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Abstract. Microsatellite DNA sequences have be- alleles at the population level provides information about
come the dominant source of nuclear genetic markers fothe evolutionary history and mutation processes of mic-
most applications. It is important to investigate the basigosatellites and may have implications for the use of
of variation between alleles and to know if current as-these markers in phylogenetic, linkage disequilibrium
sumptions about the mechanisms of microsatellite mutastudies, and gene mapping.

tion (that is to say, variations involving simple changes

in the number of repeat) are correct. We have characteikey words: Microsatellite — Homoplasy — Evolu-
ized, by DNA sequencing, the human alleles of a newtion — Sequence

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—IntrOdUCtlon
ences between alleles were found to be more complex

than previously assumed: A high degree of microsatellitéVlicrosatellite loci are short tandem arrays of DNA
variability is due to variation in the region immediately Widely dispersed throughout the nuclear genome in eu-
flanking the repeat. These data indicate that the mutacaryotes. They are often highly polymorphic due to
tional process which generates polymorphism in this revariation in the number of repeat units (Weber and May
gion has involved not only simple changes in the numbe 989; Weber 1990; Kashi et al. 1990; Henderson and
of dinucleotide CA repeats but also perturbations in thePetes 1992). Microsatellites provide a major source of
nonrepeated’sand 3 flanking sequences. Three families molecular markers for population genetics (Deka et al.
of alleles (not visible from the overall length of the al- 1991, 1995; Crouau-Roy et al. 1993; Slatkin 1995), evo-
leles), with presumably separate evolutionary historieslutionary studies (Bowcock et al. 1994; Goldstein et al.
exist and can yield to homoplasy of size. Effectively, we 1995), linkage analysis (Todd et al. 1991; Dietrich et al.
can observe alleles of the same size with different inter1992), and human gene mapping (Weissenbach et al.
nal structures which are separated by a significanfl992).

amount of variation. Although allelic homoplasy for non- ~ However, the precise nature of mutations of micro-
interrupted microsatellite loci has been suggested besatellite sequences and how they evolve in natural popu-
tween different species, it has not been unequivocallyations are far from clear. It seems likely that slippage
demonstrated within species. A strong association igluring replication is one of the causes of the observed
noted between alleles defined at the sequence level arl@ngth polymorphism (Strand et al. 1993; Weber and

HLA-B alleles. The observation of several families of Wong 1993). New experimental and analytical data
(Schidterer 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-
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gain of generally one repeat unit at a time (consistenpmol cold forward primer, 17.5 pmol cold reverse primer plus 0.04
with a “stepwise mutation” model). Di Rienzo et al. pmol end-lapeled reverse primq[32P]ATP_, 05 U Taq pqumerase
(1994) introduced a two-phase mutation model, in which(Promega) in a total volume of 25l After initial denaturation for 5

. inal h b | min at 95°C, amplifications were carried out in an automated DNA
mOSt mUtatlonS are single-step changes, but rare ar9fermal cycler (Perkin Elmer 480) for 30 cycles consisting of 1 min at
jumps in repeat number also occur, a model supported bysec, 1 min at 55°C, and 1 min at 72°C with a final extension of 4 min
empirical evidence (Farber et al. 1994) and by directat 72°C. A 5yl aliquot of each reaction was analyzed on a 6% dena-
analysis of new mutant alleles in pedigrees (Chung et alturing polyacrylamide (sequencing) gel and alleles were visualized by
1993; Zhong et al. 1993; Shibata et al. 1994; Wooster egutoradwgraphy on XAR (Kodak). A sequencing ladder was used to

! ! ' etermine size differences between alleles.

al. 1994).

I.t IbS_I_Im[()jortant that The assumptlpn_ of I’kT:ICI’OSEltg”ge Microsatellite SequencingThe DNA sequences of different mic-
varia "tY ue to _Slmp e repeat variation be teste e_'rosatellite alleles were determined. Fragments were amplified from
cause microsatellites have become the markers of choicgnomic DNA by PCR in nonradioactive 30-reactions (conditions as
for population genetic studies and are highly informativeabove). The amplified products were ligated into a TA cloning vector
markers for multigenic and multifactorial diseases and(Invitrogen) and cloned into DH%-competent cells. Plasmid DNA
human Iinkage studies. Garza et al. (1995) and Blanqueiyyas extracted and purified using Wizard Minipreps (Promega). The
M dc R 1995) sh d that diff nucleotide sequencing of double-stranded DNA was carried out by the

