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ABSTRACT 
We have analyzed the level of gametic association  between  restriction  map  variants in a sample  of 

44 X chromosomes  from a natural  population of Drosophila  melanogaster. Of 2 1 pairwise  tests  involving 
7 restriction map  polymorphisms in the yellow-achaete-scute complex, 17 were  found to be  significant, 
including  some  between  restriction sites over 80 kb apart. Three-way  linkage  disequilibria  and  their 
variances  were also estimated  for all 35 three-way  comparisons  between these loci.  Twelve  such  tests 
were  found  to  be  significant,  again  spanning  distances of up to 80 kb  on the  restriction  map.  Only 9 
of a possible 128 haplotypes  were  represented in the  sample  and 8 of these  could  be  linked together 
by changes at a single  site. The strength of these associations at y-ac-sc is unusual by comparison with 
studies on other regions of the genome of D.  melanogaster, and is consistent with the very low level of 
recombination  which  has  been reported  for  the  complex.  However, our estimate  of  nucleotide 
diversity in the  region is not significantly different  from  those  made  for some other loci  in this species. 

I N natural,  outbred populations, it has not  proved 
easy to  detect  nonrandom associations between 

alleles at different loci (“linkage, disequilibrium”),  ex- 
cept in a few  well known cases [see reviews by LANG- 
LEY (1977)  and HEDRICK,  JAIN and HOLDEN 1978). 
The advent of techniques which could  detect allelic 
substitutions in the DNA sequence of any gene  per- 
mitted  more  detailed investigation of this question 
than was previously possible. Initially, it appeared  that 
disequilibria would be generally observed within the 
distances over which such molecular analyses ex- 
tended. At the alcohol dehydrogenase locus (Adh)  and 
the 87A  heat shock locus of Drosophila  melanogaster, 
significant gametic associations were found between 
restriction  map  variants  separated by as much as 10 
kb (LANGLEY, MONTGOMERY and QUATTLEBAUM 
1982; LEIGH BROWN 1983; AQUADRO et al. 1986). 
Early work on  restriction site variants in the human 
@-globin gene  cluster also detected significant linkage 
disequilibria over even greater molecular distances 
(ANTONARAKIS et al. 1982). 

Studies on restriction  map variation at several other 
genes have now been published,  including the Amylase, 
Notch, rosy, and white genes of D.  melanogaster, the Adh 
gene of D. pseudoobscura, the rosy gene of D.  simulans 
and  the vermilion and forked loci of D. ananassae 
(LANGLEY et al. 1988; SCHAEFFER,  AQUADRO and 
LANGLEY 1988; AQUADRO, LADO and NOON 1988; 
MIYASHITA and LANGLEY 1988; SCHAEFFER, 
AQUADRO and ANDERSON 1987; STEPHAN and LANG- 
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LEY 1989). Significant disequilibria have not been 
found to be so common in these studies, especially 
between sites separated by more  than  about 2 kb on 
the molecular map. From  the  observed  frequency  of 
recombination between mutations at  the white locus 
of D.melanogaster, this distance would appear  to  cor- 
respond to a  genetic distance of about 4 X cM 
(B. H. JUDD, cited in AGUADE, MIYASHITA and LANG- 

In the course of investigating the frequency of 
transposable  element  insertions at  the yellow-achaete- 
scute gene complex in D. melanogaster we previously 
observed some significant gametic associations be- 
tween restriction sites up to  30  kb  apart  and between 
restriction sites and DNA insertions  over 60 kb apart 
(BEECH and LEIGH  BROWN 1989). Two  other  groups 
have since confirmed the presence of significant as- 
sociations between restriction site variants in this gene 
complex (AGUADE, MIYASHITA and LANGLEY 1989; 
EANES, LABATE and AJIOKA 1989). All three  groups 
also found  that  large DNA insertions were rare in this 
region, per kilobase of DNA screened.  However, the 
estimates of nucleotide diversity differed;  that ob- 
tained by AGUADE, MIYASHITA and LANGLEY being 
markedly lower than  the  other two.  We have now 
screened  more polymorphic markers in this region in 
a  larger  number of lines and in this paper we present 
the results of a systematic survey of pairwise and  three- 
way disequilibrium over 86 kb of DNA in this gene 
cluster,  together with a new estimate of nucleotide 
diversity in a North Carolina  population of D. mela- 
nogaster. A high proportion of pairwise comparisons 

LEY 1989). 
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are significant and we have detected  several  significant 
three-way  disequilibria. Our  results  indicate  that  the 
entire  complex,  comprising a dozen or more  tran- 
scripts of diverse  functions (VILLARES and  CABRERA 
1987)  must be evolving  as a  single  unit  in  this  species. 

