Copyright © 1997 by the Genetics Society of America

Polymorphism and Locus-Specific Effects on Polymorphism at Microsatellite
Loci in Natural Drosophila melanogaster Populations

Christian Schlétterer,**"* Claus Vogl* and Diethard Tautz *

* Zoologisches Institut der Universitit Miinchen, 80333 Miinchen, Germany, TDepartment of Ecology and Evolution,
University of Chicago, 60637 Chicago, Illinois and Veterindrmedizinische Universitit Wien,
Institut fiir Tierzucht und Genetik, Josef Baumann Gasse 1, 1210 Wien, Austria

Manuscript received August 13, 1996
Accepted for publication February 11, 1997

ABSTRACT

We have studied the natural variation at microsatellite loci in two African and five non-African popula-
tions of Drosophila melanogaster. Ten dinucleotide simple sequence loci were cloned from chromosomally
mapped P1 clones and typed for single individuals from isofemale lines of the respective populations.
We find that the African populations harbor the largest degree of diversity, while the non-African
populations show a lower diversity. This supports previous results that D. melanogaster originated in Africa
and spread across the rest of the world in historic times. Using genetic distance measures, we find also
a distinct population subdivision between the non-African populations. Most interestingly, we find for
some loci in some populations a strongly reduced variability, which cannot be explained by bottleneck
effects. Employing a conservative test based on the variance in repeat number, we find that at least one
locus in one population deviates significantly from the expectations of mutation-drift equilibrium. We
suggest that this may be due to a recent selective sweep in this chromosomal region that may have been
caused by a linked locus that was involved in local adaptation of the population.

ATURAL variation is the result of the interaction
between selection and random drift. Correct in-
terpretation of observed variability depends on a pro-
found understanding of both parameters. The elabo-
rate genetic and physical map of Drosophila melanogaster
has provided an important step toward understanding
genetic variability. It allows one to systematically asses
the consequences of recombination rate variation on
observed variability. Several studies demonstrated a pos-
itive correlation between recombination rate and vari-
ability. This phenomenon can be explained by either
positive (hitchhiking) or negative (background selec-
tion) selection on a locus near the chromosomal region
under study (MAYNARD SMITH and Haign 1974;
CHARLESWORTH ¢t al. 1993). With decreasing levels of
recombination the selected and studied locus will be in
linkage disequilibrium over larger physical distances.
Consequently, loci located in low recombining regions
will have a higher chance to be affected by selective
sweeps and background selection, explaining their re-
duced variability.

In contrast to these “long range’ effects in regions
of low recombination, selection has a more local effect
in regions of normal to high recombination. The extent
of the genomic region in linkage disequilibrium with
the selected site depends on the interplay of recombina-
tion rates and selection coefficients. Only a limited
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number of studies measuring genetic variability in cor-
relation to known selection regimes has been described
so far. Recently, TAYLOR et al. (1995) have used Pyre-
throid insecticide resistance to compare patterns of vari-
ability at this locus to a genomic region not involved in
insecticide resistance. The authors showed that direc-
tional selection has significantly reduced allelic diversity
at the selected locus by removing uncommon alleles,
with the unlinked control locus not being affected.
While this study illuminates how selection may affect
natural variation under a known selection regime, it
has to be emphasized that similar approaches may not
always be applicable. More complex selection regimes,
such as natural selection involved in adaptation to a
local habitat, preclude the a priori knowledge of appro-
priate candidate loci to study the consequences on natu-
ral variation.

With the progress of several genome projects, it has
become clear that there is a significant fraction of genes
with no homology and no known function. Hence, stud-
ies that are based on known candidate loci in organisms
without a fully sequenced genome will miss these genes.
An alternative approach may be to take many randomly
chosen genomic regions and to measure their genetic
variation in populations exposed to different environ-
ments. As a sequencing-based approach is still too ex-
pensive and time consuming, we employed hypervari-
able microsatellite markers, which are distributed
across the genome and relatively easy to score.

In the past years microsatellites have become the
marker of choice for many applications. Their abun-
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dance, high polymorphism and codominant inheri-
tance has facilitated their extensive use in behavioral
ecology (QUELLER et al. 1993; SCHLOTTERER and PEM-
BERTON 1994), genomic mapping (DIB et al. 1996; DiE-
TRICH ¢t al. 1996) , phylogenetic inference ( GOLDSTEIN
et al. 1995) and population genetics (BOwCOCK et al.
1994; EsTOUP et al. 1995; VIARD et al. 1996).

The major mutation mechanism of microsatellites is
presumably DNA slippage (TAUTZ and SCHLOTTERER
1994). In vitro studies showed that slippage is more
efficient with short repeat motifs (mono- or dinucleo-
tide motifs) than with longer ones (SCHLOTTERER and
TauTz 1992) . However, most slippage events occurring
in microsatellite regions are apparently repaired by the
mismatch repair system (STRAND et al. 1993). This, in
turn, may be less efficient on longer repeat motifs than
on shorter ones, thus counteracting the effects of the
primary slippage rate. Accordingly, tri- and tetranucleo-
tide-bearing microsatellites may be similarly polymor-
phic as those carrying dinucleotide repeats. Another
effect that might play a role is the average length of
the repeat unit. In a first survey of human microsatellite
loci WEBER (1990) found that longer motifs tend to
more variability than shorter ones. However, other stud-
ies in humans could not confirm this inference ( BECK-
MANN and WEBER 1992; VALDES ¢t al. 1993). A survey
on D. melanogaster microsatellites found again no corre-
lation between average repeat length and polymor-
phism, but suggested that there is a correlation between
the variance of the repeat count and the maximal
length (GOLDSTEIN and CLARK 1995). Since the vari-
ance may be a more sensitive indicator of mutation rate,
they suggest that the mutation rate may indeed increase
with repeat count, though possibly not smoothly, which
might explain the differences in the findings between
different studies.

