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Abstract The effects of factors known to influence the
level of polymorphism at microsatellite loci were studied
using 99 markers and seven lines of bread wheat.
Mutational factors as well as indirect selective events
shape diversity at these loci. Theory predicts that the
selection of favorable alleles should reduce polymor-
phism at neutral neighboring loci in genomic areas with
low recombination rates. In wheat, local recombination
rate is positively correlated with physical distance from
the centromere. Seventy four loci among the 99 used
could be physically located on the chromosome. We
studied how the following affected the diversity among a
set of inbred lines: the length of the alleles, the motif (CA
versus CT), the structure of the loci (perfect versus
imperfect) and the chromosomal position of the loci. For
each locus, we determined whether the polymorphism
observed at a locus was compatible with the Stepwise
Mutation Model (SMM) or the Two-Phase Model (TPM).
Both the mutation rate and the compatibility with the
SMM or the TPM were shown to be variable between
loci. Wheat microsatellite loci were found to be more
variable when segregating alleles were perfect and had
long motifs (composed of many repetitions). Diversity
observed at 19 loci was not compatible with the SMM.
Loci located in distal regions, with presumably high
recombination rates, had longer allele sizes and were
more polymorphic than loci located in proximal regions.
We conclude that both mutation factors and indirect
selective events vary according to the local recombination
rate and therefore jointly influence the level of polymor-
phism at microsatellite loci in wheat.

Introduction

Positive indirect selection (Maynard-Smith and Haig
1974), as well as background selection against deleterious
mutations, reduce locally the effective population size
(Charlesworth et al. 1993; Nordborg et al. 1996). Neutral
genetic diversity is hence expected to decrease in
genomic regions with low local recombination rates.
Polymorphism data based on either Restriction Fragment
Length Polymorphisms (RFLPs) or on nucleotide poly-
morphism surveys, fit the prediction of reduced polymor-
phism in low recombination regions in Drosophila
(Begun and Aquadro 1992), in humans (Nachman et al.
1998; Przeworski et al. 2000), in sea beets (Kraft et al.
1998), in several species of the genus Aegilops (Dvorak et
al. 1998a) and to a lesser extent in tomatoes (Stephan and
Langley 1998; Baudry et al. 2001). An alternative
explanation for the positive correlation between nucleo-
tide diversity and local recombination rates may also be
that there is increased mutation rates in regions with high
recombination rates (Marais et al. 2001; Lercher and
Hurst 2002). Recombination is expected to create new
RFLP profiles with a significant frequency (Timmermans
et al. 1996). Hence, different types of markers would
reveal different patterns of polymorphism across a local
recombination gradient depending on their propensity to
create new variants by recombination.

Microsatellite loci exhibit, on average, high mutation
rates (Jarne and Lagoda 1996), ranging from 10�6 up to
10�2 mutation events per generation (Weber and Wong
1993; Schug et al. 1997; Thuillet et al. 2002). Conflicting
findings were reported on the relationship between the
levels of polymorphism for microsatellite loci and the
variation in local recombination rates (Michalakis and
Veuille 1996; Schl�tterer et al. 1997; Schug et al. 1998;
Payseur and Nachman 2000; Kauer et al. 2002). Because
of high mutation rates, a positive correlation between the
level of neutral polymorphism and recombination rate is
expected to be observed under background selection but
possibly not under positive selection, as the fast regen-
eration of polymorphism at a neutral locus through
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mutation may erase the loss of diversity caused by
positive selection at adjacent loci (Wiehe 1998). There-
fore, microsatellite loci could potentially be used to assess
the relative importance of background selection and
hitchhiking in shaping the levels of diversity in different
genomic regions. However, variations in the mutation rate
and differences in the model of mutation among loci, may
obscure the expected correlation between polymorphism
and local recombination rate. First, new alleles can be
generated through different types of mutation involving
the gain/loss of a variable number of repeats in a single
mutation event (Di Rienzo et al. 1994). Next, mutation
rates at microsatellite loci are positively correlated with
allele length, measured by the number or repeats in the
microsatellite motif (Wierdl et al. 1997; Kruglyak et al.
1998; Schl�tterer et al. 1998; Xu et al. 2000) and the
number of bases in the repeated motif plays a role as well
(Ellegren 1995; Chakraborty et al. 1997). Mutation rates
can furthermore be modified depending on the structure
of the locus (perfect versus interrupted or compound)
(Brinkmann et al. 1998). Eventually, the way the diversity
is measured in microsatellite loci depends on the model of
mutation assumed for these loci. Under the Stepwise
Mutation Model (SMM), mutant alleles are created by the
addition or deletion of one repeat (Kimura and Otha
1978). In this case, the variance in allele length s2 at a
locus can be used to estimate the diversity q defined as
4Ne� with Ne the effective population size and � the
mutation rate. Indeed, 2s2 is equal to q under SMM
(Moran 1975). Under alternative models, like the Two-
Phase Model (TPM), mutant alleles also originate mostly
from single steps, but sometimes are created from
insertion or deletion of several repeated motifs (Di
Rienzo et al. 1994). If we consider two loci with an
identical scaled mutation rate, the variance in allele length
will be larger for a TPM locus than for a SMM locus, but
both loci are expected to have roughly the same number
of alleles per locus (Feldman et al. 1999). Polymerase
slippage during DNA replication is supposed to be the
main mechanism of mutation in microsatellites (Tachida
and Iizuka 1992), but recombination and gene conversion
have also been shown experimentally to be involved in
micosatellite mutations both in yeast (Jankowski and Nag
2002) and in wheat (Li et al. 2002). Variations in the rate
and model of mutation for microsatellite loci could
therefore be caused by variations in the recombination/
gene conversion rates. If this is true, it will be difficult to
differentiate the footprints of indirect selective events
from mere differences in mutation rates.

