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ABSTRACT 
The DNA sequences of 11 Drosophila  melanogaster lines are compared across three contiguous 

regions, the Adh and Adh-dup loci and  a noncoding 5’ flanking region of Adh. Ninety-eight of 
approximately 4750 sites are segregating in the sample, 36 in the 5’ flanking region, 38 in Adh and 
24 in Adh-dup. Several methods are presented to test whether the  patterns  and levels of polymorphism 
are consistent with neutral molecular evolution. The analysis of within- and between-species polymor- 
phism indicates that  the region is evolving  in a  nonneutral  and complex fashion. A graphical analysis 
of the  data provides support  for  a hypothesized balanced polymorphism at  or near position 1490, site 
of the amino acid replacement difference between Adhfand Adh’. The Adh-dup locus is  less polymor- 
phic than Adh and all 24 of  its  polymorphisms occur at low frequency-suggestive of a  recent selective 
substitution in the Adh-dup region. Adh’ alleles form two distinct evolutionary lineages that differ one 
from another  at a total of nineteen sites  in the Adh and Adh-dup loci. The polymorphisms are in 
complete linkage disequilibrium. A recombination experiment failed to find evidence for recombi- 
nation suppression between the two  allelic  classes. Two hypotheses are presented to account for  the 
widespread distribution of the two divergent lineages  in natural populations. Natural selection appears 
to have  played an  important role in governing the overall patterns of nucleotide variation across the 
two-gene region. 

R ECENT technical developments in molecular bi- 
ology have led to a  surge of interest in the use 

of  gene  frequency  data to test theories of genetic 
variation. In Drosophila  melanogaster alone, polymor- 
phism  levels have now been  estimated using restriction 
enzymes (RFLP) for at least nine  gene  regions (Adh,  
see below; 87A Heat shock, LEIGH BROWN 1983; Amy, 
LANGLEY et al. 1988; Zw, EANES et al. 1989; rosy, 
AQUADRO, LADO and NOON 1988; yellow-achaete-scute, 
A G U A D ~ ,  MIYASHITA and LANGLEY 1989a, EANES et 
al. 1989, BEECH and LEIGH  BROWN 1989; zeste-tko, 
A G U A D ~ ,  MIYASHITA and LANGLEY 1989b; white, MI- 
YASHITA and LANGLEY 1988;  and notch, SCHAEFFER, 
AQUADRO and LANGLEY 1988);  some of the same 
regions have also been  studied in other Drosophila 
species (summarized in AQUADRO 1989). But the A d h  
region of D.  melanogaster has received by far  the most 
attention (LANGLEY, MONTGOMERY and QUATTLE- 
BAUM 1983; KREITMAN 1983; AQUADRO et ai. 1986; 
KREITMAN and A G U A D ~  1986a; A G U A D ~  1988; COL- 
LET 1988; LAURIE-AHLBERG and STAM 1987,  1988; 
SIMMONS et ul. 1989)  and  our  understanding of the 
forces governing  genetic variation within and between 
species comes almost exclusively from  these  studies 
(STEPHENS and NEI 1985; GOLDING,  AQUADRO and 
LANGLEY 1986; KREITMAN and A G U A D ~  1986b; HUD- 
SON, KREITMAN and AGUAD~ 1987; HUDSON and 
KAPLAN 1988). 
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Two RFLP studies, both based on  four-cutter  re- 
striction enzymes, are sufficiently detailed  to allow 
comparison of polymorphism levels between  subre- 
gions of one contiguous  stretch of DNA. One study 
identified 54 nucleotide polymorphisms across the 
white locus and its two flanking  regions in D.  melano- 
gaster (MIYASHITA and LANGLEY 1988). A similar 
study of the Xdh  locus (rosy) of D.  pseudoobscura re- 
vealed 66 nucleotide polymorphisms in a 5.2 kilobase 
(kb) region (RILEY, HALLAS and LEWONTIN 1989). 
Neither study found evidence  for  heterogeneity of 
silent polymorphism levels among  exons and noncod- 
ing  regions. In contrast,  a less detailed study of RFLP 
polymorphism in a 40 kb  region  containing the rosy 
and snake loci  of D.  melanogaster and D.  simulans did 
show higher levels of polymorphism in the coding 
regions  than in an upstream  (and presumably noncod- 
ing)  flanking  region (AQUADRO, LADO and NOON 
1988),  but little is known about  the  extent of func- 
tional constraints in the noncoding  region. 

Of the nine  gene  regions  studied in D.  melanogaster, 
there is no convincing evidence of heterogeneity in 
polymorphism levels (KREITMAN 1990).  One possible 
exception is the yellow-achaete-scute region of the X 
chromosome, which  may be less polymorphic than the 
other  eight regions. In a survey of 106 kb, only nine 
polymorphisms were detected  at  176  restriction sites 
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in 64 chromosomes (AGUAD~, MIYASHITA and LANG- 
LEY 1989a).  Reduced  recombination at  the distal tip 
of  the X chromosome in D. melanogaster and  the 
presence of selective substitutions is suggested as the 
cause of the low level  of polymorphism, in accord with 
theory  (KAPLAN, HUDSON and  LANGLEY  1989).  But, 
in the absence of a between-species comparison  for 
evaluating the  importance of selective constraint, this 
conclusion remains speculative. Also, three  other stud- 
ies  of the same DNA region  find substantially higher 
levels  of variation (EANES et al. 1989; BEECH and 
LEIGH BROWN 1989; MACPHERSON, WEIR and LEIGH 
BROWN  1990). But these studies survey fewer sites 
and  their higher polymorphism estimates are  not sta- 
tistically incompatible with the lower estimate. 

In  summary,  restriction enzyme surveys have not 
allowed for critical evaluation of evolutionary  theories 
pertaining  to  the  maintenance of genetic  variation. 
Most  of these studies have surveyed too few sites to 
permit  subregion comparisons, such as between in- 
trons,  exons  and  noncoding regions. The inability to 
test for  heterogeneity eliminates the possibility  of 
applying even the most elementary tests for  natural 
selection. Even comparing  among loci, the very large 
variances of the heterozygosity estimates have limited 
the  number of meaningful test comparisons. Further- 
more, with the exception of Adh, none of the studies 
yet include between-species comparisons. Such a com- 
parison is necessary to evaluate the  contribution of 
selective constraint to variation in  levels of polymor- 
phism. 

Therefore, Adh remains the only locus in Drosoph- 
ila for which selective neutrality has been  rejected as 
an explanation for  the  patterns of polymorphism 
within species and divergence  between species. Spe- 
cifically, HUDSON, KREITMAN and AGUADB (1 987) re- 
jected  a  neutral model using a conservative test of 
the predicted  relationship between levels of poly- 
morphism and divergence under neutrality  (hereafter 
called the HKA test). By including between-species 
comparisons, the test takes into account  between- 
region differences in the  proportion of sites subject to 
selective constraint. Polymorphism estimates for  that 
study were based on a  four-cutter  RFLP survey of 60 
chromosomes derived  from  a single natural  popula- 
tion and divergence  data were based on a DNA se- 
quence comparison of one D. melanogaster and  one D. 
sechellia allele. 

Although  the test does  not  indicate the cause of 
departure from selective neutrality, the coding  region 
of Adh contains a greater  number of silent polymor- 
phisms than  the  neutral  prediction. Such a pattern is 
expected  for  neutral variation linked to a balanced 
polymorphism (STROBECK 1983). A reanalysis of the 
Adh data by HUDSON and KAPLAN (1  988), who mod- 
elled the evolution of neutral polymorphisms linked 

to a balanced polymorphism, showed the  pattern of 
silent variation to be  compatible with a model assum- 
ing  a balanced polymorphism at  the site encoding  the 
Ad@ and Adhs alleles. 

In this paper we expand  the analysis  of eleven Adh 
alleles by presenting the DNA sequences of two more 
regions,  a 1350 base pair  (bp)  region located directly 
upstream of Adh and a 1300  bp downstream  region. 
The latter  region  contains the complete  presumptive 
coding  sequence of Adh-dup, a functional gene  that is 
distantly related to Adh by tandem  duplication 
(SCHAEFFER and AQUADRO  1987). The data allow us 
to use sequence rather  than  RFLP comparisons for 
the HKA test and to test the Adh coding  region  for 
deviations from selective neutrality against both 3' 
and 5'  regions. Assuming a balanced polymorphism 
for Adhr and Adh', we would predict HKA test depar- 
tures  from  neutrality  for  the Adh locus us. either  the 
5' flanking  region or  the 3' Adh-dup locus but not 
necessarily for  the 5' flanking  region us. Adh-dup. We 
also present  refinements to methods  for  exploring 
polymorphism and divergence  data and  for  testing 
evolutionary hypotheses. Attention is paid to  the prob- 
lem of inferring  the  evolutionary forces acting in a 
region when there is more  than  one  force. 

MATERIALS AND METHODS 

Fly stocks: Eleven isogenic lines for the second chromo- 
some, consisting of five Adhf and six Adh' alleles from five 
population samples, are described in KREITMAN (1 983). The 
D. simulans sequence is from a complete 4.6-kb sequence 
(COHN and MOORE, 1988; GenBank In: Drsadha). Sequences 
were manually aligned  to minimize the total number of 
substitutions. There is essentially no ambiguity about the 
alignment of the sequences because the species, being closely 
related, differ at only a small percentage of sites (COYNE 
and KREITMAN 1986). 

Sequence analysis: Cesium chloride gradient-purified ge- 
nomic DNA was used as substrate for asymmetric polymer- 
ase chain reaction (PCR) amplification (KREITMAN and 
LANDWEBER 1989). PCR amplification and DNA sequencing 
used 20 base oligonucleotide primers that were purified 
either by gel electrophoresis or thin-layer chromatography. 
Primers for dideoxy sequencing were spaced at approxi- 
mately 300 bp intervals. Dideoxy sequencing was performed 
using ["SIdATP (Amersham) and Sequenase modified T7 
polymerase (U .S. Biochemicals) according to directions sup- 
plied by the manufacturer. Complete sequences of both 
DNA strands were determined for each allele. The two 
strands  always produced complimentary sequences with a 
single exception of  one base difference in one line.  However, 
the conflicting base sequence could not be reproduced. This 
was the only artifact that could possibly have been associated 
with the PCR method. 

