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ABSTRACT

Clines may either be selectively maintained or be the by-product of nonadaptive processes related
to population structure and history. Drosophila melanogaster populations on the east coast of North
America show a latitudinal cline in the frequencies of two common electrophoretically distinguishable
alleles at the alcohol dehydrogenase locus (Adh), designated Adh-S and Adk-F. This cline may either
be adaptive or an artifact of a possible recent dual founding of North American D. melanogaster
populations in which frequencies of Adh alleles differed between founder populations. By means of a
high resolution restriction-mapping technique, we studied the distribution of 113 haplotypes derived
from 44 polymorphic DNA markers within the Adk region in 1533 individuals from 25 populations
throughout the cline. We found significant clinal differentiation at the polymorphism determining
the mobility-difference causing amino acid replacement between Adh-F and Adh-§ alleles. Hitchhiking
was limited, despite extensive linkage disequilibrium, and other sites did not vary clinally. Such a
pattern of differentiation implies that selection is responsible for the cline. To investigate whether
selection acts only on the Adh-F/S site, we performed a “selective equivalence” test under the
assumption that all variability within the specified allelic class is selectively neutral. This revealed
selective equivalence among Adh-S-bearing haplotypes, whose frequencies showed no differentiation
throughout the cline, implying high levels of frequency-homogenizing gene flow. Geographical
heterogeneity among Adh-F-bearing haplotypes implied the action of selection on one or more
additional variants in linkage disequilibrium with Adh-F. In a further study of a subset of the data (n
= 1076 from 18 populations), we found a combined insertion/deletion polymorphism, designated V1,
located in the 5’ adult intron and in linkage disequilibrium with Adk-F, to show more marked clinal
variation than Adh-F/S. Although the unequivocal identification of the precise target(s) of selection
requires further study, we suggest that clinal selection may be acting epistatically on the Adh-F/S and

VI polymorphisms.

O enzyme polymorphism has been more inten-
sively studied than the Fast/Slow (Adh-F/Adh-S)
polymorphism at the alcohol dehydrogenase locus
(Adh) of Drosophila melanogaster; CHAMBER's (1988)
review cites 364 papers. Among these are attempts to
résolve whether the latitudinal clines in Adh allozyme
frequencies result from selection or drift (e.g., OAK-
ESHOTT et al. 1982). Experimental approaches to iden-
tify the selective factor(s), either by manipulation of
artificial populations or by direct in vitro or in vivo
studies of enzyme activity, have yielded equivocal
results. The allozymes differ in their kinetic properties
(CHAMBERS 1988; HEINSTRA, SCHARLOO and THORIG
1987) and their thermostabilities (VIGUE and JOHNSON
1973), and on average Adh-F alleles yield twice as
much active protein as Adh-S alleles (LAURIE-AHLBERG
1985). But these differences do not correlate with
known environmental variables (VAN DELDEN 1982;
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HEINSTRA, SCHARLOO and THORIG 1987). This incon-
sistency may result from a failure to identify or mimic
adequately natural selection pressures, or from an
inability to detect small fitness differences. Selection
coefficients only need to be larger than the reciprocal
of population size, N,, to influence gene frequencies
(Ewens 1979). Given D. melanogaster’s estimated N,
of 10° (KREITMAN 1983), and that selection coeffi-
cients of less than a few percent are experimentally
undetectable in Drosophila (ARNAsON 1991), there
remains a large window of selection coefficients caus-
ing effective but undetectable selection.

The most compelling evidence in favor of selection
comes not from direct fitness measurements but from
surveys of genotype frequencies in natural popula-
tions. PIPKIN et al. (1976) identified a discontinuity in
allele frequencies between Mexican highland and low-
land populations. OAKESHOTT et al. (1982) observed
parallel clines on a number of continents, including
one on the east coast of Australia in which the north-
south cline of the Northern Hemisphere has become
a complementary south-north cline. Nevertheless, not
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all comparable ranges of latitude show clines: SMITH
et al. (1984) failed 1o find a cline on the west coast of
the United States.

We studied the Adh cline on the east coast of the
United States where frequencies of Adh-S range be-
tween 90% in Florida and 55% in Maine (VIGUE and
JoHNsoN 1973). This, like the other clines identified
by OAKESHOTT et al. (1982), may either be the product
of selection or of species history and population struc-
ture. Genetic and historical information suggest that
D. melanogaster has recently expanded its range (JOHN-
SON 1913; DavID and CAPYy 1988): it originated in
tropical Africa, possibly migrated into Eurasia early
in its history, and arrived in the New World and
Australia with the human movements of historical
times. D. melanogaster has therefore possibly been on
the east coast of the United States for only the past
200-300 years. Such a recent introduction might have
facilitated the formation of a cline, especially in view
of the likely colonization of the north by flies coming
from northern Europe (where populations are largely
Adh-F) and of the south by flies from Africa (largely
Adh-S) (Davip and Capy 1988). Under this “histori-
cal” hypothesis, limited subsequent gene flow in the
short time since colonization has established the ob-
served cline between the two points of introduction.

How can history and selection be distinguished?
Because selection affecting allozyme frequencies may
be undetectable in the laboratory, a test based on the
distribution of genotypes in nature is desirable. CAv-
ALLI-SFORZA (1966) pointed out that selection deter-
mining genotype frequencies at a specified locus will
have no effect on allele frequencies at unlinked poly-
morphic loci. Drift or historical processes, on the
other hand, should affect all loci equally. Thus selec-
tion predicts clinal variation at the loci under selection
superimposed on a background of drift/migration-
determined variation at other loci, whereas history
predicts similar clines, or gene frequency differentia-
tion, at all sites whose frequencies differed between
the founder populations. A formal statistical test of
this idea was developed by LEWONTIN and KRAKAUER
(1973) but was subsequently shown to be of limited
applicability (NEI and MARUYAMA 1975; ROBERTSON
1975). Previous applications of this approach em-
ployed polymorphic allozyme markers: for example,
CHRISTIANSEN and FRYDENBERG (1974) found two
clinal and two non-clinal loci in Danish populations of
the eelpout, Zoarces viviparus. Because all protein
variants might be visible to selection, we cannot de-
termine which loci, if any, are selected and which, if
any, are unselected. We therefore need to study the
distribution of variation at both the putatively selected
loci and at neutral loci which serve as indicators of
population structure; discrepancies between the two
distributions imply selection at the study loci.

We have studied the distribution of DNA variation
in and around the Adh locus in D. melanogaster popu-
lations throughout the east coast. Of our 19 highly
variable restriction fragment length polymorphism
(RFLP) markers, only one (the Fast/Slow site) corre-
sponds to an amino acid polymorphism; all the others
are effectively silent. While this does not necessarily
imply that they are not under selection, we assume
they are more likely to be neutral indicators of popu-
lation history than allozymes. Previous geographic
studies of Adk RFLP polymorphism (KREITMAN and
AGUADE 1986; SIMMONS et al. 1989) found frequen-
cies of these effectively silent markers to be generally
uniform over large geographic distances, suggesting
that they are indeed neutral markers of population
history.

In addition to treating each polymorphic restriction
site in the Adh region as a separate marker, we can
also combine all polymorphic sites to yield a single
haplotype (i.e., the particular pattern of presence or
absence of a variant at each polymorphic site) for each
line. Having a large number of different haplotypes
(113) improves the sensitivity of population structure
analysis. As European and African populations are
differentiated (AcuaDE 1988; A. BERRY and M.
KREITMAN, unpublished data), the historical explana-
tion of the cline predicts haplotypic differentiation
between northern (Europe-derived) and southern (Af-
rica-derived) populations. On the other hand, with
sufficient migration, there will be little or no differ-
entiation of haplotypes, implying that the allozyme
cline is subject to selection.

We confined the study to the Adk region, rather
than additionally studying variation in other regions,
in order to answer questions if we found selection to
be responsible for the cline: for example, whether
selection is actually acting on the Adh-F/Adh-S poly-
morphism or whether the polymorphism serves
merely as a marker for other sites under selection. If
selection were acting only on the F/S polymorphism
and all other markers are neutral, then all haplotypes
within each allelic class are selectively equivalent.
Thus we can explicitly test hypotheses about clinal
selection on specified sites: if clinal selection was acting
only on the F/S site, then the distributions of haplo-
types within both the AdA-F and Adk-S allelic classes
would be similar, with both being attributable to the
same forces of drift and migration. On the other hand,
selection on sites other than the F/S site would result
in selective heterogeneity between the Adh-F and/or
Adh-S classes, implying that selection is discriminating
between different haplotypes within each class.

Our survey revealed patterns of polymorphism con-
sistent with an adaptive explanation of the cline: ex-
tensive clinal differentiation occurs only at one vari-
able site, the F/S polymorphism. However, although
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Adh-S-bearing haplotypes (S-haplotypes) appear to be
selective equivalents, we detected geographic hetero-
geneity in the distribution of F-haplotypes, suggesting
that polymorphism(s) segregating within the Adh-F
class are subject to natural selection. The second part
of this paper comprises a survey of additional poly-
morphisms for a subset of the original dataset in an
attempt to identify the factor(s) responsible for the
within-Adh-F heterogeneity.

Linkage to selected inversions is not likely to be
responsible for the among-F-haplotypes heterogene-
ity. The only inversion known to be in linkage dise-
quilibrium with Adh-F/S is In-2Lt (VOELKER et al.
1978), but this is entirely associated with Adh-S. How,
therefore, can we home in on the source of this
heterogeneity? AQUADRO et al. (1986), and others,
have noted that the Adh-F allele produces on average
a two- to threefold higher concentration of ADH
protein than the Adh-S allele. By site-directed in vitro
mutagenesis, CHOUDHARY and LAURIE (1991) have
shown that the F/S amino acid polymorphism is not
responsible for this difference. By means of P element
transformation of genetically uniform flies with vary-
ing Adh haplotypes, LAURIE-AHLBERG and STAM
(1987) showed earlier that all the variability in ADH
concentration maps to within a 2.3-kb fragment in-
cluding all the Adh coding sequence and some intron
and 3'-flanking sequence. It is here, therefore, that
we looked for polymorphisms causing the heteroge-
neity within F-haplotypes.

