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I.  GENERAL INTRODUCTION

Microsatellites or “short tandem repeats” are a special class of tandemly repeated DNA
sequences in which a specific motif of 1-6 bp is repeated up to about 100 times (Tautz and
Schlötterer 1994). Microsatellites have been detected within the genome of every organism
so far analyzed and are often found at frequencies much higher than would be predicted

purely on the basis of genome-wide base composition (Cox and Mirkin 1997; Pupko and
Graur 1999). Microsatellites represent unstable regions of the genome that undergo
mutational changes (usually additions or deletions of repeat units) at rates that are much
greater than that observed for non-repetitive DNA sequences. This instability results in
polymorphic alleles that have been extremely useful in mapping studies (Dib et al. 1996)
and for population genetics. Because of the recent popularity of microsatellites, especially
as genetic marker, much attention has been given to elucidate rates and patterns of
microsatellite mutations.

Mutation mechanism

In contrast to single copy DNA, which evolves through the accumulation of base
substitutions two mechanisms have been proposed to explain the mutation mechanism at
microsatellite loci: DNA polymerase slippage (Levinson and Gutman 1987b; Tautz and
Renz 1984) and unequal crossing over. As shown in fig. I.1., the first model assumes that
during DNA synthesis the two DNA strands can slip against each other and realign out of
register, which results in unpaired repeat loops on either the template or the nascent DNA
strand. If DNA replication resumes without the repair of these loops, the number of repeats
on the newly synthesized strand will either be greater (if the loop was on the nascent strand)

or smaller (if the loop was on the template strand) than the original number of repeats. Most
of these loops are corrected by the mismatch repair system and only the small fraction
which was not repaired results in gains or losses of repeat units (Eisen 1999). Evidence for
the predominant role of polymerase slippage in generating microsatellite variability comes
from the fact that microsatellite instability is unaffected by defects in genes involved in
recombination (Henderson and Petes 1992) but on the other hand is highly affected by
defects in genes with roles in mismatch repair (Levinson and Gutman 1987a).
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Figure I.1.
Model of DNA slippage adding (left part of the figure) or removing (right part of the
figure) one repeat unit
1. First round of DNA replication
2. DNA slippage, causing one repeat unit to loop out (the direction of DNA slippage is

indicated by an arrow)
3. DNA synthesis continues without repair of the loop
4. Second round of DNA replication leads to addition or deletion of one repeat unit in one

of the DNA strands

Mutation model

The question of which theoretical model should be applied to microsatellite data is essential
for the correct determination of population genetic parameters. For example, genetic
differentiation between populations and the number of migrants per generation dependend
upon the assumed mutation model. Three mutation models have been considered for
microsatellite loci (see Box I.1).
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Box I.1.

Mutation models that applied to describe microsatellite mutations

Infinite Alleles Model (IAM):

In this model it is assumed that each new mutation gives rise to an allele that was not
previously present in the population (Kimura and Crow 1964). Applied to microsatellites

this means that a mutation involves any number of tandem repeats and always results in
allele that has not been present before.

Stepwise Mutation Model (SMM):

This model was initially devised to model the distribution of charge differences between
different protein electromorphs (Ohta and Kimura 1973). Deka et al. (1991) suggested that
the evolution of microsatellites could be described by the same mathematical tools since the
mutational process of both approximately conforms to a one step mutation model, i.e. a
model including mutations only to a neighboring state. Therefore, a change in the
electrophoretic mobility in a model of electrophoretic alleles corresponds to a change in
allele size in a model of microsatellite evolution.

Two Phase Model (TPM):

This model, recently introduced for microsatellites by DiRienzo et al. (1994), is an
extension of the Stepwise Mutation Model. It assumes that most mutational changes result
in an increase or decrease by one repeat unit, but infrequent large jumps in repeat number
also occur.

Direct observations of mutations in plasmid systems (Wierdl et al. 1997) as well as the
analysis of germline mutations suggests that mutations at microsatellite loci are more
consistent with a Two Phase Model (Brinkmann et al. 1998; Jones et al. 1999; Twerdi et al.
1999; Weber and Wong 1993). An alternative way to test the adequacy of the theoretical
models for describing microsatellite evolution is to compare the observed distribution of
microsatellite alleles in natural populations to the distribution expected under the
assumptions of different mutation models. The results form these studies are not uniform.
While DiRienzo et al. (1994) showed that allelic variation at 10 dinucleotide repeat loci
could be adequately explained by the Two Phase Model, Valdes et al. (1993) concluded

that the allele frequency distribution at 108 human dinucleotide loci were consistent with
the expectations under a Stepwise Mutation Model (Valdes et al. 1993). The reason for the
contradictory results could be that the mutation process for microsatellites is more complex
than is assumed in the theoretical models and that the basic assumption of mutation-drift-
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equilibrium (that underlies all above explained models) does not hold for most natural
populations.

Factors influencing microsatellite variability

Several lines of evidence suggest that the mutational behavior of microsatellites is a
complex phenomenon involving many different factors that influence the mutation rate at a
given locus. For example the mutational behavior is dependent on the internal structure of a

microsatellite locus. In addition to structural features, general genomic mechanisms may
potentially determine the variability of microsatellite locus. In the following I will briefly
describe some factors:

Repeat number

The influence of the number of repeats on the variability of a microsatellite locus has been
studied in detail by Wierdl et al. (1997) in yeast. The authors constructed a plasmid with
microsatellites of different lengths fused in frame to the URA3 coding sequence. Yeast
cells containing this plasmid are phenotypically URA+. Alterations in the length of the
repeat that change the reading frame can be selected by plating the cells on medium
containing 5-fluoro-orotate (5-FOA), which selects for cells with URA- phenotype. The
important observation from this study was that the rate of instability for a (GT)n

microsatellite increased as the number of repeats extended, indicating that mutation rates
are length dependent. The same length dependence of mutation rates was also seen in
mismatch repair deficient yeast cells ruling out the hypothesis that this effect could be due
to biases in mismatch repair. Length-dependent mutation rates of microsatellites is now
regarded as a general phenomenon not specific to yeast as it could also be observed in
several other taxa including humans (Brinkmann et al. 1998; Jin et al. 1996) and
Drosophila (Colson and Goldstein 1999; Schug et al. 1998; Goldstein and Clark 1995).

Recently, Pupko and Graur (1999) used an alternative approach to study the role of repeat
number in the evolution of microsatellites. The authors compared the observed and
expected frequencies of occurrence of microsatellites in the yeast genome. Interestingly,

their result indicated the mutation rate of a microsatellite is more length dependent than
number-of-repeat dependent, meaning that a microsatellite with four repeats of three
nucleotides (i.e. GAT GAT GAT GAT) has the same chance to mutate than a microsatellite
with six repeats of two nucleotides (i.e. GT GT GT GT GT GT). While this finding
provides an interesting hypothesis its experimental proof is missing so far.
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Repeat motif

Initially, Weber and Wong (1993) presented data showing that tetranucleotide repeats in
humans are more mutable than di- or trinucleotide repeats. However, most subsequent
studies (Chakraborty et al. 1997; Kruglyak et al. 1998; Lee et al. 1999; Schug et al. 1998b)
indicated that dinucleotides have the highest mutation rate, on average, followed by tri- and
tetranucleotide repeats. In addition, for a given size of the repeat unit, the level of
microsatellite polymorphism also seems to depend on the base composition of the repeat
motif (Deka et al. 1999; Schlötterer and Tautz 1992; Bachtrog et al. submitted).

Selection

Selection may influence the variability of a microsatellite locus in two ways. The
microsatellite itself may have an important function in the genome and the role of selection

is to maintain this function by constraining microsatellite variability. Alternatively,
selection may not act on the microsatellite itself but on a DNA region closely linked to the
microsatellite. Under this scenario, the microsatellite could be influenced by selective
processes such as “background selection” or “selective sweeps” (box I.2.) that act on a
linked nucleotide site. As both processes predict lower levels of neutral polymorphism in
regions of low as opposed to high recombination, it can be assumed that the observed
microsatellite variability should reflect this pattern. Thus, it is expected that the position
along the chromosome, where the microsatellite is located determine its variability, with
microsatellites located in low-recombining regions showing a lower lever of variability.

Box I.2.

Selective processes explaining the observed correlation between variability and
recombination rates

Background selection

Removal of strongly deleterious mutations by selection reduces the level of linked, neutral
variation (Charlesworth et al. 1993). It has been shown by computer simulation using

reasonable parameters for the deleterious mutation rate, selection coefficients and
recombination rate that this effect is more pronounced in regions of reduced crossing-over
(Hudson and Kaplan 1995). Therefore, a positive correlation between recombination rate
and neutral polymorphism is expected.

Selective Sweep and hitchhiking

When a selectively favored mutation occurs in a population and is subsequently fixed, the
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frequencies of polymorphisms at linked loci will be altered (Maynard Smith and Haigh
1974). The size of flanking neutral region that will be affected by such a “selective sweep”
depends on the recombination rate and the selection intensity of the favorable mutation. In
this model the correlation between recombination rate and polymorphism is explained by
recurrent fixation of new advantageous mutations.

Background selection and hitchhiking were originally considered to explain the observed
correlation between rates of recombination and level of nucleotide polymorphism in
Drosophila melanogaster (Aquadro et al. 1994; Begun and Aquadro 1992). However, the
same mechanisms are in principle expected to effect levels of microsatellite
polymorphisms, even though the predictions under both models are slightly different for
genomic regions with higher mutation rates like microsatellites (Schlötterer and Wiehe
1999; Schug et al. 1998a; Wiehe 1998). Three recent studies used microsatellites to
examine the influence of selection on the D. melanogaster genome. Schug et al. (1998a)
found that genetic variation at 18 dinucleotide repeat loci in a population of D .

melanogaster from the USA was correlated with recombination rate but they were unable
to attribute this effect to either background selection or hitchhiking. In contrast, two other
studies (Michalakis and Veuille 1996; Schlötterer et al. 1997) failed to detect such a
correlation. However, Schlötterer et al. (1997) identified seven cases of locally reduced
levels of polymorphism at five microsatellite loci in D. melanogaster indicating that
selective sweeps have occurred tightly linked to the microsatellite locus.

Length distribution

All models of microsatellite evolution discussed so far assume an equal probability for an
increase and a decrease in allele size (“symmetrical random walk” of mutations). As a
consequence, the difference in the average number of repeats in isolated populations is
predicted to increase without boundary at a rate proportional to their time of separation
(Goldstein et al. 1995a; Slatkin 1995b). This, however, is not the case: orthologous alleles
of different species are similar in size (FitzSimmons et al. 1995; Garza et al. 1995; Rico et

al. 1996; Schlötterer et al. 1991). This discrepancy has led to attempts to consider
evolutionary processes that may constrain microsatellite array size (box I.3.).

Box I.3.

Models invoked to explain the limitation of microsatellite alleles to a certain size range
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Selection against long microsatellites

Evidence that long microsatellite alleles may be selectively disadvantageous comes from
human diseases that are caused by the expansion of trinucleotide repeats to large sizes
(Djian 1998). Two studies modeled the effect of selection on microsatellite length by
incorporating two reflecting boundaries constraining array size (Feldman et al. 1997; Nauta
and Weissing 1996). Thus, this approach invokes selection to prevent the microsatellite
from both becoming too large and becoming too small.

Mutational bias

In this model, which represents a completely neutral scenario, the probability of a mutation

increasing or decreasing the microsatellite allele length is dependent on the actual size of
the allele. While short alleles have an upward mutation bias, long alleles have a higher
probability to loose repeats, resulting in a downward mutation bias. It was shown that this
mechanism effectively ensures a narrow microsatellite size range (Falush and Iwasa 1999;
Garza et al. 1995; Zhivotovsky et al. 1997). The existence of mutational biases is
experimentally proven in yeast (Wierdl et al. 1997), barn swallows (Primmer et al. 1996)
and primates (Cooper et al. 1999).

Base-substitutions

The rationale behind this model is that point mutations interrupting a microsatellite prevent
it from infinite growth (Kruglyak et al. 1998; Palsboll et al. 1999). While the repeat

number may increase by DNA slippage, point mutations in the microsatellite create two
shorter microsatellites in a single mutational step. This model effectively ensures that array
size never becomes too large.

Mutations in genes that affect microsatellite mutation rates

One prediction of the DNA slippage model is that two different classes of deficiencies
leading to destabilized microsatellites should be observed: those lacking the repair of DNA
loops and those affecting DNA polymerase or cofactors resulting in increased rates of DNA
polymerase slippage. Mutations in genes of the DNA mismatch repair system elevate
greatly (up to 700 fold) microsatellite instability in E. coli (Bichara et al. 2000; Levinson
and Gutman 1987a; Strauss et al. 1997), yeast (Sia et al. 1997; Strand et al. 1993) and
mammalian cells (reviewed in Kolodner and Marsischky 1999; Modrich and Lahue 1996).
Mutations affecting the proofreading exonuclease domaine of the DNA polymerase have
more modest effect. For example, Strand et al. (1993) found that a GT microsatellite of
16.5 repeats in yeast was destabilized only ~ 10 fold by a mutation in the proofreading
domain of polymerase δ. The relatively minor effect of mutations in the proofreading
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domaine was explained by the fact that misaligned repeats are expected to be displaced
from the end of the elongating DNA strand and are thus not accessible for this repair
mechanism. This argument is further supported by the fact that the contribution of the
proofreading exonuclease to the fidelity of microsatellite replication in vitro (Kroutil et al.
1996) and in vivo (Tran et al. 1997) declines as the length of the microsatellite increases.
The length dependent increase in the mutation rates of microsatellites could therefore also
be explained by a mechanism where the contribution of the proofreading exonuclease to
repair loops declines, as the repeat becomes longer.

A further example of a gene whose mutant product results in microsatellite instability is the
yeast RAD27 gene (human FEN1), which encodes a nuclease involved in Okazaki
fragment maturation. A null mutation of this gene results in a 20-200 fold destabilizing

effect on microsatellites containing various repeat unit lengths (Kokoska et al. 1998;
Schweitzer and Livingston 1998).

The proliferating cell nuclear antigen (PCNA) is a replication processivity factor that binds
DNA polymerase δ and ε during replication. Some mutant alleles of the gene encoding

PCNA in yeast lead to defects in DNA replication (Amin and Holm 1996), some alleles
affect UV-sensitivity (indicating a deficiency in nucleotide excision repair) while some

alleles affect the level of spontaneous mutations (indicating a deficiency in DNA mismatch
repair system). Because some of the mutant strains do not exhibit a DNA replication defect,
the role of PCNA in DNA repair is assumed to be separated from its role as a DNA
polymerase processivity factor. Kokoska et al. (1999) analyzed the effect of mutations in
PCNA on the instability of microsatellites and minisatellites (where one repeat unit is > 15
bp) in yeast. It has previously been shown (Sia et al. 1997) that, in marked contrast to
microsatellites, defects in mismatch repair genes does not effect rates of minisatellite
instability. However, mutations in PCNA affected both, microsatellites, where an ~ 150
fold increase in the mutation rate was observed, and minisatellite mutation rates. Kokoska
et al. (1999) showed that the destabilizing effect on microsatellites was due that a DNA
mismatch repair deficiency but the effect on minisatellites reflected increased DNA

polymerase slippage.

The role of repair mechanisms in vivo is to remove misincorporated bases after DNA
replication. To distinguish the misincorporated base from its unmutated template a strand
specificity system is necessary. In E. coli, this strand specificity is provided by patterns of
adenin methylation in d(GATC) sequences (Friedberg et al. 1995). Since this is a
postreplicative modification, recently synthesized sequences exist in a transiently
unmodified state, and the absence of methylation on newly synthesized DNA targets
correction to this strand. However, the level and distribution of 5-methylcytosine in DNA
of higher eukaryotes is normally preserved during replication and thus do not provide a
strand specificity system. In addition, methylation does not exist in Drosophila. Two
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alternative hypotheses could explain strand specificity in these organisms. First, Holmes et

al. (1990) demonstrated the effect of DNA termini on mismatch correction in extracts of
Drosophila and human cells. Repair in extracts of both organisms is efficient and strongly
biased to the incised strand. It was also shown that a single break as much as a kilobase
from the mismatch can direct repair, but the efficiency of correction declines with the
distance from the break.

Furthermore, it has recently been reported that the yeast mismatch repair machinery
interacts with PCNA, which suggests that the mismatch repair machinery may track with
the replication apparatus (Johnson et al. 1996; Umar et al. 1996). Such tracking could
provide an alternative way how strand specificity is achieved in those organisms that do not
differentially mark the newly replicated and template strands.

Frequency distribution of microsatellites

The relative frequency of different dinucleotide repeat motifs varies between species. While
GT/CA microsatellites are most abundant in mammals and Drosophila, TA/AT repeats are
the most frequent type in Arabidopsis thaliana and yeast. In contrast, CT/GA
microsatellites have the lowest frequency in the species mentioned above but are the
predominant repeat type in C. elegans. Analyses in Drosophila showed that the frequency

of a particular repeat type is correlated with the base composition of the underlying
genomic sequence (Bachtrog et al. 1999). For example, genomic regions with high AT-
content showed a significantly higher frequency of AT/TA microsatellites than regions with
low AT-content. It has been shown that eukaryotic genomes differ in their “dinucleotide
abundance”, a measure that is usually assessed by the ratio ρXY XY X Y= ∫ ∫ ∫  , where ∫X

denotes the frequency of the nucleotide X and ∫XY denotes the frequency of the dinucleotide
XY. This relative dinucleotide abundance is thought to result from specificity in the
replication and repair machinery. If differences in this machinery among species result in
differences in the dinucleotide abundance and if this dinucleotide abundance determines the

frequencies of microsatellites in the genome, then the observed differences in microsatellite
frequencies in different taxa could be explained.

The genome of most organisms contains more microsatellites than expected from the
nucleotide frequency. This characteristic enrichment of microsatellites above their
expectation is dependent on the rate of fixation of new slippage mutations. Because
microsatellites are characterized by length mutations, it would be expected that selection
against frameshift mutations in coding microsatellites (with a repeat motif not dividable by
three) reduces the chance of fixation of new mutations and thus the chance for the
enrichment of the repeat. Therefore, coding regions are expected to be less enriched for
microsatellites than non-coding regions. This hypothesis was recently confirmed by
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Metzgar et al. (2000) who showed that for a wide range of species, only tri- and
hexanucleotides are found in significant excess over a wide range of lengths in both coding
and non-coding regions. In contrast, other repeat types were much less frequent in coding
regions than in non-coding regions. This indicates that selection against frameshift
mutations limits the presence of microsatellites in coding regions while microsatellites, that
change their length by multiples of three, are evolving neutral (because they show the same
over-representation in coding and non-coding regions). Consistent with this, Michalakis
and Veuille (1996) found no evidence for selection acting on 11 coding trinucleotide loci in
Drosophila. However, there are also some very prominent examples of coding trinucleotide
repeats that are not evolving completely neutral. In humans, several diseases are known to
be due to an excessive number of CAG repeats in the coding region of different genes

(trinucleotide expansions). There may also be rare cases in which coding microsatellites
(other than tri- or hexanucleotides) may be not only neutral but of adaptive advantage,
especially in organisms that have to adapt rapidly to changing environments. Hood et al.
(1996) reported a case where they identified novel virulence genes in Haemophilus

influenza, that were generated by changes in the repeat number of a tetranucleotide repeat
in the coding region.

Functional role of microsatellites

Recently, a functional role of microsatellites such as regulation of gene expression was
suggested. Microsatellites were seen as mutational hot spots that provide a major source of
quantitative genetic variation and evolutionary adaptation (Kashi et al. 1997). This role of
microsatellites would enable a population to quickly recover genetic variation that has
previously been lost by genetic drift and to rapidly adjust to specific evolutionary demands
(Foster and Trimarchi 1994; Rosenberg et al. 1994). Consistent with this hypothesis there is
now increasing evidence that microsatellites might function as regulatory elements in the
genome of prokaryotes as well as of eukaryotes. Gur-Arie et al. (2000) pursued a computer-
based genome-wide screening of all microsatellites in the E. coli genome and their location

relative to open reading frames (ORF’s). They found that a substantial number of
microsatellites were located in regions where they could affect gene regulation (within 200
bp from start of translation). There are also numerous instances in which microsatellites can
be found in upstream promotor regions regulating gene expression in eukaryotes. For
example, the regulation of a number of genes are dependent on binding of the transcription
factor GAGA to a short CT microsatellite stretch present in the promotor or first intron of
these genes (Biggin and Tjian 1988; Gilmour et al. 1989). Binding of GAGA appears to
activate transcription by clearing nucleosomes from the promotor or by insulating the gene
from position effect (O'Donnell et al. 1994). The presence of a microsatellite in upstream
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regulatory elements is not only affecting the gene expression in an on/off manner but also
in a quantitative manner. It was shown that regulatory microsatellites are length variable
and that the number of repeats may partly be responsible for differences in transcriptional
activity (Akai et al. 1999; Okladnova et al. 1998). The most direct association of a
microsatellite sequence with quantitative function is provided by the threonine-glycin
repeat within the Drosophila period clock gene. This repeat is polymorphic with two major
variants in natural populations that are distributed as a highly significant latitudinal cline.
The length variation is related to the flies’ ability to maintain a circadian period at different
temperatures and is therefore maintained by selection (Sawyer et al. 1997).

Several authors suggested another functional role of microsatellites and showed that simple
dinucleotide repeats might function as recombination hot spots (Bailey et al. 1998; Bullock

et al. 1986; Murphy and Stringer 1986; Stringer 1985; Treco and Arnheim 1986; Wahls et

al. 1990). Several explanations have been put forward to explain the recombination
stimulating effect of microsatellites. For E. coli, it was speculated that the mechanism by
which a GT/CA microsatellite stimulate recombination might involve the formation of Z-
DNA (Murphy and Stringer 1986). An alternative explanation was presented for
eukaryotes. Because certain dinucleotide repeats are free of nucleosomes (Firulli et al.
1994; Lu et al. 1993) it was argued that such regions would be preferentially exposed to the
recombination machinery.

Additional evidence for a functional role of microsatellites comes from the fact that the
distribution of both GT/CA and CT/GA repeats in D. melanogaster correlates with
transkriptional activity, the ability to undergo meiotic recombination and dosage

compensation (Lowenhaupt et al. 1989; Pardue et al. 1987).

