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ABSTRACT 
We have  estimated DNA sequence  variation  and  differentiation  within  and  between Drosophila 

melanogaster and  its  sibling  species, Drosophila simulans, using  six-cutter  restriction site variation at 
yellow-achaete (y-ac), phosphogluconate  dehydrogenase (Pgd), and period (per). These three gene  regions 
are of  varying  distance  from the telomere of the X chromosome  and  range  from very  low to moderate 
rates of recombination  in D. melanogaster. According to Tajima’s test of neutrality,  the Pgd region 
has  been  influenced by balancing  selection in D.  melanogaster. This is consistent  with  previous  data 
suggesting the allozyme  polymorphism at this locus is visible to selection. The Hudson,  Kreitman, 
Aguadi test  of  neutrality  reveals a significant departure from  neutrality  for  the y-ac region  compared 
to  the per or rosy regions in D. simulans. There is  also a significant departure for  the y-ac region 
compared to the Adh 5‘ flanking  region  in D.  melanogaster. In  both  species the departure appears  to 
be due to reduced  variation at y-ac compared  to  that  expected  from  divergence  between D. simulans 
and D. melanogaster. We conclude  that  recent  hitchhiking  associated with the selective  fixation of one 
or more  advantageous  mutants in the y-ac region is the best  explanation for reduced  variation  at y-ac. 

T HE challenge  of  molecular  population  genetics is 
to explain how the  interaction of  genetic and 

population  phenomena  dictates levels and  distribu- 
tions  of DNA sequence  variation in natural  popula- 
tions. For  example, selection on a single nucleotide 
site  can  greatly  affect levels of neutral variation at 
tightly  linked sites. This is commonly referred  to as 
the hitchhiking  effect (MAYNARD SMITH and HAIGH 
1974; KAPLAN, HUDSON and LANGLEY 1989). Selec- 
tive  fixation of a  variant will result in a  reduction  of 
linked  neutral  variation while balancing selection will, 
over time,  result in increased  neutral  variation in the 
vicinity of the selected  nucleotide. The magnitude of 
these  effects  depends on  the selection intensity and 
the recombination rate in the region. 

Comparison  of  genetic and polytene band maps 
near telomeres and  centromeres in Drosophila  mela- 
nogaster indicates that  recombination  rates in these 
regions are considerably reduced  compared  to  other 
regions (ASHBURNER 1989)  (Figure 1). Recent molec- 
ular walks through regions  on the X chromosome with 
fine structure genetics  reveal  rates  of  recombination 
to be  on  the  order of 2 x lo-’ cM/kilobase for  the 
white locus in D. melanogaster (B. H. JUDD, cited in 
A G U A D ~ ,  MIYASHITA and LANGLEY 1989).  In  contrast, 
BEECH and LEIGH  BROWN (1989) estimate,  from the 
genetic  data of DUBININ, SOKOLOV and TINIAKOV 
(1  937),  a  recombination rate  of 1.2 X cM/kilo- 
base from  the achaete and scute regions  located near 
the telomere of the X chromosome in D. melanogaster. 
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This seventeen-fold  reduction in recombination rate 
in the achaete-scute region  supports  the  interpretation 
that  the  flattening of the curve  near  the  telomere of 
the X chromosome  in  Figure  1  results  from  reduced 
recombination  rates  extending  from  the per region 
through  the y-ac region. Though  there  are few genetic 
data  for L). simulans, the close evolutionary  relation- 
ship to D.  melanogaster, the homosequential X chro- 
mosome polytene  banding pattern,  and  the similar 
order of known  genes  (Figure 2) suggests that D. 
simulans may also have reduced recombination in the 
telomere  region. A predicted  consequence of reduced 
recombination is an elevated level of linkage disequi- 
librium, as has been  seen for  the achaete-scute region 
in D. melanogaster (MACPHERSON, WEIR and LEIGH 
BROWN 1990).  That prediction has also been borne 
out in our  data  for D. simulans, as  detailed below. 

Several  investigators  have reported  reduced levels 
of intraspecific variation near  the  telomere  and cen- 
tromere of the X chromosome in Drosophila (AGUADE, 
MIYASHITA and LANGLEY 1989; STEPHAN and LANG- 
LEY 1989; LANGLEY 1990; MIYASHITA 1990). One 
explanation  for this pattern is that selective fixation 
and associated genetic  hitchhiking reduce levels of 
neutral  variation in these  regions of low recombina- 
tion. The data at hand  for D.  melanogaster, however, 
are inconclusive. First, the generally low level of var- 
iation present  throughout  the D. melanogaster genome 
makes it difficult to statistically demonstrate  that var- 
iation is significantly lower near  the  telomere. For 
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FIGURE 1.-Plot of cytological us. genetic location of several X -  
linked genes in D. melanogaster. Data are from LINDSLEY and ZIMM 
(1985, 1990). 

example, studies of the yellow-achaete-scute region have 
revealed less polymorphism in some populations  than 
had been observed in other  gene regions (AGUAD~, 
MIYASHITA and  LANGLEY  1989; BEECH and LEIGH 
BROWN 1989; EANES, LABATE and AJrOKA 1989),  but 
only in the largest study was the lower level of varia- 
tion statistically significant (AGUAD~, MIYASHITA and 
LANGLEY  1989).  However, this study did not  take into 
account the fact that X-linked gene  regions are ex- 
pected to have lower levels of neutral DNA variation 
than autosomal gene  regions because the effective 
population size of the X  chromosome is smaller than 
that of the autosomes. Second,  even if one unambig- 
uously demonstrates  that  a  gene  region has reduced 
polymorphism, an equally good  explanation for re- 
duced variation can not  be  ruled  out  from polymor- 
phism data  alone, namely, that it results from  a  re- 
duced  mutation rate  and/or increased functional  con- 
straint (AGUAD~, MIYASHITA and  LANGLEY  1989; 
LANGLEY  1990).  However,  the  neutral  theory of mo- 
lecular evolution predicts  that intraspecific variation 
is positively correlated with interspecific divergence 
(KIMURA  1983). Therefore, if reduced polymorphism 
in a  gene region results from  a low neutral  mutation 
rate,  then  one expects to find reduced interspecific 
divergence  compared to  other  gene regions.  Alter- 
natively, a selective sweep will reduce levels of linked 
neutral variation but will not affect divergence 
(BIRKY and WALSH 1988; KAPLAN, HUDSON and 
LANGLEY  1989). 

A potentially powerful approach  to  determine if 
there is reduced variation near  telomeres and/or cen- 
tromeres in Drosophila and if so, whether this reduc- 
tion results from  hitchhiking, is to  determine levels of 
polymorphism and divergence  over several gene  re- 
gions in the sibling species, D. melanogaster and D. 
simulans. This strategy has two advantages. Drosophila 
simulans appears to have several fold greater levels  of 
polymorphism than D.  melanogaster (AQUADRO  1990). 

