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The Sex-Ratio chromosome in Drosophila pseudoobscura is subject to meiotic drive. It is associated with a series
of three nonoverlapping paracentric inversions on the right arm of the X chromosome. The esterase-5 gene region
has been localized to section 23 within the subbasal inversion of the Sex-Ratio inversion complex, making esterase-
5 a convenient locus for molecular evolutionary analyses of the Sex-Ratio inversion complex and the associated
drive system. A 504-bp fragment of noncoding, intergenic DNA from the esterase-5 gene region was amplified and
sequenced from 14 Sex-Ratio and 14 Standard X chromosomes of D. pseudoobscura, and from 9 X chromosomes
of its two sibling species, Drosophila persimilis and Drosophila miranda. There is extensive sequence differentiation
between the Sex-Ratio and Standard chromosomal types. The common Standard chromosome is highly polymorphic,
while, as expected from either the neutral mutation theory or the selective sweep hypothesis, the rarer Sex-Ratio
chromosome has much less within-chromosome nucleotide polymorphism. We estimate that the Standard and Sex-
Ratio chromosomes in D. pseudoobscura diverged between 700,000 and 1.3 Mya, or at least 2 million generations
ago. The clustering of D. pseudoobscura Sex-Ratio chromosomes in a neighbor-joining phylogeny indicates a fairly
old, monophyletic origin in this species. It appears from these data that Sex-Ratio genes were present prior to the
divergence of D. pseudoobscura and D. persimilis and that both the Standard and Sex-Ratio chromosomes of D.
persimilis were derived from the Standard chromosome of D. pseudoobscura after the inversion events that isolated

the D. pseudoobscura Sex-Ratio chromosome.

Introduction

The Sex-Ratio chromosomes of Drosophila are one
of the best-studied cases of meiotic drive (Sandler and
Novitski 1957). As their name implies, these chromo-
somes cause a distortion of the sex ratio in the progeny
of males carrying the Sex-Ratio X chromosome. These
Sex-Ratio chromosomes have a widespread taxonomic
distribution and have been observed in natural popula-
tions of species in the subgenus Drosophila, including
D. melanica and paramelanica (Stalker 1961), D. me-
diopunctata (De Carvalho, Peixoto, and Klaczko 1989),
and D. quinara and testacea (James and Jaenike 1990).
They have also been found in many species in the sub-
genus Sophophora, including the affinis subgroup spe-
cies D. affinis (Morgan, Bridges, and Sturtevant 1925)
and athabasca (Sturtevant and Dobzhansky 1936), as
well as the obscura group species D. obscura (Gershen-
son, 1928), subobscura (Jungen 1967), azteca, persi-
milis, and pseudoobscura (Sturtevant and Dobzhansky
1936). The Sex-Ratio genes (sr), which are located on
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the X chromosome, cause spermiogenic failure and the
consequent loss of Y-bearing sperm (Polincasky and E}-
lison 1970). The spermiogenic failure of Sex—Ratgia
males in an obscura group species was characterized by
Jungen and Maurer (1976) in D. subobscura by traci@
DNA-containing structures such as nuclei and mite:
chondria during the differentiation of sperm from elon;%
gation to maturation. Without direct evidence as {0
which sperm was Y-bearing, they showed that sonﬁ
sperm of Sex-Ratio males were eliminated during bofﬁ
the elongation and individualization phases of spermataF
genesis and that the sperm could also degenerate aftgr
individualization. &

In D. pseudoobscura, males carrying the Sex-Rati
X chromosome (SRP*) produce mostly (95%-99%)
daughters. Males carrying a Standard X chromosor@
not subject to meiotic drive (STP*) produce nearly equal
numbers of male and female offspring. The number éf
sperm that male Drosophila can transfer in a matlri‘g
depends on the frequency of their matings in the pre-
vious day or two, which in turn depends on population
density and other factors that determine opportunities
for matings (Beckenbach 1978). Because SRP** males
are capable of accumulating a sperm load equivalent to
STrse males but containing only X-bearing sperm, the
frequency of Sex-Ratio is increased among the popula-
tion’s X chromosomes by the conditional drive favoring
the SRPs¢ chromosome.

The genetic mechanism for expression of the Sex-
Ratio trait in D. pseudoobscura has not been fully char-
acterized. However, the expression of Sex-Ratio requires
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the interaction of at least four loci, which presumably
include a drive locus and enhancer regions as in other
systems of meiotic drive (Wu and Beckenbach 1983). In
many of the species that have the Sex-Ratio system of
meiotic drive, SR chromosomes are associated with in-
versions distinguishing them from the Standard X chro-
mosome (ST). These inversions are not known to be
involved directly in the expression of Sex-Ratio but
most likely arose secondarily; they act to reduce recom-
bination between the unidentified Sex-Ratio drive locus
and its linked drive enhancers (Wu and Beckenbach
1983; Lyttle 1991). In D. pseudoobscura, the inversion
complex forming the Sex-Ratio gene arrangement is a
series of three nonoverlapping paracentric inversions on
the right arm of the X chromosome (Dobzhansky 1939).
Because the inversions are closely associated with the
Sex-Ratio drive system, it has been of much interest to
study the evolutionary history of the Sex-Ratio inver-
sion complex as a marker of this meiotic drive system.
Previous electrophoretic studies of allozymes (Prakash
and Merritt 1972; Prakash 1974; Keith 1983) and studies
of reciprocal introgression between D. pseudoobscura
and D. persimilis (Wu and Beckenbach 1983) have sug-
gested extensive genetic differentiation between the two
types of X chromosomes.

