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Microsatellites are important tools for plant breeding, genetics, and evolution, but few studies have analyzed their
mutation pattern in plants. In this study, we estimated the mutation rate for 142 microsatellite loci in maize (Zea
mays subsp. mays) in two different experiments of mutation accumulation. The mutation rate per generation was
estimated to be 7.7 X 104 for microsatellites with dinucleotide repeat motifs, with a 95% confidence interval from
5.2 X 1074 to 1.1 X 10-3. For microsatellites with repeat motifs of more than 2 bp in length, no mutations were
detected; so we could only estimate the upper 95% confidence limit of 5.1 X 10-5 for the mutation rate. For
dinucleotide repeat microsatellites, we aso determined that the variance of change in the number of repeats (o2)
is 3.2. We sequenced 55 of the 73 observed mutations, and all mutations proved to be changes in the number of
repeats in the microsatellite or in mononucleotide tracts flanking the microsatellite. There is a higher probability to
mutate to an allele of larger size. There is heterogeneity in the mutation rate anong dinucleotide microsatellites
and a positive correlation between the number of repeats in the progenitor allele and the mutation rate. The micro-
satellite-based estimate of the effective population size of maize is more than an order of magnitude less than

previously reported values based on nucleotide sequence variation.

Introduction

Microsatellites or simple sequence repeats (SSRS)
are composed of a DNA sequence motif of 1-6 bases
in length that is repeated tandemly usually five or more
times. Microsatellite markers have become widely used
in studies of parentage (e.g., Peters et al. 1995), linkage
(e.g., Lagercrantz, Ellegren, and Andersson 1993), pop-
ulation genetics (e.g., Goldstein et al. 1999), and evo-
lutionary history (e.g., Bowcock et a. 1994). These loci
are also used as aids for selection in breeding programs
(e.g., Powell et al. 1996) and for the characterization of
inbred lines and varieties of cultivated plants (e.g.,
Smith et al. 1997).

Numerous studies in animals have calculated the
mutation rate of microsatellites, and these studies have
shown that the mutation rate varies greatly among spe-
cies, ranging from 5 X 1076 in Drosophila (Schug,
Mackay, and Aquadro 1997; Schittterer et al. 1998;
Schug et al. 1998; Vazquez et al. 2000) to 103 in human
(Brinkmann et al. 1998; Xu et a. 2000). These studies
have also outlined several trends of the mutation process
that are important for understanding microsatellite evo-
lution. They have shown that the mutation rate varies
widely among loci within species (Di Rienzo et al. 1998;
Harr et a. 1998) and that the mutation rate increases
with the length of the microsatellite (Primmer et al.
1996; Brinkmann et a. 1998). It has also been shown
that there is a constraint on the size of microsatellites
(Garza, Slatkin, and Freimer 1995) which may simply
be the effect of the increased probability of contraction
with the size of the microsatellite (Ellegren 2000; Harr
and Schlotterer 2000; Xu et al. 2000).
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Mutation rate is a critical parameter in population
genetic models because it enables one to relate the var-
iability at microsatellite loci to the history of a popu-
lation or to the history of a portion of the genome. For
example, under the hypothesis of a generalized stepwise
model of mutation, knowledge of the mutation rate per-
mits one to estimate the time of divergence between
species (Wehrhahn 1975; Goldstein et al. 1995) and the
effective population size of species (Slatkin 1995).

In this article, we report the mutation rate for maize
(Zea mays subsp. mays) microsatellites as determined in
two different experiments of mutation accumulation in-
volving a total of 142 microsatellites. We also describe
the nature of the mutation process, including whether
there is a bias toward mutations that increase versus de-
crease alele size, whether the number of repeats in the
progenitor alleleis correlated with the mutation rate, and
whether the mutation rate differs among loci with di-
nucleotide versus trinucleotide or higher-repeat motifs.
Finally, we apply the mutation rate that we have deter-
mined to estimate the effective population sizes of maize
and its wild progenitor (Z. mays subsp. parviglumis).

Materials and Methods
Plant Materia

Our analyses involved two separate experiments of
mutation accumulation. In experiment I, six maize in-
bred lines were studied (B73, Mol7, Oh43, PHAADO,
PH24E, and PHN46), that had been developed through
a least seven generations of self-pollination, after the
initial breeding cross of their respective parents. Be-
tween 55 and 78 microsatellites, which collectively al-
lowed each chromosome arm to be sampled, were used
to monitor genetic contamination during two subsequent
generations of self-pollination to identify and eliminate
any off-types that might have resulted from pollen con-
tamination of the founding seed stocks. The first of these
generations was grown in 1998 in Johnston, lowa. The
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second generation was grown in 1999 in each of two
locations, Johnston, lowa, and York, Neb. Using only
plants that showed no evidence of pollen contamination,
two ears for each of the six inbreds were harvested at
both of the 1999 locations and used for this study. Twen-
ty-three progeny from each of the 24 ears (552 total
plants) as well as the parents were assayed and com-
pared for evidence of new mutations.

