Int. J. Biol. Sci. 2006, 2 95

International Journal of Biological Sciences
ISSN 1449-2288 www.biolsci.org 2006 2(3):95-103
©2006 Ivyspring International Publisher. All rights reserved

Review

Hox genes are not always Colinear
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The deuterostomes are the clade of animals for which we have the most detailed understanding of Hox cluster
organisation. With the Hox cluster of amphioxus (Branchiostoma floridae) we have the best prototypical, least
derived Hox cluster for the group, whilst the urochordates present us with some of the most highly derived and
disintegrated clusters. Combined with the detailed mechanistic understanding of vertebrate Hox regulation, the
deuterostomes provide much of the most useful data for understanding Hox cluster evolution. Considering both
the prototypicafand derived deuterostome Hox clusters leads us to hﬁ/pothesize that Temporal Colinearity is the
main constraining force on Hox cluster organisation, but until we have a much deeper understanding of the
mechanistic basis for this phenomenon, and know how widespread across the Bilateria the mechanism(s) is/are,
then we cannot know how the Hox cluster of the last common bilaterian operated and what have been the major
evolutionary forces operating upon the Hox gene cluster.
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1. Introduction

The Hox genes are a set of transcription factor-
encoding genes that pattern the anterior-posterior
body axis of animals. They tend to have a very
distinctive organisation in the genome, being
arranged in gene clusters in which the order of the
genes within the cluster corresponds to (or is Colinear
with) some aspect of the gene expression. Spatial
Colinearity was first recognised by Ed Lewis [1] in
Drosophila  melanogaster, whereby the domains of
action of each homeotic locus of the Bithorax complex
(BX-C) are staggered along the anterior-posterior axis
in an order that matches their position along the
chromosome. Such Spatial Colinearity is also
observed in the Antennapedia Complex (ANT-C),
which together with the BX-C constitutes the Hox
cluster of D. melanogaster. The phenomenon was also
extended to the Hox clusters of vertebrates soon after
the discovery of the homeobox; the homeobox being
the major motif of the Hox genes, that is 180bp long
and encodes a sequence-specific DNA-binding
domain [2, 3, 4].

In addition to Spatial Colinearity, Temporal
Colinearity is also observed in some Hox clusters;
principally those of vertebrates in which the genes at
the 3’/Anterior end of the cluster become
transcriptionally active first, and then progressively
genes towards the 5’ /Posterior end of the cluster are
initiated later [5]. This temporal control of the
mammalian Hox clusters is correlated with
modulation of their chromatin conformation [6].
Temporal and Spatial Colinearity can be
mechanistically linked, with the time of gene
initiation determining the axial limits of expression

[7]. However the two phenomena are also separable.
Drosophila exhibits Spatial Colinearity without any
obvious Temporal Colinearity, as does the larvacean
urochordate Oikopleura dioica [8] (although see below),
and distinct regulatory regions that drive Temporal
and Spatial Colinearity have recently been discovered
in mice [9].

A third form of Colinearity is Quantitative. In
mouse limb development the proximity to a digit
enhancer determines the levels of expression of a
gene, the gene closest to the enhancer being the most
highly expressed [10, 11]. As with Temporal
Colinearity potentially resulting in Spatial Colinearity,
Quantitative Colinearity could similarly lead to
Spatial Colinearity as well. The organisation of the
Hox cluster and the position of the genes within it are
thus intimately linked to the transcriptional
regulation of the genes.

Hox gene Colinearity in some shape or form
seems to be widespread, and so is usually assumed to
be the major reason that the genes remain clustered.
Hox genes from flies to humans clearly are
homologous, and even orthologous in most instances,
and undoubtedly they were clustered in the last
common ancestor of the bilaterian animals (and
probably even deeper in animal evolution - before the
origin of the Cnidaria) [12]. If we can discern what the
homologous features of Hox cluster organisation,
function and regulation are across the animal
kingdom, then we can discover how these genes were
arranged and were operating in an organism that
lived more than 525 Million Years Ago, from which all
subsequent animal lineages diverged.