MATERIALS AND METHODS 

Extraction of X chromosomes: Wild-inseminated  female 
Drosophila melanogaster were  collected from a natural pop- 
ulation at a fruit market in Raleigh, North Carolina, in 1984 
by  A. E. SHRIMPTON and allowed to oviposit in separate vials 
in the laboratory. Single  male progeny from these females 
were mated to attached-X females to found a series of X 
chromosome lines  as described earlier (LEIGH BROWN and 
MOSS 1987). Lines  1-27 are the same as the NC lines  used 
in an earlier study (BEECH and LEIGH BROWN 1989) and 
lines  28-44  were taken from the same collection. 

Preparation of fly genomic  DNA: DNA was prepared in 
similar  fashion to BEECH and LEIGH BROWN (1989): 500 
male  flies from each line, stored at  -70" since collection, 
were  homogenized in 4 cm3 of 10 mM Tris pH 7.5 contain- 
ing 100 mM NaCI, 10 mM EDTA, 0.15 mM spermidine and 
0.15 M spermine using a manual glass homogenizer (Kontes 
Glass Co.). An equal volume  of 200 mM Tris  pH  9 containin 
30 mM EDTA, 2% sodium  dodecyl sulfate and 0.2 mg  cm- 
Pronase-E  (Sigma) was added and mixed  gently  with the 
homogenate before incubating at 37" for 1 hr.  Two equal- 
volume extractions with phenol, one with phenol-chloro- 
form and one with chloroform were carried out and DNA 
was precipitated by adding 1/10 volume 7 M ammonium 
ethanoate and 2 volumes ethanol. The centrifuged pellet 
was dried thoroughly under vacuum and resuspended in 0.5 
cmA 10 mM Tris-CI, 0.1 mM EDTA (pH 8.0)  (TE). 

Resolution of DNA  fragments: DNA  was digested to 
completion with one of a range of restriction enzymes 
recognizing either 4- or 6-bp sequences.  Samples dlgested 
with six-cutter enzymes  were separated by horizontal elec- 
trophoresis on agarose gels  of between 0.3% and  1.2% 
concentration depending upon the frequency of  cleavage 
sites, while  samples digested with four-cutter enzymes were 
separated either on high concentration (1.8%) agarose gels 
or by vertical electrophoresis through 7% polyacrylamide 
gels to resolve fragments less than 1 kb in length. DNA was 
transferred to Hybond membrane (Amersham Interna- 
tional) from agarose gels by the method of SOUTHERN (1 975) 
or from polyacrylamide  gels  using a "Novablot" electroblot- 
ter (Pharmacia-LKB) at  0.5  A for 30  min. Hybridization 
and washing was carried out  according to KREITMAN and 
AGUADE  (1986); radioactive DNA probes were  synthesized 
by oligo-labeling (FEINBERG  and VOGELSTEIN 1983). 

Cloned  fragments  used  as  probes: Cloned sequences 
homologous to the region were derived from ten overlap- 
ping hCharon 4 clones  supplied by J. MODOLELL (CARRA- 
MOLINO et al. 1982;  CAMPUZANO et al. 1985). A map of the 
110 kb covered by these clones is shown  in Figure 1. A 
series of subclones into pUC8 (VIEIRA and MESSING 1982) 
was constructed by ROBIN BEECH and named as described 
in BEECH and LEIGH BROWN (1 989). Those used  as probes 
in this study  were  plasmids pASC133R1, 101R7,  101R5, 
94R4, 64R3 and 53R1. To increase the intensity of hybrid- 
ization, the cloned inserts were  excised from the vectors by 
digestion with EcoRI, separated by agarose gel electropho- 
resis and recovered by rotating the gel through 90" and 
electrophoresing the fragment perpendicularly onto NA45 
DEAE membrane (Schleicher and Schuell) followed by elu- 
tion in T E  containing 1 M NaCI.  Excess  NaCl was removed 

8 

in a Sephadex G50 (Pharmacia-LKB) column before label- 
ing. Some additional fragments which were purified directly 
from the phage clones in this way were used  as probes. 
These  are also  shown on the map in Figure 1. 