Functional coding or regulatory microsatellites mutate at high rates. This implies that the
phenotype of an individual slightly changes as a result of a mutation at a microsatellite.
Thus, any putative functional role needs either to tolerate the high mutation probability at
microsatellite loci or selection has to limit microsatellite length changes. Given the huge
number of microsatellites in the genome (at least one microsatellite per 5 kb) and their high
potential to alter the phenotype, it is hard to imagine how selection could assure a
phenotypic constancy. Thus, a functional coding or regulatory role of microsatellites would
almost certainly be disadvantageous for the individual.

In summary, microsatellite evolution seems to be a neutral phenomenon (Charlesworth et

al. 1994). The vast majority of microsatellites are of no functional importance and their
mutational behavior is to a large extent determined by structural features of the
microsatellite like repeat number and repeat type.
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II. A IM OF THE STUDY

As outlined in the introduction, the evolutionary dynamics of microsatellites are not yet
fully understood. With an increasing amount of available data, it is becoming clear that
accounting for the observed microsatellite variability is a more complex problem than

initially assumed. To maximize the information gained from microsatellite data, it is
essential to develop models that describe their evolution accurately. This study used several
ways to analyze the evolution of microsatellites.

•  Paragraphs V. to VIII. aimed to describe the mutational behavior of microsatellites from
comparisons across different species, therefore analyzing the mutations that happened
in the past during the evolution of species. A comparison across species is advantageous
because a long time interval has passed during which many slippage mutations might
have occurred. Compared to the small numbers of observations of mutations in
pedigrees, this approach provides a more accurate picture of microsatellite evolution
because it is based on many mutational events. In this study, different approaches were
pursued including comparisons of microsatellite variability and repeat structure across

different Drosophila species as well as analyses of how microsatellites arise and how
long they persist in the genome.

•  The analyses mentioned above describe mutation patterns of microsatellites. However,
from these data it is difficult to obtain reliable estimates for the mutation rate of
microsatellite loci. Thus, direct observations of mutations are preferable. As shown in
section IV, one strategy to calculate mutation rates is to use several inbred lines, which
have been propagated in parallel for many generations.

•  Finally, to analyze the applicability of microsatellites, their potential use for
phylogenetic reconstruction of closely related species was explored in section IX.
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III. D ATA ANALYSIS

Effect of inbreeding

Drosophila flies are usually kept in the laboratory as isofemale “lines”. A single,
inseminated female Drosophila is caught from the wild and transferred to a vial. The
progeny of this female is then propagated by full-sib-mating. Several of the Drosophila
lines used have been propagated in the laboratory at small population sizes; therefore most
individuals were homozygous due to genetic drift. To minimize the bias introduced by the
effect of inbreeding in small laboratory populations only a single randomly selected allele
was scored for inbred lines (see tables XII.1.-4.) Both alleles, however, were scored in F1
individuals.

Commonly used measurements of genetic polymorphism within a
population

Measurements used for microsatellite variability

Both microsatellite specific variability measurements introduced in the following were
calculated with the program MICROSAT (Minch et al. 1995).

Expected heterozygosity or gene diversity

This index is defined as the probability that two variants taken at random from the
population are different from each other (Nei 1973). An unbiased estimate for each
locus/population (species) combination can be obtained directly from the gene frequencies
according to the formula

H xi
i

m

= −
=
∑1 2

1

,

where xi is the frequency of allele i and m is the total number of alleles at the locus.

Expected heterozygosities were corrected for small sample sizes with 
n

n −( )1
 for inbred
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lines and 
2

2 1
n

n −( )
 for F1 individuals, where both chromosomes were scored (n is the

number of individuals).

Variance in repeat number

The absolute amount of genetic variability in a population can alternatively be expressed in
terms of the parameter Θ which is equivalent to the product of effective population size

(Ne) and the mutation rate (µ):

θ µ= 4Ne .

Moran (1975) showed that under the strict stepwise mutation model and at mutation-drift
equilibrium the variance in repeat number (V) of a population sample of microsatellite
alleles is a simple function of the parameter Θ:

V = θ .

The parameter “variance in repeat number” is therefore an appropriate measurement for the
amount of variability present at a microsatellite locus.

Measurements used for DNA sequence variability

One appropriate measure of polymorphism for DNA sequences is the “average number of
nucleotide differences per site” or “nucleotide diversity” between any two randomly chosen
sequences (Nei and Li 1979). This measure is denoted by π:

π π= ∑ x xi j ij
ij

,

where xi and xj are the frequencies of the ith  and the jth type of DNA sequences,
respectively, and πij is the proportion of different nucleotides between the ith and the jth

type of DNA sequence. The average number of nucleotide differences was computed using
the program DNASP 3.14 (Rozas and Rozas 1997).

Genetic distances, phylogenetic reconstruction and sequence alignment

Genetic distances from microsatellite data

A genetic distance is defined as a quantitative measure of genetic difference (at the
sequence level or at the allele frequency level) that is calculated between individuals,

populations or species. In the non-equilibrium model, where two populations keep
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diverging from one another genetically through time, a suitable genetic distance measure is
one that is proportional to the time since divergence of the two populations. Genetic
distances, as a measure of the evolutionary divergence, is necessarily dependent on the
mode and frequency of mutations that have occurred since the time of the common
ancestor. Therefore, measurements of genetic distances were introduced that are based on
different mutation models.

Model-based genetic distances

The most widely used distance measure based on the Infinite Alleles Model is Nei’s
standard distance (Nei 1972):

G
p q

p q
st

i i

i i

= −












∑
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ln
2 2

, where pi and qi are the allele frequencies in population p and q.

It can be shown that the expected value of Gst is e T−2µ when the ancestral and the derived
population have the same effective population size, and this does not vary in time (Weir
1996). Thus, Gst is directly proportional to time since divergence.

According to the Stepwise Mutation Model, mutations at microsatellite alleles tend to result
in alleles that are similar in size to the alleles from which they were derived. Therefore, the

difference in repeat number between alleles carries information about the amount of time
that has passed since they shared a common ancestral allele. The distance measure (δµ)2

introduced by Goldstein et al. (1995b) makes use of this difference in size between alleles.
It is defined as the squared difference in mean allele size between two separate populations:

δµ µ µ( ) = −( )2 2

X Y , where µX, µY is the average number of repeats in population X and Y.

Like Gst, (δµ)2 is independent of population size and therefore allows direct estimation of

divergence times if the mutation rate is known. The expected value of (δµ)2 is 2µT.

Model-free genetic distances

If two groups of individuals have diverged only recently and if the mutation rate is not too
high, most differences between the groups can be attributed purely to the effects of random
genetic drift. These assumptions are often met in studies of genetic differentiation between
populations of a single species. Under these conditions the model-free genetic distances are
superior (see below).

One important advantage of using microsatellite loci for phylogenetic reconstruction is that
several individuals may easily be typed for multiple loci. Because microsatellites are
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typically highly polymorphic with many different alleles at a single locus it may be
possible to define each individual uniquely. This implies that distance measures based on a
simple “allele-sharing” criterion may be calculated between individuals thus providing a
way to reconstruct a phylogeny by using individuals as “OTU’s” (operational taxonomic
units) rather than populations or species. Bowcock et al. (1994) were the first using this
approach. They reconstructed a tree of human individuals that reflected their geographic
origin very well. According to these authors the “allele-sharing” distance measure (DAS) is
defined as:

D
number of shared alleles

nAS
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n

= −
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, where n is the number of loci compared.

The distance DAS can also be calculated among populations.

Performance of distance measures

Goldstein et al. (1995a) used computer simulation to evaluated the performance of the

different distance measurements. They showed that after sufficient time has passed
(approximately 1000 simulated generations), both Das and Gst are beginning to asymptote
(i.e. are no longer proportional to time) but (δµ)2 remains linear. In contrast, for shorter

divergence times (approximately 300 simulated generations) DAS seems to perform better
(Takezaki and Nei 1996).

Phylogenetic reconstruction

Two approaches to select a phylogenetic tree on the basis of the data can be distinguished:
the method may use a criterion (i.e. Maximum Likelihood) by which alternative trees can
be compared or it may use an algorithm (i.e. UPGMA, Neighbor-Joining) that leads to the
determination of a tree. The latter two methods were applied to the genotypic microsatellite
data, while Maximum Likelihood was used to reconstruct phylogenetic trees from DNA
sequence data.

UPGMA (unweighted pair-group method using an arithmetic average)

UPGMA is a clustering algorithm that relies on the assumption of a molecular clock (i.e.
equal rates of evolution among all lineages). It converts genetic distance between different
OTU’s into a phylogenetic tree in stepwise manner. First, a pair of OTU’s is selected that
are most similar to each other (shortest genetic distance). These are joined together to form

a single (composite) OTU. A new distance matrix is then computed by calculating the
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genetic distance from each of the remaining OTU’s to the composite OTU whereas the
distance of the single OTU to the composite OTU is simply the average genetic distance
from the single OTU to all members of the composite OTU. The clustering process is
repeated until only three (composite) OTU’s are left.

Neighbor-Joining (Saitou and Nei 1987)

The method is related to UPGMA but in this algorithm the closest pair (or neighbors) is
chosen in a way to minimize the total length of the tree (i.e. sum of all branchlength). For
each OTU the “net divergence” is calculated as the sum of the divergence of this OTU to
all other OTU’s in the dataset. In the next step a pair of neighbors is selected that minimizes
the so-called “rate-corrected distance”. This “rate-corrected distance” can be seen as the
genetic distance between this pair of OTU’s normalized by their average net divergence.

The neighbors with the smallest rate-corrected distance are then joined to form a combined
unit. The procedure of finding neighbors among the reduced set of OTU’s is repeated until
there are just three (combined) units left. At that point the unrooted tree is fully defined.
The procedure of normalizing distances by their average net divergence accounts for
unequal rates of evolution among taxa. Therefore, Neighbor-Joining does not rely on a
molecular clock.

Quartet Puzzling

The Quartet Puzzling method applies Maximum Likelihood analysis to determine a
phylogenetic tree from sequence data. In general, Maximum Likelihood consists of three
parts. First a model of sequence evolution is specified. Then, based on this model, different
hypotheses about the evolutionary history (i.e. trees) are evaluated in terms of the

probability that the hypothesized history would give rise to the observed data. Finally, the
hypothesis is selected that shows the highest probability. The drawback of Maximum
Likelihood methods is that they are computationally very extensive, as a large number of
different trees must be evaluated. Quartet Puzzling overcomes this limitation. This method
reconstructs a Maximum Likelihood tree from each of the 4

N( ) possible quartets. In the

“puzzling step” the resulting quartet trees are then combined to an overall tree. During this

step the sequences are added sequentially in random order to an already existing subtree.
The position of the new sequence is evaluated under considering all quartets. Finally an
overall tree that relates all N sequences is obtained. In most cases, there is no overall tree
that fits all different quartet trees. Therefore, by repeating the puzzling step several times, a
treespace of possible optimal trees is obtained. The Quartet Puzzling tree is determined as a
majority-rule consensus of all trees that result from multiple runs of the puzzling step.
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Phylogenetic reconstructions using the methods UPGMA and Neighbor-joining were done
with the software package PHYLIP 3.573c (Felsenstein 1996). The computer program
PUZZLE 4.01 (Strimmer and von Haeseler 1996) was used to calculate phylogenetic trees
using the Maximum Likelihood criterion.

Sequence alignment

A correct sequence alignment is crucial to determine a phylogenetic relationship among
nucleotide positions in homologous DNA molecules from multiple taxa. The underlying
assumption of sequence alignments is that differences between sequences are due to two
kinds of events: insertion-deletions (indels) and base-substitutions. The most widely used
approach to find an alignment is to apply the principal of parsimony: the alignment that
postulates the fewest events is the best. To determine the best alignment, knowledge about

the relative frequencies of these different events is needed. Applying the principle of
parsimony requires not only considering the total number of changes in an alignment but
also the location of each substitution relative to other substitutions. For example, Averof et

al. (2000) recently showed that several adjacent nucleotides may change simultaneously,
thus representing only a single mutational event. In general, base substitutions occur more
frequently than insertion-deletion events in non-repetitive DNA (Petrov and Hartl 1998)

The predominant mutation mechanism for repetitive sequences like microsatellites is DNA
slippage, a process that generates indels at a rate at least 100 times higher than is the base-
substitution rate. To align microsatellite sequences under the parsimony criterion, the
higher rate of slippage-based indels in repetitive sequences was incorporated by reducing
the number of base substitutions in the repeat while allowing for indels to account for

variation in repeat number (which is generated by DNA slippage).

Sequences were aligned using Custal W (Thompson et al. 1994) and were afterwards
manually adjusted according to the criteria stated above.

Test of orthology

Fitch (1970) introduced the term “orthologous” for DNA sequences whose independent
evolution reflects a speciation event rather than a gene duplication event. This distinction is
necessary to make because only orthologous sequences reflect the phylogeny of a species.
PCR products that were amplified from a wide range of different species need not
necessarily to be orthologous to each other. Information that is useful to assess orthology is
“synteny”: the presence of neighboring sequences in both genomes that are also
orthologous to each other. This criterion was also used for the analysis described in section

VI. to infer orthology. Each microsatellite locus was amplified with an alternative (partly
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overlapping) set of primers and the PCR product was sequenced. In all cases the sequences
obtained with both primer sets were identical for each species.
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IV. CALCULATION OF MICROSATELLITE MUTATION RATES

IN D. MELANOGASTER

Significance

Recently, a study using inbred Drosophila melanogaster lines reported microsatellite

mutation rates of 6.3x10-6, which is at least one order of magnitude lower than in mammals
(Schug et al. 1997). However, the reported low mutation rates reported for D. melanogaster

microsatellites could be specific to the lines used by Schug et al. (1997). In addition, it is
highly desirable to increase the number of observations, as the mutation rate estimate
obtained by Schug et al. (1997) was only based on a single mutation in 6570 allele
generations. To get an independent estimate for the microsatellite mutation rate in
Drosophila, a different set of lines and microsatellite loci was used to screen for mutations
in almost 10 times as many allele generations (59500).

Results

Twenty-two microsatellite loci were screened for mutations in 119 lines which were
generated in September 1979 (C. Nüsslein-Volhard, pers. comm.) during a large
mutagenesis screen for embryonic lethal mutations (Nüsslein-Volhard, E. Wieschaus and
Kluding 1984). Assuming a generation time of 25 days, the lines were roughly 250
generations old. All microsatellites were located on the second chromosome, which was
maintained over a CyO balancer chromosome. Of the 24 microsatellite loci (22 di-
nucleotide and 2 tri-nucleotide repeats) screened 13 loci were homozygous and 11 loci

were heterozygous (table IV.1).
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Table IV.1

Microsatellite loci analyzed for mutations

Locus Allele 1 Allele 2 (balancer)

Z50409 12 12

Droyanetsb 15 28

Ds01340 14 11

Drogpdha 17 17

Droninac 9 9

G410 6 2

6744 8 8

Ds00762 12 12

Ds08513 0 2

Ds09065/1 16 8

5915 10 0

Drogpad 18 18

Dmmp20 9 9

Dmmaster 8 6

Ds00062 15 12

Ds00361 7 7

Dmelf 8 8

Ds00144 5 5

Ds08687a 4 4

Ds08687b 12 9

Z32225 6 6

G411* Not Sized +2

Ds08011 6 8

Dromhc 10 10

*The size differences are given for the ancestral alleles on both chromosomes

Two types of mutations were observed; loss of one allele and mutation to a novel allele.
The loss of one allele was detected in one line at the loci G411 and DS08011 and in another
line at locus DS08011 only. Both loci are located distal to the CyO break at 58A and are
free to recombine. Thus, the loss of one allele is most likely caused by recombination
between the balancer chromosome and the other second chromosome rather than by a
mutation in the microsatellite. All other mutations were detected at locus Droyanestb. Of
the two ancestral alleles with 84 and 120 bp, only the longer allele was altered. The longer
allele, which is located on the balancer chromosome, has 28 CA repeats. With a reported

average microsatellite length of 10 repeats (Schug et al. 1998b), Droyanestb represents one
of the longest microsatellites in D. melanogaster. Four of the nine observed mutations
changed the repeat number by one. The remaining mutations altered allele size by at least
three repeat units (fig IV.1), indicating that the majority of the mutations do not follow a
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strict stepwise mutation process. Sequence analysis of two mutations demonstrated that
allele size variation is caused by changes in the microsatellite stretch only. The flanking
region was identical for the alleles on the balancer chromosome and the mutagenized
chromosome. No base substitution was detected in the microsatellite stretch of the 94 bp
allele, ruling out that the mutation rate of the shorter allele was influenced by imperfections
in the microsatellite.
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Figure IV.1.

Distribution of observed alleles on the balancer chromosome at locus Droyanetsb

Assuming that microsatellite variation is neutral and that each line is in mutation-drift
equilibrium for both chromosomes, the mutation rate of the 28 repeat allele can be
calculated as 9/(250x119) = 3.0x10-4. This allele specific mutation rate is comparable with
the mutation rate estimates for mammals, which are in the order of 10-3 - 10-5 (Dallas 1992;
Weber and Wong 1993; Ellegren 1995). The mutation rate averaged across all loci is 6.3 x

10-6  (= 9/{2 x 250 x 119 x 24}; 95% CI {1.2 x 10-5, 3.1 x 10-6}) which is similar to that
reported by Schug et al.(1997).

Discussion

Mutation rate estimates

Assuming that microsatellite variation is neutral and each line is in mutation-drift

equilibrium for both chromosomes, the average mutation rate across all loci is 6.3x10-6. The
good agreement of this mutation rate estimate with a previous study (Schug et al. 1997) is
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interesting, as an almost completely different set of microsatellite loci as well as different
D. melanogaster lines was used here. Both studies screened the same number of loci and
observed mutations at a single locus. While Schug et al. (1997) observed only one
mutation, this study detected nine at one locus. This distribution is extremely unlikely to
occur if all loci have the same mutation rate (p<0.0002, binomial). Hence, one highly
variable locus significantly affected the average mutation rate of D. melanogaster

microsatellites, while a large fraction of microsatellite loci remained invariant. The
calculated upper 95% confidence limit for the mutation rate per locus per generation is
2.1x10-6 for the 23 loci at which no mutation was detected. This confidence limit is one
order of magnitude lower than the estimate obtained by Schug et al. (1997). This
discrepancy results from the larger number of meiotic divisions analyzed in the present

study. The fact that an increase in meitoic divisions did not result in mutations at more loci
indicates that most loci have a very low mutation rate.

If a high mutation rate is characteristic of the Droyanetsb locus then both alleles would
have the same probability of mutation. All mutations, however, occurred at a single allele
only, rejecting the simple model of a highly variable locus (p=0.017, binomial). All
mutations occurred at the Droyanetsb allele with 28 repeats, which is the longest allele in
the study. The second largest microsatellite allele (Drogpad) is 10 repeats shorter. In their
survey of D. melanogaster microsatellites Schug et al. (1998) detected only two
microsatellite loci with more than 21 repeats, indicating that the Droyanetsb allele with 28
repeats is among the longest reported for D. melanogaster.

Mutation rate estimates from natural populations

To compare the results from the direct observation of mutations to the variability of
Droyanetsb in natural populations, three D. melanogaster populations were screened for
microsatellite variability. Variances in repeat number ranged from 19.1 to 41.0 with an
average of 29.9. Previously, variances in repeat number were found to vary between loci.
The reported variances range from 0.0 to 43.0 with an average of 7.6 (see section V.;
Goldstein and Clark 1995; Schlötterer et al. 1997). Thus, the variances observed for
Droyanetsb are higher than for most other loci in D. melanogaster. Assuming a Ne of 106,
and the stepwise mutation model, the average microsatellite mutation rates can be estimated
as 7.5 x 10-6 (µ=V/ 4Ne =29.9/(4x106)). Interestingly, this value is lower than the estimate
for the mutation rate of the long Droyanetsb allele but is close to the mutation rate averaged
across 24 Drosophila microsatellites.
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Parameters influencing microsatellite mutation rate

Recently, it has been proposed that large size differences between microsatellite alleles
result in an increased mutation rate (Amos et al. 1996). The authors tested for the influence
of size differences on the mutation rate by asking if more mutations occurred in offspring
of parents with a larger size difference than of parents with a smaller size difference. A
significant deviation from the 1:1 ratio was interpreted as support for a higher mutation rate
with increasing size difference between alleles. In agreement with this model, the highly
variable Droyanetsb locus has the largest size difference between alleles. While this model
of heterozygote instability should predict that both alleles mutate at the same rate, the
distribution of observed mutations (9:0) does not support this (p=0.017, binomial),
suggesting other causes than size difference between alleles. Additional evidence against

influence of heterozygosity on microsatellite mutation rates is provided by the lines used in
this study. They carried two different second chromosomes, which have been maintained in
permanent heterozygosity, as both chromosomes are lethal in homozygous state. If only
heterozygous loci are considered, the distribution of the observed mutations is not
compatible with equal mutation rates across loci (p<0.0001, binomial). Excluding the
microsatellite locus Droyanetsb, the upper 95% confidence limit for the mutation rate is
5x10-6, which is still lower than that obtained by a study using homozygous lines (Schug et

al. 1997). Nevertheless, it should be considered that the lines used to measure mutation
rates in Drosophila melanogaster, carried a balancer chromosome, which suppresses
recombination. If the heterozygosity effect suggested by Amos et al. (1996) depends on
recombination, then the experimental design used here is not well suited to test this

hypothesis. On the other hand, there is no experimental support that recombination or other
interchromosomal exchange mechanisms are involved in microsatellite mutations. In two
organisms, yeast and E. coli, it has been shown that deficiencies in the recombination
pathway do not result in an increased microsatellite mutation rate (Levinson and Gutman
1987a; Henderson and Petes 1992). Furthermore, studies in humans on polymorphisms
flanking a microsatellite in the Cystic Fibrosis Transmembrane Conductance Regulator
(CFTR) gene demonstrated a microsatellite mutation without exchanges in the flanking
regions (Morral et al. 1991).

An alternative explanation is that mutation rate is dependent on the repeat number at a
given allele. This interpretation is consistent with studies in yeast (Wierdl, et al. 1997).

