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ABSTRACT

Homeobox genes encode transcription factors that function in various developmental processes and are
usually evolutionarily conserved in their sequences. However, two X-chromosome-linked testis-expressed
homeobox genes, one from rodents and the other from fruit flies, are known to evolve rapidly under
positive Darwinian selection. Here we report yet another case, from primates. TGIFLX is an X-linked
homeobox gene that originated by retroposition of the autosomal gene 7TGIF2, most likely in a common
ancestor of rodents and primates. While TGIF2 is ubiquitously expressed, TGIFLX is exclusively expressed
in adult testis. A comparison of the TGIFLX sequences among 16 anthropoid primates revealed a signifi-
cantly higher rate of nonsynonymous nucleotide substitution (dy) than synonymous substitution (ds),
strongly suggesting the action of positive selection. Although the high dy/ ds ratio is most evident outside
the homeobox, the homeobox has a dy/ ds of ~0.89 and includes two codons that are likely under selection.
Furthermore, the rate of radical amino acid substitutions that alter amino acid charge is significantly
greater than that of conservative substitutions, suggesting that the selection promotes diversity of the
protein charge profile. More interestingly, an analysis of 64 orthologous homeobox genes from humans
and mice shows substantially higher rates of amino acid substitution in X-linked testis-expressed genes
than in other genes. These results suggest a general pattern of rapid evolution of mammalian X-linked
testis-expressed homeobox genes. Although the physiological function of and the exact selective agent
on TGIFLX and other rapidly evolving homeobox genes are unclear, the common expression pattern of
these transcription factor genes led us to conjecture that the selection is related to one or more aspects

of male reproduction and may contribute to speciation.

OMEOBOX genes are characterized by the pres-
ence of an ~60-codon sequence motif known as

the homeobox, which encodes a helix-turn-helix DNA-
binding domain named the homeodomain (GEHRING
et al. 1994a). Initially identified from fruit flies
(McGINNIs et al. 1984; ScorT and WEINER 1984), ho-
meobox-containing genes have now been found in
fungi, plants, and animals and form a large gene super-
family (KAPPEN et al. 1993; BHARATHAN el al. 1997; Kap-
PEN 2000; BANERJEE-BAsU and Baxevanis 2001). Ho-
meobox genes function as transcription factors that
regulate the expressions of their target genes in various
developmental processes such as body-plan specifica-
tion, pattern formation, and cell fate determination
(GEHRING et al. 1994a). Because of their fundamental
importance in development, homeobox genes are of
substantial interest to evolutionary biologists as they may
provide key information on the evolution of develop-
ment (SHEPHERD ef al. 1984; GARCIA-FERNANDEZ and
HorrAaND 1994; ZHANG and NE1 1996; CARROLL ¢! al.
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2001). Earlier studies showed that homeobox genes,
particularly the homeobox region, are conserved in evo-
Iution (McGINNIS et al. 1984; GEHRING et al. 1994a),
although two notable exceptions, Pem in rodents and
OdsH in Drosophila, have been reported (SurToN and
WILKINSON 1997; TING et al. 1998). In both cases, high
rates of amino acid substitution were found in the ho-
meodomain and the action of positive selection was
suggested. Interestingly, both genes are located on X
chromosomes and are expressed in testis, although Pem
is also expressed in female reproductive tissues. OdsH is
in part responsible for the hybrid male sterility between
Drosophila simulans and D. mauritiana (TING et al. 1998).
These intriguing findings suggest that homeobox genes
may also be involved in developmental processes that
vary among closely related species. Because such devel-
opmental variations may lead to reproductive isolation
and speciation (TING et al. 1998), it is of interest to
identify new cases of rapidly evolving homeobox genes.
Here we describe the identification of such a rapidly
evolving homeobox gene, TGIFLX [TG-interacting fac-
tor (TGIF)-like X], from primates. TGIFLX is a member
of TGIFs, a group of transcription factors of the three
amino-acid loop extension (TALE) superclass of the
homeodomain protein family (BERTOLINO et al. 1995;
BLANCO-ARIAS et al. 2002). Earlier evolutionary analyses
suggested that the X-chromosome-linked TGIFLX gene
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originated by retroposition of the autosomal TGIF2
gene, a member of TGIFs (BLANCO-ARIAS et al. 2002).
In contrast to TGIF2, which is ubiquitously expressed,
TGIFLX is specifically expressed in the germ cells of
adult testis (BLANCO-ARIAS et al. 2002; LAt et al. 2002).
In this report, we show that (1) the retroposition event
predated the divergence of primates and rodents, (2)
TGIFLX evolved rapidly in primates under positive selec-
tion, and (3) mammalian X-linked testis-expressed ho-
meobox genes evolve rapidly in general.