Since selective sweeps reduce levels  of linked, neutral 
variation,  these sweeps  may be easier to detect in D. 
simulans. Furthermore,  data  from several gene  re- 
gions from  a single population  provide  a  larger con- 
text  for  asking  questions  about  the  relationship be- 
tween recombination  rates and levels  of  DNA  se- 
quence variation. 

We have tested the hitchhiking effect hypothesis 
near  the  telomere of the X chromosome by measuring 
intra-  and interspecific DNA sequence variation in 
three  gene regions of varying distance from  the telo- 
mere in D. melanogaster and D. simulans. Yellow-achaete 
(y-ac),  phosphogluconate  dehydrogenase (Pgd),  and 
period (per )  are located at polytene chromosome bands 
lB, 2D, and 3B, and genetic  map positions 0.0, 0.6, 
and 1.4, respectively, in D. melanogaster (LINDSLEY 
and ZIMM 1990). Since the polytene bands and avail- 
able  genetic  markers for  the X  chromosomes of D. 
melanogaster and D. simulans are homosequential, we 
assume the physical locations of these genes are ap- 
proximately the same in D.  simulans. Our results dem- 
onstrate  a significant reduction in DNA variation at 
y-ac in both D. simulans and D. melanogaster despite  a 
typical amount of sequence  divergence between the 
species. These  data  rule  out  reduced mutation  rates 
and/or increased functional constraint as the expla- 
nation  for  reduced variation and  support  the hypoth- 
esis that  the  observed  patterns result from  one or 
more  recent  hitchhiking  events in the region in each 
species. 

MATERIALS AND METHODS 

Samples: D. melanogaster and D. simulans isofemale lines 
were  established  from  collections  made during Fall 1989 by 
M. TURELLI and S. BRYANT in Arvin, California,  and  at the 
Zzyzx Desert Research Station near Soda  Lake,  California, 
respectively. A total of 35 D. melanogaster (1  8 from Arvin, 
17 from Soda Lake) and 36 D. simulans (1  9 from Arvin, 17 
from Soda  Lake) X chromosomes were isolated by means of 
attached-X stocks provided by R. MACINTYRE (D. melano- 
gaster) and J. COYNE (D. simulans). 

Restriction  map analysis: Genomic DNA was prepared 
from males of each  attached-X  line by a modification of the 
mini-prep protocol of BENDER, SPIERER  and HOGNFSS 
(1983). Six restriction  endonucleases  were  used: BumHI, 
BglII, EcoRI, HindIII, Sal1 and XhoI. One microgram of 
total genomic DNA was digested with each of the enzymes 
and  separated by size  on 0.8% agarose  gels  using  gel  and 
electrode buffer of 0.8 mM Tris, 0.4 mM acetic acid and 
0.04 mM EDTA, pH 8.0. Mapping of sites was accomplished 
by double  digests. DNA fragments were transferred to 
Zetabind nylon membranes (WESTNEAT et al. 1988). Phage 
or plasmids containing D. melanogaster genomic DNA were 
radiolabeled with ["PIdCTP by random priming (FEINBERG 
and VOCELSTEIN 1983), separated from unincorporated 
nucleotides on Sephadex G-50 spin columns (MANIATIS, 
FRITSCH and SAMBROOK 1982), and  hybridized  to  mem- 
branes at 60" in 7% sodium  dodecyl  sulfate, 525 mM NaP04, 
1 mM EDTA, 1 % bovine  serum  albumin (w/v). Membranes 
were  washed twice for 5-10 min at room temperature,  and 
twice for 30 min at 55" in 1 %  sodium  dodecyl sulfate, 40 
mM NaP04, 1 mM EDTA. 



Hitchhiking Effect  in Drosophila 1149 

I pn v fa rb 
Pgd p e r  
I l l  I I I I I I I 1 
0 2 4 6 8 

Genetic map position 

Starch gel electrophoresis: Homogenates of  males from 
each attached-X line were electrophoresed through 12% 
(w/v) starch gels. Electrode and gel buffers were 40 mM 
citrate  and 4 mM citrate (pH adjusted to 6.1 with N-(3- 
amino-propyl)morpholine), respectively (MAY 199 1). Gel 
slices were stained for 6-phosphogluconate dehydrogenase 
according to  standard  procedures (HARRIS and HOPKINSON 
1976). 

Statistical analyses: Variant frequencies at polymorphic 
sites did not differ between populations for  either species 
(Fisher's exact test). Therefore, all  analyses were done  on 
pooled data. The presence of nonrandom association among 
DNA variants was assessed by the calculation of D', the 
ratio of the linkage disequilibrium coefficient to its theoret- 
ical  maximum  (LEWONTIN 1964). Significance  of  association 
was determined by Fisher's exact test. 

Nucleotide variability was estimated in two ways. One 
approach was to estimate the  number of nucleotide differ- 
ences (u) which  is equivalent to  the heterozygosity per 
nucleotide. Estimates of P and its standard error were ob- 
tained by the method of NEI and LI (1979). A second 
approach was to estimate 8 (and its standard error) from the 
number of polymorphic sites  following  HUDSON (1 982). The 
parameter 8 is defined as 4Np, where N is the effective 
population size and p is the  neutral mutation rate. For X- 
linked genes, the HUDSON (1982) method estimates 3Np 
rather than 4Np due  to differences in effective population 
size for X-linked us. autosomal genes (assuming equal effec- 
tive population sizes for males and females). The value  of 
4Np estimated for  an autosomal region should be equal to 
K under  the assumptions of equilibrium and selective neu- 
trality. For X-linked genes, the expectation of u is 3Np 
instead of 4Np. HUDSON'S estimator was also calculated by a 
modification of  HUDSON (1 982) in  which the  proportion of 
polymorphic sites ( p )  was divided by l/i instead of 
ln(n); this provides a better estimate of 4Np (or 3Np in the 
case  of  X-linked gene regions) because In(n) is an approxi- 
mation of E:',' l/i (WATTERSON 1975; R. HUDSON personal 
communication). Standard  errors should be interpreted cau- 
tiously  since they are calculated with neutral, equilibrium 
models, the assumptions of which  may  be violated by our 
data (see DISCUSSION). Sequence divergence and  the associ- 
ated  standard  errors were estimated according to NEI and 
JIN (1989) with the neighbor-joining method. Only sites in 
probed regions were used to estimate nucleotide polymor- 
phism and divergence. 

