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Microsatellites are commonly applied in a wide range of genetic contexts including linkage 
mapping, forensic science and population genetics. Obtaining a detailed picture of the 
evolution of these tandem repeats is important in order to fully understand how to interpret 
microsatellite data. In addition, studies of the mechanisms underlying microsatellite mutation 
will provide insights in the processes that shape the eukaryotic genome. 

Sequence comparisons of orthologous microsatellite loci in cattle and sheep revealed 
that the substitution rate in microsatellite flanking sequences does not differ from the rate in 
presumably neutrally evolving intron sequences. This suggests that microsatellites are 
generally located in regions that are not subjected to selection. Interestingly, a propensity for 
substitutions to occur in the border region between flanking and repeat sequence was found. 

Pedigree analysis of large numbers of barn swallows revealed extremely high 
mutation frequencies for the tetranucleotide HrU6 and pentanucleotide HrU10 repeat loci. A 
detailed analysis showed that both the rate and the pattern of mutation differed significantly 
between the two loci. 

Further analysis of HrU6 and HrU10 mutations, as well as mutation data for another 
hypermutable locus (HrU9) in barn swallows, revealed that mutations were more likely to 
arise in some families than others. This was partly, but probably not only, due to an effect of 
allele length on mutation rate. The mutation rate was found to vary between colonies of 
breeding birds, but, overall, not between two different populations. 

Single molecule genotyping of DNA prepared from human sperm cells was used to 
detect mutations at the tetranucleotide repeat D21S1245. A tenfold difference in mutation rate 
between alleles was found. Three phylogenetically distinct allele lineages could be defined, 
which differed significantly in mutation rate. Unexpectedly, the mutation rate was not found 
to increase with male age.  

This thesis demonstrates that microsatellite evolution is a highly heterogeneous 
process that is dependent on more factors than was previously thought. As the rate and pattern 
may vary between loci, caution must therefore be taken when building models to handle 
microsatellite data. 
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Abbreviations 
 
 
 
bp  base pair(s) 
DNA  deoxyribose nucleic acid 
hMLH1 the human MutL homologue 1 
hMSH2 the human MutS homologue 2 
hMSH3 the human MutS homologue 3 
hMSH6  the human MutS homologue 6  
hPMS1 the human postmeiotic segregationenzyme 1  
hPMS2 the human postmeiotic segregationenzyme 2  
kb  kilobase(s) 
MMR  mismatch repair 
MSI  microsatellite instability 
Mya  million years ago 
PCR  polymerase chain reaction 
QTL  quantitative trait locus 
s.e.  standard error 
UTR  untranslated region 

 



Introduction 
Microsatellites 
 
The focus of this thesis is the mutational characteristics of the repetitive class of DNA 
called microsatellites. The highly polymorphic nature and stable Mendelian 
inheritance of microsatellites have made them the molecular marker of choice for 
many scientific applications. Although widely used, there is still a lack of knowledge 
about how these repetitive sequences evolve. Having detailed knowledge about 
microsatellite evolution is, for instance, necessary for the correct interpretation of 
microsatellite data in evolutionary and population genetics. Also, understanding the 
mutational properties of repetitive DNA can give us a more detailed picture of how 
replication machinery and repair pathways function in the eukaryotic cell.  

History 
 
The term "microsatellite" might appear to be a rather obscure expression for 
describing a genetic occurrence, but there is an explanation. During early experiments 
designed to study the buoyancy of DNA, density gradients created by ultra-
centrifugation of a cesium chloride solution were used. While the vast majority of 
DNA formed a sharply defined layer, a fraction of the DNA formed a satellite band, 
clearly distinct from the bulk DNA (Coreno et al. 1967). Later, this "satellite DNA" 
was shown to consist of repetitive sequences and, instead of finding a new term, 
satellite DNA came to represent repetitive sequences. Further progress was 
subsequently made and different classes of "satellite DNA" were defined based on the 
size of the repetitive element. Tandemly repeated sequences with a motif of 10 - 30 bp 
came to be called minisatellites (Jeffreys et al. 1985) and when a new class of tandem 
repeats with a shorter repeat motif was identified, they naturally were named 
microsatellites (Litt and Luty 1989; Weber and May 1989). Immediately, scientists 
appreciated the most important attribute displayed by microsatellites; their high 
degree of polymorphism (Lewis et al. 1990; Weber 1990b; Beckmann and Weber 
1992). This polymorphism is manifested as allelic length differences due to different 
numbers of repeat units in different alleles (Tautz 1989). The length differences 
present at microsatellite loci quickly made them attractive markers for a variety of 
tasks including the construction of high-density genetic maps, parentage analysis and 
evolutionary studies. In addition, because of their short overall size they were 
particularly amenable to polymerase chain reaction (PCR) amplification. This meant a 
simple, cheap and automated system for analysis that made microsatellites quickly 
supersede both restriction fragment length polymorphisms (RFLPs) and allozymes as 
genetic markers (Weber 1990b).  

Nomenclature 
 
Although attempts have been made to standardise the nomenclature of microsatellites, 
no absolute consensus has been agreed upon (Tautz 1993; Jarne and Lagoda 1996; 
Chambers and MacAvoy 2000). In this thesis, the term "microsatellite" is used to 
describe tandem repeated sequences with a 2-6 bp repeat motif, for example (CA) n 
(the motif CA repeated, head to tail, n times), while the term "minisatellite" describes 
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a tandemly repeated array of a 10-30 bp motif. When using these definitions there is 
an unfortunate gap between the two classes of repeats. This is necessary because the 
main mechanism responsible for creating microsatellite polymorphism is quite 
different from the process that causes minisatellite mutations (Jeffreys et al. 1998), 
hence the inclusion of repeats of ambiguous origin (i.e. 7, 8 and 9 bp motifs) in either 
of the categories must be avoided. In this thesis, only the terms microsatellite and 
minisatellite will be used to describe tandem repeats, despite the fact that other terms 
such as variable number of tandem repeats (VNTR), short tandem repeats (STR), 
simple sequence repeats (SSR) and simple sequence length polymorphisms (SSLP) 
are frequently used in the literature.  
 

A repeat motif of two bases is referred to as a dinucleotide repeat. 
Accordingly, the terms tri-, tetra-, penta- and hexanucleotides describe repeat motifs 
consisting of three, four, five and six base pairs respectively. Depending on the nature 
of the repeat tract, microsatellites can be further divided into categories. When a 
repeat tract is pure for one motif, as for instance in the sequence 
CACACACACACACA, it is called a perfect repeat, while the sequence 
CACACACATATATATA is called a compound microsatellite (Weber 1990b). If a 
single base pair substitution has occurred somewhere in a pure repeat, it is said to be 
an imperfect or interrupted repeat (e.g. CACACACAGACACA) (Weber 1990b). 
Sequences of a more complex but clearly repetitive structure (e.g. 
CACAGAGACACACTCA) are sometimes referred to as regions of cryptic simplicity 
(Tautz et al. 1986).  

Abundance in the eukaryotic genome 
 
While the frequencies of microsatellites in eukaryotic genomes are much higher than 
would be expected by chance alone, longer microsatellites are virtually absent from 
the condensed genomes of prokaryotes (Hancock 1996). The complete sequence of 
the human genome reveals that microsatellites make up about 3% of our genome and 
that dinucleotide repeats alone comprise 0.5%, making dinucleotide the most common 
class of microsatellites in humans (IHGSC 2001). A closer examination of the 
dinucleotide repeat motifs shows highly skewed frequencies where 50% are CA 
repeats, 35 % are AT repeats and 15% are AG repeats while GC repeats are highly 
under-represented with 0.1%. A similar skew also can be seen at trinucleotide repeat 
loci where AAT and AAC, which represent 33% and 21% respectively, are over-
represented compared to ACC (4%), AGC (2.2%), ACT (1.4%) and ACG (0.1%) 
(IHGSC 2001). This non-random frequency distribution may be the result of 
differences in mutability of the different repeat motifs. Also, a recent study has given 
evidence for a bias in repair efficiency of the mismatch repair system, which could 
make some microsatellite motifs over-represented (Harr et al. 2002). Overall, a 
microsatellite of any repeat motif appears about every 2 kb in the human genome 
(IHGSC 2001). The relative abundance of different repeat motifs differs extensively 
depending on the species examined (Toth et al. 2000).  Estimates for the mouse 
genome suggest that there is a CA repeat larger than 6 repeat units about every 20 kb 
(Stallings et al. 1991). Bird and plant genomes generally tend to show lower 
frequencies of microsatellites than mammals (Lagercrantz et al. 1993; Primmer et al. 
1997). The AT motif is the most common dinucleotide motif in plants (Lagercrantz et 
al. 1993; Morgante and Olivieri 1993; Morgante et al. 2002) while GA is the 
prevailing motif in Cenorhabditis elegans (Schlötterer 2000). Drosophila 
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melanogaster has short microsatellites compared to humans (Schug et al. 1998b; 
Bachtrog et al. 1999) while some fish species have microsatellites that are longer than 
those in mammalian genomes (Brooker et al. 1994). A comparison of microsatellite 
frequencies in five diverse genomes shows that microsatellites are most frequent in 
humans followed by Drosophila melanogaster, Arabidopsis thaliana, Saccharomyces 
cerevisiae (yeast) and Cenorhabditis elegans (Katti et al. 2001). Also, all five species 
differs in the relative frequencies of the different repeat motifs. 