RESULTS 

Distribution of polymorphism: The downstream 
gene, which we call Adh-dup for convenience, is re- 
lated to Adh by an ancient  tandem  duplication. Adh- 
dup consists of three nonoverlapping  open  reading 



Adh Evolution 567 

TABLE 1 

Adh 5’ flanking polymorphism 

Site: 1 
G 

1 1  
T A 

21 31 

Reference: A.AAC ACG . G AA.AC . CACT CAGCA ATAAC TTTCC G 
G A  

Was . .G.. . .T.A .T.. . A.C.. . .T.G . .  .l. . . . . .  
F1 T.. .A  A.A.. . . AG. . .  .T. . .T.G ... 1. GAA.. C 

. .  . . .  ..... Af’ T..  .A A.A,. . . AG.  .T. .G  G.  .2A 
Fr“ . .GTA  .GT.A  .T.. . . .C.A  TG.T. . AT3.  GAA.. 
Fl T.. .A A. A. . . . AG. . .  .T. . . .  .G . .  .l. . . . . .  
J a S  . .G.. . .T.A  .T.. . . .c.. . .T.G . . .  1. GAA.. C 
F1f . .G.. . .T.A .T.. . . .c.. . .T.G ... 1. GAA..  C 
Frf . . . . .  . .T.A TT.GT. ATC. . . . .  .G G. .3. . .  .TG  C 
Waf  . . . . .  . .TAA .T.GT.  ATC. . . . .  .G G. .3. . .  .TG C 

. . ... .. Aff  A.. . .T.A .T.GT. ATC. . .G  G. . 4 .  .TG  C 
Ja’ T.. .A A.A. . .G. .T. .G .l. .TG  C .. . .  . . .  . .  .. 

The reference sequence is the consensus of D. simulans, D. mauritiana and D. sechellia sequences (COYNE and KREITMAN 1986). I f  the 
outgroup sequences were polymorphic both sequences are given. A = insertion/deletion. Nucleotide positions corresponding to site Nos. are 
given in the APPENDIX (Table 8 )  1, TOA; 2, TTT; 3, OAA; 4, TAA (where 0 = deleted). 

frames  that are conserved between D. pseudoobscura 
and D. simulans (SCHAEFFER and AQUADRO  1987). 
The same open  reading  frames  occur in the D. mela- 
nogaster Adh-dup sequence  presented  here,  except  that 
the  deduced polypeptide has one additional carboxy- 
terminal  amino acid. A polyadenylated messenger 
RNA  from  adult flies can be identified by Northern 
analysis (FAGLES  1989) and  the positions of two introns 
have been confirmed by PCR  analysis of total  RNA 
(DENKER  1990). From these  observations there can be 
little doubt  that Adh-dup encodes  a  functional  protein 
and  that  our assignment of the coding  region is cor- 
rect. 

A  complete DNA sequence of the Adh 5‘ flanking 
region,  the Adh locus and Adh-dup is presented in 
Figure  9  (APPENDIX). The numbering system is the 
same as that used by KREITMAN (1  983), which begins 
numbering  at  the initiation of transcription of the 
“adult”  mRNA. The observed  sequence  differences 
among  the  11 lines are given in Tables  1, 2 and 3 for 
the 5‘ flanking, Adh and Adh-due regions, respectively 
and  their site locations are given in Table 8 (APPEN- 
DIX). 

The 11 sequences contain 98 polymorphic sites, 36 
in the 5’ flanking  region,  38 in Adh and 24 in Adh- 
dup. Fourteen of the  98 polymorphisms are insertions 
or  deletions; they are excluded  from the following 
analysis. The distribution of silent and replacement 
polymorphism is presented in Figure  1, which also 
includes the distribution of silent and replacement 
differences between one D. melanogaster allele (Af”) 
and a D. simulans allele (In: Drsadha). The positions 
of  the between-species differences are shown in Figure 
9 and  are listed by site in Figure  10. Most of the 
differences between species are fixed differences, so 
the choice of a  particular allele has little influence on 
the  pattern or level of divergence. The sample con- 

tains one  amino acid replacement polymorphism in 
Adh-dup, a  charge-preserving isovaline to leucine dif- 
ference. One amino acid polymorphism is also found 
in Adh, the lysine to  threonine  change  at position 
1490  that distinguishes Adh“ and Adhf. 

Differences between alleles: Two alleles, F l l s  and 
Was (hereafter  referred  to as the Was lineage or allele), 
are distinguishable from  the  remaining  four Adhs al- 
leles at a  total of nine silent sites in Exon 3, Intron 3 
and Exon 4 of Adh and  at a  total of seven silent sites 
in Intron 2 of Adh-dup. The two lineages also differ 
by two insertion/deletions in Adh-dup and a single 
difference in the 3‘ noncoding  region of Adh-dup. 
Eighteen of the  19 mutations are in complete linkage 
disequilibrium. Using the D. simulans sequence as an 
outgroup  for  the purpose of assigning polarity, eleven 
mutations can be shown to have occurred  on  the Was 
lineage and seven on the  “standard” Adh“ lineage, as 
shown in Figure 2. Interestingly,  none of the 36 
polymorphic sites in the Adh 5‘ flanking  region are 
completely correlated with the Was lineage; the dis- 
tinction between the Was and  standard Adh“ lineages 
in this region may have been obliterated by recombi- 
nation. 

The Was allele is distinguishable from  the  standard 
Adhs allele at five sites by four-cutter  RFLP analysis 
(SIMMONS et al. 1989).  This  RFLP  haplotype is con- 
sistently found  at low frequency in U.S. east coast 
populations (SIMMONS et al. 1989; A. BERRY and M. 
KREITMAN, unpublished data)  and, with  few excep- 
tions, all five distinguishing site differences are in 
complete linkage disequilibrium. Therefore, evolu- 
tionary  intermediates between Was and Adhs alleles 
are either  rare  or absent. 

The large number of mutational  differences and 
the lack  of recombinants (or even evolutionary  inter- 
mediates) between the two alleles suggest they have 
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TABLE 2 

Adh Polymorphism 

Site: 1 
In1 

14 
Ex2 In2 In3 Ex4 

18 
Ex3 

22 27 ;: 
Reference: CGATAAGGG.C.C CT AC CTTCC CGATT CTCCACCAG 

* c  
c.c 

Was .A....T...... .. . .  T. .A .A. .A AC.. . .T., A. . 
Fl I s  .A . . .  T....... .. . .  T. .A  .A. .A AC.. . .T.. A. . 

.A . . .  T....... .. . .  .c.. G .  .A. . . . . .  .T.A A.. 

.A . . .  T....... . .  GT .c.. G.  .A. . . . . .  .T.A A1 . 
A.. . . . .  TC .... AG GT .c.. G .  .A. . . . . .  .T.. .3. 
.A . . .  T....... .G .. .c.,  G.  .A. . , . T . TTCA .4. 

Fl’ .A . . .  T....... .G . .  .c. . G .  .A. . .GTCT.C. . 4 .  
FrJ A. . . . . .  TCAGA. .G .. .c.. G. .A. . .GTCT.C. .4G 
Wa J A. . . . . .  TCAGA. .G . .  .c. . G. .A. . .GTCT.C. .4G 

A . . . . . .  TCAG  A. .G . .  .c.. G .  .A. . .GTCT.C. .5G 

Af’ 
Fr’ 
F1” 
Ja. 

Af’ 
Ja’ A.G GG... .A.  .T .G .. . CA. G .  .A. . .GTCT.C. .4. 

* = LYS c) THR. 

TABLE 3 

Adh-dup polymorphism 

Site: 1 
5’ In1 

4 
Ex2 In2 
9 11 

Ex3 l9 Y 
Reference: TGC .C . T. GA CACT .TCT AGGG GA 

War A.. . . . .  A . .  ..T.AA.G .... A. 
Fl Is A.. . . . .  A . .  ..T.AA.G .... A. 

A.T  A.1A.  AT  AG.A..G. . . .  A . .  
Fr’ .A. . . . . . . .  AG.A..G. . . . . . .  
F1” A. . . . . . .  . .  AG.A..G. . . . . . .  

A.. .T... . .  AG.A..G. . . . .  . A  
F1’ A. . . . . . .  . . AG. A. .G. GAT.  A. 
Fr,  A, . . . . . .  . .   . . . . . .  
WaJ 

AG.A..G. 
A.. . . . . . . .  AG.A..G. . . . . . .  
A. . . . . . .  . .  . . . . . .  AG.A..G. 
A. . . . . . .  . .  AG.A.  .G. . . . . . .  

Af’ 

JaS 

Aff 
Ja’ 
* = VAL c) ILE. 

evolved in isolation of one  another.  Two models of 
isolation can be envisioned: geographic and genetic. 
Under  the geographic model D. melanogaster  is pre- 
sumed to have subdivided into two isolated (or semi- 
isolated) populations which diverged one  from  an- 
other  at  the Was sites. Since the two alleles are cur- 
rently  found  together in natural populations, mixing 
of the subpopulations subsequent to divergence must 
be hypothesized. The mixing might have occurred 
during  the expansion of the species from Africa 
(DAV~D and CAPY 1988).  This hypothesis makes two 
predictions. First, the subdivided populations may still 
exist somewhere in the species range,  perhaps in the 
western African home-range (LEMEUNIER et al. 1986). 
Second, if the subdivision is geographic  then the whole 
genome should have diverged. Therefore, similarly 
diverged lineages should  be  found at  other places in 
the genome. 

Under  the genetic isolation hypothesis the two al- 
leles evolved in isolation by the presence of recombi- 
nation suppression. Inversions, for example, can sup- 
press recombination in inversion heterozygotes. 

We have tested for  recombination suppression with 
two lines representing each allelic class, Was and Af”, 
by asking whether  either allele suppresses recombi- 
nation  between two recessive visible markers located 
close to  but  on  either side of Adh. Crosses were made 
between a  marker stock, b el (Adh) Z(2)br3L692 rds p r  
cn/In(2LR)O, Cy dpwi pr cn (WOODRUFF and ASH- 
BURNER 1979)  and  either Was or Af’ and F1 females 
were backcrossed with the  marker stock. Z(2)br3L692 is 
the closest recessive lethal complementation group 
proximal to Adh. Elbow is located at position 50.0 on 
the genetic  map, Adh at 50.1 and Z(2)br3L692 also at 
50.1 but definitely proximal to Adh. We determined 
the frequency of  black and elbow F2 flies, e.g., ones 
indicating  a single recombination in the region 
spanned by el and Z(2)br3L692. All crosses were carried 
out  at  25”. A  total of 10 black  elbow and  7294 wild- 
type flies were recovered  from  the Af” crosses and 5 
black  elbow and  7658 wild-type flies were recovered 
from  the Was crosses. These values are consistent with 
a  predicted  map distance between el and Z(2)br3L692 
of 0.1 cM and  the difference between the two strains 
is not statistically significant (x2 with continuity  cor- 
rection = 1.269, probability = 0.26). Therefore, we 
find no evidence of strong  recombination suppression 
in either class  of alleles. 

