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ABSTRACT The phylogenetic relationships of 21 murine
Anp-class (Drosophila mutation Antennapedia-type class) ho-
meobox genes have been analyzed, and several groups of related
genes have been identified. The murine Antp-class homeobox
genes are localized within four gene clusters. The similar struc-
tural organization ofthe four gene clusters strongly suggests that
genes within a group of related Antp-cla homeobox genes are
derived from duplications of large genomic regions. After the
duplication, the gross structures of the homeobox gene clusters
have been maintained over a long period of evolutionary time,
indicating that the specific organization of genes within a cluster
may be of functional importance.

The analysis of gene families has contributed to our under-
standing of the molecular evolution of genes and genome
structures. Members of the homeobox gene family are char-
acterized by the presence of a conserved 183-base-pair (bp)
nucleotide sequence, the so called homeobox (1, 2). The
homeobox was originally described in several Drosophila
genes involved in pattern formation control during early
embryonic development (reviewed in refs. 3 and 4). Ho-
meobox genes have been found in many species (1, 5). At
least 26 homeobox genes have been identified in the mouse
genome. Most of the murine homeobox genes are organized
in four gene clusters (Hox-1, -2, -3, and 41-5; see Fig. 4) on
chromosomes 6, 11, 15, and 2, respectively (see refs. 6-9).
The 21 murine homeobox genes localized within the four gene
clusters share nucleotide sequence similarities of 54-92% to
each other and are referred to as the Antp-class (Drosophila
mutation Antennapedia-type class) homeobox genes. The
high sequence similarity of the homeobox as well as the
conservation of the structure and organization of genes
within the clusters make the Antp-class of homeobox genes
an excellent system to study phylogenetic relationships of
genes within a gene family.

Similarities between homeobox sequences have been used
by several authors to define groups of related murine ho-
meobox genes (6-8, 10-14). In these analyses pairwise
comparisons of the amino acid sequences ofa limited number
of genes were performed. To study the phylogenetic rela-
tionships of murine Antp-class homeobox genes in greater
detail, we performed cladistic analysis of the homeobox
sequences and sequence comparisons of regions outside the
homeobox from all known murine Antp-class homeobox
genes. Our results strongly indicate that in the vertebrate
lineage, the four homeobox gene clusters have arisen through
the duplication of an ancestral gene cluster.

MATERIALS AND METHODS
Nucleotide and amino acid sequences were taken from the
literature, except for the Hox-1.2 cDNA sequence (J. Gar-

bern, personal communication). Trees relating homeobox
sequences were constructed by using the PAUP program
version 2.4.0 (15). "Non-informative" characters were omit-
ted. Characters are considered as informative only if at least
two characters each occur in more than one taxon (15). The
SWAP=GLOBAL and MULPARS options in PAUP were used to
find the most parsimonious trees. Distance matrices from
pairwise comparisons were made by a program kindly pro-
vided by C. Stephens (16). No gaps were introduced in the
homeobox sequences when analyzed by PAUP or in distance
matrices. Dot matrix comparisons were performed with the
DNA INSPECTOR IIe program (Textco, W. Lebanon, NH). A
list of sequences and references as well as distance matrices
and dot-plot comparisons are available on request.

RESULTS AND DISCUSSION
Murine Antp-Class Homeobox Genes Belong to Separate

Cognate Groups. We have constructed trees relating the
nucleotide sequences of the highly conserved homeobox
region from 21 murine Antp-class homeobox genes using the
PAUP computer program (Fig. 1). PAUP is designed for infer-
ring phylogenies under the principle of maximum parsimony
(15). Briefly, the program works by adding taxa to a branch-
ing cladogram at positions and with branch lengths repre-
senting relatedness of sequences. Branch lengths are calcu-
lated as the minimal number of steps (transformations from
one character state to another) required to explain the
observed differences in character states between taxa. Dif-
ferent search options like local and global branch swapping
are then used to increase the likelihood offinding the shortest
tree. The tree length is calculated as the total number of steps
required to explain the occurrence of character states of all
taxa in the tree. Fig. 1 represents four equally parsimonious
trees created by PAUP that relate the nucleotide sequences of
homeobox regions from the Antp-class homeobox genes.
Several groups of related homeobox sequences (cognate
groups) are apparent: the Hox-2.1 group, the Hox-2.4 group,
the Hox-2.5 group, the Hox-1.4 group, and the Hox-2.7
group. The same sequence relationships, except for the
branching order of the Hox-2.5/-5.3 clade, have been estab-
lished in trees that were based on the analysis of distance
matrices (17).

