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We have investigated patterns of evolution in the nonrecombining portion of the Y chromosome in mice by
comparing levels of polymorphism within Mus domesticus with levels of divergence between M. domesticus and
M. spretus. A 1,277-bp fragment of noncoding sequence flanking the sex determining locus (Sry) was PCR amplified,
and 1,063 bases were sequenced and compared among 20 M. domesticus and 1 M. spretus. Two polymorphic base
substitutions and two polymorphic insertion/deletion sites were identified within M. domesticus, nucleotide diversity
was estimated to be 0.1%. Divergence between M. domesticus and M. spretus for this region (1.9%) was slightly
lower than the average divergence of single-copy nuclear DNA for these species. Comparison of levels of poly-
morphism and divergence at Sry with levels of polymorphism and divergence in the mitochondrial DNA control
region provided no evidence of a departure from the expectations of neutral molecular evolution. These findings
are consistent with the presumed lack of function for much of the Y chromosome.

Introduction

A longstanding concern in population genetics has
been to understand the relative importance of selective
forces in determining the amount and distribution of
genetic variation in nature (e.g., sce Lewontin 1974;
Kreitman 1991). Ideally we would like to know whether
variation that we observe is affected mainly by neutral
processes, such as drift, or whether it is under selection.
If selection is acting, is it chiefly balancing selection or
directional selection? One recently adopted approach to
this problem has been to compare levels of polymor-
phism within a species with levels of divergence between
closely related species, for different gene regions (Kreit-
man and Aguade 1986; Hudson et al. 1987). The neutral
expectation is that the ratio of polymorphism to diver-
gence will be the same for different gene regions, since
both are a function of the neutral mutation rate. Selec-
tion, in contrast, will lead to an uncoupling of poly-
morphism and divergence. Directional selection will
reduce polymorphism relative to divergence, and bal-
ancing selection will have the opposite effect.

Selection on a particular mutation has the potential
to affect polymorphism at linked neutral sites. For ex-
ample, as an advantageous mutation moves toward fix-
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ation in a population, it will tend to “drag along” nearby
neutral mutants in a process known as “genetic hitch-
hiking” (Maynard Smith and Haigh 1974; Kaplan et al.
1989). The extent of this effect is determined by the
amount of recombination in a region and by the strength
of selection. In a chromosomal region with high recom-
bination rates, most neutral mutants may recombine off
the allele containing the advantageous mutant. Con-
versely, in a region with littie recombination, a selective
sweep may affect a large segment of a chromosome. A
selective sweep in a region with no recombination will
result in the fixation of a single haplotype in a population.
In the aftermath of such an event, DNA variability will
only slowly build back up, since the population can gain
polymorphisms only through mutation.

One important consequence of genetic hitchhiking
is that it provides a powerful way to detect selection at
a distance, particularly in regions of little or no recom-
bination. In the extreme case of no recombination, se-
lection acting on any part of a chromosome will affect
the entire chromosome. By measuring DNA polymor-
phism and divergence in a region of low recombination
and comparing it to polymorphism and divergence from
another (preferably neutral) region, we may be able to
disentangle the effects of selection and drift. This ratio-
nale has motivated surveys of DNA variability in regions
of low recombination within and between species of
Drosophila (Begun and Aquadro 1991; Berry et al. 1991;
Martin-Campos et al. 1992; Langley et al. 1993). In these
studies, reduced polymorphism within D. melanogaster,
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FIG. 1.—Map of the Sry locus, with enlarged region corresponding to the 1,277-bp fragment amplified and sequenced in this study. Long
arrows indicate the position of the inverted repeat identified by Gubbay et al. (1992). Only a portion of the inverted repeat is depicted. The
HMG box lies within the presumed coding region of Sry (Gubbay et al. 1990) and corresponds to a DNA-binding domain. Small arrows O

represent the position of amplification primers for PCR in this study. The amplified region does not li¢ in an open reading frame, and it contains =

a hypervariable CA repeat.

relative to divergence between D. melanogaster and D.
simulans, was observed, consistent with the hypothesis
that adaptive fixations have eliminated variation in these
regions.

We have adopted a similar approach to study pat-
terns of genetic variation on the Y chromosome in mice.
Recombination is entirely absent on most of the Y chro-
mosome; an advantageous mutation that arises any-
where should therefore affect the entire chromosome.
Here we report on DNA variability in a noncoding por-
tion of the Sry locus within Mus domesticus and between
M. domesticus and M. spretus. We have also compared
levels of polymorphism and divergence at Sry with levels
of polymorphism and divergence for these same species
in the mitochondrial DNA (mtDNA ) control region.

Material and Methods
Specimens

Twenty male Mus domesticus and one male M.
spretus were surveyed. Mus domesticus were wild-caught
in western Europe, and the single M. spretus was ob-
tained from the Jackson Laboratory (Bar Harbor,
Maine). The original collecting localities, numbers of
individuals, and specimen ID numbers for the M. do-
mesticus are given in table 1. All specimens were de-
posited into the collections of the Museum of Zoology
at The University of Michigan.

DNA Preparation

Genomic DNA was prepared from frozen spleen
or liver tissue according to the method of Sambrook et
al. (1989), with modifications. Tissues were ground in
liquid nitrogen, and the resulting powder was suspended
in 10 ml of extraction buffer (10 mM Tris pH 8.0, 100
mM ethylene diaminetetraacetate, 0.5% sodium dodecyl
sulfate, 20 ug RNAse/ml) and incubated at 55°C for

1 h. Proteinase K (100 pug/ml) was added, and the so-
lution was incubated for up to 12 h at 55°C and was
extracted three times with phenol/chloroform. DNA was
ethanol precipitated, dried, and resuspended in Tris-
ethylenediaminetetraacetate (pH 8.0) to a final concen-
tration of 500 mg/ml.