Tests of neutrality based on distribution of poly- 
morphism: First, we would like to know whether  the 
distribution of polymorphism across regions is heter- 
ogeneous. We anticipate  four “causes” of heteroge- 
neity: (1) variation in the mutation  rate, (2) variation 
in selective constraint, (3) genetic  drift, and (4) natural 
selection at  one  nucleotide site influencing polymor- 
phism levels at  surrounding linked sites.  We are not 
specifically interested, in this study,  whether regions 
of different functionality exhibit  different levels  of 
polymorphism. Indeed, we would like to control for 
such differences and focus only on any remaining 
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SUent Sifcs~ 1243 87 616  70 25.5 61  103.6 66 63.1  175  124  20.7  372  91.9  47 68.2 55 

Refefence 

Reference 

0 1 1 1 1 2 4 5 8 2 3 0  
“ - o - o ” l - - o  

Ad&  Adb-dUp 

A d b s  CCAGGATAC AAGCAATGTG 

Was TTACATAAC ACATTAACGA 
AJS . . . . . . . . .  . . . . . . . . . .  

D. sfm CTCCGTTCT ACACTATGTG 

Was T.A.A.AAC A. .T.AA.GA 
AJS .T.C.T.. . .AG.A. .G.. 

sfmulans Af Wa S 

FIGURE 2.-Cladistic  analysis of the nineteen sites distinguishing 
the Wa’ and standard Adh‘. D. simulans is the outgroup. 

heterogeneity. It is this residual  heterogeneity that 
may contain  evidence for  natural selection. 

What we would like to know, then, is whether 
polymorphism levels  still vary after  mutation, selective 
constraint and genetic drift  are all taken into account. 
This means that we will not contrast polymorphism 
levels  in regions of different  functionality, such as 
between introns  and exons. And because natural se- 
lection is expected to affect polymorphism levels 
within physical blocks rather  than  among functional 
domains, we should avoid grouping  together spatially 
separated  regions of similar functionality for  the  pur- 
pose of comparing levels of polymorphism. To accom- 
plish this goal we will restrict our attention to the 
distribution  of only silent and noncoding polymor- 
phism and will ignore,  for now, all amino acid replace- 
ment sites and certain other sites known to be abso- 
lutely conserved (the  intron splice junction sequences, 
“GT/CA” and  “AC/TG”). 

The possibility of directional  change in mutation 
rates affecting certain  regions and  not  others may not 

2 2 7 3 1  

- 0 - 1 -  

18  13 8 10 2 

- 4 - 1 -  

FIGURE 1 .-Distribution of nu- 
cleotide variation in  eleven  lines  of 
D. melanogaster and between D. mel- 
anogaster (AY) and D. simulans (In: 
Drsadha). The  structure proposed 
for Adh-dup is based on conservation 
of open reading frames (as de- 
scribed). 

be  separable  from other factors and  cannot  be specif- 
ically addressed  from polymorphism data alone. So 
for  the  purpose of the present analysis, we assume the 
rate to be a  constant.  (This assumption will be  relaxed 
in the  next section, which considers interspecific di- 
vergence.) 

A  certain  amount of heterogeneity is expected to 
arise  from selective constraint. T o  control for this 
effect, our strategy is to compare only silent polymor- 
phism levels. Our naive hypothesis is that,  on  average, 
the intensity of selective constraint at silent sites is the 
same across all DNA regions. All sites that, a prior i ,  
are expected to be selectively constrained are removed 
from  consideration. First, to control  for obvious con- 
straints in coding  regions we consider only “silent” 
positions (see KREITMAN 1983). Silent sites are defined 
as positions which when mutated do not  change  a 
polypeptide sequence. The  number of silent sites in a 
region is the  number of possible silent nucleotide 
changes  divided by three  (the  number of possible 
changes at each site). The  first and last two bases  in 
introns, “GT”  and “AC,” necessary for splicing, are 
also considered nonsilent. All other noncoding re- 
gions in the subsequent analysis are assumed to con- 
tain only silent sites. 

A  certain  number  of  noncoding sites are expected 
to contain critical and conserved regulatory se- 
quences, but these sites will have a small effect on 
average polymorphism levels so long  as they represent 
a sufficiently small proportion of the noncoding sites. 
It is important to point out  that “silent” does  not 
necessarily imply selectively neutral;  a low level of 
constraint is possible at silent sites. 

Before  testing  for  heterogeneity across regions a 
decision must be  made  about how to subdivide the 
4500-bp  stretch of DNA. Particular  attention must be 
paid to the “scale” of  heterogeneity. For example, 
heterogeneity  on the scale of 250  bp  might  not be 
detected  for  data  subdivided  into  1000-bp regions. 

We are particularly interested in detecting silent 
polymorphism heterogeneity that is induced by natu- 
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ral selection acting at a linked site. The interval size 
that is appropriate  for  detecting selection must de- 
pend on the scale  of selective effects. Unfortunately, 
different kinds of selection have different scales of 
effects. For example,  a balanced polymorphism is 
expected  to elevate neutral polymorphism levels but 
the size  of the  region  depends on relative  magnitudes 
of the mutation and recombination  rates,  the popula- 
tion size and  the  population  frequency of the site 
under selection. For D. melanogaster, this region  might 
be only 100 bp (HUDSON and KAPLAN 1988). Other 
kinds of selection, such as adaptive  substitution, can 
produce  a  large  range of lengths  over which the 
neutral polymorphism level can be  reduced. With 
directional selection the size  of the region  affected 
depends on the  relationship of  many factors,  including 
the recombination and mutation  rates, the  strength 
of selection and  the time since the selection event. 

In the absence of any strong  prediction  about the 
scale  of heterogeneity to be  expected under selection, 
we have chosen to investigate three scales. The scales 
represent  a balance between statistical considerations 
(there  are only 8 1 silent polymorphisms) which impose 
practical limits on the  number of subdivisions, and  the 
recognition that  the DNA has ordered functional 
subdivisions. The first and coarsest scale compares the 
Adh 5' flanking region,  the Adh locus and  the Adh- 
dup locus. A finer scale, with five regions, subdivides 
the Adh and Adh-dup loci into an Adh 5' noncoding 
region,  an Adh coding  region,  a  noncoding  region 
containing  the Adh 3' nontranslated and  the Adh-dup 
5' flanking sequences, and  the Adh-dup coding  region. 
As an  alternative to this scheme, we also compare five 
regions, each containing the same number of silent 
sites, but which do not respect any functional  bound- 
aries. 

T o  ask whether polymorphism levels are statistically 
different we must specify a model incorporating ge- 
netic drift.  One simple model, which we now consider, 
is the infinite sites neutral model. Mutations are as- 
sumed to occur at  random  along  the  sequence. The 
number of sites is assumed to be  large and  the  number 
of  mutations small, so that sites are  mutated no more 
than  once in the population. The distribution of mu- 
tations  per replication is, therefore, Poisson. Muta- 
tions are also assumed to have no effect on fitness; 
they are selectively neutral. A new generation is pro- 
duced from the previous generation  according  to  the 
Wright-Fisher model [see EWENS (1 979) for details]. 
This is a  discrete  generation model in which, under 
diploidy, 2N gametes-possibly mutated-are sam- 
pled from N individuals to  produce  the  next  genera- 
tion of  zygotes. The distribution of offspring  number 
is also, approximately, Poisson. 

Under  the  infinite sites model polymorphism is 
governed by a single parameter, OT = 4NpT, where N 
is the population size and pT is the  total  mutation  rate 

per generation at  the locus. T o  apply this model to 
our data, any collection of silent sites can be  approxi- 
mated as an infinite site neutral process in  which 6'T = 
me, where m is the  number of silent sites and 6' is a 
constant of proportionality which can be interpreted 
as 4Np, where p is now the mutation rate  per silent 
site per generation. Our null hypothesis under this 
model is that  the  parameter 6' is the same for all sites 
and all regions. An unbiased estimator of 6' is given by 

6 = s,a,-iIm-' where l/i (1) 

where m is the  number of  sites under consideration 
and sn is the  number of segregating sites  in the sample 
of n genes. The variance of 6' is bounded by 

n- 1 

,= 1 

O & I  

for  free  recombination,  and 

for no recombination (WATTERSON 1975). 
Estimates of 19 are given in Table 4 for the  three 

regions and also for  the  introns  and  coding regions. 
The variances for these estimates are large, as  shown 
in the table. Since the  estimator 6' is not normally 
distributed it is not  appropriate  to assign a confidence 
interval by adding  and  subtracting two standard  de- 
viations. To get  a  better idea of the  range of  values 
of 6' that  are compatible with each estimate we calcu- 
lated the smallest (0,) and largest (0,) values  of O that 
are compatible at  the 0.05 probability level  with the 
observed  numbers of polymorphic sites in each region. 
This was done by setting the following recursion 
equation  for  the probability, Pn(s) ,  of observing s 
segregating sites in a sample of  size n to  the desired 
probability (HUDSON 1990), 

S 

Pn(s)  = Pn-l(s - i ) Q n ( i )  (3) 
i=O 

where 

m8 n - 1  

T o  obtain 0, the following equation was solved for O 
by computer  iteration: 

0.025 = P,(i) 

The values of OL were obtained by solving the follow- 
ing for 8: 

1=0 

0.975 = P,(Z). 

The range of 6' values compatible with observed pol- 
ymorphism levels, shown in Figure 3, give a clear 
indication of the large stochastic and sampling vari- 

s0bA-l 

i=O 
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TABLE 4 

Estimates of the neutral parameter 0 for three regions 

No. poly- Var (8) 
Rrgion No. sites morpllic A (X IO")  0,. 01. 

5' Flanking 1243 30 0.008 0.2-1.5 0.004 0.019 
Ad h 1267.2 34 0.009 0.2-1.8 0.005 0.021 

Intron I 616 I 1  0.006 0.3-1.0 0.003 0.0 16 
Introns 2 + 3 127 7 0.0 I8 5.0-1 1.5 0.007 0.054 
Coding 192.2 I3 0.023 4.1-13.8 0.0 10 0.058 

Adh-drip 655.8 18 0.009 0.5-2.1 0.005 0.023 
Introns 1 + 2 419 9 0.007 0.6-1.6 0.003 0.020 
Coding 180.8 5  0.009 1.8-3.4 0.003 0.029 

0,. and 0,. are lower and  upper critical values of B for which there is a 5% probability of observing the same number or more extreme 
values for  number of polynorphic sites. 

I 
5' Noncoding 

T 

I 
I .:;:>:>. .yy:.. :>;:; y?.?. 