In wheat, it has been shown for the B genome that
local recombination rates increase dramatically with the
physical distance from the centromere (Lukaszewski and
Curtis 1993; Akhunov et al. 2003). Approximately 80%
of crossing over occurs within the distal regions, repre-
senting about 20% of the physical length of chromo-
somes. Dvorak et al. (1998a) showed in selfing species of
the related genus Aegilops that levels of polymorphism
revealed by RFLP markers were dramatically lower in
proximal regions than in distal regions. A recent study

found a positive correlation between the genetic distance
from the centromere and the number of alleles per
microsatellite locus in hexaploid wheat using 26 loci
(Huang et al. 2002). In our study, we examine the patterns
of polymorphism existing at 99 loci among seven lines
inbred of bread wheat. Our main objective was to
investigate the causes of variation in polymorphism at
microsatellite loci including both the intrinsic properties
of the locus and their position along the recombination
gradient of wheat chromosomes. The factors studied were
the allele length, the motif of the repeated array, the
structure of the repeated array (perfect vs interrupted), the
genome of origin (A, B, D), the model of mutation (SMM
vs TPM) and, when possible, the physical location on the
chromosome was used as a predictor of local recombi-
nation rate.

Materials and methods

Plant material and microsatellite loci description

Ninety nine microsatellite loci, defined and genetically mapped by
R�der et al. (1998a), were amplified by PCR from genomic DNAs
of seven inbred lines of bread wheat (Triticum aestivum ssp.
aestivum L.): Opata, Chinese Spring, Courtot, Renan, Recital,
Eureka and Arche. DNA extraction and amplification conditions
described by R�der et al. (1998a) were used. The polymorphism
was revealed by polyacrylamide gel electrophoresis followed by
silver staining. We determined the length of each allele in base
pairs from which we deduced the number of repeats per allele. All
loci had di-nucleotide motifs: 18 were (CA)n, 48 were (CT)n and 33
were imperfect (i.e. presented an interruption in their repeated
sequence) (Table 1).

Chromosomal location of the loci

The physical position of each locus was determined by finding
common markers between physical maps, and different genetic
maps obtained with the cross Synthetic Altar84/Ae. squarrosa #219
� Opata M 85 (Gill, Gill and Endo 1993; Hohmann et al. 1994;
Delaney et al. 1995a, b; Mickelson-Young, Endo and Gill 1995;
Nelson et al. 1995a, b, c; Van Deynze et al. 1995; Gill et al 1996a,
b; Marino et al. 1996; R�der et al. 1998a, b; Biagetti et al. 1999;
Boyko et al. 1999; Sarma et al. 2000; Qi and Gill 2001; Varshney et
al 2001; Cabrera et al. 2002; Faris and Gill 2002; Weng and Lazar
2002; Zhou et al. 2002; see also http://www.graingenes.org). In
some studies, the microsatellite markers studied here had been
directly assigned to chromosome intervals using deletions lines
(Endo and Gill 1996). In the other cases, close flanking genetic
markers, whose physical assignment were known, were used to
physically locate the microsatellite loci. When the two flanking
markers belonged to the same chromosome interval, the microsatel-
lite locus was assigned to this interval. If not, the most distant distal
and proximal breakpoints between the chromosome intervals of the
two flanking loci were retained as the boundaries of the chromo-
some interval in which the microsatellite was located. When a
microsatellite had only a flanking marker in a genetic proximal or
distal position, the interval was built, respectively, to span the
chromosome from the proximal or distal breakpoint of the interval
containing the flanking marker to the distal end or proximal end,
respectively, of the chromosome arm. When needed, the genetic
distance between markers was adjusted between studies differing in
their number of lines using linear regression on common markers in
the same chromosome arm. The chromosome intervals were
expressed in a relative fraction of chromosome arm length. The
physical position of each microsatellite locus was then estimated as
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the middle of the interval. When analysing the effect of the physical
position, we discarded any locus for which the interval was longer
than half of a chromosome arm. The main characteristics of the 99
microsatellite loci are summarised in Table 1.

