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Summary

Highly variable DNA polymorphisms called microsatellites are rapidly becoming the marker of
choice in population genetic studies. Until now, microsatellites have not been utilized for
Drosophila studies. We have identified eight polymorphic microsatellite loci in Drosophila
melanogaster and used them to characterize the genetic variation in a wild population from the
Tyrrell's winery in Australia. Microsatellites were isolated from a partial genomic DNA library.
All microsatellites consist of (AC)n repeats ranging from n = 2 to n = 24. Six loci were assigned to
chromosomal location by genetic mapping, with three loci on chromosome II, one locus on
chromosome III and two loci on the X chromosome. Up to four microsatellite loci were
multiplexed in the same reaction. Microsatellite variation is substantially greater than allozyme
variation in the Tyrrell's Drosophila population. 80% of the microsatellite loci examined are
polymorphic, compared with 28 % of allozymes. The mean number of alleles per polymorphic
locus is 5-2 in microsatellites compared with 30 in allozymes. The average observed heterozygosity
of polymorphic microsatellites is 47 % compared with 26 % for allozymes. Microsatellite variation
in Drosophila melanogaster is similar to that reported for other insects. Higher variability
commends microsatellites over allozymes for genetic studies in Drosophila melanogaster.

1. Introduction

Population genetics has traditionally used allozymes
to estimate natural genetic variation within and among
populations. However, recent advances in molecular
biology indicate that variation at the DNA sequence
level is more extensive, and therefore more informa-
tive. The most promising molecular marker is the
microsatellite; an array of tandemly repeated nucleo-
tide motifs (Litt & Lutty, 1989, Tautz, 1989; Weber &
May, 1989). Relatively high conservation of flanking
sequences allows the design of PCR primers that are
used to amplify the region harbouring the micro-
satellite locus. Polymorphism for the number of
repeats in the tandem array results in PCR products
of varying lengths which are scored as allelic poly-
morphisms. Microsatellites are superior to other
molecular genetic methods such as minisatellite
fingerprinting and RAPDs because they are codo-
minant, single-locus markers. Their high degree of
polymorphism allows individuals to be genotyped
with confidence and pedigree reconstruction and
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mapping using microsatellites are routine in humans
and domestic animals (reviewed in Bruford & Wayne,
1993).

Surprisingly, microsatellites have not been used in
studies of Drosophila melanogaster. Prior to this
study, circumstantial evidence indicated that micro-
satellite polymorphisms would be found in Drosophila
melanogaster. Highly polymorphic microsatellites
have been found in other insects such as moths (Traut
et al. 1992), bees (Estoup et al. 1993), mosquitos
(Zheng et al. 1993), wasps (Hughes & Queller, 1993),
ants (Hamaguchi et al. 1993; Gertsch et al. 1995) and
butterflies (M. Bruford, pers. comm.). Before micro-
satellites were found to be polymorphic for repeat
number, Tautz & Renz (1984) found that simple
repeat sequences such as (AC)n, (TC)n, (A)n and
(CAG)n are abundant in Drosophila on the basis of
Southern hybridization to genomic DNA digests.
Pardue et al. (1987) showed by in situ hybridization to
chromosomes that (AC)n repeats are abundant and
widely distributed in the Drosophila genome. A survey
of the DNA sequence database GENBANK revealed
the presence of di-, tri- and tetranucleotide repeat
sequences in Drosophila (M. Montgomery, pers.
comm.). Tautz (1989) demonstrated that a (CAG)n
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repeat in the Notch sequence of Drosophila is
polymorphic between widely separated populations.

However, these studies provide no information
about whether specific repeat sequences are poly-
morphic within Drosophila populations. We therefore
undertook this study to identify and develop poly-
morphic microsatellites in Drosophila melanogaster,
and to compare their variability with allozymes in a
wild population.

2. Materials and methods

(i) Microsatellite screen

A partial Drosophila melanogaster genomic library
was constructed and screened for the presence of
(AC)n and (TC)n tandem repeats as outlined previously
(Rassmann et al. 1991). Commercial DNA copoly-
mers, poly(AC). poly(TG) and poly(TC). poly(AG)
(Pharmacia) were used in equal proportions in probing
of the colony blots.

