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Abstract 

Some aspects of microsatellite evolution, such as the role of base substitutions, are far from being fully 

understood. To examine the significance of base substitutions underlying the evolution of microsatellites we 

explored the nature and the distribution of interruptions in dinucleotide repeats from the human genome. The 

frequencies that we inferred in the repetitive sequences were statistically different from the frequencies 

observed in other noncoding sequences. Additionally, we detected that the interruptions tended to be towards 

the ends of the microsatellites and 5′-3′ asymmetry. In all the estimates nucleotides forming the same 

repetitive motif seem to be affected by different base substitution rates in AC and AG. This tendency itself 

could generate patterning and similarity in flanking sequences and reconcile these phenomena with the high 

mutation rate found in flanking sequences without invoking convergent evolution. Nevertheless, our data 

suggest that there is a regional bias in the substitution pattern of microsatellites. The accumulation of random 

substitutions alone cannot explain the heterogeneity and the asymmetry of interruptions found in this study 

or the relative frequency of different compound microsatellites in the human genome. Therefore, we cannot 

rule out the possibility of a mutational bias leading to convergent or parallel evolution in flanking sequences.  
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Introduction 

The nature and rate of base mutations are influenced by local sequence context (Goodman and Fygenson 

1998; Marra and Schar 1999; Zhang and Gerstein 2003; Arndt et al. 2005), which is simple in form but 

displays a complex mutational behavior in microsatellites. Microsatellites are tandemly repeated DNA 

sequences consisting of 1–6 bp that typically have a high level of instability. Due to their elevated degree of 

polymorphism, microsatellite markers are widely used for mapping (Kong et al. 2002) and for studies of 

population and evolutionary genetics (Goldstein and Schlötterer 1999). In addition, the malign expansion of 

some of these repetitive sequences is involved in a number of human neurodegenerative diseases (Gatchel 

and Zoghbi 2005). Despite the effort to remove uncertainty around the complex mutational dynamics of 

microsatellites, some mutational processes occurring at microsatellite loci remain unclear. Replication 

slippage seems to play a protagonist role in microsatellite variability, and most mutations consist of an 

increase or decrease of only one repeat unit (Weber and Wong 1993; Ellegren 2000). In the human genome, 

the estimate of slippage mutation rate is about 10−3 per locus per gamete per generation (Weber and Wong 

1993; Dib et al. 1996), which is several orders of magnitude higher than the point mutation rate, 10−8 per 

nucleotide per gamete per generation (Li 1997). However, base substitutions are the main source of new two-

repeat loci (Zhu et al. 2000) and also essential in microsatellite degeneration, which is assumed to occur by 

acquiring multiple base substitutions that erode the tandem arrangement of the microsatellite sequence 

(Kruglyak et al. 1998; Taylor et al. 1999).  

Of particular interest and complexity is the influence of base substitutions in microsatellite evolution, in 

particular, on the variability of sequences flanking microsatellites. Previous studies have described both high 

mutation rate (Stallings 1995) and similarity in microsatellite flanking sequences (Schlötterer et al. 1991). 

Vowles and Amos (2004) analyzed the flanking sequences of AC tracts and found a two-base periodicity and 

that sequences immediately flanking a microsatellite (AC)n of a given length show greater similarity to each 

other than to random sequences. Those authors reconciled similarity and patterning with elevated mutation 

rates by invoking convergence evolution determined by the influence of microsatellites on base substitutions 

in flanking sequences. On the other hand, Webster and Hagberg (2007) reproduced these phenomena using a 

simulation with random substitutions in sequences that previously formed part of the microsatellite, and they 

concluded that similarity and patterning could be explained without arguing that microsatellites promote 

biased substitutions in flanking sequences. In this context, we believe that a more detailed knowledge of the 

distribution of base substitutions along repetitive arrays is needed to more accurately describe the evolution 

of microsatellites and their flanking sequences. 

