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A phylogenetic analysis of sex-chromosomal zinc-finger genes (Zfx and Zfy) indicates
that the genes have not evolved completely independently since their initial sepa-
ration. The sequence similarities suggest gene conversion in the last exon between
the duplicated Y-chromosomal genes Zfy-1 and Zfj-2 in the mouse. There are also
indications of conversion (or recombination ) between the X- and Y-chromosomal
genes in the crab-eating fox and in the mouse. The method for estimating synon-
ymous and nonsynonymous substitutions is modified by incorporating the substi-
tutions in the twofold-degenerate sites in a novel way. The estimates of synonymous
substitutions support the generation-time hypothesis in that the obtained rates are
higher in mice (by a factor of 4.7) than in humans and higher in the Y-chromosomal
genes (by a factor of 1.9) than in the X-chromosomal genes.
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Introduction

The eutherian X chromosomes include a zinc-finger gene (ZFX in humans ar%i
Zfx in other species), and a homologous gene (ZFY or Zfy) is found in the Y chré-
mosomes. The genes have been detected in the sex chromosomes of all eutherian
species studied (Page et al. 1987). Hybridization studies have identified a homologows
gene in marsupials (Sinclair et al. 1988), birds (Page et al. 1987), and reptiles (Buil
et al. 1988), but in none of them does it appear to be sex linked. It is thereforie
reasonable to assume that the Zfx and Zfy genes have become separated from each
other after the split of the lineages leading to present marsupials and eutherian ta)§
and before the radiation of the eutherian species. 2

The eutherian X and Y chromosomes share a short region, a pseudoautosomg
region, where recombination can take place ( Ellis and Goodfellow 1989). The chrex
mosomal location of the Zfx locus is different in humans and mice (Nagamine et al.
1989), but in both taxa the gene is located outside the pseudoautosomal region. Theré—
fore, the X- and Y-chromosomal genes have been expected to evolve independently
without recombination (Page et al. 1987). e

Most eutherian species have the zinc-finger gene as a single copy in both the ¥
chromosome and the Y chromosome. The only known exceptions come from rodents.
Several species of mouse (genus Mus) have two Y-chromosomal genes (Zfy-1 arﬁi
Zfy-2) and an autosomal gene (Zfa) that appears to be an expressed retrogene (Mardo;ii
et al. 1989; Nagamine et al. 1989; Ashworth et al. 1990). A still stronger amplificatida
of the Zfy genes has been detected in wood lemming (Lau et al. 1992) and in South
American sigmodontine rodents (Bianchi et al. 1989).

The proteins produced by Zfx and Zfy have a conservative general structure
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(Koopman et al. 1991). They consist of an acidic domain, a domain consisting of 13
zinc fingers, and a short basic chain connecting these two domains (Mardon and Page
1989). The zinc-finger domain consists of 393 amino acids and is coded by the last
exon at the 3’ half of the gene. The acidic and basic chains result from several shorter
exons (Schneider-Gédicke et al. 1989a) with a slight length variation among the genes
(349 codons in Zfa and 390-412 codons in the others).

The existence of the zinc-finger genes in different chromosomes, and in different
dosages within a chromosome (in some rodent Y chromosomes), allows sequence
comparisons aiming to clarify the pace of evolution in the sex chromosomes. According
to the neutral theory of molecular evolution, the long-term rate of nucleotide subsfi-
tution is determined by the rate of selectively neutral mutations (Kimura 1983, pp.
46-47; Nei 1987, pp. 380-381). Calibrations of the molecular clock have genera@y
indicated that the evolutionary distance between two lineages depends approximately
linearly on the time of separation in years. It has, however, been proposed that the
mutation rate should depend on the number of cell divisions rather than on the absol 1
time, because new mutations arise during DNA replication ( Laird et al. 1969). Sorfie
recent analyses do suggest that the evolutionary rate in mammals could be faster ;m
lineages with shorter generation times (Wu and Li 1985; Li et al. 1990). The numbgr
of cell generations also differs between oogenesis and spermatogenesis, there beigg
more divisions in the latter. This predicts differences in the neutral evolutionary ratss
of autosomes and the sex chromosomes (Miyata et al. 1987), provided that the m§
tation rate correlates with the number of cell divisions. We can expect the highest rate
in the Y chromosome, intermediate rates in autosomal genes, and the lowest rate §1
the X chromosome, because all Y chromosomes, half of the autosomes, and one-thifd
of the X chromosomes are transmitted to the next generation in sperm. The sequenge
data analyzed by Miyata et al. (1987) support this prediction, the rates in the &
chromosome, the autosomes, and the X chromosome having a relationship of 1:0. S
0.33, the expected relationship if the mutations in spermatogenesis are vastly more
frequent than those in oogenesis.