MATERIALS AND METHODS

DNA amplification and sequencing: The TGIFLX coding
region does not contain introns. The coding region was ampli-
fied from genomic DNAs of two Old World (OW) monkeys
(green monkey Cercopithecus aethiops and douc langur Pygathrix
nemaeus) and five New World (NW) monkeys (marmoset Cal-
lithrix jacchus, tamarin Saguinus oedipus, owl monkey Aotus trivir-
gatus, squirrel monkey Saimiri sciureus, and woolly monkey
Lagothrix lagotricha), using polymerase chain reaction (PCR).
For green monkey and douc langur, primers 2XL (5-TTT
GAATATGGAGGCCGCTG) and 2XR (5-CATCATCAATCA
TGGATTAG) were used; for tamarin, woolly monkey, and
marmoset, primers 2XL and XIAl (5'-GGATTAGACTC
TTGCTTCTTCT) were used; for owl monkey and squirrel
monkey, primers X2 (5'-ATATGGAGGCCGCTGCAgAAGAC)
and X3 (5'-GGCTCTTGCTTCTTCTCTAGC) were used. PCRs
were performed with MasterTaq under conditions recom-
mended by the manufacturer (Eppendorf, Hamburg, Ger-
many). The products were then purified and sequenced from
both directions, using the dideoxy chain termination method
with an automated sequencer.

Analysis of TGIFLX gene sequences: The DNA sequences
of the TGIFLX coding region from five hominoids (humans
and apes) and four OW monkeys (BLANCO-ARIAS el al. 2002)
were obtained from GenBank. The accession numbers are:
human (Homo sapiens), AJ427749; chimpanzee (Pan troglo-
dytes), A]345073; gorilla (Gorilla gorilla), AJ345074; orangutan
(Pongo pygmaeus), A]345075; gibbon (Hylobates lar), A]345076;
talapoin (Miopithecus talapoin), A]345077; rhesus monkey (Ma-
caca mulatta), AJ345078; crab-eating macaque (M. fascicularis),
AJ345079; and baboon (Papio hamadryas), AJ345080. These
publicly available sequences are analyzed together with those
determined in this study. Seven amino acids at the N terminus
and 10 amino acids at the C terminus of the sequences are
encoded by the primer sequences and were not included in
data analysis. A total of 16 TGIFLX protein sequences were
aligned using the software DAMBE (X1a and Xit 2001) fol-
lowed by manual adjustments. The DNA sequence alignment
was then made following the protein alignment. The MEGA2
program (KuMAR et al. 2001) was used for phylogenetic analy-
sis. The number of synonymous nucleotide substitutions per
synonymous site (ds) and that of nonsynonymous substitutions
per nonsynonymous site (dy) were computed using the modi-
fied Nei-Gojobori method (NEI and GojoBorI 1986; ZHANG
et al. 1998), with an estimated transition/transversion ratio of
1.6. On the basis of the phylogeny of the 16 primates, we
inferred ancestral TGIFLX sequences at all interior nodes of
this tree, using the distance-based Bayesian method (ZHANG
and NEr1 1997). The numbers of synonymous (s) and nonsyn-
onymous (7n) substitutions on each branch of the tree were
then counted. Radical and conservative nonsynonymous sub-
stitutions with regard to amino acid charge and polarity were
computed following ZHANG (2000). Positive selection at indi-
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Ficure 1.—Phylogenetic tree of TGIFLX, TGIF2, and TGIF
genes. The tree is reconstructed with the neighbor-joining
method with the protein Poisson distances. Bootstrap percent-
ages from 1000 replications are shown on tree branches.
Branch lengths show the numbers of amino acid substitutions
per site. TGIF genes are used as outgroups.

vidual codons was tested using the likelihood-based (YANG et
al. 2000) and parsimony-based (Suzuki and GojoBorI 1999)
methods.