(ii) Primer design

Positive clones were sequenced by the dideoxy chain
termination method using either a Sequenase kit
(Pharmacia) or a fluorescent dye-primer cycle sequen-
cing kit (Applied Biosystems). Sequenced DNA was
run on a polyacrylamide gel and the sequence read
either manually from an autoradiograph, or auto-
matically using an automated sequencer (Applied
Biosystems). The program Primer, version 0-5 (Lincoln
et al. 1991) was used in most cases to design PCR
primers that flanked microsatellites identified by the
screen. Where alternative primer pairs were suggested
by the program a choice was made on the basis of
both maximizing GC content of the primers and
covering a range of PCR product sizes that would
facilitate multiplexing and co-electrophoresis of sev-
eral loci. Primers were synthesized on a Beckman
Oligo 1000 DNA synthesizer.

(iii) PCR

PCR reactions were conducted in polycarbonate
microtitre trays (Bresatec) on an MJR Thermal Cycler
(MJR Research). All loci amplified with the program:
5 min at 94 °C then 30 cycles of 30 s at 94 °C, 30 s at
60 °C and 1 min at 72 °C followed by 5 min at 72 °C.
1 unit of Taq polymerase (Promega) was used in each
20 fi\ reaction with the buffer supplied by the
manufacturer. Reactions were 2-5 mM for Mg2+,
200 /it* for unlabelled dTTP, dGTP and dCTP and
20 /iM for unlabelled dATP. 1 (id [«32P] dATP
(3000 mCi/mmol, Bresatec), lOpmol of each primer
and approximately 20 ng of template DNA were used
per reaction. Conditions were not altered for multiplex
reactions. PCR products were visualized by auto-
radiography after electrophoresis on 6% denaturing
polyacrylamide gels. Large PCR fragments (greater
than 250 bp) were electrophoresed far enough to

ensure detection of polymorphism. Assignment of
allele size was achieved by running the cloned allele as
a standard size marker on each gel.

In order to reduce the number of reactions (and
consequent costs) required to genotype individuals, all
eight primer pairs were systematically trialed in all
two-way, three-way and four-way combinations to
identify loci that could be multiplexed in the same
reaction. Products from different reactions were also
combined and co-electrophoresed in the same lane
where the size range of alleles at different loci did not
overlap.

DNA for the library construction and PCR reac-
tions was prepared by a high salt precipitation method
(Miller et al. 1988) performed on whole fly homo-
genate. The homogenate was prepared by grinding a
single fly in 100 /*1 buffer consisting of 10 mM Tris,
lOOmM-NaCl, 10 mM EDTA and 2/*g proteinase K
(Boehringer Mannheim) and incubating it overnight
at 37 °C with agitation. Purified DNA was resus-
pended in 50 /i\ of H2O and 1 (A of this was used in
each PCR reaction.

(iv) Mapping

In order to assign the polymorphic loci to chromo-
somes, several highly inbred Drosophila lines homo-
zygous at microsatellite loci were genotyped to identify
lines which carried a different allele ( + ) from the
marked inversion stock BLT: In(l) scSIL scf + S, scsl

sc* wa; In(2LR) SMI, al2 Cy en2 sp2/In(2LR) bwvl,
ds33" dpov bwvl; In(3LR) Ubx130, Ubx130 es/In(3LR) C,
Sb; spapo1 (Lindsley & Zimm, 1992). Virgin females
from each inbred line were crossed to single BLT
males. Heterozygous Cy/ + , Sb/+ male progeny
from this cross were backcrossed to virgin females
from the parental inbred line. Male and female parents
in this backcross were genotyped along with one male
and one female offspring from each of the four
segregating classes; Cy/ +,Sb/ + ; Cy/ + ,+/+;
Sb/ + ,

(v) The TyrreWs population

Wild flies used in this study were collected and
genotyped for allozymes in 1992 from the Tyrrell's
Winery near Sydney (R. K. Nurthern, pers. coram.).
Offspring of the wild caught flies were stored at
— 80 °C until being retrieved for microsatellite analy-
sis.