Here we outline how an understanding of both
prototypical and divergent organisms is essential in
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order to distinguish the most fundamental ancestral
characters, taking the deuterostomes as our example
(see figure 1). With such an approach ourselves and

others have proposed that the mechanism(s)
producing Temporal Colinearity is/are potentially the
principal constraining force on Hox cluster

organisation [7, 13, 14, 15], because the various
derived animal lineages that have broken up their
Hox clusters almost invariably possess a mode of
development in which there is a lack of opportunity
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animals, which can still however retain elements of
Hox Spatial Colinearity, thus showing that the
mechanisms generating Spatial Colinearity do not
absolutely require Hox gene clustering. The
mechanisms generating Temporal Colinearity may
well thus be the principal reason that Hox gene
clusters are maintained as clusters. However a much
closer examination of these mechanisms is required in
order to discover whether these similarities are truly
homologous, and conversely how some lineages

‘escape’ from these ‘fundamental’ constraints during
their divergence and diversification.

for Temporal Colinearity to exist. The disintegrating
clusters of Drosophilids, nematodes and urochordates
correlate with the rapid embryogenesis of these

Figure 1. Hox gene cluster organisation of deuterostomes. The amphioxus Hox cluster is, at present, the only deuterostome
Hox cluster that is complete and not rearranged. Horizontal lines represent the chromosome, so that the Ciona cluster is
broken into five separate contigs, the Oikopleura cluster has completely disintegrated, and the nature of the Hox gene
linkage in the hemichordate and ‘other echinoderms’ is unknown. Boxes represent individual Hox genes, and their colour
denotes their relationships (red = Anterior group/Hox1-2; yellow = Group 3; green = Central group/Hox4-8; blue =
Posterior group/Hox9+). Full vertical arrows denote clear orthology relationships, and dashed arrows represent putative
orthology relationships that are less certain due to the paucity of diagnostic residues by which the different Central group
members can be distinguished. The Posterior group genes are bracketed rather than connected by individual arrows to
denote the ambiguity in their orthology relationships, due to Deuterostome Posterior Flexibility and possibly some
independent duplication events (see text). X denotes gene loss. For presentation purposes Ciona Hox10 is drawn with the
other Posterior group Hox genes, but in reality it is located on the same chromosome and in amongst Hox1-6 (see text for
details). Oikopleura Hox4 is followed by a question mark to indicate the uncertainty of its identity due to its position in
phylogenetic trees [8]. The genes in the ‘other echinoderms’ row are an amalgamation of sequences from Crinoids,
Ophiuroids and Asteroids [27, 53, 57], and total fourteen different genes, which could potentially indicate the total number
of Hox genes for the ancestral deuterostome. The dashed-outline boxes are genes only known from partial fragments.
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2. An echinoderm Hox cluster: intact but
scrambled, and no Temporal Colinearity

Echinoderms are the sister group of
hemichordates within the Deuterostome clade, and
together as the Ambulacraria form a sister group to
chordates [16, 17, 18, 19] (see figure 1). The most
distinctive morphological feature of echinoderms is
the pentaradial symmetry of the adults, which
contrasts with the bilateral symmetry of all other
triploblastic animals. This is clearly a derived feature
of echinoderms, and along with several further
echinoderm synapomorphies (e.g water vascular
system, calcareous mesodermally-derived
exoskeleton), make it difficult to compare the
echinoderm body-plan to other bilaterian, triploblastic
animals. Echinoderms do however possess Hox
genes, and so examination of their organisation and
function in these unusual animals can reveal how the
Hox cluster changes in such a derived lineage, and
conversely which aspects of Hox biology remain
conserved relative to other triploblast animals.