The aim of the present study is to use the sequence information from the zmg—
finger genes to test the above predictions on the evolutionary rates. The data al&d
allow examination of the evolutionary independence of homologous genes located
either in different chromosomes (Zfx, Zfy, and Zfa) or as duplicated loci in the sarﬁe
chromosome (Zfy-1 and Zfy-2). Lanfear and Holland (1991 ) concluded on the ba§s
of the relative differences between human and murine Y- and X-chromosomal genes
that the rate of synonymous substitutions in the Y chromosome has been twice thﬂt
in the X chromosome. However, if the evolutionary changes in the two chromosonfgs
are not independent of each other, this comparison does not reveal the true patterg;

N
Material and Methods ™

The sequences analyzed in this study are taken from the literature. The human
and murine genes have been completely sequenced, and the sequences are given by
Palmer et al. (1990) (human genes ZFX and ZFY'), Mardon et al. (1990) [ mouse
(Mus musculus) gene Zfx (strain FVB/N)], Ashworth et al. (1989) (mouse gene Zfj-
1), Mardon and Page (1989) [ mouse gene Zfy-2 (strain FVB/N)], and Ashworth et
al. (1990) [mouse gene Zfa (strain 129/Sv)].

Lanfear and Holland (1991) amplified and sequenced a 360-bp-long sequence
of Zfx from Chinese hamster, Zfx and Zfy from a crab-eating fox (Dusicyon thous),
and related Zf genes from two bird species, the great tit ( Parus major) and the lesser
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black-backed gull (Larus fuscus). This sequence comes from the middle of the exon
coding for the zinc fingers (the region of the seventh finger).

The phylogenies of the sequences are reconstructed by the parsimony method
and the neighbor-joining method (Saitou and Nei 1987). For DNA parsimony we
use the PHYLIP program that considers all nucleotide substitutions equally likely
(Felsenstein 1986). The reliability of the obtained clusters is examined by bootstrapping
over the nucleotides (Felsenstein 1985). The neighbor-joining trees are created by the
program of Jin and Ferguson (1990).

The substitution differences between pairs of sequences are estimated with the
two-parameter model (Kimura 1980), separately for nondegenerate, twofold—degeg-
erate, and fourfold-degenerate sites (Li et al. 1985). This procedure results in separage
estimates of transitional (A4, 4,, and 4,) and transversional ( By, B,, and B,) subsﬁ-
tutions in each of the three categories. The total number of nucleotide substitutiofis
per site can be given as the sum of transitions and transversions, K; = A4;+ B;. As 4l
the substitutions in the fourfold-degenerate sites are silent, K, could be used as ﬁl
estimate for nucleotide substitution per synonymous site, and K, could be used as zm
estimate for nucleotide substitution per nonsynonymous site.