RESULTS 

Strategy: Our  a im was to  study  the  relationship 
between  molecular  map  distance and linkage  disequi- 
librium. We surveyed  several  regions of the yellow- 
achaete-scute complex  for  restriction  site  variation  ad- 
ditional  to  that  described by BEECH and LEIGH BROWN 
(1989). T h e  regions  chosen  were  short (<3 kb in 
length),  to allow greater  accuracy  in localizing the 
polymorphisms,  and widely spaced  (Figure l),  so as  to 
span  as  much  of  the  complex  as possible. In  order  to 
increase  the  chance of detecting  polymorphisms 
within or close to  the  probed  regions, we screened 
fragments  generated by a series  of  enzymes  which 
recognize  4-bp  restriction sites (KREITMAN and 
ACUADE 1986). The initial  screen was carried  out  on 
a smaller  sample  than  the  disequilibrium analysis to  
save  time  because  only  those  sites  where  heterozygos- 
ity ( H )  B0.25 will be useful  in the  detection  of dise- 
quilibria  in  samples of less than  100  chromosomes 
(BROWN 1975). However,  to  avoid bias, our  estimate 
of nucleotide  diversity was based  only on  the  results 
of  the initial  screen. 

Heterozygosity  at achaete-scute: Five probes  were 
used to  screen  for  four-  and  five-cutter  polymor- 
phisms: pASC133R1,  pASC101R7,  pASC101R5, 
pASC53R1  and  pASC64R3.  Eight  restriction  en- 
zymes  were  used at  all five regions: AluI, BanII, CfoI, 
HaeIII, MboI, MspI, Rsal and TaqI (AccII was also 
used  in  one gel). We had  no  prior  knowledge of their 
ability to  detect  variation in  this  region. Five  poly- 
morphic  and  150  monomorphic sites  were  identified 
in  an  average  of  16 lines  screened for each  combina- 
tion  of  enzyme  and  probe.  In  Table 1 details  of  the 
gene  frequencies  and heterozygosities [H = 2q( 1 - q ) ]  
are  given for  each of the polymorphisms. 

From  these  data  we  obtain  an  estimate  of  nucleotide 
diversity (T) for the AS-C in  the  North  Carolina  pop- 
ulation  of  0.0024 (SD = 0.0013; NEI and TAJIMA 
1981). We likewise obtain  an  estimate  of f3 (EWENS, 
SPIELMAN and HARRIS 198 1;  HUDSON 1982)  of 0.00 14 
(SD = 0.0006). We  estimated  the  standard  deviation 
of  our  estimate  of f3 by jackknifing  over sites. To the 
extent  that sites provide independent  replicates  of  the 
genetic  sampling  process,  this  procedure  takes  into 
account  both  genetic  and statistical sampling  (WEIR 
1990).  Our  previous  simulations  to  evaluate  the utility 
of  jackknifing  for  linked loci give  us  some  confidence 
in this  approach  (REYNOLDS,  WEIR  and  COCKERHAM 
1983),  but we note  that we are likely to  be  underesti- 
mating  the  variance by using  linked sites. These esti- 
mates do  not  differ  greatly  from  those  obtained  earlier 
in  this  region on  the  same  population sample  with six- 
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TABLE 1 

Polymorphic  restriction sites detected  with  4-and  I-cutter 
restriction  enzymes 

Probe Enryme 4 H n 

133R1 cy01 0.26 0.39 34 
133R1 Mspl 0.2 0.32  15 
101R5 Mspl 0.16 0.27 38 
53R1 HaeIII 0.1 0.18 10 
64R3 HaeIIl 0.14 0.24 42 

Total  number of monomorphic sites = 150 [ 137(4 cutter) + 13(5 
cutter)]. Total number of sites screened = 155. Mean sample size 
(for ail sites) = 16. 9. gene frequency of rarer allele; H ,  exprected 
heterozygosity ( H  = 2g(l - 9) ;  n, sample size. 

cutter enzymes (0.0033 and 0.0024; BEECH and LEIGH 
BROWN 1989). Table 2 presents  additional  data on 
gene frequencies and heterozygosities for  three of the 
six polymorphic sites described by BEECH and LEIGH 
BROWN (1  989).  Combining the  data gives an overall 
estimate of 0.0033 (SD = 0.0012) for ?r and  0.0018 
(jackknife SD = 0.0005) for 13 (Table 2), from  a  total 
of 225 restriction sites (approximately  1047 nucleo- 
tide sites) with a mean sample size of 18.8  chromo- 
somes. 

