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ABSTRACT

A 40-kb region around the rosy and snake loci was analyzed for restriction map variation among 60
lines of Drosophila melanogaster and 30 lines of Drosophila simulans collected together at a single
locality in Raleigh, North Carolina. DNA sequence variation in D. simulans was estimated to be 6.3
times greater than in D. melanogaster (heterozygosities per nucleotide of 1.9% vs. 0.3%). This result
stands in marked contrast to results of studies of phenotypic variation including proteins (allozymes),
morphology and chromosome arrangements which are generally less variable and less geographically
differentiated in D. simulans. Intraspecific polymorphism is not distributed uniformly over the 40-kb
region. The level of heterozygosity per nucleotide varies more than 12-fold across the region in D.
simulans, being highest over the hsc2 gene. Similar, though less extreme, variation in heterozygosity
is also observed in D. melanogaster. Average interspecific divergence (corrected for intraspecific
polymorphism) averaged 3.8%. The pattern of interspecific divergence over the 40-kb region shows
some disparities with the spatial distribution of intraspecific variation, but is generally consistent with
selective neutrality predictions: the most polymorphic regions within species are generally the most
divergent between species. Sequence-length polymorphism is observed for D. melanogaster to be at
levels comparable to other gene regions in this species. In contrast, no sequence length variation was
observed among D. simulans chromosomes (limit of resolution approximately 100 bp). These data
indicate that transposable elements play at best a minor role in the generation of naturally occurring
genetic variation in D. simulans compared to D. melanogaster. We hypothesize that differences in
species effective population size are the major determinant of the contrasting levels and patterns of
DNA sequence and insertion/deletion variation that we report here and the patterns of allozyme and

morphological variation and differentiation reported by other workers for these two species.

EVELOPMENTS in DNA technology have al-
lowed population geneticists to initiate compar-

isons of the level of protein variation with the under-
lying DNA sequence variation. Significant levels of
polymorphism exist both in the coding and the non-
coding region of the genome (e.g., KREITMAN 1983;
AQUADRO ¢t al. 1986; KREITMAN and AGUADE 1986;
SCHAEFFER, AQUADRO and ANDERSON 1987; LANGLEY
and AQUADRO 1987), with recent analyses of within
and between species variation suggesting a departure
from selective neutrality for both sequence length and
base pair substitution variants (e.g., AQUADRO et al.
1986; GOLDING, AQUADRO and LANGLEY 1986;
KREITMAN and AGUADE 1986; HuUDsSON, KREITMAN
and AGUADE 1987). Interest in the distribution of this
variation along the chromosome, and in the existence
of nonrandom associations between variable sites has
been rejuvenated. In addition, many of the “point”
mutations studied in laboratory stocks of Drosophila
melanogaster have been found to be caused by inser-
tion and/or deletion events mediated by transposable
elements, rather than by simple nucleotide substitu-
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tion (reviewed by RUBIN 1983). This finding has led
to the speculation that transposable elements have
played a major role in the evolution of species (e.g.,
BiNGHAM, KIDWELL and RUBIN 1982; ROSE and Doo-
LITTLE 1983; GINZBURG, BINGHAM and Yoo 1984).
In Drosophila, most of the studies of DNA sequence
variation have focused on the single species D. mela-
nogaster. It is important to determine whether the
patterns observed in D. melanogaster are representa-
tive of Drosophila in general. In addition, KREITMAN
and AGUADE (1986) and HubpsoN, KREITMAN and
AGUADE (1987) have demonstrated that comparisons
of within-species polymorphism to between-species di-
vergence can provide a powerful test of the influence
of drift versus natural selection in determining pat-
terns of DNA sequence variation. Drosophila simulans
provides a particularly interesting comparison because
it is closely related to D. melanogaster and shows a
similar, worldwide geographic distribution. D. simu-
lans and D. melanogaster are often sympatric and ap-
pear to occupy almost the same ecological niche
(DaviDp and Tsacas 1981). Previous studies of protein
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polymorphism have found that D. simulans possesses
a lower average level of protein polymorphism within
populations and geographic differentiation between
populations than D. melanogaster (O’BRIEN and
MACINTYRE 1969; BERGER 1970; GONZALEZ et al.
1982; OuNIsHI et al. 1982; HYYTIA et al. 1985; SINGH,
CHOUDHARY and DAvip 1987; CHOUDHARY and
SINGH 1987b; WATADA, TOBARI and OHBA 1986).
Moreover, ASHBURNER and LEMEUNIER (1976), in an
analysis of chromosome inversion polymorphisms,
found 57 inversions in 67 collections of D. melano-
gaster, of which seven were cosmopolitan and often
present at high frequency. In contrast, no inversions
were found in 27 collections of D. simulans. A study
by DowserT and YOUNG (1982) suggested that D.
simulans may possess significantly lower levels of dis-
persed middle repetitive DNA than D. melanogaster.
This latter finding is of interest in light of ASHBURNER
and LEMEUNIER’s (1976) results since dispersed mid-
dle repetitive DNA includes transposable elements,
which have been implicated as causes of inversions
and other chromosome rearrangements (e.g., ENGELS
1983; GOLDBERG et al. 1983; Davis, SHEN and JuDD
1987).

In this study, we have examined naturally occurring
restriction-site polymorphism around the rosy locus on
the third chromosome in D. melanogaster and D. si-
mulans. This region has been well characterized at the
level of fine structure genetics, genomic DNA maps,
location of transcripts and chromatin structure (e.g.,
BENDER, SPIERER and HoOGNESs 1983; Bossy, HALL
and SPIERER 1984; COTE et al. 1986; GAusz et al.
1986 and references therein). The rosy locus is located
on the right arm of chromosome 3 between polytene
chromosome bands 87D8-12 of D. melanogaster
(CHovNICK, GELBART and MCCARRON 1977). This
region is present in an inverted orientation on the D.
simulans third chromosome due to a large inversion
fixed between the two species, having breakpoints at
84-85A and 93F (D. melanogaster coordinates) (OHN-
1sHI and VOELKER 1979). Rosy encodes the enzyme
xanthine dehydrogenase (XDH), which is a homodi-
mer of two 150,000-dalton subunits (GELBART et al.
1974; EpwarDps, CaNDIDO and CHOVNICK 1977).
XDH catalyzes the reaction of hypoxanthine to xan-
thine, which is then converted to uric acid (CHOVNICK,
GELBART and MCCARRON 1977). Rosy mutants lacking
in XDH activity cannot synthesize the red drosopterin
eye pigments and consequently have brownish eye
color. XDH allozyme polymorphism can be readily
examined using protein electrophoresis and has been
the object of extensive study in natural populations of
Drosophila (e.g., SINGH, HICKEY and Davinp 1982;
BucHANAN and JoHNsON 1983; KerrH 1983). The
rosylocus (LEE et al. 1987; KEITH et al. 1987) is flanked
on the 5’ end by the lethal gene {(3)s12, and on the