The purpose of this study is to explore the sequence of repetitive arrays from the human genome in order to 

search for patterns in the distribution of mutations and a change in the spectrum of base substitutions. The 

slow rate of accumulation of base substitutions makes the inference of patterns difficult in these sequences, 

especially when using few loci. Therefore, we resorted to an indirect approach and analyzed the distribution 

of interruptions in dinucleotide repeats in the whole human genome. In this paper we show that although the 

erosion of the tandem arrangement could account for the periodicity and similarity observed by Vowles and 

Amos (2004) without invoking convergent evolution, some base substitutions seem to be biased in these 

repetitive sequences in comparison with other noncoding sequences. 

Methods  

Human chromosomes were downloaded from the National Center for Biotechnology Information (NCBI) 

database (v36 03/06; GenBank accession numbers NC_000001−NC_000024). Then we used the program 

Tandem Repeats Finder (TRF) 4.0 to search for microsatellites in each chromosome using the following 

parameters: match weight, 2; mismatch weight, −3; indel weight, −5; and minimum score parameter, 20. 

Because mismatches and indels give a penalty to the alignment score, TRF did not report any mismatch or 

indel at the two nucleotides situated at the beginning and the end of the microsatellite with the parameters 



 
 

used in this study. In this approach, only microsatellites containing one interruption of the form 

(AC)nN(AC)n were considered. Therefore, all interruptions are in a sequence context that only varies in the 

relative position of the interruption in the repetitive array to avoid the bias in the distribution of interruptions 

that the alignment algorithm would introduce if microsatellites with more than one interruption had been 

considered. This would entail detecting regions containing several substitutions in a row in the middle of the 

repetitive array but not close to the end of the microsatellite as a part of a microsatellite. Additionally, we 

developed a new program, Repeat Array Analyzer (RAA), in JAVA, available at 

http://www.udc.es/dep/bm/genetica/gibe/raa.htm. In this work we used RAA to process the data files 

obtained by TRF and count interruptions along repetitive arrays of a given size and repetitive motif. To 

analyze the distribution of interruptions, we combined the results of all chromosomes and only considered 

microsatellites with the same repetitive frame, i.e., (AC)n only consisted of microsatellites starting with AC 

at their 5′ end, and not CA, TG, or GT. Moreover, each size class was exclusive, i.e., a repetitive array 

containing 19 bp was only analyzed together with arrays of the same size without redundancy in other 

classes. 

We tested whether there was a significant preference of interruptions to be at particular sites of the array, and 

whether substitution frequencies were statistically different by χ2 tests using the program SPSS version 14 

(SPSS Inc., Chicago, IL). The tendency of interruptions to occur toward the ends and in 5′-3′ asymmetry was 

also analyzed by χ2 tests. To analyze the tendency of interruptions to occur toward ends, we compared the 

number of interruptions in the first and last scorable repeat units (in boldface), corresponding to sites +3 and 

+4 from the 5′ end of the array and sites −3 and −4 sites from 3′, against the number of interruptions found in 

central repeats, (A+1C+2)A+3 C+4 ACACACAC−4 A−3 (C−2A−1). To test the 5′-3′ asymmetry in the distribution 

of interruptions, we compared the number of interruptions at the scorable nucleotide closest to the 5′ end 

against the scorable nucleotide closest to the 3′ end, interruptions involving the substitution of A, (A+1C+2) 

A+3 C+4…C−4 A−3 (C−2A−1), and idem for C, (A+1C+2)A+3 C +4 A…AC−4 A−3(C−2A−1) (compared sites in 

boldface). Both the tendency of interruptions to occur toward ends and the 5′-3′ asymmetry were studied in 

microsatellites containing odd numbers of nucleotides to compare only symmetrical sites of the repetitive 

array. 