Linkage disequilibrium at achaete-scute: A total of 
seven polymorphisms, six restriction sites and a poly- 
morphic  insertion, were included in the disequili- 
brium analysis. Three criteria were employed to select 
those used: (1) high heterozygosity (H > 0.25),  (2) 

P r o x  i ma I 

TABLE 2 

Additional  data on six-cutter  polymorphisms in the  achaete- 
scute complex (BEECH and LEIGH BROWN 1989) 

Probe Enzyme 4 H n 

101R7 XbaI 0.16 0.27  25 
xsc 1 7 XbaI 0.34 0.45  44 
p31S2 BgZII 0.43 0.49 42 

Overall nucleotide diversity (including data from BEECH and 
LEIGH BROWN 1989): 

Total polymorphic sites: 1 1  [5 X 4-cutter, 6 X 6-cutter] 
Total monomorphic sites: 2 13 [ 137 (4), 13 (5 ) ,  63 ( S ) ]  
Proportion of shared sites: 0.9856 
Mean sample size (weighted 18.8 

by the  number of  sites 
screened in each survey): 

lr: 0.0033 
SD (NEI and TAJIMA, 1981): 0.00 12 
0 (EWENS, SPIELMAN and 0.0018 

SD (jackknifed over sites): 0.0005 
HARRIS 198 1): 

Abbreviations as  in Table 1. 

spacing across the 120 kb of the achaete-scute gene 
complex and (3) reliability of scoring. For each poly- 
morphism chosen, the  number of lines screened  from 
the  North Carolina 1984 sample was increased until 
n was at least 30 for all pairwise (and three-way) 
comparisons. The seven polymorphisms were distrib- 
uted  over  approximately 86 kb of DNA and  the 
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TABLE 3 

Restriction map variants in the achaete-scute gene region 

Site and Position 

C f O I  Msbl BRI%ll HaeIII XbaI Insertion BglII 
28 1 1  1v -19 Haplotype Line 67 55- 48 

-0"- 

NCl + 
2 + 
3 + 
4 
5 + 
6 
7 + 
8 
9 + 

10 + 
11 + 
12 + 
13 + 
14 + 
15 - 
16 
17 + 
18 + 
19 
20 n 
21 + 
22 + 
23 n 
24 n 
25 n 
26 
27 n 
28 + 
29 
30 + 
31 + 
32 + 
33 n 
34 + 
35 + 
36 
37 n 
38 n 
39 + 
40 + 
41 + 
42 n 
43 + 
44 n 

- 
- 

- 

- 

- 

- 

- 

- 

Frequency 0.26 

+ 
+ 
+ 
- 
+ 
- 
+ 
- 
+ 
+ 
+ 
+ 
+ 
+ 
- 
+ 
+ 
+ 
- 
n 
+ 
+ 
n 
n 
n 
+ 
n 
+ 
+ 
+ 
+ 
+ 
+ 
n 
+ 
- 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 

0.16 

+ 
+ 
+ 
- 
+ 
- 
+ 
- 
+ 
+ 
+ 
+ 
+ 
+ 
- 
+ 
+ 
+ 
- 
+ 
+ 
+ 
n 
n 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
- 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 

0.14 

1 
2 
3 
4 
5 
4 
1 
4 
5 
1 
1 
6 
1 
1 
4 
7 
3 
1 
4 

617 
3 
8 
1 
3 
5 
7 

617 
6 
7 
2 
2 
2 

5 
3 
4 
5 
3 
6 
1 
6 
9 
3 
1 

617 

haplotype of each chromosome  studied is given in 
Table 3. 

Pairwise disequilibrium coefficients for all two-way 
comparisons are given in Table 4. Estimates of D, D' 
(LEWONTIN 1964)  and r' are given, along with those 
for  the x' statistic. This statistic can be  derived in 
many ways (e.g. HILL and ROBERTSON 1968)  but is 
most  simply regarded as the squared  estimate of D 
divided by an estimate (under  the assumption that D 
is zero) of the variance of D (WEIR and COCKERHAM 
1989). The test statistic has a x' distribution when 

there is no disequilibrium, so the probability of ob- 
serving such an association by chance can be  found 
and this is also indicated in Table 3. Of  the 2 1 pairwise 
comparisons, 17 are significant ( P  < 0.05)  and  14  are 
highly significant ( P  < 0.01). Despite the fact that n 
> 35  for most  of the tests, for all but  5 comparisons 
D' = f 1, indicating that all four allelic combinations 
were  not  present in the sample. 

