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ABSTRACT

We have surveyed three natural populations of Drosophila ananassae for restriction map variation at
the forked (f) and vermilion (v) loci, using 6-cutter restriction enzymes. Both loci are located in the
centromeric region of the X chromosome. Two major conclusions can be drawn from the data. First,
we found strong evidence for population subdivision, i.e., significant differences in the frequency
distributions of polymorphisms and/or haplotypes between the Burma, India, and Brazil populations.
Secondly, the pattern of DNA sequence variation between the two loci is unexpectedly different. The
level of nucleotide variation in the v locus region is reduced (relative to f), especially in the Burma
population. Furthermore, in contrast to v, we found no insertions/deletions larger than 700 bp and
no significant linkage disequilibrium at f. The genetic differentiation among subpopulations can
readily be attributed to restricted migration as the predominant evolutionary force. According to
population genetics theory, the differences in DNA polymorphisms between the two loci are in
qualitative agreement with the hypothesis that recombination is reduced in the v locus region
(“centromere effect”) but not at f. In order to test this hypothesis directly, we determined the
cytogenetic positions of several loci in the centromeric region by in situ hybridization and found by
comparison with the genetic map that recombination at v is indeed very low, much lower than at f.

N the 1980s, developments in DNA technology
have allowed population geneticists to measure
genetic variation in natural populations in new ways,
either by sequencing (KREITMAN 1983) or by restric-
tion mapping techniques (LANGLEY, MONTGOMERY
and QUATTLEBAUM 1982; KREITMAN and AGUADE
1986a). The initial efforts were primarily devoted to
obtaining a rough estimate of the level of DNA poly-
morphism in Drosophila melanogaster, which turned
out to be unexpectedly high, both in noncoding and
coding regions (LANGLEY, MONTGOMERY and QUAT-
TLEBAUM 1982; KREITMAN 1983; LEIGH BROWN
1983). Those studies led to investigations of more
specific topics, such as the difference between restric-
tion site and insertion variation in natural populations
(AQUADRO et al. 1986), the level of DNA polymor-
phism in coding vs. noncoding regions pertaining to
the neutralist-selectionist controversy (KREITMAN and
AcuaDE 1986b; HupsoN, KREITMAN and AGUADE
1987) and the existence and range of non-random
associations (MIYASHITA and LANGLEY 1988).

In Drosophila, the great majority of the studies of
DNA sequence variation focus on D. melanogaster.
There are only a few exceptions: the recent investi-
gations of AQUADRO, LADO and NOON (1988) compar-
ing the rosy region of D. melanogaster with that of its
sibling species Drosophila simulans and the study by
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SCHAEFFER, AQUADRO and ANDERSON (1987) on the
Adh region in Drosophila pseudoobscura. Since it is
important to determine the pattern of DNA polymor-
phism in Drosophila in general, we initiated investiga-
tions of DNA sequence variation in Drosophila anan-
assae. This species provides a potentially interesting
comparison, because it is fairly distantly related to D.
melanogaster [however, less distantly than D. pseudoob-
scura (PATTERSON and STONE 1952)] and because its
geographic distribution differs from that of D. mela-
nogaster. It is largely tropical (PATTERSON and STONE
1952), but has been found on all continents (MORI-
waki and Tosart 1975). The zoogeographical center
of D. ananassae is in Southeast Asia. Of particular
interest for this study is the fact that the X chromo-
some of D. ananassae is metacentric and that various
genes located in the euchromatic middle portion of
the X chromosome in D. melanogaster are in the cen-
tromeric region in D. ananassae, due to several re-
arrangements having been fixed in both species since
their last common ancestor.

The general question we ask in this paper is, how
does recombination affect DNA polymorphism. We
report here the results for two loci, forked and ver-
milion, located in the centromeric region of the X
chromosome in D. ananassae. Both mutants ( forked
bristles and vermilion eye color) were first described
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FIGURE 1.—Crossing scheme for extracting the centromere re-
gion of the X chromosome in D. enanassae. The mutant chromo-
some carries the markers miniature (m), vermilion (v), forked (f),
Om(1D) (Om). In Gy and G, the same male has been used (indicated
by an arrow). To confirm the isogenicity of a stock, we crossed a
single female of the G, generation to her sib brothers and screened
the males of the next generation for evidence of recombination.
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by KIKKAWA in 1934 [See MORIWAKI and TOBARI
(1975)]. We chose these loci, because we expected
that both would exhibit the “centromere effect” (BEA-
DLE 1932; MATHER 1939), i.e., reduced levels of re-
combination. The present study follows the lines of
our previous papers in which we explored some of the
evolutionary consequences of reduced recombination
in the centromere region, such as the accumulation
of highly repeated DNA sequences (CHARLESWORTH,
LANGLEY and STEPHAN 1986) and transposable ele-
ments (LANGLEY et al. 1988).