Li et al. (1985) proposed that the information from twofold-degenerate sites cﬁl
also be used by dividing these sites into synonymous (one-third ) and nonsynonymo_r:gxs
{two-thirds), all transitions being practically synonymous and all transversions bei@g
nonsynonymous. When transitions are commoner than transversions, this methéd
leads to estimates of synonymous differences, K, that can be much higher than Kg
We suggest two possibilities for correcting this bias. First, the twofold-degenerate sitgs
can be divided into synonymous and nonsynonymous, according to the ratio of trag-
sitional and transversional changes (44:B,), rather than according to the ratio 1:&.
Second, we can estimate first both the average frequency of synonymous transitio%
over the twofold-degenerate and fourfold-degenerate sites and the average frequency
of nonsynonymous transversions over the nondegenerate and twofold-degenerate sités.
The final estimates for the synonymous (K;) and nonsynonymous ( K,) substltutlog
are then calculated as

ﬁ

g
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K, = B4+ (LyAy+ LsAs) (Lt La) (%)

o

>
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e

o
K, = Aot (LoBo+ Ly By)/(Lo+ L) , (%)

where Ly, L,, and L, refer to the total number of nucleotides in the three degeneracy
classes. We use formulas (1) and (2) for estimating nucleotide substitutions. Li (ac-
cepted) has independently derived the same estimators, and he also gives formulas
for the variances that we use here:

V(K,) = [L3V (42)+ L3V (44)1/(L2 + Ls)*+V(By)
—b4Qu[2asPs—ca(1 — Q4)1/(L2 + Ls) (3)
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and

V(K,) = V(A4o)+[L3V (Bo)+ L3V (B2)1/(Lo + Ly)*
— boQo[2a0Po—co(1 — Qo)1/(Lo + L2), (4)

where the variances V(4;) and V(B;) are as given by Li et al. (1985), P; and Q;
are, respectively, the observed proportions of transitional and transversional differ-
ences in the degeneracy class i, and a; = 1/(1-2P,—Q;), b; = 1/(1-20Q;), and
¢ = (a;i—b;i)/2. o
When the codons to be compared differ by two or three nucleotides, there &e
different possibilities concerning the order in which the nucleotides have changed. We
have used two ways for estimating the substitutions in such codons. First, all possiéle
paths can be equally likely (except those involving a stop codon ). Second, the estimates
can be calculated by maximizing the synonymous substitutional steps. The two methads
give generally very similar values; the values reported here are based on the maxig-

