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USING HITCHHIKING GENES TO STUDY ADAPTATION AND
DIVERGENCE DURING SPECIATION WITHIN THE
DROSOPHILA MELANOGASTER SPECIES COMPLEX
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Abstract.—Several studies of intraspecific and interspecific DNA sequence variation from Dro-
sophila loci have revealed a pattern of low intraspecific variation from genomic regions of low
recombination. The mechanisms consistently invoked to explain these patterns are the selective
sweep of advantageous mutations together with genetic hitchhiking of linked loci. To examine the
effect of selective sweeps on genetic divergence during speciation, we studied two loci in different
genomic regions thought to be subject to selective sweeps. We obtained DNA sequences from 1.1-
kb pair portions of the fourth chromosome locus cubitus interruptus Dominant (ci®) and from the
asense locus near the telomere of the X chromosome. At ci®, we found very low variation among
multiple lines of Drosophila mauritiana and D. sechellia. This finding is consistent with an earlier
report of very low variation in D. melanogaster and D. simulans at ci® and supports the conclusion
of selective sweeps and genetic hitchhiking on the nonrecombining fourth chromosome. The pattern
of variation found at asense suggests that a selective sweep has occurred recently at the tip of the
X chromosome in D. simulans, but not in D. melanogaster or D. mauritiana. The data from ci®
and asense are compared with data from three X chromosome loci (period, zeste, and yolk protein
2) that experience normal levels of recombination. By examining estimated genealogies and the
rates at which different classes of mutations have accumulated, we conclude that selective sweeps
are common occurrences on the fourth chromosome but less common near the tip of the X
chromosome. An interesting pattern of low variation at ¢i® among D. simulans, D. mauritiana,
and D. sechellia suggests that a selective sweep may have occurred among these forms even after

divergence into separate species had begun.
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Perhaps the simplest type of adaptation ex-
perienced by a population is when an advanta-
geous mutation occurs and, by virtue of higher
reproductive success conferred upon carriers, in-
creases in frequency and replaces all other copies
of the gene. Adaptations of this type are expected
to leave a genetic footprint in the population, a
region of zero or reduced variation among DNA
sequences at and near the site of the original
mutation. The formation of this footprint has
been called genetic hitchhiking (Maynard Smith
and Haigh 1974; Kaplan et al. 1989), and the
size of the footprint depends on how much re-
combination within heterozygotes occurred near
the site during the fixation process. Recent es-
timates of DNA sequence variation from geno-
mic regions of low or no recombination in Dro-
sophila have supported predictions from models
of genetic hitchhiking. These studies have found
very little DNA sequence variation within spe-
cies, despite finding levels of interspecific vari-
ation similar to those reported for genomic
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regions with regular recombination (Begun and
Aquadro 1991; Berry et al. 1991; Martin-Cam-
pos et al. 1992; Stephan and Mitchell 1992;
Langley et al. 1993). Additional support for the
genetic hitchhiking model comes from a com-
pilation of data from 20 gene regions from across
the D. melanogaster genome, which revealed a
positive correlation between nucleotide diversity
and local rates of recombination (Begun and
Aquadro 1992).

This paper describes research on the role of
this type of adaptation (i.e., characterized by se-

lective sweeps and genetic hitchhiking) in the

divergence of recently formed species. Our ap-
proach has been to measure DNA sequence vari-
ation at genomic hitchhiking regions within and
between recently diverged species and to com-
pare these patterns to those previously reported
for other genomic regions. We report on two loci,
from regions of low recombination and thought
to be subject to genetic hitchhiking, in the four
species of the D. melanogaster species complex.
The ciP locus is on the nonrecombining fourth
chromosome (Hochman 1976), and a 1.1-kb pair
region had previously been sequenced by Berry
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et al. (1991) in ten lines of D. melanogaster and
nine lines of D. simulans. They found the typical
hitchhiking pattern of little polymorphism with-
in species with normal amounts of divergence
between species. We sequenced a 1.1-kb region
of ¢i® from six individuals of D. mauritiana and
four individuals of D. sechellia; both species are
island endemics and are very closely related to
D. simulans (Lachaise et al. 1988). We also se-
quenced a 1.1-kb stretch of the asense locus in
six lines in each of D. melanogaster, D. simulans
and D. sechellia and in five lines of D. mauri-
tiana. The asense gene is part of the yellow-
achaete-scute complex (Gonzalez, et al. 1989),
located on the tip of the X chromosome and,
therefore, also subject to reduced recombination
(Ashburner 1989, p. 453). There have been sev-
eral reports of reduced variation within the yel-
low-achaete-scute complex in D. melanogaster
and D. simulans (Aguade et al. 1989; Beech and
Leigh Brown 1989; Begun and Aquadro 1991;
Martin-Campos et al. 1992).

The ciP® and asense loci were also chosen be-
cause they come from genomic regions that ex-
perience different levels of recombination. The
fourth chromosome, the site of ¢i®, has not been
found to undergo meiotic recombination under
normal conditions (see Hochman 1976), so that
a selective sweep at any locus would be expected
to effect the entire chromosome. From estimates
of DNA content in polytene bands (Sorsa 1988,
chap. 16, table 1), c¢i® is completely linked to
about 1.4% of the genome. In contrast, asense is
found near one end of a large chromosome, and
in a region where recombination is measurable.
The yellow-achaete-scute complex has at least
seven genes and is approximately 90-kb long.
Recombination in the region is thought to occur
at a roughly 17-fold to 20-fold reduction relative
to other regions of the genome (Dubinin et al.
1937; Begun and Aquadro 1991; Aguade et al.
1989). In contrast to ciP, the chance that asense
undergoes hitchhiking depends on the proximity
of the selected locus and the strength of selection.
More strongly selected mutations will go to fix-
ation more quickly, on average, and thus will
cause hitchhiking in a larger region (Maynard
Smith and Haigh 1974).

The ci® and asense data sets are comparable
to recently reported studies of loci from regularly
recombining regions of the X chromosome. Kli-
man and Hey (1993a) studied variationina 1.9-
kb region of the period (per) locus from six in-
dividuals of each of the four species; and Hey
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and Kliman (1993) reported data from approx-
imately 1-kb regions of the zeste and yolk protein
2 (yp2) loci, again with six sequences from each
species. None of these loci showed evidence of
either recent selective sweeps or recent balancing
selection. Together, the data from per, zeste, and
yp2 support a historical model in which D. si-
mulans has a large population size and has
changed relatively slowly since the origin of the
island endemics. The separations of D. sechellia
and D. mauritiana from ancestral D. simulans
appear to have occurred recently and at similar
times. By extrapolating from estimated absolute
rates of silent substitution, the time since for-
mation of the island endemics was estimated at
between 0.58 and 0.86 Mya, with D. sechellia
having diverged from ancestral D. simulans about
0.1 My before D. mauritiana (Hey and Kliman
1993). The time since the split from D. mela-
nogaster was estimated at 2.5-3.4 Mya.

