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ABSTRACT

A 2.2-kb region including the ac gene of Drosophila simulans has been sequenced. Interspecific
divergence between Drosophila melanogaster and D. simulans was estimated as 0.0695 and 0.0558 for
silent and for all sites, respectively. Estimated silent site divergence for the ac region is comparable to
that estimated for other regions of the genome between these species, indicating that silent sites of
the ac region are not under significantly stronger functional constraint. Intraspecific variation in both
species was also investigated. Restriction-site and length polymorphism in the ac region of D. simulans
has been investigated for 103 X chromosome lines sampled from three natural populations in Spain
using eight four-cutter restriction enzymes. Neither restriction-site nor length variation was detected
in the three populations surveyed. In D. melanogaster restriction-site and length polymorphism in all
major transcription units of the y-ac-sc region (23.1-kb region) has been studied using four four-cutter
restriction enzymes for 245 X chromosome lines sampled from 10 natural populations (seven from
Europe, two from North America and one from Japan). Fourteen restriction-site and 28 length
polymorphisms were detected. There was some indication of population subdivision for North
American vs. European samples of D. melanogaster. The frequency spectrum of restriction-site
polymorphisms in European populations was skewed toward rarer frequencies than predicted by the
neutral theory. Comparison of silent site variation at this telomeric region with that in the Adh 5’-
flanking region showed a reduced level of heterozygosity in the y-ac-sc region. Since interspecific
silent divergence is not reduced in the y-ac-sc region as compared to other regions, the reduction in
standing levels of variation at this telomeric locus in both D. simulans and D. melanogaster is most

easily explained by a hitchhiking effect of linked selected substitutions.

HE substitution of selectively favorable muta-
tions will change the frequencies of linked neu-

tral polymorphisms in the surrounding region
through a hitchhiking effect (MAYNARD SMITH and
HAIGH 1974; KarLAN, HUDSON and LANGLEY 1989).
A prediction of this hitchhiking effect is a reduction
in the levels of standing variation in natural popula-
tions. This reduction is sensitive to levels of recombi-
nation, the frequency of selected substitutions and the
magnitude of selection. The effect is greatest when
the recombination rate is smaller than the selection
coefficient. On the other hand, in the absence of
selection the level of recombination influences only
the variance in the amount of polymorphism but not
the mean. Therefore, no systematic reduction in var-
iation in regions of reduced crossing over per physical
length would be expected under pure neutrality. In
regions with restricted recombination (the y-ac-sc and
Zw regions, located close to the telomere and base of
the X chromosome in D. melanogaster, respectively,
and the fand v regions, located close to the base of
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the X chromosome in D. ananassae), relatively low
heterozygosity has been observed for at least some
populations (AGUADE, MIYASHITA and LANGLEY
1989a; MIYASHITA 1990; STEPHAN and LANGLEY
1989). In contrast, regions of the X chromosome with
“normal” levels of recombination (SCHAEFFER, LANG-
LEY and AQUADRO 1988; MIYASHITA and LANGLEY
1988; AGuaDE, MivasHiTA and LANGLEY 1989b)
show levels of polymorphism similar to those found at
autosomal loci.

Reduced levels of variation in regions of the auto-
somes or the X chromosome could be simply due to
greater constraints, i.e., stronger purifying selection
in that region. If purifying selection was the main
force reducing polymorphism in “recombination-su-
pressed” regions, a similar reduction in the interspe-
cies divergence would be expected under neutrality
(KIMURA 1983), because interspecific divergence
should parallel intraspecific variation. In order to
evaluate this possibility in the telomeric region of the
X chromosome, interspecific divergence between D.
simulans and D. melanogaster was studied by sequenc-
ing a region including the ac gene in D. simulans and
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comparing this sequence with that of the same region
in D. melanogaster (VILLARES and CABRERA 1987). The
rate of silent site divergence in this region was com-
pared to that observed in other regions of the genome.

Whether the reduced variation in the y-ac-sc region
in D. melanogaster was due to hitchhiking or to in-
creased functional constraint, a similar reduction in
variation might be expected in D. simulans, where this
region is also located at the tip of the X chromosome.
For this expectation to hold under hitchhiking, the
mutation rate to selectively favorable variants should
be high enough and the recombination rate low
enough that there has been at least one substitution
of a closely linked initially rare variant in each lineage
since their divergence. Four-cutter restriction-map
variation in a region including the ac gene has been
studied in three natural populations of D. simulans in
order to document levels of variation.

