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ABSTRACT
The patterns of mutation and evolution at 13 microsatellite loci were studied in the filamentous fungal

genus Neurospora. First, a detailed investigation was performed on five microsatellite loci by sequencing
each microsatellite, together with its nonrepetitive flanking regions, from a set of 147 individuals from
eight species of Neurospora. To elucidate the genealogical relationships among microsatellite alleles,
repeat number was mapped onto trees constructed from flanking-sequence data. This approach allowed
the potentially convergent microsatellite mutations to be placed in the evolutionary context of the less
rapidly evolving flanking regions, revealing the complexities of the mutational processes that have gener-
ated the allelic diversity conventionally assessed in population genetic studies. In addition to changes in
repeat number, frequent substitution mutations within the microsatellites were detected, as were substitu-
tions and insertion/deletions within the flanking regions. By comparing microsatellite and flanking-
sequence divergence, clear evidence of interspecific allele length homoplasy and microsatellite mutational
saturation was observed, suggesting that these loci are not appropriate for inferring phylogenetic relation-
ships among species. In contrast, little evidence of intraspecific mutational saturation was observed, con-
firming the utility of these loci for population-level analyses. Frequency distributions of alleles within
species were generally consistent with the stepwise mutational model. By comparing variation within species
at the microsatellites and the flanking-sequence, estimated microsatellite mutation rates were �2500 times
greater than mutation rates of flanking DNA and were consistent with estimates from yeast and fruit flies.
A positive relationship between repeat number and variance in repeat number was significant across three
genealogical depths, suggesting that longer microsatellite alleles are more mutable than shorter alleles.
To test if the observed patterns of microsatellite variation and mutation could be generalized, an additional
eight microsatellite loci were characterized and sequenced from a subset of the same Neurospora individ-
uals.

MICROSATELLITES are composed of tandemly microbial eukaryote Neurospora had three main objec-
tives:repeated, simple DNA sequence motifs of as

many as six nucleotides in length. These loci are com-
1. To describe the patterns of mutation and evolutionmonly found throughout both prokaryotic and eukaryo-

at multiple microsatellite loci: Are these patterns sim-tic genomes and typically are highly polymorphic within
ilar across loci and across species? Are these patternsspecies and populations. In addition, these codominant
consistent with accepted theories of microsatellitegenetic markers are relatively easy to score and have
mutation and evolution?

high reproducibility and specificity. As such, microsatel-
2. To determine if microsatellites are appropriate ge-

lites have become one of the most popular classes of netic markers for inferring the phylogenetic relation-
molecular markers and are commonly employed to in- ships among species of Neurospora: At what level of
vestigate the population genetics of a diverse range of phylogenetic divergence does microsatellite muta-
organisms (Bruford and Wayne 1993; Goldstein and tional saturation occur? Are the amounts of allelic
Schlötterer 1999). Although fewer studies have ad- homoplasy large enough to render interspecific com-
dressed the evolutionary dynamics and mutational pro- parisons meaningless?
cesses of microsatellite loci, an understanding of these 3. To determine if microsatellites would be useful for
topics is beginning to develop (see Estoup and Cor- answering population genetic questions: What are
nuet 1999; Schlötterer 2000). the relative rates of microsatellite mutation, and how

This study of microsatellite evolution in the model variable are these genetic markers within a single
species? What factors can be used to predict microsa-
tellite variability?
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dominant mutational mechanism for microsatellites A common approach to the study of the evolutionary
dynamics and mutational processes of microsatellites(Schlötterer and Tautz 1992; Strand et al. 1993).

During replication, the nascent strand may dissociate has been to infer past mutational events from contempo-
rary allele frequency distributions within populationsfrom the template strand and, due to the repetitive

nature of the microsatellite DNA, the strands may rean- (e.g., Shriver et al. 1993; Valdes et al. 1993; Di Rienzo
et al. 1994; Estoup et al. 1995a,b; Garza et al. 1995;neal incorrectly, or “out-of-register.” The pairing of mis-

aligned repeats causes one to several repeats to loop Nielsen and Palsbøll 1999). This method typically
requires electromorph typing of a large number of lociout from either the nascent or the template strand. This

slipped-strand mispairing results in the nascent strand from hundreds of individuals. A different approach is
to directly sequence the microsatellite and flanking re-having a different number of repeats from the template

strand once DNA replication is complete. This mutation gions to reveal mutations that simple electromorph typ-
ing cannot detect (e.g., Estoup et al. 1995b; Jin et al.process allows the same microsatellite allele to arise

multiple times, thus generating size homoplasy. A num- 1996; Angers and Bernatchez 1997; Grimaldi and
Crouau-Roy 1997; Ortı́ et al. 1997; Primmer and Elle-ber of mutational models that account for this homo-

plasy have been proposed, with the stepwise mutational gren 1998; Colson and Goldstein 1999; Fisher et al.
2000; Harr et al. 2000; Makova et al. 2000; Zhu et al.model (SMM; Kimura and Ohta 1978) and the two-

phase model (TPM; Di Rienzo et al. 1994) being the 2000; Blankenship et al. 2002). This approach is more
laborious than the former so sequencing usually hasmost common. The SMM assumes all mutational events

involve a change in a single repeat only, while the TPM been limited to a smaller number of individuals and/
or loci.allows a proportion of mutations to involve changes

greater than single repeats. On the other hand, the infi- We studied the evolutionary dynamics of 13 microsa-
tellite loci in the filamentous fungal genus Neurosporanite-allele model (IAM; Kimura and Crow 1964) does

not allow for homoplasy and assumes that every muta- by taking an approach that was a combination of those
mentioned above. First, a detailed investigation was per-tion results in the creation of a new allele. Determining

which mutational model is most appropriate is impor- formed on five microsatellite loci by sequencing the
repeat arrays, along with �500 nucleotides of theirtant because microsatellite-specific genetic distances

rely on the underlying assumptions of the chosen model flanking regions, from a set of 147 individuals from
eight phylogenetic species of Neurospora. To elucidate(Takezaki and Nei 1996).

Several outbreeding species of Neurospora have been the genealogical relationships among microsatellite al-
leles, repeat number was mapped onto trees constructedrecognized both phylogenetically (Dettman et al. 2003a)

and in terms of reproductive isolation (Turner et al. from flanking-sequence data. This approach allowed the
microsatellite mutations to be placed in the evolutionary2001; Dettman et al. 2003b); however, many of the

basal relationships among species remain unresolved. context of the less rapidly evolving, nonrepetitive, flank-
ing DNA. In addition to assessing variation and testingA number of these species are included in ongoing

studies of comparative genomics (Gilbert et al. 2003) microsatellite mutation models, three types of novel
analyses were performed. By comparing microsatelliteand the genetics of reproductive isolation (Turner and

Taylor 2003), underscoring the need for a reliable and flanking-sequence genetic distances, the phyloge-
netic depth at which microsatellite mutational satura-phylogeny of the genus. Molecular data suggest that the

group underwent a rapid species radiation (Natvig and tion occurred could be estimated. Variation within spe-
cies at the microsatellites and the linked flankingMay 1996; Skupski et al. 1997; Dettman et al. 2003a).

