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ABSTRACT
Wehave estimated DNA sequence variation within and between two populations of Drosophila
ananassae, using six-cutter restriction site variation
at vermilion ( v ) andbrrowed @). These two gene
regions are located close to the centromere on the left and right X chromosome arms, respectively.
In thefi region, noDNA polymorphism was detected within each population. the
In u region, average
heterozygosity per nucleotidewas very low in both populations(T = 0.0005 in the Burma population,
and 0.0009 in the India population). These estimatesare significantly lower than those from loci in
more distal gene regions. The distribution of DNA polymorphisms between both populations was
also striking.At&, three fixed differences betweenthe Burma and India populations were detected
(two restriction site differences and one insertion/deletionof approximately 2 kb). At u, each DNA
polymorphism in high frequency inthe total samplewas nearly fixed in oneor the other population,
although noneof them reached complete fixation.
The observed pattern of reduced variation within
populations and fixed differences between populations appears to correlate
with recombination rate.
We conclude that recent hitchhiking associatedwith directional selectionis the best explanation for
this pattern. The data indicate that different selective sweeps have occurred in the two populations.
The possible role of genetic hitchhiking in rapid population differentiation
in gene regionsof restricted
recombination is discussed.
~~
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HEN a selectively favored mutation occursin a

population and is subsequently fixed, the frequencies of polymorphisms at linked loci will be altered. This phenomenon,which is commonly referred
to as the hitchhikingeffect, was first analyzed by
MAYNARDSMITHand HAIGH(1974). STEPHAN
and
LANGLEY
(1 989) and A G U A DMIYASHITA
~,
and LANGLEY (1989) used this effect as an indirect means of
detecting the action of directional selection at the
DNA level. They observed reduced levels of molecular variation in chromosomal regions inwhich the rate
of meiotic crossing over is severely restricted, i.e., near
centromeres andtelomeres. Their results are in qualitative agreement with equilibrium
hitchhiking
models (KAPLAN,HUDSONand LANGLEY
1989; STEPHAN, WIEHEand LENZ1992) which have been developed based on MAYNARD SMITHand HAIGH’S
(1974) suggestion.
T h e basic observation of reduced polymorphism in
regions of restrictedrecombinationhasbeencontested by several authors (BEECHand LEIGHBROWN
1989; EANES, LABATEand AJIOKA1989; MACPHERSON, WEIR and LEIGHBROWN1990), mainly because
the estimatesofaveragenucleotideheterozygosity
vary agreat deal between population samples (ranging
from zero to almost neutral equilibrium levels). T h e
observed differences in nucleotide heterozygosity between populations may be attributed to some extent
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to the experimental sampling procedures (KREITMAN
1991), but the stochasticity associated with the evolutionary processappears to be
a more important factor
in regions of reduced recombination. Analyses of the
hitchhiking models show that the reduction of variation is sensitive to levels of recombination, the frequency of selected substitutions and the intensity of
selection. Selective sweeps, as postulated by these
models, occur very quickly relative to neutral evolution. Thus, the variable levels of nucleotide diversity
may just reflect theunderlying discrete stochastic
nature ofhitchhikingscenarios,
in which selected
substitutions wipe out polymorphism in a population
in a collective fashion and after which neutral evolution responds slowly. Under such circumstances, the
distribution of nucleotide polymorphisms in regions
of reduced recombination may strongly depend on
the time elapsed since the last selective sweep and
hence may be far away from equilibrium.
Recent population surveys have confirmed the
original observation of reduced variation in regions of
restricted recombination. Using interspecific comparisons and statistical techniques, such as the HKA test
(HUDSON,KREITMANand A G U A D1987),
~
surveys of
several gene regions in Drosophila simulans and Drosophila melanogaster have found that the reduction of
variation below the neutral level is statistically significant (BEGUNand AQUADRO
1991 ; BERRY,AJIOKA
and
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instead of the original phage clones for probing, because
the phage clones contained repetitive DNA. Forfilters
which were probed with subclones free of repetitive DNA,
washes were done under standard conditions (0.1 x SSC,
bination rate among 20 gene regions from across the 0.1% SDS at 50” for twice 30 min). For subclones which
genome of D. melanogaster, suggesting that hitchhikcontained repetitive DNA, final washes were carried out at
higher stringency (0.1 X SSC, 0.5% SDS at 58” for twice
ing occursover a large fraction of the Drosophila
4 5 min).
genome.