Measures of diversity

Nei’s heterozygosity, He ¼ 1�
P

i
p2

1, where pi is the frequency of

the ith observed allele. The allele length variance s 2 was calculated

as ŝ2 ¼ 1
6

P7

i¼1
ri � r�ð Þ2, where ri was the number of repeats in the

Table 1 Genomic position and properties of the microsatellite loci
used in this study. L/S: long or short chromosome arm; FL:
boundaries in a relative fraction length of the chromosome arm on
which the locus was located (see text). Properties: first letter p/i for
perfect or imperfect structure; second criterion: motif of the

repeated array CT or CA, – for imperfect loci; third criterion: model
of mutation TPM (t) or SMM (s); asterisk (*) means that the locus
was used to study the relationship between different polymorphism
indices and the physical distance from the centromere

Chrom. location Xgwm FL Properties Chrom. location Xgwm FL Properties

1A L 99 0.83–1 p CA s * 4A L 160 0.66–1 p CT t *
S/L 135 0.52S–0.45L p CT t * S 4 0.63–1 i – s *
S 164 0.5–0.81 p CT s * S 601 0.63–1 p CT s *
S 136 0.9–1 p CT t * 4B L 495 0.1–0.41 p CT s *

1B L 153 0.69–0.87 p CT t * L 513 0.1–0.41 p CA s *
L 124 0.85–0.87 i – t * S 107 – p CT s
L 140 0.94–1 p CT t * 5A L 126 0.76–1 p CA s *
S 413 0.56–0.9 p CT s * L 179 0.76–1 p CA s *

1D L 458 0–0.76 p CA s S 415 0.67–1 i – s *
L 232 0.76–0.87 p CT s * 5B L 371 0–0.69 i – s
L 642 0.76–0.87 p CA s * L 408 0.76–1 i – s *
S 337 0–0.81 i – s L 604 0.76–1 p CT t *

2A L 312 0–0.77 p CT t S 213 0.56–0.71 p CT t *
L 328 0–0.77 p CA s S 335 0.56–0.71 i – s *
L 294 0.77–0.85 i – t * S 540 0.71–1 i – s *
L 445 0.76–1 p CT s * S 234 0.81–1 i – s *
S/L 122 0.47S–0.78L i – s * 5D L 174 0–0.76 p CT s
S 10 0–0.47 i – s * L 182 0–0.76 p CT s
S 275 0–0.47 p CT s * L 271 0–0.76 i – s
S 339 0–0.47 p CT s * L 583 0–0.76 p CA s
S 425 0–0.47 p CT s * L 212 0.76–1 p CT s *
S 558 0–0.77 p CA s L 272 0.76–1 p CA s *
S 372 0.36–0.78 p CT s * S 190 0.78–1 p CT s *
S 614 0.78–1 i – s * S 358 0.78–1 i – s *
S 636 0.78–1 i – s * 6A L 427 0.9–1 i – s *

2B L 55.2 0–0.69 i – s L 570 0.9–1 i – s *
L 120 0.65–0.69 i – s * S 334 0.65–0.99 p CT s *
L 388 0.65–0.69 i – s * 6B L 626 0–0.4 i – t *
S 374 0.4–0.56 p CA t * L 219 0.4–0.76 i – s *
S 148 0.56–0.73 p CA t * S 193 0–0.25 i – t *
S 257 0.83–0.89 p CA s * S 361 0–0.25 i – s *
S 210 0.83–1 p CT s * S 70 0–0.25 i – s *

2D L 157 0.26–0.58 p CT s * S 613 0.68–1 p CT t *
L 539 0.66–0.76 p CT s * 6D S 469 0.79–1 p CT s *
L 311 0.94–1 p CT s * S 325 0.79–1 p CT s *
S 102 0.36–0.47 p CT s *
S 261 0.41–0.89 p CT t *

3A L 674 - i – s 7A S/L 260 0.88S–0.8L p CT s *
S 2 - p CA s S 130 0.73–0.84 p CA s *