Protein-coding genes, and even noncoding genomic re- regions were used to estimate the relative rates of muta-
tion for the two DNA types. The hierarchical samplinggions, appear to have evolved too slowly to record the

full speciation history (i.e., few mutations arose and be- scheme of this study provided a unique opportunity to
investigate the evolution of microsatellites across multi-came fixed between successive speciation events). Be-

cause microsatellites mutate at such high rates, they may ple genealogical depths. To further investigate the evo-
lution of microsatellite repeat arrays, an additional eightpossess enough variation to clarify interspecific relation-

ships. However, the consequence of hypermutability microsatellite loci were characterized and sequenced
from a subset of 29 individuals containing representa-combined with homoplasy is the complete loss of phylo-

genetic signal over long periods of evolution. Thus, tives from each of the same eight Neurospora species.
A total of 921 microsatellite alleles were directly se-microsatellites that are conserved across diverse taxo-

nomic groups (e.g., Schlötterer et al. 1991; FitzSim- quenced, which represents the largest effort put toward
microsatellite sequencing to date.mons et al. 1995; Zardoya et al. 1996) may not be appro-

priate for inferring the phylogenetic relationships
among the groups. Before constructing a phylogeny of

MATERIALS AND METHODSNeurospora species using microsatellites, we assessed
whether or not we could place confidence in the re- Selection of individuals: The 147 individuals used in this

study were described by Dettman et al. (2003a) and are listedsulting tree.
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in the supplemental data. The entire sample included individ- tances reported in this study are Kimura two-parameter dis-
tances, as calculated by PAUP. The program SITES (Hey anduals from eight phylogenetic species of Neurospora: N. crassa

(n � 33, 3, and 9 from NcA, NcB, and NcC subgroups, respec- Wakeley 1997) was used to calculate numbers of segregating
sites and to estimate the population mutation parameter �tively); N. intermedia (n � 52 and 10 from NiA and NiB sub-

groups, respectively, and 6 from basal lineages); N. sitophila from sequence data. For haploid organisms such as Neuro-
spora, � equals two times the effective population size times(n � 7); N. tetrasperma (n � 4); phylogenetic species 1 (n �

3); phylogenetic species 2 (n � 7); phylogenetic species 3 the mutation rate (� � 2N�), assuming neutrality and muta-
tion-drift equilibrium.(n � 5); and N. discreta (n � 8). Some species are referred

to simply as “phylogenetic species” because they have not yet Mutational saturation of a microsatellite was assessed as
follows: For each possible pairwise comparison of individuals,been formally named (see Dettman et al. 2003a,b).

Microsatellite loci: Sequences of four nonrepetitive DNA we calculated the number of substitution differences between
flanking sequences and the commonly employed microsatel-regions, within which five microsatellite loci were located,

were reported in Dettman et al. (2003a; GenBank accessions lite genetic distance (��)2 (Goldstein et al. 1995a) between
microsatellite alleles. When comparing individuals, (��)2 isAY225899–AY225949; TREEBASE accessions S950 and M1574).

Here we report the sequences of the repeat arrays for these functionally equivalent to the measure D1, which is the squared
difference in repeat number (Goldstein et al. 1995b). Forfive microsatellite loci (DMG-CA, TMI-AGC, TML-ATC, QMA-

CTTTT, and QMA-TGG) from 147 individuals (see supple- each microsatellite, we then plotted the mean (��)2 distances
against the number of substitutions in flanking sequence. Be-mental data at http://www.genetics.org/supplemental/).

New primer sets were designed for an additional eight mi- cause the expectation of (��)2 is linear with respect to time
(Goldstein et al. 1995a), mutational saturation was estimatedcrosatellite loci from five genomic regions that were unlinked

to the previous four genomic regions. Various microsatellite to occur at the point where mean (��)2 no longer increased
with the increasing number of flanking-sequence substitu-repeat motifs (tandemly repeated 15 times) were used to

search the Broad Institute N. crassa Database (http://www. tions. To account for differences in flanking-sequence length,
these comparisons were repeated using genetic distances be-broad.mit.edu/annotation/fungi/neurospora/). Iterative

rounds of primer design were performed until a 400- to 600- tween the flanking sequences (which were binned), and the
same results were obtained. Using difference in repeat numberbp fragment (microsatellite plus flanking regions) could be

amplified from the majority of species. These eight new micro- between microsatellite alleles rather than (��)2 also did not
affect the results. These calculations assumed that the microsa-satellites were sequenced from a subset of 29 individuals from
tellites and their physically adjacent flanking regions wereeight species (see supplemental data).
completely linked. Correlations between microsatellite dis-On the basis of open reading frame predictions provided
tances and flanking-sequence genetic distances for each mi-by the genome database and the form and distribution of
crosatellite, and correlations among flanking-sequence ge-variation among the sequences from different individuals,
netic distances among genomic regions, were calculated fromthree of the microsatellites (TMI-AGC, T6L-AGC, and T7L-
all possible pairwise comparisons of individuals.ACA) may be located within coding DNA. However, the exis-

Evolution under the SMM commonly results in a unimodal,tence of these predicted genes and hypothetical proteins has
symmetrical distribution of repeat alleles around the mean,not been verified.
whereas evolution under the TPM is more likely to resultPCR amplification conditions and sequencing protocols
in irregular, multimodal distributions. However, multimodalwere the same as described in Dettman et al. (2003a) except
distributions alone cannot justify the rejection of the SMMfor locus-specific annealing temperatures (Table 1). For all
because evolution under SMM can produce these distributionsloci, microsatellite repeat number was determined directly
by chance (Valdes et al. 1993). Therefore, the fit of microsatel-from the sequence data and included both perfect and imper-
lite mutation models to N. crassa and N. intermedia allele-fre-fect repeats. When substitutions or noninteger length muta-
quency distributions was tested using a likelihood approachtions made counting repeats difficult, repeat numbers were
implemented by MISAT (Nielsen 1997). The fitting of modelscalculated by dividing array length by motif length and then
and � estimation were restricted to intraspecific subgroupsrounding to nearest integer.
(NcA and NiA) to avoid pooling genetically differentiatedData analyses: The program Microsatellite Analyser (MSA,
groups. Markov chains were run for 100,000 and 1,000,000version 3.0; Dieringer and Schlötterer 2003) was used to
generations for the SMM and TPM, respectively. For the TPM,calculate descriptive statistics and microsatellite genetic dis-
the proportion of multistep mutations was allowed to varytances among groups. Neighbor-joining (Saitou and Nei
between 0.00001 and 0.5. Microsatellite � value estimation and1987) trees were constructed from genetic distances by im-
likelihood-ratio tests were performed as described by Nielsenporting the distance matrices into PAUP (version 4b10; Swof-
(1997). These calculations, along with � comparisons betweenford 2001). Branch support was assessed by performing 100
microsatellites and flanking regions, rest on the assumptionbootstrap replications using MSA. The topologies of the micro-
that the populations have reached mutation-drift equilibrium.satellite trees were compared to that of the flanking-sequence

tree from Dettman et al. (2003a) using Shimodaira-Hasegawa
tests (Shimodaira and Hasegawa 1999; resampling estimated