ization of synonymous substitutions. 2

8
Results f%)
The Gene Trees g

The sequences produced by PCR amplification can be aligned without any gaﬁs.
Of the 312 nucleotides, 110 show a nucleotide difference in at least one of the sequencégs.
When these variable nucleotides are used as characters, the putative branching patt%n
of the genes is reconstructed with the parsimony method (fig. 1). The minimuyn
number of substitutions required in the best tree would be 126 if there were no hog_x-
oplasy. The most parsimonious tree has 170 steps in it. When drawn with the t&o
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FiG. 1.—Parsimony tree of the PCR-amplified sequences (Lanfear and Holland 1991). The numbers
at the roots of the branches show how often a cluster appeared when bootstrapping over nucleotides 100
times; the estimated numbers of nucleotide substitutions are given above the branches. The species are as
follows: Cha = Chinese hamster; Dth = Dusicyon thous; Hsa = Homo sapiens; Lfu = Larus fuscus; Mmu
= Mus musculus; and Pma = Parus major.
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avian sequences as an outgroup, the tree suggests that there are not separate clusters
of the X- and Y-chromosomal genes but that the clustering is affected by the taxonomy.
The two fox genes cluster together, and the human ZFY does not cluster together
with the mouse Zfy genes, although it remains outside the cluster of the X-chromosomal
sequences. In the mouse, the two Y-chromosomal sequences (Zfy-1 and Zfy-2) cluster
closely together, as do the X-chromosomal (Zfx) and autosomal (Zfa) sequences. The
topology of the neighbor-joining tree (based on the K estimates) differs from the
parsimony tree only by clustering the human ZFY together with the hamster Zfx.
The clustering of the fox genes appears not statistically confident on the basis of
bootstrapping (they stay together in 53% of the repeats). However, when the two
human genes are removed from the data, the two fox genes cluster together in 88%
of the bootstrapped trees. This tends to suggest that the two genes in the fox are 1nde€§d
more similar to each other than either is to a murine gene. o
A more detailed picture of the evolution of the zinc-finger genes can be obtaingd
from the complete sequences of the coding region of the two human (ZFX and ZF 2)
and the four murine (Zfx, Zfy-1, Zfy-2, and Zfa) genes. Alignment of the sequencﬁs
is somewhat problematic, as the sequence at the beginning of the Zfa gene (corrg-
sponding to a sequence coding for the first 20 amino acids following the methioning)
is significantly different from those in all the other genes, and there are several gag,
particularly in the Zfa sequence. All the gaps map among the exons in the 5’ haff.
The alignment for the last exon, responsible for the finger structures, requires no gags.
As both the association of the Zfj-1 and Zfy-2 genes and that of the Zfx and Zfa gengs
are obvious, we include only four genes in the phylogenetic analysis—namely, Z.
ZFY, Zfx, and Zfy-2. This avoids some of the problems of the alignment. g
There are 703 nucleotide sites that show a difference among the four genes: 5§9
with one gene differing from the others; 86 with two character states (nucleotide
each shared by two sequences; 54 with three character states; and 4 in which each éf
the four genes has a unique nucleotide. The 86 phylogenetically informative nucleotides
can be used to examine which one of the three possible clusterings they suppomi.
Thirty-eight support clustering on the chromosomal basis (X vs. Y), while 42 suppo?t
clustering on the taxonomic basis (human vs. mouse ). The remaining six sites suppd@t
clustering that has no clear evolutionary interpretation (fig. 2). c'
Conflicting patterns arise when the analysis is done separately for different exox@
The 5’ half of the gene, responsible for the acidic and basic parts of the proteih,
supports the clustering on the chromosomal basis rather than on the taxonomic basis
(27 sites vs. 18 sites), whereas the opposite is true for the exon coding for the finger
structures (11 vs. 24; the 2X2 contingency test shows a significant difference betweé>n
the 5’ and 3’ halves, with G = 6.44, df = 1, P = 0.011). The distribution of the snﬁss

O

N

N
(a) (b) (c)

Zfx Zfy-2 ZFY Zfy-2 Zfy-2 Zfx
Total 38 42 6
5' end 27 18 3
3' end 11 24 3

F1G. 2.—Possible clusterings of the human and murine genes, and the numbers of nucleotides supporting
each of them, separately for the 5’ and the 3’ ends of the genes.
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F1G. 3.—Distribution, along the genes, of the nucleotides supporting either clustering (a) (coluréns
below the line) or clustering (b) (columns above the line), both of which are shown in fig. 2 (the coluritns
are based on 100 nucleotides each, and the gap separates the last exon responsible for the finger structur%).
The asterisks indicate the location of the PCR-amplified sequence (Lanfear and Holland 1991).

supporting either clustering shows some aggregation along the gene, but there is a

a large scatter (fig. 3).

Nucleotide Substitutions
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Nucleotide substitutions between the complete sequences of the human and mu-
rine genes are calculated separately for the 5’ and the 3’ ends of the genes [the first 20
codons are neglected because of problems in aligning Zfa with the other genes (table
1)]. As expected, most substitutions are synonymous. The mean ratio of synonymé:lis

@

S

Table 1 N

Estimates of Nucleotide Substitutions, per 100 Sites, between Human and Murine Genes ;

