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Abstract

We have examined the patterns of polymorphism at two linked loci, Sod and Est-6, separated by nearly 1000 kb on the left arm of

chromosome 3 of Drosophila melanogaster. The evidence suggests that natural selection has been involved in shaping the polymorphisms. At

the Sod locus, a fairly strong (s . 0:01) selective sweep, started $ 2600 years ago, increased the frequency of a rare haplotype, F(A), to about

50% frequency in populations of Europe, Asia, and the Americas. More recently, an F(A) allele mutated to an S allele, which has increased to

frequencies 5–15% in populations of Europe, Asia and North America. All S alleles are identical (or very nearly) in sequence and differ by one

nucleotide substitution (which accounts for the F ! S electrophoretic difference) from F(A) alleles. At the Est-6 locus, the evidence indicates

both directional and balancing selection impacting separately the promoter and the coding regions of the gene, with linkage disequilibrium

occurring within each region. Some linkage disequilibrium also exists between the two genes.q2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

The neutrality theory of evolution recognizes that the

morphological, functional and behavioral features of

organisms evolve by natural selection operating through

adaptive changes in the DNA. Proponents of the theory

argue that, nevertheless, much evolutionary change in the

DNA (and therefore in the proteins encoded in the DNA)

occurs by the random process of sampling errors through the

generations (Kimura, 1968, 1983 and references therein;

King and Jukes, 1969; Kimura and Ohta, 1971).

The neutrality theory assumes that a large fraction of all

newly arising mutations are unconditionally deleterious.

These harmful genetic variants are eliminated or kept at

very low frequencies by natural selection. Proponents of the

theory argue that at many, perhaps most, gene loci there are

a large number of mutants that are effectively equivalent

with respect to adaptation. These are functional mutants,

any one of which is favorably selected relative to the

deleterious ones, but the carriers of alternative adaptive

genotypes do not differ in their adaptedness to the

environment; their frequencies in populations are, therefore,

not affected by natural selection. Since natural populations

consist of finite numbers of individuals, the frequencies of

neutral mutants will change from generation to generation

due to sampling drift. It is therefore predicted that DNA or

protein sequence differences between species are for the

most part due to random processes of change, not to natural

selection. Similarly, the pervasive DNA and protein

polymorphisms observed in natural populations represent,

according to the neutrality theory, transient conditions in

populations going from fixation for one allele towards

fixation for another, adaptively equivalent allele.

It should also be clear from the outset that the theory of

evolution by natural selection, on its part, recognizes that

genetic frequencies are affected by the stochastic process of

sampling errors. The question between the two theories is

whether protein differences between species and protein

polymorphisms within populations are due to stochastic

processes alone (or mostly), as claimed by the neutrality
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theory; or whether nonrandom processes must be postu-

lated, as claimed by the theory of natural selection.

The neutrality theory of evolution is rich in empirical

content, according to Popper’s criterion of falsifiability. The

theory makes precise predictions about the patterns of

genetic polymorphisms in populations and of differences

between populations. It can, therefore, be subject to critical

tests by examining the congruence, or lack thereof, between

the predictions derived from the theory and the results of

relevant observations and experiments. As Kimura and Ohta

(1971) stated, “The neutral…theory allows us to make a

number of definite quantitative as well as qualitative

predictions by which the theory can be tested. We hope

that through this process (of testing) we will be able to gain

deeper understanding of the mechanisms of evolution at the

molecular level”. The neutrality theory of evolution has,

indeed, been subject to a variety of empirical tests.

One family of tests concerns the expectation of rate

constancy in the molecular evolution of genes and proteins.

Kimura and Ohta (1971; see Kimura, 1983; Gillespie, 1991)

predicted that the number of (nucleotide or amino acid)

substitutions (with mean M ¼ kt, where k is the rate of

neutral mutation and t is the time elapsed in years) has a

Poisson distribution, which has the property that the

variance, V, is equal to the mean, so that expected value

of the variance-to-mean ratio, R ¼ V =M ¼ 1.

A common observation, however, is that genes and

proteins evolve more erratically than allowed by the neutral

theory (the so-called overdispersed molecular clock;

Gillespie, 1989, 1991), which casts doubts on the validity

of the molecular clock model (Gillespie, 1991; Ayala,

1999). Several subsidiary hypotheses have been proposed

that modify the predictions of the neutrality theory, allowing

for greater variance in evolutionary rates (Ayala, 1999). It

has been shown, however, that the predictions obtained

from anyone of the neutrality-derived hypotheses do not

hold. Detailed studies manifest that the rates of molecular

evolution vary from one lineage to another, and from one

time span to another, in disparate patterns when different

genes are investigated (Ayala, 1997, 1999; Rodriguez--

Trelles et al., 2001).

In the present paper, we present results from a very

different kind of test, namely the patterns of polymorphism

observed in populations of a given species. We examine the

distribution of DNA sequence variance in each of two

genes, and between them, in a natural population of

Drosophila melanogaster.

2. Polymorphism at the Cu,Zn superoxide dismutase

(Sod ) locus

The superoxide dismutases are abundant enzymes in

aerobic organisms, with highly specific superoxide dis-

mutation activity that protects the cell against the harmful-

ness of free oxygen radicals (Fridovich, 1986). These

enzymes are neither parts of structural proteins nor involved

in intermediate metabolism, providing a distinctive situation

to be studied by population geneticists. These enzymes have

active centers that contain either iron or manganese, or both

copper and zinc (Fridovich, 1986). The Cu,Zn superoxide

dismutase (SOD) is a well-studied protein, found in

eukaryotes but also in some bacteria (Steinman, 1988).