Since Hox genes are integral to regional
differentiation along the body axis in animal
development it was thought that studying Hox gene
expression patterns could give insights into the
evolutionary origins of the echinoderm radial body
plan. Several Hox genes and Hox fragments were
cloned from different sea urchin and starfish species
[20, 21, 22, 23, 24, 25, 26, 27]. Expression has been
examined most extensively in the sea urchin,
Stronglyocentrotus purpuratus. The Hox genes SpHox7
and SpHox11/13b are expressed during
embryogenesis, whilst SpHox2, SpHox3, SpHoxb5,
SpHox8, SpHox9/10 and SpHox11/13a are not
detectable until adult rudiment formation [29, 29, 30].
These differential activation times, with an ‘Anterior’
and a ‘Posterior’ Hox gene being expressed before the
intervening genes are activated clearly contravenes
Temporal Colinearity (even taking into account the
bizarre organisation of the sea urchin Hox cluster, see
below).

The expression of some of the Hox genes during
adult rudiment development does however seem to
be consistent with Spatial Colinearity [31]. Dealing
with a subset of the urchin Hox cluster Arenas-Mena
et al [31] showed that the expression domains of five
Hox genes (SpHox7, SpHox8, SpHox9/10, SpHox11/13a
and SpHox11/13b) form a nested pattern in the adult
rudiment, such that the staggered boundaries of
different Hox domains wrap around the oral-aboral
axis of the animal, the different domains or Hox codes
potentially specifying each of the five points of the
pentaradially symmetrical body-plan. There are
further Hox genes in addition to those that exhibit
Spatial Colinearity in the adult rudiment, and as of
yet we do not know how their expression relates to
the genes examined so far. This expression
information will be of particular interest given the
organisation of the sea urchin Hox cluster.
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Sea urchins have a single Hox cluster, which at
first was thought to be composed of 10 genes,
spanning approximately 0.5Mb, with a gene order
matching that of vertebrates [32]. However, more
recently  fully sequenced bacterial artificial
chromosomes containing S. purpuratus Hox genes
revealed that in fact the sea urchin has an unusual,
rearranged cluster of eleven genes. The four Posterior
Hox genes (SpHox9/10, SpHox11/13a, SpHox11/13b and
SpHox11/13c) are embedded in between the three
Anterior genes (SpHox1, SpHox2 and SpHox3), and the
four Central genes (SpHoxb, SpHox6, SpHox7 and
SpHox8) (Figure 1) [33]. Before this unusual
arrangement was known, the sea urchin Hox cluster
seemed rather paradoxical in the context of
hypotheses that Temporal Colinearity is the principal
reason for cluster maintenance. It stood out as an
intact cluster that lacked Temporal Colinearity, as
distinct from the various other organisms that lack
Hox gene Temporal Colinearity and which also have
broken and disintegrating Hox clusters (reviewed in
[14]). With these new insights from Cameron et al [33]
it is now clear that although the sea urchin Hox genes
do not exhibit Temporal Colinearity from within an
intact cluster, this does in fact correlate with an
extremely derived cluster organisation after all.

Nevertheless, the sea urchin still does have a
Hox cluster, in contrast to the other derived lineages
with regards to Hox gene organisation, which have
lost the clustering of their Hox genes (Drosophilids,
nematodes, schistosomes and urochordates (reviewed
in [8, 14, 34]). Perhaps then the sea urchin Hox cluster
is maintained due to enhancer sharing amongst the
genes, but without some form of a global cluster
regulatory mechanism that results in Colinearity in
such Hox clusters as those of mice (reviewed in [35]).

3. Hemichordates: bilaterian ambulacrarians and
the potential for a basal deuterostome Hox
cluster

Morphological comparison of  Saccoglossus
kowalevskii, a hemichordate, and chordates initially
placed both in the same phylum, in large part due to
the deuterostomic embryology and the presence of the
stomochord, with its hypothesised homology with the
notochord of chordates proper. Hemichordates are
however very distinct from the chordates in many
respects, and became established as their own phylum
[36]. The phylum is composed of two classes:
Enteropneusts (Acorn worms) and Pterobranchs (here
we will ignore the controversial third class,
Planctosphaeoidea) [37]. 185 rDNA phylogenetic
analyses place hemichordates as the sister group of
echinoderms, and these two phyla together are the
Ambulacraria, which in turn is the sister group of
chordates [16, 18]. The hemichordates provide us with
an ambulacrarian animal that is more easily compared
to the chordates than are the echinoderms. Both the
hemichordates and chordates are bilaterally
symmetrical deuterostomes, with gill slits, and clear
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(and homologous) anterior-posterior and dorsal-
ventral body axes [37, 38, 39].

