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ABSTRACT

David J. Miller (1999) What the Cnidaria tell us about Pax gene evolution. Zoological Studies 38(4): 367-372.
Pax genes are defined by the possession of a motif that was first identified in the Drosophila segmentation gene
paired. They encode transcription factors often containing a homeodomain (or a part of it) as well as the paired
domain. Genes in this family play central roles in the development of animals; however, the complexity of the
family—9 human and 8 Drosophila Pax genes are now known—and the diversity of their functions has effectively
obscured the identification of functional homology between different organisms. The availability of data on a
number of Pax genes in cnidarians should facilitate unravelling the complex evolutionary history of the Pax gene
family. This review makes use of the cnidarian data and the extensive genomic sequence data now available for

the nematode Caenorhabditis to propose a model for evolution of the various Pax gene types.
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INTRODUCTION

Pax genes encode an important class of tran-
scription factors that play central roles in the devel-
opment of animals. Nine human and 8 Drosophila
Pax genes (9 if the eye gone gene, which does not
have a complete paired box, is included) are now
known, but this may not be their entire complements.
Pax gene functions include roles in anterior pattern-
ing in Caenorhabditis (vab-3/mab-18), segmentation
in Drosophila (paired, gooseberry), B-cell specifica-
tion (Pax-5), and development of the thyroid (Pax-8),
vertebral column (Pax-1, Pax-9), limb buds (Pax-3),
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eye (Pax-6, Pax-2) and nervous system, in verte-
brates. This bewildering diversity of Pax gene func-
tions obscures the identification of functional homol-
ogy between different organisms (see for example,
Slack et al. 1993).

While several of the fly and vertebrate genes are
clearly orthologous — sparkling a Pax-2/5/8 homolog,
poxmeso a Pax-1/9 homolog, and paired/goose-
berry/gooseberry neuro corresponding to vertebrate
Pax-3/7 — at this stage, only in the case of eyeless
and Pax-6 is there clear evidence for conservation of
function between Drosophila and vertebrates. Fur-
thermore, independent duplications of Pax genes
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appear to have occurred frequently during evolution.
For example, Drosophila has 2 Pax-6 homologs,
eyeless and twin of eyeless, and the zebrafish gene
no isthmus is a fish-specific duplication of vertebrate
Pax-2 (Pfeffer et al. 1998). Finally, some Pax genes
appear to be taxon-specific — for example, Pax-4 is
probably unique to vertebrates, and no clear ho-
mologs of Drosophila pox neuro have yet been
identified.

There have been a few attempts to unravel the
complex evolutionary history of the Pax gene family
(Noll et al. 1993, Balczarek et al. 1997). The avail-
ability of data on a number of Pax genes in
cnidarians facilitates this task, because these are the
simplest animals at the tissue level of organization,
and they can essentially be regarded as the sister
group of higher animals. In addition, the extensive
genomic sequence data now available for Caenorha-
bditis provide insights into the ancestral gene set of
triploblastic animals. This review makes use of
these data to propose a model for evolution of the
various Pax gene types.

PAX GENES, PAIRED DOMAINS AND PAX
HOMEODOMAINS

Pax genes are defined by the possession of a
paired-box, first identified in the Drosophila segmen-
tation gene paired (prd). They encode transcription
factors often containing a complete or partial homeo-
domain as well as the paired domain. The paired
domain is a large (128 AA residue) DNA-binding do-
main containing 2 distinct helix-loop-helix motifs (Xu

et al. 1995). The N-terminal PAIl subdomain is exclu-
sively responsible for DNA-binding in the case of the
paired protein (Xu et al. 1995); however, in the case
of several other Pax proteins, the RED subdomain
also makes DNA contacts (Czerny et al. 1993,
Epstein et al. 1994a,b) and appears to be involved in
modulating the binding specificity of the PAI
subdomain (Vogan and Gros 1997). Residues 42,
44, and 47 (PAl subdomain) are critical in determin-
ing the specificity of DNA-sequence recognition by
Pax-6 and Pax-5 (Czerny and Busslinger 1995). In
addition to this mode of binding, Pax (and paired-
like) proteins can bind as dimers via their
homeodomains to a palindromic motif with the con-
sensus sequence TAAT(N,3)ATTA (P2 or P3 sites
respectively; Wilson et al. 1995), and other targets
are likely to exist for the RED subdomain (Epstein et
al. 1994b). Hence some Pax proteins have at least 3
distinct modes of DNA-binding.