Two candidate heterogeneity-causing polymor-
phisms were the “Chateau Douglas” site and the V1
length polymorphism. Chateau Douglas is a cosmopol-
itan thermostable Adh-F allele (LEwis and GIBSON
1978; SAMPSELL 1977; THORIG, SCHOONE and SCHAR-
LoO 1975) occurring at low frequencies in natural
populations (WILKS et al. 1980; SAMPSELL and STEW-
ARD 1983). Its Adh-S-like properties are apparently
conferred by a single amino acid substitution (COLLET
1988; EIssEs et al. 1990). We studied VI because
LAURIE, BRIDGHAM and CHOUDHARY (1991), in their
study of the factors affecting ADH-protein concentra-
tion, suggested that it might have a major effect. It is
polymorphic in both populations in which it has been
studied (Raleigh, North Carolina, and Putah Creek,
California; KREITMAN and AGUADE 1986) and, signif-
icantly, is in linkage disequilibrium with Adh-F. The
fact that both of these sites are known to be variable
within Adh-F and not to occur on Adh-S alleles suggests
that they may be responsible for the observed heter-
ogeneity among F-haplotypes, coupled with a lack of
heterogeneity among S-haplotypes.

MATERIALS AND METHODS

Flies: Table 1 lists the 25 populations sampled. Whenever
possible, we structured our sampling as follows: resampling

populations over a number of years to ascertain the extent
to which gene frequencies vary between years; sampling
several populations within a single locality (i.e., all popula-
tions at approximately the same latitude) to gauge the
amount of local differentiation; and sampling localities
throughout the east coast to investigate the effect of latitude.
The entire sample was split into two blocks, north and south,
each encompassing about 10° of latitude. These divisions
(between blocks; among localities within blocks; among pop-
ulations within localities; among years within populations)
form the basis of the hierarchical analyses of population
subdivision outlined below. In southern areas, flies were
collected in the winter or spring, but northern populations
were only sufficiently abundant to permit collection at the
end of the summer. It was impossible to control for the type
of fruit over which the flies were collected, but, in general,
we collected from a mixture of rotting material in garbage
containers behind roadside fruit stands.

We established approximately 100 isofemale lines imme-
diately after making each collection and made each line
homo- or hemizygous for the Adh gene region of a single
wild-caught chromosome using a marked chromosome car-
rying a deletion of the Adh region (A178, supplied by M.
ASHBURNER).

RFLP analysis: All procedures followed KREITMAN and
AGUADE (1986) except for populations collected since 1987.
For these, restriction digests were carried out in micro-titre
plates and the DNA precipitated using isopropanol rather
than ethanol (COYNE, AULARD and BERRY 1991; KREITMAN
1991). We used the following enzymes: Alul, Ddel, Haelll,
Hhal, Mspl, Sau3Al and Taql. Ddel digests were combined
with BamHI to reveal an extra polymorphic site. Southern
blots were probed with a 2.7-kb Sall-Clal fragment incor-
porating the Adh structural locus (KREITMAN 1983). From
the known sequence, we find that this method detects vir-
tually all insertion/deletion variation in the region and about
20% of all possible substitutions. Scoring of autoradiographs
was based on the published sequences for eleven Adh genes
(KREITMAN 1983), which include many of the observed
restriction site polymorphisms. Further polymorphisms
were identified in the studies of KREITMAN and AGUADE
(1986) and SIMMONS et al. (1989) and additional ones could
be ascribed to a single base in the case of a site gain, to any
one of four bases in the case of a site Joss, and to a minimal
length restriction fragment in the case of insertion/deletion
variation. Table 2 lists the sites scored. Our analysis includes
most of the sites scored by previous authors. However, one
notable exception is an Alul cut site at position 1068, which
is highly polymorphic in this and previous studies but was
omitted because 1t was difficult to score in two of our
populations. Nevertheless, this polymorphism is in total
linkage disequilibrium with a number of sites which together
comprise the “Washington-Slow” haplotype (Wa-S; see below),
so its exclusion results in no loss of information.

Scoring the F/S polymorphism: This polymorphism was
not detected with the restriction enzymes used in this study.
We therefore assayed four to five individuals from each
isogenic line for Adh allele by means of agarose gel electro-
phoresis of total body homogenate and staining for ADH
activity (according to SIMMONS ¢t al. 1989). We confirmed
this scoring by probing the Southern blot filters with allele-
specific oligonucleotides (CCACCCTGGTGCACACGTTC
for Adh-F, and CCACCCTGGTGCACAAGTTC for Adh-
§) under conditions sufficiently stringent to permit only the
hybridization of the full 20-bp match. Sau3Al filters were
probed for Adh-S and Hhal filters for Adh-F. Oligonucleo-
tides were end-labeled by means of a kinasing reaction with
[v-**PJdATP and hybridized overnight at 46° in 10% PEG
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TABLE 1

Hierarchical sampling scheme for both general and V1 surveys

Population
. Latitude No. of lines
Block Locality Name Abbreviation (°N) Year studied
North (Me) (Cherryfield) Cf 44.36 (84) 98 (0)
(86) 51 (0)
Vit Edgewood Ew 43.47 88 60
Orwell Orw 43.47 88 59
Mass Nagog Ng 42.30 (86) 58 (0)
38 59
Idylwilde Iw 42.30 88 59
Very Fine \'%% 42.30 88 60
Ct Wesleyan Wes 41.34 (86) 54 (0)
88 60 (59)
Lymers Ly 4].34 88 59
NJ (Sansones) Ss 40.29 (86) 59 (0)
Orchardside Orch 40.21 87 36
Terhunes Ter 40.21 86 59
87a% 69 (67)
(87b%) 57 (0)
Md Maryland Md 39.00 88 56
South NC Raleigh Ral 35.46 83 60
84 97
87 48
Jax Jacksonville Jax 30.20 87 60 (59)
FP Fort Pierce Fp 27.28 87 60 (59)
Mec Mecca Mec 26.42 87 60
FlaC Florida City Fc 25.27 (84) (75) (0)
87 60
Totals: 2 11(10) 17 (15) 25 (18) 1533 (1076)

If a locality, population or year sample is excluded in the VI survey, the entry is in parentheses. Totals for the VI survey are given in

parentheses where they differ from general survey totals.

¢ Terhunes was sampled twice in 1987: in the spring (a) and in the fall (b).

6000, 253 mM NaCl, 83 mm NayHPO, (adjusted to pH 7.2
with HsPOy), 7% sodium dodecyl sulfate (SDS) (G. CHURCH,
personal communication) to the filters. Three 15-min
washes were carried out at 60° in 71 mm Na;HPO, (adjusted
to pH 7.2 with H3PO,), 1% SDS.

Chateau Douglas: We surveyed individuals from two pop-
ulations from the extremes of the cline: Edgewood, Ver-
mont (n = 57) and Florida City, Florida (the 1987 sample;
n = 60). As Chéteau Douglas is associated with Adh-F, we
sampled Edgewood, a northern population with a high
frequency (52%) of Adh-F. However, because of its Adh-S-
like properties, we hypothesize that Chdteau Douglas is ac-
cordingly disproportionately (with respect to other F-hap-
lotypes) represented in southern populations such as Florida
City.

By polymerase chain reaction (PCR), we amplified a small
segment of DNA encompassing the nucleotide substitution
causing the Chéteau Douglas-specific amino acid difference.
That fragment was then digested with Bsrl, a restriction
enzyme cutting at the Chateau Douglas-specific site and
failing to cut the standard sequence.

PCR was performed using 20-mer primers whose 5 ends
correspond to positions 1475 (forward primer) and 1694
(reverse primer) in KREITMAN's (1983) sequence. Amplifi-
cation was carried out in 50-ul reaction volumes with one

unit of Tag polymerase (BRL) under standard conditions
(SAIKI et al. 1988) with a 2 mM magnesium concentration.
The PCR product was phenol/chloroform extracted twice,
chloroform extracted, ethanol precipitated and digested
overnight in the presence of RNAse with one unit of Bsrl
in 50-ul reaction volumes. Digests were ethanol precipitated
and electrophoresed on an 8% native acrylamide gel before
being visualized under UV by ethidium bromide staining.
Determinations of 10 lines were confirmed by direct se-
quencing of PCR product from an amplification with
primers whose 5’ ends correspond to positions 1012 (for-
ward primer) and 1759 (reverse primer) in KREITMAN’s
(1983) sequence. Single-stranded sequencing template was
prepared according to the A-exonuclease method of Hicu-
cH1 and OcHMAN (1989) and the DNA was dideoxy-se-
quenced (SANGER, NICKLEN and COULSON 1977) using 1012
as the sequencing primer; methods followed BERRY, AJIORA
and KREITMAN (1991).

V1: In order to survey as many chromosomes as possible
for V1, we re-probed the Southern blots with a small frag-
ment containing VI. VI consists of a coupled insertion and
deletion whose net product is a 4-bp insertion. This is
detectable on our original filters (in a 105-bp Alul fragment)
but was seldom easy to score because that fragment does
not typically probe strongly as the region is AT-rich and we
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TABLE 2
Polymorphisms scored
Site no. Mutation
Substitution Length polymorphism
Reduced Insertion or
Full dataset dataset Gain or loss Enzymeb deletion Length Position®

1 Loss Haelll —-457

2 Loss Mspl —415

3 1 Loss Mspl —339

4 Loss Hhal —134

5 2 Insertion 20 bp —20-235

6 Insertion Large 0-235

7 Gain Ddel/B 9-587

8 Loss Sau3Al 79

9 3 Loss Haelll 285
10 Insertion 400 bp 392-409
11 Insertion 150 bp 392-497
11a¢ 3a Gain Alul 423
11bed 3b Insertion and 34 bp 447

deletion 30 bp

11c* 3¢ Loss Alul 497
12 4 Loss Mspl 505
13 5 Insertion 35 bp 551
14 6 Loss Hhal 573
15 Loss Mspl 583
16 Loss Ddel/B 587
17 Insertion Large 587-609
18 7 Loss Haelll 686
19 8 Loss Haelll 817
19a° 8a Loss Alul 1068
20 9 Loss Mspl 1235
21 10 Loss Sau3Al 1351
22 11 Loss Haelll 1421
23 12 F/S 1490
24 13 Loss Ddel/B 1518
25 14 Loss Ddel/B 1527
26 Gain Ddel/B 1551
27 Loss Haelll 1566
28 15 Loss Alul 1597
29 Gain Ddel/B 1680-2186
30 16 Loss Haelll 1923
31 Deletion 290 bp 1987-2219
32 Insertion 15 bp 1987-2112
33 Loss Tagql 2143
34 Deletion 50 bp 2185
35 17 Deletion 30 bp 2220-2509
36 Gain Ddel/B 2259
37 18 Gain Taql 2331
38 19 Loss Taql 2348
39 Loss Haelll 2509
40 Loss Ddel/B 2548
41 Gain Alul 2553
42 Gain Alul 2764
43 Gain Ddel/B 2843
44 Duplication ?

