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ABSTRACT 
Statistical properties of the symmetric  stepwise-mutation model for microsatellite  evolution are studied 

under the assumption that the number of repeats is  strictly bounded above and below. An exact  analytic 
expression is found for the expected products of the frequencies of alleles separated by k repeats.  This 
permits characterization of the asymptotic  behavior of our distances Dl and ( 6 ~ ) '  under range con- 
straints. Based on this characterization we develop transformations that partially restore linearity when 
allele size  is restricted. We  show that the appropriate transformation cannot be applied in the case  of 
varying mutation rates (0) and range constraints ( R )  because of statistical  difficulties.  In the special 
case of no variation in p and R across  loci,  however, the transformation simplifies  to a usable form and 
results in a distance much more linear with  time than distances  developed for an infinite range. Although 
analytically incorrect in the case  of variation in p and R, the simpler transformation is surprisingly 
insensitive  to  variation  in  these parameters, suggesting that it may  have considerable utility in phyloge- 
netic studies. 

M ICROSATELLITES are a special class  of tandemly 
repeated DNA in which a specific  motif  of 2-6 

bp is repeated up to -100  times (TAUTZ  1993). Micro- 
satellite loci with > -10 repetitions of the basic  motif 
are highly variable in taxa ranging from plants to verte- 
brates (LAGERCRANTZ et al. 1993).  It is common to ob- 
serve heterozygosities of 0.8 and as many as 20 or more 
alleles at a locus (BOWCOCK et al. 1994; MACHUGH et al. 
1994; DEKA et al. 1995; GOLDSTEIN and  CLARK 1995). 
Microsatellites are also  very  easily scored using PCR- 
based methods and tend  to  be reliably  variable in all 
populations of a given species. Another  important ad- 
vantage is that microsatellite analyses provide informa- 
tion about  the state of  specific loci, facilitating a num- 
ber of population-genetic inferences. 

For these reasons, microsatellites are rapidly replac- 
ing allozymes and newer markers (e.g., randomly ampli- 
fied polymorphic DNAs) in studies attempting  to esti- 
mate  demographic and evolutionary parameters of 
natural  populations (MACHUGH et al. 1994; ESTOUP et 
al. 1995; GOLDSTEIN et al. 1995c; SLATKIN 1995a,b). 
They are also beginning  to  be used to estimate phyloge- 
netic relationships among  populations and closely re- 
lated species (BOWCOCK et al. 1994; MACHUGH et al. 
1994; DEKA et al. 1995; ESTOUP et al. 1995; GOLDSTEIN 
et al. 1995a,b; PEPIN et al. 1995),  but success here has 
been limited both by the availability  of  variable  micro- 
satellites in multiple species, and by uncertainty as to 
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which genetic distance measure is most appropriate  for 
microsatellites ( GOLDSTEIN et al. 1995a). 

The variability  of microsatellite loci is due to their 
exceptionally high  mutation  rate, which seems to aver- 
age -0.0001  (WEBER and WONG 1993). This high muta- 
tion rate also guarantees  that isolated populations di- 
verge rapidly, but  an exact description of this process 
of divergence is elusive since it depends  on  the precise 
details of the  mutation process. Direct studies of micro- 
satellite mutation mechanisms, based both on artificial 
constructs in yeast (HENDERSON and PETES 1992) and 
analyses  of human pedigrees (WEBER and WONG 1993) 
have  shown that most mutations involve the  addition 
or subtraction of a small number of repeat units. This 
contradicts the assumptions of  the infinite alleles muta- 
tion model, in which  all  new mutations are  to alleles 
not previously represented in the  population. To ac- 
count for this aspect of the  mutation process, a number 
of authors have recently studied  the stepwise mutation 
model, which was first developed to describe the evolu- 
tion of the  charge state of proteins as inferred from 
electrophoretic mobility (OHTA and KIMURA 1973). 

Using different  methods, GOLDSTEIN et al. (1995a) 
and SLATKIN (1995a) both  demonstrated  that  an unbi- 
ased estimator of separation time can  be  obtained by 
taking the  squared differences of  all pairs of  alleles 
drawn one from each of the two populations. Subse- 
quently, GOLDSTEIN et al. (199513) showed that a related 
distance, given by the  squared difference between the 
means of the two populations, is also linearly related to 
time. This distance, called (Sp)*, has the  further advan- 
tage of being  independent of population size when p o p  
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