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In organisms with chromosomal sex determination, sex is determined by a set of dimorphic sex chromosomes that
are thought to have evolved from a set of originally homologous chromosomes. The chromosome inherited only
through the heterogametic sex (the Y chromosome in the case of male heterogamety) often exhibits loss of genetic
activity for most of the genes carried on its homolog and is hence referred to as degenerate. The process by which
the proto-Y chromosome loses its genetic activity has long been the subject of much speculation. We present a
DNA sequence variation analysis of marker genes on the evolving sex chromosomes (neo-sex chromosomes) of
Drosophila miranda. Due to its relatively recent origin, the neo-Y chromosome of this species is presumed to be
still experiencing the forces responsible for the loss of its genetic activity. Indeed, several previous studies have
confirmed the presence of some active loci on this chromosome. The genes on the neo-Y chromosome surveyed in
the current study show generally lower levels of variation compared with their counterparts on the neo-X chro-
mosome or an X-linked gene. This is in accord with a reduced effective population size of the neo-Y chromosome.
Interestingly, the rate of replacement nucleotide substitutions for the neo-Y linked genes is significantly higher than
that for the neo-X linked genes. This is not expected under a model where the faster evolution of the X chromosome
is postulated to be the main force driving the degeneration of the Y chromosome.

Introduction

The presence of dimorphic sex chromosomes—a
distinctive, often largely nonhomologous pair of chro-
mosomes—is a common characteristic of chromosomal
sex determination systems. Various aspects of sex chro-
mosomes have long been subjected to numerous studies
(Wilson 1925; Mittwoch 1967; Ohno 1967). Several
pieces of direct and indirect evidence suggest that di-
morphic sex chromosomes have evolved from an orig-
inally homologous pair of chromosomes (Mittwoch
1967; Ohno 1967; Bull 1983; Guttman and Charles-
worth 1998). The chromosome that is transmitted only
through the heterogametic sex (which will be referred
to here as the Y chromosome) exhibits some common
characteristics in different species (Bull 1983; Charles-
worth 1991, 1996). It usually contains little genetic in-
formation, and often remains condensed (heterochro-
matic) throughout the cell cycle. A key phenomenon is
that meiotic recombination between the X and Y chro-
mosomes is usually absent or is confined to a small re-
gion of genetic homology. Transposable elements and
other repetitive sequences tend to accumulate on the Y
chromosome, further contributing to its differentiation
from the X chromosome.

A critical step in the process of the evolution of
dimorphic sex chromosomes is generally assumed to be
the restriction of recombination between the X chro-
mosome and the primitive Y chromosome. Once recom-
bination is restricted, it facilitates the close association
of primary sex-determining genes with genetic functions
advantageous to males but disadvantageous to females,
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and thus enhances the differentiation of the formerly ho-
mologous chromosomes (Charlesworth 1991; Rice
1996). Various population genetic processes can lead to
the loss of gene function from a chromosome that is
prevented from crossing over (Charlesworth 1996; Rice
1996; Orr and Kim 1998). Once the Y chromosome be-
gins to lose activity for genes that were originally ho-
mologous with those on the X chromosome, the dele-
terious effects associated with such functional aneuploi-
dy favors the evolution of dosage compensation. This
involves adjustment of the activity of X-linked loci in
the heterogametic sex, such that the rate of transcription
in males of those loci is effectively twice that in females
(Bull 1983; Bashaw and Baker 1996; Cline and Meyer
1996; Jegalian and Page 1998; Lucchesi 1998). Several
different mechanisms for dosage compensation have
evolved independently in different lineages (Lucchesi
1994).

The independent occurrence of both the evolution-
ary erosion of Y chromosomes and the evolution of dos-
age compensation in various distantly related species
suggests that simple evolutionary forces are acting to
cause these phenomena. Despite ample theorizing and a
long history of attention from evolutionary biologists,
until recently the necessary molecular tools to study the
exact mechanism of the evolution of degenerate Y chro-
mosomes in different taxa were not available. This study
is the first in a series of attempts to shed light on this
problem by examining patterns of molecular evolution
and sequence variation of homologous X- and Y-linked
loci from the newly developing sex chromosome system
of Drosophila miranda. As outlined by Charlesworth
(1996), the different possible evolutionary mechanisms
of Y chromosome degeneration make different detailed
predictions about these patterns, although they all entail
a considerable reduction in effective population size of
the primitive Y chromosome over what is expected from
its numerical abundance (see Discussion).
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Table 1
List of Strains of Drosophila miranda and Drosophila
pseudoobscura Used in this Study, Along with Their
Geographic Origins

Species Strain ID Geographic Origin

D. miranda . . . . . . . . . 0101.3
0101.4
0101.5
0101.7
0101.9

Port Coquitlam, B.C., Canada
Port Coquitlam, B.C., Canada
Port Coquitlam, B.C., Canada
Port Coquitlam, B.C., Canada
Mather, California

MA 28
MA 32
SP 138
SP 235
SP 295

Mather, California
Mather, California
Spray, Oregon
Spray, Oregon
Spray, Oregon

D. pseudoobscura . . .

MSH 22
MSH 38

Mt. St. Helena, California
Mt. St. Helena, California
Mather, California

The newly developing system of neo-X and neo-Y
chromosomes in D. miranda provides a unique oppor-
tunity for this purpose. The neo-Y chromosome of D.
miranda has resulted from the fusion of Muller’s ele-
ment C of the basic Drosophila karyotype (Powell
1997) with the ancestral Y chromosome. This fusion is
absent in the two sibling species, Drosophila pseudoob-
scura and Drosophila persimilis (Dobzhansky 1935;
MacKnight 1939), setting an upper limit to the age of
this fusion as the divergence time between D. miranda
and the other two sibling species. Several studies have
shown that this system possesses the characteristics ex-
pected of developing sex chromosomes. Specifically, the
neo-Y chromosome appears to be in an intermediate
stage of degeneration, still possessing some active loci
(MacKnight 1939; Steinemann, Steinemann, and Lotts-
peich 1993). On the other hand, the homologous element
(X2), which cosegregates with the true X chromosome
in males, has evolved an incomplete level of dosage
compensation, apparently by adopting the preexisting
dosage compensation machinery (Strobel, Pelling, and
Arnheim 1978; Norman and Doane 1990; Bone and Ku-
roda 1996; Marı́n et al. 1996; Steinemann, Steinemann,
and Turner 1996).

This study concerns the patterns of molecular evo-
lution and variation of the larval cuticle protein (Lcp)
genes. These are among the first genes localized and
sequenced from both of the neo-sex chromosomes in D.
miranda (Steinemann and Steinemann 1993; Steine-
mann, Steinemann, and Lottspeich 1993; Steinemann,
Steinemann, and Pinsker 1996). Their sequences were
used to design allele-specific primers to amplify neo-X
and neo-Y alleles, thus allowing us to investigate the
patterns of nucleotide variation of loci on the two chro-
mosomes. Homologous D. pseudoobscura alleles were
also obtained for use as an outgroup. Sequence variation
of the X-linked period (per) gene was also studied (see
also Wang and Hey [1996]) in order to provide a ref-
erence locus with which to compare levels of variation
at the Lcp loci.

Materials and Methods
Species and Strains

Among the 12 strains of D. miranda studied, 5
were acquired from the National Drosophila Species Re-
source Center (Bowling Green, Ohio). Mohamed Noor
kindly provided an additional four lines, derived from
single females captured in Mather, Calif., and Wyatt An-
derson provided the last three lines (from Spray, Oreg.).
All the D. miranda lines were subjected to Adh allozyme
analysis to verify their species identity (Anderson, Ay-
ala, and Michod 1977). The geographic origins of the
strains are shown in table 1. A strain of the outgroup
D. pseudoobscura was kindly provided by Jerry Coyne.
Stocks were maintained in bottle culture on banana me-
dium at 188C.

