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Rate and Directionality of Mutations and Effects of Allele Size Constraints
at Anonymous, Gene-Associated, and Disease-Causing Trinucleotide Loci
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We studied the patterns of within- and between-population variation at 29 trinucleotide loci in a random sample of
200 healthy individuals from four diverse populations: Germans, Nigerians, Chinese, and New Guinea highlanders.
The loci were grouped as disease-causing (seven loci with CAG repeats), gene-associated (seven loci with CAG/
CCG repeats and eight loci with AAT repeats), or anonymous (seven loci with AAT repeats). We used heterozygosity
and variance of allele size (expressed in units of repeat counts) as measures of within-population variability and
GST (based on heterozygosity as well as on allele size variance) as the measure of genetic differentiation between
populations. Our observations are: (1) locus type is the major significant factor for differences in within-population
genetic variability; (2) the disease-causing CAG repeats (in the nondisease range of repeat counts) have the highest
within-population variation, followed by the AAT-repeat anonymous loci, the AAT-repeat gene-associated loci, and
the CAG/CTG-repeat gene-associated loci; (3) an imbalance index b, the ratio of the estimates of the product of
effective population size and mutation rate based on allele size variance and heterozygosity, is the largest for disease-
causing loci, followed by AAT- and CAG/CCG-repeat gene-associated loci and AAT-repeat anonymous loci; (4)
mean allele size correlates positively with allele size variance for AAT- and CAG/CCG-repeat gene-associated loci
and negatively for anonymous loci; and (5) GST is highest for the disease-causing loci. These observations are
explained by specific differences of rates and patterns of mutations in these four groups of trinucleotide loci, taking
into consideration the effects of the past demographic history of the modern human population.

Introduction

Of the different classes of microsatellite or short
tandem repeat (STR) loci, trinucleotide repeat loci form
a special class, since over a dozen such loci are known
to cause disease (Sutherland and Richards 1995). Hun-
dreds of trinucleotide repeat polymorphisms are inter-
spersed throughout the human genome (McKusick
1997). The pattern of within- and between-population
variation at these polymorphisms is yet to be character-
ized thoroughly. While all types (di-, tri-, tetra-, and
pentanucleotide) of STRs have been demonstrated to be
extremely useful in gene-mapping, forensic, and evolu-
tionary studies, there are indications that these different
categories of STRs differ from each other in terms of
both mutation rate (Webber and Wong 1993; Chakra-
borty et al. 1997) and pattern of mutations (Shriver et
al. 1993; Di Rienzo et al. 1994). Preliminary studies
with regard to the initiatives of the Human Genome Di-
versity Project indicate that data from different STRs
must be pooled to answer most biological and popula-
tion-related questions about human diversity and the
evolutionary history of humans (Chakraborty and Jin
1992; Bowcock et al. 1994). However, inference from
such analyses should also take into account the between-
locus variation of patterns and extents of polymorphisms
at such loci (Kimmel and Chakraborty 1996; Pritchard
and Feldman 1996). Interlocus variation at STRs, stud-
ied by grouping the loci by their repeat motifs, may not
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be enough, since variation may also be affected by ge-
nomic location and any possible functional constraint
associated with the different STRs. For example, in our
earlier studies (Chakraborty et al. 1997), we found in-
dications that even with the exclusion of unstable allele
sizes, the disease-causing trinucleotides have a mutation
rate of 3.9–6.9 times as high as that of the tetranucle-
otides, while the trinucleotides without disease impli-
cations have a more moderate rate of mutations (1.2–
2.0 times as high as that of the tetranucleotides).

The purpose of this research is to examine the gen-
erality of this observation and to detect additional fac-
tors contributing to mutation patterns. In particular, we
investigate whether the pattern and extent of within- as
well as between-population variation at trinucleotide
STRs are any different depending on their genomic lo-
cations and motif compositions (e.g. AT- versus GC-
rich). For this purpose, we selected three groups of tri-
nucleotides, called ‘‘anonymous,’’ ‘‘gene-associated,’’
and ‘‘disease-causing’’ for this work, and studied their
variation in four diverse human populations (Germans,
Beninese, Chinese, and Papua New Guinea highlanders).
We adopt a population-based study, instead of direct
mutation assays, since sample sizes required for precise
direct mutation assays would have been prohibitively
large, and furthermore, conclusions derived from direct
mutation assays are known to be restrictive (Chakrabor-
ty and Stivers 1996; see also Chakraborty, Stivers, and
Zhong 1997). Since population-based studies of genetic
variation are also affected by population-related factors
(e.g., effective size and evolutionary history of popula-
tions), our choice of four populations represents the
three major human groups (Europeans, Africans, and
Asians) and one small relatively isolated group (New
Guinea highlanders). This allowed us to separate the
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Table 1
Characteristics of the Studied Loci

Locus
Chromosomal

Location
Repeat
Motif

Range of
Repeat Size

Anonymous
D1S1589 . . . . .
D2S1352 . . . . .
D4S2361 . . . . .
D5S1453 . . . . .
D6S1006 . . . . .
D20S473 . . . . .
D21S1440 . . . .

1
2
4
5
6

20
21

AAT
AAT
AAT
AAT
AAT
AAT
AAT

10–17
5–11
7–16
3–13

13–16
8–15
8–15

Gene-associated
PLA2A . . . . . .
AT3 . . . . . . . . .
D2S116 . . . . . .
D6S91 . . . . . . .
D11S916 . . . . .
D12S86 . . . . . .
D12S87 . . . . . .
D22S280 . . . . .

12q23–qter
1q23

2
6

11
12
12
22

AAT
AAT
AAT
AAT
AAT
AAT
AAT
AAT

10–17
5–18
3–11
4–19
9–16
5–10
7–9
5–9

N-Cad . . . . . . .
PRPC . . . . . . .
BCR . . . . . . . .
GST1 . . . . . . .
ATPase . . . . . .
B33H . . . . . . .
B33L . . . . . . . .

18
20q13.1
22q11
1p31

1q22–25
3

12

CGG
CAG
CGG
CGG
CGG
CAG
CAG

6–14
7–9
2–9
7–21
7–10
9–18
6–10

Disease-causing
HD . . . . . . . . .
DRPLA . . . . . .
DM . . . . . . . . .
SCA1 . . . . . . .
SCA3 . . . . . . .
SCA6 . . . . . . .
SCA7 . . . . . . .