In experiment Il, 86 recombinant inbred (RI) lines
were studied. These lines were derived from two differ-
ent crosses, T232 X CM37 (45 lines) and Col59 X
Tx303 (41 lines) (Burr et al. 1988). The F, progeny of
a single F; plant from each cross were selfed for 9 to
12 generations. The average number of generations of
inbreeding after the F; was 11.3 generations for the
T232 X CM37 cross and 11.0 generations for the Co159
X Tx303 cross. The 86 RI lines and the four parental
inbreds were al genotyped and compared for evidence
of new mutations. Our genotyping of these 86 RI lines
with 98 microsatellite loci revealed no plants with non-
parental aleles at multiple loci, as expected if there had
been pollen contamination.

Microsatellite Genotyping

For experiment 1, DNA was extracted from leaf
tissue of 10-day-old seedlings or from freeze-dried tis-
sue of young seedlings (Smith et al. 1997). DNAs of
each progeny were allocated into duplicate 96-well lig-
uid handling plates. All PCR amplifications and gel runs
were made in duplicate for each progeny, and additional
replicates of the parents were amplified and electropho-
resed for each microsatellite. Forty-eight microsatellite
loci were used and represented a variety of repeat motif
types. 6 with dinucleotide repeat motifs, 21 with trinu-
cleotide, 15 with tetranucleotide, 4 with pentanucleotide,
1 with hexanucleotide, and 1 with a di-tetra motif (table
1). Microsatellite genotyping was performed on ABI au-
tomated sequencers, using procedures that have been de-
scribed previously (Smith et al. 1997). DNA samples
showing putative mutants were amplified a third time
for the microsatellite in question.

For experiment Il, DNA extractions were per-
formed as described by Matsuoka et al. (2002a). Ninety-
eight microsatellite loci were used, including 83 with
dinucleotide repeat motifs, 7 with trinucleotide, 6 with
tetranucleotide, and 2 with pentanucleotide (table 1).
Genotyping was performed at Celera AgGen (Davis, Ca
lif.), using fluorescent primers on an ABI automated se-
quencer. A first PCR was performed for the 86 plants
and the 4 parents at 98 microsatellite loci. After the first
PCR, all nonparental alleles were considered as potential
mutations. A second PCR or sequencing was then per-
formed for 179 of the 194 potential mutations (table 2).
If the second assay showed a parental alele, then the
first PCR was considered inaccurate, and the potential
mutant allele was classified as a parental alele. (A dis-
crepancy between the first and second PCR could result
because of errorsin processing or 1-bp errors during the
bining procedure [Matsuoka et al. 2002a]). If the second
PCR exactly confirmed the potential mutation, then the

dlele was reclassified as a bona fide mutation. In the 15
cases where the second PCR failed or was not done, the
alele remained classified as a potential mutant alele. Of
these, 10 were in dinucleotide microsatellites and 5 in
microsatel lites with repeat motifs of 3 bp or more (table
2).

Sequencing

In experiment I, putative mutant alleles and their
founder parent alleles were reamplified, cloned, and se-
quenced to reconfirm the mutation and to determine its
nature. The purified PCR products were cloned using
the TOPO cloning kit (Invitrogen). The founding indi-
vidual and the putative mutation were each sequenced
34 or more times using the M13 forward and reverse
primers. The sequences were aligned, and the number
of repeat units in the putative mutant was compared with
that of the founding individual.

In experiment Il, the mutant alleles and the two
parental inbreds for its RI line were sequenced. Micro-
satellite loci were amplified by PCR using PCR Super-
mix (BRL) and 10 pmol of each primer, as described by
Matsuoka et al. (2002a). Two PCRs were performed for
each analysis, and the combined PCR products were pu-
rified on Qiagen columns. For lines in which the mutant
allele was homozygous, the PCR products were directly
sequenced with the primers used for the PCR. For het-
erozygous individuals, the PCR products were cloned
into a plasmid vector, using the TOPO cloning kit (In-
vitrogen). Plasmid clones (from two to eight) were se-
quenced for each mutation. The sequencing was per-
formed using M13 forward and reverse primers with a
BigDye terminator sequencing kit (ABI) at the Univer-
sity of Wisconsin Biotechnology Center (Madison).

Statistics

To estimate the mutation rate, one divides the num-
ber of observed mutations by the number of independent
generations that the two alleles present at the last gen-
eration have experienced (i.e., the number of alele-gen-
erations). For experiment | which examined only a sin-
gle generation, the number of allele-generations is sim-
ply equal to 23 kernels X 2 alleles X 4 ears X 6 inbreds
X 48 loci (=52,992) minus any missing data. For ex-
periment 11, one might consider that the number of al-
lele-generations is simply the number of generations (g)
times 2 (for a diploid). However, a mutation appearing
in the heterozygous state in an early generation has a
certain probability to be lost by drift during the succes-
sive generation of selfing. So, the number of alele-gen-
erations is somewhat less than 2g. Thus, the number of
allele-generations must be determined using the proba-
bility of coalescence of the aleles over the =11 gen-
erations since the F;,.