RESULTSlog likelihoods from 1000 bootstraps). For these tests, the
reference data set contained combined sequence data from Overall variation: The evolution of 13 microsatellitethe DMG, TMI, TML, and QMA genomic regions for a single

loci from Neurospora was investigated in this study.individual from each of the eight species, and maximum-
These microsatellites are embedded in nine differentlikelihood parameter values were estimated using ModelTest

(version 3.06; Posada and Crandall 1998). genomic regions, each from a different chromosome
The program JMPin (version 3.2.6; SAS Institute 1999) arm or linkage group (Table 1). To distinguish the

was used for analysis of covariance (ANCOVA), correlation, microsatellite from its genomic region, the name of
and regression analyses of both nontransformed and log-trans-

the microsatellite proper includes a dash followed by aformed data. Unless otherwise noted, the results and conclu-
repeat motif. For example, TMI-AGC is a microsatellitesions of analyses did not differ between the nontransformed

and log-transformed data. All flanking-sequence genetic dis- with an AGC repeat motif and is embedded within the
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TABLE 1

Information on the 13 microsatellites characterized in this study

Microsatellite Linkage BINCDa Location of center Annealing
locus group contig/supercontig of microsatelliteb Primers (5�–3�) temperature

DMG-CA IVR 3.379/29 72292(�) See Dettman et al. (2003a)
TMI-AGC VR 3.51/3 29355 See Dettman et al. (2003a)
TML-ATC VLc 3.555/61 40717(�) See Dettman et al. (2003a)
QMA-CTTTT IIR 3.307/20 41535 See Dettman et al. (2003a)
QMA-TGG IIR 3.307/20 41641 See Dettman et al. (2003a)
T1R-AT IR 3.146/8 73950 Forward is T1R-F1: 53.4

TGTACTCGGATGACGTGCTA
Reverse is T1R-R1:

AAGGCGGTTTCTGTTATCAA
T1R-TAG IR 3.146/8 73998 Same as T1R-AT
T1R-AGC IR 3.146/8 74237 Same as T1R-AT
T2L-ATC IIL 3.181/10 3629 Forward is T2L-F1: 57.5

CACCACCATCGTCGTCACAC
Reverse is T2L-R1:

GGACGGAGTCATCCAGCATC
Forward is T2L-F2: 58.9

CACCACCATCGTCGTCACACG
Reverse is T2L-R2:

GAGGGACGGAGTCATCCAGCA
T3L-AGC IIIL 3.319/22 11096 Forward is T3L-F1: 55.8

CTAGGTAGTGCCAGGAGTGC
Reverse is T3L-R1:

GACATCCTCGCCATAGTACC
Reverse is T3L-R2:

CATCGACCGAAAGACCTTTC
T6L-AGC VIL 3.262/16 24711(�) Forward is T6L-F1: 55.4

CGTCGTAGTAAGATTCCGTA
Reverse is T6L-R1:

ACTCTTTGAGACCGCTTTAC
T7L-ACA VIIL 3.350/25 3709(�) Forward is T7L-F1: 57.5

CTCGCTGACACTTCGGCATC
Forward is T7L-F2:

CATCGCACGAGCCAATTTTA
Reverse is T7L-R1:

CGGCCAGAACGGTCACTGTA
T7L-CGA VIIL 3.350/25 3945(�) Same as T7L-ACA

a BINCD, Broad Institute Neurospora crassa Database.
b (�) indicates that the sequence is from the minus strand.
c As predicted by the Munich Information Centre for Protein Sequences Neurospora crassa Database.

�500-bp stretch of PCR-amplified sequence called the to the number of repeat alleles and variance in repeat
number. The frequency distributions of repeat allelesTMI genomic region. Similarly, QMA-CTTTT and QMA-

TGG are two linked microsatellites that are both embed- also differed drastically among loci (see supplemental
data at http://www.genetics.org/supplemental/). Forded within the QMA genomic region.

Five microsatellite loci, located on four different chro- example, DMG-CA had a wide range of intermediate-
frequency repeat alleles, while QMA-TGG had one mainmosome arms, were sequenced from 147 individuals

from eight Neurospora species (Table 2). The repeat high-frequency repeat allele.
A significant amount of variation was found in thenumbers of the microsatellite alleles are listed in the

supplemental data, along with the full sequences of nonrepetitive regions flanking the microsatellites, even
within a single species (Table 2, Figure 1). Previousalleles. The patterns of variation were quite different

among these microsatellite loci. Each locus possessed authors (Brohede and Ellegren 1999) have reported
that the variability of nonrepetitive DNA increases withbetween 11 and 21 different repeat alleles, and there

was an eightfold difference among loci in variance in proximity to microsatellites. However, polymorphism
plots across the length of the Neurospora sequencerepeat number (Table 2). The dinucleotide microsatel-

lite DMG-CA was the most variable locus with respect alignments provided no evidence for such a trend (data
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TABLE 2

Summary of molecular variation observed at the five microsatellite loci investigated in detail,
along with variation observed in the flanking regions

Microsatellite locus

DNA type DMG-CA TMI-AGC TML-ATC QMA-CTTTT QMA-TGG

Microsatellite
Sample size 147 147 146 130 124
No. of repeat allelesa 21 16 11 16 13
No. of unique allelesb 46 20 38 47 23
Repeat no. (min, max) 4, 37 4, 20 5, 15 5, 43 2, 17
Mean repeat number 12.61 9.27 7.59 9.52 5.89
Variance in repeat no. 43.16 10.32 6.62 25.03 5.31

Nonrepetitive flanking region
Sample size 147 147 147 145 145
Mean no. of included nucleotides 378 445 538 482 482
No. of flanking-sequence variants 61 66 95 85 85
Mean genetic distance 0.0081 0.0371 0.0294 0.0839 0.0839

a Alleles with different numbers of tandem repeats.
b Alleles with different DNA sequence.

not shown). The number of unique flanking-sequence sequence variant (Figure 1). The microsatellite repeat
alleles that were associated with each flanking-sequencevariants increased with the length of included flanking

sequence per region (Table 2). Interestingly, the rela- variant then were mapped onto the trees. As predicted
by the fact that microsatellites are hypermutable, manytive levels of variation per microsatellite did not corre-

spond with the relative levels of variation in the linked, flanking-sequence variants were associated with multi-
ple repeat alleles. However, many repeat alleles alsononrepetitive flanking regions. The QMA flanking re-

gion was the most variable, but QMA-TGG had the low- were shared by highly divergent flanking-sequence vari-
ants. Although identical in state, it was very unlikely thatest variance in repeat number, whereas the DMG flank-

ing region was the least variable, but DMG-CA had the all copies of the same repeat allele were identical by
descent, especially when shared among well-differenti-highest variance in repeat number (Table 2). Thus,

highly variable microsatellite loci were not found only ated genealogical lineages (Figure 1).
Microsatellite mutation following the SMM tends toin highly variable genomic regions.