Design of PCR Primers

Primers to amplify D. miranda Lcp alleles were
designed from published sequences (Steinemann, Stei-

nemann, and Pinsker 1996). They were designed so that
nucleotide sites that differed between the two neo-sex
chromosome alleles would be included in the primer,
close to the 39 end. Many different pairs of primers were
produced initially. After preliminary PCR reactions, the
primer pairs providing the most reliable PCR products
were chosen. These PCR products were then sequenced
to identify the allelic differences. For the Lcp1 and Lcp3
loci, having only the forward primer different and using
the same reverse primer for neo-X and neo-Y alleles was
sufficient to amplify different alleles. The actual primer
sequences used are 59-TTT TAT TGA TGC GAT TGT
TTC-39 as the forward primer for the Lcp1 neo-X allele
and 59-GCA CTT TTA TTG ATA CGA CTG-39 for the
Lcp1 neo-Y allele. The same reverse primer for both of
the neo-sex alleles, 59-GGT AAA GAA AGG TAT CCA
GAG-39, was used for Lcp1 of D. miranda. For the Lcp3
locus, the two primer sets were designed such that there
was also a length difference between the neo-X and the
neo-Y encoded alleles. The primer sequences were 59-
CAC CGC TTA TGC TAA AAA TA-39 for the Lcp3
neo-X forward primer and 59-TTT GGA TAA TCT
ACA ATT CG-39 for the Lcp3 neo-Y forward primer.
Both of the Lcp3 alleles were amplified using the same
reverse primer 59-TAT TTT CAG TGT GCT GTT CA-
39. The same logic was used to design primers for the
Lcp2-neo-X and Lcp2-neo-Y alleles. Despite multiple
attempts, however, we did not succeed in amplifying the
Lcp2-neo-Y allele, so this locus was not included in the
study.

Primers for the D. pseudoobscura genes were de-
signed using the region that was shared by the two neo-
sex-chromosome alleles; homology to Drosophila me-
lanogaster (Snyder et al. 1982) was also considered
where possible. The primer sequences are 59-CGT TGT
TTG GCA TTT GCT-39 for the Lcp1-pseudoobscura
forward primer and 59-GAA CAG TCC ATG GTG
CGA-39 for the reverse primer. For the Lcp3-pseudoob-
scura locus, the forward primer is 59-GCG GCT TGA
TTT CGG C-39 and the reverse primer is 59-GCT GAT
GCA ACC CGT TTT-39.

Primers for the per locus were designed from the
sequences reported by Wang and Hey (1996). Using the
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FIG. 1.—The regions surveyed in this study. Coding regions are drawn as blocks. E stands for exons (lighter blocks), and I stands for
introns (darker blocks). Primers are represented as arrows. a, The Lcp region. The Lcp1nX-f and Lcp1nY-f primers cover the same region of
the two alleles and differ by two nucleotide sites; the sites that differ are represented over the arrows. b, The per region.

four D. miranda per alleles sequenced by Wang and Hey
(1996), primers providing the longest possible PCR
products were designed. The resulting primer sequences
were 59-AAA ACT CTG CCT CTG GAT-39 for the for-
ward primer and 59-GCA ATA GGA AAC ACA CGG-
39 for the reverse primer. Using these primers, we were
able to amplify 1,480 bp of the per locus, extending
from the latter part of exon 5 to intron 7. The structures
and the primer sites of Lcp1, Lcp3, and per are repre-
sented in figure 1.

Sequencing

Genomic DNA from single D. miranda males was
extracted using the Puregene DNA extraction system
(Gentra). After determining the appropriate PCR con-
ditions for each allele of each Lcp gene, DNA sampled
from one male fly of each strain was used to amplify
both of the neo-sex-chromosome alleles. One 50-ml
PCR reaction usually provided enough product for sub-
sequent direct-sequencing reactions. Both strands were
sequenced using this sample. Sequencing primers were
designed so that they would be spaced approximately
400 bp apart on each strand. In cases in which there was
any ambiguity, the PCR was performed again using the
original DNA sample. To amplify the per locus, basi-
cally the same method was used using single male fly
genomic DNA as PCR template. Since the per locus is
on the XL chromosome, each PCR reaction should am-
plify only one allele.

For the outgroup D. pseudoobscura allele, single-
fly genomic DNA was used for the original PCR. Three
separate PCR reactions using three different single-fly
DNA extractions were performed, and no heterozygosity
was found at the two Lcp loci studied. All of the se-
quencing was performed by the ampliTaq FS cycle se-
quencing method (Applied Biosystems Inc.) using an
ABI 377 sequencer. Sequences obtained from this work
are available in GenBank (accession numbers

AF218953–AF218964 for per, AF219246–AF219248
and AF219253–AF219256 for Lcp1, and AF219248–
AF219252 for Lcp3).

In Situ Hybridization

Preparation and in situ hybridization of salivary
chromosome squashes from third-instar larvae generally
followed the protocol described in Montgomery, Char-
lesworth, and Langley (1987), with slight modifications.
PCR products from genomic DNA were extracted from
1% agarose gel using the QIAquick gel extraction kit
(Qiagen) and then labeled with biotinylated dUTP
(Boehringer Mannheim) by random primer extension for
use as a probe. Sites of hybridization were detected by
staining with diaminobenzidine and peroxidase (Vector
Laboratories), with counterstaining of the polytene chro-
mosomes in 5% Giemsa (Gurr). The banding patterns of
polytene chromosomes of D. miranda reported by Das
et al. (1982) were used for reference when determining
the sites of hybridization.

Data Analysis

Sequences were first aligned using the Sequencher
3.0 program and then edited and aligned manually. Pub-
lished sequences of D. miranda (see Steinemann, Stei-
nemann, and Pinsker [1996] for Lcp sequences and
Wang and Hey [1996] for per) allowed the sequences to
be aligned unambiguously. There was no ambiguous as-
signment for the open reading frames for the D. pseu-
doobscura sequences. Once all of the data were aligned
and trimmed to the same length, they were subject to
further editing according to the purpose of the analysis.
The positions and identities of nucleotide variants are
given in table 2.

The longest consensus alignment was used as a ref-
erence for estimating the two commonly used measures
of genetic variation from the data. The nucleotide site
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Table 2
Polymorphic Nucleotide Sites of the Genes Used in this Study

POSITION

PERIOD LOCUS (X chromosome)

7
7

R

7
8

R

1
2
1

S

2
3
9

R

3
1
6

S

4
7
8

S

5
2
7

R

6
0
0

R

7
3
9

S

9
0
9

I

9
8
3

R

9
9
4

R

1
0
0
5
R

1
0
2
8
S

1
3
1
4
R

1
3
6
2
I

1
4
3
6
I

1
4
3
9
I

0101.3. . . . .
0101.4. . . . .
0101.5. . . . .
0101.7. . . . .
0101.9. . . . .

A
·
·
·
·

C
·
·
·
·

A
G
·
·
G

T
·
·
·
·

C
·
·
·
·

C
·
·
·
·

C
·
G
·
G

G
·
·
·
C

T
C
·
C
C

A
T
·
·
T

G
·
·
·
·

A
C
·
·
C

G
A
·
·
·

G
A
·
·
A

A
·
·
G
G

A
·
·
·
T

A
·
·
·
G

T
·
·
·
A

MA28 . . . . .
MA32 . . . . .
SP138 . . . . .
SP235 . . . . .

G
·
·
·

A
·
·
·

·
·
·
G

·
·
·
·

·
·
·
·

·
T
·
·

G
·
·
·

·
C
C
C

C
C
C
C

T
·
T
T

·
A
·
·

C
·
C
C

·
·
A
·

A
A
A
A

G
G
G
G

·
·
T
T

·
·
G
·

·
·
·
·

SP295 . . . . .
MSH22 . . . .
MSH38 . . . .