Using plasmids carrying microsatellites of different length the authors showed that
microsatellite mutation rate increases more than linearly with repeat number. Further
support for a higher mutation rate of longer microsatellites can be found in a recent study in
barn swallows (Primmer et al. 1996). Similarly, a dinucleotide microsatellite locus tightly
linked to HLA-DQB1 in humans provides support for a length dependent mutation rate of
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microsatellites (Jin et al. 1996). Given the wealth of support for the length dependence of
microsatellite mutation rates, the observation of 9 mutations at a single exceptionally long
allele are best explained by a higher mutation rate of the longer allele.
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V. CROSS-SPECIES COMPARISON OF MICROSATELLITE

VARIABILITY

Significance

The level of polymorphism varies wildly among different microsatellite loci within a

species (Chakraborty et al. 1997; Weber and Wong 1993) suggesting a wide diversity in the
underlying mutation rate. Several factors that may potentially influence the mutation rate of
a microsatellite locus were discussed in the introduction. It is, however, not clear if
additional factors, which are not as easy to access experimentally, may contribute to
differences in mutation rates among loci. A cross-species comparison of microsatellite
variability may be useful to address this question. If loci, that do not differ in the above
mentioned factors still show marked differences in their variability and if these differences
are also conserved across different species, additional factors maintaining these differences
must be invoked. This would indicate that each locus has its own locus-specific mutation
rate and that this mutation rate is determined by other factors than those commonly
considered for microsatellites.

The aim of this part of the present work was therefore to compare microsatellite variation
within and between species and to test if the observed differences in variation between
microsatellite loci can be attributed to locus specific mutation rates.

Results

14 dinucleotid and one trinucleotide microsatellite loci (table XII.5.; Material and Methods)

amplifying reliably in D. melanogaster and D. simulans were analyzed on the population
level. A comparison of the allele spectrum between D. melanogaster and D. simulans

indicated that four loci (DS06335b, DS00762, 5915, DS08687b) had an almost completely
different allele spectrum (table V.2.). Seven loci (M32055, sex lethal, 6744, DS08513,
DS00361, DS08687a, G411) had a wider allele size range in D. simulans than in D.

melanogaster. 1.5% - 76.1% of the D. simulans genotypes did not overlap with the D.

melanogaster allele range (table V.2.). Interestingly, only locus G410 had a wider allele
range in D. melanogaster.

Table V.2.
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Microsatellites  amplifying in D. melanogaster and D. simulans.
Locus No. of   alleles        Variance in repeat number                   Size  range % alleles in non-overlapping

region
D. melanogaster D. simulans D. melanogaster D. simulans D. melanogaster D. simulans D. melanogaster D. simulans

DS06335a 11 7 6.49 3.34 84-113 91-117 6.5 1.5

DS06335b 4 3 0.43 0.21 134-144 123-129 100 100

M32055 2 2 0.02 0.12 165-166 164-166 0 13.4

sex lethal 13 10 1.96 2.59 267-282 267-290 0 1.5

DS03641 11 5 2.13 7.25 110-132 112-150 1.7 28.1

G410 15 9 21.93 1.03 124-153 122-135 58.1 13.4

6744 2 4 0.23 0.29 191-193 191-196 0 33.3

DS00762 4 6 0.41 1.08 126-133 116-124 100 100

DS08513 5 9 1.11 1.83 192-205 192-206 0 9.0

5915 8 5 2.76 1.14 116-132 109-115 100 100

DS00361 8 11 17.29 4.79 132-158 141-159 0 1.5

DS08687a 8 12 1.28 8.61 178-186 165-187 0 44.6

DS08687b 10 9 1.32 8.73 164-173 126-169 63.0 98.5

G411 3 7 0.15 2.19 159-163 157-168 0 76.1

DS08011 9 8 5.61 6.79 102-121 98-116 8.2 10.6

The data for D. melanogaster at locus DS6335a, DS6563b, DS08513, DS00361, DS08687a
and DS08687b are taken from Schlötterer et al. (1997).

Intraspecies microsatellite variation

 Both Drosophila species studied originated in Africa and spread over the rest of the world
less than 10000 years ago (David and Capy 1988). Therefore, African lines are expected to
show more variation compared to the non-African ones. As anticipated, both species, D.

melanogaster and D. simulans, are more variable in African populations. Variances of all

15 loci amplifying in both species were on average 30% higher in D. simulans and 24%
higher in D. melanogaster. Similarly, gene diversities were also higher in African
populations, averaging 26% in D. simulans and 17% in D. melanogaster (table V.2.,V.3.).
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Table V.3.

Gene diversities and variances in African and non-African groups, listed for D.
melanogaster and D. simulans.
Locus Variance in repeat number                    gene diversity

D. melanogaster

Africa   non-Africa

D. simulans

Africa   non-Africa

D. melanogaster

Africa   non-Africa

D. simulans

Africa  non-Africa

DS06335a 15.35 4.83 6.46 1.24 0.84 0.74 0.57 0.45

DS06335b 0.53 0.42 0.35 0.13 0.67 0.16 0.38 0.10

M32055 0.00 0.02 0.19 0.07 0.0 0.05 0.37 0.14

sex lethal 3.03 1.15 5.58 0.69 0.87 0.56 0.85 0.61

DS03641 3.32 1.61 9.97 5.55 0.75 0.62 0.51 0.47

G410 19.09 15.38 1.04 1.04 0.83 0.84 0.88 0.57

6744 0.22 0.17 0.42 0.21 0.44 0.34 0.58 0.42

DS00762 0.47 0.30 1.37 0.68 0.28 0.53 0.61 0.54

DS08513 0.53 1.18 3.00 1.14 0.47 0.59 0.77 0.59

5915 1.72 2.97 0.54 1.32 0.68 0.52 0.65 0.67

DS00361 7.08 13.64 1.79 6.25 0.75 0.51 0.83 0.59

DS08687a 2.64 0.91 10.15 7.94 0.87 0.57 0.9 0.86

DS08687b 2.23 1.20 8.66 8.63 0.86 0.74 0.85 0.56

G411 0.10 0.17 1.85 2.45 0.19 0.30 0.76 0.78

DS08011 4.26 5.46 5.96 6.76 0.84 0.75 0.68 0.65

average 4.04 3.25 3.82 2.94 0.62 0.52 0.68 0.53

The data for D. melanogaster at locus DS6335a, DS6563b, DS08513, DS00361, DS08687a
and DS08687b are taken from Schlötterer et al. (1997).

Observed variances of individual microsatellite loci differed up to a factor of 1000 in D.

melanogaster and 100 in D. simulans (table V.2.). This is in line with previously reported
differences in microsatellite mutation rates (Chakraborty et al. 1997; Weber and Wong
1993). The observed differences in variance between loci raises the question whether they
are reflecting locus-specific mutation rates.
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Under the stepwise mutation model the observed variance at a microsatellite locus depends
on the mutation rate µ and the effective population size Ne (see section III.) Assuming
neutrality, the effective population size has the same expectation for all loci in a given
population (for the reduced effective population size for X-chromosomal loci was corrected
by multiplying the variances by 4/3). Hence, differences in observed variances between
microsatellite loci should reflect locus-specific mutation rates. A potential complication
may arise from directional selection at a gene closely linked to the microsatellite locus
(local selective sweep). Even if the mutation rates of microsatellites would be equal, a
selective sweep could significantly reduce variability at a microsatellite closely linked to
the selected gene (Schlötterer et al. 1997; Slatkin 1995a). Most of the selective sweeps
identified by Schlötterer et al. (1997) were observed in a single population only. To limit

the influence of individual populations, variances were compared between two groups that
harbored individuals from several different populations (fig. V.1).
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Figure V.1.
A. log variances of the African group plotted against log variances of the non-African
group and B. log variances of D. simulans plotted against log variances in D. melanogaster.

Variances of X-linked microsatellite loci were corrected by a factor 4/3 to account for the
reduced effective population size of X-chromosomal microsatellites.

The log variances were used to test for correlation between the two groups, as the variances
were not normal distributed (fig. V.2.). To account for differences in effective population
size between both groups, the correlation of the log variances was tested instead of
comparing them directly. A significant correlation between the log variances in the African

and non-African group was observed for both species, D. melanogaster (r=0.9296; df= 13;
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P< 0.001) and D. simulans (r=0.8023; df=13; P<0.001). Similarly, gene diversities were
also highly correlated (not shown).
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normal probability plot

A., C., the observed variances in repeat count plotted against the values expected if the
variances would follow a normal distribution

B., D. plot of the observed log variances in repeat count plotted against the values expected
if the log variances would follow a normal distribution

If the sample is from a normal distribution, the points are expected to fall on the straight
line indicated. Variances of X-linked microsatellite loci were corrected by a factor 4/3 to
account for the reduced effective population size of X-chromosomal microsatellites.

Comparison between Drosophila melanogaster and Drosophila simulans

 It has been shown that microsatellites sometimes undergo substantial changes in the simple
sequence stretch as well as in the flanking region (Angers and Bernatchez 1997; Garza et

al. 1995; Schlötterer et al. 1991). Assuming that these mutations affect the stability of a

given microsatellite, it is expected that orthologous microsatellites should have a reduced
correlation of log variances. However, the log variances were still significantly correlated
between the two Drosophila species studied (r=0.5961, df=13; P=0.019; fig. V.1.),
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indicating that highly polymorphic microsatellites in D. melanogaster are also highly
polymorphic in D. simulans. Thus, the mutational behavior of Drosophila microsatellites is
dominated by locus specific phenomena rather than by phylogenetic distance.

Discussion

By comparing microsatellite variation at individual loci it was shown that the levels of
variation at a given locus are highly correlated within a species. This correlation may have

several reasons, which are discussed below.

Why do levels of variability differ between microsatellite loci?

If two groups have split too recently to diverge by genetic drift and new mutations, their
allele distribution will be very similar. This would result in highly correlated measurements
of genetic variation even if the differences in variation between loci are not caused by
different mutation rates. In the following, this correlation due to common ancestry is called
historic correlation (box V.1.).

Box V.1.

 Expected correlation due to common ancestry

Historic correlation

Under the assumption of mutation drift equilibrium, neutrality of microsatellite variation,
the step-wise mutation model and no migration, expected correlations due to shared
ancestry Chist can be calculated as

Chist = exp −





2t

N
ij with 

2
2

t

N V
ij = ( )δµ

 (Vogl, Schlötterer, and Bürger, unpublished results).

δµ( )2
 is the average delta mu (Goldstein et al. 1995b) across loci,V  the variance averaged

across groups and loci, tij  the time of divergence between the two groups, and N the

effective population size.

It is possible to estimate the correlation between microsatellite loci from two different
groups with shared ancestry by subtracting the historic correlation Chis from the correlations
based on observed variances. To minimize historic correlations, the most divergent groups
available in D. melanogaster and D. simulans were compared, a group from the geographic
origin of these species (Africa) and a derived, non-African, group. In D. melanogaster it
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was previously shown that the allele distribution differs between African and non-African
populations (Schlötterer et al. 1997), which should reflect a low historic correlation. Table
V.4. shows the observed correlation and correlations due to a common ancestry of the
groups compared. Among intra-species comparisons only the log variances in D.

melanogaster were still significantly correlated (P=0.021) after correction for historic
correlations. The high historic correlation between the two D. simulans groups, which is in
line with a more recent colonization history, is not excluding a similar mutational behavior
of the microsatellites in the two D. simulans groups, but precludes a further quantification.
As expected, the inter-species comparison of D. melanogaster and D. simulans shows the
least historic correlation. Given that the log variances in repeat number between both
species are still correlated historic correlation could not serve as a general explanation of

the results shown here.

Table V.4.

Observed and historic correlations

D. melanogaster

Africa vs. non-Africa
D. simulans

Africa vs. non-Africa
D. melanogaster

vs D. simulans

historic correlation 0.34 0.89 0.04

observed correlation 0.93 0.80 0.60

Even though microsatellites are widely regarded as markers which evolve neutrally
(Charlesworth et al. 1994), some potential selective constraints on the evolution of average
allele size were discussed more recently (see introduction). The observed differences in

microsatellite variation could be explained by locus-specific constraints which are
conserved across species. However, in this study several loci had no or very little overlap in
allele distribution. As only the length of the PCR product was measured, an indel could be
responsible for the lack of overlap in allele range between D. simulans and D.

melanogaster. To test this hypothesis, alleles of two microsatellite loci with no overlap in
allele size (DS06335b, 5915) were sequenced. Length variation between the two species at
these loci was caused by differences in microsatellite repeat number only. This strongly
suggests that selection is not causing the differences among microsatellite loci within a
species and conserving them across species.

Alternatively, selection may not act on the microsatellites themselves, but on DNA regions
flanking the microsatellite. Selective sweeps and background selection could also reduce

microsatellite variation (see introduction). In contrast to local selective sweeps (Schlötterer
et al. 1997), reduced levels of variability due to background selection and selective sweeps
in regions of low recombination result from several, independent selective events and
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therefore different populations and species are affected to a comparable extent. Only
microsatellite loci in regions of intermediate to high levels of recombination were selected
in this study. As the effect of hitchhiking and background selection is more pronounced in
regions of low recombination these processes should not affect the observed levels of
variation of the microsatellites used here.

Loci, which differ in the mean repeat number, may have different mutation rates. This data
set, however, did not show a significant correlation between average repeat number and log
variance (r=0.20, df=13, P= 0.47). In addition, there was no correlation between mean
repeat number in D. melanogaster and D. simulans (fig. V.3.), indicating that the length of
the microsatellite (i.e. number of repeats) is not conserved across species. Together, these

results suggest that the average length of the microsatellite is not the primary parameter
determining the mutation rate of the microsatellite loci used in this study.
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Figure V.3.

Correlation of mean microsatellite length between D. melanogaster and D. simulans

In summary, the observed correlation of log variances in repeat number could neither be
explained by selection on the microsatellite itself or hitchhiking and background selection

nor by an influence of repeat number and repeat type. Most likely the correlation can be
attributed to locus-specific mutation rates. These locus specific mutation rates must be
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determined by additional factors than those specified in the introduction. It is conceivable
that the chromatin structure differs for the chromosomal locations in which the
microsatellite loci are located. Such differences may affect DNA mismatch repair
efficiency at a given locus, and its mutation rate respectably.

Cross species correlations

D. melanogaster and D. simulans are two closely related species, which diverged about 2-
3.5 Myr. ago (Bodmer and Ashburner 1984). The conservation of locus specific mutation
rates between these two species is probably a reflection of their close phylogenetic
relationship. Increasing phylogenetic distance will lead to mutation accumulation in the
flanking regions as well as within the simple sequence, hence it is expected that the
correlation will be lost over larger time spans. In addition to nucleotide divergence, other

parameters like chromosome rearrangements and microsatellite stability may also be
involved in the conservation of microsatellite mutational behavior across species. Hence,
the exceptionally low mutation rate of Drosophila microsatellites (section IV; Schug et al.
1997) may explain the observed correlation in microsatellite variation over more than 2
Myr. At present, it is difficult to estimate how much divergence is needed to break up the
correlation between microsatellites amplified in different Drosophila species.

The dataset of Graza et al. (1995) was used to test for the conservation of mutational
behavior of microsatellites over longer time spans. Interestingly, no correlation in the
variances in repeat number was found between humans and chimpanzees. Similarly the
heterozygosity in a much larger data set of 60 microsatellites from humans and

chimpanzees (Wise et al. 1997) was not correlated. Human and chimpanzees split about 5
Myr. ago, which is approximately twice the divergence time of D. melanogaster and D.

simulans. Whether the lack of correlation is due to the longer divergence time between the
human and chimps or because primate microsatellites have higher mutation rates than
Drosophila microsatellites needs further investigation.
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VI. M ICROSATELLITE SEQUENCE CHANGES ACROSS

DIFFERENT SPECIES OF DROSOPHILA

Significance

A very useful approach to study microsatellite evolution is to map sequence changes in the

microsatellite onto a phylogenetic tree. Because uninterrupted microsatellites are on
average more polymorphic than interrupted ones (Brinkmann et al. 1998; Goldstein et al.
1995a; Weber 1990), there is a preference to select loci with an uninterrupted repeat in the
focal species (Ellegren et al. 1995). Caused by this “ascertainment bias”, the generally
emerging picture from cross species comparisons is, that microsatellite loci seem to decay
with increasing phylogenetic distance through the accumulation of point-mutations in the
repeat array. This part of the study of evolutionary dynamics of microsatellites
demonstrates that interruptions of the repeat motif can also be removed, thus providing a
mechanism that counteracts the decay of microsatellites.

Results

Microsatellite loci and Drosophila species analyzed here are given in table XII.6. and
XII.1.-4.

Phylogenetic reconstruction

For one locus (DMTOR) sufficient flanking sequence was available to reconstruct the
phylogeny of this locus. The microsatellite itself (i.e. position 51 to 91 of the D .

melanogaster sequence AJ246186) and additional repetitive sequences in the flanking

region that showed length variability across species (i.e. positions 247 to 298, 360 to 369,
408 to 416, 468 to 478 of the D. melanogaster sequence AJ246186) were excluded from
the analysis. The phylogenetic tree was obtained by applying the Maximum Likelihood
criterion using the software Puzzle 4.0.1 (Strimmer and von Haeseler 1996) and the
Tamura-Nei model for sequence evolution (Tamura and Nei 1993). The obtained
phylogenetic grouping was largely consistent with another data set based on rDNA
sequences (Pélandakis and Solignac 1993). As the locus DMTOR did not amplify in the
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species D. ananassae and D. kikkawai, these species were included in the tree according to
the rDNA phylogeny (fig. VI.1.).

PCR primer binding sites of the loci studied were conserved to a variable extent. While
locus DS01001 amplified in the melanogaster species complex only, the primer binding
sites of the remaining loci were conserved over a larger phylogenetic range. Locus
DS06335b amplified the most distantly related species, including species from the montium

and ananassae subgroup.

Locus DMTOR

To determine whether an interruption of a microsatellite sequence represents an ancestral or
derived state, a reliable phylogeny is required. The flanking sequence at DMTOR was used

to reconstruct the phylogenetic grouping of the species in which DMTOR could be
amplified (fig. VI.1.). The obtained species phylogeny of locus DMTOR is largely
consistent with a previously published phylogeny (Pélandakis and Solignac 1993).

The (CA)n repeat motif of locus DMTOR is conserved in the melanogaster subgroup and
some more distantly related species (fig. VI.2.). At character 27 the (CA)n microsatellite is
interrupted by a T (fig. VI.2.). Figure VI.3.A shows the character evolution of this
substitution.
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Maximum likelihood tree based on the flanking sequence of microsatellite locus DMTOR.

The dashed line indicates the phylogenetic grouping of D. ananassae and D. kikkawai
according to the rDNA phylogeny published by Pélandakis and Solignac (1993).
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D.mel     caagaactgtcgaatggcctgCACACACACACACACACACACACACA---cttcggacgggggaaatcacgt
D.sim     caagaactggcaaatggcccgCACAC TCACACACACACACACACACA---ctttggtagggggaaatcacgt

D.sec     caagaactggcaaatggccagCACAC TCACACACACACACACACA-----ctttggtagggggaaatcacgt
D.mau     caagaactggcaaatggcccgCACAC TCACACACACGCACACA-------ctttggtagggggaaatcacgt
D.tei     caagaact-------ggcccgTNCAC TCACAC----------------gcagttcg-----ggaaatcacgt
D.yak     caagaactggcaaatggcccgTNCAC TCACAC----------------gcagctcggacggggaaatcacgt
D.ere     caagaactagcaaatggcccgCAAAC TCACACA------------------gttcggacggggaaatcacgt

D.ore     caagaactagcaaatggcccgCACAC TCACACA------------------gttcggacggggaaatcacgt

D.tak     caagacctggagaatggccCACACAGACACAC GCACACACAC------------------ggaaaatcacgt
D.pro     caagacctggagaatggccCACACAAACACAC GCGCACG-------------------ct-gaaaatcacgt
D.lut     caagacctggagaatggccCACACAAACACAC GCACACA-------------------ct-gaaaatcacat

D.mim     caagacctggagaatggccCACACAGACACACACACACACTCGTTCACACA-------ctgtcaaatcacgt
D.eugr    caagaactggaaaatggcCCACACACACACACAAACAAATAC---------tttggcca-gggaaatcacgt
D.ele     caagaactggaaaatgg------CACTCACACACACACACACACA------ttgaccaaggggaaatcacgt

Figure VI.2.

Microsatellite region at locus DMTOR

Small letters indicate the flanking region and capital letters the microsatellite region. Bold
letters indicate the position of microsatellite interruptions subjected to purification events.
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Figure VI.3.

Character state evolution of interruptions in the microsatellite at loci DMTOR, DS01001
andDS06335b

1. Locus DMTOR, character 27 in fig. VI.2.

2. Locus DS01001, character 30 in fig. VI. 5.

3. Locus DS06335b, character 22 in fig. VI.6.

4. Locus DS06335b, character 45 and 46 in fig. VI.6.
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Within the melanogaster subgroup, all species except D. melanogaster harbor a T at
position 27, indicating that T represents the ancestral character state. Thus, D. melanogaster

has lost the T substitution and gained an uninterrupted stretch of microsatellite repeats.
Sequencing of four D. melanogaster alleles with different repeat numbers always revealed
an uninterrupted microsatellite. Sequence analysis of D. mauritiana (N=4) showed that the
A->G substitution at position 37 was not fixed; two individuals did not carry this
interruption. Most likely, this is not the result of a purification event in the microsatellite,
but a recent substitution, which is specific to D. mauritiana. The microsatellite region of
more distantly related species can not be aligned unambiguously (homologous positions
could not be identified with certainty) in the microsatellite region, therefore no statement
about gain or loss of interruptions in the microsatellite can be made. It should be noted,

however, that the most distantly related species D. eugracilis and D. elegans have a
relatively long stretch of 7 or 9 uninterrupted CA repeats respectively, possibly indicating
that some mechanisms are counteracting base substitutions in the microsatellite.

Within the takahashii subgroup the most frequent interruption in the microsatellite is a G.
D. prostipennis had three A->G substitutions (pos. 33, 35 and 39). While multiple
independent transitions can not be excluded, an alternative explanation would be the
duplication of the G substitution by DNA slippage (see fig. VI.4.).