MATERIALS AND METHODS

Strains: Three natural populations of D. ananassae were
used in this survey: a population from Burma collected by
M. TopA in 1982 around Mandalay (19 isofemale lines), an
Indian population from collections of F. HIHARA and O.
KiTeGAwa in 1981 around Hyderabad (20 lines), and a
Brazilian population collected in 1986 by B. GoNr1 around
Sao Paulo (21 lines). These stocks were kindly provided by
Y. ToBARL Since there are no balancers of the X chromo-
some of D. ananassae available at present, we used a chro-
mosome carrying a dominant marker (Om(1D); HINTON
1984) to establish lines that are homozygous for the cen-
tromeric region of the X chromosome. The crossing scheme
is depicted m Figure 1.

Cloning of vermilion: A genomic DNA library was made
from DNA from a ca; px stock (HINTON 1984) as follows.
1.5 ug of ca; px high-molecular weight DNA (see below) was
partially digested with various amounts of Mbol (ranging
from 0.03 to 0.5 unit) for 15 min. The reactions were
terminated by heating the samples up to 65° for 15 min.
The digestion which yielded a high proportion of large
fragments (>15 kb) was used to prepare the library. After
treatment with 1 unit of alkaline phosphatase, the sample
was phenol/chloroform extracted and ethanol precipitated,
then resuspended in TE (10 mm Tris-HCI (pH 8.0)/1 mM
EDTA) and ligated to 3 ug AEMBL4 DNA, digested with
BamH] and Sal/l. The ligated DNA was packaged according
to the instructions provided by the supplier (Stratagene).

The library was screened using the 1.9-kb Xhol-HindIII
fragment [coordinates 1.1 to 3.0 of SEARLES and VOELKER
(1986); see Figure 2] purified from the subclone Spv 8.7
(kindly provided by L. SEARLES). This fragment contains
most of the 2.0-kb transcript of v from D. melanogaster.
Plaque hybridization procedures are widely described (e.g.,

MANIATIS, FRITSCH and SAMBROOK 1982). In our case,
hybridization was carried out at low stringency (35°), using
50% formamide. Furthermore, prior to putting the filters
into prehybridization solution, they were treated in 0.1X
SSC, 1.0% SDS at 65° for 1 hr to reduce background. For
the first screen we used nylon membranes (Du Pont), for
the second nitrocellulose (Schleicher & Schuell). The final
washes were done in 0.1X SSC, 0.5% SDS at 35°.

One of the positive clones (Acpv8) was subcloned into the
vector Bluescript KS M13" (Stratagene) to remove the re-
gions of repetitive DNA identified at both ends of the clone
(Figure 2). Acpv8 DNA was completely digested with BamHI
and then partially with HindIll. The fragments were ligated
to Bluescript KS M13™, digested with BamHI and HindIII,
as described by the supplier. The lengths of the resulting
plasmids were measured by electrophoresis, using a super-
coiled DNA plasmid ladder (BRL) as size marker. A sub-
clone obtained in this way was used as a probe in our survey
(coordinates —3.2 to +8.8; Figure 3), after comparing its
restriction map with that of the original clone.

Restriction map analysis: The restriction map of the v
locus (Figure 2) was constructed, digesting the clones Acpv4
and Acpv8 with one or two restriction endonucleases and
size-fractionating them on 1% agarose gels. We used the
same enzymes as SEARLES and VOELKER (1986): BamHI,
EcoRI, HindlIll, Sall, and Xhol. Similarly, the restriction
map of the f clone, Aco6, was obtained (data not shown).
Aco6 was a gift from S. Horr (Y. HatANO and S. Hori,
unpublished data).

Genomic DNA from each of the 60 lines was prepared as
described by BINGHAM, LEVIS and RuUBIN (1981). The DNA
was digested with single restriction enzymes (BamHI, EcoRI,
Hindlll, Pstl, Pvull, Sacl, and Sall) and electrophoresed on
1% agarose gels. The DNA fragments were transferred to
Zetaprobe-nylon membranes (Bio-Rad) by the usual South-
ern blotting technique. The filters were hybridized under
standard conditions, using 50% formamide, then washed
and autoradiographed (MANIATIS, FRITSCH and SAMBROOK
1982). Furthermore, for a standard restriction map, ca; px
genomic DNA was digested with single and pairs of restric-
tion enzymes but otherwise prepared as the DNA from the
natural populations.