Polymorphism 
 
As mentioned above, microsatellites display a high level of polymorphism when 
compared with other types of molecular markers. The degree of polymorphism is both 
species- and locus-specific (Amos and Rubinstzein 1996; Harr et al. 1998; Ellegren 
2000b; Paper III) but there is a general trend towards higher polymorphism in longer 
microsatellites (Weber 1990b). Some of the most polymorphic microsatellites studied 
are found in the barn swallow (Hirundo rustica) genome, where three loci, HrU6, 
HrU9 and HrU10, have been shown to harbour 78, 125 and 66 alleles, respectively. 
However, these are extreme values and microsatellite alleles exceeding 30 repeat units 
are relatively rare in humans (Bell and Jurka 1997). As an example of a normal value 
for a human microsatellite, the (CA)20-27 repeat D1S198 comprises of eight alleles and 
has a heterozygosity of 0.80 (Broman et al. 1998).  
 

The vast majority of microsatellites are found in the non-coding regions of the 
genome (Wren et al. 2000) and are therefore thought to be under no selective 
pressure. No particular phenotype has ever been linked to any particular microsatellite 
allele that is not in close proximity to an expressed gene. However, some 
microsatellites are located close to, or even within, coding regions (Katti et al. 2000; 
Wren et al. 2000), thereby potentially altering protein expression in an allele specific 
manner. These microsatellites can be subjected to selective pressure, making them 
interesting exceptions from the majority of microsatellites. For instance, Morgante et 
al. (2002) showed high densities of plant microsatellites in close proximity to coding 
regions. The highest frequencies of microsatellites were found in the 5' UTR and the 
authors suggest that at least some of these microsatellites have regulatory properties. 
It was also noted that microsatellites that are located near coding regions are on 
average shorter that microsatellites in non-coding regions. However, judging from the 
extensive literature on the subject, microsatellites that are under selection must be 
regarded as exceptions from the vast majority of neutral microsatellite loci. 

Rates and patterns of mutation  
 
To understand the mechanisms that are responsible for microsatellite mutation, it is 
necessary to form a picture of the pattern in which they mutate. Since the rate at 
which microsatellites mutate is high, de novo germline mutations can be detected 
when genotyping large pedigrees or sperm cells. 

Mutation pattern in humans 
 
Humans are the most extensively studied organism and several large surveys of de 
novo microsatellite mutations have been published. In a recent paper, Ellegren 
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(2000a) collected previously published data (Weber and Wong 1993; Gunn et al. 
1995; Zahn and Kwiatkowski 1995; Amos et al. 1996; Brinkmann et al. 1998; 
Klintschar and Neuhuber 1998; Mornhinweg et al. 1998; Sajantila et al. 1999; 
Thomson et al. 1999) and some unpublished microsatellite mutations, to generate a 
data set of 102 germline mutations. Of all recorded mutation events, 89% were length 
changes involving a single repeat unit while the remaining 11% were multistep 
changes, where the largest contraction was 3 repeat units and the largest expansion 
was 4 repeat units. Further analysis revealed a higher frequency of expansions than 
contractions at dinucleotide loci, while no such difference was seen in tetranucleotide 
repeats. Using only the mutation events where parental origin was known, it was 
found that 69 mutations originated in the male germline while 14 were of female 
origin. This suggests a male/female mutation rate ratio (α) of 4.9, though it is unclear 
among how many paternal and maternal meioses these mutations were found. In 
another study, Xu et al. (2000) estimated an α=3.1 from 236 germline mutations. In 
this study of tetranucleotide loci, they estimated an average mutation rate of 1.8 x 10-3 
mutation events per meiosis. As in Ellegren (2000a), no significant bias in contraction 
versus expansions for tetranucleotide repeats was detected and the majority of 
mutation events were single repeat unit changes (85%). The magnitudes of mutation 
varied from -3 repeat units to +5 repeat units. A high propensity for human 
microsatellite mutations to be single repeat changes can be seen in most reports listed 
in Table 1. As an exception, Huang et al. (2002) found that 63% of 97 mutations at 
dinucleotide loci were multistep changes, ranging from a 10 repeat units contraction 
to an 8 repeat units expansion. The average mutation rate was estimated to be 1.94 x 
10-4, but this is probably an underestimate due to conservative mutation definitions 
and an incomplete pedigree (Huang et al. 2002). Also, no mutational sex bias was  
found in this data set.  
 

Most of the de novo microsatellite mutations analysed in the above studies 
were observed at autosomal loci. In a Y-chromosome specific study, Kayser et al. 
(2000) found 14 mutations corresponding to an average mutation rate of 3.17 x 10-3. 
Of these 14 mutations, 13 were single repeat unit changes and 10 were expansions. 
Table 1 lists different estimates of microsatellite mutation rates in humans. 
 
 

Table 1. Estimates of the overall mutation rates at human 
microsatellites. 

Type of repeat Mutation rate 
estimate 

(mutation/meios) 

Reference 

   
average 1.2 x 10-3 (Weber and Wong 1993) 
average 1 x 10-3 (Dib et al. 1996) 
average 2.12 x 10-3a (Brinkmann et al. 1998) 

dinucleotide 1.94 x 10-4 (Huang et al. 2002) 
tetranucleotide 0.6 x 10-3 (Sajantila et al. 1999) 
tetranucleotide 1.8 x 10-3 (Xu et al. 2000) 
tetranucleotide 1.07 x 10-3b (Leopoldino and Pena 2003) 

Y-specific 2.1 x 10-3 (Heyer et al. 1997) 
Y-specific 3.17 x 10-3 (Kayser et al. 2000) 
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Table 2. Estimates of microsatellite mutation rates in various species 

species rate single-
step (%) 

no. of 
mutations 

magnitude  

Average rates     
chick peaax 1.0 x 10-2 97 167 -4 - +2 
chick peabx 3.9 x 10-3 97 60 -2 - +2 

fruitflycx 5.1 x 10-6 50 2 -5 - +1 
fruitflydx 9.3 x 10-6 100 3 +1 
maizee 7.7 x 10-4 82 73 -9 - +3 

pipefishf 2.0 x 10-3 88 26 -3 - +2 
ratg ~ 10-4 NA 2 NA 

sheeph 1.1 x 10-4 100 5 +1 
swinei 8 x 10-5 100 2 -1 - +1 
swinej 7.52 x 10-5 60 5 +1 - +3 

zebra fishk 1.5 x 10-4 NAy 28 NAy 
Locus specific rates     

antl 6 x10-3 100 10 -1 - +1 
Australian lizardm 4.2 x 10-2 33 6 -4 - +1 
Australian lizardn 2.68 x 10-2 50 4 -4 - +1 

barn swallowo 3.6 x 10-2 84 44 -4 - +5 
barn swallowp 5.7 x 10-3 67 12 -3 - +2 
barn swallowq 1.56 x 10-2 87 15 -2 - +1 

fruitflyrx 3.0 x 10-4 44 9 -12 - +4 
green turtles 9.6 x 10-3 NA 16 NA 

olive ridely sea turtlet 2.3 x 10-2 72 33 -6 - +3 
superb fairy-wrenu 1.1 x 10-2 67 30 -6 - +2 
superb fairy-wrenv 1.4 x 10-2 89 45 -18 - +4 

a Cicer arietinum var. Ghab 2 (Udupa and Baum 2001),b Cicer arietinum var. 
Syrian Local (Udupa and Baum 2001), c Drosophila melanogaster (Vazquez et 
al. 2000), d Drosophila melanogaster (Schug et al. 1998a), e Zea mays sp. mays 
(Vigouroux et al. 2002), f Syngnathus typhle (Jones et al. 1999), g Rattus rattus 
(Serikawa et al. 1992), h Ovis aries (Crawford and Cuthbertson 1996), i Sus 
scrofa (Ellegren 1995), j Sus scrofa (Yue et al. 2002), k Danio rerio (Shimoda et 
al. 1999), l Camponotus consobrinus Ccon70 (Crozier et al. 1999), m Egernia 
stokesii EST2 (Gardner et al. 2000), n E. stokesii EST12 (Gardner et al. 2000), o 

Hirundo rustica HrU9 (Primmer et al. 1998), p H.  rustica HrU6 (Paper II), k H. 
rustica HrU10 (Paper II), r Drosophila melanogaster DROYANTESB 
(Schlötterer et al. 1998), s Chelonia mydas Cm72 (Fitzsimmons 1998), t 

Lepidochelys olivacea Ei8 (Hoekert et al. 2002), u Malurus cyaneus Mcyµ4 
(Beck et al. 2003), v Malurus cyaneus Mcyµ8 (Beck et al. 2003), x Mutation 
estimates are based on mutation accumulation over several generations of inbred 
lines. y Magnitude and direction is not available but 29% of all mutations 
involved more than 5 repeat units. 