The SOD of D. melanogaster is a dimer molecule

consisting of two identical polypeptide subunits associated

with two Cu2þ and two Zn2þ per molecule. Each subunit has

a molecular weight of 15,750 and consists of 151 amino

acids, the same as in other fruit fly species. The Drosophila

Sod gene consists of two exons, separated by an intron 300–

700 bp in length, located between codons 22 and 23. The

Sod locus is on the left arm of chromosome 3, located at

bands 68A7 in the cytological map, and at 35.9 in the

genetic map (Fig. 1).

Many natural populations are segregating for two

electrophoretically distinguishable alleles (Sod S and

Sod F; hence forward the Slow or S, and Fast or F alleles)

(Singh et al., 1982; Peng et al., 1986; Hudson et al., 1994,

1997; see Table 1). The S and F alleles differ by a single

amino acid residue, lysine 96 in S but asparagine 96 in F

(Lee and Ayala, 1985). The S and F enzymes differ in

properties such as specific activity and thermostability (Lee

et al., 1981; Graf and Ayala, 1986). Laboratory experiments

have shown that the Slow and Fast alleles, or variation in

linkage disequilibrium with them, have large fitness effects

in the presence of ionizing radiation (Peng et al., 1986), as

well as under different conditions of temperature and larval

crowding (Peng et al., 1991). Experiments with laboratory

populations of D. melanogaster suggest that variation at the

Fig. 1. Schematic representation of a left-arm segment of the third chromosome of Drosophila melanogaster that includes the Est-6 and Sod genes. The coding

regions are represented as boxes, with the exons in black. Exon I is to the left in both genes. The 50 and 30 untranslated regions are shown as lines. The number of

base pairs sequenced are shown below. The locus of each gene in the genetic map and in the polytene chromosome is shown above.
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Sod locus, or a closely linked locus, may be involved in

aging in D. melanogaster (Tyler et al., 1993). All of these

experiments imply that variation at Sod, or at tightly linked

sites, has important phenotypic effects on which natural

selection may act.

We first examined the DNA sequence variation in a 1410

bp region including the coding region of Sod, in 41 lines of

D. melanogaster (Hudson et al., 1994). The lines came from

localities in California and in Barcelona, Spain, and

included 19 Slow alleles and 22 Fast alleles. This sampling

of approximately equal numbers of Slow and Fast alleles

was done so that the level of variation within alleles could

be effectively compared to the level of divergence between

alleles. If the Slow/Fast polymorphism is an old balanced

polymorphism, simple models predict a large divergence

between alleles in the neighborhood of the site at which

selection acts.

We found that the Slow/Fast polymorphism is not an old

polymorphism. In fact, all 19 sequences of Slow alleles

were found to be identical in DNA sequence for the entire

1410 bp region examined, and to differ from the most

common Fast haplotype by a single nucleotide, the

nucleotide that accounts for the amino acid difference

between the Fast and Slow forms of the enzyme. Although

the Slow/Fast polymorphism is apparently not an old

balanced polymorphism, there is evidence in the pattern of

variation for the recent action of natural selection. A group

of F haplotypes (Fast A, H, and B, Table 2), which together

have a frequency around 0.50 in populations of both

California and Spain, have very little nucleotide variation

within the group, while the rest of the haplotypes have

typical D. melanogaster levels of variation. Using a new

statistical test of neutrality, we demonstrated that there is

too little variation within a subset of the sample, given the

level of variation in the rest of the sample. The pattern of

variation suggests that a variant at the Sod locus or a tightly

linked locus has recently risen rapidly in frequency, due to

natural selection (Hudson et al., 1994).

The observed pattern of variation is highly incompatible

with an equilibrium model. Our working hypothesis is that a

previously rare F haplotype (perhaps a new mutation) has

recently and rapidly increased in frequency to around 50%

(allele A and closely related ones, such as B and H in Table

2). As it increased in frequency, the haplotype in which it was

embedded was also pulled up in frequency. Although

selection on the Fast/Slow site might have driven the Slow

allele to its present frequency, such selection by itself cannot

account for the observed high frequency of the Fast A

haplotype. Thus, selection on some other site would appear to

be involved. It should be noted that the putative polymorphic

site upon which selection acts is not necessarily in the Sod

region sequenced, but must be tightly linked to it.

Such a selective event, whereby a rare variant is driven to

intermediate frequency, could potentially affect a large

region of DNA. (We will refer to such an event as a

‘selective sweep’.) Calculations of Kaplan et al. (1989)

suggest that a selection coefficient equal to 0.01 can sweep

away variation at sites up to 10,000 bp from the site of

selection (assuming rates of recombination that are typically

observed in D. melanogaster ).

To investigate further this putative selective history, we

sequenced additional lines at the Sod locus and at three

tightly linked regions. We were particularly interested in

assessing the size of the region that had been swept along

with the selected site, and in assessing as well the amount of

recombination and mutation that has occurred since the

selective sweep. With this additional information, infer-

ences can be made about the strength of selection and the

time since the partial sweep occurred.

Table 2

Pairwise nucleotide differences between Sod haplotypes in Drosophila melanogaster

Haplotype No. of haplotypes Fast A Fast H Fast B Fast J Fast K Fast I Fast C Fast D Fast G Fast E

Slow 19 1 3 4 9 16 19 19 22 22 28

Fast A 9 2 3 8 15 18 18 21 21 27

Fast H 1 3 10 17 18 18 21 21 27

Fast B 2 11 18 18 18 21 19 24

Fast J 1 7 22 22 25 25 31

Fast K 1 19 27 32 31 34

Fast I 1 14 25 26 31

Fast C 4 13 23 33

Fast D 1 11 28

Fast G 1 27

Fast E 1 –

Table 1

Frequencies of the Sod Slow (S) allele in three populations of Drosophila

melanogastera

Locality Date of collection Genomes sampled Frequency of S

El Rio October 1983 548 0.142

El Rio October 1984 448 0.127

El Rio October 1991 608 0.051

Culver City Summer 1988 642 0.175

Barcelona October 1990 144 0.076

a El Rio Vineyard is in Acampo, San Joaquin County, California. Culver

City is in Los Angeles County, California. The sequenced Sod alleles from

El Rio are from the October 1991 sample.