·
·
·

·
·
·

G
·
·

A
·
A

·
G
·

·
·
·

G
·
·

C
C
C

C
C
C

T
T
T

·
·
·

C
C
C

A
·
A

A
A
A

G
G
G

T
·
T

·
·
·

·
·
·

NOTE.—R 5 replacement sites; S 5 synonymous sites; I 5 intron sites.

diversity based on the average pairwise differences
among alleles present in the samples, p (Nei 1987), and
the neutral mutation parameter, based on the numberû,
of segregating sites in the sample (Watterson 1975),
were estimated using Dna SP (Rozas and Rozas 1997).
The Dna SP program was also used to calculate the chi-
square value for the HKA test (Hudson, Kreitman, and
Aguadé 1987) and Tajima’s (1989) D statistic for testing
whether the data showed any significant deviation from
the equilibrium neutral model. Fisher’s exact test was
also performed using the Dna SP program to test the
linkage disequilibrium status of the detected polymor-
phic sites. Various other analyses, including the recom-
bination analysis, were done using the program SITES
(Wakeley and Hey 1997). The permutation test of Hud-
son, Boos, and Kaplan (1992) was performed to detect
population subdivision. The program for this was kindly
provided by R. R. Hudson.

The numbers of synonymous (Ks) and nonsynony-
mous (Ka) substitutions per nucleotide site in the inter-
species comparisons were estimated using the program
K-Estimator, version 4.4 (provided by J. M. Comeron;
also available from ftp.bio.indiana.edu/molbio.mswin).
Confidence intervals and significance tests on Ks and Ka
were computed as described elsewhere for an earlier
version of the same program (Comeron and Kreitman
1998; Zeng et al. 1998).

Results
Evidence for Population Subdivision from Nucleotide
Variation at the period Locus

While its sibling species D. pseudoobscura has
been the subject of a number of studies of genetic var-
iation (Powell 1997, p. 350), D. miranda has scarcely
been investigated in this regard. To understand patterns
of variation at neo-sex-chromosome loci, a measure of
the ‘‘typical’’ level of nucleotide variation for this spe-
cies is clearly necessary. This was the motivation for
studying the level of nucleotide variation at the X-linked

locus, per. From the 1,480 bp of this gene that were
sequenced, a total of 18 polymorphic sites were found
among 12 alleles. The actual base substitutions are pre-
sented in table 2. The two estimates of average nucle-
otide diversity, and p, were around 0.5% for silentû
sites, comparable with the previous estimates of nucle-
otide diversity from this species (see below). However,
one interesting feature that emerged from the polymor-
phic sites (table 2) was the possible existence of popu-
lation subdivision. For example, none of the lines from
British Columbia has the haplotype with A at site 1028
and G at site 1314, while all the other lines are fixed
for this combination of variants at these two sites. Like-
wise, most of the lines from the locations other than
British Columbia are fixed for the co-occurrence of C
and C at sites 600 and 739. Some other sites show sim-
ilar patterns, although there are some obvious cases of
mixture.

We performed a statistical test to see whether the
observed pattern of population differentiation is signif-
icant when compared with the neutral infinite-sites mod-
el with random mating, following the method of Hud-
son, Boos, and Kaplan (1992). Specifically, their test
statistics K and K* were used, since these take account
of the number of nucleotide differences between differ-
ent haplotypes. K* differs from the statistic K in that it
does not give as much weighting to large numbers of
differences, due to the log transformation of the pairwise
differences. These two have the most power when deal-
ing with small sample sizes (Hudson, Boos, and Kaplan
1992). Another pair of statistics, the H and H* statistics,
deals with the haplotype frequencies within each locality
that are present in samples of larger sizes and is consid-
ered inappropriate in a case such as this, in which none
of the haplotypes are the same, to avoid any a priori
lumping of haplotypes.

The results are shown in table 3. The P values for
the tests are drawn from 10,000 permutations. Among
the six pairwise comparisons, the ones between locality
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Table 2
Extended

Lcp1-neo-X

4
9
1
R

5
0
0
R

6
5
0
S

7
2
7
S

Lcp3-neo-X

5
4

I

7
3

I

3
2
4
S

Lcp1-
neo-Y

4
8
9
R

Lcp3-
neo-Y

1
3
4
S

G
·
C
·
·

C
·
·
·
·

C
·
·
·
A

G
·
·
·
·

C
·
·
·
·

C
·
·
·
·

T
·
·
C
·

T
·
·
·
·

C
·
·
T
·

·
·
·
·

·
·
·
·

·
·
·
A

·
·
·
·

·
·
·
·

·
·
·
·

·
·
·
C

·
·
·
A

·
·
·
T

·
·
·

·
T
·

·
·
·

·
A
·

T
·
·

·
·
A

C
·
·

·
·
·

·
·
·

Table 3
Results of Population Structure Analyses of period

Popula-
tion 1a

Population
2a KST (P value) K*ST (P value) FST

1
1
1
1

2, 3, 4
2
3
4

0.186 (0.014)
0.073 (0.171)
0.344 (0.057)
0.340 (0.067)

0.089 (0.009)
0.091 (0.084)
0.183 (0.057)
0.208 (0.067)

0.37
0.18
0.52
0.42

2
2
3

3
4
4

0.063 (0.200)
0.0 (0.500)
0.048 (0.502)

0.050 (0.201)
20.123 (0.900)

0.103 (0.209)

0.04
0.00

20.10

a 1 5 Port Coquitlam, B.C., Canada; 2 5 Mather, Calif.; 3 5 Spray, Oreg.;
4 5 Mt. St. Helena, Calif.

Table 4
Polymorphism Summary for period

SAMPLEa

NO. OF

AL-
LELES

SEGREGATING

SITES

Silent
Replace-

ment

TOTALb

p/Site û/Site

SILENT SITESb

p/Site û/Site

Total . . .
BC . . . . .
NBC . . .
Mean . . .

12
4
8

9
4
8

9
4
7

4.20
2.82
3.55
3.12

4.03
2.95
3.91
3.43

5.10
3.58
5.01
4.23

4.92
3.60
5.10
4.26

a BC 5 British Columbia; NBC 5 non-British Columbia.
b All values 31023.

1 (Port Coquitlam, B.C., Canada) and the others gen-
erally resulted in small P values, suggesting a certain
level of population subdivision between locality 1 and
the others. Other populations did not appear significantly
different from each other. When the rest of the lines
were pooled together and compared with the lines from
locality 1, both the K and the K* statistics were highly
significant. FST for each comparison was also estimated
using the method of Hudson, Slatkin, and Maddison
(1992). When the alleles from locality 1 were compared
with the rest of the samples, FST was 0.37. This value
is rather high compared with other available estimates
for Drosophila species (Charlesworth 1998). The results
indicate that at the per locus, the British Columbia pop-
ulation is genetically different from other populations
sampled in this study. It may be relevant to this finding
that there is evidence for incipient sexual isolation be-
tween strains of D. miranda from the Puget Sound re-
gion, close to British Columbia, and strains from Mount
Whitney, Calif. (Dobzhansky and Koller 1938).

Alternatively, the observed pattern of population
differentiation could also be explained as the conse-
quence of local selection at the per locus. The per gene
in the D. melanogaster group encodes a fundamental
property of biological clocks (Kyriacou and Hall 1994).
Considering this property of the per gene, the observed
differentiation between strains of flies from different
geographic locations may be compatible with the pres-
ence of local adaptations leading to different clocks. The
sequenced region does not, however, cover the Thy-Gly
repeat that is known to significantly alter the properties
of the PER protein and the song cycle in different spe-
cies (Kyriacou and Hall 1994). In addition, an autosomal
locus, Adh, from this species does not show a similar
pattern of population subdivision (unpublished data).
Obviously, further study is necessary to obtain a better
understanding of any possible population structure in D.
miranda.

Based on these observations, we pooled the sam-
ples other than those from British Columbia together

and treated the samples as a mixture of two distinct pop-
ulations. Specifically, we used the mean of the values
for the British Columbia samples and the other popu-
lations to estimate the average nucleotide diversity for
the species D. miranda. In the absence of any exact
knowledge of the population size of each deme, this
provided a rough estimate of the mutation rate scaled
by the specieswide effective population size under the
infinite-sites model (Charlesworth 1998; Nagylaki 1998;
Stephan et al. 1998).