Also, regions outside the homeobox have been compared
from those homeobox genes for which cDNA sequences are
known. Dot matrix comparisons ofnucleotide and amino acid
sequences showed that the Hox-2.4/-3.1 genes, the Hox-
1.31-2.1 genes, the Hox-1.1/-2.3 genes, and the Hox-
1.41-2.61-5.1 genes represent groups of closely related ho-
meobox genes (refs. 10, 11, and 18 and references therein;
K.S., unpublished results). In the PAUP analysis, the Hox-
1.31-2.1 genes were also recognized as a group of related
sequences. In addition, the comparison of cDNA sequences
could identify the Hox-).1 and -2.3 genes as a separate
cognate group within the Hox-2.2/-2.3 group. The similarity
of the Hox-2.6 and -5.1 sequences outside the homeobox
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FIG. 1. Tree relating nucleotide sequences of the homeobox
regions from the murine Antp-class homeobox genes. The tree was
created by PAUP. Characters were treated as unordered characters.
The tree has been identified by PAUP as one of four equally parsi-
monious trees. The arrows indicate the branching orders in the other
trees. Horizontal branch lengths indicate relative distances ofbranch
points, whereas vertical branch lengths are arbitrary. The tree is 480
steps long and shows a consistency index of 0.431.

region suggests that the Hox-2.6 gene might represent a
member of the Hox-1.4/-5.1 group.

Partial cDNA sequences have been published for several
other homeobox genes allowing us to compare a region
between the homeobox and a conserved hexapeptide up-
stream of the homeobox. Within this region, a splice site has
been predicted for all mouse Antp-class homeobox genes
analyzed. The position of splice sites, the distance between
the homeobox, and the hexapeptide are identical for groups
of sequences (Fig. 2). Also, the nucleotide and amino acid
sequences are highly similar for the same groups. Therefore,
these features provide additional criteria to identify related
genes within the homeobox gene family. The comparisons of
these regions confirmed the results on the relationships of
genes in the Hox-2.1, -2.4, and -2.5 groups as obtained in the
PAUP analysis and defined two additional groups of related
homeobox sequences, Hox-2.2 (Hox-1.2, -2.2, -3.3) and Hox-
2.3 (Hox-J.J, -2.3) within the closely related genes of the
Hox-2.2/-2.3 group. It is also apparent that the regions
between the homeobox and the conserved hexapeptide in the
Hox-2.6 and -5.1 genes are highly similar. Therefore, we
concluded that the Hox-2.6/-1.4 and -5.1 genes form a group
of related homeobox genes. Changing the branching order of
the Hox-2.6 homeobox sequence in the nucleotide tree in
such a way that the Hox-2.6/-1.4/-5.1 genes are derived from
a common ancestor increases the length of the resulting tree
by only two steps.

In conclusion, our analyses identified at least seven groups
of related homeobox genes in the mouse: Hox-2.1, -2.2, -2.3,
-2.4, -2.5, -2.6, and -2.7. The Hox-1.6 and Hox-5.3 ho-
meoboxes probably represent genes from additional groups
from which other members have not yet been described. Fig.
3 represents a phylogenetic tree that not only reflects se-
quence similarities of the homeobox regions but also struc-
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FIG. 2. Alignment of regions between the conserved hexapeptide
and the homeobox from different mouse homeobox genes. A gap has
been introduced to align the Hox-2.1 sequence to the Hox-1.3
sequence. Splice sites are indicated by arrows. (Hox-1.2 sequence
from J. Garbern, personal communication.)

tural similarities of regions outside the homeobox. In this
tree, the Hox-2.6 homeobox is connected to the Hox-1.4/-5.1
clade and the Hox-2.2/-2.3 group is divided into two separate
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FIG. 3. Phylogenetic tree for nucleotide sequences of the ho-
meobox region from the murine Antp-class homeobox genes. The
topology of the tree is user-defined (as discussed in the text).
Characters were treated as unordered. Horizontal branches corre-
spond to the relative distances of sequences; vertical branch lengths
are arbitrary. The arrow indicates the alternative branching of the
Hox-5.2 sequence. The tree is 490 steps long.
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cognate groups. The members within each group are pre-
dicted to have been derived from acommon ancestral gene by
gene duplication. As more cDNA sequences become avail-
able it should be possible to further test and extend our
conclusions about the phylogenetic relationships of murine
Antp-class homeobox genes, as illustrated in Fig. 3. Our
analyses demonstrate that comparisons ofregions outside the
homeobox need to be included to separate genes with high
sequence similarities in the homeobox region into different
groups.
When we used only the nucleotide sequences from the