We  used restriction site data  to solve the  appropriate 
simultaneous equations for the HUDSON, KREITMAN and 
A G U A D ~  (1987) test. Following  HUDSON (1982) the effective 
number of nucleotides surveyed is (2m-k)j where j is the 
number of  base pairs in the recognition site of the restriction 
enzyme, m is the total number of  sites observed, and R is the 
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FIGURE 2.-Genetic  maps of the telomeric region in D. 
melanogaster and D. simulans. D. melanogaster data  are from 
LINDSLEY and ZIMM (1985,  1990); D. simulans data are 
from STURTEVANT et al. (1 929). Genetic map positions for 
Pgd and per are only available in D. melanogaster, but are 
indicated for reference. 

number of polymorphic sites observed. The number of 
polymorphic nucleotides is considered equivalent to the 
number of polymorphic restriction sites. For the purposes 
of calculating divergence for  the HKA test we estimated the 
total effective number of nucleotides observed between 
species  as the mean of the effective number of nucleotides 
observed within  species. The average pairwise number of 
restriction site differences was used  as an estimate of D in 
HKA  tests. The tests were done separately on D. melano- 
gaster (ignoring intraspecific polymorphism in D. simulans) 
and  on D. simulans (ignoring intraspecific polymorphism  in 
D. melanogaster) in order to distinguish evolutionary proc- 
esses occurring in individual species. 

When testing two  X-linked genes the HKA test can  be 
applied as for two autosomal genes. However, when  com- 
paring autosomal and X-linked genes, the following equa- 
tions, modified from HUDSON, KREITMAN and AGUAD~ 
(1987), must  be  used (R. HUDSON, personal communication). 
Let locus 1 be autosomal with neutral mutation rate pI and 
locus 2 be X-linked  with neutral mutation rate p2. Also let 
O1 = 4 NpI and = 4Np2. Then, 

E&) = C(n)02 $ 
E ( D ~ )  = e2(T + $). 

The modified  versions  of Equations 5 or 6 of HUDSON, 
KREITMAN and A G U A D ~  (1  987) are: 

s1 + s2 = c(n)(e1 + e2 :) 

Dl + D2 = BI(T + 1)  + &(T + $) 

D l  + SI = C(n)O1 + O1(T + 1). 

The variances are: 

The expectations and variances of SI and D I  are as  given  in 
HUDSON, KREITMAN and AGUADE (1 987). Finding the solu- 
tion to  the above system of three equations requires solving 
a quadratic. A computer program to solve the equations and 
estimate the chi-square statistic is available from the  authors 
or R.  R. HUDSON. TAJIMA'S (1989a) test  of neutrality was 
carried  out on restriction site data as described. 

RESULTS 

Results  from  each of the  three  gene  regions are 
presented  separately  below.  Summary  restriction 
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FIGURE 3.-Summary restriction site maps of the per (a), Pgd  (b), and y-ac (c) gene regions in D. melanogaster and D. simulans. The scale  in 
kilobases is given  below the map of each region. B = BamHI, G = BglII, E = Eco RI, H = HindIII, S = SalI, and X = XhoI. Polymorphic 
restriction sites are shown above the maps, fixed sites  below the maps. Insertions and deletions are indicated by triangles pointing toward or 
away from the map, respectively, and  are shown approximately to scale. Locations of insertions/deletions are known only to the  fragment 
shown. Probes used  in the y-ac region were Xscl12 and XsclOl (CAMPUZANO et al. 1985) provided by G. KARPEN and y 8.5 provided by P. 
GEYER. Coordinates in the y-ac region follow CAMPUZANO et al. (1985). The Pgd region was probed with XACPlPA (GUTIERREZ et al. 1989) 
provided by M. SCOTT and J. LUCCHESI. The per region was probed with clones ZW 106  and ZW108 (BARGIELLO and YOUNG 1984) provided 
by M. YOUNG. Transcript organization of gene regions in D. melanogaster  is indicated below the maps.  Exons are indicated by black  boxes. 

maps for per, Pgd and y-ac are shown in Figure 3. 
Frequencies of variants at polymorphic sites in D. 
melanogaster and D. simulans are shown in Tables  1 
and  2, respectively. Estimates of heterozygosity per 
nucleotide and interspecific divergence  for each re- 
gion are in Table 3. Linkage disequilibrium estimates 
for D. melanogaster and D. simulans are shown in 
Tables  4  and  5, respectively. Results of the TAJIMA 
tests of neutrality are shown in Table 6. Table 7 shows 
the data used to  perform HKA tests, while Tables 8 
and 9 show the  resulting test statistics in D. simulans 
and D. melanogaster, respectively. 

yellow-achaete gene  region: In D melanogasters, no 
large insertions were found in the  region. T w o  differ- 
ent deletion variants less than 100 bp were found 
(Figure  3, Table 1). Estimates of 3Np (f SE) and K 
(f SE) are  0.0005 k 0.0005  and  0.0008 f 0.0008, 
respectively. D’ was significantly different  from  zero 
for  the  one possible pairwise comparison. 

In D. simulans, two unique  insertions of approxi- 
mately 1.0  and  1.6 kb were found. Inserts of this size 
in D. melanogaster are thought  to  be  transposable 
elements  (AQUADRO et al. 1986; BEECH and LEIGH 
BROWN  1989). Estimates of 3 N p  and K are 0.0005 f 
0.0005 and 0.0001 f 0.0003. Linkage disequilibrium 
could  not be assessed because all variants were unique. 

Interspecific divergence  over this region was esti- 
mated as 0.054 +- 0.013. 

phosphogluconate dehydrogenase gene  region: 
Three unique  insertions, probably transposable ele- 
ments, of approximately  1.7, 3.0 and 5.3 kb were 
found in the 5’  flanking  region of D. melanogaster. A 
small deletion  occurring  at  a  frequency of 0.257 
(Table 1) was found in the transcribed  region.  A  four- 
cutter restriction site survey of this region indicates 
that this variant is within the large  intron (D. BEGUN 
and C. AQUADRO, unpublished  data). Levels of per 
nucleotide heterozygosity estimated by 3Np and 7r are 
0.0014 f 0.0011  and 0.0030 f 0.0022, respectively. 

Three different  protein  electrophoretic variants 
were found  (Table 1) with an expected  protein  het- 
erozygosity of 0.438. The Fast and Slow electro- 
morphs are common throughout  North America and 
occurred at frequencies typical of previously surveyed 
western U.S. populations (SINGH and RHOMBERG 
1987). Two lines had  electrophoretic mobility slightly 
greater  than  the Fast electromorph  (referred  to as 
very fast or VF in Table 1). This  electromorph,  found 
once in each  population, has been  found  at low fre- 
quency throughout  North America (W. F. EANES, 
personal  communication). 