3’ end by snake, a maternal effect gene involved in
the establishment of the dorsal-ventral axis in devel-
opment (DELOTTO and SPIERER 1986), and by Asc2, a
heat shock cognate gene (CRAIG, INGOLIA and MAN-
SEAU 1983).

We report here an examination of restriction map
variation and divergence in a 40-kb region around
the rosy locus in 60 lines of D. melanogaster and 30
lines of D. simulans sampled from a single locality in
Raleigh, North Carolina. Surprisingly, D. simulans
shows a sixfold higher level of nucleotide heterozy-
gosity, and no insertion/deletion variation compared
to D. melanogaster. This difference in restriction site
polymorphism is in marked contrast to results from
surveys of protein (allozyme) polymorphism which
have shown D. simulans to be no more variable, and
often substantially less variable, then D. melanogaster.
These results lead to the hypothesis of larger effective
population size, and a resulting stronger purifying
selection, in D. simulans relative to D. melanogaster. In
addition, the pattern of intraspecific polymorphism
compared with interspecific differentiation at the re-
striction site level indicates that the underlying substi-
tution rate is significantly higher in the region includ-
ing rosy, snake and hsc2 than in the adjacent 20-kb
region, particularly in D. simulans. Levels and patterns
of linkage disequilibrium among restriction map var-
iants and haplotype relatedness will be discussed in a
subsequent paper.

MATERIALS AND METHODS

Samples: Flies were collected using sweep nets over fer-
menting bananas in buckets during a 4-day period in No-
vember 1984 from the Raleigh (North Carolina) Farmer’s
Market. Isofemale lines were established for both species.
Sixty lines of D. melanogaster were established that are
homozygous for independent third chromosomes from
males of the isofemale lines by standard crosses to
T(3)MKRS/TM2 ry Ubx (obtained from A. CHOVNICK and S.
CLARK) [see HILLIKER et al. (1980) for a description of this
balancer stock]. The MKRS chromosome, marked by S$b,
was the balancer used in these extractions.

Thirty inbred lines of D. simulans were established by
brother-sister mating for 10 generations (balancers were not
available for the D. simulans third chromosome).

Restriction map analysis: Genomic DNA from each line
was prepared using a modification of the protocol of
BiNgHAM, LEvis and RuUBIN (1981). Lines were mapped
using four restriction endonucleases: BamHI, EcoRI,
Hindlll and Sall. One microgram of total genomic DNA
was digested with each of the enzymes and separated by size
on 0.8% agarose gels using gel and electrode buffers con-
taining 0.8 mM Tris, 0.4 mM acetic acid and 0.04 mM EDTA,
pH 8.0. DNA fragments were transferred to nylon filters
{Zetabind, commercially available from AMF Cuno) accord-
ing to the method of REED and MANN (1985).

Filters were probed with D. melanogaster genomic DNA
previously cloned into the phage Charon-4 by BENDER,
SpiErReER and HOGNEss (1983). Three overlapping clones,
1.2848, R2841 and R2838, were used to examine a 40-kb
region around the rosy locus. Probes were nick-translated
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FIGURE 1.—Summary restriction site map of the rosy region in D. melanogaster (upper map) aligned with that of D. simulans (lower map).
Lines above the maps labeled 1.2848, R2841 and R2838 indicate the regions probed by these three D. melanogaster DNA phage clones
(BENDER, SPIERER and HOGNESs 1983). Polymorphic restriction sites are shown above the maps, fixed sites below the maps. B, E, H and S
refer to the restriction endonucleases BamHI, EcoRI, HindI11 and Sall. Map coordinates for each site were assigned by aligning the D.
stimulans map with the D. melanogaster map using the D. melanogaster clone coordinates (BENDER, SPIERER and HOGNESs 1983). Intraspecific
insertions and deletions are indicated by triangles pointing toward or away from the map, respectively, and are shown approximately to scale.
Insert locations are known only to the fragment shown. The deletion “c” eliminated HindIII site —=160.5 and thus must bracket that location.
Note that the D. simulans map is actually 200 bp shorter than that of D. melanogaster in the —190 to —186 region (indicated on the D.
simulans map by parentheses). We have, however, retained the D. melanogaster coordinates to make the maps more easily comparable. Several
minor differences between our genomic maps and those published by BENDER, SPIERER and HOGNESS (1983) were confirmed by remapping
the appropriate phage clones. The map in Figure 1 represents the revised map. Genes and transcripts detectable from the 40-kb region are
shown below the maps. Specific transcripts are indicated in cases when such information is available (DELOTTO and SPIERER 1986; KEITH et
al. 1987) with known exons indicated by black boxes. Hatched boxes indicate transcripts for which exon locations are not available. The
number of transcripts for the indicated segments are also shown (data from Bossy, HALL and SPIERER 1984). Direction of transcription is
from left to right for rosy as shown in the figure, and from right to left for snake.

using enzymes and protocol from Bethesda Research Labs.

S d [ ; vealed for each species and contrast them with the
Filters were hybridized, washed and autoradiographed as

suggested by the filter manufacturer (AMF Cuno) with the
exception that final washes were carried out at 50°.