Finally, four-cutter restriction map variation in all
major transcription units of the y-ac-sc region has been
surveyed in 10 natural populations of D. melanogaster.
Our original conclusion of reduced polymorphism in
the y-ac-sc region (AGUADE, MIYASHITA and LANGLEY
1989a) was challenged by several authors (BEECH and
LEIGH-BROWN 1989; EANES, LABATE and AJIOKA
1989; MACPHERSON, WEIR and LEIGH-BROWN 1990).
This survey augments the quantity of data available
and corroborates our first result, that the amount of
polymorphism is low. This survey also documents
substantial population differentiation between Euro-
pean and North American populations that was also
seen in some previous studies (EANES, LABATE and
AJIOKA 1989) but not in others (BEECH and LEIGH-
BrowN 1989). As expected under the hitchhiking
model, interspecific divergence in the ac region is
typical of other regions of normal crossing over.

MATERIALS AND METHODS

Fly stocks: One hundred and three X chromosomes of D.
simulans were extracted from three Spanish populations (52
from Barcelona, 26 from La Rabida, Huelva, and 25 from
Tenerife, Canary Islands) by crossing single wild-caught
males to virgin females from an attached-X chromosomes
strain (XXY, y w%, XY, ++) and collecting males either from
the F, or F, of that cross.

Two hundred and forty five X isochromosomal lines of
D. melanogaster were independently extracted from 10 nat-
ural populations: seven from the Old World, two from
North America and one from Japan (Figure 1). Lines from
North America and Japan were those from MIYASHITA et
al. (1986). Lines from Old World populations were ex-
tracted by crossing single wild-caught males (XB) or single
virgin females from each isofemale line (all other popula-
tions) with the balancer stock FM7a.

Cloning and sequencing: A random genomic library of
a D. simulans strain from Putah Creek, California, was
screened using as probe a 2.2-kb EcoRI fragment from D.
melanogaster (clone 2.1RR101). Two positive phages were
isolated and DNA purified. After digestion with several
enzymes and analysis by Southern blot, a 2.2-kb EcoRI

fragment from one of the positives with no Kpnl, HindIll,
Sacl, Sall, Xhol and Xbal sites was chosen for subcloning
into the EcoRI site of the plasmid vector pBlueScript SK™.
A set of nested deletions was obtained for each strand
according to HENIKOFF (1984), using restriction enzymes
HindIII and Kpnl for one of the strands, and Xbal and Sacl
for the complementary strand. From each of the clones
double-stranded DNA was obtained by a modification of the
alkaline procedure (SAMBROOK et al. 1989). One of the
strands was sequenced using the universal M13 primer, and
the complementary strand using the reverse M13 primer.
Sequencing was performed by the dideoxy chain termina-
tion method (SANGER, NICKLEN and COULSON 1977) using
T7 polymerase. The final sequence was assembled using
STADEN’s (1982) programs. Each nucleotide was on average
sequenced 3.13 times.

Restriction map analysis: Procedures were as described
in KREITMAN and AGUADE (1986a) using eight tetranucleo-
tide-recognizing enzymes for all D. simulans and for a subset
of D. melanogaster lines (53 lines from XB; and all lines from
NC, TX and JPN): Alul, Ddel, Haelll, Hhal, Sau3Al, Mspl,
Sau961 and Tagql. All other D. melanogaster lines were di-
gested with only four enzymes: Alul, Haelll, Sau3Al and
Tagql.

Table 1 gives a summary of all regions analyzed in D.
melanogaster that include all major transcription units and
flanking regions of the y-ac-sc region. Six of these regions
had been previously sequenced either completely or partially
(see Table 1) which facilitates analysis of the data. The set
of four restriction enzymes used allows detection of 9-10%
of all nucleotide changes in these regions, and nearly all
insertions/deletions, as fragments as small as 70-80 bp can
be reliably scored.

D. simulans samples were probed only with the 2.2-kb
EcoR] fragment that includes the ac gene of this species
(clone 2.2RRsim).

RESULTS

Interspecific sequence divergence: Figure 2 shows
the sequence of the 2.2-kb EcoRI fragment of D.
stimulans compared to the published sequence of D.
melanogaster (VILLARES and CABRERA 1987). Length
differences are found only in the 5’- and 3’-flanking
regions. In comparison to the sequence of D. simulans,
the D. melanogaster sequence shows 4 insertions and 9
deletions in the 5’-region, and 6 insertions and 8
deletions in the 3’-region. Size differences ranged
between 1 and 23 bp. Table 2 gives a summary of
nucleotide changes between both species. The num-
ber of silent differences does not differ significantly
among the three functional regions (x> = 5.6, d.f. =
2, P > 0.05). In the coding region there are four
replacement differences, all conservative amino acid
changes. The putative TATA box and two of the
three putative polyadenylation signals in D. melano-
gaster are conserved in D. simulans. Estimated diver-
gence between D. melanogaster and D. simulans is
0.0695 and 0.0558 for silent (K) and for all sites,
respectively (JUKES and CANTOR 1969).