In this study we compare the SR and ST X chro-
mosomes of D. pseudoobscura using a nucleotide se-
quence analysis of the esterase-5 gene region. The Est-
5 gene region has been localized to banding section 23
within the small basal inversion of the Sex-Ratio inver-
sion complex (Brady, Richmond, and Oakeshott 1990).
Due to the location of this gene region and the reduction
of recombination between inverted segments of chro-
mosomes (Sturtevant and Dobzhansky 1936; Dobzhan-
sky and Epling 1948), studies of the Est-5 gene region
can be used to trace the evolutionary history of the Sex-
Ratio inversion complex and drive system. Our goals
are to determine the extent of nucleotide sequence dif-
ferentiation between the Sex-Ratio and Standard gene
arrangements of D. pseudoobscura, to infer relationships
among the nucleotide sequences, to estimate of the age
of the Sex-Ratio system, and to begin to reconstruct the
evolutionary history of the Sex-Ratio inversion com-
plex.

Materials and Methods
Fly Stocks

Twenty-eight strains of D. pseudoobscura were
used in this study, 14 carrying Sex-Ratio (SRP*) chro-
mosomes and 14 matching strains carrying Standard
(STPs¢) chromosomes, collected at the same time as the
SRese strains (table 1). Nine sets of matching strains
were collected at San Bernardino (SB), Calif., and one

Table 1
Drosophila Chromosomes Used in This Study According
to the Site of Origin

Sex-Ratio Standard
Strain Origin Chromosome Chromosome
D. pseudoobscura
San Bernardino, Calif. ..... SRSB3 XSB3
SRSB4 XSB4
SRSB6 XSB6
SRSB7 XSB7
SRSB9 XSB9
SRSB10 XSB10
SRSB13 XSB13 o
SRSB16 XSB16 g
SRSB18 XSB18 2
Sierra Mtns., Calif. ........ SRSM XSM 2
Grand Canyon, Ariz. ...... SRGC XGC ]
Tempe, Ariz. ............. SRTE XTE 3
Albuquerque, NM. ........ SRAL XAL 3
Black Canyon, Colo. ...... SRAL XAL E
SRBC XBC 4
D. miranda §
Mather, Calif. ............ MIRMAS83 &
MIRMA23 2.
Drosophila Center ......... MIRDC el
D. persimilis 3
Mather, Calif. ............ PERI1 3
PER2 3
PER75 S
James Reserve, Calif. ... ... PER ;—;
PERJR105 o
British Columbia ......... SRPER Q
‘g
3

set of strains at each of the following locations: Sie@a
Mountains (SM), Toiyabe National Forest, Calif.; Gragd
Canyon (GC), Ariz.; Tempe (TE), Ariz.; Albuquerque
(AL), N.M.; all of them collected in the late 1980s. Ofie
set of strains was collected in 1993 at Black Canyon of
the Gunnison (BC), Colo. The SRP* stocks were crossed
with a line of sepia (se) flies according to figure 1 i
order to isolate the SRP*® chromosome. The recessi¥e
allele sepia is on the X chromosome and causesZa
brownish eye color that serves to mark the Standa%d
chromosome. The wild-type eye color of SRP males
made it easy for us to distinguish them from sepia
males, and the identity of SRP* males was further ver-
ified by making test crosses to virgin females and check-
ing for all-female offspring prior to DNA analysis.
Drosophila miranda and D. persimilis, the two spe-
cies most closely related to D. pseudoobscura, were in-
cluded in this study to aid in rooting phylogenetic trees.
Three D. miranda strains were used, one from the Na-
tional Drosophila Species Resource Center at Bowling
Green State University (0101.0), its geographic origin
unknown, and the other two (MA83 and MA23) from a
collection at Mather, Calif., at the edge of Yosemite Na-
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FiG. 1.—Maintenance scheme of Sex-Ratio stocks. SR indicates
an X chromosome with the Sex-Ratio gene arrangement and se indi-
cates an X chromosome with the sepia mutation. Three types of crosses
are maintained: the female offspring of cross A are collected as virgins
and used in cross B, and the male offspring of cross A are used in
cross C; the offspring of cross B are all heterozygous females that are
used in cross C; and among the offspring of cross C are Sex-Ratio
males readily identified by wild-type eye color. These SR males are
used to maintain cross B and also in the sequence analysis of the SR
gene arrangement.

tional Park, in 1993. Five ST D. persimilis strains were
used, three collected at Mather, Calif. (MA1, MA2, and
MA7S) and two at James Reserve, Calif. (PER and
JR105), in the San Jacinto Mountains near Palm
Springs, in 1977 and 1993, respectively. Unfortunately,
we were only able to locate a single SR strain of D.
persimilis. This strain, kindly provided by Gary Cobbs,
was collected in British Columbia in the late 1980s.

In Situ Hybridization

A study by Brady, Richmond, and Oakeshott
(1990) and work in this laboratory have previously lo-
calized Est-5 to section 23 on the right arm of the X
chromosome in D. pseudoobscura. To confirm that this
section of the chromosome is located within one of the
SR inversions of D. pseudoobscura and to localize Est-
5 in D. persimilis, the amplified sequence from the SRpse
chromosome of D. pseudoobscura strain SRBC was la-
beled with biotin-1-dUTP by nick translation and hy-
bridized to salivary gland chromosomes of Sex-Ratio/
Standard heterozygous larvae. Lim’s (1992) protocol for
hybridization and detection was followed using the ABC
Elite Vector Laboratories Kit.