A restriction site map of the rosy region extending from
D. melanogaster clone coordinates —155 to —195 kb
(BENDER, SPIERER and HOGNESS 1983) was constructed for
each of the 90 lines using single and double digests. In
several cases it was necessary to probe with small fragments
from the above phage (isolated in low melting point agarose
and labeled by random priming; FEINBERG and VOGELSTEIN
1984) to confirm restriction site positions in D. simulans,
particularly with respect to those in D. melanogaster. Minor
disparities with the map for clones of this region from
Canton S and Oregon R strains of D. melanogaster (BENDER,
SpIERER and HOGNESs 1983), particularly in the —195 to
—185 region, were confirmed by remapping of the phage
clones (data not shown).

RESULTS

Summaries of restriction map variation in the 40-
kb rosy region among 60 lines of D. melanogaster and
30 lines of D. simulans from Raleigh, North Carolina,
are presented in Figure 1 and Tables 1 and 2. Below
we describe the patterns of intraspecific variation re-

pattern of interspecific differentiation.

Intraspecific variation

Insertions and deletions: In contrast to D. simulans,
where no evidence of scoreable intraspecific sequence
length variation was found, 8% of the D. melanogaster
lines differed from the most common restriction map
by one or two sequence length variants. (We should
have been able to detect all sequence length variation
greater than about 100 bp.) Three large insertions
(>7 kb to approximately 20 kb) and one 0.8-kb dele-
tion were observed (Figure 1). Insertions “b” and “d”
were unique in the sample, while insertion “a” and
deletion “c” were both observed in three of the 60 D.
melanogaster lines. That insertion “a” is identical in all
three lines is suggested by identical sizes and patterns
of restriction fragments observed for the insert region
for all four enzymes. In addition, all three lines also
have deletion “c” and are of the identical multisite
genotype (haplotype 4, Table 1) suggesting that we
have sampled three recently derived copies of the
same chromosome. The enormous size of insertion
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TABLE 1

Polymorphic restriction sites scored in the rosy locus region of D. melanogaster

Haplotype
Variant
Variant 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16  frequency
Ins (a) -188.0 - - - + - - - - — - — — - - — - 0.05
BamHI -180.7 — - — - — - + — — — — — — - _ — 0.03
BamHI -178.2 - + + - + - - - + + — - - - — - 0.43
Ins (b)-172.5 - - - - - - - - - - + - — - — — 0.02
BamHI -168.35 + + + + + + + + - - + + + + + - 0.05
HindIII -165.0 — - - - — - - - —_ - — + - — — - 0.02
Sall -163.2 - - + - - + + - + - + - + + - + 0.30
Del (c) -160.5 — - - + — - - — — - - — — - — _ 0.05
BamHI -159.2 - — - - — - - — - - — - + + + - 0.05
Ins (d)-158.8 - - — — - - — - — - - — + - — — 0.02
Sall -158.3 + + + + - + + - + + + + + + - + 0.10

Haplotype frequency 0.30 0.22 0.13 0.05 0.05 0.05 0.03 0.03 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02

The 60 lines of D. melanogaster are grouped and listed by distinct haplotype (multisite genotype). Restriction map coordinates are from
Figure 1 and are listed in linear order. The positions given for the insertions (Ins) and deletion (Del) represent only approximate locations,
generally just the midpoint of the smallest fragment to which they could be localized. The presence of a restriction map variant is indicated
by a “+” and the absence by a “—”. Variant frequency refers to the frequency of the least common state for a restriction map variant, either
presence or absence. Haplotype frequency indicates the frequency of the haplotype in the sample.

“d” (~20 kb) was indicated by the apparent absence
of any EcoRI sites in the inserted sequence (there are
internal BamHI, HindIII and Sea!l sites).

While we have no direct evidence here, previous
experience where large insertions were cloned and
characterized (e.g., LEIGH BROWN 1983; AQUADRO et
al. 1986) would suggest that all of the insertions
observed in the rosy region of D. melanogaster are
transposable elements. The 0.8-kb segment removed
by deletion “c” appears to be unique sequence since
those sequences are contained in the DNA cloned in
phage 2838 (see Figure 1). Use of this phage as a
probe on genomic DNA Southern blots does not
indicate hybridization to fragments from outside this
region.

Insertion “b” as well as deletion “c” and insertion
“d” are of interest since they appear to be located very
close to or possibly within the transcriptional units of
rosy or {(3)S12 and hsc2, respectively. These lines are
all homozygous and do not exhibit any obvious eye
color or severe fitness differences, although more
careful study of the expression of these genes in these
lines is warranted. Insertion “a” is located in a region
noticeably devoid of restriction sites and that also
shows a 200-bp sequence length difference between
D. melanogaster and D. simulans. The significance of
this observation is unclear.

Restriction site polymorphism: A total of 41 sites
were mapped in D. melanogaster, of which seven (17%)
were variable in our sample. In contrast, 28 (50%) of
the 56 restriction sites mapped in D. simulans were
variable among the lines sampled. Both the number
per region and frequency of restriction site variants
reflect the differences in sequence polymorphism be-
tween the two species (Tables 1 and 2). The few

polymorphic sites in D. melanogaster make it difficult
to detect any specific patterns. However the large
number of polymorphic sites in D. simulans, ranging
in frequency from 0.03 for sites present only once, to
0.47 (Table 2) show an interesting spatial pattern.
Sites located in the region from map coordinates —195
to approximately —175 show more skewed frequen-
cies than sites in the region from —175 to —155; the
average frequency in the former region being 0.10
(range of 0.03 to 0.23) and in the latter region being
0.23 (range of 0.03 to 0.47). This means that expected
heterozygosity per restriction site is roughly twofold
higher in the —175 to —155 region (heterozygosity
calculated as 2pg, where p is the variant frequency
from Table 2 and g =1 — p).

The frequency spectra for variable restriction sites
for the entire region in D. melanogaster and D. simu-
lans are contrasted in Figure 2 (also included for D.
melanogaster are the frequencies of insertions and
deletions, these being absent in D. simulans). The
patterns observed are qualitatively similar to those
observed for other regions in D. melanogaster (e.g.,
AQUADRO ¢t al. 1986; LANGLEY and AQUADRO 1987).
In particular, large insertions and deletions are in low
frequency, while restriction sites are observed at all
frequencies.