Locus DS01001

The microsatellite region at locus DS01001 has been sequenced in the melanogaster species
complex. In D. melanogaster 110 individuals from several natural populations were
analyzed. D. simulans, D. mauritiana and D. sechellia were represented by a single

individual. In all species the microsatellite repeat was interrupted by the insertion of a
single nucleotide at position 30 (fig. VI. 5.). In D. melanogaster, two individuals from
Kenya were identified which did not carry this interruption. Considering that the T
interruption occurs at high frequency in D. melanogaster as well as in all members of the
simulans clade, it can be assumed that it represents the ancestral state (fig. VI.3. B).
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Figure VI.4.

Mechanistic model for the duplication of interruptions in the microsatellite DMTOR.
Imperfections in the repeat array are indicated in bold letters.

•  Leading strand slippage of one repeat unit results in two adjacent microsatellite
interruptions.

•  Leading strand slippage of 2 repeat units results in microsatellite interruptions that are
separated by one repeat unit



-49-

                   111111111122222222223333333333444444444455555555556
          123456789012345678901234567890123456789012345678901234567890

D. mel(1) cagtgtgtgtccgtagagaGTGTGTGTGT-GTGTGTGTGTGTGTGT-----ttttttatg

D. mel(2) cagtgtgtgtccgtagagaGTGTGTGTGT TGTGTGTGTGTGT--------tttttttatg

D. sim cagtgtgtgtccgtagagaGTGTGTGTGT TGTGTGTGT--CGTGTGTATG-ttttttatg

D. sec cagtgtgtgtccgtagagaGTGTGTGTGT TGTGTGTGT--CGTGTGTATG-ttttttatg

D. mau cagtgtgtgtccgtagagaGTGTGTGTGT TGTGTGTGTGTCGTGTGTATG-ttttttatg

Figure VI.5.

Microsatellite region at locus DS01001

Small letters indicate the flanking region and capital letters the microsatellite region. Bold
letters indicate the position of microsatellite interruptions subjected to purification events.

Hence, both individuals from Kenya have lost the interruption and restored a pure
microsatellite. Uncertainty about the ancestral character state for two additional
interruptions of the microsatellite in D. simulans, D. sechellia and D. mauritiana (position
41 and 48, fig. VI.5.) precluded their further analysis.

Locus DS06335b

A T interruption in the microsatellite at position 22 represents the ancestral state within the
melanogaster subgroup (fig. VI.6., fig. VI.3. C). This interruption is lost in all members of
the simulans clade by a purification event in their common ancestor. In some members of
the takahashii/suzuki subgroup a T interruption at a similar position could be observed.
Assuming that this interruption is homologous to the interruption at position 22, it can be

regarded as ancestral. Thus, the lack of the T interruption in D. lutescens indicates a
purification event in this species (fig. VI.3. C). In D. prostipennis the T interruption may be
homologous to either position 22 or 48, therefore the mutational history of the
microsatellite in D. prostipennis can not unambiguously be resolved.
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D.mel     gccagaCACA----------C TCACACACACACACACACACACAAGCACACA----------------ctaaattccctgtttgt
D.sim     gccagaCACA------------------------CACACACACA AGCACACA----------------ctaaattccctgtttgt
D.sec     gccagaCACA------------------------CACACACACA AGCACACA----------------ctaaattccctgtttgt
D.mau     gccagaCACA------------------------CACACACACA AGCACACA----------------ctaaattccctgtttgt
D.tei     gccagaCACA----------C T----------------CACACA AGCACACA----------------ctaaattccctgtttgt
D.yak     gccagaCACA----------C T----------------CACACA AGCACACA----------------ctaaattccctgtttgt
D.ere     gccagaCACA----------C T----------------CACACA AGCACACA----------------ctaaattccctgcttgt
D.ore     gccagaCACA----------C T----------------CACACA GGCACACA----------------ctaaattccctgtttgt
D.lut     gccagaCACA----------------------------CACACA AGCTCACATACACACA--------ctaaattccctgtttgt
D.tak     gccagaCACACA--------C T--------------------CA AGCTCACATACACACA--------ctaaattccctgtttgt
D.pro     gccagaCACACACACACACA--------------------------CTC--ATACA--CGCACA----ctaaattccctgtttgt
D.mim     gccagaCACACACACAAA--C T------------------------CTC--ATACACACACACACACA-taaattccctgtttgt
D.eugr    gccagaCACACACATACACACACACAC------------------------ATACACACGCA------ctaaattccctgtttgt
D.ana     gccagaCACATGCACACACAC-CACACA-CCCACCCACACCACACACCCACACAC-CACACAC---aagttttgtgtttgtgttt
D.kik     gccagaCTCACACACACACACACACTCA--TTCAAACACACACACACATAGGCATACATACAC--tgagctttctgtttgtgttt

Figure VI. 6.
Microsatellite region at locus DS06335b

Small letters indicate the flanking region and capital letters the microsatellite region. Bold
letters indicate the position of microsatellite interruptions subjected to purification events.

A second interruption in the microsatellite (an insertion of AG at positions 45 and 46) is
conserved across the melanogaster and takahashii subgroup. While this interruption is
fixed in the melanogster subgroup, D. mimetica and D. prostipennis have lost it. Mapping
this character on the phylogenetic tree (fig. VI.3. D) suggests that this interruption has been
lost twice (in D. mimetica and in D. prostipennis). Most important, phylogenetic analysis of
the flanking sequence of microsatellite locus DS06335b resulted in the same topology for
the suzuki/takahashii group (not shown). Thus, it can be excluded that the repeated loss of

an interruption in the microsatellite is an artifact of an inaccurate phylogenetic assumption
(i.e. that the gene tree of DMTOR differs from the gene tree of DS06335b).

For comparison, the sequences of two more distantly related Drosophila species, D.

ananassae and D. kikkawai were also included. D. kikkawai, the most distantly related
species, has a long microsatellite with 8 uninterrupted CA repeats at this locus.
Interestingly, only the focal species, D. melanogaster, carries a longer uninterrupted stretch
of repeats.

Discussion

Phylogenetic reconstruction based on flanking sequence of microsatellites
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The flanking sequence of the microsatellite locus DMTOR was used to reconstruct the
phylogeny of the microsatellite locus. The resulting relationships were very similar to that
previously published (Pélandakis and Solignac 1993). The identical branching pattern for
the species D. lutescens, D. prostipennis, D. takahashii and D. eugracilis was also obtained
from the flanking sequence of microsatellite locus DS06335. Despite this overall
consistency and the high bootstrap support values, the reconstructed phylogeny of the
melanogaster complex shows some discrepancy to the microsatellite allele length-based
multilocus phylogeny shown in section IX (see fig. IX.2.). While D. mauritiana and D.

simulans are more closely related in the microsatellite based phylogeny the DNA sequence
based phylogeny shown in fig. VI.1. grouped D. sechellia and D. simulans together. The
reason for this discrepancy is likely to be the well described problem that gene trees may

differ from species trees, a phenomenon that is particularly pronounced for closely related
species (Pamilo and Nei 1988).

While the obtained high bootstrap support values may suggest that non-coding sequences,
such as flanking regions of microsatellites, are potentially useful for phylogenetic
reconstruction, determination of the correct alignment of these regions can be quite
challenging.

How general is the phenomenon of microsatellite purification?

In this study, evidence for microsatellite purification at three different loci was reported.
These data were extracted from a survey of 53 microsatellites in the melanogaster group. In
total, approximately 300 locus/species combinations were amplified and sequenced. It is
difficult to infer the frequency of purification events from this data set without certainty

about the ancestral state of the imperfection in the microsatellite. Very often this proof was
not possible, because either the relevant species did not amplify or the homologous
positions could not unambiguously be identified - in particular for more diverged taxa.
Thus, these loci were not included here.

Purification of imperfections in a microsatellite repeat was also described in other studies.
The analysis of a dinucleotide (DQCAR) in a phylogenetic framework identified the loss of
an interruption at the allele DQB1 *0202 (Jin et al. 1996; Taylor et al. 1999). Laken et al.
(1997) described the loss of an interrupting base substitution in a mononucleotide run in the
APC (adenomatous polyposis coli) gene, which was associated with colorectal cancer.
Similarly, two reports which studied the evolution of an interrupted microsatellite in a
plasmid in yeast also identified mutational events which restored a pure microsatellite

stretch (Maurer et al. 1998; Petes et al. 1997). Hence, purification of an imperfect
microsatellite is apparently a general phenomenon of microsatellite DNA and needs to be
considered for the long-term evolution of microsatellite DNA.
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Mechanisms of microsatellite purification

Average rates of DNA slippage mutation in D. melanogaster are in the order of 10-6

(Schug, Mackay and Aquadro 1997; see section IV), which is about hundred times as
frequent as base substitutions (Powell 1997) and 1000 times as frequent as deletions
(Petrov and Hartl 1998). Hence, the high frequency of DNA slippage makes this mutation
process a good candidate for the removal of interruptions in a microsatellite array.
Purification may occur through the following mechanism: the template strand slips back
before the interruption is synthesized on the new DNA strand and the interruption is placed
upstream of the 3’ end of the nascent DNA strand (fig. VI.7.). When DNA synthesis
continues on the new DNA strand, this strand loses the interruption in the microsatellite.

GTGTGTGCGTGTGTG TGT
CACACACGCACACACACA

GTGTGTG
CACACACGCACACACACA

5 '
3 ' 5 '

GTGTGTGtgtg
CACACACACACACACA

CG

5 '
3 ' 5 '

GTGTGTGTGTGTGTGT
CACACACACACACACA

5 '
3 ' 5 '

3 '

5 '
3 ' 5 '

3 '

Figure VI.7.

Model for the purification of an interrupted microsatellite. Interruptions in the repeat array
are indicated in bold.

Experimental evidence from microsatellites with imperfections strongly suggests that
microsatellite interruptions are lost by an intramolecular process, such as DNA slippage
(Maurer et al. 1998; Petes et al. 1997). Nevertheless, the important difference between the
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plasmid based studies and the observations in D. melanogaster is that the plasmids carried a
large number of repeats (> 25 repeats). While large deletions are common in plasmid
systems with long microsatellites (mean deletion size of 12.8 repeats (Petes et al. 1997) or
51.5 repeat units (Maurer et al. 1998)), they are not expected to be a major evolutionary
factor in D. melanogaster because the microsatellites in this species are on average shorter
than the deletions observed in the plasmid studies (Bachtrog et al. 1999; Schug et al.
1998c).

One prediction of DNA slippage as the driving force of microsatellite purification is, that
duplications of interruptions in the microsatellite structure should also be detectable. One of
these duplications occurred at locus DMTOR (fig. 2) where the G interruption is duplicated

twice in D. prostipennis (see fig. VI.4. for a mechanistic model). In a whole dataset of 298
locus/species comparisons (excluding the locus DMTOR) 9 loci with duplications of an
interruption were identified. At one locus (DS00062) 3 different species showed a
duplication of an interruption (table VI.2.) Other published data sets also indicate that
interruptions in a microsatellite can be duplicated. One particularly good example is given
by the microsatellite locus A113 in Apis melifera, where a TT insertion is repeated up to
three times (Estoup et al. 1995).
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Table VI.2.

Summary of potential duplication events (indicated in bold) in the dataset of 298
locu/species comparisons

No. of species
sequenced per

locus

No. of loci
with

duplicated
interruption

locus sequence

1 1 (of 1) Locus M12 in D. melanogaster (GT)2 GC (GT)5 GC (GT)11 GC (GT)19 GC (GT)27

4 3 (of 47) Locus Drogpad in D. melanogaster

Locus Dmmp20 in D. simulans and D. mauritiana

Locus DS01054 in D. melanogaster

TGTGTGTGTG AG TGTGTG AG TGTGTGTGTGTGTGTGTG

ACACACACACACACACAC AT  AC AT  ACAC

GT AT  GTGTGTGTGTGT AT  GTGTGT

6  2 (of 4) Locus AC004641 in D. yakuba

Locus DS08687a in D. yakuba

CACACACACACA GA CACA GA CA

TGTG TT  TGTG TT  TGTG TT  TGTG

7  2 (of 8) Locus Eno2 in D. teissieri

Locus DM2337.2 in D. melanogaster

ATATATATAT AG ATATAT AG ATATAT AG ATATAT AG ATAT

ATATATATATATATATATATAT G ATATATATATATAT G ATATATATATAT

12 1 (of 1) Locus DS00062 in D. mauritiana

Locus DS00062 in D. lutescens

Locus DS00062 in D. takahashii

AC C ACACACAC C AC

CACACA CT CACACACA CT CACACA CT CA CT

CACA CT CACACACA CT CACA CT CA

298 locus/species

comparisons

9 loci with

duplicated
interruptions

11 duplications were observed
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In principle, the slippage process leading to the removal of an interruption in the
microsatellite repeat does not differ from a slippage event, which merely alters the repeat
number. Comparisons of microsatellite mutation rates for interrupted and pure
microsatellites indicate that interrupted microsatellites have a lower mutation rate (Jin et al.
1996; Petes et al. 1997; Weber 1990). One possible explanation for this phenomenon is that
microsatellite mutation rates are length dependent (Brinkmann et al. 1998; Jin et al. 1996;
Wierdl et al. 1997) and that the mutation rate increases more than would be expected by a
linear function of microsatellite length (Brinkmann et al. 1998; Wierdl et al. 1997).
Because the interruption of a microsatellite is often asymmetric, the mutation generates two
arrays of different length. Studies of interrupted microsatellites showed that most of the
slippage events occur in the longer stretch of the subdivided microsatellite (Loridon et al.

1998; Schlötterer and Zangerl 1999). Thus, the lower mutation rate of interrupted
microsatellites and the predominance of slippage mutations in its longer stretch strongly
suggest that an interruption in the microsatellite pose a significant barrier to DNA slippage.
Hence, despite the general similarity to ‘normal’ slippage events, it can be assumed that
purification events occur more rarely than per repeat unit slippage events in an
uninterrupted microsatellite.

Implications for the long term evolution of microsatellites

The simplest model of microsatellite evolution assumes that a random mutation process
generates short “proto” microsatellites (see section VIII). With an increasing repeat
number, the probability of a DNA slippage event increases. Under the conservative
assumption that the gain of repeat units is as likely as the loss, there is a certain probability

that DNA slippage can generate a long stretch of microsatellite DNA. Similarly, DNA
slippage may also reduce the length to a few repeat units. Theoretical studies using general
models of microsatellite evolution indicated that the persistence time of microsatellites can
be quite large (Stephan and Kim 1998; Tachida and Iizuka 1992). With increasing
persistence times, base substitutions in the microsatellite array become an important
evolutionary factor. Provided that interruptions in a microsatellite repeat have dramatic
impact on its mutational behavior, base substitutions in a microsatellite repeat have been
regarded as an essential component determining their long term evolution. While several
studies have assumed that selection maintains microsatellites below a certain size, it has
been recently suggested that base substitution in the microsatellite array would also prevent
microsatellites from infinite growth (Bell and Jurka 1997; Kruglyak et al. 1998). Hence, the

length distribution of microsatellites is assumed to be an equilibrium state affected by the
combination of two mutation processes occurring at different rates, DNA slippage and base
substitutions. Even if a biased mutation model is accepted, under which the gain of repeat
units is more likely than the loss of repeat units, computer simulations have shown that
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interruptions in the microsatellite are an effective mechanism to prevent microsatellites
from infinite growth (Palsbøll et al. 1999).

Under the models used by Bell and Jurka (1997), Kruglyak et al. (1998) and Palsbøll et al.

(1999) interruptions in the microsatellite can be lost by back mutations only. Provided that
the rate of base substitutions or non-DNA slippage based indels is much lower than DNA
slippage rates, interruptions of a microsatellite are effectively unidirectional if slippage
based removal of microsatellite interruptions are not considered. A recent study put an even
stronger emphasis on the consequences of an interruption in a microsatellite (Taylor et al.
1999). Based on known phylogenies, the authors used 7 loci to map changes in the
microsatellite stretch on these phylogenies and concluded that once an interruption of a

microsatellite occurred, the locus degenerated quickly. This model of interruption-induced
microsatellite decay provides an interesting hypothesis even though it remains unknown
whether the persistence time would have been longer without the initial interruption.

Consistent with previous observations microsatellites in Drosophila were often interrupted
by base substitutions. The data shown before, however, indicate that an interruption is often
a transitory state in the evolution of a microsatellite locus and does not always result in its
degeneration. Interestingly, even though the orthologous microsatellite sequence from
distantly related species (such as D. elegans (DMTOR) or D. kikkawai (DS06335b)) was
not completely pure, parts of uninterrupted microsatellite DNA of similar length to that
found in the focal species D. melanogaster could still be observed.

The evolutionary importance of purging interruptions in a microsatellite array is essentially
dependent on its frequency. Here it was proven that the phenomenon exists, but whether
this is a rare or frequent event remains open to further investigations.
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VII. M UTATIONAL BEHAVIOR OF LONG MICROSATELLITE

ALLELES IN D. MELANOGASTER

Significance

One special feature of microsatellites in Drosophila melanogaster is their short average

length. Compared to humans, Drosophila has a much lower frequency of long
microsatellites (fig. VII.1.).
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Figure VII.1.

Length distribution of microsatellites from 33 MB non-redundant genomic DNA from
humans and Drosophila (21 MB). The relative frequencies of microsatellites were
multiplied by the factor 1000 and are plotted on a logarithmic scale.
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The same conclusion was drawn by Kruglyak et al. (1998) who analyzed the length
distribution of microsatellites in 1 Mb of non-redundant sequence from human, mice, yeast
and Drosophila. Despite that microsatellite density was similar in humans and Drosophila,
their length distribution differed, with short microsatellites being most frequent in
Drosophila. To explain the observed microsatellite length distribution, Kruglyak et al.

(1998) introduced a Markov chain model of microsatellite evolution that incorporated a
length dependent slippage rate (longer microsatellites have a higher slippage rate) and point
mutations interrupting the microsatellite. According to this model, the infinite growth of a
microsatellite is prevented by base substitutions. As microsatellites grow in length by the
introduction of new alleles by slippage, the probability of point mutations interrupting the
repeat increases, causing the microsatellite to decay. The reduction of the microsatellites by

base-substitutions is much more drastically than the reduction in allele size by DNA
slippage, were each mutational step decreases the length by one repeat unit only. Therefore,
with lower microsatellite slippage rates the chance for a microsatellite to become long is
reduced because base-substitutions (that occur at constant rate) reduce the microsatellite in
size before it had a chance to become long by DNA slippage. This mechanism could
explain the observed differences in the length distribution of microsatellites if the slippage
rate is lower in some species than in others (due to decreased rates of slippage, or increased
mismatch repair).

To determine the relative slippage rates of microsatellites in different species, Kruglyak et

al. (1998) fixed the base substitution rate at 1 x 10-8 (per nucleotide per generation) and
fitted the slippage rate to the empirical distribution of microsatellites. Using this approach,

they inferred species-specific differences in slippage rates. D. melanogaster, the species
with the shortest average microsatellite length, was found to have the lowest slippage rate.

The model described by Kruglyak et al. (1998) assumed an equilibrium length distribution
of microsatellites in the genome to fit the slippage rate. However, from this it is not
possible to determine how length distributions could shift between organisms. One
possibility could be that the mutation rate increases (due to increased slippage rate or
decreased mismatch repair efficiency), resulting in longer microsatellites. Alternatively,
other factors (such as selection, mutational biases or mismatch repair specificity) cause
differences in microsatellite repeat number, and these differences in the microsatellite
length, in turn, result in a different microsatellite mutation rate.

To gain further insight into the evolutionary forces shaping microsatellite length
distributions and mutation rates in Drosophila, 19 exceptionally long microsatellite loci
were studied. The hypothesis is, that if the mutation rates of microsatellites were species-
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specific, microsatellites (of the same size) in Drosophila should have lower mutation rates
compared to organisms with longer microsatellites.

Results

17 loci with at least 16 uninterrupted repeats were selected from GenBank. Two additional
loci were obtained from a genomic D. melanogaster library enriched for microsatellite
DNA (DM12, DM18) (table XII.7.) The original enrichment protocol (Schlötterer 1998b)

was slightly modified by increasing the stringency of the washing steps (0.1xSSC, 0.1%
SDS, 65°C) to specifically select for microsatellites with many repeat units. For
comparison, 24 short loci for D. melanogaster and 30 short loci for D. simulans with at
least 7 uninterrupted repeats were selected as a reference (tables XII.8. and XII.9.). The list
of Drosophila lines analyzed can be found in the Material and Methods section (table
XII.1-4).

With the recent progress of various genome-sequencing projects, it is possible to compare
parameters like microsatellite length and density across taxa. Available sequences for yeast
(retrieved from ftp://genome-ftp.stanford.edu/yeast/genome_seq;),
C. elegans (http://www.sanger.ac.uk/Projects/C_elegans/chromosomes.shtml; ) and humans

(http://www.ncbi.nlm.nih.gov/genome/seq/.) were compared to D. melanogaster

(http://www.fruitfly.org/sequence/drosophila-regions.html;). Only microsatellites longer
than 4 repeats were counted. The average microsatellite length and proportion of long
microsatellites was found to be significantly lower in D. melanogaster (table VII.1.). This
under-representation of long microsatellites cannot be explained by a general paucity of
microsatellite DNA, as microsatellite density is high in D. melanogaster (table VII.1.).

Table VII.1.

Comparison of microsatellite distribution across taxa

Species mean microsatellite

length

microsatellite

density (number of
microsatellites per

kb)

%  of

microsatellites
larger than 15

repeats

genome size (number

of bases per haploid
genome)

yeast 7.10 0.07 2.9 1.2 x 107

C. elegans 7.37 0.08 4.04 9.7 x 107

D. melanogaster 6.70 0.21 0.6 1.65 x 108

Homo sapiens 7.64 0.20 8.1 3.2 x 109
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Further support for the scarcity of long microsatellite alleles in D. melanogaster was
provided by cloning of DNA fragments that were specifically enriched for long
microsatellites. The library was highly redundant and only two loci with more than 15
repeats were detected among 40 clones.

Long microsatellites have high mutation rates in natural populations of D.
melanogaster

All 19 long microsatellite loci were highly variable in natural populations of D.

melanogaster with 9 to 36 alleles per locus (table VII.2.). Heterozygosities averaged over
all individuals ranged from 0.235 to 0.951. The average repeat number in the European
population sample was 19.02.
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Table VII.2.