¢ Numbering of positions follows KRErTMAN (1983). Wherever possible, an exact position has been ascribed to the polymorphism; however,
for some insertions/deletions and site gains, the polymorphism has only been mapped to a minimum size fragment and the range of that
fra§ment is given.
Ddel/B refers to the combination of Ddel and BamH1 enzymes.
;I%our sites were only scored in the second part of the study; these were not included in the initial general survey.
1 site.



874 A. Berry and M. Kreitman

were labelling our probe with [a-**P]dCTP. For this reason,
we did not score this site in the original study. To overcome
these problems, we probed the Alul filters with a PCR-
amplified fragment corresponding to the region in the im-
mediate vicinity of VI labeled with both [a->*P][dCTP and
[e-**P]JdATP. Amplification was performed as above but
with primers whose 5" ends correspond to positions 364
(forward primer) and 708 (reverse primer) in KREITMAN’s
(1983) sequence and the product gel-purified using Gene-
Clean (Biol01). Subsequent procedures followed the pre-
vious study except for the double labeling of the probe.
Using this method, we scored four polymorphic sites, in-
cluding VI, in addition to those surveyed in the original
screen (Table 2). We surveyed 18 populations (Table 1).
Despite the exclusions of some population samples, we re-
tained the same sampling structure as that outlined in Table
1; thus all populations south of about 36°N were designated
southern and those north of 36°N, northern.

Determinations of VI were confirmed by direct sequenc-
ing of PCR product for 14 lines from Edgewood and 5 from
the 1987 Florida City collection. The same region as that
amplified for the probe was amplified and sequenced for
each line in the same way as above, using 364 as the
sequencing primer.

Analysis: We analyzed the data on both site-by-site and
haplotype-by-haplotype bases, carrying out Gsr and linear
regression analyses. Gsyr (NEI 1973), a modification of
WRIGHT’s (1951) fixation index, Fst, measures the contri-
bution of differences between samples to overall genetic
diversity. Gsr does not take into account differences in
sample size. However we were interested only in the relative
amount of differentiation between populations at different
polymorphic restriction sites (e.g., whether there is greater
differentiation at the F/S site than at flanking silent sites)
and the sample sizes are the same for all polymorphisms. To
decompose the total genetic differentiation into the separate
contributions of different levels in our sampling hierarchy
(Table 1), we also performed a hierarchical Gsy analysis
(CHAKRABORTY 1980).

Gst analysis does not incorporate information on the
spatial distribution of populations. We therefore also carried
out regression analysis on the grounds that, if environmental
factors affecting Adh-F/S frequencies correlate with latitude,
then a latitudinal cline will conform broadly with a linear
model.

The statistical significance of our results was determined
by the Monte Carlo and randomization procedures de-
scribed below. These analyses entailed the generation of a
simulated dataset for which the test statistic was then calcu-
lated; this was iterated 1000 times and the values sorted to
determine the appropriate confidence limits.

Monte Carlo simulation of hierarchical Gsr analysis for pol-
ymorphic sites: To gauge the confidence intervals of the site-
by-site hierarchical Gsr analysis under the sampling scheme
outlined in Table 1 (CHAKRABORTY 1980), Gst values were
calculated for simulated datasets allowing for binomial sam-
pling at each site in each population.

Regression Monte Carlo simulation: After calculating the
squared correlation coefficient, r*, for the regression on
latitude for each site, we investigated the extent to which
linkage disequilibrium between one site and another could
affect the regression of the second site. The premise of this
analysis is that the frequencies of all sites are governed solely
by their linkage relationships over the whole sample with a
single specified site. Although linkage disequilibrium values
are only meaningful within a single population, our results
(see below) show gene frequencies to be similar among
populations so that it is reasonable to treat the whole sample

as being derived from a single population for the purpose
of estimating linkage disequilibrium. By pooling all the
populations, we gain considerable statistical power (i.e., we
are increasing our sample size from about 60 (a single
population) to over 1500). In this analysis, we kept constant
both the observed linkage disequilibrium value and the
frequency in each population of the “governing” locus. The
frequency of the “affected” locus in each population is
simulated with binomial sampling about its expected value.
If we take site A to be governing the frequencies of all other
sites, and, across the entire pooled sample, site B is present
in 20% of individuals in which A is present and in 30% of
individuals in which A is absent, and A is present in 40 out
of 60 individuals in population 1, the expected frequency
of B in population 1 is (0.2 X 40) + (0.3 X 20) = 14. We
simulated an entire set of new frequencies for every site in
every population and computed the 7* value of the linear
regression of the frequency of each site in each population
on population latitude. After 1000 iterations the values were
sorted 10 ascertain the confidence limits for the expected 7*
value. Each site in turn was assumed to be the “governing”
locus, so the analysis was repeated for each successive site.

Randomization analysis of hierarchical Gsr analysis for hap-
lotypes: Having calculated the hierarchical Ggr values for all
haplotypes, we investigated the statistical significance of the
observed values against an expectation of panmixis in the
form of a randomization analysis carried out on pooled data
appropriate to each level of the hierarchy. Therefore, a
separate analysis was carried out at each level of the hier-
archy. At the highest level, the north-south dichotomy, all
individuals were pooled and each population resampled
without replacement. Ggsr values were then computed (1000
replicates) and sorted to derive confidence intervals. At each
lower level, the appropriate populations were resampled
from the applicable subset of the data. For example, at the
lowest level, that of resampling of populations between
years, the samples for population A that had been multiply
sampled n times were pooled and the n samples reconsti-
tuted at random from the pooled data. This method leaves
Gy values for levels higher in the hierarchy unchanged.

Sample shuffling of hierarchical Gsr analysis for haplotypes:
The above randomization test is a progressively less strin-
gent test as we descend the sampling hierarchy. It assumes
that haplotypes are identically distributed in the two com-
pared samples, so at the top level (north vs. south) we assume
homogeneity from Maine to Florida, whereas, lower down
the hierarchy, we assume homogeneity between samples
from, say, Terhunes and Sansones (both Princeton, New
Jersey, area farms). In order to reduce the stringency of our
test of differentiation between north and south (i.e., our test
of the cline) we carried out a “sample-shuffling” analysis in
which entire localities were shuffled at random (without
replacement) without altering the constitution of each local-
ity. In other words, everything is fixed except for the
latitude of the localities. Gsr values for the north-south
dichotomy were calculated (1000 replicates) and confidence
intervals derived. A problem with this analysis is the differ-
ing number of individuals in each locality: if, ina simulation,
all the localities with relatively few individuals ended up by
chance in one block, we might expect to see an enhanced
Ggr value because of the imbalance between sample sizes.
We tested for this by plotting the Gsr value against the
difference in sample size for each block, and found no trend
toward higher Gsy values with greater differences between
block sample sizes (data not shown). This suggests that our
sample sizes are sufficiently large that the most skewed
possible distribution of sample sizes between blocks has no
significant effect on the resultant Gy value.
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We also used this approach to investigate the effect of
geography on population structure without the confounding
effects of local variation, by shuffling populations at random
(without replacement) between localities within the north
and south blocks. To do this, we removed the lowest level
of the hierarchical sampling scheme by combining all year-
to-year samples of a population into a single pooled sample
for that population. We computed the Gsr values and car-
ried out 1000 replicates to determine the confidence limits
of those values.

Significance testing of regressions on latitude for individual
haplotypes: We calculated the 7 values for the linear regres-
sions on latitude of each haplotype within an allelic class
(e.g., Adh-S or Adh-F). To test the statistical significance of
these regressions, we chose to carry out simulations because
of changes in sample size correlated with latitude (e.g., for
haplotypes carrying the Adh-F site because of the decline in
frequency of Adh-F with decreasing latitude). Given our
finding of a lack of differentiation among populations and
assuming that all haplotypes within the Adh-F allelic class
are neutral equivalents, we expect to see no cline of haplo-
types within Adh-F. A Monte Carlo simulation (1000 repli-
cates) yields an estimate of binomial sampling error on the
computed statistic, the r? value of the linear regression of
haplotype frequency on latitude. The results were sorted to
provide confidence limits.

RESULTS

We will first present the results of the general survey
of all 25 samples before moving on to the Chateau
Douglas and V1 data.

General survey

This study includes data from four populations
previously published by KREITMAN and AGUADE
(1986) (Raleigh 83) and SIMMONS ¢t al. (1989) (Raleigh
84, Florida City 84, Cherryfield 84). From 1533 lines
from 25 populations, we identified 113 different hap-
lotypes from 44 variable sites (see APPENDIX). A num-
ber of the polymorphisms were rare (Table 3) and
their presence yields unique or very low frequency
haplotypes. In some of the ensuing analysis, all sites
that vary in fewer than 10 of the 25 populations have
been excluded on the basis of their minimal informa-
tion content. The only excluded variable site of over-
all frequency greater than 1%, loss Mspl 583, occurs
18 times (i.e., frequency 1.17%) in eight populations.
Its occurrence in both Vermont and Florida popula-
tions demonstrates its lack of regional endemism. The
reduced dataset consists of 19 sites (Table 2) yielding
87 haplotypes. We specify for each result which da-
taset was used; henceforth site numbers refer to the
reduced dataset.

Although we cannot be certain that a given RFLP
site loss corresponds to the appropriate mutation de-
tected by KREITMAN’s (1983) sequencing study, we
assume that they are the same. We also do not know
the exact positions of a number of rare polymorphisms
(Table 2) but all of the 19 highly variable (and there-
fore informative) sites correspond to polymorphisms

identified in the previous studies listed above. None
of these polymorphisms, except the Fast/Slow site,
affect the amino acid sequence of the protein and they
are therefore effectively silent. Although it is possible
that some of the previously undescribed low frequency
polymorphisms are not synonymous, we conclude that
the vast majority of polymorphism detected, other
than Fast/Slow, is effectively silent. Three other amino
acid polymorphisms have been documented for D.
melanogaster ADH (COLLET 1988; LAURIE, BRIDGHAM
and CHOUDHARY 1991), but the enzymes used in this
study did not detect them. We show below that the
most common of these variants, Chateau Douglas, is
rare in two surveyed populations.

Figure 1 shows the distribution of the 13 haplotypes
most common in the whole sample in each of the
populations. Visually striking is not only the similarity
between closely related or geographically contiguous
populations (e.g., Florida City 84 and Florida City 87)
but also the consistency throughout the entire sample:
haplotypes that are common in the south are typically
also common in the north. There is little suggestion
of endemism of haplotypes, although certain haplo-
types (such as haplotype Wa-$ (see below) in Cherry-
field 84) are apparently overrepresented in some pop-
ulations. Figure 2 shows the F/S cline on latitude.
Consistent with VIGUE and JOHNSON’s (1973) original
description of the cline, we see an increase in variance
of frequency among populations in the north.