The Level of Nucleotide Diversity at the per Locus

We report an estimated value of p per base of
0.0042 for all classes of sites pooled (table 4). When
the arithmetic mean of the values from British Columbia
and the others were used, this value was 0.0031 (table
4). This is within one standard deviation of the previous
estimate from Wang and Hey (1996; based on 1.5 kb
sequenced from four strains), assuming either no recom-
bination or free recombination. This value is smaller
than the estimates of variation reported from the same
gene of D. miranda’s North American sibling species D.
pseudoobscura and D. persimilis, or the cosmopolitan
species D. melanogaster (from various sources, tabulat-
ed in Wang and Hey [1996]). The estimated p value of
0.0042 for silent sites is quite compatible with another
available estimate of nucleotide variation of D. miranda
from noncoding nucleotides located between Est-5C and
Est-5B (0.0035, based on three alleles of 469 nt; Bab-
cock and Anderson 1996). However, variation at Hsp82
was much lower than these estimates (Wang, Wakeley,
and Hey 1997). A lower level of variation at Hsp82 was
consistently observed in other species surveyed as well
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(Wang, Wakeley, and Hey 1997), suggesting that this
lower level of variation may be locus-specific. All of the
available estimates of variation of D. miranda other than
those from the present study are from just a handful of
alleles.

When the polymorphic sites observed were classi-
fied into replacement sites, synonymous sites, and non-
coding sites, there was greater variation at synonymous
sites and noncoding sites than at nonsynonymous sites,
as expected from the functional constraints on replace-
ment sites. If we consider synonymous sites a close ap-
proximation to neutrally evolving sites, then the mean
p value over the two classes of populations for an X-
linked locus provides an estimate of u 5 3Nem, where
Ne is the species effective population size for autosomal
loci and m is the neutral mutation rate, assuming that
strong sexual selection is absent, such that the effective
population size for males is similar to that for females
(Caballero 1995; Nagylaki 1995, 1998). The valuesû
can thus be used to estimate Ne if m is known (Kreitman
1983). The neutral mutation rate m is not an accurately
known parameter, even though there are ways of esti-
mating it from different types of data (see Discussion).

If we assume that the neutral mutation rate is ap-
proximately the same for all Drosophila species, then
the level of silent site diversity can be used as an indi-
cator of effective population size. The silent site diver-
sity value of 0.0042 for D. miranda is much less than
the average silent site diversity for the sibling species
D. pseudoobscura (Moriyama and Powell 1996), con-
sistent with the observation that D. miranda is much
rarer in collections from the wild than is D. pseudoob-
scura (Noor 1995). When compared with the estimates
from D. melanogaster, whose effective population size
is often assumed to be in the millions (Kreitman 1983;
Riley, Hallas, and Lewontin 1989), this is about half of
the average silent site diversity over all genes studied,
but close to the average for X-linked loci for this species
(Moriyama and Powell 1996). From this result, it can
be concluded that the effective population size of D.
miranda is probably smaller than that of D. pseudoob-
scura but is comparable to that of D. melanogaster.

Recombination at the per Locus

We localized per by in situ hybridization to the XL
chromosome arm of D. miranda, corresponding to the
middle of band 46 in the drawn map of Das et al. (1982).
This location is fairly near the base of the chromosome.
We were concerned about the possibility of the existence
of centromeric suppression of crossing over, as is found
in D. melanogaster (Powell 1997, p. 362). If this were
true, then per would reside in a low-recombination en-
vironment and hence might exhibit reduced genetic var-
iation compared with genes in regions with high levels
of recombination (Moriyama and Powell 1996). One
point worth mentioning on this aspect is that the per
locus in D. pseudoobscura showed less variation than
did other loci surveyed in this species (Wang and Hey
1996). However, the reduction in the variability can be
to a certain extent attributed to the smaller effective pop-

ulation size of an X-linked gene, and the authors did not
find the reduction in the diversity to depart significantly
from neutrality when comparisons were made with other
genes using the HKA test (Wang and Hey 1996). More-
over, a recent study of chromosome 2 in D. pseudoob-
scura found little evidence of centromeric suppression
of recombination (Hamblin and Aquadro 1999). Since
the X chromosome in D. melanogaster shows less cen-
tromeric suppression of crossing over than the auto-
somes (Ashburner 1989, chapter 11), this suggests that
there may be little or no reduction in crossing over near
the centromere of the X chromosome in D. miranda.

We investigated the presence of recombination at
the per locus by several different approaches. We first
used Hudson and Kaplan’s (1985) method to estimate
the number of recombination events among the variants
detected. This method is based on the presence of all
four possible haplotypes in the polymorphic sites, and
it detected a minimum of five different recombination
events within the region investigated. We also estimated
the population recombination parameter g (Hey and
Wakeley 1997), which was 0.016 per base. This value
is comparable to the estimated g value for Adh and white
in D. melanogaster (table 2 of Hey and Wakeley 1997).
In the presence of population subdivision, as seems to
be the case for the per locus of D. miranda, g tends to
be underestimated (Hey and Wakeley 1997), so our es-
timate is at least a conservative one. When the ratio of
g to is used to estimate the frequency of recombinationû
events per mutation event per base in the population, we
obtain a value close to 4. This value is again comparable
to the values obtained from Adh and white in D. melan-
ogaster (table 2 of Hey and Wakeley 1997).

We also examined the relationship between the
linkage disequilibrium estimates for segregating sites
and the distance between them. With recombination, this
relationship should be negatively correlated (Schaeffer
and Miller 1993). This was tested by using Spearman’s
rank correlation between a measure of linkage disequi-
librium and physical distance between markers (Schaef-
fer and Miller 1993; Awadalla and Charlesworth 1999).
The distances between polymorphic sites were random-
ized by generating a large number of data sets in which
the distances between polymorphic sites were randomly
assigned from the actual distances between these sites.
For each randomization, the rank correlation between
distance and a measure of linkage disequilibrium, r2

(Hill and Robertson 1968), was calculated. The value
from the actual sequence data was compared with the
distribution of values from the randomized sets of data.
We performed this test for data sets including and ex-
cluding the singleton variants. In both cases, the prob-
ability of observing the actual value of correlation was
lower than 0.008. The results of the above investigation
suggest that there is a considerable amount of recom-
bination in the region surveyed, based on the polymor-
phism data collected.

Finally, there was no particular evidence from the
variant sites detected in this study of per to strongly
imply any recent selective sweep that might have acted
on a gene in a low recombination environment (Brav-
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Table 5
Polymorphism Summary for the Lcp Loci

GENE

NO. OF

ALLELES

SEQUENCED

REGION (bp)

SEGREGATING SITES

Silent Replacement

TOTALa

p/Site /Siteû

SILENT SITESa

p/Site /Siteû

Lcp1-neo-X . . . .
Lcp1-neo-Y . . . .
Lcp3-neo-X . . . .
Lcp3-neo-Y . . . .

12
12
12
12

765
765
535
340

2
0
3
1

2
1
0
0

1.06
0.22
1.39
0.97

1.74
0.44
1.86
0.89

1.06
0
2.67
2.69

1.50
0
3.56
2.94

a All values 31023.

erman et al. 1995; Simonsen, Churchill, and Aquadro
1995). None of several different statistical tests of neu-
trality performed (Tajima’s D statistic, the MacDonald/
Kreitman test, and the Fu/Li test) detected any signifi-
cant deviation from the neutral model for this locus (re-
sults not shown).

Divergence Estimates

We used all of the available per sequences from D.
pseudoobscura and D. miranda to estimate the diver-
gence between the two species. When all of the per
alleles from these two species were aligned, no shared
polymorphic sites were found, consistent with the idea
that all of the ancient polymorphic sites have disap-
peared since the speciation event and that there is es-
sentially no gene flow between the species. It is in fact
known that the reproductive isolation between these two
species is complete and that there are no fertile hybrids
in the cross between them (Dobzhansky and Tan 1936).