Most hitchhiking studies have compared D.
melanogaster and D. simulans (Begun and
Aquadro 1991; Berry et al. 1991; Martin-Cam-
posetal. 1992; Langley et al. 1993). By extending
the research to include D. mauritiana and D.
sechellia and comparing our results to data from
three nonhitchhiking loci (per, zeste, and yp2),
we can explore speciation among very recently
diverged species while examining the effect of
adaptive selective sweeps on the process.

MATERIALS AND METHODS
Sources of Flies

All strains were also used for per (Kliman and
Hey 1993a), zeste, and yp2 (Hey and Kliman
1993). The asense sequences were generated us-
ing the identical DNA preparations (and thus the
same X chromosomes) used in the per study (Kli-
man and Hey 1993a), with the exception of one
line of Drosophila mauritiana (MA-1). The ci®
sequences were generated from new DNA prep-
arations of a subset of the isofemale lines used
in the other studies. The six D. mauritiana lines
are the same as before, and the four lines of D.
sechellia were SE-C1, SE-C2, SE-P1 and SE-P3
(Kliman and Hey 1993a).

DNA Preparation

DNA preparations were made from single male
flies (protocol 48 in Ashburner 1989). At ¢i®, a
1.1-kb region was PCR-amplified using the same
20-mer oligonucleotide primers as Berry et al.
(1991), starting at positions 1897 (“+° primer
5’ base) and 3003 (“—” primer 5’ base) in the
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TABLE 1. Variable sites for ciP among Drosophila simulans, Drosophila mauritiana and Drosophila sechellia.
This table corresponds closely to table 1 of Berry et al. (1991). With the exception of sites 11, 2154, 2338, and
2765, all of the substitutions listed in table 1 of Berry et al. (1991) show D. mauritiana and D. sechellia to have
the same base as reported for D. simulans. With just two exceptions, position 2279 in D. mauritiana and position
2338 in D. simulans (Berry et al. 1991), there was no intraspecific variation.

Species/DNA sequence Species/amino acid sequence

Region Position mel sim mau sec mel sim mau sec

Introl 2 11 C T C C

Exon 2154 G A G G Pro Pro Pro Pro
2279 T T T/A T Leu Leu Leu/His Leu
2338 T T/G T T Leu Leu/Val Leu Leu
2572 G G G C Ser Ser Ser Ser
2608 A A C A Arg Arg Arg Arg
2765 T C T T Leu Pro Leu Leu
2775 G G C G Thr Thr Thr Thr
2822 T T A C Phe Phe Tyr Ser

original sequence (Orenic et al. 1990). At asense,
a 1.1-kb region was PCR-amplified using 20-mer
oligonucleotide primers corresponding to bases
2082-2101 (““‘+>° primer) and 3353-3372
(“—"’primer) of the published sequence of Gon-
zalez et al. (1989). PCR and DNA sequencing
methods were identical to those of Kliman and
Hey (1993a).

Simulations

For HKA tests, the distribution of X2, the test
statistic, was generated by a multispecies coales-
cent simulation. The parameters for the simu-
lation are the HKA parameter estimates gener-
ated by applying the HKA test to the actual data.
The simulation protocol is very similar to that
for a conventional coalescent simulation (Hud-
son 1983, 1990): (1) the simulation proceeds
backward in time within each of the two species
until the time of speciation is reached; and then
(2) the remaining lines from each of the two spe-

TaBLE 2. The average number of pairwise differences
per base pair within species (based on all base-pair
differences). The per data are from Kliman and Hey
(1993a). The zeste and yp2 data are from Hey and
Kliman (1993). The c¢iP data from Drosophila mela-
nogaster and D. simulans is from Berry et al. (1991).

Species
melano-

Locus gaster simulans mauritiana  sechellia
zeste 0.0025 0.0078 0.0045 0.0000
yp2 0.0052 0.0011 0.0012 0.0003
per 0.0062 0.0115 0.0118 0.0009
asense 0.0021 0.0000 0.0023 0.0000
ciP 0.0000 0.0002 0.0003 0.0000

cies are coalesced as if from a single species. For
each of 20,000 rounds of simulation, the’ HKA
test is applied to the simulated data, and a dis-
tribution of values for X2 is generated. The actual
value of X? is then placed within this distribution
to assess the significance level of the observation.

For K tests (see RESULTS, Selective Sweeps dur-
ing Speciation, for descriptions of K, and K;), a
modified HKA test was developed for the case
of three species (details available on request).
The parameter estimates, including time esti-
mates for two cases of speciation, were input to
three-species coalescent simulations. These es-
timates were conducted in the same way as those
described above for the conventional HKA test,
with the addition of extending the simulations
through two speciation events. For each of 5000
rounds of simulation, K, and K, were calculated
for each locus and an X? statistic was calculated
for all of the loci in the test. The actual value of
X2, calculated from the K, and K, estimates from
the real data, was then compared to the distri-
bution of X2 values generated by the simulations.

RESULTS
DNA Sequence Variation Summary

cubitus interruptus.—The D. mauritiana and
D. sechellia sequences cover the same 1075-bp
region of ci® sequenced by Berry et al. (1991).
Table 1 summarizes all differences found within
the D. simulan—D. mauritiana—D. sechellia triad
(hereafter referred to as the simulans complex).
All four D. sechellia sequences were identical.
The six D. mauritiana sequences revealed one
polymorphism, a single base change that distin-
guished one of the six sequences.
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TABLE 3. Variation between species. Net divergence is equal to the average pairwise divergence between species
less the mean of the intraspecific values given for the two species in table 2 (Nei and Tajima 1981). Fixed
differences are the number of base-pair positions at which all of the sequences from species 1 are different from

all of the sequences of species 2 (see table 1).

Species 1-species 2 zeste yp2 per asense c@
Net divergence per base pair
simulans—mauritiana 0.0033 0.0029 0.0069 0.0013 0.0056
simulans-sechellia 0.0084 0.0033 0.0114 0.0019 0.0047
mauritiana—sechellia 0.0109 0.0066 0.0167 0.0032 0.0037
melanogaster-simulans 0.033 0.023 0.026 0.024 0.050
melanogaster-mauritiana 0.034 0.025 0.031 0.024 0.050
melanogaster—sechellia 0.037 0.025 0.035 0.023 0.049
Fixed differences
simulans—mauritiana 1 2 3 1 6
simulans—sechellia 4 4 18 2 5
mauritiana-sechellia 10 6 21 3 4
melanogaster-simulans 29 23 37 26 54
melanogaster-mauritiana 32 25 44 27 54
melanogaster-sechellia 36 27 60 28 53