Intron 1 Introns Introns Coding Coding 

2+3 1 +2 

-hnking-"Adh +aidh-dUp + 
FIGURE 3."Estimates of B for several regions. 95% confidence 

intervals were calculated using Equation 3. The upper and lower 
lilnits define values of 0 for which there is a 2.5% probability of 
olwrving the same number or greater  (or  the same number or 
fewer) polymorphisms than the observed number. 

ance. Nevertheless, two regions  stand out as having 
particularly high polymorphism levels: the  three cod- 
ing  exons of Adh and  the two intervening  introns. 

We  now investigate whether  estimated t9 values for 
one  or  more regions are compatible with a particular 
parametric or average value of 0. For  example,  noting 
that  the t9 estimates for Adh Introns  2+3  and  the 
coding  region, 0.018  and 0.023, respectively, are 
substantially larger  than  for  the  other regions,  taken 
to be  0.008  per silent site, we would like to know 
whether the Adh regions, (6-0.021) are incompatible 
with 0 = 0.008. Introns  2+3, which is 127  bp long, 
has  seven polymorphic sites. Assuming 6' = 0.008 and 
using (3) we calculate that  the probability of seven or 
more polymorphic sites is 0.066, not significant at  the 
0.05 level. For the coding  region, assuming t9 = 0.008 
per silent site, the probability of 13  or  more polymor- 
phic sites is 0.014, and we conclude  that the level of 
polymorphism in the  coding  region is too high to  be 
compatible with t9 = 0.008.  Lumping the Adh coding 

regions and  introns  2+3,  the probability of 20 or 
more polymorphisms, with t9 = 0.008 per silent site, is 
0.0 13. These calculations assume no recombination 
within the regions; the probabilities of so many  poly- 
morphic sites in these two regions would be even 
smaller if recombination was taken  into  account. 

An alternative  approach to testing  for  heterogeneity 
is to calculate a goodness-of-fit statistic. As we will 
show, the test of goodness-of-fit depends strongly on 
what assumptions one makes about  the levels of re- 
combination within and between the regions being 
examined. A test statistic suggested recently by one 
of us (RH) for k regions is 

where s(i)+ is the observed  number of polymorphic 
sites in the  ith  region. ~(i),,~ is the expected  number 
of polymorphic sites in the ith region, given by 

1 

s(i& = emiun-, , 

where mi is the length of the ith region, and is 
obtained  from (1) using the total number of polymor- 
phic sites and  the total length of the k regions in a 
sample of n genes. And finally the  denominator is 
calculated as 

n-I 1 

Under  the  neutral infinite-sites model, X :  is expected 
to be  approximately x' distributed with k - 1 degrees 
of freedom, when there is no recombination within 
the regions,  free  recombination between the regions 
and n is sufficiently large. Using the critical values 
from the x* distribution with k - 1 degrees of freedom 
will be conservative when there is some recombination 
within regions and/or some linkage between the re- 
gions. For our case, with  very tight linkage between 
regions and some recombination within regions, this 
statistic will be very conservative, and simulation re- 
sults shown in Table 5 show that  for five contiguous 
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TABLE 5 

Effect of recombination on 0.05 critical  values of X: and X; 

R X 2  x: 
0.0 2.5 9.00 
0.5 3.62 14.75 
1.5  4.75 19.75 
2.5 5.25 21.75 
3.75 5.5 22.25 
5.0 5.5 22.5 
7.5 5.25 22.0 

10.0 5.25 21.25 
20.0 4.75 18.75 
50.0 3.75 15.25 

Simulation is for five contiguous regions and several values of R 
= 2Nrt. Samples were generated using a coalescent method  de- 
scribed by HUDSON (1983). The method assumes an infinite site 
neutral model. 0 for each  of the five regions was 5.6 (which results 
in an average total number of segregating sites of 82, close to the 
observed number, 84). The estimated critical values were obtained 
by generating 10,000 samples of size eleven for each value of R .  

regions, the  0.05 critical values are always well below 
9.48,  the critical value of the x' distribution with 4 
degrees of freedom.  When this statistic is significantly 
large, as judged by the critical values of the x' distri- 
bution,  one can be confident  that there is significant 
heterogeneity, under any assumption about recombi- 
nation. 

Another useful goodness-of-fit statistic, X i ,  is ob- 
tained by replacing Var(s(i))exp by ~ ( i ) , , ~  in (4). For k 
completely linked regions with no recombination 
within the regions, or for completely free recombi- 
nation  throughout  the  regions, this statistic is approx- 
imately x' distributed with k - 1 degrees of freedom 
under  the same neutral model. For  intermediate levels 
of recombination, the critical values of this statistic 
will be  larger  than  predicted  from the x' distribution. 
As shown  in Table  5,  the critical value depends on 
2Nr,, where rt is the total recombination rate between 
the ends of the  region  being  considered.  When  2Nrt 
is 5.0,  the  0.05 critical value of X: is approximately 
22.5-very much larger  than  9.48,  the critical value 
of the x' distribution with four  degrees  of  freedom. 
For  larger or smaller recombination  rates the critical 
values  of X 2  are smaller than  22.5 as shown in Table 
5. If this statistic is not significantly large using the 
critical values from  the x' distribution with k - 1 
degrees of freedom,  then  there is no evidence for 
heterogeneity  among the regions, and no alternative 
assumptions about recombination will change  that 
conclusion. 

The X'(C and L )  test values for  the  three  different 
subdivisions of the  data are presented in Table 6. 
Dividing the polymorphism data  into  3 regions-5' 
flanking, Adh and Adh-dup-or into five intervals 
containing the same number of silent sites yield no 
evidence for  heterogeneity. Dividing the DNA into 
five regions with the protein  coding and noncoding 

regions of the two loci separated yields some evidence 
of heterogeneity,  but only if specific assumptions are 
made about recombination rates. Using the x' distri- 
bution  assumption, X 2  gives a highly significant value, 
but  Table 5 shows that if 2Nr, is around  5.0,  the 
observed value of X;, 21.77, can be  obtained with 
probability slightly higher  than 0.05. T o  obtain  a 
probability of 0.05 or less requires  that  2Nrt  be  greater 
than 10 or less than  2.5. X: is not significant when 
critical values are used from  the x' distribution with 
four  degrees of freedom as would be  appropriate if 
the five regions were unlinked to each other  and  there 
was no recombination within regions. Simulation re- 
sults in Table 5  for five contiguous intervals show that 
there is no level of recombination  for which the ob- 
served value of X: 2.38, is significant at  the  0.05 level. 

The goodness of fit tests, therefore, fail to reveal 
strong evidence of between-region heterogeneity, al- 
though  there is a suggestion that  the Adh region, with 
20 segregating sites in 3 19 silent sites, has a level of 
polymorphism which is incompatible with the  other 
regions. This difference is reflected in the estimated 
B's-0.018 and  0.023  for  the  protein coding regions 
and small introns of Adh compared to values ranging 
from  0.007  to  0.009  for all other regions. The mag- 
nitude of this difference  can also be  gauged by com- 
paring  the  observed Adh coding and  intron B values 
with upper  and lower 95% confidence limits shown in 
Figure 3. But even though  the Adh coding  region is 
more polymorphic than  either of its flanking regions, 
the simple goodness of fit tests do not allow  us to 
reject the null hypothesis. The combination of large 
evolutionary sampling variances, our uncertainty 
about recombination  rates and  the problem of how to 
subdivide the  data makes this approach  a  tenuous one 
for  detecting selection. 

Tests of neutrality  based on within- vs. between- 
species  comparisons: Even if the goodness of fit test 
allowed us to reject the completely neutral  model, it 
might  be  argued  that this model of molecular evolu- 
tion is unrealistically simple. We now consider  a  more 
realistic formulation of the  neutral model that relaxes 
an assumption about which sites are selectively con- 
strained. Under this model (see KIMURA 1983)  a frac- 
tion of  all mutations are deleterious and  are elimi- 
nated by natural selection, the  remaining  mutations 
being selectively neutral.  Constraint may  vary from 
site to site and  from region to region. The model 
makes no assumptions about  the  relationship between 
functionality and constraint. So, the  fraction of dele- 
terious  mutations can differ  among regions of similar 
function. This provision also  allows codons with  two- 
fold,  fourfold and sixfold redundancy  to evolve at 
different  rates [see RILEY (1 989)  for evidence that this 
occurs]. 

The model makes a simple test prediction: levels  of 
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TABLE 6 

Distribution of polymorphic “silent” sites 

573 

Location 

Region Start End sites Sob.  Sex, X f  X? 
No. silent 

_ _ _ _ _ _ ~  _____ 

3 “Loci” 
5’ flanking - 1242 0 1243 30 31.1 0.0067  0.0412 
Adh 1 1858 1267.2 34 31.7  0.021  1 0.1611 

Total 0.05 0.27 

5’ flanking - 1242 0 1243 30 31.1 0.0067 . 0.04  12 
Adh 5’ 1  777  773 12  19.4  0.1425 2.7985 
Adh coding 778  1680 319.2  20 8.0 1.5622 18.0273 
Adh 3‘ 1681  1982  299 5 7.5  0.6509 0.8272 
Adh-dup coding 1983  3275  599.8  14 15.0  0.0212  0.0696 
Total 2.38  21.77 

1 - 1242 -597 647 14 16.2 0.0980 0.2988 
2  -596 50 647 16 16.2  0.0006 0.0025 
3  51 698  647 1 1  16.2 0.8229 1.6691 
4 699  I934  647  25 16.2 0.56  15 4.7802 
5 1935  3275  647  15 16.2 0.0259  0.0889 
Total 1.41  6.83 

Adh-dup 1859  3275 723.8  17  18.1  0.0184 0.0703 

5 Regions 

5 Intervals 

T o  test for heterogeneity data  are clustered three different ways: 3 Loci-5’ flanking-nontranscribed sequence; Adh-complete  locus 

5 Regions-The translated regions of Adh and Adh-dup (including introns) are segregated from flanking nontranslated regions. 5 Intervals- 
(including introns); Adh-dup-intergenic region between Adh and Adh-dup and  the complete presumptive coding regions (including introns). 

Equal number of sites in each of 5 intervals. Sexp is calculated assuming @[per site] = 0.0086. 

polymorphism within species and levels of divergence 
between species should  be  correlated.  For  example 
the higher level of silent-site polymorphism in the Adh 
coding  region  compared to  either flanking  region 
implies a  reduced level of  constraint,  and a  neutral 
test prediction is that  the Adh coding  region will have 
a relatively greater between-species sequence  diver- 
gence. The HKA test (HUDSON, KREITMAN and 
A G U A D ~  1987; also KREITMAN and AGUADB 1986b) 
asks whether between-species divergence and within- 
species polymorphism correspond to the  predicted 
relationship based on a  neutral model with selective 
constraint. The HKA test statistic for  the  data is 

k (s, - I?(s,))’ (Di - k(Di))‘ 

= 2 ear(s,) + E  3ar(Di) 

where k is the  number of regions  being  compared, si 
and Di are  the  number of polymorphic and diverged 
sites in region i ,  respectively, and k( ) and  +ar( ) 
are estimates of the expection and variance, respec- 
tively. The expected values are  formulated  from esti- 
mated values of a  neutral  parameter Bi for each region 
and a time since divergence of the species. The test 
statistic is approximately x‘ distributed with k - 1 
degrees of freedom. With polymorphism data  from 
only one species, the test assumes the population size 
of the common ancestor to be the same as the species 
from which the polymorphism estimate derives. 