We have also estimated three-way disequilibrium 
coefficients (BENNETT 1954; THOMSON and BAUR 
1984)  between all 35 combinations of three loci from 
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TABLE 4 

Disequilibrium in the achaete-scute gene region 

Conprison Distance/kb D D‘ i p  X4 n 

G I 9  x IV 5  -0.0476  -0.67  0.0667  2.8  42 
G4X X M55 7  -0.0997 -1  0.321 12 ** 38 
(X7 X M55 12 0.132 1 0.593 20 ** 33 
X1 1 X H28 17 0.0476 1 0.0833  3.5  42 
G4X x C67 19 -0.163 - 1  0.582 20 ** 34 
C4X X H2X 20 -0.0884 -1 0.271 1 1  ** 42 
x11 x IV  25 -0.0357  -0.60  0.040  1.7  42 
M55 X H28 27 0.133 1 1 38 ** 38 
x11 x G-19  30 0.109 0.53  0.21 1 8.8 ** 42 
x11 x G48 37 -0.124 - 1  0.296 13 ** 44 
H28 X C67 39 0.130 1 0.595  20 ** 34 
H28 X IV 42  -0.103 - 1  0.673 27 ** 40 
X11 X M55 44  0.0582 1 0.109 4.2 38 
H28 X G-19 47  0.05 1 0.0952  3.8  40 
x11 x C67 56  0.0934 1 0.196  6.7 ** 34 
G48 X IV 62  0.0635  0.57  0.131  5.5 42 
G48 x G-19  67 -0.143 -1  0.375 16 ** 42 
M55 X IV 69  -0.112 - 1  0.668  24 ** 36 
M55 X G-19 74  0.0617 1 0.129  4.6 36 
C67 x IV 81 -0.109  -0.78  0.419 13 ** 32 
C67 X G-19 86  0.102 1 0.228  7.3 ** 32 

* 

* 

* 

Seventeen of twenty-one comparisons significant * ( P  < 0.05), 14/21 highly significant * *  ( P  < 0.01). 

Table 3. The three-way coefficient measures the de- 
parture  from  random association between alleles at 
three loci over  and  above  that due  to  the pairwise 
disequilibria. As in the two locus case, it is tested by 
dividing the squared  estimate by an estimate of its 
variance. The expression for  the variance in this case 
is a little cumbersome and is given by B. S. WEIR and 
G. B. GOLDING (in preparation). 

The three-way disequilibrium coefficients are given 
in Table 5 with the variance of D and  the x* statistic. 
Twelve of the 35 three-way associations are signifi- 
cant;  for seven, P < 0.01.  In  data sets of moderate 
size, it is  less  likely that significant three-way associa- 
tions will be  detected (BROWN 1975). The high pro- 
portion of significant disequilibria detected in this data 
set is remarkable. 

Association of disequilibrium  with  molecular dis- 
tance: In Table 4 the second  column lists the distance 
between the restriction sites in  kilobases. In Table 5 
the distance spanned by the  three sites is given for  the 
comparisons where the three-way disequilibria are 
significant. In  both cases, significant disequilibria are 
observed between loci separated by over 80 kb on  the 
molecular map and  there appears to be no decline in 
the level of association as the distance between the 
sites increases. The lack of  relationship between the 
pairwise r2 values and molecular distance is illustrated 
in Figure 2. 

Phylogenetic  relationships  among AS-C haplo- 
types: A consequence of such a high level of disequi- 
librium is that  the  number of haplotypes present in 
the sample is very restricted. There  are  128 possible 

haplotypes, of which in a sample of 44 chromosomes 
we would expect to see about 26 (based on randomly 
sampling a  population with haplotype  frequencies con- 
structed  from  the allelic frequencies in Table 3 under 
the assumption of linkage equilibrium).  Only 9 differ- 
ent haplotypes are observed. These can  be  related to 
one  another in a simple tree with an essentially linear 
topology. In  Figure 3 a  Wagner  network which con- 
nects the haplotypes with the minimum number of 
steps is depicted. The abundance of each haplotype 
in the sample is indicated by the  diameter of the 
appropriate circle in Figure 3. The frequencies of 
many of the haplotypes are very similar, haplotype  1 
being almost twice as common  as haplotypes 2, 3, 4, 
6 and 7, while 5, 8 and 9 are relatively rare. 