There was extensive nonrandom association across 
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TABLE 1 

Genetic  variation  in the per, Pgd, and y-ac gene regions  in D. melanagaster 

1151 

Per 
~~ ~ 

Pgd y-ac 

Line -18.8  -14.7  -9.8 2.0 5.2  9.2 -7.0 -6.2  -5.0 -4.5 Del Allo 5.9  64 54  48.0 
Hind111 Sol1 Ins Ins EcoRI BgllI Ins EcoRI Ins Ins Hind111 Del Del Bglll 

A1 
A2 
A3 
A4 
A6 
A7 
A8 
A9 
A1 1 
A12 
A13 
A15 
A16 
A17 
A18 
A19 
A20 
A2 1 
SL2 
SL3 
SL5 
SL6 
SL7 
SL8 
SL9 
SLlO 
SLl l  
SL12 
SL13 
SL14 
SL15 
SL16 
SL17 
SL18 
SL19 
Freq. 

+ 
+ 
+ 
+ 
+ 
+ 

- 

- 
+ 
+ 
+ 
- 
- 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
- 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 

0.1 1 

F 
F 
F 
F 
F 
F 
F 
S 
F 
F 

VF 
F 
F 
F 
S 
S 
F 
F 
F 
S 
F 
F 
F 
S 
F 
F 
S 
F 
F 
F 

VF 
S 
S 
F 
F 

0.46 0.09 0.03 0.26 

Lines collected in Arvin, California, are indicated by “A”; lines collected near Soda Lake, California, are indicated by “SL.” Restriction 
site coordinates are from Figure 3. Presence of a variant is indicated by “+” and absence by “-.” Site frequency is the frequency of the less 
common variant. Positions of insertions (Ins) and deletions (Del) are approximate. The Fast (F), Slow (S), and Very  Fast  (VF) electromorphs 
occurred at frequencies 0.710, 0.233  and  0.057, respectively. 

the region; all pairwise comparisons resulted in a 
significant D ’ (Table 4). 

In D. simulans no sequence  length  variation was 
detected.  Four  polymorphic  restriction sites were 
found  (Figure 3, Table 2), one of which (Hind111 
+12.3) is located  outside the  probed region and  not 
shown in Figure 3. Estimates of 3 N p  and ?r are 0.0023 
+- 0.0015 and 0.001 1 f 0.0012, respectively. Consist- 
ent with previous  studies (e.g., CHOUDHARY and SINGH 
1987), no allozyme variation was found. 

All three pairwise comparisons among non-unique 
variants showed significant linkage disequilibrium. 
However, the low frequency of variants makes it dif- 
ficult to generalize  as to  the  strength of linkage dis- 
equilibrium in the region. 

Sequence  divergence  between species over the Pgd 
region was estimated as 0.029 f 0.0 1 1. 

, I  

period gene region: Two unique insertions of ap- 
proximately 4.7 and 3.0 kb were found in D. melano- 
gaster; the 4.7-kb  insertion was located in 5‘ flanking 
sequence while the 3.0-kb  insert was located in the 
transcribed  region, probably in the first intron. The 
size and restriction  map of  the  3.0-kb  insert  (data  not 
shown) suggest it is a hobo element (ASHBURNER 1989). 
Estimates of 3Np and over the 30-kb region were 
0.0022 k 0.0016 and 0.0014 5 0.0012, respectively. 
One of three pairwise comparisons resulted in a sig- 
nificant D’ (Table 4). 

Extensive size variation was observed within the 
200 bp  fragment  defined by EcoRI -5.7 and EcoRI 
-5.5 in D. simulans. Variants are designated as se- 
quence  length increases relative to  an  arbitrary base- 
line (see Table 2 legend). However, we can not  infer 
the  number of events  required  for transitions from 
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TABLE 2 

Genetic  variation  in the per, Pgd, and y-ac gene  regions  in D. sirnulam 

Per Pgd y-ac 

Hind111  Hind111  Ins  BglII BglII XhoI EcoRI BglII BamHI XhoI EcoRI EcoRI BglII EcoRI Hind111  Ins  Ins EcoRI 
Line -18.4  -15.4  -8.8  -5.6 -3.3 -1.4  -1.4  2.8  4.9  6.8  7.2  9.2  -4.6  -2.5 -0.9 12.3 67 57 55.0 

A1 
A3 

- + - 0 . 4 + - -  - - - 

A4 
- + - 0 . 4 + -  - - + + - -  + - +  + - -  

A5 
- + " "  - + - + - + + - -  

A6 + + -  - + - "  + + - + + - + + - -  
A8 

+ -   + -  + + - -  + 
+ 
+ 

- + - 0 . 4 + - - - + + - -  + - +  + - -  + 
+ 

- + - 0 . 8 +  + - - + -  - + + - + + - -  + 

- - - 

A12 - - 0 . 8 +  + - - + - - + + - + + - -  
A17 - 

+ 
- - 1 . 6 " + + + + - + + - + + - -  + 

A21 + + - - + " "  - + - + -  + + - -  + 
A22 - + - 0 . 4 + - " +  + - -  + -  + + - -  + 
A23 + + - 0.4 + - - - + + - -  + - +  + - -  + 
A24 - + - 0 . 4 + -  - - - - + - + - + + - -  + 
A25 - + - - + " "  - + -  + - +  + - - -  

- 

A28 - 
A29 - 

- - 0 . 8 +  + - - + - - + + + -  - " + 
- 1.8 - - + - -  - + - + + -  - - -  + 
- 0 . 8 +  + - - + -  - + + - + + - -  + 

A33 - + - 0 . 4 +  - - - + + - - + -  + + - -  + 
- 1 . 6 "  + + + + - + + + + + - -  + 

- 
A3 1 - - 

A37 - - 
A43 - + -  - + " "  - + -  + - +  + - -  + 
SL51 - - - 0 . 4 + - - - + + - -  + - +  + - -  + 
SL52 - + - 0 . 6 -  - - + + + - + + - + + - + +  
SL54 - + + + - + + -  + + - -  + 
SL56 - + - 0.4 + + - - + -  " + -  + + - -  + 

- - "" 

SL58 - + + N S + - - -  + + - -   + - +  + - -  + 
SL61 - - - 0 . 8 +  + - - + -  - + + - + + - -  + 
SL64 + + - - + " "  - + - + - + + + - +  
SL65 - + - 0.4 + - - - + - - + + -  + + - -  + 
SL67 + + - 0 . 4 +  - - - + + - - + -  + + - -  + 