Analysis of other homeobox genes of human and mouse:
We searched for homeobox genes from the human genome
resources (http:/www.ncbi.nlm.nih.gov/genome/guide/
human/) and then found their mouse orthologs using the
UniGene tool (http:/www.ncbi.nlm.nih.gov/entrez/query.
fcgi’7db=unigene). We downloaded the human and mouse
protein sequences, aligned them using DAMBE, and com-
puted protein p-distances (proportional differences; NE1 and
KuMARr 2000) between human and mouse orthologs. The in-
formation on gene location and expression pattern was found
using human genome resources and the LocusLink tool
(http: /www.ncbi.nlm.nih.gov/LocusLink/).

RESULTS

Retroposition predated the human-mouse separation:
To determine when the retroposition that generated
TGIFLX occurred in evolution, we conducted a BLAST
search in the GenBank for homologous sequences to
TGIFLX and its mother gene TGIF2. We identified a
homeobox gene TexI (also known as TgifxI-pending) in
the mouse that is mapped to a region of the X chromo-
some thatis syntenic with human Xq21.3, where TGIFLX
is located. Tex1 is also specifically expressed in the germ
cells of mouse testis (LAI et al. 2002). These facts suggest
that mouse TexI is orthologous to human 7TGIFLX. Fur-
thermore, we obtained the gene sequences of human
and mouse TGIF2 from GenBank and conducted a phy-
logenetic analysis of these sequences. The human and
mouse TGIF sequences are used as outgroups. The gene
tree shows high bootstrap support for the retroposition
that gave birth to TGIFLX occurring in a common ances-
tor of primates and rodents (Figure 1).

Although retroposition usually generates pseudogenes,
a number of retroposition-mediated functional genes
have been identified (LoNG 2001). TGIFLX is appar-
ently a functional gene as its open reading frame has
been maintained throughout mammalian evolution.
Retroposition is a mutation-prone process due to a high
error rate in retrotranscription. Also, newly duplicated
genes often have elevated rates of evolution due to relax-
ation of functional constraints and/or positive selection
(ZnAnG 2003). Thus, one may expect to see a burst of
substitutions in the TGIFLX branch immediately follow-



Rapid Evolution of Homeobox Genes 881

ing the retroposition. Interestingly, Figure 1 shows that
TGIFLX evolves more rapidly than TGIF2 not only in
this branch, butalso throughout its evolutionary history.
We found that the number of amino acid substitutions
per site (Poisson distance) between the orthologous
human and mouse TGIFLX genes is 0.814 = 0.080, and
the corresponding number for TGIF2is 0.031 = 0.013,
their difference being statistically significant (P < 0.001).
Of 1880 orthologous human and rodent genes analyzed
by MakaLowsKI and BoGuskr (1998), only 6 have substi-
tution rates greater than that of TGIFLX, suggesting that
it is evolving at an exceptionally high rate. To further
characterize the substitution rate of TGIFLX, we con-
ducted a detailed evolutionary study of this gene in
primates.

Positive selection on primate TGIFLX: The TGIFLX
coding sequences from five hominoids and four OW
monkeys were reported by BLANCO-ARIAS et al. (2002).
We here determined the orthologous sequences in two
additional OW monkeys and five NW monkeys. Thus,
a total of 16 primate sequences are analyzed here. The
alignment of these 16 protein sequences shows that they
are highly variable (Figure 2). The nonhomeodomain
regions show the highest variability, although 25 of the
63 amino acid positions in the homeodomain are also
variable among the 16 primates. Hydrophobic amino
acids are usually conserved in homeodomains; in the
present case 22 of the 29 hydrophobic sites are com-
pletely conserved among the primate sequences, and
in the rest 7 also involve only hydrophobic amino acid
changes. In the third helix of the homeodomain, four
amino acids (W51, F52, N54, and R56; positions in the
homeodomain) are known to be conserved (BANERJEE-
Basu and Baxevanis 2001), which is also the case here.
Position 53 is usually occupied by a polar amino acid in
homeodomains, but was found to have a small, nonpolar
amino acid in a previous analysis of TALE homeodo-
mains (BURGLIN 1997). In our sequences, position 53
is variable with either polar or nonpolar amino acids.
To examine whether the high sequence variability is a
result of positive selection, we computed the synony-
mous (ds) and nonsynonymous (dy) distances between
each pair of the sequences. For the entire coding region,
higher dy than ds is observed in 93 of 120 pairwise
comparisons (Figure 3A), suggesting the possible action
of positive selection. This pattern is more apparent when
only the nonhomeodomain regions are analyzed, as 98
of the comparisons show dy > ds (Figure 3B). For the
homeodomain, however, only 39 of the comparisons
show dy > ds (Figure 3C). These results indicate that the
substitution rate and pattern may be different between
amino acid positions inside and outside the homeodo-
main.

