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ABSTRACT 
Antennapedia (Antp)-class homeobox genes are involved in  the  determination of pattern formation 

along the anterior-posterior axis  of the animal embryo. A phylogenetic analysis  of  Antpclass homeodo- 
mains of the  nematode, Drosophila, amphioxus, mouse, and human indicates that the 13 cognate group 
genes of this gene family can be divided into two major groups, i.e., groups I and 11. Group I genes can 
further be divided into subgroups A  (cognate groups 1 -2), B (cognate group  3),  and C  (cognate groups 
4-S), and  group I1 genes can  be divided into subgroups D (cognate groups 9-10) and E (cognate 
groups 11 - 13), though this  classification is somewhat ambiguous. Evolutionary distances among different 
amino acid sequences suggest that  the divergence between group I and  group I1 genes occurred - 1000 
million years ( M y )  ago, and the five different subgroups were formed by -600 MY ago, probably before 
the divergence of Pseudocoelomates (e.g., nematodes) and Coelomates (e.g., insects and  chordates). 
Our results  show that the genes that are phylogenetically  close are also closely located in the chromosome, 
suggesting that  the colinearity between the gene expression and gene arrangement was generated by 
successive tandem gene duplications and that the gene arrangement has been maintained by some sort 
of selection. 

T HE homeobox is a highly conserved sequence of 
-180 nucleotides contained in many genes con- 

trolling development. It  encodes  the  homeodomain 
that is capable of binding  a DNA motif and regulating 
gene transcription (GEHRING et al. 1994). Homeobox 
genes are involved in  the specification of the body plan, 
determination of  cell fate, and several other basic  devel- 
opmental processes (MCGINNIS and KRUMLAUF 1992; 
LAWRENCE and MORATA 1994). More than 300 homeo- 
boxcontaining genes and their relatives  have been 
identified and sequenced in fungi, plants, and animals, 
and they can be classified into 230 different classes 
(KAPPEN et al. 1993; BURGLIN 1994). 

The  Antennapedia (Antp)-class homeobox genes are 
of special importance, because they  specify the develop- 
mental  patterning of the body segments along  the ante- 
rior-posterior axis  of the animal embryo. In all  metazo- 
ans so far examined, this  class  of genes exists as one  or 
more clusters of genes in the  genome. The arrange- 
ment of the genes in the chromosome is identical or 
highly correlated to the order of the genes that specify 
the  anterior-posterior body segments. In the develop 
mental process, the 3' end  gene of the Antpclass ho- 
meobox gene complex is first transcribed, and the 
other genes  are transcribed successively from the 3' to 
the 5' end of the complex (DUBOULE and MORATA 
1994; KRUMLAUF 1994). Almost  all  Antpclass genes lo- 
cated in a  chromosome have the same transcriptional 
direction with a few exceptions (see DISCUSSION). 
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In vertebrates, there  are four clusters of  Antpclass 
homeobox genes, and the genes within and between 
the clusters are evolutionarily related. They can be clas- 
sified into  13 cognate gene groups (KAPPEN and RUD- 
DLE 1993) (see Figure 1). However, none of the clusters 
has  all 13 cognate genes. The amphioxus (Branchiostoma 
jloridae), which is thought to be  a sister group of verte- 
brates, has one cluster of 210 cognate genes (GARCIA- 
FERNANDEZ and HOLLAND 1994).  There  are eight Antp 
class homeobox genes in Drosophila  melanogaster, but 
they are located in two separate clusters on  the same 
chromosome (LAWRENCE and MORATA 1994).  The nem- 
atode (Caenorhabditis  ekgans) has one cluster of four 
Antpclass homeobox genes (BORGLIN and RUVKUN 
1993; SALSER and KENYON 1994).  The orthologous and 
paralogous relationships of these genes are believed to 
be as  given in Figure 1 (KAPPEN and RUDDLE 1993; 
RUDDLE et al. 1994),  though  the relationships of cog- 
nate  gene groups 6, 7, and 8 are somewhat ambiguous 
(see KRUMLAUF 1994). 