Despite still existing uncertainties of the exact muta-
tional forces acting on microsatellites, their mutation
process can be described to a very good approximation
with the stepwise mutation model (OHTA and KiMURA
1973; VALDES et al. 1993 ) . Within the framework of the
stepwise mutation model, test statistics can be derived
to detect deviations from the neutral model.

As most microsatellites are probably neutral, no devi-
ation from the expectations under the neutral model
are expected by selection acting on the microsatellite
itself. However, if a microsatellite locus is linked to a
genomic region, which is the target for natural selec-
tion, then this microsatellite will show deviation from
the neutral expectation. Given that microsatellite loci
appear to be distributed across the whole genome in
eukaryotes (DIB et al 1996; DIETRICH ef al. 1996), it
seems likely that at least some of them are occasionally
affected by hitchhiking events. In general, hitchhiking
effects will increase the frequency of a linked microsat-
ellite allele in the population. However, as microsatel-
lites tend to have high mutation rates, new mutations
will be accumulated after a hitchhiking event relatively

quickly. As soon as the microsatellite variance has been
restored by new mutation at the respective microsatel-
lite, it will not be possible to detect this hitchhiking
event by microsatellite analysis. Therefore, microsatel-
lites should be sensitive indicators of very recent hitch-
hiking events only.

We have set out to test this prediction by analyzing
microsatellite polymorphisms in natural D. melanogaster
populations. D. melanogaster originated in Africa and
colonized other regions of the world only ~10,000-
15,000 years ago (Davip and CApy 1988; BENASSI and
VEUILLE 1995). This would imply that D. melanogaster
was exposed to very different selection regimes while
colonizing climatically and ecologically diverse regions.
Thus, we would expect to be able to demonstrate traces
of local adaptation events, i.e., hitchhiking of microsat-
ellite alleles, in the genome of D. melanogaster.

MATERIALS AND METHODS

Population samples: Flies were collected in Munich, Ger-
many (collected 1994, 19 lines), Sengwa Wildlife Preserve,
Zimbabwe (collected 1990, 12 lines, obtained from C. AQuA-
DRO and C.-] Wu), Nairobi, Kenya (collected 1988, 14 lines,
obtained from Bowling Green Stock Center), Peking, China
(collected 1993, 10 lines, obtained from J. Davib), New
Delhi, India (collected 1994, 18 lines, obtained from J. Da-
VID), St. Marteen, Antilles ( collected 1994, 20 lines, obtained
from J. DAvID), Gosier, Antilles (collected 1994, 15 lines,
obtained from J. DAvID). Genomic DNA was prepared from
single female flies by the high salt extraction method (MILLER
et al. 1988) .

Isolation, amplification and detection of microsatel-
lites: The mapped P1 clones (SMOLLER et al. 1991) used in
this study are listed in Table 1. DNA was extracted by the
use of Qiagen (Hilden, Germany) columns according to the
instructions of the supplier. Microsatellites were isolated from
single P1 clones following essentially the protocol of Rass-
MANN ¢t al. (1991) with slight modifications. Instead of a
simultaneous digest with Alul, Hadll, and Rsdl, different com-
binations of the enzymes were used and digested separately.
After pooling the digests they were precipitated, cloned into
M13 mivh (SCHLOTTERER and WOLFF 1996), screened with
dinucleotide simple sequence probes and sequenced. Primers
were derived from the flanking sequences of the microsatel-
lite using the Oligo4 (National Biosciences, Inc.) program.
PCR amplification conditions were 30 cycles of 1 min at 94°,
2 min at 44-53° (depending on the primer combination, see
Table 1) and 1 min at 72°. Following the protocol of Rass-
MANN et al. (1991), **P-end-labeled PCR products were sepa-
rated on a 6% denaturing polyacrylamide gel. Allele sizes were
determined by running a sequence ladder adjacent to the
PCR products.

Data analysis: Since isofemale lines were used for typing
that had been propagated in the laboratory at small popula-
tion sizes, most individuals were homozygous. For heterozy-
gous individuals one allele was randomly discarded. Gene
diversities and their standard deviations were calculated ac-
cording to NEI (1987, p. 177) and were corrected for small
sample sizes (NEI and ROYCHOUDHURY 1974).

Genetic distances were calculated by using either the Micro-
sat 1.4 (MINCH et al. 1995) or Phylip (FELSENSTEIN 1991)
software package. UPGMA and neighbor joining dendro-
grams were obtained by the Phylip software package
(FELSENSTEIN 1991) . Statistical analysis was carried out with
Statview software.

£20Z YoJIe\ $Z uo Jesn ABojoig Aleuoiinjoas Joy axnisu| youe|d Xe Aq 8/8€509/60€/1/9% | /alo1e/soneusb/woo dno olwapeose//:sdiy Woly pepeojumod



Microsatellites in Drosophila melanogaster 311

TABLE 1

Microsatellites in D. melanogaster

No. Variance

Chromosomal of  in repeat Repeat Coefficient of  Annealing
P1 clone location alleles number Size range type exchange temperature Primer sequences
DS01001 3A1-3A4 10 4.9 217-240 GT 0.0222 53° ccaacgcaacgcaaccag
(2.5-14) ctcccacccaaaatggaaata
DS06335a 3C1-3C6 12 32.3 84-113 GT 0.1400 53° actgtaattgctgttctatgt
(7.5-22) cgcacactgggacacaaaa
DS06335b 3C1-3C5 6 2.5 134-147 GT 0.1400 50° gcacaatcacatcgtattcact
(8-14.5) attgtigttgctgegattt
DS06577 3C7-3C7 8 67.0 122-145 GT 0.1212 54° tttgeggcttegtetgttta
(4.5-16) gatccgceccacatacacact
DS06238 35B1-35B3 8 1.8 131-138 GA 0.0647 52° gggcattaatctgeattttcta
(18.5-22)“ ttcattagtaattgcaggecact
DS08513 37B8-37C2 5 4.2 192-205 GT 0.0184 54°¢ ctacaccatgccctgaaaag
(6.5-13) gacggcgtgaccatgtctg
DS00062 54A1-54B2 12 20.6 158-174 GT 0.0435 53° acgggaacgccatctaac
(6.5-14.5) agaagagaccctgcaacaca
DS00361 54B1-54B2 10 72.6 132-159 GT 0.0435 52° caaccacccacaageacac
(5-18.5) ccteteeggttgggetac
DS08687a  57C5-57D1 8 48 178-187 GT 0.0718 54°¢ tgatttggactgagatcagg
(8-12.5) gcccaacgaatcatttcac
DS08687b  57C5-57D1 13 8.7 155-174 GT 0.0718 52° tgtcgagagcageageagt
(8-14.5) ttgecttcectgttacag