Measures of genetic diversity for 19 microsatellite loci surveyed in five European
populations of D. melanogaster and five worldwide populations of D. simulans

D. simulans D. melanogaster

Locus motif het var mean rep no. of

alleles

het var mean rep no. of

alleles

DM18 GT/CA 0.76 4.41 4.16 5 0.95 51.68 28.58 32

DM12 GT/CA n.a.* n.a. n.a. 0.94 100.32 49.32 32

Antp1 GT/CA 0.68 3.55 3.38 7 0.92 35.38 22.63 29

sca1b GT/CA 0.26 0.31 7.20 3 0.70 2.11 12.13 8

AC005270 GT/CA 0.08 0.50 7.86 6 0.80 13.21 14.11 13

AC004641 GT/CA 0.44 2.98 6.29 3 0.90 30.08 18.97 23

AC004516 GT/CA 0.53 0.75 4.27 4 0.76 10.65 13.36 16

AC004248 GT/CA n.a. n.a. n.a. 0.31 39.59 9.01 9

AC005749 GT/CA 0.64 0.59 5.19 3 0.82 22.93 15.49 16

Eno2 TA/AT n.a. n.a. n.a. 0.86 30.56 23.09 16

Dm2337.2 TA/AT 0.25 0.18 10.08 3 0.74 27.09 11.96 14

AC005556 TA/AT n.d.** n.d. n.d. 0.79 6.38 17.84 14

L49403 TA/AT n.a. n.a. n.a. 0.83 11.61 18.59 16

L49408 TA/AT 0.82 7.06 7.36 7 0.88 12.73 16.78 21

DMC11F6 TA/AT 0 0 1 0.24 11.92 9.74 8

DMC30B8 GA/CT 0.49 0.24 5.45 2 0.77 6.81 19.41 12

AC002446 GA/CT 0.74 1.44 7.57 5 0.69 2.66 19.13 12

AC004118 GA/CT 0 0 1 0.76 6.51 17.78 15

DMTRXIII GA/CT 0.64 1.49 7.127 5 0.95 27.09 23.52 36

mean 0.45 1.55 6.33 4.41 0.77 23.65 19.02 18

* n.a.: no amplification

**n.d.: not determined

To quantify the influence of repeat number on microsatellite variability, the same European
populations were characterized for 24 additional microsatellite loci (table XII.8.), which
were not selected for exceptionally long alleles.

The compound estimator Θ, which depends on the mutation rate and the effective

population size, was used to describe microsatellite variability (see section III).  A
maximum likelihood estimator of the parameter Θ was obtained by a Markov chain
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recursion method implemented in the program MISAT (Nielsen 1997). 1,000,000 runs
through the Markov chain were used to estimate Θ from allele frequencies of European D.

melanogaster populations assuming a strict stepwise mutation model. Θ of X-linked loci

was multiplied by 4/3 to account for the smaller effective population size.

While Θ averaged over all long microsatellite loci studied was 46.81 (±12.66), the 24 loci

representing shorter microsatellites (mean repeat number =10.4) (table XII.8.) had an
average Θ of 4.22 (±0.93) (table VII.3.).

Table VII.3.

Maximum likelihood estimate of the compound parameter Θ  for long and short

microsatellites surveyed in natural populations of D. melanogaster and D. simulans

long microsatellites short microsatellites

Θ=4Neµ mean locus length Θ=4Neµ mean locus length

D.melanogaster 46.81 (±12.66) 19.02 4.22 (±0.93) 10.40

D.simulans 2.36 (±0.52) 6.33 3.6 (±0.61) 7.53

As all loci were typed in the same populations, the ratio of Θ could be used to determine

their relative mutation rates. While the mean repeat number of long loci was almost twice
as high as mean repeat length of short loci, Θ is 11.1 times higher in the former loci. This

confirms that microsatellite mutability is highly length dependent and the increase in
mutation rate is higher than expected under a linear model.

In D. simulans both groups of loci had very similar repeat numbers and Θ values (table

VII.3. and XII.9.). Given the low sequence divergence and similar genome organization of
both species (Powell 1997), it was concluded that the loci with the long alleles do not differ
from other loci due to, for example, their genomic position. Rather, only the high number
of repeats seems to account for their high mutation rate.

Long microsatellite alleles represent the derived state in the melanogaster subgroup

For each locus (apart from locus Antp1 for which no individuals homozygous for a single
long allele could be obtained) between 5 and 12 alleles covering the entire size spectrum
were directly sequenced in D. melanogaster and D. simulans. To study the persistence time
of long microsatellites, orthologous loci were also sequenced in one individual from other
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members of the melanogaster subgroup (for a consensus phylogeny of the melanogaster

subgroup see fig. VIII.1.).

With the exception of one allele all orthologous PCR products had short microsatellite
alleles. To verify this observation, 134 D. simulans chromosomes were typed for all loci
that showed long alleles in D. melanogaster. No long microsatellite allele was detected in
D. simulans. By applying the parsimony principle, it seems likely that the most recent
common ancestor of D. melanogaster and the D. simulans triade had a short microsatellite
sequence. In more distantly related species, either the size of the microsatellite was reduced
or a complex microsatellite structure including point-mutations or small indels in the repeat
region could be observed. One locus (AC005270) showed a complete loss of the

microsatellite in all ancestral species and another locus (DM12) did not amplify in any
species except than D. melanogaster, hence the ancestral character state is ambiguous for
these two loci. In D. sechellia an allele with a pure uninterrupted array of 22 repeat units
was detected for a single locus (Dm2337.2). This locus is short (8-11 repeats) in D.

simulans and D. mauritiana and interrupted by point-mutations in the repeat unit in D.

teissieri and D. yakuba. In D. orena the microsatellite structure could not be clearly
discerned (longest uninterrupted stretch of 4 repeats). Therefore, it can be assumed that a
long microsatellite allele arose twice at this locus during the evolution of the melanogaster

subgroup.

The combined evidence from the loci studied suggests that long microsatellite alleles must
have arisen in D. melanogaster and do not represent old alleles.

Long microsatellites are of recent origin within D. melanogaster populations

Locus AC004441 showed a clear bimodal distribution of alleles in natural populations of
European D. melanogaster (fig. VII.2.). This locus was chosen for sequencing of 800 bp of
the flanking region with the intention of finding haplotypes that are associated with long
microsatellite alleles.
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Figure VII.2.

Bimodal distrubution of alleles at locus AC004441

Twenty-one long microsatellite alleles (24-30 repeats), 10 short alleles (13-15 repeats) and
5 intermediate alleles with 17 repeats were sequenced in homozygous flies. Because
homozygous individuals were rarely observed in F1 flies, homozygous isofemale lines
originating from Australia, Europe and North America were used. The sequenced alleles
were chosen to reflect the allele distribution in these populations. One D. simulans

individual was also included. Sequence analysis of the D. melanogaster alleles revealed 14
distinct haplotypes (Figure VII.3.). The average nucleotide diversity (π) was 0.00536.
Phylogenetic analysis grouped these 14 haplotypes into 3 different major lineages (Figure
VII.3. and 4.).
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sequence position:
 1 1 1 2 2 3 3 3 3 4 4 4 4 4 4 4 5 5 5 5 5 5 6 6 6 6 7 7 8 8 

2 5 0 6 7 6 8 2 3 4 6 1 2 2 5 5 7 9 0 0 2 4 7 9 3 4 5 9 2 3 0 4 
    7 7 3 4 2 2 2 4 9 8 8 2 9 4 5 8 9 3 8 8 9 8 0 6 8 3 1 9 5 8 3 8 5 

haplotype:                        frequency:
long * 17 C G A A C G C C A C G C A A A C A A T C A G T G A A G C C C C C A 

Au18 1 . . . . . . . . . . . . T . . . . . . . G . . . . . . . . . . . . 

C10 1 . . . . . . . . . . A . . . . . . . . . . . . . . . . . . . . . . 

C13, C16 2 . . . . . . . . . T . . . . . . . . . . . . . . . . . . . . . . . 

Au8, Au15, Ita25, Ita29 4 . . . . . . . . G . . T . . . T C . C . . A . A T . . . T . . . . 

Au2 1 . . . . . . . . . . . . . . . T C . C T . . . . . . . . . . . . . 

Ita26 1 . . . . . A . T . . . . . . . T C . C . . . . . . G . A . . . . . 

C20 1 . . . . . A . T . . . . . . . T C . C . . . . . . G . . . . . . . 

Au10 1 . . . . . A . T . . . . . . . T C . . . . . . . . . . . . . . . . 

B6 1 . . . . . A . T . . . . . . . T C . C . . . . A . . . . . . . . . 

Au20 1 . . . . . . . . . . . . . . G . C . C . . . . . . G . . . . . . . 

C14, B5 2 . . . . . . . T . . . . . . G . C . C . . . C . . G . . . . . . . 

Au4, Au17 2 . . . . . . . T . . . . . . G . C . C . . . . . . G . . . . . . . 

C21 1 T A . . . . T . . . . . . . G . C G C . . . . . . G . . . . . . . 

D.simulans 1 . . C . . C T . . . . . . . . . C . C . . . . . . G . . . . . . . 

Figure VII.3.

Polymorphic and diverged sites identified in 36 European individuals of D. melanogaster
and one D. simulans individual. The microsatellite is located at position 457.

* the haplotype „long“ consists of individuals Au12, Au14, Au3, Au5, Au6, Au9, Ita24,
C11, C12, C15, C17, C19, C9, B3, B4, B7, B8.
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Figure VII.4.

Maximum Likelihood phylogeny based on 855 bp of microsatellite flanking region.
Individuals are labeled according to their geographic origin (Au=Australia, B=Boston,

C=Chicago, Ita=Italy). Areas indicated by circles refer to long (dark gray), intermediate
(light gray) and short microsatellite alleles.

Alleles at microsatellite locus AC004441 were classified into three different size classes:

long, intermediate and short alleles. Mapping the different microsatellite size classes on the
phylogenetic tree based on the flanking sequence indicated that alleles of the three size
classes were of different phylogenetic origin. In particular, all long alleles grouped into a
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single, well-supported clade (fig. VII.4.). This monophyly of long alleles is further
supported by a diagnostic base substitution in the microsatellite repeat. All long alleles
share an A->T substitution in the microsatellite array that is followed by a shorter, invariant
stretch of 5 AT repeats (table VII.4.). A single short allele (Au2), which is a recombinant
between long and short alleles, also shares this microsatellite structure. Two out of 21 long
alleles sequenced showed additional point mutations in the repeat. The third size class (the
alleles of intermediate size) is characterized by a specific character state (a G interruption
instead of a T interruption in the long alleles) at the variable site in the microsatellite, thus
differentiating between long and intermediate alleles.

Table VII.4.

Correlation between microsatellite repeat structure and flanking sequence haplotypes

repeat type size class haplotype *

(AT)13 short C20

(AT)14 short Au10, Ita26, B6

(AT)15 short Au15, Au8, Ita25, Ita29

(AT)8   CT (AT)6 short Au20

(AT)6   T    (AT)6 T                 GT (AT)5 intermediate Au17, Au4, C14, C21, B5

(AT)9                                        TT (AT)5 short Au2

(AT)19                                      TT (AT)5 long Au18, C11, C19, B7

(AT)20                                      TT (AT)5 long Au5, Au9, Ita24, C9, B4

(AT)21                                      TT (AT)5 long Au12, C10,C13, C15, C17

(AT)22                                      TT (AT)5 long C12, C16

(AT)25                                      TT (AT)5 long Au14, B3, Au6

(AT)14 T   (AT)3                      TT (AT)5 long B8

(AT)9 A     (AT)3 A   (AT)13   TT (AT)5 long Au3

D.simulans

                                                        (AT)5

* haplotypes are named according to fig. VII.4.

Emergence time of long alleles

The Markov chain simulation technique developed by Griffiths and Tavaré (Griffiths and
Tavaré 1998) can be used to produce likelihood estimates for the times of mutations in
DNA sequences. This algorithm (implemented in the program GENETREE

[http://www.maths.monash.edu.au/~mbahlo/mpg/gtree.html]) was applied to estimate the
emergence time of long alleles from sequence polymorphism in the flanking region of the
microsatellite. Recombinant sequences were excluded from the analysis. The relative
frequencies of short and long alleles, however, still reflected the occurrence of these alleles
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in natural populations. The number of segregating sites (S) was used as estimator for the
mutation rate.

The program calculates all possible rooted trees and their relative likelihoods to all other
trees. Only those rooted trees were considered that displayed the D. simulans sequence as
ancestral. Of those trees the one with the highest relative likelihood was assumed to be true.
The oldest mutation that occurred along the lineage to the long alleles was then used to
estimate the emergence time of long alleles. The program returns ages of mutations in units
of 2N generations. To calculate the emergence time in years (t) the formula t = 2NTT’
(where N= effective population size, T= coalescence time, T’= generation time in years)
was used. The estimated population size Ne for European D. melanogaster was calculated
from the maximum likelihood Θ value obtained from short microsatellites by solving the

formula Θ = 4Neµ for Ne using the dinucleotide mutation rate of 9.3x10-6 (Schug et al.

1998b).

Based on an estimated effective population size of 1.13 x 105 (Ne = 4.22 / (4 x 9.3x10-6))
and 5-10 generations / year, it was concluded that the most recent common ancestor of the
allelic class to which all long alleles belong occurred 13.9-27.8 thousand years ago. The
long alleles were the youngest class of alleles at locus AC004441, further supporting their
recent origin.

Long microsatellite alleles have the tendency to lose repeat units

 Cross-species comparisons and within population studies indicated that long alleles do not
persist for long times in the Drosophila genome. To test whether the distribution of
microsatellite mutations provides an explanation for this observation all 10 long
microsatellites mapping to the second chromosome were screened for mutations in 119

mutation accumulation lines described in section XII. In total, 8 mutations at 4 different
loci were detected (table VII.5., fig VII.5.).
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Table VII.5.

Size distrinution of mutations observed in mutation accumulation lines

Locus repeat type No. of repeats at

original allele 1

No. of repeats at

original allele 2

No. of repeats at

mutated allele(s)

stepsize(s)

in repeats

AC003052 TA/AT 14 9 10* + 1

AC005556 TA/AT 20 20 21 +1

L49408 TA/AT 17 17 11,18,16 -6, +1, -1

AC004441 TA/AT 13 13 no mutation

AC005749 GT/CA 17 5 no mutation

AC004248 GT/CA 6 6 no mutation

sca1b GT/CA 14 12 no mutation

AC004516 GT/CA 15 10 no mutation

AC004641 GT/CA 19 19 no mutation

AC005270 GT/CA 19 11 20,15,15** +1, -4, -4

* mutation occurred in allele 2

** all mutations occurred in allele 1

While the number of upward and downward mutations was identical, the downward
mutations encompassed larger steps than upward mutations. Hence, on average each
mutation resulted in a loss of 1.4 repeats. Similarly, an average loss of 1.7 repeats per
mutation was observed at the exceptionally long Droyanetsb allele (see section IV). A
combined analysis of both data sets indicated that repeat losses were significantly more
frequent than repeat gains (P = 0.037, Mann-Whitney U test). Resampling of the observed
mutations also provided strong support of a downward mutation bias (P<0.05).
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Figure VII.5.

Size distribution of observed mutations in mutation accumulation lines at four
microsatellite loci

With the small effective population sizes at which the mutation accumulation lines were
propagated, it can be ruled out that this mutation bias is the result of selection against long
alleles. To overcome genetic drift in the vials, unrealistic selection coefficients would have
to be assumed. Thus, the observed mutational bias of long microsatellite alleles is a neutral
phenomenon.

Discussion

Experiments in yeast indicated that the mutation spectrum of cloned microsatellites changes
with the repeat number (Wierdl et al. 1997). While mutations of short microsatellites (7.5-
16.5 repeats) were slightly biased towards a gain of repeat units, mutations of
microsatellites with more than 25 repeat units were significantly biased towards a lower
number of repeats. On average, yeast microsatellites larger than 25 repeats lost 2 repeat
units per mutation (table VII.6.). Thus, the occurrence of a downward mutation bias of long
microsatellite alleles in both species suggests a general mechanism to constrain the length
of microsatellites.
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Table VII.6.

Length dependence of mutational bias

microsatellite length
(in repeats)

average change per mutation (in
repeats)

Yeast 16.5 +0.6

25.5 -2.0
Drosophila 15.9 -1.4

Previous surveys of the D. melanogaster genome (Bachtrog et al. 1999; Schug et al. 1998c)
also indicated that dinucleotide microsatellites longer than 15 repeats are extremely rare
(<0.6%). In yeast, the percentage of dinucleotide microsatellites longer than 15 repeats is
about 5 times higher than in Drosophila (table VII.1.). Furthermore, yeast microsatellites
are on average 6% longer than D. melanogaster ones (table VII.1.). This difference
between D. melanogaster and yeast could be explained if the mutation spectrum of
microsatellites changes at a different length. While the data shown here support such a
model of species-specific and size-dependent mutation spectra, it has to be emphasized that
they are based on a small number of observations and that the yeast data are obtained from

a plasmid-based system. Previous results indicated that the mutational behavior of genomic
microsatellites differs from those cloned into a plasmid (Henderson and Petes 1992).
Nevertheless, species-specific, size-dependent mutation spectra of microsatellite alleles
may also account for the well described variation in microsatellite length between different
species (Amos 1999). Each species may have its own critical length at which the mutational
behavior of a microsatellite changes, thus resulting in a species-specific microsatellite
length distribution.

Assuming that the average mutation rate of dinucleotide microsatellites determined by
Schug et al. (1998b) represents the typical mutation rate of short microsatellites, it is
possible to estimate the average mutation rate of microsatellite loci with long alleles.
Because Θ of these loci is about 11.1 times higher than Θ of typical short microsatellites,

their average mutation rate is also 11.1 times higher (assuming the same mutational
behavior). Thus, the average mutation rate of microsatellite loci with long alleles was
estimated to be 1.03x10-4. This mutation rate is within the range of observed average
microsatellite mutation rates in humans (Weber and Wong 1993). Hence, microsatellites
mutation rates in D. melanogaster are on average lower than in mammals, but long alleles

have mutation rates similar to those observed in mammals. Thus, microsatellite mutation
rates are not species-specific and can not explain the observed variation in microsatellite
length distribution in different species. Most likely, the differences in microsatellite length
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between species are caused by species-specific, size-dependent mutation spectra. The
approach of Kruglyak et al. (1998) to incorporate point-mutations to explain the
microsatellite length distribution can not fully account for the evolution of long
microsatellites in D. melanogaster because the persistence times of most long alleles are
too short for base substitutions to occur in the microsatellite repeat.

It remains speculative why the mutational behavior of microsatellites changes with their
length in a species-specific manner. Because of the well-recognized importance of the
mismatch repair system (Eisen 1999) and some other factors involved in DNA replication,
they provide good candidates as possible causes for species-specific differences.

An alternative model has recently been suggested by Falush and Iwasa (1999), that

included sister chromatide exchange as factor affecting microsatellite evolution. Using
computer simulations they showed that even with an upwardly biased mutational process
for microsatellite alleles, the persistence time of long alleles remains short due to sister
chromatide exchange. Because the persistence time was proportional to the rate of sister
chromatide exchange in their model, it is conceivable that species-specific rates of sister
chromatide may be responsible for the observed difference in size distribution. It should be
noted, however, that a previous study did not detect an influence of recombination rate on
the length of microsatellite loci (Bachtrog et al. 1999). Hence, if sister chromatide
exchange is influencing the length distribution of D. melanogaster microsatellites, their
rates should differ from recombination rates.
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VIII. O RIGIN AND PERSISTENCE TIME OF

MICROSATELLITES

Significance

Even though microsatellites are abundant in the genome of many organisms, almost

nothing is known about their origin. One model assumes that a short “proto”-microsatellite
is generated by chance and subsequently increases in length by DNA slippage. An example
for such a mechanism was recently provided by a study in primates. Messier et al. (1996)
showed that the extension of a “proto” microsatellite, that was composed of a single
tetranucleotide repeat unit and four adjacent dinucleotide repeats, represented the ancestral
state.  While this ancestral “proto” microsatellite structure persisted in most species, it
developed into a tetranucleotide repeat in some species but gave rise to a dinucleotide
repeat in other species.  The arising question is which threshold number of repeats is
necessary for a microsatellite to undergo slippage mutations. Based on the studies of
Messier et al. (1996), this threshold size should be four or five for a dinucleotide
microsatellite and two for a tetranucleotide microsatellite.

Microsatellite loci, which are derived from one species, can often amplify an orthologous
and polymorphic PCR product in a related species. Given that the majority of
microsatellites and their flanking regions have no obvious function in the genome it is
natural to ask how long these repeats exist during the evolution and what are the forces
determining the stability of a microsatellite locus.

This part of the study used the well-elaborated melanogaster group of the family
Drosophilidae that covers a wide range of divergence times to study emergence and
persistence times of microsatellites.

Results

Conservation of microsatellites and their flanking sequence

Twenty-two dinucleotide microsatellite loci that were originally obtained from D.

melanogaster were amplified and sequenced within the melanogaster group of the subgenus
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Sophophora. The consensus phylogeny of this subgenus is depicted in figure VIII.1.
Divergence times (if available) were taken from Ashburner (1989). For most species
divergence times are unknown. To quantify a level of divergence, a cladistic grouping was
performed. This procedure resulted in 7 phylogenetic groups (group 1 is most closely and
group 7 is most distantly related to D. melanogaster) that are indicated by Roman letters in
figure VIII.1. Thus, the grouping reflected the increased phylogenetic distance to the D.

melanogaster sequence.
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Consensus phylogeny of the subgenus Sophophora as inferred either from the literature
(Ashburner 1989; Powell 1997; Pélandakis and Solignac 1993) or from a program
downloaded from the FlyBase server at

http://flybase.bio.indiana.edu:7088/.data/docs/refman/refman-H.4.html. The species used in

this study are indicated in bold letters. For the ANOVA, the species were grouped as
indicated by brackets and Roman letters on the branch leading to this species group. The
grouping reflected the increasing phylogenetic distance to the D. melanogaster sequence.

