely to remain completely unknown.

Transition 5 marks the origin of verte-
brates and includes invention of a new strat-
egy for deploying cells in development (the
use of pluripotential migratory neural crest
cells), origin of many new cell types (such
as osteoblasts and odontoblasts) and elab-
oration of the mesodermal germ layer by
mediolateral subdivision. Transition 6 oc-
curred within the vertebrates, after diver-
gence of the extant agnathans, and involved
invention of migratory lateral mesodermal
cells, origin of two sets of patterned paired
appendages, and anteroposterior diversifi-
cation of the cranial visceral arches. Al-
though much additional morphological evo-
lution occurred between the origin of the
jawed vertebrates and the emergence of hu-
mans, I suggest this did not involve radical
alteration to developmental patterning, at
least not on the scale of transitions 1 to 6.
Insight into genetic correlates of transitions
5 and 6 have come from comparison of de-
velopmentally expressed genes between as-
cidians, amphioxus, hagfish, lampreys and
jawed vertebrates; these are outlined in the
next section.

NEW GENES IN VERTEBRATE EVOLUTION

The idea that extensive gene duplications
occurred during the emergence and early
evolution of vertebrates is not new (Ohno,
1970). Recent molecular work has led to
confirmation of this idea, but has substan-
tially revised it. A large body of evidence
now exists to demonstrate that extensive
gene duplication occurred at evolutionary
transition 5, and again at transition 6, on the
phylogeny in Figure 1.1 will not go through
this evidence in detail, since most of the
data have been thoroughly discussed in pre-
vious publications (for reviews see Holland

et al, 1994; Holland, 1996; Holland and
Garcia-Fernandez, 1996; Sharman and Hol-
land, 1996; Sidow, 1996). The data are
rather fragmentary, but internally consis-
tent. In brief, it was found that the Hox
gene clusters duplicated during early ver-
tebrate evolution; a long list of additional
gene families are now known to have du-
plicated between the time of divergence of
cephalochordates and the radiation of jawed
vertebrates. Note, however, that this period
encompasses both transition 5 and transi-
tion 6. Of these, just a few have so far been
shown to have duplicated before the diver-
gence of lampreys and hagfish, and a few
others later than this time. It is currently
thought that the second of the gene dupli-
cation phases (transition 6), and possibly
also the first (transition 5), occurred by tet-
raploidy of the genome. This mechanism is
supported by the large number genes that
duplicated and by aspects of mammalian
genome organisation (Lundin, 1993).

Some very recent data have helped to re-
fine the above picture. Sharman et al.
(1997) report the cloning of an HMG-1/2
type gene from a lamprey, and demonstrate
that this gene family duplicated after the di-
vergence of lampreys but before the diver-
gence of ray-finned fish and tetrapods. The
implication is that this gene family did not
duplicate at transition 5, but only at transi-
tion 6. Does this imply transition 6 was a
more significant phase of gene duplication
than phase 5? Not necessarily, since some
genes certainly did duplicate at phase 5.
Pendleton et al. (1993) estimated the num-
ber of Hox gene clusters in the sea lamprey
to be three, clearly more than the single
Hox gene cluster proven for amphioxus
(Garcia-Fernandez and Holland, 1994). Our
recent PCR screens for Hox genes in the
river lamprey found a remarkably similar
set of genes (Sharman and Holland, 1998).
Since there is a large phylogenetic distance
between sea and river lampreys, this sug-
gests that neither PCR screen suffered
greatly from amplification bias; further-
more, we can be confident in the authentic-
ity of the genes. Hence, the Hox gene clus-
ter duplicated close to transition 5 and prob-
ably again at transition 6.