Polymerase Chain Reaction (PCR) Amplification

Amplification of double-stranded DNA was per-
formed using the polymerase chain reaction (Saiki et al.
1986, 1988). A 1,277-bp fragment upstream from the
HMG box (a conserved domain within the presumed
coding region; Gubbay et al. 1990) of Sry was amplified
(fig. 1). The presumed coding region of Sry lies within
a single-copy region flanked by a large inverted repeat
that is known to predate the divergence of M. domesticus
and M. musculus (Gubbay et al. 1992). One PCR primer
was positioned within the repeat, and one was positioned
in the single-copy region that the repeat surrounds ( fig.
1). Primer sequences were designed from the published
sequence of this region (Gubbay et al. 1992). Forward 3
(F) and reverse (R) primers were numbered so that the
3’ base in each primer corresponds to the position of
that base in the sequence of Gubbay et al. (1992): F6685
(5' - CTTAAAGAAACTGTTGCAGGGG - 3') and
R7920 (5-TTTGAAGCCATCTCATGAACC-3'). An
1,100-bp fragment encompassing the mtDNA control
region was also amplified. mtDNA amplification primers
were based on the “universal” primers of Kocher et al.
(1989) and were slightly modified to correspond to the
mouse mitochondrial sequence (Bibb et al. 1981). The
letters in the primer designations that follow correspond
to the light (L) or heavy (H) strand of mtDNA, and the
numbers correspond to the position of the 3’ base of
each primer in the sequence reported by Bibb et al.
(1981): L15320 (5-ATAAACATTACTCTGGTCT-
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TGTAAACC-3') and H00072 (5'-ATTAATTATAA-
GGCCAGGACCAAACCT-3"). DNA for both regions
was amplified using 35 thermal cycles of 94°C for 1
min, 55°C for 1 min, and 72°C for 3 min. Tag poly-
merase (Perkin Elmer Cetus) was used in a 100-ul re-
action volume with conditions as specified by the sup-
plier, and the reaction mixture was overlayed with
mineral oil. After the reaction, oil was removed using a
chloroform extraction, and the double-stranded PCR
product was precipitated with 33 pl of ammonium ac-
etate (10 M) and 133 pl of 100% cold ethanol, was
washed once in 80% ethanol, and was resuspended in
15 ul of ddH,O for direct double-stranded sequencing.

DNA Sequencing

Direct sequencing of double-stranded PCR prod-
ucts was done by using the dideoxy chain termination
method (Sanger et al. 1977) with Sequenase 2 enzyme
and kit (USB) according to the protocol supplied by the
manufacturer, with slight modifications. The sequencing
primer was annealed to template DNA (annealing step
of Sequenase protocol ) by heating it at 100°C for 3 min,
freezing it directly in a dry-ice/ethanol bath, and allow-
ing it to thaw in the presence of enzyme and elongation
reagents. Both strands were sequenced in all individuals.
At Sry, 1,103 bases were sequenced, beginning at posi-
tion 6801 in the sequence reported by Gubbay et al.
(1992). In the mtDNA control region, 893 bases were
sequenced, beginning at position 15352 in the sequence
reported by Bibb et al. (1981). mtDNA sequence for 10
of the 20 M. domesticus was previously published as
part of a larger survey of mtDNA variation (Nachman
et al. 1994).

Data Analysis

Sequences were aligned by hand, the numbers and
frequencies of all polymorphic sites were counted, and
nucleotide diversity () was calculated (Nei and Li
1979). The Hudson et al. (1987) test of neutral molec-
ular evolution (HK A test) was used to compare levels
of polymorphism and divergence between Sry and the
mtDNA control region. Because both gene regions are
effectively hemizygous and transmitted through only one
sex, each is present in one-fourth as many copies as is a
typical diploid locus. Consequently they are directly
comparable using an HK A test under the assumption
that mtDNA heteroplasmy is negligible and that effective
population sizes are equal among males and females. If
the effective population size is smaller for males than
for females, the ratio of polymorphism to divergence at
Sry is expected to be smaller than the corresponding
ratio for mtDNA, and the resulting test will be biased
toward rejection of the null hypothesis. For the Sry re-

Y-Chromosome Evolution in Mice 541

gion, 1,063 bases were comparable between species for
the HK A test (i.e., excluding deletions in either species);
and, for the mtDNA control region, 887 bases were
comparable between species. Polymorphism for the
HK A test is based on the number of segregating sites,
and divergence is based on the nucleotide differences
between randomly chosen alleles from each species
(Hudson et al. 1987). Both the randomly chosen allele
for Sry and that for the mtDNA control region for M.
domesticus were from individual 1125 (in table 1 and
figs. 2 and 3).

Results
Sry Gene Region

The polymorphisms observed at Sry are shown in
table 2, and the complete sequences for Mus domesticus
and M. spretus are shown in figure 2. Only two base
substitutions were observed within M. domesticus. One
was a singleton, and the other was present in 4 of 20
individuals. ®© was 0.001. Two insertion /deletion poly-
morphic sites were also observed. One was a 19-bp dele-
tion in three individuals. The other involved a region of
CA dinucleotide repeats that varied in length. Nine dif-
ferent lengths for this CA repeat were observed among
the 20 individuals, suggesting that the mutation rate for
length changes is very high in this region. When base
substitutions alone were considered, three haplotypes
were present among the 20 individuals. When length
variants were included, 11 haplotypes were observed.