3B L 533 - p CT t S 233 0.84–1 p CT s *
L 181 0.8–1 p CT s * S 60 0.84–1 p CA s *
L 247 0.8–1 p CT t * S 635 0.84–1 i – s *
L 340 0.8–1 p CT s * 7B L 333 0–0.84 p CT s
S 285 0.2–0.33 p CT s * S 297 0.27–1 i – s
S 284 0.2–0.39 p CT s * S 400 0.73–1 p CA s *
S 566 0.2–0.39 i – s * S 537 0.73–1 i – s *

3D L 52 0–0.78 i – s 7D L 44 0–0.1 p CT s *
L 645 0.65–1 i – s * L 437 0–0.14 p CT t *
L 664 0.65–1 p CT s * S 295 0–0.82 p CT s
S 2d 0–0.87 p CA s
S 161 0.39–1 p CT s
S? 341 0–0.87 p CT s
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allele of the ith wheat line, r. the average of ri over the seven lines.
The number of different alleles at a locus detected in the sample
was noted as k.

Data analysis

The effects of different factors on the three diversity statistics (He,
s2 and k) were studied using linear regression or ANOVA (SAS
1999). These factors included the mean allele length, the structure
of the alleles (perfect versus imperfect), the motif of the repeated
array in the case of perfect loci (CA vs CT), the model of mutation
(SMM vs TPM, see below), the genome of origin (A, B, D) and,
when applicable, the physical location of markers. For this latter
factor, the analysis was performed on diversity indexes and allele
length, as well as on residues of a multivariate regression carried
out to remove the effect of the other listed factors, i.e. the mutation
model, the motif, structure and genome origin.

Determination of the model of mutation

The principle was to determine the mutation model of the loci using
jointly the number of alleles and the variance in allele length
observed in the sample of seven inbred lines. Under a strict SMM,
the values of k and s2 follow a joint distribution that is completely
specified by the genetic diversity q (4Ne�) of the sampled
population and the sample size (here seven). Under a TPM, k can
take comparatively lower values when s2 has high values if
mutations involving large changes in allele length occur at a
reasonable frequency. The joint distribution of k and s2 observed in
a sample of seven lines for loci mutating under a SMM can be
obtained “empirically” by using a large set of simulated indepen-
dent samples drawn from populations spanning a large range of q
values. Actual loci, whose observed paired values of k and s2

would not fall within a confidence area (comprising 99% of the
probability mass of the simulated distribution), are considered as
non-SMM mutating loci (or accepted as TPM mutating loci).
Instead of simulating populations followed by the sampling of
seven lines, a coalescent procedure was used to directly simulate
samples drawn within populations undergoing complete selfing at
mutation-drift equilibrium, with known q values (Donnely and
Tavar� 1995). The coalescent process has been shown to describe
the genealogical history of genes in finite populations and to allow
efficient simulations of numerous independent population samples
(Hudson 1990). To determine the range of values of q to simulate
samples compatible with our real data set, we estimated its value on
the 99 loci using q̂, an estimator based on the expected number of
alleles, E(k), observed in a sample of size n. q̂ is the solution of

E kð Þ ¼
Pn�1

i¼0

q̂
q̂þi

(Ewens 1972). q̂ estimates ranged from 1 to 20.

Therefore we simulated samples with values of q ranging from 1 to
20 by a step of 1. We verified that higher values (until q̂ ¼ 100) did
not substantially change the results of our test (data not shown).

One thousand independent samples of seven individuals were
simulated for every parametric value of q. In each case, two
mutation models were simulated: a perfect Stepwise Mutation
Model to build the confidence area of the paired value of k and s2,
and a Two-Phase Model (TPM) as an illustration. For simulating
this TPM, a proportion of 0.80 (p) of the mutations were single steps
as in a perfect SMM and a proportion of 0.2 increased or reduced the
allele length of x repeats, where x was drawn at random from a
geometric distribution of parameter a, whose value was set to 0.15.
This value for a resulted in a mean variation of about six repeats.
The values used for p and a were consistent with values proposed by
Di Rienzo et al. (1994) to fit actual polymorphism data.

The confidence area was built as follows. Under the SMM and
for the range of q values used, the simulated samples were grouped
according to their observed k values. For each value of k, a
confidence interval, including 99% of the simulated s2 values of
that group, was defined. A similar confidence interval was built

under the simulated TPM. We rejected the SMM assumption for
any locus with a s2 value lying out of the 99% confidence interval
(given the observed k at this locus).