  
 

 
Although the pedigree-based studies are not primarily designed to maximise 

the number of mutations observed, one should bear in mind that the loci used in most 
of these studies are selected for their high degree of polymorphism (i.e. high 
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underlying mutation rate) and are therefore biased. On the other hand, since the 
microsatellites that display medium to high polymorphism are often chosen for these 
surveys, the study of their specific behaviour might therefore be of special interest. 

Mutation patterns in other species 
 

In addition to the above mentioned surveys in humans, direct estimation of the 
rate and pattern of mutation in germline has been done in several other species. These 
studies are of high importance since they allow us to determine whether the results 
from humans are universal. Estimates of the overall microsatellite mutation rate vary 
widely between species (Table 2) and there is evidence of locus-specific mutation 
rates (Schlötterer et al. 1998; Crozier et al. 1999; Gardner et al. 2000; Paper II). It 
must be stressed that the mutation properties of hypervariable microsatellites (> 0.01 
mutation/meiosis) may not be extrapolated to indicate a high mutation rate for the rest 
of the genome.  
 

As for the species-specific estimates, the fastest evolving microsatellites are 
found in the chickpea variety Ghab 2, where the mutation rate seems about a thousand 
times higher than in Drosophila melanogaster. Interestingly, Drosophila 
melanogaster is a species with unusually short microsatellites. Although the mutation 
rates differ by several orders of magnitude, most surveys reveal that mutations 
involving a single repeat unit are dominating. Another pattern that can be seen in the 
majority of these surveys is a propensity for alleles with many repeat units to mutate 
more often than shorter alleles (Primmer et al. 1996; Schlötterer et al. 1998; Beck et 
al. 2003; Paper II; Paper IV).  
 
 In addition to the studies of the in vivo mutation pattern in germline, numerous 
studies have examined microsatellite mutation through various in vitro systems 
including bacteria (Levinson and Gutman 1987a; Freund et al. 1989), yeast 
(Henderson and Petes 1992; Wierdl et al. 1997) and mammalian cell-lines (Farber et 
al. 1994; Talbot et al. 1995). Regarding the pattern and rates at which microsatellites 
evolve in vivo, data from in vitro systems offers limited information. This is because 
somatic mutations occur with high frequency in in vitro cultures (Weissenbach et al. 
1992; Talbot et al. 1995) and therefore the mutation pattern cannot be extrapolated to 
in vivo situations. However, in vitro systems can be excellent tools for defining 
factors that alter the mutation rate, thereby hinting at what molecular mechanism 
might be responsible for repeat changes. Perhaps most important, in vitro systems 
were the first to show both the impact what an altered mismatch repair (MMR) system 
has on the rate and pattern of microsatellite mutations (Strand et al. 1993; Farber et al. 
1994) and that the mutation rate drops dramatically when a single base pair 
substitution breaks a pure repeat tract (Heale and Petes 1995; Petes et al. 1997).  

An upper length ceiling 
 
A feature of microsatellites that has drawn much attention is why they tend to be 
restricted by an upper-size boundary. Such a length ceiling is apparent since allele 
lengths exceeding 30 repeat units are rare, at least in humans (Bell and Jurka 1997). It 
has been suggested that when a repeat stretch grows longer it becomes more likely for 
a point mutation to interrupt the perfect repeat into two smaller (and less mutable) 
repeat stretches (Kruglyak et al. 1998; Calabrese et al. 2001). As point mutations will 
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accumulate in the repeat region, the repeat will slowly be turning it into unique, 
unrepetitive DNA. In yeast, Kruglyak et al. (2000) showed that the allele length 
distribution of a large set of microsatellites can be explained by an equilibrium 
between the insertion/deletion rate and the substitution rate. Further evidence 
supporting this model comes from a study of homologous microsatellite loci in rat and 
mouse, where long microsatellites were preferentially found in regions with low 
substitution rate (Santibáñez-Koref et al. 2001). Another observation that might 
explain the length ceiling involves a length dependent bias in the 
expansion/contraction ratio (Ellegren 2000a; Harr and Schlötterer 2000; Xu et al. 
2000). It has been noted that shorter microsatellite stretches are more prone to 
expansion mutations than long stretches. As the repeat region grows longer, the bias 
will shift, hence, the longer a microsatellite becomes, the more prone it is to shrink by 
deletion mutations. The molecular basis for this is not clear but such a pattern has 
been observed at human tetranucleotide repeats and in Drosophila melanogaster 
dinucleotide repeats. However, neither of the two explanations for a microsatellite 
length ceiling has to be functionally exclusively as both might be operating 
concurrently. Hence, species-specific differences in the relative contribution of the 
two explanations may be the reason for the varying mean allele length seen in 
different species. 

Mutation mechanisms and models 
Polymerase slippage 
 
The major mechanism behind the high mutation rate of microsatellites is thought to be 
DNA polymerase slippage, also referred to as slipped strand mispairing (Levinson and 
Gutman 1987b) and this has also been confirmed by in vitro experiments (Schlötterer 
and Tautz 1992). During replication, the template strand and the newly synthesised 
strand temporarily dissociate from each other, only to re-associate a fraction of a 
second later. If this occurs while a repeat region is being replicated, a repeat unit on 
the nascent strand can sometimes re-associate to an incorrect repeat unit on the 
template strand (slippage), creating a single-stranded loop on one of the strands 
(Figure 1). If this misalignment escapes proper repair, the loop will either be excised 
or filled in after a single strand break on the opposite strand. Either way, a new 
mutation will be established if the excision or filling in is done on the wrong strand. A 
loop on the nascent strand that is filled in will result in an insertion mutation while an 
excised loop on the template strand will create a deletion mutation. A longer repeat 
stretch would supply more substrate for the slippage to occur, which explains the 
length dependent mutation mechanisms seen in several surveys. It would also seem 
plausible that the slippage occurs most frequently to an immediately adjacent repeat 
unit, explaining the fact that the vast majority of microsatellite mutations are gains or 
losses of one repeat unit. 
 

It has been speculated that short repeat stretches may be created by 
substitutions and that these short repeats may work as a template for polymerase 
slippage, allowing the repeat to grow to an array of considerable length. Insertion 
events of a slippage-like character may act on very short repeat stretches (Zhu et al. 
2000). Arcot et al. (1995) found that microsatellites are frequently located near Alu-
elements and they speculate that regions of a repeated nature from these Alu-elements 
may be a template for microsatellite creation.  
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 While unequal crossing over during recombination has also been proposed as 
a mechanism for microsatellite mutations, evidence is accumulating indicating that 
the vast majority of microsatellite mutations are not recombination dependent (Sia et 
al. 1997; Ellegren 2000b). Firstly, an in vitro study involving recombination deficient 
strains of yeast did not show an altered mutation rate (Henderson and Petes 1992). 
Secondly, studies of markers that flank mutating loci showed no involvement of 
recombination in the region (Morral et al. 1991; Mahtani and Willard 1993). Thirdly, 
mutation rates in yeast show no difference during meiosis compared to mitotic cell 
division while the recombination rate is greatly enhanced in the former (Strand et al. 
1993). Fourthly, the mutation rate in non-recombining DNA, such as Y-chromosomal 
DNA, is approximately the same as in recombining DNA (Table 1). Also, Tran et al. 
(1995) showed that mutation pattern is dependent on the direction of replication, 
suggesting that replication (and not recombination) is the dominant factor in 
microsatellite evolution. Although these observations do not support recombination to 
be a major factor in microsatellite evolution, it cannot be ruled out that there is some 
involvement, albeit a minor one. It has been shown that recombination dependent 
mutation mechanisms contribute to minisatellite evolution (Jeffreys et al. 1998) and it 
can be speculated that rare large deletions at microsatellite loci might be due to 
unequal crossing over.  