We have chosen one  sequence  from D. melanogaster 
(Af’) and  one sequence  from  a sibling species, D. 

simulans (In:  Drsadha) for a between-species compar- 
ison. Silent nucleotide  differences between the two 
sequences indicated in Figure  9 are listed by sequence 
position in Figure 10. A summary of silent and re- 
placement differences between species by region is 
also presented in Figure 1. 

HKA test results for silent sites are presented in 
Table 7 for  three pairs of regions: 5’ Flanking vs. 
Adh, 5‘  Flanking vs. Adh-dup and Adh vs. Adh-dup. 
Two tests were performed  for each comparison. The 
HKA test, as originally formulated, was based on the 
number of segregating sites in a sample. This test is 
listed as “Seg” in Table 7. We  also include  the results 
from  a modified test, listed as “Pwd” in Table 5 ,  which 
substitutes average pairwise difference (Pwd) for  num- 
ber of segregating sites.  Pwd is defined as the  average 
of the  number of nucleotide  differences, Sij, between 
the  ith  and j th allele in a sample of n alleles, 

n 

E StJ 

Pwd = I J = l ; J < a  

n(n - 1)/2* 

The expectation of Pwd for  region i is Oi; the  formula 
for  the variance of  the  expected pairwise difference is 
given in TAJIMA (1 983). This test may be more sensi- 
tive to among-region  differences when the observed 
polymorphism frequency  distributions  differ across 
regions. But since the  expected variance of  Pwd ex- 
ceeds the expected variance of number of segregating 
sites, Pwd has less power to reject the null hypothesis 
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TABLE 7 

HKA tests for  silent  site  differences in three regions 

1.oration Witllin sp. Ik~weetl  SI). 

Kegiou Srarr End -rest" OIX.  EX^. ~ I V .  E S ~ .  / I  T(in1r) X' P 

5' Flanking - 1  242 0 Seg 30 37.5 78 57.7 12.8 

5' Flanking -1 242 0 Pwd 11.4 15.1 78 59.3 15.0 
us. Adh 778 1680 20 12.5 1 6  19.2 4.3  4.5 3.7 0.054 

us. Adh 778 I680 7.6 4.0 16 15.7 4.0 3.9 3.8 0.05 

5' Flanking -1242 0 Seg 3 0 27.2 78 - 11.2 9.3 

5' Flanking -1242 0 Pwd 11.4 9.2 78 70.1 9.2 
US. Adh-dt1p 1983 3275 13 15.8 50 41.7 .5.4 7.7 1.4 0.25 

US. Adh-dup 1983 3275 3.4 5.5 5 0  42.3 : > . 3  7.7 1.8 0.18 
" 

Adh 778 1680 Seg 20 12.0 16 19.9 4. I 

Ad11 778 1680 P ~ t l  7.6 3.4 1 6 16.9 5.4 
US. Adh-tlttl> 1983 3275 I S  21.0 .50 34.8 7.2 4.9  5.4  0.02 

us. Adll-tlup 1983 3275  3.4 7.6 50 38.1 7.6 5.0 6.7 0.01 

" Seg.  number  ol'segregating sites; I'wtl, average pairwise  number of tlilfcrrnces. 

when the frequency distributions are  the same. 
The HKA test is significant at  the 0.05 level for  the 

5' flanking region vs. the A d h  coding  region,  confirm- 
ing previous results based on  four-cutter  RFLP  data. 
The patterns of polymorphism and divergence are 
inconsistent with the  neutral model. In order  to  fur- 
ther distinguish whether the 5' flanking  region or  the 
A d h  locus (or possibly both  regions) is evolving non- 
neutrally, HKA tests were performed by comparing 
each of these regions with a third  region,  the Adh-dup 
locus. Only the Adh vs. Adh-dup test is significant at 
the 0.05 level (P  < 0.01).  This result implicates A d h  
and not the 5' flanking  region as the cause of the 
departure from neutrality. 

Test of neutrality  based on frequencies at poly- 
morphic sites: The distributions of the  observed  nu- 
cleotide frequencies at polymorphic sites for the 5' 
flanking  region, the Adh locus and  the Adh-dup locus 
are presented in Figure 4 along with the predicted 
frequency  distributions under a model of selective 
neutrality (see TAJIMA 1989).  Of  particular  interest is 
the  depressed frequency  spectrum in the Adh-dup 
region. Considering only silent polymorphisms, sev- 
enteen of the  18 sites in this region have frequencies 
of 1/11 or 2/11  for the less frequent allele. This 
contrasts with the 5' flanking  region and  the Adh 
locus, which have silent polymorphism frequencies 
1/11 or 2/11 in 11 of 30 sites and  20 of 34 sites, 
respectively. 

Is the depressed frequency  spectrum in the Adh-dup 
region compatible with the neutral model? Tajima has 
produced a test of the  neutral  theory  prediction  about 
polymorphism frequencies (TAJIMA 1989). Both the 
number of segregating sites and  the average pairwise 
difference in a sample are unbiased estimates of the 
neutral  parameter  but only the average pairwise dif- 
ference  incorporates actual frequencies.  Tajima's test 
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FICURE 4."Polynlorphisrn  frequencv  spectra for the 5' flanking, 
Adh ;Ind ,,\dh-dtrp regions  along with the predicted  distribution 
under an infinite alleles model (as described in T.AJIMA, 1989). 

estimates the probability of the two estimates being 
different by the observed  amount. The expected  dif- 
ference under neutrality is, or course, zero. 

The observed  differences  for the Adh 5' flanking 
region, Adh and Adh-dup are 0.433, -0.08 and  -1.22, 
respectively. None of the values are statistically  signif- 
icant,  although  there is an indication of too manv low- 
frequency sites in Adh-dup. 
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Seven of the 18 silent polymorphic sites in Adh-dup 
are  the result of  the Fils and Was alleles. Excluding 
these alleles from  the sample, all remaining polymor- 
phisms in Adh-dup occur at frequency 1/9. This con- 
trasts with the Adh 5’ flanking  region and  the Adh 
locus where, with the F11’ alleles removed,  frequency 
one polymorphisms occur at only 12 of 36 and 7 of 
38 sites (including insertion/deletions), respectively. 
With Flls and Was removed  from the sample, the 
difference in the estimated e’s for Adh-dup is -2.1 1 ,  
which is significant at  the 0.05 confidence level using 
the  Tajima  method. 

DISCUSSION 

The results confirm  previous suggestions that 
higher  than  expected levels  of silent polymorphism in 
the coding  region of Adh is the cause of departure 
from selective neutrality across the Adh region.  Were 
this not  the case, significant HKA tests would not  be 
expected  for Adh vs. both  the 5’ flanking  region and 
the 3’ Adh-dup locus. 

This  pattern can  be  explained by the presence of a 
single balanced polymorphism in  the Adh locus, for 
example  the threonine-lysine amino acid replacement 
difference distinguishing the A d p  and Adhs alleles. 
Levels  of neutral polymorphism are expected to be 
elevated when sufficiently tightly linked to a balanced 
polymorphism, and  the effect can  be  large  enough 
under certain  population  parameter values to be  de- 
tected in random samples (STROBECK 1983; HUDSON 
and KAPLAN 1988). An intuitive explanation  for this 
effect is that  neutral  mutations persist longer  than 
would be  expected under  drift  alone when they are 
tightly linked to a balanced polymorphism. The bal- 
anced polymorphism, which is assumed to have ex- 
isted for  a  long  period of time relative to  the expected 
persistence time of a  neutral  mutation,  extends some 
of its “persistence” onto tightly linked neutral  muta- 
tions. In other words, it is a tightly linked  region that 
selection holds in the population and  not  just  the 
balanced polymorphism. 

We  now evaluate the adequacy of the balanced 
polymorphism hypothesis by applying a “sliding win- 
dow” approach to explore how the  patterns of  poly- 
morphism vary along the DNA (HUDSON and KAPLAN 
1988; HUDSON 1990). A window of width w is “placed” 
at  one  end of the DNA sequence and  the  average 
pairwise number of nucleotide  differences is calcu- 
lated  for sites contained within the window. This value 
is assigned to the nucleotide  site at  the  center of the 
window. The actual width of the window is adjusted 
to always contain w silent sites. We have set w to 100 
for  the present analysis. This value was chosen by 
trial-and-error to reveal inter-regional  heterogeneity. 
The window is moved along  the length of the se- 
quence  and  the pairwise differences  plotted as a  func- 
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FIGURE 5,”Sliding window for Adhf/Adhs comparisons, no-selec- 
tion model. Predicted values are calculated from between-species 
data as described in the discussion section. Average pairwise differ- 
ence is the average number of nucleotide  differences between A d d  
and Adh‘ alleles. T + 1:  estimated coalescent time (in units of 2N 
generations)  for  one D. melanogaster allele ( A T )  and one D. simulans 
allele (EMBL: DsadhO 1); window size is set to 100 silent base pairs. 
Arrow at 1490 marks position of the AdhflAdh’ protein poly- 
morphism. 

tion of position. This is an averaging  procedure but it 
can reveal how levels of variation differ  among  inter- 
vals. One might  expect,  for  example,  a peak in the 
graph  to  be  centered  around  a site containing  a bal- 
anced polymorphism. Just such a spike occurs in the 
Adh locus and  it is centered  on position 1490, the site 
of the threonine-lysine substitution, as indicated in 
Figure 5. 

A balanced polymorphism is expected to affect lev- 
els of neutral  linked polymorphism but  not  the cor- 
responding level of neutral  sequence divergence. Se- 
lective constraint, in contrast, is expected to affect 
both levels  of polymorphism and divergence equally. 
This is the basis for  the HKA test  as  described above. 
Comparison of polymorphism levels and appropriately 
scaled divergence levels between closely related spe- 
cies, both of which can be plotted in a sliding window, 
can reveal where peaks or troughs of polymorphism 
do not  conform  to selective constraint. 