 

Results 

In this work, we explored the sequence of repetitive arrays from the human genome, searching for patterns in 

the distribution of interruptions. Table 1 reports the observed interruptions in dinucleotide repetitive 

sequences. If we assume that each interruption comes from a single base substitution and no back mutations, 

Table 1 infers a preference for base substitutions on some nucleotides of the repetitive units. For example, in 

(AC)10, mutations involving the substitution of C should be about 3 times more frequent than those involving 

substation of A (Table 1). Then we investigated whether these preferences could be extrapolated to other 

dinucleotide repeats and confirmed that these results were significant by χ2 tests in both (AG)10 and (AC)10 

(Table 1). Afterward, we found that the frequencies that we inferred in the repetitive sequences were 

statistically different (χ2 tests, p < 0.001) from the frequencies observed in nongenic, nonrepetitive sequence 

alignments of human and chimpanzee (Smith et al. 2002) and in human pseudogenes taking into account the 

immediately neighboring nucleotide of each substitution (Zhang and Gerstein 2003). Table 1 shows the 

expected values according to the frequency of substitutions calculated by Smith et al. (2002) and Zhang and 

Gerstein (2003). It can be observed that some of our estimates are overrepresented (A→T and T→A in AT 

dinucleotides, C→G and C→A in AC, and G→C in AG). 

 

 



 
 

Table 1. Observed interruptions (O) at each site of dinucleotide repeat units and expected values according to Smith 

(2002) (E1) and Zhang and Gerstein (2003) (E2) 

(AT)10    O E1  E2  (AC)10    O E1  E2  

A C 10 12.71 29.36 A C 7 10.73 30.28 

 G 62 90.09 85.45   G 24 66.12 40.97 

 T 40
*
 12.71 16.03   T 12 10.73 21.37 

 Total 112    Total 43a   

T A 37* 12.71 13.21 C G 32* 10.73 15.54 

 C 71 90.09 71.54   T 72 85.98 71.31 

 G 11 12.71 15.41   A 48* 10.73 15.54 

 Total 119    Total 152a   

   118.71b 99.12b       202.31b 114.27b 

   <0.001 <0.001       <0.001 <0.001 

(AG)10    O E1  E2  (GC)10    O E1  E2  

A C 4 6.77 7.80 G C 2 – – 

 G 15 41.71 25.99   A 7 – – 

 T 11 6.77 8.67   T 1 – – 

 Total 30a    Total 10   

G C 29* 6.77 12.62 C G 0 – – 

 A 58 54.23 58.22   T 6 – – 

 T 6 6.77 9.70   A 1 – – 

 Total 93a    Total 7   

   94.31b 29.80b       – – 

   <0.001 <0.001       – – 

Note. O, observed number of interruptions; E1, expected number of interruptions considering a transition bias of 3.6 and 

a bias in mutations from G:C→A:T of 1.3 (Smith et al. 2002); E2, expected number of interruptions taking into account 

the immediately neighboring nucleotide of each substitution (Zhang and Gerstein 2003) 

a Statistical evidence for a difference in the number of interruptions at different sites of the repetitive unit, p < 0.001 

b Statistical evidence for a difference between observed and expected values 

* Interruptions overrepresented in comparison with both expected values that have a percentage deviation of more than 

200%. (–) Not enough data to give estimates 

 

We also found strong statistical evidence to support the tendency of interruptions to be toward the ends of 

the array and 5′-3′ asymmetry (Fig. 1). In Fig. 1A length dependency in the distribution of interruptions is 

observed. In arrays of 19 bp there are more interruptions at the center of the array at C sites and at the 3′ end 

at A sites. Among the sizes examined (19, 23, 27, 31, and 35), the preference for interruptions to be toward 

the ends was significant in the three longest classes (Fig. 1C–E), whereas at A sites the tendency of the 

interruptions was more frequent at the 3′ end and was significant for all size classes except for microsatellites 

of 23 bp (Fig. 1 A, C–E) (χ2 tests, p < 0.008 after sequential Bonferroni correction). To assure that these 

tendencies were not due to a bias of the TRF algorithm to identify tandem repeats with interruptions close to 

the ends when repeat arrays are flanked by arrays of different motifs, we analyzed the flanking sequences of 

microsatellites of the form (AC)16NCA (Fig. 1E). Of the 23 microsatellites we found 5 that were flanked by 

other arrays, but only three of the arrays were at the 3′ flanking side, and none of them could appear as an 

interruption close to the end of the core microsatellite. Subsequently, we carried out the same analysis using 

reverse sequences and the result was the mirror image of Fig. 1. 