THE KNOWN CNIDARIAN PAX GENES

Recently, the sequences of 2 genes from each
of 3 cnidarians, Hydra littoralis (Hydrozoa), the jelly-
fish Chrysaora quinquecirrha (Scyphozoa), and the
coral Acropora millepora (Anthozoa) have been pub-
lished (Sun et al. 1997, Catmull et al. 1998). It is not
clear at this stage whether the full complement of
chidarian Pax genes has yet been identified, how-
ever these 3 organisms are likely to represent the
range of diversity within the phylum Cnidaria. The
Anthozoa are the basal class (Bridge et al. 1992,
Odorico and Miller 1997); thus the coral is more likely
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Fig.1. Phylogenetic analysis of paired domain sequences from a representative range of animals. The tree summarizes analyses
conducted using both maximum parsimony and distance methods on a dataset consisting of 39 paired domain sequences encompassing
the diversity of known Pax proteins. The position of the eye gone sequence (which contains only a partial paired domain) was determined

in a more restricted set of analyses of the Pax-6/Pax-4 group.
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to represent ancestral character states than are the
more derived hydra and jellyfish.

As might be expected, relating the cnidarian
genes to specific Pax gene classes identified from
vertebrates and Drosophila is not straightforward.
The paired domains encoded by all of the cnidarian
Pax genes are most closely related to those in the
vertebrate Pax-2/5/8 class and, in some cases, to
that in Drosophila pox neuro. One of these genes,
Pax-A, in each of the 3 cnidarians is clearly ortho-
logous. The only recognizable motif in the corre-
sponding proteins is the paired domain — they con-
tain neither a homeodomain (or a homeodomain
relic) nor an octapeptide; the paired domains are ap-
proximately 87.5% identical among the 3 organisms.

The 2nd gene in the hydra and jellyfish is known
as Pax-B, and these 2 are again clear orthologs.
However Pax-C, the 2nd coral gene, is only distantly
related to hydra/jellyfish Pax-B. Both of these genes
encode a homeodomain in addition to the paired
domain, and the Pax-B genes also encode an unam-
biguous octapeptide motif (Fig. 1), whereas Pax-C
does not. It has been suggested that jellyfish/hydra
Pax-B corresponds to vertebrate Pax-6 (Sun et al.
1997). However, the homeodomains of hydra Pax-B
and human PAX-6 are only 55% identical, and, in
contrast to Pax-B, all Pax-6 class proteins lack an
octapeptide. In fact, Pax-C more closely resembles

PAX-6 than does Pax-B; it lacks an octapeptide, and
has 72% identity in the homeodomain. However, it
has only 3 of the 10 “Pax-6 diagnostic” amino acid
residues in the homeodomain (Callaerts et al. 1997),
and it shares a number of key residues with the Pax-
3/7 class (Catmull et al. 1998). The Pax-C paired
domain shares 4 unique substitutions (two of which
are shared with pox neuro) with the Pax-A proteins,
suggesting a common origin via a duplication event
(see Fig. 2).

PHYLOGENY OF PAIRED DOMAINS —
WIDELY-DISTRIBUTED AND
LINEAGE-SPECIFIC CLASSES

A number of novel Pax sequences reported re-
cently (including the cnidarian data) have not previ-
ously been included in phylogenetic studies. Figure
1 summarizes the results of a number of phyloge-
netic analyses of a representative range of paired
domain sequences. Not all of the available se-
quences were included; when nearly identical se-
guences were available from a number of or-
ganisms, so as to expedite the analyses, a single
representative was selected (for example, Pax-6 se-
quences are available from a large number of verte-
brates, and are all either identical or very similar).
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Fig. 2. Scheme representing evolution of Pax proteins. We propose that the ancestor of all vertebrate Pax classes arose by fusion of a
Pax-A-like gene and a paired-like homeobox gene. Pax-C represents the precursor of the vertebrate proteins after the fusion event.
Numbered synapomorphies on the cladogram are as follows: (1) acquisition of the homeodomain; (2) acquisition of the octapeptide (n.b.
[1] and [2] may have occurred simultaneously, as some paired-like proteins also contain octapeptide motifs); (3) partial loss of the
homeodomain; (4) complete loss of the homeodomain; and (5) loss of octapeptide. The central part of the figure shows the schematised
structure of the various Pax proteins; the open box represents the paired domain, the filled box the homeodomain, and the filled circle the
octapeptide. Note that the homeodomain of Pax-2/5/8 is truncated, hence the filled box in this case is shown as half the standard size.
The letters on the right of the figure are the amino acid residues at positions 42-47 in the paired domain; positions #42, 44, and 47 have
been shown to be critical in determining the specificity of paired domain binding (Czerny and Busslinger 1995).
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Because no Pax genes have yet been identified
outside of the Metazoa, there is no obvious appropri-
ate outgroup with which to root the phylogenetic tree.
Sun et al. (1997) have argued that the vertebrate
Pax-6 and Pax-2/5/8 groups evolved from an ances-
tral gene similar to cnidarian Pax-B. This suggests
that the tree should be rooted using Pax-B. How-
ever, on the basis of overall structure, we favor the
alternative of rooting the tree using the least complex
of the cnidarian Pax proteins, the Pax-A clade (see
Fig. 1).