Eight additional microsatellite loci, located on five create derived alleles that have a similar number of
repeats as the ancestral allele. Difference in repeat num-different chromosome arms, were sequenced from the

29 individuals that were representatives of the eight ber therefore holds some information on the recency
of common ancestry, providing the basis for SMM-basedNeurospora species (see supplemental data). Each locus

possessed between 6 and 11 different repeat alleles, and genetic distances (Goldstein et al. 1995a,b). Because
the number of substitution differences among nonre-there was a 35-fold difference among loci in variance

in repeat number (Table 3). Even for two microsatellites petitive DNA also is proportional to recency of common
ancestry, a correlation between microsatellite distancelocated within the same genomic region, there could

be a 13-fold difference in variability (e.g., T7L-ACA and and flanking-sequence genetic distance is expected, at
least until the divergence becomes so great that muta-T7L-CGA).

The following sections present analyses that were per- tional saturation begins to degrade the phylogenetic
signal. Despite the physical linkage of the microsatellitesformed primarily on data from the five intensively sam-

pled microsatellite loci. Most of the same analyses were and their respective flanking regions, there was a poor
correlation between flanking-sequence genetic distanceperformed on data from the additional eight loci, and

results typically were similar. Analyses of the five-locus and (��)2, a microsatellite-specific distance (mean R 2

for five microsatellite-by-flanking region comparisons �data set had more power because the sample size per
locus was significantly larger. For the sake of brevity, 0.02). On the other hand, flanking-sequence genetic

distances were well correlated among the four genomicanalyses of the eight-locus data set are discussed only if
they provide novel information. regions (mean R 2 for six flanking region-by-flanking

region comparisons � 0.64), suggesting that the differ-Mutational saturation and homoplasy: For each of the
four genomic regions investigated in detail, the genealo- ent nonrepetitive regions have been accumulating muta-

tions in a more or less linear fashion without significantgies presented in Dettman et al. (2003a) were pruned
to retain only a single representative of each flanking- substitutional saturation. The poor correlation between
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TABLE 3

Summary of molecular variation observed at the additional eight microsatellite loci

Microsatellite locus

T1R-AT T1R-TAG T1R-AGC T2L-ATC T3L-AGC T6L-AGC T7L-ACA T7L-CGA

Sample size 29 29 29 28 29 29 27 27
No. of repeat allelesa 6 10 11 9 9 6 11 9
No. of unique allelesb 8 17 21 13 14 9 12 12
Repeat number (min, max) 3, 11 9, 20 5, 19 6, 18 6, 15 4, 9 5, 46 4, 13
Mean repeat no. 5.48 14.55 10.10 7.89 9.62 6.45 13.85 9.15
Variance in repeat no. 6.27 20.64 11.43 10.10 6.18 2.64 93.42 7.18

a Alleles with different numbers of tandem repeats.
b Alleles with different DNA sequence.

variation in the flanking regions and linked microsatel- structed from (��)2, an SMM-based genetic distance,
was topologically incongruent with the species phylog-lites was presumably due to mutational saturation and

homoplasy of the microsatellites. If this hypothesis is eny inferred from the flanking-sequence data (Figure
3; Shimodaira-Hasegawa test, P � 0.009). Even whentrue, the correlation between variation levels of the two

DNA types would be expected to increase as compari- using an IAM-based genetic distance (proportion of
shared alleles (POSA); Bowcock et al. 1994), whichsons are made over shallower genealogical depths.

At what level of divergence does microsatellite homo- ignores difference in repeat number, the tree was topo-
logically incongruent with the flanking-sequence treeplasy begin to erase the history of the alleles? By plotting

(��)2 against the number of substitutions between the (Figure 3, P � 0.019). Neither of the two sister-group
relationships supported by the flanking-sequence dataflanking sequences or binned genetic distances to ac-

count for differences in flanking-sequence length, muta- (PS3-N. crassa and PS2-N. intermedia) appeared in the
microsatellite-based trees. When data from the eighttional saturation was estimated to begin when flanking-

sequence genetic distances reached 0.006, 0.012, 0.048, additional microsatellite loci were combined with these
five loci, the resulting trees (not shown) were even less0.017, and 0.017 for DMG-CA, TMI-AGC, TML-ATC, QMA-

CTTTT, and QMA-TGG, respectively (Figure 2, Table resolved and still topologically incongruent with the
sequence-based tree.4). Results were similar when flanking-sequence genetic

distance or difference in microsatellite repeat number Variance in repeat number: Mean repeat number did
not differ significantly among species, but species didwere used. As expected, the most variable of the five

microsatellite loci, DMG-CA, was mutationally saturated differ significantly in terms of maximum repeat number
and variance in repeat number (Mann-Whitney U-tests,at the smallest flanking-sequence genetic distance. On

average, the ability of these microsatellite loci to repre- P � 0.05). These values tended to be greatest in N. crassa
and N. intermedia (Table 5); however, these two speciessent evolutionary history begins to degrade at 2.0% di-

vergence of flanking regions. also had the largest sample sizes. To determine which
variables were the best predictors of variance in repeatComparison among species: Four of the five microsa-

tellite loci reached mutational saturation at a flanking- number, we modeled locus, species, sample size, maxi-
mum, and mean repeat number using ANCOVA. Whensequence genetic distance that was less than the mean

genetic distance among the seven ingroup species, i.e., all of these variables were accounted for, the only ones
that were significant predictors of variance in repeatexcluding N. discreta (Table 4). Averaged across loci,

the flanking-sequence divergence among ingroup spe- number were maximum and mean repeat number (both
P � 0.0001).cies was 3.3%, far beyond the 2.0% divergence level at

which the microsatellites were shown to saturate. In addi- Some genealogical lineages were fixed for one repeat
allele or possessed only a few, whereas other lineagestion, the range of microsatellite repeat number com-

monly overlapped among species. The percentage of possessed a wide range of repeat alleles (Figure 1). Al-
though shallower clades tended to be less variable, simi-repeat alleles shared by at least two species was 66.7,

75.0, 63.6, 25.0, and 30.8% for DMG-CA, TMI-AGC, lar-depth clades could differ greatly in variability, and
clades could be fixed for a single repeat allele, regardlessTML-ATC, QMA-CTTTT, and QMA-TGG, respectively.