DNA Extraction

Genomic DNA from the Albuquerque, San Ber-
nardino, and Tempe strains was extracted from freshly
ground flies and purified by CsCl density gradient cen-
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trifugation according to Bingham, Levis, and Rubin
(1981). For the other strains, genomic DNA was extract-
ed from a single male fly following the protocol of
Beckenbach, Wei, and Liu (1993).

PCR Amplification and Sequencing

The Est-5 gene region in D. pseudoobscura is com-
prised of three tandem copies of the Est-5 gene: Est-5C,
Est-5B, and Est-5A (Brady, Richmond, and Oakeshott
1990). We sequenced a 504-bp fragment of noncoding
intergenic DNA, 155 bp upstream of Est5B, from am-
plified PCR products.

The design of primers for amplification was bagd
upon the published sequence of the D. pseudoobscyra
Est-5 gene region (Brady, Richmond, and Oakesh%tt
1990). These primers (DES5SC3'S1: 5'CGATA-
AGTCGAGCCTCTCTCTATG3' and DE5SB5'N1: 5'AA-
CCAGTCTCAGGGGGATAGCTCT?3') amplify a 58&7-
bp region of noncoding DNA located between ge§es
Est-5C and Est5B. As internal sequencing prlmés‘s
DESC3'S2 (5'TTCCATTTATGTGCTAGCGG3') a@d
DESB5'N2 (5 TTATACAAATATTTGT(A/G)ACG%)
were also designed on the basis of the sequence of B@a-
dy, Richmond, and Oakeshott (1990). o

PCR amplification was carried out in 50-ul reic—
tions using either 50 ng of CsCl-purified DNA or I%Ll
of extracted DNA as template, SO pM of each end prigl-
er, and 2.5 units of Promega Taq polymerase. Thermal
cycling took place in either a Perkin Elmer Cetus or M.
J. Research programmable thermocycler. Following%n
initial denaturation of 5 min at 94°C, each of 35 ampfi-
fication cycles consisted of 94°C denaturation (1 rm&%),
55°C annealing (1 min), and 72°C extension (1 min ggo
s) steps with a final extension of 7 min. Double- strancifed
product was diluted 150-fold and 5 pl served as te.m-
plate DNA for the asymmetric amplification of ezij:h
strand. Primer concentrations were at 100:1 ratios #ad
reaction conditions were as described above. Single-
stranded product was column-purified using Centri(%n
microconcentrators. C

For 31 of the sequences, 7 pl of purified prodg;;t
were used in sequencing reactions following the proto-
col provided with the Sequenase 2.0 DNA Sequencing
Kit (U.S.B.) with snap-cooling on dry ice/ethanol during
primer annealing. Six sequences were determined using
an automatic sequencer (Applied Biosystems 373A),
following the manufacturer’s protocol. For all strains
both strands were sequenced.

Sequence Analysis

Alignments were made using the Genetics Com-
puter Group (GCG) software package (1990), and dif-
fering sites were rechecked on the autoradiographs. The
average number of pairwise divergences (K) and aver-
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age heterozygosity per nucleotide site (H) were calcu-
lated as direct counts of the 469 nucleotides that were
shared by all sequences. Estimated times of divergence
were calculated using two methods of calibration. One
was Caccone, Amato, and Powell’s (1987) substitution
rate of 1.7% nucleotide substitutions per million years.
This estimate was determined from DNA-DNA hybrid-
ization studies of single-copy nuclear DNA and thus is
likely a conservative estimate for noncoding Drosophila
DNA. The other calibration was Sharp and Li’s (1989)
substitution rate of 3.2% sequence divergence per mil-
lion years along two lineages. This rate was determined
from the number of nucleotide substitutions per silent
site among 10 Drosophila genes and may be the more
appropriate rate for estimating divergence times from
noncoding sequence data in Drosophila.

Relationships among nucleotide sequences were in-
ferred from the GCG alignment of 469 shared bp using
PHYLIP version 3.5¢ (Felsenstein, 1993). Kimura’s
two-parameter model for nucleotide differences was
used to generate a corrected pairwise distance matrix
with the transition/transversion ratio set at 2.0 in PHY-
LIP. Phylogenetic analysis utilized the neighbor-joining
method (Saitou and Nei 1987) on the corrected pairwise
distance matrix. One hundred replicates for bootstrap
analysis were then generated using the SEQBOOT com-
mand in PHYLIP. Phylogenetic analysis by the neigh-
bor-joining method was also performed using the Mo-
lecular Evolutionary Genetics Analysis (MEGA) pack-
age (Kumar, Tamura, and Nei 1993), with essentially the
same results.

Results and Discussion
Localization of Esterase-5

In situ hybridization to D. pseudoobscura polytene
chromosomes that were heterokaryotypic for the SRps®
and STP* gene arrangements localized the Est-5 gene
region to banding section 23 within the subbasal inver-
sion of the Sex-Ratio inversion complex (fig. 2A). The
location of this gene region inside an inversion, coupled
with the lack of recombination between inverted gene
arrangements in D. pseudoobscura (Sturtevant and Dob-
zhansky 1936; Dobzhansky and Epling 1948) gives us
confidence that the Est-5 gene region can be used to
trace the evolutionary history of the Sex-Ratio inversion
complex within D. pseudoobscura. In situ hybridization
to D. persimilis showed that Est-5 is located three band-
ing sections outside of the single D. persimilis inversion
that is associated with the Sex-Ratio trait in this species
(fig. 2B).