Table 1
Collection Localities and Specimens Analyzed
Locality Specimen(s)*
Central Italy (n = 12):
Cassino, 6-14 km west northwest of train station 1103,
1111-1114,
1118-1120,
1125, 1126
Policastro, Region Campania ................ 1204
Bonefro, 6 km west of town, Region Molise . . . .. 1129
Southern Italy (n = 2):
Lipari, LipariIslands ....................... 1225
Salina, LipariIslands . ...................... 1248
Greece (n = 2):
Niforeka, vicinity of Patras, Peloponnisos ... ... 1151
Zakinthos Island, 1 km south southwest of 1199
Laganas
Spain (n = 2):
La Roca (del Valles), Catalonia ............... 1286
Avinyonet, Catalonia ....................... 1310
Scotland (n = 2):
Papa Westray, Orkney Islands ................ 1328
Eday, Orkney Islands ....................... 1334

® Numbers refer to collector’s catalog. All specimens are males, and all have
been donated to the University of Michigan Museum of Zoology.
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6801 . .
TTCATTCATCCCACATATACTTGCCCTCCCCTTCACCTTTTGTTTTATTCCAATCAT TTTGTATATGTGGTGTCTTAAGTGT TGGTACATCCACTTAGCT
6901 . . . . . . . . .
TGACTATTTGTCCATTTTGTTTCTGATTCTTAGCTAGCCCTTGAARACACAGCTTTGC === === =========m === mm TGTATTGTCAATAAAACAG

B e e e et e et e e e e Tooi..... CTGTAGTGCTTTTATACARARAT . . ... .eonenrnnnn...
6978

TCTATTCTTTAGAGATAGATAATAAAAGAGAAGCAAAATGTGACTCCTTATGCATAAAGGCTTATTTTACCAAAAGATATAGAGAGCTCATAGCATAGTT

7078 . . . . . . . . -
CATAGAACAACTGGGCTTTGCACATTGTGGAGGAGAACTAAAATGTCATACACACACACACACACACACACACACACACACACACACACACACACACTCA
.......................................................................... G, oo
7192

CAAGACTTTACATACTCATGATGTAGTTTTGTGTGCTAGAGAGAAACCCTGATAAACAGAAAGATGCATTTGATCAACAAAGGAGTGTTTTGCATACTAA

7292 . . . . . . . . .
AGAGACACAGCCTGTGTTTTCACAGTATTAAGTTTGGTATGTTTTTCAARGATGAGTATTGAAGACTTACAGATGGTTTGCATGGTGATGCTGTAAGGAA

7392 . . . . . . . . .
ATGACAGCCAGCCCTGACCCGATGGCACTGTGTTTTTGCCTGCTCAGAAATGAACTACTGCATCCCAGTCATTAGAATGCTCAACCTGGATGATTTTTAC

7492 . . . . . . . . .
CATGAARGAATTTTTGCTATTATGTAAGAAATTTGTATACATTACTTTTATGATGCATTGATATGACCAAGAAAGGAAGCAAAAGTTCTTTTATGGTGTA

7592 . . . . . . . . -
GATATTTATACTGGGCTATAGAGCCAGAACAGACTATTTCTTAGTTTTTTCCATGCTGCCTGCCTTAGTAGACTATGATACTAATGATAGGTTCCATGCT

7692 . . . . . . . . .
TATCATTTTTAACCCTTTCCACTACTTTTGCAAGCTaGTTAATTTCTCACGTTAGTCCATCCTAAACATTAGGTACTTTACAGGGCAAAAGAACTCATCA

7792

GTATGTTCTTTGTATCTTAATACTTGTTGTGACAGAATGATCAAAGAAAAAGCGATATATTTTTAAGGAGTGTGAAAGTGCAGTCTCTAACATTCACAAACTT

FIG. 2.—Aligned Sry sequences from Mus domesticus (top) and M. spretus (bottom), for the region amplified. The sequence shown for
M. domesticus is the randomly chosen allele (mouse 1125) used in the HK A test. Numbers correspond to the positions in the M. musculus
sequence reported by Gubbay et al. (1992). Dots indicate identity, and dashes indicate deletions. Polymorphic sites within M. domesticus are

in lowercase.

Three base substitutions and one length difference
were observed between M. domesticus (mouse 1125)
and the published sequence reported by Gubbay et al.
(1992), which was cloned from a laboratory mouse with
a M. musculus Y chromosome. At position 7656 we
observed a T instead of a G, at position 7768 we observed
a T instead of a G, and at position 7728 we observed an
A instead of a C. The average level of divergence between
M. musculus and each of the M. domesticus sequences
was 0.27%. The length difference between M. domesticus
and the M. musculus sequence reported by Gubbay et
al. (1992) was due to a difference in copy number in
the CA repeat (table 2).