F.J. Ayala et al. / Gene 300 (2002) 19–29 21



Fifteen lines of D. melanogaster from El Rio vineyard

(Lockeford, San Joaquin County, CA) and the Canton S

strain of D. melanogaster were sequenced at the Sod locus

and three neighboring regions (Fig. 2). The three neighbor-

ing regions, denoted, 2021, 6kbr3r, and 1819, are located

approximately 12.7 kb upstream of Sod, 3.7 kb downstream

of Sod, and 19.2 kb downstream of Sod, respectively. (The

4039 segment, which is 38.0 kb downstream of Sod, was

sequenced in a subsequent experiment.)

The patterns of variation observed in the linked regions

are as follows. Both the 6kbr3r and the 1819 region show

patterns of variation that are very similar to the pattern

observed at Sod. That is, most of the sequences are very

similar to each other, forming a very homogeneous subset,

whereas the other sequences (between 2 and 5, of 16 lines)

are relatively diverged from the homogeneous subset, and

show some divergence among themselves. Thus, the region

showing the Sod pattern of variation encompasses both

6Kbr3r and 1819, i.e. it extends at least 20 kb downstream

from Sod. As indicated earlier, if this pattern of variation is

due to a partial selective sweep, quite strong selection is

required (selection coefficient on the order of 0.01).

A second important feature of the data from these

downstream regions is the pattern of recombination. We

note that some of the lines, which form part of the

homogeneous subset at the Sod locus, are lines that

constitute part of the heterogeneous subset at the 6kbr3r

region (Hudson et al., 1997). The lack of complete linkage

disequilibrium between Sod and 6kbr3r suggests that the

selective sweep is not extremely recent. To be somewhat

more precise, since linkage disequilibrium decays approxi-

mately as exp(2rt ), where r is the recombination rate per

generation and t is the time measured in generations, we can

estimate t. Because linkage disequilibria between sites in the

Sod locus and sites in the 6kbr3r region are substantially

decayed, rt is unlikely to be less than one. The recombina-

tion rate in D. melanogaster females at Sod is estimated to

be about 3:8 £ 1025=kb per generation (based on Recomb-

Rate v1.0; Comeron et al., 1999). Taking into account that

recombination does not occur in males, we estimate that the

recombination rate between Sod and 6kbr3r, which are

approximately 4 kb apart, is approximately 7:6 £ 1025. This

suggests that the time since the selective sweep is roughly

13,000 generations ð¼ 1:0={7:6 £ 1025}Þ or longer. (13,000

generations correspond to 2600 years, assuming an average

of five generations per year.)

The time since the putative selective event can also be

inferred from the amount of variation that has accumulated

within the relatively homogeneous subsets as follows

(Hudson et al., 1997). We start by assuming provisionally

that the sampled lines that constitute the homogeneous

subset are related by a star genealogy (i.e. all lineages of the

sampled regions remain distinct back to a time near the time

of the selective event). This is a reasonable assumption if the

effective population size is large and the selective event

recent. The low observed frequency of most variants in the

homogeneous set is consistent with this assumption. In the

Sod region 3 lines (581F, 498F, and 968F) constitute a

heterogeneous and diverged subset, while the other 13 lines

constitute the homogeneous subset. There are nine poly-

morphic sites in this homogeneous subset. Similarly, in the

6kbr3r region there are ten sequences in the homogeneous

subset, and there are two sites polymorphic; and finally in

the 1819 region there are 14 lines in the homogeneous

subset, with 12 polymorphic sites. The sequence in the Sod

region is 1408 bp long, of which 439 bp are protein coding.

Since in protein coding sequences about 25% of changes are

synonymous, the sequenced Sod is approximately equival-

ent to 1079 ( ¼ 1408 2 0.75*439) bp of noncoding

sequence. Assuming that the other sequenced regions are

noncoding and denoting the neutral mutation rate at

noncoding and silent sites by m (assumed to be 16 £ 1029

per site per year; see Sharp and Li, 1989; Rowan and Hunt,

1991), we find that the expected number of polymorphic

sites in the homogeneous subset is mt

(13*1079 þ 10*764 þ 14*937) ¼ mt*34,785, where t is

the time back to the selection event (in years). If we set

mt*34,785 equal to 23, which is the observed number of

polymorphisms in the homogeneous subset, and solve for t,

we find t < 41; 000 years. Seven polymorphisms within the

homogeneous subset could be the result of conversion from

haplotypes in the heterogeneous subset (Hudson et al.,

1997), which leaves only 17 mutations and leads to an

estimate of t of 31,000 years. Other polymorphisms in the

homogeneous subset could have resulted from conversion or

recombination and, in addition, the neutral mutation rate

that we have used is based on substitution rates at silent sites

in coding regions and may underestimate the neutral

mutation rate in noncoding regions. Hence, our estimate

may be biased upward, but is consistent with our conclusion

from the pattern of recombination, which is that the

selective event is about or older than 2600 years.

Fig. 2. Schematic representation of a 50 kb-long segment of the third-chromosome left arm of Drosophila melanogaster that includes the Sod gene. This and

four other sequenced fragments are shown as boxes. The number of bases sequenced are 1185, 1410 (Sod gene), 759, 899, and 1130, respectively, for the

segments from left to right. The 4039 segment was not sequenced at first, but only in a subsequent experiment (see text).

F.J. Ayala et al. / Gene 300 (2002) 19–2922



The pattern of variation in the, 2021 region, which is 12.7

kb upstream from the Sod locus, is completely different.

There is no homogeneous subset of any appreciable size.

There is a high level of polymorphism and no hint of the

partial selective sweep evident in the other regions. The

2021 region is apparently outside the region of the partial

sweep, indicating that the upstream boundary of the

selective sweep is somewhere between the Sod locus and

the 2021 region.