We calculated the number of allele-generations for
experiment |1 asfollows. From the last generation, going
backward one generation, the probability that the two
alleles at this last generation coalesced in the generation
before the last is 1/2 because the plants were self-pol-
linated. In this case, the total humber of allele-genera-
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Table 1
Microsatellite Loci Analyzed in Experiments | and |1

Locus® Repeat EXxp. Locus Repeat Exp. Locus Repeat Exp.
bnlg1014 ... AG Both bnlg1605 AG 1 phiO61 TTCT-GTAT 1
bnlg1017 ... AG I bnlg1662 AG 1 phi062 ACG |
bnlgl018* .. AG I bnlg1720 AG 1 phi064 ATCC Both
bnlg1022 ... AG I bnlgl732*  AG Il phio65 CACTT I
bnlgl028 ... AG I bnlg1740 AG 1 phi069 GAC |
bnlg1043* .. AG I bnlgl782*  AG Il phiO70 AGCTG [
bnlgl046 ... AG I bnlgl784 AG 1 phi072 AAAC 1
bnlgl05* ... AG I bnlgl808*  AG Il phio73 AGC [
bnlgl065 ... AG I bnlgl831* AG 1 phi076 AGCGGG |
bnlgl070* .. AG I bnlgl834  AG Il phio78 AG-AAAG I
bnlgl074* .. AG I bnlg1839* AG 1 phi079 CATCT |
bnlgl079* .. AG Both  bnlgl866* AG 1 phi083 AGCT |
bnlgl094 ... AG I bnlg1890 AG 1 phi085 AACGC |
bnlg1108 ... AG I bnlgl904  AG Il phiog9 ATGC I
bnlgl129 ... AG I bnlg1917 AG 1 phi093 AGCT Both
bnlgl131* .. AG I bnlgl940  AG Il phi096 AGGTG I
bnlg1138* .. AG I bnlg2047*  AG 1 phi099* AC 1
bnlgl160 ... AG | bnlg2086  AG Il phi1ol ACT I
bnlgl176* .. AG I bnlg2122*  AG 1 phil02228  AGAT |
bnlgl18.... AG I bnlg2132  AG Il phil04127 AAGC [
bnlgl182* .. AG I bnlg2238 AG 1 phil08349 TAAA |
bnlg1189 ... AG I bnlg2259  AG Il phil09188 AAAG [
bnlgl191 ... AG I bnlg2271 AG | phi109642 ACGG |
bnlgl192 ... AG | bnlg2305  AG Il phill5 AT-ATAC [
bnlgl194 ... AG I bnlg244 AG 1 phill6 ACTG-ACG 1
bnlgl203 ... AG | bnlg252*  AG Il phill9* AG I
bnlg1208 ... AG I bnlg426* AG 1 phi120 AAG 1
bnlg1209* .. AG I bnlg589 AG 1 phil21 CCG |
bnlg1237 ... AG I bnlg615 AG 1 phil27 AGAC |
bnlgl257 ... AG I bnlg619 AG 1l phi200328 TCGCC I
bnlgl265 ... AG I dupssrl4 CT-CT-CA 1 phi236654 CCG |
bnlg1287* .. AG I dupssr28 GA 1 phi285358 GAA |
bnlgl288 ... AG I nc004 AG 1 phi311890 GTT |
bnlg1302 ... AG I nc009 AG 1 phi314704  CGT |
bnlg1305* .. AG I phi002 AACG | phi314965 GCC I
bnlgl325* .. AG I phi015 AAAC | phi328189 CCG I
bnlgl329* .. AG I phi017 TAC 1 phi333597 AAG |
bnlg1360* .. AG I phi021* AG 1l phi337490 CAG I
bnlgl371 ... AG I phi024 CCT 1 phi338882 CCA |
bnlg1429 ... AG I phio33 AAG Il phi364545 AGC [
bnlgl449 ... AG I phi034 CCT | phi386223 AGC |
bnlgl456* .. AG I phi037* AG 1l phi389203 AGC I
bnlgl484 ... AG I phio41 AGCC | phi420701  CCG |
bnlg149* ... AG I phi050 AAGC Il phi427434 ACC [
bnlgl520 ... AG I phiO51 AGG 1 phi448880 AAG |
bnlgl523 ... AG I phi0s3 ATGT I phi96342  ATCC [
bnlgl526* .. AG I phi059 ACC | phi98667 TGCA |

bnlgl538 ... AG I

NoTe.—Exp. indicates loci used in experiments |, |1, or both. An asterisk (*) identifies the 33 loci used in the estimation
of the effective population size of maize and subsp. parviglumis.

aPrimer sequences are available at the MaizeDB (www.agronomy.missouri.edu). Celera AgGen adds a 7-bp clamp
(GTGTCTT) on to one primer of each pair to suppress the formation of +A alleles.

tions that the two alleles have experienced isg + 1. If
the two aleles have not coalesced at the generation be-
fore the last generation, then the probability that they
coalesced two generations before the last (knowing that
they have not coalesced one generation before the last
generation) is 1/4. In this case, the number of allele-
generations is g + 2. This process can be extended up
to the F, generation at which point the probability that
the two alleles have coalesced, knowing that they have
not coalesced elsewhere, is (1/2)9-1, with the number of
allele-generations being 2g — 1. Finally, the probability
that the two alleles do not coalesce is (1/2)9-1, with the

number of allele-generations being 2g. A general for-
mula for the expected number of allele-generations is:

g g-1 1 i 1 g-1
EG) = 2 pG = X (5) (@+1i)+ 29@
i=1 i=

where p; is the probability of observing a given coaes-
cence configuration, and G, is the length of this coales-
cence configuration in alele-generations. For more than
10 generations, the expression reduces to E(G) = g + 2.