Intraspecific variation is summarized in table
2, and interspecific divergence is summarized in
table 3. By comparing the hitchhiking loci with
per, zeste, and yp2, we can look for patterns ex-
pected of recent selective sweeps. Table 2 shows
that D. mauritiana ci® sequences exhibit the same
pattern of very reduced levels of variation, rel-
ative to other loci, as were seen in D. melano-
gaster and D. simulans at ci® (Berry et al. 1991).
Drosophila mauritiana is endemic to the single
island of Mauritius, and its level of variation at
per, zeste, and yp2 suggests an effective popula-
tion size (N,) even larger than that of D. mela-
nogaster, though less than D. simulans (Hey and
Kliman 1993). We also found no intraspecific
variation in D. sechellia; however, variation is
low, in general, in this species (Cariou et al. 1990;
Hey and Kliman 1993; Kliman and Hey 1993a).

asense.—Figure 1 summarizes all nucleotide
differences found in asense. There was no poly-
morphism among the six D. simulans sequences,

nor among the six D. sechellia sequences. For D. .

melanogaster, the four North American lines
(ME-NJ1, ME-NJ2, ME-LI1, and ME-LI2) were
identical. The African lines, ME-K1 and ME-
K2, differed at multiple sites from the North
American lines (two and five sites, respectively)
and from each other (five sites). Among the five
D. mauritiana sequences, there were four distinct
sequences (MA-2 and MA-3 were identical) and
five polymorphic sites. One line, MA-6, con-
tained a 9-base deletion, within a region of re-
peats, that was otherwise unique to the D. se-
chellia sequences. This may represent an old-

length polymorphism that is fixed as a deletion
in D. sechellia, fixed as present in D. simulans,
and still segregating in D. mauritiana (fig. 1).

At asense, both D. mauritiana and D. mela-
nogaster have levels of variation within or near
the range observed at the other X-linked loci. In
D. simulans, however, we found no intraspecific
variation, which suggests that there may have
been a recent selective sweep at this locus. We
can rule out the possibility that the six asense
sequences of D. simulans are similar to each oth-
er by accidental sampling of closely related lines,
because we observed substantial polymorphism
at other X-linked loci using the same DNA prep-
arations (table 2). In the case of D. sechellia, the
lack of variation, although consistent with ge-
netic hitchhiking, is most simply explained by a
very small N, (Hey and Kliman 1993).

Genealogical Inference

Maximum parsimony analysis was carried out
using PAUP (Swofford 1985) with the branch-
and-bound option (Hendy and Penny 1982). The
gene trees built from the ¢i® and asense data can
be compared to those from per (Kliman and Hey
1993a), yp2 and zeste (Hey and Kliman 1993)
and examined within the phylogenetic and spe-
ciation context developed with those loci. To-
gether the three nonhitchhiking genes support a
history in which first D. sechellia, and then D.
mauritiana, emerged from a very large popula-
tion of D. simulans.

cubitus interruptus.—For ci®, exactly three most
parsimonious gene trees were found, all having
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Base 1111111112 2 2 23333444456
position 4 59 9 0000000000 0 2 31255048961

7 23 7 0123456780 9 1 80225051620
comment r sr r dddddddddr r r 5888888888T
ME-NJ1 T(S)TG(R)C(H)CCAGCAGM\A(S)C(H)A(S)GGCCAAATCTT(D)
ME-NJ2 (=)= (-)-(-)- seee(e) - -
ME-K1 (=)= () - ()---~
ME-K2 () () ()
ME-LI1 ()= - ()
ME-LI2 (=) () () -
SI-CAl C(P)CA(Q)G(Q)---- -TTGGGCT- G(B)
SI-CA2 C(P)CA(Q)G(Q) - --- -TTGGGCT -G (E)
SI-K1 C(P)CA(Q)G(Q) -~ -TTGGGCT-G (E)
SI-K2 C(P)CA(Q)G(Q) -TTGGGCT -G (E)
SI-LI1 c(P)CA(Q)G(Q) - -TTGGGCT -G (E)
SI-LI2 C(P)CA(Q)G(Q) - --T(C)A(S)G(G)A-TTGGGCT -G (E)
SE-C1 C(P)CA(Q)G(Q)'*"'*"'T(C)A(S)G(G)A TTGG-CT-G(E)
SE-C1 C(P)CA(Q)G(Q) ********+T (C)A(S)G(G)A-TTGG-CT-G (E)
SE-P1 C(P)CA(Q)G(Q) ¥**#**#**+T(C)A(S)G(G) A-TTGG-CT-G(E)
SE-P2 C(P)CA(Q)G(Q) *#****#x**+T(C)A(S)G(G)A-TTGG-CT-G(E)
SE-P3 C(P)CA(Q)G(Q) **#**##*+T(C)A(S)G(G)A-TTGG-CT-G(R)
SE-P4 C(P)CA(Q)G(Q) ****#*+*++T (C)A(S)G(G) A-TTGG-CT-G(E)
MA-2 C(P)CA(Q)G(Q) ----~---- T(C)A(S)G(G) A- TTGGGCGCG (R)
MA-3 C(P)CA(Q)G(Q) - - - -T(C)A(S)G(G) A- TTGGGCGCG (E)
MA-4 C(P)CA(Q)G(Q) - - - -T(C)A(S)G(G) A- TTGGGCGCG (E)
MA-5 C(P)CA(Q)G(Q) --------- T(C)A(S) G (G) A-TTGGGCG-G (E)
MA-6 C(P)CA(Q)G(Q) ****x#+*+T(C)A(S) G (G) AATTGGGCG-G (E)
Base 1 1
position 6 66 677 77 9 99 99 0 0

2 25 925 88 1 25 67 1 1

09171243 0 87 17 1 8
comment r 88r 8sr r sr sr r 8
ME-NJ1 A(T)AT(L)AM(T)AC(L)TA T)G(Q) GT (V) TA(S)A(Q) T
ME-NJ2 S(-)--(n)---(-)- ()= (=) () - () -
ME-K1 - (-)G- ( ) -G(a) A(I) S(-)-c(a)--(-)-(-)-
ME-K2 - (-)G- s (=) - (=)= (-)--(-)-(-)C
ME-LI1 S(-)-- ( - (-)- (-)- () (=) (=) -
ME-LI2 (-)--(-)---(-) - -(-)- --(-)-(-) -
SI-CAl T(S)GC(P)G- G(A)G- -(~)AC(A)CG(G)C(P) -
SI-CA2 T(8)GC(P)G-G(A)G- - (-)ac(a)ca(G)C(P) -
SI-K1 T(S)GC(P)G-G(A)G- (- (-)AC(A)CG(G)C(P) -
SI-K2 T (8) GC(P)G-G(A)G- - (-)Ac(a)cG(G)c(P) -
SI-LI1 T(S)GC(P)G-G(A)G- -) - (-)AC(A)CG(G)C(P) -
SI-LI2 T(S) GC(P)G-G(A)G- (- - (-)Ac(a)cG(G)c(P) -
SE-C1 C(P)GC(P)G-G(A)G- - (-)Ac(a)cGc(G)C(P) -
SE-C1 C(P)GC(P)G-G(A)G- -(-)AC(R)CG(G)C(P) -
SE-P1 C(P)GC(P)G-G(A)G- -(-)ac(a)ce(c)c(p) -
SE-P2 C(P)GC(P)G-G(A)G- - (-)Ac(A)CG(G)C(P) -
SE-P3 C(P)GC(P)G-G(A)G- - (-)ac(a)cG(G)c(p) -
SE-P4 \C(P)GC(P)G-G(A)G- (-)--(-) 7 (-)AC(A)CG(G)C(P) -
MA-2 T(S)GC(P)G-G(A)G- (-) - - (-)AC(R)CG(G)C(P) -
MA-3 T(S)GC(P)G-G(A)G- (-) - - (-)AC(A)CG(G)C(P) -
MA-4 T(8)GC(P)G-G(A)G- - (-)AC(a)CG(G)C(P) -
MA-5 T (S) GC (P) GTG (A) G- - (-)Ac(a)cG(G)c(P) -
MA-6 T(S)GC(P)G-G(A)G- -) T (H)AC (A)CG(G)C(P) -

