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Summary
We have isolated and characterized 77 novel microsatellites from two species, Drosophila dunni and
Drosophila nigrodunni, which are closely related Caribbean-island endemics from the Drosophila
cardini species group. These species are very distantly related to all other Drosophila from which
microsatellites have previously been characterized. We ﬁnd that the average length of microsatellites
isolated in these species is quite small, with an overall mean length of 9.8 repeat units for dinucleotide
microsatellites in the two study species. The nucleotide composition of dinucleotides diﬀers between
the two species: D. nigrodunni has a predominance of (AC/GT)n repeats, whereas D. dunni has equal
numbers of (AC/GT)n and (AG/CT)n repeats. Tri- and tetranucleotide repeats are not abundant in
either species. We assayed the variability of eight microsatellites in a closely related third species,
Drosophila arawakana, using wild-caught individuals from the island of Guadeloupe. We found the
microsatellites to be extremely variable in this population, with observed heterozygosities ranging
from 0.541 to 0.889. DNA ampliﬁcation trials suggest that these eight microsatellites are widely
conserved across the D. cardini group, with ﬁve of the eight producing ampliﬁcation products in every
species tested. However, the loci are very poorly conserved over greater phylogenetic distances. DNA
ampliﬁcation of the microsatellite loci was unreliable in members of the closely related Drosophila
quinaria, Drosophila calloptera, Drosophila guarani and Drosophila tripunctata species groups.
Furthermore, these microsatellites could not be detected in the genome of Drosophila melanogaster,
despite the conservation of microsatellite ﬂanking regions at some loci. These data indicate that
Drosophila microsatellite loci are quite short lived over evolutionary timescales relative to many
other taxa.
1. Introduction
Microsatellites are hypervariable DNA sequences that
are composed of tandem arrays of short nucleotide
motifs. These repetitive sequences are highly polymorphic in their repeat number, making them one of
the most widely used genetic markers for studies of
population structure, gene mapping and parentage
analysis (reviewed in Schlötterer & Pemberton, 1994 ;
Jarne & Lagoda, 1996; Goldstein & Schlötterer, 1999).
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Microsatellites are ubiquitous among eukaryotes and
have been described from a great variety of taxa. They
are particularly well documented among Drosophila
species, with studies primarily focusing on members of
the Drosophila melanogaster, Drosophila obscura and
Drosophila virilis groups. Of these, the microsatellites
of D. melanogaster are the best characterized. In
this species, both standard DNA library screens (e.g.
England et al., 1996; Schlötterer et al., 1997 ; Harr
et al., 1998 ; Schug et al., 1998 b) and screens of publicly available sequence data (e.g. Goldstein & Clark,
1995 ; Michalakis & Veuille, 1996; Schug et al., 1998 b ;
Bachtrog et al., 1999) have been used to document the
characteristics of microsatellites in the D. melanogaster
genome. From these studies, D. melanogaster has been
described as having a high frequency of dinucleotide
microsatellites relative to tri-, or tetranucleotide
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repeats (Schug et al., 1998 b). Of the dinucleotides,
(AC/GT)n repeats are much more frequent than
(AG/CT)n, (AT/TA)n or (CG/GC)n repeats (England
et al., 1996 ; Schug et al., 1998 b), a trait that is shared
by many taxa, including some ﬁsh (Estoup et al.,
1993) and many mammals (e.g. Stallings et al., 1991;
Beckman & Weber, 1992; Ellegren, 1992). In addition,
the microsatellites of D. melanogaster contain fewer
repeat units than those from most other taxa (Kruglyak
et al., 1998; Schug et al., 1998 b ; Bachtrog et al., 1999),
which might signiﬁcantly aﬀect the level of variation
because repeat length at a locus is positively correlated
with the mutation rate (Jin et al., 1996; Wierdl et al.,
1997; Schlötterer et al., 1998 ; Schug et al., 1998 a).
Recent studies of other Drosophila, including Drosophila simulans (Hutter et al., 1998), Drosophila pseudoobscura (Noor et al., 2000), Drosophila subobscura
(Pascual et al., 2000) and D. virilis (Schlötterer &
Harr, 2000), show that these species all have the same
predominance of dinucleotide microsatellites over tri-,
and tetranucleotides, and the same higher frequency
of (AC/GT)n repeat motifs relative to (AG/CT)n,