List of P1 clones and derived microsatellites analyzed in this study. All loci harbor a GT/AC dinucleotide repeat apart of
DS06238 that has a GA/TC repeat. The number repeats is calculated on the basis of the cloned microsatellite. Coefficients of

exchange are taken from AQUADRO and BEGUN (1993).
“ Clones falling outside the range of observed allele sizes.
**Loci may be multiplexed in PCR reaction.

A C++ code was written to test whether the observed low
gene diversities are due to a sampling effect. Alleles at a single
locus were randomly drawn with replacement from the entire
population or non-African populations only until the same
number of chromosomes was sampled as in the original sam-
ple. The gene diversity in the population generated by resam-
pling was calculated and the fraction of populations yielding
the same or lower gene diversity were taken as an estimator
of the probability that the same or lower level of heterozygos-
ity may have occurred by chance in a panmictic population.
The C++ code and executables are available on request.

We tested for deviations from mutation-drift equilibrium
as follows. Assuming the stepwise mutation model and that
each population is in mutation-drift equilibrium for each lo-
cus, independent from other populations and loci, then the
variances in repeat number have an equilibrium distribution,
whose mean and variance has been given by MORAN (1975)
and ZHIVOTOVSKY and FELDMAN (1995), while the mean val-
ues do not arrive at an equilibrium distribution.

Let the logarithms of the variances in repeat number for
each locus /population combination be given by v;. Let the
log variances be ordered such that each row corresponds to
one population and each column to one locus. Calculate the
row means, v;, corresponding to different populations, the
column means, v;, corresponding to different loci, and the
grand mean, v_. The difference between the row means and
the grand mean then reflects the influences specific to a popu-
lation, e.g., different effective population sizes. The difference
between the column means and the grand mean reflects in-
fluences specific to a locus, e.g., differences in mutation rate,
different effective population size due to different location
on a sex-chromosome or autosome, or different levels of back-
ground selection.

Table 3 gives a comparison of the log-variances of the indi-
vidual locus/ population combinations, the corresponding
linear combination of the row means, of the column means,
and of the grand mean. The X statistics should reflect all
variation not accounted for by differences in row means or
column means, i.e, deviations from mutation-drift equilib-
rium, such as hitchhiking to loci under locally different selec-
tion regimes. To test individual locus/ population combina-
tions for deviation from neutral expectation, approximate ¢
values can be calculated. Details of the test statistics are pro-
vided in the APPENDIX A. If the assumption of independence
of the populations is violated, e.g., because of migration or
recent historic relationships of the populations, the variance
of the log variances between populations should be reduced
resulting in a more conservative test. A serious problem, how-
ever, is posed by loci monomorphic in a certain population,
because this results in an indefinite logarithm of the variance
in repeat number. For our data, we countered this problem
by adding 0.1 to the variances before taking the logarithm.

The algorithm for testing deviations from mutation-drift
equilibrium (see APPENDIX A) was written in C++ code and
an executable DOS program is available on request.

RESULTS

Characterization of the microsatellites: To isolate
microsatellites from chromosomally defined regions,
we have prepared microlibraries from 17 mapped P1
clones from the first, second and fourth chromosome.
These were screened with the dinucleotide simple se-
quence probes GT /AC and GA / TC. None of the three

£20Z YoJIe\ $Z uo Jesn ABojoig Aleuoiinjoas Joy axniisu| youe|d Xe Aq 8/8€509/60€/1/9% L /al01e/sonausb/woo dno olwepeose//:sdiy Woly pepeojumod



312 C. Schlétterer, C. Vogl and D. Tautz

A. 80
n
]

60
3
g 40
> ]

204 u

" ]
0 T l 1 ‘I L
6 8 10 12 14 16
Average number of repeats
B 80
n
]

60
8
g 40
> ]

20 .

]
L ut -
0 N T
0 0.05 0.1 0.15

Coefficient of exchange

FIGURE 1.—(A) Variance plotted against average repeat
number. No significant correlation was observed (P = 0.31).
(B) Variance plotted against the coefficient of exchange. No
significant correlation was observed (P = 0.59). Coefficients
of exchange are taken from AQUADRO and BEGUN (1993).

clones from the fourth chromosome, nor of the four
clones from the centromeric and telomeric regions
yielded a positive signal. While this asymmetry of micro-
satellite distribution is still poorly understood (TauTz
and SCHLOTTERER 1994), it is in line with the in situ
hybridization results on polytene chromosomes by
PARDUE et al. (1987). The other P1 clones yielded up
to five different dinucleotide repeat microsatellites.
Ten loci from the first and second chromosome were
chosen for further analysis. All harbored eight to 12
uninterrupted repeat units and yielded between five
and 13 alleles. The variance was not correlated with
average length of the repeat (r= 0.36, d.f. = 8) (Figure
1A). We also did not find a correlation between the
maximum number of repeats and variance (r = 0.35,

d.f. = 8) (not shown). Using heterozygosity as an indi-
cator of variation, we failed also to detect any correla-
tion with the size of the repeat array (not shown). All
but one locus showed alleles differing in length by sin-
gle nucleotides only, suggesting that single nucleotide
indels in the flanking regions contributed to the poly-
morphisms. Such indels are known to occur frequently
in noncoding DNA of Drosophila. It should be noted
that indels are affecting the calculated number of re-
peats, as this numbers are based on the sequence of the
cloned microsatellites. Hence, an indel in the cloned
sequence may introduce a strong bias in the calculated
number of repeats.