Between M. domesticus (mouse 1125) and M.
spretus, 20 base substitutions were observed (fig. 2). The
average level of divergence between each of the M. do-
mesticus sequences and M. spretus was 1.89%. Between
M. domesticus and M. spretus, four length differences

were observed (fig. 2). Two of the length differences
involved a single base pair; nucleotide positions 7485
and 7635 were deleted in M. spretus. The other two
length differences were longer; a 22-bp insertion in the
M. spretus sequence follows position 6958, and the
length of the CA repeat in M. spretus is 16 dinucleotides
rather than 24.

mtDNA Control Region

The polymorphisms observed within M. domesti-
cus, for the mtDNA control region, are shown in table
3, and the sequences for M. domesticus and M. spretus
are shown in figure 3. Twenty base substitutions and
one length polymorphism were observed within M. do-
mesticus. Between M. domesticus and M. spretus, 55
base substitutions and four insertion / deletions were seen
(fig. 3). The average divergence between each of the M.
domesticus sequences and M. spretus was 6.23%. Vari-
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15352 .

AAGAAGAAGGAGCCc— ACTCCCCACCACCAGCACCCAAAGCTGGTATTCTgAtTAAACTACTTCTTGAGTACATAAATTTACATAGTACAACAGTACATTT
........... 2N - N L
15451
ATGTATATCGTACATTAAACTATtTTCCCCAAGCATATAAGCAAGTACATTAAATCAATGGTTCAGGTCATAAAATAAtcATCAACATAAaTcAaTAtAT
................... T...A..ueeuueeeeannnaaanaaa Ao T . ....A.CT..CA.......CC..AC.........CAT.TAC.TA
15551
atACCATGAATATTATCTTAAaCACATTAAAtTAATGtTATAAGGAtATATCTGTGTTATCTGACATACACCATACAGTCATAAACTCTTCTCTTCCATA
——TA....cieieen- G.~..T....... G.C...... b D N Covniina
15651

TGACTATCCCCTTCCCCATTTGGTCTATTAATCTACCATCCTCCGTGAAACCAACAACCCGCCCACCaATGCCCCTCTTCTCGCTCCGGGCCCATTAAAC

15751
TTGGGGGTAGCTAAACTGAAACTTTATCAGACATCTGGTTCTTACTTCAGGGCCATCAAATGCGTTATCGCCCATACGTTCCCCTTAAATAAGACATCTC

15852
GATGGTATCGGGTCTAATCAGCCCATGACCAACATAACTGTGGTGTCATGCATTTGGTATTTTTTTATTTTGGCCTACTTTCATCAACATAGCCGTCAAG
....... N & S R R
15952
GCATGAAAGGACAGCACACAGTCTAGACGCACCTACGGTGAAGAATCATTAGTCCGCtAAaCCCAATCACCTAAGGCTAATTATTCATGCTTGTTAGACA
.................. . S € T R R R
16052
TAAAtGCTACTCAATACCAAATTTTAA——CTCTCCAAACCCCCC--ACCCCCTCCTCTTAATGCCAAACCCCAAAAACACTAAGAACTTGAAAGA
C.TT.TT....... T.G....... [ P CA...... - T A

FIG. 3.—Aligned mtDNA control region sequences from Mus domesticus (top) and M. spretus (bottom). The sequence shown for M.
domesticus is the randomly chosen allele (mouse 1125) used in the HK A test. Numbers correspond to the positions in the published M.
domesticus sequence reported by Bibb et al. (1981). Dots indicate identity; and dashes indicate deletions. Polymorphic sites within M. domesticus
are in lowercase. The alignment of the region from position 15540 to position 15560 was based on phylogenetic considerations in comparisons
of this region among M. spretus, M. musculus (Nachman et al., in press), and M. domesticus. Another possible alignment of this region has
two length differences instead of one and has 6 base substitutions instead of 10. This alternative alignment was also used to calculate differences

for the HK A test; none of our conclusions are affected by this alternative alignment.

ation in this region within M. domesticus has been de-
scribed in detail elsewhere ( Prager et al. 1993; Nachman
et al. 1994).

Statistical Tests of Neutrality

A summary of polymorphism and divergence for
these two regions is presented in table 4. The polymor-
phism: divergence ratio for mtDNA is roughly 1:3, while
the corresponding ratio for Sry is 1:10. While there ap-
pears to be a reduction in polymorphism at Sry relative
to mtDNA, these differences are not significant when
either the HK A test (HKA test statistic = 1.845; P
> 0.10) or a Fisher’s exact test (P > 0.05) is used. If we
restrict the analysis to the 14 mice that are from central
and southern Italy, there is one polymorphic site at Sry
and there are 11 polymorphic sites in the mtDNA control
region. This geographically localized sample does not
allow us to reject the null hypothesis of neutral molecular
evolution (HK A test statistic = 1.265; P> 0.10; Fisher’s
exact test, P> 0.10). The same conclusions are obtained
if the HK A tests are performed using the average number
of differences between species (e.g., see Begun and
Aquadro 1991; Kreitman and Hudson 1991), rather
than the differences between randomly chosen alleles
from each species.

Discussion

The level of divergence that we have measured, at
Sry, between Mus domesticus and M. spretus (1.9%) is
slightly lower than the overall rate of divergence esti-
mated in DNA-DNA hybridization studies of single-copy
nuclear DNA for this same pair of species (approxi-
mately 3.0%; She et al. 1990). Likewise, we observe only
0.27% divergence, at Sry, between M. domesticus and
the M. musculus sequence reported by Gubbay et al.
(1992), compared with 1.0% divergence for these species
that is seen in DNA-DNA hybridization (She et al.
1990). This suggests that the neutral mutation rate for
this region may be slightly lower than average. This is
somewhat surprising in light of the expectation that
male-driven molecular evolution may result in a higher
mutation rate for Y-linked genes than for X-linked or
autosomal genes (Shimmin et al. 1993).