To test the hypothesis of positive selection more rigor-
ously, we used a phylogeny-based approach (ZHANG et
al. 1997). The phylogentic relationships of the 16 pri-
mates are assumed to follow the tree in Figure 4. This

phylogeny is relatively well established, especially for
the major divisions (GooDMAN et al. 1998; PAGE and
GooDMAN 2001; SINGER ¢t al. 2003; STEIPER and RuvoLo
2003), and use of alternative trees does not affect our
main conclusion. On the basis of this tree, we inferred
the ancestral TGIFLX gene sequences at all interior
nodes of the tree and counted the numbers of synony-
mous (s) and nonsynonymous (7) substitutions on each
tree branch (Figure 4). We found that the sums of »
and s for all branches are 195.5 and 58.5, respectively,
for the nonhomeodomain regions. The potential num-
bers of nonsynonymous (N) and synonymous () sites
are 322 and 128, respectively. Thus n/s = 3.34 is signifi-
cantly greater than N/S = 2.51 (P = 0.031, binomial
test). The binomial test used here is more conservative
than Fisher’s exact test used in ZHANG et al. (1997) and is
more appropriate here because of multiple substitutions
that may have occurred at individual sites (ZHANG and
RoOSENBERG 2002). Fisher’s exact test would have given
a Pvalue of 0.002 here. We also analyzed n/s in homi-
noids, OW monkeys, and NW monkeys separately, but
did not find significant differences (Figure 4). The aver-
age number of synonymous substitutions per site is 0.155
between hominoids and New World monkeys and
0.0819 between hominoids and Old World monkeys.
These values are virtually identical to the corresponding
numbers obtained from multiple intron and noncoding
sequences of primate genomes (0.149 and 0.079, respec-
tively; L1 1997, pp. 221-224), suggesting that the synony-
mous substitution rate in 7GIFLX is normal. Thus, our
results strongly suggest that positive selection is respon-
sible for the rapid evolution at nonsynonymous sites of
the nonhomeodomain regions.

For the homeodomain, we found that n/s (2.42) is
slightly lower than N/ S (2.73) and that the null hypothe-
sis of n/s = N/§ cannot be rejected. This may suggest
that the homeodomain is under no functional con-
straints. It may also suggest that some sites in the homeo-
domain are under positive selection while other sites
are under purifying selection, giving an overall pattern
of similar average substitution rates at synonymous and
nonsynonymous sites (see below). When we examine
the substitution patterns of hominoids, OW monkeys,
and NW monkeys separately, we find that the n/s ratio
is higher among hominoids and OW monkeys (23.5/
4.5 = 5.22) than among NW monkeys (25/12 = 2.08;
Figure 4). However, this difference is not significant
(P = 0.132). The n/s ratio is not significantly different
from N/ S for hominoids and OW monkeys (P = 0.150).