Since the loci were isolated from genomic regions,
which are exposed to different rates of recombination,
we tested whether the variance in repeat number was
correlated with the coefficient of exchange in the re-
spective regions. While the nucleotide diversity of single
copy genes in the Drosophila genome shows such a
correlation (AQUADRO and BEGUN 1993), we found no
correlation of microsatellite variance and the coeffi-
cient of exchange (r = 0.19, df. = 8) (Figure 1B).
This result is in accordance with recently published tri-
nucleotide polymorphisms in D. melanogaster, which did
not find any correlation between any measure of vari-
ability and the recombination rate over a wider range
than our study (MICHALAKIS and VEUILLE 1996).

Gene diversities in D. melanogaster populations: Bet-
ween 10 and 20 isofemale lines from seven D. melanogas-
ter populations were typed for 10 microsatellite loci.
Most lines were homozygous as would be expected for
lines kept in the laboratory at small population sizes.
In cases where two alleles were found, one was chosen
at random.

Gene diversities were calculated according to NEI
(1987) . The East African populations showed a higher
average genetic diversity than the other populations
(Table 2), as previously described for nucleotide varia-
tion ( BEGUN and AQUADRO 1993; BEGUN and AQUADRO
1995; BENASsI and VEUILLE 19953). Locus DS06335b,
with the lowest overall gene diversity, shows a higher
variability in African populations, indicating that the
reduced level of genetic diversity at this locus is not
the consequence of mutational constraints on the locus
itself.

For five loci we found a population specific pattern
of reduction in variability. One population from the
Antilles (St. Marteen) and one from Germany are
monomorphic for locus DS06335b. Similarly, the Chi-
nese population is monomorphic for locus DS06238. A
strong reduction in variability was observed for locus
DS01001 in the Indian population, for locus DS00361
in the German population and for locus DS08687 in
the two populations from the Antilles. Bootstrap analy-
sis based on the assumption of no population subdivi-
sion showed that the observed reduction of variability
in these populations is not due to a sampling effect (P
< 0.05, indicated in Table 2). If bootstrap resampling
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TABLE 2

Gene diversities in D. melanogaster

DS01001 DS06335a DS06335b DS06577 DS06238 DS08513 DS00062 DS00361 DS08687a DS08687b H

New Delhi, India 0.20+* 0.65 0.38 0.44

(n=18) +0.082 =+ 0.080 +0.093 + 0.082
Beijing, China 0.55 0.63 0.37 0.50

(n = 10) +0.126 = 0.074 +0.112 + 0.074
Munich, Germany 0.43 0.71

(n=19) +0.087 + 0.038 0.00* ND
Nairobi, Kenya 0.83 0.80 0.64

(n=14) + 0.046 =+ 0.045 + 0.048 ND
Sengwa Res., Zimbabwe 0.71 0.90 0.64 0.78

(n=12) + 0.063 * 0.035 + 0.097 =+ 0.063
St. Marteen, Antilles 0.39 0.81 0.00% 0.70

(n = 20) +0.097 =+ 0.035 + 0.062
Gosier, Antilles 0.39 0.74 0.13

(n=15) +0.107 =+ 0.046 =+ 0.079 ND
Average 0.50 0.75 0.31 0.61

0.65 0.56 0.39 0.56 0.72 0.63
+0.068 =+ 0.070 =* 0.097 =*0.070 =* 0.051 +0.082 052
0.63 0.63 0.52 0.63 0.52
0.00%* =+ 0.074 = 0074 =0.112 =*0.074 +0.112 050
0.58 0.51 0.83 0.20* 0.68 0.75
*+ 0.057 0.060 = 0.036 =+ 0.084 = 0.066 + 0.029 052
0.84 0.37 0.75 0.72 0.84 0.83
+0.033 *0091 =005 =*0.040 =0.033 *0.050 0.74
0.84 0.42 0.83 0.81 0.54 0.87
+0.034 *0.110 =0.050 =*0.047 =0.107 +0.040 0.87
0.52 0.43 0.69 0.56 0.19%* 0.80
+0.072 +0.087 =*=0069 = 0076 = 0.079 +0.033 051
0.28 0.65 0.85 0.73 0.25% 0.65
+0.109 *0.078 =*0.031 =*=0.062 = 0.100 + 0.087 0.52
0.53 0.51 0.71 0.59 0.55 0.72 0.58

Gene diversities of populations tested. Bootstrap replication probabilities were obtained for populations with a gene diversity
of =0.25 for a given locus to test for deviation from random allele distributions. Probabilities for 1000 replications are as follows:
*kp = <0.01; *P = <0.05; ND, not determined. H indicates the gene diversity of a single population averaged over all loci.

was confined to non-African populations, probabilities
were less significant, but still smaller than 0.05 for loci
DS06238, DS00361 and DS08687.

These results cannot be ascribed to population bottle-
necks, since the average gene diversity is not affected
in these populations (Table 2). To obtain a rough esti-
mate of the reduction of variability along the respective
chromosome, we compared the behavior of loci from
the same genomic region. Neighboring loci that were
isolated from a P1 clone from the same genomic region
showed average levels of gene diversities in the respec-
tive populations (Table 2). This indicates that only
short chromosomal segments (not more than 80-100
kb) are affected by the loss of gene diversity.