The results for the first part of this study, the
general RFLP survey, are presented as follows: in
order to investigate the structure of the data vis-a-vis
overall neutrality we perform a Watterson test of
haplotype frequencies. Next we analyze first the in-
dividual polymorphic sites and then the distribution
and relatedness of haplotypes. Our analysis has three
major themes. First we want to compare patterns of
differentiation at different polymorphic sites: if clinal
selection is acting on only one site, then we expect to
see clines only at that site and possibly at sites in
linkage disequilibrium with it. Second, we are inter-
ested in decomposing the total genetic variation to
determine, for example, the contribution of among-
population differences to the total. This yields infor-
mation on population structure pertinent to the selec-
tion issue: a neutral cline cannot persist in the face of
extensive gene flow. Finally, having found evidence
of selection, we apply the “selective equivalence” ap-
proach outlined earlier to investigate the possible
targets of selection.

Neutrality of the data-Watterson test: We carried
out a Watterson test (WATTERSON 1978; algorithm
from MANLY 1985) of neutrality on the observed
overall distribution of haplotypes (Figure 3) and found
a departure from neutrality (observed homozygosity
=0.0753; P < 0.01). On the basis of HUDSON's (1983)
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TABLE 3
Frequencies of polymorphic sites in each population

Site no.
Population 1 2 3 4 5 6 7 8 9 10 1t Ila 1lb llc 12 13 14 15 16 17 18 19 16a
cf84 1 0 0.93 1 0.05 0 0 1 07 0 0 0.99 012 096 1 1 0 0.97 0.23
<86 1 0 08 1 0.04 0 002 1 082 0 0 1 0.04 1 1 1 0 1 0.24
orw8s 1 0 0.81 1 0 0 0 097 097 0 0 0.07 051 1 097 02 097 1 1 0 0.97 0.34 097
ewss 1 0 0.83 1 0 0 0 1 0.98 0 0 0.08 048 098 095 012 098 09 1 0 0.98 03 098
ngs6 1 0 091 1 0.02 0 0 1 097 0 0 1 0.33 098 1 1 0 1 0.5
ngss 1 0 0.56 1 0.05 0 0 1 0.97 0 0 0 032 1 0.97 007 1 1 1 0 1 0.19 0.95
w88 1 0 0.78 1 003 0 0 1 1 0 0 0.02 044 097 098 008 097 097 1 0 0.97 0.24 0.97
vf88 1 0 0.8 1 002 0 0 1 0.95 0 0 0 0.43 092 098 007 095 1 1 0 0.95 0.25 0.92
wes86 1 0 0.85 1 0.09 0 0 1 087 0 0 1 0.06 091 091 1 002 093 03
wes88 1 0 0.88 1 0.07 0 0 1 0.95 0 0 0.03 053 095 095 027 098 1 098 0 0.98 045 0.95
ly8s 1 0 0.86 1 0.05 0 0 1 0.95 0 0 0.03 029 093 1 0.17 097 1 1 0 0.98 032 095
ss86 1 0 0.83 1 0.07 0 0 1 0.98 0 0 1 0.2 098 1 1 0 0.98 0.39
orch87 1 0 0.86 1 0.11 0 0 1 094 0 0 0.03 0.17 092 1 011 092 1 1 0 0.92 047 0.94
1er86 1 0 0.75 1 0.05 0 0 1 095 0 0 0.05 027 097 1 012 097 1 1 0 0.95 037 0.97
ter87a 1 0 0.58 1 022 0 0 1 0.99 0 0 001 016 093 1 0.07 093 1 1 0 0.93 0.25 098
ter87b 1 0 0.63 1 012 002 0 I 1 0 0 1 0.11 093 1 1 0 0.93 042
md88 1 0 084 1 0 0 0 1 0.98 002 o0 0.02 03 096 1 0.16 098 098 1 0 0.98 0.54 098
ra83 1 0 0.85 1 0.15 0 0 1 1 0 0 0.03 023 09 097 005 092 098 1 0 0.93 042 098
raB4 1 0 0.78 0.99 005 0 0 1 0.95 0 0 0.02 022 094 099 0.16 096 099 1 0 0.96 043 0.96
ra87 0.98 0 0.71 0.98 002 0 0 1 096 0 0 0.04 012 094 1 0.06 0.94 098 1 0 0.94 035 0.94
jax87 1 0.02 07 1 0.07 0 0 1 09 0 0 002 01 092 | 0.05 097 1 1 0 0.97 037 0.88
fp87 1 0 0.75 1 0.08 0 0 1 0.92 0 0.02 0 0.03 092 1 0 0.95 1 1 0 0.95 04 093
mec87 1 0 083 1 0.05 0 0 1 09 0 0 0 0.05 098 1 0.03 093 098 1 0 0.93 028 09
fc84 1 0 0.65 1 0.08 0 0 1 0.85 0 0 0.87 0.03 097 | 1 0 097 028
fc87 1 0 0.87 1 0.05 0 0 1 0.85 0 0 0 0.05 097 1 0.05 0.98 1 1 0 0.98 0.38 0.83

Frequency given is that of the “1” allele (i.e., site presence).

simulation study, we consider this unlikely to be due
to recombination. Our data show an apparent excess
of intermediate to high frequency haplotypes, sug-
gesting the possible action of balancing selection, and
a concomitant reduction in the expected number of
low frequency haplotypes, suggesting purifying selec-
tion against low frequency variants. However, as the
test assumes population genetic equilibrium and, as
discussed by KEITH (1983), departures from the neu-
tral expectation are attributable to a wide range of
causes, our result is merely suggestive.

Site-by-site analysis: Whereas we expect historical
aspects of population structure to have the same effect
on patterns of geographic variation at all variable sites,
we expect selection only to affect those sites specifi-
cally targeted by selection (and those linked to them).
Site-by-site analysis therefore permits us to distinguish
between selective and historical explanations of the
cline.

Analysis of differentiation among populations: Gsr
analysis of all the sites (Figure 4) shows a considerable
range in the extent to which sites are differentiated
between populations. Immediately striking is that, of
all the 44 sites tested, the F/S polymorphism shows
the most differentiation between populations.

At what levels are the populations differentiated?
For example, is the observed pattern a product of
extensive gene frequency differences between years,
or is it a function of geographic distance? To answer
these questions, we carried out a hierarchical Gsr

analysis (CHAKRABORTY 1980) using the sampling
structure outlined in Table 1. As can be seen from
Figure 5, the relatively high Gsr value for the F/S site
is largely attributable to the north/south dichotomy,
as would be expected if it is varying clinally. Only one
other site, site 5 (a 35-bp insertion corresponding to
KREITMAN’s (1983) V2), shows a similar pattern of
extensive north/south differentiation, though this is
not as marked as for the F/S site. At the next level,
between localities within respective north/south
blocks, we see differentiation of the sites that uniquely
comprise haplotype Wa-S (see below), which is prob-
ably largely due to its high frequency in the Cherry-
field 84 sample. Intuitively, this might be expected to
result in north/south differentiation of these sites
(Cherryfield is the most northerly population sam-
pled). However, Adh-S haplotypes, of which Wa-§ is
one, are proportionally more common in the south
(see below), so Wa-§’s commonness in Cherryfield is
counterbalanced in the south by its generally high
frequencies, leading to no overall discrepancy in its
frequencies between north and south. At lower levels
in the hierarchy (i.e., between populations within lo-
calities, and between years for single populations) the
sampling variances, as revealed by Monte Carlo sim-
ulation, are large and do not permit the detection of
any significant differentiation.

Regression analysis—variation and latitude: 1f environ-
mental factors affecting Adh-F/S frequencies correlate
with latitude, then it is reasonable to expect a latitu-
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20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40 41 42 43 44
1 0.69 0.7 0.33 055 044 O 1 089 0 095 0 0 1 0 0.3 0 0 096 1 1 0 0 0 0
i 0.82 082 027 069 031 0 1 088 0 092 0 0 1 0 0.18 0 0 092 1 1 0 0 0 (]
1 097 097 054 076 024 0 1 083 0 1 0 0 1 0 0.03 0 0.02 098 1 1 0 0 0 0
097 098 098 052 082 0.18 0 098 085 0O 098 0 0 1 0 0.02 0 003 095 1 1 0 0 0 0
098 09 097 045 071 029 O 098 086 0 093 0 0 1 0 003 0 0 093 1 1 0 0 0 0
098 095 095 036 054 046 O 1 058 0O 1 0 0 1 0 0.05 0 0.03 097 1 1 0 0 0 0
098 097 097 047 066 034 O 098 075 ¢ 098 0 0 1 0 003 0 0 098 1 1 0 0 0 0
1 092 092 043 068 032 0 i 077 0 092 0 0 1 0 008 0© 002 09 098 1 0 0 0 0
098 0.87 0.87 017 063 037 0 098 08 002 089 0 0.02 1 0 0.15 ¢ 002 091 1 1 0.02 0.02 o0 0
1 095 095 053 083 0.17 0 1 0.9 0.02 095 002 002 1 0 005 0 0.02 095 1 1 0.02 0.02 0 0
1 095 095 034 076 024 0 1 0.8 0.02 092 0O 0.02 1 0 005 0 0.03 0.9 1 1 0.02 0.02 0 0
097 098 098 042 083 017 O 1 0.88 0 098 0 0 1 0 002 0 0.02 098 1 1 0 0 0 0
1 094 094 022 081 019 0 097 092 o0 092 0 0 1 0 0.14 0 0 092 1 1 0 0 0 0
098 097 097 029 064 036 0 1 0.73 002 095 ¢ 0.02 098 0O 0.05 0 0 098 1 1 002 0.02 0 0
099 099 099 019 065 035 0 1 071 0 091 0 0 ! 0 0.09 0 ] 093 1 1 0 0 0 0
1 1 1 0.25 0.68 032 0 098 074 0 091 0 0 1 0 0.07 0 0 091 1 1 0 0 0 0
091 098 098 039 0.73 027 002 1 079 © 095 0 0 1 0 002 0 0.04 093 1 098 0 0 0 0
097 1 1 0.3 08 02 ¢ 097 0.85 0 088 003 0 1 0 0 ] 0 0.9 1 1 0 0 0 0
099 096 0.96 032 067 032 0 099 078 0 09 0 0 1 0.01 0.04 0 001 095 1 1 0 0 0 0
1 094 094 0.15 052 048 O 098 0.65 0 09 © 0 I 0 0.06 0 0 0.94 1 1 0 0 0 0
1 088 0.88 0.17 058 042 0 1 07 0 092 0 [ 1 0 012 0 0.03 095 1 1 0 0 0 0
1 092 092 015 063 037 0 1 078 0 092 0 0 1 0 008 ¢ 0 095 1 1 0 0 0.02 0.02
I 09 09 0.1 06 04 O 1 075 0 095 0 0 1 0 0.08 0.02 0 097 1 1 0 0 0 0
1 087 087 0.16 056 044 0 1 072 0 0.96 0 0 1 0 0.13 0 0 1 1 1 0 0 (] 0
1 0.83 083 015 063 037 0 1 085 0 097 0 0 1 0 0.17 0 0.02 097 1 1 0 0 0 0

dinal cline to conform broadly to a linear model.
Hierarchical Ggr analysis revealed north-south differ-
entiation of the F/S site; this is consistent with its
varying clinally. As a measure of “clinality” (for want
of a better term), we have taken the r? value of the
regression of frequencies on latitude; this is essentially
a measure of the proportion of the total variance in
frequencies that is explained by latitude. How does
the r* value for F/S compare to that for other sites?
Figure 6 is similar to the north-south comparison in
the hierarchical Ggr in showing marked “clinality” at
the F/S site, some at site 5, and very little at other
sites.

