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ABSTRACT 
Restriction  map  variation in 64 X chromosome  lines extracted  from three different  populations of 

Drosophila  melanogaster was investigated with  seven six-nucleotide-recognizing restriction  enzymes  for 
a 106-kb region  encompassing  the yellow gene  and  the achaete-scute complex  that is located in the 
region of reduced  crossing  over  close  to the telomere. Nine  restriction  site  polymorphisms  (out  of 
176  sites scored)  and  19  length  polymorphisms (15 insertions  and 4 deletions)  were  detected. The 
estimated level  of  heterozygosity  per  nucleotide, H = 0.0003, is much lower  than that reported for 
autosomal  and  sex-linked  loci  located in regions with normal  levels  of  crossing over. The overall 
frequency of  polymorphic  restriction  sites is reduced. Six out of  nine  restriction  site  polymorphisms 
are unique  and the other three have  frequencies  less  than 0.17. Some  large  insertions  have  reached 
relatively  high  frequencies,  0.08  to  0.17.  Consistent  with the theoretically  predicted  negative  relation- 
ship  between  crossing  over  and  the  magnitude  of  linkage  disequilibrium,  an  increase  in  the  relative 
number of nonrandom  associations was observed in the y-ac-sc region. 

T HE infinite-site model  of the  neutral  theory of 
molecular  evolution (KIMURA 1971)  provides  a 

basis for analyzing DNA  sequence  variation  in  natural 
populations. The analytical development of this model 
has been based either  on  no recombination (WATTER- 
SON 1975) or on  free  recombination (EWENS 1979) 
while properties of the model under  intermediate 
levels (not  zero)  recombination  have  been  studied by 
simulation (HUDSON 1983). The expectation  of  the 
number of  segregating sites does  not  differ  under  the 
different models, but  the variance  of the  number of 
segregating sites with restricted  recombination will be 
larger  than  under  free recombination.  Restricted re- 
combination will also cause stronger linkage disequi- 
libria among segregating sites. The hitchhiking  effects 
of directional selection at a few sites on levels of 
standing  variation and linkage disequilibrium are also 
sensitive to  the level of crossing over (MAYNARD 
SMITH and HAICH 1974; HUDSON and KAPLAN 1985, 
1988).  Thus we might  expect  to see  considerable 
differences in the  quantity  and quality  of  molecular 
genetic  variation in natural  populations among  re- 
gions of the  genome showing  large  differences in the 
crossing over per unit  length of DNA. 

T o  compare  molecular  variation in natural  popula- 
tions in regions with large  differences in crossing over 
requires  detailed  comparison of the  genetic  and phys- 
ical maps and a  battery  of  cloned  and  characterized 
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genes from  appropriate regions. The contraction  of 
the genetic  map near telomeres and  centromeres 
is well documented in several Drosophila species 
(LINDSLEY and SANDLER 1977; MORIWAKI and To- 
BARI 1975)  and has been  considered  good  evidence  of 
regions of restricted  recombination. Both telomeres 
and  centromeres show specific effects in suppressing 
recombination  over  long  stretches of euchromatin. 
The X chromosome of Drosophila  melanogaster pro- 
vides the best opportunity to investigate the effects  of 
variation in crossing over  on restriction  map  polymor- 
phism. Regions close to  the tip and  the  euchromatic 
base of the X chromosome  have  been  cloned  and 
characterized in D.  melanogaster, providing an  oppor- 
tunity to study  molecular  variation in regions of re- 
stricted  recombination. 

The region analyzed in the  present study  includes 
both  the yellow locus and  the achaete-scute complex 
(AS-C), which are located at  the tip  of the X chromo- 
some  of D. melanogaster (all at genetic position 1-0.0 
and  at cytological positions 1A5-8,  1A5-8 and  1B3, 
respectively; LINDSLEY and GRELL 1972). The yellow 
gene is involved in controlling  the  pattern of  pigmen- 
tation  of  the  adult  and larval cuticle of Drosophila. 
Cloning and sequencing (CAMPUZANO et al. 1985; 
BIESSMANN 1985; PARKHURST and CORC~S 1986; 
GEYER,  SPANA and CORC~S 1986)  indicate that it 
consists of  a single transcription  unit with two exons 
separated by a  long  intron. The presumed yellow pro- 
tein is 541  amino acids long and is thought  to  be a 
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membrane or secreted  protein which  plays a  structural 
and not  a catalytic role in pigmentation. Germ-line 
transformation has shown that  a genomic fragment 
containing the coding  region plus  2.8 kb of 5’ flanking 
sequences is sufficient to  restore wild-type pigmenta- 
tion (CHIA et al.  1987). 