Deviation from mutation-drift equilibrium: To test
more specifically for deviation from mutation-drift equi-
librium, we compared nine microsatellite loci in six
populations (locus DS06238 was excluded because of
missing data and the populations from the Antilles were
pooled). The chi-square statistics and the approximate
tvalues (in our study with 40 degrees of freedom) are
given in Table 3. We find that the row means are not
significantly different, i.e, that the populations do not
differ significantly. The column means, however, are
significantly different, which is to be expected as no
correction was made for different effective population
sizes for autosomal vs. sex-chromosomal loci. Further-
more, mutation rates may vary between loci. The sig-
nificant value of the Xstatistics indicates deviation from
mutation-drift equilibrium. For the individual locus/
population combinations, the locus DS01001 differed
significantly from the predicted value in the Indian pop-
ulation, even if the conservative Bonferroni correction

was applied. Two more loci were exactly on the border
of significance for the one-sided test: DS00062 for the
Zimbabwe population and DS06335 for the German
population. The relatively high heterozyogosity of the
former suggests that it might not be significantly geneti-
cally depauperate while homozygosity of the latter
might lend more weight to the significance value. This
reasoning receives more credibility as estimates of 4N,u
based on heterozygosity appear to have less variance
than those based on the variance in repeat number
(unpublished results from Monte-Carlo simulations).
Differentiation between D. melanogaster popula-
tions: Our data support the notion that D. melanogaster
originated in Africa and spread from there over the rest
of the world recently (DAvID and CaPy 1988; SINGH and
LonG 1992). Figure 2 shows dendrograms based on
Cavalli-Sforza’s chord measure (CAVALLI-SFORZA and
EDWARDs 1967). Despite slightly different branching
patterns for two different tree building algorithms (UP-
GMA and NJ), the non-African populations are always
grouped together. Other distance measures, like Reyn-
olds distance and allele sharing (MINCH et al. 1995;
REYNOLDS et al. 1983), yield identical tree topologies.
NEI's genetic distance resulted in slightly different tree
topologies for the non-African populations, however no
different topology exceeded bootstrap values of >55%.
Trees based on delta mu ( GOLDSTEIN et al. 1995) were
very different from the trees shown, but still the group-
ing of the African populations was consistent with all
other trees. Population subdivision is further supported
by bootstrap resampling under the assumption of a sin-
gle, panmictic D. melanogaster population, which showed
significant deviations for the populations-loci combina-
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TABLE 3

Chi-square statistics and approximate ¢ values

v; = In[wN;]  DS01001  DS06335a DS06335b  DS06238

DS08513

DS00062 DS00361 DS08687a DS08687b v, = In[wN]

A. Observed logarithms of the variances and means in repeat number (v;), and their row means (v ), column means (v,),
and the grand mean (v )

India —1.585 3.435 1.916 —0.229 1.769 2.456 3.770 1.492 1.388 1.601
Zimbabwe 2.958 3.670 2.042 2.095 0.825 1.334 4.100 3.341 0.864 2.359
Kenya 3.404 4.119 0.790 1.454 0.803 1.981 3.347 2.198 2.368 2.274
China 1.470 2.661 —0.130 —2.303 1.394 3.211 1.713 1.131 0.839 1.110
Germany 0.172 2.386 —-2.303 0.216 0.454 2.942 3.396 1.547 1.852 1.185
Antilles —0.187 3.111 —1.523 —-0.601 1.807 2.909 4.467 1.517 0.406 1.323
v; = In[wN)] 1.039 3.230 0.132 0.105 1.175 2.472 3.465 1.871 1.286 v = 1.642
dxKL/((K— 1){L ~ 1)) DS01001 DS06335a DS06335b  DS06238  DS08513 DS00062 DS00361 DS08687a DS08687
B. Normed deviations of particular population-locus combinations from their expectations
India —3.731%* 0.358 2.581 —-0.416 0.918 0.035 0.506 —0.493 0.207
Zimbabwe 1.75 —0.406 1.719 1.833 —1.555 -2.716 —0.121 1.101 —1.661
Kenya 2.522 0.376 0.037 1.031 —1.463 —1.644 —1.1 —0.445 0.655
China 1.38 —0.054 0.374 —2.596 1.078 1.853 —1.786 —-0.301 0.122
Germany —0.587 —0.657 —-2.751 0.789 —0.38 1.352 0.567 0.193 1.474
Antilles —1.304 0.292 -1.871 —0.542 1.371 1.103 1.933 —0.051 —0.81

The observed deviations of the row means (x* = 14.021) are not significantly different from those expected, while those for
the column means (x? = 69.328) and for the test statistics x are (x° = 56.491) (x? (40;0.05) = 56). (d;*KL/(K — 1) (L —
1)) (#(40;0.05) = 3.5; Bonferroni-corrected, for two-sided test).

tions with reduced variation. If the resampling proce-
dure was confined to non-African populations, three
loci still showed significant reductions in variability ( Ta-
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0.01
—

—
B.
Germany
99 _-—93—: Antilles (Gosier)
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100 47|

China

Kenya

0.016
Pt

FIGURE 2.—Dendrograms based on Cavalli-Sforza’s chord
measure ( CAVALLI-SFORZA and EDWARDs 1967). (A) UPGMA
and (B) neighbor joining tree. Branch lengths are taken from
the original data set and bootstrap values were determined
separately. Bootstrap support from 100 replications are given
for the respective branches. All trees shown are unrooted.

ble 2) . Hence, corroborating population subdivision in
D. melanogaster.

Interestingly, irrespective of the method used for de-
termining genetic distances, the two East African popu-
lations are well separated from each other. This is in
contrast to the results obtained for the vermilion data,
where no genetic differentiation between the East Afri-
can lines from Zimbabwe and Kenya was observed (BE-
GUN and AQUADRO 1995), hence microsatellites may
thus be an even more sensitive indicator of population
subdivision than nucleotide polymorphism.

Correlation of allele frequency distributions: Given
the large effective population size of D. melanogaster, it
can be assumed that allele frequencies between popula-
tions are correlated over many generations. In the non-
African populations, which have been founded by a
single or a few founder events (BENASSI and VEUILLE
1995), it has to be expected that allele frequency distri-
butions outside Africa should be correlated (APPENDIX
B). Figure 3 shows a graphic representation of the allele
distributions in the four continents studied. While Afri-
can populations have a wider allele spectrum, non-Afri-
can populations often share a single predominant al-
lele, suggesting a significant correlation between the
allele frequencies in non-African populations. Given
the observed population subdivision between D. melano-
gaster populations, standard tests for differences in al-
lele distribution will detect differences between popula-
tions, despite the correlation of allele frequency distri-
butions outside Africa. To quantify the correlation in
allele frequency distribution between populations shar-
ing a recent common ancestor, we are currently devel-
oping a new test statistic (C. VOGL, C. SCHLOTTERER
and R. BURGER, unpublished data).