What is striking about both Figure 6 and the top
panel of Figure 5 is the apparent lack of hitchhiking.
We expect physically close sites to be in strong linkage
disequilibrium with the F/S site, so, if the F/S site is
under clinal selection, as this analysis suggests, why do
we not see the same “clinality” at contiguous sites? We
speculated initially that the sites might, despite their
proximity, be in linkage equilibrium.

Linkage disequilibrium analysis: We elected to use
LEWONTIN’s (1964) measure of linkage disequili-
brium, D’, because it corrects for differences in fre-
quencies at the two loci under study and yields a
measure between —1.0 and 1.0 where 0.0 implies
linkage equilibrium. In view of the contribution of
different gene frequencies in subdivided populations
to a measure of linkage disequilibrium, it should
strictly only be calculated for individual populations.
For this reason, we calculated D’ for all pairs of sites
for each population and then calculated an un-
weighted average for each site pair. As the probability

of recombination between two loci increases with the
distance between them, we expect to see a decline in
linkage disequilibrium with distance. Figure 7 shows
no such trend.

We increased the statistical power of our analysis
by pooling all populations and treating the whole
sample as a single population. This is justified by the
observations that (1) the D’ values calculated are close
to those dertved from the above analysis which took
the mean value for each of the separate populations
(data not shown) and (ii) the Gsr values for the data
are low, suggesting that all D. melanogaster on the east
coast can reasonably be considered to belong to a
single population. We excluded all pairwise compari-
sons in which one of the variants at one of the sites
had a frequency of less than five in order to remove
a large number of comparisons which often yield high
values of D’ because of their low frequencies. Fur-
thermore, we included only those values of D’ which
differ significantly (i.e., P < 0.05 by G test of 2 X 2
contingency table) from 0.0. As before, linkage dise-
quilibrium does not decline with physical distance
(data not shown). The data do not permit us to distin-
guish between the two alternative explanations for the
lack of a decline with distance of linkage disequili-
brium: either the disequilibrium is selectively main-
tained or the region studied is too small for us to
detect the effect of increasing recombination distance
on disequilibrium. There is extensive linkage disequi-
librium between the sites in the region in general and
the F/S site is no exception.

Hitchhiking and latitudinal clines: Given the high
observed levels of linkage disequilibrium between the
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FIGURE 1.-—Frequencies of each of the 13 most common haplotypes in the pooled sample in each separate collection. Plots are placed
from left to right and down the page in order of descending latitude (i.e., the top left plot is for the most northerly population).
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FIGURE 2.—Regression of the frequency of Adh-F (square-root, arcsine transformed) on the latitude of each sample; r* = 0.511.

F/S site and flanking polymorphism, why do we see a
lack of hitchhiking in the regression analysis? To
determine whether the observed amounts of “clinal-
ity” at each site can be explained in terms of linkage
disequilibrium to the F/S site (or other sites) we car-
ried out a Monte Carlo simulation in which the fre-
quencies of each site are governed by its linkage
disequilibrium with a specified site, the observed fre-
quencies of the specified site in each population, and
a binomial sampling process. Figure 8a shows that
when a typical “nonclinal” site (in this case, site 1) is
specified to govern the frequencies of all other sites,
it does not, as expected, explain the observed “clinal-
ity” at the F/S site, nor, we see in Figure 8b, does the

only other clinal site (site 5). However, when the F /S
site is set to govern the frequencies of all the other
sites (Figure 8c), we see that it can explain the ob-
served clinality (or lack of it) in all sites included in
this survey. Note that there may be polymorphic sites
in the Adh region not included in this study whose
latitudinal variation cannot be explained by linkage to
the F/S site (see below). This result implies that,
contrary to intuition based on linkage disequilibrium,
the observed latitudinal pattern can be explained by
assuming that all frequencies are driven by the F/S
site frequencies.

Haplotype-by-haplotype analysis: Because of the
high haplotypic diversity of our sample, haplotype
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FIGURE 3.—Observed distribution of haplo-
types and 95% confidence limits of the Ewens
distribution 113 haplotypes distributed
among 1533 individuals.
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FIGURE 4.—Gyy values (NE1 1973) between all samples
for each polymorphic site.
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analysis is a powerful way to investigate population
structure and can also provide information on which
polymorphisms are under selection.

Hierarchical Gsr analysis of haplotypes—differentiation
among populations: Under the sampling scheme out-
lined in Table 1, we calculated hierarchical Gg values
(CHAKRABORTY 1980) from all haplotypes by treating
each haplotype as a separate allele at a single locus.
We also carried out the same calculations for haplo-
types carrying Adh-S and those carrying Adh-F (S- and
F-haplotypes respectively) because, if selection is act-
ing on the F/S site as the above regression analysis
suggests, we expect to see no selection-derived latitu-
dinal structure to the distribution of haplotypes within
an allelic class as all members of each class are neutral
equivalents. Only history-derived differentiation will
remain. Therefore, if selection is acting only on the
F/S site, we expect similar patterns of haplotype dif-
ferentiation between allelic classes. Out of the several
possible ways of testing the significance of the distri-
butions, we have chosen to test each distribution
against a stringent null hypothesis of panmixis because
this not only performs the required comparison but
also yields useful information about population struc-
ture.

The results are presented in Table 4. Statistical

testing for departure from panmixis was carried out
at two levels of stringency. Both tests reveal hetero-
geneity between north and south within the whole
dataset (expected, given the cline) and within the F-
haplotypes, but not within S-haplotypes. Indeed the
overall uniformity of the latter is remarkable given
that S-haplotypes (n 1061) account for over two
thirds of the total sample. Deviations from panmixis
also occur at lower levels of the hierarchy, suggesting
local substructuring to D. melanogaster populations.
How can we reconcile a lack of differentiation
among S-haplotypes between north and south with
evidence of local heterogeneity (e.g., among localities
within the north block)? This pattern suggests sto-
chasticity in the founding of individual populations
but, overall, a lack of divergence between north and
south implying large scale movement. In order to
investigate local population structure in more detail,
we carried out a sample-shuffling analysis in which we
randomly moved populations between localities within
the north block (localities were not sampled in the
south). As localities differ in latitude whereas all pop-
ulations within a locality share a similar latitude, the
cline predicts homogeneity within a locality and dif-
ferentiation between localities. Thus the cline ob-
scures the possible effects of population structure.
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regressions on latitude for the frequency of each site (reduced
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ple.
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FIGURE 8.—Results of regression simulation (see text for details)
for reduced dataset. Each plot shows the observed data and the
expected values with 95% confidence intervals when a different site
is held constant and is assumed to be governing frequencies at all
other sites: (a) site 1, (b) site 5 and (c) site 12 (F/S site).

However, the above results show there to be no lati-
tudinal structure to the S-haplotype dataset, so it is
reasonable to assume that deviations from expectation
under the population-shuffling model for this subset
of the data are indeed caused by population subdivi-
sion independent of the cline. For S-haplotypes, we
see greater than expected homogeneity within locali-
ties (observed Ggsy value: 0.0122; P < 0.01) and
greater than expected heterogeneity among localities
(observed Ggrt value: 0.0300; P < 0.01). This supports
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TABLE 4

Values for hierarchical Gsr performed on haplotypes

Between Between Between
localities  populations years

Dataset Between
analyzed blocks

All haplotypes  0.0081#*™ 0.0161%* 0.0079%* 0.0094**
F-haplotypes ~ 0.0675%*™" 0.0482*  0.0178 0.0221
S-haplotypes ~ 0.0016 0.0262%* 0.0114*  0.0154%*

The sampling scheme is the same as in Table 1. Three separate
datasets were used: all haplotypes, just Adh-F-bearing haplotypes
and Adh-S-bearing haplotypes. Statistical significance with respect
to a null hypothesis of panmixis was determined by appropriate
randomization simulation (* P < 0.05; ** P < 0.01) or, for the
between-blocks comparison only, by sample-shuffling simulation
("P<0.05;, 7 P<0.01). See text for details.
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FIGURE 9.—Haplotype network showing all haplotypes related
to at least one other haplotype by a single difference. Each haplo-
type's designated number corresponds to its frequency rank abun-
dance in the total sample (#1 is the most common).

a model in which Northern populations are founded
and local migration is sufficient to homogenize gene
frequencies within, but not between, localities.
Relationships among haplotypes: Standard methods of
phylogenetic reconstruction such as UPGMA are in-
applicable to recombining DNA. We have therefore
followed SIMMONS et al. (1989) in constructing a hap-
lotype network from a difference matrix for all hap-
lotypes (Figure 9). This shows all single step links
between the haplotypes. Like SIMMONS et al. (1989),
we see that F- and S-haplotypes cluster together, and
that F-haplotypes are less diverse than S-haplotypes,
suggesting a relatively recent origin of the Adh-F allele
(KREITMAN 1983). Most haplotypes are closely con-
nected to the network; even those that are not shown

in the network because they lie more than a single
step away from their closest relative are usually only
two or, at most, three steps away from another hap-
lotype. However, one cluster of haplotypes (numbers
6, 18, 43, 54, 70 and 80) is some at distance from the
rest of the network. These carry at least three of a
group of four differences (site numbers 3, 10, 11 and
17) which distinguish them from all other haplotypes.
Three other haplotypes (numbers 74, 105 and 107)
also fall into this class but are not shown on the
haplotype network (Figure 9) because each one differs
by more than a single polymorphism from its closest
haplotype relative. These highly divergent haplotypes
are derived from the Washington-Slow (Wa-S) haplo-
type originally identified by KREITMAN'S (1983) se-
quencing study. We also note evidence of recombi-
nation from the presence of all four gametic types at
many pairs of sites; these show up in the network as
squares connecting four haplotypes (SIMMONS et al.
1989).

