CHAPTER

Are the Deuterostome Posterior Hox
Genes a Fast-Evolving Class?

Robert Lanfear*

Summary
here has been a great deal of interest in analysing the molecular evolution of the Hox cluster
using both bioinformatic and experimental approaches. The posterior Hox genes have been
of particular interest to both groups of biologists for a number of reasons: they appear to
be associated with the evolution of a number of morphological novelties; the protostomes appear
to be have lost a highly-conserved and functionally important amino acid motif (the hexapeptide
motif ) from their posterior Hox genes; and deuterostome posterior Hox genes seem to be evolving
more quickly than all other Hox genes. In this chapter I will discuss the last of these points.

The idea that Deuterostome posterior Hox genes were evolving more quickly than other Hox
genes was first suggested by David Ferrier and colleagues." In this chapter, I start by introducing the
posterior Hox genes—their distribution among the animal phyla and the likely sequence of duplica-
tions that led to this distribution. I then introduce the idea of ‘deuterostome posterior flexibility™
and examine this hypothesis in light of more recent phylogenetic and genomic work on the Hox
cluster. Finally, I discuss some new approaches that could be used to test directly for differential
rates of evolution among Hox genes and to assess what might underlie these differences.

The Distribution of the Posterior Hox Genes in the Metazoa

The posterior Hox genes exist in all the major bilaterian phyla examined so far, as well as in the
Cnidaria (Fig. 1). To date no Hox genes of any kind have been found in any other phyla (either
metazoan or otherwise), thus it seems reasonable to assume that the posterior Hox genes came into
existence after the divergence of the poriferan lineage, but before the divergence of the Cnidaria and
the other Metazoan phyla, roughly 650-850 million years ago.? Broadly speaking, the posterior Hox
genes of the bilaterian phyla can be resolved into three major groupings, which are delineated along
the same lines as the ‘new” animal phylogeny** (Fig. 1): the Deuterostomia (chordates, echinoderms
etc.) possess orthologues of Hox9 to Hox15 genes; and within the Protostomia the Lophotrochozoa
(annelids, molluscs etc.) possess orthologues of the Post-1 and Post-2 genes; and the Ecdysozoa
(insects, nematodes etc.) possess orthologues of the 4bd-B gene. The posterior Hox genes of the
acoel flatworms and the Cnidaria do not group robustly with any of the major groupings described
above, although it is well established that they are indeed posterior Hox genes.>'® Despite occasional
difficulties in assigning Hox genes to one of these three groupings, the major bilaterian groupings
of posterior Hox genes have been repeatedly confirmed by different phylogenetic studies,"!* and
are considered so robust that the possession of one type of posterior Hox gene or another is now
considered good evidence on which to base the phylogenetic affinity of otherwise enigmatic taxa.*'®
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Figure 1. A sketch of the evolutionary history and current distribution of posterior Hox genes.
Shading indicates approximate orthology relationships. Overlaid boxes (e.g., Hox9a and
Hox9b in Urochordates) indicate recent duplication events. Question marks in boxes represent
uncertain orthology relationships (see text) and on question marks on the phylogenetic tree
represent uncertain phylogenetic relationships. Where linkage relationships are known, they
are indicated by connecting lines between boxes. Data references are as follows: Cnidaria,®
Acoela,” Annelida,'> Nemertea,' Platyhelminthes,'” Mollusca,' Brachiopoda,'? Chaetognatha,'
Arthropoda,” Onychophora,? Priapulida,'? Nematoda,?' Hemichordata,"” Echinodermata,"
Cephalochordata,?? Urochordata,* Vertebrata.?*

Unfortunately, the more or less robust grouping of many different types of posterior Hox genes is not
reflected in their nomenclature and more often than not the existence of two posterior Hox genes
with the same name is no indication of their relatedness (see e.g., Fig. 1 in which the major orthology
groups are indicated by shading and the names are listed underneath).