Within D. simulans variation: Neither restriction-
site nor length variation was detected for the 2.2-kb
region analyzed despite the fact that the technique
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FIGURE 1.—Geographical distribution of D. melanogaster populations sampled, and distribution of restriction-site haplotypes. Figures
indicate sample size. XG, Groningen (Holland); XL, Lyon (France); XO, Oviedo (Spain); XB, Barcelona (Spain); XR, Requena (Spain); XH,
Huelva (Spain); XC, Canary Islands (Spain); NC, North Carolina (United States); TX, Texas (United States); JPN, Fukuoka (Japan).

used allows the detection of nearly all insertions/
deletions in a given region, and for the region studied
nucleotide variation was assessed for 390 site equiva-
lents (KREITMAN and AGUADE 1986b). 64 restriction
sites were scored. The haplotype fixed in the three
Spanish populations surveyed is identical to that pre-
dicted from the DNA sequence of the American allele.
Lack of variation within D. simulans precludes any
further analysis of the data, although it is worth em-
phasizing the complete absence of variation in this
large sample (103 chromosomes).

Within D. melanogaster variation: Tables 3 and 4
give a summary of the location and frequency of all
restriction-site and length polymorphisms detected in
the 245 lines analyzed for all transcription units of the
y-ac-sc region. Fourteen out of 307 restriction sites
scored were polymorphic, their pooled frequency over
populations ranging between 0.131 and 0.004. The
number of restriction-site polymorphisms segregating
in any given population ranged between 0 in Lyon
and 8 in both North Carolina and Texas. For each
polymorphism frequencies have been compared be-
tween populations within a continent, using Fisher’s
exact test of independence for 2 X 2 contingency
tables and a Monte-Carlo test for 2 X n contingency
tables (LEWONTIN and FELSENSTEIN 1965). No signif-
icant differences were detected in any of the 8 poly-
morphisms segregating in North America. Only 1 of
the 12 polymorphisms segregating in European pop-

ulations, #1, showed frequency heterogeneity among
samples; when populations were pairwise compared
for polymorphism #1, only one of the 6 pairwise
comparisons (between XB and XR) indicated fre-
quency heterogeneity between these populations (P =
0.03). Some multiply represented restriction-site pol-
ymorphisms show higher frequencies in the American
than in the European populations (#s 12, 14, 16, 39
and 41); another polymorphism (#40) present both in
the American and Japanese samples at frequencies
higher than 0.10 has not been detected in any of the
European populations sampled. The low number of
restriction-site polymorphisms detected in any given
transcription unit does not allow to test for heteroge-
neity in the distribution of polymorphic sites among
different functional regions.

Twenty-seven length polymorphisms have been sco-
red, 14 being present only once in all 245 lines ana-
lyzed. Most insertions/deletions detected are small,
their size ranging between 2 and 40 bp. Length var-
iants (either insertions or deletions) located within the
same restriction fragment and differing from the con-
sensus sequence by the same length have been consid-
ered the same, although they might be clustering
different polymorphisms. All length polymorphisms
are located in noncoding regions with the exception
of #11 (ins4) located in the second exon of the yellow
gene (estimated size is 3 bp). One insertion (insl) and
one deletion (dell4) correspond to those previously
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FIGURE 2.—Sequence of the ac region from D. simulans as compared to that of D. melanogaster. Location of the putative TATA box,
capping site and polyadenylation sequences (underlined) have been ascertained from comparison with those previously described for D.
melanogaster. The amino acid sequence of the ac gene is presented above the nucleotide sequence, beginning at +981 and ending at +1583.
Nucleotide differences between D. simulans and D. melanogaster as well as deletions in this latter species (-) are shown below the sequence.
Insertions one or more base pairs long are shown above the sequence either by the nucleotide inserted at that position or by a number. In
the amino acid sequence, those amino acids that have changed between D. simulans and D. melanogaster are bold typed. The sequence of the
ac region of D. simulans has been submitted to the EMBL/GenBank Data Libraries under the accession number X62400. 1, ATTCCACTAA;
2, TTG; 3, GCG; 4, GC; 5, GACACGCTTCCT; 6, GGTACATTCCTTTAAACGATCCT.
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FIGURE 2.—Part 2