 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. Distribution of interruptions along AC repetitive arrays (5′ -3′) of 19 bp (A), 23 bp (B), 27 bp (C), 

31 bp (D), and 35 bp (E). Dotted lines indicate the number of interruptions at A sites. Solid lines indicate the 

number of interruptions at C sites. N, number of microsatellites considered. *Significant asymmetry of 

interruptions at A sites toward the 3′ end (p < 0.001). †Significant tendency of interruptions to be toward the 

ends (p < 0.001). Error bars represent 95% confidence intervals (binomial distributions) 



 
 

Discussion 

In this work, we analyzed the distribution of interruptions at dinucleotide repeats and estimated substitution 

rates that are significantly different from the results obtained in other noncoding sequences by Smith et al. 

(2002) and Zhang and Gerstein (2003). Our data suggest that microsatellites have substitution patterns that 

are not equivalent to those observed in other sequences. These patterns cannot be explained by the peculiar 

repetitive nature of these sequences taking into account the influence of the immediately neighboring 

nucleotide of each substitution as in Zhang and Gerstein (2003). These biases may intervene in the birth and 

early expansion of the microsatellite or be promoted by the microsatellite itself. 

Base substitutions tended to occur toward the ends of the array, as reported previously in a study based on 22 

bovine and ovine orthologous loci (Brohede and Ellegren 1999). On the other hand, 5′-3′ asymmetry of 

mutations was described in minisatellites (Armour et al. 1993; Jeffreys et al. 1994) and in triplet repeats 

involved in human neurodegenerative diseases (Eichler et al. 1995). Brohede and Ellegren (1999) proposed 

three mechanisms that could account for high mutation rates at the ends of the array, all involving 

inefficiency of mismatch repair systems, after replication slippage, associated with homologous 

recombination in microsatellite heterozygous regions, and after DNA damage. Additionally, we believe that 

5′-3′ asymmetry in these mechanisms might be involved in the higher frequency of interruptions at A sites 

toward the 3′ end. 

Here we formulate another hypothesis that could also introduce a bias for the interruptions to be toward the 

ends of long repetitive arrays. Microsatellite evolution is a process in which arrays suffer successive 

expansions and contractions at the same time they acquire base substitutions. These base substitutions 

stabilize the region were they arise due to creation of mismatches that reduce the slippage rate (Weber and 

Wong 1993; Jin et al. 1996). With enough time, this region tends to acquire more interruptions and degrade 

to a nonrepetitive sequence, whereas the unaffected region continues to expand normally, attracting the 

center point of the array. Thus, the dynamic mutational process of microsatellites could introduce a bias for 

the interruptions to appear in the ends of the microsatellite. Nevertheless, this explanation alone cannot 

satisfactorily explain the asymmetry that we found in some interruptions. In order to explain the asymmetry 

of interruptions without assuming the asymmetry of substitutions, it would be necessary that some ending 

sequences promoted microsatellite expansion more than others, and this would be the reason why these 

endings are overrepresented in long microsatellites. On the other hand, the assumption that an interruption is 

originated from a single mutation, and repetitive arrays without interruptions were not affected by base 

substitutions, could be violated by back mutations or the duplication or purification of interruptions by 

slippage (Harr et al. 2000). Consequently, these processes cannot be excluded, given that they can contribute 

to the heterogeneous distribution of interruptions. 