Problematic Assignments of Hox Genes as ‘Posterior’

Despite the relatively simple sketch of the distribution of posterior Hox genes given above, there
are a number of instances in which the classification of a Hox gene as ‘posterior’ remains uncertain
(indicated in Fig. 1 with a ?’). In some cases, orthology assignment is problematic because only
very short fragments of the Homeobox have been sequenced and isolated.>* In other cases how-
ever the situation can be somewhat more complex and the analysis of the whole homeodomain as
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Are the Deuterostome Posterior Hox Genes a Fast-Evolving Class? 3

well as its flanking sequences has proved insufficient to confidently ascertain whether some genes
are posterior Hox genes at all, let alone to decide whether they fall into any of the three major
groupings of posterior Hox genes described above. A case in point is the posterior Hox genes of
the cnidarian Nematostella vectensis. Initial phylogenetic analyses of homeodomain sequences sug-
gested that this species did not contain any true posterior Hox genes at all,” however a recent (and
more thorough) re-analysis of precisely the same dataset, using the same phylogenetic procedures,
suggests the opposite.® Despite disagreements about specific cases, however, it is well accepted that
there exist a number of other posterior Hox genes in the Cnidaria.”’

Another problematic case is the MedPost genes of chactognaths. The homeodomains of these
genes contain diagnostic residues of both the median (namely Q6, T7 and ES9 and the LTR(R/K)
RRI peptide at positions 26-32) and posterior (K3, A14, R18, Y20, Q36) Hox genes.* They were
thus initially suggested to be mosaic genes that had arisen prior to the divergence of true posterior
Hox genes from the other Hox genes. On the basis of this and the failure to find any unambigu-
ous posterior Hox genes in chactognaths, it was suggested that chactognaths may have diverged
from the bilaterians before the protostome/deuterostome split.® Recently however, a Medpost
orthologue and two true Posterior genes (PostA and PostB) have been discovered in a different
chaetognath species."” The discovery of true Posterior Hox genes (although they are difficult to
resolve to one of the three major classes of posterior Hox genes mentioned above) suggests that
the MedPost genes are likely to be a chaetognath-specific innovation, although their origin remains
obscure. It is possible that they will end up being classified as true posterior Hox genes on the
basis of data other than the sequence alone (e.g., data on their position in the cluster and on their
developmental role).

Finally, the nematode Hox gene eg/-5 has also been the subject of some controversy. Although
a number of studies have suggested that eg/-5 is a posterior Hox gene based on sequence analysis
and its position in the remnants of the C. elegans Hox cluster,”*"* others have suggested that eg/-S
cannot be classified as a posterior Hox gene with any certainty.*'2

Early Duplications of the Posterior Hox Genes

In order to examine whether the deuterostome posterior Hox genes are a fast-evolving class, it is
helpful to first clarify the sequence of duplications that led to the current distribution of posterior
Hox genes in the extant taxa. Figure 1 shows an attempt to do this, with predicted numbers of
posterior Hox genes marked onto ancestral nodes of the tree. Three types of uncertainty limit the
accuracy of this procedure: uncertainty in the phylogenetic placement of certain taxa (e.g., the
chaetognaths), uncertainty as to the relationships between different posterior Hox genes (e.g., the
Hox9-15 genes of cephalochordates and the Hox9-14 genes of most vertebrates) and uncertainty
as to the classification of some genes as posterior Hox genes (see above).

There is another problem inherent in the estimation of ancestral gene content, which is distinct
from those listed above—there is very likely to be an ascertainment bias in our knowledge of the
distribution of posterior Hox genes amongdifferent taxonomic groups. The majority of Hox genes
have been discovered by PCR surveys or the screening of genomic libraries, both of which are
limited techniques insofar as they are only able to recover sequences that are sufficiently similar
to other known sequences. Because of this, it has often been the case that initial PCR surveys
greatly underestimate the number of Hox genes in a given species. As such, we can only be sure of
the Hox gene content of a given species once a fully assembled genome sequence is available and
even when this is the case, current problems with whole-genome assembly methods mean that it
is preferable to double-check the assembly using genomic walking. These methodological issues
are neatly illustrated by the recent discovery of the amphioxus Hox15 gene. This gene had gone
undiscovered until the recent completion of the amphioxus genome, despite the fact that the
amphioxus Hox cluster is among the most thoroughly studied of all Hox clusters"***' and that a
previous study which had explicitly set out to look for a Hox15 gene in amphioxus had concluded
that it didn’t exist.” This ascertainment bias in Hox gene identification will tend to favour the
discovery of Hox genes in those clades for which we have more genome sequences—both due to
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4 Hox Genes’ Studies from the 20th to the 21st Century

the direct identification of Hox genes from the genome sequences themselves and by the indirect
use of those genome sequences to fine-tune methods of ‘fishing’ for Hox genes in closely related
species. Therefore, it is possible that a proportion of the excess of posterior Hox genes known in
deuterostomes might be due to the effects of ascertainment bias in this clade.