There  are studies of  Antpclass homeobox genes in 
many other animals such as  hydras (MURTHA et al. 1991; 
NMTO et al. 1993), flatworms (BARTELS et al. 1993), an- 
nelids (DICK and BUSS 1994; SNOW and Buss 1994), 
crustaceans (CARTMIRIGHT et al. 1993), acorn worms 
(PENDLETON et al. 1993), lampreys (PENDLETON et al. 
1993), and others. These animals have  very different 
body plans. However, the DNA sequences available 
from these studies are  either  truncated or their geno- 
mic organizations are unknown. Therefore,  the or- 
thologous or paralogous relationships of the genes are 
unclear. 
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A number of authors have studied  the evolutionary 
relationships of Antpclass homeobox  genes with the 
aim  of understanding  the evolution of morphogenesis. 
However,  many  of these studies are qualitative (e.g., 
KAPPEN et al. 1989; SCHUGHART et al. 1989; HOLLAND 
1992).  Schubert et al. (1993) conducted  a phylogenetic 
analysis  of human  and Drosophila Antpclass homeobox 
genes,  but the statistical accuracy of the phylogenetic 
tree is unclear. We have therefore  conducted  a  detailed 
analysis  of the evolutionary relationships of  all Antp 
class homeobox  genes of  which the  genomic organiza- 
tion is known. We studied  the evolutionary relationships 
of cognate  gene  groups as  well  as those of the four 
clusters of  Antpclass homeobox genes. 

MATERIAL AND METHODS 

Amino acid  sequence  data. In  the  present study, we 
used amino acid sequences  rather  than  nucleotide se- 
quences, because synonymous nucleotide substitutions 
are  apparently  saturated  in most gene comparisons and 
this would introduce noise in constructing phylogenetic 
trees (Russo et al., 1996). We used altogether  98  Antp 
class homeodomain sequences, four from the nema- 
tode (C. elegans), eight from Drosophila (D. mlanogas- 
tu), 10 from the  amphioxus (B.  Jioridae), 38 from the 
mouse (Mus musculus) and 38 from the  human (Homo 
sapiens). All the  sequences were obtained from KAPPEN 
et al. (1993) except  amphioxus sequences (GARCIA-FER- 
NANDEZ and HOLLAND 1994), mouse Hox-a-13 (I-IAACK 

and GRUSS 1993),  and Hox-c-18 and Hox-c-13 sequences 
(PETERSON et al. 1994). There were no deletions and 
insertions in  the  amino acid sequences (60  amino 
acids) of these homeodomains, so alignment was 
straightforward. 

Phylogenetic  analysis: The evolutionary distance be- 

Anterior 
Early 

FIGURE 1.-Genomic  organizations of Anten- 
napedia-class  homeobox  genes in the human ( H .  
sapiens), mouse ( M .  musculus), amphioxus (B.  
$oridax), Drosophila (D. melanogaster) and nema- 
tode (C .  ekguns). There is an inversion of genes 
ceh-13 and ceh-15 in the  nematode.  The arrow in- 
dicates the order of gene expression. Moving 
along  the clusters in a 3' to 5' direction,  each 
successive gene  expresses later in the develop- 
mental process and more posterior  along the an- 
terior-posterior axis of the  animal  embryo. 