4p16.3
12pter–p12

19q13.3
6p22–23
14q32.1
19p13

3p12–13

CAG
CAG
CTG
CAG
CAG
CAG
CAG

9–34
6–24
5–27

21–37
7–36
4–14
7–14

population effects from the pattern of between-locus
variation of trinucleotide polymorphisms. We argue that
pooling data over loci without recognizing the differ-
ences of locus type effects may yield inaccurate esti-
mates of within- versus between-population variation at
trinucleotide repeat loci (Jodice et al. 1997).

Using a generalized stepwise mutation model
(Kimmel et al. 1996; Kimmel and Chakraborty 1996),
we interpreted the summary measures of within- and
between-population genetic variation (heterozygosity,
variance of allele size, and coefficient of gene diversity,
respectively) in terms of relative rates and patterns of
mutation. The results are consistent with the view that
in these four classes of trinucleotides, the genetic vari-
ation is mainly mutation driven, with disease-causing
trinucleotides having the highest rate of mutation and
the GC-rich gene-associated ones having the lowest mu-
tation rate, with the AT-rich anonymous and gene-as-
sociated loci being at the intermediate level.

Using the relationship of mean and variance of al-
lele size and the imbalance of heterozygosity and allele
size variance (expressed by a coefficient called b; Kim-
mel et al. 1998), we further find that b . 1 for disease-
causing and gene-associated loci (both AT- and GC-
rich), but b ø 1 for anonymous loci. Furthermore, mean
and variance of allele size are positively correlated for
gene-associated loci (both AT- and GC-rich), negatively
correlated for anonymous loci, and not significantly cor-
related for disease-causing loci. Under the assumption
that modern human populations have expanded follow-
ing a bottleneck, the above results indicate that the mu-
tation patterns are also different for these four groups of
loci. The anonymous loci are subject to expansion-bi-
ased mutation with an upper constraint of allele size,
while the effect of allele size constraint is absent for
disease-causing and gene-associated loci. Expansion
bias of mutations also seems to be present for both types
of gene-associated loci, but not for disease-causing loci.

Analysis based on the coefficient of gene differ-
entiation (GST) also indicates that the mutation patterns
may be complex for some loci. Observed GST is not
inversely correlated with the within-population hetero-
zygosity or allele-size variance, as could be expected
under an unrestricted single-step stepwise mutation
model with mutation rate differences alone.

Materials and Methods
Population Samples

The studied populations belong to four geographi-
cally and racially diverse groups, viz. a German sample
drawn from Northern Germany, Benin from Nigeria, a
Chinese sample of Han origin, and New Guinea high-
landers from the northern fringes of Papua New Guinea.
A total of 50 DNA samples from unrelated individuals
from each population were analyzed at each of the stud-
ied loci.

DNA Analysis

A summary of the STR loci is given in table 1. The
anonymous trinucleotide repeats are from the CHLC hu-

man screening set. Primers used for amplification of
these loci were obtained from Research Genetics, Inc.
Among the gene-associated loci, details (primer and se-
quence information) of the trinucleotide repeats at N-
Cadherin (N-Cad), Protective Protein (PRPC), Break-
point cluster gene (BCR), Glutathione-S-transferase-1
(GST1), and ATPase (Na1/K1ATPase b-subunit) are
given in Riggins et al. (1992). The trinucleotide repeat
AT3 is located in the fifth intron of the human anti-
thrombin gene, and to analyze the locus we used the
primer information given in Waye et al. (1994). Primer
sequences used for amplification of PLA2A1 (pancreatic
phospholipase A-2) are given in Hammond et al. (1994).
The remaining eight gene-associated loci (D2S116,
D6S91, D11S916, D12S87, D22S280, B33H, B33L)
were isolated from human brain cDNA libraries. The
amplification conditions and sequence information for
the first six loci are given in Margolis et al. (1995) and
that for the remaining two in Li et al. (1993). The dis-
ease-causing loci were analyzed using published primer
sequences HD (Warner, Barron, and Brock 1993),
DRPLA (Li et al. 1993; Koide et al. 1994), DM (Fu et
al. 1992), SCA1 (Orr et al. 1993), SCA3 (Kawaguchi et
al. 1994), SCA6 (Zhuchenko et al. 1997), and SCA7
(David et al. 1997). All of the loci were analyzed fol-
lowing the PCR amplification protocol as given in Deka
et al. (1995).
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In this study, we scored the alleles in terms of their
exact repeat numbers. For all of the disease-causing loci
and several of the gene-associated loci (PLA2A, AT3,
N-Cad, PRPC, BCR, GST1, ATPase), the repeat sizes
corresponding to PCR fragment sizes have already been
determined and are reported in the literature, as cited
above. We used this information for assigning the repeat
sizes at these loci. However, for the anonymous loci, the
exact repeat sizes corresponding to the PCR product siz-
es have not yet been reported. We therefore determined
the repeat numbers by comparing the GenBank sequenc-
es or the published sequences given in the above liter-
ature with corresponding fragment sizes (bp) of the PCR
product. This was important, since with allele designa-
tions made in terms of repeat counts we can draw in-
ferences with regard to the trend of the expansion/con-
traction bias of mutations and the presence of allele size
constraints across loci. Note that except for the few STR
loci used in forensics, this is not the usual practice in
the published literature or in databases of repeat poly-
morphisms, which limits the possibilities for statistical
analysis.

Fisher-Wright-Moran Coalescent Model

The time-continuous Moran model (Ewens 1979)
assumes the population is composed of a constant num-
ber of 2N haploid individuals (chromosomes). Each in-
dividual undergoes death/birth events according to a
Poisson process with intensity 1 (mean length of life of
each individual is equal to 1). Upon a death/birth event,
a genotype for the individual is sampled with replace-
ment from the 2N chromosomes present at that moment,
including the chromosome of the just-deceased individ-
ual.

We use the following equivalent coalescent for-
mulation of the Fisher-Wright-Moran model for a pop-
ulation of 2N haploid individuals under genetic drift and
mutations following a general time-continuous Markov
chain:

● Coalescent with independent branch lengths with ex-
ponential distribution with parameter 1/(2N). For any
two individuals from the population, the time to their
common ancestor is a random variable t ; exponen-
tial[1/(2N)].