The Data Set

Among the 37 sequences compared there were four
insertions/deletions. The lengths of the resulting gaps

'Wiol) papeojum
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FiG. 2.—In situ hybridization of the esterase-5 gene region t&
heterokaryotypes for the Sex-Ratio inversion complex of (A) D. pseurs
doobscura and (B) D. persimilis.

62€86/.6¢/C

varied from 4 bp to 19 bp (see sequence alignment ir;];;-)
fig. 3). One of the gaps was variable in length. Only six
of the sequences, all from SRP* chromosomes, had théz
4 bp at position 400-404, whereas STP* from strairg
XSB9 was missing these 4 bp plus an additional 2 bp™
It is interesting that 5 bp (nucleotides number 160—164%
were absent from all of the SRP** chromosomes but pres%
ent in all of the STP* chromosomes and in the chroy
mosomes of the outgroup species. These data lead us td3
hypothesize that these bases were present in the ances-
tral chromosome and that the deletion of these 5 nucle-
otides was captured by the SRP* inversion.

Ignoring gaps, there were 469 shared base pairs in
the 504-bp fragment that was sequenced. Of the 469
shared sites, 27 were polymorphic among the D. pseu-
doobscura chromosomes sequenced. The distribution of
these polymorphic sites was not uniform across the frag-
ment studied (x> = 38.47; df = 18; P < 0.005), as 60%
of the polymorphic sites occurred within 100 bp in the
central region of study (see fig. 4). A sequence analysis
of the Est-5B coding and associated flanking regions
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130
AAAGGCTAAC TTTCGGAAGA TGATTTAATA ACACGCTCAA AAACATTAGT TCAGCTGTTC GATTGCGAGA GTGGGTGCCG TAACAAAAAA ATAAAACAAG
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350
SRGC TCTTTTICGTT AA TT TC ATAATACCCT ATGCAATCGT GTAGAABATA GTTTGGAATG TTTACATCGA TCTGATTGAC TGCTGCAAAT TTIGATAGGC AATTAATICT
C

MirMAZ3 ol L el Al

39 504
SRGC TTATCCACAT ATATAT GTACATATGC ATATACAAAT GTGGGTATTC AATGCTCCCC ATGAGTCTTG TCAAAGTCTA AGCCGAGCAT GCGAAATCTC CTAATCTCAC ATAG

FIG. 3.—Alignment of sequenced region corresponding to positions —659 to —155 upstream of Est-5B. Dots (.) indicate sequence identity
in other sequences compared with SRGC. This region was amplified by PCR from the genomic DNA of 37 Drosophila strains and then
sequenced. Names of sequences are defined in table 1.
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F1G. 4.—Nonrandom distribution of variable sites in different seg-
ments of the sequenced esterase-5 region (x*> = 38.47, df = 18; P <
0.005). Drosophila pseudoobscura sequences only are considered, and
all gaps have been ignored.

from SRPs® and STPs¢ lines of D. pseudoobscura (our
laboratory, unpublished data) showed an increase in the
proportion of substitutions in the flanking regions when
compared to the coding region, indicating that there is
less functional constraint acting on the flanking regions
of Est-5B. The nonuniform pattern of substitution in the
intergenic segment we studied suggests that this region
of DNA may nonetheless be under some selective con-
straints, a possibility that is not surprising because this
region is located upstream of the functional copy of Est-
5 and may contain regulatory information (Brady, Rich-
mond, and Oakeshott 1990). Interestingly, there is a pal-
indromic region (ATATG-CATAT) of 10 bp located at
positions 415424 that was conserved among the D.
pseudoobscura chromosomes but not the D. miranda
chromosomes. The perfect palindrome discussed by
Brady, Richmond, and Oakeshott (1990), our sites 407—
418, contained one site substitution in three of the D.
pseudoobscura lines surveyed here. Mutations in the ho-
mologous region of D. melanogaster appear to have de-
creased levels of enzyme activity, illustrating the poten-
tial regulatory function of this region (Oakeshott, Heal-
ey, and Game 1990).

Of the polymorphic sites, 21 were shared between
the SRPs¢ and STP® gene arrangements of D. pseudoob-
scura, while there were six fixed differences for one or
more nucleotide type. The outgroup species D. miranda
shared three of the fixed-site differences with the STpse
chromosomes and an equal number of fixed-site differ-
ences with the SRP* chromosomes. Thus, our data do
not allow us to infer whether SRPs¢ or ST is the an-
cestral chromosomal type.

Nucleotide Diversity

The average number of pairwise differences (K)
among the 28 D. pseudoobscura chromosomes we stud-
ied was 7.02. The mean heterozygosity was 1.5% with
a standard error of 0.5%; some chromosomes were iden-
tical in sequence while others diverged by as much as
3.2%. This level of sequence divergence is comparable

Table 2

Average Number of Pairwise Differences (K) and Hetero-
zygosity per Nucleotide Site (H) * Its Standard Error
(SE)

Comparison n K H * SE

D. pseudoobscura

Sex-Ratio vs. Sex-Ratio .. 91 0.63 0.0013 = 0.0012
Standard vs. Standard .... 91 5.75 0.0123 *+ 0.0049
Sex-Ratio vs. Standard ... 196 10.56 0.0230 = 0.0068
All X chromosomes ... ... 378 7.02 0.0150 = 0.0050
D. persimilis
Sex-Ratio vs. Standard ... 5 3.0 0.0063 = 0.0037
@)
D. miranda g
Standard vs. Standard 3 2.0 0.0043 = 0.0024&
Q
D. miranda vs. Sex-Ratio ... 42 1476  0.0324 * 0.008§%
D. miranda vs. Standard . ... 42 17.05 0.0363 *+ 0.008&

Note.—Total number of sites compared: n = 469; heterozygosity per %u-
cleotide site: H = K/N; n = number of comparisons.

eoe//:sdny

to that found in other gene regions of D. pseudoobscuga.
Heterozygosity estimates from restriction site data g)r
the Amy and Adh regions are 1.81% and 2.6%, respéc-
tively, while the mean heterozygosity estimated from se-
quence analysis of the Xdh region is 1.2% (Schaefér
Aquadro, and Anderson 1987; Aquadro et al. 19@
Riley, Kaplan, and Veuille 1992).