tween two amino acid sequences was measured by the 
proportion of different  amino acids between the se- 
quences (pdistance).  The reason for using pdistance 
rather  than Poisson-correction distance or Dayhoff  dis- 
tance (see KUMAR et al. 1993) is that we are primarily 
interested  in  determining  the topology of the phyloge- 
netic tree,  and for this purpose  pdistance is often better 
than other distance measures in our experience (e.g., 
HUGHES  and NEI 1993). Similar results have been ob- 
tained  about  the  pdistance and  the Jukes-Cantor dis- 
tance for  nucleotide  sequences (e.g., SAITOU and NEI 
1987; NEI 1991).  The phylogenetic trees were con- 
structed by using the neighbor-joining (NJ) method 
(SAITOU and NEI 1987) with pdistance.  The NJ method 
is known to be quite efficient in obtaining reliable trees 
(NEI 1991; NEI et al. 1995). We did not use other com- 
monly used methods such as maximum parsimony and 
maximum likelihood, because these methods could not 
handle  the large number of sequences we analyzed. To 
root  the phylogenetic tree  for all the Antpclass homeo- 
box genes, we used two non-Antpclass homeobox se- 
quences  from  the  nematode (ceh-5 and ceh-19) (see KAF- 
PEN et al. 1993) as outgroups.  Computation of p 
distances and construction of phylogenetic trees were 
conducted by using the  computer software MEGA (KU- 
MAR et al. 1993).  In  the  construction of the phylogenetic 
tree of the  four clusters of genes in vertebrates, we 
computed  pdistances  for all pairs of gene clusters from 
the  human  and  the mouse (only cognate  gene  groups 
1-10 were considered because the amphioxus cluster 
has only cognate genes 1-10). pd' lstances were com- 
puted by using all amino acids involved in each pairwise 
comparison (painvise deletion option).  The NJ tree was 
then  constructed by using the amphioxus cluster as the 
outgroup. 

The reliability of the trees obtained was tested by a 
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bootstrap  method (FELSENSTEIN 1985) with  1000 repli- 
cations and  the confidence probability of each interior 
branch (RZHETSKY and NEI 1992;  SITNIKOVA et al. 1995). 
The bootstrap test was conducted by using MEGA, 
whereas the confidence probability test of each interior 
branch was done by using a  computer program devel- 
oped by  N.  TAKEZAKI. 

RESULTS 

Evolutionary  relationships of Anpclass homeobox 
genes: Figure 2 shows the phylogenetic tree of 98 Antp 
class homeodomains from the five different species 
mentioned above. It is seen that  the Antpclass homeo- 
box genes can  be classified into two major groups, 
group  I  and  group 11. Group I genes can  further be 
divided into  three subgroups, i.e., subgroups A, B, and 
C. This subgrouping is not statistically well supported 
and thus provisional. Subgroup  A includes cognate 
gene  groups 1 and 2 of the mouse, human,  and  amphi- 
oxus; pb (proboscipedia) and lab (labial) of Drosophila; 
and ceh-13 of the  nematode. Inclusion of the  gene ceh- 
13 in this subgroup is reasonable, because ceh-I3 and 
ceh-15 of the  nematode  are  considered to be inverted 
and ceh-13 seems to be orthologous with the cognate 
gene  group 1 (BURGLIN and  RUVKUN  1993).  Subgroup 
B  corresponds to cognate gene  group 3 of the mouse, 
human,  and amphioxus and is more closely related to 
subgroup C. However,  this relationship is not statisti- 
cally  well supported.  Subgroup  C consists of cognate 
gene  groups 4-8 of the mouse, human,  and amphioxus; 
Dfd (Deformed), Scr (Sex combs reduced), Antp (An-  
tennapedia), abdA (abdominal-A) and Ubx (Ultrabith- 
orax) of Drosophila; and mab-5 and ceh-15 of the nema- 
tode. The nematode genes ceh-15 and mab5 are 
supposed to be  orthologous with cognate gene groups 
4 and 6, respectively (KAFJPEN and RUDDLE 1993),  but 
they form a cluster separate from that of other genes 
in subgroup C. This cluster makes the  current  grouping 
of cognate genes questionable, and the  function of the 
nematode genes might have differentiated from that of 
the  other genes in subgroup C.  However, it is also  possi- 
ble that this clustering pattern  occurred by chance be- 
cause the bootstrap values for the clusters within  sub- 
group  C  are generally low. According to  the  tree in 
Figure 2, cognate group  5 genes do not form a mono- 
phyletic group,  but this could be due to sampling error 
caused by the stochastic process of amino acid substitu- 
tion. The homeobox has  only 60 codons, so that it is 
difficult to obtain definitive conclusions from  a phyloge- 
netic analysis alone. Cognate group 6, 7, and 8 genes 
also do not necessarily form a monophyletic group. This 
could again be due to sampling error  or to functional 
differentiation. Although the  experimental results Seem 
to support  the  orthologous relationships of Drosophila 
gene Antp, Ubx, and abdA with vertebrate cognate gene 
groups 6,7 ,  and 8, respectively (BACHILLER et al. 1994), 

our phylogenetic analysis  gives no clear-cut support for 
these relationships. More  extensive experimental study 
seems to be necessary. 