Two main parameters are important in the mutation
process of microsatellites: the mutation rate, ., and the
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Table 2
Results for Experiment |1

MICROSATELLITE
REPEAT TYPE

Dinu-  Other
cleotide Repeats Total
Number of loCi...................... 83 15 98
Number of first PCR performed?. ... ... 6,578 1,105 7,683
Potential mutations of 2 bp or more .... 141 22 163
Potential mutationsof L1 bp............ 25 6 31
Number of second PCR or sequencing .. 156 23 179
Confirmed mutations of 2 bp or more® . . 69 0 69
Confirmed mutationsof L bp.......... 3 0 3
Unconfirmed mutations of 2 bp or
MOTE. . ittt e e 7 2 9
Unconfirmed mutationsof 1 bp........ 3 3 6

aExcluding missing data resulting from PCR reactions that failed.
b Here, we count the six apparently nonindependent mutations at ncO09 only
once.

variance of change in the number of repeats among mu-
tations, o2, (Slatkin 1995; Zhivotovsky and Feldman
1995). To estimate o2, one needs to know the change
in the number of repeats for each mutation from its pro-
genitor alele. For experiment |1, when sequence poly-
morphisms in the regions flanking the microsatellite re-
peat enabled us to identify the progenitor allele, we in-
ferred the change in the number of repeat units for the
mutation by comparison with the progenitor alele. In
cases where the progenitor allele could not be unambig-
uously identified, the change in the number of repeat
units for the mutation was inferred by comparison with
the parental allele that was most similar in size to the
mutant allele.

Even when no mutations are observed, it is possi-
ble to calculate an upper limit of the mutation rate using
the Poisson law. The probability of zero mutations is
P(X = 0) = e ®. We can solve this equation for P(X
= 0) = 0.05 to obtain the upper limit of the mutation
rate (Schug, Mackay, and Aquadro 1997). The 95% con-
fidence interval for the observed mutation rate can aso
be calculated using the Poisson law. The probability of
observing k or fewer mutations with A = G is

k )\i
PX=K =D, e
i=0 .

When the mutation rate for an experiment was homo-
geneous among loci, we determined the 95% confidence
interval by solving this function with probabilities of
2.5% and 97.5% for observing k or fewer mutations
(Schug, Mackay, and Aquadro 1997). When the muta-
tion rate was nonhomogeneous, we calculated this con-
fidence interval by resampling the loci, using a bootstrap
procedure to create 10,000 random samples.

For experiment 11, most mutations have been con-
firmed by two different assays (either two PCRs or one
PCR plus sequencing). However, 15 of 194 putative mu-
tations were not analyzed by a second PCR or sequenc-
ing. These may be real mutations or errors in the first
PCR. To infer the proportion of the unconfirmed puta-
tive mutations that are predicted to be real mutations,

we used the proportion of real mutations among those
putative mutations that had been subjected to two as-
says. Before doing this, we divided these unconfirmed
putative mutations into two classes. those that differ by
1 bp from a parental alele and those that differ by more
than 1 bp from the parenta allele.

Results
Identification of the Mutant Alleles

Of the 48 loci and 552 individuals analyzed in ex-
periment |, one individual revealed a mutant allele for
bnlg1203 in heterozygous condition with the parental
alele. Locus bnlgl1203 has a dinucleotide repeat, and
consequently, stutters can result in amplified products of
different lengths. Sequencing of 36 clones from the
founding individual revealed 1 clone of 15 repeat units,
5 clones of 17 repeat units, 27 of 18 repeat units, and 3
of 19 repeat units, indicating that the parental allele con-
tained 18 repeat units. Clones from the individual with
the heterozygous parental and nonparental alele includ-
ed 1 clone of 15 repeat units, 8 clones of 16 repeat units,
17 clones of 17 repeat units, and 8 of 18 repeat units.
These numbers indicate that the nonparental allele pos-
sesses 17 repeat units or one repeat unit less than the
parental allele.

Of the 98 microsatellites analyzed in experiment 11,
severa failed in one of the two RI populations. Loci
bnlg1839, bnlg2086, and phi096 failed for the T232 X
CM37 population, and bngl1074, bnlg1257, and phi064
failed for the Col59 X Tx303 population. There were
also 528 cases where the PCR failed for one or a few
plants but worked well for the population as a whole.
Excluding these missing data, a total of 7,683 successful
PCRs were performed (table 2). Of these, 194 gave a
nonparental allele or potential mutation. Of these 194
potential mutations, 31 differed by 1 bp from the paren-
tal adlele and 163 by 2 bp or more. A second PCR or
sequencing was performed on 179 of these potential mu-
tant aleles. Of these, 72 were confirmed and were clas-
sified as real mutations. Of these 72 real mutations, 3
differed by only 1 bp from the parental allele and 69 by
more than 1 bp (table 2, supplementary material avail-
able at MBE web site: www.molbiolevol.org).