Using all of the available per alleles of D. pseu-
doobscura reported by Wang and Hey (1996), we ob-
tained an estimate of 0.044 per site for the net diver-
gence (group divergence after removing the within-spe-
cies variation component; Nei 1987, p. 276) between D.
pseudoobscura and D. miranda for synonymous sites.
Given that this value is small, such that multiple hits
can be ignored, we used it as an approximation for the
synonymous-site divergence. Using 1.2 3 1028 per site
per year as an estimate of the mean rate of synonymous
site substitution for Drosophila (Wang and Hey 1996),
this yields an estimated total divergence time (twice the
time since the time of speciation, assuming a constant
rate of evolution for both lineages since speciation) of
3.7 Myr. Wang, Wakeley, and Hey (1997) provided an
estimate of divergence time of 5.25 Myr between these
species based on the synonymous-site divergence of
Hsp82. These two estimates are substantially larger than
Russo, Takezaki, and Nei’s (1995) estimate of 2.2 Myr,
based on the third-codon-position divergence of Adh se-
quences. The disparities probably reflect the heteroge-
neity of the rate of evolution between different loci
(Powell 1997, p. 369). There is some evidence that the
rate of evolution of the Adh gene was slower in the D.
pseudoobscura cluster than is typical for Drosophila
(Russo, Takezaki, and Nei 1995). The net differences
between D. miranda and D. persimilis and between D.
miranda and D. pseudoobscura bogotana were also cal-
culated from available per alleles by the same method.
They were slightly higher than the value for the D. mir-

anda and D. pseudoobscura comparison (0.054 and
0.067, respectively).

The Levels of Variation at the Neo-X and Neo-Y Lcp
Loci

The organization of the Lcp loci on the neo-X and
neo-Y chromosomes of D. miranda is described by Stei-
nemann and Steinemann (1993). In a series of investi-
gations of both functional and genomic analyses (Stei-
nemann and Steinemann 1992, 1993; Steinemann, Stei-
nemann, and Lottspeich 1993), the unusual structural
and functional changes of the region encoding the Lcp
cluster (including Lcp1, Lcp2, Lcp3, and Lcp4) of the
neo-Y chromosome of D. miranda have been reported.
Specifically, the neo-Y chromosome region of the Lcp
cluster had several insertions of repetitive sequences and
transposable elements that are absent in the neo-X coun-
terpart (Steinemann and Steinemann 1993). Analyses of
gene function further revealed that while the Lcp genes
encoded by the neo-X chromosome are expressed nor-
mally, this is not the case for the neo-Y homologs. Only
the Lcp3 gene neo-Y allele was shown to display a re-
duced level of activity at the protein level; the other
members of the Lcp cluster were completely inactive
(Steinemann and Steinemann 1992; Steinemann, Stei-
nemann, and Lottspeich 1993).

We surveyed a total of 1,300 bp of neo-X linked
alleles and 1,105 bps of neo-Y linked alleles from Lcp1
and Lcp3. We found a total of seven polymorphic sites
among the neo-X alleles and only two from the neo-Y
alleles (table 2). There were no shared polymorphic sites
among the two neo-sex-chromosome alleles from the
two loci we studied. It is, of course, expected that there
would be no shared polymorphic sites that arose before
the origin of the neo-sex chromosomes because of the
probable unique origin of the neo-Y chromosome and
its passage through males only, which lack crossing over
(Powell 1997, p. 329).

The estimates of nucleotide variation for the neo-
X linked and the neo-Y linked alleles at Lcp1 and Lcp3
are displayed separately in table 5. Both of the neo-sex
chromosomes showed much lower levels of variation
than the per locus. When estimated as the nucleotide
site diversity (p), the level of reduction was anywhere
between 3-fold (Lcp3-neo-X) and 20-fold (Lcp1-neo-Y).
When the Lcp1 and Lcp3 loci were pooled, there was
half the number of segregating sites for the neo-X linked
alleles compared with per, whereas the total lengths of
the genes compared are similar. The reduction of vari-
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Table 6
Replacement-Site and Synonymous-Site Divergence

Neo-X–pseudo-
obscura

Neo-Y–pseudo-
obscura

P value
(see text)

Lcp1
Ka . . . . . .
KS . . . . . .

0.0036
0.0077

0.0153
0.0168

Lcp3
Ka . . . . . .
KS . . . . . .

0.0051
0.0429

0.0179
0.0184

Lcp1 1 Lcp3
Ka . . . . . .
KS . . . . . .

0.0042
0.0221

0.0173
0.0164

0.012
NS

FIG. 2.—Phylogenetic relationship between the three alleles sur-
veyed (Drosophila miranda neo-X and neo-Y and Drosophila pseu-
doobscura). t is the divergence time between the two neo-sex alleles,
and T is the divergence time between D. pseudoobscura and D. mir-
anda. X, Y, and P represent neo-X, neo-Y, and D. pseudoobscura al-
leles, respectively.

ation was more apparent for the neo-Y linked alleles.
There was one replacement site polymorphism for the
Lcp1-neo-Y, and one synonymous site polymorphism
for the Lcp3-neo-Y. A reduction of the level of the var-
iation at the neo-Y linked loci is predicted by theories
of Y-chromosome degeneration (see Discussion). The
apparent reduction of variation at the neo-X linked loci
may have some implications in relation to the evolution
of dosage compensation of the newly evolving X chro-
mosomes (see Discussion). When the HKA test was per-
formed using a D. pseudoobscura allele as the outgroup,
no significant difference between per and the Lcp genes
was detected, however, reflecting the low divergence be-
tween species for Lcp1 (table 6).

Unlike the case of the per locus, there was little
evidence for population subdivision for any of the neo-
sex linked alleles. However, this may be due to the fact
that there are only a small number of variant sites in the
sample. Survey of a larger region may provide a more
informative data set in this regard. We pooled the sam-
ples from British Columbia and the other samples for
the purpose of present analyses. The diversity estimates
obtained this way are likely to be upwardly biased if
such a pattern of population subdivision as found is in
per locus exists, as the presence of population subdivi-
sion increases the internal branch lengths of gene ge-
nealogy (Takahata 1991; Tajima 1993). This will make
our interpretation of the low diversity at the Lcp loci
conservative (see above).

Divergence of the Protein-Coding Sites Among the
Neo-X and Neo-Y Alleles

Ka and Ks were estimated between the neo-X alleles
and D. pseudoobscura and between the neo-Y alleles
and D. pseudoobscura (fig. 2) using the longest consen-
sus sequences. This comparison is informative, since the
branches of the phylogenies of these alleles following
the split between neo-X and neo-Y are equivalent in
length. The results are presented in table 6. It is evident
that there is a higher rate of nonsynonymous-site sub-
stitution between a neo-Y allele and the corresponding
D. pseudoobscura allele than there is between a neo-X
allele and D. pseudoobscura. For synonymous substi-
tutions, Lcp1 and Lcp3 showed somewhat different pat-
terns. For Lcp1, the same relationship as that for the

replacement-site substitutions holds true, but Ks for Lcp3
between neo-X and D. pseudoobscura was about two-
fold higher than that for neo-Y and D. pseudoobscura.
Overall, the numbers were not as different as for Ka.
When the two Lcp loci were combined, Ka was about
four times as high for the neo-Y and D. pseudoobscura
comparison as for the comparison involving neo-X,
while Ks did not appear to be different.