In conclusion, the Slow/Fast polymorphism of Sod is

clearly not an old balanced polymorphism. The data suggest

that natural selection has acted recently and strongly on

variation in the neighborhood of Sod. The observations

indicate that the swept region is greater than 20 kb in length,

which implies that surprisingly strong selection has acted on

the selected site (selection coefficient on the order of 0.01 or

higher).

We have recently sequenced a 4039 bp-long segment,

about 38 kb downstream from the Sod locus (see Fig. 2) in

the same 15 strains of D. melanogaster. This segment

exhibits a polymorphism intermediate between the pattern

of the Sod locus (as well as 6kbr3r and 1819 ) and that of

segment 2021, indicating that this new segment has been

only partially affected by the selective sweep. The total

length of DNA sequence encompassed between segments

2021 and 4039 is 55,513 bp. Thus, the length of the

chromosomal segment impacted by the selective sweep can

be estimated between 41 and 54 kb. This leads to estimating

the age of the selective sweep between 2600 and 22,000

years, and a selective advantage of 0:020 , s , 0:027. The

selective sweep may have been downstream from Sod, some

12–18 kb from this gene if we assume that the boundaries of

the selective sweep are approximately equidistant from the

selective site.

3. Polymorphism at the Esterase-6 (Est-6 ) locus

The Est-6 gene is on the left arm of chromosome 3 of D.

melanogaster, mapped at bands 69A1–A5 in the cytological

map and at 32.5 in the genetic map (Fig. 1). The coding

region is 1686 bp long and consists of two exons (1387 bp

and 248 bp) and a small (51 bp) intron (Oakeshott et al.,

1987). The gene is duplicated but there is evidence that the

adjacently located duplicate may be a pseudogene (Bala-

kirev and Ayala, 1996; but see Dumancic et al., 1997). The

EST-6 protein is transferred by D. melanogaster males to

females in the semen fluid during copulation (Richmond

et al., 1980; Richmond and Senior, 1981) and affects the

female’s consequent behavior and mating proclivity

(Gromko et al., 1984; Scott, 1986).

Two main allozymes are known (Fast or F and Slow or S)

that exhibit large-scale repeatable latitudinal clines (Oake-

shott et al., 1981), with the Slow allozyme more common at

higher latitudes. This and results from laboratory exper-

iments suggests that the EST-6 polymorphism is maintained

by some form of selection (reviewed by Oakeshott et al.,

1989, 1993, 1995; Richmond et al., 1990).

Cooke and Oakeshott (1989) suggested that the main Fast

and Slow allozymes differ by two amino acids (Asn/Asp at

position 237 and Thr/Ala at position 247) (but see Hasson and

Eanes, 1996; Balakirev et al., 1999) and that these two amino

acid polymorphisms are the most likely targets for selection

underlying the latitudinal clines (Oakeshott et al., 1981).

Several independently acting cis-regulatory promoter

elements that control the expression of the gene in different

tissues have been identified within ,1.2 kb of the 50-

flanking region (Ludwig et al., 1993; Healy et al., 1996;

Tamarina et al., 1997). Game and Oakeshott (1990) found

that a polymorphism at an Rsa I site in the 50-flanking region

of Est-6 shows significant association with the amount and

activity of EST-6 in males. Given the evidence from other

studies that differences in male EST-6 activity affect the

reproductive success of their mates (Richmond et al., 1990),

Game and Oakeshott (1990) have proposed that Est-6 cis-

acting regulatory polymorphisms may be important con-

tributors to adaptive variation (see also Oakeshott et al.,

1994; and Saad et al., 1994).

Odgers et al. (1995) identified a nucleotide substitution

responsible for the Rsa I polymorphism (T ! G at 2531)

and a peak of polymorphism around the Rsa I site. By

comparing their data with the results of Game and

Oakeshott (1990); Odgers et al. (1995) showed that the

Rsa I þ haplotype group yields ,25% more EST-6

enzyme activity in adult males than the Rsa I 2 one, and

detected weak disequilibrium between the promoter poly-

morphism and the Fast/Slow allozyme polymorphism.

However, Odgers et al. (1995) did not investigate the Est-

6 coding region in the same lines of D. melanogaster for

which they obtained the promoter region sequences, which

would have allowed them to analyse the pattern and extent

of the association between the regulatory and structural

nucleotide polymorphism.

We sequenced the Est-6 gene in 15 lines of D.

melanogaster and found departures from random poly-

morphism (Balakirev et al., 1999), but the size of the sample

was too small for ascertaining the role of natural selection.

More recently, we have sequenced a longer DNA fragment

in a larger sample to test the hypothesis that the

polymorphism is neutral. We have investigated the 50-

flanking, coding, and 30-flanking regions of the Est-6 gene

(3062 bp total) in a random sample of 30 lines (and thus

large enough for the population genetic tests; see Hudson

et al., 1994; Simonsen et al., 1995) of D. melanogaster

derived from a natural population of California. The

detected pattern of variability is highly structured with

distinctive features in the coding and 50-flanking regions.

We suggest that the Est-6 nucleotide polymorphism is

shaped by a combination of directional and balancing

selection acting on the promoter and coding region

polymorphisms, and by the interactions between the two

regions due to different degrees of hitchhiking.

F.J. Ayala et al. / Gene 300 (2002) 19–29 23



We have calculated various measures of nucleotide

diversity for the entire data set and for different haplotype

families separately (Table 3). In the pooled sample, total

nucleotide diversity is very similar in the promoter and

coding regions, but higher in the 30-flanking region. The level

of silent variation in the coding region is higher than in the

promoter region, but similar to the variation in the 30-flanking

region, which could indicate different degrees of selective

constraint in the 50- and 30-flanking regions. Polymorphism is

lower in the S than in the F haplotypes (coding region and full

sequence) and lower in the Rsa I 2 than in the Rsa I þ

(promoter region and full sequence). The difference is

significant by coalescent simulations for the coding region S

and F haplotypes (P , 0:05), but not for the promoter

haplotypes. The level of divergence (K ) between D.

melanogaster and D. simulans is similar in different

haplotype groups within the same functional region.