It is difficult to know whether the low level of di-
vergence that we observed reflects some degree of func-
tional constraint or is simply the result of evolutionary
or sampling variance. The region that we sequenced is
roughly 0.5 kb 5’ to the presumed start codon for Sry
and does not contain any open reading frames. However,
the transcript for this gene has not yet been fully char-
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Table 2
Sry Polymorphisms within Mus domesticus

No. of CA Repeats
Beginning at

Specimen?® Del® Position 7127 7416 7728
Consensus ....... + 24 G A
Gubbay etal. ..... . 31 . C
1103 ............ . 21 .
| 1 5 I . .

112 ..

13 ...

14 ............ . .

18 ............ . 25

1o ... . 25

1120 ............ . 21

125 ............ . .

1126 ............ . .

1129 ............ . 25 .

1204 ............ - 22 A

1225 ... - 23 .

1248 ............ - 21

st ... . 23

1199 ............ . 20 .
1286 ............ . 22 C
1310 ............ . 16 C
1328 . ........... . 19 C
1334 ............ . 19 C

NoTE.—Dots indicate identity, and dashes indicate deletions relative to the
consensus.

® Numbers are as defined in table 1.

® Deletion of 19 bases (positions 7013-7031).

acterized, and so it is unclear whether the region that
we surveyed is transcribed or necessary for transcription.
The several observed deletions indicate that at least part
of this sequence is nonessential.

Under neutrality, a lower mutation rate will result
in a lower level of polymorphism and therefore make it
more difficult to detect the effects of a selective sweep.
Unfortunately, the power of the HK A test is not great
in this situation. Given the number of bases surveyed
and the amount of divergence observed, we can ask
whether any observed number of segregating sites would
have allowed us to reject the null hypothesisin an HK A
test. If there had been no segregating sites in the 1,063-
bp region, then the resulting HK A test would have re-
jected the null hypothesis (HK A test statistic = 4.376;
P < 0.05). Conversely, we can ask whether a larger
number of bases surveyed would have caused us to reject
the null hypothesis, given the observed polymorphism:
divergence ratios. If we had surveyed three times as many
bases, we still would not have rejected the null hypothesis
(HK A test statistic = 3.447; P > 0.05). Of course it is
also possible that, with a larger number of bases surveyed,
the polymorphism:divergence ratios for the two gene
regions might have become more similar.

Table 3
Control-Region Polymorphisms within Mus domesticus
SITE
1 1
5 6

L EE R E R E R EIONANNAN

6007234444557889120156

SPECIMEN? 5024901358122287859263
Consensus . . ... TATTTCACATATATTTACTATC
1103 .......... CG..o
| S S T...C..TC........
m2.......... CG. oo,
13 ... CG..ov o
ma ... . T...C..TC........ g
118 .......... CG. .o =1
19 ... CC.vie e g
1120 .......... CG. oot 8
125 ..., CG...oii 3
126 .......... ... T...C..TC........ 3
1129 ... CC..TA. B
1204 .......... ... .. CC..TA. 5
1225 .......... C........ T.C..TAC =3
1248 .......... Covvn. T.C..TAC. 9
1 TC....AC. <)
199 ... G...T..C..AC.T <
1286 .......... o T..... C...TA.C 5
1310 ..., ... C—.C..T..... 2.
1328 .......... CCT. . A o
133 .......... CTG. ... .. A <
Q
[
2 Numbers are as in tables 1 and 2. Z

® Only polymorphic sites are shown; numbers across top of table correspond<
to the nucleotide positions in the published mouse sequence of Bibb et al. (1981). 5

40 AL

Although we found no statistical evidence of a de->
parture from the expectations of a model of neutral mo—,%
lecular evolution, we did observe considerably different2
polymorphism:divergence ratios at Sry and at the)c,>
mtDNA control region. The expectation that these ra-é
tios will be the same under neutrality holds only if thesei
two loci have the same effective population size. Be-ﬁ
cause the Y chromosome is transmitted through males%

Table 4

Numbers of Polymorphic Nucleotide Sites within Mus
domesticus and Numbers of Nucleotide Differences® between
M. domesticus and M. spretus

NO. OF NUCLEOTIDE SITES

Polymorphic Different®
Sry o 2 20
mtDNA ..... 20 55

* Differences are between M. spretus and the randomly chosen allele (mouse
1125) from M. domesticus. HKA test statistic = 1.845; P> 0.10.
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and mtDNA is transmitted through females, these loci
will have the same effective population size only if male
and female effective population sizes are equal. If only
a few males contribute a majority of the gametes to the
next generation, then the effective population size will
be smaller for males than for females. This difference
would reduce variability on the Y chromosome in re-
lation to other gene regions—and most drastically in
relation to mtDNA.

While precise estimates of male and female effective
population sizes are not available for natural populations
of M. domesticus, studies using mice reared in the lab
(DeFries and McClearn 1972) and in large outdoor
population cages (Lidicker 1976) provide evidence of a
polygynous breeding system in which one or two dom-
inant males may sometimes sire nearly all the young in
a social group. These studies suggest that at least some
difference in male and female effective population size
is highly likely.