The achaete-scute complex mediates the differentia- 
tion of the bristles and hairs that cover the cuticle of 
the  adult fly. Genetic analysis has subdivided the com- 
plex into  four regions: achaete,  scute a, lethal of scute 
(l’sc),  scute /3 (MULLER 1955;  GARC~A-BELLIDO  1979) 
and scute y or asense (DAMBLY-CHAUDI~RE  and GHY- 
SEN 1987;  GHYSEN and  DAMBLY-CHAUDI~RE 1988). 
The whole AS-C has been recently cloned (CAMPU- 
ZANO et al.  1985)  and its transcription  pattern  ana- 
lyzed.  At  least eight  different  transcription units have 
been identified in the complex (CAMPUZANO et al. 
1985;  VILLARES and CABRERA  1987), which are sep- 
arated by long stretches of apparently  untranscribed 
DNA. It is within these  noncoding  regions  where most 
lesions associated with the nonlethal ac or sc pheno- 
types have been localized. A subset of the AS-C genes 
has been sequenced (T3,   T4  and  T5 by VILLARES and 
CABRERA  1987; VILLARES, GONZALES and MODOLELL 
1987); analysis  of these sequences and of their homol- 
ogy to  other transcription units within the complex 
has suggested that  the AS-C encodes several homolo- 
gous polypeptides with redundant functions (Tla ,   T3,  
T4, and  T5). Both sequence  information and knowl- 
edge  about  the  temporal  and spatial expression of 
some of these  genes (T3, T4, and T5, ROMANI, CAM- 
PUZANO and MODOLELL 1987;  CABRERA, MARTINEZ- 
ARIAS and BATE 1987) suggest their specific involve- 
ment in the process of neuroblast  segregation. It 
should be noted  that  not all transcription units within 
the AS-C are involved in chaetae  formation or neu- 
rogenesis. In fact T2, located in the scute P region 
codes for  an  aspartic  proteinase that is expressed in 
the larval gut  and most  likely unrelated to scute or 
achaete phenotypes (VILLARES, GONZALEZ and MO- 
DOLELL 1987). 

In this paper we report  the analysis  of naturally 
occurring variation in a  106-kb  segment encompass- 
ing  both  the yellow locus and  the achaete-scute complex 
at  the  tip of the X chromosome of D. melanogaster. 
The amount of crossing over in this region is known 
to be  quite low: 1 x cross overs  per kilobase. 
This estimate is based on  the  5  recombinants in the 
ac’-sc’ interval observed by DUBININ, SOKOLOV and 
TINIAKOV (1937) in 75578  progeny and  the  57 kb 
between these markers  determined by CAMPUZANO et 
al.  (1985) (see Figure 1). The observed levels of 
crossing over in the  regions between zeste and white 
and within the white locus (more proximal to  the 
centromere) are approximately 20-fold higher:  2 x 

crossovers per kilobase (B. JUDD, personal com- 

munication). Restriction map variation in a sample of 
64  independent isogenic X chromosome lines from 
three  different  populations of D. melanogaster is re- 
ported. The results of this survey are compared to a 
similar study (BEECH and LEIGH BROWN 1989)  and 
surveys of other regions of the genome of Drosophila. 

MATERIALS AND METHODS 

Fly  stocks: Sixty-four  isogenic X chromosome lines ex- 
tracted  from  three  different  populations  (20  from  North 
Carolina, 27 from Texas and 17  from Fukuoka, Japan) have 
been  used in the present  study.  Lines were constructed as 
described  in MIYASHITA et al. (1986). 