The Rsa restriction site difference is due to a T

(Rsa I þ ) ! G (Rsa I 2 ) transversion at position 653.

The average number of nucleotide differences (K ) between

the Rsa I þ and Rsa I 2 haplotypes is 6.720. The Rsa I 2

haplotypes are fairly homogeneous (K ¼ 1:584); the

Rsa I þ haplotypes are more heterogeneous (K ¼ 4:756).

The Rsa I 2 haplotypes are most frequent in our data set

(20 out of 30) and also in the data of Game and Oakeshott

(1990) (20 out of 29). Odgers et al. (1995) suggested that

Rsa I þ is the ancestral state, which is consistent with the

higher polymorphism of the Rsa I þ haplotypes and is

supported by comparison with D. simulans.

The average number of nucleotide differences between

the two coding-region haplotypes is K ¼ 11:809. The S

group includes most haplotypes (21 out of 30), which are

fairly homogeneous (K ¼ 3:810); the nine F haplotypes are

significantly more heterogeneous (K ¼ 16:722). This

suggests that the F lineage may be ancestral, a conclusion

also reached by Cooke and Oakeshott (1989) and Hasson

and Eanes (1996). However, D. simulans has an A at

position 1985, the same as the S lineage, which would

support the inference that the S lineage may have been the

ancient condition from which the F allelic lineage derived.

(This hypothesis was earlier favored by Balakirev et al.,

1999 on that basis alone; they had in their sample only two F

alleles, quite similar to one another.)

We have assessed the differences between haplotype

Table 3

Nucleotide diversity and divergence of Est-6 and flanking regions in 30 strains of D. melanogastera

Promoter region Coding region 30-flanking region Full sequence Silent sites

Syn Nsyn Total

No. of sites 1183 379 1256 1635 193 3062 1746

Full sample

p 0.0059 0.0147 0.0025 0.0054 0.0133 0.0062 0.0088

u 0.0058 0.0153 0.0026 0.0056 0.0183 0.0065 0.0093

K 0.0833 0.1499 0.0214 0.0492 0.0955 0.0643 0.0995

Slow haplotypes

p 0.0057 0.0053 0.0008 0.0019 0.0014 0.0034 0.0053

u 0.0054 0.0066 0.0013 0.0026 0.0029 0.0037 0.0054

K 0.0828 0.1504 0.0208 0.0489 0.0933 0.0639 0.0989

Fast haplotypes

p 0.0063 0.0199 0.0030 0.0069 0.0253 0.0079 0.0115

u 0.0056 0.0194 0.0227 0.0065 0.0248 0.0074 0.0107

K 0.0831 0.1487 0.0227 0.0499 0.1007 0.0650 0.0997

RsaI 2 haplotypes

p 0.0012 0.0137 0.0026 0.0052 0.0142 0.0043 0.0055

u 0.0025 0.0134 0.0022 0.0048 0.0117 0.0044 0.0060

K 0.0832 0.1499 0.0215 0.0494 0.0967 0.0645 0.0997

RsaI þ haplotypes

p 0.0046 0.0152 0.0023 0.0053 0.0104 0.0054 0.0077

u 0.0044 0.0177 0.0025 0.0061 0.0183 0.0062 0.0089

K 0.0832 0.1499 0.0210 0.0490 0.0930 0.0638 0.0990

a p is the average number of nucleotide differences per site among all pairs of sequences. u is the expected number of segregating nucleotide sites among all

sequences. K is the average proportion of nucleotide differences between D. melanogaster and D. simulans, corrected according to Jukes and Cantor (1969).

Syn, synonymous; nsyn, nonsynonymous; silent sites include noncoding regions and synonymous sites in coding region. The coding region includes exons I

and II. Statistics are calculated for the whole data set, as well as for the coding (Slow and Fast haplotypes) and promoter (Rsa I 2 and Rsa I þ ) regions

separately. Polymorphic sites are not homogeneously distributed along the promoter region (Odgers et al., 1995); we use the average over the 1183 bp for

comparisons with other regions.
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families by the permutation test of Hudson et al. (1992). The

tests are highly significant for the promoter haplotypes

Kst* ¼ 0:4175 (Kst* 0:999 ¼ 0:0966, P , 0:001); as well as

for the coding region haplotypes Kst* ¼ 0:2846

(Kst* 0:999 ¼ 0:0701, P , 0:001). Two F haplotypes (strains

F-531F and F-611F) may have arisen by recombination

between S and F coding region sequences (see Fig. 3); the

difference between them and the other F haplotypes is

significant (Kst* ¼ 0:3352, Kst* 0:95 ¼ 0:1290, P , 0:05).

Sliding-window analysis of the distribution of diver-

gence within and between the sets of haplotypes manifests

conspicuous peaks of variation, one around the Rsa I 2 /

Rsa I þ site (Fig. 4A) and another around the S/F site (Fig.

4B). These peaks may reflect the effect of balancing

selection (Strobeck, 1983; Hudson and Kaplan, 1988; see

our earlier discussion of Sod polymorphism).