In situ hybridization: To determine the cytogenetic lo-
cation of several genes of interest for this study [including v
and furrowed (fw)], we prepared probes labeled with biotin-
ylated-UTP (LANGER-SAFER, LEVINE and WARD 1982). Con-
ditions for hybridization and detection are described in
MONTGOMERY and LANGLEY {1983). The fw clone from D.
melanogaster, X320, was a gift from T. GORALsSKI and K.
CONRAD.

Statistical procedures: The statistical significance of link-
age disequilibrium was determined by the Fisher exact test.
Furthermore, to test whether or not the observed frequen-
cies of a polymorphism are significantly different between
the three populations, we used Meonte Carlo simulations on
2 X N-contingency tables, as suggested by LEWONTIN and
FELSENSTEIN (1965), and implemented in a program kindly
provided by W. ENGELS. The levels of nucleotide variation
were estimated using the methods of ENGELs (1981), NEI
and TajiMa (1981) and HubsoN (1982).

RESULTS

Characterization of the v locus in D. ananassae

In this section, we describe briefly the basic cyto-
genetic and molecular features of the v locus and
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FIGURE 2.—Restriction map of the v locus in D. ananassae, as obtained by combining restriction data from the clones Acpv4 and Acpv8.
The six sites (above the bar representing the v region) are shared with D. melanogaster. The location of the transcriptional unit is indicated
by a solid bar and the two relatively conserved flanking regions by hatched bars. The repetitive DNA identified at both ends of the v region
is indicated by a wave-like pattern. The coordinates adopted from SEARLES and VOELKER (1986) are the distances in kb. The restriction
enzymes are abbreviated as: B, BamHI; E, EcoRI; H, HindIlL; S, Sall; X, Xhol.
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FIGURE 3.—Summary restriction map of DNA se-
quence variation in the v region of D. ananassae. The
location of the v gene is in the approximate center of the
region (solid bar). Variant and invariant restriction sites
are indicated below and above the line, respectively. In
the survey, we used the restriction enzymes BamHI (B),
EcoRI (E), HindIII (H), Pstl (P), Poull (V), Sacl (A), and
Sall (S). Insertion and deletion sizes were estimated as
follows: Ins(a) = 5 kb, Ins(b) = 0.7 kb, Ins(c) = 1.2 kb,
Ins(d) > 4.5 kb, Ins(e) = 0.8 kb, Ins(f) = 0.2 kb, Ins(g) =
0.9 kb, Ins(h) = 1.2 kb, Ins(i) = 0.6 kb, Ins(j) = 0.1 kb,
Ins(k) = 0.9 kb, Ins(l) = 1.5 kb, Del(m) = 0.3 kb. The
insertions, Ins(h) to Ins(l), found in the interval (9.8,

contrast them with D. melanogaster. First, the cytoge-
netic location of v determined by in situ hybridization
to polytene chromosomes is on the left arm of the X
chromosome at 13Cp, i.e., very close to the centro-
mere [the coordinates refer to the map of X. Tomi-
MURA and Y. TOBARI (unpublished results)]. In D.
melanogaster, the v locus is at 10A (SEARLES and
VOELKER 1986), that is, further from the centromere.
Secondly, the v mutant phenotype is apparently not
caused by insertions, unlike most of the mutants of D.
melanogaster analyzed by SEARLES and VOELKER
(1986). We found no difference in the restriction
fragment length patterns between the DNA isolated
from our ca; px stock and that of v mutants carrying

g m 10.9), are lumped together into one symbol. Positions of
insertions are identified only to the indicated restriction

H SiH ES| IP fragment. The 5’ and 3’ flanking Sacl sites and 3’ flank-
LA ing Pvull site have not been scored because they are too

EI IB IB distant to unambiguously interpret variant restriction

fragments.

the markers m, v, f, and garnet (data not shown).

A brief summary of the molecular organization of
the v locus region is shown in Figure 2, using the
coordinate system of SEARLES and VOELKER (1986).
The transcriptional unit was localized within the Sall-
HindlIIl fragment (coordinates 0.9-3.2) and the 3’
and 5’ orientation determined, based on the infor-
mation available from D. melanogaster (L. SEARLES,
personal communication). Approximately 13 kb
downstream from the transcriptional unit (coordinate
>14.6), a major repetitive DNA region was identified
that extends to the ends of both A clones. Evidence
for another repetitive region was found at the up-
stream end of the clone Acpv8 (coordinate <—5.2).
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The latter appears to be the edge of a repetitive region
which is also found in D. melanogaster (L. SEARLES,
personal communication). Since we are interested in
comparisons between D. melanogaster and D. ananas-
sae, we made an effort to align the v locus restriction
maps of these species. Comparing the map obtained
by SEARLES and VOELKER (1986) for D. melanogaster
with our map, six restriction sites appear to be con-
served (Figure 2). They are distributed in a region of
at least 13 kb around the 2-kb transcriptional unit,
suggesting that the v region is surprisingly conserved
with respect to size. Under the stringency conditions
chosen for our cross-hybridization experiments (see
MATERIALS AND METHODS), two regions other than the
transcriptional unit turned out to be relatively con-
served, falling into the intervals (—3.2, —0.9) and
+5.1, +9.4) (data not shown). Interestingly, both are
separated from the transcriptional unit by less con-
served regions of approximately 2-kb lengths.