A. 5 Half g

—3

ZFX ZFY Zfx Zh-1 Zf-2 Zfa§

«Q«

ZFX ... 20 (2) 31 (3) 56 (5) 56 (5) 31 (§

ZFY ..... 6 (1) 40 (3) 53 (5) 54 (5) 42 (4)

i/ 4(1) 8 (1) 76 (6) 80 (7) 8(H

Zf-1 ... .. 22 (1) 22 (1) 23 (1) 7(1) 74 (B

ZR2 .. ... 23 (1) 23 (1) 23 (1) 4(1) 78 (g

Zfa ...... 7(1) 10 (1) 4(1) 25(2) 26 (2) =

N

B. 3 Half N

DD

ZFX ZFY Zfx Zfy-1 Zfy-2 Zfa

ZFX ..... 17 (2) 30 (3) 51(4) 51 (4) 30 (3)

ZFY ..... 1(0) 36 (4) 54 (5) 54 (5) 37 (4)

Zfx ... 1(0) 2(0) 46 (4) 46 (4) 2(1

Zf-1 ... .. 10 (1) 11(1) 10 (1) 1(0) 47 4)

Zf-2 ... .. 10 (1) 11 (1) 10 (1) 1(0) 46 (4)
Zfa ...... 2(0) 3(0) 2(0) 11 (1) 11 (1)

NoOTE.—Data above the diagonals are the estimates for the synonymous differences (K;), and data below the diagonals
are the nonsynonymous differences (K,). Standard errors (in parentheses) are calculated according to the method of Li
(accepted) [our eqq. (3) and (4)]. The 3’ half is the last exon.
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to nonsynonymous substitutions, K;/K,, is 3.4 (range 1.6-8) in the 5’ half of the
genes. The comparisons of the 3’ sequences, between the murine Y-chromosomal
genes and all other genes, produce a K,/ K, ratio of 4.1-5.1, and in the comparisons
of the 3’ parts of ZFX, ZFY, and Zfx the synonymous substitutions outnumber non-
synonymous substitutions, by a factor of 11-51. Similar high ratios of K;/K, are
obtained from the partial sequences produced by PCR amplification, the ratio being
generally >20, except that in comparisons involving Zfy-1 or Zfy-2 it is ~10.

Nonsynonymous substitutions are particularly rare in the last exon (coding for
the finger domain). This is seen from the K,/ K, ratios being higher in the 3’ end than
in the 5’ end. Furthermore, the number of nucleotide differences per nonsynonymous
sites.is in the pairwise comparisons, higher in the 5’ end than in the 3’ end (table 1.

The comparison between Zfx and Zfa and that between Zfy-1 and Zfy-2 fofgn
exceptions in that there are equally many synonymous and nonsynonymous subsgg—
tutions (per respective sites) in the 3’ halves of the genes. In both cases the estlma@“s
are based on small numbers of nucleotide differences.

The estimates of K are generally equal for the two halves of the genes, thh‘fa
couple of exceptions. In the comparison between Zfy-1 and Zfy-2 the ratio K; (5§/
K,(3') = 13.6, and in the comparison between Zfx and Zfa it is 3.6. These values %e
partly sensitive to both the close relationship and a small overall number of nucleotige
differences, but they also indicate that there has been either a homogenizing factor §n
the 3’ end or a diversifying factor in the 5’ end. There are a total of 15 synonymo@s
differences between the 5’ ends of the genes Zfy-1 and Zfy-2, but there are onlys2
differences in the 3’ end, the respective numbers being 17 and 8 between Zfx and Zgz.
The expectation would be that there are about equally many differences in the two
halves of the genes if synonymous substitutions are randomly distributed.

The 3’ halves of the X- and Y-chromosomal genes show also a greater 51m11arrIy
than do the 5’ halves, in both mouse and human. The comparison of the mouse geﬁés
Zfy-1 and Zfy-2 with Zfx gives ratios of K (5')/K,(3') of 1.6 and 1.7, respect1ve§
(As Zfa is almost identical with Zfx, the same applies to the comparison betweensit
and the Y-chromosomal genes.) The same ratio is 1.2 in the comparison between tli‘e
human genes ZFX and ZFY. w