Restriction  map  analysis: Seven hexanucleotide-recog- 
nizing  restriction enzymes were used: BamHI, EcoRI, 
HindIII, PstI, PuuII, Sal1 and SacI. Genomic DNA was CsCl 
purified  according to BINGHAM, LEVIS and RUBIN (1981). 
Seven single  digestions  and two double  digestions (EcoRI 
and  BamHI, HindIII and Sad)  were  performed.  Digestion, 
electrophoresis,  blotting  and  probing was carried out as 
previously  described (MIYASHITA and LANGLEY 1988). The 
probes  used in the  present analysis were the X phage clones 
of CAMPUZANO et al .  (1  985): Xsc 1 12, Xsc 10 1, Xsc94,  Xsc64, 
Xsc22, Xscl7, Xscl4, Xsc3l and Xsc53,  which cover a 106kb 
region which includes the yellow (Xscl 12), achaete (Xscl12 
and XsclOl) and scute (rest of X clones) genes. 

RESULTS 

A  total of 9  restriction site polymorphisms (out of 
176 sites scored) and  19 length polymorphisms (1 5 
insertions and 4 deletions) have been  detected in the 
64 X chromosome lines examined.  Figure 1 shows the 
location of polymorphic sites and of insertions/dele- 
tions, based on  the  coordinate system  of CAMPUZANO 
et al. (1985). Location of monomorphic sites is not 
shown,  but can be  found in CAMPUZANO et al.  (1985) 
for five of the enzymes used (BamHI, EcoRI, HzndIII, 
PstI and  Sall)  and in the legend to Figure  1  for PvuII 
and Sacl. All length  variants and six out of nine 
restriction site variants are located in noncoding re- 
gions; the  other  three restriction site polymorphisms 
are located in coding  regions  (PstI site at  19.6 in T3,  
BamHI site at -0.4 in T2  and EcoRI site at -26.0 in 
Tla) .  

Six out of 9  restriction site polymorphisms are rep- 
resented only once in the sample, five being  unique 
to  North Carolina and  one  to  Fukuoka. The  other 
three restriction site polymorphisms are multiply rep- 
resented  and  present  either in North Carolina and 
Texas or in North Carolina and Fukuoka. 

The observed  insertions vary  in length  from  200 
bp  to  6.5 kb. The deletions  found within the 106-kb 
range in  size from  100 to  400 bp. Thirteen  out of 15 
insertions  (whether  unique or multiply represented) 
are present in only one of the  three geographical 
areas. The remaining two insertions (insl  1  and  insl 5 )  
are  present in both American samples studied,  and in 
Texas  and Fukuoka, respectively. In the case of dele- 
tions, only one (de12) is present in both American 
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FIGURE 1 .-Restriction site and length polymorphisms in the y-ac-sc region. Coordinates are given according to Campuzano et al. (1985). 
H, BamH1; R, EcoRI; D, HinDIII; P, PstI; C, SacI; insl, 1 kb; ins2, 0.6 kb; ins3, 0.2 kb; ins4, 5 kb; ins5, 6.5 kb; ins6, 0.4 kb; ins7, 1.2 kb; 
ins8, 3.2 kb; ins9, 0.6 kb; insl0, 3 kb; insll,  3.5 kb; insl2, 5 kb; insl3, 1.4 kb; insl4, 4.6 kb; insl5, 1.7 kb; dell, 0.4 kb; de12, 0.1 kb; de13, 
0.15 kb; de14, 0.2 kb. The overlapping phage clones Xscll2, XsclOl, Xsc94,  Xsc64, Xscl7, Xscl4, Xsc3l and Xsc53 used  as probes are 
represented as 112,  101, 94, 64, 22,  17,  14, 31 and  53, respectively. Location ofPvuII sites: 75.6,  71.6,  68.8,  67.9,  65.2,  59.2, 55.4, 45.7, 
42.85,  35.8,  35.4,  30.2,  26.1, 20.9, 19.2,  11.3,  7.0, 5.1, -3.4, -6.95, -11.0, -13.7, -15.5, -19.3, -25.1, -26.35, -37.35. Thereare two 
additional sites between sites 55.4 and 45.6 which could not be unambigously located in the present study, but which  give rise to  three 
fragments 0.95 kb, 2.2 kb and  6.5 kb long. Location ofSacI sites: 78.4, 65.4, 64.7, 61.8, 55.3, 50.3, 44.1, 28.4, -6.4, -7.4, -12.2, -14.3, 
-17.4,  -17.9, -20.4, -22.6, -54.6. 
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FIGURE 2,"Frequency spectrum 
of restriction site and length poly- 
morphisms. Polymorphisms are la- 
beled by the notation in Table 1. 

samples. The other  three deletions are restricted to 
one geographical area. 