Results

Models of mutation

In our simulations, the allele-size variance (s2) increased
with the number of alleles per locus (k), until a maximum
of five alleles per locus, under both models of mutation.
For each value of k, s2 was on average higher for the
TPM than for the SMM and the region simulated under
the TPM included the region simulated under the SMM
(see Fig. 1). The standard deviation of allele sizes (s) was
used instead of the variance in allele length (s2) for
graphical convenience in Fig. 1. Nineteen out of the 99
loci were lying outside of the 99% confidence area
defined under the SMM and were located in regions
compatible with the simulated TPM (Fig. 1). These 19
loci were considered to be TPM mutating loci while the
remaining 80 were accepted as SMM mutating loci. The
model of mutation was evenly distributed among perfect
and imperfect loci (c2=1.59, df=1, P=0.20). The reparti-
tion of loci into these two classes (SMM vs TPM)
explained 45% of the variation of s2 (ANOVA, P<10�4),
while no significant differences were observed in k or in
He on the 99 loci. However, He and k values were higher
in TPM perfect loci than in SMM perfect loci (He: 0.68 vs
0.54, P<0.03, and k: 4.13 vs 3.35, P<0.07). Using loci
located in the physical interval spanning less than half a
chromosome arm, no difference was detected in the
repartition along the chromosome between the TPM and
SMM loci, the average physical distance from the
centromere of TPM loci being very similar to that of
SMM loci (TPM 0.67 n=16, SMM 0.70 n=58).

Fig. 1 Standard deviation in allele size (y axis) versus the number
of alleles (x axis). Each point represents the actual data for a locus.
The dotted line represents the space occupied by 99% of the
expected values obtained by simulation under a SMM. The full line
represents the space occupied by 99% of the expected values
obtained by simulation under the TPM with specified parameters
(see the text: P=0.8; a=0.15)
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Effect of the length of the alleles on the diversity

Among the 99 loci studied, a positive correlation was
found between the mean number of repeats over the seven
wheat lines (hereafter referred as allele length) and the
diversity He (P<0.01, R2=0.07), the number of alleles k
(P<0.001, R2=0.12) and the variance in allele length s2

(P<0.001, R2=0.12). For perfect loci, allele length
explained 13% and 14% of the total variation of He and
k, respectively, and accounted for 31% of the variation of
s2. Among imperfect loci, allele length was significantly
correlated with only the number of alleles (P<0.03).
Imperfect loci had longer alleles than perfect loci
(ANOVA, 22.5 vs 29 repeats, P<0.001), but they did
not have significantly higher He, k or s2 values than
perfect loci, and these latter values showing even slightly
higher values than imperfect loci.

Factors affecting the allele length

The microsatellites of the D genome were significantly
shorter than those of the A and B genomes (B genome:
26.5 repeats, A: 25.6 and D: 21.1, ANOVA P<0.04,
R2=0.06) but had the same level of polymorphism since
no differences were observed among the three genomes
for He, k and s2 .

For the 99 loci, allele length was not significantly
higher in TPM loci (28.4 repeats) than in SMM loci (23.8
repeats, P<0.08, using a Student test accounting for
different variances in allele lengths in the two categories).
However, when only perfect loci were considered, TPM
loci had a longer allele length than SMM loci (27.6
repeats vs 21.1, P<0.02). Part of the differences in He and
k between the TPM and SMM perfect loci reported above
may be therefore explained by the difference in their
allele length. Yet, according to regression between allele

length and k, a difference of 6.5 repeats would account for
a difference of only 0.4 alleles, i.e. approximately 50 % of
the actual difference observed in k between TPM and
SMM (0.78). Consequently, the model of mutation may
cause variation in polymorphism level at microsatellite
loci independently of its influence on the average allele
length.

Motif affects perfect microsatellite loci diversity
independently of allele length

In perfect loci, CA microsatellites had significantly fewer
alleles and lower heterozygosity levels than CT mi-
crosatellites (Table 2). The relationship between allele
length and locus diversity was similar for the two motifs:
in CA microsatellites, the gain in k per added repeat was
0.077, which was similar to that of CT (0.044), both gains
being significant. Hence, only a small part of the
difference in k (0.17) between the motifs could be
explained by their slight, but not significant, difference in
allele length (2.8 repeats between CA and CT loci,
Table 2). The actual difference in allele number between
the motifs was around 0.96, i.e. 5-times higher. This
suggests that the motif itself has an intrinsic effect on loci
diversity.