The estimation method introduced in formulas (1) and (2) gives generally smaller
values for K, and larger values for K, than does either the method of Li et al. ( 198@)
or the method of Nei and Gojobori (1986). These two latter methods give estimates
of K that are generally 10%-50% larger than those calculated here. However, the
present estimates of K, are much larger than those that Lanfear and Holland ( 19%)
estimate from the PCR-amplified sequences.

oI/

Discussion

0Z 1snbny

The sequence comparisons demonstrate that the rate of substitutions has ndt
been equal in all nucleotides. There are many more synonymous than nonsynonymous
differences, and there are more differences in the exons coding for the acidic and basic
polypeptides than there are in the last éxon coding for the finger domain. This indicates
the conservatism of the zinc-finger structures, strongly emphasized in earlier sequence
comparisons (Koopman et al. 1991).

The results cast some doubt on the independence of the evolution of different
genes within the same species. The last exons of the murine genes Zfy-1 and Zfy-2
are almost identical, in contrast to many differences in the 5' half. The scarcity of
nonsynonymous substitutions in the last exon is explained by the constraints posed
by the conservatism of the zinc-finger structures. The 3’ end of the gene is, however,
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not only conservative in nonsynonymous nucleotides, but the difference in synonymous
sites is also only one-tenth of that seen in the 5’ half. Although the synonymous
substitutions, in some cases, appear to be correlated with the rate of nonsynonymous
substitutions in the surrounding nucleotides (Miyata et al. 1987; Li and Graur 1991,
p. 77), the similarity of the last exons of Zfj-1 and Zfj-2 is probably best explained
by a homogenizing event such as gene conversion since the duplication of the gene.

The high similarity of the fox X- and Y-chromosomal genes in the PCR results
also indicates that the two genes have been homogenized after the radiation of the
mammalian families. A similar tendency, although not so clear, is seen in the com-
parison of the human and murine sequences. The nucleotide substitutions in the Est
exon support clustering on the basis of taxonomy whereas the nucleotides in theJ_S'
half of the gene support clustering on the chromosomal basis (X- vs. Y- chromogo-
mal genes). Q

The similarity of the X- and Y-chromosomal genes within a species hlntsaof
recombination or gene conversion in the history of the genes. Recombination of the
sex chromosomes is restricted to the pseudoautosomal region that includes sequenges
homologous between the two chromosomes; the zinc-finger genes in both human 2§1d
mouse have been mapped outside this region (Nagamine et al. 1989). Schnei@r—
Gaidicke et al. (1989b) proposed that gene conversion between the human ZFX zgmd
ZFY could explain their high similarity, which also extends outside the coding regign.

The putative conversion (or recombination ) between the X- and Y-chromosoraal
genes makes it difficult to estimate the rate of evolutionary change in them. Lanf%\ar
and Holland (1991 ) made such a comparison from the PCR-amplified sequences ahd
concluded that the evolution has been faster in the Y chromosome than in themmX
chromosome, although the difference was less than the predicted threefold dlfferem:e
Similarly, Bianchi et al. (1992) concluded, on the basis of restriction-fragment d1f§r—
ences, that the Zfy genes in sigmodontine rodents have evolved faster than the
genes. This comparison is a little problematic, because (a) the Zfy genes are ampliﬁ*\éd
in these species and (b) the copy number and restriction-fragment number vary. H(S‘w-
ever, comparisons of species with a similar level of amplification showed a mmﬂ’ar
elevation of differentiation in the Zfy genes. Rapid evolution of the murine Y chf'o-
mosome was also inferred by Tucker et al. (1989). <

The parsimony analysis of the human and murine genes (fig. 2) did not rexfg:al
a clear clustering of the genes. If we take into account the phylogenetically nomn@r—
mative nucleotide differences, the total number of nucleotide differences separating
the murine Zf)-2 from the three other genes is much larger than the number of dif-
ferences separating these three genes from each other, whether the clustering foll@vs
pattern (a) or pattern (b) in figure 2. It is likely that most nucleotide differen;ées
characterizing Zf)-2 must have taken place in the mouse Y chromosome rather than
in the common ancestor of the other genes. This implies that the murine Zfy has
evolved faster than the other genes. The same is seen in the parsimony tree of the
PCR-amplified sequences; there have been more changes in the Y chromosome than
in the X chromosome, in both mouse and fox (fig. 1). The parsimony trees, however,
include both synonymous and nonsynonymous differences. For testing the relative
rates, we should only use the synonymous changes.