Despite the difficulties inherent in such a procedure, it is still possible to estimate the posterior
Hox gene complement of hypothetical ancestral species at important points in the history of the
Metazoa. The number of posterior Hox genes at each ancestral node in Figure 1 was estimated by
comparing phylogenetic trees of Hox genes from various sources and from the discussions of previ-
ous authors,>6810-121415182022.303341 Eo r instance the posterior Hox gene complement of the chordate
ancestor (Fig. 1), likely contained 5 or 6 genes (although other numbers are also conceivable): a
minimum of 5 posterior Hox genes seems probable since all chordates have at least 5 posterior
Hox genes which tend to group together (although with little resolution) on phylogenetic trees.
However there is some evidence that the chordate ancestor may have possessed 6 posterior Hox
genes as both cephalochordates and some vertebrates** possess a Hox14 and it is quite possible
(though difficult to show with any degree of certainty) that the vertebrate and cephalochordate
Hox14 genes are homologous and that the chordate ancestor therefore also possessed a Hox14.>

The ‘Deuterostome Posterior Flexibility’ Hypothesis

“Deuterostome posterior flexibility” refers to the hypothesis that the posterior Hox genes of
Deuterostomes are evolving at a faster rate than other Hox genes.! This hypothesis was put forward
to explain the fact that in phylogenetic analyses the posterior Hox genes of deuterostomes (Hox9+)
tend to be poorly resolved, whereas the posterior Hox genes of protostomes tend to resolve with
high support (into the 4bdB-like genes for the Ecdysozoa and the PostI-like and Posz2-like genes for
the Lophotrochozoa). In this section, I introduce the original observations that the deuterostome
posterior flexibility hypothesis was put forward to explain and discuss this hypothesis in light of
recent phylogenetic and genomic studies.

Ferrier et al' undertook a genomic walk along the Amphioxus Hox cluster and discovered
four new posterior Hox genes—/]mpbi[—[oxl 1, AmpbiHox] 2, AmphiHox] 3 and AmphiHoxI 4.
Phylogenetic analysis of a large dataset of posterior Hox genes was carried out using maximum
parsimony (MP) and neighbour-joining (NJ). These analyses showed that groupings of 46dB-like
genes from the Ecdysozoa and Postl-like and Posz2-like genes from the Lophotrochozoa were
recovered with high bootstrap support. In contrast there was very low support for the grouping
together of the deuterostome posterior Hox genes—individual orthology groups from within the
vertebrates (e.g., vertebrate Hox12) were recovered with high support, but support for clustering
of these groups with any other deuterostome posterior Hox genes was almost always less than 50%,
well below the levels usually required for confident phylogenetic inference. The authors explored
two possible evolutionary hypotheses for the origin of the amphioxus posterior Hox genes using a
maximum likelihood (ML) based statistical significance test. The first hypothesis was that the am-
phioxus posterior Hox genes had arisen independently after the split of the amphioxus and vertebrate
lineages and the second was that each amphioxus gene was orthologous to a vertebrate gene (c.g.,
AmphiHox10is orthologous to vertebrate Hox10). Interestingly, the first hypothesis (independent
duplication) was significantly rejected, whereas the second hypothesis (orthologous genes) was
statistically indistinguishable from the ML tree.! Thus, the most parsimonious explanation by far
(with respect to the number of gene duplication and loss events that have to be postulated to explain
a given phylogenetic tree) is that the chordate ancestor possessed copies of Hox9, Hox10, Hox11,
Hox12 and Hox13 and that amphioxus and the vertebrates each inherited copies of these genes.
The puzzle therefore was why the protostome groupings of posterior Hox genes (e.g., the AbdB-like
genes) could be recovered with high confidence, whereas the deuterostome posterior Hox genes
could not. Ferrier and colleagues resolved this dilemma by suggesting that deuterostome posterior
Hox genes were evolving at a faster rate than other Hox genes. A faster rate of evolution would in
turn have led to a faster degradation of phylogenetic signal in these genes and could therefore explain
their lack of resolution in phylogenetic trees.
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Recent Analyses Broadly Support the Posterior Flexibility Hypothesis