Group I1 genes can be divided into two subgroups, 
ie., subgroups D  and E. Subgroup D includes cognate 
gene groups 9  and  10 of the mouse, human,  and amphi- 
oxus. The Hox-9 gene of the amphioxus clusters with 
cognate group 10 genes, but this is probably due to 
sampling error because it is not  supported by the boot- 
strap test. Subgroup E consists of cognate groups 11 - 
13 of the mouse and  human,  and AbdB (Abdominal-B) 
of Drosophila. The Drosophila AbdB gene is supposed 
to belong to cognate group  9,  and if we consider the 
low bootstrap values  of the subgroups within group 11, 
it seems that inclusion of  this gene in subgroup E is 
due to sampling error.  The  nematode  gene ceh-11, 
which was previously aligned with cognate group  9 
genes (BURGLIN et al. 1991;  WANC et al. 1993), appears 
to be  a sister group of all other Antpclass genes, though 
this also could be due to sampling error. 

Our bootstrap tests indicate that the clusters  of  major 
groups and subgroups of Antpclass homeobox genes are 
not as solid as  they  look. This is apparently because the 
number of amino acid  sites  used is small and the number 
of sequences analyzed is large. Particularly, the unex- 
pected clustering of the nematode and Drosophila genes 
mentioned above are not statistically supported. By con- 
trast,  many  clusters of human and mouse cognate genes 
are statistically  significant. We  have  also conducted the 
confidence probability  test of each interior branch. This 
test  generally gave a higher probability of confidence 
than the bootstrap value, but since  this  test depends  on 
a  number of  assumptions  (SITNIKOVA et al. 1995), we 
have decided to rely on the bootstrap test, which is 
known to be quite conservative (e.g., ZHARKIKH and LI 
1992; HILLIS and BULL 1993;  SITNIKOVA et al. 1995). 

Because there  are  four clusters of Antpclass homeo- 
box genes in the  human and mouse and  their ortholo- 
gous and paralogous relationships seem to be more 
firmly established than those of other organisms, we 
constructed a phylogenetic tree for 76 genes from these 
two organisms. The tree obtained is presented in Figure 
3. The topology  of  this tree is identical with that of the 
tree in Figure 2 for the  part of human and mouse genes 
except the  branching order of cognate gene groups 
belonging to subgroups C and D. However, the boot- 
strap tests  show that  the  branching  pattern of  this tree 
is much  more reliable than  the previous one.  The subdi- 
vision  of the genes into  the two major groups is  now 
statistically significant. Cognate groups 11, 12, and 13 
also form a monophyletic group with a bootstrap value 
of 90%. Many clusters representing different cognate 
groups are statistically significant. However, the 
branching order of cognate groups within subgroups C 
and D remains uncertain.  Whether  subgroup B is closer 
to subgroup  A or C also remains statistically unresolved. 
Similarly, the phylogenetic position of cognate group 
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FIGURE 3.-Phylogenetic tree of 76 human  and mouse Antpclass homeobox  genes. 

10 is unclear. In  the  present  paper, we assume that group  than  that (47%) for  the  branching order given 
cognate  group 10 is closer to group 9, because Figure in Figure 3. 
2 shows a  higher  bootstrap value (51%) for the D sub- Evolutionary  relationships of the four clusters of cog- 

FIGURE 2.-Phylogenetic tree of  98 Antpclass homeobox  genes of the  human, mouse,  amphioxus, Drosophila, and  nematode 
and two outgroup genes (nematode ceh-5 and ceh-19). The tree is constructed by the NJ method. The numbers  for  interior 
branches are bootstrap percentages. Numbers <50 are  not shown. The branches are measured in terms of the proportional 
difference of two amino acid sequences (pdistance) with the scale given  below the  tree. 
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FIGURE 4.-Evolutionary  relationships of four clusters of 