€202 YoJe\ yZ uo Jesn ABojoig Aleuonnjoag Joj a1niisu| youeld Xe Aq 8/8€509/60€/1/9% | /1o1e/soneusb/woo dno olwapeose//:sdiy Woll papeojumoc]



Microsatellites in Drosophila melanogaster 315

A. 1
P4 Africa
)
— .
C Asia
5 B
=] Central America
o
i W Europe
o~ — vy O ~ o0 (=2 — o« (=2
— o~ o~ o~ o o~ o~ o o et
o o o (o} (o] o o~ o o™ o
DS01001
B . 0.8
0.6 4
4 Africa
g B
Asia
S 0.4
3 Central America
g - "
& M Euope
0.24 7[‘
%
71
’.‘(
7
%
%
0 Al

DS06238

C. 0.8
Africa
>
[&] Asia
&
3 Central America
o
Europe
(C
DS00062
D. 1
0.75 4
Africa
a8 .
c m Asia
o 0.5 4
3 . Central America
3
i W Euope
0.25 4
0 -

DS00361

FIGURE 3.—Allele frequencies of four representative microsatellite loci (DS 00062, DSO1001, DS 06238 and DS 00361) with

the populations grouped into four different continents.

DISCUSSION

The aim of our study was to show the potential role
of hitchhiking on the genetic diversity at microsatellite
loci. We have indeed found evidence for such an effect.
There is a population specific reduction in variability
at some loci that would be difficult to explain by other
means, like background selection.

D. melanogaster populations originated in Africa (La-
CHAISE el al. 1988) and colonized the Eurasian conti-
nent during the past 10,000-15,000 years (DAvVID and
Cary 1988; SINGH and LoONG 1992). The colonization
of a new continent and of new habitats must have led to
many local adaptations (DAvID and Cary 1988). Such
adaptations would have left their traces in the genome
and it is therefore likely that the observed loss of gene
diversity in short chromosomal segments is due to posi-
tive selection on loci that are linked to the microsatellite
loci studied. Though it is difficult to assess how many
genes would have been under positive selection for any
given population, it does not seem unreasonable to as-
sume that several hundred genes were involved. Under
the stringent statistical test, only one locus in one popu-

lation shows a highly significant deviation from random
expectations in our data set. However, for five loci one
may suspect that the detected loss of gene diversity may
be due to a similar effect. The effect of a given locus
under selection on the gene diversity of a linked micro-
satellite would of course depend on multiple factors,
among them the degree of selection and the degree of
linkage, which may differ between loci. One further
important factor is the mutation rate of microsatellites.
Estimated mutation rates of up to 10 * have been pub-
lished for mammals. If the mutation rates in D. melano-
gaster were this high, it would be extremely difficult to
detect selective sweeps. After a selective sweep, which
reduces the observed variance, new mutations would
be accumulated very quickly and the observed variance
would approach the equilibrium value in a very short
time interval. Therefore, only a rather short timespan
would be available to detect deviations from the equilib-
rium variance in natural populations. A recent study
measuring mutation rates of ). melanogaster microsatel-
lites estimated an average mutation rate of 6.3 X 10"
(SCHUG et al. 1997), which is several orders of magni-
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tudes lower than estimates for other organisms. There-
fore, reduced variation in specific locus/ population
combinations is consistent with the low mutation rates
of D. melanogaster microsatellites.

In our test statistic we did not consider gene flow
between populations, as this would be difficult to han-
dle theoretically. However, assuming constant and
equal gene flow between all populations, our test is
quite conservative. Gene flow would decrease the vari-
ance of the variance in repeat numbers between popula-
tions. Therefore, we would expect the differences be-
tween populations to be even more significant if we
would consider gene flow between populations.

Instead of effects on linked genes, one could conceiv-
ably also invoke the possibility that the expansion of
populations into new habitats would have been accom-
panied by some population bottlenecks, which might
have led to a random loss of allelic diversity at some
loci, but not at others. However, our data argue against
this possibility. The fact that the non-African popula-
tions show a correlation in allele distribution suggests
that they have maintained a rather high effective popu-
lation size after emerging from Africa.

Our results on the population subdivision are some-
what unexpected. The question of a population sub-
structure in D. melanogaster has been subject of a long
standing debate. Isozyme studies in D. melanogaster indi-
cated that high rates of gene flow are counteracting
genetic differentiation of local D. melanogaster popula-
tions (SINGH and RHOMBERG 1987). However, recent
studies demonstrated higher levels of genetic variability
in East African populations compared with North Amer-
ican populations, implying there is an unappreciated
degree of population structure in D. melanogaster { BE-
GUN and AQUADRO 1993; BEGUN and AQUADRO 1995).
West African flies were found to harbor less polymor-
phism than East African ones (BENASSI et al. 1993 ) . This
population differentiation within Africa is supported
by inversion polymorphisms between five populations
from West Africa and five populations from East Africa
(LEMEUNIER and AULARD 1992). Interestingly, our ge-
netic distance data suggest a significant population sub-
division between the Kenya and Zimbabwe population,
which are separated by roughly 2000 km. The observed
genetic differentiation of the two East African popula-
tions is reflected by assortative mating behavior of the
Zimbabwe population (Wu et al. 1995), as the Zim-
babwe population is the only D. melanogaster population
for which assortative mating has been described.