homeobox regions in our PAUP analyses, the Hox-2.2/2.3
groups could not be resolved as two separate groups. This
may be due to the extremely high sequence similarities of the
homeobox regions from these genes. High similarities of
sequences as found in the Hox-2.2/-2.3 groups can be ex-
plained in several ways. For example, genes that have
evolved very recently will not have diverged considerably. In
such cases, high ratios oftransitions versus transversions can
generally be expected (19), which we have not observed (data
not shown). Therefore, the high sequence similarities are
most likely the result of gene conversions or selective con-
straints for particular sequences.
Murine Homeobox Gene Clusters Have Evolved Through the

Duplication of a Large Genomic Region. The analysis of the
Antp-class homeobox genes has shown that groups of related
genes can be identified that are derived from a common
ancestor (Fig. 3). When these sequence relationships are
projected onto the structrual organization of the genes in the
Hox-J, -2, -3, and 4/-5 clusters (Fig. 4), it becomes apparent
that the duplication event giving rise to groups of related
genes involved the duplication of an entire homeobox gene
cluster.
Genes from a particular cognate group can be found at the

same position within the Hox-J and Hox-2 clusters (Fig. 4).
For example, the Hox-1.3 homeobox gene is most similar to
the Hox-2.1 homeobox gene, and both genes can be found at
the same position within their respective cluster. In addition,
the proximal-distal order of Hox-1 genes (i.e, Hox-1.2, -1.3,
and -1.4) in the Hox-J cluster is identical to the order of
related genes in the Hox-2 cluster (Hox-2.2, -2.1, and -2.6).
The same is true for the rest of the gene loci in the Hox-1 and
Hox-2 cluster. Furthermore, the spacing of cognate genes in
different clusters is very similar (Fig. 4), and all genes
analyzed so far are transcribed in the same 5'-to-3' direction.
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Therefore, genes in the Hox-) cluster can be aligned to their
cognate genes from the Hox-2 cluster (Fig. 4), suggesting that
both clusters originated from the duplication of a common
ancestral gene cluster.
Although the structural analysis of the Hox-3 cluster has

not yet been completed, the genes identified so far can also
be aligned to genes from the Hox-) and Hox-2 cluster (Fig. 4),
indicating that the Hox-3 gene cluster might also be derived
from a duplication of a precursor cluster. In the Hox4/-S
gene cluster four homeobox gene loci have been described to
date (refs. 6, 9, and 22). The Hox4.1, -5.1 and -5.2 genes
belong to described cognate groups (see above) and are
organized in a way similar to genes in other clusters (Fig. 4).
These findings suggest that the Hox4/-5 cluster also origi-
nated from the duplication of an ancestral gene cluster.
Consequently, gene loci representing genes related to the
Hox-2.4 to -2.1 genes (see Fig. 4) would be expected to be
present. However, such genes have not been detected by
Southern blot hybridizations in the mouse genome (6),
whereas at least one more gene (Hox-5.4) related to the genes
in the Hox-2.4 group has been described in human (23).
Comparison of homeobox sequences within cognate

groups reveal similar degrees of sequence divergence irre-
spective of their position within the cluster. For example, the
Hox-1.7 and -2.5 homeoboxes at the 5' extreme differ in 34
positions, the Hox-2.2 and -3.3 homeoboxes in the middle
differ in 33 positions, and the Hox-1.4 and -2.6 homeobox
sequences in the 3' region of the cluster differ in 32 positions.
The same is true for other cognate groups except for genes in
the Hox-2.7 group (see below). These observations show that
homeobox sequences from one cluster have diverged from
corresponding genes in another cluster to similar extents. The
parallel evolution of cognate genes along the entire ho-
meobox gene clusters further supports the idea that the four
Antp-class homeobox gene clusters derived from the dupli-
cation of entire gene clusters.