FiG. 1. Variable sites at asense. The first rows indicate
the base position of variable sites within the sequenced
region. The first and last bases sequenced correspond
to positions 2149 and 3216, respectively, of Gonzalez
et al. (1989). In the comment row, s, synonymous sub-
stitution; r, amino acid replacement substitution; and
d, deletion. The ME-NJ1 sequence is used as the ref-
erence. Nucleotides identical to the reference in the
remaining 22 lines are indicated by a dash. At amino
acid replacement sites, the nucleotide is followed in
parentheses by the one letter code for the resulting
amino acid (S, Ser; P, Pro; R, arg; Q, Gln; H, his; C,
Cys; G, Gly; D, Asp; E =glu; T, thr; L, Leu; I, ile; A,
Ala). Length variation is indicated by an asterisk (*)
in sequences shortened relative to others.

a length of 1 steps (including both informative '

and noninformative sites) and a consistency in-
dex of 1.0. The ambiguity results from one of
the informative sites having three character states
(position 2822 in table 1). The trees differed in
the position of the D. sechellia sequence: as a
sister group ta D. mauritiana; as a sister group
to D. simulans; or as a sister group to a D. maur-
itiana—-D. simulans pair. Regardless of which of
the three trees is correct, the data suggest a virtual
trichotomy, and are portrayed as such in a strict
consensus tree in figure 2.
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3 SIM 8 lines

SIM 1 line
2

SEC 4 lines
3 MAU 5 lines
Ll .

MAU 1 line

51

MEL 10 lines

FiG. 2. Unrooted consensus of three most parsimo-
nious trees for ¢i®. Numbers adjacent to each branch
are the number of inferred mutational steps.

Divergence among the species of the simulans
complex appears different for ¢i® than for the
other loci. For the X-linked loci, including asense,
in both net divergence and fixed differences, the
divergence between D. mauritiana and D. se-
chellia is approximated by the sum of the di-
vergence values between each of these species
and D. simulans. Itis as if D. simulans has evolved
very slowly since the formation of the island en-
demics ( table 3). In contrast, at ci® there are very
similar numbers of pairwise differences found
between the species of the simulans complex; and
this is consistent with the trichotomy genealogy
for ciP in the simulans complex.

asense.—With the asense data, three most par-
simonious gene trees were found, each having
lengths of 39 steps (from both informative and
noninformative sites) and consistency index val-
ues of 0.97 (from 30 informative sites). Three
trees were found because there are no informa-
tive sites to distinguish among three of the D.
mauritiana haplotypes. One obvious difference
between the asense tree and those for the other
X-linked loci is the collapse of the variation at
D. simulans into a single lineage, as expected if
there has been a recent hitchhiking event.

The strict consensus tree for asense (fig. 3) is
consistent with the ordering of speciation events
inferred from the per, zeste, and yp2 trees, with
D. sechellia arising first, followed by a split be-
tween D. simulans and D. mauritiana (Hey and
Kliman 1993). The only polymorphic site that
cannot be placed on the tree in figure 3 as a single
mutation (thus reducing the consistency index to
0.97) is the 9-bp deletion. This deletion appears
relatively ancient, much like the per changes that
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are shared between D. mauritiana and D. si-
mulans. The deletion is segregating in D. maur-
itiana, fixed in D. sechellia, and absent from D.
simulans.

Tests of Natural Selection

The essential criteria for an inference of genetic
hitchhiking is that levels of variation within spe-
cies appear reduced and inconsistent with levels
of variation found between species. A statistical
framework is available in the form of the HKA
test (Hudson et al. 1987), which employs a neu-
tral model connecting intraspecific and interspe-
cific variation under a common set of parame-
ters. For a pair of species, and an arbitrary num-
ber of loci, the method provides estimates of ©
(4N x; p is the neutral mutation rate; 3N, u is
more accurate for sex-linked loci) for each spe-
cies and locus, as well as an estimate of the time
since the two species diverged from their com-
mon ancestor.

Table 4 lists the results of several tests on var-
ious subsets of the five-locus, four-species data
set. A large number of tests are possible, but we
have focused on those contrasting asense and ciP
with the other loci, and on the species pairs D.
melanogaster-D. simulans and D. simulans-D.
mauritiana. The contrast between D. melano-
gaster and D. simulans was chosen because it is
a frequently made comparison (e.g., Begun and
Aquadro 1991; Berry et al. 1991; Langley et al.
1993). For a contrast within the simulans com-
plex, we focused on D. simulans and D. mauri-
tiana. Although this comparison is not indepen-
dent of that between D. melanogaster and D.
simulans, we chose not focus on D. mauritiana
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FiG. 3. Unrooted consensus of the three most parsi-
monious tree for asense. Numbers adjacent to each
branch are the number inferred mutational steps. ME-
NA refers to the identical sequences found from ME-
NJ1, ME-NJ2, ME-LI1 and ME-LI2

and D. sechellia because of the lack of variation
at all loci in the latter.