Restriction map variation of the v locus

Restriction site polymorphism: A summary restric-
tion map for the 60 lines of D. ananassae from three
populations is shown in Figure 3. The v transcriptional
unit is located in the approximate center of this 18-
kb region. Using 7 enzymes, we have scored a total of
25 restriction sites, 6 of which are polymorphic. The
distribution of polymorphic sites across the three pop-
ulations is nonuniform (Table 1). The Burma popu-
lation (M) shows only two variable sites (out of 22),
both variants (Pvull at 5.1 and Pstl at 5.2) being
unique. Similarly, the India population (H) also has
two variable sites (out of 22). Both, EcoRI at 7.1 and
BamHI at 10.6, vary twice within this population. In
contrast, in the Brazil population (B), four out of the
23 sites scored are polymorphic, some of them even
highly polymorphic. Because of these apparent differ-
ences, we estimated the nucleotide variation sepa-
rately for each population (Table 3). The population
differences are reflected by all three measures of
average heterozygosity, though not to the same ex-
tent. In particular, for the Burma and also for the
India populations, HUDSON’s method, which is based
on the number of segregating sites in the sample leads
to values higher than the other two estimators of H,
because in these populations all variants are rare. For
the Brazil population, all three estimates are nearly
identical.

Insertions and deletions: In our sample, all large
insertions/deletions (>500 bp) are rare, except the
0.9-kb insertion Ins(g), which was found in 6 lines of
the Burma population and in one line of the India
population. The location of this insertion could be
identified relatively accurately by the 6-cutter tech-
nique, because the insertion site lies in the overlap
region of two small fragments, HindII1-HindIII and
Sall-Sall. Furthermore, since this insert contains three

restriction sites (HindIII, Pstl, Pvull), it appears to be
a single element that is inserted in the same site in all
7 lines. As the distribution of Ins(g) indicates, there is
also population differentiation with respect to the
insertion/deletion dynamics. More extreme examples
are the small insertions Ins(f) and Ins(j). Both are in
high frequency in the Indian and Brazilian popula-
tions, but completely absent in the Burmese popula-
tion.

The distribution of insertions along the v locus is
non-uniform. Elements are most frequently found in
four regions: the 2-kb fragment (coordinates —2.9 to
—0.9) is hit in 4 lines by either Ins(b) or Ins(c), the 0.9-
kb fragment (coordinates 4.2-5.1) in 31 lines by either
Ins(f) or Ins(e), the 0.5-kb fragment (coordinates 8.3—
8.8) in 7 lines by Ins(g), and the 0.8-kb fragment
(coordinates 9.8-10.6) in 26 lines by one of the inser-
tions Ins(h) to Ins(l). In three of these regions, the
insertions are variable in size, in particular, in the
latter where insertions of five different sizes (in the
range 0.1 to 1.5 kb) were found. Finally, it is interest-
ing to note that one of these regions coincides with
the 2-kb flanking region downstream of the transcrip-
tional unit which, as we mentioned above, is evolu-
tionarily less conserved. Whether that means that the
flanking regions of genes are more susceptible to
insertions is unclear at present, but speculation is
further supported by the fact that the upstream flank-
ing region of the v gene is target site of one of the
two unique large insertions (Ins(d) in line H13). A
similar behavior was observed at the v locus in D.
melanogaster (C. H. LANGLEY, M. AGUADE and N.
MIYASHITA, unpublished results).

The v haplotype graph: For simplicity, we consider
first only restriction site polymorphisms. It is easily
seen from Table 1 that there are 7 different haplo-
types. The hypothetical phylogenetic relationship of
these haplotypes can be represented in a graph, con-
necting pairs of haplotypes that differ by one site
change. In our case, we obtain a single graph, i.e. there
is a one-step transition between all pairs of haplotypes.
The resulting graph is a tree, because it contains no
closed loops (not shown).