Several Hox genes have been cloned from two
different hemichordate species. A total of eleven Hox
genes are described in the literature from S.
kowalevskii and Ptychodera flava [38, 40]; Hox1, Hox3,
Hox4, Hox5, Hox6/8, Hox7/8, Hox9/10, Hox11/13a,
Hox11/13b and Hox11/13c. A partial homeobox of Hox2
was also obtained from S. kowalevskii by PCR, but the
sequence was not extended and the entire
homeodomain is not available [41]. The genomic
organisation of hemichordate Hox genes is still
unknown. Some expression information is however
available for S. kowalevskii Hox1, 3, 4, 7/8 and one of
the 11/13 genes [38]. Interestingly, Hox genes are
expressed in a staggered anterior-posterior fashion
and are strongly expressed during gastrulation. Lowe
et al [38] showed that the expression of Hox genes is
colinear with the gene number identity. However
given the oddities of the echinoderm cluster
organisation we must await the resolution of the
hemichordate Hox cluster organisation before it is
possible to confidently talk about Colinearity. The
hemichordate data is tantalizing, and the resolution of
the Hox cluster organisation, along with further
expression data, could well be exceptionally
illuminating with regards to understanding the Hox
cluster of the ancestral deuterostome.

One aspect of deuterostome Hox evolution
where the hemichordate data have already changed
our perspective is with regard to the phenomenon of
Deuterostome Posterior Flexibility. This phenomenon
was first described from an analysis of the Posterior
Hox genes of amphioxus (Branchiostoma floridae), and
describes how the orthology relationships amongst
the Hox9-14 genes of deuterostomes are not resolved
in molecular phylogenetic trees. This is in stark
contrast to the behaviour of the Anterior Hox genes
and the Posterior Hox genes of protostome taxa in
such trees [42]. The initial hypothesis was that such a
lack of resolution could be due to higher rates of
sequence evolution in the deuterostome Posterior Hox
genes, relative to the Posterior genes of protostomes
or the Anterior Hox genes. Now with additional data,
particularly from the hemichordates, some cross-
phyla orthology relationships do seem to be
appearing after all, between some hemichordate and
echinoderm Posterior Hox genes [40]. The
hemichordate Hox11/13a gene resolves robustly with
the echinoderm Hox11/13a gene. The Hox11/13b and ¢
genes, however, have a slightly more ambiguous
relationship in the phylogenetic trees; the b and ¢
genes group robustly together in a b/c clade, but
hemichordate 11/13b does not group with the
echinoderm 11/13b any more clearly than it does with
echinoderm 11/13¢, and the same is true for
hemichordate 11/13c. Yet another topology is
exhibited by the Hox9/10 genes, which is the type of
relationship that is consistent with the Deuterostome
Posterior ~ Flexibility =~ hypothesis. =~ Namely the
hemichordate Hox9/10 gene does not resolve with the
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echinoderm Hox9/10 gene [33, 40]. In this context
Cameron et al [33] proposed that the Posterior Hox
genes of Ambulacraria and chordates may have
resulted from two independent sets of tandem
duplications. Evidence of such independent
duplications however is not clearly apparent from the
phylogenetic trees, as the ambulacrarian genes do not
form one clade with the chordate genes forming
another [33, 40]. The course of deuterostome Posterior
Hox evolution may thus have taken a mixture of
routes, producing the diversity of tree topologies
described above. Potentially some independent
tandem duplications along the ambulacrarian and
chordate lineages could account for the robust
resolution of some echinoderm and hemichordate
orthologies (e.g. Hox11/13a), possibly with further
lineage-specific duplications (e.g. a Hox11/13b-c
ancestral gene duplicating independently on the
hemichordate and echinoderm lineages - although
this is not clearly supported or refuted by the
phylogenetic trees), whilst Deuterostome Posterior
Flexibility still accounts for many of the unresolved
Posterior gene relationships across the deuterostomes
as a whole (e.g. lack of resolution of ambulacrarian
Hox9/10 genes, and the uncertainty of the
Hox11/13b-c gene relationships).