For each species the percentage of primer pairs that successfully amplified a homologous

PCR product was recorded. In the following, this variable will be referred to as the
(normally distributed, P=0.507 Kolmogorov-Smirnov Test) variable “conservation of
primer sequences”. For those loci that amplified in one species, the percentage of the loci
with a microsatellite ≤ 5 repeats was also recorded. For the purpose of ANOVA these
values were grouped (group 1: 0-5% microsatellites ≤ 5 repeats; group 2: 6-10%, group 3:
11-20%; group 4: 21-30% and group 5: more than 30% microsatellites ≤ 5 repeats) to
generate the factor “conservation of microsatellites”. The grouping of the factor
“phylogenetic distance” was according to figure VIII.1. ANOVA analysis (table VIII.1.)
indicated that most of the variance was explained by phylogenetic distance. In contrast, the
degree of microsatellite conservation had no effect on the primer sequence conservation.

The choice of a threshold size for the microsatellite of ≤ 5 repeats was arbitrary but

reflected the fact that, according to the result of Messier et al. (1996), microsatellites below
this size are not assumed to mutate by DNA slippage. To test if the ANOVA result was
influenced by the choice of this threshold size, the same calculation was done when
calculating the percentage of microsatellite loci with ≤ 3 repeat units. The ANOVA yielded
similar results.

Table VIII.1

ANOVA on “conservation of primer sequence”

Source of variation Sum of

Squares

DF Mean

Square

F Significance

of F

Main Effects 910.765 9 101.196 142.543 0.000*

    Conservation of microsatellites 2.371 3 0.790 1.113 0.339

    Phylogenetic distance 879.737 6 146.623 206.530 0.000*

Explained 910.765 9 101.196 142.543 0.000

Residual 5.679 8 0.710

Total 916.444 17 53.908
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A graphical representation of the dependence of the phylogenetic distance on the
percentage of microsatellite ≤ 5 and flanking sequence conservation is shown in figure
VIII.2. While primer sequences were less conserved in more distantly related species no
correlation between phylogenetic distance and degree of microsatellite conservation could
be detected.
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Figure VIII.2.

Dependence of phylogenetic distance on microsatellite stability

Microsatellite genesis

A microsatellite was considered to have originated in one species, if available sequences
from the outgroups lacked a contiguous microsatellite structure longer than 3 repeats. Using
this criterion, emergence of a microsatellite was found at four loci (Droninac, DS06335b,
Dmtroponi, AC005749 (fig. VIII.3.)). Loci Droninac, DS06335b, AC005749 were typed in
natural populations of D. melanogaster and D. simulans. One representative of all alleles
present in D. melanogaster and D. simulans was also sequenced. If sequencing revealed

that the alleles differed only in the number of repeats in one species, only the mean allele
length as inferred from the population data is shown in figures VIII.3.. The remaining
species as well as all species at locus Dmtroponi were represented only by a single
randomly chosen allele.
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Locus Acp26Ab:

A TA/AT microsatellite structure was detected in D. melanogaster only (fig. VIII.3.a).
Because no ancestral species could be amplified, it is not possible to state if this locus
emerged in D. melanogaster or decayed by the accumulation of base substitutions in the
common ancestor of the simulans triade. Evidence for the latter scenario comes from the
fact, that the sequences of the simulans triade are of similar length as the microsatellite
containing D. melanogaster sequence. If the sequences in the simulans triade were not old
microsatellites then they would most likely have never reached the same length as the D.

melanogaster sequence.

Locus DS06335b:

At locus DS06335b, a (TA)9 repeat can be observed in D. melanogaster only. Most likely, a

short AT-rich sequence similar to the sequence in D. teissieri and D. yakuba was the
starting point for the generation of the microsatellite in D. melanogaster (fig. VIII.3.b). The
lack of a microsatellite in the members of the D. simulans triade indicates that the
expansion of the microsatellite was specific to the lineage leading to D. melanogaster (and
thus occurred only after the split from the D. simulans triade). As all ancestral and all
derived species of D. melanogaster harbour much shorter sequences, this supports the view
that the microsatellite is of very recent origin in D. melanogaster. If it had been present in
the common ancestor of D. melanogaster and the simulans triade but subsequently decayed
in the latter group, then sequences of similar length as in D. melanogaster would have been
expected (like it was the case for locus Acp26Ab).

Locus Droninac:

D. melanogaster had 3 different alleles at this locus which only differed by the number of
AT repeats ((AT)8-10). This allele type is also present at a very low frequency in D. simulans

and D. mauritiana (sim1/mau1; fig. VIII.3.c). However, most alleles in the latter two
species showed a deletion in the flanking region together with multiple base-substitutions
in the repeat (sim2/mau2). The same allele was also fixed in D. sechellia. A hypothesized
scenario at this locus may be that an AT-rich sequence (similar to the one present in D.

ananassae and D. erecta) represented the ancestral state from which an uninterrupted
stretch of AT repeats emerged in the common ancestor of D. melanogaster and the D.

simulans triade. The mechanism could have been either removal of base substitutions by
DNA slippage (see section VI) or additional base-substitutions that generated a longer
stretch of repeats. This allele subsequently remained stable in the melanogaster lineage but

again accumulated base substitutions in the lineage leading to D. simulans, D. mauritiana

and D. sechellia. A conservative estimate of the number of base substitutions in the
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microsatellite repeat is obtained by counting the number of C and G interruptions in the
repeat region (position 29 to 49 in fig. VIII.3.c) because homologous positions for A’s and
T’s can not unambiguously be defined. Taking 10% rate of divergence in introns to be the
neutral rate of divergence between D. melanogaster and D. simulans, base substitutions
within the microsatellite repeat occurred at approximately 2.4 times the neutral rate. This
amount of divergence between D. melanogaster and D. simulans is unlikely to observe
given the average intron divergence of 10% (P < 0.0377, binomial distribution). The
divergence of the microsatellite flanking region at locus Droninac (as inferred from the
third codon positions, which are assumed to evolve neutral [Moriyama and Powell 1996])
is even lower (1.5%), yielding a more significant result (P=0.00001). The fact that both
allele types (pure microsatellite repeat and interrupted alleles) are of similar size supports

the notion that the interrupted alleles are derived from a microsatellite containing sequence.

Locus Dmtroponi:

Because primer sequences were located in the conserved exons of the gene (coding for D.

melanogaster troponin I), the 600 bp intron sequence of this locus could be amplified in all
species within the melanogaster group. An ancestral, very short TA-rich sequence similar to
the one present in D. serrata developed most likely into a short “proto” microsatellite (a
(TA)3 structure in D. elegans). This very short “proto”-microsatellite next gave rise to a TA
microsatellite in D. eugracilis but not in any of the other species of the melanogaster group.
Figure VIII.3.d shows only a representative selection of all species. A TA-rich repetitive
structure could also be observed in D. mimetica, a species derived from D. eugracilis.
Given that the TA-rich structure in D. mimetica is of similar length as the microsatellite in

D. eugracilis, this TA-rich sequence could represent a microsatellite that has decayed. D.

eugracilis and D. mimetica have a similar sister taxon status than D. melanogaster and D.

simulans. Provided that the AT-rich sequence in D. mimetica represents a decayed
microsatellite it is interesting to note that the frequency at which base-substitutions were
accumulated was significantly higher than the rate at

which base substitutions accumulated in the flanking sequence of this locus (P=0.00415
binomial distribution).

Locus AC005749:

At this locus a GT/CA microsatellite emerged from an ancestral sequence that consisted of
two GT units (fig. VIII.3.e). These may subsequently have expanded in the lineage leading
to the remaining species of the melanogaster subgroup. While the microsatellite persisted in

the lineage leading to D. melanogaster and the D. simulans triade, base substitutions
interrupted the repeat in D. teissieri and D. yakuba.
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A.

mel       TTTTGTT TAT ATATATATAT ATATATTATA TATATAGTAT AT---TTTTT TAA
sim       TTTTGTT TAA G TTTATTGTT AAATATTTAT TAA-- AGTAT ATATTTTTTT TAA
sec       TTTTGTT TAA G TTTATTGTT AAATATTTAT TAA-- AGCAT ATATTTTTTT TAA
mau       TT-------- ---- ATCGTT AAATAATTAT TAA-- AGTAT ATATTTTTTT TAA

B.

mel          AGATTCG ATA TATATATATA TATATGTAAG TGCCCAAC-- --ATGTATGT
sim          AGATTCG--- --------- A AATATGTAAG TGCTCACCAA TTAAGTAAAT
sec          AGATTCG--- --------- A AATATGTAAG TCCCCACCAA TTAAGTAAAT
mau          AGATTCG--- --------- A AATATGTAAG TCCCCACCAA TTAAGTAAAT
tei          ---TTCG--- --------- A TTTGATATGG CACCCCAAAC ATATTGGCAT
yak          ---TT----- ------- ATA TTCGATATGA GACCCCAAAC ATATTGGCAT

C.

               1 1111111112 2222222223 3333333334 4444444445 5555555556 6666666667 77777777
      1234567890 1234567890 1234567890 1234567890 1234567890 1234567890 1234567890 12345678
mel1  GAGTTCAAAT CTCTTATCTT TAANTCCAAT ATATATATAT ATATA---- T TATATTA--- ---------- -----TGT
sim1  TAGTGCAAAT CTCTTATCTT TAAATCTAAT ATATATATAT AAATA---- T TATATTA--- ---------- -----TGT
mau1  GAGTACAAAT CTCTCATCTT TAAATCTAAT ATATATATA- --------- T TATATTA--- ---------- -----TGT
sim2  GAGTTCAA-- -----ATCTT TAATTCTA AT AATACATCTT TTGCTGAAAT AATATTA--- ---------- -----TGT
mau2  GATTTCAA-- -----ATCTT TAATTCTA AT AATACATATA TTGCTGAAAT TATATTA--- ---------- -----TGT
sec   GAGTTCAA-- -----ATCTT TAATTCTA AT AATACATCTA TTGCTGAAAT TATATTA--- ---------- -----TGT
yak   GATCC----- ---------- ----TTTA TA GATATATTTA ATGGTGGATT TTTGATTAAC ACAACTCATA ATTTCTGT
ore   GAGTGCGAAT TTCTGTTCCT TCAACATAAG AAT------- ---------- - TTCATTAAG ACAACTCATT CTCTCGGT
ere   GCGTTCGAAT TTCTGTTCCT TCAACATATA GTATAGAATA TATG------ - TTCATTAAA ACAACTCATT CCTTCTGT
ana   GAGT------ --------CT CCAAAAGT CA AATAATACTT G TCCTGA--- ---------- ---------T GTTTGTCC

D.

D.mel       TAAAA--CAG ATAGGCGGCT TATGCATTCA ATATGTTTAA G----CCCGC CTGTCG
D.yak       TAAAA--CAG ATAGGCGGGT TATACATGCA ATATGTTGGA G----TCCGC CTGTCG
D.ore       TAAAAT--TG GCAGACGGGT TATGCATTCA ATATGTTTGA G----CCCGC CTGTCG
D.tak       TAAAAACCAG ATGGTCGGAT CATG------ ---------- -----TCCGT CTATCG
D.lut       TAAA--CCAG ATGGACGGAT CATA------ ---------- -----ACCGT CTGTCG
D.mim       TAAA--CCAG ATGGGCGGAT CATACCTATA TTTGTATG-- -----TCCGC CTGTCG
D.eugr      TAAA--CCAG ACAGGCGGCT TATATATATA TAAATATATA TATATTCCAA ATGTCG
D.ele       TAAA--CCAG ACTGGTGGAT TATATAT--- ---------- -----CCGCT TTGTCG
D.ser       TAAA--CCAG ATGGACGGAT CTTA- ----- ---------- -----TCCGT CTATCG

E.

mel       CATC TGTGTG TGTGGGTGTGTGTG TGTGTGTGTG GCA
sim1      CATC T----- -------G TGAGTG TGTGTGTGTG GCA
mau       CATC T----- -------G TGAGTG TGTGTGTGTG GCA
sim2      CATC T----- ---------- G TG TGTTTGTGTG GCA

tei       CATC T----- -----G TTTTGGGT GTGGCGTGTG GCA
yak       CATC T----- -----G TTTTGGGT GCGGCATGTG GCA

ere       CATC T----- -----G TTT-GGGT GT-------G GCA
ore       CATC T----- -----G TTT-GGGT GT-------G GCA

Figure VIII.3. Examples for microsatellite genesis at different loci

A) Locus Acp26Ab

B) Locus DS06335b

C) Locus Droninac
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D) Locus Dmtroponi

E) Locus AC005749

Repeat type specificity for microsatellite emergence

Thirty-seven dinucleotide microsatellite loci of repeat type TA/AT (9 loci) and GT/CA (28
Loci) were analyzed in the melanogaster subgroup. The emergence of a microsatellite in D.

melanogaster was detected at one GT/CA locus and at 2 TA/AT loci. Thus, while only
0.03% of GT/CA microsatellites showed the emergence of a microsatellite, 20% of the
TA/AT microsatellites did so. This difference, however, is statistically not significant (P =

0.11; Chi2-test).

Evidence for DNA slippage mutations at short microsatellite loci

As shown in table VIII.2., evidence for a slippage mutation from two to three repeats was
found in two cases (one AG/TC and one GT/CA repeat). Slippage mutations at very short
microsatellites (3, 4 and 5 repeats) were found at 5 additional loci. However, the direction
of these mutations could not be inferred, as no information about the repeat number in the
ancestral species was available.

In most cases, slippage of very short microsatellites was detected by sequencing a larger
stretch of flanking region of a sequence that was originally selected because of the presence
of a longer microsatellite in D. melanogaster. However, the region where slippage of very
short microsatellites occurred was independent of this original microsatellite. Two loci

were found by chance in sequences downloaded from GenBank. The very short
microsatellites were located in an intron of the respective genes (Adh and Alpha amylase).

Table VIII.2

Types and directions of DNA slippage mutations at very short microsatellite loci

Repeat type TA/AT Repeat type GT/CA Repeat type AG/TC

( ) ( )TA TA2 3⇔ ( ) ( )TG TG2 3⇒ ( ) ( )AG AG2 3⇒

( ) ( )TA TA3 4⇔ ( ) ( )TG TG2 3⇔ ( ) ( )AG AG2 4⇔

( ) ( )TA TA4 5⇔
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Discussion

Microsatellite persistence times

During the last decade, microsatellites have become increasingly popular, thus promoting
the development of microsatellite flanking primers from a range of different taxa. In many
cases, the primer pairs developed in one species amplified also a homologous PCR product
in related species. The conservation of priming sites was found to vary significantly among

the taxa studied. For example, microsatellite flanking sequences were not conserved in the
Asteraceae (Whitton et al. 1997) but where conserved over time spans of 300 Myr at some
loci among sea turtles (FitzSimmons et al. 1995) and 470 Myr among fish species (Rico et

al. 1996). However, the presence of a microsatellite sequence in related taxa was often only
determined by the presence or absence of a PCR product of similar size as in the source
species and was not confirmed by sequencing. Thus, evolutionary inferences about the
mutational behavior and the persistence time of microsatellite structure are not possible. So
far, only three avian (Primmer and Ellegren 1998) and one fish microsatellite locus
(Zardoya et al. 1996) were successfully amplified and sequenced over a wide phylogenetic
range. The microsatellite structure in these reports was remarkably stable.

The advantage of using Drosophila to study the persistence time of microsatellite loci is
that many microsatellite loci are available in this species, thus allowing a more systematic
survey. Conservation of primer sequences and microsatellite structure was assessed at
twenty-two dinucleotide microsatellite loci in a wide range of Drosophila species, covering
an assumed divergence time of 53 Myr (approximately 5 to 10 My generations). The ability
of amplifying a microsatellite locus in other species depends on the conservation of its
flanking region (base substitutions in the primer binding sites will prevent the primers from
binding), which is a function of the phylogenetic distance between taxa. Consistent with
this, the degree of primer sequence conservation in one species could exclusively be
explained by the phylogenetic distance of this species to D. melanogaster. Thus, the degree

of primer sequence conservation reflects the phylogenetic distance between the species. In
contrast, such a relationship could not be observed between the degree of microsatellite
conservation and phylogenetic distance. A higher percentage of microsatellites with at least
6 repeats was observed in more distantly related species than in the more closely related
species to D. melanogaster (see fig. VIII.2). This observation is also true for shorter
microsatellites with at least 4 repeat units. Thus, it can be concluded that microsatellite
repeats are often stable over large evolutionary time spans in Drosophila but might also
become very short in some evolutionary lineages.
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A simulation study by Tachida and Iizuka (1992) confirmed that the origin of a
microsatellite repeat could be very old especially if the rate of increase of the microsatellite
is approximately the same as the rate of decrease. Similarly, Stephan and Kim (1998) could
show that such high microsatellite stability is also expected if the effect of genetic drift
caused by finite population size is incorporated.

As shown in section VII, long microsatellites in Drosophila have a very short persistence
time and have the tendency to become shorter. Thus, short microsatellites are relatively
over-represented in the Drosophila genome. Short microsatellites have a substantial lower
slippage mutation rate thus making them more prone to be interrupted by base substitutions
in the repeat. Given this, the high degree of microsatellite conservation is surprising.

However, it seems unlikely that selection is responsible for the maintenance of
microsatellites across species boundaries because if microsatellites were of functional
importance over such a wide range of species, they should not get lost in some species but
not in other, closely related species. It remains completely unknown why microsatellites
show such a high structural stability. A neutral explanation could be that the high
conservation of microsatellites stems from their repeated emergence and decay, which, in
turn, may be a simple neutral reflection of the mutational dynamics in certain sequence
contexts.

Microsatellite genesis

Based on the present Drosophila data set it was possible to show the origin of a
dinucleotide microsatellite at four different loci. Interestingly, TA/AT microsatellite repeats

were more often involved in microsatellite genesis than GT/CA microsatellites. These data
were extracted from 22 microsatellite loci amplified in the whole melanogaster group.
However, these data did not allow a systematic quantification of which repeat type is more
often involved in microsatellite genesis. To avoid a potential bias from unequal degree of
primer conservation among the two repeat types studied, only TA/AT and GT/CA
microsatellites were considered, that amplified in the melanogaster subgroup.
Consequently, the quantification of the number of observed microsatellite origins was also
restricted to this subgroup. Out of the nine TA/AT and twenty-eight GT/CA microsatellites
that were analyzed within the melanogaster subgroup, emergence of two TA/AT and one
GT/CA repeat was detected in D. melanogaster. Even though this differences was
statistically not significant the result indicates an interesting trend of “repeat-type

specificity” for microsatellite emergence.

The fact that the genesis of an AT/TA microsatellite was observed relatively often is
intuitive given that the Drosophila genome is AT-rich (Powell 1997) and thus generates
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“proto” microsatellites at high rates. Therefore, TA/AT microsatellites are expected to be
most abundant in the D. melanogaster genome. However, analysis of the distribution of
dinucleotide microsatellites in 13 Mb genomic DNA of Drosophila melanogaster

(Bachtrog et al. 1999) demonstrated that GT/CA repeat types occur at highest frequency. A
low stability of TA/AT microsatellites could explain this discrepancy. Locus Droninac

provides a particularly good example for a low stability of TA/AT repeats. Interestingly,
the microsatellite incorporated base substitutions at a rate significantly higher than is
normally observed. Other loci also showed evidence for such a high rate of degeneration at
AT/TA microsatellites. At loci Acp26Ab (fig. VIII.3.a) and DS06335b (fig. VIII.3.b) the
AT/TA microsatellite is present only in D. melanogaster. In contrast to locus DS06335b,
the sequences of the simulans triade at locus Acp26Ab are of similar length as the

microsatellite containing sequence. One hypothetical scenario could be that these sequences
represent a microsatellite that increased in size in the common ancestor to D. melanogaster

and the simulans triade and subsequently degenerated in the simulans triade. If the
sequences in the simulans triade were not old microsatellites that were expanded by DNA
slippage then they would most likely have never reached a similar size as the melanogaster
sequence (as it was the case at locus DS06335b). The same tendency can also be seen at
locus Droninac, where pure microsatellite and interrupted alleles have very similar sizes.

The low stability of TA/AT microsatellites is in clear contrast to most GT/CA
microsatellites, which are largely conserved in the sibling species of D. melanogaster (data
not shown). How can this high rate of base substitutions be explained? Recently, Bachtrog

et al. (submitted) showed that TA/AT microsatellites have the lowest mutation rate among
all dinucleotide motifs. This is most likely not explained by a lower primary slippage rate
of TA/AT repeats but rather by higher efficiency in recognizing and repairing TA repeat
loops. In eukaryotes, various DNA polymerases have substantially different error rates
(Kunkel 1992). If a DNA polymerase with a higher error rate carries out the repair
synthesis then this would lead to a higher accumulation of base substitutions in those repeat
types that are repaired more often. Moreover, there is biochemical evidence that adjacent
nucleotides can promote specific mutations at a given site. For example, the rate of
transition from a T-A basepair to a C-G basepair is enhanced by the presence of a 3’ A-T
pair (Blake et al. 1992; Bloom et al. 1993). Thus monotonous repeats of AT are highly
predisposed to be interrupted.

Given that most microsatellites have such a long persistence time, the documentation of a
birth of a microsatellite is a difficult task. Even though the present work reports
microsatellite emergence at 4 different loci in Drosophila, it is very difficult to draw
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general conclusions from these data. While the observation of sequence specificity for
microsatellite genesis and decay may provide an interesting trend, clearly many more loci
are needed to critically test this hypothesis.

Threshold size for DNA replication slippage

The “threshold model” of DNA slippage predicts that a microsatellite must reach a critical
length before DNA slippage might act. Recent simulation studies that compared the
observed length distribution of microsatellites in the yeast genome to the expected
distribution confirmed this threshold model but suggested that the threshold is determined
by the number of nucleotides in the array rather than by the number of repeats (Pupko and
Graur 1999; Rose and Falush 1998). Both studies consistently show that beyond about
eight nucleotides, there are significant deviations between observed and expected values for

most repeat types. Thus a threshold size of 4 repeats at dinucleotide repeats would be
predicted from these simulation studies.

Provided that short microsatellites have a much lower mutation rate than long
microsatellites (see previous section), it is very difficult to obtain experimental data about
frequency and direction of mutations of very short microsatellite loci. Comparisons among
closely related species might be informative in this case because these species are separated
for thousands of generations during which mutations at very short microsatellites could
occur. The present study found evidence for DNA slippage at microsatellites as short as 2
repeat units, thus indicating that the threshold size is only about half the one that is
predicted by the simulation studies.