We have examined linkage disequilibrium within the

Est-6 gene region as follows. We have first eliminated all

singleton polymorphisms (i.e. mutations present in only one

sequence). Then, we have made all pairwise comparisons

between the remaining polymorphic sites, using Fisher’s

exact test for linkage disequilibrium. 36.3% (445 out of

1225) comparisons are statistically significant. With the

Bonferroni correction for multiple comparisons, the signifi-

cant associations reduce to 9.3%. The pattern of disequili-

brium is quite distinct. Two clearly defined regions occur,

one of which encompasses the promoter region; the other

region comprises the rest of the gene. There is strong

disequilibrium within each region, but virtually none

between regions: of the pairwise comparisons between

sites, 52.9 and 55.2% are significant within each region,

respectively (33.3 and 11.5%, with the Bonferroni correc-

tion), but only 15.1% between the regions (1.0% with the

Bonferroni correction). That is, with respect to linkage

disequilibrium, the promoter and the coding segments

behave as if they were each tightly linked, but evolving

independently from one another.

The McDonald and Kreitman (1991) test of neutrality is

statistically significant when applied to the 30 strains in our

study (Table 4). However, the Hudson et al. (1987), Tajima

(1989), Fu and Li (1993) and Depaulis and Veuille (1998)

tests do not reveal any significant deviation from neutrality,

although the Tajima (1989) test applied to our data (exon I)

combined with previously published Est-6 sequences

(Cooke and Oakeshott, 1989; Hasson and Eanes, 1996)

reveals significant deviation from neutrality expectations for

Fig. 3. Unrooted neighbor-joining tree (Kimura’s 2-parameter model) of 30

Est-6 haplotypes of D. melanogaster. S or F to the left of the number refers

to the Est-6 locus. (Notice US-255F, a strain showing an ‘ultra-slow’ Est-6

electromorph.) The number and the S or F on the right refer to the Sod strain

designation. The 15 haplotypes in bold are those used for investigating

linkage disequilibrium between the two genes. Notice that all Est-6 S

haplotypes group as a sister clade to the F-775F haplotype. The sequences

of F-531F and F-611F indicate that they are recombinant haplotypes.

Numbers at the nodes are percent bootstrap values, based on 500

replications.

Fig. 4. Sliding-window analysis of the Est-6 polymorphisms for two pairs of

haplotype sets: Rsa I þ versus Rsa I 2 (top) and F versus S (bottom).

Nucleotide diversity within sets (p ) is compared to nucleotide diversity

between sets (D ). Window size is 200 bp with 50 bp increments. The gene’s

structure is represented below, with the coding regions as black boxes; the

arrows indicate the Rsa I þ /Rsa I 2 and S/F sites. The peaks around these

two sites suggest balanced polymorphisms. There is a suggestion of a

balanced polymorphism (involving primarily the F haplotypes) in the 30-

flanking region; this is a short segment that separates Est-6 from a

duplicated gene (represented by various authors as Est-P, Est-7, or cEst-6;

see Balakirev and Ayala, 1996), and thus corresponds to the putative

promoter region of the duplicated gene.
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the S alleles (D ¼ 21:864, P , 0:05; not so for the F

alleles, D ¼ 20:181, P . 0:10); this test also detects

significant deviation from neutrality in the promoter region

for the Rsa I 2 haplotypes (D ¼ 22:065, P , 0:05). We

have also used Kelly’s ZnS (Kelly, 1997) and Wall’s B and Q

tests (Wall, 1999), which are based on linkage disequili-

brium between segregating sites. For the entire Est-6 region

both tests are highly significant (ZnS ¼ 0:154, P ¼ 0:004;

B ¼ 0:270, P ¼ 0; Q ¼ 0:427, P ¼ 0) with C ¼ 0:015,

equal to the Cmin based on the inferred minimum number of

the recombination events (Hudson and Kaplan, 1985). The

tests are also significant separately for the coding and

promoter regions, with C $ 0:020 (promoter region) and

C $ 0:010 (coding region) for Kelly’s test and C $ 0:010

for Wall’s tests. The areas of significant values of Kelly’s

and Wall’s statistics are centered around the Rsa I site and

the F/S polymorphisms.

The pattern of variability in the promoter region of the

Est-6 gene suggests involvement of both directional and

balancing selection. We have observed a pronounced area of

highly significant linkage disequilibrium around the Rsa I

site (Fig. 4). Thus, the Rsa I site might be a target of

selection in the promoter region. However this site is in

linkage disequilibrium with 11 other polymorphic sites in

the promoter region, which makes uncertain the precise site

that impacts EST-6 activity. Conceivably, selection could

act on any site that is in linkage disequilibrium with the

Rsa I site, or on the whole stretch of linked sites.

The present analysis of the Est-6 coding region confirms

our previous suggestion that the pattern of nucleotide

variability of the Est-6 coding region is shaped by the

influence of both directional and balancing selection

(Balakirev et al., 1999; see also Oakeshott et al., 1989,

1993, 1995; Richmond et al., 1990). Window analysis of

DNA sequence variation reveals an excess of polymorphism

surrounding the site that determines the F/S allozyme

polymorphism (Fig. 4). This is consistent with a history of

balancing selection impacting the allozyme polymorphism

site. Our interpretation is that the pattern of nucleotide

variation in Est-6 is shaped by the superposition of the

effects of directional and balancing selection in the

promoter region; and by analogous superposition effects in

the coding region.

4. Linkage disequilibrium between Sod and Est-6

Linkage disequilibrium and nonrandom associations

between alleles or groups of nucleotides may indicate

epistatic relationships, and much empirical work has been

devoted over several decades to ascertain whether linkage

disequilibrium occurs between gene loci. The issue of gene

interaction is also important in connection with the long-

lasting neutralist-selectionist controversy. Linkage disequi-

librium is often considered strong evidence of selection,

especially if its pattern is consistent between populations

(Lewontin, 1974).

The evidence for linkage disequilibrium between indi-

vidual loci in Drosophila remains scarce, except when genes

are very closely linked or associated with chromosomal

inversions. In the cases when significant associations have

been detected, it is often far from clear whether they are due

to non-random haplotype sampling, random genetic drift, or

natural selection. Significant disequilibrium can indeed arise

without epistasis as a result of random genetic drift within a

given population in subdivided populations and by gene

migration or founder effects (Balakirev et al., 1999).