For each contrast in table 4, the test statistic,
X2, has been compared with both a x2 distri-
bution and with a distribution generated from
simulations using the parameter estimates. In the
original application of the HKA test (Hudson et
al. 1987), the distribution of the test statistic, X2,
was found by simulation to be in excellent fit
with the x? distribution. To see if this held true
for our data, we also carried out simulations.
These simulations were carried out in a coales-
cent fashion (Hudson 1990) in strict accord with

TABLE 4. HKA tests (Hudson et al. 1987). © is an estimate of 3N.u for species 1 for sex-linked loci and 4Neu
for autosomal loci (i.e., ¢ciP). Population size corrections for including X-linked loci with autosomal loci followed
Begun and Aquadro (1991). T is an estimate of the time since the common ancestor of the species in units of
3/2 Ne generations, where N, is the effective population size for species 1. fis an estimate of the scaler by which
estimates of 3Neu for species 1 are multiplied to get those for species 2. X 2 is the goodness-of-fit statistic. P,
is the probability of observing a X 2 value greater than or equal to the actual value, assuming a x2 distribution.
Pgim is the probability according to a distribution generated via simulation (20,000 replicates; see Materials and

Methods).
e}

Species 1-species 2 per  zeste yp2 ci® asense T I X2 P, Psim
melanogaster-simulans  12.03 5.09 3.47 — — 5.07 1,60 440 0.355 0.275
melanogaster-simulans 9.36 395 270 369 — 848 1.63 27.0 0.00014** 0.00015**
melanogaster-simulans  12.01 5.08 3.47 — 2,66 5.60 142 9.69 0.138 0.057
simulans—-mauritiana 24.33 6.48 2.03 — — 0.57 0.81 091 0.924 0.782
simulans—-mauritiana 2345 6.25 197 136 — 0.76 0.82 7.64 0.265 0.080
simulans—-mauritiana 2342 624 197 — 1.24 0.60 0.88 441 0.622 0.290

** P < 0.0l1.
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TABLE 5. Relative rates of change at multiple loci in the Drosophila melanogaster complex. Changes were
determined for a data subset with one sequence randomly drawn from each species (see text). Silent sites were
calculated by considering, for each base position of a D. simulans sequence, the fraction of possible base changes
(Y5, %, or 3) that would not affect the amino-acid sequence. These values were then summed across all exon
base positions, and the total was rounded to the nearest integer. Intron, synonymous, and replacement changes
are simply the total number of variable sites of those types observed across the four sequences (see Results,
Evolutionary Constraint). I is the number of intron changes divided by the total intron length. S is the number
of synonymous changes divided by the number of silent sites. R is the number of replacement changes divided
by the number of replacement sites (i.e., exon length minus silent sites). CAI is the codon adaptation index
(Sharp and Li 1987) calculated with the codon usage table for “high bias™ genes identified in table 2 of (Shields
et al. 1988). For those codons in table 2 of Shields et al. (1988) with zero counts, we followed the suggestion of
Bulmer (1988) and used a relative usage level of 0.01. A single D. simulans sequence was used for the calculation
of CAI, although the value changes very little if the sequences from the other species are used. Intron G-C

content was calculated from a D. melanogaster sequence.

Intron
Synony- Replace- G-C

Intron Exon Silent  Intron mous ment content
Locus length  length sites changes changes changes I N R CAI (%)
Zeste 182 805 167 20 22 2 0.110 0.132 0.003 0.467 37.7
w2 63 1051 234 10 19 8 0.159 0.081 0.010 0.697 37.5
per 192 1679 386 28 77 4 0.145 0.200 0.003 0.490 51.0

asense 0 1067 208 — 15 14 — 0.072 0.016 0.226 —

¢iD 117 958 208 10 26 22 0.085 0.125 0.029 0.160 15.5

the assumptions of the HKA test (Hudson et al.
1987; see MATERIALS AND METHODS, Simula-
tions). In contrast to the original application of
the HKA test, there is often a considerable dis-
crepancy between the two significance levels for
the tests in table 4, especially for the D. simulans—
D. mauritiana tests. These discrepancies are
probably caused by the numerous cases of low
values for intraspecific and interspecific varia-
tion. The use of the x? distribution entails an
assumption, that measures of variation are ap-
proximately normally distributed, which holds
much better for high values.

When just per, zeste, and yp2 are considered,
the data are consistent with the neutral model
(table 4) (Hey and Kliman 1993). Berry et al.
(1991) had shown that ci® from D. melanogaster
and D. simulans, in HKA tests involving geno-
mic regions at and near the Adh locus, does not

fit the neutral model. From table 4, this also.

holds when ciP is paired with per, zeste, and yp2.
When D. simulans and D. mauritiana are con-
sidered with per, zeste, yp2, and ci®, the neutral
model is not rejected. The reason for this is that
although there is low variation within the species
of the simulans complex at ciP, there is also very
low between species variation (table 3, fig. 2).
For asense, the HKA tests generally show the
neutral model cannot be rejected; however, P,
is very close (0.057, table 4) in the D. melano-
gaster—-D. simulans case. If we examine the actual
departures from expectations in this test, we find
that out of a total X? value of 9.69, the two

greatest contributions came from asense variation
within D. simulans (2.52; observation less than
expected) and asense variation between D. si-
mulans and D. melanogaster (2.66; observation
greater than expected). Thus, the directions of
the greatest departure from the neutral model fit
a pattern of recent hitchhiking in D. simulans.

Evolutionary Constraint

To compare rates of evolutionary change
among loci, a single sequence was randomly
picked from each species and the total number
of changes among the four sequences were tab-
ulated for each locus (table 5). The single-se-
quence approach was taken to help ensure that
the length of the gene tree, in terms of time (not
mutations), is the same for all loci. Specifically,
we avoid much of the difficulty presented by loci
thought to have had recent selective sweeps and
which will have shortened gene trees within spe-
cies as a result of the recent common ancestry
caused by the selective sweep. However, using a
single sequence does not completely remove the
issue of variation among loci in the time depth
of gene trees. Gene trees from loci with recurrent
selective sweeps are also expected to have slightly
shorter time depths between species (see Selec-
tive Sweeps during Speciation).

The different loci vary considerably for levels
of amino acid replacement changes (table 5, fig.
4), with asense and ci® exhibiting higher levels
than the other loci. This variation is significantly
greater than expected by chance (G = 32.51, 4
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df, P < 1.5-107%). In individual pairwise com-
parisons with the other loci, ¢i® has significantly
more replacement changes than all except asense
(per: G =25.10, P < 6.7-107%; zeste: G = 16.2,
P=1.1-10"3%yp2: G=1.9, P < 0.0049; asense:
G =29, P <0.084; 1 df in all cases). In indi-
vidual pairwise comparisons, asense is signifi-
cantly different from zeste and per for replace-
ment changes (per: G = 10.6, P < 0.001; zeste:
G=6.85,P < 0.009; yp2: G=1.35, P < 0.245;
1 df in all cases). '

The pattern of elevated levels of amino acid
replacements in ci® and asense is predicted by
population genetic models, if many of those re-
placements are slightly deleterious. In general,
natural selection is expected to be less effective
in removing deleterious variation from regions
of low recombination (Muller 1964; Hill and
Robertson 1966; Felsenstein 1974; Li 1987; Bir-
ky and Walsh 1988; B. Charlesworth et al. 1993;
D. Charlesworth et al. 1993). This effect should
be especially marked for a region undergoing reg-
ular selective sweeps at which selection against
slightly deleterious mutations is dominated by
the fixation process of linked favorable muta-
tions. The increased number of replacement
changes in ci® probably reflects an increase in
the fixation rate of slightly deleterious mutations
that purifying selection was unable to detect. The
intermediate position of asense between ci® and
the other loci is consistent with this model if
asense experiences fewer selective sweeps than
does ciP.