(AT/TA)n or (CG/GC)n repeats. However, these species all have somewhat longer microsatellites than
D. melanogaster, and those of D. virilis also appear to
be more variable (Schlötterer & Harr, 2000).
In this study, we report the results of the isolation
and characterization of novel microsatellites from two
additional species, Drosophila dunni and Drosophila
nigrodunni, both members of the Drosophila cardini
species group. These taxa are distantly related to all of
the Drosophila species for which microsatellites have
thus far been characterized. D. virilis, the only member
of the Drosophila subgenus from which microsatellites
have been described, is the most closely related to the
D. cardini group, although the virilis–repleta radiation
diverged from the remainder of the subgenus relatively
early in the Drosophila radiation (Throckmorton,
1975), perhaps as long as 46 million years ago (Beverly
& Wilson, 1984). The D. cardini group contains 19
species and subspecies restricted to tropical and subtropical climates in the new world (Heed & Russell,
1971). This group includes the D. dunni subgroup,
which contains ten species and subspecies that are
restricted to the islands of Eastern Caribbean (Heed &
Krishnamurthy, 1959). The two species that we focus
on, D. dunni dunni and D. nigrodunni, are members of
this subgroup and are endemic to the islands of Puerto
Rico and Barbados, respectively. It is our goal to develop microsatellite loci that can be used to describe
the population structure of various members of the
D. dunni subgroup. Our work with these species is
part of our larger aim to elucidate the evolutionary
history of these endemic island taxa and to understand the genetics of their remarkable interspeciﬁc
cline in abdominal pigmentation (e.g. Hollocher
et al., 2000 a, 2000 b). Here, we have developed novel
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microsatellites from these species in order : (1) to compare the genomic composition of microsatellites from
the D. dunni subgroup with that of other Drosophila
taxa ; (2) to assay microsatellite variation in a natural
population of a third member of the D. dunni subgroup;
and (3) to analyze the ampliﬁcation properties of the
novel microsatellites across the entire D. cardini group,
as well as members of closely related species groups, in
order to assess the breadth of utility of these genetic
markers.
2. Methods
(i) Drosophila strains
The following representatives of the D. cardini
species group were obtained from National Drosophila Species Resource Center in Bowling Green, Ohio,
and used both in the creation of microsatellite libraries
and to assess DNA ampliﬁcation across the D. cardini
species group : Drosophila acutilabella (15181-2171.2),
Drosophila antillea (15182-2251.0), Drosophila arawakana arawakana (15182-2261.0), Drosophila belladunni (15182-2271.0), D. cardini (15181-2181.9),
Drosophila caribiana (15182-2281.0), D. dunni dunni
(15182-2291.0), Drosophila neocardini (15181-2201.0),
D. nigrodunni (15182-2311.1) Drosophila polymorpha
(15181-2231.2) and Drosophila procardinoides (151812241.0). Specimens of Drosophila similis similis were
taken from the isofemale line Vermont 15(C) collected by H. Hollocher in July 1996 on the island of
St Vincent.
The ampliﬁcation of microsatellite loci from outside
the D. cardini species group was performed using the
following strains obtained from the National Drosophila Species Resource Center in Bowling Green,
Ohio : Drosophila ornatipennis (Drosophila calloptera
group, 15160-2121.0), Drosophila guarani (D. guarani
group, 15172-2151.1) and Drosophila crocina (Drosophila tripunctata group, 15220-2341.0). Additionally,
Drosophila deﬂecta (Drosophila quinaria group) was
tested using a strain collected from Princeton, NJ, in
August 1999 by J. Wilder and E. Dyreson.
The variability of the novel microsatellites was assessed in the species D. arawakana arawakana. We
scored 25 individuals from each of two collecting sites
(Matouba and L’Ermitage) on the island of Guadeloupe, French West Indies. Specimens were collected in
the wild by J. Wilder during June and July of 1999.
Flies were caught using a bait of rotting Cucurbita
moschata (tropical pumpkin) and stored in 70 %
ethanol in the ﬁeld.
(ii) Microsatellite isolation from D. nigrodunni and
D. dunni dunni
We isolated microsatellites from two species, D. nigrodunni and D. dunni dunni, by separately screening
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genomic libraries from each species using tandemly
repetitive oligonucleotide probes, following a protocol
similar to that initially described by Tautz & Renz