Numerous examples of significant linkage disequili-

brium have been discovered in Drosophila between specific

allozymes and chromosomal inversions, which have been

interpreted as reflecting selection for favored multilocus

allele combinations. The general inference from these

studies is, however, that linkage disequilibrium is mostly

associated with closely linked genes, but may involve

distantly linked genes when special cytological mechanisms

(polymorphic inversions) allow it to exist. Gene loci that can

recombine freely exhibit little, if any, linkage disequili-

brium. Failure to detect disequilibrium may, of course, be a

consequence of the limited statistical power of the tests to

detect it (Brown, 1975). Nevertheless, DNA linkage

disequilibrium between nucleotide sites in different loci is

well established in some cases, and also that it reflects

epistatic relationships (Kirby et al., 1995; Kirby and

Stephan, 1996), although the nature of the epistatic

interactions between genes remains enigmatic.

Sod and Est-6 are closely linked on the left arm of

chromosome 3 of D. melanogaster, ,938 kb apart. We

have examined whether linkage disequilibrium occurs

between the DNA sequences of these two genes. This

possibility has been intimated by the results of Smit-Mc-

Bride et al. (1988), who investigated natural and laboratory

populations and detected linkage disequilibrium between

the allozyme polymorphisms of Sod and Est-6, but not

between other gene pairs. Moreover, as we have shown, a

selective sweep has recently occurred involving a many-

kilobases-long region that includes the Sod gene (see also

Hudson et al., 1994, 1997). The pattern of the Est-6

polymorphism may also have arisen as a consequence of an

S haplotype sweep (see Fig. 3).

We have investigated jointly the Est-6 and Sod sequence

polymorphisms in a set of 15 strains from the El Rio

Table 4

McDonald-Kreitman test of neutrality for the Est-6 gene

Fixed differences Polymorphisms

D. melanogaster D. simulansa Totalb

Replacement 18 13 11 22

Silent 24 23 54 74

a Calculated using data from Karotam et al. (1995).
b Sites that are polymorphic in both species are counted only once. For

the two-tailed Fisher’s exact test P ¼ 0:025.
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population of D. melanogaster. (These are the strains labeled

in bold type in Fig. 3.) We include in this analysis a segment

1879 bp long of Est-6 that encompasses the two exons and

intron plus 193 bp of the 30-flanking region. For Sod we

analyse a segment 1408 bp long that encompasses the two

exons and intron plus 244 bp of the 30-flanking region.

For Est-6, 262 out of 351 pairwise comparisons (74.6%)

between nonsingleton pairs of polymorphisms show stat-

istically significant linkage disequilibrium by the chi-square

test; with the Bonferroni correction for multiple compari-

sons, there are 192 (54.7%) significant associations. The

distribution of significant associations is fairly uniform

across the Est-6 sequence; linkage disequilibrium does not

decline as distance between polymorphic sites increases.

(Remember that the promoter region of Est-6 is not included

in this analysis.)

We have also found an excess of nonrandom associations

within Sod: 211 out of 325 pairwise comparisons (64.9%)

are significant; 191 (58.8%) with the Bonferroni correction.

The significant associations do not form any obvious cluster,

nor is the strength of linkage disequilibrium related to the

distance between polymorphic sites.

We have evaluated linkage disequilibrium between the

Sod and Est-6 genes, first, using Fisher’s exact test and the

chi-square test, which fail to detect any significant

interlocus association, as might be expected owing to

asymmetrical allelic frequencies (Lewontin, 1995). We

have also used the ‘sign’ method (Lewontin, 1995), based

on the distribution of the disequilibrium sign, which is

sensitive to asymmetrical allele frequencies and efficiently

operates with singleton polymorphisms, which are not

informative when Fisher’s exact test is used. The sign

method involves examining the number of positive and

negative D values for each polymorphic site within and

between all types of pairwise comparisons (singletons vs.

singletons, singletons vs. doublets, doublets vs. doublets,

and so on). The results are summarized in Table 5.

In order to identify the gene regions that might be

involved in the disequilibrium between the two genes, we

have applied the Lewontin test separately to different

regions. The results are summarized in Table 6. The most

significant associations occur between the Est-6 coding

region and the Sod intron (row 2 in Table 6) and between the

Est-6 coding region and the 30-flanking region of Sod (row 3

in Table 6). It is interesting that the disequilibrium between

exon I of Est-6 and exon II of Sod (row 5 in Table 6), which

include the sites of the S/F polymorphisms, is less

pronounced than between the regions just noted. This may

likely be due, at least in part, to the selective sweep that has

considerably reduced variability in Sod, and has, conse-

quently, erased all or most preexisting linkage disequili-

brium. The pattern of linkage disequilibrium between the

two genes remains unchanged when singletons are excluded

(Balakirev et al., 1999).

5. Concluding remarks

The analysis of DNA sequence variation in two loci of D.

melanogaster suggest that natural selection is involved in

modulating the patterns of the polymorphisms. In the case of

Sod there is evidence of positive directional selection and

perhaps some form of balanced selection; directional

selection as well as balance polymorphism appear to be

involved in Est-6.