A second measure of evolutionary constraint
is codon bias, the unequal usage of synonymous
codons. Codon bias may be positively associated
with gene-expression levels in Drosophila (Shields
etal. 1988) and presumably reflects the efficiency
at which a gene is able to be translated (Ikemura
1985). As the selective advantage of each optimal
codon is very small, codon bias should also be
reduced in areas of low recombination, where
the effectiveness of natural selection is expected
to be reduced. This prediction was confirmed in
a study of 385 D. melanogaster loci (Kliman and
Hey 1993b), and the pattern also fits the loci
considered in this report. Codon bias in ¢i® and
asense is lower than in per, zeste, and yp2 (table
5). These loci also have codon bias scores typical
for genes of their genomic region. From Kliman
and Hey (1993b), the mean of all genes was 0.430;
eight loci near the tip of the X chromosome (in-
cluding asense) had an average codon bias score
of 0.30; and three fourth-chromosome genes (in-
cluding ¢i®) had an average score of 0.18.
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Fig. 4. Synonymous changes, Amino acid replace-
ment changes and codon bias. Top and middle: the
levels of synonymous changes and amino acid replace-
ment changes given in table 5 together with 95% con-
fidence limits. Bottom: values of codon bias (CAI) from
table 5 with 95% confidence limits. The confidence
limits were determined from the 2.5% and 97.5% po-
sitions within a ranking of 1000 CAI values created by
simulation. For each gene the simulations were carried
out by constructing genes of the same length as the
actual sequence. For each simulated gene, both amino
acids and codons were sampled, with replacement, from
the distributions observed in the actual sequenced re-
gion.

The high numbers of replacement changes and
the low codon bias strongly suggest that popu-
lations experience reduced levels of N, for ge-
nomic regions near ci®. The somewhat higher
numbers of replacement changes and low codon
bias in asense also suggests reduced N,, though
the effect appears to be less than on the fourth
chromosome. Natural selection, while inhibited,
may be more effective at the tip of the X chro-
mosome, because there is some recombination
and, hence, shorter regions of tight linkage.

If codon bias variation among loci is due to
variation in the effectiveness of selection in
screening suboptimal codons, then it is expected
that asense and ci® should also have higher levels
of synonymous changes. From table 5 and figure
4, it is clear that they do not. Among the five
loci, the variation in the level of synonymous
variants is significant (G = 20.9, 3 df, P < 0.0003)
and is largely due to the high level at per (without



1908

per, G =49, 3 df, P < 0.29). A possible expla-
nation for low synonymous variation at ci® is
that the locus is very A+T rich. Kliman and Hey
(1993b) surveyed G+C content in 142 D. mel-
anogaster intron sequences from Genbank and
found an average of 36.8% with a range of 22.6%—
55.2%. The per, zeste, and yp2 loci fall within
this range (table 5), whereas ciP, has a level of
15.5%. Thus, it may be that ci® has a reduced
rate of synonymous variation because of under-
lying mutational constraints. However, this ex-
planation cannot be used for asense because this
gene has no introns (Gonzalez et al. 1989) and
because the G+ C content of the coding region
(50%) is higher than that of ci® (45.8%), and in
the range of per (54.8%), zeste (53.6%), and yp2
(49.7%).

Selective Sweeps during Speciation

To explore the role of adaptations character-
ized by selective sweeps and genetic hitchhiking
in the process of speciation, we will consider the
different types of gene trees that are expected
under several different models. To begin, con-
sider a locus that has not been subject to selective
sweeps and consider a single DNA sequence taken
from each of two recently diverged species. The
time since the most recent ancestral sequence is
a function of the time since the species formed
and ceased gene exchange, as well as the amount
of divergence between the two ancestral sequenc-
es at the time of speciation. The latter component
is a function of the effective population size of
the ancestral species prior to speciation, in ex-
actly the same way that the divergence between
two randomly selected sequences from an extant
species is expected to reflect the effective popu-
lation size of that species (see, e.g., Gillespie and
Langley 1979).

The component of interspecific variation that
is due to ancestral polymorphism may be missing
if the locus is repeatedly subject to selective
sweeps and genetic hitchhiking. If a selective
sweep occurred within the ancestral species prior
to speciation, then the hitchhiking pattern of low
intraspecific variation will have been present in
the ancestral species at the time of speciation.
Both asense and ci® were selected because their
location in regions of low recombination may
correspond to a history of repeated selective
sweeps and genetic hitchhiking. Therefore, we
expect shorter gene trees between species, in terms
of time (not mutations; see Results, Evolutionary
Constraint, for a discussion of why hitchhiking
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loci may have less constraint and a higher rate
of accumulation of mutations), at these loci than
at other loci from regions of high recombination.
This reduction in time depth will seem slight if
the time since speciation is large relative to the
expected depth of intraspecific genealogies, as
may well be the case when D. simulans and D.
melanogaster are compared. Indeed, this effect
has not been noted in studies reporting evidence
of hitchhiking in comparisons between these spe-
cies (Begun and Aquadro 1991; Berryetal. 1991;
Martin-Campos et al. 1992; Langley et al. 1993).
However, for the recently formed species of the
simulans complex, reduced interspecific diver-
gence because of a lack of ancestral polymor-
phism at hitchhiking loci may be apparent in
comparisons with other loci.

Figure 5a depicts, with widely spaced parallel
lines, the splitting of a single species into two.
The time at which the two species are formed
and gene exchange ceases is depicted with a hor-
izontal dashed line. We assume that gene flow
ceased at the same time for all loci under study.
This model serves as a null model in which nat-
ural selection associated with the speciation event
has not affected gene flow of the loci under in-
vestigation (alternative models are described be-
low). Within the wide lines of the ‘“‘species tree”
in figure 5a are two genealogies, each represent-
ing the history of a sample of two gene sequences.
The dotted line represents a locus that undergoes
repeated hitchhiking and that had a short gene-
alogy within the ancestral species prior to spe-
ciation. The solid line represents a locus that has
not undergone repeated hitchhiking and that had
a relatively deep genealogy within the ancestral
species.

We can now consider two different situations
in which the gene tree of the hitchhiking loci may
be different from that depicted in figure 5a. (1)
Consider a model of speciation in which gene
exchange does not cease for all loci at the same
time, but rather that reproductive isolation de-
velops because of natural selection against gene
flow. Furthermore, assume that this selection re-
sults from the presence of different locally adap-
tive alleles in the different populations. Under
this model, gene flow ceases first for those loci
that undergo adaptations serving only one of the
two incipient species. In this situation, selective
sweeps may play a causative role in the forma-
tion of the species if they are caused by the local
fixation of adaptive alleles. The gene trees of se-
lected and linked loci will extend deeper into the
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ancestral species than those of other loci not
linked to this type of selective sweep. This model
closely resembles the situation apparent at hitch-
hiking loci in populations of D. ananassae (Ste-
phan and Mitchell 1992). Figure 5b depicts a
deeper gene tree for a hitchhiking gene than for
another locus that experienced gene flow more
recently. (2) If speciation occurs in such a way
that gene flow remains possible but is generally
prevented by natural selection, then some selec-
tive sweeps may act against the further diver-
gence of the species. In this view, there may be
some mutations that are favorable within both
species and, if reproductive isolation is not com-
plete, a selective sweep may proceed through both
species. The genealogy for a locus that recently
underwent such a “transspecies’’ sweep might be
much shorter than for other loci (fig. 5c).