detected by six-cutter analysis in those same lines (ins2
and del4, respectively, in AGUADE, MIYASHITA and
LANGLEY 1989a). In those samples digested with four
additional enzymes (see MATERIALS AND METHODS),
another length polymorphism (#15b) could be scored
and was present both in Barcelona (7 lines) and in
North Carolina (2 lines). Some length polymorphisms
which reach rather high frequencies (#s 5, 21, 27 and
33) are present in all or most populations sampled;
their frequency is however quite heterogeneous, spe-
cially among European populations.

Linkage disequilibrium between those restriction-
site polymorphisms whose rarest variant shows a fre-
quency higher than 0.10 has been estimated using the
correlation coefficient r. This has only been possible
for North American populations; lack of heterogene-
ity in the frequency of restriction-site variants between
North Carolina and Texas has allowed pooling of the
data. Significant departures from linkage equilibrium
were detected in 23 out of 28 pairwise comparisons
in the pooled American sample (Table 5). As in pre-
vious surveys of this same telomeric region (BEECH
and LEIGH-BROWN 1989; AGUADE, MIYASHITA and
LANGLEY 1989a; EANES, LABATE and AJioka 1989;
MACPHERSON, WEIR and LEIGH-BROWN 1990) signif-
icant linkage disequilibria are found even for sites
separated 100 kb.

When both restriction-site and length polymor-
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phisms are considered, 59 different haplotypes have
been detected among 245 lines. The number of hap-
lotypes drops to 14 and to 46 when only restriction-
site or length polymorphisms are considered, respec-
tively. Given the high number of pairwise linkage
disequilibria detected among restriction-site polymor-
phisms, haplotype analysis should be more informative
than site by site analysis. Although there is a major
restriction-site haplotype in all populations analyzed,
the distribution of most frequent haplotypes differs
between European and American samples (Figure 1),
but not within continents: in European samples there
is only one major haplotype (with frequency 0.921),
while in the American samples besides this major
haplotype (with frequency 0.468), there are two other
rather frequent haplotypes (with frequencies 0.191
and 0.128, respectively); these other haplotypes are
also present in Europe but at much lower frequencies
(0.011 and 0.005, respectively). Restriction-site hap-
lotype diversity (NEI and TAjiMA 1981) is accordingly
much lower in European (k = 0.1516) than in Amer-
ican samples (k = 0.7285); estimated haplotype diver-
sity for the Japanese sample is also rather low (h =
0.2503).

Table 6 gives estimates of nucleotide diversity for
each individual population as well as for populations
pooled according to continent [H, ENGELs (1981); =,
NEr and Tajima (1981); 6, HupsoN (1982)]. The
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TABLE 2
= é Distribution of nucleotide divergence for the ac region between
E —0o (‘S ;\5‘_’, D. simulans and D. melanogaster
~
Raa =R 5 Coding” 3’
It Total s s
=@ $ % No. of changes 55 19 4 15 43
e E mE L L o No. of nucleotides compared 925 603 472 131 646
$ % 5 i : E % oy “ ns, nonsilent or replacement; s, silent or synonymous.
L major difference between European and North Amer-
~ -Og' ican samples lies in the different haplotype distribu-
g K tion, and consequently of polymorphic variants in
£§ ‘EE 5 strong linkage disequilibrium in these populations.
sl § g o Estimates of heterozygosity are accordingly lower in
é 5 2 5 § a2 g w El{ropean than. in Ame.rican samples, especially when
FIX ~weio & using those estimators like NE1 and TAjiMA’s 7 (1981)
= and ENGELS’ H (1981) that take into account not only
T e § the number but also the frequency of polymorphic
$ BT sites.
go nE %ol i né\ In order to test for departures from the neutral
s MEME L theory TAJIMA’s test (1989) has been used. The ra-
§ 2 ?E i % B'm © o tionale of TAJIMA’s test is that under the neutral
P 23 § M e § S Xw mutation model no difference would be expected
& between the estimates of heterozygosity based on the
§ number of segregating sites (WATTERSON 1975) and
- | =% 3. that based on the average number of nucleotide dif-
E EES §’i _L% %2 ferences (TAjiMaA 1983§ Any departure of the fre-
E g & g % 2 g o I § © quency spectrum of variants from the neutral predic-
& B E moEs AN = tion will affect this latter estimate, as it takes into
2 2 account frequencies, but not the former. Table 7 gives
s weE § the estimates of D (equation 38 in TajiMA 1989) for
BRI 5 = & 2 those D. melanogaster populations where the number
.'é* - g :E 2288 2, £  of polymorphisms is greater than one. D values for all
3 SEoN meAs = S European populations are negative. In all four cases
a = g the probabilities associated with each D.va]u.e are
oo | S E o N 2 lower th?ln 0.10, the estlmaFed D value being signifi-
B 2 = % .y s“-é cantly different from zero in two out of these four
~3 8 2 a3 Fg 2 cases.
N WO - N © — I
h . ‘fﬁf DISCUSSION
P ©
§ g The relative importance of forces shaping nucleo-
on| oo ¥ g tide variation may vary across the genome. Differ-
= g EO 2 . c ences in levels and patterns of intraspecific nucleotide
gl\f = § 2R 2 . = variation in different regions might be due to differ-
¥R T S&eng| 2 & = % ential positive or negative selection, different muta-
y Q@ g %% :'g tion rates and/or differ(-?ntial leyels of .rec‘ombinati‘on.
S . g:o‘)g 5‘;’ g One way to rule out differential purlfylng selection
wd %.590 i/—g ges8 2 and different mutation rates as the main forces caus-
EA otz R N %JU %5 ing different levels of polymorphism in dlfferenF re-
£8 2 '§ ; w0 Li, § %U Ei 2 i gions is to compare estimates of interspecies diver-
g E 28 '-§ gl 39 2 g 8 e gence. The neutral mutation rate in a region decreases
T 5 £ & = 2 59% g é é < §§ £ as the fraction of deleterlo}ls mutations increases.
% § w0 Yz ’§ SE22 S&8 § 5 8 & Divergence due to the substitution of neutrg] muta-
RO BZa v e tions in a region with a lower neutral mutation rate