Two points  emerge  from the phylogenetic analysis: 
1. All but  one of the haplotypes present is separated 

from its phylogenetic neighbor(s) by a single step. The 
exception,  haplotype 4, is quite  distinct,  being three 
steps away from its nearest  neighbor,  haplotype 7. 
However,  4 is not  a  rare haplotype  but is relatively 
common,  being  found in 6 out of 44  chromosomes 
screened (14%). While the  structure of the rest of the 
tree would be consistent with divergence by single- 
step  mutation or recombination  events, the absence 
of haplotypes between 4 and 7 is notable. 

2. Insertion  IV,  a  large DNA insertion between 
coordinates - 12  and - 17 is unusual in that it reaches 
appreciable  frequencies in the  North Carolina  popu- 
lation (BEECH and LEIGH BROWN 1989).  It is probably 
equivalent to “Ins1 1 ” of AGUADE, MIYASHITA and 
LANGLEY (1989), which was also found  at high fre- 
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TABLE 5 

Three-way linkage disequilibrium in the achoete-scute gene complex 

C67 M55 G4X 
C67 M55 H2X 
C67 M55 X1  1 
C67 M55 IV  
C67 M55 G-19 
C67 G4X H28 
C67 G48 X1 1 
C67 G48 1v 
C67 G48 G-I9 
C67 H28 X1 1 
C67 H28 1V 

C67 X11 IV 
C67 X1 1 G-19 
C67 IV G-19 
M55 G48 H28 
M55 G48  X 1  1 
M55 G48 IV 
M55 G48 G-19 
M55 H28 X1 1 
M55 H28 IV 
M55 H28 G-19 
M55 X11 1V 
M55 XI 1 G-19 
M55 1V G-19 
G48 H28 X 1 1 
G48 H28 IV 
G48 H28 G-19 
G48 X1 1 IV 
G48 X1 1 G-19 
G48 1v G-19 
H28 X1 1 IV  
H28 X1 1  G-19 
H28 1V G-19 
x11 IV G-19 

C67 H28 G-19 

0.0501 
-0.0841 
-0.0301 

0.0785 
-0.0327 

0.051 3 
0.0220 

-0.0488 
0.03 17 

0.0781 
-0.0293 

-0.0317 
0.0234 

-0.0 137 
0.0254 
0.0682 
0.0153 

-0.0643 
0.0206 

0.0808 

0.0369 

-0.0398 

-0.0446 

-0.0094 
0.04  16 
0.01  13 

-0.0591 
0.0150 

-0.0108 
0.0147 

-0.0 1 13 
0.03 16 

-0.0038 
0.0356 
0.0125 

0.0151 
0.0086 
0.0 106 
0.0121 
0.0115 
0.0147 
0.0  149 
0.0153 
0.0156 
0.0101 
0.0 128 
0.0110 
0.0120 
0.0133 
0.0129 
0.01 14 
0.0095 
0.0136 
0.0105 
0.0095 
0.0157 
0.01 14 
0.0105 
0.0078 
0.01 12 
0.0076 
0.0 142 
0.0084 
0.0089 
0.0155 
0.0104 
0.0098 
0.0060 
0.0 105 
0.0087 

3.27 
6.93 
2.87 
6.78 
2.63 
3.50 
1.58 
3.33 
2.27 
2.93 
7.05 
2.69 
1.74 
1.06 
1.79 
7.21 
1.30 
7.35 
1.56 
4.46 
8.53 
4.46 
4.05 
1.01 
4.48 
1.12 
7.58 
1.31 
0.86 
0.96 
0.74 
3.63 
0.33 
4.10 
1.50 

* *  

** 

* *  

** 

** 

* 
** 
* 
* 

* 

** 

* 

33 
33 39 
33 
31 80 
31 
34 
34 
32 
32 
34 
32 
32 
32 
32 
32 
38 
38 
36 
36 
38 
36 
36 
36 
36 
36 
42 
40 
40 
42 
42 
42 
40 
40 
40 47 
42 

80 

27 

68 

44 
68 
74 
68 

74 

61 

Twelve of thirty-five comparisons significant (*); 7 highly significant (**). 

quency. In the  current sample, the haplotypes in 
which it is present (4,8 and  9)  are distributed through- 
out  the  tree  (Figure 3). Thus, haplotypes 8 and 9 can 
be  regarded  as haplotype 5 + insertion IV and hap- 
lotype 1 + insertion IV, respectively, and each is found 
only once in the sample. Any closer grouping of these 
haplotypes on the basis of the  shared  insertion would 
increase the  total  length of the  tree considerably which 
suggests that they do not  form  a monophyletic group. 
It seems most probable therefore,  that  “Insertion IV” 
does  not  represent  a  unique  event  but has occurred 
independently on  more  than  one occasion. 