● Markov model of mutations with transition probabil-
ities Pij(t) and intensities Qij. If the allelic state of an
individual is i at time 0, then his or her allelic state
at time t (or the allelic state of his or her descendant
at time t) is equal to j with probability Pij(t). In the
finite-dimensional case, the transition matrix is equal
to P(t) 5 exp(Qt), where Q is the transition intensity
matrix satisfying the following conditions: (a) Qij $
0, i ± j, and (b) Sj Qij 5 0, all i.

The above model can be used (unpublished data)
to derive the equations for the joint probability distri-
bution Rjk(t) of allele sizes on two chromosomes drawn
from the population at time t, i.e., Rjk(t) 5 Pr[X1 5 j,
X2 5 k].

Measures of Variation and Imbalance at a DNA-
Repeat Locus
Statistics Used to Describe a Sample of Alleles

Consider a sample of n haploid individuals or chro-
mosomes and a locus with a denumerable set of alleles
indexed by integer numbers. The expectation of the es-
timator of the within-population component of genetic
variance

n 2ˆ ¯V (X 2 X)i5 , (1)O
2 n 2 1i51

where Xi is the size of the allele at the locus in the ith
chromosome present and X̄ is the mean of Xi, is equal
to V(t)/2 (Kimmel et al. 1996), where

V(t) 5 E(V̂) 5 E[(Xi 2 Xj)2]. (2)

Xi and Xj are time-dependent random variables, i.e., Xi

5 Xi(t) and Xj 5 Xj(t), but for notational simplicity, the
argument t is suppressed whenever the time dependence
is clear from the context.

If pk denotes the relative frequency of allele k in
the sample, then an estimator of homozygosity has the
form

n
2n p 2 1O k

k51P̂ 5 . (3)0 n 2 1

Random variables Xi are not independent, but only ex-
changeable. Nevertheless (Kimmel et al. 1998), the ex-
pected value of P̂0 is the true homozygosity, i.e.,

ˆP (t) 5 E(P ) 5 Pr[X 5 X 5 k]. (4)O0 0 i j
k

The Unrestricted Stepwise Mutation Model

The unrestricted stepwise mutation model (SMM)
is a model in which the Markov chain describing mu-
tations is an unrestricted random walk with the intensity
of transitions (mutation events) equal to n and the size
of transitions (the change of allele size by mutation)
being independent, identically distributed random vari-
ables with given distributions. In this model, the muta-
tion–drift equilibrium is mathematically predicted (Kim-
mel and Chakraborty 1996). As a consequence, as t →
`, V(t) converges to V(`) 5 4nNc0(1) 5 uc0(1), where
c0(1) is the variance of the symmetrized size of the al-
lele size change by mutation. If the single-step SMM is
assumed (mutation change equal to 71), then c0(1) 5
1, and we obtain

V(`) 5 4nN 5 u. (5)

If the single-step SMM is assumed, P0(t) converges to
a limit value which can be explicitly written as (also,
see Ohta and Kimura 1973)

P0(`) 5 (1 1 8Nn)2½ 5 (1 1 2u)2½. (6)

Expressions (5) and (6) provide two intuitive estimators
of the composite parameter u:

V 5 V̂,û (7)

called the (allele size) variance estimator of u, and
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Table 2
Influence of Restriction in Allele Size, Mutation Rate, and Directionality on Variance, Homozygosity, and Imbalance
Index

b K N n V(K) V(`) P0
(K) P0

(`) b(K)

0.5 50 105 0.00001
0.00005
0.0001
0.0002
0.0005

3.79
17.50
32.89
59.85

118.92

4
20
40
80

200

0.34
0.18
0.13
0.10
0.06

0.33
0.16
0.11
0.08
0.05

1.02
1.13
1.15
1.13
0.91

0.6 50 105 0.00001
0.00005
0.0001
0.0002
0.0005

2.36
6.14
8.04

10.90
—

4
20
40
80

200

0.39
0.25
0.22
0.17
—

0.33
0.16
0.11
0.08
0.05

0.83
0.83
0.81
0.62
—

0.5 20 105 0.00001
0.00005
0.0001
0.0002
0.0005

3.47
13.78
22.62
33.65
—

4
20
40
80

200

0.35
0.19
0.14
0.11
—

0.33
0.16
0.11
0.08
0.05

0.97
0.96
0.94
0.82
—

NOTE.—(K) denotes the restricted single-step SMM; (`) denotes the unrestricted single-step SMM; ‘‘—’’ indicates that numerical calculations diverge for n 5
0.0005 due to rounding errors.

2ˆû 5 (1/P 2 1)/2,P 00
(8)

the homozygosity (heterozygosity) estimator of u. At
equilibrium,

E(û ) V(`)V ø 5 1,
2E(û ) [1/P (`) 2 1]/2P 00

which leads to a parametric definition of an index b(t),
given by

V(t)
b(t) 5 . (9)

2[1/P (t) 2 1]/20

Deviation of b(t) from 1 is a signature of disequilibrium
or departure from the single-step SMM at the microsat-
ellite locus.

The General Markov Chain Mutation Case

In the general Markov chain mutation case, explicit
expressions for V(`), P0(`), and b(`) are not available.
However, using an iterative procedure developed else-
where (unpublished data), we can obtain the limit dis-
tribution Rjk 5 Pr[X1 5 j, X2 5 k] of allele sizes of two
chromosomes from the sample and then calculate the
variance, the homozygosity, and the imbalance index:

2(i 2 j) RO ijV(`) ij
5 ,

2 2

P (`) 5 R ,O0 ii
i

2V(`)
b(`) 5 .