The enormous interest in the evolution of the Hox cluster has meant that a number of recent
studies have performed comparable phylogenetic analyses to those in the Ferrier et al’ study in
which the deuterostome posterior flexibility hypothesis was proposed. Five studies in particular
have included a wide representation of metazoan posterior Hox genes and reported measures
of clade support such as nonparametric bootstrap proportions (BP) or Bayesian posterior
probabilities (BPP).!M4152223 Three of these studies include a dataset sufficient to compare
the phylogenetic resolution of the posterior Hox genes of protostomes (i.c., the 4bdB-like,
Post1-like and Posz2-like genes) to the phylogenetic resolution of the posterior Hox genes of
deuterostomes (i.c., the Hox9+ genes). All of these three studies support the observation that
the resolution of the protostome posterior Hox genes is far higher than that of the deuterostome
posterior Hox genes.'"'*!> Additionally, two more studies support the notion that there is low
resolution among the deuterostome posterior Hox genes relative to the deuterostome anterior
Hox genes, although neither of these include sufficient data to compare this to the resolution of
the protostome Hox genes.”? These five studies do not represent five completely independent
tests of the deuterostome posterior flexibility hypothesis as all of the studies use somewhat
similar datasets and methods. However, it has recently been shown that conclusions drawn from
phylogenetic analyses of homeodomains can be extremely sensitive to small changes in dataset
composition and phylogenetic methodology,* so the agreement of all comparable studies to
date lends credence to some important aspects of the hypothesis.

Despite the broad support for the deuterostome posterior flexibility hypothesis in recent
studies, one interesting caveat to the hypothesis has emerged—that the hypothesis might
not apply to all posterior Hox genes in all deuterostome taxa.'*!> Both echinoderms and
hemichordates have at least four posterior Hox genes (Hox9/10, Hox11/13a, Hox11/13b and
Hox11/13c; see Fig. 1) whose similar nomenclature in the two taxa represents the likelihood
that they were all inherited from a common ancestor (although this is disputed®?). Two of these
genes (Hox9/10 and Hox11/13a) seem to show phylogenetic resolution consistent with the
posterior flexibility hypotheses—i.e., they are poorly resolved. The other two genes (Hox11/136
and Hox11/13¢) however, have been shown to group together with strong support in recent
analyses: Holland et al*? report a BPP of 0.92, a ML BP of 95% and a NJ BP of 99% for the
grouping of Hox11/13b and Hox11/13c sequences and Cameron et al'' report a NJ BP of 88%
for the same grouping. Interpretation of this situation is complicated by the lack of resolution
within the Hox11/13b and Hox11/13¢ clade. It might be the case that an ancestral Hox11/13b
gene duplicated independently and recently in the hemichordate and echinoderm lineages to
form the Hox11/13¢ genes. This explanation is consistent with the deuterostome posterior
flexibility hypothesis, in that the high support for the grouping can is reconciled with fast
rates of molecular evolution by the postulation of a recent duplication. Another explanation
for the same pattern, preferred by some authors,'*" is that both Hox11/13b and Hox11/13c¢
were present in the hemichordate/echinoderm ancestor. This hypothesis is not consistent with
deuterostome posterior flexibility, in that it requires these two genes to have been evolving
much more slowly than other deuterostome posterior Hox genes (and thus retaining a greater
proportion of their phylogenetic signal than other deuterostome posterior Hox genes, since
both the hemichordate/echinoderm and the cephalochordate/vertebrate splits are predicted
to have occurred at around the time of the Cambrian explosion®*). Distinguishing among
these possibilities will require detailed statistical tests of phylogenetic topologies, in order to
compare trees consistent with each hypothesis.

