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Abstract. Microsatellite DNA sequences have be-
come the dominant source of nuclear genetic markers for
most applications. It is important to investigate the basis
of variation between alleles and to know if current as-
sumptions about the mechanisms of microsatellite muta-
tion (that is to say, variations involving simple changes
in the number of repeat) are correct. We have character-
ized, by DNA sequencing, the human alleles of a new
highly informative (CA)n repeat localized approximately
20 kb centromeric to the HLA-B gene. Although 12 al-
leles were identified based on conventional length crite-
ria, sequencing of the alleles demonstrated that differ-
ences between alleles were found to be more complex
than previously assumed: A high degree of microsatellite
variability is due to variation in the region immediately
flanking the repeat. These data indicate that the muta-
tional process which generates polymorphism in this re-
gion has involved not only simple changes in the number
of dinucleotide CA repeats but also perturbations in the
nonrepeated 58 and 38 flanking sequences. Three families
of alleles (not visible from the overall length of the al-
leles), with presumably separate evolutionary histories,
exist and can yield to homoplasy of size. Effectively, we
can observe alleles of the same size with different inter-
nal structures which are separated by a significant
amount of variation. Although allelic homoplasy for non-
interrupted microsatellite loci has been suggested be-
tween different species, it has not been unequivocally
demonstrated within species. A strong association is
noted between alleles defined at the sequence level and
HLA-B alleles. The observation of several families of

alleles at the population level provides information about
the evolutionary history and mutation processes of mic-
rosatellites and may have implications for the use of
these markers in phylogenetic, linkage disequilibrium
studies, and gene mapping.
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Introduction

Microsatellite loci are short tandem arrays of DNA
widely dispersed throughout the nuclear genome in eu-
caryotes. They are often highly polymorphic due to
variation in the number of repeat units (Weber and May
1989; Weber 1990; Kashi et al. 1990; Henderson and
Petes 1992). Microsatellites provide a major source of
molecular markers for population genetics (Deka et al.
1991, 1995; Crouau-Roy et al. 1993; Slatkin 1995), evo-
lutionary studies (Bowcock et al. 1994; Goldstein et al.
1995), linkage analysis (Todd et al. 1991; Dietrich et al.
1992), and human gene mapping (Weissenbach et al.
1992).

However, the precise nature of mutations of micro-
satellite sequences and how they evolve in natural popu-
lations are far from clear. It seems likely that slippage
during replication is one of the causes of the observed
length polymorphism (Strand et al. 1993; Weber and
Wong 1993). New experimental and analytical data
(Schlötterer and Tautz 1992; Henderson and Petes 1992;
Sirugo et al. 1992; Oudet et al. 1993; Valdes et al. 1993)
suggest that the population genetic process able to ac-
count for the distribution of allele frequencies is loss orCorrespondence to:B. Crouau-Roy; e-mail bcrouau@cict.fr
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gain of generally one repeat unit at a time (consistent
with a ‘‘stepwise mutation’’ model). Di Rienzo et al.
(1994) introduced a two-phase mutation model, in which
most mutations are single-step changes, but rare large
jumps in repeat number also occur, a model supported by
empirical evidence (Farber et al. 1994) and by direct
analysis of new mutant alleles in pedigrees (Chung et al.
1993; Zhong et al. 1993; Shibata et al. 1994; Wooster et
al. 1994).

It is important that the assumption of microsatellite
variability due to simple repeat variation be tested be-
cause microsatellites have become the markers of choice
for population genetic studies and are highly informative
markers for multigenic and multifactorial diseases and
human linkage studies. Garza et al. (1995) and Blanquer-
Maumont and Crouau-Roy (1995) showed that differ-
ences between alleles of different species are not always
attributable to change in the number of repeat units but
also may be due to changes in the composition of the
repeat element or to insertions or deletions of sequence
flanking the repeats. At the intraspecific level, there is a
lack of data relating to microsatellite structure; the pre-
vious studies concern allele structure of interrupted or
compound microsatellites (Adams et al. 1993; Urquhart
et al. 1993; Estoup et al. 1995). We identified a new
(CA)n repeat from the human major histocompatibility
complex region (MHC) near the HLA-B gene and ana-
lyzed its polymorphism and the association with HLA-B
in a sample consisting of unrelated individuals already
typed for the HLA-B gene and in reference panels of
HLA-typed cell lines (Abraham et al. 1993). Assump-
tions about the mechanisms of microsatellite mutation
were tested by direct sequencing of different alleles, and
particularly alleles of identical size but associated with
different HLA-B alleles.