Effect of the physical position of the locus on their mean
allele length and polymorphism level

Seventy four loci were eventually located within a
chromosome interval spanning less than half a chromo-
some (Table 1) and were kept for further analysis. On raw
data, the physical distance from the centromere was
significantly and positively correlated to the allele
number and the allele length. The correlation was close

Table 2 Effect of the motif on
diversity parameters and on the
allele length for 66 perfect mi-
crosatellites. He: Nei’s hetero-
zygosity, s2: variance in repeat
number (see methods for defi-
nitions)

Item He Number of alleles (k) s2 Number of repeats

CT (n=48) 0.62 3.79 47.1 23.4
CA (n=18) 0.49 2.83 25.2 20.1
R2 0.07 0.12 0.02 0.04
P <0.04 <0.005 0.31 0.11

Table 3 Effect of the physical distance from the centromere of
microsatellite loci on their variation in mean allele length and
heterozygosity level He, the number of alleles per locus k and the
variance in allele length s 2 (regression on 74 loci). The regression
was carried out (1) on raw data, (2) on residual values (residuals I)

of He, k and s 2 obtained by ANOVA declaring as controlled
factors structure of the locus, genome origin and model of mutation,
and (3) on residual values of He, k and s 2 obtained by an ANOVA
with the same factors as “Residual I” and using allele length as a
covariate

Effect of the physical distance from the centromere He k s 2 Mean length

Raw data R2 0.05 0.058 0.002 0.064
P P<0.06 P<0.04 P>0.65 <0.03

Residuals I R2 0.06 0.07 0.02 0.11
P <0.04 <0.02 >0.35 P<0.01

Residuals II R2 0.02 0.03 3.10�4

P >0.2 >0.15 >0.8
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to significance for He (Table 3) and no effect of the
physical distance was detected on s2. Yet, the variation in
He, k and allele length was moderately explained by the
distance from the centromere. The model of mutation, the
motif, the structure and the genome origin of the allele,
have been previously shown to be involved in the
variation of He, k, s2 and allele length. Therefore we
used a multifactorial analysis of variance to remove their
effect. We first verified that (i) the model of mutation of
the loci (TPM vs SMM), (ii) their motif and structure
pooled in a unique factor (imperfect, perfect-CA, perfect-
CT) and (iii) their genome origin (AB vs D) were not
correlated with their physical location, thereby producing
no confounding effect with physical distance from the
centromere (ANOVAs, data not shown). The residual
values of He, k, s2 and allele length obtained after the
multifactorial analysis were then regressed against the
physical distance from the centromere (Table 3). The
correlation between physical distance from the centro-
mere with residuals increased in comparison to raw data
for all variables. Particularly, the correlation between
physical distance from the centromere and allele length
rose dramatically, as the determination coefficient of
regression increased from R2=0.06 to R2=0.11. As allele
length and physical distance appeared to have partly
confounding effects on genetic diversity, the allele length
effect on He, k and s2 was in turn removed before again
regressing against the residual values for the physical
distance from the centromere. The physical distance from
the centromere no longer had any significant effect on He
or k, the determination coefficient being reduced by more
than 50% (Table 3). The opposite was not true as allele
length still explained significant variation in He, k and s2

when the effects of the distance from the centromere and
other factors were removed (data not shown). In brief, we
conclude that the loci in more proximal regions were on
average shorter, had fewer alleles and a lower heterozy-
gosity level than loci located in more distal positions.

Discussion

In this study, a large number of microsatellite loci (99)
were used to survey the polymorphism in a sample of only
seven inbred lines of wheat. Diversity indexes, such as
He, are known to be more sensitive to a low number of
loci sampled than to a low number of individuals (see for
instance Nei 1987, pp 179–181). Therefore, we believe
that our conclusions regarding the factors influencing
microsatellite diversity and allele length in wheat are
likely to be robust.

Differences in the mutation model across loci

Using a simulation procedure, 19 out of 99 loci exhibited
joint values of allele number and the variance in allele
length that were not compatible with a Stepwise Mutation
Model. Other tests allow detection of loci following a

TPM, but they require independent knowledge of the
demographic history of the populations sampled (Di
Rienzo et al. 1994). In our case, the test assumed a
mutation-drift equilibrium. The test could be inappropri-
ate if this assumption is not true. First, wheat, considered
as a population, could have experienced a bottleneck
during modern breeding. In this case, the number of
alleles k are expected to be reduced relative to both the
heterozygosity level He and the allele length variance s2

(Nei et al. 1975; Garza and Williamson 2001). The SMM
confidence area would have been over-estimated and
some TPM loci misclassified as SMM. Alternatively, if
wheat has undergone a dramatic demographic expansion
through the spread of agriculture, the resulting increase in
diversity would lead here to an underestimation of the
SMM area and a spurious assignation of some loci to the
TPM region. For a highly selected crop like bread wheat
and despite a huge apparent demographic size, the
number of effective reproductive individuals coming
from breeding nurseries for the past hundred years should
be much lower than the previous reproductive sizes
achieved when wheat was grown as landraces (Huang et
al. 2002), yet no dramatic reduction of diversity has been
observed in elite material since the first decades of the
20th century (Donini et al. 2000; Christiansen et al. 2002).
As our sample is mostly based on recent varieties, we
consider that a recent genetic bottleneck is a more likely
hypothesis to explain the patterns of diversity observed
here. We therefore have probably detected a minimum
number of loci evolving under a TPM.