+ SL68 - - - 0 . 8 +  + - - - - - + + - + + - -  
SL71 - + - 0.4 + - - - + + - -  + - +  + - -  + 
SL75 + + - 0.2 + - - - - - + - + - + + - -  + 
SL79 + + - + - + -  + + - -  + 
SL86 - - - 1.7 - - + + + + - + - -  + + - -  + 
SL87 - - - 1 . 7 + - + + + + -  + + + + -  " + 

- " " _  - 

SL88 - - 0 . 8 +  + - - + + - + + - + + - -  + 
SLlOO - + - 0.8 + - - - + + - - + - +  + - -  + 

- 

Freq. 0.19  0.39  0.03  0.19  0.22  0.14  0.17  0.31  0.50  0.28  0.42  0.03  0.11  0.06 0.08 0.03 0.03 0.03 

Lines collected in Arvin, California, are indicated by "A"; lines collected near Soda Lake, California, are indicated by "SL." Restriction 
site coordinates are from Figure 3, except for HindI11(12.3), which is outside the probed region and is not shown in Figure 3. Presence of a 
variant is indicated by "+" and absence by "-." Site frequency is the frequency of the less common variant. Positions of insertions (Ins) are 
approximate. Ins -5.6 in the per region was scored as an increase in kilobases relative to an arbitrary baseline variant indicated by "-"; NS = 
not scored. 

one size  class to  another  or  determine if a given of neutralitv is based on  the observation that  one can 
change was a  sequence  length increase or decrease. 
All variants at this site except the +1.7-kb  insert 
appear  to  be multiples of 200 bp. Therefore, we 
hypothesize that  the size variation results from  tandem 
repeats of an  approximately  200-bp  unit. Estimates of 
3Np and ?r over the 30-kb region were 0.0046 k 
0.0020  and  0.0070 f 0.0038, respectively. Seventeen 
of 45 pairwise comparisons (38%) resulted in estimates 
of linkage disequilibrium (D') significantly different 
from  zero  (Table 5), while only 5%, or 2 comparisons, 
are expected to be significant by chance. 

Average divergence  between D. melanogaster and 
D. simulans over the region was estimated  as 0.050 f 
0.010. 

Statistical  tests of neutrality: TAJIMA'S ( 1989a) test 

" I 

estimate the  neutral  parameter 4Np (3Np  for X-linked 
genes), where  N and p are  the effective population 
size and  neutral mutation  rate, respectively, by the 
average pairwise differences in a sample or from  the 
number of segregating sites. The test estimates the 
probability of deviation  from the  neutral  expectation 
that  the two quantities are equal. In effect, TAJIMA'S 
test determines if the observed  variant  frequency dis- 
tribution  agrees with the  neutral  expectation. TAJI- 
MA'S test was applied to restriction site data  at each 
gene  region in both species. In only one case, Pgd in 
D. melanogaster, was the  neutral model rejected  (Table 
6) .  This result is unlikely to  be a consequence of 
nonequilibrium  conditions associated with a  recent 
population expansion in this species (DAVID and CAPY 
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TABLE 3 

Nucleotide heterozygosity  and divergence ( ~ s E )  in the per, Pgd, and y-ac gene regions in D. melanogaster and D. simulans 

1153 

Region  Species 3Np" U Divergenceb 

y-ac D. melanogaster 0.0005  (f0.0005) 0.0008 (f0.0008)  0.054  (fO.013) 
0.0005  (f0.0005) 

D. simulans 0.0005 (k0.0005) 0.0001  (&0.0003) 
0.0005  (f0.0005) 

Pgd D. melanogaster 0.00 14 ( fO.OO 1 1)  0.0030 (f0.0022)  0.029 (kO.011) 
0.0016  (fO.0013) 

0.0026 (f0.0018) 
D. simulans 0.0023  (f0.0015) 0.001 1 (f0.0012) 

Per D. melanogaster 0.0022  (f0.0016)  0.0014  (f0.0012) 0.050 (fO.O1O) 
0.0026  (f0.0016) 

D. simulans 0.0046  (f0.0020)  0.0070  (20.0038) 
0.0052 (f0.0024) 

a Upper estimate calculated according to HUDSON (1982) except In(n) replaced by x:=;' l/i where n is the number of sequences sampled. 
Lower estimate calculated according to HUDSON (1982); presented for comparison with previously published estimates of other gene regions. 
Standard errors of 3Np assume no recombination (HUDSON, 1982). 

Average pairwise divergence between D. melanogaster and D. simulans, uncorrected  for within  species variation. 

TABLE 4 

Linkage disequilibrium (D') in the per, Pgd, and y-ac gene regions in D. melanogaster 

Per Pgd y-ac 

1-14.7 5.2  9.2 -6.2 Del Allo 5.9 Del 64 48.0 
BglIl Sal EcoRl BglII EcoRI HindIII 

Per 
Sal1 -14.7 
EcoRI 5.2 1 .oo 
BglII 9.2  -0.22 0.64* - 

- 
- 

Pgd 
EcoRI -6.2 0.53  0.42 0.42 
Del 1 .oo 0.10 0.10 1 .oo** 
Allo -0.01 0.34 0.12 0.78**  0.83** 
HindIII 5.9  0.56 0.39 0.39 1.00**  1.00**  0.77* 

Del 64  0.22 -1.00 -1.00 -0.74* -1 .oo -0.54 -0.51 - 

- 
- 

- 

y-ac 
- 

BglII 48.0 -0.22 - 1 .oo -1.00 -0.22 -1 .oo 0.12  -0.27 1.00** - 

Restriction map coordinates are from Figure 3. * P < 0.05; ** P < 0.01. 

1989); such a  phenomenon would have influenced 
other  gene regions in a similar manner,  and would 
result in an excess of rare variants (MARUYAMA and 
FUERST 1984)  and  a negative test statistic (TAJIMA 
1989b). The positive test statistic indicates that var- 
iants occur at higher  than  expected  frequencies, as 
would be the case under balancing selection. Popula- 
tion subdivision with recent  admixture could also lead 
to this pattern,  but again, would be expected to affect 
all gene  regions,  not Pgd alone. 

Under a strictly neutral,  infinite sites model of 
molecular evolution, intraspecific polymorphism and 
interspecific divergence are  both functions of the neu- 
tral  mutation rate in the region (KIMURA 1983). The 
neutral  expectation that all gene  regions have the 
equivalent  ratio of polymorphism to divergence is the 
basis for  the HKA test of neutrality (HUDSON, KREIT- 
MAN and AGUADk 1987). 

Comparisons among  the  three X-linked gene  re- 

gions (y-ac,  Pgd, and per) in D. simulans using the 
HKA test revealed  a significant departure  from neu- 
trality for y-ac vs. per (Table 8). Comparison of these 
three regions individually to  the autosomal rosy region 
(data  from AQUADRO, LADO and NOON 1988) also 
revealed  a significant departure  from neutrality  for 
the y-ac vs. rosy comparison. 