4. Urochordates: a case of extreme cluster
disintegration and the implications for
Colinearity

The subphylum Urochordata contains the
ascidians such as Ciona intestinalis, the larvaceans such
as O. dioica, the salps (thaliaceans), and the
sorberaceans [37]. Together with cephalochordates the
urochordates are invertebrate sister groups to
vertebrates in the phylum Chordata. Until recently it
was generally accepted that cephalochordates group
with vertebrates to the exclusion of urochordates (eg.
[43, 44]). Now phylogenetic analyses of multiple
protein sequence alignments suggest a closer
relationship between urochordates and vertebrates
than between the latter and cephalochordates [45, 46].

Not withstanding the need to resolve the true
phylogenetic position of urochordates within the
Chordata, ascidians are important to try to
understand deuterostome Hox evolution. Ascidian
larvae exhibit prototypical features of the chordate
body plan; most notably the possession of a
notochord [47]. C. intestinalis belongs to the
Ascidiacea class and is the most intensely studied
urochordate. Nine Hox genes are present in Ciona
(CiHox1,2,3,4,5,6,10,12 and 13) [48,49]. Clearly, several
Hox genes have been lost along the Ciona lineage [49];
at least representatives of Hox7, Hox8 Hox9 and
Hox11l. In addition to this extensive gene loss the
arrangement of C. intestinalis Hox genes is unusual.
Using fluorescent in situ hybridization (FISH) Ikuta
and colleagues [50] showed that Hox genes map on
two chromosomes instead of being together on one,
and those that are on the same chromosome have an
unusual, rearranged gene order, with some large gaps
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between them that contain many non-Hox genes [48,
50]. This derived, disintegrated organisation of the
Hox genes correlates with only remnants of Temporal
and Spatial Colinearity persisting (reviewed in [51]).

Dispersal of the Hox genes has occurred to an
even greater extent in the larvacean urochordate, O.
dioica [8]. In contrast with Ciona however, the
remnants of Spatial Colinearity do seem to have been
conserved (although we cannot, strictly speaking, talk
of Colinearity when there is not a cluster and an
ordered array of Hox genes along the chromosome for
Hox expression to be Colinear with!). Oikopleura has
ten Hox genes (Hox1, 2, 4-1, 4-2, 9A, 9B, 10, 11, 12 and
13), which exhibit spatially coordinated expression in
the notochord, tail, muscle, nerve cord and epidermis
[8]. The expression domains occur in an anterior-
posterior sequence, according to the gene number, i.e.
Hox1 is expressed the most anteriorly and Hox13 the
most posteriorly. This data does however have to be
interpreted with some care. In the molecular
phylogenetic trees only the Hox1, Hox2 and Hox13
sequences group robustly with their orthologues from
other animals. The remaining Oikopleura Hox genes
(Hox4, 9A, 9B, 10, 11 and 12) do not resolve with the
paralogy groups of the same number. For example the
Oikopleura Hox4 gene resides as the sister group to all
of the Central Hox genes of other bilaterians, from
Hox4 to Hox8/AbdA [8]. Also the names of Hox9A
and Hox9B should not be taken to mean that these two
genes are both Hox9 genes that have originated by an
Oikopleura-specific duplication. The two sequences do
not group together in the phylogenetic tree, as
duplicates would be expected to do, and do not
resolve with any particular Posterior Hox paralogy
group (this being consistent with Deuterostome
Posterior ~ Flexibility = as  outlined  above).
Notwithstanding this ambiguity over the naming of
the Oikopleura Hox genes it is clear that their
expression forms a staggered array of domains along
the anterior-posterior axis, even though the genes do
not exist in a cluster. With regards to the temporal
aspect of the expression Seo et al [8] showed that all of
the genes start to express at the same time. So
Oikopleura provides the most extreme case of Hox
cluster disintegration that we know of to date, and
this correlates with a lack of a temporal staggering of
Hox initiation, but the retention of a spatial
staggering.