The vermilion gene region was surveyed with the three
Our paperlooks at anotheraspect of genetic hitchenzymes BglII, XbaI and XhoI, and the filters were probed
hiking, the effect of populationsubdivision on genetic
using the same subcloneas in STEPHAN
and LANGLEY
(1989).
variation in regions of reduced recombination. Hitchand LANGThus, including the previous v data by STEPHAN
LEY (1989), both v and jL regions were surveyed with the
hiking can be expected to cause a great deal of heterogeneity between subpopulations in gene regions of same set of 10 six-cutter enzymes.
Statistical procedures:The levels of nucleotide variation
restricted recombination, if different selective sweeps
(198 1) measure for
were estimated usingNEI and TAJIMA’S
occur in different populations and migration rates are average heterozygosityat the nucleotide level (r)and HUDlow. If so, hitchhiking may lead to rapid differentiaSON’S (1982) estimator for 4N,p (3N,r for X-linked genes),
where Ne is the effective population size and p is the mutation between subpopulations for genes located in retion rate per nucleotide site per generation. The latter
gions of low recombination. To investigate this possiquantity is expected to be identical with r, if nucleotide
bility, we surveyed two gene regions
which are located
variation is neutral and thepopulation is in equilibrium with
near the centromere of the X chromosome in Drorespect to mutation and drift (NEI 1987, Chap. IO). Differsophila ananassae, furrowed V;) and vermilion ( v ) .
ences between these estimates of average nucleotide heterozygosity indicate that forces other than neutral mutation
maps to the junction between heterochromatin and
and genetic drift have to be invoked to explain the data.
euchromatin on right arm of the X chromosome in
The statistical significance of such differences
was examined
region 14AB, and v to the first major polytene band
(1989) test. A positive sign of TAJIMA’S
D
with TAJIMA’S
on theleft arm at 13Cp (STEPHANa n d LANGLEY
1989;
statistic indicates balancing selection, a negative one purifying or directional selection. To compare levels of heteroTANDA
et al. 1989). D. ananassae was chosen for study
zygosity between different loci (“heterogeneity”),methods
because it shows significant population substructuring.
R984)
~ and HUDSON
(1990) were used. Differof T A V A(1
The picture that emerges from analyses of isozyme
ences in the levels of nucleotide heterozygosity can be atpolymorphism (summarized by JOHNSON 197 1) and
tributed to differences in mutation rate between loci and/
DNA polymorphism (DA LACE,CARIOUand DAVID
or to the action of natural selection.
1989; STEPHANand LANGLEY1989;LYNCHand
CREASE1990) is that D. ananassae exists in many
RESULTS
isolated to semi-isolated populations. It is largely tropical, but has been found on
all continents (PATTERSON
Restriction map variants from both populations and
a n d STONE 1952; BOCKand WHEELER1972; MORIeach
gene region are presented in Table 1. Summary
WAKI and TOBARI
1975). Its zoogeographical center
are shown in Figure 1
restriction
maps for v amd
is thought to be in Southeast Asia (DOBZHANSKY
and
and
2,
respectively.
T
h
e
results
of the heterogeneity
DREYFUS
1943).
tests are in Table 2.
vermilion gene region:Including the data set the
of
MATERIALS AND METHODS
previous study by STEPHANand LANGLEY (1989),
we
scored a total of 35 restrictionsites in both population
Strains: Thirty-nine X chromosome lines,that originated
samples. Two of these sites were polymorphic in each
from two different collections [ 19 lines from Mandalay
(Burma) and 20 lines from Hyderabad (India)], were used
population. Based o n this enlarged data set, we obin this study. The construction of these lines was described
tained the following estimates for 3Nep: 0.001 7 and
in STEPHAN
and LANGLEY
(1989). They are isogenic in the
0.0016 for the Burma and India populations, respeccentromeric region.
tively,
while estimates for 7~ were 0.0005 and 0.0009.