The 4 major clades identified in our analyses
correspond to classes I-IV (Pax-1/9, Pax-2/5/8, Pax-
3/7, and Pax-6 groups, respectively) in Balczarek et
al. (1997) and a number of other studies, and the sis-
ter group relationship between the Pax-1/9 and Pax-
3/7 clades is also consistent with previous analyses.
Clearly the 4 major Pax gene classes were distinct
before the protostome/deuterostome divergence;
not only is Drosophila represented in each of the 4
classes, but so is Caenorhabditis. Inclusion of the
cnidarian data adds some new perspectives to the
issue of the evolution of paired domains. Most strik-
ing is the high degree of identity between the paired
domains of the cnidarian Pax-B and Pax-2/5/8
classes (Fig. 1). The divergent nature of cnidarian
Pax-A and Pax-B paired domains is also quite clear
from the analyses, as is the much closer relationship
between the Pax-A clade and Pax-C.

The inclusion of the cnidarian data also high-
lights the atypical nature of some of the Pax-2/5/8-
related sequences from Caenorhabditis elegans and
sea urchins. C. elegans egl-38 (Chamberlin et al.
1997) and cePax258B (Czerny et al. 1997) represent
an independent (nematode-specific) duplication of a
Pax-2/5/8-like gene. Although these genes encode
proteins whose paired domains are most closely re-
lated to the Pax-2/5/8 class, they are only distantly
related to other (“true”) Pax-2/5/8 homologs. In
addition, egl-38 and cePax258B lack any vestige of
(and possibly never have possessed) a homeodo-
main or the C-terminal transactivation and inhibition
domains that are well conserved throughout the
Pax-2/5/8 class. For these reasons, egl-38 and
cePax258B should probably not be considered true
Pax-2/5/8 homologs, but placed in a class of their
own.

There is a clear Pax-2/5/8 homolog in the sea
urchin (suPax258; Czerny et al. 1997), although
again atypical Pax-2/5/8-related genes are also
present. These authors report the presence of 3 dis-
tinct atypical Pax-2/5/8-related genes in sea urchins,
but for only one of these (sea urchin Pax-B) are full
sequences available (suPax-B data were reported

for 2 species, Strongylocentrotus purpuratus and
Paracentrotus lividus). For suPax-A and suPax-C,
only partial paired-domain data are available, and
these were not included in the phylogenetic ana-
lyses. suPax-B is characterized by a highly diverged
Pax-2/5/8-related paired-domain sequence, ab-
sence of homeodomain and octapeptide (C-terminal
regulatory domains almost certainly also not
present), and Q-K--H at the positions determining
specificity, rather than the Q-R--H which character-
izes all other Pax-2/5/8 proteins (see Fig. 2). Asin
the case of egl-38/cePax258B, sea urchin Pax-B dif-
fers sufficiently from true Pax-2/5/8 homologs to
merit a class of its own.

The analyses shown in figure 2 also highlight the
uniqueness of Drosophila pox neuro. While pox
neuro is often lumped with the Pax-2/5/8 class (e.g.,
Noll 1993), this is likely to simply reflect the fact that
the paired domains in the Pax-2/5/8 class most re-
semble those in the ancestral Pax protein. Hence,
paired sequences that are not obviously assignable
to other classes tend to look most like Pax-2/5/8 and
therefore have been grouped with them.

THE ANCESTRAL PAX GENE — STRUCTURE
AND SEQUENCE

Analyses of paired domain sequences (Fig. 1),
together with those of paired-related homeodomains
(Galliot et al. 1999), provide some novel insights into
the evolutionary history of the Pax family. We have
previously proposed a model for the evolution of the
various Pax classes (Catmull et al. 1998), and the
present analyses permit an expansion on this, as
shown in figure 2. Briefly, we suggest that the pre-
cursor of all vertebrate classes arose through fusion
of a Pax-A-like gene with a paired-like homeobox
gene; this ancestral gene probably most closely re-
sembled Pax-6, and its closest extant relative is likely
to be Pax-C. lItis unclear whether the homeodomain
and octapeptide were acquired consecutively or
simultaneously, as the 2 motifs are found in both
some Pax and some paired-like proteins. The pres-
ence of an unambiguous octapeptide in hydra Pax-B
indicates that acquisition of both homeodomain and
octapeptide occurred early in animal evolution.