should also be reduced because the rate of fixation of
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TABLE 3

Location and frequency of polymorphisms in D. melanogaster

Location Absolute frequency
Europe America Japan Totat
# Type Absolute Functional (190) (47) (8) (245)
T6
1 Taql (gain) —1504 5 4 4
2 Tagl (loss) —1458, —1455 5’ 2 2
3 dell (120 bp) —1018T, =755T 5 5 5
4 ins1 (600 bp) —755T, —~495D 5 1 1
5 del2 (20 bp) 1293-1335 Intron 96 28 5 129
6 ins2 (2 bp) 2002H~2044T Intron 1 1
7 Sau3 Al (gain) 2491 Intron 2 6 8
8 del3 (4-6 bp) 2648H~-3096H Introl 1 1
9 ins3 (20 bp) 2648H~3096H Intron 1 1
10 Haelll (loss) 3097-3100 Intron 2 2
11 ins4 (3 bp) 4232A~4354H Exon 2 1 1
12 Haelll (loss) 4442-4445 (4444 5) Exon 2 5 11 16
13 ins5 (300 bp) T4557~A4832 3 1 1
T5
14 Taql (gain) 36 5 5 11 16
15 del4 (20 bp) 49-85 5 1(2) 1(2)
15b del4b (2 bp) 245-471 5 7 2) 9)
16 Alul (gain) 2147 3 3 11 14
T4
17 Sau3 Al (gain) 412 5 1 1 2
18 del5 (4 bp) 430A-575S8 5 1 4 1 6
19 delb (2 bp) 5755-6208 5 1 1
20 Tagl (gain) 818/964 Coding 1 1
21 ins6 (12 bp) 20155-2446T 3’ 65 7 72
22 ins7 (6 bp) 20158-2446T 3 3 15 18
23 ins8 (10 bp) 2500-2650 3 1 1
24 del7 (8-10 bp) 2500-2900 3 2 2
T3
25 Haelll (gain) 823 5 1 1
26 del8 (4 bp) 956S-1088A 5 2 2
27 del10 (10 bp) 1781A~2129S 3’ 56 3 59
28 ins9 (30-40 bp) 2506H-2740S 3’ 3 10 13
29 ins10 (10-20 bp) 2506H-2740S 3’ 4 2 6
30 del9 (2-4 bp) 2746H-2940A 3 1 1
T2
31 Taql (gain) Tb340 to 145 1 1
Tla
32 delll (2-4 bp) 1345T-1511H 3 2 2
33 dell2 (10 bp) 1503-1523 3’ 32 9 2 43
34 dell3 (10 bp) Ab420 1 1
35 deli4 (150 bp) Tb542 3 1 1
TI
36 dell5 (220 bp) Ab355 1 1
37 dell6 (5 bp) Ab355 1 1
38 dell7 (10-20 bp) Tbh738 1 1
39 Hagelll (gain) b300 5 6 23 1 30
40 Haelll (loss) b735 + bl160 8 1 9
41 Haelll (gain) b280 3’ 7 24 1 32