Restrictionmap analysis: HighmolecularweightgeThe larger deviation between the estimates of 3Nep
nomic DNA fromeach of the 39 lines was prepared as
described by BINGHAM,
LEVISand RUBIN (1981). For the
and 7r in the Burma population sample is due to the
study of& the DNA was digested with ten hexanucleotidelow frequencies of the polymorphic restriction sites.
recognizingrestrictionenzymes
(BamHI, BglII, EcoRI,
Both polymorphisms occur only once
in the sample of
HindIII, Pstl, PvuII, SacI, Sall, XbaI and XhoI). Electropho19 lines. Estimates of 3Nep and H are closer for the
resis, blotting and nick-translation of probes were carried
India sample, because the frequencies of both
polyo u t according to standard techniques (SAMBROOK,
FRITSCH
and MANIATIS1989). The probes used in this experiment
morphic sites are higher (2/20). To quantifythis,
were furrowed EcoRI subclones derived from the overlapTAJIMA’S
(1989) D statistic was used. Including only
ping phageclonesX106, XlA, X50A and X104A. The&
restriction sites, we obtained values of D = - 1.5 1 and
subclones span the entire region of approximately 22 kb
-0.77 for the Burma and India populations, respecshown in Figure 2. These subclones were kindly provided
tively. These results were not significant. Hence, we
by L. LESHKO,
S. TANDA
and V. CORCES.
We used subclones

KREITMAN1991; MART~N-CAMPOS
et al. 1992). Furthermore, BEGUNand AQUADRO(1 992) have demonstrated that levels of variation correlate with recom-
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TABLE 1
Restriction map variants in the vermilion andfurrowed regions of D. ananasme
vermilion
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Key: "+",present; "-", absent; M, Burma population; H, India population. Ins(h)-(l) in the vermilion region was scored as an increase in
size (in kb) relative to a variant "-,"

have no evidence to reject a neutral model for the v
enzymes, 45 sites were scored scattered over a region
locus based on our restriction site data.
of approximately 22 kb. Forty-three of these 45 sites
The spectrum of DNA polymorphisms which occur
were monomorphic and shared by both populations.
in high frequency in the totalsample is also very
The remaining two occurred as fixed differences beinteresting. Table 1 shows that if a insertion/deletion
tween the two populations. Only one large insertion/
o r a restriction site is present (absent) in one line of a
deletion (approximately 2 kb) was found, occurring
sample, it is also present (absent) in almost all of the
also as a fixed difference;i.e., it was present in all lines
other lines of this sample (e.g.,Znsfl, Zns(h)-(Z), and the
from the Burma population, but absent in the India
BamHI-site at position 10.6). This indicates that all
population sample. Because of the lack of withinDNA polymorphisms in high frequency in the total
population polymorphism, a TAJIMA
test can not be
sample are nearly fixed in one population or the other.
done on the@ data.
This pattern is even more characteristic of the fw
Heterogeneity tests: We found very low levels of
v regions in
nucleotide
region.
heterozygosity
andin thefw
furrowed generegion: T h e results for fw can be both
populations. They are roughly a factor ten lower
summarized in a very simple way. Using 10 restriction than
the estimates for the other loci of D. ananassue
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FIGURE1.-Summary restriction map of DNA sequence variation in the v region of D. ananassae. This map includes the data by STEPHAN
and LANGLEY(1989). The approximate location of the v transcriptional unit is indicated by a solid bar below the line. It was determined
and VOELKER1986; PASTINKet al. 1989; STEPHANand LANGLEY1989). The
based on information available from D. melanogaster (SEARLES
variant and invariant restriction sites are indicated below and above the line, respectively. In the survey, we used the restriction enzymes
BamHI (B), BglII (G),EcoRI (E), Hind111 (H), PstI (P), PvuII (V), SacI (T), Sal1 (S), XbaI (A) and XhoI (X). Among the polymorphic restriction
sites, V and P are unique variants in the Burma population, and E and B vary twice in the India population. Insertion and deletion sizes were
estimated as follows: Ins(a) = 5 kb, Ins@) = 0.7 kb, Ins(c) = 1.2 kb, Ins(d) > 4.5 kb, Ins(e) = 0.8 kb, Ins@ = 0.2 kb, Ins(g) = 0.9 kb, Ins(h) =
1.2 kb, In+) = 0.6 kb, Ins(j) = 0.1 kb, Ins(&) = 0.9 kb, Ins(1) = 1.5 kb, Del(m) = 0.3 kb. The insertions, Ins(h) to In@), found in the interval
(9.8, 10.9), are lumped together into one symbol. Positions of insertions are identified only to the indicated restriction fragment. The 5’ and
3’ flanking SacI sites and 3’ flanking PvuII site have not been scored because they are too distant to unambiguously interpret variant
restriction fragments. The subclone of the previous study (STEPHANand LANGLEY1989), ranging from coordinate -3.5 to 9.0, was used for
probing. The coordinates adopted from SEARLES
and VOELKER(1986) are distances in kilobases.