This saturation and excessive homoplasy suggested that of clade depth. When a clade was fixed for a single allele,
that allele tended to have a low number of repeats, andinterspecific phylogenies based on microsatellite data

may be misleading. when a clade was highly variable, the alleles tended to
have higher numbers of repeats (Figure 1), consistentMicrosatellite genetic distances among the eight

Neurospora species were calculated. The tree con- with ANCOVA results.
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Figure 2.—For each microsatel-
lite locus, mean (��)2 genetic dis-
tance was plotted against (A) num-
ber of substitutions and (B) binned
genetic distance between the flank-
ing sequences. Both methods
yielded similar results, so plots are
shown for only one method per lo-
cus. Vertical bars indicate standard
error. Solid arrows indicate esti-
mated points of microsatellite mu-
tational saturation. Open arrows in-
dicate the mean number of sub-
stitutions or genetic distance be-
tween flanking sequences for intra-
specific comparisons only, all of
which are less than the estimated
points of saturation.

To investigate the robustness of the positive relation- species-specific effects would be subsumed. At all three
depths, there was a significant positive correlation be-ship between variance and repeat number, we plotted

the variance in repeat number against maximum and tween variance in repeat number and both maximum
and mean repeat number (all P � 0.008). Variance inmean repeat number for three genealogical depths: (1)

flanking-sequence variants that were sampled four or repeat number was best correlated with maximum re-
peat number (Figure 4). To estimate the lower thresh-more times (n � 32 variants): these comparisons were

restricted to the shallowest genealogical depth possible old for slippage, variance in repeat number was linearly
fit to maximum and mean repeat number for the 37to decrease the likelihood of homoplasy; (2) intraspe-

cific values for the five intensively sampled loci (n � species-by-locus combinations, and the x-intercepts were
determined (where variance in repeat number � 0).37 species-by-locus combinations); and (3) the entire

sample of 29 individuals from eight species (n � 13 Using these calculations, only microsatellites with a max-
imum of �7.70 repeats or a mean of �5.08 repeatsloci): by using the variance of the entire sample, possible

TABLE 4

Mutational saturation estimates compared to genetic distances within and among species

Estimated flanking-sequence
genetic distance at which Mean flanking-sequence Mean flanking-sequence
microsatellite mutation genetic distance within genetic distance among

saturation occurs species ingroup species

DMG-CA 0.006 0.003 0.008
TMI-AGC 0.012 0.005 0.029
TML-ATC 0.048 0.005 0.028
QMA-CTTTT 0.017 0.011 0.067
QMA-TGG 0.017 0.011 0.067
Mean 0.020 0.006a 0.033a

a Mean of the four genomic regions.
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Figure 3.—(A) Neighbor-
joining tree constructed from
SMM-based genetic dis-
tances [(��)2] calculated
from data from five microsa-
tellite loci. (B) Neighbor-
joining tree constructed
from IAM-based genetic dis-
tances from five microsatel-
lite loci. (C) Approximation
of maximum-parsimony tree
constructed from flanking-
sequence data from four ge-
nomic regions (Dettman et
al. 2003a). Numbers near
branches indicate bootstrap
proportions, if 	50.

are expected to be variable within a species. The high 8.9/locus, but the mean number of unique micro-
satellite alleles was 13.3/locus (Table 3). Thus, betweenprevalence of alleles with five to seven repeats in clades

that were fixed for a single allele (Figure 1) was consis- 55.7% (five loci) and 33.1% (eight loci) of the total
allelic variation at microsatellites would have been missedtent with this threshold.

Substitution mutations within microsatellite repeat if sequence information had not been obtained.
Several substitution mutations within the repeat arraysarrays: The nine genomic regions were successfully am-

plified from all eight species of Neurospora, with the were unique and diagnostic for single species. In addi-
tion, a number of substitutions were shared among spe-exception of T7L from N. sitophila. The basic repeat

motifs of the 13 microsatellite loci generally were well cies, many of which were consistent with phylogenetic
inferences drawn from the flanking regions (Dettmanconserved across species with the exception of QMA-

CTTTT and QMA-TGG from N. discreta, the outgroup. et al. 2003a; Figure 3). For example, the PS2-N. intermedia
sister-group relationship was supported by substitutionsHowever, sequence data revealed that substitution mu-

tations within the repeat arrays were common (see sup- in TML-ATC and T7L-ACA microsatellites, while the
PS3-N. crassa sister-group relationship was supported byplemental data). For the five loci investigated in detail,

the mean number of repeat alleles, or alleles with differ- substitutions in T1R-TAG and T7L-CGA microsatellites.
The duplication of repeats with substitutions (imper-ent numbers of tandem repeats, was 15.4/locus. When

repeat number and sequence variation were considered fect repeats) within the same microsatellite allele was
observed in DMG-CA, TML-ATC, QMA-CTTTT, QMA-together, the mean number of unique microsatellite

alleles increased to 34.8/locus (Table 2). For the eight TGG, T1R-TAG, T1R-AGC, 3L-AGC, T7L-ACA, and T7L-
CGA (examples in Figure 5). Such examples of substitu-additional loci, the mean number of repeat alleles was
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TABLE 5

Summary of polymorphism at five microsatellites in eight species of Neurospora

Repeat no. Mean Variance in
Locus Species n (min, max) repeat no. repeat no.