5. The Amphioxus Hox cluster: the prototypical
chordate (and deuterostome?) Hox cluster

Amphioxus (Branchiostoma floridae) has a single,
intact Hox cluster consisting of 14 genes, AmphiHox1 -
AmphiHox14 (see Figure 1) [42,52]. This Hox cluster is
the only one characterised for a deuterostome so far,
that is not only intact but has also not lost any genes,
and has retained these genes in their ancestral order.
All of the vertebrate Hox clusters have lost some
genes. The urochordates mentioned above, as well as
breaking up their Hox clusters, have also lost genes
(see Figure 1), and the sea urchin cluster has lost its
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Hox4 gene (which is present in other echinoderms
[27]), as well as some Posterior Hox genes judging
from comparisons to other echinoderms which
possess more Posterior Hox genes than the four of the
S. purpuratus cluster [53] (see figure 1).

Along with this prototypical organisation of the
amphioxus Hox cluster the preliminary data
concerning Colinearity also seem to be consistent with
the prototypical nature of amphioxus. Wada et al [54]
have examined the expression of the first four genes
of the amphioxus Hox cluster, and found that they are
activated in a temporal progression from 8-9 hours of
development for AmphiHox1 through to 14 hours for
AmphiHox4. Intriguingly although AmphiHox1, 3 and 4
also exhibit Spatial Colinearity, AmphiHox2 is an
exception. The expression domain of AmphiHox2 is
initially in the mesoderm, and not in the neural tube
[54]. Amphioxus thus exhibits a prototypical Hox
cluster ~organisation for the chordates and
deuterostomes, with Temporal Colinearity at least for
its Anterior region, but with exceptions to Spatial
Colinearity.

The fourteenth amphioxus Hox gene,
AmphiHox14, was a surprising find when it was first
isolated [42]. It was initially unclear whether the gene
was an amphioxus-specific innovation or was
revealing to us that the ancestral condition for the
vertebrate Hox clusters (with 13 paralogy groups) had
not been reconstructed properly from the tetrapod
and fish data available at that time. The discovery of
Hox14 genes in two separate vertebrates, the
Coelocanth and the Horn Shark, has since resolved
the issue, at least to some extent [55], since it implies
that the vertebrate ancestor had a fourteenth Hox
gene as well. It is likely that these vertebrate Hox14
genes are orthologous to AmphiHox14, but as yet this
is not formally proven. The position in the Hox cluster
and the common organisation of the cephalochordate
and vertebrate Hox14 genes, with an intron in the
same place in the homeobox, is consistent with the
amphioxus and fish genes being orthologous.
However the topology of the molecular phylogenetic
trees for these genes does not reveal a robust
grouping of the cephalochordate and vertebrate
Hox14 sequences. So formally they could still have
originated by independent tandem duplications. A
possible way to resolve this uncertainty would be to
see whether the most basal extant vertebrates, the
agnathan fish (lampreys and hagfish), have a Hox14
gene, and if so whether its sequence can then break
the long branches separating the amphioxus and
vertebrate genes, and produce a clearer resolution of
the orthology relationships [56]. Whether a Hox14
gene was also present in the deuterostome ancestor is
another intriguing possibility. Other Ambulacrarian
Hox clusters besides the derived cluster of the sea
urchin are one possible approach that could resolve
this. Intriguingly when the Hox data from across the
echinoderms is considered, there are fourteen
different Hox genes present in the phylum as a whole
(See Figure 1) [57]. But given the phenomenon of
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Deuterostome Posterior Flexibility (see above) the
relationships between the ambulacrarian and
chordate Posterior Hox sequences may remain
incompletely resolved even with further basal
deuterostome Hox clusters.