22[P (`)] 2 10

Modeling of Restricted Single-Step SMM

For modeling of restricted single-step SMM, the
Markov chain of mutation events can be represented by
a random walk on states {0, 1, . . . , K} with reflecting
boundaries at 0 and K. Intensities of the backward and
forward steps are respectively equal to nd and nb, d 1

b 5 1. The overall mutation rate is n. The matrix of
transition intensities is

21 1 

d 21 b 0
d 21 b 

Q 5 n . 5 5 5

0 d 21 b 
1 21 

The stationary distribution {pi}i50,1, . . . ,K of the chain has
the form

p 5 b/x,0
i p 5 (b/d) /x, i 5 1, . . . , K 2 1,i

K K21p 5 b /(xd ), K

where x is a normalizing factor such that the total prob-
ability adds up to 1 (i.e., S pi 5 1).k

i50

Summary of Modeling Results of the Restricted SMM

Results of numerical studies using the above theory
(unpublished data) are summarized in table 2 and figure
1. In mutation–drift equilibrium, restriction on allele siz-
es causes deviations of the imbalance index b from 1
(table 2). Factors driving b toward lower values include
more severe restriction of allele size, higher mutation
rate, and directionality of mutation. An intuitive expla-
nation of these trends is that allele size constraints affect
the variance of allele size more severely than they affect
the heterozygosity. This, by definition of b (eq. 9) caus-
es reduction of b. In addition, higher mutation rates
drive allele sizes toward the constraints, contributing to
relative reduction of b. An analogous role is played by
directionality.

The same theory allows us to model the time tra-
jectory of b(t) following population bottleneck and sub-
sequent growth, as we previously considered for the un-
restricted SMM (Kimmel et al. 1998). Figure 1 depicts
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FIG. 1.—Imbalance index (b) as a function of time from bottle-
neck. The dashed line represents the unrestricted single-step stepwise
mutation model and the solid line represents the restricted single-step
stepwise mutation model with K 5 15 possible alleles and 0.6 versus
0.4 mutation expansion bias (i.e., b 5 0.6). In both models, the mu-
tation rate n 5 1024. The prebottleneck population size N00 5 160,000,
and after a bottleneck (of N0 5 3,254), the population was assumed
to grow exponentially to reach Nt 5 547,586 after 4,800 generations.

Table 3
Theoretical Predictions of the Imbalance Index b and the
Slope of the Mean–Variance Relationship r, Based on the
Single-Step Stepwise Mutation Model, Under Diverse
Assumptions Concerning Mutation Patterns and Past
Population Demography

CONSTANT

POPULATION

b r

EXPANDING

POPULATION

After
Bottleneck

b r

After
Equilibrium

b r

Unrestricted
Expansion bias . . .
Contraction bias . .
Unbiased . . . . . . . .

1
1
1

.0
,0

0

.1

.1

.1

.0
,0

0

,1
,1
,1

.0
,0

0

Constrained
Expansion bias . . .
Contraction bias . .
Unbiased . . . . . . . .

,1
,1
,1

#0
$0
ø0

ø1
ø1
ø1

#0
$0
ø0

K1
K1
K1

#0
$0
ø0

b(t) for such a complex growth pattern, with a popula-
tion initially of large size, N00, dropping instantly to a
smaller size, N0, and then regrowing exponentially to a
final size N, i.e.,

N , t , 0,00N(t) 5 5N exp(at), t $ 0,0

where a has been selected so that N(t) 5 N if t 5 T.
We used the numerical values obtained by Rogers and
Harpending (1992), who fitted distributions of pairwise
differences of numbers of segregating sites in mitochon-
drial DNA to the data of Cann, Stoneking, and Wilson
(1987). The second row of table 1 in Rogers and Har-
pending (1992) contains estimates concerning the
world’s population expansion. Correcting for the fact
that Rogers and Harpending (1992) considered only fe-
males, while we consider both genders, i.e., we multiply
all effective sizes by 2, we obtain expansion from N0 5
3,254 to N 5 547,586 within 120,000 years or T 5
4,800 generations, assuming generation times roughly
equivalent to 25 years. We combined these values with
mutation rate n 5 1024, typical for microsatellite loci
(Weber and Wong 1993). The prebottleneck value se-
lected was N00 5 160,000. Two scenarios are depicted:
(1) unrestricted SMM (dashed line) and (2) restricted
SMM with reflective boundaries with parameters K 5
15 and b 5 0.6 (continuous curve). The value K 5 15
corresponds to a typical range of repeat counts in loci
considered in this paper. The value of b is somewhat
arbitrary, but the results depicted are quite robust with
respect to b from interval [0.3, 0.7].

Evolutionary Scenarios and the Theoretical
Relationships Between Statistical Characteristics of
STR Polymorphisms

An array of possible evolutionary scenarios for mi-
crosatellite loci can be characterized using two simple
indices, the imbalance index (b) and the slope of the

variance-of-allele-size-vs.-mean-allele-size relationship
(r).

The imbalance index is defined in the terms of var-
iance and heterozygosity, and therefore it is insensitive
to the expansion/contraction bias. The value of the un-
restricted SMM is 1 if the population is constant and in
a mutation–drift equilibrium. As demonstrated by Kim-
mel et al. (1998), the history of past population expan-
sion tends to increase the value of b to above 1 if the
expansion was preceded by mutation–drift equilibrium,
and to transiently (i.e., for several thousand generations)
decrease it to below 1 if the expansion was preceded by
a bottleneck.

For allele size constraints, the constant-population,
mutation–drift-equilibrium value of b is less than 1 (ta-
ble 2). Simulation studies for realistic values of mutation
rates and allele size range demonstrate (fig. 1) that pop-
ulation size expansion preceded by bottleneck leads to
b values around 1, while if the expansion was preceded
by mutation–drift equilibrium, b descends far below 1.

The general direction of the slope r is insensitive
to demographic factors. Rather, in the unconstrained
case, it is positive if the repeat count tends to expand
(on the average), negative if it tends to contract, and
close to 0 if neither of these trends occurs. This is due
to the fact that in the presence of expansion bias, vari-
ance and mean of the allele size grow in concert, while
in the presence of contraction bias, mean decreases
while variance increases.

In the presence of constraints, the above tendencies
are reversed, at least if the locus is old enough, because
as the allele size encounters the constraint (lower or up-
per), its variance starts decreasing. Table 3 includes all
the discussed combinations of values of b and r.

Results
Descriptive Features of the Four Groups of
Trinucleotide Loci

Our observations relate to 29 trinucleotide repeat
loci from diverse locations in the human genome. Seven
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loci are disease-causing (HD, DRPLA, DM, SCA1,
SCA3, SCA6, and SCA7) and all have CAG/CCG motif
compositions. Fifteen loci are gene-associated, including
eight loci with AAT motif compositions. Fifteen loci are
gene-associated, including eight loci with AAT motif
compositions (PLA2A, AT3, D2S116, D6S91,
D11S916, D12S86, D12S87, and D22S280) and seven
loci with CAG/CCG motif compositions (N-Cad, PRTC,
BCR, GST1, ATPase, B33H, and B33L). Seven loci are
anonymous (D1S1589, D2S1352, D4S2361, D5S1453,
D6S1006, D20S473, and D21S1440) and all have AAT
motif types. Table 4 presents the summary statistics
(mean and variance of allele sizes and heterozygosity)
of within-population genetic variation of these loci,
studied in four diverse populations (Germans, Beninese,
Chinese, and Papua New Guinea highlanders).