There is a substantial amount of nucleotide diver-
sity, 2.30%, between the SRP¢ and STPse chromosox@l
types (see table 2). However, within 91 pairwise com-
parisons of the SRP** chromosomal sequences the avi‘,:r—
age heterozygosity was 0.13%, and many of the Sl%se
sequences were identical. For the 14 SRps® chromoson@gs
studied there were only three different sequence pzét-
terns, which we have designated as separate alleles.
There does not appear to be any geographical pattéin
associated with the sequence identity among SRP* chfb-
mosomes. For example, one allele, represented nile
times in our sample, was found at the San Bernard%o
and Albuquerque sites. A second allele, represented fGur
times in our sample, was found at the San Bernadinp,
Grand Canyon, and Black Canyon sites. In contra%t,
only two of the 14 STrs¢ alleles were identical in se-
quence.

The average heterozygosity in 91 comparisons of
the STPs® sequences was 1.23%, which is 10-fold greater
than that among SRP* sequences. This increased level
of heterozygosity is not unexpected for either (or both)
of two reasons. First, when all mutations are neutral, the
expected value of average heterozygosity is directly pro-
portional to population size (Kimura 1968; Nei 1987,

opiHe/of

pp. 256-257). Because there is little recombination be-

tween chromosomes (Sturtevant and Dobzhansky 1936),
each inverted gene arrangement can be considered to be



a “‘population.” In natural populations of D. pseudoob-
scura the SRP* chromosome is present in frequencies of
0-25%; thus, on average there are approximately six to
seven times more STP*® chromosomes than SRP*® chro-
mosomes (Sturtevant and Dobzhansky 1936). Assuming
all mutations are neutral and invoking the neutral theory,
an increased amount of variation among STP* chromo-
somes compared to that among SRP® chromosomes is
expected due to the greater number of STP® chromo-
somes.

A second explanation for the differences in hetero-
geneity of the Est-5 region within each chromosomal
type is that selective sweeps may have decreased the
level of variation among the SRP* chromosomes. If
there is a strongly selected allele at one locus, the neutral
alleles at linked loci may be affected due to the hitch-
hiking effect (Maynard Smith and Haigh 1974; Kaplan,
Hudson, and Langley 1989; Begun and Aquadro 1991;
Stephan, Wiene, and Lenz 1992). The hitchhiking model
predicts that in gene regions with low recombination
rates, a strongly selected allele can sweep throughout
populations and effectively reduce heterozygosity at
linked neutral sites. The size of the region affected de-
pends upon the strength of selection and the level of
recombination (Stephan, Wiene, and Lenz 1992). For
example, highly reduced variation has been found at the
base and the tip of the X chromosome in several Dro-
sophila species where crossing-over is heavily restricted
at the centromeric and telomeric regions (Aguadé, Mi-
yashita, and Langley 1989; Stephan and Langley 1989;
Begun and Aquadro 1991, 1995). It is conceivable that
the Sex-Ratio loci are under strong selection and that
they are associated with very low levels of recombina-
tion due to the presence of the inversion complex and
the low frequencies of SRP*® chromosomes found in nat-
ural populations. Perhaps then, a selective sweep oc-
curred whenever new a Sex-Ratio form with a higher
level of meiotic drive replaced a less efficient Sex-Ratio
form. Selective sweeps may have happened several
times in the evolution of the Sex-Ratio chromosome as
each inversion was added to the complex, and they
could be the source of the decreased variation among
the Est-5 alleles of SRP® chromosomes. Although both
the neutral theory and the selective sweep hypothesis
fully explain the data, they are not mutually exclusive
and both could have operated.

Our nucleotide sequence data are consistent with
previous electrophoretic data from the X chromosome
(Prakash and Merritt 1972; Prakash 1974; Keith 1983).
Electrophoretically, the SRP*® and STP* gene arrange-
ments differ significantly from each other at all four X
chromosome loci that were studied; esterase-5, adult
acid phosphatase-6, phosphoglucomutase-1, and octan-
ol dehydrogenase-3 (Prakash 1974). Keith’s (1983) se-
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ries of five sequential electrophoretic conditions char-
acterizing the Est-5 locus revealed 41 alleles in the STPs
gene arrangement. Only three alleles were present in the
SRPs® gene arrangement. In addition to the lack of ge-
netic diversity, none of the alleles were shared between
SRrse and STPs, indicating extensive genetic differenti-
ation between the two gene arrangements.