The ncO09 locus gave an unexpected result for six
RI lines of the Col59 X Tx303 population, each of
which possessed the same nonparental allele of 133 bp.
These six nonparental alleles were sequenced, and all
have the same number of repeats (AG).s. Sequence
polymorphism in the 3’ flanking region identified the
151-bp parental alele as the progenitor of the 133-bp
nonparental allele, indicating that there was an 18-bp
deletion or loss of nine repeat units. Because one F;
plant was used to form the F, population, it seems most
likely that a premeiotic somatic mutation in either the
ear or tassel cell lineage of the F; plant gave rise to the
133-bp allele which was then inherited by the six RI
lines. This type of event has been reported previously
(Jones et al. 1999). For this reason, we have interpreted
this result as a single mutation rather than six indepen-
dent mutations.
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Table 3
Mutation Rate of Dinucleotide and Other Repeat Microsatellites
Number of
Number ~ Number of Allele- Mutation Rate
of Loci Mutations ~ Generations (95% Confidence Interval)
Dinucleotide repeats
Experiment I. . ... 7 1 7,718 13X 104 (31 X 105t0 7.2 X 109
ExperimentI1.... 83 71.942 86,517 83 X 104 (5.6 X 104to 1.1 X 10-3)P
Combined. ... ... 88 72.942 94,235 7.7 X 1074 (5.2 X 104to 1.1 X 10°3)p
Other repeats Upper 95% limit
Experiment I. . ... 41 0 44,568 6.7 X 105
Experiment I1.... 15 0 14,532 21 X 104
Combined. ... ... 54 0 59,100 51 X 10°%

aThe number of mutations is an expected humber that includes 2.94 predicted mutations that were not confirmed by

a second PCR (see text for details).

b Confidence interval obtained by a bootstrap procedure (see text for details).

To further analyze the nature of the mutations, 54
of the 72 mutations from experiment |1 were sequenced.
All mutations confirmed by two PCRs were again ver-
ified by sequencing. Of the three 1-bp mutants con-
firmed by two PCRs, al were 1-bp changesin the length
of a mononucleotide tract flanking the microsatellite.

Estimation of the Mutation Rate

In experiment |, a single mutation was observed in
one of the seven dinuclectide loci assayed. The number
of alele-generations in this case is 7,718 after subtract-
ing 10 missing data points. This yields a mutation rate
per generation for dinucleotide microsatellites of 1.3 X
104 (table 3). The 95% confidence interval for this rate
is 3.1 X 1075 to 7.2 X 104 For microsatellites with
repeat units of greater than 2 bp in length, no mutations
were observed, and thus we can only calcul ate the upper
bound of the mutation rate. Here, the number of allele-
generations is 44,568 which gives an upper bound of
the mutation rate of p = 6.7 X 1075,

For calculating the mutation rate at dinucleotide
microsatellites with data from experiment 11, we consid-
ered only mutations in the number of repeats at the mi-
crosatellite itself and excluded mutations in the mono-
nucleotide tracts in the flanking region. Three of the 72
mutations were 1-bp mutations in flanking mononucle-
otide tracts, and thus, the total number of mutations in
the number of microsatellite repeats is 69 (table 2).
There are an additional 10 potential mutations at dinu-
cleotide microsatellites which were not confirmed by a
second assay but need to be considered for calculating
the mutation rate. These include seven potential muta-
tions of 2 bp or more. From the cases in which two
assays have been performed, we can calculate the per-
centage of potential mutants from the first PCR that
were confirmed by a second PCR or sequencing. For
potential mutants that differ by 2 bp or more from the
parental alele, 42% (69/166) were confirmed as real
mutations by a second assay. This percentage can be
used to calculate the expected number of real mutations
among the seven potential mutations that were not con-
firmed by a second PCR. The number of unconfirmed
mutations of 2 bp or more expected to be real is 7 X

0.42 or 2.94. Thus, the estimated total number of mu-
tations in the number of repeats at the microsatellites is
71.94. The number of alele-generations is 86,517 for
dinucleotide microsatellites, and so the mutation rate per
generation is 8.3 X 1074, with a confidence interval of
5.6 X 104 to 1.1 X 102 (table 3). For microsatellites
with repeats of more than 2 bp, no mutations were ob-
served; however, given that the number of alele-gen-
erations was 14,532, we calculate an upper bound of 2.1
X 10~4 for the mutation rate.

In experiment 11, one might also consider mutations
that were hidden because one parental allele mutated to
the other parental allele. This problem would only be
significant when the two parental alleles differ by one
repeat because mutations of one repeat are the most
common. Twenty-one of the loci-by-RI combinations
have a one-repeat difference between the two parental
aleles, and among these, we observed three one-repeat
mutations. Because 50% of the mutations will be to the
other parental alele and thus hidden, we estimate three
hidden mutations. This will only increase the mutation
rate from 8.3 X 10~* to 8.7 X 104

If experiments | and Il are grouped together by
adding up the number of mutations and the number of
allele-generations, the mutation rate for dinucleotide mi-
crosatellites is 7.7 X 10~4, with a confidence interval of
5.2 X 10%to 1.1 X 102 (table 3). For microsatellites
with repeats of more than 2 bp in length, the upper
bound of the mutation rate for the combined experi-
ments is 5.1 X 10-5, considering that 59,100 allele-gen-
erations were analyzed.