6. Vertebrates: multiple clusters with gene loss,
and the potential to find the ancestral
Colinearity mechanism(s)

During the early stages of vertebrate evolution
large-scale, probably whole-genome, duplications
occurred. Further whole-genome duplications have
occurred in certain lineages, such as the teleost fish
and then the salmonid fish [58]. This has resulted in
vertebrates possessing multiple Hox gene clusters,
such as the four of mammals and the seven of
zebrafish (caused by duplications to eight clusters,
followed by loss of one entire cluster), and possibly
fourteen in Trout [59]. During the course of the
diversification of the vertebrates, numerous Hox
genes have been lost on the different lineages [60].
The result is that there is not a single vertebrate Hox
gene cluster that possesses a member of every
paralogy group; every vertebrate Hox cluster is
incomplete. This is presumably made possible due to
the extensive redundancy and cross-regulation
between the genes of different clusters [61, 62], as well
as the swapping of functions between paralogues of
different vertebrate lineages [63].

There are several forms of Colinearity in the
vertebrate Hox genes, and the different forms, as well
as separate aspects of each form, are distinguishable
as separate regulatory regions in and around the Hox
cluster [35, 64]. Even one particular form of
Colinearity, such as Temporal Colinearity, seems to be
operating in several contexts (e.g. axial mesoderm,
nervous system, and early and late limb bud
development), with potentially separate regulatory
regions directing the process in each different context
[9, 65]. Can we possibly navigate through such
complexity to discover an ancestral mechanism,
which is homologous to systems used in amphioxus
(and possibly other deuterostomes - although the
various derived deuterostome clusters may have lost
such an ancestral mechanism), and even across the
Bilateria (see figure 1) Although the Hox genes of the
ancestral bilaterian were clearly clustered, were they
expressed in a Colinear fashion, and if so was there a
general, pan-cluster mechanism operating to produce
this Colinearity which has since been conserved in at
least some animal lineages (and awaits our
discovery)?

Temporal Colinearity seems the most likely form
of Colinearity to be acting in a global fashion over
Hox clusters, and hence constraining them in well-
ordered clusters [8, 14, 15, 35]. The mechanism(s) by
which Temporal Colinearity is brought about is still a
mystery, even in such an intensively investigated
system as the mouse. Regulatory regions involved in
at least some aspects of Temporal Colinearity are
however known [35]. Whether these regions are
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responsible for producing Temporal Colinearity in
aspects of embryology that are basal for the chordates,
such as body axis development, rather than solely
involved in vertebrate innovations such as the limb
buds, remains to be resolved (Deschamps and van
Nes [64] suggest the ELCR limb control region could
also be functioning in early embryogenesis (Figure No
8 in reference [64]), whilst Spitz et al [65] suggest the
body axis Colinearity mechanisms are driven from
within the cluster). This endeavour will require not
only the clarification of how the vertebrate Hox genes
are regulated and operating in the various aspects of
vertebrate body-axis development (e.g. paraxial and
lateral mesoderm, as well as neuroectoderm), but also
clarification of the precise degree of homology
between the axial development of vertebrates and
invertebrate chordates such as amphioxus, which may
use mechanisms since lost by the vertebrates (e.g.
engrailed stripes [66]) in addition to conserved,
homologous processes (e.g. RA regulation of the Hox
genes, [67, 68]).