If Hox genes show evidence of duplica-
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FIG. 2. Examples of genes that duplicated during early vertebrate evolution, divided according to whether they
occurred before or after the divergence of agnatha (lampreys and hagfish) and whether they were retained or
lost. Some genes, such as AAAH genes, can be shown to have undergone duplication followed by loss; for
other genes, loss assumes tetraploidy.

tion at transition 5, but HMG-1/2 genes do
not, is this inconsistent with tetraploidy be-
ing the mechanism of gene duplication at
transition 5? If tetraploidy occurred, we
must conclude that a duplicate copy of
HMG-1/2 was lost before transition 5. How
likely is this? A clue has come from our
studies on the aromatic amino acid hydrox-
ylase (AAAH) genes (Patton et al., 1998).
Cloning of an amphioxus AAAH gene, and
molecular phylogenetic analysis, reveals
that these genes did duplicate during ver-
tebrate evolution, but all of the duplicate
genes were subsequently lost, leaving the
same gene complement in vertebrates and
in triploblast invertebrates. Lack of dupli-
cation as an explanation can be ruled out
by consideration of chromosomal location
of AAAH genes in mammals; this confirms
duplication then loss of all duplicates. The
implication is that some genes (such as
AAAH genes) are prone to complete loss
of every duplicate, whereas others (such as
homeobox genes, Pax genes, Wnt genes
and other developmentally important genes)
have very low rates of loss. To understand
why, we should ask what the probability is
that duplicate genes acquire new roles rel-
ative to the probability of pseudogene for-
mation. We suggest that genes with wide-
spread or ubiquitous expression, particular-
ly those encoding enzymes (such as AAAH
genes) require rare advantageous mutations

in coding regions—for example, active
sites—to acquire new roles. The ubiqui-
tously expressed HMG-1/2 genes may be
close to this model. In contrast, genes with
restricted expression patterns (homeobox
genes, Pax genes, Wnt genes etc) may ac-
quire new roles through occurrence of
much more probable mutations in regula-
tory regions altering spatiotemporal expres-
sion (Patton et al., 1998).

The AAAH example also implies that
tetraploidy does not necessarily result in a
net increase in gene number between in-
vertebrates and vertebrates for every gene
family. Examples of gene families that do
not show a net increase are not evidence
against the tetraploidy hypothesis, since
gene loss can occur (Fig. 2). Most gene
families studied, however, do show evi-
dence of gene duplication between inver-
tebrates and jawed vertebrates. Our labo-
ratory has recently added a few more gene
families to the growing list: the HNF3 fam-
ily of forkhead genes (Shimeld, 1997), the
Pax-3/7 family (Wada et al., 1996, 1997),
the Pax-2/5/8 family (Wada et al., 1998)
and the Otx class of homeobox genes (Wil-
liams and Holland, 1998). In the case of
HNF3, an independent duplication also oc-
curred in the amphioxus lineage; the Otx
example is interesting in that a tandem du-
plication of a domain within the portion
was used to firmly back up molecular phy-
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logenetic evidence for gene duplication in
the vertebrate lineage. The Pax-3/7 example
involved comparison of ascidian and ver-
tebrate genes, and revealed that after gene
duplication, vertebrate Pax-3/7 genes ac-
quired new roles specifically in patterning
of mesoderm. Co-option of genes from ec-
toderm to mesoderm following gene dupli-
cation is also a feature of Hox gene evo-
lution (Holland and Garcia-Fernandez,
1996).

NEW GERM LAYERS, NEW GUT,
NEW GENES?

In the section outlining the six phases of
developmental revolution, I postponed dis-
cussion of transition 3. This truly major
transition involved the conversion of a two-
germ layer, radially symmetrical grade of
organisation to a three-germ layer, bilater-
ally symmetrical body plan with a central-
ised axial nerve cord and a specialised
through gut. Very many developmental pro-
cesses must have been modified and elab-
orated during these dramatic changes, and
it may be considered a hopeless task to de-
cipher the suite of genetic changes at their
root. However, a similar gloomy prediction
could have been made a few years ago for
attempts to understand the genetic basis of
early vertebrate evolution, yet useful prog-
ress has been made. As shown above, ex-
tensive gene duplication occurred during
early vertebrate evolution and duplicate
copies of genes were retained (particularly
of developmentally important genes). The
implication is that gene duplication pro-
duced a suite of new developmental genes
that could be co-opted for new develop-
mental roles. In this way, gene duplication
permitted the major developmental changes
in early vertebrate evolution. Our recent
work on Hox gene evolution suggests that
something analogous may have happened
around transition 3, possibly permitting the
rise of the triploblasts.