Figure 2 shows the frequency  spectrum of restric- 
tion sites, insertions and deletions. Previously re- 
ported surveys for both  autosomal and sex-linked loci 
(LANGLEY, MONTGOMERY and QUATTLEBAUM 1982, 
LEIGH-BROWN 1983, AQUADRO et al. 1986; LANGLEY 
and AQUADRO 1987; AQUADRO, LADO and NOON 

1988; MIYASHITA and LANGL.EY 1988; AGUADE, MI- 
YASHITA and LANGLEY  1988) indicated  that  large 
insertions were individually rare (usually unique) 
while the frequencies of restriction site polymor- 
phisms and some small insertions/deletions are more 
continuously distributed  from high to low frequencies. 
In  contrast, in the yetlow-achaete-scute region the over- 
all frequency of restriction  site polymorphism is re- 
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TABLE 1 

Frequency distribution of haplotypes 

Haplotype 78.8 72.8 65.7 65.1 64 63.6 61.2 60.4 49.4 46.4 41.6 34.4 30.4 27.0 19.6 
insl ins2 Pstl Pstl dell ins3 ins4 del2 PstI ins5 ins6 ins7 ins8 Hind111 Pstl 

No. 1 2 3 45 5 6 7 8 9 10 1 1  12 13 14 15 
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Freq. 
Total 
NC 
T X  
IPN 

.02  .02 .16 .02  .02 .O2 .02 .09 .02 .02  .02 .05 .03 .02 .09 

.OO .05 .25 .05 .05 .05 .OO .25 .OO .OO .OO .OO .OO .05 .10 

.04 .OO . I 8  .OO .OO .OO .04 .04 .OO .04 .OO . l l  .OO .OO .15 

.OO .OO .OO .OO .OO .OO .OO .OO .06 .OO .06 .OO .12 .OO .OO 

duced. Six out of nine polymorphisms are unique and 
the  other  three have frequencies less than  0.17. On 
the  other  hand, some large insertions, i . e . ,  insl  1,  insl 5 
and  insl0, have reached relatively high frequencies 
(0.17, 0.09, and 0.08 respectively). 

Table 1 shows the 24 different haplotypes observed 
and their frequency  distribution.  Only the most com- 
mon haplotype (#1) is present in the  three populations 
and only one  other haplotype  (#3) is present in both 
North American samples. The distribution of haplo- 
types differs in the  three populations (P < 0.0004, 
after  50,000 trials using a Monte-Carlo 24 X 3 contin- 
gency table test; a modification of the  procedure in 
LEWONTIN  and FELSENSTEIN 1965; W. ENGELS, per- 
sonal communication), mainly due  to haplotypes 
present only  in one geographical area. Most of the 
haplotypes unique to each population are related by a 
single mutational  event  to the most common haplo- 
type (#1) present in the  three populations. Two hap- 
lotypes (#2 and 6) contain multiple insertions (ins9, 
insl 0 and  insl  1  for haplotype #2,  and  insl 1 and  insl  2 
for haplotype #6) within a relatively short  region. 

Variation attributable  to  nucleotide  substitution can 
be estimated  from  restriction site polymorphisms by 

different  methods.  Table  2 gives the estimates for 
each population as well as for  the pooled data  obtained 
by three  different  methods  (NEI  and LI 1979, NEI and 
TAJIMA 1981; ENGELS 1981; HUDSON 1982). Esti- 
mates obtained  according to NEI and TAJIMA (1981) 
and to ENCELS (1 98 1) are in  all  cases very close. The 
method of HUDSON, which provides an estimate of B 
= 4 N e p  (Ne is the effective population size and p is the 
mutation rate  to selective neutral  nucleotide substi- 
tutions) under  the assumption of stationarity and se- 
lective neutrality is a  function of the  number of seg- 
regating sites and  not  their frequencies; it can thus 
differ  from the  other two estimators when the  number 
of rare sites is high (as  in the case of North Carolina). 
The fact that  the estimates of B exceed  those of H or 
7 ~ .  may indicate some deviation from  the assumption 
of selective neutrality. 