Materials and Methods

The microsatellite, called MIB, was identified in the clone 17.1, de-
scribed by Geraghty et al. (1992), which includes the pseudogene HLA
17. Its position, established by DNA sequence analysis, is about 20 kb
centromeric to HLA-B.

DNA Analysis.We analyzed a total of 110 DNA samples from
HLA-typed individuals distributed as follow: 45 unrelated French Cau-
casoids, 43 cell lines from the cell panel of the 4 Asia Oceania Histo-
compatibility Workshop (4AOH, 1993) (some of which were studied in
the 10th International Histocompatibility Workshop, 10IHW), and two
families (a nuclear family of ten individuals from European Collection
Biomedical Rechearch [ECBR, 1992] and a three-generation family of
12 individuals from CEPH [Centre d’Etude du Polymorphisme Hu-
main]). DNA was isolated from lymphoblastoid cell lines or peripheral
blood leucocytes.

Repeat-flanking oligonucleotide primers were synthesized as fol-
lows: MIB(A): 58CTACCATGACCCCCTTCCCC 38 MIB(B):
58CCACAGTCTCTATCAGTCCA 38.

The PCR reactions were performed using end-labeled oligonucleo-
tide primers in a final reaction volume of 25ml with 50 ng genomic
DNA, 4 ml dNTP (1.25 mM), 1.5 mM MgCl2 (final concentration), 25

pmol cold forward primer, 17.5 pmol cold reverse primer plus 0.04
pmol end-labeled reverse primerg[32P]ATP, 0.5 U Taq polymerase
(Promega) in a total volume of 25ml. After initial denaturation for 5
min at 95°C, amplifications were carried out in an automated DNA
thermal cycler (Perkin Elmer 480) for 30 cycles consisting of 1 min at
95°C, 1 min at 55°C, and 1 min at 72°C with a final extension of 4 min
at 72°C. A 5-ml aliquot of each reaction was analyzed on a 6% dena-
turing polyacrylamide (sequencing) gel and alleles were visualized by
autoradiography on XAR (Kodak). A sequencing ladder was used to
determine size differences between alleles.

Microsatellite Sequencing.The DNA sequences of different mic-
rosatellite alleles were determined. Fragments were amplified from
genomic DNA by PCR in nonradioactive 50-ml reactions (conditions as
above). The amplified products were ligated into a TA cloning vector
(Invitrogen) and cloned into DH5a-competent cells. Plasmid DNA
was extracted and purified using Wizard Minipreps (Promega). The
nucleotide sequencing of double-stranded DNA was carried out by the
dideoxytermination method (Sanger et al. 1977) using T7 DNA poly-
merase (Pharmacia). We sequenced several clones for each French
individual to eliminate the errors resulting from Taq polymerase mis-
incorporation or in vitro recombinant PCR products (Ennis et al. 1990).
Only those clones which yielded amplification products identical in
size to that obtained using genomic DNA from the same individual
were sequenced. Moreover, for alleles 1 and 9, sequences from differ-
ent individuals have been obtained.

Results

Twelve alleles were identified with sizes between 326 bp
(allele MIB1) and 356 bp (allele MIB12). The analysis of
DNA samples from the unrelated French sample re-
vealed a heterozygosity of 0.85 and aPIC (Polymorphic
Information Content) value 0.78, reflecting the great in-
formativity of this microsatellite. The estimated allele
frequencies and their support intervals are displayed in
Table 1. All associations observed in the homozygous
cells from the HLA Workshop were compatible with the
French defined haplotypes (data not shown). A good cor-
relation is observed between allelic variation at the
HLA-B locus and the microsatellite polymorphism: For
example, the HLA-B 62 allele is always associated with
MIB 1, HLA-B 14 with MIB 2, and HLA-B 35 and 60
with MIB 9.

All the MIB alleles differ by multiples of two base
pairs, so it is easy to assume that allelic differences are
entirely due to changes in the number of the basic repeat
unit, but there was no direct evidence for this. All sizes
of allele (and associated with several HLA-B alleles)
were sequenced except the rare allele MIB5: From the
heterozygote MIB5 individuals, only the non-MIB5 al-
leles were cloned and no cell lines were found homozy-
gous with it. The sequences containing the (CA)n repeats
and their immediate 38 and 58 flanking regions are shown
in Table 1. Outside this region, the sequence is, for all the
alleles, identical to that published in Geraghty et al.
1992.