It is of interest that even a relatively modest differ-
ence in male and female effective population sizes could
account for the different polymorphism: divergence ra-
tios that we observe at Sry and mtDNA. If we use the
observed polymorphism:divergence ratio at the mtDNA
control region (20/55) and the observed level of diver-
gence at Sry (20) to predict the expected level of poly-
morphism at Sry, under the assumptions of neutrality
and equal male and female effective population sizes,
we obtain (20/55) X 20 = 7.3 polymorphic sites ex-
pected at Sry. This is roughly four times more than ob-
served (2). Thus, the contrasting polymorphism: diver-
gence ratios observed at Sry and the mtDNA control
region could be explained if male effective population
size was approximately one-fourth that of females.

Given the potential for differences in male and fe-
male population size to bias the HK A test toward a re-
jection of the null hypothesis, it is interesting that we
were unable to reject the neutral model. This suggests
that there has not been a strong, recent selective sweep
anywhere on the nonrecombining portion of the Y
chromosome. It is possible, however, that the slight re-
duction in polymorphism at Sry is attributable to either
an older adaptive fixation or a relatively slow fixation
of a mutation with only a very slight selective advantage.

Two recent studies have documented interspecific
patterns of synonymous and nonsynonymous substi-
tutions at Sry in rodents ( Tucker and Lundrigan 1993)
and primates (Whitfield et al. 1993). These studies reveal
that the HMG domain of the gene shows low non-
synonymous:synonymous substitutions ratios but that
outside this region, particularly 3’ to the HMG box, there
is an elevated rate of nonsynonymous substitution. Two
different hypotheses have been proposed to explain this
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elevated rate of nonsynonymous substitution: these re-
gions of the gene may be under little functional con-
straint or may be experiencing rapid adaptive evolution.
If selection has acted recently on these regions, then the
effects of selection in the form of reduced polymorphism
will be detectable anywhere in the nonrecombining por-
tion of the Y chromosome. The power to detect selection
should be highest in a region of little functional con-
straint. Our survey of the 5' flanking region of Sry pro-
vides no evidence for a recent adaptive fixation within
M. domesticus, anywhere on the nonrecombining por-
tion of the Y. This suggests that the “little functional
constraint” hypothesis may be a sufficient explanation
for the patterns of amino acid divergence observed, in
some portions of Sry, between species.

The absence of evidence for a recent adaptive fix-
ation is consistent with several ideas concerning the evo-
lution of sex chromosomes. Heteromorphic sex chro-
mosomes are thought to have evolved from a pair of
homologous chromosomes by the suppression of cross-
ing-over and by subsequent loss of gene activity on the
Y (Muller 1914; Charlesworth 1978; Rice 1987). This
is consistent with the low number of genes that have
been mapped to the Y. To date, only four coding se-
quences have been characterized from the nonrecom-
bining portion of the Y in mice: Zfy-1 and Zfy-2 (Na-
gamine et al. 1989), Sry (Gubbay et al. 1990), and
Ubely (Mitchell et al. 1991). Several phenotypic traits
have also been mapped to the Y (Lyon and Kirby 1992);
however, it remains unclear whether these can be ac-
counted for by the genes already described. It appears
reasonable to think that the total number of genes even-
tually identified on the Y will be small; consequently
there may be relatively few potential targets of selection.
Moreover, the genes that are present may, like Sry, be
essential regulatory genes and not likely candidates for
frequent adaptive substitutions.

Our results can be contrasted with the findings in
Drosophila, where every gene in a region of low recom-
bination appears to have reduced variability. In partic-
ular, Berry et al. (1991) observed low variability (but
typical levels of divergence) on the small fourth chro-
mosome of Drosophila. This chromosome represents
about 1% of the coding genome of D. melanogaster and
is thought to contain approximately 75 major loci
(Hochman 1976). Nonetheless, these few genes appear
to present sufficient targets for selection so that genetic
hitchhiking is detectable. The mouse Y chromosome,
in contrast, may contain only one-tenth as many genes.

Is it possible to explain the absence of hitchhiking
on the mouse Y chromosome as being simply a result
of few targets for selection? This is a difficult question
to answer, in light of our limited knowledge of both the
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number of genes on the Y and the rate at which adaptive
substitutions occur. However, we can make a rough ap-
proximation, as follows: Berry et al. (1991 ) estimate that
there is one adaptive substitution on the fourth chro-
mosome of D. melanogaster in roughly 3 X 10° gener-
ations. On a per-locus basis (if it is assumed that there
are 75 loci on the fourth chromosome), this gives an
estimate of one adaptive substitution per locus every 2.3
X 107 generations. Aquadro and Begun (1993), using
data from 20 loci throughout the D. melanogaster ge-
nome, estimate that there is one adaptive fixation every
3 X 10* generations for the entire genome. Expressing
this in per-locus terms (and assuming that there are ap-
proximately 10,000 loci in the genome), we obtain one
adaptive fixation per locus every 3 X 10® generations.
In light of the completely different approaches for ob-
taining these two estimates, it is not at all surprising that
they differ, and it is rather remarkable that they differ
by only an order of magnitude. We can estimate the
expected coalescent time for a sample of # alleles from
M. domesticus under neutrality. For a haploid, hemi-
zygous locus, such as Sry, it is N(1 — 1/n) generations,
where NV is the effective species population size ( Tajima
1983). Given a rough estimate of N = 10° for this species
(Wilson et al. 1985), we see that under neutrality we
expect all alleles to coalesce to a common ancestral allele
in 9.5 X 10* generations. If we assume that there are 10
loci on the mouse Y chromosome, we expect an adaptive
fixation for the entire Y, somewhere between every 2.3
X 109 generations and every 3 X 107 generations (cal-
culations are from the two different estimates above).
Both of these numbers are considerably greater than the
average coalescent time under neutrality. This calcula-
tion, while extremely rough, suggests that the absence
of evidence for hitchhiking may be due simply to the
small number of genes on the Y.