Variation for  insertion/deletion in the yellow- 
achaete-scute region has been  quantified as the  number 
of insertions/deletions  larger  than  100  bp,  relative to 
the most comon  haplotype, per kilobase surveyed: 
0.0028,  0.0035  and 0.0022 in North Carolina, Texas 
anf  Fukuoka, respectively, and  0.0027  for  the pooled 
data. 
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ins9 ins10 BamHI EcoRl del3 ins11 ins12 Sac1 ins13 EcoRI del4 ins14 ins15 
19.0  18.4  -0.4  -4.4  -4.8  -15.6  -19.6  -20.0  -23.6  -26.0  -26.4  -32.4  -34.4 
16 17 18 19 20 21 22  23  24  25  26  27  28 Total NC T X  JPN 

29 
5 
3 
3 
2 
2 
2 
2 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 

8 1 1  10 
0 5  0 
2 1 0 
0 3  0 
2 0  0 
2 0 0 
0 2 0 
0 0 2 
1 0 0 
1 0 0 
1 0 0 
1 0 0 
1 0 0 
1 0 0 
0 1 0 
0 1 0 
0 1 0 
0 1 0 
0 1 0 
0 0 1 
0 0 1 
0 0 1 
0 0 1 
0 0 1 

.os .08 .03 .02 .03 . 1 7  .03 .02 .02 .02 .02 .02 .09 

.OO .OO .05 .05 .OO .30 .IO .05 .OO .05 .05 .OO .OO 

. 1 8  .18 .OO .OO .07 .22 .OO .OO .OO .OO .OO .04 .18 

.OO .OO .06 .OO .OO .OO .OO .OO .06 .OO .OO .OO .06 

“+” and “-” indicate the presence and absence of restriction site and insertion/deletion variation. NC, North Carolina; TX,  Texas; JPN, 
Japan. Location of restriction site and insertion/deletion polymorphisms is given according to  the coordinates in CAMPUZANO et al. (1985). 
In the lower part of the  table, the frequency of the less common variant is  given for each polymorphism, for the pooled data and for each 
population. 

Linkage disequilibrium between  both  restriction 
site and  length polymorphisms has been analyzed for 
each population  separately, since the frequencies of 
polymorphic sites as well as two-locus haplotypes do 
(in many cases) differ  among  populations (analysis not 
shown). Because only polymorphisms in which the 
rarer variant was not  unique have been  considered, 
no linkage disequilibrium analysis is possible  in the 
Japanese sample. As shown in Table 3,  3 out of 10 
comparisons in the  North Carolina sample and 9 out 
of 28 in the  Texas sample demonstrate significant 
departure  from  random association. 

Genetic analysis has shown reduced levels  of  cross- 
ing  over in the yellow-achaete-scute region  (DUBININ, 
SOKOLOV and TINIAKOV 1937). The present results 
are consistent with low levels of crossing over. I f  no 
back mutation and no recurrent mutation  occur, the 
presence of  all four gametic types for  a  pair of sites 
indicates at least one cross over in the history of the 
sample (HUDSON and KAPLAN 1985). When this “four- 
gamete” test is used, only one  out of 10 comparisons 

in North Carolina (between polymorphisms #3 and 8) 
and 1 out of 28 in Texas (between polymorphisms #3 
and 21) show all four gametic classes. Because some 
variants are present in more  than  one  population,  the 
pooled data have also been  considered. In this case, 
only 5 out of 66 comparisons show  all four gametic 
classes (between polymorphisms 3 and 8, 3 and 15, 3 
and 2 1 ,  8 and 2 1, 2 1 and 28). This low number of 
four-gamete  pairs is clearly consistent with some re- 
striction in crossing over in the evolution of the y-ac- 
sc region. 

DISCUSSION 

If variation at  the DNA level were maintained by 
random  genetic  drift and purifying selection against 
at least partly recessive variants,  genes on the X chro- 
mosome should show lower levels of variation than 
those on the autosomes because of the hemizygosity 
of  the heterogametic sex. Recent surveys of variation 
at  the white (LANGLEY and AQUADRO 1987; MIYASH- 
ITA and  LANGLEY 1988), Notch (SCHAEFFER, AQUADRO 
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and  LANGLEY  1988), zeste-tko (AGUAD~, MIYASHITA 
and  LANGLEY  1989)  and forked and vermilion (C. H. 
LANGLEY  and N. MIYASHITA, unpublished results) 
have shown no evidence for such a  reduction.  These 
results suggest that simple purifying selection does  not 
play a  major  role in determining  the  standing level  of 
population genetic variation at  the DNA level  in nat- 
ural populations of D. melanogaster. Thus the same 
level  of molecular variation was expected at  the  tip of 
the X chromosome.  However, in the  present  study we 
detected  a lower level  of variation and also a  reduction 
in the overall frequency  distribution  (Figure 2). 