(1984). Except where noted, the isolation procedure
was identical for each of the species that we screened
in this experiment. We extracted DNA from a pool
of y200 starved male and female ﬂies. The DNA was
digested with Sau3AI and RsaI and then cloned
into the BamHI and HincII sites of the pBluescript II
KS (+/x) cloning vector (Stratagene). Before cloning, a portion of the digested D. nigrodunni DNA was
size selected for 200–600 bp fragments by electrophoresis and puriﬁcation from a 1 % agarose gel.
Both this size-selected portion of the D. nigrodunni
genomic library, and the non-size-selected D. nigrodunni and D. dunni dunni genomic libraries were transformed into competent DH5 Escherichia coli cells
(Gibco).
Cells from each of the genomic libraries were ﬁxed to
membranes using two diﬀerent techniques. The sizeselected portion of the D. nigrodunni library was lifted
directly onto Magna nitrocellulose membranes. For
the remainder of the D. nigrodunni library, and the
entire D. dunni dunni library, colonies were picked at
random from the plates and individually placed into
wells containing 100 ml TB on a 96-well microtiter
plate. After overnight growth, cells were transferred
from the microtiter plates to Hybond N+ membranes
using a dot-blot apparatus. Cells were ﬁxed to the
membranes in 0.4 M NaOH.
Once aﬃxed to membranes, the libraries were probed for di-, tri- and tetranucleotide repeats. Membranes were allowed to hybridize with 20 ng of each of
the following probes, which were end-labeled with [ 33P]dATP : (AG)15, (AC)15, (CAG)10, (CGG)10, (AAAC)7,
and (AAAT)7. Overnight hybridizations of di-, tri-, and
tetranucleotides were each performed separately in
30 ml of 55 xC Church’s Buﬀer. After hybridization,
membranes were washed for 30 min in 55 xC 2rSSC/
0.1% SDS solution and then exposed for 48 h on
BioMax MR autoradiography ﬁlm (Kodak). Oligonucleotides were stripped from each membrane between hybridizations by a 30 min wash in boiling 0.5 %
SDS. Inserts from positive colonies were sequenced
with pBluescript T3 and T7 primers using either an
AmpliCycle manual sequencing kit (Perkin Elmer)
or the ABIPRISM 377 automated DNA sequencer
(Perkin Elmer) maintained by the Princeton University
synthesizing /sequencing facility.
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products 100–300 bp long. Primer conditions were
optimized in the species of origin for each microsatellite. Conditions were optimized by varying ampliﬁcation conditions until only a single clear band
was visible when the products were electrophoresed on
a 2% agarose gel. Template DNA for each ampliﬁcation was isolated from males using single-ﬂy squish
preps (Gloor et al., 1993). Each 10 ml ampliﬁcation
reaction contained 200 mM dNTPS, 1 l 10rbuﬀer, 1 U
TAQ polymerase, 1–1.5 ml from a 50 ml squish DNA
preparation and 1.0 mM of each primer. DNA ampliﬁcation reactions consisted of an initial incubation at
94 xC for 3 min, followed by 30–35 cycles of 45 sec at
94 xC, 1 min at 52–55 xC (Table 1) and 30 sec at 72 xC.
Heterozygosity at each locus was assessed by scoring
the ampliﬁcation products from wild-caught D. arawakana arawakana specimens. Primer concentrations
were altered to contain 0.5 mM upper primer labeled
with [ 33P]-dATP, 0.5 mM unlabelled upper primer, and
1.0 mM unlabelled lower primer. Ampliﬁcation products were separated by electrophoresis on a 6 %
polyacrylimide gel. Gels were visualized by exposure to
BioMax MR ﬁlm (Kodak) for 1– 4 days.
(iv) Cross-species microsatellite utility
Each primer pair was tested in each of the 12 species
from the D. cardini group listed above. Although this
set of species does not constitute the entire D. cardini
group, representatives from each major clade were
used in this analysis (Heed & Russell, 1971 ; Hollocher
et al., unpublished data). DNA ampliﬁcations for each
species were performed at the temperatures listed in
Table 1. The resulting products were sized on a 2 %
agarose gel using a 100 bp ladder (Promega). Positive
results were considered to be any DNA ampliﬁcation
that produced a product within 50 bp of the fragment
size from the focal species. Primer pairs were also
tested using the same protocol for members of the
D. calloptera, D. guarani, D. tripunctata and D. quinaria species groups as listed above.
The complete sequences of the clones containing the eight microsatellites for which we designed
primers were also screened against the D. melanogaster
genome using a BLAST search in order to check for
conservation of microsatellites or microsatellite ﬂanking regions in this species.