Stepwise mutation model 
 
Armed with the knowledge of the main mechanism behind microsatellite mutation, it 
is possible to formulate a mutation model. This is important when microsatellites are 
used as genetic markers for population and evolutionary genetics purposes. 
Specifically, a predictive mathematical model for how microsatellites evolve is 
necessary for making the correct interpretation of observed microsatellite frequencies 
in a population. A suitable model, called the stepwise mutation model, was already 
developed for allozyme data (Ohta and Kimura 1973). Although it was never 
particularly useful for describing allozymes, it seems to fit the process of 
microsatellite evolution. In 1993, two papers were published that utilised the stepwise 
mutation model for microsatellite data (Shriver et al. 1993; Valdes et al. 1993). 
Valdes and colleagues compared the allele frequency distribution of 108 human 
microsatellites with computer-generated allele frequencies simulated under a stepwise 
mutation model. They used a number of assumptions: no constraint of allele size; all 
mutations are changes of one repeat unit; the probability of a mutation leading to a 
increase is the same as the probability for a decrease; the mutation rate is independent 
of allele size. The use of these criteria is often referred to as a strict stepwise mutation 
model. They found that the length distribution and the variance in allele frequencies 
of the observed microsatellites did not differ from the computer simulated allele data. 
Using a similar approach, Shriver et. al. (1993 ) found that for most (but not all) loci, 
microsatellite evolution could be satisfactorily described by a strict stepwise mutation 
model. Later, Di Rienzo et al. (1994) tested the strict stepwise mutation model for a 
population with a known demographic history. They found that a modified version of 
the model, called a two phase model, made a better fit than the original strict stepwise 
mutation model. In this model, the vast majority of the mutations are single step 
mutations but multistep mutations are allowed at a small rate. Several more complex 
variants of the stepwise mutation model have also been proposed  
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Figure 1. Microsatellite mutation by slipped strand mispairing 
 
 
(Garza et al. 1995; Kimmel and Chakraborty 1996; Nauta and Weissing 1996; 
Feldman et al. 1997). Given the large heterogeneity in the pattern of microsatellite 
mutation detected between species, it is not likely that any mutation model could 
accurately describe microsatellite evolution for all species. On the other hand, the two 
phase model outlined by Di Rienzo and co-workers might be accurate enough for 
most population genetics purposes. 
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Does microsatellite polymorphism affect us? 
Possible function as regulators of gene expression 
 
Since microsatellites were first recognised in the genome, scientists have speculated 
whether or not they play a functional role. As mentioned above, the vast majority of 
microsatellites are thought to be selectively neutral while a minority have been shown 
to affect expression levels in nearby genes (reviewed in Li et al. 2002). Most studies 
showing altered expression levels due to microsatellite length are based on in vitro 
systems but there is evidence of in vivo cases as well. The observation that 
microsatellites can alter protein expression has led to the suggestion that 
microsatellites in general have a regulatory function and are not the product of 
imperfect replication machinery (Kashi et al. 1997; King et al. 1997). Defenders of 
this speculative theory argue that microsatellites can work as "genetic tuning knobs" 
that fine-tune gene expression and are responsible for the majority of quantitative 
traits. Their high mutation rate would create variation that does not have a direct 
deleterious effect on the individual (as codon altering base pair substitutions within 
genes have) but contribute to the adaptation potential of a population (Kashi et al. 
1997; King et al. 1997). If true, this would mean that the combination of 
microsatellite alleles in an individual is what determines most multi-locus traits, 
ranging from physical traits like height to complex traits such as intelligence and life 
expectancy. In support of this theory are observations that some microsatellites have 
been conserved over large evolutionary time spans (suggesting selection for 
maintaining these microsatellites) and that several proteins show a specific binding 
affinity to microsatellite DNA (suggesting microsatellites to be target sites for 
regulatory enzymes). However, it must be noted that although individual 
microsatellites may possess an in vivo function and may therefore be under selection, 
the theory that microsatellites in general act as universal gene expression regulators 
still remains highly speculative. 
 
 Notably, certain alleles of the insulin minisatellite INS VNTR have shown an 
association with susceptibility to type 1 diabetes (Bennett et al. 1995), type 2 diabetes 
(Huxtable et al. 2000), polycystic ovary syndrome (Waterworth et al. 1997), variation 
in birth weight (Dunger et al. 1998) and obesity (Le Stunff et al. 2000). This 
minisatellite in located 596 bp upstream of the human insulin gene translation-
initiation site and it is therefore thought that this minisatellite has some regulatory 
influence on insulin production. 

Trinucleotide repeat expansions in neurodegenerative diseases 
 
While the vast majority of microsatellite mutations are thought to cause no phenotypic 
changes, some repeat loci adjacent to genes can undergo an extreme mutation 
expansion, thereby altering protein expression. Most commonly, these are 
trinucleotide repeats and the altered protein expression can cause neurodegenerative 
disorders with dementia or mental retardation (Margolis et al. 1999). The first 
trinucleotide expansion diseases were identified in 1991 (Kremer et al. 1991; La 
Spada et al. 1991) and today there are more than fifteen known, including 
Huntington's disease, Kennedy's disease, myotonic dystrophy, fragile X mental 
retardation and several variants of spinocelebrar ataxia (SCA) (reviewed in 
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Cummings and Zoghbi 2000; Kovtun et al. 2001). Unaffected individuals have 
relatively stable microsatellites with low repeat number. In families with a 
predisposition to any of these diseases, the repeat starts to slowly grow during the so 
called premutation stage. Estimates for Huntington's disease show mutation rates of 
0.6-0.7% in non-disease alleles until the critical length of about 35 repeat units is 
reached (Kremer et al. 1995; Leeflang et al. 1995). At this length, the mutation rate 
increases dramatically and expansions up to 120 repeat units can occur, causing 
disease symptoms. In most of these syndromes, the severity and/or age of onset of 
disease is  directly correlated to the length of the expansion in such a way that longer 
alleles cause more severe symptoms and at an earlier age.  
 

This type of dramatic expansion in microsatellite length is termed "dynamic 
mutation" to distinguish it from other microsatellite mutations, from which it differs 
rather distinctively. In contrast to the microsatellite instability found in association 
with certain cancers, this abnormal mutation pattern does not appear to be associated 
with a crippled mismatch repair system. Evidence for this comes from studies where 
several different repeats appear stable in individuals with an extreme trinucleotide 
expansion at a particular disease locus (Goellner et al. 1997). The molecular 
mechanisms behind the expansion process are still somewhat obscure but the most 
common explanation is that these motifs can create some form of internal hairpin 
structure when single stranded. This is thought to occur for very short time periods 
during replication. When this hairpin becomes too big (i.e. when the repeat is long 
enough) the replication machinery is not able to correctly replicate the repeat. This is 
supported by the fact that of the ten trinucleotide motifs possible, only CAG, CGG 
and GAA are associated with dynamic mutations. In in vitro studies, these motifs 
have been shown to form stable hairpin structures under physiological conditions and 
in yeast it has also been shown that trinucleotide hairpin structures can escape the 
MMR system in vivo (Moore et al. 1999). However, this view has been questioned 
since the hydrogen bonds responsible for creating a large hairpin are a relatively weak 
force. After all, the replication machinery is designed to separate normal double-
stranded DNA. It has been suggested that the hairpin structure may become 
supercoiled when it reaches a critical length, substantially strengthening the bonds in 
the hairpin structure (Gellibolian et al. 1997; Grabczyk and Usdin 2000). 
 

Trinucleotide expansion diseases can be divided into two groups depending on 
whether or not the repeat is located in the coding region of a gene. When considering 
exonic expansions the number of repeat units in the full mutation stage seldom 
exceeds 120 and the repeat motif is always CAG. Since a trinucleotide repeat 
expansion is an in-frame mutation, the transcript will not be a nonsense mutation but 
an expanded protein and in the case of a CAG expansion, the expansion will be an 
extended chain of glutamine residues. Examples of this variant are Huntington's 
disease, SCA1, 2, 3, 6 and 7. The polyglutamine expanded gene product will gain 
toxic properties thereby causing disease. Exactly why the protein becomes toxic 
probably varies for different diseases but there is evidence that gene products with 
large polyglutamine stretches are prone to form aggregates that may become toxic 
(Perutz et al. 1994; Stott et al. 1995). However, this is still a matter of debate and 
there might be several causative factors. 