Further evidence supporting the. extensive genetic
differentiation between the two chromosomal arrange-
ments comes from studies of reciprocal introgression be-
tween the sister species D. pseudoobscura and D. per-
similis (Wu and Beckenbach 1983). The ST?** chromo,
some in D. pseudoobscura is homosequential to thé
SRrer chromosome in the sibling species D. persimilis;;’—)
Because hybrid females between these two species ar¢;
fertile, Wu and Beckenbach were able to introgress the-
SRrer X of D. persimilis into D. pseudoobscura and3
reciprocally, the STP¢ X of D. pseudoobscura into Dz
persimilis. Mutant alleles are available for marking sevZ
eral regions along the STP* chromosome in D. pseu§
doobscura. Recombination between the homosequentiab
STrse and SRP ]ed to chromosomes with one or severak
marked segments of the ST chromosomes recombine@
with the SR chromosomes. When the male recombinang
offspring were tested for the presence of the SR trait, af.
least four regions covering all three of the SRP*® invers
sions were determined to be necessary for expression of
the Sex-Ratio phenotype. This finding indicates the presg
ence of at least four sr loci and provides supportin@
evidence for extensive genetic differentiation betweety
the SRP** and STP gene arrangements in D. pseudoob=
scura. §

It is interesting to note that, by comparison to %
pseudoobscura, the sibling species D. miranda and Dg
persimilis seem to have lower levels of within-specie®
polymorphism. In the three chromosomes of D. mirandé.
studied, two were identical in sequence and the third
differed by only 3 of the 469 sites. Surprisingly, all five:
of the STPer chromosomes of D. persimilis were identic
in sequence, and the SRPer chromosome of D. persimili@,
differed from them by only 2 nucleotides.

¢eoe

Estimated Divergence Time

Prakash and Merritt (1972) suggested that the SRpse
gene arrangement is probably quite old. Their idea is
motivated by several factors. First, the Sex-Ratio chro-
mosome has a wide geographic distribution and has
been found in natural populations throughout much of
the species range (Dobzhansky and Epling 1944, pp. 96—
101; Anderson, Dobzhansky, and Kastritsis 1967). Sec-
ond, although there are seasonal fluctuations of SRP*¢ in
some localities (Dobzhansky 1943; Epling, Mitchell,
and Mattoni 1957), studies of natural populations have
suggested fairly stable frequencies of the Sex-Ratio gene
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arrangement in other localities over a 30-year period
(Dobzhansky 1958). Third, if each inversion arose as a
single event in evolutionary history, the accumulation
of three nonoverlapping inversion differences between
the STP* and SRP*¢ chromosomes suggests a substantial
time since common ancestry.

Assuming a constant rate of substitution, we esti-
mated the time at which the two chromosomal types
diverged, based upon the sequence divergence infor-
mation presented here for the subbasal inversion of the
Sex-Ratio complex. Using Caccone, Amato, and Pow-
ell’s (1987) substitution rate of 1.7% sequence diver-
gence per million years along two lineages, the esti-
mated time of divergence between the SRP* and STpse
chromosomes is 1.3 million years. Using this calibration
rate, the estimated time of common ancestry for D.
pseudoobscura and D. miranda is 2.0 Mya or about 6
million generations, assuming three generations per
year, whereas the estimated time of common ancestry
for D. pseudoobscura and D. persimilis is only 0.7 Mya
or about 2.1 million generations. These estimates are
congruent with the estimates of Aquadro et al. (1991)
that place the D. miranda/D. pseudoobscura divergence
at 2.1 Mya and the D. persimilis/D. pseudoobscura di-
vergence at as little as 0.5 Mya. However, Caccone,
Amato, and Powell’s (1987) calibration is based upon a
substitution rate estimated from DNA-DNA hybridiza-
tion studies of single-copy nuclear DNA and conse-
quently may be slower than expected for the noncoding
region studied here. The substitution rate estimated by
Sharp and Li (1989) for synonomous base pair differ-
ences only is likely to be more appropriate for noncod-
ing sequence data. Using Sharp and Li’s (1989) calibra-
tion of 3.2% nucleotide substitutions per million years,
we estimate that the SRP* and STP*® gene arrangements
shared a common ancestry 700,000 years ago.

Due to the nonuniform distribution pattern of nu-
cleotide substitutions (fig. 4), we suggested earlier that
this region of study may be under some selective con-
straint. Consequently, neither Caccone, Amato, and
Powell’s nor Sharp and Li’s substitution rates is ideal
for the calculation of divergence times. However, we can
take these estimates as upper and lower bounds and sug-
gest a fairly ancient window of time between 0.7 and
1.3 Mya for the divergence of the two gene arrange-
ments. With confidence we can then state that these two
inversion types have been separated for at least 2 million
generations.

Our estimate for divergence time of the Sex-Ratio
inversion polymorphism is similar to the estimate for
the divergence of the third chromosome inversion poly-
morphism in D. pseudoobscura. Using restriction site
data for the amylase gene region, Aquadro et al. (1991)
estimated that the Standard and Tree Line inversion fam-
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FIG. 5.—Phylogenetic tree of the amplified and sequenced eszr-
ase-5 region from 37 Drosophila strains constructed by neighbor—j(gn-
ing using Phylip 3.5. Taxa are named as in table 1. Numbers indicate
the percentage of time each branch was joined together under bootstthp
analysis. D. persimilis strains are in italics and arrows indicate the Sex-
Ratio and Standard chromosomal clusters of D. pseudoobscura.
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ilies diverged 1.7 Mya and that the Standard and Sali

Cruz inversions diverged 1.0 Mya. Both the X and thizd
chromosome inversion systems are fairly old, and B.
pseudoobscura has been polymorphic for both of thege
inversion systems for several million generations.
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Sequence Relatedness
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A neighbor-joining tree produced by PHYLIP £5
is presented in figure 5. Similar trees were produced Ey
neighbor-joining using the MEGA package. There is e%—
tensive branching and long branch lengths in the STP*
clade of this phylogeny, while within the SRPse clusger
there is little evidence for differentiation between chro-
mosomes. As discussed above (in Nucleotide Diversit@,
these findings are not unexpected and can be explainéd
by either the neutral theory or the selective sweep hy-
pothesis.