3. Results
(iii) Microsatellite primer design and DNA
ampliﬁcation conditions

(i) Microsatellite isolation and characterization from
the D. dunni species group

We designed primers in microsatellite ﬂanking regions
using the program Primer 3.0 (http ://www-genome.wi.
mit.edu/genome–software/other/primer3.html). Primers were designed to produce DNA ampliﬁcation

Of the 1056 D. nigrodunni clones and 768 D. dunni
dunni clones that we screened in our genomic libraries,
134 (12.7 %) and 95 (12.4 %), respectively, showed
homology to one or more oligonucleotide probes. We
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54.5
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211
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0.589

GTCAAAAGCGTTTAGTGTGTGG
GCTTTGTGTCAGTCAGTTTTGT
CCGAAAGAAGATAAGAAAGGAAA
GAGAGTAATGGAGAGCAGCAAAC
CACAACGTGGCGTATGAATAAT
CGACACAGCGTTTTACATGAAT
CTGTTGTTATTAGCCTCTGAGC
GATGTTGTGTTAAAAAGGTTTCTG
GGCATTTCATTTGTTGCCTT
AAATTTCCACCACCTTTCCC
GCAGAAACCAAATAGATACAGGG
GTTGTCCTCCCTTGGTCACTTTG
CGCTGACCAAATCCAAGTGC
CAAGAAACCAAAATAGGCATTC
TAGGCAGGTAAACAGACAGG
GTTTTCATCGCCAGGACTC
0.806
7
55.0
AF453651
ND10

(AC)13

129

0.818

Primer sequences (5kp3k)
He
Ho
Melting
point (xC)
GenBank
Accession

Repeat motif

Size
(bp)

No. of
alleles
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Locus

Table 1. Characteristics of microsatellites isolated and successfully ampliﬁed in this study. Repeat motif is based on the sequence from the species of origin,
as is the PCR fragment size. Number of alleles and expected (He) and observed (Ho) heterozygosity were estimated from 50 wild-caught D. arawakana
individuals. Loci isolated from D. dunni dunni start with the preﬁx ‘ D ’, whereas loci isolated from D. nigrodunni start with the preﬁx ‘ND ’
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sequenced 40 positive clones from D. nigrodunni and
42 positive clones from the D. dunni dunni library.
Sequence data were obtained ﬁrst from clones that
hybridized strongly with di-, tri- and tetranucleotide
repeat types, followed by those that hybridized with
at least two of the three types, and ﬁnally with those
that hybridized strongly with dinucleotide repeats. The
sequence data showed that 25 positive clones from
each species contained at least one microsatellite with a
repeat length of four or more, making the overall efﬁciency of the screens y60 % in each species. The efﬁciency of the subset of D. nigrodunni clones that we
size-selected to contain only genomic inserts from 200–
600 bp showed a similar eﬃciency of 15 out of 24 clones
(62.5%). However, microsatellites isolated from these
size-selected clones tended to be near the ends of the
inserts, limiting our ability to design usable primers in
many cases.
Several clones contained more than one microsatellite, giving us a total of 77 microsatellites (45 from
D. nigrodunni and 32 from D. dunni dunni). Of these,
57 (74.0 %) were dinucleotide repeats, 12 (15.6 %) were
trinucleotides and eight (10.4%) were tetranucleotides
(Table 2). Of the eight tetranucleotides isolated, two
were found within mini-me retroposons (Wilder &
Hollocher, 2001), limiting their use as unique genomic
markers. The lengths of microsatellites that we isolated
among D. dunni dunni and D. nigrodunni were relatively
short, with mean lengths of 9.9, 4.5 and 8.4 repeat
units for di-, tri- and tetranucleotides, respectively. In
D. nigrodunni, 26 of 33 (78.8 %) dinucleotide microsatellites were composed of the motif (AC/TG)n,
whereas six (18.2 %) were (AG/TC)n, and two (6.1%)
were (AT/TA)n. D. dunni dunni dinucleotides were
distributed more evenly among repeat motifs, with
nine of 25 (36.0%) (AC/TG)n, nine (36.0 %) (AG/
TC)n, six (24.0 %) (AT/TA)n and one (4.0 %) (CG/
GC)n.