In addition to phylogenetic studies, two recent genomic studies”* have made observations
that are consistent with the deuterostome posterior flexibility hypothesis. Both of these studies
have shown that the intergenic regions between the posterior Hox genes tend to be less conserved
than those between the anterior Hox genes. This is consistent with the notion that not only the
coding sequences but also the regulatory regions of deuterostome posterior Hox genes are evolving
at a faster rate than those of the deuterostome anterior and central Hox genes.
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The Mechanistic Basis of Deuterostome Posterior Flexibility

In essence the deuterostome posterior flexibility hypothesis is based upon the observation
that most deuterostome posterior Hox genes appear less well resolved than other Hox genes in
molecular phylogenetic analyses. Explanations for this pattern of phylogenetic support can be split
intotwo broad categories. The first category of explanations presupposes that most deuterostome
posterior Hox genes are evolving faster than most other Hox genes and goes on to propose possible
reasons why this might be the case. The second category of explanations attempts to explain how
the observed patterns of phylogenetic support might have arisen in the absence of differential rates
of evolution. Each of these categories is discussed in more detail below.

Faster Rates May Be Linked to Gene Duplications

There are a number of mechanisms that have been suggested to underlie a faster rate of molecular
evolution in the deuterostome posterior Hox genes, of which perhaps the most convincing is that
the increased rate is linked to gene duplication events.! Although exact numbers are hard to estimate
(see Fig. 1), it is clear that there have been significantly more duplications of posterior Hox genes
in the deuterostome lineage than in the protostome lineage. Following a gene duplication event,
the most likely outcome is that one of the two ‘daughter’ genes quickly degenerates to become a
pseudogene through the acquisition of deleterious mutations (‘nonfunctionalisation’). It is also
conceivable (though unlikely) that one of the two daughter genes acquires a beneficial mutation
that confers a new function (‘neo-functionalisation’). A third possibility is that the two daughter
genes evolve in such a way that the functional repertoire of the original gene is divided between them
(‘sub-functionalisation) also known as the duplication-degeneration-complementation model).*2
Gene duplications can lead to an increase in the rate of molecular evolution in two ways. First,
there is likely that there is a brief period of relaxed selective constraint immediately following a
duplication event.”** Second, both neo- and sub-functionalisation—which are likely to have oc-
curred in the majority of the posterior Hox genes present in the extant taxa, by virtue of the fact
that the genes are still operative—imply a period of positive selection as the genes evolve to operate
with a new or subdivided functional repertoire.’ Indeed, although it might well be impossible
to demonstrate whether there had been relaxed or positive selection following ancient Hox gene
duplications® (such as those duplications which created many of the posterior Hox genes), there
is good evidence from more recent Hox gene duplications that these processes do occur within
the Hox cluster.®”*>8 Thus, given the excess of gene duplications in the posterior Hox genes of
deuterostomes relative to other taxonomic groups, it is likely that there exists a link between these
duplications and an increased rate of molecular evolution, thus potentially explaining the observa-
tion of low phylogenetic resolution among deuterostome posterior Hox gene sequences.