Statistical methods for identifying individual codons
that are under positive selection have been developed
in recent years (SuzUKI and GOJOBORI 1999; YANG et al.
2000). We first applied the likelihood method (YANG et
al. 2000) to the TGIFLX data and compared the likeli-
hoods under models 7 and 8. Here model 7 assumes
that the dy/ ds ratio for individual sites follows a B-distri-
bution between 0 and 1, while model 8 adds an extra
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F1GURE 3.—Pairwise comparisons of ds and dy among 16
primate TGIFLX sequences for (A) the entire sequence, (B)
nonhomeodomain regions, and (C) the homeodomain.

class of sites to model 7. We found that model 8 fits the
data significantly better than model 7 (x* = 15.2, d.f. =
2, P < 0.001), with an additional class of sites of dy/
ds = 2.42. Four codons were identified to be under
positive selection with posterior probabilities >90%,
and they are marked on the sequences shown in Figure
2. Similar results were obtained when models 1 and 2
were compared (see YANG et al. 2000 for details of the
model description). Because the likelihood method has
been shown to generate false-positive results occasion-
ally (Suzuki and NEer 2002), we examined the evidence
for selection at the four codons by a more conservative

parsimony-based method (Suzuki and GojoBORI 1999).
None of the four codons show significant results of
positive selection when they are tested individually (P =
0.19-0.59). When they are tested together, however,
significant evidence for positive selection is found (aver-
age dy/ds = 5.10, P = 0.021), suggesting that one or
more of the four codons are under positive selection.
It is interesting to note that two of the four codons are
located within the homeodomain while the other two
are adjacent to the 3’ end of the homeodomain, sug-
gesting that the homeodomain may indeed be under
positive selection (Figure 2). The two residues within the
homeodomain are not among the completely conserved
residues of all homeodomains, indicating that substitu-
tions at these sites are unlikely to disrupt the basic struc-
ture and function of homeodomains. Furthermore, crys-
tal structures of homeodomains show that the first of
the two residues is involved in DNA-protein binding
and that it contributes significantly to the functional
specificity of homeodomains (GEHRING el al. 1994b).
The second of the two residues belongs to helix I of
the homeodomain, and it may also be involved in DNA-
protein binding, although a more specific molecular
function has yet to be defined.

Selection promotes the diversity of charge profile: To
investigate what types of nonsynonymous substitutions
are favored by selection, we counted the numbers of
conservative and radical nonsynonymous substitutions
on each branch of the tree in Figure 4. Conservative
nonsynonymous substitutions are those that do not alter
the charge of the encoded amino acids and radical
substitutions are those thatalter the charge of the amino
acids. We found a total number of r = 91.5 radical
substitutions and ¢ = 104 conservative substitutions in
the tree for the nonhomeodomain regions. The poten-
tial numbers of radical and conservative sites are R =
128 and C = 195, respectively. The radical substitution
rate (r/R = 0.715) is significantly greater than the con-
servative substitution rate (¢/C = 0.533) at P = 0.027
(binomial test). This is in sharp contrast to the situation
in most mammalian genes where the radical substitution
rate is below the conservative rate (ZHANG 2000). This
result suggests that selection may favor alternations of
amino acid charge in TGIFLX evolution. We also tested
the hypothesis that selection may favor an alternation
of amino acid polarity, but obtained no supporting evi-
dence. For the homeodomain, there is no evidence for
selection promoting the diversity of either amino acid
polarity or charge.

In the above, we compared the number of radical
substitutions per radical site (r/R) with the number of
conservative substitutions per conservative site (¢/C).
This comparison provides information on differential
selections at radical vs. conservative sites, as long as the
four parameters (7, ¢, R, and C) are correctly estimated
(SmrTH 2003). In contrast, comparisons between r and
¢ can be misleading, because the potential numbers of
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radical (R) and conservative (C) sites in a gene sequence
are usually different and they are affected by many fac-
tors unrelated to selection (DAGAN ef al. 2002).