In attempts to understand the diversifi-
cation of the homeobox gene superfamily,
several studies have found that the Hox
genes do not form a monophyletic gene
clade in molecular phylogenetic analyses
(Biirglin, 1993). Five or six other classes of
homeobox gene are as closely related to

Hox genes as the latter genes are to other.
These include the Evx/eve, Mox, Cdx/cad,
Xlox and Gsx genes (we use Gsx to de-
scribe a gene class to which the mammalian
Gsh-l and Gsh-2 genes belong). The first
two sets of genes are physically linked to
Hox gene clusters in vertebrates (Evx close-
ly, Mox distantly), suggesting they could
have originated from one end of a Hox gene
cluster during the tandem duplications that
formed the gene cluster. The other three
types of gene, however, are dispersed
around the genome and their origin cannot
be explained in this way. The generally ac-
cepted explanation has been that these
genes were originally Hox genes, but they
have 'escaped' from the cluster, by trans-
position mutations during evolution. Our
recent work on the genomic organisation of
these genes suggests this cannot be correct.

We cloned homologues of the Gsx, Xlox
and Cdx homeobox genes from the cepha-
lochordate amphioxus, finding just single
copies of each gene type. A genomic walk,
using both cosmid and bacteriophage li-
braries, revealed the surprising finding that
all three genes are physically linked (Brooke,
et al., 1998). The Gsx homeobox is just 25
kb from the Xlox homeobox, which in turn
is just 7.5 kb from Cdx. Clearly, these
genes are truly adjacent, and consequently
form a novel homeobox gene cluster. We
call this the ParaHox gene cluster, for rea-
sons explained below.

Clustering of Gsx, Xlox and Cdx—even
in one species—disproves the notion that
these genes could have escaped from a Hox
gene cluster independently. They could
conceivably have been transposed as a cas-
sette of three adjacent genes, but such a
model is unlikely on the basis of phyloge-
netic analysis of the sequences. Molecular
phylogeny reveals that the Xlox homeobox
genes are close relatives of the paralogy
group 3 Hox genes of vertebrates (equiva-
lent to zerknult of insects). The affinities of
Gsx and Cdx are less certain, but the same
phylogenetic analyses suggest they are re-
lated to Hox genes of the anterior (paralogy
groups 1 and 2) and posterior (paralogy
groups 9 to 13) genes respectively. Only
one model is consistent with both the clus-
tered organisation in amphioxus and the
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FIG. 3. Evolutionary relationship between genes of the ParaHox gene cluster and genes of the Hox gene
clusters, showing their probable origin by duplication of a common ancestral ProtoHox gene cluster. A and P
refer to anterior and posterior expression domains and the spatial colinearity relationship between them.

molecular phylogenetic analyses: Gsx, Xlox
and Cdx must be the remnants of a homeo-
box gene cluster duplication. The other
product of this duplication was the Hox
gene cluster itself. The two gene clusters
are of equal age, since they are paralogues
(hence the name, ParaHox gene cluster).
Figure 3 shows further details of this mod-
el.

The finding that Hox and ParaHox gene
clusters arose by duplication of an ancestral
gene cluster (the ProtoHox gene cluster)
raises two important questions for evolu-
tionary biology. When did it happen, and
what were the consequences? The first can
be answered by determining the phyloge-
netic distribution of true Hox and ParaHox
genes. Unambiguous Xlox and Cdx genes
have been cloned from several higher tri-
ploblast phyla, including chordates, arthro-
pods, annelids and nematodes; they have
not been found in Cnidaria (see Brooke et
al. 1998, for references). Unambiguous Hox
genes have been cloned from every higher
triploblast phyla in which they have been
sought (see Holland and Garcia-Fernandez,
1996, and Brooke et al, 1998, for referenc-
es). This list includes not only the major
coelomate phyla (such as arthropods, an-
nelids, molluscs, echinoderms, hemichor-
dates, chordates), but also nematodes, pla-