Polymorphisms are grouped according to the transcription unit where they are located (see Table 1). Absolute location is given according
to published sequences as noted in Table 1. Nucleotide substitutions are indicated by a single nucleotide (in case of gain of site) or by an
interval of four nucleotides (in case of loss of site). Insertions/deletions have been mapped to the minimal restriction fragment where they
could be detected; limits are given either by nucleotide position of a given restriction site (A, Alul; D, Hindlll; H, Haelll; S, Sau3Al; T,
Tagl) when located in a sequenced region, or by the size of a hand for a given restriction enzyme. Polymorphism #15b has been scored only
in a subsample of populations (see MATERIALS AND METHODS) and its frequency is given in parentheses.

neutral alleles equals the neutral mutation rate. When
silent site divergence (K;) for the ac region between
D. simulans and D. melanogaster (0.0695) is compared

with those values estimated for the hsp82 (0.057,
BLACKMAN and MESELsON 1986), M (0.0753,
LANGE, LANGLEY and STEPHAN 1990), Adh 5'-flank-
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Haplotype Distribution in D. melanogaster populations
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low region; they were all also monomorphic for absence of Haelll site at

pared to published sequences all lines were monomo

, and for presence of Sau3Al site at position 1795 in the yel

Polymorphisms are numbered according to Table 3. Populations are named according to Figure 1. As com
position 321 in T3 as in GONZALEZ (1989) but in contradiction with VILLARES and CABRERA (1987).

Haelll and Tagl sites at positions —1877 and 560
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TABLE 5

Linkage disequilibrium between polymorphic sites expressed as the correlation coefficient r: American populations

7 12 14 16 39 40 41
0.464*** 0.671%** 0.671%** 0.671%** 0.321* 0.204 —-0.373* 5
0.692*** 0.692*** 0.692%** 0.391** -0.173 —0.374* 7
1.000*** 1.000%** 0.464%** 0.284 —0.541*** 12
1.000*** 0.464*** 0.284 —0.54 1 *** 14
0.464*** 0.284 —0.541%** 16
0.463*** —0.958*** 39
—0.443%** 40

Rows and columns indicate polymorphic sites numbered according to Table 3. * 0.01 <P <0.05, ** 0.001 <P <0.01, **% P < (0.001.

TABLE 6
Estimates of nucleotide diversity for D. melanogaster
populations
Populations® & = H
XG (25) 0.00076  0.00032  0.00032
XL (24) 0 0 0
XO (20) 0.00011  0.00004  0.00004
XB (50) 0.00064 0.00015  0.00015
XR (23) 0.00011  0.00009  0.00009
XH (23) 0.00056  0.00018  0.00018
XC (25) 0.00076  0.00035  0.00035
Pooled Europe (190) 0.00100  0.00017  0.00017
NC (20) 0.00093 0.00131 0.00131
TX (27) 0.00086 0.00102 0.00102
Pooled America (47) 0.00084 0.00115 0.00114
JPN (8) 0.00047 0.00031  0.00031
World pool (245) 0.00096  0.00043  0.00044

¢ Populations are named according to Figure 1. Figures in paren-
theses indicate sample size.
* See text for references.

TABLE 7

Estimates of D and its significance according to TAjIMA (1989)

Populations D values*

XG (25) -1.7911 (~1.807, —1.583)
XB (50) —2.0417* (—1.800, —1.570)
XH (28) -1.9921* (~1.806, —1.584)
XC (25) —1.6688 (—1.807, —1.583)
NC (20) 1.3181 (2.001, 1.710)
TX (27) 0.5451 (2.001, 1.712)
JPN (8) —1.4475 (—1.663, —1.521)

* Figures in parentheses are the D values with associated proba-
bility 0.05 and 0.10, respectively (TajiMa 1989).

ing (0.0678), Adh coding (0.0368) and Adh 3’-flanking
(0.0398) regions (CoHN and MoORE 1988), no such
reduction is observed. The silent sites of the ac region
do not seem therefore to be under significant stronger
constraint {or suffer a lower mutation rate) than sim-
ilar sites in these other regions.