Levels of heterozygosity per nucleotide (w, NEI and
TAJMA 1981) are presented in Table 3 for the entire
region, and then separately for the regions from —195
to —175 kb, and from —175 to —155 kb (dividing the
40-kb region in half along what appears from visual
inspection of Figure 1 to be a natural break in the
data). Heterozygosity (per nucleotide) over the entire
rosy region in D. simulans was estimated to be 1.9%
compared with 0.3% for D. melanogaster. However,
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naturally occurring restriction map variants in the 40-kb rosy region of (A) D. melanogaster and (B) D.

simulans. Shown is the least frequent character at each site (refer to Figure 1 and Tables 1 and 2).

variation was not distributed evenly over the region,
but rather was concentrated in the region from —175
to —155. The level of heterozygosity in this region
was 3.9%, more than six times the 0.6% estimated for
the region from —195 to —175. A similar, though less
dramatic, trend is seen for D. melanogaster (Table 3).

Interspecific divergence

We made a special effort to align the rosy region
restriction map of D. simulans with that of D. melano-
gaster. Sites within roughly 200 bp on our maps were
conservatively scored as homologous due to the in-
herent difficulties in restriction mapping and since
subtle differences in sequence length due to unscore-
able insertion/deletion variation makes it likely that
truely homologous sites of identical sequence may not
always exactly line up. A strict consideration of only
perfectly aligned sites gives virtually identical esti-
mates and conclusions for this and the following anal-
yses.

Average nucleotide divergence (NEI and TAjiMA
1981) across the 40-kb rosy region between the 30
lines of D. simulans and the 60 lines of D. melanogaster
is 0.050 (Table 3). Taking into account intraspecific
polymorphism indicates that the net nucleotide diver-
gence that has accumulated between the two species
in the 40-kb region since divergence from a common
(presumably polymorphic) ancestor is 0.038 [= 0.049
— (0.019 + 0.003)/2; following NEI and TAjMA
(1981); see Table 3]. Considering two nonoverlapping
20-kb segments, divergence appears roughly twofold
higher in the rosy/snake/hsc2 region than the adjacent
20 kb (Table 3).

Of particular interest is the distribution of interspe-
cific divergence compared to the distribution of intra-
specific variation across the 40-kb rosy region. We
have contrasted intraspecific heterozygosity with in-
terspecific divergence for the entire 40-kb region, 10
kb at a time, in Figure 3. Divergence is highest over
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the rosy transcript while heterozygosity peaks over
snake and hsc2. This divergence appears to represent
the accumulation of substitutions since speciation to-
gether with the complete sorting of ancestral poly-
morphism since none of the 67 mapped sites were
observed to be variable in both species. Of the 35 sites
polymorphic in one or the other species 10 are located
in the —195 to —175 region while 25 are in the
adjacent —175 to —155 region. Surprisingly, of the
ten sites unique and fixed in one or the other species,
six of them are in the more conserved and less poly-
morphic —195 to —175 region with only 4 located in
the =175 to —155 region.

KREITMAN and AGUADE (1986) noted a strong dis-
parity between the pattern of nucleotide polymor-
phism in the alcohol dehydrogenase (Adh) gene region
of D. melanogaster, compared to divergence from a
single sequence of D. simulans. These authors pointed
out that under the hypothesis of selective neutrality
(KiMuURra 1983), interspecific divergence is simply and
positively correlated with intraspecific polymorphism;
highly polymorphic regions are expected to be rapidly
evolving due to a higher mutation rate to selectively
neutral alternatives. HUDSON, KREITMAN and AGUADE
(1987) have formalized this concept into a test of
departure from selective neutrality expectation given
intraspecific and interspecific estimates of DNA se-
quence variation. We have applied their test to our
data in the following manner.

We divided the 40-kb rosy region into two 20-kb
segments (coordinates —195 to —175 we will call re-
gion 1, and —175 to —155 called region 2; see Figure
1). The number of alleles sampled for D. melanogaster
(n4) and D. simulans (ng) were 60 and 30, respectively.
The numbers of segregating restriction sites ($;) in
regions 1 and 2 of D. melanogaster were 2 and b5,
respectively, and 8 and 20 for D. simulans. The aver-
age number of sites differing between pairs of chro-
mosomes from the two species (D;) for regions 1 and
2 were 7.30 and 11.92, respectively. Solution of the
simultaneous equation model of HUDSON, KREITMAN
and AGUADE (1987) leads to estimates of T = 9.95, f
=4.71, 6, = 0.48 and 8, = 1.02 (for regions 1 and 2,
respectively). T is an estimate of the number of gen-
erations since divergence of the two species divided
by twice the effective population size; f is the factor
by which the effective population size (N,) for D.
stimulans is larger than that of D. melanogaster; and 6;
is an estimate of 4N,u, where p is an estimate of the
neutral mutation rate for region i. The observed and
expected values of segregating sites and divergence
are not significantly different from the neutral expec-
tation [x* = 0.42 with 2 d.f.; see HUDSON, KREITMAN
and AGUADE (1987) for further details]. This analysis
does indicate a twofold difference in 8 between the
two regions suggesting variation in the neutral muta-

tion rate. Overall, the data are also consistent with a
4.7-fold larger effective population size for D. simu-
lans vs. D. melanogaster, as reflected in the high num-
ber of segregating sites observed in the former vs. the
latter species.

DISCUSSION

D. melanogaster and D. simulans are closely related
and morphologically almost indistinguishable species
(STURTEVANT 1920). Previous comparisons of DNA
restriction maps and sequences between D. melano-
gaster and D. simulans in the 87A and 87C heat-shock
gene region (LEIGH BROWN and IsH-HOrROwICZ 1981)
and the Adh gene region (LANGLEY, MONTGOMERY
and QUATTLEBAUM 1982; COHN, THOMPSON and
MOORE 1984; BODMER and ASHBURNER 1984) as well
as a study of DNA-DNA hybridization between single
copy DNA in D. simulans and D. melanogaster (ZWIE-
BEL et al. 1982) have suggested that the two species
differ at the nucleotide level by 2-4%. These results
are consistent with our use of D. melanogaster DNA
clones of the rosy region to probe genomic DNA from
D. simulans and with our estimate of net sequence
divergence of 3.8% over the 40-kb rosy region. Al-
though our filters were probed under relatively strin-
gent conditions, the probes hybridized strongly and
the filters were easy to score. Moreover, the fact that
we were able to construct a coherent restriction site
map of the region indicates that the rosy region in D.
simulans has the same general structure as the rosy
region in D. melanogaster.