(ii) Microsatellite variability
We developed DNA ampliﬁcation primers for eight
microsatellites isolated from separate clones in the
genomic libraries of D. nigrodunni and D. dunni dunni
(Table 1). Primers were developed for three more loci,
but these were rejected because they did not produce
ampliﬁcation products that could be unambiguously
scored in D. arawakana arawakana. Each of the loci
that we scored was found to be highly polymorphic,
with a range of ﬁve to 20 alleles (mean of 12.3 alleles)
in the 50 individuals sampled from Guadeloupe. The
observed heterozygosities (Ho) of each locus were
high, ranging from 0.59 to 0.89, with a mean of 0.76.
Variability at each of these loci showed few obvious
deviations from a basic stepwise mutation pattern.
Two loci, ND9F7 and ND21, each had a single allele of
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Table 2. The number and mean repeat lengths of microsatellites isolated in this study. Average dinucleotide
lengths are also provided for other Drosophila species for which data are available

Species

No. double Mean double- No. triple Mean triple- No. quadruple Mean quadruplerepeats
repeat length repeats
repeat length repeats
repeat length

Drosophila nigrodunni
Drosophila dunni dunni
Drosophila melanogaster*
Drosophila pseudoobscura#
Drosophila subobscura$
Drosophila virilis·

33
25
41
35
96
26

*
#
$
·

10.8
8.6
10.1
11.7
14.9
12.7

8
4
–
–
–
–

5.0
3.6
–
–
–
–

4
4
–
–
–
–

8.5
8.3
–
–
–
–

From Schug et al. (1998 b).
From Noor et al. (2000).
From Pascual et al. (2000).
From Schlötterer & Harr (2000).

a size class inconsistent with the addition or subtraction of dinucleotide repeats. These odd-sized alleles
each appeared at a low frequency (only once out of the
50 individuals sampled). The odd-sized allele at locus
ND9F7 is unusually large, indicating that it might be
the product of an insertion mutation in the microsatellite ﬂanking region. Locus D3F11 showed several
deviations from a stepwise mutation pattern, with
many odd-sized alleles and several unusually large
alleles, indicating either non-stepwise mutations in
the repeat tract or size polymorphisms in the microsatellite ﬂanking regions.
We use the mean estimated value of Ho (H ) across
loci to predict the eﬀective population size (Ne) of
D. arawakana arawakana from the island of Guadeloupe. Under the stepwise model of microsatellite
mutation (SMM; Ohta & Kimura, 1973), the relationship between H and Ne is : 1xH=1/m(1+8Ne m).
The per generation mutation rate ( m) of microsatellites
has been empirically estimated in D. melanogaster
at 9.3r10x6 for dinucleotide repeats (Schug et al.,
1998 b). Assuming that this is the mutation rate in
D. arawakana as well, we estimate Ne to be y2.3r105.
Under an inﬁnite-alleles model (IAM) of microsatellite
mutation (Kimura & Crow, 1964), the relationship of
Ne to H is Ne=H/[4(1xH)]. Under this model, our
estimate of Ne is y8.5r104.
(iii) Cross-species microsatellite utility
The eight microsatellites that we developed from
D. nigrodunni and D. dunni dunni performed extremely
well in tests of cross-species utility within the D. cardini
species group. Although we could not measure population-level variability in other species, we did check
for the presence of DNA ampliﬁcation products of
the expected length in each member of the D. dunni
subgroup and in representatives of each of the more
distantly related clades of the D. cardini group (Fig. 1).
Each locus ampliﬁed successfully in all members of the