tyhelminthes and nemerteans: triploblasts
that were originally placed as acoelomates
and pseudocoelomates before ribosomal
gene sequencing forced a reappraisal of this
concept (see earlier). In contrast, the Cnox
genes of Cnidaria, although often referred
to as Hox genes, may be derived from in-
dependent duplications of a ProtoHox gene
or genes (see earlier). Indeed, our own an-
alyses suggest they may be no closer phy-
logenetically to Hox than to ParaHox genes
(N. M. Brooke and P.W.H.H., unpublished).
Definitive insight into the affinities of Cnox
genes, however, must await analysis of their
genomic organisation, further sampling
from cnidarians and additional data from
ParaHox genes in protostome triploblasts.
The conclusion from current data is that a
ProtoHox gene cluster probably duplicated
on the triploblast stem lineage, close to
transition 3 in Figure 1.

Did ProtoHox gene cluster duplication
have any implications for the origin of ei-
ther three-germ layers, bilateral symmetry,
a centralised nerve cord, or a through gut?
As thoroughly discussed elsewhere, Hox
gene clusters play roles in spatial patterning
along the main anteroposterior body axis
(and some secondary axes); certainly in
chordates, this role was originally confined
to ectodermal derivatives, with later recruit-
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ment to mesodermal derivatives (Holland
and Garcia-Fernandez, 1996). Expression
of Hox genes in neurectodermal derivatives
is also seen in other phyla, including ar-
thropods, annelids and nematodes. Taken
together, these lines of evidence suggest
that the fundamental and original role of
Hox genes was to pattern the ectoderm or
neurectoderm of triploblasts.

ParaHox genes have been less intensively
studied, but the data so far suggest an in-
triguing parallel to Hox genes. The first
member of the Xlox gene family to be iden-
tified was an endodermally expressed ho-
meobox gene in Xenopus, XlHbox8 (Wright
et al, 1988). This is now thought to be the
orthologue of a single gene in mammals,
also expressed in endoderm. This gene has
been cloned by several groups and various-
ly called Ipf-1, STF-1 or 1DX-1; the Inter-
national Committee on Standardized No-
menclature for Mice has now renamed this
gene Pdx-1 (Offield et al, 1996). Gene tar-
geting has demonstrated that Pdx-1 is es-
sential for specification of a particular an-
teroposterior region of the endoderm: that
fated to become pancreas and rostral duo-
denum (Jonsonn et al, 1994; Offield et al,
1996). This is analogous to the role of Hox
genes in specification of particular antero-
posterior regions of ectoderm or mesoderm.
The amphioxus orthologue, AmphiXlox, is
also expressed in a band of endoderm, sug-
gesting evolutionary conservation (Brooke
et al., 1998). Xlox genes are also well stud-
ied in two species of leech (phylum Annel-
ida). Although annelids are phylogenetical-
ly very distant from chordates, these genes
are also expressed in spatially restricted re-
gions of endoderm. In the leech Hirudo
medicinalis, this expression has been elab-
orated further with tandem duplication of
the Xlox gene; the three descendent Xlox
genes {Lox3A-C) are expressed in endo-
derm (Wysocka-Diller et al, 1995). The
similarity between coelomate protostome
and chordate Xlox genes suggests evolu-
tionary conservation. The implication is
that the Xlox gene of an ancestral triplo-
blast also had a role in patterning the cen-
tral portion of a through gut.

The first Cdx gene cloned was the Dro-
sophila gene caudal. Initial expression

studies suggested that the zygotic expres-
sion of this gene was distributed through
posterior endoderm and into the (ectoder-
mal) hindgut (Mlodzik and Gehring, 1987).
More recent studies highlight the hindgut
expression as most important (Calleja et al.,
1996; G. Morata, personal communication).
This tissue marks the posterior boundary of
the endoderm. The Cdx gene family of ver-
tebrates is more complex, probably com-
prising three genes: Cdx-1, Cdx-4 and a
gene currently denoted Cdx-2 in mouse or
CDX-3 in humans (Duprey et al., 1988;
Gamer and Wright, 1993). The genes have
rather different expression patterns, compli-
cating inferences about the ancestral role
for Cdx in chordates. One expression site
shared by all vertebrate Cdx genes is the
posterior endoderm, however, suggesting
this was the original expression site before
gene duplication in the vertebrates (Holland
et al, 1992). Consistent with this, the single
amphioxus homologue, AmphiCdx, is ex-
pressed in posterior gut (Brooke et al,
1998). As with the Xlox genes above, the
similar expression data from both proto-
stomes and chordates suggests evolutionary
conservation. Thus, the Cdx gene of an an-
cestral tribloblast probably played a role in
development of the posterior extremity of
the gut, close to the anus.