The unweighted average  estimate of B for various 
autosomal regions  [0.006  for Adh (LANGLEY, MONT- 
GOMERY and QUATTLEBAUM 1982, AQUADRO et a l .  
1986),  0.002  for 87A heat shock locus (LEIGH-BROWN 
1983), 0.008 for Amy (LANGLEY et al .  1988b)  and 
0.003  for rosy (AQUADRO, LADO and NOON 1  988)l  and 
X-linked regions [0.013  for white (MIYASHITA and 
LANGLEY  1988),  0.004  for zeste-tko (AGUAD~, MIYA- 
SHITA and  LANGLEY  1989),  0.005  for Notch (SCHAEF- 
FER, AQUARDO and  LANGLEY  1988),  0.002  for forked 
(LANGLEY  and MIYASHITA unpublished results) and 
0.003  for vermilion (C. H. LANGLEY  and N. MIYASH- 
ITA, unpublished results)] located in chromosomal 
segments where there is no evidence for  restricted 
recombination is 0.005. While no well-documented 
statistical procedure  had  been published that can be 
used to  compare  the  estimate of B with that  reported 
here  for  the yellow-achaete-scute region,  0.001  (9  out 
of 176 sites polymorphic in 64 lines), the following 
approach may be instructive (R. HUDSON, personal 
communication). Under  the infinite sites model with- 
out selection or recombination, the expectation and 
variance of the  number of segregating sites (given 0 = 
0.005, sample size = 64  and  the  number of nucleotide 
sites examined =: 2 X 176 X 6 = 21 12) can be calcu- 
lated (WATTERSON 1975)  to  be  5  1  and  241. Assuming 
that  the (observed - expected)'/variance =: x' we can 
test the significance of the 9 or fewer  segregating sites: 
(9 - 5 1)'/24 1 = 7.3 with one  degree of freedom; P < 
0.01. This suggests that  the  reduced  restriction site 
variation observed in the y-ac-sc region is inconsistent 
with selective neutrality with a  common 0 for all 
regions. BEECH and LEIGH-BROWN (1989) surveyed 
the y-ac-sc region in 49 X chromosomes utilizing four 
restrictions enzymes. They did  not report any signifi- 
cant  reduction in restriction site variation. This dif- 
ference in the conclusions of this report  and  that  of 
BEECH and LEIGH-BROWN (1 989) can be attributed  to 
the differences in the total number of restriction sites 
(69 vs. 176) and chromosomes surveyed (49 vs. 64) in 
the two studies. 

Most surveys (utilizing cytological or restriction 
mapping) have shown that transposable elements (or 
large insertions) are individually quite  rare in natural 

TABLE 2 

Heterozygosity per nucleotide 

Estimate Pooled NC T X  JPN 

7r 0.00033 0.00057 0.00028 0.0001 1 
H 0.00033 0.00057 0.00028 0.0001 1 
B 0.00104 0.00128 0.00029 0.00033 

populations of D. melanogaster (LANGLEY, MONTGOM- 
ERY and QUATTLEBAUM 1982; LEIGH-BROWN  1983; 
MONTGOMERY and  LANGLEY  1983; AQUADRO et al .  
1986).  This low frequency has been considered  an 
indication of their  deleterious effect even when in- 
serted in noncoding regions. Under  the simple as- 
sumption of natural selection acting against the addi- 
tive and partially recessive effects of individual inser- 
tions, one would expect  a lower level  of variation for 
large  insertion/deletions in regions of the X chro- 
mosome than of the autosomes. MONTGOMERY, 
CHARLESWORTH and  LANGLEY  (1  987) suggested that 
for some elements this may not  be  the mechanism 
containing copy number. 

