
Polymorphism and Divergence at the 5’ Flanking Region of the Sex- 
determining Locus, ST, in Mice 

Michael W. Nachman and Charles F. Aquadro 
Biotechnology Building, Section of Genetics and Development, Cornell University 

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 
A4. 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 A4. 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., see Lewontin 1974; 
Kreitman 199 1) . 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 little 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 199 1; Berry et al. 199 1; 
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 
represent the position of amplification primers for PCR in this study. The amplified region does not lie 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 
A4. domesticus and M. spretus. We have also compared 
levels of polymorphism and divergence at S-y 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 A4. 
spretus were surveyed. Mus domesticus were wild-caught 
in western Europe, and the single A4. 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 pg RNAse/ml) and incubated at 55°C for 

1 h. Proteinase K ( 100 pg/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. muscuhs (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 
(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 , 1 00-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. 198 1). 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. 
( 198 1) : L 15 320 ( 5 ‘-ATAAACATTACTCTGGTCT- 
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TGTAAACC-3 ‘) and HO0072 ( 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. Taq poly- 
merase ( Perkin Elmer Cetus) was used in a lOO- l.tl 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 l.tl of ammonium ac- 
etate ( 10 M ) and 133 ~1 of 100% cold ethanol, was 
washed once in 80% ethanol, and was resuspended in 
15 l_tl of ddH20 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. ( 198 1). 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 (n;) was calculated (Nei and Li 
1979). The Hudson et al. ( 1987) test of neutral molec- 
ular evolution (HKA 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 HKA 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 
Srv is expected to be smaller than the corresponding 
ratio for mtDNA, and the resulting test will be biased 
toward reiection of the null hvpothesis. For the Srv re- 
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gion, 1,063 bases were comparable between species for 
the HKA test (i.e., excluding deletions in either species); 
and, for the mtDNA control region, 887 bases were 
comparable between species. Polymorphism for the 
HKA 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 
23-y 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. n was 0.00 1. 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, Lipari Islands . . . . . . . . . . . . 1225 
Salina, Lipari Islands . . . . . . . . . . 1248 

Greece (n = 2): 
Niforeka, vicinity of Patras, Peloponnisos . . . 115 1 
Zakinthos Island, 1 km south southwest of 1199 

Laganas 
Spain (n = 2): 

La Rota (de1 Valles), Catalonia 1286 
Avinyonet, Catalonia . . . . . . . . . . . . . . 13 10 

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 . 
TTCATTCATCCCACATATACTTGCCCTCCCCTTCACCTTTTGTTTTATTCC~TCATTTTGTATATGTGGTGTCTT~GTGTTGGTACATCCACTTAGCT 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ..-........... 

6901 . . . . . 
TGACTATTTGTCCATTTTGTTTCTGATTCTTAGCTAGCCCTTG~CACAGCTTTGC -----------------------TGTATTGTC~T~CAG 
.TC..............................................T........CTGTAGTGCTTTTATAC~T................... 

6978 . . . 
TCTATTCTTTAGAGATAGATAATAAAAGAGAG~GC~TGTGACTCCTTATGCAT~GGCTTATTTTACC~GATATAGAGAGCTCATAGCATAGTT 
. . . . . . . . . . . . . . . . . . . . . . . . . . ..I....................................................................... 

7078 . . . 
CATAGAACAACTGGGCTTTGCACATTGTGGAGGAGAACTATGTCATACACACACACACACACACACACACACACACACACACACACACACACACTCA 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ..G.......----------------.. 

7192 . . 
CAAGACTTTACATACTCATGATGTAGTTTTGTGTGCTAGAGAG~CCCTGAT~CAG~GATGCATTTGATC~C~GGAGTGTTTTGCATACT~ 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 

7292 . 
AGAGACACAGCCTGTGTTTTCACAGTATTAAGTTTGGTTTGGTATGTTTTTC~GATGAGTATTG~GACTTACAGATGGTTTGCATGGTGATGCTGT~GG~ 
. . . . . . . . . . . . . . . . . . . . . . . . . C . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ..T.................... 

7392 . . . . 
ATGACAGCCAGCCCTGACCCGATGgCACTGTGTTTTTGCCTGCTCAG~TG~CTACTGCATCCCAGTCATTAG~TGCTC~CCTGGATGATTTTTAC 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ..A....-...... 