(vi) Analysis

Genetic data were analysed using the Biosys-1
program, release 1-7 (Swofford & Selander, 1981).

3. Results

Of 2500 clones screened, 25 showed homology with
the copolymer probes. Sequencing revealed 17 clones
with (AC)n repeats, 12 of which had flanking sequences
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Table 1. Cloned microsatellite loci showing chromosome position, allele size and type, PCR primers used and
extent of polymorphism in the TyrrelFs Drosophila melanogaster population

Locus

DmACl

DmAC2

DmAC3

DmAC4

DmAC6

DmAC7

DmAC8

DmAC9

DmACIO

DmACl 2

Repeat type
(cloned allele)

(AC)12

(AC)12

(AC)9

(AC)9+10

(AC)13

(AC)10

(AC)9

(AQ1 3

(AC)13

(AC)U

Primer sequences
(5'-3')

tacacctgcgtgcccaac
ggggctaatggagcctagtg
cccattgattttgttgtgtaag
gcacatgcatgtgggtgt
ctccacaatccaccctcg
ccatctaccacacaaccgc
agaattcgaagtgcaagacca
tgtgggcataaccaacacat
ctgttcttctgccgttgtca
gagctcggtacccctactcc
gtgattctcaacaaagcgca
gcagatgtttcaccccttgt
cccgcatcaccacaacac
caagtgtcacaatgtcgatgg
ctatacgcgcatcgacgtc
tggctacactatccagcgc
tgactacggtgccatttcaa
gagcccaacgcaattaatgt
gtgacttccggcaatgtttt
cggtacccctgctattacca

PCR product
size (bp)

139

104

196

170

315

219

95

167

273

111

Chromosome
location

II

X

III

X

II

II

Number of
alleles

5

3

3

6

Monomorphic

5

6

10

Monomorphic

5

18 T

16

14

12 •

< 10-

Z

6 \

4 -

2 •

I
o o o o o o o o o o

Allele frequency

Fig. 1. Distribution of microsatellite 0 and allozyme • allele frequencies in the Tyrrell's Drosophila melanogaster
population.

suitable for designing primers. No (TC)n repeats were
detected. PCR products of the expected size were
amplifiable with 10 primer pairs and eight of these
displayed polymorphism in the population examined,
with a total of 43 alleles. Table 1 details the
microsatellite loci amplified, the primers used, the
number of alleles found in the Tyrrell's population
and chromosome assignments of loci where they were

determined. DmAC7 and DmACl2 could not be
mapped because available inbred lines shared identical
alleles at these loci with the BLT stock.

DmACl, DmAC3, DmAC4 and DmAC7 were
successfully multiplexed (Fig. 2) in a PCR reaction
with an annealing temperature of 60 °C (see Materials
and methods). DmAC2 and DmAC9 were also
multiplexed using these conditions. DmAC8 and
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Table 2. Microsatellite allele frequencies and heterozygosities in the TyrrelFs Drosophila melanogaster
population

Allele (repeat
number

2
'X
J

4
5
6
7
8
9

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24

Sample size
Observed

heterozygosity
Expected H-W
heterozygosity

Locus

DmACl

0088
0022
0081
0-478*
0-331

68

0-588

0-647

DmAC2

0-028
0-897*
0-075

71

0139

0176

DmAC3

0068
0-803*
0129

66

0-318

0-334

DmAC4

0010

0168
0050
0050

0-524*
0198

65

0-657

0-666

DmAC7

0015

0-220*

0061
0-576*
0129

66

0-621

0-600

DmAC8

0-024

0016
0-675*
0175*
0-079
0032

63

0-492

0-506

DmAC9

0007
0116
0-493*
0-007

0014
0-087*
0-101
0043
0123

0007

69

0-710

0-714

DmACl 2

0007

0-014

0-861*
0007

0111

72

0-250

0-246

* Denotes allele in BLT stock.