DMG-CA N. crassa 45 4, 37 9.11 46.99
N. intermedia 68 10, 26 16.71 24.21
Phylogenetic species 1 3 10, 11 10.33 0.67
Phylogenetic species 2 7 7, 8 7.14 0.17
Phylogenetic species 3 5 14, 20 16.80 7.60
N. sitophila 7 9, 9 9.00 0.00
N. tetrasperma 4 7, 13 10.25 9.38
N. discreta 8 4, 5 4.88 0.15

TMI-AGC N. crassa 45 6, 20 10.42 9.05
N. intermedia 68 4, 18 9.26 8.96
Phylogenetic species 1 3 6, 6 6.00 0.00
Phylogenetic species 2 7 11, 13 12.43 1.14
Phylogenetic species 3 5 11, 12 11.40 0.40
N. sitophila 7 4, 4 4.00 0.00
N. tetrasperma 4 6, 6 6.00 0.00
N. discreta 8 5, 8 6.25 2.58

TML-ATC N. crassa 44 6, 15 10.11 4.96
N. intermedia 68 5, 8 5.56 0.56
Phylogenetic species 1 3 8, 8 8.00 0.00
Phylogenetic species 2 7 10, 11 10.57 0.34
Phylogenetic species 3 5 7, 11 9.00 4.67
N. sitophila 7 6, 6 6.00 0.00
N. tetrasperma 4 6, 8 7.50 1.50
N. discreta 8 6, 12 8.75 4.58

QMA-CTTTT N. crassa 43 6, 43 12.70 53.73
N. intermedia 66 7, 12 7.94 3.50
Phylogenetic species 1 3 8, 8 8.00 0.00
Phylogenetic species 2 7 11, 11 11.00 0.00
N. sitophila 7 5, 5 5.00 0.00
N. tetrasperma 4 7, 8 7.75 0.38

QMA-TGG N. crassa 37 3, 17 7.59 12.48
N. intermedia 62 2, 7 4.95 0.38
Phylogenetic species 1 3 5, 5 5.00 0.00
Phylogenetic species 2 7 7, 7 7.00 0.00
Phylogenetic species 3 5 5, 5 5.00 0.00
N. sitophila 6 5, 5 5.00 0.00
N. tetrasperma 4 5, 8 5.75 3.38

tions that had been multiplied tandemly or along with and N. intermedia, and to the largest subgroup within
each species, NcA (n � 33) and NiA (n � 52), respec-other repeats without substitutions (perfect repeats)

provided evidence that the microsatellites had mutated tively. For each of the five microsatellites investigated
in detail, the mean flanking-sequence genetic distanceby slipped-strand mispairing. This explanation was more

parsimonious than multiple identical substitutions oc- within species was less than the flanking-sequence ge-
netic distance at which microsatellite mutational satura-curring independently in multiple repeats. Within the

same allele, duplicated imperfections that were not adja- tion occurred (Table 4, Figure 2). Because mutational
saturation was not a significant problem at intraspecificcent to each other were observed at TML-ATC, QMA-

CTTTT, QMA-TGG, T1R-TAG, T1R-AGC, T7L-ACA, levels of phylogenetic divergence, these microsatellites
are appropriate for use in population genetic studies.and T7L-CGA (examples in Figure 5). Such nonadja-

cent imperfections were evidence for multistep muta- Mutational patterns: To assess the applicability of the
SMM within species, frequency distributions of repeattional events, because duplication of imperfect repeats

via single-step mutations would create only imperfec- alleles were fit to SMM predictions. The frequency distri-
butions of repeat alleles for NcA and NiA differedtions that were immediately adjacent.

Intraspecific analyses of N. crassa and N. intermedia : among the five loci (Figure 6). At DMG-CA and TMI-
AGC, both NcA and NiA were highly variable and hadThe following intraspecific analyses were restricted to

the two species with sufficient samples sizes, N. crassa overlapping repeat allele ranges in contrast to the non-
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fit, the proportion of multistep mutations was substan-
tial (0.11) only for the DMG-CA locus in NcA. However,
the gap between the smaller and larger alleles in the
DMG-CA allele distributions in NcA (Figure 6) may not
have been caused by multistep mutations. Rather, this
gap may reflect the presence of two genealogical lin-
eages of DMG-CA within NcA (see Figure 1), with differ-
ent allele distributions for each genealogical lineage.

Mutation rates: The population mutation parameter
� (� � 2N�) can be estimated from data from each
microsatellite locus. Because our loci were sampled
from the same set of individuals, effective population
size (N) was constant across loci within species, allowing
us to directly compare relative mutation rates (�) of
loci. The �-per-microsatellite locus in NcA and NiA was
estimated using a likelihood approach (Nielsen 1997;
Tables 6 and 7). QMA-CTTTT and QMA-TGG were
omitted from NiA calculations because they were not
variable.

Microsatellite � values, and therefore mutation rates,
differed by an order of magnitude across loci within the
same species (Table 7). In both NcA and NiA, � for
DMG-CA 	 TMI-AGC 	 TML-ATC. On average, micro-
satellite �’s for NcA were 77% greater than those for
NiA, but this difference could be due to other factors,
such as differences in effective population sizes of the
two species.

The flanking regions were sampled from the same
set of individuals as the microsatellites were, allowing
for the comparison of the relative mutation rates of the
two different, yet physically linked, DNA types. The �
per base pair of flanking DNA (Table 7) was estimated
from the numbers of segregating sites (S ; Watterson
1975). The ratio of microsatellite to flanking-sequence
� was quite variable among loci and between NcA and
NiA. Interestingly, microsatellite �’s were on average
�2500 times greater than flanking-sequence �’s for both
NcA and NiA (2514 and 2498 times, respectively).
Therefore, slippage rates of the microsatellites were
�2500 times greater than the substitution rates of the
nonrepetitive flanking DNA.

Figure 4.—Variance in repeat number plotted over maxi-
mum repeat number for comparisons at three genealogical DISCUSSION
depths: (A) Flanking-sequence variants (n � 32 variants). (B)
Intraspecific (n � 37 species-by-locus combinations). (C) En- An advantage to a sequence-based study of microsatel-
tire sample (n � 13 loci). In all cases, the two variables are lite evolution is that the historical relationships among
significantly correlated.

microsatellite alleles can be determined independently
of their repeat number by the phylogenetic analysis of
molecular variation observed in the flanking regions.overlapping distributions at TML-ATC. At both QMA-

TGG and QMA-CTTTT, NiA was fixed for a single repeat The microsatellites and their associated flanking regions
share the same evolutionary history and lines of descentallele, whereas NcA was much more variable. To deter-

mine whether these distributions were more consistent due to their physical linkage. Much is known about
the evolution of regular nonrepetitive DNA, allowingwith evolution under the SMM or TPM, we applied the

likelihood method of Nielsen (1997) to the five loci in confident reconstructions of the genealogical relation-
ships among the different variants of flanking sequence.each species. The SMM fit the data better than the TPM

for 8 of the 10 locus-by-species combinations (Table 6). Without flanking-sequence information, the phyloge-
netic affinities of microsatellite alleles can be deducedFor the two comparisons in which the TPM was a better
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Figure 5.—Examples of
adjacent and nonadjacent
repeats with imperfections
that have been duplicated
within the same microsatel-
lite allele. The duplicated
repeat units with imperfec-
tions are in boldface type
and underlined.

only from number of repeats, which may be a poor the same genomic region could differ drastically in vari-
ability (e.g., T7L-ACA and T7L-CGA) provided furtherindicator of true relationships among long-diverged al-

leles. Placing the microsatellite mutations in the phylo- evidence that genomic placement does not determine
the variability of a particular microsatellite.genetic context of the more slowly evolving flanking

regions reveals the complexities of the evolutionary dy- Microsatellite variability also differed among species,
suggesting a possible species effect due to differencesnamics of microsatellites. Intensive sequencing of the

flanking regions provided novel approaches to the esti- in effective population size or genome-wide mutation
rates. However, no consistent species effects were de-mation of microsatellite mutational saturation and rela-

tive rates of mutation. tected, as exemplified by the fact that N. intermedia could
be highly variable at one microsatellite, yet nearly mono-The sampling scheme of this study provided another

novel approach: investigating microsatellite evolution morphic at another.
Of all the factors examined, the best predictors ofat multiple genealogical depths and levels of divergence.