7492 . . . . . 
CATGAAAGAATTTTTGCTATTATGTAAGAAATTTTGTATACATTACTTTTATGATGCATTGATATGACC~G~GG~~~GTTCTTTTAT~TGTA 
. . . . . . . . . . CC..................................................................................T..... 

7592 . . . . . . . 
GATATTTATACTGGGCTATAGAGCCAGAACAGACTATTTTCTTAGTTTTTTCCATGCTGCCTGCCTTAGTAGACTATGATACT~TGATAGGTTCCATGCT 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ..-...... C . . . . . . . ..A...............................C........ 

7692 . . . . . . . . . 
TATCATTTTTAACCCTTTCCACTACTTTTGCAAGCTaGTTTCATCA 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . T T.............A...................T.....G......................G . . . 

7792 . . . . . . . 
GTATGTTCTTTGTATCTTAATACTTGTTGTGACAGAATGATC-G~GCGATATA~TTTT~GGAGTGTG-GTGCAGTCTCT~CATTCAC-CTT 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ..T.................................................. 

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 HKA 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 
A4. 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 . 
AAGAAGAAGGAGCc-ACTCCCCACCACCAGCACCCAAAGCTGGTATTCTgAtTAAACTACTTCTTGAGTACATAAATTTACATAGTACAACAGTACATTT 
. . . . . . . . . . . ATTA..................................A.............................._._..._...T......... 

15451 . . 
ATGTATATCGTACATTAAACTATtTTCCCCAAGCATATAAaTcAaTAtAT 
. . . . . . . . . . . . . . . . . . . T A.......................A....T.......A.CT..CA.......CC..AC.........CAT.TAC.TA . . . 

15551 . . 
atACCATGAATATTATCTTAaCACATTAAAtTAATGtTAT~GGAtATATCTGTGTTATCTGACATACACCATACAGTCAT~CTCTTCTCTTCCATA 
--TA.............G.-..T.......G.C......T.T.A..C.......................................C............. 

15651 . . . 
TGACTATCCCCTTCCCCATTTGGTCTATTAATCTACCATCCTCCGTG~CC~C~CCCGCCCACCaATGCCCCTCTTCTCGCTCCGGGCCCATT~C 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 

15751 . . 
TTGGGGGTAGCTAAACTGACTTTATCAGACATCTGGTTCTTACTTCAGGGCCATC~TGCGTTATCGCCCATACGTTCCCCTT~T~GACATCTC 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 

15852 . . . 
GATGGTATCGGGTCTAATCAGCCCATGACCAACATAACTGTGGTGTCATGCATTTGGTATTTTTTTATTTTGGcCTACTTTCATC~CATAGCCGTC~G 
. . . . . . . A . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . C . . . . AT....A............................ 

15952 . . . . 
GCATGAAAGGACAGCACACAGTCTAGACGCACCTACGGTG~G~TCATTAGTCCGCt~aCCC~TCACCT~GGCT~TTATTCATGCTTGTTAGACA 
. . . . . . . . . . . . . . . . . . T . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . A.G...........C............................ 

16052 . . . . . 
TAAAtGCTACTcAATACCATTTTAA--CTCTCCAAACCCCCC--ACCCCCTCCTCTT~TGCC~CCCC~CACT~G~CTTG~GA 
. . . C.TT.TT.......T.G.......CT...............CA......A........................................A. 

FIG. 3.-Aligned mtDNA control region sequences from A4us domesticus (top) and M. spretus (bottom). The sequence shown for M. 
domesticus is the randomly chosen allele (mouse 1125) used in the HKA test. Numbers correspond to the positions in the published M. 
domesticus sequence reported by Bibb et al. ( 198 1). Dots indicate identity; and dashes indicate deletions. Polymorphic sites within M. domestic-us 
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 HKA 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 HKA 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 (HKA test statistic = 1.265; P > 0.10; Fisher’s 
exact test, P > 0.10). The same conclusions are obtained 
if the HKA tests are performed using the average number 
of differences between species (e.g., see Begun and 
Aquadro 199 1; Kreitman and Hudson 199 1 ), 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 .O% 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 Table 3 
Sry Polymorphisms within MIS domesticus Control-Region Polymorphisms within Mus domesticus 