Previous studies of genetic and morphological var-
iation in these two species have led to two generali-
zations that are relevant to our data (reviewed by
CHOUDHARY and SINGH 1987b). First, protein se-
quence (allozymes), morphology and chromosomal
arrangement are generally much less variable within
and geographically differentiated between popula-
tions of D. simulans compared to D. melanogaster.
Second, copy number of transposable elements has
been hypothesized to be as much as eightfold lower
in the genome of D. simulans than in D. melanogaster
(DowseTT and YOUNG 1982). Our data support the
hypothesis of fewer transposable elements per genome
in D. simulans compared to D. melanogaster. However,
a more than sixfold higher level of heterozygosity per
nucleotide in D. simulans relative to D. melanogaster
stands in apparent strong contrast to previous data.
Below we first discuss the patterns of insertion/dele-
tion variation, then consider the levels and patterns
of DNA versus protein variation in the two species.
Finally, we examine possible explanations for these
results.

Species differences in insertions and deletions:
Eight percent of the D. melanogaster lines compared
(5 out of 60) had a large insertion and/or deletion
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TABLE 3

DNA sequence variation and divergence estimated for the rosy locus region

Region examined

-195t0 —-175

=175 t0 ~155 Entire 40 kb

Heterozygosity ()
D. melanogaster
D. simulans
Divergence between
D. melanogaster and D. simulans
(net divergence)

0.002 £ 0.0002
0.006 £ 0.0009

0.033 % 0.0007
(0.029 + 0.0006)

0.004 * 0.0006
0.040 £ 0.0027

0.003 = 0.0003
0.019 + 0.0009

0.073 + 0.0019
(0.052 £ 0.0019)

0.050 =+ 0.0007
(0.038 % 0.0007)

Estimates (+sE) of nucleotide heterozygosity and divergence estimated from restriction site variation among lines of D. melanogaster and
D. simulans from Raleigh, North Carolina. Standard errors given are simply the square root of the variance. Heterozygosity () and its
sampling variance were estimated using Equations 18 and 11 in NE1and Tajima (1981). Divergence was estimated for all pairwise comparisons
of the 30 D. simulans and 60 D. melanogaster chromosomes following NI and TAJiMa (1981). Net divergence takes into account intraspecific
nucleotide diversity () for each species (see text). Standard errors for total and net divergence are the square root of sampling variances

given by equations 26 and 25, respectively, in N1 and Tajmma (1981).

relative to the most common restriction map haplo-
type. This falls on the low end of the range observed
in other regions of the D. melanogaster genome [rosy:
0.003 insertions or deletions over 100 bp in length
per chromosome examined per kilobase surveyed;
compared to 0.024 for Adh: AQUADRO et al. (1986)
and Cross and BIRLEY (1986); 0.008 for white: LANG-
LEY and AQUADRO (1987); 0.037 for 87A heat shock
locus: LEIGH BROwN (1983); and 0.002 for Notch:
SCHAEFFER, AQUADRO and LANGLEY (1988)].

In contrast, no sequence length variation was de-
tected among the 30 D. simulans chromosomes. We
have also examined restriction map variation in the
12-kb Adh region in these same lines of D. simulans
and, like in the 7osy region, found a complete absence
of detectable sequence length variation [limit of res-
olution approximately 100 bp (C. AQUADRO, K. SYKES
and P. NELSON, unpublished data)]. The lack of large
insertions detected in the rosy and Adh regions of D.
simulans supports the generality of fewer copies per
genome of dispersed repetitive, nomadic DNA com-
pared to D. melanogaster suggested by the studies of
DowseETT and YOUNG (1982). As transposable ele-
ments have been implicated as causes of gene re-
arrangements in D. melanogaster (e.g., ENGELs 1983;
GOLDBERG ¢t al. 1983; Davis, SHEN and Jupb 1987),
this may contribute to the lack of inversion polymor-
phism in D. simulans (ASHBURNER and LEMEUNIER
1976). This explanation alone may not be satisfactory
because D. pseudoobscura, which has a large number
of polymorphic inversions, also appears to possess very
low levels of insertion and deletion variation over 100
bp in length [0.002 per chromosome per kilobase for
the 32-kb Adh region, none of which was over 200 bp
in size (SCHAEFFER, AQUADRO and ANDERSON 1987)].

The absence of large sequence length polymor-
phism in both the rosy and Adh regions of D. simulans
does not imply that transposable elements do not cause
mutations in this species, for they clearly have been

observed [Notch locus (KIDD and YOUNG (1986); white
locus (INOUE and YamMaMmoro 1987)]. Our data do
indicate that transposable elements are a much less
prevalent source of variation in natural populations
of D. simulans than D. melanogaster. There is clearly
less opportunity in D. simulans for the occurence of
rearrangements caused by recombination between ho-
mologous elements in nonhomologous chromosomal
locations that have been demonstrated in D. melano-
gaster (GOLDBERG et al. 1983; DAvis, SHEN and JuDD
1987). That insertion/deletion variation is also rare
in D. pseudoobscura (SCHAEFFER, AQUADRO and AN-
DERSON 1987) suggests that the pattern of molecular
variation observed in D. melanogaster may not be
typical of other species of Drosophila. Whether trans-
posable element copy number has recently increased
in D. melanogaster relative to other Drosophila is un-
known and warrants further study.