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FIGURE2.-Summary restriction map of DNA sequence variation in the& region of D. ananassae. The location of the& transcriptional
unit is not exactly known. It appears to overlap with the regionfrom -10.0 to 0 (L. LESHKO,S. TANDA
and V. CORCES,personal
communication). The size of the insertion was estimated as 2.0 kb. This insertion is “fixed” in the Burma population, but absent in the India
population. Similarly, the restriction sites H and S (below the line) are alternatively “fixed” or absent in the India and Burma populations.
T h e subclones used for probing (see MATERIALS AND METHODS)
covered the entire region.

which have been surveyed, forked and Om(1D) (STEPHAN and LANGLEY1989; STEPHAN1989). In order
to examine whether these between-loci differences are
significant, we used a method proposed by HUDSON
(1990) which is based on the known distribution of
polymorphic sites under a neutral infinite-site model
with zero-recombination ( T A V A R ~1984). For instance, we would like to know whether the v region is
incompatible with the estimate of 3Nep at forked (or
Om(1D)). Therefore, we ask what is the probability of
finding two or fewer polymorphic sites inour sample
in the v gene region, given the estimate of 3N,p at
forked (or Om(1D)). Similarly, we ask what is the prob-

ability of detecting no polymorphic site at J; in the
Burma (or India) population sample. Table 2 shows
that allsuchprobabilities
are verylow. Thus,the
estimates of average nucleotide heterozygosity at J;
and v are significantly lower than those at forked or
Om(1D).
DISCUSSION

Patterns of variationappeartocorrelatewith
recombination rate: Our six-cutter survey of t h e f i
and v regions in two D. ananassae populations found
three salient results. (1) Average nucleotide hetero-
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between centric heterochromatinand euchromatinon
the rightX chromosome arm, where no clear polytene
Heterogeneity in estimates of 3Nep between gene regionsin two
banding
patternexists, whereas v is located in a region
D. ananmsae populations
of the left arm, where polytene bands are still clearly
Burma
India
visible. In fact, v maps to the last major band, but
there aretwo more minor bandsrecognizable between
0.02134
0.00097
P(S, 5 2 Iforked)
0.00877
0.00275
this band and the centromere
(TANDA
et al. 1989).
P(S, 5 2 I O m ( l D ) )
0.00027
0.00001
P(Sfi = 0 Iforked)
This evidence suggests that recombination rate is low0.00008
0.00002
P(Sfi = 0 1 O m ( l D ) )
est in the@ region, increases in the v region and is
Our surveys in the v region revealed two polymorphic nucleotide
much higher inforked and Om(1D). In parallel, our
sites in 35 X 12 = 420 sites examined in 19 linesof the Burma
population
surveys indicate an increase oflevelsof
population sample and in 20 of the India sample. Using TAVAR%'S
within-population variation from@ to v , and toforked
formula (9.5), we calculated the probability P(S, 5 2 I forked) of
observing two or fewer polymorphic sites at v , given the known
and Om(1D). Fixed differences between populations
estimate of 3Nep at forked (see also HUDSON1990). Similarly, we
disappear in that same order and are replaced by a
calculated the probability P(S, I2 I O m ( l D ) ) of observing two or
more transient pattern of molecular evolution. Rather
fewer segregating sites at v , given the known estimate of 3N,p at
O m ( l D ) .In the& region, 44 X 12 = 528 sites were surveyed. All
than observing a bimodal distribution of fixations, a
were monomorphic. The probabilities of observing no segregating
broadrange
of frequencies of polymorphisms is
sites at & (given the estimate of 3N6p at forked and O m ( l D ) ) are
found.
denoted by P(Sfi = 0 Iforked) and P(S+ = 0 I O m ( l D ) ) ,respectively.