We also used the data from experiment Il to cal-
culate that the variance of change in the number of re-
peats (03) is 3.17 (table 4). This parameter is strongly
influenced by outliers with a large change in the number
of repeats. For example, if the mutation in ncO09 that
caused a decrease of nine repeats is excluded, then o,
drops to 2.03. Accordingly, the value given here should
be taken with some caution.

Trends in the Mutational Process

To test whether the mutation rate is homogeneous
among dinucleotide loci, we compared the distribution
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Table 4

Estimation of the Variance of Change in the Number of
Repeats (o) for the Dinucleotide Repeat Loci in
Experiment I

Dinucleotide Loci
All Dinucleotide Used for Population
Loci Size Inferences

Number of mutations. . ... 69 13
Number of repeats

-
4]

)]
WrRPOORFROORrON
=

N OOOOOOFrNO

of the number of mutations per locus against a Poisson
distribution for the average number of mutations over
al loci (fig. 1). Before testing whether the observed data
fit a Poisson distribution, we grouped all loci with three
or more mutations into a single class to reduce the effect
of outliers. This is a conservative adjustment. The x?
test showed a lack of fit of the observed and the Poisson
distributions (fig. 1; x> = 15.3, P < 0.001), indicating
that the mutation rate is not homogeneous across loci.

To test whether there is a bias for mutations to
cause either an increase or decrease in size, we classified
71 of the 72 mutations from experiment 1l (including
both 1-bp and larger mutations) as either an increase or
adecrease in size relative to their progenitor alleles. The
one remaining mutation was exactly midway between
the two parental aleles and thus could not be classified.
This analysis revealed a significant bias in the mutation
process for an increase in size, with 56 causing an in-
crease in size as compared with 15 mutations causing a
decrease (fig. 2; x2 = 23.7, P < 0.001). However, the
average size of a decrease was 4.1 bp, compared with
2.3 bp for the average increase in size. For mutations of
2 bp or more at dinucleotide loci (68 events), there is
an excess of multiple-repeat—unit mutations relative to
single-repeat—unit mutations for mutations that decrease
in size as compared with those that increase size (x2 =
4.9, P = 0.03). If mononucleotide and dinucleoctide
changes are both considered (71 events), this test is
nearly significant (x2 = 3.2, P = 0.07).

We performed two tests to determine whether there
is a correlation between the number of repeats in the
progenitor alele and the probability of mutation. First,
we observed that the number of repeats in an alele is
positively correlated with the number of mutations for
that allele (fig. 3a; R = 0.53, P < 0.001). Second, we
asked if there is a bias for alleles of the largest size at
a locus to mutate relative to alleles of a smaller size. To
do this, we calculated the standardized allele size of the
mutant alleles, based on available data on alele fre-
quencies (Matsuoka et al. 2002b). The standardized size
is a percentile score for an allele relative to other alleles
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Fic. 1.—Distribution of the dinucleotide microsatellite loci ac-
cording to the number of observed (dark columns) and expected (gray
columns) mutations per locus. The expected distribution is based on
the Poisson law, with the same mean as the observed distribution.

at that locus computed as the cumulative frequency from
the smallest to the largest allele and using the midpoint
between the nearest smaller allele and the allele in ques-
tion (Ellegren 2000). We observed a strong bias within
loci, with 63 of 71 mutating alleles having a standard-
ized alele size greater than 0.5 (fig. 3b; x?> = 42.6, P
< 0.001).

Finaly, we tested whether or not the magnitude of
the mutations increases with the standardized size of the
mutant allele (Ellegren 2000). No significant correlation
was observed (R = 0.009, P = 0.94); however, it is of
interest that the three largest contractions are associated
with a standardized alele size of more than 0.95.

Discussion
Mutation Rate

Our estimate of the mutation rate for maize dinu-
cleotide microsatellites is 7.7 X 10~* mutations/gener-
ation, and our estimate of the upper bound of the rate
for microsatellites with repeat motifs of greater than 2
bp is 5.1 X 10-5. Our estimate for dinucleotide micro-
satellites is in the middle of the range of values reported
for other organisms which vary from 10-2to 5 X 10
(Dallas 1992; Dietrich et al. 1992; Schug et al. 1998;
Kovalchuk et al. 2000; Vazquez et al. 2000; Udupa and
Baum 2001). Multiple factors contribute to the variation
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FiG. 2—Distribution of the observed mutations classified by the
change in size of the alele that they produce. The mean values for
mutations that increase versus decrease allele size are shown.
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correlation is highly significant (R = 0.53, P < 0.001). b, Histogram showing the number of observed mutations over al loci grouped by the
standardized allele size (see text). There is a significant excess of mutations among alleles with a standardized size greater than 0.5 (63 vs. 8;

X2 = 42,6, P = 0.001).

among these reported rates, including the average length
of the microsatellite alleles, length of the repeat motif,
base composition of the repeat motifs, and differences
in the fidelity of DNA replication among organisms.