The third ParaHox gene, Gsx, has only
been isolated from chordates to date. If our
model of ParaHox and Hox gene cluster
evolution (Fig. 3) is correct, however, it
should be as ancient as Cdx or Xlox, and
(unless secondarily lost) should be present
in several coelomate protostomes. Verte-
brates have two Gsx genes, Gsh-1 and Gsh-
2, compared to one gene detected in am-
phioxus. Both genes have complex spatio-
temporal expression in the developing
mouse brain (Valerius et al, 1995; Szucsik
et al, 1997). The single amphioxus homo-
logue, AmphiGsx, is also expressed in the
developing brain homologue (Brooke et al,
1998). The mouse genes have been deleted
in turn by gene targeting, but they result in
rather different phenotypes.

Deletion of Gsh-1 causes dwarfism that
is traceable to defects in development of the
adenohypophysis (anterior pituitary; Li et
al, 1996); deletion of Gsh-2 causes defects
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in the forebrain and hindbrain (Szucsik et
ai, 1997). As with the Cdx genes, the pres-
ence of more than one gene complicates in-
terpretation; in the case of Gsh genes, the
rather different inferred roles makes infer-
ence of ancestral role even more difficult.
This may become clearer once a double ho-
mozygote phenotype is described {Gsh-1~'~,
Gsh-2~'~), since this could uncover redun-
dant roles shared by the genes since their
origin by gene duplication. It is intriguing,
however, that the Gsh-1 phenotype primar-
ily affects the adenohypophysis, since this
develops from a dorsal diverticulum of the
oral cavity: Rathke's pouch. This structure
is ectodermal in mammals, but endodermal
in the more basal hagfish (Gorbman, 1983);
in either case, it is a region of gut at the
extreme anterior, at the junction between
germ layers.

If a role in formation of Rathke's pouch
does reflect an ancestral role for Gsx genes,
then the ParaHox genes present a rather
straightforward picture. The genes are
linked in the order Gsx, Xlox then Cdx. The
first gene (Gsx) has roles in the anterior
most extremity of the through gut (and
brain) and is paralogous to the most anterior
Hox genes (with roles in anterior ecto-
derm). The next ParaHox gene (Xlox) spec-
ifies fate of a precise anteroposterior region
of endoderm, and is paralogous to group 3
Hox genes (with roles in fate specification
in ectoderm). The final ParaHox gene (Cdx)
has roles in the posterior extremity of the
gut, and is paralogous to the posterior Hox
genes. The two gene clusters, related by
gene duplication, seem to have ancient pat-
terning roles in different germ layers.

In the light of these functional consider-
ations, the fact that the origin of Hox and
ParaHox genes may date to transition 3 (see
above) is very intriguing. This transition in-
volved the invention of a through gut (the
extremities of which may now specified by
ParaHox genes) and the evolution of three
germ layers (with Hox and ParaHox genes
fulfilling patterning roles in different germ
layers). We suggest that the ancestral
ProtoHox gene cluster could not have ful-
filled these distinct roles before duplication.
This implies that duplication of the ances-
tral ProtoHox gene cluster, on the stem lin-

eage of triploblasts, was a necessary pre-
requisite for the evolution of three germ
layers, and also for the origin of a through-
gut with mouth and anus. This gene dupli-
cation event was permissive for the origin
of bilateral triploblasts with a through-gut.

CAMBRIAN CONCLUSIONS

Many of the evolutionary transitions dis-
cussed in this paper seem very different. All
are defined as phylogenetic internodes that
underwent major change to developmental
patterning, but they had rather different
consequences. For example, transitions 1, 2,
3 and 5 involve clear increases in complex-
ity of the body plan, whilst this is not the
case for transition 4 (and arguably 6). Ev-
ery transition is likely to have involved a
suite of genetic changes, but in most cases
we are scratching the surface in deducing
what they were. There does seem to be par-
allel, however, between the type of genetic
event occurring at transition 3 and those oc-
curring at transition 6. In each case, dupli-
cation of a homeobox gene cluster oc-
curred; this was accompanied by elabora-
tion of developmental roles and may have
been permissive to the evolution of in-
creased body plan complexity.