More controversy exists about the population struc-
ture of non-African populations. Several studies sup-
ported the idea of a relatively panmictic world-wide
population (KREITMAN 1983; KREITMAN and AGUADE
1986; BERRY and KREITMAN 1992; SINGH and LONG
1992). Still, some experiments suggested population
subdivision in non-African populations: the distribution
of mitochondrial haplotypes is not even among D. mela-
nogaster populations around the world (HALE and

SINGH 1987). Data on the vermilion locus also show
some indications of genetic differentiation between
non-African populations ( BEGUN and AQUADRO 1995) .
Similarly, studies of the molecular variation in the y-ac-
sc region showed reduced genetic variation in some
populations, while there is apparently no reduction in
other populations (AGUADE et al. 1989; BEECH and
LEIGH-BROWN 1989; EANES ¢t al. 1989; BEGUN and AQUA-
DRO 1991; MARTIN-CAMPOS ef al. 1992). Finally, there
is a well documented ecological differentiation among
populations (DAVID et al. 1983). Hence, our results of
a significant population subdivision in D. melanogaster
is corroborated by several other studies.

An identification of hitchhiking effects is not unique
to our data set. The microsatellite survey on D. melano-
gaster populations from North America has revealed one
monomorphic locus among 18 loci (GOLDSTEIN and
CLARK 1995) . Similarly, a study of 10 microsatellite loci
revealed two monomorphic microsatellites in an Austra-
lian population (ENGLAND et al. 1996). Though both
studies did not show that the monomorphic loci are
polymorphic in other populations, the size of the micro-
satellite motif of both loci was too long to be causative
for the observed lack of polymorphism.

If hitchhiking of microsatellite loci indeed turns out
to be more widespread, one could specifically screen
for microsatellite loci with reduced variability in specific
populations. These microsatellites could then serve as
a marker to find linked genes that may have caused the
effect. Thus, a systematic screen for genes involved in
local adaptations could be devised.
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APPENDIX A

A test for deviations from mutation-drift equili-
brium: Data on variances in repeat number must be
available for L microsatellite loci from K populations
from large samples. Throughout, the single-step muta-
tion model with mutation rate w, at the [th locus and
population size N, of the kth population is assumed.
Thus, all even moments of the mutant distribution are
equal to w;and all odd moments are equal to 0. Further-
more, it is assumed that all locus / population combina-
tions are in mutation-drift equilibrium independently
from each other. Let W,; = N,. Define V,, as the ob-
served variance of repeat number in the kth population
at the /th locus and vy, as the natural logarithm of V,,,
i.e., vy = log V. Further, let v, denote the mean of
the log variances over L loci for population k, v, as the
mean of the log variances over K populations for locus
l,and v_as the grand mean. Under assumption of muta-
tion-drift equilibrium the expectation of the variance
of repeat number in the kth population at the {th locus
is &{Vu} = (N, — 1) w, = W),. The equilibrium variance
of the variance in repeat number is approximately
Var {Vy,) =~ (8W% + W,) /6 (ZHivOoTOVSKY and FELD-
MAN, 1995).

Monte-Carlo simulations employing a coalescence
model showed that the log variances are approximately
normally distributed, but that first-order Taylor series
approximations to the means and variances of the log
variances are considerably biased. A better approxima-
tion to equilibrium mean and variance of the log vari-
ances is

Oy ~ log Wy, — " log /s =~ log [0.65 W,/

and

Var [v,] ~ 0.85

(R. BURGER personal communication ). This approxi-
mation was checked by numerical simulations and is
used throughout this manuscript ( details on the simula-
tion results and the derivation of the approximation
are given in C. VOGL, C. SCHLOTTERER, R. BURGER, un-
published data).

Under the assumption of constant mutation rates per
locus, the quantity w; = v, + v; — » has the same
expectation as v;. The variance of u; can be calculated
as follows: note that

u,, =v;, + v — U,

l K 1 1. 1 K L
=—2vk;+—zvu——22vu
Kk:l ‘ L = KL k=1 =1
K+L-1 L-1&
= i'+ .
KL H,EW’
K—1Z 1 X =
+ Uy — =~ Uy
7 E, / KLEE, "

Now use the independence of the different v; and the
approximate equality of variances of the different v, for
realistic parameter values. It is easy to show that the
variance of u; is equalto (1/L+1/K+ 1/LK) times
the variance of v, i.e., converges to zero as the number
of populations and loci increases.

Define dy; = (vy — ux) */Var {uy} ~ 0.85 (v — i) 5
dy. as the means of the d,; over loci, and d;as the means
over populations. Under the assumptions of indepen-
dent mutation-drift equilibrium among populations
and equal mutation rates at each across populations,
the following three quantities have a limiting chi-square
distribution with (N — 1) (K — 1) degrees of freedom:
the weighted differences of the row-means from the
grand mean, under the assumption of equal population
sizes of all populations,

L
(K-1) X d,
=1
the weighted differences of the column-means from the
grand mean, under the assumption of equal mutation
rates at all loci,

(L=1) X dp,

k=1

and

K L
X® = Z Z dy-
k=1 I=1
Significant deviations from predicted values must be
attributed to violations of assumptions, in particular
those due to selection. For large K and L, deviation
might be attributed to a particular locus-population
combination by multiplying vy, — u, with

KL/[(K=1)(L-1)]

and comparing this approximate ¢ with a table. For
family error rates, the Bonferroni correction should be
employed with ay = 1 — (1 — @) 007D,

As discussed in the text, evolutionary forces different
from mutation or drift might influence row- and col-
umn-means, such that deviation from homogeneity of
row- or column-means might occur even if mutation
and drift are homogenous. These forces, however,
should not influence the X? statistics.
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APPENDIX B