Although the allele frequency data of all 29 loci in
the four diverse populations studied (with the allele sizes
represented by copy numbers of repeat units) are not
shown in detail, some of their features are worth noting.
In general, the allele frequency distributions do not con-
form to any standard distributional form (bell shape,
uniform, L shape, or J shape). The GC-rich gene-asso-
ciated trinucleotides are less polymorphic, with smaller
numbers of alleles and one predominant allele per locus
in each population, particularly compared with the anon-
ymous and disease-causing loci. The AT-rich gene-as-
sociated loci show allele frequency distributions most
similar to those of the anonymous loci. In general, the
allele sizes are overlapping in all four populations, but
they show frequency differences across populations, re-
flecting accumulation of genetic divergence during the
evolution of these populations.

The summary statistics of genetic variation, shown
in table 4, also indicate that each class of loci is mod-
erately to highly polymorphic (in terms of heterozygos-
ity as well as within-population variance of allele sizes).
The GC-rich gene-associated loci are the least polymor-
phic of the four groups, as reflected by their smaller
heterozygosity and variance of repeat sizes within each
population (also a lesser number of alleles, not shown).
The disease-causing trinucleotides have the highest level
of within-population variation in terms of all measures
listed above, even though all subjects analyzed are dis-
ease-free, within the normal size ranges. The AT-rich
anonymous and gene-associated loci are intermediate in
this regard.

Rank correlations (Kendall’s t; Kendall 1947)
among the number of alleles, heterozygosity, and vari-
ance of allele sizes computed for the four types of loci
separately indicate that these three measures of variation
are positively correlated (ranges of t are from 0.62 to
0.68 for the anonymous loci, from 0.79 to 1.00 for AT-
rich gene-associated loci, from 0.24 to 0.71 for GC-rich
gene-associated loci, and from 0.78 to 0.98 for the dis-
ease-causing loci). These correlations are all significant
(P , 0.05) with the exception of the correlations be-
tween heterozygosity and allele size variance (t 5 0.24;
P ø 0.246) and between heterozygosity and number of
alleles (t 5 0.33; P ø 0.147) for the seven GC-rich
gene-associated loci.

Within-Population Allele Size Variance for Four
Groups of Loci

Heterozygosity, as well as variance of allele sizes
within populations, can be predicted from a generalized
stepwise model of mutations (GSMM; stepwise muta-
tion model with an arbitrary distribution of the size of
mutational change of alleles), which has previously been
shown to be an appropriate model for STR loci (Shriver
et al. 1993; Di Rienzo et al. 1994; Kimmel et al. 1996).
Under a GSMM, should mutation be the main factor
affecting the within-population variability at an STR lo-
cus, allele size variance and heterozygosity will be pos-
itively correlated (Kimmel et al. 1998). Indeed, as men-
tioned earlier, the present data show exactly the same
trend. Therefore, either of these two measures (hetero-
zygosity or allele size variance) can, in theory, serve as
a surrogate measure of relative mutation rate at these
loci. However, as mentioned in the Materials and Meth-
ods section, the relationship of expected heterozygosity
to mutation rate is rather involved.

The GSMM predicts that in a population that
reached a steady state of variation at an STR locus, the
within-population variance V of allele size is propor-
tional to the product of effective population size N and
mutation rate n (Chakraborty et al. 1997). Thus, an anal-
ysis of variance (ANOVA) of the logarithm of the allele
size variance provides estimates of relative mutation
rates at different loci, as well as examining the effect of
effective sizes of populations. Single-locus data on var-
iance and heterozygosity are known to have large ran-
dom errors, caused by stochastic evolutionary factors as
well as by sampling (Kimmel and Chakraborty 1996;
see Nei 1978 for related results on heterozygosity), and
thus when data are available from multiple populations
and the population size effects are not significant, sta-
bility of these sample statistics can be obtained by pool-
ing data over populations.

Therefore, before conducting the above analyses,
we investigated how the within-population variability at
the 29 loci is affected by locus types (anonymous, gene-
associated, and disease-causing), motif composition
(AT- vs. GC-rich), population sizes (across four popu-
lations), and their interactions. Table 5 presents a sum-
mary of the results of such analysis. In order to detect
locus type effects, two-way analysis of variance of the
logarithm of the allele-size variance was carried out.
Comparisons include anonymous versus gene-associated
versus disease-causing loci, AT-rich anonymous versus
gene-associated loci, AT-rich versus GC-rich gene-as-
sociated loci, and GC-rich gene-associated versus dis-
ease-causing loci (table 5). Effects of population and
interaction between population and locus type were not
significant in any analyses. Locus type effect was sig-
nificant in the comparisons of anonymous versus gene-
associated versus disease-causing loci and GC-rich
gene-associated versus disease-causing loci (both at the
P , 1026 level). The difference between AT-rich and
GC-rich gene-associated loci had a P value of 0.09.

The results of ANOVA, shown in table 5, can fur-
ther be used to quantify the differences of the four clas-
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Table 4
Statistics for Repeat Size Variations at the 17 Trinucleotide Loci in Four Human Populations