In the case of early vertebrate evolution,
Hox gene cluster duplication was not an
isolated event, but occurred in concert with
the duplication of many other genes. It re-
mains to be seen whether the same is true
of the ProtoHox gene cluster duplication.
This will be an important question to re-
solve. Similarly, we have little insight into
the ancestral role of the ProtoHox gene
cluster before it duplicated. Its genes prob-
ably obeyed spatial colinearity (physical
gene order matching position of deploy-
ment in the embryo), since both Hox and
ParaHox genes share this property. Which
tissues utilized this colinear expression is
unclear.

There may also be a parallel between tri-
ploblast origins and vertebrate origins from
the perspective of evolutionary radiations.
Vertebrates are the most speciose subphylum
of chordates, by a very large margin (ap-
proximately 45,000 vertebrates, 25 cepha-
lochordates, 3,000 urochordates). There is
no evidence from the fossil record to sug-
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Diversity

Posterior
Hox (pattern ectoderm)
ParaHox (pattern gut)

ProtoHox cluster

Precursor gene

FIG. 4. Origin of true Hox genes and ParaHox genes related to the Cambrian explosion. The time of duplication
of a ProtoHox gene cluster, to form Hox and ParaHox clusters, is inferred to have taken place on the stem
lineage of triploblasts. This genetic event permitted rapid diversification of this clade. In this scheme, Ediacaran
faunas are interpreted as relatives of the extant diploblasts, and Cnox genes as descendants of a ProtoHox gene
or genes. Adapted from Conway Morris (1994) using data of Brooke et al. (1998).

gest that cephalochordates or urochordates
ever achieved great diversity. It seems,
therefore, that chordates were not particular
successful (judged by diversity) until the
advent of the vertebrate body plan. Perhaps
the genetic changes close to vertebrate ori-
gins not only enabled major developmental
change, but also in turn enabled successful
adaptive radiation of the taxon.

Triploblast origins may show this phe-
nomenon even more clearly, depending on
how one interprets the fossil record. The
Cambrian explosion—the rapid appearance
of a diversity of new body plans in the
Cambrian—is well known, but subject to a
variety of interpretations. Some have ar-
gued that the Cambrian explosion reflects a
phase of increased fossil preservation rather
than cladogenesis (Wray et al., 1996), but
this conclusion has been challenged by Ay-
ala et al. (1998). The consensus view at
present seems to be that the Cambrian ex-
plosion was a real phenomenon, reflecting
a time of rapid diversification of body
plans. Controversy then focuses on the
types of animals encompassed by the radi-

ation, and those excluded. The conclusion
reached by Conway Morris (1994), from
palaeontological evidence, is that the Cam-
brian explosion affected animals of the coe-
lomate triploblast grade of organisation.
The same conclusion was reached by Phi-
lippe et al. (1994) from consideration of
molecular phylogenies. Both lines of evi-
dence suggest that diploblastic animals ex-
isted before the explosion, and did not ra-
diate simultaneously. Rather, diploblast di-
versity may have dramatically decreased
during the Cambrian, particularly if the
enigmatic Ediacaran fossils are indeed re-
lated to the extant diploblasts (Conway
Morris, 1994; Fig. 4).

It seems that a very rapid, explosive in-
crease in diversity followed the invention of
the triploblast body plan. As with the ver-
tebrate example, it is possible that genetic
changes occurring on the triploblast stem
lineage (transition 3) not only enabled ma-
jor developmental change, but also success-
ful adaptive radiation of the taxon. The or-
igin of distinct Hox and ParaHox gene clus-
ters may have paved the way for the evo-
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lution of a through gut (enabling burrowing
and feeding to be combined), three distinct
germ layers (facilitating locomotion), and
ultimately the Cambrian explosion (Fig. 4).
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