 
When the repeat is located outside the coding region, the repeat expansion will 

abolish the gene transcript. This type of mutation is characterised by much larger 
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expansions, sometimes more than a thousand repeats. There are examples of repeats 
located in promoters, 5' UTR, 3' UTR and introns, all disrupting translation in various 
ways and all ultimately causing gene silencing. One example of this is Fragile X 
syndrome, which is the most common cause of mental retardation in males (Usdin and 
Grabczyk 2000).  

Microsatellite instability and cancer 
 
Another insight to what makes microsatellites so highly mutable comes from the field 
of cancer research. In 1993, several research groups noticed that some cancer tumours 
where coupled to a high degree of microsatellite instability (MSI) (Aaltonen et al. 
1993; Ionov et al. 1993; Thibodeau et al. 1993). Since then, a wide variety of cancer 
types have been associated with elevated levels of MSI (reviewed in Halling et al. 
1999; Haydon and Jass 2002; Jiricny and Nystrom-Lahti 2000; Sidransky 2002), the 
most studied being hereditary non-polyposis colorectal cancer. Extensive work has 
been done on characterising the underlying mechanism as well as on using MSI as a 
biomarker in cancer diagnostics. MSI is usually restricted to tumour cells but in 
several cancers (e.g. kidney cancer and bladder cancer) neoplastic cells are released 
from the tumour tissue and MSI can be detected in body fluids such as blood plasma 
(Goessl et al. 1998; von Knobloch et al. 2001) and urine (Mao et al. 1996; Seripa et 
al. 2001), opening possibilities for using MSI for non-invasive detection of these 
cancer types at an early stage (Srinivas et al. 2001; Goessl et al. 2002).  

 
The MSI seen in certain cancers is due to deficiencies in the primary 

molecular defence system against mutations, the MMR system (reviewed in Jacob and 
Praz 2002). Recognition of the mutation is carried out by hMutSα or hMutSβ. 
hMutSα is a complex of hMSH2/hMSH6 and recognises both base mismatches and 
small indel loops, whereas hMutSβ consists of hMSH2/hMSH3 and will only target 
indel loops (Acharya et al. 1996; Palombo et al. 1996; Genschel et al. 1998). Once 
the site of the incorrect DNA is determined, the hMutLα complex (consisting of 
hMLH1 in complex with hPMS2 or hPMS1) and the hMutS complex work together to 
initiate the replacing of the incorrect DNA with the correct sequence. This process is 
still largely unclear but it involves a number of proteins from the replication 
machinery such as exonucleases and DNA polymerases. 
 

In MSI associated tumours, the MMR system is put out of action in one of two 
ways. The first is hypermethylation in the promoter region of hMLH1, causing the 
complete silencing of this gene (Kane et al. 1997). This is the most common cause of 
sporadic cancers associated with MSI (Cunningham et al. 1998; Thibodeau et al. 
1998). The second cause of MMR inactivation is a mutation in one of the genes 
coding for enzymes in the MMR pathway. Due to the redundancy of the hMutS and 
hMutL complexes, hereditary cancers are often associated with mutations in the 
hMLH1or hMSH2 genes, but other mutations have also been observed (Edelmann et 
al. 1997). The expression of both gene copies must be abolished since it is known that 
one functional copy is sufficient for a proper MMR. A common scenario is a 
combination of the two causes with an inherited mutation in one hMLH1 copy 
(Cunningham et al. 1998), which in heterozygote form does not show any phenotype. 
Later in life when the other copy of hMLH1 is inactivated by hypermethylation, the 
cells in this tissue are left with no functional hMutL and the risk of cancer increases 
dramatically.  
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MSI associated with these cancers is not the actual cause of the cancer but 
rather a parallel phenomenon to oncogenesis (Duval and Hamelin 2002). Just as these 
microsatellites are targets of indel mutations due to the lack of MMR, so are 
mononucleotide stretches located within coding genes. Of special interest are genes 
with tumour suppressing activity because if an exonic mononucleotide repeat suffers 
from an indel mutation of one or two base pairs, the reading frame will be disrupted 
thereby inhibiting proper expression of the protein. The tumour suppressing activity 
will then be lost (Wang et al. 1995) which is thought to be the reason for neoplastic 
cells being formed at the same time as MSI. Over 30 of these target genes are 
proposed to be involved in MSI associated carcinogenesis (Duval and Hamelin 2002).  

Applications 
Genotyping procedure 
 
For most applications, microsatellite genotyping is done by PCR. Microsatellites 
rarely exceed 30 repeat units which, including enough flanking sequence for suitable 
primer sites, makes the total PCR product within a range that is ideal for PCR 
amplification (100 bp - 300 bp) (Weber and May 1989). The PCR products are then 
separated by electrophoresis through a gel matrix, allowing the length of the 
microsatellite containing PCR fragment to be measured with single base pair 
resolution. Visualisation of the PCR fragments in the gel matrix can be performed by 
several techniques including silver staining, SybrGreen staining, autoradiography, and 
the use of fluorescent dyes. The fluorescent dyes are used with automated sequencing 
instruments that are usually capable of detecting several dyes, allowing for the 
detection of several microsatellites simultaneously (multiplexing). Such a multiplex 
detection system, coupled with multiplex PCR offers a highly efficient genotyping 
system that can be run relatively cheaply (Kimpton et al. 1993). 

The use of microsatellites in forensic science 
 
Microsatellites are routinely used in forensic science and for paternity testing 
(Kimpton et al. 1994; Gill et al. 1996; Kimpton et al. 1996). For forensic purposes, 
DNA can be extracted from cells collected at a crime scene. These cells are most 
commonly blood or semen stains that are assumed to belong to the culprit. A set of 
several microsatellites can be genotyped in the extracted DNA (Sparkes et al. 1996a; 
Sparkes et al. 1996b) and the specific alleles can be matched to the microsatellite 
profile of a suspect or a register of known criminals (Gill et al. 1996). Using a 
collection of polymorphic microsatellites, the probability of two individuals (that are 
not monozygotic twins) having the same microsatellite alleles at all loci is extremely 
low (Hagelberg et al. 1991; Kimpton et al. 1993). Similarly, assignment of correct 
biological parents can be done with high accuracy by using a collection of 
microsatellites. Microsatellite profiles have also been used to identify corpses 
(Jeffreys et al. 1992; Gill et al. 1994; Hsu et al. 1999) and for proper assignment of 
body parts at major accidents (Olaisen et al. 1997). Although a conviction based on 
DNA evidence attracts media attention, one must not forget the great power it has to 
clear an innocent suspect. The knowledge of who did not commit a crime can 
subsequently allow investigators to direct their resources in a more efficient way. 
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Genetic maps and QTL mapping 
 
Microsatellites are also the markers of choice for creating genetic maps (linkage 
maps) (Weissenbach et al. 1992; Dib et al. 1996; Broman et al. 1998). The abundance 
of microsatellites in the genome in combination with their high information content 
makes them ideal for this purpose (Lewis et al. 1990; Weber 1990a; Wilkie et al. 
1992; Weissenbach 1993). The goal in linkage mapping is to create a map with short 
genetic distances between adjacent markers and with knowledge about the order in 
which the markers are located on the chromosome (reviewed in Doerge 2002). 
Mapping monogenic or quantitative trait loci (QTL) can be done by comparing the 
inheritance pattern of the phenotypic trait with the inheritance pattern of the 
microsatellite markers. Genetic mapping and QTL analysis using microsatellites have 
been employed in a wide variety of species, for instance in animal/crop breeding to 
improve traits and for medical science to identify disease causing genes.  

Microsatellites in evolutionary- and population genetics 
 
Microsatellites are extensively used for the analysis of population structures, both for 
studies of sub-populations within a single species and to elucidate the evolutionary 
relationship between species. Several measures have been specifically developed for 
microsatellite data (e.g. Bowcock et al. 1994; Goldstein et al. 1995ab; Shriver et al. 
1995; Slatkin 1995; Zhivotovsky 1999), all assuming that microsatellites evolve 
according to some form of the stepwise mutation model. Perhaps the most extensively 
used microsatellite based measures for estimating genetic distances are RST (Slatkin 
1995) and (δµ)2 (Goldstein et al. 1995b). RST is derived from FST (Wright 1951), but 
is specifically adapted to the multi-allele data of microsatellites, evolving under a 
stepwise mutation model (Slatkin 1995). The (δµ)2 measure is often used for 
estimating evolutionary distances and can be used for creating a phylogeny between 
species (Goldstein and Pollock 1997). Although widely used, both RST and (δµ)2  have 
been criticised (Hedrick 1999; Balloux et al. 2000; Balloux and Lugon-Moulin 2002), 
particularly because the results become heavily dependent on a few extreme markers 
(Cooper et al. 1999; Landry et al. 2002). Considering the differences in mutation 
patterns seen at different loci in different species, this bias is not surprising and it has 
been recommended to, if possible, only use microsatellite loci with similar properties 
(Landry et al. 2002). Moreover, microsatellite data have also been used for detecting 
selective sweeps (Wiehe 1998; Schlötterer 2002) and for measuring the level of 
inbreeding (Coulson et al. 1998). The ability to infer the demographic history of a 
population has been particularly appreciated when monitoring endangered species for 
conservation purposes. 