LOCUS STATISTICS

POPULATIONS

Germans Beninese Chinese New Guineans

Anonymous
D1S1589 . . . . . . . Mean

Variance
Expected heterozygosity

12.50
2.31

73.88

14.14
2.40

81.84

13.37
2.13

76.79

13.90
2.26

73.84
D2S1352 . . . . . . . Mean

Variance
Expected heterozygosity

6.15
2.45

65.92

7.06
3.63

77.86

6.32
1.31

73.60

5.97
2.25

51.54
D4S2361 . . . . . . . Mean

Variance
Expected heterozygosity

12.56
1.10

68.06

12.06
2.55

73.57

12.53
1.26

72.04

12.12
1.78

51.66
D5S1453 . . . . . . . Mean

Variance
Expected heterozygosity

7.17
5.82

74.67

5.40
4.12

61.60

6.39
4.58

69.70

6.62
2.22

59.94
D6S1006 . . . . . . . Mean

Variance
Expected heterozygosity

14.14
0.97

55.39

13.46
0.59

45.72

14.80
0.18

31.45

14.35
0.29

51.15
D20S473 . . . . . . . Mean

Variance
Expected heterozygosity

11.55
1.30

59.94

11.95
2.05

81.58

12.22
0.86

58.98

12.03
0.42

28.13
D21S1440 . . . . . . Mean

Variance
Expected heterozygosity

9.21
1.06

68.51

9.88
6.13

65.54

9.38
1.13

64.77

9.18
0.80

64.53

AT-rich gene-associated
PLA2A . . . . . . . . Mean

Variance
Expected heterozygosity

12.63
3.50

72.70

14.43
1.69

78.52

13.24
2.85

78.59

11.35
0.77

33.80
AT3 . . . . . . . . . . . Mean

Variance
Expected heterozygosity

13.35
14.13
87.49

12.58
11.61
86.95

12.66
13.92
82.12

14.35
4.30

81.08
D2S116 . . . . . . . . Mean

Variance
Expected heterozygosity

5.15
2.69

67.26

6.47
1.86

75.24

5.65
1.93

69.84

3.54
1.73

26.69
D6S91 . . . . . . . . . Mean

Variance
Expected heterozygosity

13.37
3.57

76.55

13.16
7.68

87.91

14.45
1.02

71.31

14.81
10.76
78.86

D11S916 . . . . . . . Mean
Variance
Expected heterozygosity

10.20
0.59

61.35

11.07
2.32

76.42

10.11
0.11

17.72

10.00
0.00
0.00

D12S86 . . . . . . . . Mean
Variance
Expected heterozygosity

7.01
1.71

69.47

6.56
1.90

68.10

7.55
1.18

69.17

6.20
2.66

52.46
D12S87 . . . . . . . . Mean

Variance
Expected heterozygosity

7.35
0.39

42.89

7.23
0.18

35.85

7.32
0.22

43.70

7.22
0.17

34.40
D22S280 . . . . . . . Mean

Variance
Expected heterozygosity

7.62
0.57

50.56

7.52
0.25

50.44

7.32
0.26

43.86

7.99
0.01
2.38

GC-rich gene-associated
N-Cad . . . . . . . . . Mean

Variance
Expected heterozygosity

8.28
1.82

20.40

8.37
1.08

65.45

7.97
0.09
5.92

8.60
3.19

35.54
PRTC . . . . . . . . . . Mean

Variance
Expected heterozygosity

7.37
0.26

47.25

7.33
0.22

44.44

7.31
0.21

42.92

7.00
0.00
0.00

BCR . . . . . . . . . . . Mean
Variance
Expected heterozygosity

6.14
2.65

66.79

6.21
0.49

29.80

6.45
0.97

49.08

6.17
0.34

18.36
GST1 . . . . . . . . . . Mean

Variance
Expected heterozygosity

10.22
0.76

49.43

10.28
1.07

26.85

10.19
0.40

21.92

10.54
4.88

22.81
ATPase . . . . . . . . Mean

Variance
Expected heterozygosity

8.01
0.83

56.12

7.85
0.61

57.80

8.36
0.64

46.24

7.91
0.08

16.55
B33H . . . . . . . . . . Mean

Variance
Expected heterozygosity

13.70
3.83

77.68

10.94
2.85

81.20

12.75
1.86

62.98

13.40
2.97

72.34
B33L . . . . . . . . . . Mean

Variance
Expected heterozygosity

8.03
0.05
9.68

8.00
0.31

44.77

7.98
0.04
1.96

8.00
0.00
0.00
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Table 4
Continued

LOCUS STATISTICS

POPULATIONS

Germans Beninese Chinese New Guineans

Disease-causing
HID . . . . . . . . . . . Mean

Variance
Expected heterozygosity

18.69
14.60
80.96

17.36
7.57

83.27

17.49
2.86

46.30

15.95
17.01
36.28

DRPLA . . . . . . . . Mean
Variance
Expected heterozygosity

14.18
7.79

77.64

12.31
3.73

79.94

15.17
10.41
82.10

11.09
12.02
77.66

DM . . . . . . . . . . . Mean
Variance
Expected heterozygosity

12.09
39.15
83.94

9.56
13.08
82.85

10.49
16.19
81.34

12.17
3.92

80.12
SCA1 . . . . . . . . . . Mean

Variance
Expected heterozygosity

30.10
2.05

71.33

28.87
5.95

84.03

28.30
2.58

72.08

32.81
6.86

83.55
SCA3 . . . . . . . . . . Mean

Variance
Expected heterozygosity

14.55
24.69
82.67

17.63
40.76
90.38

14.39
51.96
71.29

20.57
20.51
89.20

SCA6 . . . . . . . . . . Mean
Variance
Expected heterozygosity

11.78
2.96

73.70

11.11
1.87

61.67

11.93
4.73

70.95

7.00
0.00
0.00

SCA7 . . . . . . . . . . Mean
Variance
Expected heterozygosity

10.44
0.90

34.91

10.41
1.37

55.47

10.25
0.68

33.80

10.86
1.20

61.27

Table 5
Two-Way Analysis of Variance of the Logarithm of
Within-Population Variance of Repeat Sizes

Sources df SS MS F ratio P

Anonymous (7 loci) vs. gene-associated (15 loci) vs. disease-causing
(8 loci)

Locus type . . .
Population . . .
Interaction . . .
Residual . . . . .

2
3
6

100

68.65
5.42
2.99

179.04

34.33
1.81
0.50
1.79

19.17
1.01
0.28

,1026

0.39
0.95

Total 111 256.10

Anonymous (7 loci, AT-rich) vs. AT-rich gene-associated (8 loci)
Locus type . . .
Population . . .
Interaction . . .
Residual . . . . .

1
3
3

51

0.69
6.13
0.40

90.15

0.69
2.05
0.13
1.77

0.39
1.16
0.08

0.54
0.34
0.97

Total 58 97.37

AT-rich gene-associated (8 loci) vs. GC-rich gene-associated (7 loci)
Locus type . . .
Population . . .
Interaction . . .
Residual . . . . .