Faster Rates May Be Linked to Morphological Evolution

Another prominent feature in the recent literature is the hypothesised link between the
evolution of Hox genes and the evolution of morphological novelties.””** With respect to the
deuterostome posterior flexibility hypothesis, there are tantalising correlations between the expan-
sion of the chordate Hox cluster and the evolution of a chordate-specific features.”” Among other
novelties, the posterior Hox genes are intimately involved in the patterning of the post-anal tail
of all chordates,* the limbs and digits of vertebrates® and have been implicated in the evolu-
tion of the pelvis—a key adaptation for the tetrapod lineage.** Morphological novelties and the
genes that are involved in patterning them, might have fast rates of evolution for two reasons.
First, both genes and morphology might be evolving under strong positive selection and second
the morphological features may not be as tightly constrained—ecither in a developmental or an
evolutionary sense—as many other morphological features and thus many more mutations which
affect the patterning genes are likely to be selectively neutral. In contrast to the posterior Hox
genes, it has been argued that the structures that the anterior and central Hox genes are responsible
for patterning tend to be highly constrained (e.g., the neural tube of cephalochordates and the
rhombocephalon of vertebrates).
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It will be very difficult to test effectively whether there exists (or existed) a causal link between
the rate of evolution of the posterior Hox genes and the development of new morphological features
in certain taxa. However, there are two lines of evidence that are suggestive of such a link. First,
the observation that the intergenic regions of deuterostome posterior Hox genes tend to be less
conserved than the intergenic regions of other deuterostome Hox genes provides good evidence that
the posterior Hox genes of chordates are less tightly constrained than either the anterior or central
Hox genes. This observation seems to square well with the degree of evolutionary constraint of the
structures which these genes pattern.”* Second, the echinoderm/hemichordate clade is thought
to have inherited a small post-anal extension from the deuterostome ancestor,” a feature that has
been lost or obscured in echinoderms™ and remains un-elaborated in hemichordates (despite the
expression of all three hemichordate posterior Hox genes in this region™). It is interesting there-
fore that the posterior Hox genes of these phyla are those that appear to buck the deuterostome
posterior flexibility trend and have a slower rate of evolution than other deuterostome posterior
Hox genes (see above). At present, this is just a coincidental observation, but genomic studies of
the degree of conservation of intergenic regions in the hemichordate/echinoderm clade would
be extremely informative with respect to a possible link between the rates of molecular and mor-
phological evolution.

Processes Other Than Faster Rates Might Be Operating

It is possible that the observations that led to the proposal of the deuterostome posterior
flexibility hypothesis could be explained without the need to posit differential rates of molecular
evolution among Hox genes. No studies have explicitly compared the rates of evolution of different
Hox genes. Indeed, in those cases where molecular branch lengths have been included in published
analyses of Hox genes, there is no obvious trend for the deuterostome posterior Hox genes to have
significantly longer branches than other Hox genes™?* as would be expected if they were evolving
at a faster rate. It has been suggested that the observed patterns of phylogenetic support might
be the result of nonphylogenetic signal in the data, rather than the result of differential rates of
evolution among Hox genes.

Some models of the evolution of the Hox genes have been suggested in which there were long
periods of stasis in the evolutionary history of certain genes.”** If such periods of stasis had oc-
curred during the evolution of the deuterostome posterior Hox genes then it could create problems
for phylogenetic analyses as it contravenes the assumption that phylogenetic distance will tend
to increase with time. Although the implications of this for phylogenetic analyses have not been
worked out in detail, it is conceivable (though perhaps unlikely) that such periods of stasis could
contribute to the observed patterns of phylogenetic support among Hox genes.

A more plausible source of nonphylogenetic signal that could confound phylogenetic analyses
involves the co-evolution of interacting proteins. It has been suggested that in those cases where
a group of genes interact with a given protein (for instance vertebrate posterior Hox genes all
interact with Meis1 proteins™), changes in the given protein (Meisl in this case) within a given
lineage might lead to correlated changes in all of the interacting proteins (the posterior Hox
genes in this case) in that lineage.”® This is problematic for conventional phylogenetic analyses as
a fundamental assumption of such approaches is that all genes are evolving independently in all
lineages. Simulations suggest that in those cases where the gene duplications are ancient and the
evolutionary rate of the given protein is slow relative to the interacting proteins (as might be the
case for the posterior Hox genes and Meisl respectively) a conventional phylogenetic analyses
of the duplicated genes will tend to be poorly resolved.” Thus it is feasible, although it remains
untested, that this kind of process might explain the observed pattern of phylogenetic resolution
among the Hox genes.

Conclusions and Future Directions

In the eight years since it was proposed that the deuterostome posterior Hox genes might be
a fast evolving class a great many new Hox gene sequences have been published and a number of
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8 Hox Genes’ Studies from the 20th to the 21st Century

genomic studies of Hox genes have been undertaken. Concomitantly, our understanding of phy-
logenetic methodology, genomics and molecular evolution has increased significantly. However,
despite these advances it is still difficult to come up with a reliable answer to the question: “Are the
deuterostome posterior Hox genes a fast evolving class?” In general the available evidence weighs
in favour of the idea that the majority of deuterostome posterior Hox genes are fast-evolving and
the most likely mechanistic explanation for this is (in my opinion) that it is largely a result of the
effects of gene duplication. It is difficult to make more concrete conclusions than this as there
are a number of key deficiencies in the available data which preclude taxonomically broad-scale
comparisons of the rates of evolution of different Hox genes and thus also preclude meaningful
comparisons of the mechanistic underpinnings of such rate variation. Below I indicate where the
current deficiencies in our understanding lie and suggest some approaches that might be taken to
remove these deficiencies.