they were not so prevalent in more  recent surveys at 
other loci (reviewed by LEIGH BROWN 1989). Only 6 
out of 55 pairwise tests at  the Notch locus were found 
to be significant (SCHAEFFER, AQUADRO and LANGLEY 
1988). A survey of restriction  map variation at  the 
white locus by MIYASHITA and LANGLEY (1  988) uncov- 
ered so many variable sites that  over 3000 pairwise 
comparisons were made. In  order  to make an  appro- 
priate  comparison with our data  on  the achaete-scute 
complex we consider only those sites at white for which 
neither allele had  a  frequency less than 0.2, a  total of 
34 sites. Taking  the  data of MIYASHITA and LANGLEY 
(1988>,  a  total of 561 pairwise comparisons can be 
made  between such sites; 69 of these are significant at 

Linkage disequilibrium between restriction map 1%  or below. However,  for those pairs of sites which 
variants: While significant gametic associations be- are  separated by more  than 5 kb, 29 out of a  total of 
tween restriction  map variants were a  prominent  fea-  390 comparisons (7.4%) show significant disequili- 
ture of early studies in D. melanogaster (LEIGH  BROWN brium. As the lines used for  the survey were from 
1983; AQUADRO et al. 1986; CROSS and BIRLEY 1986),  more  than  one  population, it is  likely that this figure 

DISCUSSION 
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FICURE 2.-Association between f2 and 111olecular distance in the 
achaete-scute complex. The value of r? for all pairwise comparisons 
was obtained from Table 3 and  plotted against the molecular 
distance between the tWo sites (in kilobases). Significant disequilibria 
(I’ < 0.05) are shown as circles, nonsignificant disequilibria as 
tri;lngles. 

Dlstonce/kb 

is an  overestimate of the  number  of significant dise- 
quilibria to be  found in a single population. 

We can conclude  that while there  are significant 
associations to be  found between molecular variants 
at  the white locus, they constitute  a small minority of 
comparisons. Indeed,  there  are several examples 
where polymorphic sites separated by only a few 
hundred base-pairs are apparently in linkage equilib- 
rium.  This overall picture also applies to  the rosy locus, 
where no significant associations were  detected by 
AQUADRO, LADO and NOON (1 988) in D. melanoguster 
and again, some sites only a few hundred base-pairs 
apart  are in linkage equilibrium (J. N. MACPHERSON, 
unpublished  data). 

We have been able to extend  the  earlier results on 
disequilibrium in the achaete-scute complex (BEECH 
and LEIGH  BROWN 1989; AGUADE, MIYASHITA and 
LANGLEY 1989; EANES, LABATE and AJIOKA 1989) by 
detecting  and including more polymorphic sites in our 
analysis. However, while our results are in substantial 
agreement with the  earlier work on  the AS-C, they 
contrast strongly with the  recent observations from 
other loci. While we have used only those combina- 
tions of sites where the observed  gene  frequencies 
render  the tests reasonably powerful, the very high 
proportion of significant pairwise tests is unique so far 
for any gene in D. melanogaster. Even more  remarka- 
ble is the  detection,  for  the first time in an  outbred 
natural  population, of significant three-way disequili- 
bria. As noted  earlier,  both pairwise and three-way 
associations extend across more  than 80 kb, almost 
the whole of the achaete-scute  complex. The region 
spanned includes several transcription  units, some of 
which appear  to be involved in neurogenesis ( JIMENEZ 
and CAMPOS-ORTEGA 1987),  others in epidermal pig- 

mentation (BIESSMAN 1985; CHIA et al. 1986), as well 
as  a  region (sis-b; CLINE 1988)  apparently involved in 
the assessment of the X-autosome ratio.  From the  data 
we have presented,  these  genes  cannot  be  considered 
to be evolving independently in D. melanogaster. 

It is  well known that disequilibrium can be  gener- 
ated in several ways, for  example, by sampling in finite 
populations and by selection. In  the case of the achaete- 
scute complex the most significant factor is almost 
certainly genetic: the virtual absence of recombination 
in this region of the X  chromosome.  Recombination 
between achaete and scute was reported by DUBININ, 
Sokolov and TINIAKOV (1  937)  and  an estimate of 1.2 
X 1 0-4 cM/kb  can  be  obtained  from  their  data (BEECH 
and LEIGH  BROWN 1989). This is approximately an 
order of magnitude below that  found  at  the white 
locus (LANGLEY and AQUADRO 1987),  but it is almost 
certainly an overestimate because of the  presence of 
recombination  suppressors in other  parts of the ge- 
nome  during  the experiments.  It  appears that  the 
distance over which significant gametic associations 
can be  found  at achaete-scute is almost two orders of 
magnitude greater  than  that  for white. 