Bootstrap analysis strongly supports the deep
branches dividing the SRP*® and STP* clades, as the node
connecting these two clades is present in all 100 repli-
cates. From the sequence phylogeny, we infer that the
basal inversion of the Sex-Ratio gene arrangement arose
only once in evolutionary history, and we infer that the
entire SRP*® gene arrangement, and the associated mei-
otic drive system, have a monophyletic origin in D.
pseudoobscura. It is also evident from the phylogeny
that the Sex-Ratio system in D. pseudoobscura is fairly



old and that the basal inversion in D. pseudoobscura,
containing the Esz-5 region, arose prior to the split of
D. pseudoobscura and D. persimilis. This situation is
similar to the emergence of t-haplotypes in Mus, another
example of meiotically driven chromosomes associated
with inversions. DNA analysis of t-haplotype and wild-
type chromosomes suggests that they diverged from a
common ancestor at least before the musculus—domes-
ticus split 1-2 million years ago (reviewed in Lyttle
[1991]).

Drosophila persimilis is a closely related sibling
species of D. pseudoobscura. There is a single inversion
difference between the SRPr and STPer chromosomes of
D. persimilis and, interestingly, the SRP' chromosome
in D. persimilis is homosequential to the STP* chro-
mosome in D. pseudoobscura. In situ hybridization to
heterokaryotypic polytene chromosomes demonstrates
that the Est-5 gene region used in this study is not con-
tained within the inversion associated with SRPe* in D.
persimilis (fig. 2b). While it is unlikely that this region
is in complete linkage disequilibrium, suppression of re-
combination often extends well beyond the ends of in-
versions due to the physical disruption of synapsis (Rob-
erts 1976, pp. 118-119). Beckenbach (1981) studied the
linkage relationship between Est-5 and several visible
mutants and demonstrated that Est-5 lies between forked
and short. The recombination frequency between these
two markers in D. persimilis heterokaryotypes (SRret/
STrer) is very low, with only 4.4% recombinants ob-
served in a total of 1,170 chromosomes and in fact is
not significantly different (and even numerically small-
er) than the map distance measured in D. pseudoobscura
heterokaryotypes (SRP¢/STPs¢) (Sturtevant and Dob-
zhansky 1936). Although we cannot be certain that re-
combination did not occur between alleles of STPe' and
SRrer, Est-5 is potentially informative regarding the re-
lationship of the STPr and SRP' chromosomes within
D. persimilis, and we believe it remains an informative
locus for studying the relationship of X chromosomes
between D. persimilis and D. pseudoobscura.

Unfortunately we were only able to include a single
SRper chromosome in our analysis. However, when we
look at the relationship of D. persimilis chromosomes
in the neighbor-joining tree presented in figure 5, we
find that both STPer and SRPe* cluster with the STPs chro-
mosomes, the SRP*® chromosomes of D. pseudoobscura
having diverged much earlier, as discussed above. The
clustering of D. persimilis chromosomes with STPs is
supported by the presence of bp 160-164 in the D. per-
similis and STP® chromosomes, and by the absence of
these base pairs in all SRP*® chromosomes. Also, an ex-
amination of the character state of the six differences
that are fixed for one or more nucleotide between the
STrse and SRPs¢ chromosomes (sites 49, 117, 191, 231,
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239, 241), reveals that both SRP" and STP* of D. per-
similis share the character state of the STP*® chromo-
somes.

Of the SReer, STrer, and STPs® chromosomes that
form a clade, the SRP®" chromosome evidently branches
off first (with a supporting bootstrap value of 77), while
the branch lengths leading to the ST?* chromosomes are
relatively short and the nodes not well supported by
bootstrap analysis. To analyze this clade more closely,
we have listed nucleotide sites that are polymorphic on
the STP** chromosomes and compared them with the
STrer and SRPer chromosomes of D. persimilis in tablg
3. At nucleotide site 117 the STPer and SRPe' chromé
somes have the same character state, G, as do most @
the STPs¢ chromosomes, while these chromosomes ag
differ from SRPs¢, which has character state A. Guaning
appears to be the ancestral state at this site because it i$
shared with the outgroup species D. miranda, and theé
was most likely a G to A base pair change along the
lineage leading to the SRP® chromosomes and a G to §"
base pair change in the XSB4 lineage. More importan§
however, is the fact that at all 22 of the other sites that
are polymorphic on the STP*® chromosomes, both STPT%‘
and SRPer always have the character state of the more
distantly related SRP*® chromosome of D. pseudoobsc
ra. This character state analysis along with the phylé
genetic analysis suggests that SR is the outgroup th
all ST chromosomes of both D. persimilis and D. pseiz
doobscura. )

The relationship of STP* chromosomes is not
clearly defined. Although the bootstrap support is weaky
the STP chromosomes of D. persimilis appear to b€
more closely related to the STP*® chromosomes of
pseudoobscura than to SRP®', and, in fact, they are iderr
tical to one D. pseudoobscura strain (XTE). The ind%
cation that the STPer gene arrangement is more closeg
related to the STP* gene arrangement than to other [,
persimilis chromosomes is puzzling, and it raises t
possibility that the species divergence of D. perstmlLEs
occurred very early in the differentiation of the STP°m
chromosomes. Additional data on SRPer chromosom@
are needed to test this hypothesis.