Assuming that the parsimony tree (a) (fig. 2) applies to the 5’ end of the gene
and that the tree (b) applies to the 3’ end of the gene, we use the neighbor-joining
method to estimate the branch lengths for synonymous substitutions (fig. 4). The
trees are rooted by assuming that the rate difference between the X- and Y-chromo-
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.05 (a) .06 (b)
—— ZFX — ZFX

.25 .11

Zfx ———— ZFY
.06 .08 .14
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.44 .32
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FI1G. 4.—Gene trees produced by the neighbor-joining method, on the basis of synonymous substitutiogal

differences ( K;). (a), 5’ Half of the gene. (b), 3’ Half (the last exon) of the gene. g
&
Q.
3

somal genes, on the one hand, and between the human and murine genes, on tge

other hand, is the same in all exons. S

The resulting trees suggest that the rate of nucleotide substitution in the Y-chm—
mosomal genes has been about twice the rate in the X-chromosomal genes (me@n
1.9, range 1.5-2.4) and that the murine genes have evolved at a rate 4.7 times as fast
as that in the human genes (range 4.2-5.4). The trees also suggest that the X- and & -
chromosomal genes have separated only slightly before the separation of the rod%u
and primate lineages and that there has been recombination or conversion betwegn
the murine genes, homogenizing the 3’ ends. Table 1 shows that the estimate
synonymous differences between Zfx and Zfy-2 is much smaller for the 3’ end (X
= 0.46) than for the 5’ end (K; = 0.80). The conclusion concerning the branchigg
pattern of the 3’ end [ figs. 2(b) and 4(b)] disagrees with the parsimony tree ba&%d
on the PCR-amplified sequences from that part of the gene (fig. 1). Such a discrepanéy
could indicate sampling effects or true heterogeneity among different parts of the gene
(see fig. 3).

The obtained rate difference between the X- and Y-chromosomal genes agrt;;s
well with the theoretical expectations and with the observations from other geq@s
(Miyata et al. 1987) and is very close to that which Lanfear and Holland (1993)
calculated from the partial data. The estimated rate difference between the murine
and human genes is larger than the mean difference from several other genes. Althouéh
Li et al. (1987) estimated that the rate of synonymous substitutions in mice can §>e
about six times higher than that in humans, the average long-term rate differenge
between the rodent and primate lineages is about twofold (Li et al. 1990). BulmerZet
al. (1991) suggest that the rate of synonymous substitutions has been elevated in @m
rodents recently, after the separation of mice and rats, but there are also claims thétt
no rate differences exist among the mammalian lineages (Easteal 1990). N

If it is assumed that the rodent and primate lineages separated from each other
~80 Mya, it is possible to calculate rough estimates for synonymous substitutions per
year. These estimates would then be 0.70 X 10~° for ZFX, 1.16 X 107° for ZFY, 3.15
X 107 for Zfx, and 6.25 X 10~° for Zfy-2. The estimates for humans are smaller than
those generally obtained (Li et al. 1990). This is partly due to the new method intro-
duced here for estimating synonymous substitutions, and the rate in the X-chromo-
somal sequences is predicted to be smaller than that in the autosomes (two-thirds).

Our interpretation of the results supports the hypothesis that rate differences
depend on the mutation rates. The results also indicate past interactions—recombi-
nation or gene conversion—between different genes within a species. This makes the
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inference indicated on the gene trees problematic. The 5’ and 3’ ends of the genes give
consistent rate estimates, although they support different topologies of the gene tree.
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