Chateau Douglas and V1 surveys

Chateau Douglas: This only occurred twice in the
Edgewood population; it did not occur in the Florida
City sample. These determinations were confirmed
by the sequence analysis. We therefore estimate it to
be rarer overall (2%) than was found in previous
studies (5%: WILKS et al. 1980; SAMPSELL and STEW-
ARD 1983) and it is accordingly unlikely to be respon-
sible for the heterogeneity observed among F-haplo-
types.

VI1: We scored four polymorphic sites (Table 2),
including V1, in addition to those scored in the gen-
eral survey. This information was added to the avail-
able data from the previous study. Our 18 populations
(a total of 1076 individuals) yield 94 haplotypes from
a total of 48 sites. However, the exclusion of seven
populations has resulted in three of the sites being
monomorphic among our 18 populations (sites 6, 7
and 17) so in fact only 45 sites contribute. As before,
for convenience, we have excluded many of the low
frequency sites from much of the analysis: by remov-
ing all sites excluded in the general survey and adding
the four new sites, we have 23 sites and 75 haplotypes
(data available from authors).

Figure 10 shows VI to vary clinally with latitude.
In fact, for the VI dataset, latitude explains more of
the variation in frequencies of VI than of the F/S site
(r* values for the linear regression on latitude are
0.786 and 0.655 for VI and F/S, respectively). Regres-
sion simulations like the above show that the cline in
V1 frequencies cannot be explained in terms of its
linkage to the F/S site (Figure 11b), whereas the
converse is feasible: the observed cline at F/S can be
accounted for by hitchhiking in response to the clinal
V1 site (Figure 11a).

On the basis of the very limited population structure
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FIGURE 10.—Regression against population latitude of the
square-root, arcsine transformed frequencies of V1 in each popu-
lation; * = 0.786.
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FIGURE 11.—Results of regression simulation (see text for de-
tails) for reduced VI dataset. Each plot shows the observed data
and the expected values with 95% confidence intervals when a
different site is held constant and is assumed to be governing
frequencies at all other sites: (a) V1 and (b) F/S site.

identified in the general survey, we have pooled all
populations to study linkage disequilibrium. Measures
of linkage disequilibrium, D’ (LEWONTIN 1964) (data
not shown), show the four previously unscored sites
to fit into the general pattern identified above: high
levels of linkage disequilibrium which do not decline
over this study’s maximum inter-site distances, about
3 kb. VI is no exception: for its 24 pairwise compari-
sons in which the frequency of each variant is at least
5 in the pooled sample, 21 have an absolute value
greater than 0.9. The three remaining comparisons
are: Haelll 817, D' = 0.09; Mspl 1235, D’ = 0.32;
Haelll 1923, D" = 0.77.

We performed the same selective equivalence test
as discussed above on the between north/south-block
level of the hierarchical Gst analysis of haplotypes
(CHAKRABORTY 1980) (Table 5). We repeated our

TABLE 5

Hierarchical Gsy values for between north and south blocks

Gsr value for between

Dataset analyzed north/south blocks

All data 0.0082%*1
V I-haplotypes only 0.0253
non-V I-haplotypes only 0.0035%*
F-haplotypes only 0.0512%*T1
S-haplotypes only 0.0031*

The sampling scheme was as in Table 1. Statistical significance
was gauged by two different simulation methods (see text for
details). * P < 0.05 and ** P < 0.01 for the randomization simula-
tion. T P < 0.05 and ' P < 0.01 for the sample-shuffling simulation.

earlier analysis by looking at the amount of within F-
and within S-haplotype differentiation between north
and south as well as for the whole dataset. As before,
we tested the observed values for a departure from
homogeneity against two different null hypotheses.
The first, more stringent, one is a randomization
simulation in which all individuals are pooled and
each sample reconstituted at random from the pool;
this effectively simulates panmixis. The second is less
stringent and involves shuffling at random the relative
positions of the localities. This preserves all population
structure below the level of locality.

We see essentially the same results as before for this
reduced dataset, except that there is evidence of some
differentiation between North and South for the §-
haplotypes dataset when tested against the stringent
null hypothesis of panmixis. This may reflect the
reduced sample size. We continue to see evidence of
extensive heterogeneity within F-haplotypes against
both the randomization and sample-shuffling tests.
We have also tested both the VI-haplotype and the
non-V I-haplotype datasets. We see no evidence of
differentiation within VI-haplotypes; within non-V I-
haplotypes, we see differentiation relative to the strin-
gent randomization test but the there is no departure
from homogeneity under the sample-shuffling
scheme. This suggests that the extent of differentia-
tion within non-V [-haplotypes is limited.

A haplotype network (not shown) shows the 22 V1-
haplotypes clustering within the F-haplotype group;
only 3 VI-haplotypes, represented by a total of four
chromosomes, carry Adh-S.

DISCUSSION

There were two phases to this study: first, the
general survey of RFLP variation in the Adh region,
and, second, the specific analysis of Chateau Douglas
and VI frequencies. The second phase was prompted
by the results of the first. Our discussion will follow
this dichotomy.

General survey

Our initial aim was to distinguish between selective
and non-selective explanations of the east coast D.
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melanogaster Adh allozyme cline. Our data on the
geographic distribution of polymorphisms in and
around the Adh region can be broken into two classes:
sites, in which we treat each polymorphism as an
independent locus, and haplotypes, in which we treat
an entire array of variable sites as a single multisite
genotype. Our initial site analysis revealed a latitudinal
cline at only the F/S site and haplotype analysis dem-
onstrated a homogeneous distribution of S-haplotypes
throughout the east coast but latitudinal heterogene-
ity among F-haplotypes. Does this information permit
us to draw conclusions about the possible role of
selection in establishing and/or maintaining the cline?

We argue below that the critical test of whether or
not the cline is adaptive is supplied by the site-by-site
analysis. The haplotype analysis provides support for
the conclusions of the site-by-site analysis as well as
addressing the issue of what site(s) is/are the target of
selection. Before discussing each class of data, we will
point out some of the problems associated with the
analysis of nucleotide polymorphism in the presence
of recombination.

Intermediate recombination and population ge-
netic analysis: We find evidence of extensive, but not
necessarily total, linkage disequilibrium in pairwise
comparisons between sites throughout the Adh region.
Thus separate polymorphic sites are correlated be-
cause they are in linkage, and haplotypes are not allelic
because they may be related through recombination
as well as through mutation. We lack a body of theory
of neutral mutations in subdivided populations when
there is intermediate recombination.

We have elected to apply conventional population
genetic analyses inappropriately: for example, we cal-
culate Gsr values for haplotypes as though each one
were a different allele at a single locus (which they are
not) and for individual polymorphic sites as if the
presence and absence of the site constitute two alleles
at a single locus (but each locus is not independent).
Fortunately, both analyses yield, qualitatively, the
same results. For our data, with essentially the same
haplotypes appearing in all samples, the time scale for
population mixing may be substantially shorter than
that for mutation and recombination. Thus the rate
of origination of new alleles may not be important in
the analysis of population structure. In addition, the
dataset is large enough to permit extensive statistical
testing against simple null models, such as, in the case
of population structure, panmixis, by means of ran-
domization simulations. Such techniques allow us to
avoid applying models in which no recombination or
free recombination is assumed. We accordingly do not
present estimates of migration rates and other param-
eters whose significance cannot be evaluated under
available methods (e.g., SLATKIN 1987).

One way of avoiding these problems would be to

use a number of unlinked putatively neutral loci scat-
tered throughout the genome. This, however, could
be misleading: some of these sites may be in linkage
disequilibrium with nearby selected sites such that
their distributions reflect the action of selection on
those selected sites rather than the influence of neutral
drift/migration processes. Heterogeneity among the
neutral loci cannot be ascribed to a single cause: either
neutral processes or hidden linked selection may be
responsible. Confining the study to a well defined
region is preferable.

Site-by-site analysis—selection or history? We can
resolve whether the cline is the by-product of histori-
cal processes or is adaptive by comparing the geo-
graphical distributions of variable sites. History should
affect all sites uniformly whereas selection only affects
the specific targets of selection (and linked sites).

What information do we need to demonstrate selection?
In order to distinguish between the influences of
selection and drift, we must identify a subset of our
data (i.e., a group of polymorphisms) that is evolving
neutrally, serving as an indicator of the effects of
population structure and history.

Can we identify such a subset of neutrally evolving
markers? We have a priori reasons to expect many of
our markers to be neutral: all the highly variable
polymorphic sites in this study, except for the F/S site
itself, are effectively silent in that they do not affect
the amino acid sequence of the ADH protein. These
sites occur in flanking sequence or introns, or are
synonymous substitutions in coding sequence. Al-
though these classes of mutation may be subject to
selection (e.g., for codon usage among synonymous
codons (SHIELDS et al. 1988); see also VI below), silent
sites generally evolve at high rates, suggesting that
their evolution is approximately neutral. In addition,
all the polymorphisms in this study are included in a
test of neutral evolution at the Adh locus and flanking
regions (KREITMAN and HuDsoN 1991). Except for a
small region encompassing the F/S site, there is gen-
erally a good correspondence between polymorphism
and divergence as expected under neutrality.

We cannot demonstrate unequivocally that the stud-
ied polymorphisms are not subject to selection; indeed
we argue below that one of them, V1, is subject to
selection. However, two features of the data suggest
that, other than VI and F/S, all the sites studied are
not under selection. First Figure 6 shows a uniform
pattern (i.e., a lack of “clinality”) among all putatively
neutral sites, except site 5, whose cline can be ex-
plained in terms of hitchhiking with the F/S site. Such
uniformity is predicted for neutral “indicator” loci:
population structure and history should affect all loci
equally whereas selection only affects the loci (and any
linked to them) under selection. Second, the homo-
geneity of the distribution of S-haplotypes (Tables 4
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and 5) implies that all S-haplotypes are selective equiv-
alents. Note that VI is scarcely polymorphic within
the Adh-S class; variation among S-haplotypes may
therefore be neutral.