In principle, the same construction may be used to
consider restriction site changes and insertion/dele-
tion dynamics simultaneously. To obtain a compre-
hensive graph we go a step further and lump together
those haplotypes which differ from one another only
with respect to the variable insertion/deletions at the
three regions described above. Thus, we define the
following haplotype groups

a: standard, including insertion/deletion variants
in (9.8, 10.9);

B: @, including insertions in (4.2, 5.3) and
+BamHI-site at 10.6;

Bi: B, including insertions in (—1.9, —3.9);
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FIGURE 4.—Haplotype graph of the v region in D. ananassae.
This figure represents the proposed phylogenetic relationship and
geographical distribution of the v haplotypes identified in our
sample. The hatched circles indicate haplotype groups, i.e. haplo-
types modulo variable insertions (see text). The area of a circle is
proportional to the relative frequency of the corresponding haplo-
type. The edge between two haplotypes is either due to a restriction
site change (solid line) or to an insertion/deletion event (dashed
line). The major haplotypes, a and 8, are separated from each other
by a restriction site change and an insertion. Note that the haplotype
graph has no closed loops, indicating that there was no recombina-
tion event detectable in our sample. The geometric arrangement
of the circles, including intersecting lines, reflects the geographic
distribution of the haplotypes, but is, of course, not completely
determined by the topology of the graph.

and the haplotypes

ap: standard, including Ins(g);

ag: standard, including Ins(a);

as:  «a, including +Pvull-site at 5.1;

a4: standard, including +Pstl-site at 5.2;
as: o4, including —Sall-site at —4.9;

B2: B, including +EcoRI-site at 7.1;

Bs: B, including Ins(d);

B+ B, including +BamHI-site at 7.6.

With these definitions, the phylogenetic relationship
and geographic distribution of the haplotypes can be
represented in a relatively simple graph (Figure 4).
Two aspects of this graph are immediately obvious.
First, all nodes are pairwise connected by a single
edge, except for (o,8). « and g differ from each other
by an insertion in (4.2, 5.3) and the gain of a BamHI-
site at 10.6 (see above definitions). With respect to
these differences, the haplotypes can be partitioned
into two groups, the a-group {a, a;,i=1, ..., b} and
the B-group {B; Bi, i = 1, ..., 4}. Their frequencies
among all 60 lines are 29 of 60 and 31 of 60, respec-
tively. However, the haplotype distribution between
the three populations is drastically different. The
Burma population consists only of a-types, whereas
the majority (18 out of 20) of the India population is
of the §-type. The Brazil population is a 8:13-mixture
of @’s and §’s. Secondly, the haplotype graph is a tree.
The absence of closed loops means that, in contrast
to the v region in D. melanogaster (C. H. LANGLEY, M.

AGUADE and N. MIYASHITA, unpublished results), our
data provide no evidence for recombination in the v
locus region of D. ananassae. However, two-step tran-
sitions, such as between « and 8, may be interpreted
as recombinational events.

In situ hybridization: In order to test whether
recombination is reduced in the v region, we used a
more direct method for measuring the recombination
frequency, comparing the genetic to the cytogenetic
map in the centromeric region of the X chromosome.
(We are indebted to M. MATSUDA for suggesting this
approach.) The genetic map distance between v and
Sfw is approximately 0.04 map unit (HINTON 1988). By
in situ hybridization, we localized fw on the right arm
of the chromosome at 14AB, while v is located at the
left arm at 13Cp (see above). We conclude from these
results that the recombination frequency in the v locus
region is very low, because the distance between v and
Jfw spans the whole centromere, including extended
regions of heterochromatin (KIkkawa 1938).

Restriction map variation in the f locus region

In D. ananassae, the f locus is located in the cen-
tromeric region of the X chromosome at 15Cp (M.
MAaTsupA and S. TANDA, personal communication),
i.e., very close to Om(I1D) which is also at 15Cp
(SHRIMPTON, MONTGOMERY and LANGLEY 1986), us-
ing the coordinates of Y. TOMIMURA and Y. TOBARI
(unpublished results). The genetic map distance be-
tween f and Om(1D), however, is relatively large: 0.5
map unit. This indicates that the recombination fre-
quency in the f locus region is considerably higher
than at v. Thus, if recombination has an effect on the
level of molecular genetic variation, we should expect
results that differ from those obtained for v.