A completely different mechanism of microsatellite origin was suggested by Nadir et al.
(1996). Motivated by the observation that many microsatellites can be found 3’ of retro-
transposable elements in the human genome, these authors suggested, that microsatellites
may be generated by 3’ extension of RNA transcripts, a process that starts with
polyadenylation of mRNA and subsequently uses a microsatellite containing “guide”-RNA
for further editing the primary transcript. However, several lines of evidence suggest that
this mechanism can not serve as an explanation for the origin of dinucleotide
microsatellites studied here. First, a significant association between microsatellites and the
3’ end of retro-transposable elements was only found for highly A-rich motifs and not for
dinucleotides. Furthermore, reduced microsatellite densities were described around
centromeric regions in Drosophila, which, on the other hand, have a very high density of

transposable elements (Lowenhaupt et al. 1989; Pardue et al. 1987). If there would be a
causal correlation of microsatellite genesis and the insertion of a transposable element, then
a higher density of microsatellites would be expected in the centromeric region.
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IX. A N APPLICATION OF MICROSATELLITES :
PHYLOGENETIC RECONSTRUCTION

Significance

Uncovering the genealogy of closely related species remains a major challenge for

phylogenetic reconstruction. It is unlikely that the phylogeny of a single gene will represent
the phylogeny of a species as a whole because base-substitutions are highly likely to be
shared among the species, a result from the retention of ancestral polymorphism (Tateno et

al. 1982). To overcome this problem, DNA sequence data across a large number of loci can
be combined in order to obtain a consensus tree (Pamilo and Nei 1988). Long sequences are
needed, however, to minimize the effect of (infrequent) base substitutions, and sufficient
individuals must be sequenced per species to account for intraspecific polymorphisms, an
overwhelming task using current DNA sequencing technology. By contrast, microsatellites
are easy to type (Schlötterer 1998), allowing the analysis of many loci in multiple
individuals. In addition, microsatellites may provide a stronger phylogenetic signal because
new mutations differentiating the species arise at high rates.

Despite their successful use in mapping (Dib et al. 1996; Dietrich et al. 1996), behavioural
ecology (Schlötterer and Pemberton 1998) and population genetics (Bruford and Wayne
1993), their usefulness for the phylogenetic reconstruction of closely related taxa has never
been demonstrated.

This part of the study shows that microsatellite specific distance measurements (Goldstein
et al. 1995b) correlate with other multilocus distances, such as those obtained from
DNA–DNA hybridization data. Thus, microsatellites may provide an ideal tool for building
multilocus phylogenies.

Results and discussion

Drosophila lines and microsatellite loci analyzed in this section are listed in tables XII.1-4.
and XII.10. The repeat number for all loci was inferred separately for each species either by
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using sequences available from Genbank or by sequencing a single allele of each of the
four species D. melanogaster , D. simulans, D. mauritiana and D. sechellia.

Under the stepwise mutation model, the squared average difference in mean repeat number,
(δµ)2, is linearly correlated with time (see section III). Kimmel et al. (1996) noted that the

linearity of stepwise distances is independent of the assumptions of both single repeat unit

step sizes and symmetry in mutation rates. Hence, the greatest concerns for the use of
microsatellites in phylogenetic reconstruction are potential constraints on allele size and
whether or not the mutational properties of loci are maintained across species (Goldstein
and Pollock 1997). Allele size constraints would result in an underestimate of genetic
divergence between species (Feldman et al. 1997; Nauta and Weissing 1996). As
constraints are expected to be more pronounced the more diverged the species are, a
nonlinear relationship between microsatellite based distances and other multilocus based
estimates would result. As shown in Figure IX.1. genetic divergence estimates based on
(δµ)2 are, however, highly correlated both with DNA–DNA hybridization data (Caccone et

al. 1988) (r = 0.918, p = 0.036) and with allozyme data (Cariou 1987) (r = 0.939, p =
0.020).
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Figure IX.1. Correlation of genetic distances

A. Nei’s distance from allozyme data (multiplied by 10)

B. Genetic distance based on DNA-DNA hybridization data
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Hence, microsatellite evolution appears to be relatively unconstrained across species within
the divergence time of D. melanogaster and D. simulans, which is estimated to be 2.5–3.5
million years (Bodmer and Ashburner 1984). As shown in section V., the mutational
properties of microsatellite loci are conserved between D. melanogaster and D. simulans.
Thus, the two greatest concerns for phylogenetic reconstruction based on microsatellites —
size constraints and differences in mutational properties —appear to be of minimal concern
within the D. melanogaster species complex.

The distance (δµ)2 can be used to estimate times of divergence if the average mutation rate

of microsatellites is known. Two studies obtained an average microsatellite mutation rate of
6.3 x 10–6 per generation in D. melanogaster, which is more than one order of magnitude
lower than in mammals (section IV; Schug et al. 1997). Using this average mutation rate,
the estimated divergence time between D. melanogaster and D. simulans is 130,000 years
(table IX.1.), a result that is clearly incompatible with previous divergence estimates of 2.5
– 3.5 million years (Bodmer and Ashburner 1984).

Table IX.1.

Expected time of divergence in myr for various mutation rates (time of divergence in
myr was calculated based on the assumption of 10 generations per year)

mutation rate

Pairwise

comparison
(δµ)2 10-5 6.3x10-6 10-6 5x10-7 10-7 10-8

mel/sec 21.574 0.11 0.17 1.08 2.2 10.8 107.9

mel/mau 17.936 0.09 0.14 0.90 1.8 9.0 89.7

mel/sim 15.9795 0.08 0.13 0.80 1.6 8.0 79.9

mau/sec 12.5221 0.06 0.01 0.63 1.3 6.3 62.6

sim/sec 11.6995 0.06 0.09 0.58 1.2 5.8 58.5

sim/mau 5.1765 0.03 0.04 0.26 0.5 2.6 25.9

Several confounding factors may contribute to this discrepancy, including small violations
in the assumptions required to satisfy the model. For example, there may be slight

constraints because of an increased rate of long alleles to lose repeat units (see section VII).
Furthermore, although variances in repeat number between D. simulans and D .
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melanogaster are significantly correlated (see section V) only 36% of the variation is
explained by the regression equation. An additional source of error is the estimated number
of generations per year, which may be inaccurate. The most important assumption,
however, is the mutation rate itself, which may be overestimated as a result of the
experimental design of the studies measuring mutation rates in D. melanogaster; both
studies used a set of lines with identical alleles, which could have resulted in an over
representation of hypervariable alleles causing a higher mutation rate estimate. Given all
these uncertainties, divergence times based on (δµ)2 should be viewed with caution.

Genealogy of the D. melanogaster complex

Genetic distances between species were calculated by various methods including (δµ)2

(Goldstein et al. 1995b), Nei’s distance’s (Nei 1972), and the proportion of shared alleles
(see section III). Table IX.2. shows the genetic distances obtained with these methods.

Table IX.2.

Mean pairwise distance between the species using various distance methods

Delta Mu Squared Nei’s distances Proportion of shared alleles

mau sec sim mau sec sim mau sec sim

sec 54.171 1.393 1.675

sim 21.538 48.961 0.593 1.153 0.919 1.484

mel 72.630 86.606 66.087 2.350 2.100 1.982 2.484 2.333 2.068

Irrespective of the distance measurement used, all UPGMA and Neighbor-joining trees
supported the same grouping, with D. melanogaster depicted as the most distantly related
species. In the remaining clade, D. sechellia arose first, followed by the split between D.

simulans and D. mauritiana. To test the consistency of this result, an allele sharing tree of

individuals was constructed. The UPGMA tree in Figure IX.2. shows that all individuals
from the same species cluster together.
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Phylogenetic reconstruction of the melanogaster complex using 39 microsatellite loci
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The major difference between the UPGMA and a Neighbor-joining tree is that a single D.

simulans individual is not clustering with the other 31 D. simulans individuals but instead
forms a sister group to D. mauritiana and the remaining D. simulans individuals. The
bootstrap support for each species ranges from 84 to 100%, with D. simulans having the
lowest bootstrap support (fig. IX.2.). Variation in the DNA region flanking microsatellites
is well described for cross species comparisons (Garza et al. 1995; Grimaldi and Crouau-
Roy 1997; Schlötterer et al. 1991). Insertions or deletions in flanking regions of one species
can influence the estimated number of repeats if the DNA sequence is known only for
another species. To test whether length variation in the flanking regions affects the
topology of the tree of individuals, the PCR product length rather than the number of
repeats was used for phylogenetic reconstruction; interestingly, this resulted in a similar

grouping of individuals, with a comparable bootstrap support. This is encouraging because
it suggests that the microsatellite based phylogeny is sufficiently robust to mask the
phylogenetic noise introduced by variation in the flanking regions. Further investigations
will reveal whether phylogenies with a weaker phylogenetic signal could also be reliably
reconstructed if PCR product length is used rather than repeat number.

The species phylogeny of the D. melanogaster complex is far from being resolved.
Recently, a set of 12 single copy genes and a ribosomal spacer sequence (ITS) were used to
investigate discrepancies between individual gene trees in the D. melanogaster species
complex (Caccone et al. 1996). Although all genes demonstrated the sister group status of
D. melanogaster, all three possible groupings of the D. simulans clade were supported by

different genes. The combined data set from all 13 chromosomal regions provided strong
evidence that D. simulans arose first, followed by a split between D. mauritiana and D.

sechellia. Similarly, DNA–DNA hybridization data (Caccone et al. 1988) support the same
topology. Most studies did not use multiple individuals from each species, and studies
which did so reported a different pattern: a series of papers using six individuals for each
species showed for some genes that D. sechellia arose first, followed by the split between
D. simulans and D. mauritiana (Hey and Kliman 1993; Hey and Kliman 1994; Hilton et al.
1994; Kliman and Hey 1993). Furthermore, Kliman and Hey (Kliman and Hey 1993)
demonstrated that some alleles of the period gene are shared between D. simulans and D.

mauritiana, a result which also favors the closer phylogenetic relationship of these species.
Solignac and Monnerot (1986) showed with restriction fragment length polymorphism

analysis of mitochondrial DNA, that D. simulans and D. mauritiana have multiple
mitochondrial DNA haplotypes and that the haplotypes of both these species cluster
together. Allozyme data also show that D. simulans and D. mauritiana are closer to each
other than either is to D. sechellia (Singh 1989).
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Much thought has been given to the hypothesis that D. simulans represents a large
population with very old lineages which are still segregating. The microsatellite data set
shown here, however, provides very little support for this hypothesis. In a Neighbor-joining
tree of individuals, only a single individual of D. simulans split before the branch leading to
D. mauritiana. The average genetic distance (based on the proportion of shared alleles)
between individuals is 0.80 for D. simulans and 0.75 for D. melanogaster. The unimodal
distribution of the pairwise distances for both D. melanogaster and D. simulans individuals
(fig. IX.3.) suggests that the greater average genetic distance of D. simulans can not be
explained by the presence of two different lineages, as this would have resulted in a
bimodal distribution.
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Figure IX.3.

A. Pairwise genetic distance between D. melanogaster individuals

B. Pairwise genetic distances between D. simulans individuals (a fitted normal distribution
is given for reference)

Hence, a larger effective population size of D. simulans is a more likely explanation for the
higher average genetic distance in our data set. As individuals from five different
populations were included, it is unlikely that this result can be ascribed to a non-
representative sampling of D. simulans.

While microsatellites seem to be adequate for phylogenetic reconstruction, it should be
mentioned that the obtained tree topologies differed between the various multilocus
distances. The topologies reported for allozymes and DNA–DNA hybridization were not
statistically supported (Caccone et al. 1988; Cariou 1987). Furthermore, out of 33 allozyme
loci surveyed, 16 showed no variation in the D. melanogaster species complex, whereas all
of the 39 microsatellite loci did so. Hence, the larger number of informative loci probably

explains why the present study found a robust branching pattern and the author of the
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allozyme study had to conclude that the chronology of the speciation events remains
unresolved (Cariou 1987).

The great benefit of microsatellites for the reconstruction of phylogenies of closely related
species is their mutation rate. Although base substitutions are highly likely to be shared
between two closely related species, such as D. simulans and D. mauritiana (Clark 1997),
microsatellite alleles are less likely to be shared between species because of their higher
mutation rate. New mutations would be expected to have occurred before the lineage
sorting of DNA sequences is completed. Hence, a less contradictory signal is to be expected
when microsatellite data combined over several genomic regions are used for phylogenetic
reconstruction of closely related species.

A general difference between the present study and others using microsatellites to
reconstruct phylogenies (Bowcock et al. 1994) is that this study used microsatellites with
low mutation rates, so fewer mutational events are likely to have occurred since the split of
two species. If the mutational behavior of some of the loci studied deviates from the
assumed pattern, then microsatellites with high mutation rates are more likely to result in an
inaccurate phylogenetic reconstruction. The conclusions about the appropriateness of
microsatellites for phylogenetic reconstructions may therefore be strongly influenced by the
low microsatellite mutation rate of Drosophila.
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X. SUMMARY

Microsatellites are short (1-6bp), tandemly repeated DNA sequences that vary in their
number of repeats. The mechanism that is responsible for this high length variability is
DNA replication slippage. This process generates unpaired loops in the repeat. Loops that

are not recognized by the mismatch-repair machinery result in an addition or deletion of
one (or several) repeat units. Although the predominant role of DNA slippage for the
generation of mutations at microsatellite loci is not debated, it is becoming increasingly
clear that additional factors influence the mutational behavior at a given microsatellite
locus. One part of this study showed that microsatellite loci, that did not differ in factors
like number of repeats, repeat type and recombination rate showed marked differences in
their variability within a species. The fact that these differences were also conserved across
species indicated that each locus has a locus-specific mutation rate, which is most likely
determined by the position of the microsatellite along the chromosome. It was hypothesized
that differences in the repair efficiencies in different chromosomal regions could explain
this “position-effect” on microsatellite variability.

Several other approaches were used to elucidate rates and patterns of microsatellite
mutations. It was shown that microsatellite mutation rates in Drosophila are much lower
compared to other organisms. It was also demonstrated that Drosophila microsatellites are
short as a result of a species-specific mutation pattern. The mutation pattern seen in
Drosophila was described as a mutational bias mechanism, which favors the reduction of
allele size once a microsatellite has become very long. Comparisons to yeast suggested that
a mutational bias of long microsatellites towards shorter allele sizes might be a general
phenomenon, but occurs at species-specific length. It was hypothesized that this species-
specific, length-dependent mutational bias might reflect differences in the properties of the
DNA replication and mismatch repair machinery.

The present study also discussed several aspects on the origin and persistence times of
microsatellite loci. It was shown that microsatellite sequences might persist over a large
evolutionary time range but might also become very short in some evolutionary lineages. In
part, this high stability of microsatellite loci could be attributed to the fact that base
substitutions in the repeat (that would otherwise lead to a gradual decay of the
microsatellite) can be removed by DNA slippage. This mechanism is thus counteracting the
degeneration of a microsatellite.
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The interpretation of most results relied in a hypothetical role of the specificity of the DNA
replication and repair machinery in shaping the pattern of microsatellite mutations within a
species and thus also determining the differences between species. To further test this
hypothesis, more information about the specificity of these enzymes is required.
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XI: Z USAMMENFASSUNG

Mikrosatelliten sind kurze (1-6bp), tandemartig wiederholte DNA Abschnitte, die sich
durch eine hohe Längenvariabilität auszeichnen. Verantwortlich für diese
Längenvariabilität ist ein Mechanismus, der “DNA-Replikations-slippage” genannt wird.

Dieser Prozess generiert ungepaarte Schleifen in den wiederholten DNA Abschnitten des
Mikrosatelliten. Werden diese ungepaarten Schleifen von den Reparaturenzymen nicht
erkannt, kann es zu der Addition oder Deletion einer (oder mehrerer)
Wiederholungseinheiten im Mikrosatelliten kommen. In erster Linie ist der Prozess des
DNA slippage für die Erzeugung der Mutationen an einem Mikrosatellitenlocus
verantwortlich, es wird jedoch in zunehmendem Maße klar, daß viele zusätzliche Faktoren
das Mutationsverhalten an einem Locus beeinflussen können. Ein Teil der vorliegenden
Arbeit hat gezeigt, daß die Mikrosatelliten-Variabilität von Locus zu Locus stark variieren
kann. Die Tatsache, daß diese unterschiedlichen Variabilitäten auch über verschiedenen
Arten hinweg konserviert sind, deutet an, daß jeder Locus eine für ihn spezifische
Mutationsrate besitzt. Diese locus-spezifische Mutationsrate wird höchstwahrscheinlich

durch die Lage des Mikrosatelliten auf dem Chromosom bestimmt. Zur Erklärung dieses
„Positions-Effekts“ der Microsatelliten Variabilität könnten unterschiedliche Effizienzen
der Reparatur-Enzyme in unterschiedlichen genomischen Regionen herangezogen werden.

Verschiedene Ansätze dienten dazu, Mutationsraten und Mutationsmuster an
Mikrosatelliten Loci zu studieren. Verglichen mit anderen Arten wurden bei Drosophila
viel niedriger Mikrosatelliten-Mutationsraten gefunden. Es konnte gezeigt werden, dass
eine durchschnittlich kürzere Mikrosatellitenlänge bei Drosophila für die niedrigere
Mutationsrate verantwortlich ist. Kürzere Mikrosatelliten bei Drosophila konnten wiederum
durch ein für diese Art spezifisches Mutationsverhalten erklärt werden. Dieses wurde als
ein Prozeß beschrieben, bei welchem lange Mikrosatelliten die Tendenz besitzen, kürzer zu
werden. Vergleiche mit Hefe deuteten an, daß ein solches, gerichtetes Mutationsverhalten

ein generelles Phänomen sein könnte, welches bei einer unterschiedlichen, jedoch für eine
Art spezifischen Mikrosatelliten Länge auftritt. Grundlage für dieses spezies-spezifische
und längenabhängige gerichtete Mutationsverhalten könnten Unterschiede in den
Eigenschaften der DNA-Replikations- und Reparatur-Enzymen zwischen den
verschiedenen Arten sein.
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Die vorliegende Arbeit befaßte sich ebenfalls mit einigen Aspekten zur Entstehung und
evolutionären Stabilität von Mikrosatelliten. Es wurde gezeigt, daß die repetitiven
Einheiten des Mikrosatelliten über sehr lange evolutionäre Zeiträume konserviert sein
können. Diese hohe Stabilität ist zum Teil dadurch bedingt, daß Basensubstitutionen in der
repetitiven Region durch DNA-slippage wieder entfernt werden können. Ein solcher
Mechanismus wirkt also einem durch Basensubstitutionen hervorgerufenen Zerfall des
Mikrosatelliten entgegen.

In dieser Arbeit wurden viele Aspekte des Mutationsverhaltens von Mikrosatelliten durch
die Spezifität der DNA-Replikations- und Reparatur-Enzyme erklärt. Damit diese
Hypothesen überprüft werden können, muß mehr Information über die Wirkungsweisen

und Spezifitäten dieser Enzyme vorliegen.
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XII. M ATERIAL AND METHODS

Molecular biology

Unless stated otherwise all molecular biology techniques were performed according to
protocols given in (Ausubel et al. 1999). Solutions and buffers used are also listed there.

List of suppliers for enzymes and chemicals

Amersham Radiochemicals
New England Biolabs (NEB) Polynucleotidkinase

Perkin Elmer Cetus Taq-polymerase
Perkin Elmer Big-Dye sequencing chemistry

Gibco BRL Primer, Restriction Enzymes
Millipore MultiScreen 96 well filter plates

Sigma Agarose

Boehringer Mannheim Nucleotides, Alkalin-Phosphatase, Proteinase K
Gibco BRL Acrylamide/Bisacrylamide

MBI PBR322 DNA/MvaI

All other chemicals were purchased from Merck (p.a. quality).

Isolation of genomic DNA from individual flies

A single frozen fly is homogenized in 200 µl Homogenization buffer (160 mM Sucrose, 80
mM EDTA, pH 8.0, 100 mM Tris, pH 8.0, 0.5 % SDS, 0.1 mg/ml Proteinase K). After
incubation at 58°C for 3 hours the proteins were removed by the high salt method (Miller et

al. 1988). The DNA is then precipitated with 1 Volume Isopropanol.  After one washing

step with 70% Ethanol, the dried DNA is diluted in TE buffer.

Isolation of microsatellites from mapped P1 clones

P1 clones were provided by S. Herrmann and Yong (M. Ashburner laboratory). P1-DNA
was extracted by the use of Qiagen columns (Hilden, Germany) according to the
instructions of the supplier. The isolation of microsatellites from single P1 clones followed
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essentially the protocol of Rassmann et al. (1991) with slight modifications described in
Schlötterer (1998). Instead of a simultaneous digest with Alu I, Hae III and RsaI, different
combinations of two enzymes were used and digested separately. After pooling the digests
they were precipitated, cloned into M13 mtvh (Schlötterer and Wolff 1996), screened with
dinucleotide simple sequence probes and sequenced. Primers were derived from the
sequences flanking the microsatellite.

Polymerase chain reaction (PCR) and radioactive typing of microsatellites

10µl PCR reactions were carried out with 100ng of genomic DNA, 32P labeled forward
primer, 1.5mM MgCl2 , 200µM dNTPs, 1µM of each primer and 0.5U Taq polymerase. A
typical cycling profile consisted of 30 cycles with 50 seconds at 94°C, 50 seconds at 50°C
to 57°C (depending on the primer pair) and 50 seconds at 72°C. All PCR reactions were run

with an initial denaturing step of 3 min. and a final extension of 45 min. at 72°C for
quantitative terminal transferase activity of the Taq polymerase. PCR products were
separated on 7% denaturing polyacrylamid gels (32% formamide, 5.6 M urea) and
visualized by autoradiography. The same PCR conditions were also used for cross-species
amplification of the microsatellites. PCR products were sized by loading a „slippage
ladder“ that produced bands every 2 bp (Schlötterer and Zangerl 1999) and a known size
standard next to them.

Direct sequencing of PCR products

For DNA sequencing, 50µl PCR reactions with 100 ng of genomic DNA, 1.5 mM MgCl2 ,
200µM dNTPs, 1µM of each primer and 2.5U Taq polymerase were purified using
MultriScreen 96 well filter plates according to the suppliers protocol, quantified and

directly sequenced in both directions using the BigDye sequencing chemistry on an ABI
377 automated sequencer.
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Origin of flies

Table XII.1.