Determining the mutation model of microsatellite loci
allowed us to explain most of the variation in s2 detected
among loci with similar number of alleles. If the
proportion of loci evolving under a TPM found here is
a good proxy for wheat and other organisms, estimators of
diversity and genetic distances designed specifically for
SMM microsatellites, as s2 is used here, should be
employed carefully. Actually, the allele number per locus
was the diversity measure most consistently and most
strongly correlated with the controlled factors investigat-
ed compared to other measures of diversity. This was also
observed in a previous study in wheat (Huang et al. 2002).
This parameter should therefore deserve more attention in
diversity studies.

From our data, no specific factor such as the physical
distance from the centromere or the nature of the repeated
array, clearly explained the distribution of TPM vs SMM
loci. This suggests that high recombination regions are
not prone to produce more TPM loci than low recombi-
nation regions. As perfect TPM microsatellite loci were
longer and more polymorphic than perfect SMM loci, it is
likely that their mutation rate is also higher.

Effect of allele length

It has been clearly shown from direct observations of
mutation events in different organisms that the mutation
rate of microsatellites increases with the length of the
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repeated array (Wierdl et al. 1997; Schl�tterer et al. 1998;
Ellegren 2000a; Xu et al. 2000; Vigouroux et al. 2002).
As an increase of polymorphism for loci with longer
repeated arrays was observed here, this phenomenon also
exists in bread wheat, our study being consistent with
previous results obtained on 26 loci (Huang et al. 2002).
Evidence for increased polymorphism at loci with longer
alleles was found on perfect microsatellites but was less
clear on imperfect ones, for which the number of alleles
(but neither He nor s2) was weakly correlated with the
allele size. As our sample contained only 33 imperfect
loci, this could have prevented us from detecting the
effect of length on their diversity level. This also suggests
that the purity of the repeats plays an important role in the
mutation process of microsatellites. Previous studies
showed that an interruption in the repeated array of
microsatellites tends to stabilise the loci (Brinkmann et al.
1998; Chigagure et al. 2000). For a given length,
imperfect microsatellites are thus expected to have lower
mutation rates and less polymorphism than perfect ones.
In our case, imperfect loci were longer than perfect ones
but the two categories had approximately the same level
of polymorphism. This would mean that they effectively
have a reduced mutation rate, compared to what would be
expected given their length.

The microsatellite loci in the D genome carried shorter
alleles on average than the loci located in the A and B
genomes. No significant reduction in allele number or in
Nei’s heterozygosity was observed in this study, whereas
in other studies the D genome had fewer alleles per locus
than the A and B genomes in Huang et al. (2002) and
more than the A genome in Zhang et al. (2002). The effect
of allele length on mutation rate could explain part of the
difference in genetic diversity observed in microsatellite
loci between the three genomes of wheat. Consequently,
mutation rates should be taken into account in studies
using these markers to investigate the effects of bottle-
necks due to the formation of hexaploid wheat through
interspecific crosses between the diploid Triticum tauschii
(D genome) and the tetraploid wheat Triticum turgidum
(A and B genomes), as well as the effects of geneflows
between T. tauschii, the tetraploid and hexaploid wheats
(Dvorak et al 1998b).

Motifs modify the mutation rate across loci independently
of the allele length

The 48 microsatellite loci with a CT motif had a higher
number of alleles and level of heterozygosity than the 18
loci with a CA motif. These results are consistent with the
trend reported in Huang et al. (2002) on four CA
microsatellite loci. As the distribution of motifs was
found to be homogenous with respect to the physical
distance from the centromere, the reduction in polymor-
phism observed at loci with a CA motif is not likely to be
due to the indirect effect of selection caused by recom-
bination restriction. This suggests a difference in the
mutation rate between the two types of microsatellites. An

estimation of this difference was computed assuming that
the mean effective size, Ne, of the two types of loci were
similar within each study, even if they could vary between
studies because of a much more extensive coverage of
genetic diversity in Huang et al. (2002). Thus, if qCA is the
estimation of genetic diversity for microsatellites with the
CA motif and qCT that for the microsatellites with the CT
motif, then the ratio qCT/qCA estimates the ratio of the
mutation rates of the two types of loci. Using Ewens’
estimator q̂ based on the number of alleles in a sample of
a given size (see methods), the ratio qCT/qCA was 2.1 in
our study and 2.2 in the Huang et al. (2002) study. This
consistent result suggests that CT microsatellites roughly
mutate twice as fast as CA microsatellites in wheat. We
furthermore suggest here that this difference in allele
number was not likely to be explained by a difference in
the length of the repeated array, since microsatellites with
a CT motif were only slightly longer than microsatellites
with a CA motif.