As discussed above, the cnidarian data imply
that the ancestral Pax gene encoded a paired do-
main most like those in the Pax-2/5/8 class. Why
should Pax-2/5/8 most closely reflect the ancestral
paired-domain sequence? The answer may be that
the loss of a substantial part of the homeodomain
resulted in restriction of the DNA-binding options of
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the protein, effectively constraining the divergence of
the paired domain. Inthe Pax-2/5/8 class, homeodo-
main dimerization cannot occur, because this re-
quires the 3rd helix (Wilson et al. 1995). As the re-
sidual homeodomain features only helix 1 and the
extreme N-terminal end of helix 2, it is unlikely to
function in DNA-binding but presumably interacts
with other transcription factors. There are prece-
dents for this — for example, in the case of the paired-
like homeodomain protein Phox1, residues on the
surface of helix 1 interact with other transcription fac-
tors when it binds to the SRE (Simon et al. 1997).
The reduction of DNA-binding options may have led
to the “fixing” of the Pax-2/5/8 paired domain — its
divergence may have been much more constrained
than the paired domains in those Pax classes in
which a full homeodomain was maintained.

The paired domain in cnidarian Pax-B is closely
related to those of the vertebrate Pax-2/5/8 class.
However, in this case a complete homeodomain is
present—why in this case should the paired-domain
have become fixed? One possible explanation is
that in Pax-B the homeodomain has lost the ability to
dimerize—effectively, Pax-B may be on its way to be-
coming a Pax-2/5/8-like gene. The recognition helix
(helix 3) of Pax-B contains the conserved residues,
E42 and R44, that play critical roles in recognition of
the P3 site and dimer formation. However, the pres-
ence of a proline residue at position 43 (in place of
the alanine present in almost all other Pax homeo-
domains) is likely to distort the helix, possibily suffi-
ciently to prevent recognition of the P2 site, and may
also effectively prevent dimerization, as this position
is known to contribute to the dimer interface (Wilson
et al. 1995). This has important implications in rela-
tion to the suggestion that Pax-B is the cnidarian
Pax-6 ortholog (Sun et al. 1997), as it is thought that
the interaction between Pax-6 and the rhodopsin
promoter (and genes for other visual pigments) rep-
resents its most evolutionarily ancient function
(Sheng et al. 1997). This occurs through the homeo-
domain dimerization on P3 sites, an interaction
known to occur for most paired-like and several Pax
proteins, but unlikely to occur with Pax-B.

SYNTHESIS

In the absence of expression data, attempts to
homologize the cnidarian Pax genes with those from
vertebrates or Drosophila are premature. Struc-
turally, the cnidarian genes differ significantly; the
Pax-A genes differ from Pax-2/5/8 class members in
encoding neither a partial homeodomain nor an

octapeptide, and the homeodomains in both Pax-B
and Pax-C are intermediate between those of the
Pax-6 and Pax-3/7 classes. The data presently avail-
able imply that the diversification of Pax genes to the
major classes identified in higher animals probably
occurred after the divergence of the Cnidaria; Pax-C
and Pax-B are very different but intermediate types,
and Pax-A is not a ‘true’ Pax-2/5/8 gene.

Nevertheless, the cnidarian data provide valu-
able insights into Pax evolution, and several testable
predictions can be made about the evolution of Pax
function based on the scenario outlined above. The
Cnidaria allow us to see which Pax and Paired-like
genes in higher animals have changed least since
very simple animals diverged. The level of identity in
the paired domains of the cnidarian Pax-A proteins
and in Drosophila pox neuro suggests that pox neuro
may most closely reflect the ancestral function of
Pax genes in higher animals.

Nervous system expression is nearly universal
for Pax genes, implying that this is where these
genes originally functioned. Pox neuro is a neuro-
blast cell-fate gene (Dambly-Chaudiere et al. 1992,
Nottebohm et al. 1992), and no isthmus is central to
CNS patterning in zebrafish (Macdonald et al. 1997,
Pfeffer et al. 1998). Furthermore, Pax proteins that
lack a homeodomain appear to function in cell-fate
decisions—this is true of egl-38, despite its function
being outside of the nervous system. This leads us
to predict that cnidarian Pax-A will have cell-fate
specification activity, probably in the nervous
system. The fusion of paired-like and Pax-A-like
genes, the event that gave rise to the ancestor of the
vertebrate (and most invertebrate) Pax genes, prob-
ably permitted a transition in function from roles in
cell-fate specification to roles in head-end patterning.
If this is the case, we expect both Pax-C and
cnidarian Pax-B to show head-specific (or at least,
axis-specific) expression.
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