DNA vs. protein variation: Restriction site varia-
tion in the rosy region of D. simulans leads to an
estimate of heterozygosity per nucleotide roughly six
times higher than that observed in D. melanogaster for
the homologous rosy region (0.019 vs. 0.003). The
variation estimate for rosy in D. melanogaster is com-
parable to that seen in other regions of the genome
for that species: 0.002 for the 87A heat shock locus,
0.006 for Adh and 0.007 for Notch (LEIGH BROWN
1983; AQUADRO e al. 1986; SCHAEFFER, AQUADRO
and LANGLEY 1988). Only the white locus region in D.
melanogaster appears to be nearly as variable (0.014)
as observed for the rosy region in D. simulans. How-
ever, the white region estimate comes from lines col-
lected worldwide, while the D. simulans are all from a
single locality. In addition, a survey of the Adh region
of D. simulans in these same lines indicates several
fold higher levels of nucleotide variation relative to
D. melanogaster (C. AQUADRO, K. SYKES and P. NEL-
soN, unpublished data). Together, these results sug-
gest that the standing level of DNA sequence variation
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TABLE 4

Comparison of allozyme and DNA variation in D. melanogaster
and D. simulans
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FIGURE 3.—Summary of intra- and interspecific DNA sequence
variation estimated for the rosy locus region in D. melanogaster and
D. simulans. Nucleotide heterozygosity and divergence are graphed
for a 10-kb “window” slid along the 40-kb region 5 kb at a time: (a)
heterozygosity per nucleotide () among 60 lines of D. melanogaster;
(b) heterozygosity per nucleotide among the 30 lines of D. simulans;
(c) average nucleotide divergence (NEI and TAjiMA 1981) between
the D. melanogaster and the D. simulans (uncorrected and corrected
for intraspecific variation indicated by dark and light gray, respec-
tively); (d) genes and transcripts detectable from the 40-kb region.
Specific transcripts are indicated in cases when such information is
available (DELOTTO and SPIERER 1986; KEITH et al. 1987). The
number of transcripts for the indicated segments are also shown
(data from Bossy, HALL and SPIERER 1984). Error bars indicate the
95% confidence interval (= 1.96 X sE) for each estimate of variation
or differentiation (NEI and TAjiMA 1981).

due to nucleotide substitutions is perhaps sixfold
higher in D. simulans than in D. melanogaster. The
direction and magnitude of this difference is remark-
able given the substantial body of literature on protein
polymorphism, morphology and chromosomal varia-
tion that has indicated D. melanogaster to be the more
polymorphic of the two species.

Over 100 enzymes and general proteins have been
examined in numerous populations of both species,
and D. melanogaster has consistently appeared to be

D. melanogaster D. simulans

Allozymes*
Proportion of loci poly- 0.420 £ 0.070  0.289 £ 0.025
morphic
Average number of alleles 1.48 £ 0.11 1.62 = 0.03
per locus
Heterozygosity per locus 0.102 £ 0.014 0.096 £0.012
Fixation index (Fsr) 0.091 £0.130 0.025 %= 0.052

Genetic distance 0.031 £0.015 0.013 = 0.006
DNA—rosy region®
Heterozygosity per nu-
cleotide
Large insertion/deletion 0.003 0.000
variation (per line per
kb)

0.003 £ 0.0003 0.019 £ 0.0009

Estimates are given * 1 SE.

¢ Allozyme data from Table 5 in CHOUDHARY and SINGH (1987b)
(mainland populations of D. simulans). Data represents 117 loci for
15 populations in D. melanogaster and 114 loci for four populations
in D. simulans. Estimates are over all loci unless stated.

® DNA data from 40-kb rosy region, present study.

more variable, on average, than D. simulans (Table 4).
Several recent, extensive analyses have confirmed that
the proportion of allozyme loci polymorphic is signif-
icantly higher (roughly twofold) in D. melanogaster
than in D. simulans (e.g., HYYTIA et al. 1985; WATADA,
ToBArl and OHBA 1986; SINGH, CHOUDHARY and
DAviD 1987; CHOUDHARY and SINGH 1987b). How-
ever, these workers have found that in several locali-
ties in Europe, Africa and Japan consideration of only
those loci that are polymorphic shows D. simulans to
have similar or perhaps slightly increased levels of
protein heterozygosity and average number of elec-
tromorphs compared to D. melanogaster from the same
localities (see in particular Tables 5 and 6 of CHOUD-
HARY and SINGH 1987b). Studies of morphological
and quantitative characters and inversion polymor-
phisms appear to lend support to the hypothesis that
the entire genome of D. simulans is less variable than
that of D. melanogaster (HYYTIA et al. 1985; ASHBUR-
NER and LEMEUNIER 1976; reviewed in CHOUDHARY
and SINGH 1987b).

Allozyme polymorphism at rosy appears to fit this
general pattern: in a study of 216 isofemale D. simu-
lans lines from Europe and Africa, M. CHOUDHARY
and R. SINGH (1987b and personal communication)
found five XDH electromorphs and a per locus het-
erozygosity of 0.54. A previous study of 262 isofemale
D. melanogaster lines in the same laboratory, using the
same standard electrophoretic conditions, had found
eight XDH allozymes and a heterozygosity of 0.52
(SINGH, HICKEY and DAviD 1982). Similarly, BucH-
ANAN and JoHNSON (1983) found seven XDH allo-
zymes in 62 isochromosomal lines of D. melanogaster
under standard conditions.
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The high level of restriction site polymorphism we
have observed in D. simulans is particularly striking
given that both our D. simulans and D. melanogaster
samples represent North American Drosophila popu-
lations. In previous studies of allozyme polymorphism,
North American D. simulans populations have shown
substantially lower levels of protein variation than
North  American D. melanogaster populations
(O’BRIEN and MACINTYRE 1969; BERGER 1970; OHN-
ISHI et al. 1982; even when only the polymorphic loci
are considered). In light of our results, it will be of
particular interest to compare the levels of DNA pol-
ymorphism in European and African populations of
D. simulans and D. melanogaster.