Rapid evolution of mammalian X-linked testis-expressed
homeobox genes: As mentioned, two other homeobox
genes, Pem and OdsH, were reported to evolve rapidly
(SurToN and WILKINSON 1997; TING et al. 1998). The
dy/ds ratio of Pem ranges from 0.65 to 1.56 for the
homeodomain between Mus musculus and several re-
lated rodents (SurToN and WILKINSON 1997). We re-
analyzed the OdsH homeodomain sequences from D.
simulans and D. mauritiana (TING et al. 1998) and ob-
tained a dy/ ds ratio of 1.55. Interestingly, TGIFLX, Pem,
and OdsH are all located in X chromosomes and are
all testis expressed. This observation prompted us to
wonder whether it is a general pattern for X-linked
testis-expressed homeobox genes to evolve rapidly. To
test this hypothesis, we searched for orthologous ho-
meobox genes from the human and mouse genome
sequences. Our search was not exhaustive, but random.
Of the 64 genes found, 4 are X-linked and testis ex-
pressed, 3 are X-linked and non-testis expressed, 13 are
autosomal and testis expressed, and 44 are autosomal
and non-testis expressed. Note that there appear to be
only 7 X-linked homeobox genes, as a further exhaustive
search did not find additional genes. Here “testis expres-
sion” simply means that the gene is expressed in testis,
regardless of its expression in other tissues. We aligned
the sequences and computed the amino acid p-distance
for each orthologous pair. As shown in Table 1 and
Figure HA, when the entire protein is considered, au-
tosomal homeobox genes (regardless of the expression
pattern) and X-chromosomal non-testis-expressed ho-
meobox genes have similar amino acid p-distances on
average, which are an order of magnitude lower than

Woolly monkey

those of X-linked testis-expressed homeobox genes, and
their difference is statistically significant (P < 0.0001,
permutation test). The same pattern is observed when
only the homeodomain or nonhomeodomain regions
are considered (Table 1; Figure 5, B and C). These
results suggest thatitis a general pattern for mammalian
X-linked testis-expressed homeobox genes to evolve rap-
idly. In addition to TGIFLX, the other X-linked testis-
expressed homeobox genes are ESXIL, OTEX, and
PEPP-2. While the mouse ortholog of human ESXIL
is clearly defined by a phylogenetic analysis (data not
shown) and chromosomal locations, the orthologs of
human OTEX and PEPP-2 are not uniquely defined,
probably because of independent gene duplications in
rodents and primates after their separation (WAYNE et
al. 2002). From the mouse genome sequence, we identi-
fied a total of 15 homologs of the human OTEX and
PEPP-2 genes and conducted a phylogenetic analysis of
these genes. The phylogeny is not well resolved and has
low bootstrap supports (see supplementary Figure 1 at
http://www.genetics.org/supplemental/). To be con-
servative, we computed protein p-distances for the hu-
man OTEX with each of the 15 mouse genes and pre-
sented the smallest distance in Table 1. We also did the
same for the human PEPP-2 gene. Considering possible
nonindependent comparisons involved, we also re-
peated all the statistical tests when only one of the OTEX
and PEPP-2 genes was used. We found that the statistical
results remain unchanged.

DISCUSSION

In this report, we provide evidence that TGIFLX
evolves rapidly under positive selection in primates and
that the selection favors diversity in charge profile. Al-
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TABLE 1
Protein p-distances between orthologous human and mouse homeobox genes
Protein p-distance
Protein length Nonhomeodomain
Gene name (amino acids) Entire protein Homeodomain regions
X-linked, testis expressed
TGIFLX 222 0.550 0.456 0.582
ESXIL 310 0.565 0.333 0.620
OTEX 176 0.625 0.544 0.664
PEPP-2 208 0.606 0.526 0.636
Mean =* standard error of the mean 0.587 = 0.018 0.465 = 0.048 0.626 = 0.017
X-linked, non-testis expressed
ARX 560 0.036 0.000 0.040
CDX4 282 0.167 0.017 0.207
POU3F4 361 0.011 0.000 0.013
Mean * standard error of the mean 0.071 = 0.048 0.006 = 0.006 0.087 £ 0.061
Autosomal, testis expressed
IRX2 471 0.104 0.000 0.119
LHX2 389 0.010 0.000 0.012
LHX9 321 0.006 0.000 0.007
NKX3.1 230 0.322 0.000 0.435
NKX6-2 277 0.029 0.000 0.036
PBX2 430 0.021 0.000 0.024
PKNOX2 305 0.011 0.000 0.012
TIX1“ 949 0.144 0.037 0.175
ZHX3" 522 0.123 0.030 0.154
SIX1 273 0.015 0.000 0.019
TGIF 272 0.103 0.000 0.134
TGIF2 237 0.063 0.000 0.084
ZFHX1B 1214 0.034 0.017 0.035
Mean * standard error of the mean 0.076 = 0.024 0.006 £ 0.004 0.096 = 0.033
Autosomal, non-testis expressed
ALX3 343 0.085 0.000 0.102
ALX4 397 0.111 0.000 0.129
BAPX1 333 0.153 0.000 0.187
BARX2 254 0.130 0.000 0.162
CRX 299 0.033 0.000 0.042
DLX4 168 0.274 0.017 0.417
GHS-2 303 0.092 0.000 0.114
HHEX 303 0.070 0.018 0.085
IPF1 283 0.120 0.000 0.150
IRX3 501 0.102 0.000 0.116
IRX4 512 0.158 0.000 0.180
IRX5 417 0.113 0.000 0.132
IRX6 438 0.233 0.048 0.263
LHX1 406 0.005 0.000 0.006
LHX3 398 0.101 0.000 0.117
LHX4 367 0.008 0.000 0.010
LHX5 402 0.012 0.000 0.014
LHX6 340 0.168 0.000 0.201
LMXIA 382 0.029 0.000 0.034
LMX1B 372 0.003 0.000 0.003
OTX1 354 0.025 0.000 0.030
PHOX2A 280 0.021 0.000 0.027
PHOX2B 314 0.000 0.000 0.000
PITX1 314 0.035 0.000 0.043
PITX2 317 0.013 0.000 0.015
PITX3 302 0.017 0.000 0.020