If the null model (fig. 5a) is correct, then, dur-
ing the formation of the simulans complex spe-
cies, gene flow ceased at the same time for ciP,
asense, per, zeste, and yp2. To compare the di-
vergence levels among the loci and assess our
null model, we require a measure of interspecific
divergence that does not include the variation
caused by ancestral polymorphism. We focus on
net interspecific divergence (Nei and Tajima
1981, table 2), which equals the average pairwise
divergence between species less the average of
the two species’ intraspecific variation. If the ef-
fective size of the ancestral population prior to
speciation was equal to the average effective pop-
ulation size of the descendant species, then net
divergence equals twice the average number of
mutations that have occurred since the specia-
tion event (e.g., see Hudson et al. 1987). This
same population size assumption that we now
add to the null model is also used for the HKA
test (Hudson et al. 1987).

We now describe the use of net divergence in
a statistical test of whether the pattern of vari-
ation among a set of loci from different species
is consistent with a model in which the timing
of the cessation of gene flow during species for-
mation is the same for all of the loci. For each
locus, we determined the quantity K,, the net
divergence between D. mauritiana—D. sechellia
divided by two, which is an estimate of the num-
ber of mutations that have accumulated on a
lineage within a species since the formation of
the species. These values cannot be compared
among loci, however, unless we control for se-
quence length and mutation rate. To do so, we
determined the quantity K,, an estimate of the
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Fi1G.5. Graphical representations of species trees with
hitchhiking and nonhitchhiking genealogies. See text
for detailed explanation. For each model, the dotted
line represents an expected genealogy for two DNA
sequences of a locus that is repeatedly subject to se-
lective sweeps and genetic hitchhiking, the solid line
represents an expected genealogy of a nonhitchhiking
locus.

number of mutations that separate D. melano-
gaster from the species ancestral to D. mauri-
tiana and D. sechellia at the time of their most
recent common ancestor. K, was calculated by
averaging the net divergence between D. mela-
nogaster and each of the island endemics and
subtracting K, from this. The statistical test then
follows a simple contingency table design (i.e., 2
X the number of loci). The values for K, and K,
are shown in table 6. The most apparent outlier
is ci®, which has a low value of K relative to K.
This apparent discrepancy is in the direction ex-
pected of the model of ‘“transspecies” sweeps
depicted in figure 5c. The hypothesis of equa-
nimity among all five loci for the relative levels
of K, and K, is rejected (G = 13.31, 4 df, P <
0.01). This finding holds up if we just compare
ciP to per, zeste, and yp2 (G = 11.80, 3 df, P <
0.0081). The pattern for asense is in the same
direction as ciP, although the test of asense with
the other X-linked loci is not significant (G =
5.423, 3 df, P < 0.1433). For completeness we
carried out the test on just per, zeste, and yp2,
and it is not significant (G = 2.39, 2 df, P <
0.303).

The use of the G statistic in the contingency-
table test assumes that all of the mutations that
contribute to K; and K, accrue independently of
each other (Sokal and Rohlf 1981, p. 696). How-
ever, this is not strictly the case within each class,
and there is expected to be a significant stochastic
variance among loci for net divergence (Tajima
1983). To avoid this in the statistical test, mul-
tispecies coalescent simulations were carried out
(see Materials and Methods, Simulations) and
an X 2 statistic was compared with a distribution
of 5000 simulated values. The conclusions re-
main, though the probability associated with the
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TaBLE 6. Distances from the mauritiana—sechellia di-
vergence. K; is an estimate of the distance from the
mauritiana-sechellia ancestor to present day Drosoph-
ila mauritiana and D. sechellia. K5 is an estimate of
the distance from the mauritiana-sechellia ancestor to
present-day D. melanogaster.

Locus
Divergence  zeste  per yp2 adh asense ciP
K, 5.4 15.7 3.7 8.0 1.7 2.0
K> 29.2 46.3 244 353 237 515

G tests are higher than for the simulated values:
for all five loci, P < 0.0248; for per, zeste, yp2,
and ci®, P < 0.0288; and for per, zeste, yp2, and
asense, P < 0.204.

Table 6 also shows values for alcohol dehy-
drogenase (Adh, located on chromosome 2) cal-
culated from the data of Kreitman (1983), Bod-
mer and Ashburner (1984), and Cohn and Moore
(1988). The relative level of K, to K, for Adh
clearly resembles the patterns for per, zeste, and
yp2 more so than for the hitchhiking loci. Thus,
the significant findings involving c¢i® do not ap-
pear to be an artifact of differences between the
X chromosome and autosomes.

DISCUSSION

Genetic hitchhiking is frequently invoked to
explain the reduced levels of intraspecific vari-
ation found in genomic regions of low recom-
bination (Aguade et al. 1989; Stephan 1989; Ste-
phan and Langley 1989; Begun and Aquadro
1991, 1992; Berry et al. 1991; Martin-Campos
etal. 1992; Langley et al. 1993). B. Charlesworth
et al. (1993) have recently proposed an alterna-
tive explanation based on the expectation that,
for regions of the genome under tight linkage, the
proportion of haplotypes that are linked to del-
eterious mutations will be larger than that for
high recombination regions. They suggest that,
in large regions of tight linkage, N, would be
reduced by that proportion of haplotypes car-
rying deleterious mutations. The ‘“background
selection” model is discussed specifically within
the context of the observation of low variation
in D. melanogaster. The authors conclude that,
although deleterious mutations may make a sig-
nificant contribution to the reduced levels of
variation, the model cannot account for the com-
plete lack of variation found in some portions of
the genome and in some populations.