Allele frequencies

Antilles, Antilles,
Size Total India Zimbabwe Kenya China Germany St. M Gosier
DS01001
217 0.01 0 0 0.125 0 0 0 0
221 0.01 0 0 0 0.111 0 0 0
225 0.062 0 0.333 0.25 0 0 0 0
226 0.113 0.111 0 0.125 0.111 0.158 0.111 0.154
227 0.639 0.889 0.167 0 0.667 0.737 0.777 0.769
228 0.052 0 0 0 0.111 0.105 0.056 0.077
229 0.052 0 0.417 0 0 0 0 0
231 0.031 0 0 0.25 0 0 0.056 0
233 0.021 0 0 0.25 0 0 0 0
240 0.01 0 0.083 0 0 0 0 0
DS06335A
84 0.02 0 0.083 0 0 0 0.062 0
86 0.051 0.125 0 0.214 0 0 0 0
92 0.031 0 0.083 0.143 0 0 0 0
94 0.071 0 0.083 0 0 0 0.188 0.2
96 0.163 0.125 0.083 0 0.375 0.294 0.25 0.067
98 0.031 0 0.083 0.071 0 0.059 0 0
100 0.122 0.125 0.25 0.358 0 0 0.062 0.067
102 0.357 0.563 0.169 0.143 0.5 0.412 0.313 0.4
104 0.122 0.062 0.083 0 0 0.235 0.125 0.266
106 0.01 0 0 0 0.125 0 0 0
108 0.01 0 0.083 0 0 0 0 0
113 0.01 0 0 0.071 0 0 0 0
DS06335B
134 0.019 0.111 0 0 0 0 0 0
136 0.009524 0 0.083 0 0 0 0 0
140 0.095 0.111 0.083 0.385 0.222 0 0 0
142 0.819 0.778 0.584 0.461 0.778 1 1 0.933
144 0.048 0 0.167 0.154 0 0 0 0.067
147 0.009524 0 0.083 0 0 0 0 0
DS06577
122 0.047 0 0.038 0 0 0.1
128 0.297 0.722 0 0.625 0 0.05
132 0.016 0 0.083 0 0 0
138 0.031 0 0.167 0 0 0
140 0.141 0 0.417 0 0 0.2
142 0.047 0 0.167 0 0 0.05
144 0.281 0.056 0.083 0.375 0.5 0.5
145 0.141 0.222 0 0 0.5 0.1
DS06238
131 0.063 0 0.25 0.143 0 0.077 0 0
132 0.053 0.067 0 0.143 0 0 0.053 0.077
133 0.095 0.2 0.167 0.286 0 0 0 0
134 0.537 0.533 0.25 0 1 0.538 0.684 0.846
135 0.189 0.2 0.083 0.214 0 0.385 0.263 0.077
136 0.011 0 0 0.071 0 0 0 0
137 0.032 0 0.083 0.143 0 0 0 0
138 0.021 0 0.167 0 0 0 0 0
DS08513
192 0.009524 0 0 0 0 0 0 0.067
198 0.029 0.056 0.083 0.071 0 0 0 0
202 0.6 0.278 0.75 0.715 0.5 0.631 0.737 0.6
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APPENDIX B

Continued
Antilles, Antilles,
Size Total India Zimbabwe Kenya China Germany St. M Gosier
DS06238
204 0.162 0.056 0.167 0.214 0.125 0.316 0.105 0.133
205 0.2 0.610 0 0 0.375 0.053 0.158 0.2
DS00062
158 0.019 0 0 0 0 0 0.105 0
161 0.019 0 0 0 0 0 0 0.133
162 0.038 0 0 0 0 0.056 0.105 0.067
163 0.346 0.777 0 0.071 0.375 0.277 0.526 0.2
165 0.019 0.056 0 0 0 0.056 0 0
167 0.038 0 0 0 0 0 0.053 0.2
169 0.038 0.056 0.083 0 0 0.056 0 0.067
170 0.096 0 0.333 0.214 0.125 0.111 0 0
171 0.183 0 0.083 0.429 0 0.277 0.158 0.266
172 0.019 0 0.083 0 0 0 0.053 0
173 0.125 0.111 0.25 0.143 0.5 0.056 0 0.067
174 0.058 0 0.168 0.143 0 0.111 0 0
DS00361
132 0.038 0 0 0 0.111 0 0 0.2
138 0.528 0.610 0.167 0.071 0.667 0.894 0.631 0.467
140 0.028 0.056 0 0 0.222 0 0 0
148 0.028 0 0.25 0 0 0 0 0
150 0.009434 0.056 0 0 0 0 0 0
152 0.142 0.278 0.083 0.357 0 0.053 0.105 0.067
154 0.009434 0 0 0 0 0 0.053 0
156 0.057 0 0.083 0.215 0 0 0 0.133
158 0.151 0 0.334 0.357 0 0.053 0.211 0.133
159 0.009434 0 0.083 0 0 0 0 0
DS08687A
178 0.038 0 0 0.214 0 0.053 0 0
180 0.038 0.056 0 0.143 0 0.053 0 0
181 0.009524 0 0 0 0 0.053 0 0
182 0.171 0.444 0.083 0.143 0.125 0.158 0.105 0.067
184 0.114 0.111 0.167 0.071 0.375 0.158 0 0.067
185 0.038 0.111 0 143 0 0 0 0
186 0.581 0.278 0.667 0.286 0.5 0.525 0.895 0.866
187 0.009524 0 0.083 0 0 0 0 0
DS08687B
155 0.01 0 0.083 0 0 0 0 0
163 0.01 0 0.083 0 0 0 0 0
164 0.01 0 0 0.083 0 0 0 0
165 0.051 0.118 0.251 0 0 0 0 0
166 0.121 0 0.083 0.25 0 0.312 0.105 0.071
167 0.141 0.059 0 0.083 0.222 0.312 0.158 0.143
168 0.02 0 0 0 0 0 0.053 0.071
169 0.051 0.118 0.251 0 0 0 0 0
170 0.081 0.118 0 0.083 0.111 0.126 0.105 0
171 0.384 0.587 0 0.335 0.667 0.25 0.316 0.572
172 0.091 0 0.083 0.083 0 0 0.263 0.143
173 0.02 0 0.083 0.083 0 0 0 0
174 0.01 0 0.083 0 0 0 0 0
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