Restriction site polymorphisms: The results of our
survey are summarized in Figure 5 and in Table 2.
We have scored a total of 34 restriction sites. Twelve
sites are polymorphic, but only two of those are
unique, marking a first difference to v. The distribu-
tions of the polymorphic sites across the three popu-
lation provides evidence for geographic variation, as
for vermilion. However, their pattern is different. All
12 polymorphic sites were found in the Burma popu-
lation, 7 of these 12 sites are polymorphic in the India
population as well, whereas only 4 are variable in the
Brazil population (which exhibits the highest level of
site polymorphism at the v locus). These population
differences are also expressed by the measures of
average heterozygosity (Table 3). For the Burma and
India populations, the values of both 6§ and 7 are
considerably higher than in the v region. Population
differentiation is shown in more detail by the fre-
quency spectrum (Figure 5), exhibiting that the dis-
tribution of 5 polymorphic sites is significantly (P <
0.01) different between the populations. Most of the
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nogaster (V. CORCES, personal communica-
tion). Relative to the standard map (ca; px),
the probe, Aco6, has a 0.5-kb deletion (Del(h),
see Table 2) (not shown in figure). A restric-
tion fragment length polymorphism, indi-
cated by a zig-zag line, maps into the interval
(=0.5, 1.3). It includes Del(c) to Ins(m). The
sizes of the insertions and deletions were es-
timated as follows: Del(a) = 0.4 kb, Del(b) =
0.5 kb, Del(c) = 0.1 kb, Ins(d) = 0.05 kb,
Del(e) = 0.7 kb, Del(f) = 0.6 kb, Del(g) = 0.55
kb, Del(h) = 0.5 kb, Del(i) = 0.45 kb, Del(j)
= 0.05 kb, Ins(k) = 0.05 kb, Ins(l) = 0.4 kb,
Ins(m) = 0.7 kb, Ins(n) = 0.2 kb, Ins(o) = 0.4
kb, Ins(p) = 0.1 kb, Del(q) = 0.05 kb, Ins(r)
= 0.05 kb, Del(s) = 0.05 kb, Ins(¢) = 0.05 kb.

The frequency distribution of each polymor-
phism is displayed below the restriction map
for the Burma (M), India (H) and Brazil (B)
populations. For the restriction fragment
length polymorphism in the interval (=0.5,
1.3), the (total) frequency of variants (deviat-
ing from the standard ca; px haplotype) is
shown. A star indicates highly significant (P
< 0.01) population differences for the desig-

other variants are rare, such that there is not enough
power in the test to show differences.

Insertions and deletions: We found no large inser-
tions (>700 bp) in the f locus region, unlike at the v
locus. However, there is a considerable number of
small insertions and deletions (in the range 50 to 100
bp) distributed across most of the 18-kb region under
consideration, in particular, at the 5" end of the
transcriptional unit. The most interesting finding is
the variable site located in the Pvull-HindIII fragment
at the 3’ flanking region of the gene (coordinates
—0.5 to 1.3). The length increments range from —0.7
to +0.7 kb. The frequencies of the variants (those
deviating from the standard haplotype ca; px) are 13
of 19 for the Burma population, 8 of 20 for the India
population, and 0 for the Brazil population. These
frequency differences are highly significant (Figure
5). The observed length polymorphisms may reflect
the expansion/contraction dynamics of tandem-repet-
itive DNA. The clone, Aco6, used as a probe clearly
contains some repetitive DNA, which caused a back-
ground smear on the autoradiographs. However, the
bands could be unambiguously scored, possibly be-
cause Acob has a 0.5-kb deletion (Del(h)) in this vari-
able region.

Nonrandom associations: We made pairwise tests
for linkage disequilibrium for all of the polymorphic
restriction sites and insertions/deletions for each pop-
ulation, except for the unique variants. None of them
were significant by the criterion of the Fisher exact

nated polymorphism.

test. This is consistent with the genetic and cytogenetic
results, suggesting that the recombination rate at the
flocus is not low, though fis located in the centromeric
region (see below).

DISCUSSION

Comparison of vermilion and forked in D.
ananassae

Insertional variation: In the f locus region we
found no insertions/deletions larger than 700 bp. In
contrast, at the v locus the majority of insertions found
were larger than 500 bp, including two unique inser-
tions of about 5 kb which lie outside the transcrip-
tional unit. The 0.9-kb insertion, Ins(g), appears to be
present in 7 lines at the same position. This is similar
to the yellow-achete-scute region in D. melanogaster for
which multiple insertions have been reported
(AGUADE, MIYASHITA and LANGLEY 1988). The simi-
larity between v in D. ananassae and yellow-achete-scute
in D. melanogaster can be explained by their location
in regions of reduced recombination. This explana-
tion is based on a model developed by LANGLEY et al.
(1988) that insertions accumulate preferentially in
regions of low recombination, while in regions of high
recombination asymmetric pairing between homolo-
gous elements leads to copy number reduction. The
fact that we did not find any large insertions at f is
consistent with the predictions of this model, since the
recombination rate at f appears to be much higher
than at v.
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TABLE 2