Based on  their  observation of unusually low levels 
of restriction site variation in the y-ac-sc region  for 
several populations of D. melanogaster, AGUAD~,  MI- 
YASHITA and LANGLEY (1  989) hypothesized that  the 
region may be influenced by the hitchhiking effect 
(KAPLAN, HUDSON and LANGLEY 1989). Our diver- 
gence  data  from the y-ac region between D. melano- 
gaster and D. simulans allowed us to use the HKA 
model to test the hypothesis that levels  of variation in 
this region in D. melanogaster are compatible with 
neutrality. 

Comparison of our y-ac data to that  from Pgd,  per 
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TABLE 5 

Linkage  disequilibrium (D‘) in the per and Pgd gene  regions  in D. simulans 

Per Pgd 
HindIII EcoRI BglII BglII XhoI EcoRI BglII B Q ~ H I  XhoI EcoRI BglII EcoRI HindIII 
-18.4 -15.4 -3.3 -1.4 -1.4 2.8 4.9 6.8 7.2 9.2 -2.5 -0.9 12.3 

Per 
HindIII -18.4 - 
EcoRI -15.4 1.00** - 
BglII -3.3  0.27  0.53 
BglII -1.4 -1.00  0.59* 1.00 
XhoI -1.4  -1.00 -1.00** -0.75** -1.00 
EcoRI 2.8  -1.00  -0.73*  -0.79** -1.00 0.76** - 
BglII 4.9  -0.38  -0.30 -0.06 0.59  0.35 1.00 - 

- 
- 

- 

BamHI 6.8 -0.14 0.00 -0.43 -0.75* 0.60 1.00** 1.00** - 
XhoI 7.2 0.41 0.49 -0.01 -1.00 -0.28 -1.00 -1.00** -1.00** - 
EcoRI 9.2 -0.66  -0.63**  -0.51 0.79** 0.66 1.00**  0.78* 0.07 -1.00** - 

Pgd 
BglII -2.5 -1.00 -1.00* -0.38 0.04 0.71* 0.40 0.18 0.00 -0.10 0.57 - 
EcoRI-0.9 1.00 1.00 0.38 -0.36 -0.42 1.00 0.28 1.00 -0.31 -0.14 -1.00* - 
HindIII 12.3 1.00 1.00 0.17 -0.14 -0.61* -0.20 0.04  0.33 -0.08 -0.43 -1.00** 1.00** - 
Restriction map coordinates are from Figure 3. * P < 0.05; ** P < 0.01. There was insufficient variation in the y-ac region to examine 

linkage disequilibrium in D. simulans. 

TABLE 6 

Tajima  test of neutrality  in  the Pgd and per gene  regions  in D. 
melanogaster and D. simulans 

Pgd D. melanogaster 2.135* 

Per D. melanogaster -0.974 

D. simulans -1.119 

D. simulans 0.993 

* P < 0.05. TAJIMA’S test statistic, D, was calculated using restric- 
tion site variation. There was insufficient variation for the test to 
be applied to the y-ac region in either species. 

(this paper), rosy (AQUADRO, LADO and NOON 1988) 
and  the 5’ flanking  region of Adh (KREITMAN and 
HUDSON 1991) revealed a significant departure  from 
neutrality only for  the 5’ Adh comparison (Table 9). 
We also tested neutrality in the y-ac region with  poly- 
morphism data  from AGUAD~,  MIYASHITA and LANG- 
LEY (1  989).  For this test we used our estimated  pair- 
wise difference between D. melanogaster and D. simu- 
lans. We then  determined  the  total  number of sites 
scored and  the  number of polymorphic sites scored 
for each of the  three populations sampled by AGUAD~,  
MIYASHITA and LANGLEY (1989)  over  the same ge- 
nomic region  for which we had  estimated  divergence. 
Populations were analyzed separately because there 
was evidence for between-population heterogeneity 
(AGUADE, MIYASHITA and LANGLEY 1989). As was 
true for our y-ac data  from  California, comparisons of 
y-ac for  Texas  and Japan yielded significant departures 
from  neutrality  (Table  9).  However, the y-ac data  from 
North Carolina did  not show a significant departure 
from  neutrality.  Comparison of the 5‘  flanking Adh 
region  to per,  Pgd, and rosy also did  not reveal signif- 
icant departures  from  neutrality  (Table  9). 

DISCUSSION 

Transposable  element  frequencies  and  recombi- 
nation: The observation that  large insertions (pre- 
sumed to be  transposable elements) are usually found 
at low individual frequency in D. melanogaster and D. 
simulans (AQUADRO 1990; LANGLEY 1990) is taken as 
evidence that such variation is deleterious (see also 
GOLDING, AQUADRO and LANGLEY 1986).  Further- 
more,  the observation that  the incidence of large 
insertion variation does  not vary significantly between 
autosomes and  the X chromosome suggests that  the 
transposable  elements themselves are usually not del- 
eterious (unless they insert  into  coding D?JA; MONT- 
GOMERY, CHARLESWORTH and LANGLEY 1987). The 
alternative hypothesis that such inserts are deleterious 
because homologous inserts located in different  re- 
gions increase the  rate of nonhomologous recombi- 
nation  events (LANGLEY et al. 1988)  predicts  that the 
inserts  should  accumulate in regions of reduced cross- 
ing  over. 

Our restriction site data  from D. melanogaster do 
not  support this prediction. We found  no increase in 
the frequency of inserts in y-ac. In fact, y-ac was the 
only one of the  three gene  regions surveyed in  which 
we found  no  large inserts. This result is consistent 
with three previous studies of y-ac in D. melanogaster 
which revealed no increase in frequency of large in- 
sertions (AGUAD~,  MIYASHITA and LANGLEY 1989; 
BEECH and LEIGH BROWN 1989; EANES, LABATE and 
AJIOKA 1989). 