One clear factor governing the rate variation among
loci within maize is the length of the repeat motif. We
observed no mutations among loci with repeat motifs of
more than 2 bp in length, as compared with 70 muta-
tions among loci with dinucleotide repeats. This result
is consistent with what has been seen in some other
organisms, including Drosophila (Schug et al. 1998) and
humans (Chakraborty et al. 1997). Nevertheless, there
are counterexamples where the opposite relationship has
been observed such that loci with dinucleotide repeat
motifs mutate at a slower rate than those with larger
repeat motifs (Weber and Wong 1993; Eckert and Yan
2000). These conflicting reports highlight the idiosyn-
cratic nature of the mutational process at microsatellites
and caution against applying results from one organism
to another. It is aso possible that the difference in the
mutation rate between di-, tri-, and tetranucleotide mi-
crosatellites can be explained by a difference in the av-
erage number of repeats (Schug et al. 1998; Harr and
Schlétterer 2000), with dinucleotide loci having a higher
average number of repeats and thus a higher mutation
rate. Because we have not determined the average length
in size for al the studied loci, we cannot test this hy-
pothesis in maize.

We can also ask whether the mutation rate that we
calculated for each locus applies to ““natural’” popula
tions of maize. If it does, the number of observed mu-
tations at a locus should be positively correlated with
the number of alleles and heterozygosity in maize. Mat-
suoka et al. (2002b) have investigated genetic diversity
for the 98 loci used in experiment 1| among a sample
of 193 maize plants. Heterozygosity and the number of
aleles were estimated using this data for dinucleotide
loci. We found that the number of mutations observed
in our experiment is correlated with both heterozygosity
(nonparametric Spearman correlation, R, = 0.42, P <
0.001) and the number of aleles (R, = 0.45, P < 0.001).

Trends in the Mutational Process

In addition to estimating the mutation rate, our data
revealed severa features of the mutational process for
microsatellites in maize. Similar to what has been ob-
served in animals (Amos et a. 1996; Primmer et al.
1996), we found that mutations of a single repeat in
length are far more common than mutations of multiple
repeats. Of the mutations observed in dinucleotide mi-
crosatellites, 83% are one repeat, 13% are two repeats,
and 4% are more than two repeats in length (table 4).
We aso observed heterogeneity in the rate among di-
nucleotide loci (fig. 1), and because our dinucleotide loci
are mostly (AG),, repeats, this heterogeneity cannot be
explained by diversity in the sequence composition of
the repeat motif (see Bachtrog et al. 2000). However,
this heterogeneity may be partly attributed to variation
in the number of repeats in the parental alleles because
we observed a correlation between the number of re-
peats in the parental allele and the number of observed
mutations (fig. 3a). Alleles with a greater number of
repeats appear to be more mutable.

We have also observed that there is a higher prob-
ability to mutate to a larger alele than to a smaller one
(fig. 2), with 56 of the 71 observed mutations from ex-
periment Il having caused an increase in the size of the
alele. This same bias has been observed with other or-
ganisms (Amos et al. 1996; Ellegren 2000; Xu et al.
2000). Given this bias, previous authors have asked:
why don’t microsatellites increase infinitely in size? One
possible explanation is that there is an equilibrium be-
tween mutations that alter the size of the microsatellite
and base substitutions that lead to the degradation of the
microsatellite (Kruglyak et al. 1998). In Drosophila,
however, such an equilibrium process is inadequate to
explain the underrepresentation of large microsatellites
in the genome (Harr and Schldtterer 2000). Another
nonexclusive possible explanation is that the larger the
alele, the greater the probability that a mutation will
cause a contraction in size. Our observation that muta-
tions causing a decrease in size are on average larger
than those that cause an increase is consistent with this
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mechanism (fig. 2), partially explaining why microsat-
ellites do not increase infinitely in size (also see Harr
and Schlotterer 2000). However, we did not find a sig-
nificant negative correlation between the standardized
size of the progenitor alele and magnitude of the mu-
tation as detected in humans (Ellegren 2000; Xu et al.
2000), although the largest contractions are associated
with large aleles.

Short-Term Versus Long-Term Mutational Processes

In this study, we evaluated the short-term muta-
tional pattern at microsatellite loci in maize in two dif-
ferent experiments of mutation accumulation. We deter-
mined the DNA sequence of the mutant and progenitor
aleles for 55 of 73 new mutations. The sequence anal-
ysis revealed that all mutations were changes in the
number of repeats in the microsatellite or in the length
of mononucleotide tracts flanking the microsatellite. We
did not observe any indels in the flanking regions, ex-
cept for the aforementioned changes in mononucleotide
tracts.

Contrary to our results, Matsuoka et al. (2002a)
observed that microsatellite alleles among lines of maize
and teosinte typicaly differ by indels of 2 to 50 bp (or
larger) in the regions flanking the microsatellite repesat.
Because we have observed no such mutations in our
short-term evolutionary study, this class of indels likely
arises only over longer evolutionary periods at arate far
below our estimated rate for dinucleotide microsatellites.
Using the Poisson law, the 95% upper bound for the
rate for such indels is 2 X 1075, given that we have
examined a total of more than 153,000 allele-genera-
tions without observing any indels in the flanking
sequences.