Restriction map variants in the forked region of D. ananassae

Loci
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8.1 86 (9 11.2 116 () 132 variants
+ + - - + - + Ins(m)
+ + - + + - + Ins(n)
+ + - + + - + Del(g)
- o+ - - + -+ -
+ o+ o+ 4+ - -+ Del(f)
+ o+ -+ + -+ -
+ o+ -+ + - - -
+ o+ -+ + -+ -
+ + = + + - - Ins(o)
+ + - - + - + +BamHI1(-0.9),
—Pvull(9.1)
-+ o+ o+ + - 4+ -
+ o+ - = + -+ -
+ o+ -+ - -+ -
+ o+ o+ - + - - -
+ o+ -+ + -+ -
+ o+ - - + -+ -
+ o+ - - + - - -
+ o+ - - + o+ o+ -
+ - -+ + - 4+ -
+ 0+ - - - -+ -
+ o+ 4+ o+ + o+ o+ -
+ + - - - - + Del(5)
+ o+ -+ - -+ -
+ o+ o+ o+ - - 4+ -
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The Sall site at 0.4 could not be scored in all lines (indicated by “ns”), probably because it is located within one of several deletions found in that region.

An interesting feature of the f locus region is the
restriction fragment length polymorphism at the 3’
end of the transcriptional unit. The fact that we could
identify a large number of different fragment sizes
and that the (total) frequency of the variants is high
in the Burma and India populations (but zero in the
Brazilian one) seems to suggest that this region is

composed of short tandem repeats that can change in
copy number very quickly, like the hypervariable min-
isatellites (JEFFREYS, WILSON and THEIN 1985).
Restriction site variation: For the Burma popula-
tion, average heterozygosity, H, per nucleotide at v is
much lower than at f (Table 3). The same holds true
for the India population, but to a lesser extent,
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TABLE 3

Estimates of nucleotide variation in the vermilion and forked
locus regions of D. ananassae

vermilion Sforked
Variants M H B M H B
6 x 10° 2.65 2.65 5.21 12.1 6.6 3.65

Var(f); X 10° 3.63 3.51 6.8 12.3 6.22 3.33
Var(f): X 10° 6.56 6.28 17.3 71.6 234 85

x X 10° 0.87 1.52 554 827 6.22 248
Var(r)x 10°  1.36 253 142 227 144 3.63
A x10° 087 15 535 — — 245

# and its variances, Var(), for infinite recombination and Var(f).
for zero recombination, were estimated using Hupson’s (1982)
method. 7 and its sampling variance are calculated according to
NEI and TAjMA (1981). H is ENGELS' (1981) estimate of average
nucleotide heterozygosity. The value of A was not calculated for
the Burma and India populations, because the Sall-site in the
variable region at position 0.4 could not be scored in all lines (Table

9).

whereas for the Brazil population the opposite was
found. The between-population pattern of heterozy-
gosity is different for the two loci:

'U:HMSHH<HB
fIHM>HH>HB,

where Hy, Hy and Hp denote the average heterozy-
gosities in the Burma (M), India (H) and Brazil (B)
populations, respectively.

At the v locus, both the Burma and the India
populations show reduced levels of variation, similar
to the su(f) locus (C. H. LANGLEY, M. AGUADE and
N. MivasHITA, unpublished results) or the yellow-
achete-scute region in D. melanogaster (AGUADE, MI-
YASHITA and LANGLEY 1988), while average hetero-
zygosity for the Brazil population is approximately
0.5%, a level common to many loci, including the f
and v loci, in D. melanogaster (C. H. LANGLEY, M.
AGUADE and N. MIYASHITA, unpublished results). The
relative order of the levels of heterozygosity in the v
locus region between the three populations was not
expected. An attempt to interpret these results is
made below, after discussing the effects of population
subdivision.

In the f region, average heterozygosity shows the
descending order that is to be expected on the basis
of the zoogeography of this species: the zoogeograph-
ical center of D. ananassae is in Southeast Asia (PAT-
TERSON and STONE 1952); from there it spread to
Africa and to Central and South America. Thus, the
reduction of diversity between the three populations
may simply reflect a reduction of the respective pop-
ulation sizes due to restricted migration.

Linkage disequilibria: For both loci we tested all
pairs of polymorphisms for linkage disequilibrium. At
the f locus, we found no significant linkage disequi-
librium at all. In contrast, at v, all pairs of polymorphic

sites were in strong linkage disequilibrium, provided
their frequencies were high enough to allow a pow-
erful test. These differences can be explained by the
recombination rate differences. The apparent absence
of closed loops in the v haplotype graph (Figure 4),
together with our results from in situ hybridization
experiments, suggests that recombination in the v
region is much lower than at f. All relevant population
genetics models predict that linkage disequilibrium
decreases with increasing recombination rate, no mat-
ter whether random genetic drift (HILL and ROBERT-
SON 1966, 1968) or epistasis (KIMURA 1956; LEWON-
TIN and KojiMA 1960; FELSENSTEIN 1965) causes the
disequilibrium.