Single molecule PCR in sperm cells 
 
PCR is such a sensitive technique that successful amplification can be achieved using 
as little as one DNA molecule as the starting template (Li et al. 1988). Single 
molecule PCR is a technique that utilises this sensitivity through the separate analysis 
of individual cells. The separation of cells can be done either by sorting the cells 
individually before the DNA is extracted (Arnheim et al. 1990; Li et al. 1990; Lien et 
al. 1993), or by diluting the template DNA to such an extent that only the equivalent 
of a single genome is present in each PCR reaction (Yauk et al. 2002; Zhang et al. 
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2002a; Zhang et al. 2002b). Using single DNA molecule genotyping in sperm cells 
can be an excellent alternative to classical pedigree analysis. Perhaps the biggest 
advantage is in applications that require a large sample size, since the technique offers 
a virtually unlimited number of sperm cells for analysis. 
 
 
 

1. Washing; the samples were 
washed with 1 x TE pH 8.0 in order 
to remove semen fluid. 

2. Microscopy; the samples were 
examined under microscope to ensure 
that no contamination of non-sperm 
cells is present. 

3. DNA extraction; to facilitate the 
lysis of the cells, SDS and DTT were 
used together with prot. K. Extraction 
was performed using a standard 
phenol/chloroform protocol.

4. Dilution; to find the exact dilution 
for single genome equivalent, dilution 
series were made.

5. First round PCR; to achieve 
amplification using a single DNA 
molecule as template, an outer primer 
pair and low stringency condition was 
used in a first round PCR. 

6. Second round PCR; using an 
aliquote from the first round PCR as 
template, an inner primer pair and 
high stringency conditions were used 
in a second round PCR. One of the 
primers was fluorescently labelled.

7. Fragment analysis; PCR products were 
separated on a sequencing instrument. Computer 
analysis revealed fragments that differed from an 
unmutated control fragment.

 
 
Figure 2. Overview of the single molecule PCR technique used for Paper III. 
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Single molecule genotyping procedure 
 
An overview of the single molecule PCR strategy used in this thesis is outlined in 
Figure 2. It is based on diluting human sperm DNA to an extent that when aliquoting 
the DNA, each aliquot will contain, on average, a single DNA molecule (one genome 
equivalent) for subsequent PCR amplification. To ensure high quality DNA, semen 
samples were examined under a microscope to check for contamination of non-sperm 
cells. DNA was extracted according to a standard phenol/chloroform protocol and  
DNA concentrations were carefully measured in order to get a rough idea of where to 
start the dilution procedure. However, the exact volume of template DNA to be used 
in each PCR reaction (i.e. one genome equivalent per PCR reaction) must be 
empirically determined by making serial dilutions. One genome equivalent is reached 
when 63 % of the PCR reactions show amplification (see Statistics).  
 
 

When starting from a single DNA molecule, nested PCR can be used in order 
to get a specific PCR product of sufficient yield for analysis. Nested PCR is a 
technique where PCR amplification is performed in two steps to enhance yield and 
specificity. The first amplification round uses a primer pair designed to amplify a 
fragment larger than the region of interest. An aliquot of the first PCR round is used 
as the template for the second PCR round but this time a set of inner primers is used 
for amplification. The first PCR amplification does not necessarily have to be 
performed under high stringency conditions as the important thing is to increase the 
number of molecules to be used as the starting material for the second PCR reaction. 
If unspecific amplification occurs in the first round, the second round will provide the 
specificity.  

 
 

For this thesis, one of the primers in the second PCR reaction was labelled 
with a fluorescent dye that can be detected on a semi-automated sequencing 
instrument. The PCR products were run on the sequencing instrument together with 
an internal size standard and fragment analysis software was then used to estimate the 
length of each fragment.  

 

Mutation detection 
 
The single molecule amplifications were performed in 96 well microtiter plates and 
both a positive control (concentrated DNA as template) and negative control (no 
DNA) were included on each plate. Mutations were detected as fragments whose 
estimated length differed from the length of the positive control. Deviations from this 
assumed unmutated reference length were regarded as potential mutations (Figure 3). 
The second PCR and the fragment analysis were re-run for these potential mutations 
to ensure that no mistake had been made in the procedure.  
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Figure 3. Mutation detection from single molecule PCR. The 281 bp peak in lane 3 is 
a + 1 repeat unit mutation (277 bp is the original). Lane 1 is a positive control and 
lane 6 represents an event where two molecules were present in the PCR. 
 
 

Statistics 
 
In order to calculate the mutation rate it is necessary to know the total number of 
DNA molecules examined. When using the dilution approach, not all reactions will 
contain just one template molecule. Two or more DNA molecules will occasionally 
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be present in the same PCR reaction while another set of reactions will contain no 
DNA molecules. The likelihood of any given reaction to carry 0, 1, 2 or more DNA 
molecules is the same for all reactions and can be described by the Poisson 
distribution (Sokal and Rohlf 1995) 
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where "µ" is the average number of molecules per PCR reaction and "r" represents the 
actual number of molecules present. Applying the Poisson distribution in the case of 
an average of one molecule per reaction (µ=1) gives 37 % of the reactions with no 
template molecule present (r=0), 37 % of the reactions containing one molecule (r=1), 
19 % of the reactions containing two (r=2) and so forth. The Poisson distribution can 
also be used for calculating the total number of genomes analysed. This can also be 
approximated by the much more simple estimate  
 

dvtot NNN 3+=      (5) 
 
where Ntot is the total number of molecules present, Nv is the number of reactions with 
only one visible PCR product (although occasionally it will be two identical alleles), 
and Nd is the number of reactions where both alleles are present (Paper III). Estimates 
were made for each 96 well plate separately (a mastermix including DNA was made 
for one plate at the time, ensuring that the same DNA concentration was used in all 
reactions of any 96 well plate). 

Special concerns 
 
Perhaps the most important concern when using single molecule PCR is to avoid 
contamination. Since the starting material is only a single molecule, even the smallest 
contamination present prior to PCR may amplify at the same extent (or more) as the 
molecule of interest. All pre-PCR work for Paper III, including DNA extraction and 
first round PCR setup, was therefore performed in hoods with a positive flow of 
sterile filtered air. Before working in the hood, the built-in UV-light was used to 
decontaminate the working area. The setup of the second PCR was never done in the 
same room as any pre-PCR work and all PCR reagents were kept separate. Only filter 
tips were used and all solutions were made up with decontaminated ultra pure water 
that was not used for other purposes. All pre-PCR pipettes had not previously been 
used for other purposes and they were also decontaminated under UV-light prior to 
each use. By strictly adhering to these rules, contamination problems can be kept at a 
minimum. 

 24



Research aims 
 
 
 
 
 
 
 
 
 

• To study whether microsatellite flanking sequences in general are more 
conserved than neutrally evolving DNA. 

 
• To characterise the rates and patterns of mutation at the barn swallow HrU6, 

HrU9 and HrU10 microsatellite loci using large pedigrees. 
 

• To study allelic variation in the microsatellite mutation rate. 
 
• To study individual variation in the microsatellite mutation rate. 
 
• To study whether the microsatellite mutation rate in male germline increases 

with age. 
 

 
 
 
 

 25



Summaries of papers including discussion 
Paper I 

Microsatellite evolution: polarity of substitutions 
within repeats and neutrality of flanking sequences 

 
In Paper I we sequenced orthologous microsatellite loci in cattle (Bos taurus) and 
sheep (Ovis aries). Intron sequences from orthologous genes were also collected from 
the two species to be used as presumably neutrally evolving reference sequences. The 
level of divergence for the microsatellite flanking sequence and the intron sequence 
were calculated and compared. The microsatellite sequences from the two species 
were aligned and the pattern of evolution was studied. To ensure proper alignment 
and to aid in the evolutionary interpretation, half of the microsatellites were 
successfully sequenced in one of the related species moose (Alces alces), reindeer 
(Rangifer tarandus), fallow deer (Cervus dama), roe deer (Capreolus capreolus) or 
pig (Sus scrofa). 
 