Distinguishing between hypotheses: The heterozygosity inthese proximal gene regions
was low within
geneity tests indicate that average nucleotide heteroeach population relative to the more distal regions
zygosity atf; is low relative to the levels of polymorforked and Om(1D). In the@ region, no DNA polyphism atforked and Om(1D). There areseveral explamorphism was detected within each population. (2)
nations for reduced variation in this gene region. It
T h e frequency spectrum of restriction site polymormay be explained by the neutral theory by assuming
phisms in the v region was skewed in both populations.
a reduced mutation rate. In principle,
this explanation
T h e frequency of site polymorphisms in each sample
could be tested by the method of TAJIMA
(1989) or
was low, in particular, in the sample fromBurma.
that of HUDSON,KREITMAN and A G U A D(1987).
~
TAJIMA'S
D, ameasure of skewness, was negative.
However, because no within-population polymorHowever, the latter result was not statistically signifiphisms were detected in the @ region, the TAJIMA
cant. (3) The distribution of DNA polymorphisms
test can not be applied. The HKA test requires interbetween the two populations shows aninteresting
specific data, which are not available yet for the D.
pattern. At f i , three fixed differences between the
ananassae system. Nevertheless, between-population
Burma and India populations were detected [two redata
can be used to argue against the hypothesis of a
striction site differences and one insertion/deletion
reduced
neutralmutationrateat
f;. We have ob(approximately 2 kb) difference]. At v , all three DNA
served
that
all
sites
segregating
in
the
total sample of
polymorphisms with highfrequencies in the (total)
39
chromosomes
from
Burma
and
India
are fixed in
sample (Znsfl,Zns(h)-(l), and theBamHI-site at position
one
population
or
the
other.
HEY
(1991)
has demon10.6) occurred as nearly fixed differences, although
strated
that,
under
neutrality,
the
mere
presence
of
100% fixations werenotdetected.
Thispattern is
fixed
differences
between
samples
randomly
drawn
completely different from the distribution
of polyfrom the same population is statistically significant,
morphisms at forked and Om(1D). Although the freeven for small samples. Whether our result deviates
quencies of many polymorphisms at the lattertwo loci
significantly
from predictions of the neutral theory
were significantly different between the two populadepends
on
the
amount of gene flow between these
tions, only a small minority of the differences was
two
populations.
Analyses of the v ,forked and Om(1D)
nearly fixed between populations, and none was comregions
suggest
that
the rateof migration between the
pletely fixed. Most polymorphisms were in intermeBurma
and
India
populations
is to some extent rediate frequencies in both populations (STEPHANand
stricted,
but
is
certainly
not
very
low. For instance,
LANGLEY 1989;
STEPHAN1989).
Figure
4
of
STEPHAN
and
LANGLEY
(1 989)
shows that
This pattern of within-population variation and bev
haplotypes
are
shared
between
the
two popseveral
tween-population differentiation seems to be associulations.
If
these
haplotypes
are
shared
because
of
ated with recombinationrate.
Cytological studies
interpopulation migration, then our observation that
(STEPHANand LANGLEY 1989; TANDA
et al. 1989),
all segregating sites are fixed in one population or the
combined with genetical mapping(HINTON1988),
indicate that recombination ratesin v and@ are much
other seems to contradict a neutral model. To test
lower than in forked and Om(1D). Furthermore, it is
this conclusion, an accurate measurement
of gene flow
likely that recombination rate in the@ gene region is
between the Burma and India populationsis required.