The method  for using between-species data  to esti- 
mate  mutation  parameters is described fully elsewhere 
(HUDSON 1990). Briefly, each site can have a  different 
neutral  parameter,  denoted 0,. Let T be the time since 
the divergence of the two species, measured in units 
of 2N generations. Then  under  the  neutral theory, 
for small Bi(T + 1) the probability that two sequences 
at site i are  different is approximately &(T + 1). Bi is 
estimated by dividing  the  number of differences be- 
tween the two sequences in a window  of width w 
centered  at site i by (T  + 1)w. Assuming constant 
population size, the estimated  neutral  parameter value 
for each site is also the expected  average pairwise 
difference within species. This is because, under  the 
neutral model the expected  average pairwise differ- 
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ence between a sample of genes is an unbiased esti- 
mator of the  neutral  parameter 8. 

The time T can be  thought of as scaling factor 
between polymorphism and divergence. The value we 
use here, T + 1 = 6.3, is estimated  from all the  data, 
as described in HUDSON, KREITMAN and A G U A D ~  
(1987). Another possibility is to choose a value of T 
that gives a good fit between polymorphism and di- 
vergence for  one  subregion. 

The “window” method visually represents poly- 
morphism and divergence  data at every “position” 
(actually a window centering  on  a position) along  the 
length of the DNA. Theoretical  predictions can be 
generated  for every site but  the fit between observa- 
tion and  prediction must be  made by inspection. 
Therefore, this approach  does  not  lend itself to formal 
hypothesis testing, but  neither  does it require a priori 
dec;>lons about how to subdivide and sum the  data 
(other  than  to set the window  size). The method 
compromises the ability to test hypotheses for  the 
ability to explore the  data  without  regards to scale 
(subdivision length). 

Observed and predicted polymorphism levels are 
shown in Figure 5. A qualitative summary of the plot 
is as  follows. There is a close correspondence  between 
polymorphism and divergence in the 5’ flanking  re- 
gion and  through  the 5’ half  of Adh.  For  example, 
Adh Intron 1 exhibits a  trough of divergence and a 
corresponding  trough of polymorphism. This is not 
unexpected: the 3’ end of the  intron contains the 
initiation site and transcription signals for larval Adh 
mRNA transcription (FISCHER and MANIATIS 1988). 

There is a  large excess  of observed  over  predicted 
polymorphism in Adh Intron 3 and Exon 3 and  the 
excess is centered  on  the threonine-lysine amino acid 
replacement  substitution. This contrasts with the Adh- 
dup locus, where silent sites are evolving on  average 
at approximately twice the  rate of Adh but which 
shows a  moderate deficiency of observed poly- 
morphism. This deficiency will be analyzed in greater 
detail  later in this section. 

First, we can ask  how well the assumption of a 
balanced polymorphism at position 1490  brings the 
predicted polymorphism level into  accord with the 
observed level. Two additional  parameters are re- 
quired  to fit a balanced polymorphism model,  a  gene 
frequency  for the site under selection and a recombi- 
nation parameter.  Let R denote 2Nr, where r is the 
recombination rate  per  generation between adjacent 
bases.  Following the  procedure  outlined by HUDSON 
and KAPLAN (1988)  but using the Bi values for each 
site (rather than assuming a single parametric value) 
a good fit is obtained assuming a  recombination rate 
of R = 0.005, as shown in Figure 6. The best available 
estimate of R is 0.012, based on per nucleotide  recom- 
bination and mutation rate estimates in D. melano- 
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FIGURE 6.-Sliding window for Adhf/Adh’comparisons, selection 
model with balanced polymorphism at position 1490 (indicated by 
vertical arrow). The frequency, p. of the Adh‘ slow allele is set to 
0.7; using a value of 0.005 for the recombination parameter, R = 
2Nr,  yields a good fit between observed and expected poly- 
morphism. 

gaster (CHOVNICK,  GELBART and MCCARRON 1977; 
also see HUDSON and KAPLAN 1988),  a  factor of only 
two greater  than our “best” fit value. Rather  than 
assuming a single 8 value and applying it to all sites 
(as  in HUDSON and KAPLAN 1988), calculating individ- 
ual 8, values brings the best-fit R value closer to  the a 
priori predicted value by a  factor of three. Given the 
uncertainty of the recombination and mutation rate 
estimates needed to obtain  predicted values, we con- 
sider observed and predicted silent polymorphism 
values to be in excellent agreement. 

However, another prediction of the balanced hy- 
pothesis does  not  fare as well. Under  the balance 
hypothesis the  higher  than  expected  neutral poly- 
morphism level is caused by the accumulation of dif- 
ferences between the two allelic  classes. A corollary is 
that levels  of silent polymorphism within an allelic 
class should  be slightly reduced  compared to  the neu- 
tral  expectation  for  a  random sample of the same size. 
As shown in Figure  7 this is not  the case. A  higher 
than  expected level of silent polymorphism persists 
within the Adhs allele class.  Also, the peak  of  poly- 
morphism in the Adh-dup locus seen in Figures 5 and 
6 are entirely  represented within the Adh’  class. 

The cause of this within-Adh’ polymorphism is a 
cluster of sites distinguishing the W a s  and  standard 
Adhs alleles, as  revealed in Tables 2 and 3. What has 
maintained  these two old Adh’ lineages? 

We showed, in the previous section,  that recombi- 
nation suppression is unlikely to be maintaining the 
two distinct haplotypes. One way to  resurrect  the 
recombination-suppression hypothesis is  if the Was 
framework has recently recombined away from  an 
allele carrying a recombination-suppressing inversion. 
This model has the virtue of being  able to account for 
the lack of a W a 5  pattern in the Adh 5’ flanking region 
by specifying the interval within which the recombi- 
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FIGURE  7,”Sliding window for Adh’ only comparisons, no-selec- 
tion model. The observed average pairwise difference is the average 
o f  all pairwise comparisons within Adh‘. The greater than expected 
variation in Adh (and also  the spike of polymorphism in Adh-dup) is 
caused by 19 differences  between Wa‘ and F1“ and  the remaining 
alleles. 

nation (or gene  conversion)  breakpoint(s)  occurred. 
One possible candidate is the inversion Zn(2L)t. This 
naturally  occurring inversion polymorphism in D. me- 
lanogaster is  widely distributed in low-latitude popu- 
lations but is rare in North America (ASHBURNER and 
LEMEUNIER 1976;  VOELKER et al.  1978). The proxi- 
mal breakpoint of Zn(2L)t, cytologically positioned at 
34A8-9 (LrNDsLEY and GRELL  1968), is very close to 
Adh (33D1-34E5) and  the allozyme polymorphism is 
known to be in strong linkage equilibrium with the 
inversion (KOJIMA, GILLESPIE and TOBARI 1970; MU- 
KAI, METTLER and CHIGUSA 197  1 ; LANGLEY, TOBARI 
and KOJIMA 1974; METTLER, VOELKER and MUKAI 
1977; VOELKER et al.  1978; KNIBB 1982;  VAN DELDEN 
and KAMPINC 1989). 

Restriction fragment  length polymorphism in the 
Adh locus has recently  been investigated in 40 wild- 
derived Zn(2L)t alleles from  a Spanish population 
using a  four-cutter analysis (AGUAD~ 1988).  Interest- 
ingly, the Was framework of five distinguishing sites 
was represented  three times. In  addition,  18 lines 
representing five Was partial-haplotypes were also 
present. This is distinctly different  from  the  North 
American samples, where partial-Wa” alleles are ab- 
sent.  Unfortunately, of the  39  standard  gene  arrange- 
ment alleles included in the Spanish population  study, 
only three  carried  the Adh’ allele. Therefore,  the 
frequency of the Was haplotype in standard  gene 
arrangement Adhs alleles is not known. This hypoth- 
esized connection between Zn(2L)t and  the Was hap- 
lotype deserves further investigation. 

The presence of so many fixed  nucleotide  differ- 
ences between Was and  standard Adh’ suggests that 
these alleles have been  maintained in the species as 
distinct entities  for  a  considerable  time. How likely is 
their  presence under neutrality?  Unfortunately, it is 
difficult to make this assessment without  a  good esti- 

-1500 -500 ~ 500 gs , 3500 
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FIGURE  8,”Sliding window AdhflAdh’ with Wa’ and Fl” ex- 
cluded, no-selection model. 

mate of the  per nucleotide  recombination  rate.  It 
seems to us unlikely that  natural selection has held the 
Was mutations in linkage disequilibrium because all 
the mutations are silent and a majority are in introns. 
If the presence of  the two old lineages is a historical 
artifact, as it might  be if the species was previously 
subdivided  into two semi-isolated stocks, then similar 
divergences  should  be  expected in other  parts of the 
genome. Additional sequence  data may eventually 
allow us to statistically resolve whether or not Was  has 
been selectively maintained. 

Having considered possible “causes” of within-Adhs 
polymorphism, does  a  higher  than  expected level  of 
polymorphism remain in the Adhf and Adhs alleles 
when the Wu” and FZls alleles are removed?  Under 
the balanced polymorphism hypothesis, an excess 
across all alleles should still be  present in the  reduced 
sample. The resulting pattern of polymorphism, given 
in Figure 8, shows a clear excess  of silent poly- 
morphism around position 1490. The effect of re- 
moving Wa” and F11 s is a small reduction in the height 
of  the peak from  an average pairwise difference of 
6.9  to  5.5. The expected level remains at approxi- 
mately 1.5. The balanced polymorphism hypothesis 
between Adhf and Adhs cannot  be  rejected even after 
accounting for the higher-than-expected silent poly- 
morphism within the Adhs  class, and  the “excess” 
polymorphism is only slightly less dramatic. 

One final comment should be  made about our 
choice of the Adhf-Adhs substitution at position 1490 
as being the site under balancing selection. We have 
no direct evidence to  support  the choice of this site. 
Rather it comes from  other kinds of evidence about 
the allozyme polymorphism (see VAN DELDEN 1982; 
reviewed in LEWONTIN 1985). Our data  indicate only 
the presence of a balanced polymorphism at a site 
within a small region encompassing position 1490. 
Another tightly linked site may be  the site of selection. 
It is even possible that  a  combination of tightly linked 
sites is being selected. We cannot distinguish between 
these hypotheses with the  current data. 
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The removal of Was and Fl15 alleles has a  dramatic 
effect on levels  of polymorphism in the Adh-dup locus, 
as shown  in Figure 8. Now the silent polymorphism 
levels are dramatically lower than  the  expected level. 
Although  the evidence is weak, the lower than ex- 
pected level  of silent variation as well as the depressed 
frequency  spectrum may be indications of a  recent 
selective substitution in the Adh-dup locus or  at a site 
further downstream. Both effects are predicted for 
neutral  mutations linked to a selectively favored sub- 
stitution (MAYNARD SMITH and HAIGH  1974; KAPLAN, 
HUDSON and LANGLEY 1989). Additional data will be 
needed to evaluate this hypothesis. 