Results 
 

Based on 2317 bp of microsatellite flanking sequence that was obtained, the 
level of sequence divergence between cattle and sheep was estimated to be 0.070 (± 
0.008 s.e.). An estimation of the corresponding figure for 19180 bp of intron 
sequences revealed an identical value of 0.070 (± 0.007 s.e.). Cattle and sheep 
diverged about 20 Mya and over that time period, the microsatellite flanking sequence 
thus seem to have diverged at the same rate as the intron sequences. Similarity in rates 
of divergence was also suggested for insertion and deletion events. The alignment of 
the microsatellite sequences revealed that mutations occurred at a higher frequency in 
the few bases immediately adjacent to the repeat region. A polarity could also be seen 
for substitutions that had occurred within the repeat. Here, substitutions occurred less 
frequently in the middle of the repeat than towards the ends of the repeat. 
 
Discussion 

 
It is sometimes suggested that microsatellites are not neutral slippage artefacts. 

Among the studies that support this view are reports from cross-species amplification 
surveys, where microsatellite primer sites have been shown to be conserved in species 
that diverged a long time ago. The two most extreme examples of such amplifications 
are among species of fish and turtles, thought to have diverged 470 Mya (Rico et al. 
1996) and 300 Mya (FitzSimmons et al. 1995), respectively. This could suggest that 
microsatellite flanking sites are under some kind of purifying selection. Assuming that 
the intron sequences we used as reference are evolving neutrally, our results suggest 
that microsatellites are located in selectively neutral regions and that microsatellite 
flanking sites are not particularly conserved.  This supports the view that the vast 
majority of microsatellites are the product of imperfect replication machinery. 

 
The alignment of the orthologous microsatellite sequences revealed a polarity 

in the substitutions accumulated since the ovine-bovine species split. The data suggest 
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an increased instability in the border region between the repetitive DNA and the 
unique sequence surrounding the microsatellite. Similarly elevated substitution rates 
in sequences immediately flanking trinucleotide repeats in connection to coding genes 
have been observed (Djian et al. 1996; Hancock et al. 2001). 

Paper II  
Heterogeneity in the rate and pattern of germline 
mutation at individual microsatellite loci 

 
Perhaps the most accurate picture of microsatellite evolution comes from studies 
involving direct observations of de novo mutations in germline. In Paper II we 
examined two hypervariable microsatellite loci (tetranucleotide repeat HrU6 and 
pentanucleotide repeat HrU10) in a large population of barn swallows with known 
pedigree. Non-congruence of inheritance between parents and offspring could either 
be due to extrapair paternity or de novo mutation events. We could confidently 
distinguish between cases of extrapair paternity and mutation events by applying an 
additional set of polymorphic microsatellites. While extrapair paternity cases should 
show non-congruence for several of the additional markers, true mutation events 
should show congruence for all markers except the mutated one. 
  
Results 

 
Twenty-seven mutation events were detected, distributed as 12 mutations in 

HrU6 and 15 mutations in HrU10. The HrU6 mutations were detected among 2093 
meioses, corresponding to a mutation rate of 0.0057 mutations per meiosis. For 
HrU10, the mutation rate was 0.0156 mutations per meiosis (15 mutations among 960 
meioses). The mutation rate was positively correlated with repeat length and single 
repeat unit changes were by far the most common mutation event (78%). There was 
no bias in the number of expansions over contractions. Our data showed a bias in 
favour of maternally derived mutations by a factor 2.5-5 but there was no difference 
in the direction of mutation in relation to sex. 
 
Discussion 
 

Barn swallows have previously been shown to harbour one of the most 
mutable microsatellite markers reported, HrU9 (Primmer et al. 1998). In Paper II, two 
additional markers (tetranucleotide HrU6 and pentanucleotide HrU10) were also 
shown to be hypermutable, allowing detailed comparisons of the rates and patterns of 
mutation for the two loci to be made. This study confirms earlier findings that single 
repeat unit changes dominate and that the mutation rate increases with repeat length.  

 
The female bias in mutation rate was unexpected since Primmer et al. (1998) 

showed a male biased mutation rate at the barn swallow microsatellite HrU9. 
However, this is not the first time that a female biased mutation rate has been reported 
for microsatellite loci (Crozier et al. 1999; Gardner et al. 2000; Hoekert et al. 2002). 
For example, all 33 mutations found in a study of the olive ridely sea turtle were of 
female origin (Hoekert et al. 2002).  
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Paper III  
Single molecule analysis of the hypermutable 
tetranucleotide locus D21S1245 through sperm 
genotyping: a heterogeneous pattern of 
mutation but no clear male age effect 

 
In Paper III we wanted to test the hypothesis that microsatellite mutations accumulate 
in male germline with age. This was done by genotyping the hypermutable 
tetranucleotide locus D21S1245 in a large number of human sperm cells using a 
single molecule PCR approach. In addition to studying the age effect, the large 
number of germline mutations that were collected gave us an opportunity to make a 
detailed analysis of the rate and pattern of mutation at this hypermutable 
microsatellite locus in human germline. The sperm samples were chosen so that four 
donors represented a younger cohort (17-21 years of age) while four donors 
represented an older cohort (47-56 years of age).  
 
Results 
 

After genotyping the hypermutable tetranucleotide locus D21S1245 in 8623 
chromosomes, a total of 203 mutations were detected. D21S1245 is a very complex 
repeat locus but all changes were multiples of four base pairs, indicating that 
mutations were slippage events in one of the main (GAAA) repeats. The mutation rate 
at individual alleles varied significantly (χ2=66.95, d.f.=15, p<0.001) with almost an 
order of magnitude difference between the highest rate (0.052 mutations per meiosis) 
and the lowest rate (0.007). An analysis of the distribution of repeat changes showed 
that contractions were more common than expansions (Figure 4).  
 

Surprisingly, younger males had a higher average mutation rate (0.030) than 
older males (0.018). Sequencing revealed that the alleles could be divided into three 
distinct phylogenetic lineages depending on the repeat structure. Interestingly, the 
lineages had significantly different mutation rates (0.028, 0.016 and 0.037 for lineage 
1, 2 and 3 respectively; χ2=22.33, d.f.=2, p<0.001).  

 
Discussion 
 

Results from this study revealed large allelic differences in the rate and pattern 
of mutation. In contrast to several other studies, no correlation between repeat length 
and mutation frequency could be detected. Instead, the mutation rate at D21S1245 
was found to be related to the repeat structure of this complex microsatellite. One 
possible explanation of the observed differences in mutation rate between the allelic 
groups is that polymerase slippage is more likely to occur at alleles with a certain 
repeat structure because of enhanced secondary structure formation. Alternatively, it 
is easier for the MMR to detect and repair certain repeat structures. It has been shown 
that the MMR repairs different repeat motifs with different efficiency (Harr et al. 
2002).  

 
Another explanation for the observed heterogeneity might be found in adjacent 

sequence where alleles of certain phylogenetic lineages of the repeat could be in 
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Figure 4. Distribution of the 193 mutations where magnitude and direction 

could be determined. From Paper III. 
 
 

linkage disequilibrium with sequences that are influencing the mutation rate. The 
basis of such mutation rate modulating sequence is unclear but some minisatellite loci 
have been reported to be affected by cis-acting elements (Monckton et al. 1994).  
 
 Recently, Leopoldino and Pena (2003) included D21S1245 in a list of the five 
most mutable human tetranucleotide loci described in literature. These authors noted 
that all five loci had complex repeat structures and they suggested that the complex 
repeat structures might not be the direct cause of the high mutation frequency but 
rather a consequence of an intrinsic high rate of genomic turnover events in certain 
microsatellite regions. On the other hand it can be speculated that, following the 
above-mentioned reasoning for the allele specific mutation rates, certain complex 
microsatellite structures might be more prone to escape MMR than pure repeats. 
Interestingly, several other hypermutable microsatellites, for instance the barn 
swallow microsatellites HrU6, HrU10 and HrU9, are also complex repeat structures.  
 

The study was designed to analyse the relationship between donor age and 
mutation rate. It is now well established that male germline has a higher mutation rate 
than female germline in humans (Shimmin et al. 1993; Makova and Li 2002). This is 
usually attributed to the much larger number of germ cell divisions in male than in 
female germline. Assuming that germline mutations mainly happen during DNA 
replication, the larger number of cell divisions during spermatogenesis would supply 
many more opportunities for mutation to occur than is the case in oogenesis. 
Consequently, males should accumulate replication dependent mutations during their 
lifetime, hence it could be argued that older males would have a higher mutation rate 
than younger males. Since microsatellite mutations in general are replication-
dependent, a positive correlation between age and microsatellite mutation rate was 
predicted. The observed lack of such age effect was therefore unexpected, particularly 
since Brinkmann et al. (1998) has shown that in a human pedigree screened for 
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microsatellite mutations, the fathers who gave rise to mutations were, on average, 
slightly older than fathers that did not. On the other hand, both Kayser et al. (2000) 
and Leopoldino and Pena (2003) found the opposite effect in similar surveys. It is 
possible that a male age effect is masked by other factors that influence the mutation 
rate. 