The present data on variation at the ac region in D.
simulans, where silent site variation can be accurately
estimated, have no counterpart at other loci with
which to compare levels of polymorphism. The esti-

mate of nucleotide variation in the ac region of D.
simulans is slightly lower than that observed in the
same region in D. melanogaster (0 vs. 2 silent site
restriction-site polymorphisms detected in D. simulans
and D. melanogaster, respectively, out of 298 silent
sites analyzed). A previous six-cutter study of the rosy
region in North American populations of both D.
melanogaster and D. simulans found a higher hetero-
zygosity per nucleotide in this latter species (0.019 in
D. simulans vs. 0.003 in D. melanogaster, AQUADRO,
Lapo and NooN 1988). If this single estimate of
nucleotide variation in D. simulans could be consid-
ered representative of that species [as seems to be
confirmed by sequencing data at the Adh coding re-
gion (MAcCDONALD and KREITMAN 1991)], the ob-
served level of DNA sequence polymorphism at the
ac region seems to be reduced even more relative to
other regions than it is in D. melanogaster (LANGLEY
1990). In fact, under the assumption of neutrality at
the ac region of D. simulans, the maximum value of
theta (#y) compatible at the 0.05 level with the obser-
vation of no variation in a sample of 103 chromosomes
would be 0.63 for all 390 site equivalents (according
to equation 12 in HubpsoN 1990) and 0.002 (=0.63/
390) per nucleotide; this latter estimated maximum
value of theta for the ac region is an order of magni-
tude lower than the estimated theta for the rosy region
of D. simulans. Given that interspecific divergence at
the ac region is not reduced, this lower level of intra-
specific variation in D. simulans ac region is consistent
with the hitchhiking effect of a selectively favorable
mutation in this region of reduced crossing over per
physical length.

The present data for D. melanogaster confirm our
previous results of low levels of variation in the y-ac-
sc region (AGUADE, MIYASHITA and LANGLEY 1989a).
Present estimates of heterozygosity, both for single
and pooled population samples (Table 6), are in fact
among the lowest estimates for any nuclear genomic
region in Drosophila. Unlike for D. simulans, for D.
melanogaster there is at least a region (Adh 5’-flanking)
for which intraspecific silent site variation has been
accurately estimated (KREITMAN and AGUADE 1986b;
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TABLE 8

Estimates of the number of silent site equivalents in the y-ac-sc region of D. melanogaster

. T6 TH T4 T3 T2 Tla
No. of sites () (ac) (sca) (U'sc) (scB) (scy or ase) T1 Total

Noncoding

Sites 4999 1630 2077 (880) 2433 (620) 1833 (820) 2062 (1650) 1929 (1929) 16439 (7961)

Site equivalents 408 166 182 (76) 207 (53) 150 (71) 182 (142) 166 (166) 1461 (408)
Coding

Sites 1623 603 1035 771 1218 1188 1971 (1971) 8415 (1971)

Site equivalents 177 45 106 84 139 136 210 (210) 897 (210)

Silent site equivalents 42 10 25 18 32 31 48 (48) 206 (48)
Total

Silent site equivalents 450 176 207 225 182 213 214 1667

Figures in parentheses indicate either the number of sites not sequenced in a given fragment or the number of site equivalents estimated

for those nonsequenced regions (see text).

TABLE 9

HKA tests for silent site differences in the y-ac-sc and the Adh 5’-flanking regions

Populations surveyed for the y-ac-sc region

European American Total
y-ac-sc Adh 5’ y-ac-sc Adh 5’ y-ac-sc Adh 5’

n 190 81 (1) 47 81 (11 245 81 (11)
S; 12 9 (30) 9 9 (30) 14 9 (30)
m; 1667 425 (1243) 1789 425 (1243) 1667 425 (1243)
D; 113 210 113 210 113 210

n; 2107 4052 2107 4052 2107 4052

x? 3.68 (9.12) 3.70 (7.68) 3.01 (8.50)

Within D. melanogaster sequencing data and X? values for the 5’ Adk region are given in parentheses (see text). n, sample size of population
samples. S, observed number of segregating sites within populations. m;, number of silent site equivalents (or of silent sites for sequencing
data). D, observed number of silent site differences between species. n, number of silent sites compared between species. X?, calculated
according to HUDSON, KREITMAN and AGUADE (1987) with the modifications of BEGUN and AQUADRO (1991).