In conclusion, the comparison of sequence relationships of
homeobox genes with the structural organization of genes
within clusters strongly suggests that mouse homeobox gene
clusters Hox-J, -2, -3, and 4/-5 have evolved in at least two
steps. In the first step, an ancestral gene cluster expanded by
gene duplications of individual homeobox genes; in the
second step, the ancestral gene cluster duplicated several
times, and thereby four similarly structured gene clusters
were created. The expansion of genes within an ancestral
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gene cluster is discussed in a separate paper by Kappen et al.
(17). The same conclusions can be drawn from the analysis of
human Antp-class homeobox genes (refs. 17 and 21 and
references therein), indicating that the duplication event
occurred at least 60-100 million years ago. To our knowl-
edge, the homeobox gene system represents, so far, the best
example where duplications of entire gene clusters and
subsequent conservation of the organization of genes over
such a long period of evolutionary time can be observed.

After the duplication of the gene clusters, strong selection
for the conservation of both the sequence and the structural
organization ofgenes within clusters must have existed. This
is indicated by the fact that 87% of the nucleotide changes
between genes within cognate groups represent silent
changes (17) and that the relative order and the spatial
arrangement ofcognate genes within respective clusters have
been conserved (Fig. 4). It should be noted that, to date, no
pseudogenes and no large chromosomal rearrangements
within clusters have been described. In addition, several
authors have noticed a strict correlation between the linear
order of genes on the chromosome and anterior expression
boundaries of homeobox genes along the anterior-posterior
axis of the developing mouse embryo (6, 8, 11, 24-27). These
observations together with the conservation of the spatial
arrangement of these genes are consistent with the idea that
the structural organization ofgenes within the four clusters is
of functional importance.
The spatial arrangement of genes in one cluster is very

similar to the spatial arrangement of the corresponding cog-
nate genes in other clusters, but the actual distances are
slightly different. For example, the Hox-1.3, -1.4, and -1.5
and the Hox-1.2, -2.6, and -2.7 genes show a very similar
spatial organization in the Hox-J and Hox-2 clusters, respec-
tively. However, distances between genes in the Hox-2
cluster are somewhat larger (Fig. 4). This might indicate that
although protein sequences, direction of transcription, and
the relative order of genes have been strongly conserved,
regulatory regions in cognate genes have diverged. As a
consequence, one would expect that expression boundaries
ofcognate genes would be very similar but not identical. Such
differences in expression patterns have indeed been observed
for some cognate genes (Hox-2.4 and Hox-3.1; refs. 8 and 28).
Although we have not found evidence for gene conver-

sions, such events might well have contributed to the evo-
lution of genes in the homeobox gene family. Gene conver-
sions between cognate genes, for example, would result in a
smaller number of differences between members of this group
when compared with genes in other groups. This is not the
case for most cognate groups, where the number of differ-
ences are about the same (on the average, 31.7 ± 3.4 changes
at the nucleotide sequence level). In the Hox-2.7 group,
however, the number of differences is considerably lower
(17.3 positions on the average). This observation could be
explained by gene conversions. However, it will be necessary
to obtain more sequence data to detect possible gene con-
version events. In such cases, it should be possible to find a
clustered distribution of changes shared by some members in
the Hox-2.7 group (29).

Duplication of Homeobox Gene Clusters Involved Large
Chromosomal Regions. Several groups of genes in the human
genome have been described that indicate a paralogous
relatedness of chromosomes that carry homeobox gene loci
(reviewed in refs. 30 and 31). The same is true for mouse
chromosomes carrying homeobox genes (reviewed in ref.
32). These observations strongly suggest that the duplication
of homeobox gene clusters was accompanied by the dupli-
cation of a large chromosomal region or perhaps the entire
chromosome. Duplications of individual chromosomes might
be deleterious, and whole genome duplications seem to be
more likely (33). Our findings would be consistent with the

hypothesis formulated by Ohno (33) that during vertebrate
evolution, duplications of the entire genome occurred. We
can assume that all four gene clusters might have been
present when fish and amphibians arose about 350 million
years ago because in Xenopus and Zebrafish, cognates of
homeobox loci from three mouse gene clusters have been
described, indicating the presence of at least three gene
clusters in these species as well (34-36). The homeobox gene
system would represent the most striking example of a
remnant of such a genome duplication event.
The homeobox gene system represents an excellent system

to study the evolution of vertebrate genomes. The extremely
high conservation of both the nucleotide sequence of the
homeobox and the structural organization of genes within
clusters provides valuable tools to identify homologous se-
quences in different species and to analyze phylogenetic
relationships of genes within this gene family. It will be
challenging to investigate whether the expansion of the
ancestral gene cluster is accompanied by the appearance of
new structural elements and whether the duplication of
homeobox gene clusters in vertebrates might have contrib-
uted to the establishment of new body plans.
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