Variation at this locus is attributable to differences in
both the number of CA repeats and the directly flanking
regions. Three types of polymorphism are observed in
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the PCR product. The alleles (defined by the size of PCR
product) differ mainly in variation in the number of (CA)
repeats from seven CA (allele 1) to 25 CA repeats (allele
11). However, they also differ in the presence or absence
of a duplication of the nucleotides (CATAAA) in the
sequence 38 of the repeat: This duplication is observed in
eight different alleles. Thus, for example, the difference
between alleles 7 and 8, which differ in size by two base
pairs, is not due to the addition of one repeat unit but to
a decrease of two CA repeats along with duplication of
the motif CATAAA. Moreover, in the 58 part of the
sequence, there were two nucleotides C in all alleles
except for MIB1, where there were four repetitions of the
cytosine.

The microsatellite alleles associated with the HLA-B
alleles 35 and 60 are identical in size (MIB9 with 350 bp)
and thus indistinguishable by conventional microsatellite
PCR typing, but their sequences are strikingly different
(Table 1). Their identical size is merely coincidence: The
allele associated with HLA-B35 has 20 (CA) repeats and
a duplication of the sequence CATAAA (350 bp), while
its homologue has 23 (CA) repeats (350 bp). There was
an individual heterozygous for HLA-B (with the two
alleles B35 and B60; cell 4AOH No 100013G) who was
homozygous for the MIB locus (allele 9), but with both
sequences for this allele.

Discussion

Accumulation of DNA sequence data from the different
HLA genes has allowed study of allelic variation and
possible mutational processes, but for microsatellite loci
there remains a shortage of data on the sequences of the
different alleles within the same species. Understanding
the evolution of such repetitive sequences is important as
it is tied to the mechanism of mutation and amplification,
which generates the high polymorphism. The fact that

changes in allele size, for dinucleotide microsatellites,
generally involves an increase or decrease of two pairs,
or a multiple of two pairs, strongly suggested that all or
nearly all of the observed changes were within the tan-
dem repeats rather than within the nonrepeated flanking
DNA (Sirugo et al. 1992; Kwiatoski et al. 1992; Oudet et
al. 1993; Weber et Wong 1993). However, there are sev-
eral studies providing empirical evidence for microsatel-
lite complexity. Studies of microsatellites in the TNF
region (in MHC of human and primates) and in chromo-
some 4 indicate that interspecific differences in allele
length are not always due to simple changes in the num-
ber of repeats but also to insertion/deletion events in the
sequences that flank the repeat and interruptions of per-
fect repeats which are correlated with stability of micro-
satellite (Blanquer-Maumont and Crouau-Roy 1995;
Crouau-Roy et al. 1996). Garza et al. (1995) obtained
similar results, finding differences in the composition of
the repeat element between human and chimpanzee.
Deka et al. (1995) found that for two markers the allele
sizes are not always in increments of 2 bp and suggest
that allele size alterations may involve insertion/deletion
of single nucleotides or other, more complex phenom-
ena.

At the population level, sequence data on noninter-
rupted microsatellites are not available to demonstrate
the microsatellite complexity and thus a homoplasy of
size. In the MIB microsatellite, direct sequencing of the
different alleles observed, defined by length, reveals that
the alleles present differ not only in the number of CA
repeat units but also in the structure of the immediate
flanking regions. Two other forms of variation are pre-
sent: the presence or absence of a duplication of
(CATAAA) 3 8 of the CA repeat, and for one allele only
(MIB1), four cytosines (produced either by duplication of
the cytosine pair or by transversion A to C in the first
repeat). DNAs from several individuals carrying the
MIB1 allele (HLA homozygous cell lines from the

Table 1. Allele frequencies associated with their support intervals and sequences of the MIB microsatellite alleles (classified by the length of the
PCR products) from unrelated French Caucasian individualsa