To see whether the observed pattern of higher non-
synonymous-site substitutions for the neo-Y/D. pseu-
doobscura comparison was statistically significant, the
following simulations were performed using the pro-
gram K-Estimator, version 4.4 (see Materials and Meth-
ods). A ‘‘hybrid’’ sequence of neo-X and neo-Y alleles
for both loci was made by combining the two alleles
together as one sequence. Then the Ka and Ks values
were estimated between the hybrid sequence and the
pseudoobscura allele, which in this case was simply
twice the length of the original one. These values were
0.0107 and 0.0192 for replacement sites and synony-
mous sites, respectively. We used these values as a com-
mon measure of the divergence rates for the neo-sex-
chromosome alleles compared with the pseudoobscura
alleles. From these estimated Ka and Ks values, Poisson
distributions of the numbers of synonymous and re-
placement substitutions were generated. Using these dis-
tributions, pseudorandom coding sequences were gen-
erated with the same amino acid composition, the same
GC percentage, and the same estimated transition/trans-
version ratios. For each iteration, the values of Ka and
Ks were estimated, and a null distribution of 10,000 rep-
licates was generated, as for the observed sequences.
From this analysis, the P value for obtaining the ob-
served Ka values for the neo-Y/pseudoobscura compar-
ison was 0.012, supporting the conclusion that there is
an accelerated rate of replacement site substitution on
the branch between the neo-Y allele and the D. pseu-
doobscura allele. When only the neo-X allele was used
to generate the null distribution, the probability of ob-
taining the observed Ka value for the neo-Y and pseu-
doobscura comparison was ,0.0001.
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Table 7
Numbers of Each Type of Substitution on the X, Y, and
P Branches of Figure 2

BRANCH

LCP1

R S NC

LCP3

R S NC

LCP1 1 LCP3

R S NC

X . . . . . .
Y . . . . . .
P . . . . . .

0
4
1

0
1
1

1
0
8

0
3
1

4
1
0

0
1
0

0
7
2

4
2
1

1
1
8

NOTE.—See text for assignment. R 5 replacement sites; S 5 synonymous
sites; NC 5 noncoding sites.

Evidence for Accelerated Amino Acid Substitutions at
the Neo-Y Linked Loci

To further investigate whether this difference in re-
placement substitution rates is caused by accelerated
evolution in the neo-Y lineage, the following analysis
was performed. First, using the consensus sequence
from each locus, alignments of the three sequences (the
D. pseudoobscura allele, the neo-X allele, and the neo-
Y allele) were made. Then, each substitution could be
classified as P (the substitution occurred on the pseu-
doobscura branch of the tree connecting the three se-
quences), X (it occurred on the neo-X branch), or Y (it
occurred on the neo-Y branch) (see fig. 2). The substi-
tutions occurring on the P portion contained substitu-
tions that occurred on element C of both D. pseudoob-
scura and D. miranda before its fusion with the Y chro-
mosome to form the neo-Y chromosome. Considering
the relatively short times separating these three sequenc-
es, it is reasonable to assume that there have been no
multiple hits and/or back mutations. As a result, we are
able to determine unambiguously the numbers of dif-
ferent types of substitutions (replacement substitutions,
synonymous substitutions, and noncoding substitutions)
on each branch of the lineage. The results are shown in
table 7.

It is immediately apparent from table 7 that there
are more replacement substitutions on the Y branch than
on the X or P branches. In fact, there were no replace-
ment-site substitutions on the X branch for both the
Lcp1 and Lcp3 loci, while four and three replacement
substitutions occurred on the Y branch for these genes,
respectively. It is particularly interesting to note that
eight noncoding substitutions occurred on the P branch
for Lcp1, as opposed to none and one for the Y and X
branches, respectively. The pattern of more silent and
noncoding changes on the P branch was not evident for
Lcp3, which is probably explained by the fact that the
portion of the Lcp3 gene analyzed here contains only 41
bp of noncoding DNA, compared with 343 bp for Lcp1.

Overall, table 7 suggests more replacement relative
to synonymous and noncoding substitutions on the Y
branch compared with the P and X lineages. To inves-
tigate this, we constructed a 2 3 2 table by pooling the
synonymous and noncoding substitutions as ‘‘silent’’
changes and performed a test for equality of the ratio of
silent to replacement changes on the Y and P branches
for Lcp1 and Lcp3 together. There is a significant dif-
ference (P , 0.05 by Fisher’s exact test). Similarly,

there is a highly significant difference between X and
Y (P , 0.01).

The information obtained in table 7 can also be
used to estimate the divergence time between the two
neo-sex chromosomes using the Lcp1 noncoding se-
quence, assuming it is relatively free of selective pres-
sure. If x is the fraction of the total tree length occupied
by the X and Y branches together, the probability of
either the observed result or no X and Y substitutions,
is x9 1 8(1 2 x)x9, conditioning on a total of 9 substi-
tutions. The upper 95% confidence bound on x from this
expression is 0.58. If the split between D. miranda and
D. pseudoobscura occurred at time T in the past and the
length of time from the common ancestor of the neo-X
and neo-Y chromosomes to the present is t, then x 5
(2T 2 t)/(2T 1 t), i.e., t 5 2T(1 2 x)/(1 1 x). Using an
estimate of 2 Myr for T from the per locus data (see
above), we can conclude that t is approximately equal
to 1.06 Myr, i.e., the neo-X/Y split could not have oc-
curred more than about one million years ago. The si-
lent-site divergence (Ks) between the two neo-sex linked
alleles is also informative in this regard. When the two
Lcp loci were combined, Ks was 0.0299. Using a value
of 1.2 3 1028 per site per year for the rate of silent
evolution (see above), the total time since divergence of
the two neo-sex alleles is 2.5 Myr; in other words, t 5
1.25 million.

Discussion

Several models of the early steps of degeneration
based on the effect of selection on properties of a non-
recombining chromosome have been proposed to ex-
plain the process of Y-chromosome degeneration (Char-
lesworth 1978, 1996; Rice 1987, 1996; Orr and Kim
1998; McVean and Charlesworth 2000); selection for
dosage compensation and inactivation of Y-chromosome
genes has also been postulated by these authors to ex-
plain the completion of the process. All of these models
involve a large reduction in the effective population size
of the Y chromosome relative to its numerical abun-
dance, and hence predict a reduction in DNA sequence
variation and apparent relaxation of selection at weakly
selected sites located on a newly evolving Y chromo-
some (Charlesworth 1996; McVean and Charlesworth
2000). Studies of sequence variation and evolution on a
neo-Y chromosome of the kind presented here should
therefore provide a better understanding of the dynamics
of the early stages of degeneration of a nonrecombining
chromosome. They also have the potential to discrimi-
nate among alternative models (Charlesworth 1996).

Reduction in the Effective Population Size and
Muller’s Ratchet

One model that has been widely discussed is
‘‘Muller’s ratchet,’’ which involves the stochastic loss
of the class of chromosomes carrying the smallest num-
ber of deleterious mutations (Muller 1964; Haigh 1978).
In the absence of recombination and back mutation, the
lost chromosome class cannot be regenerated. The Y
chromosome can gradually lose its genetic activity due
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to the fixation of a deleterious mutation with each turn
of the ratchet (Rice 1987; Charlesworth and Charles-
worth 1997). The main problem in envisioning this pro-
cess as generally responsible for the degeneration of the
Y chromosomes lies in the fact that a major constraint
on the speed of the ratchet is the size of the least loaded
class in the distribution of the number of mutations per
chromosome, at least for haploid genomes such as Y
chromosomes (Stephan, Chao, and Smale 1993; Char-
lesworth and Charlesworth 1997). This variable is de-
termined by the product of the population size and the
frequency of the mutation-free class in an infinite pop-
ulation at equilibrium under mutation and selection
(Haigh 1978; Stephan, Chao, and Smale 1993; Charles-
worth and Charlesworth 1997).