One would expect that levels of variation in mito-
chondrial DNA (mtDNA) should be positively corre-
lated with levels of nuclear gene variation across spe-
cies in the absence of substantially different kinds or
patterns selection acting on the two molecules. A
consideration of published mtDNA data for both spe-
cies suggests that considering each species as a whole,
D. simulans is approximately threefold more variable
than D. melanogaster, a difference similar in direction
and magnitude to that observed for nucleotide varia-
tion in the rosy nuclear gene region. A large survey
has recently been published analyzing mtDNA varia-
tion in D. melanogaster [92 isofemale lines from
throughout the world analyzed with 10 restriction
enzymes (HALE and SINGH 1987)]. To date, the only
similar scale analysis of D. simulans in terms of large
numbers of enzymes and wide geographic represen-
tation is that of BABA-Aissa and SOLIGNAC (1984) (see
also SoLIGNAC and MONNEROT 1986) in which 13
lines, each from a separate locality from around the
world, were analyzed by 12 restriction enzymes. Con-
sidering each species as a whole, nucleotide heterozy-
gosity (7) for mtDNA is 0.002 for D. melanogaster and
0.006 for D. simulans. Clearly additional samples of
particularly D. simulans are needed to confirm this
pattern, but D. simulans appears to be at least as
variable if not more variable for mtDNA than D.
melanogaster, consistent with our resy region data from
the nuclear genome. We should note that SHAH and
LANGLEY (1979) found less nucleotide polymorphism
for mtDNA in five lines of D. simulans than in ten
lines of D. melanogaster, each species sampled from a
single locality. However, two of three variable sites in
their D. melanogaster lines (their HindIII “b” and “c”
sites) turn out be be due to length variation in the A
+ T rich region and not base substitution (we con-
firmed this by examining photographs of the original
gels for the other three enzymes they used; photos
kindly provided by C. H. LANGLEY). We feel the
results of the more extensive surveys cited above
provide our best available picture of mtDNA variation
in these two species. We will return to the contrast

between protein variation and DNA polymorphism
after a consideration of intra- vs. interspecific varia-
tion in the rosy region.

Differences in heterozygosity and divergence
along the sequence: Despite the disparity in restric-
tion site polymorphism, the two species show a similar
distribution of variation across the rosy region. Nu-
cleotide heterozygosity in D. simulans in the region
containing ksc2 is as much as 12 times that in the
adjacent region (see Table 3 and Figure 3). A similar
pattern, though not as extreme, is also found in D.
melanogaster. The “density” or abundance of tran-
scriptional units across regions does not appear to be
strongly associated with either divergence or poly-
morphism suggesting that the patterns are not simply
due to a comparison of coding versus noncoding se-
quences (Figure 3).

Similarly juxtaposed regions of high vs. low poly-
morphism or divergence have been observed in the
major histocompatibility complex among strains of
mice and individual humans (STEINMETZ et al. 1984)
and in the 68C glue gene complex among species of
Drosophila (MARTIN and MEYEROWITZ 1986). KREIT-
MAN and AGUADE (1986) and HupsoN, KREITMAN
and AGUADE (1987) have argued that the significant
departure from neutrality expectations that they ob-
served for the Adh region (using polymorphism esti-
mates for D. melanogaster, and comparing a single D.
melanogaster sequence to a single sequence of either
D. simulans or D. sechellia) was due to an “excess” of
nucleotide polymorphism in the Adh gene. Such a
pattern would be caused by balanced polymorphism
at the locus (they argue in fact for at least two balanced
polymorphisms at Adh).

Our data for the rosy region indicate significantly
more heterozygosity in the rosy, snake and hsc2 gene
region compared to the adjacent 20 kb, particularly
in D. simulans. However in our case, the highly poly-
morphic region also appears to diverge more rapidly
between species. The application of the HUDSON,
KREITMAN and AGUADE test to our data in fact shows
no significant departure from selective neutrality pre-
dictions. Since equilibrium heterozygosity is approxi-
mately equal to 4N.u under an infinite allele neutral
model, our results suggests as much as an eightfold
higher neutral mutation rate for the rosy-snake-hsc2
region compared to region —195 to —175. (A twofold
difference is suggested from the HUDSON, KREITMAN
and AQUADE model considering both species to-
gether.) Assuming these differences are biologically
significant, a neutralist interpretation would call for
stronger purifying selection in the —195 to —175
region compared to the rosy, snake and hsc2 region or
an intrinsic difference in mutation rate. We should
note that the association between polymorphism and
divergence is not exact and needs to be investigated
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further with additional data (of particular interest is
the Asc2 gene where divergence falls off yet hetero-
zygosity is highest). In addition, the relatively small
number of restriction sites compared in our analysis
make the application of the HUDSON, KREITMAN and
AGUADE test rather weak. The use of four-base restric-
tion endonucleases and/or direct DNA sequence data
would clearly be preferable (KREITMAN and AGUADE
1986; HuDpsoN, KREITMAN and Acuapk 1987) and
are being pursued.

A model of different effective population sizes:
Drawing largely on analyses of extensive allozyme data
sets, a variety of hypotheses have been posed to ex-
plain the apparently lower level of within-population
variation and geographic differentiation observed for
D. simulans versus D. melanogaster (SINGH, CHOUD-
HARY and Davip 1987; CHOUDHARY and SINGH
1987b). These include the (1) neutral-mutation hy-
pothesis, (2) population bottleneck and recent coloni-
zation hypothesis, (3) niche-width hypothesis, and (4)
selection hypothesis (different genetic “strategies” of
adaptation). SINGH, CHOUDHARY and DaviD (1987)
concluded that a population bottleneck in D. simulans
(hypothesis 2) and variation in niche-width between
the species (hypothesis 3) were the two most likely
explanations for the lower level of variation and dif-
ferentiation observed in D. simulans. CHOUDHARY and
SINGH (1987b) revised this conclusion to favor varia-
tion in niche-width and/or “genetic ‘strategies’ of
adaptation” based on the reduced difference in allo-
zyme heterozygosities observed when substantially
larger numbers of loci were examined.

We advance the hypothesis that a larger species
effective population size in D. simulans relative to D.
melanogaster is the major determinant of the contrast-
ing patterns of nucleotide diversity, insertion/deletion
variation and protein polymorphism in D. simulans
and D. melanogaster. As detailed below, a difference
in effective population size (N,) would lead to a large
increase in strictly neutral variation (perhaps many
synonymous and noncoding sequences). It would,
however, only slightly increase variation for charac-
ters under purifying selection (perhaps many allo-
zymes) due to an increase in the efficacy of selection
as genetic drift is reduced. Note that the effect of
positive Darwinian selection, as well as purifying se-
lection would be strengthened under this hypothesis
and could account for the diverse patterns of variation
and differentiation seen among allozyme loci for both
species (reviewed in CHOUDHARY and SINGH 1987b).