Paper IV 

Individual variation in microsatellite mutation 
rate in barn swallows 

 
Several intrinsic factors that cause variation in the rate of microsatellite mutation have 
been identified and in paper IV we ask whether additional factors, such as health 
status and genetic background can influence the mutation rate in barn swallows. 
Mutation data from three hypermutable microsatellite loci HrU6, HrU9 and HrU10 
were used to perform a Poisson regression where the GENMOD procedure fits a 
Generalised Linear Model to the data. The mutation frequency was regressed on the 
heterophil/lymphocyte ratio (a measure of health status in birds (Gross and Siegel 
1983)), the logarithm of the standardised difference in allele size (log d2) (a measure 
of inbreeding (Coulson et al. 1998)), male age (the mutation rate is thought to 
increase with age, see above) and standardised average allele length.  
 

To investigate whether some individuals were more prone to give raise to 
mutations than others, re-sampling was used to generate a random distribution of 
mutations between the families. If some individuals would be more mutable than 
others, individuals passing on zero mutations would be over-representes in the 
observed data compared to the randomised data set.  

 
Results 
 

A total of 53 mutations were detected in 694 offspring. 128 (out of 165) 
parental individuals were passing on zero mutations. In only 203 cases out of 10000 
replicates, the number of individuals leaving no mutation was higher or equal to 128, 
indicating that mutations were not randomly distributed among individuals (p=0.020). 
In only one case, two identical mutations at the same locus were found in two 
offspring of the same family, suggesting independent origins for the vast majority of 
mutations.  

 
The only factor that could explain a sigificant part of the variation in the 

mutation rate was the allele length (p<0.001). log d2 had a significant p-value 
(p=0.016) but this did not remain significant at the 0.05 level after sequential 
Bonferroni corrections to account for multiple tests.  

 
A comparison of the combined mutation rate at all three loci revealed that the 

rate of mutation varied between the four different breeding colonies (χ2=11.98, d.f.=3, 
p<0.01). However, the mean standardised allele size also varied between the colonies 
and there was significant covariation between the ranked mean mutation rate and the 
ranked mean allele size (r2=0.43, d.f.=10, p<0.01). This suggest that at least part, of 
the variation in mutation rate between the breeding colonies are due to differences in 
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mean allele size. Moreover, the mutation rate at HrU6 and HrU9 in this Spanish 
population (0.006 and 0.035 respectively) showed very similar values as in an Italian 
population (0.005 and 0.036). 

 
Discussion 
 

Clustered mutations are single mutation events that have replicated into 
multiple copies during the premeiotic stage in germline. The mutant allele can reach a 
relatively high frequency and, after meiosis, the single mutation event can be 
transmitted to several offspring. This phenomenon has for instance been studied in 
Drosophila melanogaster (Woodruff et al. 1996). However, only two mutation events 
detected in Paper IV could have been a case of clustered mutations indicating that 
most, if not all, mutations in this survey have independent origins. 
 
 None of the factors log d2, heterophil/lymphocyte ratio or male age could 
explain a significant part of the variation in mutability. The only factor that could 
explain a significant part of the variation was the standardised average allele length. 
This was not surprising since length dependent mutation rates are well documented.  
 

Microsatellite evolution has been examined in various ways, e.g. in vitro 
systems and computer modeling (Strand et al. 1993; Chakraborty et al. 1997; Webster 
et al. 2002). These methods may provide useful data, but it might not always be 
correct to extrapolate this data to in vivo situations. Therefore, direct observation of de 
novo mutations in the germline, as in Paper II, Paper III and Paper IV might be 
considered a more accurate method to describe the mutation pattern of microsatellites. 
But even if this is true, this approach does have disadvantages. Although the mutation 
rates of microsatellites are several orders of magnitude higher than the rate of 
substitutions, mutations are likely to only be detected in the most mutable 
microsatellites. It is possible that the mutation process at these loci is not 
representative for the genome as a whole and this must be kept in mind when 
interpreting the results. 
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Future prospects 
 
Continuous studies of microsatellite evolution are necessary, not least for arriving at 
accurate mutation models for evolutionary or population genetics purposes. As shown 
in this thesis and elsewhere, different species show highly different rates and patterns 
of mutation. Perhaps a universal mutation model is not realistic, making it necessary 
to define specific mutation models for different species groups in combination with 
selecting loci with similar mutational properties. It is highly likely that even slight 
differences in the MMR between species groups can alter the rates and patterns of 
microsatellite mutation extensively (cf. Harr et al. 2002). I believe that studies 
revealing more detailed data about the relationship between MMR and microsatellite 
instability will be one of the most rewarding subjects of microsatellite research in the 
near future. Considerable progress has already been made in bacterial and yeast 
systems but a lot of work remains, especially in higher organisms. 
 
 To learn more about polarity of microsatellite mutations, sequencing a large 
number of mutant alleles of the D21S1245 locus from Paper III can provide valuable 
insight in the propensity of replication slippage. Cloning and sequencing of this locus 
has proven to be feasible in contrast to, for instance, the extremely long mutant alleles 
of HrU6, HrU9 and HrU10. Since D21S1245 is a complex microsatellite where some 
allele lineages have two main repeats while others have only one, it would be highly 
interesting to determine which repeat is most mutable and if the different repeats 
show different mutation patterns.  
 

Although generating high quality data, collecting and genotyping large 
pedigrees is a labour-intensive and inefficient way of detecting microsatellite 
mutations. Therefore, I believe that single molecule PCR will become an increasingly 
important tool in microsatellite mutation detection. Small-pool PCR has also been 
employed to generate estimates of microsatellite mutation rates but this method will 
only generate a crude estimate and it reveals no detailed information. It must also be 
stressed that the single molecule PCR technique is not restricted to microsatellite 
mutation detection but can be used in a wide range of molecular studies including 
studying recombination and patterns of point mutation. The technique can also be 
used to estimate microsatellite mutation rates in somatic cells and it would be very 
interesting to compare the mutation frequencies between different tissues.  
 

As an immediate continuation to studying the age effect of microsatellite 
mutation rates in human sperm cells, the results reported in Paper III need to be 
repeated. Such analysis has already been started since the first PCR round also 
contained the outer primer pair of a hypervariable microsatellite at the human alpha 
fibrinogen (FGA) locus (Barber et al. 1996). FGA is a complex repeat with (TTCT)n 
as the main repeat motif and has previously been shown to have a high mutation rate 
(Brinkmann et al. 1998). Initial genotyping reveals that it is indeed mutable in the 
human sperm sample used in Paper III. However, the FGA also has a complex repeat 
structure and since this influenced the mutation rates at D21S1245, it is reasonable to 
think that something similar could mask a possible age effect at FGA as well. 
Therefore, additional genotyping using an uninterrupted microsatellite in these 
individuals may generate a more unbiased picture of a possible age effect.  
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 Another interesting possibility would be to determine the microsatellite 
mutation rate in sperm cells from the same individual taken at different times in life. 
In such a case, possible effects of cis-acting elements in the adjacent sequence and 
complexity of the repeat region should be avoided. For instance, semen from prize 
winning bulls or champion stallions are collected over many years and kept frozen for 
artificial insemination purposes. Creating an efficient model system by genotyping 
some unusually long microsatellites using single molecule PCR would provide a 
unique opportunity to study mutation accumulation in male germline.   
 
 Using single molecule PCR for the detection of microsatellite mutations in the 
germline of mammals is only practically possible in male germline. However, using 
other vertebrates like fish species or frog species where large quantities of egg cells 
are produced, mutation detection in female germline could also be done by single 
molecule PCR and the two estimates could be directly compared. To take this 
reasoning even further, it would be possible to control for differences in genetic 
background and living conditions by comparing male and female germline mutation 
rates in the same individual by using a hermaphroditic species. For example, 
microsatellite mutation rates can be estimated using single molecule PCR in a 
hermaphroditic slug species that generates a large number of eggs. However, the 
female germline in those species is also constantly dividing and as a consequence, the 
expectation of the male to female ratio will be a lower value than that for a 
mammalian species. 
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