Recombination rate affects the diversity level
and allele length

In wheat, the genetic distance from the centromere is not
proportional to the physical distance from the centromere,
since most of the recombination takes place in the distal
part of the chromosomes (Lukazewski and Curtis 1993;
Gill et al. 1996a, b; Akhunov 2003). Thus the local
coefficient of exchange or recombination rate increases
from the centromere to the distal portion of the chromo-
somes. In this study, microsatellite loci showed more
genetic diversity in distal than in proximal regions. The
number of alleles per locus was the diversity index most
correlated with the physical distance from the centromere
(R2=0.07) and with the genetic distance from the centro-
mere as well (R2=0.23, Huang et al. 2002), whereas the
heterozygosity level appeared less affected. This confirms
that genetic diversity in wheat is reduced in low
recombination areas compared with high recombination
areas, as has been observed in closely relative Aegilops
species using RFLP (Dvorak et al. 1998a) and other
organisms (Begun and Aquadro 1992; Nachman et al.
1998; Kraft et al. 1998, Stephan and Langley 1998;
Przeworski et al. 2000; Baudry et al. 2001).

As recombination is reduced in proximal regions of the
chromosomes in wheat, indirect selection may lead to a
reduction of the genetic diversity of the neutral loci
located in this area (Nordborg et al. 1996). Nevertheless,
proximal regions in wheat are considered to be less gene-
rich than distal portions (Gill et al. 1996a, b), and as the
frequency of selection events is likely to depend on the
number of expressed genes, one could expect a decrease
in the intensity of selection from the distal region to the
proximal region of the chromosome. In this case, a low
recombination rate would have a reduced impact on the
decrease of neutral polymorphism. Actually, two argu-
ments can be given to explain that selective pressure is
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rather strong in proximal regions. First, there is only a
shallow increase in the number of restriction fragments of
expressed genes (ESTs) from the centromeric to the distal
region (Akhunov et al. 2003). Second, in yeast, genes that
are prone to give a lethal mutant, and hence submitted to
strong purifying selection, are concentrated in low
recombination areas (Pal and Hurst 2003). In wheat,
single-copy genes are more often found in low recombi-
nation regions (Akhunov et al. 2003) than in high
recombination regions, but no evidence has yet been
reported that mutants of these genes would be more lethal
than multi-copy genes.

An alternative but mutually non-exclusive explanation
for the relationship between polymorphism and distance
from the centromere may be that the mutation rate in
microsatellite loci is higher in distal regions than in
proximal ones. The microsatellites located in distal
regions had longer alleles than loci in centromeric
regions, the physical distance from the centromere still
explaining 11% of the total variation of the residual allele
length after accounting for the variation in allele length
due to the model of mutation, structure, motif and genome
origin. As longer alleles are expected to have compara-
tively higher mutation rates, distal regions should gener-
ate more mutant alleles at microsatellite loci, and
consequently, should be more polymorphic, as observed.
It is not clear if recombination by itself could play a role
in lengthening the repeated array of microsatellite alleles.
Genetic recombination and unequal crossing-over
(Jankowski and Nag 2002) have been suggested as well
as replication slippage (Tachida and Iizuka 1992) in
mutation models of microsatellite alleles, but under such
mechanisms, mutant alleles are not expected to become
longer than the ancestral one. The repartition of the model
of mutation of loci (SMM vs TPM) did not depend upon
the physical distance from the centromere and thus could
not account for the difference in allele length detected
between proximal and distal regions.

From our data, we were not able to identify a single
cause explaining the reduction of diversity in a low
recombination region, differences in mutation rates being
at least as likely as a selectively driven local reduction of
population effective size in wheat.

We showed that diversity at microsatellite loci depends
on numerous factors as diverse as the nucleotides
composing the repeated array, their structure, their
underlying model of mutation and their physical position
in the chromosome. Some of these factors, like the motif,
are clearly intrinsic properties of the locus, whereas
others, like physical location, are external factors of
variation. Other factors such as the allele length could be
the result of the interaction of intrinsic and external
factors, since allele length was found to depend on the
model of mutation as well as the physical location. The
integration of this knowledge in analysing patterns of
diversity at microsatellite loci should improve the evolu-
tionary interpretation of their polymorphism.
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