Antpclass homeobox  genes of the  human and mouse  with 
the amphioxus  cluster  as an outgroup. 

nate  genes in vertebrates: There  are  four clusters of 
Antpclass homeobox genes in vertebrates, but  the evo- 
lutionary relationships of these clusters are  not well 
established. Our NJ tree of the  four clusters from the 
mouse and human is given in Figure 4, and the 
branching  pattern is  of the form (b(a(c,  d))). However, 
we cannot rule out  the  branching  pattern (a(b(c,  d))) 
or ((a,  b) (c, d ) ) ,  because the  interior  branch between 
cluster b and  the ancestor of clusters a,  c, and d is 
not statistically significant. WPEN and RUDDLE (1993) 
constructed  a  tree of the  four clusters of the  human by 
minimizing the  number of gene losses or gains. Their 
study has shown that  the  tree ((a,  b)  (c,  d)) is one  step 
shorter  than (b(a(c,  d))). If these four clusters evolved 
by genome  duplication,  the  tree ((a,  b)  (c,  d)) is more 
parsimonious than (a(b(c,   d)))  or (b(a(c,  d))), because 
the  tree ((a,  b)  (c,  d)) can be explained by two events 
of genome duplication whereas the  other trees require 
three  genome duplications and three chromosome 
losses. At the present time, it is difficult to decide which 
of the  three possible trees is correct. 

DISCUSSION 

Evolutionary  scenario of Antpclass  homeobox  genes: 
Although the  branching order of different cognate 
group genes is not firmly established in the trees of 
Figures 2 and 3, it is interesting to speculate the evolu- 
tionary history  of  Antpclass homeobox genes; it may 
give some useful information for planning  future exper- 
imental studies. Theoretically it is possible to consider 
several scenarios, but  the following one seems to be 
one of the most plausible ones. First, this gene family 
obviously  evolved from a single ancestral gene  through 
gene duplication, and it seems that  the first duplication 
of this gene  produced  the ancestral genes of group I 
and I1 genes. Duplication of the ancestral group I gene 
subsequently generated subgroups A, B, and C (Figure 
5). Subgroup A and B genes are involved in the segmen- 
tation of the  anterior  part, whereas subgroup C genes 
control  the  intermediate  part  along  the anterior-poste- 
rior axis of the animal embryo. In  the case of group I1 

MYA 13 1 2 1 1  10 9 8 7 6 5 4 3 2 1 
u u - u u  

E D C B A  
- 1  I 

I I  I 

FIGURE 5.-Evolutionary  scenario of 13 cognate  groups of 
Antpclass  homeobox  gene  family. This scenario is speculated 
according to the tree of  Figure 3 except  the  phylogenetic 
position of cognate group 10 (see  the text). Branch  lengths 
are not proportional to evolutionary time. I and I1 are two 
major  groups  and A, B, C, D, and E are  five  subgroups (see 
the text). 

genes, the first gene duplication seems to have pro- 
duced  the ancestral genes of cognate groups 9-10 and 
of the  others,  and  the  subsequent duplication events 
generated  the  remaining cognate genes (Figure 5). A 
cluster of 210 cognate genes was formed before the 
amphioxus diverged from the vertebrate. Gene clusters 
a, b, c, and  d in vertebrates were probably generated 
by  two events  of genome duplication in the early  stage 
of vertebrate evolution, and later  a few genes were  lost 
by deletion events in each cluster. (The zebrafish, Xeno- 
pus, newt, chicken, mouse, and human  are known to 
have the  four clusters a, b,  c,  and d) (RUDDLE et al. 
1994.) As speculated by KAPPEN and RUDDLE  (1993), 
the  generation of these clusters probably contributed 
to the evolution of more complex organisms. 