In  summary, we can state with some certainty  that 
the  patterns of polymorphism in D. melanogaster en- 
compassing the Adh and Adh-dup loci do not  conform 
to a model of neutral molecular evolution, and selec- 
tive constraints do not  account  for the observed  pat- 
terns.  A  proposed balanced polymorphism in Adh is 
consistent with many aspects of the data. The protein 
polymorphism seems a  convenient  candidate as it is 
located within a peak of higher  than  expected silent 
polymorphism; it  also conforms to  other kinds of 
evidence for  the allozyme polymorphism being a bal- 
anced polymorphism. Support  for  a selective “sweep” 
in Adh-dup is weak but is consistent with certain fea- 
tures of the  data.  This hypothesis deserves further 
attention. And finally the Was polymorphisms in Adh 
and Adh-dup remain largely unexplained  but may not 
be maintained by selection. It is possibly an  artifact of 
the particular  evolutionary history of this region-such 
as  a previous linkage to an inversion-or may reflect  a 
previous geographic split within the species. 

Whether or not multiple causes of polymorphism 
can be disentangled one  from  another  remains  a sub- 
stantial challenge. For  example, is it statistically justi- 
fiable to  remove some of the sample data in order  to 
evaluate  whether the residual data  requires  additional 
explanation? Essentially this is what we have done in 
order to identify multiple causes. It would also be 
desirable to have tests of evolutionary hypotheses that 
do not  require a priori subdivision of the data. If 
the Adh and Adh-dup region  does in fact have a com- 
plex evolutionary history involving multiple selective 
forces and historical effects, then  whether or not this 
is typical of the Drosophila genome becomes a very 
important  question. 
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APPENDIX 

Polymorphisms of 1 1 genes of D. melanogaster are 
given in Table 8. The DNA sequence of D. melano- 
gaster (Af”) allele is shown in Figure 9; Figure 10 
shows positions containing silent substitutions be- 
tween D. melanogaster (A f ’) and D. simulans (Cohn). 
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TABLE 8 

Polymorphisms in a sample of eleven  genes of D. melanogaster 

Position in Af'  

Site No." Adh,  Adh-dup 
5' Flanking,  Ancestral 

sequence  Mutated  to  Comments 
~ 

5' Flanking 
I 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 

30 
31 
32 
33 
34 
35 
36 
A d h  intron 1 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 

11 
12 

13 
A d h  exon 2 
14 
15 

-1111 
- 1 1055 
-1092 
- 1068 
- 1042 
-959:60 

-1017 
-949 
-927:8 
-923 
-92 1 
-919 
-897:8 
-822 
-635 
-624:5 
-623 
-618 
-613 
-432 
-388 
-384 
-382 
-374 
-369 
-362 
-359 
-351 
-320:2 

-255 
-242 
-230 
-227 

-2 
-1 

0 

107 
113 
143 
169 
173 
175 
287 
293 
304 

447:8-476:7 

516 
550:l 

586 

713 
816 

A 

A or G 
A 
C 
A 
C 
G 

C O R A  
A O R T  
A 

A 
C 

C 
A 
C 
T 
C 
A 
G 
C 
A 
G O R A  
T 
A 

A O R C  
T 
T 
T 
C 
C 
G 

C 
G 
A 
T 
A 
A 
G 
G 
G 
GTTGGGCATAA 
ATTATAAACAT 
ACAAACC 

C 

G 

C 
T 

T 
TATG 
G or A 
T 
A 

G 
T or A 
CTCATATA 
A O R G  
T O R A  
T 
A T  
G 
T 
TCCATC 
T 
C 
T 
A 
T 
G 
T 
T 
G 
A O R G  
A 
T 
T T T ,  

C O R A  
G 
A 
A 
T 
G 
C 

TA,AA,TAA 

A 
A 
G 
G 
G 
T 
T 
T 
C 
TAATATACTAA 
TACTAATACTA 
ATACTAATATA 
A 
G 
AATAAACCATA 
AACTAAGGCTG 
CTCAGCCGGCGA 
CGGC 
T 

A 
G 

Insertion 

Deletion 

A/T Poly. 
Insertion 

Insertion 

Insertion 

Complex  insertion 

Ancestral  sequence 
replaced 

Insertion 
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Position in Af' 

Site No." Adh,  Adh-dup 
5' Flanking,  Ancestral 

sequence  Mutated to Comments 

Adh intron 2 
16 
17 
Adh exon 3 
18 
19 
20 
21 
Adh intron 3 
22 
23 
24 
25 
26 
Adh exon 4 
27 
28 
29 
30 
31 
32 
33 
34 

35 
Adh 3' nontranslated 
36 
37 
38 
Adh-dup noncoding? 

1 
2 
3 

Adh-dup intron 1 
4 
5 
6 
7 
8 

Adh-dup exon 2 
9 

10 
Adh-dup intron 2 
11 
12 
13 
14 
15 
16 
17 
18 
Adh-dup exon 3 
19 
20 
21 
22 
Adh-dup 3' nontranslated? 
23 
24 

896 
925 

1068 
1229 
1235 
1283 

1354 
1362 
1388 
1400 
1405 

1425 
1431 
1443 
1452 
1490 
1518 
1527 
1557 

1596 

1693 
1698:  1708 
1740 

1908 
1925 
1937 

2080:  1 
2130 
2303: 11 
2347 
2378:2405 

2789 
2807 

292  1 
2923 
2926 
2943 
2944:5 
2950 
2954 
2957 

3110 
3114 
3266 
3277 

3307 
3340:80 

A 
C 

C 
T 
C 
C 

C 
G 
A 
T 
T 

C 
T 
C 
C 
A 
C 
C 
A O R C  

G 

C 
10-16"A" run 
C 

T 
G 
C 

C 
9-1  1 "T" RUN 
T 

G 
A 

C 
A 
C 
T 
T 
T 
C 
T 

A 
G 
G 
G 

G 

G 
T 

T 
C 
A 
A 

G 
A 
G 
A 
A 

A 
C 
G 
T 
C 
T 
T 
C O R A  

A 

A 

G 

A 
A 
T 

G T  
T 

A 
DELETED 

A 
T 

A 
G 
T 
A 

A 
G 
G 

G 
A 
T 
A 

A 
Element  insertion 

in region 

Lys + Thr 

Poly.  between 
sim./mau. 

Length poly. 

Insertion 

Length poly. 

Deletion 

Val + Ile 
Stop  codon 

"Site numbers  are  the  same as those  given in Tables 1, 2 and 3. 



1201 TTCTGGACTT CTGGGACAAG CGCAAGGGCG GTCCCGGTGG TATCATCTGC AACATTGGAT 

1261 CCGTCACTGG ATTCAATGCC ATCTACCAGG TGCCCGTCTA CTCCGGCACC AAGGCCGCCG 

10 20 30 40 50 60 
I I I I 1 I 

-1242 TGT ATTTTCCAAT TAGGTGATAG AACTTGTGTG CACACACACA 

-1199 TATAGTTCTA  TATCAACAAA CAGGTTTAAG TTTTATGCAA ATTGAAAGCT TATTTCTTCC 

-1139 GCATGCTTAT CTCTTTCCTT CTCATCATTT GTATGCAAAA AATACATATG AATTTGCAGT 

A  A  T 

T 

A 
-1079 AGCCTCCTCC CACATCATAT TTAACGCCCT  ATATTCAAAA TTTGCTCAAG AAAATATTTG 

C C 
-1019 AACCAAATTG ATTTTTAGTC AATTAGTTTT TAAGTAATTA AGTGGAGTAA ACATATACAA 

-959 TTTTATTCTT ACCAAACACA TATACTCATA WTTTTGAAT AAATAAATAA ACAAATATAT 
A A C  

-899 ATAAAATCTA CGAAATTGGC AAACAAATTT TAAAGCATTA TAGTATTGCC GATTTAATTA 

-839 ATATAATTAA ATAATATGTA CATGTATTAA TCTTGTGTGC GAGCATGGGT TAAATCTAGC 

TA 

C 

G T  T  A T CG 

GA GC A G TT G 

AC  T AA 
-719 TGCATTCGAA ACCGCTACTC TGGCTCGGCC  ACAAAGTGGG  CTTGGTCGCT GTTGCGGACA 

T A 
-719 AGTGAGATTG CTAATGAGCT GCTTTTAGGG GGCGTGTTGT GCTTGCTTTC CAACTTTTCT 

-659 AGATTGATTC TACGCTGCCT CCAGCAGCCA CCCCTCCCAT CCCCATCCCC ATCACCATCC 

-599 AGTCCCGTTG GCTCCCAGTC ACAGTATTAC ACGTATGCA?, ATTAAGCCGA AGTTCAATTG 
G A G 

C TC 
-539 CGACCGCAGC AACAACACGA TCTTTCTACA CTTCTCCTTG CTATGCTTGA CATTCACAAG 

-479 GTCAAAGCTC TTAATATTCT GGCTCGTGGC CCTACACTGT AAGAAATTAC TATAGAAATA 

-419 ACGGTACACG GAATAAGATA TTTTTTTTAG TCCATATGCT TTTAAULAAT GTGTTTTGAG 

-359 TTTATGTTAT ATTATTGTTA GAAAACCGGT GTTTTTTTTT AAATCGGTTA AAAAATTACT 

-299 ACGAGAGAAA AATACAAATT TTGTAAATAA GATTGACTCT TTTTAGATTT TGGAATATTT 

-239 TCATTCATTT TATGTTTTTA CGTTTTCACT TATTTGTTTC TCAGTGCACT TTCTGGTGTT 

G  A G T  A  A C 

T T  T  A A A  

G A A  G G  

T  T 

G 
-179 CCATTTTCTA TTGGGCTCTT TACCCCGCAT TTGTTTGCAG ATCACTTGCT TGCGCATTTT 

-119 TATTGCATTT TACATATTAC ACATTATTTG AACGCCGCTG CTGCTGCATC CGTCGACGTC 

C T  

C  A GC 

A T T  

C G 
-59 GACTGCACTC GCCCCCACGA GAGAACAGTA TTTAAGGAGC TGCGAAGGTC CAAGTCACCG 

CG 

UAdh Exonl- 
G 

1 ATTATTGTCT CAGTGCAGTT GTCAGTTGCA GTTCAGCAGA CGGGCTAACG AGTACTTGCA 
C 

1I1ntron1- 
61 TCTCTTCAAA TTTACTTAAT TGATCAAGTA AGTAGCAAAA GGGCACCCAA TTAAAGGAAA 

121 TTCTTGTTTA ATTGAATTTA TTITGCAAGT SCGGAAATAA AATGACAGTA TTAATTAGTA 

101 AATATTTTGT AAAATCATAT RTAATCAAAT TTATTCAATC AGAACTAATT CAAGCTGTCA 

241 CAAGTAGTGC GAACTCAATT AATTGGCATC GAATTAAAAT TTGGAGGCCT GTGCCGCATA 

3 0 1  TTCGTCTTGG AAAATCACCT GTTAGTTAAC TTCTAAAAAT AGGAATTTTA ACATAACTCG 

361 TCCCTGTTAA TCGGCGCCGT GCCTTCGTTA GCTATCTCAA AAGCGAGCGC GTGCAGACGA 

421 GCAGTAATTT TCCAAGCATC AGGCATAGTT GGGCATAAAT TATMCATA CAAACCGAAT 

481 ACTAATATAG AAAAAGCTTT GCCGGTACAA AATCCCAAAC AAAAACAAAC CGTGTGTGCC 

541 GAAAAATAAA AATAAACCAT AAACTAGGCA GCGCTGCCGT CGCCGGCTGA GCAGCCTGCG 

601 TACATAGCCG AGATCGCGTA ACGGTAGATA  ATGAAAAGCT CTACGTAACC GAAGCTTCTG 

ULarval mRNAS 
661 CTGTACGGAT CTTCCTATAA ATACGGGGCC GACACGAACT GGAAACCAAC AACTAACGGA 

G GA 

T A A  

A  A A T  

A T  T G   T A  

C 

C 

C 

lExon2) 