KREITMAN and HubpsoN 1991), where silent site di-
vergence has been estimated both between D. mela-
nogaster and D. simulans (COHN and MOORE 1988) and
between D. melanogaster and Drosophila sechellia (HUuD-
soN, KREITMAN and AGUADE 1987), and where there
is no evidence of selection or lower than average
recombination. Present estimates of within D. mela-
nogaster polymorphism and of interspecies divergence
in the y-ac-sc region have been compared to those in
the Adh 5’-flanking region in order to test for depar-
tures from the neutral theory using the conservative
HupsoN, KREITMAN and AGUADE (1987) test (HKA
test). In order to estimate the expected number of
segregating sites under the infinite sites model with
no selection or recombination (WATTERSON 1975),
the number of silent sites studied needs to be esti-
mated. When four-cutter enzymes are used to analyze
variation at sequenced regions, the number of nucle-
otides that are being surveyed with a particular set of
restriction enzymes (site equivalents) can be accurately
estimated as can the percentage of silent site equiva-
lents in coding regions. As shown in Table 1 sequence
is available for 69 percent of the probed region. Given

that no direct estimates of site equivalents can be
obtained for nonsequenced regions, estimates for
those regions have been obtained by extrapolating the
average percentage over sequenced noncoding
(8.61% of all sites) and coding (10.66% of all sites,
being 23% silent) regions, respectively. Table 8 shows
those estimates for the set of four restriction enzymes
used. The number of silent site equivalents for the
achaete region (T5) increases to 298 when all eight
restriction enzymes are considered (see MATERIALS
AND METHODS), and consequently the total number of
silent site equivalents surveyed in those populations is
1789.

As shown in Table 9, for the Adh 5’-flanking region
two estimates of polymorphism have been considered:
that based on a four-cutter analysis of a large sample
of two American populations (KREITMAN and AGUADE
1986b), and that based on sequencing data of a smaller
world-wide sample (KREITMAN and HuUbDsoN 1991).
Silent site divergence for the larger Adh 5’-flanking
region compared between D. melanogaster and D. se-
chellia (HupsON, KREITMAN and AGUADE 1987) has
been used to perform the HKA tests shown in Table
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9. D. sechellia can be used here instead of D. simulans
because D. simulans and D. sechellia are sister taxa and
thus have the same time of divergence from D. mela-
nogaster. In the present case where variation at an X-
linked region is compared to that in an autosomal
region, corrected expressions both for expected num-
ber of segregating sites and its variance have been
used for the X-linked region taking into account its
lower effective population size (see BEGUN and
AQUADRO 1991). As already considered in the original
application of the HKA test (HUDSON, KREITMAN and
AGUADE 1987), the test also requires a slight modifi-
cation since the estimates of polymorphism and of
divergence are based on slightly different sets of sites.
Table 9 shows the data used to perform the tests and
the X? values obtained when comparing intra- and
interspecific variation in the y-ac-sc and in the Adh 5’-
flanking regions separately for samples from different
continents and for the pooled data. The Japanese
sample has been considered only in the total sample
and not separately due to its small sample size and to
the possible effect of this small sample size on the
behavior of the X? statistic. In all tests performed
using sequencing data for the Adh 5’-flanking region,
the X? values show a significant departure from neu-
trality. When four-cutter data are used for the Adh
5’-flanking region, the X ? values show an associated
probability only slightly larger than 0.05 both for
European and for American samples, and between
0.05 and 0.10 for the pooled data. In all cases the
number of observed segregating sites for the y-ac-sc
region is smaller than those that would be expected
from interspecies divergence estimates. Under the
hypothesis of hitchhiking, one would not only expect
reduced levels of variation in the y-ac-sc region but
also an excess of low frequency polymorphisms in that
region. When restriction-site polymorphisms are con-
sidered, TAJIMA’s statistic D is negative for all Euro-
pean populations (Table 7), an indication of a skewed
frequency spectrum of polymorphisms consistent with
a hitchhiking effect. The reduction in standing levels
of variation at the y-ac-s¢c region in D. melanogaster can
be therefore most easily explained by the hitchhiking
effect of positive selection in a few rare sites.
Although for the region surveyed in D. melanogaster
there is a major most common haplotype in all popu-
lations, there is some indication of population subdi-
vision for North American vs. European samples. In
North American populations there are indeed several
sites with high frequency variants that are in strong
linkage disequilibirum; American samples do show
positive values of TAJIMA’s statistic D, that might be
reflecting or not some additional interesting feature
of these populations. This differentiation may be com-
patible with the hitchhiking hypothesis if some popu-
lations are sufficiently isolated. The quantitative inter-

pretation of hitchhiking and migration will require
further theoretical analysis.
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