MIB
alleles

Allele
frequencies

Number
of bases Sequences

1 0.266 (0.132–0.320) 326 . . . GT T AT CCCC(CA)7 T AAA CAT AAACAT AAGT AT . .
2 0.056 (0.046–0.070) 332 . . . GT T AT CC- - (CA)11T AAA CAT AAACAT AAGT AT . .
3 0.289 (0.209–0.302) 334 . . . GT T AT CC- - (CA)12T AAA CAT AAACAT AAGT AT . .
4 0.044 (0.017–0.070) 338 . . . GT T AT CC- - (CA)14T AAA CAT AAACAT AAGT AT . .
6 0.044 (0.017–0.070) 342 . . . GT T AT CC- - (CA)19T AAA- - - - - - CAT AAGT AT . .
7 0.011 (0.006–0.024) 346 . . . GT T AT CC- - (CA)21T AAA- - - - - - CAT AAGT AT . .
8 0.100 (0.051–0.231) 348 . . . GT T AT CC- - (CA)19T AAA CAT AAACAT AAGT AT . .
9 0.100 350 . . . GT T AT CC- - (CA)23T AAA- - - - - - CAT AAGT AT . .

(0.051–231) 350 . . . GT T AT CC- - (CA)20T AAA CAT AAACAT AAGT AT . .
10 0.033 (0.014–0.054) 352 . . . GT T AT CC- - (CA)21T AAA CAT AAACAT AAGT AT . .
11 0.022 (0.011–0.031) 354 . . . GT T AT CC- - (CA)25T AAA- - - - - - CAT AAGT AT . .
12 0.022 (0.010–0.033) 356 . . . GT T AT CC- - (CA)23T AAA CAT AAACAT AAGT AT . .

a Allele 5 not sequenced (see text)
Observed variations are in boldface
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4AOH) have been sequenced, and confirm that this allele
is always and only produced by seven (CA) repeats and
duplication of the motif CATAAA. Thus, allelic differ-
ences are not always due to changes in the number of
dinucleotide repeats. For MIB, the three families of al-
leles observed with presumably separate evolutionary
histories can lead to a homoplasy of size. We can see this
phenomena for one allele (MIB9), associated with two
different alleles of HLA-B, which displays different se-
quences of the same length (250 bp). These sequences
are consequently separated by a significant amount of
variation. For the allele MIB5 (340 bp), not sequenced,
we can hypothesize either 15 CA repeats with the dupli-
cation of the motif CATAAA, or 18 CA repeats. The
observation of such families of alleles suggests that when
multiple MIB alleles are associated with a single HLA-B
allele, these forms should all belong to the same family.
This remains to be demonstrated.

In microsatellites, arrays increase or decrease, by rep-
lication slippage for most of them, of one or two repeats,
with occasional larger step changes (Edwards et al. 1992;
Valdes et al. 1993; Di Rienzo et al. 1994). Strand et al.
(1993) and Lindahl (1994) showed that there is appar-
ently a relation between replication slippage of micro-
satellite sequences and defective DNA repair. However,
the larger increases associated with certain trinucleotide
repeats, which cause several human genetic diseases,
seem to involve other, unknown, mechanisms (Kuhl and
Caskey 1993; Fu et al. 1991; Zhong et al. 1993). The
mechanisms of mutation of the variations, observed at
the population level in the MIB microsatellite, are prob-
ably of several kinds. It is likely that there is strand
slippage for the (CA)n repeat sequence; however, an-
other mutational process seems involved in the nonre-
peated sequence flanking the CA. Several works suggest
that sequences flanking microsatellites could be rela-
tively unstable, instability either caused by the CA repeat
region itself or only associated with it. For example, a
recent study of the regions flanking (CT)n repeats in
mammalian genomes revealed that a disruption in ho-
mology between species occurred, often on the immedi-
ate 38 or 58 side of the repeat array (Stallings 1995). The
insertion/deletion events, observed in the TNF microsat-
ellites, also always involved the immediate nonrepeated
flanking sequence (Blanquer-Maumont and Crouau-Roy
1995). Studies of Callen et al. (1993) and Koorey et al.
(1993) show examples of ‘‘null’’ alleles in humans in
which primers flanking microsatellite arrays fail to bind
because of modifications occurring within the priming
sequence for PCR amplification of the (CA)n repeats.

The observation of a substantial proportion of micro-
satellite variability due to sequence variation in the re-
gion flanking the repeat and consequently of some cases
of homoplasy may have several implications. Sequence
analysis of a large number of loci within and between
species might be useful to elucidate the evolutionary his-

tory, mutation processes, and role in the genome evolu-
tion of these repeat sequences. This can also improve
mapping for genetically complex traits, allowing one to
distinguish microsatellite alleles based on their ancestral
relationship. Finally, this would provide more informa-
tion to assess the existence of linkage disequilibrium
between linked markers.
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