Geographic differentiation

Significant differences between the three popula-
tions were observed for a large number of polymor-
phic sites at both loci (for f, see the frequency spectrum
in Figure 5). The significance tests were carried out
by means of Monte Carlo simulations on 2X3-contin-
gency tables (see MATERIALS AND METHODS). For the
v locus the site differences carry over to haplotypes
(Figure 4). The conclusions we can draw from our
data are as follows. Because of the descending order
of average heterozygosity, Hy > Hy > Hp, in the f
locus region, the Brazil population seems to be a
subpopulation of the Burma or India population,
while the India population is a subpopulation of the
Burma population. In addition, the v data suggest that
the Brazil population is a 40:60% admixture of the
Burma and India populations. Consistent with the
notion that the zoogeographical center of D. ananas-
sae is in Southeast Asia is our observation that the
frequencies of the a haplotypes of the v locus, which
are characteristic for the Burma population, are more
uniformly distributed than the §’s (Figure 4).

Molecular genetic variation and recombination in
subdivided populations

It remains to provide a qualitative understanding
of our two major results, (i) the reduction of the level
of nucleotide variation at v relative to f, and (ii) the
reversal of the expected descending order of average
heterozygosity at v, such that Hy < Hy < Hp. [Of
course, because of the large standard errors (Table
3), the second result has to be considered with some
caveats.] The first result is similar to the observations
made at su(f) and in the yellow-achete-scute region in
D. melanogaster which are completely monomorphic
or show very little variation with respect to restriction
sites (C. H. LANGLEY, M. AGUADE and N. MIYASHITA,
unpublished results; AGUADE, MIYASHITA and LANG-
LEY 1988). In both regions, crossing over is infre-
quent.

We have provided evidence that recombination at
the v locus is reduced in two ways. First, by determin-
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ing the cytogenetic locations of v and fw by means of
in situ hybridization and comparing the genetic dis-
tances of the intervals (v, fw) and (f, Om(1D)) to the
corresponding cytogenetic distances, we were able to
estimate the relative rates of crossing over at the v
and f regions. Second, indirect evidence for reduced
recombination at v is detectable in our population
genetic data. The haplotype graph of the v locus is a
tree, containing no closed loops, which is indicative of
a complete absence of recombinant haplotypes in our
sample. Furthermore, we found large amounts of
linkage disequilibrium at v, whereas no significant
linkage disequilibrium was observed at f.

A model recently developed by N. KapLaN, R. R.
HubpsoN and C. H. LANGLEY (unpublished results)
predicts that the level of nucleotide variation is re-
duced in regions of low recombination. The model is
based on the idea that favorable mutations recurrently
occurring in a population and quickly going to fixation
can fix a whole region by hitchhiking, if the recom-
bination rate is sufficiently low. The differences in
variation we observed in the v and f regions in the
Burma population (which is zoogeographically cen-
tral) and, to a lesser extent, in the India population
are consistent with the qualitative predictions of their
model.

The hitchhiking idea may also be used to explain
the reverse order of average heterozygosities at v,
taking into account that, as the f data suggest, the
India population has a smaller effective population
size than the Burma population, and, similarly, that
the Brazil population is smaller than the India popu-
lation. In a smaller population (¥, population size),
the effect of hitchhiking seems to be reduced, because
favorable mutations (s > 0, selection coefficient; g,
rate of favorable mutations per gene) occur less often
and because the influence of random genetic drift is
stronger. Together, this can be expressed by the rate
of favorable gene evolution, v, given by 2Nuu, with u
= 2s/(1 — ¢™*") being the probability of fixation
(CRow and KIMURA 1970; p. 426). It is easily seen
that v increases with N. However, this discussion of
the effect of population size on hitchhiking does not
consider recombination. As C. STROBECK pointed out,
decreasing population size increases the region over
which a favorable mutation sweeping through the
population causes homozygosity. Whether this effect
is large enough to be critical for the argument pre-
sented above can only be seen by analyzing a full
model.

Other explanations for reduced nucleotide varia-
tion cannot be ruled out at present. For example, it
may well be that the mutation rate is different near
the centromere, due to the late replication of this
region. Another possibility would be that the interac-
tion of mutation-repair, recombination and heterozy-

gosity which seem to be inextricably connected, both
genetically and by natural selection, leads to different
levels of variation along the chromosome.
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