Origin and evolution of Antpclass  homeobox  genes 
in  invertebrates: The Antpclass homeobox genes exist 
in all metazoans so far surveyed including one of the 
most  primitive metazoans, sponges (DEGNAN et al. 
1995),  but  not in flagellates, amoeboids and ciliate pro- 
tozoans, fungi, algae, and plants (DEGNAN et al. 1995). 
It seems that Antpclass homeobox genes originated at 
the very early  stage of metazoan evolution. 

Figure 2 suggests that  the divergence of the nema- 
tode gene ceh-13, the Drosophila lab gene, and 
chordates cognate group 1 genes postdated the diver- 
gence of cognate gene  groups 1 and 2, and  that  the 
last common ancestor of the  nematode, Drosophila, 
and chordates already had cognate gene groups 1 and 
2. Similarly, we can infer from Figure 2 that  the last 
common ancestor of the  nematode, Drosophila, and 
chordates also had  the cognate group  gene 3, the ances- 
tral gene of subgroup C, and  the ancestral gene of 
group 11. In  other words, there were at least five cognate 
genes in the last common ancestor of Pseudocoelo- 
mates (nematode in  this paper)  and Coelomates (in- 
sects and  chordates in this papers).  In  the  nematode, 
however, cognate group genes 2 and 3 seem  to  have 
been lost later, and the ancestral gene of groups 4-8 
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apparently gave  rise to genes mab-5 and ceh-15. It is 
interesting  that  the positions of ceh-I5 and ceh-I? in the 
cluster are inverted according  to  the  sequence compari- 
son and functional analysis (see also BURGLIN and RUV- 
KUN 1993). This could be the result of a chromosome 
inversion in the  nematode. 

Schubert et al. (1993) conducted  a phylogenetic anal- 
ysis of  the  human  and Drosophila Antpclass genes. The 
topology of their  tree (Figure 2 of SCHUBERT et al. 1993) 
is different from ours in Figure 3. In their  tree, cognate 
gene  group 8 is a sister group with cognate gene groups 
1-7, so the  genes of cognate  groups 4-8 are  not mono- 
phyletic as in our tree. To examine the reliability of 
SCHUBERT et aL’s tree, we reanalyzed their  data and 
found  that  the  bootstrap values  of their tree are lower 
than  ours,  though  the difference is not very large (data 
not  shown). The difference between the two topologies 
apparently occurred because SCHUBERT et al. used  only 
transversional nucleotide differences whereas we used 
amino acid sequences. Our analysis  has  shown that  the 
transition/transversion ratio is not high (0.5-1.5) and 
that  the nucleotide frequencies  are nearly the same for 
all genes. Therefore,  the use  of transversion sites  only 
would  lose a considerable amount of phylogenetic in- 
formation. When we used only nonsynonymous 
changes or nucleotide substitutions at first and second 
codon positions, the tree obtained was similar to our 
tree  rather  than to SCHUBERT et al.’s. 

Origin of cognate gene groups 11-13: The tree in 
Figure 2 suggests that  the divergence of the subgroups 
D and E occurred  earlier  than  that of the amphioxus 
and vertebrate cognate group 10 genes. Therefore, if 
our  tree is correct,  the  amphioxus must have had  the 
ancestor of group 11 - 13 genes previously. The cognate 
group 11-13 genes have important functions in the 
limb formation in the mouse (HAACK and GRUSS  1993; 
MORGAN and TABIN  1993; DUBOULE 1994). Does the 
amphioxus have  any organ  that is homologous to the 
limbs  of tetrapods? The amphioxus is thought to be a 
sister group of vertebrates and has some fin-like struc- 
tures. However, the fin-like structures are  neither 
paired nor  separated as  fish fins are.  In  the amphioxus, 
cartilage-like materials stiffen the dorsal fin,  but  no nor- 
mal vertebrate skeleton is found.  Therefore, it seems 
that  the fin  of the amphioxus, which may be homolo- 
gous to  the limbs  of tetrapods, is poorly developed. For 
this reason, the cognate group 11 - 13 genes might have 
been lost during  the evolution of the amphioxus, or 
the loss of these genes might have prevented the fin- 
like structures from developing into vertebrate-like skel- 
etons. Of course, it is still  possible that these genes 
actually  exist in the amphioxus but have not  been dis- 
covered, because the 5’ upstream region of the Hox-10 
gene has not been studied extensively  (GARCIA-FERNAN- 
DEZ and HOLLAND 1994). 