 

The Origin of Patterning and Similarity in Flanking Sequences 

Vowles and Amos (2004) found a remarkable level of similarity between different loci comprising 25–50 

bases at either side of (AC)n and a two-base patterning, with bases being under- and overrepresented at 

adjacent sites. This patterning was significant even around just (AC)2, reaching its maximal point around 

(AC)9 and being broader but less pronounced on longer microsatellites. To explain similarity and patterning, 

those authors suggested that microsatellite formation could spark off mutational mechanisms in flanking 

sequences that lead to convergent evolution. Vowles and Amos (2004) proposed another two alternative 

explanations that could also account for the patterning and similarity of the flanking sequences. The first 

alternative hypothesis was that patterning could have arisen previously due to an unknown force and then 

microsatellites form or expand more efficiently in this context, where some base mutations are more 

common than others. The second hypothesis was the microsatellite erosion model, by which the patterning 



 
 

arises by the occurrence of base substitutions in sequences that previously formed part of the microsatellite, 

and therefore these flanking sequences represent the remnants of longer microsatellites now partially 

degenerated by base substitutions. Webster and Hagberg (2007) supported this erosion model and showed 

using a simulation that similarity and patterning in flanking sequences could be explained by the 

accumulation of random substitutions in microsatellites using the rates calculated by Smith et al. (2002) in 

nonrepetitive sequences. Our data show that in AC and AG there is a preference for base substitutions on 

some nucleotides of the repetitive units that is significant by χ2 tests in both (AG)10 and (AC)10. As a result, it 

also supports that the patterning of under- and overrepresentation of adjacent bases of flanking sequences in 

AC arrays could be generated by the partial erosion of the tandem arrangement of microsatellites. 

With the current knowledge of the mutational processes, the microsatellite erosion model is the most 

parsimonious hypothesis. Another argument supporting the erosion model is that the influence of the 

microsatellites enhancing mutations at flanking sequences seems to be restricted to the bases closest to the 

repeat region. Brohede and Ellegren (1999) detected more substitutions within the five nucleotides 

immediately adjacent to the repeat region than in flanking sequences farther away. Similarly, Vowles and 

Amos (2004) found a significant overrepresentation of mutation rates in a region comprising −9 bases 5′ and 

+4 bases 3′ around long microsatellites, whereas around short microsatellites the mutation rate remained 

constant. However, they observed sequence similarity in a broader sequence comprising 25–50 bases at 

either side of AC tracts, and it was significant 10 bases around just (AC)2. This model gains support if we 

take into account the long persistence of microsatellites predicted by theoretical studies of microsatellite 

evolution (Tachida and Iizuka 1992; Stephan and Kim 1998). 

Microsatellites are often flanked by sequences called regions of cryptic simplicity that are made up of 

intermixed motives. Many of these sequences of cryptic simplicity originated by the erosion of the 

microsatellite are not detected as microsatellites by a search for pure tracts. However, in some cases they 

could still maintain clear signs of tandem arrangement, e.g., the AC tandem arrangement is degenerated 

preferentially by mutations on C (Fig. 1). This partial tandem arrangement could be responsible for the 

patterning of flanking sequences. Nevertheless, our study suggests that a regional bias in the substitution 

pattern of microsatellites could be affecting the evolution and the variability found in microsatellites and 

their flanking sequences. 

Conclusion 

This investigation examined the nature and the distribution of interruptions in numerous microsatellites from 

the human genome, and explored the origins of the patterning in flanking sequences (flanking sequences 

being the remnants of repetitive sequences partially eroded by base substitutions or convergent evolution of 

flanking sequences promoted by the influence of the microsatellite). On the basis of this examination we 

conclude that mutations in microsatellite DNA seem to have biases such as a tendency to occur toward the 

ends of the repetitive array, 5′-3′ asymmetry, and an unusual spectrum of base pair substitutions. Although 

the partial degeneration of the tandem arrangement could be responsible for the patterning found in 

sequences flanking microsatellites, our data suggest that there is a regional bias in the substitution pattern of 

microsatellites. The accumulation of random substitutions alone as simulated by Webster and Hagberg 

(2007) cannot explain the heterogeneity and the asymmetry of interruptions found in this study or the relative 

frequency of different compound microsatellites in the human genome (Bull et al. 1999). On this basis, we 

cannot exclude the existence of a mutational bias leading to convergent or parallel evolution in flanking 

sequences. 
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