A rough idea of the population size of D. miranda
can be obtained as follows. We estimated the nucleotide
site variation parameters and p for the X-linked locusû
period in D. miranda. The silent-site p estimate for this
gene is 0.43% (table 2), in line with previous estimates
of DNA diversity in this species. This estimate is com-
parable with that for X-linked genes in D. melanogaster
(Moriyama and Powell 1996), suggesting that D. mir-
anda has a comparable effective population size, assum-
ing that mutation rates are similar in the two species.
Sharp and Li (1989) provide an estimate of 1.6 3 1028

per year as an upper limit for the synonymous-substi-
tution rate, assuming an estimated divergence time of
40 Myr between the melanogaster and obscura species
groups. This value is an average for the two lineages,
which probably differ in their generation times. Assum-
ing seven generations per year as an average for the two
groups, the mutation rate per generation is approximate-
ly 2 3 1029 on the assumption of neutrality, yielding an
estimate of 2 million for Ne if the expected diversity for
an X-chromosomal locus is 3Nem, as expected if there
is no strong sexual selection (Caballero 1995; Nagylaki
1995). Recent studies suggest the action of natural se-
lection on synonymous sites in Drosophila (Akashi
1994, 1995; Akashi and Schaeffer 1997), such that the
use of synonymous-site diversity as an estimate of neu-
tral diversity could result in an underestimation of Nem
from u or p. On the other hand, the estimate of m from
rates of silent substitution between species is likely to
be an underestimate if there is selection for preferred
codon usage, resulting in a slightly larger bias in the
opposite direction (McVean and Charlesworth 1999).
Given the relatively weak intensity of selection on silent
sites suggested by the Drosophila data, the net effect on
the above estimate of Ne for D. miranda is likely to be
fairly small and certainly will not affect its order of
magnitude.

The effective population size for the neo-Y chro-
mosome of D. miranda is thus likely to be on the order
of 500,000. If standard values for the deleterious mu-
tation rate per chromosome arm and the mean selection
coefficient against a heterozygous deleterious mutation
in Drosophila are used (Crow and Simmons 1983), the
rate of movement of the ratchet in a population of this
size is expected to be negligible over the span of a few
million generations that has been involved in the degen-

eration of the D. miranda neo-Y (Stephan, Chao, and
Smale 1993; Gordo and Charlesworth 2000). At first
sight, this rules out the ratchet as a contributory factor.
But Gessler (1995) and Gessler and Xu (1999) have re-
cently argued that a wide distribution of mutational ef-
fects on fitness, such as an exponential distribution,
could result in the existence of a group of mutant ge-
notypes with a sufficiently small reduction in fitness be-
low wild type that the size of the least loaded class will
be small enough to permit the ratchet to operate, even
in very large populations.

Given our current uncertainty concerning the mag-
nitude of the deleterious mutation rate and the nature of
the distribution of mutational effects on fitness (Fry et
al. 1999), it is difficult to evaluate this possibility, and
so the above calculation is inconclusive. It does, how-
ever, seem to rule out the possibility that the ratchet has
been operating to cause the accumulation on the neo-Y
of mutations with major effects on fitness when homo-
zygous (lethals or severely detrimental mutations). The
mutation rate per neo-Y chromosome for such mutations
is known from data on D. melanogaster (Crow and Sim-
mons 1983; Fry et al. 1999) to be too small (0.005 at
most; the estimates are #0.01 for chromosome 2 of D.
melanogaster, which is at least twice the size of the neo-
Y chromosome of D. miranda) for the ratchet to be plau-
sible with a population size of 500,000, following the
argument of Charlesworth (1996) and assuming that
such major mutations have heterozygous fitness effects
on the order of 1% or more, as suggested by direct mea-
surements (Crow and Simmons 1983).

Data on DNA sequence variation can, however,
shed light on the operation of the ratchet in quite a dif-
ferent way. One aspect of the data which may be useful
for evaluating the possible operation of the ratchet
mechanism is the time back to the most recent common
ancestor of the sample of neo-Y alleles, TY. If the ratchet
is the main force causing the degeneration of the Y chro-
mosome, then TY cannot exceed the time since the last
turn of the ratchet, since clicks of the ratchet are accom-
panied by fixations of individual haplotypes in the whole
population (Rice 1987; Charlesworth and Charlesworth
1997). The upper limit for the number of turns of the
ratchet is thus inversely proportional to the ratio of TY

to the time since the divergence of the neo-Y and neo-
X chromosomes. Estimation of TY however, depends on
knowledge of the shape of a neutral gene genealogy
under the ratchet, which is currently poorly understood.
With this limitation in mind, we provide two kinds of
estimates for the number of turns of the ratchet that are
likely to be upwardly biased.

First, we use the standard neutral genealogy as an
approximation; this is known to be fairly accurate under
the background selection model of deleterious muta-
tions, in the absence of movement of the ratchet (Char-
lesworth et al. 1995). Under the neutral coalescent mod-
el, the expected time to the most recent common ances-
tor of a set of alleles is as follows (Hudson 1990; Grif-
fiths and Tavaré 1996):
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1 u 1
E{T } 5 4N 1 2 5 1 2 , (1)Y e 1 2 1 2n m n

where n is the number of sequences in the sample, m is
the neutral mutation rate, and u 5 4Nem. The expected
synonymous-site divergence between the two neo-sex
chromosomes (ks) is related to the time since the origin
of the neo-Y chromosome by

E{k }sT 5 (2)DIV 2m

The number of turns of the ratchet since the diver-
gence time is #TDIV/TY 5 ks/2u(1 2 1/n), which can be
estimated using estimates of ks and u. In order to be
conservative, we obtained a lower bound for u that is
compatible with the observed number of segregating
sites by applying Kreitman and Hudson’s (1991) recur-
sion formula for the neutral case, setting the probability
of obtaining two segregating sites at #5%. Using this
value of 5 2.26 3 1024 and the estimated 3% diver-û
gence between the two neo-sex chromosomes, we obtain
an estimate of 72 clicks of the ratchet since the origin
of the neo-Y chromosome.

Another way of estimating the age of the neo-Y
alleles is to assume that the fixation of a deleterious
mutation caused by a turn of ratchet results in a ‘‘star
phylogeny,’’ as in the case of a selective sweep (Berry,
Ajioka, and Kreitman 1991). Although this assumption
is not necessarily correct, it leads us to an even more
conservative estimate of the depth of the gene genealogy
than the above procedure. Under this assumption, TY can
be estimated from the number of segregating sites ob-
served in the sample of n alleles, since the expectation
of the latter is now

S 5 nmmT ,MRCA (3)

where m is the length of sequences surveyed for the neo-
Y alleles (1,105 bp).

Combining this with the above formula for TDIV,
we thus have

T E{k } 3 mDIV s5 . (4)
E{T } 2SY

We tried to provide an upwardly biased estimate of
this ratio in the following way: assuming a Poisson dis-
tribution for the number of segregating sites (Berry,
Ajioka, and Kreitman 1991), we obtained a 5% proba-
bility lower bound of 0.8 for the expected number of
segregating sites in the sample. Using the 3% silent-site
divergence between the two neo-sex alleles, this led to
an estimate of at most 250 turns of the ratchet. With a
divergence time between neo-X and neo-Y chromo-
somes of 106 years (see Results) and seven generations
per year, this is approximately equivalent to one turn of
ratchet per 28,000 generations, whereas the previous es-
timate involves one turn per 97,200 generations. The
range of current estimates of mutational parameters for
Drosophila mutations with small fitness effects is in
principle compatible with both of these rates of move-
ment of the ratchet in a haploid population of around

500,000 individuals (Gessler 1995; Gessler and Xu
1999; Gordo and Charlesworth 2000).