To date there have been no studies which have explicitly measured the rates of evolution of
different Hox genes in different metazoan lineages. Therefore although it is tempting to speculate
that the observed patterns of phylogenetic support for different Hox genes may be the result of dif-
ferential rates of evolution of different genes in different lineages, this claim cannot yet be made with
much confidence. A comparative study of substitution rates in Hox genes is particularly important
since it has been argued that not all deuterostome posterior Hox genes are fast evolving and that
it is instead a phenomenon limited to the chordates.!*!"> The data and the methods to conduct a
comparative study of rates of molecular evolution in the Hox genes are already available, although
their application will be complicated by the very short alignable (60 amino acid) regions of different
Hox genes.”* Nevertheless, it might be possible to circumvent these difficulties by estimating the
absolute rates of evolution of posterior Hox genes of closely related taxa using a dated molecular
phylogeny and then comparing these absolute rates between different genes and taxa.

Ifa method can be found which allows the rates of evolution of different Hox genes in different
lineages to be measured reliably, it may also be possible to compare the extent to which different
putative explanatory variables (e.g., morphological evolution or gene duplication events) might be
responsible for the observed variation in rates. For instance, methods which have been developed
to test for links between rates of molecular evolution and speciation rates™”¢ could be adapted to
test for a link between rates of molecular evolution and gene duplication events. Currently avail-
able methods to test for alink between morphological and molecular rates of evolution”® would
be much harder to apply to the Posterior Hox genes, however if such a study were carried out it
would be the first study of its kind to systematically compare the rates of molecular evolution of
developmental genes with the rates of evolution of the morphological features that those genes
are responsible for patterning.

It is always difficult to rule out systematic bias in phylogenetic studies and it has been sug-
gested that this might be a particular problem for studies of the Hox genes.”® In particular, it has
been suggested that co-evolutionary dynamics among Hox genes may confound conventional
phylogenetic analyses, but thankfully there are existing methods that could be used to test for the
existence of such processes in Hox genes.”>” If robust conclusions are to be made about differential
rates of evolution in Hox genes in the absence of comparative studies of substitution rates, it will
be important to carry out such tests.

The results of genomic studies indicate that the intergenic regions of the chordate posterior Hox
genes are evolving more quickly than those of the other Hox genes of chordates. #4581 Although
this observation is certainly consistent with the idea that the deuterostome posterior Hox genes are
afast evolving class, it is insufficient to assess whether the posterior Hox genes of all deuterostomes
are evolving more quickly than all of the other deuterostome Hox genes and these data are also
uninformative with respect to the relative rates of deuterostome Hox genes to Hox genes from
other phyla. An extension of the genomic approach to both the rest of the deuterostomes (i.e., the
hemichordates and echinoderms) and to nondeuterostome taxa will be important in this respect.
Fortuitously, the huge increase in the availability of complete genome sequences on public databases
should make this kind of work far quicker and less expensive in the future than it has been to date.
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Indeed, it would already be possible to carry out comparable studies on a number of protostome
genomes, although given the current limitations of the methodology™ it might prove to be the
case that some of the currently available genome sequences are too divergent, or the Hox clusters
too large, for such methods to be applicable.

Finally, current analyses of the evolution of Hox clusters can be somewhat hampered by the
difficulty of assigning Hox genes to particular orthology groups. This is a particular problem with
the deuterostome posterior Hox genes and a key area of work in this respect is further sequenc-
ing of the Hox clusters of key deuterostome taxa—in particular the lamprey and hagfish and the
Xenoturbella—which it might be hoped will further elucidate the evolutionary history of the Hox
clusters of deuterostomes.
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