Charlesworth et al. (1993) have recently presented
an alternative hypothesis to explain reduced levels of
DNA variability in regions of low recombination. Their
model invokes the ability of purifying selection against
deleterious mutations to remove haplotypes from the
population and thereby lower overall levels of DNA
variability. This process, which they call “background
selection,” requires targets on which selection may act,
as does a hitchhiking model. The paucity of genes on
the Y may provide few such targets and consequently
may limit the potential not only for hitchhiking asso-
ciated with the fixation of advantageous mutants but
also for background selection against deleterious mu-
tations.

Acknowledgments

We thank P. K. Tucker and the members of the
Aquadro laboratory for helpful discussions. We thank

D. J. Begun, W. F. Eanes, and two anonymous reviewers
for comments on the manuscript. This research was
supported by the National Science Foundation and the
National Institutes of Health (postdoctoral fellowships
to M.W.N.) and by a National Institutes of Health re-
search grant to C.F.A.

LITERATURE CITED

AQUADRO, C. F., and D. J. BEGUN. 1993, Evidence for and
implications of genetic hitchhiking in the Drosophila ge-
nome. Pp. 159-178 in N. TAKAHATA and A. G. CLARK,
eds. Mechanisms of molecular evolution. Sinauer, Sunder-
land, Mass.

BEGUN, D. J., and C. F. AQUADRO. 1991. Molecular popu-o
lation genetics of the distal portion of the X chromosomeé
in Drosophila: evidence for genetic hitchhiking of the yellow-o
achaete region. Genetics 129:1147-1158. %

BERRY, A. J., J. W. AJIOKA, and M. KREITMAN. 1991. Lackg
of polymorphism on the Drosophila fourth chromosome3
resulting from selection. Genetics 129:1111-1117.

BIBB, M. J., R. A. VAN ETTEN, C. T. WRIGHT, M. W. WAL=
BERG, and D. A. CLAYTON. 1981. Sequence and gene or-_E%,r
ganization of mouse mitochondrial DNA. Cell 26:167-180

CHARLESWORTH, B. 1978. Model for the evolution of Y chro-
mosomes and dosage compensation. Proc. Natl. Acad. Sci2
USA 75:5618-5622.

CHARLESWORTH, B., M. T. MORGAN, and D. CHARLESQ
WORTH. 1993. The effect of deleterious mutations on neus
tral molecular variation. Genetics 134:1289-1303. c

DEFRIES, J. C.,, and G. E. MCCLEARN. 1972. Behavioral ge=
netics and the fine structure of mouse populations: a stud)n-n
in microevolution. Evol. Biol. 5:279-291.

GUBBAY, J., J. COLLIGNON, P. KOOPMAN, B. CAPEL, A,<
ECONOMOU, A. MUNSTERBERG, N. VIVIAN, P. GOODFELQ
Low, and R. LOVELL-BADGE. 1990. A gene mapping t01>
the sex-determining region of the mouse Y chromosome 1ﬁ
a member of a novel family of embryonically expresse:
genes. Nature 346:245-250.

GUBBAY, J., N. VIVIAN, A. ECONOMOU, D. JACKSON, P3
GOODFELLOW, and R. LOVELL-BADGE. 1992. Inverted re-3
peat structure of the Sry locus in mice. Proc. Natl. Acad®
Sci. USA 89:7953-7957. N

HOCHMAN, B. 1976. The fourth chromosome of Drosophlla\)
melanogaster. Pp. 903-928 in M. ASHBURNER and E.
NoviTsKI, eds. The genetics and biology of Drosophila. Vol.
1b. Academic Press, New York.

HuUDsON, R. R., M. KREITMAN, and M. AGUADE. 1987. A
test of neutral molecular evolution based on nucleotide data.
Genetics 116:153-159.

KAPLAN, N. L., R. R. HUDSON, and C. H. LANGLEY. 1989.
The “hitchhiking effect” revisited. Genetics 123:887-899.

KOCHER, T. D., W. K. THOMAS, A. MEYER, S. V. EDWARDS,
S. PAABO, F. X. VILLA-BLANCA, and A. C. WILSON. 1989.
Dynamics of mitochondrial DNA evolution in animals:
amplification and sequencing with conserved primers. Proc.
Natl. Acad. Sci. USA 86:6196-6200.

KREITMAN, M. 1991. Detecting selection at the level of DNA.
Pp. 204-221 in R. K. SELANDER, A. G. CLARK, and T. S.

wh//:dny

"0 [pJo

Sfeul

1isd


http://mbe.oxfordjournals.org/

WHITTAM, eds. Evolution at the molecular level. Sinauer,
Sunderland, Mass.

KREITMAN, M. E., and M. AGUADE. 1986. Excess polymor-
phism at the Adh locus in Drosophila melanogaster. Ge-
netics 114:93-110.

KREITMAN, M., and R. R. HUDSON. 1991. Inferring the evo-
lutionary histories of the Adh and Adh-dup loci in Dro-
sophila melanogaster from patterns of polymorphism and
divergence. Genetics 127:565-582.