On the  other  hand,  our  data  from D. simulans are 
consistent with the unequal cross over model. The 
density of large  insertions in y-ac (inserts/kb/chromo- 
some surveyed) is 0.0016 while the average density 
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TABLE 7 

Nucleotide data from per, Pgd, y-ac, rosy, and Adh gene regions used in  the  HKA test of neutrality  in D. melanogaster and D. simulans 
~~ 

Within species 

Effective  number of 
Region  Species m k nucleotides  surveyed 

y-ac D. melanogaster 43 1 510 

D. melanogaster 56 2 660 

D. melanogaster 56 1 666 

D. melanogaster 56 1 666 

D. simulans 43 1 510 

(CA) 

w)" 

(TX)" 

UP)" 

Between species 

D nucleotides  surveyed 
Effective number of 

N 

23.7 510  35 

20 

27 

17 

36 

Pgd D. melanogaster 30 2 348 8.9 333  35 
D. simulans 28  3 318 36 

Per D. melanogaster 39 4  444 21.2 513 35 
D. simulans 54 11 582  36 

rosy D. melanogasteP 41 7 450 19.2 477 60 
D. simulansb 56  28 504 30 

Adh 5' flanking 
D. melanogaster' - 30 1243 77d 1243 11 

Only sites spanned by probes are included. Effective number of nucleotides surveyed by restriction map studies within  species estimated 
following HUDSON (1 982), as (Pm-K)j, where m is the total number of restriction sites observed (fixed and polymorphic), k is the  number of 
polymorphic restriction sites or nucleotides, and j is the number of base pairs in the restriction enzyme site ( j  = 6 for all studies here). 
Effective number of nucleotide sites surveyed by restriction map studies between species is the mean of the effective number of nucleotides 
in D. melanogaster and D. simulans. D is the average pairwise difference of sites between species. N is the  number of sequences sampled in 
each species. 

Data from AGUAD~, MIYASHITA and LANGLEY (1 989). 
Data from AQUADRO, LADO and NOON (1988). 

Number of differences between two randomly chosen DNA sequences. 
' DNA sequence data from KREITMAN and HUDSON (1 99 1). 

TABLE 8 

Test statistics from HKA tests of neutrality  in D. simulans 

Region y-ac Pgd Per rosy 

y-ac - 3.42 4.71* 9.23** 
Pgd - 0.09 1.80 

Per - 1.64 
rosy - 

* P < 0.05, ** P < 0.005. 
' Data from AQUADRO, LAW  and NOON (1988). 

over several previously surveyed  gene  regions in this 
species was 0.0006 (AQUADRO 1990);  furthermore we 
observed no inserts in the Pgd and per regions in our 
sample. An extensive survey of additional kilobases  in 
the y-ac region of D. simulans should  be  pursued to 
determine if there  are significantly more  insertions in 
this  region. 

Selection  at Pgd in D. melanogaster? It has been 
suggested previously that  the Fast/Slow allozyme 
polymorphism at Pgd in D. melanogaster is a  target of 
selection (BIJLSMA and VAN DELDEN 1977; BIJLSMA 
and KERVER 1980; BIJLSMA and VAN DER MEULEN- 
BRUIJNS 1979; CAVENER and CLEGG 198  la,b; OAK- 
ESHOTT et al. 1983). Our restriction site data  are 

TABLE 9 

Test statistics from HKA tests of neutrality  in D. melanogaster 

Adh 5' 
Region per Pgd rosy flanking' 

y-ac (CA) 1.97 3.05 2.55  4.31* 
y-ac (NC)' 1.11 0.87 1.64  3.28 
y-ac (TX)' 2.57 2.24  3.21  5.01* 
Y - ~ C  (JP). 2.10 1.84 2.65  4.12* 
Per CO.01 0.05  0.33 
Pgd 0.04  0.55 
rosy" 0.54 

* P C  0.05. For the y-ac data: CA refers to this study (California); 
NC, TX,  and JP refer to data from samples from North Carolina, 
Texas, and Japan. 

* Data from AQUADRO, LADO and NOON (1988). 

' Data from AGUAD~,  MIYASHITA and  LANGLEY (1  989). 
Data from KREITMAN and HUDSON (1 99 1). 

consistent with the notion  that some form of balancing 
selection is influencing  patterns of DNA variation at 
Pgd. Since the polymorphic sites in the Pgd region are 
in nearly complete linkage disequilibrium with the 
amino acid polymorphism underlying the allozyme 
difference, balancing selection on the Fast/Slow 
polymorphism leading to  intermediate  frequencies of 
Fast and Slow electromorphs will also cause polymor- 
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phic restriction sites to  appear  at  intermediate  fre- 
quency. Alternatively, the same pattern could result 
from balancing selection outside Pgd at a site in strong 
nonrandom association with the Fast/Slow polymor- 
phism. Under balancing selection one expects to ob- 
serve an excess of segregating sites in a  region around 
the selected site because regions  affected by balancing 
selection remain in a  population  for  a  longer  period 
of time than  expected under neutrality,  thereby ac- 
cumulating excess polymorphism. The extent of the 
excess polymorphism depends  on  the  mutation  rate, 
effective population size, and recombination rate 
(HUDSON  and KAPLAN 1988). That the HKA test did 
not reveal an excess  of segregating sites in the Pgd 
region  (Table 9) may  simply be  a  consequence of the 
low resolution afforded by the six-cutter  method or 
may reflect a  recent origin for  the  putative balanced 
polymorphism. The unusual pattern seen at Pgd could 
also result from  a selective substitution in progress at 
Pgd or  at a linked site. We are currently  sequencing  a 
representative sample of Pgd alleles from  a  natural 
population in order to understand  the history of this 
region in D. melanogaster. 

Hitchhiking of the y-ac region in D. simulans: The 
HKA test reveals that  patterns of polymorphism and 
divergence at y-ac compared to per and rosy in D. 
simulans are incompatible with a  neutral model. There 
is no evidence to suggest dramatic  differences in func- 
tional constraint or mutation rate between the y-ac 
region and previously surveyed regions. The 5.4% 
divergence at y-ac is similar to estimates from  other 
regions, which range  from  about 3% for hsp70 
and Pgd to 5% for per and rosy (LEIGH BROWN and 
ISH-HOROWICZ 198 1 ; LANGLEY, MONTGOMERY and 
QUATTLEBAUM 1982;  AQUADRO, LADO and NOON 
1988;  data  from this study). In  contrast, levels of 
variation at y-ac are  the lowest observed to  date  for 
any  gene  region in any population of D. simulans (7; = 
0.0001  for y-ac, us. 0.001  1  for Pgd, 0.007 for per, all 
on the X chromosome, 0.015 for Adh on  the second 
chromosome, and  0.019  for rosy on the  third  chro- 
mosome; AQUADRO, LADO and NOON 1988;  AQUADRO 
1990;  and  present  data).  Thus,  the  departure  from 
neutrality  appears to result from  reduced polymor- 
phism at y-ac in D. simulans, consistent with a selective 
sweep in this region in this species. The fact that  the 
two significant departures  from  neutrality involved 
y-ac provide additional  support  that  reduced variation 
at  the y-ac region is the cause of the  departure. 