Our null hypothesis, no selection, is that the same
forces of migration and drift determine patterns of
variation at all variable sites. Selection may cause a
discrepancy between the distributions of site frequen-
cies. For example, a site whose frequency is governed
by selection may vary clinally while the frequencies of
neutral markers are determined solely by drift/migra-
tion.

Selection on F/S: In order to determine whether
different polymorphic sites show different patterns of
geographic variation, we treat each site as a separate
locus, initially ignoring the possible correlation among
sites caused by linkage disequilibrium among them.
Both the site by site hierarchical Gsr and the latitudi-
nal regression analyses (Figures 5 and 6) show clinal
variation at the F/S site, and, to a lesser extent, site 5.
Frequencies at all other sites do not vary systematically
with latitude. This pattern is surprising in view of the
high levels of linkage disequilibrium throughout the
region and, in particular, between the clinal F/S site
and other markers. We expect to see “clinality” at
other sites through hitchhiking. However, our simu-
lations (Figure 8) reveal the observed lack of “clinality”
at these sites to be nevertheless consistent with levels
of linkage of disequilibrium with the F/S site, and that
site 5’s “clinality” can be explained in terms of hitch-
hiking in response to variation in F/S site frequencies.
The F/S site cline cannot be explained in terms of
hitchhiking in response to any of the scored sites,
though F/S may yet be in linkage disequilibrium with
an unsurveyed site (see below).

These results vindicate our approach. Although we
studied a small region exhibiting high levels of linkage
disequilibrium, hitchhiking does not obscure the dif-
ferences in “clinality” among markers. What accounts
for the “clinality” at the F/S site? Selection may be
acting on a linked locus (see below), but, at this stage,
we are concerned with the question of whether any
explanation other than selection can account for the
cline. A nonselective scenario requires founder pop-
ulations to be similar in frequencies at every surveyed
site except the F/S site. Studies of European (AGUADE
1988) and African (A. BERRY and M. KREITMAN,
unpublished) populations, however, reveal considera-
ble variation at a number of sites other than F/S.
Frequencies would therefore have differed between
founder populations at a range of sites, resulting,
under the historical model, in parallel clines for each
of these sites. We conclude that Figures 6 and 8
provide strong evidence in support of a selective basis
for the Adh cline.

Haplotype-by-haplotype analysis-selection on

what? Given that the cline is selectively maintained,
what specifically is under selection? Of the sites studied
in the initial survey, F/S is the most clinal (Figure 6).
Furthermore, if we assume that the frequencies of all
other sites are determined by their linkage relations
with just F/S, we can explain all observed frequencies
(Figure 8c) whereas no other site can account for the
“clinality” at F/S (Figure 8, a and b). This suggests
that F/S itself (or an unscored locus (or loci) to which
it is linked) is under selection.

To test whether or not selection is acting solely on
the F/S site, we carried out a “selective equivalence”
test. A single site is assumed to be under selection, all
other variation being neutral. Thus all $-haplotypes
are selective equivalents as are all F-haplotypes. Under
this hypothesis, we expect the distributions of two sets
of haplotypes, F and S, to reflect the same forces of
drift and migration. Using Gsr to gauge population
subdivision and comparing between blocks (north vs.
south), Table 4 shows the distributions of F and §
haplotypes to differ. The Gsr for § alleles is very
small; indeed there is no evidence for departure from
panmixis. However, there is considerable “clinality”
for F-haplotypes. Why do we see this discrepancy? If
frequencies within each allelic class were governed
solely by neutral evolutionary forces (i.e., population
history and structure), then we would not expect the
Gsr values to be different. Selection must therefore
be affecting the distribution of haplotypes within one
or both allelic classes.

S-haplotypes: These exhibit remarkable uniformity
between north and south. If this homogeneity were
derived from a very recent expansion of the species,
we cannot account for the lack of homogeneity we see
at lower levels of the sampling hierarchy (Table 4).
Moreover, under a recent expansion model, the ob-
served uniformity of S-haplotypes is explicable only in
terms of the expansion of a single population; such a
scenario cannot account for the varying overall fre-
quencies of all F-haplotypes and all S-haplotypes (i.e.,
the cline at the F/S site). We must therefore reject a
single-population expansion model as an explanation
of the homogeneity within S-haplotypes. There are
two alternative models: balancing selection for con-
stant within-$ frequencies of haplotypes or high levels
of gene flow. Both of these models can account for
the combined observation of a lack of north-south
differentiation coupled with limited local population
structure by assuming some local stochasticity causing
differentiation in the face of global homogenizing
processes.

In allozyme studies, it has been difficult to discrim-
inate between these alternative explanations of ho-
mogeneity. This study’s use of effectively silent mark-
ers, however, implies strongly that gene flow 1s re-
sponsible for the homogeneity. Whereas selection may
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plausibly distinguish between the two or a few allo-
zyme variants at a locus, it is inconceivable that selec-
tion could distinguish among, and set the frequencies
of, the 78 S-haplotypes identified in this study. In fact,
it is highly implausible that selection could act in this
way to maintain the frequencies of those eight S-
haplotypes that occur more than 50 times in the global
sample. That each of these haplotypes is distinguished
from other S-haplotypes solely by effectively silent
differences further reduces the plausibility of selection
seeing, and acting upon, those differences. We con-
clude, therefore, that the uniformity within S-haplo-
types on a large geographic scale is caused by gene
flow.

F-haplotypes: These show evidence of “clinality.” If,
as shown above, levels of gene flow are sufficient to
homogenize frequencies of haplotypes within S-hap-
lotypes, the “clinality” within F-haplotypes may be
attributed to selection. Alternatively, perhaps some F-
haplotypes have arisen so recently that there has not
been enough gene flow to homogenize their distri-
butions throughout the east coast. However, assuming
that the same recombinational/mutational process
generates new haplotypes within both Adh-F and Adh-
§ alleles, we do not expect F-haplotypes to show a
more pronounced pattern of endemism than $-hap-
lotypes. In fact, we expect to see more endemism
among S-haplotypes because, by virtue of their greater
abundance (n = 1061) relative to Adh-F alleles (n =
472), the overall rate of generation of new S-haplo-
types will be higher. Thus, if rates of migration (i.e.,
of population homogenization) are too low to prevent
differentiation, S-haplotypes are more likely than F-
haplotypes to exhibit regional endemism. Yet we see
no heterogeneity among S-haplotypes. We cannot
therefore account for the heterogeneity among F-
haplotypes in terms of their recent origin coupled
with limited migration. In fact, migration is undoubt-
edly the dominant factor determining population
structure: indeed, it is possible that gene flow is exten-
sive on the scale of the entire North American conti-
nent as KREITMAN and AGUADE (1986) found that a
population from Putah Creek, California, is composed
of the same major haplotypes as we see on the east
coast. Thus an unselected haplotype with a distribu-
tion restricted to its area of origin must necessarily
have arisen very recently and would accordingly be at
a low frequency whose effect on our calculations
would be trivial. To explain the within-F-haplotype
heterogeneity, we are left with selection, which is
discriminating among F-haplotypes with the result
that they are not all selective equivalents. This result
does not preclude selection on the F/S site, but it
implies that selection is also acting on at least one
other site which is polymorphic within F-haplotypes
but apparently not so within S-haplotypes.

There are a number of conclusions we can draw
from the first part of this study, the general RFLP
survey. The site-by-site analysis shows clinal selection
to be responsible for the Adh cline and the haplotype-
by-haplotype analysis indicates that selection is not
acting solely on the F/S site but is apparently also
affecting a locus (or loci) in linkage disequilibrium
with Adh-F. These findings are consistent with
CHOUDHARY and LAURIE’s (1991) observation that the
F/S difference is responsible for the difference in
catalytic efficiency between the allozymes but does not
cause the two- to threefold difference in ADH protein
abundance. Selection may therefore be acting on both
the F/S site and an unidentified protein abundance-
determining factor. The second part of this study was
an attempt to identify that factor.

Chateau Douglas and V1 surveys

Our limited survey for variation at the Chateau
Douglas polymorphic site reveals this to be a low
frequency variant unrelated to within-F-haplotype
heterogeneity. However, VI shows clinal differentia-
tion more marked even than that at the F/S site. In
view of levels of gene flow among east coast D. mela-
nogaster populations high enough to homogenize the
distributions of unselected markers, we conclude that
the VI site’s cline is either the product of direct
selection or hitchhiking in response to selection on
linked sites.

Can variation at the V1 site explain the heteroge-
neity within F-haplotypes? That VI is polymorphic
within F-haplotypes but scarcely so within S-haplo-
types (only four individuals in the entire sample have
the V1/Adh-S combination) suggests this to be possi-
ble. Polymorphism for VI within F-haplotypes may be
responsible for selective differences among F-haplo-
types, and the lack of significant polymorphism for
V1 within S-haplotypes may therefore account for the
selective equivalence of S-haplotypes. The simulation
results shown in Figure 11a show that virtually all the
variation in “clinality” observed among the surveyed
sites, including the cline at the F/S site, can be ex-
plained by assuming that frequencies of each site are
governed by their linkage disequilibrium with the V1
site. Note that the converse does not hold: the “clin-
ality” at VI cannot be explained by hitchhiking in
response to the F/S site (Figure 11b). Now, if selection
were acting on only VI, we expect to see heteroge-
neity within F-haplotypes because selection pressures
vary between VI-bearing F-haplotypes and non-VI-
bearing F-haplotypes. Conversely, we predict homo-
geneity within S-haplotypes because virtually all of
them (789 out of 793) are non-I-bearing.

To test whether selection may plausibly be acting
on only V1, we performed a selective equivalence test
as before. As a measure of clinal differentiation, we
again used the Gsr value for the comparison between
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the north-south blocks in the sampling scheme out-
lined in Table 1 (Table 5). The results are equivocal.
We have shown that levels of gene flow are high
enough to homogenize gene frequencies between
north and south in the absence of differentiating
selection; we therefore expect to see no evidence of
north-south differentiation among selective equiva-
lents. However, within non-V I-haplotypes, we see a
departure from uniformity when tested against a strin-
gent null hypothesis of effective panmixis. There is
no such departure in a test against a less stringent
sample-shuffling model. There is no significant het-
erogeneity within V]-haplotypes under either test.
Consistent with the previous study, we see evidence
of considerable heterogeneity within F-haplotypes.
Overall, therefore, the supposition that selection is
acting on the V1 site alone is better supported by this
analysis than an alternative, that selection is acting on
the F/S site alone.