Colinearity of gene  arrangement and phylogeny: Be- 
cause of the remarkable conservation of  the same order 

of gene  arrangement  on  the chromosomes and the co- 
linearity of gene expression pattern and  gene arrange- 
ment, it is often stated that  the  arrangement order of 
Antpclass genes in the chromosome is important  for 
their functions (e.g., DUNCAN  and LEWIS 1982). At least 
in Drosophila, however, the  gene  arrangement does 
not seem to be essential for  their functions. In two 
experiments, splitting the  bithorax complex into two 
pieces did not affect the development of  the larva or 
adult (STRUHL 1984; TIONG et al. 1987).  A translocation 
that separated the genes lab and p b  from the rest of the 
complex also had no effect on the expression of these 
two genes (HAZELRIGG and KAUFMAN 1982). Moreover, 
there  are some other types of  homeobox genes or non- 
homeobox genes within the Antpclass homeobox  gene 
cluster of Drosophila (see Figure 8 of BURGLIN 1994), 
and  the existence of these genes does not seem to in- 
fluence the expression pattern of  Antpclass homeobox 
genes. Therefore,  the colinearity of gene expression 
and gene  arrangement looks to be  unimportant. 

We note  that  the phylogenetic tree of 13 cognate 
gene groups in Figure 3 can be described by the mathe- 
matical  symbol (((1,  2)(3((4,  5)((6,  7)8))))(9(10(11- 
(12, 13))))). The genes that  are phylogenetically  close 
with each other  are also  closely located in the chromo- 
some. This suggests that  the colinearity of  gene expres- 
sion and gene order in each cluster partly reflects the 
events  of tandem duplication of genes. In other words, 
if genes are tandemly duplicated without disturbing the 
transcription order,  the genes that  are closely located 
in the chromosome tend to have both  sequence similar- 
ity and functional similarity. Therefore,  the colinearity 
of gene  arrangement  and  gene expression can be ex- 
plained by the hypothesis of  successive tandem  gene 
duplication. 

In practice, however,  when the genes in a multigene 
family are  duplicated, inversion of genes also often oc- 
curs so that  the transcriptional direction varies from 
gene to gene as in the case  of major histocompatibility 
complex genes of mammals  (e.g., HUGHES and NEI 
1990) and immunoglobin heavy chain variable region 
genes of chicken (e.g., REYNAUD et al. 1989). Yet, we 
do not see gene inversions very often in the Antpclass 
homeobox  gene family.  (Two exceptions are  the Dfd 
gene in Drosophila and the ceh-I3 and ceh-15 genes in 
the  nematode). This is rather striking if we consider 
the  long history  of  this gene family. It is therefore quite 
possible that  the  current  gene  arrangement is im- 
portant for the function of the genes and the gene 
arrangement is maintained by some weak selection. If 
the selection is weak, experimental separation or trans- 
location of genes would not  disturb  the development 
of an individual, yet the  gene complex with inverted 
genes will have  only a small chance of being fixed  in 
the  population.  It is therefore likely that  the  current 
gene  arrangement is maintained by some kind of purify- 
ing selection. 
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Coevolution of Ant$xhss homeobox genes and ani- 
mal body plans: Biologists are interested in the evolu- 
tion of Antpclass homeobox genes mainly because of 
the importance of this gene family in determining  the 
animal body plan. It has been argued  that the addition 
of  new members of this gene family  has been a driving 
force of morphological evolution in animals (e.g., LEWIS 
1978). Nevertheless, recent studies with  insects and crus- 
taceans suggest that changes in the number, size, and 
pattern of  body structures are most  likely to involve 
changes in the timing and spatial regulation of Antp 
class homeobox genes or their target genes in the regu- 
latory  pathway (WARREN et al. 1994; AVEROF and AKAM 
1995; CARROLL 1995; CARROLL et al. 1995). They also 
suggest that  the Antpclass genes control only a very  basic 
body plan on which the segmental diversity  evolved. 
This is consistent with the fact that many organisms have 
the same organization of  Antpclass homeobox genes 
even though  their body plans are very different. 