(continued)
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TABLE 1
(Continued)

Protein p-distance

Protein length Nonhomeodomain
Gene name (amino acids) Entire protein Homeodomain regions
Autosomal, non-testis expressed
PKNOX1 314 0.039 0.000 0.045
PROP1 223 0.265 0.070 0.331
PROX1 736 0.023 0.000 0.025
PRX2 246 0.077 0.000 0.102
RAX 342 0.140 0.000 0.170
SHOX?2 330 0.015 0.000 0.019
SIX2 436 0.014 0.023 0.012
SIX3 332 0.024 0.000 0.029
SIX4 753 0.089 0.000 0.103
SIX5 657 0.139 0.000 0.150
SIX6 246 0.024 0.017 0.027
TLX1 330 0.027 0.000 0.033
TLX2 284 0.070 0.000 0.088
TLX3 291 0.010 0.000 0.013
VAXI1 279 0.029 0.000 0.036
VAX2 290 0.121 0.000 0.150
VSX1 354 0.229 0.040 0.260
7ZFH4 3525 0.082 0.009 0.087
Mean =* standard error of the mean 0.080 = 0.011 0.006 = 0.002 0.097 = 0.014

“The mouse sequence is not available. Instead, the rat sequence is analyzed here.

though positive selection acts mainly in the nonhomeo-
domain regions of the protein, it may also operate at a
few sites in the homeodomain. The homeodomain is
used in binding DNA sequences in transcription regula-
tion, while the nonhomeodomain regions in TGIFLX
might be used in protein-protein interaction as in the
case of TGIF and TGIF2 (BERTOLINO et al. 1995; MELHU-
1sH and WorToN 2000; MELHUISH et al. 2001). Rapid
evolution at these sites thus may alter the DNA- and
protein-binding properties of TGIFLX. In mouse, the
TGIFLX ortholog TexI is exclusively expressed in the
germ cells at the spermatid stage (LAl et al. 2002) and
apparently escapes the inactivation that most X-linked
genes are supposed to experience in spermatogenesis
(LirscHyTz and LINDSLEY 1972). Although the physio-
logical function of TGIFLX is unknown, the restricted
temporal and spatial expression pattern suggests a role
of this gene in spermatogenesis and the detected posi-
tive selection on TGIFLX may be related to spermato-
genesis as well.

Our analysis of homeobox genes of humans and mice
revealed a general pattern of rapid evolution of X-linked,
testis-expressed homeobox genes, although the number
of such genes is relatively small. It is interesting to
note that among autosomal homeobox genes, testis-
expressed genes and non-testis-expressed genes show
similar rates of amino acid substitution (Figure 5). Thus,
testis expression alone does not explain high rates of