G 
IExon21 
UAdult mRNA- 

721 GCCCTCTTCC AATTGAAACA GATCGAAAGA GCCTGCTAAA G C W G A  AGTCACCm 

781 TCGTTTACTT TGACCAACAA GAACGTGATT TTCGTTGCCG GTCTGGGAGG CATTGGTCTG 
C  T 

0 C 
U1ntron2- 

841 GACACCAGCA AGGAGCTGCT CAAGCGCGAT CTGAAGGTAA CTATGCCATG CCCACAGGCT 
C 

1IExon3= 
9 0 1  CCATGCAGCG ATGGAGGTTA ATCTCGTGTA TTCAATCCTA GAACCTGGTG ATCCTCGACC 

T 
961 GCATTGAGAA CCCGGCTGCC ATTGCCGAGC TGAAGGCAAT CAATCCAAAG GTGACCGTCA 

1021 CCTTCTACCC CTATGATGTG ACCGTGCCCA TTGCCGAGAC CACCAAGCTG CTGAAGACCA 

1081 TCTTCGCCCA GCTGAAGACC GTCGATGTCC TGATCAACGG AGCTGGTATC CTGGACGATC 

1141 ACCAGATCGA GCGCACCATT GCCGTCAACT ACACTGGCCT GGTCAACACC ACGACGGCCA 
A 

T 
dIntrOn3;t 

1321 TGGTCAACTT CACCAGCTCC CTGGCGGTAA GTTGATCW GGAAACGCAA AGTTTTCAAG 
A 

1381 RAARAACAAA ACTATTTGAT TTTATAACAC CTTTAGAAAC TGGCCCCCAT TACCGGCGTG 
C G  

T  T 
1441 ACCGCTTRCA CCGTGAACCC CGGCATCACC CGCACCACCC TGGTGCACAA GTTCAACTCC 

1501 TGGTTGGATG TTGAGCCCCA GGTTGCTGAG AAGCTCCTGG CTCATCCCAC CCAGCCATCG 
C  C  C 

1561 TTGGCCTGCG CCGAGAACTT CGTCAAGGCT ATCGAACTGA ACCAGAACGG AGCCATCTGG 
G G 

1621 AAACTGGACT TGGGCACCCT GGAGGCCATC CAGTGGACCA ACCRC'FGOOX iTCCGGCdTC 

1681 DAGAAGTGA TAATCCCAAA -CA TAACATTAGT TCATAGGGTT CGCGAACCAC 
S F  " P  

1741 AAGATATTCA  CGCAAGGCAA  TTAAGGCTGA TTCGATGCAC ACTCACATTC TTCTCCTAAT 
C G C  

A c 
3' end A& mRNAU 

1 8 0 1  ACGATAATAA AACTTTCCAT GAAAAATATG GAAAAATATA TGAAAATTGA GAAATCCAAA 
C 

1861 AAACTGATAA ACGCTCTACT TAATTAAAAT AGATAAATGG GAGCGGCAGG AATGGCGGAG 
T  A 

1921 CATGGCCAAG TTCCTCTGCC RAT-AGTCGT AAAACAGAAG TCGTGGAAAG CGGATAGAAA 
C 

Adh-dup Exonl=I 
met-> 

1981 GAATGTTCGA TTTGACGGGC AAGCATGTCT GCTATGTGGC GGATTGCGGA GGAATTGCAC 
A 

2041 TGGAGACCAG CAAGGTTCTC ATGACCAAGA ATATAGCGGT GAGTGAGCGG GAAGCTCGGT 
d I " t r o n 1 ~  

C 
2101 TTCTGTCCAG ATCGAACTCA AAACTAGTCC AGCCAGTCGC TGTCGAAACT AATTAAGTTA 

2161 ATGAGTTTTT CATGTTAGTT TCGCGCTGAG CAACAATTAA GTTTATGTTT CAGTTCGGCT 
T 

2221 TAGATTTCGC TGAAGGACTT GCCACTTTCA ATCAATACTT TAGAACAAAA TCAAAACTCA 
A T  

T G 
2281 TTCTAATAGC TTGGTGTTCA TCTTTTTTTT TAATGATAAG CATTTTGTCG TTTATACTTT 

G C  

A G A  A 
2341 TTATATATCG ATATTAAACC ACCTATGAAG  TTCATTTTAA TCGCCAGATA AGCAATATAT 

2401 TGTGTAAATA TTTGTATTCT TTATCAGGAA ATTCAGGGAG ACGGGGAAGT TACTATCTAC 
C A R  T 

UEXO"2- 
2461 TAAAAGCCAA ACAATTTCTT ACAGTTTTAC TCTCTCTACT CTAGAAACTG GCCATTTTAC 

C  T 
2521 AGAGTACGGA AAATCCCCAG GCCATCGCTC AGTTGCAGTC GATAAAGCCG AGTACCCAAA 

C  C  A 
2581 TATTTTTCTG GACCTACGAC GTGACCATGG CAAGGGAAGA TATGAAGAAG TACTTCGATG 

A C 
2641 AGGTGATGGT CCAAATGGAC TACATCGATG  TCCTGATCAA TGGTGCTACG CTGTGCGATG 

A 
2701 AAAATAACAT TGATGCCACC ATCAATACAA  ATCTAACGGG AATGATGAAC ACTGTGGCCA 

2761 CAGTGTTACC CTATATGGAC AGAAAkAThG GhGGAACTGG TGGGCTTATT GTGAACGTCA 
G A  G T  A  T 

c c  G 
2821 CTTCGGTCAT TGGATTGGAC CCTTCGCCGG TTTTCTGCGC ATATAGTGCA TCCAAATTCG 

U1ntronz* 
2881 GTGTAATTGG ATTTACCAGA AGTCTAGCGG TGAGTTGAAT ACGATCTTAT GCGGAT'AIVIT 

G A C A  CG 

2941 TCATAATTTT TTGGTTTCAG GACCCTCTTT ACTATTCCCA AAACGGGGTA GCTGTGATGG 
UExon3=, 

T C T  C A C  
3 0 0 1  CGGTTTGTTG TGGTCCTACA AGGGTCTTTG TGGACCGGGA ACTGAAAGCG TTTTTAGAAT 

C A G 

G 
3061 ACGGACARTC CTTTGCCGAT CGCCTGCGGC GAGCGCCCTG CCAATCGACA TCGCTTTGTG 

3121 GTCAGAATAT TGTCAATGCC ATCGAGAGAT CGGAGAATGG TCAGATATGG ATTGCGGATA 
T T  

C 
3181 AGGGTGGACT CGAGTTGGTC AAATTGCATT GGTACTGGCA CATGGCCGAC CAGTTCGTGC 

G 

3241 ACTATATGCA GAGCAATGAT GARGAGGATC AAGAT3AAAT TCGAATCAAA TAAAATAATG 
stop 

G 
3301 CTTTACGCM AAAGTAGGCA ATTCATTTTC CTATGATAAT AGATATGGGT CATCTATGGG 

3361 GTGTGAAAGA GTAATGACAA AATTTGGTGT GCCCAAAAGT ATGCAGCGAA TGTTGATGGG 

3421 AGCTATAATT AGATGTGCTT AATTATGATG GGGTTACGTT ATGCATGTTG TGGGAATGTG 

G 

3481 AACTATACTG TTTTTTTTTT TTGACATCAG TCGAGGGG 

FIGURE 9.-DNA sequences of D. melanogaster (Af")  allele. Adh transcription begins at position 1.  Adh-dup coding region begins at position 
1982. Single  nucleotide substitution differences  between Af" and I). simulans (In: Drsadha) are printed below the sequence. Boldface 
differences are amino acid replacements. 

5' Flanking 
-1241  -1222  -1207  -1192  -1111  -1088  -1087  -1062  -1042 -1005 -968 

-880  -868  -852  -851 -848 -822  -821  -819  -806 -805 -773 -730  -632 
-962  -960 -949 -947 -941  -934 -907 -905 -904  -894  -893 -885 -884 

-618  -606  -592 -588 -587 -466 -458 -453 -450 -447 -437  -428  -410 
-409  -404  -396  -390  -369  -338  -332  -331  -305  -302 -297 -248  -228 
-209  -204  -161  -154 -153 -140 -98 -90  -89  -72  -71  -39 -15 -3 
Adh 
42 105 106 113 134 175 179 200 222 225 234 244 250 271 277 294 297 
358 361  597  662  731  758  834  870 913 950  1229  1271  1354 1358 1380 
1384 1399  1504 1527 1557 1596 1614 1683 1690  1694 1776 1794 1815 
A d h - d u p  
1908 1920 1937 2072 2177 2217 2219 2222 2243 2261  2264  2289  2291 
2302 2335 2347 2394 2403 2437 2440 2449 2491 2508 2525 2553 2.567 
2684  2762 2765 2807 2819 2822 2825 2876 2885 2914  2921  2923  2931 
2932 2943 2954 2958 2966 2987 2990 3017 3056  3089  3095  3116  3161 
3191  3277  3331 

FIGURE IO.-Positions containing silent substitutions between D. 
melanogaster (Af")  and D. simulans. (In: Drsadha) 