The background selection model also does not
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fit the pattern of variation seen at asense, in which
we observed reduced variation in D. simulans
but not in the closely related D. mauritiana. Un-
der the B. Charlesworth et al. (1993) model, the
number of haplotypes in the population not car-
rying deleterious mutations is the zero class sam-
pled from a Poisson distribution. Since the sam-
ple size will typically be of or near the order of
the actual population size, the variance of the
size of this class will be negligible. In other words,
the Charlesworth et al. model predicts that ef-
fective population sizes be reduced by an essen-
tially constant fraction, across species and pop-
ulations. If both D. simulans and D. mauritiana
have the same loci and similar levels of recom-
bination on the tip of the X chromosome, then
they should all experience the background selec-
tion effect to a similar degree.

cubitus interruptus

The original report of Berry et al. (1991) re-
vealed a marked reduction of DNA sequence
variation in D. melanogaster and D. simulans.
We have found the same pattern in D. mauri-
tiana, where base-pair heterozygosity is 0.00028
(because of a single polymorphism), whereas the
average (weighted by gene length) for zeste, per,
and yp2 is 0.00898. We also found no variation
in D. sechellia, but we have little power to de-
termine whether D. sechellia has undergone a
selective sweep, as the species has low intraspe-
cific variation at other loci (Cariou et al. 1990;
Hey and Kliman 1993; Kliman and Hey 1993a).
Thus, in all three species examined (discounting
D. sechellia), ci® appears to have undergone re-
cent hitchhiking. Further evidence that ci® is fre-
quently linked to selective sweeps comes in the
form of very low codon bias and relatively high
levels of amino acid replacement changes. This
finding is consistent with the population-genetic
prediction that regular selective sweeps of this
region would not allow purifying selection to
purge slightly deleterious mutations (i.e., sub-
optimal silent and replacement changes).

asense

Our data for D. melanogaster and D. simulans
are consistent with several recent studies of vari-
ation within the yellow-achaete-scute region
(Aguade et al. 1989; Eanes et al. 1989; Begun
and Aquadro 1991, 1993; Martin-Campos et al.
1992). Two recent RFLP studies found that vari-
ation in this region is very reduced in D. simulans
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and somewhat reduced in North American and
European populations of D. melanogaster (Be-
gun and Aquadro 1991; Martin-Campos et al.
1992). Consistent with these reports are our find-
ing of zero polymorphisms in D. simulans and
the conclusion of a probable recent hitchhiking
event in that species and our finding of no vari-
ation among North American sequences of D.
melanogaster. Our finding of five polymorphic
sites between two D. melanogaster sequences
from Kenya is also consistent with previous re-
ports. Other studies with African populations of
D. melanogaster on genes in the yellow-achaete-
scute region have reported higher levels of vari-
ation compared to findings from European and
North American populations (Eanes et al. 1989;
Begun and Aquadro 1993).

The major contrast with ¢i® is that just one
species (D. simulans) shows evidence for recent
hitchhiking near asense, whereas the other spe-
cies do not. When compared with the gene trees
from per, zeste, and yp2, the asense gene tree (fig.
3) seems congruent with the patterns of specia-
tion suggested by those loci. The branching pat-
tern of the asense gene tree is similar to those of
per, zeste, and yp2, except for the collapse of D.
simulans to a single lineage. Drosophila mauri-
tiana is also segregating a potentially old length
polymorphism which is fixed in D. sechellia yet
absent from the D. simulans sample. This is con-
sistent with the suggestion of Hey and Kliman
(1993) that the formation of D. mauritiana in-
volved a large population size, and that the spe-
cies is still segregating ancient polymorphisms.

We suggest that the asense region of the ge-
nome is subject to selective sweeps, but not at
such a high rate as suggested for the fourth chro-
mosome by ciP. First, the levels of within-species
variation at asense for D. melanogaster and D.
mauritiana were within or near the range ob-
served for other loci, whereas in D. simulans the
within-species variation was reduced to zero.
Second, the effective amount of evolutionary
constraint on asense, based on levels of codon
bias and of amino acid replacement changes, ap-
pears to lie between that of ¢i® and the more
freely recombining X-linked loci. We suggest,
therefore, that natural selection is more effective
at the tip of the X chromosome than on the
fourth chromosome because there is some re-
combination in the former and, hence, less threat
of fixation of suboptimal haplotypes via genetic
hitchhiking associated with selective sweeps of
highly advantageous linked alleles.
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Selective Sweeps and Species Formation

A major motivation of this research was the
complex evolutionary question: to what extent
does the process of adaptation by natural selec-
tion contribute to or detract from the accumu-
lation of reproductive barriers during species for-
mation? In taking a genealogical perspective, we
are restricted to those types of adaptations char-
acterized by rapid selective fixation of mutations.
Furthermore, we are restricted to those portions
of the genome where recombination is low and
where selective sweeps are expected to determine
the genealogy of relatively large linked portions
of the genome.

One possible outcome (fig. 5b; see Results, Se-
lective Sweeps and Species Formation) does not
emerge from our data. If selective sweeps near
asense or ci® had contributed to the differential
adaptation of interbreeding populations that went
on to become species, then divergence between
species at these genes should be greater than for
other nonhitchhiking loci. However, among the
simulans complex species, asense, and ci® have
less divergence than zeste, per, and yp2 ( table
3). Stephan and Mitchell (1992) describe a pat-
tern of variation at two hitchhiking loci, v and
fw, in two Asian populations of D. ananassae
that is in some ways consistent with this model.
Both vand fw appear to have recently undergone
different selective sweeps, and the two popula-
tions share no polymorphism. In contrast, the
two populations share several RFLPs at the
Om(1D) (Stephan 1989) and f (Stephan and
Langley 1989) loci.

We do have limited evidence for a model (fig.
5c) in which a fourth-chromosome selective
sweep was shared by the incipient species of the
simulans complex, at a time when divergence at
other loci had already begun to accumulate. The
ci® gene tree (fig. 2) has a trichotomy for the
sequences from these three species, and the dis-
tance from this node to the present is short rel-
ative to the distance to present day D. melano-
gaster. The same comparison for zeste, per, and
yp2 suggests a more ancient split for the simulans
complex species. It appears as if a selective sweep
of the fourth chromosome occurred in the si-
mulans complex relatively late in the speciation
process that led to present day D. simulans, D.
sechellia and D. mauritiana. The ci® data also
does not show the pattern of divergence among
the simulans complex species exhibited by the
X-linked loci. In that pattern, the distance be-



1912

tween D. mauritiana and D. sechellia was close
to the sum of the distances between each of these
species and D. simulans. At ci®, the sequences
of all three species appear to diverge from the
same point in time and at similar rates, though
very few mutations have accumulated.

The conclusion of a fourth-chromosome
“transspecies” sweep is tentative. Because of the
relatively slow accumulation of mutations in D.
simulans since the formation of the simulans
complex, the K-ratio test was done using D.
mauritiana and D. sechellia ( table 6). The test
is not significant if either of the island endemic
species is paired with D. simulans. The K-ratio
test also makes the assumption that mutations
that contribute to K, accumulate at the same rate
as those that contribute to K,. We cannot rule
out the possibility that the high value for K, at
ciP is the result of an accelerated mutation rate
along that part of the tree.

If this interpretation of a “transspecies’ sweep
is true, it follows that fourth chromosome selec-
tive sweeps had a homogenizing effect and acted
to reduce the divergence among the emerging
species. It would also suggest that natural selec-
tion favoring reproductive isolation was not so
strong that the selective differential associated
with a fourth chromosome selective sweep was
sufficient to overcome barriers to gene flow.
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