1
3
3

49

6.94
4.96
3.18

115.39

6.94
1.66
1.06
2.36

2.95
0.70
0.45

0.09
0.56
0.72

Total 56 130.47

GC-rich gene-associated (7 loci) vs. disease-causing (8 loci)
Locus type . . .
Population . . .
Interaction . . .
Residual . . . . .

1
3
3

45

70.09
3.29
1.75

78.77

70.09
1.10
0.58
1.75

40.04
0.63
0.33

,1026

0.60
0.80

Total 52 153.91

NOTE.—In all analyses populations are: Germans, Chinese, Beninese, and
New Guineans. SS 5 sum of squares, MS 5 mean sum of squares.

ses of trinucleotide loci in terms of their mutation rates.
Following the method described in Chakraborty et al.
(1997), figure 2a shows the estimated relative mutation
rates (in logarithmic scale) with 7 1 SD bounds for the

four classes of trinucleotides. Pairwise comparisons of
data shown in this figure imply that, on average, the
seven disease-causing loci have mutation rates 4.09
times as high as those of the anonymous trinucleotides.
The seven anonymous trinucleotides, on average, have
a mutation rate 2.47 times as high as those of the seven
GC-rich gene-associated loci. On the other hand, the
eight AT-rich gene-associated loci have a mutation rate
only 1.23 times as low as that of the anonymous loci.
This makes the GC-rich gene-associated trinucleotides
the least mutable and disease-causing trinucleotides the
most mutable of these four classes, with a mutation rate
ratio of 10.11 between them. This finding is significant
since at present there are no such data suggesting mu-
tation rate variation across repeat loci of the same motif
size classified by genomic locations.

The above results are based on averages of loci,
grouped in four classes, in which nonsignificant popu-
lation effects are ignored. In figure 2b, we show the
results of a nonparametric analysis, treating the data
from all four populations as replicate observations. For
within-population variance (in logarithmic scale), the
cumulative distribution function of the disease-causing
loci is significantly farther to the right than that of the
anonymous loci, which in turn is to the right of the
cumulative distribution function of the GC-rich gene as-
sociated loci (P , 0.001 and P , 0.05, respectively, by
the one-sided, two-sample Kolmogorov-Smirnov test).
The distribution of the logarithm of the allele size var-
iance for the AT-rich gene-associated loci interpolates
between those of the anonymous and GC-rich gene-as-
sociated loci, not differing significantly from any of
them. This is consistent with the trends of mutation rate
estimates based on ANOVA (fig. 2a). The shift of the
cumulative distribution functions is in the same direc-
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FIG. 2.—a, Estimates of the logarithms of the relative mutation
rates, i.e., logarithms of within-population allele size variances, denot-
ed Log(Variance), for the four groups of triplet repeats. Approximate
95% confidence intervals based on locus-to-locus distribution of var-
iances and heterozygosities were obtained using the delta method. b,
Cumulative frequencies of the logarithms of within-population allele
variances of the four groups of triplet repeats.

FIG. 3.—Estimates of the logarithms of the imbalance index (ln
b) defined in equation (9) for the four groups of triplet repeats in four
human populations, along with those averaged over four populations.
Abbreviations: AN 5 anonymous; GA(AT) 5 gene-associated AT-
rich; GA(GC) 5 gene-associated GC-rich; DC 5 disease-causing loci.

tion. The stochastic ordering (GC-rich gene-associated
, anonymous ø AT-rich gene-associated , disease-
causing) is consistent with mutation rates ordered in the
same direction.

Imbalance of Heterozygosity and Allele Size Variance

As discussed in the Materials and Methods section,
the imbalance index b (the ratio of the estimate of 4Nn
based on allele size variance to that based on hetero-
zygosity) is affected by rate and pattern of mutations,
as well as by the past demographic history of popula-
tions.

In figure 3, we present the empirical data of b by
plotting the estimated ln b values with one-standard-
deviation error bars for the four groups of loci within

each population as well as averaged over four popula-
tions. These computations show that for the pooled data
(averaged over the four populations), we observe the
trend: b(anonymous) , b(AT-rich gene-associated) ø
b(GC-rich gene-associated) , b(disease-causing). For
the individual populations, the imbalance index was the
lowest for the anonymous loci, except for the Nigerians.
The disease-causing loci showed the highest imbalance
index in all populations except for the New Guineans.
Also, the pooled data indicates b values significantly
larger than 1 (i.e., ln b . 0) for all groups of loci except
for the anonymous loci, for which b was not signifi-
cantly different from 1.

In summary, the examination of the imbalance in-
dex (b) suggests that the allele size constraint is not the
major determining factor for a lower coefficient of gene
differentiation in the case of the GC-rich gene-associ-
ated loci. However, the anonymous loci may have a con-
straint in the direction of large allele size, preventing
their coefficient of gene differentiation from becoming
large and keeping their imbalance index close to one
(see Discussion).

Relationship of Mean and Variance of Allele Sizes
Within Populations

Another factor that may influence allele size distri-
bution is the contraction/expansion bias of mutations,
i.e., b ± 0.5. For example, in the absence of allele size
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FIG. 4.—Variance of allele sizes plotted against the mean allele
sizes for the four groups of triplet repeats. The data points are means
and variances for each locus averaged over the four populations. a,
Seven anonymous loci (AT-rich). b, Eight AT-rich gene-associated loci.
c, Seven GC-rich gene-associated loci. d, Seven disease-causing loci
(GC-rich).

Table 6
Gene Diversity Analysis of Four Groups of Trinucleotides in Four Diverse Populations

Anonymous
(7 loci)

GC-Rich
Gene-Associated

(7 loci)

AT-Rich
Gene-Associated

(8 loci)
Disease-Causing

(8 loci)

Gene diversity statistics based on heterozygosity
HT . . . . . . . . . .
HS . . . . . . . . . .
GST(H) . . . . . . .

0.718 7 0.026
0.636 7 0.036
0.113 7 0.026

0.424 7 0.078
0.384 7 0.069
0.096 7 0.013

0.665 7 0.066
0.586 7 0.065
0.120 7 0.025

0.798 7 0.056
0.689 7 0.058
0.137 7 0.042

Gene diversity statistics based on allele-size variance
VT . . . . . . . . . . .
VS . . . . . . . . . . .
GST(V) . . . . . . .