By sampling multiple copies of the same flanking- microsatellite variability were mean and maximum re-
peat number. The association of increased variance withsequence variant, the recent history of microsatellite

evolution could be investigated. By sampling a moderate increased repeat number was quite robust and signifi-
cant across all three genealogical depths (flanking-number of individuals from two species, N. crassa and

N. intermedia, some species-level questions could be ad- sequence variants, intraspecific, and entire sample; Fig-
ure 4). These findings are consistent with other studiesdressed. Including representatives from six other Neuro-

spora species permitted comparisons of microsatellite that have found a significant positive relationship be-
tween variance and repeat number at single genealogi-evolution at a much deeper scale. The sampling scheme

also allowed the conclusions drawn from the five inten- cal depths (Goldstein and Clark 1995; Innan et al.
1997; Hutter et al. 1998; Neff and Gross 2001). Similarsively sampled microsatellite loci to be challenged by

analysis of eight modestly sampled microsatellite loci. to results reported by Goldstein and Clark (1995),
variance in repeat number was best correlated with max-Microsatellite variation: Nearly every study that has

compared multiple microsatellite loci has reported dif- imum repeat number. Several studies examining indi-
vidual mutational events have also found that allelesferences in the levels of variability among loci (e.g., Di

Rienzo et al. 1994; Estoup et al. 1995a; Garza et al. with larger numbers of repeats are more likely to mutate
than alleles with fewer numbers of repeats (e.g., Weber1995; Innan et al. 1997; Harr et al. 1998b; Schug et al.

1998). This study of microsatellites in Neurospora was and Wong 1993; Wierdl et al. 1997; Primmer et al.
1998; Schug et al. 1998; Ellegren 2000a; Vigourouxno exception. The question is, Why are some loci more

variable than others? The usefulness of microsatellite et al. 2002; Shinde et al. 2003).
This association is believed to exist for two reasons.loci, regardless of their application, is dependent upon

their variability. As such, it was this characteristic of During DNA replication, longer stretches of repeated
units pose more of a problem to polymerase than domicrosatellites that we were most interested in pre-

dicting. shorter stretches, making longer alleles more prone to
slipped-strand mispairing. In addition, larger numbersIt is possible that microsatellites in genomic regions

with higher mutation rates may show higher variability; of repeats provide more opportunities for misalignment
during the reannealing of the nascent strand (see Eisenhowever, the microsatellites and flanking regions exam-

ined here clearly evolve with different mutational dy- 1999). Extending the above arguments, there is ex-
pected to be a rough threshold of minimum repeatnamics. Microsatellite variability was not correlated with

flanking region variability, demonstrating that microsa- number below which a microsatellite is not likely to
mutate or be variable. On the basis of the data presentedtellite mutation rates are affected by different factors

than are substitution rates in flanking regions. This here, microsatellites are expected to be variable within
a Neurospora species if they have a maximum �7.70study reports the first detailed investigation of the evolu-

tion of multiple, physically linked microsatellites. The and/or a mean �5.08 repeats. Other studies also have
concluded that such a threshold exists (e.g., Messier etfact that tightly linked microsatellites embedded within
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netic signal due to excessive homoplasy. Although the
resolving power of microsatellites decreases with in-
creasing divergence among groups, some studies have
used these markers to estimate phylogenetic relation-
ships among species (Harr et al. 1998a; Petren et al.
1999; Fisher et al. 2000; Alvarez et al. 2001; Irion et
al. 2003). These studies have had mixed results, in that
microsatellite-based phylogenies do not necessarily
agree with phylogenies based on other types of data.

Comparing the microsatellite-based trees with the
previously reported interspecific phylogeny based on
flanking sequences (Dettman et al. 2003a) allowed us
to evaluate the phylogenetic utility of the microsatellites.
The microsatellite loci we examined typically reached
mutational saturation at flanking-sequence genetic dis-
tances that were less than genetic distances among spe-
cies, and overlapping allele distributions among species
were common. The high levels of interspecific homo-
plasy cast serious doubt on the efficacy of these microsa-
tellites to reconstruct the phylogenetic relationships
among Neurospora species, and trees constructed from
the microsatellite data were not congruent with trees
constructed from flanking-sequence data. These species
have been evolving independently long enough for mu-
tational saturation to have degraded the phylogenetic
signal of microsatellites.

Given that microsatellite variability is dependent upon
length, relatively short microsatellites may provide bet-
ter resolution for the construction of interspecific phy-
logenies. However, it is unlikely that researchers could
specifically choose microsatellites of the ideal length
because loci are typically isolated from a single focal
species, which may not be representative of the other
species in the genus.

Mapping repeat alleles onto the genealogies of the
flanking regions demonstrated that different flanking-
sequence lineages within the same species can indepen-
dently mutate to the same repeat allele, confirming
microsatellite allelic homoplasy. Considering that mi-
crosatellites mutate at least three orders of magnitude
faster than nonrepetitive DNA, two of the same repeat
alleles that are embedded within different flanking-
sequence variants are likely to be homoplastic. In fact,
even identical repeat alleles associated with the same
flanking-sequence variant may not be identical by de-

Figure 6.—Frequency distributions of repeat alleles at five scent because back mutations erase the evidence of pre-
microsatellite loci in N. crassa subgroup A (NcA) and N. interme- vious mutations. When the sequences of the repeatdia subgroup A (NiA). Note that the x-axis is noncontinuous

arrays were considered, homoplasy was reduced becausefor some loci.
imperfect repeats can be used to distinguish among
alleles with the same number of repeats. The substitu-
tion acts as a landmark for alignment and reveals if theal. 1996; Rose and Falush 1998; Lai and Sun 2003;

Shinde et al. 2003). For example, by examining slippage same or different stretch of perfect repeats underwent
slippage. The abundance of substitution mutationsduring PCR, Shinde et al. (2003) estimated that the

threshold was between four and eight repeats. within the repeat arrays also demonstrated that microsa-
tellite descriptors such as “perfect” and “imperfect” mustPhylogenetic utility of microsatellites: The ultimate

consequence of extended periods of evolution via be considered relative terms in reference to a particular
group. Even though intraspecific variation is known toslipped-strand mispairing is deterioration of phyloge-
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TABLE 6