D. dunni subgroup, with the exception of microsatellite
ND21, which produced no DNA ampliﬁcation product in D. dunni dunni. When the primer pairs were
extended for use among more distantly related species
within the group, DNA ampliﬁcation products were
reliably produced in every species for ﬁve of the eight
microsatellites tested. One microsatellite locus, D7B2,
failed to amplify in one species, D. polymorpha. D9F7
produced an ampliﬁcation product in all species but
D. belladunni, D. acutilabella, and D. polymorpha.
Locus ND21 did not perform well outside the D. dunni
subgroup (or in D. dunni dunni, as discussed above),
failing to amplify in D. dunni dunni, D. belladunni,
D. acutilabella, D. procardinoides, D. neocardini,
D. polymorpha and D. cardini.
Outside the D. cardini species group, the apparent
utility of the microsatellites became much less. In
general, microsatellites did not amplify consistently
in any of the test species. Only two loci ampliﬁed
successfully in the D. quinaria and D. calloptera representatives, three loci ampliﬁed in D. guarani and
ﬁve loci ampliﬁed in the D. tripunctata representative. The microsatellite loci varied considerably in
their cross-group utility. One locus, ND46 worked
broadly in every species surveyed. Two loci, ND10 and
ND43a failed to amplify in any non-cardini-group
species. The remaining ﬁve loci ampliﬁed successfully
in either one or two of the test species, as detailed
in Fig. 1.
To check for the presence of the microsatellites over
even greater phylogenetic distances, we performed
BLAST searches of each of the eight microsatellitecontaining sequences against the entire D. melanogaster genome. Only two cases, loci D4G6 and ND10,
identiﬁed similar sequence regions in D. melanogaster
(both had E values <10x9). Locus D4G6 corresponds
to an intron region of the nemo gene on chromosome
3L (map region 66A22-66B5) and locus ND10 corresponds to an unannotated region near the predicted gene CG14247 on chromosome 3R (map region
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Microsatellite locus
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+

+

+

+

+

+

+

D. a. kittensis
D. nigrodunni

+

+

+

+

+

+

+

+

D. antillea
D. caribiana

+
+

+
+

+
+

+
+

+
+

+
+

+
+

+
+

D. s. similis
D. s. grenadensis
D. d. dunni
D. d. thomasensis

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

–

D. belladunni

+

+

+

+

+

+

–

–

D. acutilabella
D. cardinoides
D. parthenogenetica
D. procardinoides
D. neocardini
D. neomorpha
D. polymorpha

+

+

+

+

+

+

–

–

+
+

+
+

+
+

+
+

+
+

+
+

+
+

–
–

+

+

+

+

+

–

–

–
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D. guarani group
D. calloptera group

+
–
–

+
–
–

+
+
+

+
–
–

+
–
–

+
+
–

+
–
+

–
+
–

D. tripunctata group

–

–

+

+

+

+

+

–

D. quinaria group

–

–

+

–

–

–

–

+

Fig. 1. The results of ampliﬁcation trials for 12 species from the Drosophila cardini species group and four species from
the Drosophila calloptera (represented by Drosophila ornatipennis), Drosophila guarani (represented by Drosophila guarani),
Drosophila tripunctata (represented by Drosophila crocina) and Drosophila quinaria (represented by Drosophila deﬂecta)
species groups. The phylogeny of the cardini species group is shown on the left (Hollocher et al., unpublished data), with
species used in this analysis shown in bold type. Although all taxa are members of the same Drosophila lineage
(Throckmorton, 1975), the relationships between groups are uncertain.

97C3-97C4). At both loci, it was possible to align
portions of the microsatellite ﬂanking regions on either
side of the repeat tract. These conserved regions retained approximately the same spacing as the microsatellite ﬂanking regions in the D. dunni subgroup
but the microsatellite itself was completely absent in
D. melanogaster. The portions that appeared conserved
between D. melanogaster and the test species were
generally non-repetitive in nature, indicating that regions with lower overall levels of DNA slippage might
be more evolutionarily stable and thus more likely to
be conserved among taxa.

4. Discussion
We have developed a set of highly polymorphic
microsatellite markers from the D. cardini species
group. The results of our microsatellite screens of
D. dunni dunni and D. nigrodunni show that the overall
composition of microsatellites in these species is similar to that described for D. melanogaster. Microsatellites in these species tend to be quite short, with the
average length of dinucleotide microsatellites for the
two species isolated in our study (9.8 repeat units)