2.25 7 0.47
2.07 7 0.44

0.082 7 0.020

1.34 7 0.51
1.16 7 0.38

0.132 7 0.078

3.47 7 1.33
3.02 7 1.30

0.132 7 0.060

13.86 7 4.94
11.34 7 4.43
0.182 7 0.050

constraints, an expanding trend of mutations implies that
loci with higher mutation rates display higher mean al-
lele sizes. Statistically, this translates to a positive cor-
relation between mean and variance of allele size (i.e.,
r . 0, see Evolutionary Scenarios and the Theoretical
Relationships Between Statistical Characteristics of STR
Polymorphisms section for further details).

For the pooled data, figure 4 shows the relationship
between mean and variance of allele sizes, with the four
groups of loci plotted in four different panels (see fig.
4 legend). Different relationship trends are obvious from
these panels. Both AT- and GC-rich gene-associated loci

depict significant positive correlations of mean and var-
iance of allele sizes (i.e., r . 0). The disease-causing
loci show a slight increasing positive trend, although
this trend is not significant (i.e., r ø 0). The anonymous
loci show a significantly negative trend (i.e., mean allele
size decreasing with increasing variance, r , 0). Con-
sidered in isolation of the mutation rate differences dis-
cussed above, this trend would imply a contraction bias.

Gene Diversity Analysis

The differences in the patterns of mutations for
these four classes of trinucleotide loci may be more
complex than the ordering of mutation rates inferred
from the ANOVA results discussed earlier. This possi-
bility was examined by a gene diversity analysis of four
groups of loci across four diverse populations. In table
6, we present a summary of this analysis for four classes
of loci. The total heterozygosity or allele size variance
in the pooled population (HT or VT, respectively) is de-
composed into heterozygosity or variance within popu-
lations (HS or VS) and genetic diversity between popu-
lations (DST or VST). The coefficient of gene diversity
can be defined as GST(H) 5 DST/HT based on hetero-
zygosity, and as GST(V) 5 VST/VT based on allele size
variance. Should mutation rate differences by the only
factor distinguishing the four classes of trinucleotides,
we would expect a decreasing order of GST(H) or GST(V)
as within-population polymorphism (HS or VS) increases
(Chakraborty and Jin 1992; Jin and Chakraborty 1995;
unpublished data). The results shown in table 6 do not
exactly conform to this trend. The levels of polymor-
phism (HS or VS) within populations are in the order of
mutation rates, discussed earlier. However, the disease-
causing loci, instead of showing the smallest coefficients
of gene diversity (GST(H) or GST(V)), exhibit the largest.
This indicates that in addition to mutation rate differ-
ences, there may be additional factors that dictate the
patterns of polymorphisms observed for these four clas-
ses of loci.

Discussion and Conclusions

Data presented above indicate that the within-pop-
ulation variance of allele sizes at seven disease-causing
trinucleotides is, on average, larger than that of the sev-
en anonymous trinucleotides. Furthermore, both AT- and
GC-rich gene-associated trinucleotides display the
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smallest allele size variance, although not significantly
so. These differences are not due to differences in motif
compositions (e.g., the AT- and GC-rich gene-associated
loci did not show significant differences in allele size
variance; table 5 and fig. 2). Nor are these differences
contributed by population-related factors (table 5).

This trend, noted for the first time for the trinucle-
otide repeat polymorphism data in this study, can be
explained as the mutation rate difference, with the GC-
rich gene associated trinucleotides being the least mu-
table and disease-causing trinucleotides being the most
mutable, with a mutation rate ratio of 10.11 between
them. However, our examination of interpopulation dif-
ferences in allele frequency distributions and the con-
gruence of estimates of u 5 4Nn based on within-pop-
ulation allele size variance and per-locus heterozygosity
suggests that the distinctions of mutation patterns of
these four classes of trinucleotides may be more com-
plex than a simple mutation rate difference.

In fact, the results regarding the patterns of the re-
lationship of mean and variance of allele size (as ex-
pressed by its slope r), as well as those of the imbalance
index (b) for the four groups of loci interpreted in con-
junction with each other, reveal such complexity. Recall
that for anonymous loci mean and variance of allele siz-
es are negatively correlated (r , 0), while b ø 1. As
depicted in table 3, for a population of constant effective
size in mutation–drift equilibrium, these two features
would be consistent with an unrestricted stepwise mu-
tation model with a contraction bias of mutations. How-
ever, for a population that is expanding following a bot-
tleneck, stepwise mutations with expansion bias and an
upper allele size constraint also can produce the same
patterns of b and r.

For both GC- and AT-rich gene-associated loci, our
observations are b . 1 and r . 0. In terms of table 3,
these values are consistent with an unrestricted SMM
with expansion bias of mutations in a population ex-
panding following a bottleneck.

For the disease-causing loci, b was the largest (b
. 1) and r was not significantly different from 0. These
results are best explained by an unrestricted SMM with
no contraction/expansion bias of mutations in a popu-
lation expanding following a bottleneck.

In a sense, the results of the gene diversity analysis
also reflect a complexity of differences of mutation pat-
terns across the four groups of loci. A simple mutation
rate difference across loci does not explain the trends of
GST, which is highest for the disease-causing loci, since
under the unrestricted single-step SMM, loci with the
largest mutation rates should exhibit the smallest vari-
ances (Jin and Chakraborty 1995). The lower GST of the
anonymous loci may be a reflection of their upper allele
size constraint. However, since no allele size constraint
effect is visible for gene-associated and not disease-
causing loci, the greater heterozygosity and allele size
variance in disease-causing loci could have resulted
from occasional multistep mutations.

Finally, we note that although we used the esti-
mates of the effective population sizes based on mtDNA
studies of Rogers and Harpending (1992) to illustrate

the impact of population size expansion following a bot-
tleneck, the general trend, manifested by b . 1, is ro-
bust with respect to changes in parameter values (Kim-
mel et al. 1998).

In summary, this study reflects that within the class
of trinucleotides, the mutation patterns of loci are not
uniform. We showed that gene differentiation between
populations, as well as relationships between different
measures of within-population genetic variation (i.e.,
heterozygosity vs. allele-size variance, studied by the
imbalance index, figure 3), help to examine the com-
plexity of the pattern and rates of mutations at the repeat
loci. The relationship of the mutation pattern differences
with the genomic context of repeat loci may extend to
other types of loci as well. This has to be investigated
in further detail.
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