Under the infinite allele, strictly neutral model, the
expected heterozygosity is approximately equal to
4N.u, where N, is the effective population size and u
is the mutation rate to selectively neutral alternative
alleles. The roughly six times higher level of nucleo-
tide heterozygosity in D. simulans vs. D. melanogaster

would indicate that either N, or u (or a combination
thereof) was approximately six times larger in D.
simulans (a difference of 4.7 was estimated in our
application of the HUDSON, KREITMAN and AGUADE
analysis). SCHAEFFER, AQUADRO and ANDERSON
(1987) have recently found nucleotide variation in the
Adh region of Drosophila pseudoobscura to also be four
times higher than has been reported in D. melano-
gaster. This difference between D. pseudoobscura and
D. melanogaster is similar in direction (but of a sub-
stantially larger magnitude) than the pattern of pro-
tein polymorphism, heterozygosity and number of
alleles reported by CHOUDHARY and SINGH (1987a)
which these authors interpret as being due to a differ-
ence in effective population size between the species.
However, SINGH and RHOMBERG (1987) concluded
that differences in the pattern of geographic differ-
entiation between these two species has resulted from
differences in migration and natural selection.
CHOUDHARY and SINGH (1987b) report that N.m (the
product of effective population size and the migration
rate m; estimated from Fsr) is two to four times lower
in D. melanogaster than in D. stmulans. These authors
interpreted these data to mean that migration rates
(m) are lower among populations of the former species
than the latter. Our estimates of restriction site vari-
ation lead us to believe that it is effective population
size, and not migration rate or mutation rate, that is
particularly low in D. melanogaster relative to both D.
simulans and D. pseudoobscura. Such an interpretation
would also reconcile the estimates of N,m with what
are considered to be a higher likelihood of gene flow
in D. melanogaster compared to the other two species
given the close association with D. melanogaster and
human habitation (CHOUDHARY and SINGH 1987b).
A substantial difference in effective population size
could have a significant effect on the distribution of
genetic variation if much of the selection acting on
the genes and phenotypes examined is purifying selec-
tion. The effect on the level of heterozygosity of
differences in effective population size depends on the
distribution of selective effects on new mutants. OHTA
(1976) modified the strictly neutral theory of molec-
ular evolution to include slight deleterious selection
for most variants. Under this model (KIMURA 1983)
mutants increasingly behave as neutral variants when
2N.s < 1, where s is the selective disadvantage of the
mutant. A sixfold increase in N, will mean that a
smaller proportion of mutants will be effectively neu-
tral (mutants with selection coefficients up to six times
smaller will now be influenced more by selection than
by genetic drift). In other words, the intensity of
purifying selection will increase as effective population
size increases. KIMURA (1979) has shown that despite
the increase in selection intensity, heterozygosity is
expected to increase, although the rate of increase
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with a given increase in N, varies with various param-
eters in his model and is less than would be expected
under a strictly neutral model. The increase can be
relatively small for even a tenfold increase in N,, and
would be expected to be larger for silent and noncod-
ing nucleotide variation than for phenotypes such as
proteins.

The application of this model to D. simulans and D.
melanogaster, assuming a sixfold larger effective pop-
ulation size for the former species, leads to predictions
generally consistent with the observed data if we as-
sume that much of the nucleotide polymorphism we
estimate is located in synonymous, noncoding and
nonregulatory sites. We would expect a sizeable in-
crease in restriction site variation and only a small
increase in per locus heterozygosity for allozymes.
This is the pattern observed. The marked decrease in
proportion of allozyme loci polymorphic would have
to be due, under this scenario, to a loss of low fre-
quency alleles that at larger population size became
sufficiently deleterious to be dramatically reduced in
frequency. Again, the data are consistent with this
prediction: the nearly twofold higher proportion of
loci polymorphic in D. melanogaster relative to D.
simulans “is mostly due to the fact that D. melanogaster
harbors low frequency alleles at many loci which are
monomorphic in D. simulans” [CHOUDHARY and
SINGH (1987b), p. 706]. The reduction in variation of
morphology, karyotype and dispersed middle-repeti-
tive DNA (including copy number of transposable
elements) suggests an analogous increase in purifying
selection on these characters caused by differences in
effective population size between the species. The
apparently higher level of mitochondrial DNA varia-
tion noted previously for D. simulans compared to D.
melanogaster is consistent with both the higher effec-
tive population size in the former species and with the
interpretation that much of the mitochondrial DNA
site variation observed is effectively neutral.

Our results indicate that protein polymorphism is
not an accurate indicator of the underlying nucleotide
variation. In addition, our findings suggest the testa-
ble hypothesis that the products of the rosy and other
protein-coding loci are under different kinds and/or
levels of selection in D. simulans compared to D.
melanogaster. This hypothesis predicts that much of
the nucleotide polymorphism in D. simulans must be
occurring at synonymous, noncoding and/or non-
regulatory sites. Direct DNA sequence analysis of
population samples of rosy alleles from both species
should allow us to test this hypothesis in the following
manner. A simple increase in the mutation rate should
raise the level of polymorphism in synonymous, non-
synonymous and noncoding sites in a roughly propor-
tionate manner. In contrast, stronger purifying selec-
tion as a result of a larger effective population size in

D. simulans should lead to an increase in the level of
nucleotide variation primarily in synonymous and
noncoding sites where selection is likely to be weak or
absent, resulting in a decrease in the ratio of nonsy-
nonymous to synonymous substitutions in D. simulans
as compared to that seen in D. melanogaster. A similar
decrease should be observed when comparing nonsy-
nonymous to noncoding sites. It will also be important
to examine the nature, level and distribution of DNA
sequence variation in regions adjacent to the rosy
region and at unlinked loci in these two species.
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