Not only is variation at y-ac reduced  relative to per 
and rosy in D. simulans, but Pgd and per have consid- 
erably lower estimated heterozygosity per nucleotide 
than  the autosomal genes surveyed in this species, 
even when corrected  for  the  expected  difference be- 
tween autosomal and X-linked genes (AQUADRO,  LADO 
and NOON 1988; AQUADRO 1990). It is possible that 
the lower estimated levels  of variation for  these X- 

linked gene  regions  compared to rosy and Adh result 
from  more effective selection against restriction site 
variation on the X  chromosome or from selective 
sweeps across these regions of the X chromosome. We 
hasten to  add, however, that analysis  of the  current 
data do not reveal a statistically significant departure 
from  neutrality  for the Pgd and per regions. Addi- 
tional data will be  required  to gain a  better  under- 
standing of the forces determining levels  of variation 
in this part of the X  chromosome in D. simulans. 

The y-ac gene region in D.  melanogaster: The 
relatively low  level of variation typical  of D. melano- 
gaster makes it difficult to  demonstrate  a statistically 
significant reduction in variation. Our estimates of 
heterozygosity per nucleotide at y-ac are considerably 
lower than those from Pgd and per sampled from  the 
same population, and lower than those from most 
other gene  regions surveyed in D. melanogaster 
(AQUADRO  1990;  LANGLEY  1990). Significant depar- 
tures  from  neutrality were revealed by HKA tests 
comparing y-ac to 5' flanking Adh (Table 9). As stated 
earlier,  the  neutral  mutation  rate in the y-ac region 
does  not  appear to be lower than  that  for  other regions 
based on a comparison of sequence  divergence in the 
y-ac region with that  observed in other  gene regions. 
Thus, a  reasonable  interpretation of the HKA tests is 
that levels  of neutral variation in this region in D. 
melanogaster, as well as in D. simulans, have been 
reduced by the hitchhiking  effect.  However, there  are 
several reasons why this conclusion must be consid- 
ered cautiously. 

The Adh 5' flanking us. y-ac HKA test was signifi- 
cant  for some populations but  not  for  others.  This 
reflects differences in the level  of variation detected 
at y-ac in different  population samples (our  data; 
A G U A D ~ ,  MIYASHITA and LANGLEY  1989). There  are 
several possible explanations  for this result.  First,  a 
hitchhiking  event (or events) may have occurred rel- 
atively recently such that  the  advantageous  mutant 
(or mutants) has spread to some populations and not 
to  others.  Another  explanation is that variation is 
lower in California,  Texas, and Japan  compared to 
North Carolina not because of different histories of 
the y-ac region per se, but  rather because of  different 
population histories; local effective population sizes in 
California, Texas,  and  Japan may be smaller than  that 
of North Carolina.  However, these explanations seem 
unlikely, at least for  the California compared  to  the 
North Carolina population.  Four-cutter  restriction 
site data  from  the Adh region (KREITMAN and AGUADB 
1986)  and six-cutter data  from  the per region (this 
study and D. STERN, W. NOON, E. KINDAHL and C. 
AQUADRO, unpublished results) reveal that  at  the 
DNA sequence level, there is neither  detectable 
genetic  differentiation  nor significantly different 
amounts of variation between D. melanogaster p o p -  
lations from  North  Carolina  and California. 
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One must also be  concerned  that  the 5’ flanking 
region of Adh may be elevated in variability due  to its 
proximity to regions in the Adh structural  gene  under 
balancing selection (KREITMAN and HUDSON 199 1). 
The lack  of significant departures  from neutrality  for 
rosy, Pgd, and per comparisons to 5’ Adh may result 
from  the fact that  there is relatively little power to 
detect  departures  from  neutrality with the small num- 
ber of nucleotides surveyed in most six-cutter studies. 
Another  concern  regarding sampling is that  the 11 
Adh sequences, a worldwide sample, were compared 
to samples from single geographic locations. Finally 
the disparate HKA results for y-ac from  different 
populations may result  from sampling error;  one 
polymorphic site was observed in three populations 
(CA, TX, JP), while two polymorphic sites were ob- 
served in the  fourth  (NC). 

Therefore, while there is some evidence  for  hitch- 
hiking in the y-ac region in D. melanogaster, it remains 
important  to  examine many more  nucleotides in pop- 
ulation samples from several geographic  regions. It is 
also important  that  data  from  the y-ac region and  data 
from  other  gene regions  compared  to y-ac derive  from 
the same population.  It would be useful to apply 
TAJIMA’S test to  the y-ac region and  compare these 
results to  the those  from the HKA test.  Unfortunately, 
there  are  too few polymorphic  nucleotides in the 
presently available data  to use the test in a meaningful 
way. 

Comparison of levels of variation between species: 
The level of variation we observed across the per 
region indicates that D. simulans is two to six times 
more variable (depending  on  the  measure used) than 
D. melanogaster. The magnitude of this difference is 
consistent with that  observed in previous studies of 
the rosy and Adh gene  regions (AQUADRO, LADO and 
NOON 1988;  AQUADRO  1990). Our data  for Pgd and 
y-ac indicate that ?r is larger in D. melanogaster. How- 
ever, in light of our evidence that selection has raised 
levels of variation at Pgd in D. melanogaster and  de- 
creased levels  of variation at y-ac in D. simulans, we 
feel it is premature  to discard the  earlier generaliza- 
tion  that D. simulans has considerably higher  average 
levels  of neutral DNA variation than D. melanogaster. 
Additional  data  from  unlinked  gene  regions will be 
required  before  the issue is settled. 

CONCLUSIONS 

We have found evidence that  the distributions of 
DNA variation in the y-ac region of D. simulans and 
the y-ac and Pgd regions of D. melanogaster have been 
influenced by selection. The Pgd region of D. mela- 
nogaster shows a departure  from neutrality in the 
direction of balancing selection, consistent with pre- 
vious studies on the allozyme polymorphism at this 
locus. The y-ac region in D. simulans has severely 
reduced  nucleotide polymorphism but typical  levels 

of sequence  divergence  compared to  other gene  re- 
gions in this species. Comparison of y-ac to per and 
rosy in D. simulans by the HKA test reveal significant 
departures  from  neutrality which we interpret as evi- 
dence of a selective sweep at y-ac. There was also a 
significant reduction in polymorphism at y-ac in some 
D. melanogaster populations  compared to  the Adh 5‘ 
flanking  region. The precise mechanism@) or target(s) 
of selection affecting  the y-ac region is unknown but 
may include selection for  a  favorable  mutation, 
meiotic drive,  and/or biased gene conversion (e .g . ,  
HILLIS et al. 1991). The low rate of recombination 
and low  level  of variation across this region will make 
it difficult to determine precisely where and how 
selection has acted. 
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