being only slightly less than those isolated using
similar methods from D. melanogaster. As shown in
Table 2, other Drosophila species appear to have longer
microsatellites, with dinucleotide repeats isolated
from D. subobscura (Pascual et al., 2000) averaging
50 % larger than those isolated in this study. Despite
this variability, all Drosophila examined so far and,
indeed, most insects in general, have relatively short
microsatellites relative to other taxa (reviewed in Schug
et al., 1998 b). For D. melanogaster, the diﬀerence has
been attributed to a low mutation rate, estimated at
9.3r10x6 (Schug et al., 1998 a), which is up to three
orders of magnitude lower than estimates for other
organisms (e.g. Dallas, 1992 ; Weber & Wong, 1993;
Ellegren, 1995). Because the microsatellites that we
have isolated from the D. cardini species group share
similar size characteristics to those from D. melanogaster, they probably also share this low mutation rate.
The nucleotide composition of microsatellites in
D. nigrodunni and D. dunni dunni also appear to be
generally similar to that described in other Drosophila.
In all other Drosophila species from which microsatellites have been isolated, dinucleotides are far more
common than either tri- or tetranucleotides. Among
dinucleotides, (AC/GT)n and (AG/CT)n account for
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the great majority of microsatellites identiﬁed through
Drosophila DNA library screens, with (AC/GT)n dinucleotides being many times more common that
(AG/CT)n. Screens of GenBank data have also shown
that (AT)n repeats are common in D. melanogaster, but
it is thought that the self-complementary nature of
(AT)n oligonucleotide probes inhibits their isolation
from plasmid libraries (Schug et al., 1998 b). Our
screens of D. dunni dunni and D. nigrodunni DNA libraries showed the same predominance of dinucleotide
repeats, accounting for 75% of the microsatellites
identiﬁed. In the case of D. nigrodunni, we also observed the same bias seen in other Drosophila species in
favor of (AC/GT)n microsatellites. D. dunni dunni,
however, showed a departure from this pattern. In this
species, we isolated equal numbers of (AC/GT)n and
(AG/CT)n microsatellites (nine of each repeat type). It
is unlikely that the observed diﬀerence in the frequency
of these two repeat types between the two species in our
study is due to chance (G test, P=0.022), nor were
there any procedural diﬀerences that might have affected our library screens. Therefore, it appears that
(AG/CT)n microsatellites are relatively more abundant
in D. dunni dunni than in other Drosophila species.
Bachtrog et al. (2000) have shown that (AG/CT)n
microsatellites have a mutation rate of 0.71 relative
to (AC/GT)n microsatellites in D. melanogaster. It is
interesting to consider that the relatively smaller size
of dinucleotide microsatellites isolated from D. dunni
dunni (Table 2) might be inﬂuenced by the higher
proportion of (AG/CT)n microsatellites.
It was our goal to develop microsatellite loci that
would be useful across the entire D. dunni species
radiation and also broadly useful in the D. cardini
species group. The microsatellites that we present here
generally ﬁt the criteria of working universally across
the D. dunni subgroup. In only one case did a primer
pair fail to work in a species from the subgroup (ND21
in D. dunni dunni). In addition, we wanted to ensure
that the microsatellites that we identiﬁed were polymorphic in as many species as possible. To this end, we
assayed the variability of our loci in D. arawakana,
rather than in one of the species of origin of the
microsatellites. Many studies of microsatellite variability across taxa are subject to what is known as an
‘ascertainment bias ’, where microsatellites are more
variable in the species from which they are derived than
in other species (Ellegren et al., 1995; Forbes et al.,
1995 ; Rubinsztein et al., 1995 ; Goldstein & Pollock,
1997 ; Hutter et al., 1998). Although we could not
mitigate this eﬀect entirely (because part of our criterion in choosing microsatellites was that they have
relatively long repeat tracts), we assayed polymorphism in a third species in order to minimize the
probability of isolating loci that were variable in only
the species of origin. Our study found that all eight
microsatellites repeats for which we designed primers
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were highly polymorphic in D. arawakana arawakana,
indicating that they probably have broad utility
across the subgroup.
Based on the observed levels of heterozygosity at the
eight loci analyzed in D. arawakana arawakana, we
estimate the eﬀective population size of this species on
the island of Guadeloupe to be between 8.5r10 4 and
2.3r105. Because the microsatellites isolated in this
study do not behave exactly as predicted by the IAM or
SMM, as evidenced by the many odd-sized alleles at
locus D3F11, a true estimate of Ne might not be exactly
described by either value. At present, there are no other
genetic data to corroborate this estimate for D. arawakana arawakana, but this method of estimating Ne
using microsatellite data has been explored for several
Drosophila species, including D. pseudoobscura ( Noor
et al., 2000), D. subobscura (Pascual et al., 2000) and
D. melanogaster (Schug et al., 1998 a). Estimates from
these species have each produced results that are
similar to independent estimates derived from singlecopy nuclear genes, indicating that microsatellites
produce reliable estimates of eﬀective population size.
Our values of Ne are much smaller than those from any