The implications of these possible rates of move-
ment of the ratchet are difficult to evaluate. Given that
there are probably over 2,000 genes on element C (Ash-
burner et al. 1999), it is at least clear that the loss of
genetic activity of the majority of neo-Y genes in D.
miranda cannot be caused directly by fixation due to the
ratchet of loss-of-function mutations at each locus. An-
other possibility is that there has been selection to re-
duce the activity of genes on the neo-Y chromosome
relative to that of their homologs on the neo-X chro-
mosome in response to the decline in mean fitness of
the neo-Y chromosomes by the fixation of deleterious
mutations with minor effects (Charlesworth 1996; Rice
1996). The strength of selection for such a reduction is
a function of the size of the fitness loss caused by such
fixation. One of the conditions for a relatively rapid rate
of movement of the ratchet in a very large population
is a very small harmonic mean selection coefficient for
the mutations that cause the ratchet to move (Gessler
1995; Gessler and Xu 1999; Gordo and Charlesworth
2000). This means that the mutations that accumulate
fastest in the early stages of the ratchet are probably
those with very small effects, such that their carriers
would not suffer much from their presence. For exam-
ple, if we assume a mean selection coefficient of 1024,
as is reasonable for transposable-element insertions
(Charlesworth et al. 1992), which are abundant in the
neo-Y chromosome of D. miranda (Steinemann and
Steinemann 1998), the net fitness decline from the mu-
tations that accumulate for the first 100 turns is only
1%. It is unclear whether this could contribute signifi-
cantly to the chromosomewide genetic degeneration that
is seen on the neo-Y chromosome of D. miranda, since
other factors, such as an accelerated rate of fixation of
detrimental mutations due to background selection
(Charlesworth 1996) or weak Hill-Robertson effects
(McVean and Charlesworth 2000), may be able to cause
a much more substantial fitness decline.

Reduction in the Within-Population Diversity of the
Neo-Y Chromosome Predicted by Other Theories

Other theories of Y-chromosome degeneration also
entail a reduction in the effective population size of the
proto-Y chromosome. The hitchhiking model of Y-chro-
mosome degeneration (Rice 1987) postulates the fixa-
tion of deleterious alleles in association with the fixation
of favorable mutations on the Y chromosome. The se-
lective sweeps induced by such fixation events on a non-
recombining chromosome are well known to reduce
neutral diversity at other loci on the same chromosome
(Maynard Smith and Haigh 1974; Kaplan, Hudson, and
Langley 1989). The background selection model in-
vokes an opposite form of hitchhiking: the elimination
of deleterious mutations. When a nonrecombining chro-
mosome carries one or more strongly deleterious mu-
tations, it will be rapidly eliminated from the population;
only chromosomes free of such mutations contribute to
the future ancestry of the population, such that the ef-
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fective population size depends largely on the size of
the mutation-free class (Charlesworth, Morgan, and
Charlesworth 1993). As a result, the effectiveness of se-
lection becomes relatively weak, causing slightly dele-
terious mutations to experience accelerated rates of sub-
stitution due to drift, and favorable mutations to be fixed
less frequently (Charlesworth 1994), contributing to Y
chromosome degeneration (Charlesworth 1996; Orr and
Kim 1998). This is accompanied by a reduction in the
level of within-population genetic variation for nearly
neutral variants. Hill-Robertson interference between
weakly selected sites such that selection coefficients are
on the order of 1/Ne (Comeron, Kreitman, and Aguadé
1999; McVean and Charlesworth 2000) can also result
in a substantial reduction of within-population diversity
for a nonrecombining chromosome the size of the neo-
Y chromosome (McVean and Charlesworth 2000).

The observation that there is very little nucleotide
variation at the neo-Y linked alleles of the Lcp loci is
consistent with these theories. From the 1,100 bp sur-
veyed in this study, only two sites were found to be
polymorphic. The two polymorphic sites found were at
very low frequencies (one and two variants, respective-
ly, for each locus). Since there is little evidence for se-
lective constraints on the amino acid sequences of the
Lcp alleles on the neo-Y chromosome (see above), it is
reasonable to compare the variability at both silent and
replacement sites on the neo-Y chromosome with silent
sites at these loci on the neo-X chromosome (a total of
441 sites for Lcp1 and a total of 278 sites for Lcp3), for
which five segregating sites are found. On the null hy-
pothesis that the Y chromosome has one third the pop-
ulation size of the X chromosome (i.e., there is no strong
effect of sexual selection or hitchhiking), we would ex-
pect the proportion of all Lcp variants that are found on
the neo-Y chromosome to be 0.25 3 1,100/(0.25 3
1,100 1 0.75 3 719) 5 0.338, compared with the ob-
served value of 0.286. Coalescent simulations of gene
trees, in which the two Lcp loci on the neo-X chromo-
some are treated as independent of each other and of
the neo-Y loci (assumed to be completely linked), and
where a total of nine segregating sites are assigned to
the three simulated trees in proportion to their lengths,
show that this difference is nonsignificant: the proba-
bility of observing a proportion of the segregating var-
iants on the neo-Y chromosome as small as or smaller
than that observed is 0.55 based on 1,000 replicates.

However, as noted above, there is a noticeably low-
er level of variation on the Lcp neo-X alleles compared
with per, although this is not statistically significant with
an HKA test. One possible explanation for the reduction
of variability for the neo-X linked genes has to do with
the evolution of dosage compensation. Current models
of dosage compensation in Drosophila X chromosomes
often invoke the acquirement of cis-acting dosage com-
pensation determinants (Bashaw and Baker 1996). The
exact nature of such determinants is not yet known. One
such model suggests the presence of many ‘‘chromatin
entry sites’’ on the dosage-compensated chromosome
that can then attract the dosage compensation protein
complex such that the adjacent area in the chromosome

can also be regulated (Kelly et al. 1999). A new X chro-
mosome such as the neo-X chromosome of D. miranda
therefore should be in the process of acquiring such cis-
acting determinants as an adaptive response to the de-
generation of its counterpart. This scenario is in accord
with the observations that the neo-X chromosome of D.
miranda is partially associated with the same dosage
compensation machinery that is used for the regulation
of the real X chromosome (Bone and Kuroda 1996;
Marı́n et al. 1996; Steinemann, Steinemann, and Turner
1996). The evolutionary acquisition of cis-acting deter-
minants necessary for dosage compensation could lead
to local selective sweeps which might reduce the level
of variation for many genes on the neo-X chromosome.

Further data are needed to test this possibility. If
this were the case, it would be more appropriate to com-
pare Lcp with per. A comparison of variability at the
Lcp loci with silent variation at per on the same lines
as above shows that the expected proportion of segre-
gating sites on the neo-Y chromosome is 0.377, com-
pared with an observed of 2/(2 1 9) 5 0.182. Coales-
cent simulations of the type just described show that the
probability of this is 0.08 on the null hypothesis, such
that, again, the reduction in variability on the neo-Y is
not significant. However, the simulations also show that
the observed level of variability on the neo-Y chromo-
some, compared with per, is consistent with a substan-
tial reduction in the effective population size of the neo-
Y chromosome, which could approach a 10-fold reduc-
tion over that assumed by the null hypothesis. Again,
further data on neo-Y chromosome variability are
needed.

An interesting finding of this study is the observed
excess of amino acid substitutions on the neo-Y–linked
alleles relative to neo-X linked alleles when D. miranda
is compared with its relatives (table 7). When the two
Lcp genes were combined, the rate of amino acid re-
placement-site substitutions was more than four times as
high for the comparisons involving the neo-Y genes (see
above). Such an acceleration is not evident for synon-
ymous sites. The ratio of nonsynonymous-site diver-
gence to synonymous-site divergence was close to 1 for
Lcp1 and Lcp3. Our analysis showed that this effect was
caused by an elevated number of replacement substitu-
tions on the neo-Y lineage, following the split between
the neo-X and neo-Y chromosomes. This is in accord
with an extremely reduced effective population size of
the neo-Y chromosome, allowing slightly deleterious
substitutions to accumulate. Alternatively, the accelera-
tion of amino acid substitution may have been due to a
lack of functional constraints on the Lcp-coding region,
since a previous study has shown that the neo-Y alleles
are almost nonfunctional at the level of protein expres-
sion, presumably because the genes have been down-
regulated (Steinemann, Steinemann, and Lottspeich
1993). On the other hand, the neo-X alleles do not show
any evidence of accelerated evolution at the amino acid
level, as might be expected if the degeneration of the Y
chromosome is an evolutionary response to a more rapid
adaptive evolution of the X chromosome (Orr and Kim
1998).
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