LANGLEY et a l .  (1988a)  presented  a model of un- 
equal  recombination  among transposable elements  to 
explain the dynamics and observed  distribution of 
transposable elements on X chromosomes and  auto- 
somes in natural populations. They also examined  the 
density of one family  of transposable elements, roo, in 
those regions of the chromosomes  where  normal 
(equal) crossing over is reduced  (centromeric and 
telomeric). Assuming unequal  recombination is also 
reduced in those regions they predicted  increased 
densities of roo. Note also that  the Muller's rachet 
hypothesis (FELSENSTEIN 1974;  HAIGH  1978)  might 
predict an increased density of deleterious  insertions 
in regions of reduced crossing over  (LANGLEY et a l .  
1988b). While LANGLEY et a l .  (1988b) did find an 
increased density of roo near  the base of the X chro- 
mosome, there was no statistically significant evidence 
of an increase at  the tip  (near y-ac-x).  More recently, 
CHARLESWORTH and LAPID  (1  989) have extended this 
analysis to many more families of transposable ele- 
ments and  report a consistently high density in the 
centromere-proximal regions. The level of insertion/ 
deletion variation (measured as the  number  of inser- 
tions/deletions  larger  than 100  bp  per kilobase per 
chromosome  surveyed) in the yellow-achaete-scute re- 
gion, 0.0027, is comparable to  that observed in other 
autosomal  regions  [0.0139 and 0.0 140  for Adh (LANG- 
LEY, MONTGOMERY and QUATTLEBAUM 1982; 
AQUADRO et a l .  1986),  0.0055  for hsp70 (LEIGH- 
BROWN 1983),  0.0086  for Amy (LANGLEY et a l .  
1988b), 0.00 17  for rosy (AQUADRO,  LADO and NOON 
1988)l  and X-linked regions  [(0.0042  for w (MIYASH- 
ITA and  LANGLEY  1988),  0.0023  for z-tho (AGUADB, 
MIYASHITA and  LANGLEY  1989),  0.001 8 for Notch 
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TABLE 3 

Linkage disequilibrium expressed as R 

North Carolina 
8 15 21 22 

0.733* -0.192 0.733* 0.577 3 
-0.192  1 .ooo* 0.577 8 

-0.192 -0.1 11 15 
0.577 21 

Texas 
12 15 16 17 19 21 28 

-0.169 0.875* -0.227 -0.227 0.593* -0.025 -0.227 3 
-0.147 -0.169  -0.169 -0.100 -0.189 -0.169 12 

-0.199  -0.199  0.678*  -0.223  -0.191 15 
1.000* -0.135 0.892* 1 .ooo* 16 

-0.135 0.892* 1.000* 17 
-0.151  -0.135 19 

0.892* 21 

P < 0.05 by Fisher’s exact test of independence. Boldtype numbers  represent polymorphic sites as detailed in Table 1. 

(SCHAEFFER,  AQUADRO and  LANGLEY  1988),  0.0029 
forforked (C. H. LANGLEY and N. MIYASHITA, unpub- 
lished results) and  0.0020  for vermilion (C. H. LANG- 
LEY and N. MIYASHITA, unpublished results)] with no 
restricted  recombination.  It is also similar to that 
reported by BEECH and LEIGH-BROWN  1988). Thus 
the restriction  map surveys of the y-ac-sc region show 
no evidence for  an increase in the density of large 
insertions and is consistent with the in  situ survey of 
CHARLESWORTH and LAPID. The assumption of strict 
proportionality of the  unequal  recombination to nor- 
mal crossing over may be  incorrect.  A  quantitative 
test of the model in LANGLEY et al. (1988a) will require 
more  detailed knowledge of the rates of unequal 
recombination in different  regions of the chromo- 
some. 

Under  the assumption of reduced  recombination, 
one would expect  higher levels of linkage disequi- 
librium. Despite the facts that  the  region  under study 
spans over 106 kb,  that  the  number of polymorphisms 
detected is small and  that most  of them are  at low 
frequencies,  3 out of 10 comparisons in North Caro- 
lina and 9 out of 28 in Texas show significant linkage 
disequilibria (see Table 2). Linkage disequilibrium has 
also been analyzed in other regions of this same set of 
X chromosomes. In  the white locus region significant 
linkage disequilibria were  rarely  observed; on aver- 
age, only some pairs of polymorphic sites that  are 
tightly linked (<2 kb apart) within the white transcrip- 
tion  unit were not in linkage equilibrium (MIYASHITA 
and  LANGLEY  1988). The survey of linkage disequi- 
librium in the zeste-tho region yielded little linkage 
disequilibrium (AGUAD~, MIYASHITA and  LANGLEY 
1989). Theforked and vermilion regions also exhibited 
some nonrandom association among  restriction  map 
polymorphisms (C. H. LANGLEY  and N. MIYASH- 
ITA, unpublished results).  It is difficult to quantify and 