This suggests that  the Antpclass genes evolved  in the 
very early  stage  of metazoan evolution. To obtain some 
idea about  the age of this class  of genes, we tried to 
estimate the time of divergence between group  I  and 
group I1 genes. The average pdistance between the 
nematode  gene ceh-13 and  the cognate group 1 genes 
of the other four organisms (Drosophila, amphioxus, 
mouse, and  human) is 0.292,  whereas the average p 
distance between the  nematode genes ceh-15 and mab- 
5 and  the genes of other  four organisms in subgroup 
C is 0.274. Therefore,  the average divergence between 
the orthologous homeobox genes of the  nematode and 
those of the  other  four organisms becomes 0.283. By 
contrast,  the average pdistance of group I and I1 genes 
is 0.443. Therefore, if we assume that Pseudocoelomates 
(nematodes in  this paper)  and Coelomates (insects and 
chordates in this paper) diverged 550 million years 
(MY) ago (KNOLL 1992),  the divergence between group 
I  and  group I1 genes is estimated to be 900 MY ago. 
In this computation we used pdistance, which is not 
proportional to evolutionary time. This can be rectified 
if  we use Poisson-correction distance. Poisson-correc- 
tion distance (d) can be  obtained by d = -ln(l - p ) ,  
where p is the  proportion of different amino acids  be- 
tween two sequences. This distance becomes 0.333  be- 
tween the  nematode and the chordates plus Drosophila 
and 0.585 for the divergence between group I and 
group I1 genes. Therefore, we obtain 1000 M y  as the 
time of divergence between group I and I1 genes. 

These estimates are certainly very crude,  but if they 
are  correct,  the Antpclass homeobox  gene family 
evolved in the very early stage of metazoan evolution 
(KNOLL 1992; CONWAY MORRIS 1993). Using  similar  cal- 
culations, we obtain a d distance of 0.440 for  the diver- 
gence between subgroup A and subgroups B plus  C, 
0.365 between subgroups B and C ,  and 0.485  between 
subgroups D and E. In  the above we have seen that  a 
d distance of 0.333 corresponds to 550 M Y .  Therefore, 

the divergence between subgroup A and subgroups B 
plus C seems to have occurred -550 X (0.440/0.333) 
= 730 MY ago, whereas subgroups B and  C apparently 
diverged -600 MY ago. Similarly, subgroups D and E 
seem to have diverged -800 MY ago. These computa- 
tions suggest that  the five subgroups A, B, C, D, and E 
were formed by 600 MY ago and that  the evolution of 
these subgroups predated  the divergence of Pseudocoe- 
lomates and Coelomates. Furthermore, following the 
tree topology  of Figure 2, we earlier discussed the possi- 
bility that  the cognate groups 1 and  2  had already di- 
verged before the divergence of Pseudocoelomates and 
Coelomates. In  other words, there were probably six 
Antpclass homeobox genes in the common ancestor of 
Pseudocoelomates and Coelomates. So it seems that 
Antpclass homeobox  gene family  of this ancestral or- 
ganism was similar to that of the  modern segmented 
animals though body segmentation probably did not 
exist at  that time. Since the rate of amino acid substitu- 
tion in this gene family  varies from evolutionary lineage 
to evolutionary lineage and the paleontological esti- 
mate of the time of divergence between the  nematode 
and  the  other  four organisms is not accurate, the above 
estimates are very rough. Yet,  they are  not inconsistent 
with the  argument  that many  new  body plans evolved 
owing  to the changes of the regulation of Antpclass 
homeobox genes or their target genes in the regulatory 
pathway rather  than  the acquisition of  new members 
of this gene family (WARREN et al. 1994; AVEROF and 
h A M  1995; CARROLI. 1995; CARROLL et a[. 1995). 
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