Nucleotide  diversity at achaete-scute: The estimate 
of nucleotide diversity obtained in the course of this 
work was, at 0.0024, in line with that  obtained in our 
previous survey of the region in this population 
(BEECH and LEIGH BROWN 1989). Pooling the  data 
from  the two surveys leads to  an overall estimate of 
0.0033 f 0.0012, based on  12 enzymes and  about 
1047 nucleotide sites. This estimate is  low for D. 
melanoguster but  not significantly different  from those 
obtained previously for Notch, rosy or the  87A  heat 
shock locus (reviewed by LEIGH  BROWN 1989).  In  a 
second survey of the achaete-scute complex, using 7 
six-cutter enzymes, all but  one of which were different 
to  those used here, AGUADE,  MIYASHITA and LANGLEY 
(1989),  reported  that  the nucleotide diversity of the 
region was markedly lower than  for  other  regions of 
the D. melanogaster genome. Specifically, they ob- 
tained an estimate of ?r for  the same North Carolina 
population of 0.00057,  although  their  estimate of 0 
(0.001  28) was closer to  ours  (0.0018;  Table 2). This 
was interpreted as  evidence  for  “hitchhiking” effects 
(MAYNARD SMITH and HAIGH 1974), which might  be 
expected as a  consequence of selection acting in a 
region of reduced  recombination. A third survey of 
two parts of the complex by EANES, LABATE and 
AJIOKA (1  989) gave a similar estimate to  that of BEECH 
and LEIGH BROWN (1989)  and  the present work; in 
their sample ?r = 0.0022  and 0 = 0.0012  for  a New 
York population. 

In view of the common material,  approaches and 
indeed, results, with respect to the frequency of DNA 
insertions in the  region of all three groups, it is sur- 
prising to note such a discrepancy in the estimate of 
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FIGURE 3.-Relationships between restriction-map haplotypes in the achaete-scute region. A Wagner  network which connects  the  nine 
haplotypes with the  shortest overall  length is presented. The  diameter of each circle is proportional  to  the  frequency of that  haplotype in the 
North Carolina population.  Alternative  paths of  equal length  are indicated by the  dotted lines. The  sites at  which two adjacent haplotypes 
differ  are given above  the line which connects  them. 

mean nucleotide diversity. One difference lies  in the 
enzymes used, and thus the oligonucleotide sequences 
surveyed. The distribution of restriction sites in ge- 
nomic DNA is highly nonrandom,  and it is conceivable 
that  there  are as yet unknown biases  in the distribution 
of nucleotide  sequence variants which might lead to 
this discrepancy. Second, the allele frequency  distri- 
bution  for  restriction sites in this region may be  un- 
usual, with a small number of sites for which H is high 
and a very large  number with low or very  low heter- 
ozygosity. In  that case the sampling error of x would 
be  increased, but  the estimate of 0 would not  be 
affected as a  neutral model is assumed (discussed by 
AGUADE, MIYASHITA and LANGLEY 1989). However, 
our estimate of 0 for achaete-scute also does  not  differ 
significantly from  that  obtained  for  another X-linked 
gene,forked (0 = 0.002; C .  H. LANGLEY and N. MI- 
YASHITA, unpublished data cited by AGUADE, MIYASH- 
ITA and LANGLEY 1989), or from  that given for  the 
87A heat shock locus (0 = 0.002; LEIGH BROWN 1983). 
As we have indicated  above, the jackknifing  proce- 
dure we have used to estimate the variance of would 
provide  a minimum estimate for linked sites. This, in 
turn would make us more likely to declare our esti- 
mate to be  different  from  those  found  for  other 
regions-so that we are being conservative in suggest- 
ing  there is no difference. The absence of recombi- 
nation in the AS-C appears  not to have resulted in a 
significant reduction in variability below those  found 
for some other regions of the  genome,  although DNA 
sequence  data may be necessary to resolve the issue. 

We  are  grateful  to A. E. SHRIMPTON for collecting flies, to J. 
MODOLLEL for supplying  lambda  clones  of the achaete-scute region 
and  to K. N .  BEECH for advice. This work was supported by the 
Science and Engineering Research  Council and by National  Insti- 
tutes of  Health grant  GMJ2518  to B. S .  W. 
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