test the differences in linkage disequilibrium in var- 
ious regions of the genome. As a  nonparametric test 
we compare  the  proportion of statistically significant 
(P < 0.05) pairwise comparisons in this study (1 2/38) 
to those observed in the same chromosomes using the 
same restriction enzymes at  other loci: white, 32/496; 
z-tko, 9/74; v,  7/14; f, 0/1. Since the marginal fre- 
quencies of the polymorphic sites are lower in y-ac-sc 
and  the distances between polymorphic sites greater 
(on  average) this may be  a conservative test. Fisher’s 
exact test applied to  the  number of significant com- 
parisons in the y-ac-sc region versus that  from  the 
other loci (1  2/38 us. 48/585; P < 0.00 1) supports  the 
conclusion that  the  proportion of nonrandom associ- 
ations in the y-ac-sc region is higher  than in those 
other regions. All these  regions  differ  from the yellow- 
achaete-scute region in their  higher level of crossing 
over  per physical unit of length. The 10- to 20-fold 
reduction in crossing over  per physical unit of length 
( us. 2 x per kb) in the yellow-achaete-scute 
region  might well be sufficient to cause an increase in 
the relative number of nonrandom associations over 
a  large  region. 

There  are  three main differences in the quantity 
and quality of naturally  occurring molecular variation 
in this region at  the  tip  of  the X chromosome as 
compared  to  other regions  where there is no evidence 
for restricted levels of crossing over:  (1)  a lower av- 
erage level of nucleotide  sequence  variation;  (2)  an 
overall reduction in the expected  frequency of heter- 
ozygotes at polymorphic  restriction sites, accompanied 
by a  higher  proportion of unique  restriction polymor- 
phisms; and (3) a  higher  proportion of nonrandom 
associations spanning  a  large  region. 

According to molecular studies on  the distribution 
of transcriptional units in the 106-kb  region  studied, 
most of this region is noncoding. Nevertheless, the 
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observation that most lesions associated with the  non- 
lethal ac or sc phenotypes have been localized within 
those noncoding  regions may indicate  that at least 
some of these regions may  play a  role in gene  regula- 
tion. Both observation (1) and (2) might be partly 
attributable  to  higher levels of functional constraint 
in this region of the genome. 

The reduced level  of crossing over per kilobase in 
the yellow-achaete-scute region may  also account  for the 
distinct properties  observed in this region. MAYNARD 
SMITH and HAIGH (1 974) showed that occasional se- 
lected substitutions of favorable  mutations  reduces 
through  a  “hitchhiking  effect” the expected  hetero- 
zygosity at closely linked neutral polymorphisms. Fur- 
ther analysis (N. L. KAPLAN, R. HUDSON and C. H.  
LANGLEY, unpublished results) supports  the conclu- 
sion that even rarely  occurring  favorable  mutations 
will significantly reduce  standing molecular variation 
in large populations, especially  in regions where cross- 
ing over is reduced. The increased proportion of 
nonrandom associations in the y-ac-sc region is also 
consistent with the  reduction in crossing over. Finally, 
the  “hitchhiking  effect” may account  for the large 
disparity between the estimates of 6’ (0.0010) and a 
(0.0003) in the y-ac-sc results. The low frequencies of 
virtually all the polymorphisms led to the big differ- 
ences in the estimates of 0 and a, since 6’ is a  function 
of numbers of polymorphic restriction sites, while a 
is also a  function of their frequencies. If neutral vari- 
ation is continually recovering  from being forced to 
monomorphism by the hitchhiking  effect,  then most 
polymorphisms will be in the early phase, i e . ,  rare  or 
unique in  small samples. More surveys of regions with 
varying rates of crossing over may  well lead to a 
quantitative  understanding of the forces that shape 
standing variation at  the DNA sequence level. 
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