LANGLEY, C. H., J. MACDONALD, N. MIYASHITA, and M.
AGUADE. 1993. Lack of correlation between interspecific
divergence and intraspecific polymorphism at the suppressor
of forked region in Drosophila melanogaster and Drosophiia
simulans. Proc. Natl. Acad. Sci. USA 90:1800-1803.

LEWONTIN, R. C. 1974. The genetic basis of evolutionary
change. Columbia University Press, New York.

LIDICKER, W. Z., JR. 1976. Social behaviour and density reg-
ulation in house mice living in large enclosures. J. Anim.
Ecol. 45:677-697.

LYoN, M. F., and M. C. KIrRBY. 1992. Mouse chromosome
atlas. Mouse Genome 90:22-44,

MARTIN-CAMPOS, J. M., J. M. COMERON, N, MIYASHITA, and
M. AGUADE. 1992. Intraspecific and interspecific variation
at the y-ac-sc region of Drosophila simulans and Drosophila
melanogaster. Genetics 130:805-816.

MAYNARD SMITH, J., and J. HAIGH. 1974. The hitch-hiking
effect of a favourable gene. Genet. Res. 23:23-35.

MITCHELL, M. J., D. R. WoobDSs, P. K. TUCKER, J. S. OPpP,
and C. E. BisSHOP. 1991. Homology of a candidate sper-
matogenic gene from the mouse Y chromosome to the
ubiquitin-activating enzyme E1. Nature 354:483-486.

MULLER, H. J. 1914. A gene for the fourth chromosome of
Drosophila. J. Exp. Zool. 17:325-336.

NACHMAN, M. W., S. N. BOYER, J. B. SEARLE, and C. F.
AQUADRO. 1994, Mitochondrial DNA variation and the
evolution of Robertsonian chromosomal races of house
mice. Genetics 136:1105-1120.

NAGAMINE, C. M., K. CHAN, C. A. Kozak, and Y. F. LAuU.
1989. Chromosome mapping and expression of a putative
testis-determining gene in mouse. Science 243:80-83.

NEI, M., and W.-H. Li. 1979. Mathematical model for studying
genetic variation in terms of restriction endonucleases. Proc.
Natl. Acad. Sci. USA 76:5269-5273.

PRAGER, E. M., R. D. SAGE, U. GYLLENSTEN, W. K. THOMAS,
R. HUBNER, C. S. JONES, L. NOBLE, J. B. SEARLE, and
A. C. WILSON., 1993. Mitochondrial DNA sequence diver-

Y-Chromosome Evolution in Mice 547

sity and the colonization of Scandinavia by house mice
from East Holstein. Biol. J. Linnean Soc. 50:85-122.

RICE, W. R. 1987. Genetic hitchhiking and the evolution of
reduced genetic activity of the Y sex chromosome. Genetics
116:161-167.

SaIKl, R. K., T. L. BUGAWAN, G. T. HORN, K. B. MULLIS,
and H. A. ERLICH. 1986. Analysis of enzymatically am-
plified beta-globin and HLA-DQalpha DNA with allele-
specific oligonucleotide probes. Nature 324:163-166.

SAIKI, R. K., D. H. GELFAND, S. STOFFEL, S. J. SCHARF, R.
HiGucHI, G. T. HORN, K. B. MULLIS, and H. A. ERLICH.
1988. Primer-directed enzymatic amplification of DNA with
a thermostable DNA polymerase. Science 239:487-491.

SAMBROOK, J., E. F. FRITSCH, and T. MANIATIS. 1989. Mo-
lecular cloning: a laboratory manual, 2d ed. Cold Spring
Harbor Laboratory, Coid Spring Harbor, N.Y.

SANGER, F., S. NICKLON, and A. R. COULSON. 1977. DNA
sequencing with chain terminating inhibitors. Proc. Natl.

SHE, J. X., F. BONHOMME, P. BOURSOT, L. THALER, and F.
CATZEFLIS. 1990. Molecular phylogenies in the genus Mus:
comparative analysis of electrophoretic, scnDNA hybrid-
ization, and mtDNA RFLP data. Biol. J. Linnean Soc. 41:
83-103.

SHIMMIN, L. C., B. H.-J. CHANG, and W.-H. L1. 1993. Male-
driven evolution of DNA sequences. Nature 362:745-747.

TAJIMA, F. 1983. Evolutionary relationship of DNA sequences
in finite populations. Genetics 105:437-460.

TUCKER, P. K., and B. L. LUNDRIGAN. 1993. Rapid amino
acid sequence divergence at the sex determining locus, Sry,
in Old World mice and rats. Nature 364:715-717.

WHITFIELD, L. S., R. LOVELL-BADGE, and P. N. GOODFEL-
LOW. 1993. Rapid sequence evolution of the sex determin-
ing gene Sry. Nature 364:713-715.

WILSON, A. C., R. L. CANN, S. M. CARR, M. GEORGE, U. B.
GYLLENSTEN, K. M. HELM-BYCHOWSKI, R. G. HIGUCH]I,
S. R. PALUMBI, E. M. PRAGER, R. D. SAGE, and M. STONE-
KING. 1985. Mitochondrial DNA and two perspectives on
evolutionary genetics. Biol. J. Linnean Soc. 26:375-400.

SHOZO YOKOYAMA, reviewing editor
Received September 23, 1993

Accepted December 12, 1993

2102 '8Z 8Unf U0 YNOZIYV 40 ALISHIAINN 1 /610°SfeuInopioxosqui//:dny woiy papeojumod


http://mbe.oxfordjournals.org/