Table 3. Microsatellite and allozyme diversity of the TyrreWs Drosophila melanogaster population, either for
polymorphic loci alone or with monomorphic loci included. Standard errors are in parentheses

Marker

Microsatellites
(polymorphic)

Allozymes*
(polymorphic)

Microsatellites
(all)

Allozymes*
(all)

Mean number
of alleles

5-2 (0-9)

3-0 (0-4)

4-4 (0-9)

0-84 (0-3)

Percentage of
polymorphic
loci

—

80

28

Observed
Heterozygosity

0-472 (0-075)

0-258 (0069)

0-378 (0086)

0072 (0030)

Expected H-W
Heterozygosity

0-490 (0074)

0-272 (0-070)

0-392 (0087)

0072 (0030)

R. K. Nurthern, pers. comm.

DmACl2 were amplified individually with the 60 °C
annealing temperature reaction.

Table 2 details the genetic diversity of the loci
polymorphic in the Tyrrell's population. Polymorphic
microsatellite loci have approximately twice the
heterozygosity and mean number of alleles than
allozymes (Table 3). Microsatellite allele distribution
is unimodal except at DmAC4 and DmAC9 where
distributions are bimodal (Table 2). Many allozyme

and microsatellite alleles are rare (5% or less), but
more microsatellite alleles occur at intermediate
frequency (between 5% and 50%) (Fig. 1).

4. Discussion

We have cloned and characterized eight polymorphic
microsatellites in Drosophila melanogaster. By com-
paring microsatellite and allozyme variability in the
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219
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•DmAC7

170
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DmAC3

- DmAC4

139 —

-DmACl

Fig. 2. Representative autoradiograph of 4 multiplexed microsatellite loci (DmACl, DmAC3, DmAC4 and DmAC7) in
12 females from the Tyrrell's Drosophila melanogaster population. Numbers refer to the approximate position, in base
pairs, of the cloned allele at each of the four loci.

same population we have shown that microsatellites
lend greater resolution to measurements of genetic
variation than do allozymes. This work represents, to
our knowledge, the first published report of poly-
morphic microsatellites in a Drosophila population.

The identification of numerous microsatellite loci
composed of (AC)n repeats confirms circumstantial
evidence of their existence gathered by Tautz & Renz
(1984), and Pardue et al. (1987). Pardue et al. (1987)
detected regions of homology with (AC)n probes on
chromosomes II, III and X. Consistent with these
findings, we have mapped microsatellite loci to each
chromosome except IV and Y.

The microsatellites we have cloned are short, with
modal repeat number ranging from 8 to 13. Cloned
(AC)n microsatellites in other insects also tend to be
short. Choudhary et al. (1993) cloned six (AC)n

microsatellites with repeat number ranging from 10 to
16 in the social wasp Parachartergus colobopterus.
Estoup et al. (1993) found a greater abundance of
short (AC)n microsatellites (less than 10 repeats) in
honey bees Apis melifera compared to pigs. Lanzaro
et al. (1995) found only one out of 10 (AC)n

microsatellites in the mosquito Anopheles gambiae,
with a repeat number greater than. 13.

The distributions of microsatellite alleles in Droso-
phila melanogaster are unusually steep, with one or
two alleles being much more common than all others

(Table 2). Microsatellite alleles are usually more
normally distributed (Weber, 1991). The bimodality
of allele distributions obtained at two loci in our study
is commonly observed in other species of invertebrates,
vertebrates and plants.

For the genetic diversity measures: proportion of
loci polymorphic, number of alleles per locus and
observed heterozygosity, microsatellites in the
Tyrrell's Drosophila population scored significantly
higher than allozymes. Their greater resolving power
should lead to the widespread adoption of micro-
satellite genotyping in Drosophila studies.
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manuscript. Our work was supported by the Australian
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Note added in proof
Subsequent to the acceptance of this manuscript Goldstein
and Clark published a complementary study: Goldstein,
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D. B. & Clark, A. G. (1995). Microsatellite variation in
North American populations of Drosophila melanogaster.
Nucleic Acids Research 23, 3882-3886.
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