protein evolution. Among non-testis-expressed homeo-
box genes, there is also no significant difference in
substitution rate between autosomal genes and X-linked
genes, suggesting that chromosomal location alone also
does not explain the difference in amino acid substitu-
tion rate. We noted in collecting the expression pattern
data that 3 of the 4 X-linked testis-expressed genes
(TGIFLX, OTEX, and PEPP-2), but only 1 (NKX3.1) of
the 13 autosomal testis-expressed genes, have exclusive
or highly selective expressions in testis. This difference
suggests that the majority of the autosomal testis-
expressed genes may be under greater functional con-
straints due to their multifaceted roles in many tissues
and developmental processes and thus evolve more
slowly. Indeed, NKX3. 1, which is expressed only in testis,
has the highest substitution rate among the 13 autoso-
mal testis-expressed genes (Table 1). On the contrary,
most of the X-linked testis-expressed homeobox genes
are expressed exclusively or highly in testis and may
thus be specifically involved in male reproduction. Many
authors showed that genes involved in male reproduc-
tion evolve rapidly under positive selection (e.g., LEE
et al. 1995; SwaNsoN and VAcQUIER 1995; METZ and
Parumer 1996; Tsaur and Wu 1997; RooNEYy and
ZHANG 1999; WYCKOFF ef al. 2000; SwANSON and VAc-
QUIER 2002; PopLAHA and ZHANG 2003). In particular,
TORGERSON and SINGH (2003) recently showed that
mammalian X-linked sperm proteins evolve faster than
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Ficure 5.—Distribution of the evolutionary rate of 64 mam-
malian homeobox genes. The evolutionary rate is measured
by protein p-distance between the human and mouse ortholo-
gous genes for (A) the entire sequence, (B) the homeodo-
main, and (C) nonhomeodomain regions. Solid bars, X-linked
testis-expressed genes; shaded bars, X-linked non-testis ex-
pressed; hatched bars, autosomal testis expressed; open bars,
autosomal non-testis expressed.

autosomal ones. Our finding of rapid evolution of mam-
malian X-linked testis-expressed homeobox genes is
thus consistent with these previous observations.
WANG et al. (2001) reported that the mammalian X
chromosome harbors disproportionately more spermato-
gonia-expressed genes than autosomes. Spermatogonia
are the mitotic germ cells of the testis from which sperm
arise by spermatogenesis. Spermatogonia-expressed
genes are probably involved in male reproduction. In
our random sample of 64 homeobox genes, 57% of the
7 X-linked genes and 23% of the 57 autosomal genes
are testis expressed. Thus, even for homeobox genes,
the X chromosome appears to harbor a higher propor-
tion of testis-expressed genes than autosomes (P =
0.074). If only those genes that are exclusively (or highly
selectively) expressed in testis are considered, the X
chromosome harbors an even higher percentage of
such genes (3/7 = 43%) than autosomes (1/57 = 2%),
and their difference is significant (P = 0.003). Sex-
chromosome meiotic drive and/or sexual antagonism

have been invoked as possible explanations for a higher
proportion of X-linked genes to function in male repro-
duction, and these hypotheses have been discussed ex-
tensively in WANG et al. (2001).

It has also been proposed that X-linked genes evolve
more rapidly than autosomal genes (CHARLESWORTH et
al. 1987). This is particularly so when the X-linked genes
are expressed only in males, because all newly arising
advantageous alleles, dominant or recessive, are ex-
posed to positive Darwinian selection. In contrast, reces-
sive advantageous alleles at autosomal loci are effectively
neutral when the allele frequencies are very low. This
might explain the effectiveness of positive selection on
X-linked testis-expressed genes.

The X chromosome has been shown to be of special
importance in hybrid sterility between closely related
species (reviewed in COYNE 1992). The importance of
homeobox genes in hybrid sterility, however, is not well
recognized, probably because most homeobox genes
are evolutionarily conserved. It was thus a surprise to
identify the rapidly evolving OdsH, an X-linked testis-
expressed homeobox gene that is in part responsible
for the hybrid male sterility between D. simulans and D.
mauritiana (TING et al. 1998). This study showed that
it is a general pattern for mammalian X-linked testis-
expressed homeobox genes to evolve rapidly. This sug-
gests the intriguing possibility that it is a rule rather
than an exception that homeobox genes such as OdsH
play important roles in reproductive isolation. In the
future, it will be of greatinterest to work out the develop-
mental pathways in which these homeobox genes func-
tion and the biological significance of their rapid pace
of evolution.
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