of the other Drosophila species, which might be explained by the widespread, weakly structured distribution of these other species compared with the restricted range and spatially structured distribution of
D. arawakana arawakana on the islands of Guadeloupe
and Montserrat. The lower values of Ne might also
reﬂect population bottlenecks associated with island
colonization events, recent volcanic activity or hurricane-related disturbances. Further work using these
microsatellites will help to characterize the populationgenetic parameters of D. arawakana arawakana and
other island endemics from the D. cardini species
group.
Although the microsatellites that we have developed
will clearly be useful for many applications within the
D. cardini species group, our study indicates that these
microsatellites are poorly conserved in species outside the group. The results of our DNA-ampliﬁcation
test show that the loci that we have developed are only
sporadically ampliﬁed in species from closely related
groups. The D. cardini group and three of the test
groups (D. guarani, D. calloptera and D. tripunctata) are
closely related members of the tripunctata radiation,
each with largely neotropical distributions (Throckmorton, 1975). The fourth group (D. quinaria) is not a
member of the tripunctata radiation but is still in the
same major evolutionary lineage as the other groups
tested (Throckmorton, 1975). Despite the very close
relationships between these taxa, it does not appear
that microsatellites developed here will be widely
useful at these deeper phylogenetic levels. Based on
our results, it also appears that microsatellite utility
cannot necessarily be predicted on the basis of
phylogenetic distance alone. As shown in Fig. 1, some
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microsatellites appear to be lost in lineages that are
closely related to the D. dunni subgroup, such as locus
ND9F7 in D. belladunni and D. acutilabella, but
retained in more distantly related species. Thus,
microsatellite conservation (or at least the conservation of microsatellite priming sites) might decline in
a relatively stochastic manner, such that distantly
related species generally share fewer useful microsatellite loci, but the decrease in shared sites is not
always proportional to phylogenetic distance.
In addition to a lack of ampliﬁcation success in
closely related species groups, screening the microsatellites we describe here against the genome of
D. melanogaster reveals that the microsatellite repeat
tracts can be entirely absent in more distantly related
Drosophila species. Even in cases where homologous
ﬂanking regions could be identiﬁed between D. melanogaster and the D. cardini group, the microsatellite
tracts themselves were not shared between species. The
lack of microsatellite conservation between members
of the D. cardini group and D. melanogaster is not
entirely expected based on previous studies of microsatellite conservation across taxa. The Drosophila and
Sophophora subgenera (which, respectively, contain
the D. cardini group and D. melanogaster) diverged
approximately 60 million to 65 million years ago
(Berverly & Wilson, 1984 ; Spicer, 1988), a timescale
that does not preclude the existence of conserved
polymorphic microsatellites. Variable microsatellite
loci have been found to be conserved in a variety of
taxa, such as polistine wasps, turtles and some ﬁsh, for
as long as 144 – 400 million years (Fitzsimmons et al.,
1995; Rico et al., 1996 ; Ezenwa et al., 1998). Compared
to these cases, it appears that Drosophila microsatellites are much more short-lived, even when the
short generation time of Drosophila is accounted for.
The short lifespan of microsatellites in the Drosophila genome might be due to overall selection on
genome size and content. For instance, it has been
shown that the Drosophila genome has a high rate of
DNA loss relative to other organisms owing to selection for relatively small genome size (Petrov & Hartl,
1997; Petrov et al., 2000). Although no studies have
shown microsatellites to be speciﬁc targets for removal
as ‘junk DNA ’, their proclivity for expansion might
make their excision beneﬁcial when selection favors a
small genome. Thus, their frequent removal from the
genome might cause the lack of conservation among
taxa that we observe. In addition to their short persistence time, Drosophila microsatellites appear to be
unstable with regard to repeat-motif content. Studies
from the D. obscura species group have shown that the
composition of microsatellite repeat tracts can change
quite rapidly among very closely related Drosophila
species (Noor et al., 2001). Together, the observations
of a short lifetime in the genome and instability with
respect to repeat-tract composition indicate that the
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mutational processes aﬀecting the lifespan of Drosophila microsatellites might be diﬀerent in many respects from that of other organisms.
Studies of the genus Drosophila have provided great
insights into the variation in microsatellite content
that exists between closely related species. Diﬀerences
between Drosophila species appear to be relatively
modest. Although variation exists, microsatellites tend
to be quite short and evolutionarily unstable. By contrast, many other taxa have much longer microsatellites that can persist for many millions of years.
These diﬀerences indicate that the processes governing
microsatellite evolution vary considerably over evolutionary timescales and can greatly aﬀect the genomic
content of repetitive DNA.
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