To further investigate variation within haplotype
classes, we calculated the regressions on population
latitude of the relative frequencies (square root, arc-
sine transformed) of each haplotype within (1) the
appropriate Adh-F or Adh-§ class and (2) the appro-
priate VI or non-VI class. Thus, for a VI-Adh-F
haplotype, we calculated the regressions on latitude
of its frequencies in each population as a proportion
of (1) all Adh-F’s in each population and (2) all VI’s in
each population. We tested the statistical significance
of the regressions by simulation, as described above.
For the within Adh-F/S survey, two F-haplotypes
yielded significant regressions (i.e., P < 0.01. A value
of 0.05 is an inappropriate significance level because
a unique haplotype located in a population at the
extreme of the geographic distribution yields a signif-
icant regression on this criterion). The within V1/
non-V1 survey yielded just one significant regression,
for a non-V I-haplotype. These results accord with the
Gst data for haplotypes (Table 5): geographical ho-
mogeneity of S-haplotypes and VI-haplotypes, heter-
ogeneity among F-haplotypes (two significant regres-
sions) and less pronounced heterogeneity among non-
V I-haplotypes (one significant regression).

Can we explain the observed heterogeneity within
Adh-F and non-V 1 classes solely in terms of the distri-
butions of these few aberrant haplotypes? It turns out
that a single haplotype (corresponding to haplotype
11 in Figure 9) yields a significant regression for both
within Adh-F and within non-V I classes. Remarkably,
the regression on latitude of its transformed frequen-
cies yields a negative slope (y = -0.015x + 0.686; r* =
0.602; P < 0.001): haplotype 11 is a F-haplotype with
a S-haplotype-like distribution. Is haplotype 11 pecu-
liar in some way? It is the highest frequency F/non-
V I-bearing haplotype (n = 31). Perhaps an interaction
between these two sites endows haplotype 11 with its

“quasi-S” properties. If this were true, however, we
would expect all F/non-V I-bearing haplotypes to vary
in this way. Now, overall frequencies of individual
haplotypes, other than haplotype 11, in this class are
too low to permit detection of a trend over our 18
populations. However, if we pool all these haplotypes,
excluding haplotype 11, we generate a single compos-
ite haplotype of overall frequency 29. The regression
on latitude of the transformed frequencies of this
composite haplotype shows no significant latitudinal
trend. In fact, the regression slopes in the *opposite
direction to that of haplotype 11 (y = 0.003x + 0.019;
r* = 0.048; P > 0.05). Thus we cannot explain hap-
lotype 11’s aberrant behavior solely in terms of the
combination of the non-V1 and Adh-F sites.

Linkage disequilibrium between V1 and Adh-F-
evidence of epistatic selection? As expected from the
patterns of linkage disequilibrium, the haplotype net-
work for the VI dataset (not shown) shows the VI-
haplotypes clustering within the F-haplotypes. Is this
linkage disequilibrium between the VI and Adh-F sites
explicable solely in terms of insufficient recombina-
tion to erode the disequilibrium, or need we invoke
another factor, such as epistasis, to account for the
linkage disequilibrium? A recent mutation is typically
in disequilibrium with other markers on the chromo-
some on which it arose because there has not been
enough time for disequilibrium-eroding recombina-
tion to have occurred. Also, unless the mutation is
selectively favored so that its frequency increases de-
terministically under selection, its frequency will re-
main low for an initial period until, by chance, it drifts
to a higher frequency. Thus we expect a correspond-
ence between levels of linkage disequilibrium and the
frequency of a mutation. In addition, high levels of
linkage disequilibrium imply that the mutation-bear-
ing chromosome has not undergone much recombi-
nation, so we expect to see a corresponding low diver-
sity of mutation-bearing chromosomes. VI does not
fulfil these expectations: it is in strong linkage dise-
quilibrium with most of the sites surveyed and yet
over 26% of chromosomes studied carry it. Also, it is
has undergone considerable diversification: 25 hap-
lotypes (27% of the total) carry V1.

Particularly striking is the lack of Adh-§/V 1 haplo-
types given the extensive diversification of V1-haplo-
types that has occurred within F-haplotypes. Has re-
combination generated this diversity within F-haplo-
types? If the main cause of diversification is mutation,
then the linkage disequilibrium between the F/S and
V1 sites is expected, but that disequilibrium would be
broken down by recombination. We note that 12 of
the 15 sites that differentiate between V I-haplotypes
differing by only a single polymorphism also differ-
entiate between similarly related non-V I-haplotypes.
If mutation is responsible for the diversification of
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haplotypes, then we have to invoke many instances of
parallel mutation to explain this distribution. Recom-
bination, on the other hand, promotes the sharing of
mutations between haplotypes and is presumably,
therefore, the primary cause of diversification of hap-
lotypes. How can we explain why extensive recombi-
national diversification has taken place for VI on F-
haplotypes but not on S-haplotypes? Unfortunately,
we do not know enough about the dynamics of recom-
bination over evolutionary time to be able to dismiss
simple chance as an explanation. In addition, it is
always possible to invoke historical scenarios to explain
the observed pattern: for example, perhaps V1 origi-
nated, and subsequently diversified via recombina-
tion, in a population consisting entirely of F-haplo-
types. Such a population is unknown. It would then
have had no chance to recombine onto S-haplotypes.
Nevertheless, the pattern is also consistent with a
model in which the association between VI and Adh-
F is selectively maintained, possibly by selection
against V1/Adh-S haplotypes. Such selection would
necessarily be epistatic.

How could selection, whether epistatic or not, act
on V1?2 ADH is transcribed from different promoters
at different life history stages. V1 is located in an
intron in the adult transcript of ADH but is upstream
of the site of initiation of larval transcription (BEN-
YAJATI et al. 1983). The region in which V1 is located
has been implicated by a number of studies in the
regulation of transcription from the larval (or proxi-
mal) promoter (HEBERLEIN, ENGLAND and TJiaN
1985; POSAKONY, FISCHER and MANIATIS 1985; KaA-
POUN et al. 1990). It is possible therefore that the
presence of V1 affects regulation of larval transcrip-
tion. However, LAURIE and STaM (1988) report a lack
of correlation between ADH-protein levels and
mRNA levels, which suggests that differences between
Adh genotypes for ADH-protein activity are deter-
mined by differences either in translation rates or in
rates of degradation of the protein. It is difficult to
see how VI could affect either of these processes as it
is never part of the larval transcript and is spliced out
of the adult mRNA. But further developments may
provide V1 with a selectable role. The difficulty in
attributing selectable function to VI can be avoided
if we invoke selection on another site in linkage dise-
quilibrium with the V1 and Adh-F sites. This is possi-
ble, but LAURIE-AHLBERG and STAM’s (1987) trans-
formation analysis (i) implies that that site must lie
within the region surveyed in this study and (ii) ex-
cludes many of the candidate polymorphisms. At this
stage, however, we can rule out neither direct selec-
tion on VI nor selection on linked loci.

Conclusion: The success of our approach in detect-
ing natural selection requires the population subdivi-
sion of the neutral markers to be distinguishable from

the distribution of variation at site(s) under selection.
For D. melanogaster, with its high rates of migration,
the lack of clinality of virtually all silent sites provides
a favorable backdrop against which to test for selec-
tion. Another situation in which selection may be
detected arises from a complementary scenario: if
populations are clearly subdivided then polymor-
phisms whose frequencies are constant across the sub-
divided populations may also be identified as being
under selection. KARL and AVISE (1992) deduce selec-
tion on allozymes in the American oyster on this basis:
populations from the Atlantic and Gulf of Mexico
coasts are distinct for both nuclear and mitochondrial
DNA markers, but exhibit uniform allozyme frequen-
cies.

The lack of genetic differentiation of silent poly-
morphisms among east coast D. melanogaster popula-
tions is evidence of a selective basis of the cline.
Although, for reasons discussed above, we do not
estimate the migration rate and cannot therefore di-
rectly calibrate the erosion of heterogeneity between
populations, the simple observation of effective pan-
mixis among S-haplotypes between north and south
blocks demonstrates that rates of gene flow are high
enough to homogenize gene frequencies over large
geographic areas. Evidence of such extensive gene
flow is not surprising in a vagile insect: RAYMOND et
al. (1991) found evidence of rapid worldwide spread
of insecticide resistance alleles in the mosquito, Culex
pipiens. KEITH et al. (1985), RILEY, HALLAS and LE-
WONTIN (1989) and SCHAEFFER and MILLER (1992)
have used a variety of techniques to demonstrate high
levels of gene flow among Drosophila pseudoobscura
populations. SINGH and RHOMBERG (1987) and HALE
and SINGH (1991), using nuclear and mitochondrial
genetic markers respectively, and CoyNE and MiL-
STEAD (1987), using a direct mark-release-recapture
approach, all found evidence of extensive gene flow
between D. melanogaster populations. It is inconceiv-
able that a historical cline could be maintained in the
face of such gene flow, even allowing for a very recent
introduction of D. melanogaster to North America.
This implies that other D. melanogaster east coast clines
[e.g., for wing length (COYNE and BEECHAM (1987)]
also have a selective basis.

Our conclusions regarding the specific targets of
selection are less clear-cut. We find that VI explains
some, but not all, of the heterogeneity within F-
haplotypes. That neither the F/S nor VI sites can fully
account for the distribution of haplotypes (especially
haplotype 11) suggests that selection is affecting other
linked sites or is acting epistatically on the combina-
tion of the F/S and V1 sites. The high levels of linkage
disequilibrium between VI and other sites, in partic-
ular F/S, may indicate epistatic selection. It is also
possible that selection is not acting directly on the
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F/S site and that the observed cline is the product of
hitchhiking in response to the cline at V1. However,
KREITMAN and HUDSON’s (1991) finding of a peak of
polymorphism around the F/S site suggests that bal-
ancing selection is indeed acting on that site. The lack
of such an excess polymorphism around the VI site
may indicate that, contrary to what our findings sug-
gest, V1 is not under selection, or, alternatively, that
V1 arose too recently to permit a build-up of poly-
morphism. We note finally that the heterogeneity
among F-haplotypes, whether it is caused by VI or by
other factors, may account for the consistently equiv-
ocal results of population cage experiments (CHAM-
BERS 1988). If, for example, the flies studied were
collected from a southern population, a large propor-
tion of the Adh-F alleles under study could well be the
“quasi-S” haplotype 11. Studies concentrating on F/S
differences may well be confounded by these within-
allele differences.
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APPENDIX

The haplotypes and their frequencies in each sam-
ple are given in Tables 6 and 7, respectively.
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