Microsatellites are assayed by screening for length
polymorphisms in a DNA region between a pair of
primers that flank the microsatellite repeat. Our results
combined with those of Matsuoka et a. (2002a) indicate
that the observed length polymorphism is the result of
several processes that proceed at different rates. First,
there can be changes in the number of repeats in the
microsatellite that can proceed at an average rate of 7.7
X 104 mutations/generation for dinucleotide repeat
loci. Second, there can be multistep mutations with the
variance of change in the number of repeats among mu-
tations (02) being 3.2. Third, there can be indels of 2
to 50 bp or more in the flanking regions that accumulate
at rates below 2 X 10°5 mutations/generation. This
mixed mutational pattern cautions against the casual use
of models based on a simple stepwise mutation process
with a single mutation rate. However, with knowledge
of these complexities, it is possible to identify a subset
of microsatellites that more closely follow a stepwise
process and have a more uniform mutation rate.

Estimation of Effective Population Sizes

For estimation of the effective population size of
maize, one needs a set of markers that behave in a step-
wise manner and have a known mutation rate. Matsuoka
et al. (2002b) have investigated genetic diversity for the

98 loci used in experiment 1l among a sample of 264
maize and teosinte plants. For that sample, 33 of the
loci had dlelic distributions with less than 10% non-
stepwise aleles (table 1). Using the data from our study,
we calculated the mutation rate for these 33 loci to be
4.3 X 10~ and the variance of change in the size of the
alele (o2) to be 2.08. Using the Poisson distribution,
we cannot reject the null hypothesis that the rate is ho-
mogeneous among these 33 loci (x2 = 0.89, P = 0.35),
and so this rate can be applied to al 33 loci.

The variance of allele size for this set of 33 micro-
satellite loci was calculated for 193 maize plants and 34
teosinte (Z. mays subsp. parviglumis) plants, using the
data presented in Matsuoka et al. (2002b). For maize, the
average variance of alele size was 23.5 repeats (range
0.88-79.5), and for subsp. parviglumis, it was 26.8 (range
0.80-85.1). With these data, we can calculate the effec-
tive population size, using a generalized stepwise model
that allows for steps of more than one repeat in length
(Slatkin 1995). Under this model, the variance in alele
size (0?), the effective population size (N), the variance
of change in the size of the allele (03, and the mutation
rate () are related by the following formula:

02 = 2Npo3,

Accordingly, we calculated that the effective population
size for maize is 13,100, and for subsp. parviglumis it
is 15,000. These estimates could be biased downward if
thereis a constraint on the variance of microsatellite size
(Garza, Slatkin, and Freimer 1995).

One can aso estimate effective population size us-
ing the equilibrium expectation for heterozygosity (H)
for microsatellite loci following a strict stepwise model
(Kimura and Ohta 1975):

H=1-(1+ 8Nw)°s.

Heterozygosity for the data presented in Matsuoka et al.
(2002b) ranges from 0.53 to 0.96 for maize, and from
0.73 to 0.95 for subsp. parviglumis. The effective pop-
ulation size calculated as the average of the effective
size given by each individual locus is 33,000 for maize
and 38,500 for subsp. parviglumis. This estimate could
be biased upwards since it does not incorporate the ef-
fect of multi-step mutations or biased downward if there
is a constraint on the size of the microsatellites.

This effective population size for maize was pre-
viously calculated using polymorphism at adhl and es-
timated to be 660,000 (Gaut and Clegg 1993). In asim-
ilar study of adhl, Eyre-Walker et a. (1998) reported
an estimate of the effective size of subsp. parviglumis
at 940,000. Our estimates are more than an order of
magnitude less than these. The adhl-based estimates as-
sume a DNA substitution rate inferred from the amount
of DNA sequence divergence accumulated over the 50
to 60-Myr history of the grass family. Thereis aconcern
about this rate because it represents a long-term rate
over the history of the grasses and may not be appro-
priate to recent events in the maize lineage, where a
lineage-specific rate acceleration can be anticipated be-
cause of a generation-time effect (White and Doebley
1999).



In another study, Remington et al. (2001) reported
an effective population size of 200,000 for maize, based
on the degree of linkage disequilibrium among maize
inbred lines and the function C = 4Nc, where C is the
population recombination parameter, and c is the recom-
bination rate ([crossovers/bp] X generation). However,
this report assumes a recombination rate of 10-8, where-
as reported rates in maize genes are nearer to 10-7 (Pat-
terson et a. 1995; Xu et a. 1995; Dooner and Martinez-
Ferez 1997; Okagaki and Weil 1997). Using the latter
rate would give a 4Nc-based estimate of 20,000, avaue
much closer to the estimate based on microsatellites.
The value for C reported by Remington et al. (2001)
may also be inappropriate becauseit is based on a biased
sample of the maize germ plasm pool. A value for C
based on a more representative sample of maize is
~0.02 (Tenaillon et al. 2001). Using this value of C and
the observed recombination rate for maize genes
(=1077), the effective population size for maize would
be 50,000. The difficulty with these estimates is the un-
certainty surrounding values for c. The cause of the dif-
ferences in estimates of effective population size based
on ¢, sequence polymorphism, and microsatellites will
require further exploration.

This study has investigated the mutation rate and
process for maize microsatellites. Because these markers
are widely used in plants for a variety of purposes, such
estimates of the mutation rate and knowledge of the mu-
tation process are needed to clarify the origin and main-
tenance of genetic diversity at these loci. Whereas the
mutation pattern of maize microsatellites is complex, a
fuller understanding of these complexities will facilitate
their application to a variety of questions in maize ge-
netics and evolution.
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