Origin and specification of D. melanogaster flies

Population provided by F1 / isofemale N (no. of chromosomes) analyzed in section
Finland A. Riihimaa isofemale 18 ,1 V, VIII

India J. David isofemale 12, 18 V, VI

Kenya R. C. Woodruff isofemale 20, 15 IV, V

Germany C. Schlötterer isofemale 13 V

Australia I. Boussy isofemale 30 VII

Padua L. Nigro isofemale 30 VII

Chicago M. Jensen isofemale 30 VII

Austria B. Harr F1 individuals 60, 20, 10 VII, IX, VI

Russia A. Korol F1 individuals 60, 20 VII, IX

Netherlands D. Slezak F1 individuals 60, 40 IV, VII

Hungary R. Ritter F1 individuals 40 IV

France J. David F1 individuals 60, 20 VII, IX

Italy M. Imhof F1 individuals 60, 10 VII, VI

Table XII.2.

Origin and specification of D. simulans flies

Population provided by F1 / isofemale N (no. of chromosomes) analyzed in section
Zimbabwe M. Turelli isofemale 26, 6, 10 V, IX, VII

New Caledonia M. Turelli isofemale 8, 7 V, IX

Colombia M. Turelli isofemale 11, 7, 1 V, IX, VIII

USA M. Turelli isofemale 12, 6 V, IX

Mexico M. Turelli isofemale 10, 6 V, IX

Israel A. Kamal F1 individuals 58 VII

Kreta A. Hauser F1 individuals 8 VII

Italy M. Imhof F1 individuals 32 VII

Pennsylvenia E. Dermitzakis F1 individuals 44 VII

Table XII.3.

Origin and specification of D. sechellia flies

Population provided by F1 / isofemale N (no. of chromosomes) analyzed in section
Seychelles BG Stock center isofemale 5, 1 IX , VIII

Seychelles J. David isofemale 22, 5 IX. VII
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Table XII.4.

Species provided by Bowling Green Stock Center

Species stock number F1 / isofemale analyzed in section
D. mauritiana 14021-0241.1 isofemale IX, VII, VIII

D. mauritiana 14021-0241.2 isofemale IX, VII

D. mauritiana 14021-0241.3 isofemale IX, VII

D. mauritiana 14021-0241.4 isofemale IX, VII

D. mauritiana 14021-0241.14 isofemale IX, VII

D. mauritiana 14021-0241.16 isofemale IX

D. mauritiana 14021-0241.17 isofemale IX

D. mauritiana 14021-0241.21 isofemale IX

D. mauritiana 14021-0241.22 isofemale IX

D. mauritiana 14021-0241.23 isofemale IX

D. mauritiana 14021-0241.24 isofemale IX

D. mauritiana 14021-0241.25 isofemale IX

D. mauritiana 14021-0241.26 isofemale IX

D. mauritiana 14021-0241.28 isofemale IX

D. mauritiana 14021-0241.31 isofemale IX

D. mauritiana 14021-0241.34 isofemale IX

D. mauritiana 14021-0241.35 isofemale IX

D. mauritiana 14021-0241.36 isofemale IX

D. mauritiana 14021-0241.37 isofemale IX

D. mauritiana 14021-0241.38 isofemale IX

D. mauritiana 14021-0241.39 isofemale IX

D. mauritiana 14021-0241.41 isofemale IX

D. teissieri U-#S160 isofemale IX, VI, VII, VIII

D. yakuba U-#S180 isofemale IX, VI, VII, VIII

D. erecta #S-18 (Lab: M. Ashburner) isofemale IX, VI, VII, VIII

D. orena 14021-0245.0 isofemale IX, VI, VII, VIII

D. malerkotliana 14024-0391.0 isofemale VI, VIII

D. takahashii 14022-0311.1 isofemale VI, VIII

D. ananassae 14024-0371.0 isofemale VI, VIII

D. kikkawai 14028-0561.0 isofemale VI, VIII

D. serrata 14028-0681.0 isofemale VI, VIII

D. lutescens 14022-0271.1 isofemale VI, VIII

D. prostipennis 14022-0291.0 isofemale VI, VIII

D. elegans 14027-0461.0 isofemale VI, VIII

D. mimetica 14023-0341.0 isofemale VI, VIII

D. eugracilis 14026-0451.0 isofemale VI, VIII

Mutation accumulation lines

The mutation accumulation lines were originally generated by mutagenesis of a second

chromosome carrying the phenotypic markers cn bw sp. Before mutagenesis, the
chromosome had been isogenized, thus all mutants are derived from the same chromosome
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(Nüsslein-Volhard et al. 1984).  The chromosomes carrying a recessive embryonic lethal
mutation were maintained over a CyO balancer chromosome. This balancer carries multiple
inversions to prevent recombination. As individuals homozygous for one of the
chromosomes are not viable, the flies were maintained in a heterozygous state. The 119
independent lines with zygotic mutations on the second chromosome that were scored for
microsatellite mutations were obtained from the UMEA stock center, Nüsslein-Volhard
laboratory and the Bloomington stock center.

Mutation rate calculations

Average mutation rates were calculated as n/(2GLK), where n = number of mutations, G =
number of generations, L = number of lines, and K = number of loci. The factor two was
used to account for the fact that two independent second chromosomes were surveyed in

each line. To test if the observed distribution of mutations is compatible with an equal
mutation rate of all loci, we used the binomial distribution and calculated the probability of
only one locus having mutated given the average mutation rate per line (n/L). The
probability of all nine mutations occurring on the same allele was also calculated using the
binomial distribution. Upper confidence limits for the mutation rates of the microsatellite
loci with no mutations were calculated from a Poisson distribution, with the probability of
observing exactly zero mutations is e-m. Solving for m such that the probability of zero
mutations is 0.05, gives m = 2.996. The upper confidence limit was obtained by m/(2GLK).
The 95% confidence intervals for the mutation rate averaged over all loci were also
calculated by assuming a Poisson distribution. The values for m corresponding to nine
mutations were looked up from a table (Rohlf and Sokal 1995) and divided by (2GLK).



-102-

Microsatellite loci

In each table, the PCR product size is given for the D.melanogaster sequence.

Table XII.5.

Microsatellite loci amplified in section V.

Locus Chromosomal
location

Repeat type Annealing
temperature

Forward primer (5’-3’) Reverse primer (5’-3’)

DS06335a 3C1-3C6 GT 53 actgtaattgctgttctatgt cgcacactgggacacaaaa
DS06335b 3C1-3C6 GT 50 gcacaatcacatcgtattcact attgttgttgctgcgattt

M32055 5C2-5C5 (TG)(AG) 53 aaatggagaaaaccttcgagc gttgaattgcggcggccaagt
sex lethal 6F4-7B3 TA 44,5 tttgtatgttcctcacttta ttttgtcgttttcgttatg
DS03641 14A3-14A5 GGT 55 gattttctcgttcagcacg cgctgttcaaagaagcact

G410 33E9-33E10 (CT)(GT) 53 ttcggctctttgtttgcttg aagcttaaaccgatcgaaaac
6744 35E6-35F5 GA 54 cgctctccatccccatctc tgcttgacggctacataaac
DS00762 37B1-37B2 GT 52 gacagttgcaggcgcaccaac gtagcgtgtgcatttgacact
DS08513 37B8-37C2 GT 54 ctacaccatgccctgaaaag gacggcgtgaccatgtctg

5915 44D5-44E2 GA 54 atgcccctgactctctccac gagccggttgcatgtaag
DS00361 54B1-54B2 GT 52 caaccacccacaagcacac cctctccggttgggctac
DS08687a 57C5-57D1 GT 54 tgatttggactgagatcagg gcccaacgaatcatttcac

DS08687b 57C5-57D1 GT 52 tgtcgagagcagcagcagt ttgccttccctgttacag
G411 58D1-58D2 (CT)(GT) 51 attgctgtttggagtttgttg ggtcgcagggacacaattcac
DS08011 59A1-59A2 GT 53 agccacagccatgcgtttaac cacacgctgacaggatctact

Table XII.6.

Microsatellite loci amplified in section VI.

Locus Annealing
temperature

Length of PCR product  (bp) a Forward primer (5’-3’) Reverse primer (5’-3’)

DS01001 55 440 tcgcagcgataagttaagca ctcccacccaaaatggaaata

DS06335b 57 152 gcacaatcacatcgtattcactcagccaga attgttgttgctgcgattttcaaatcaa

DMTOR 57 623 tttcgggtgctgcgatgcagtc accctgcccttttgccaacaa

Table XII.7.

Long microsatellite loci amplified in section VII.
Locus Repeat Cyt. location PCR size range Annealing

temperature.

Forward primer (5'-3') Reverse primer (5'-3')

Eno2 (TA)20 22A1-B2 111-147 55 gctggtgcgtttccaagaag aagatgctgtgagaaataag

AC005749 (GT)4GG(GT)17 22B3-22C1 129-171 56 tacaaaaccgacgcataaaatac tagatacctagttcggctaag
AC005270 (AC)19 24E1-F1 125-149 46 cggcagacgacacttgacac gagaccagccgccttgacta
Dm2337.2 (TA)23 26F1-27C2 162-198 48 cgtagctgaattttcatgtc cgaaatcagaggtcacttac

Dm2337.2 (TA)23 26F1-27C3 50 tcgaacgagaccgtagctgaat gccgcactcaaaactgccactg
DMC30B8 (AG)17 2F1-2F6 130-162 54 atagcatttgccagtgccagta ttgctcgctcgctcgctcactc
L49403 (TA)19 35B2-B10 139-235 54 aacttgaggggttgattc gaagcgaagggggttttattc

AC004118 (TC)18 35B2-B3 109-141 53 gcacacggcgttcgcactct cgagttcacttgacttgtct
L49408 (TA)25 35F5-F12 101-157 51 tcagagacatatccaaacacc acacacatttccattcctcag
Sca1.b (GT)18 52D1-D15 147-167 51 aattcattccgtttttcaagtg accaaggtgtgggtgaagttgt
AC00556 (TA)20 52D1-D15 150-188 48 gagtaaaaagacgctcagt tctactaccacccgataac

Sca 1 (CA)18 52D1-D15 90-126 46 cttgctccacgcacttacac gcttgctgattttcgcatta
AC004248 (CA)22 52D2-D15 98-140 53 aatttccctcgcactgacac tgcagcccgcacttccttac
AC004641 (CA)22 53D1-E2 92-154 55 atcacaactggaccctctat aatttcacaaccaacaacta

AC002446 (TC)18 58B1-B2 144-188 58 tccttattcggtctacaaatct atacacatgcacatccgtatag
Antp 1 (GT)26 84B2-C2 122-208 51 cgttcgttcatgggcttttc ctctttaatatcggggttgg
Antp 1 (GT)26 84B2-C3 53 taatatcggggttgggggtg gttcgttcatgggcttttct

DMTRXIII (CT)23 88B3 92-150 55 aggtgtgtgcgtttgctctc gccgaacgaacacgaagata
M18 (GT)27 unmapped 152-234 58 cccgtcaccaaagtgaaaac tcaggaatgttagcaagcga
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M12 (GT)25 unmapped 166-288 46 tccgtctcctttgtggctat cagtgcaaagaaaacggtga
DMC11F6 (TA)20 X-chr 50 tcatggagcttccttcatatac tggcaagagtccgttggggctg
DMC11F6 (TA)20 X-chr 199-227 50 acttttagagggcggatg gactgaactgggggtatc

For Loci Dm2337.2 and Antp1 alternative sets of primers were used in D. simulans, as the
original primers yielded no PCR product in this species.

Table. XII.8.

Variability of short reference loci in D. melanogaster analyzed in section VII.

Locus Variance in repeat
number

Heterocygosity mean repeat number no. of alleles

5915 6.08 0.46 11.3 6

G411 0.23 0.40 6.2 3
Dmtena 1.98 0.70 14.1 6
DS08011 6.59 0.78 9.5 7
Z50409 7.39 0.67 10.4 3

DS09021 36.19 0.81 14.1 8
DS06335a 5.57 0.76 15.2 8
DS00146 0.13 0.26 9.9 2

DS01551 0.13 0.26 8.9 2
DS09020 0.75 0.47 9.2 4
DS01340 1.65 0.65 11.8 7

Drogpad 1.99 0.52 9.3 5
6744 0.14 0.26 7.9 3
Dm2337 2.34 0.79 12.7 6
Acp26Ab 1.30 0.65 12.4 5

Dm0620 0.79 0.53 8.4 4
su.var 4.18 0.68 10.4 6
tor 1.49 0.74 10.8 5

DS07289 0.24 0.48 9.4 2
DS00361c 0.55 0.33 7.9 4
DS00058/2 3.95 0.55 10.9 4

DS08088 1.54 0.43 13.7 7
DS03018 0.93 0.52 6.3 4
DS01391 4.31 0.32 9.2 4

Table. XII.9.

Variability of short reference loci in D. simulans analyzed in section VII.

Locus Variance in repeat
number

Heterozygosity mean repeat number no. of alleles

sec 1 1.28 0.77 10.3 4

sec 3 17.89 0.81 10.9 7
sec 6 4.51 0.69 7.3 5
sec 7 4.26 0.76 5.7 5
sec 12 2.79 0.78 9.3 6

sec 13 0.32 0.23 8.1 3
5915 1.32 0.75 6.7 4
G411 3.10 0.77 10.0 6

DS00762 0.66 0.52 7.7 4
DS08011 6.18 0.62 7.9 5
DS00144 0.56 0.66 9.2 3

Z50409 0.94 0.39 5.9 3
DS09021 0.37 0.57 3.6 3
DS06335a 0.75 0.34 10.3 3
DS00146 0.73 0.34 3.9 3

DS01551 0.27 0.18 8.2 3
Droyanetsb 0.29 0.51 8.3 3
Drogpad 1.14 0.52 4.4 6
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Dromhc 3.02 0.72 6.9 6
DS08687a 7.19 0.72 6.6 7
6744 0.23 0.40 7.2 3

Dm2337 0.77 0.55 9.2 4
Dm0620 1.32 0.73 7.8 4
tor 0.47 0.39 6.2 4

DS00361c 0.31 0.49 6.9 3
DS00541 21.10 0.76 8.2 8
DS08088 0.99 0.37 8.7 4
DS03018 0.41 0.54 5.5 3

DS06335b 0.03 0.06 7.0 2
DS00361 6.96 0.81 8.1 7

Table XII.10.
Microsatellite loci isolated from D. melanogaster  and D. sechellia and analyzed in section
IX.
Locus Repeat cyt. location Annealing temp. PCR size forward primer (5’-3’) reverse primer (5’-3’)

DS06335a (GT)15 3C1-C6 53 101 actgtaattgctgttctatgt cgcacactgggacacaaaa

DS06335b (CA)12 3C1-C6 50 132 gcacaatcacatcgtattcact attgttgttgctgcgattt
DS00036 (CA)10 4A3-A5 48 100 ccccgcacacacacacacata tgcttattgtttaatttacct
DS00146 (GT)10 4A4-B2 53 119 gagtcaacgagccagcaaagt aacaatacagagcagcacacg
DS06329 (GT)12 6C1-C2 54 93 cctggttgctcccgctgc ttccgagatcacctgaga

DS04440 (GT)9 6E1-E2 55 118 ttctcccaccgtaacgccctat acacaacatccgttgctgctgt
Z31849 (GT)10 7B 53 143 cccattaaggccgataagtc gagatagctctgtttgccag
DS09021 (GT)12 8B5-B8 52 156 ttcccgcatatgtgtgag tttcgtgtacttctcggtgc

DS01391 (GT)10 9A1-A2 57 138 gcctgctgcagtcgcatgtg ccagcggcatacgtgtaaac
DS00907 (AG)13 10A1-A2 56 236 agatagagcggctggcaaca agcagagcagagccagcactt
DS01551 (CA)10 10D5-E4 51 201 caacaacaaaaacagcaacga tgccaactgcaaaaacacaga

Dmtena (TA)4CC(AT)14 11A6 55 99 ctcttagtgcgcagggattc gagtcgctcaatggcagg
DS00314 (TG)8 12D1-D2 48 96 gtgactgtgttgattccgtg ttggaaaagcgaaaagtaag
DS09020 (GT)8(GC)4 15A1-A4 51 139 ctaaacaggatgcaggacaac gcgatcaaggttaaatggttc

Cd36 (GA)17 21B7-21C3 50 171 tgtctaatcttacctaaatac atttatgctttaagctaagtc
Z50409* (GT)7 22B1-B9 50 126 gcaaaacggaaaagcaaaaga gtgtgttccacttccttctac
Droyanetsb* (TG)21 22C 55 106 taatggggaatgggtgaatg gccgtgctcttttctcttacg
DS01340* (AG)9T(GA)3 24A1-A2 55 179 ggagcgcaatgctgtttaagt ggagtagtgcctgtctcggac

Drogpdha* (CT)7 25F5-26A 53 134 cattggaaaagtgagcggat cggacaacaacaaatcgttg
DS00168 (GT)9 26A1-A2 57 113 ccgcttcctgtccgcttgc ggcgggaagagcatttgtt
Acp26Ab (CA)13 26B3-B5 50 168 cacaaaggactcggcaagcac atcctccaaatgaaattacag

Dm2337 (CA)15 27A1-B1 57 161 ccatttttccgccccaatgtc acggtgggaaagcgtggaaag
Droninac* (AT)10 28A1-A3 56 139 tttgtcaatctctcacagcagg gcccgagtacatttattcaagc
su.var (TG)12 29A5-B4 56 171 ggttgctgggagaaagac gccacacattcgcatctc

DS08088 (TG)12 29C1-C4 54 136 gaggcgacaggaagttttac ttgtgtttcgttccggtttc
DS01054 (GT)7 30A1-A2 57 178 tcctgctcctcgggctttac aaaacagccacttcacacac
DS03018 (AC)8 30A3-A6 52 102 cgttcatgaccttgaaaagc gtgtgaaatgtaggggaaac
DS00058/2 (TG)13 31A1-A2 57 131 tatgggtgggtagctgtgac caacgggaacgccatctaac

DS04172 (CA)8G(CA)6 32A3-D4 55 104 gaacggaaatcattcttctg cactacccagcactgcaagg
G410* (TC)11(TG)4 33E9-E10 53 150 ttcggctctttgtttgcttg aagcttaaaccgatcgaaaac
6744* (CT)8 35E6-F5 56 94 cgctaagagtcgctctccat aaattgtttgcccgtctcac

DS00762* (GT)6T(TG)7 37B1-B2 52 130 gacagttgcaggcgcaccaac gtagcgtgtgcatttgacact
DS08513* (GT)11 37B8-C2 54 202 ctacaccatgccctgaaaag gacggcgtgaccatgtctg
DS09065/1* (GT)14 38A1-A2 55 164 ggtttcattccagcagaggg ccttcatttggcagcgtca

DS07289 (TG)8 41E3-E6 54 132 ctcgttctgacgtccgtatc cttctctaatggcaaacacg
tor (CA)13 43B3-C5 54 112 tgcagtcatcaatggctaatc tgatttcccccgtccgaagtg
5915* (CT)21 44D5-E4 54 132 atgcccctgactctctccac gagccggttgcatgtaag
Drogpad* (GT)9 47A 56 185 gaaataggaatcattttgaatggc aattaaaaacaaaaaacctgagcg

Dmmp20* (CA)10 49F9-F13 55 93 catgcaaatgagcagtactttg tattttcacacatttccaatcg
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Dmmaster* (CAG)8 50C 55 86 cagcagcagatccaagttca gtttgcattgtagggcgagt
Dm0620 (GT)9 51E5-E8 55 143 gagacaccccttgacgagtg ctcaaaacaaacccagtctc
DS00541 (CA)10 52C1-C2 57 145 gcacgaggtatcgcacaaag tccgtcgttcgctgctgggt

sli (CA)21 52D9-D15 57 166 caatttccctcgcactgacac cggaaacgaacgggcgataag
DS00062* (CA)13 54A1-B2 53 168 acgggaacgccatctaac agaagagaccctgcaacaca
DS00361* (CA)8 54B1-B2 52 140 caaccacccacaagcacac cctctccggttgggctac

DS00361c (TG)7 54B1-B2 51 124 cgttaagcgtcgaaaatag ctttagcactttgcattcc
Dmelf* (CAG)8 54F 55 84 acagcaacaacggagcaac tctgcaacctgggagtctg
DS00144* (CT)8 55A1-B1 52 116 gctcagacccaaatggcgtag aaactcaaactctccagcgag
DS08687a* (TG)11 57C5-D1 54 184 tgatttggactgagatcagg gcccaacgaatcatttcac

DS08687b* (GT)9GC(GT)3 57C5-D1 52 166 tgtcgagagcagcagcagt ttgccttccctgttacag
Z32225* (GT)3GA(GT)10 58C1-C7 52 230 atggcaaccactgctgacac gcatcctggaagtcctttag
G411* (CT)6(TG)4 58C2-C5 50 159 attgctgtttggagtttgttg ggtcgcagggacacaattcac

DS08011* (GT)8 59A1-B2 53 107 agccacagccatgcgtttaac cacacgctgacaggatctact
Dromhc* (CA)13 60 E9 57 109 aaacccacacaacaactgca gacattaccgatattggatgca
sec 1 (AG)10 unmapped 53 201 cggagagtggagattcgagag ggcccatgcgttcgtgtgtcg

sec 3 (GT)9 unmapped 55 151 gtttccccaacgctgcgtgtg agtccaacttttgcctcagtc
sec 6 (AG)20 unmapped 50 151 taaaataagggatcaaaagtc gcgcgtataatcacatatttc
sec 7 (GT)9 unmapped 50 151 ggtatggtcgaaagaaatatc taactgtggctattttggtgac
sec 9 (GT)9 unmapped 48 140 ttaataacattccaggagttg caaacaccaaaaaaccgtgta

sec 12 (GT)10 unmapped 55 116 aaatcagcagggctgccaaac cgcacgcatacaaaagcatac
sec 13 (GT)7GG(GT)3 unmapped 51 135 aatacatttaccatttgttag tacacagacacacaggattac

Loci analyzed in section IV are marked by *.
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