Results of likelihood-ratio tests comparing the fit of two mutational models to the data

SMM TPM
Log L

Locus Species � Log L(�) � P a Log L(�) differenceb Best model

DMG-CA NcA 105.47 �64.92 38.99 0.11 �40.69 24.23** TPM
NiA 46.94 �39.51 50.88 0.03 �42.06 2.55* SMM

TMI-AGC NcA 30.92 �25.11 35.77 0.03 �26.11 1.00 SMM
NiA 25.36 �30.42 26.56 0.03 �28.37 2.05* TPM

TML-ATC NcA 14.51 �14.96 12.78 0.00 �15.14 0.18 SMM
NiA 1.28 �8.40 1.14 0.00 �8.40 0.00 SMM

QMA-CTTTT NcA 112.44 �79.02 117.12 0.10 �80.68 1.66 SMM
NiA 0.00 NA 0.00 0.00 NA NA SMM

QMA-TGG NcA 23.87 �28.53 41.41 0.05 �27.71 0.82 SMM
NiA 0.00 NA 0.00 0.00 NA NA SMM

*P � 0.05; **P � 0.005.
a Estimated proportion of multistep mutations.
b One model fit the data significantly better than the other if twice the difference in log likelihood values

was 	3.84 (
2, d.f. � 1).

be high, species-wide conclusions are commonly drawn population genetic study. Within species, the data pre-
sented here are consistent with microsatellite evolutionfrom the sequence information from a single individual.

This study underscores the importance of sampling mul- under the SMM with most mutational events involving
changes of a single repeat unit. For two species exam-tiple individuals from the same species.

Intraspecific analyses: Microsatellites have been shown ined, the estimated proportions of multistep mutations
were large enough to reject a strict SMM for only oneto be particularly useful for the investigation of popula-

tion genetics (Bruford and Wayne 1993; Goldstein of the five loci investigated in detail. In contrast to inter-
specific analyses, no evidence for significant microsatel-and Schlötterer 1999) and continue to increase in

popularity among most biological subdisciplines, in- lite mutational saturation within species was found, sug-
gesting that these microsatellites will be useful forcluding mycology (e.g., Bucheli et al. 2001; Fisher et

al. 2001; Zhou et al. 2001; Bergemann and Miller population genetic analyses. Although some intraspe-
cific allelic size homoplasy was detected, it is not pre-2002; Dunham et al. 2003). With this report, the first

to characterize microsatellite loci in Neurospora, micro- dicted to interfere with genetic distance or gene flow
calculations. The efficacy of a microsatellite genetic dis-satellites can now be typed from large population sam-

ples (Turner et al. 2001; Jacobson et al. 2004) and used tance to elucidate the true phylogenetic relationships
among populations is dependent upon realistic assump-to investigate the population biology and ecology of this

model filamentous fungus. We wanted to verify that tions of the mutation model. Because evidence suggests
that intraspecific allelic diversity has been generatedthese loci mutate in a manner consistent with the pres-

ently accepted models before initiating a large-scale mainly under the SMM, SMM-based genetic distances

TABLE 7

� estimates for five microsatellites and flanking regions

MicrosatelliteFlanking regions
Best �/flanking-sequence

Species Locus microsatellite � bp No. of sites �/bp �-ratio

NcA DMG-CA 38.99 379.7 12 0.00779 5005.13
TMI-AGC 30.92 445.9 23 0.01271 2432.73
TML-ATC 14.51 538.3 32 0.01476 983.06
QMA-CTTTT 112.44 463.4 62 0.03296 3411.41
QMA-TGG 23.87 486.4 60 0.03232 738.55
Five-locus mean 44.15 462.74 37.80 0.02011 2514.18

NiA DMG-CA 46.94 373.1 16 0.00949 4946.26
TMI-AGC 26.56 441.2 22 0.01104 2405.80
TML-ATC 1.28 537.6 22 0.00906 141.28
Three-locus mean 24.93 450.63 20.00 0.00986 2497.78
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such as (��)2 are appropriate for use in future popula- repeat number from electromorph length alone can be
problematic due to undetected homoplasy. While theretion genetic studies of Neurospora.

Mutation rates: The key feature of microsatellites as are clear benefits to determining repeat number directly
from sequence data, doing so requires an unreasonablymolecular markers is their hypermutability and, hence,

their hypervariability in species and populations. Micro- large amount of time and effort, even for population
genetic studies of moderate size. A practical approachsatellite mutation rates are estimated at 10�2–10�6/gen-

eration (Ellegren 2000b), which are several orders of would be to sequence a small number of representative
individuals from the groups under study to roughly as-magnitude greater than that of regular nonrepetitive

DNA (�10�9, Li 1997). We found that microsatellite sess levels of variation in the flanking regions and likeli-
hood of allelic size homoplasy caused by insertion/dele-mutation rates were an average of �2500 times greater

than the mutation rates of the flanking DNA. The best tions. This approach would allow for the exclusion of
microsatellite loci that violate model assumptions orestimates of mutation rates in filamentous Ascomycetes

were performed by Kasuga et al. (2002). They estimated have complex mutational histories. Overall, it takes only
a modest amount of sequencing to elucidate the generalthat the mutation rate of noncoding DNA (introns) is

between 1.12 � 10�9 and 1.00 � 10�8 substitutions/ patterns of mutation and evolution at microsatellite loci.
Before starting a large-scale population study, we recom-site/year, consistent with general estimates from other

kingdoms. By simply multiplying the values of Kasuga mend performing preliminary analyses to determine if
the microsatellite loci are appropriate for addressinget al. (2002) by 2500, the average mutation rate of these

microsatellites is estimated to be between 2.80 � 10�6 the particular questions of interest.
and 2.50 � 10�5. Although these are rough estimates, We thank Hanna Johannesson, Takao Kasuga, Elizabeth Turner,
they are very similar to the microsatellite mutation rates and anonymous reviewers for critical review of the manuscript. We

also thank David Jacobson for advice and suggestions during theestimated for Saccharomyces cerevisiae (1.2 � 10�5, Krug-
course of this project. Funding for this research was provided by alyak et al. 1998) and Drosophila melanogaster (2.8 � 10�6,
grant to J.W.T. from the National Science Foundation. This article isKruglyak et al. 1998; 6.3 � 10�6, Schlötterer et al.
based in part on the Ph.D dissertation of J.R.D. at the University of

1998; 9.3 � 10�6, Schug et al. 1998). California, Berkeley.
Sequence data and assessment of microsatellite poly-

morphism: Microsatellite polymorphism in populations
typically is assessed by electromorph length alone, but
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