A hypothesis of the evolutionary history of Sod would be

as follows. The F(A) haplotype arose $ 5000 years ago and

increased in frequency under strong natural selection

(s . 0:01) reaching a frequency of about 50% in Europe,

Asia, North America and South America (Hudson et al.,

1994 and our unpublished data). We have not found the

F(A) allele in African populations (data not shown), which

suggests that the mutation responsible for the selective

sweep arose after D. melanogaster had colonized other

continents from its African origins. The S mutation arose in

an F(A) haplotype and may have been swept together with

Table 5

Linkage associations between Est-6 and Sod for pairs of biallelic sitesa

k m D þ D 2 G G*

Observed Expected Observed Expected

1 1 6 8.576 122 119.424 0.933 0.929

1 2 6 74.480 554 485.520 115.968 115.865

1 3 5 11.200 51 44.800 5.157 5.111

1 4 3 12.816 45 35.184 13.434 13.296

1 5 4 2.664 4 5.336 0.947 0.891

2 2 2 147.004 570 424.996 317.465 317.188

2 3 2 43.778 116 74.222 91.251 90.866

2 4 3 37.128 75 40.872 75.962 75.478

2 5 20 12.562 2 9.438 12.396 12.121

3 3 3 3.096 3 2.904 0.007 0.006

3 4 3 5.733 6 3.267 3.409 3.230

3 5 2 1.472 0 0.528 1.226 0.981

4 5 0 1.221 3 1.779 3.135 2.687

a k is the number of copies of the rarer allele at a biallelic site; m is the

number of copies of the rarer allele at another biallelic site for m $ k. D þ

and D 2 refer to positive and negative associations.

Table 6

Linkage disequilibrium between Est-6 and Sod in Drosophila melanogas-

tera

Est-6 Sod G P

Full sequence Full sequence 459.6 ,0.001

Coding Intron 277.4 ,0.001

Coding 30-flanking 53.1 ,0.001

Coding Coding 6.1 ,0.05

Exon I (F/S) site Exon II (F/S) site 6.5 ,0.05

Exon II Exon II 1.4 n.s.

a G is a likelihood ratio statistic (Sokal and Rohlf, 1981, pp. 695–707;

see Lewontin, 1995). The values of G and P are not materially significant

when using the Williams correction (G*, see Sokal and Rohlf, 1981). n.s.,

not significant.
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other F(A) haplotypes. The S allele does not occur in Africa

or in South America, consistent with its recent origin in

Europe, Asia, or North America. The locus responsible for

the selective sweep of the F(A) haplotypes may not be the

Sod locus itself, but rather it is probably a site several kb

downstream from that locus. Whether natural selection is

also impacting the Sod locus itself is uncertain.

There is evidence that a recent selective sweep may also

have occurred encompassing an S haplotype of the Est-6

locus. There is very little sequence divergence among the

Est-6 S alleles; in fact a majority of these are identical in

sequence or differ by only one or two nucleotides from most

others (see Fig. 3). The site of the selective sweep may be

within the Est-6 locus itself (or very closely linked to it) given

that all S alleles seemed to have been carried by the sweep,

without enough time for recombination with non-sweep

haplotypes.

The occurrence of similar S/F Est-6 latitudinal clines in

different continents (North America and Australia) suggests

that balanced selection is also impacting the Est-6

polymorphism (Oakeshott et al., 1981, 1993 and references

therein; Healy et al., 1996). The role of Est-6 in D.

melanogaster mating propensity (Richmond et al., 1980,

1990; Ludwig et al., 1993); its association with increased

reproductive fitness, pre-adult viability, tissue expression

pattern, and levels of enzyme activity strongly indicate that

natural selection is involved in shaping the S/F and Rsa I 2 /

Rsa I þ polymorphisms (Gromko et al., 1984; Game and

Oakeshott, 1990; Richmond et al., 1990; Ludwig et al.,

1993; Oakeshott et al., 1994, 1995; Odgers et al., 1995;

Tamarina et al., 1997). Our window analysis also supports

that these are balanced polymorphisms (Fig. 4).

The selective sweeps involving Est-6 S haplotypes and

Sod F(A) and S haplotypes may have been different. This is

supported by the observation that haplotypes S-498F and S-

968F have identical Est-6 sequences (see Fig. 3) and are not

Sod F(A) haplotypes, but rather are very different in Sod

sequence from all F(A) alleles (see Fig. 3 in Balakirev et al.,

1999). However, this discrepancy can be accounted by

genetic recombination between the two loci, even if the

selective sweep were very recent (,2600 years old), given

that Est-6 and Sod are nearly 1000 kb apart and in a region of

high-recombination frequency (see Fig. 1). A single selective

sweep would account for the linkage disequilibrium we have

observed between the two loci. Alternatively, this disequili-

brium might have arisen as a consequence of epistatic

interactions between the two regions. The functional grounds

of such epistatic interactions, if they exist, are unknown at

present, since the sweep site in the Sod region remains to be

genetically characterized.

The pattern of two highly diverged sets of haplotypes that

occurs in both loci (the F versus the S haplotypes in Est-6

and the F(A) and S versus the other F haplotypes in Sod )

might be accounted for by merging of previously geo-

graphically isolated populations. Another possibility is that

one set of diverged haplotypes is or was part of an inversion.

The common and widespread In(3L )P inversion embraces

Est-6 and Sod, but no third-chromosome inversions have

been found segregating in the El Rio population (Smit-Mc-

Bride et al., 1988, and unpublished data from our

laboratory). It is not known whether the one set of diverged

haplotypes may represent sequences that have ‘escaped’

from an inversion as it has been suggested for sequences at

the Est-6 locus (Odgers et al., 1995). In conclusion, the

intriguing similarities in patterns of DNA sequence poly-

morphism may have arisen by similar independent selection

events, but we cannot completely exclude the possibility of

some event or process affecting simultaneously Est-6 and

Sod within a relatively large segment of chromosome 3

(Hudson et al., 1997).

References

Ayala, F.J., 1997. Vagaries of the molecular clock. Proc. Natl. Acad. Sci.

USA 94, 7776–7783.

Ayala, F.J., 1999. Molecular clock mirages. BioEssays 21, 71–75.

Balakirev, E.S., Ayala, F.J., 1996. Is esterase-P encoded by a cryptic

pseudogene in Drosophila melanogaster? Genetics 144, 1511–1518.

Balakirev, E.S., Balakirev, E.I., RodrÍguez-Trelles, F., Ayala, F.J., 1999.
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