»
@
N
as
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Evolution of the Sex-Ratio System

Wu and Hammer (1991) have provided an exten-
sive review of the molecular evolution of meiotic drive
systems, including Sex-Ratio in D. pseudoobscura. Be-
cause there is some evidence that D. persimilis and D.
pseudoobscura can hybridize in nature, Wu and Ham-
mer (1991) suggested that perhaps it is ““... possible
that the X, (our SR**®) of D. pseudoobscura came from
D. persimilis by introgression, and subsequently ac-
quired its inversions.” Although our analysis of Sex-
Ratio in D. persimilis is based on only one SRP' chro-
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Table 3

Individual Sites of the D. persimilis SR (SRPER) and ST (PER) Chromosomes Compared with the Polymorphic Sites
of the D. pseudoobscura ST Chromosomes (X...) and One Representative of the D. pseudoobscura SR Chromosomes

(SRGC)
1 1 1 2 2 2 2 2 2 2 2 2 2 3 3 4 4 4
Nucleotide 1 4 4 1 5 9 0 1 1 3 4 4 4 5 6 8 39 1 2 2
no. 6 6 4 7 7 9 0 5 6 8 0 3 6 9 6 9 0 6 1 1 5 6
SRGC..... G G C A A A AT CG G G €C G A A A TG T G A C
XGC ...... G ¢ ¢ G G A AT C A T G C G A CTCTCG G G A C
XTE ...... G N ¢C A G A A T C G G G C G A A A T G T G A C
XSM ...... G ¢ ¢ G G T AT C G G C GG A C CTCG T G A C
XBC ...... G G ¢ A G A A T C A TG C G A C C C G T A T G
XAL ...... G G T A G A A T C G G G C G A C A T A T G A g
XSB3 ..... G G €C A G A A T C A T G G G A A C C G T A A %
XSB4 ..... G ¢ ¢ G T T A T C G G G C G A A — T G T G A
XSB6 ..... G G ¢ A G T A C T G G G G G A C CcC C G T G A §
XSB7 ..... G G ¢C A G A A T C AT G C G A C C C G T A A T
XSB9 ..... G ¢ ¢ A G T A C T G G G G G A C C C G T G A s
XSB10 .6 ¢ € A G A AT C G GG G C G A C A C G T G A T
XSB13 .A G C A G A AT C G G G C A A C C CG T G A E
XSB16 .G G C A G A A T C G G G €C G G A A T G T G A &
XSB18 .G ¢ C A G A T T C A T G C G A C C C G T G A &
Per ....... G G €C A G A A T €C G G G €C G A A AT G T G A @
SRPER.... G G C A G A A T €C 6 G G €C G A A A T G T G A g
5
o
©
Q

mosome, our evidence indicates that the Sex-Ratio in-
version complex in D. pseudoobscura was acquired pri-
or to the split of these two sibling species. If indeed the
origin of SR chromosome in the species ancestral to D.
pseudoobscura and D. persimilis predates the species
divergence, then the SRP*® chromosome did not intro-
gress from D. persimilis.

One can hypothesize a simple scenario for the evo-
lution of Sex-Ratio chromosomes within D. pseudoob-
scura. As suggested by the model of modifier genes pro-
posed by Wu and Beckenbach (1983), the sr alleles, al-
though not the SRP*® gene arrangement, may have been
present in the ancestral population that later split to give
D. pseudoobscura and D. persimilis. Only rarely in this
ancestral population would the sr alleles have been ex-
pressed together because they were not yet linked by
inversions. The three inversions of the SRP*® gene ar-
rangement probably arose in three independent events.
When heterozygous, each inversion reduced recombi-
nation between the sr genes within it, and each succes-
sive inversion reduced recombination over a larger part
of the X chromosome. Once the inversions were present,
the combined effect of the several sr alleles caused mei-
otic drive to occur, and the SRPs¢ chromosome increased
to noticeable frequencies in the ancestral population.

However, the evolution of the Sex-Ratio system in
D. persimilis is much more difficult to understand. Our
evidence indicates that both gene arrangements in D.
persimilis are derived from the STP* chromosome in the
ancestral species, the X chromosome now most frequent

in D. pseudoobscura. The STP*® chromosome is hor%o—
sequential to the SRP*" chromosome, and STrer difl%rs
from SRP by a single inversion. To hypothesize the
evolution of sr alleles in D. persimilis, we must propgse
a different mechanism than the one proposed for D.
pseudoobscura because the inversion separating the l@o
X chromosomes in D. persimilis is on the STPe géhe
arrangement. Wu and Beckenbach (1983) suggested tﬁat
the occurrence of an inversion on either chromoso@e
reduces recombination between the inverted chromgo-
somes and is sufficient for the evolution of SR chgo-
mosomes possessing all of the sr genes at the several
loci necessary for the SR trait to be expressed. We 3re
not sure that this reduction of recombination berwéen
STrer and SR is sufficient to explain how the sr allges
became fixed on the uninverted SRPe* chromosome&as
there would still be recombination within the populat@n
of uninverted chromosomes that would separate the sr
alleles. If SRP*® were acquired prior to the species di-
vergence, the scenario proposed by Wu and Beckenbach
(1983) does not fully explain how the sr alleles remain-
ing in the STP* gene arrangement of the pseudoobscu-
ra—persimilis ancestral species were tied together to
form the homosequential SRP* gene arrangement in D.
persimilis after the two species diverged. Our molecular
data have provided new information on the origins of
the Sex-Ratio system of meiotic drive and the associated
inversions, but intriguing questions still remain concern-
ing the evolution of this complex system in D. persi-
milis.
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