Chromatin  modulation has long been
hypothesised to be involved in Hox regulation, and
has recently been shown to be intimately linked to the
Temporal Colinearity of vertebrate Hox activation [6].
Whether this chromatin modulation is a cause or
effect of Hox regulation needs to be resolved [64], but
it is another good candidate for hunting down an
ancestral mechanism that may have been present not
only in the deuterostome ancestor, but also in the
bilaterian ancestor as well - since the chromatin
modulating complexes of the Polycomb group (PcG)
and Trithorax group (TrxG) proteins are involved in
Hox control in vertebrates and insects [69]. The form
of this PcG/TrxG control is different between
vertebrates and insects, and may be involved at
different points in Hox control (both initiation and
memory [69]), but at least we know of some
homologous  regulatory = proteins  controlling
homologous target genes. The Cdx genes are another
strong candidate [64, 70], as also are the Wnt genes
[71, 72, 73]. The mechanistic link between these
proteins and the Hox genes of prototypical, non-
derived taxa will be of great interest, and may be one
of the best routes to understanding how the bilaterian
ancestor controlled its Hox genes, and whether Hox
Colinearity was produced by a pan-cluster process
that has since been conserved across some bilaterian
lineages, and elaborated upon during the divergence
and differentiation of others.

7. Conclusion

Temporal Colinearity is potentially the most
important form of Colinearity with regards to
constraining the Hox cluster as an intact, ordered
array (with no taxon contradicting this view any more
since the resolution of the sea urchin Hox cluster
organisation). The comparative approach,
encompassing both prototypical and derived taxa, is
essential, both in coming to this conclusion and in
understanding how to proceed further. A mechanistic
understanding of Temporal Colinearity is required,
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not only in a model system such as the mouse, but
also in other taxa such as amphioxus, as well as
protostomes that are less derived than the current
models of Drosophila and nematodes. This should then
reveal whether the Hox cluster arose and then was
constrained by a pan-cluster mechanism before the
divergence of the bilaterian lineages, or alternatively
that the time-span between the origin of the Hox
cluster and the divergence of the bilaterian lineages
was so brief that there was simply not enough time
for the cluster to break-up. In this later scenario, since
the divergence of the bilaterian lineages, some
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viable rearrangements that break them up, whilst
others have since become constrained by the
evolution of lineage-specific pan-cluster regulatory
mechanisms (see Figure 2). Such a deep mechanistic
understanding is essential to discern whether an
apparently similar phenomenon, such as Temporal
Colinearity, that can be observed in different lineages
really is homologous, rather than resulting from the
independent evolution of separate mechanisms that
result in an apparently similar effect; is Temporal
Colinearity homologous across the chordates,
deuterostomes and Bilateria?

bilaterian Hox clusters have finally accumulated

Figure 2. Is there a homologous global Colinearity mechanism across the bilaterians? The left-hand panel represents the
evolution of a global Colinearity mechanism prior to the divergence of the bilaterian lineages, and its subsequent
conservation in some, but not all, lineages. The right-hand panel represents the lack of a global Colinearity mechanism prior
to the divergence of the bilaterians, but the retention of a Hox cluster up to this point due to the origin of the genes by
tandem duplication leading to extensive enhancer-sharing amongst the genes, and a consequent reduced opportunity for
viable breaks in the cluster. Rectangles represent long-range Colinearity mechanisms, of which there can be several
different, lineage-specific types. The black rectangle in the left-hand panel represents a global Colinearity mechanism
potentially present in the bilaterian ancestor and conserved in some lineages. Where this mechanism is lost (the central
lineage of the left-hand panel) the Hox cluster can disintegrate (broken horizontal line). Curved arrows denote
enhancer/gene interactions. Multiple arrows originating from the same point represent enhancers that are shared by multiple
Hox genes. Such enhancer-sharing will restrict the number of locations within a Hox cluster at which viable breaks are
possible, and slow the rate at which Hox clusters can disintegrate. If the time between the origin of the Hox cluster and the
divergence of the bilaterian lineages is relatively short, such a restriction by enhancer-sharing may be sufficient to account
for the retention of a Hox cluster even in the absence of a global regulatory mechanism (right-hand panel). Subsequently
evolving Colinearity mechanisms in disparate bilaterian lineages will then not be homologous.
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