lower than in the v region. f; maps to the junction
Reduced levels of variation may also be explained
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by models of natural selection. The first model invokes purifying selection. This model assumes that
most mutations are slightly deleterious and are therefore eliminated fromthe population. The explanation
of thefixed differencesat& further requires that the
ancestral populations were smaller than the presentday populations, so that slightly deleterious mutations
in the ancestral populations behaved essentially neutrally and were able to go to fixation quickly. There
is evidence for a size expansion of D. ananassae populations. The recent colonization of the Americas by
D.ananassae and its high abundance in today’s Brazil
is perhaps the best known example of population
expansion in this species (FREIRE-MAIA
1961). However, the distribution of selection coefficients in a
purifying selection model requires a very fine tuning
to explain the data, i e . , strong selection against variation at&, somewhat weaker selection at v , and about
10-fold lower selection coefficients at forked and
Om(1D).
At present amodel of genetic hitchhikingassociated
with directional selection appearstobethemore
parsimonious explanation of the data. As outlined in
the Introduction, a selected sweep can account for a
collective elimination of variation in chromosomal
regions of low recombination. It can also explain the
skewness of the frequency spectrum toward rare variants and the tendency toward fixed differences between populations. Crucial questions concern the selection coefficient and thefrequency with which selective sweeps have to be postulated in order to explain
the observations. These questions are hard toanswer
for D.ananassae, because only four gene regions have
been surveyed. However, for D. melanogaster for
which levelsof variation havebeenquantified
for
some 20 loci, we were able to obtain estimates of the
parameters of a simple equilibrium hitchhikingmodel
(STEPHAN,WIEHEand LENZ 1992). Selection coefficients in the order of 1% and frequencies of selected
fixations of 1 in 5000 can explain the data (T.WIEHE
and W. STEPHAN, unpublished
results). AQUADRO
and
BEGUN (1992) obtained
similar values using a different
approach. These frequencies are much
less than HALDANE’S (1957) maximum rate of adaptive fixations
(one every 300 generations) which was calculated on
the basis of genetic deaths that a species can tolerate
without going extinct. T h e mechanisms for selective
sweeps are unknown for all gene regions for which
reduced variation has beenfound.It
may bethat
selection at thelevel of the individual or meiotic drive
is responsible for the sweep. T h e evidence compiled
by BEGUNand AQUADRO
(1992) suggests that some
form of zygotic selection leading to allelic fixations
has been operating in the Drosophila genome (CHARLESWORTH 1992).
Evolutionary significance of genetic hitchhiking:

S. J. Mitchell

MAYNARDSMITH andHAIGH(1974) suggest that
hitchhiking may explain why the extent of polymorphism in natural populations does not vary as much
as one would expect on thebasis of the neutral theory
of molecular evolution, an observation made by LEWONTIN (1974). T h e neutral theory (KIMURA 1983)
predicts that levelsof variation scalewith effective
population size Ne, whereas hitchhiking models show
only a weak dependency on Ne (KAPLAN,
HUDSON
and
LANGLEY1989;STEPHAN,WIEHEandLENZ1992).
T h e data compiled by BEGUNand AQUADRO
(1992)
suggest that hitchhiking seems to occur over a large
portion of the D. melanogaster genome and may constitute a major factor in constraining levels of variation. However, data from other species which could
be used for examining the population size effect are
unfortunately not available at present.
Another important consequence of hitchhiking is
suggested by this study. As the accumulation of fixed
differences between subpopulations in the@ and, to
a lesser extent, in the v region indicates, hitchhiking
can lead to rapid genetic differentiation between subpopulations in regions of low recombination. Evidence
for considerable genetic differentiation in regions of
low recombination has also been found in D. melanoet al. 1992; D. J. BEGUNand
gaster (MART~N-CAMPOS
C . F. AQUADRO,
personal communication). The present study provides also some evidence that the mean
number of fixed differences between populations is
not changed in regions undergoing intense hitchhiking [relative to neutral loci such forked and Om(lD)],
but that the variance of the number of differences
between populations is increased. If so, this observation is consistent with an argument by BIRKYand
WALSH(1988) who pointed outthattherate
of
(linked) neutral molecular evolution ( i e . , the mean
number of neutralsubstitutionspertimeinterval
linked to a selected substitution) is notaltered by
selective fixations. More dataare desirable toput
these conclusions on a firmer basis.
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