Specimen” 

No. of CA Repeats 
Beginning at 

Delb Position 7 127 7416 7728 

SITES 

Consensus . . . . . . . + 24 G A 
Gubbay et al. . . . . . - 31 . C 
1103 . . . . - 21 . . 
1111 . . . . . . . . . . . . * . . . 
1112 . . . . . . . . . . * . . . 
1113 . . . . . . . . . . . ’ . . . 
1114 . . . . . . . . . . . . * . . . 
1118 . . . . . . * 25 . . 
1119 . . . . . . . . . . . . * 25 . . 
1120 . . . . . . . . . . . ’ 21 . . 
1125 . . . . . . . . . . * . . . 
1126 . . . . . . - . . . 
1129 . . . . . . . . . . . - 25 . . 
1204 . . . . . . . . . . . - 22 A - 
1225 . . . . . . . . . - 23 . . 
1248 . . . . . . . . . . - 21 . . 
1151 . . . . . . . - 23 . . 
1199 . . . * 20 . . 
1286 . . . . . . . . - 22 . C 
1310 . . . . . . . . . l 16 . C 
1328 . . . . . . . . - 19 . C 
1334 . . . . . . . . * 19 . C 

1 1 

5 6 
3444555555555555790000 
6007234444557889120156 

SPECIMENS 5024901358122287859263 

NOTE-Dots indicate identity, and dashes indicate deletions relative to the 
consensus. 

’ Numbers are as defined in table 1. 
b Deletion of 19 bases (positions 70 13-703 1). 

Consensus 
1103.. ..... 
1111 ....... 
1112 ....... 
1113.. ..... 
1114.. ..... 
1118 ....... 
1119 ....... 
1120.. ..... 
1125.. ..... 
1126 ....... 
1129.. ..... 
1204 ....... 
1225.. ..... 
1248.. ..... 
1151 ....... 
1199.. ..... 
1286 ....... 
1310 ....... 
1328.. ..... 
1334.. ..... 

TATTTCACATATATTTACTATC 
CG .................... 
..... T...C..TC ........ 
CG .................... 
CG .................... 

T ........ C..TC ........ 
CG .................... 
CG .................... 
CG .................... 
CG .................... 

T ........ C..TC ........ 
............. CC. .TA ... 

............. CC. .TA ... 

... C ........ T.C..TAC .. 

... C ........ T.C..TAC .. 

............ TC ... .AC .. 

........ G ... T..C..AC .T 
C T.....C...TA.C. ...... 

......... C--.C..T ..... 

.... CT............A ... 

.... CTG...........A ... 

a Numbers are as in tables 1 and 2. 
b Only polymorphic sites are shown; numbers across top of table correspond 

to the nucleotide positions in the published mouse sequence of Bibb et al. (198 1). 

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 HKA 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 hypothesis in an HKA 
test. If there had been no segregating sites in the 1,063- 
bp region, then the resulting HKA test would have re- 
jected the null hypothesis (HKA 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 
(HKA 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. 

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 different 
polymorphism:divergence ratios at Sry and at the 
mtDNA control region. The expectation that these ra- 
tios will be the same under neutrality holds only if these 
two loci have the same effective population size. Be- 
cause the Y chromosome is transmitted through males 

Table 4 
Numbers of Polymorphic Nucleotide Sites within A4us 
domesticus and Numbers of Nucleotide Differences” between 
M. domesticus and M. spretus 

No. OF NUCLEOTIDE SITES 

Polymorphic Different” 

Sry . . . . . . . . 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 HKA 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 

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 19 14; 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: Zfv-1 and Zfy-2 (Na- 
gamine et al. 1989), Sry (Gubbay et al. 1990), and 
Ubely (Mitchell et al. 199 1) . 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. ( 199 1) 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. ( 199 1) 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 10 7 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 1 O4 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 lo8 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 n alleles from 
M. domesticus under neutrality. For a haploid, hemi- 
zygous locus, such as Sry, it is N( 1 - 1 /n) generations, 
where N is the effective species population size (Tajima 
1983). Given a rough estimate of N = 10 5 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 lo4 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 1 O6 generations and every 3 X 10 7 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. 
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