aumont an rouau- OY ( ) S ‘?WG that di er'dideoxytermination method (Sanger et al. 1977) using T7 DNA poly-
ences between alleles of different species are not alwayierase (Pharmacia). We sequenced several clones for each French
attributable to change in the number of repeat units butdividual to eliminate the errors resulting from Tag polymerase mis-
also may be due to changes in the composition of thdncorporation or in vitro recombinant PCR products (Ennis et al. 1990).
repeat element or to insertions or deletions of sequenc@"Y those clones which yielded amplification products identical in
flanki h At the i ific | L th . _Slze to that obtained using genomic DNA from the same individual
anking the repegts. tt _e 'mraSp_eC' ic level, there Is Ayere sequenced. Moreover, for alleles 1 and 9, sequences from differ-
lack of data relating to microsatellite structure; the pre-ent individuals have been obtained.
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 newResults
(CA)n repeat from the human major histocompatibility
complex region (MHC) near the HLA-B gene and ana- Twelve alleles were identified with sizes between 326 bp
lyzed its polymorphism and the association with HLA-B (allele MIB1) and 356 bp (allele MIB12). The analysis of
in a sample consisting of unrelated individuals alreadyDNA samples from the unrelated French sample re-
typed for the HLA-B gene and in reference panels ofvealed a heterozygosity of 0.85 andPtC (Polymorphic
HLA-typed cell lines (Abraham et al. 1993). Assump- Information Content) value 0.78, reflecting the great in-
tions about the mechanisms of microsatellite mutatiorformativity of this microsatellite. The estimated allele
were tested by direct sequencing of different alleles, andrequencies and their support intervals are displayed in
particularly alleles of identical size but associated withTable 1. All associations observed in the homozygous
different HLA-B alleles. 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
Materials and Methods HLA-B locus and the microsatellite polymorphism: For
example, the HLA-B 62 allele is always associated with
The microsatellite, called MIB, was identified in the clone 17.1, de- MIB 1, HLA-B 14 with MIB 2, and HLA-B 35 and 60
scribed by Geraghty et al. (1992), which includes the pseudogene HLAyith MIB 9.
17. Its pos_ltlon, established by DNA sequence analysis, is about 20 kb All the MIB alleles differ by muItipIes of two base
centromeric to HLA-B. . o . .
pairs, so it is easy to assume that allelic differences are
_ entirely due to changes in the number of the basic repeat

DNA Analysis.We analyzed a total of 110 DNA samples from it but th direct evid for this. All si
HLA-typed individuals distributed as follow: 45 unrelated French Cau- unit, bu ere was ”_0 Irec _EVI ence for this. Sizes
casoids, 43 cell lines from the cell panel of the 4 Asia Oceania Histo-Of allele (and associated with several HLA-B alleles)
compatibility Workshop (4A0H, 1993) (some of which were studied in were sequenced except the rare allele MIB5: From the
the ':L.Oth International I-_listocompati_bi_lity Workshop, 10IHW), and two heterozygote MIB5 individuals, only the non-MIB5 al-
famllles_(a nuclear family of ten individuals from European_ CoIIect_lon leles were cloned and no cell lines were found homozy-
Biomedical Rechearch [ECBR, 1992] and a three-generation family of ith it. Th taining the (CA t
12 individuals from CEPH [Centre d’Etude du Polymorphisme Hu- gous WI. _I ’ e.sequences Con.ammg. e (CA)n repeats
main]). DNA was isolated from lymphoblastoid cell lines or peripheral ?-nd their 'mmed_|ate $-nd B.ﬂankmg regions are shown
blood leucocytes. in Table 1. Outside this region, the sequence is, for all the

Repeat-flanking oligonucleotide primers were synthesized as fol-g|leles, identical to that published in Geraghty et al.
lows: MIB(A): 5’CTACCATGACCCCCTTCCCC 3 MIB(B): 1992

5'CCACAGTCTCTATCAGTCCA 3. Variati t this | . ttributable to diff .
The PCR reactions were performed using end-labeled oligonucleo- ariation at this locus 1s attributable to ariferences in

tide primers in a final reaction volume of 38 with 50 ng genomic  POth the number of CA repeats and the directly flanking
DNA, 4 ul dNTP (1.25 nu), 1.5 mv MgCl, (final concentration), 25  regions. Three types of polymorphism are observed in
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Table 1. Allele frequencies associated with their support intervals and sequences of the MIB microsatellite alleles (classified by the length of tl
PCR products) from unrelated French Caucasian indivi@uals

MIB Allele Number
alleles frequencies of bases Sequences
1 0.266 (0.132-0.320) 326 ... GTTATCCCC(CA), TAAACATAAACATAAGTAT. .
2 0.056 (0.046-0.070) 332 ... GTTATCC- - (CA),,TAAACATAAACATAAGTAT. .
3 0.289 (0.209-0.302) 334 ... GTTATCC- - (CA),;,TAAACATAAACATAAGTAT. .
4 0.044 (0.017-0.070) 338 ... GTTATCC- - (CA),,TAAACATAAACATAAGTAT. .
6 0.044 (0.017-0.070) 342 ... GTTATCC- -(CA)oTAAA- - - - - - CAT AAGTAT. .
7 0.011 (0.006-0.024) 346 ... GTTATCC- - (CA),,TAAA- - - - - - CAT AAGTAT. .
8 0.100 (0.051-0.231) 348 ... GTTATCC- -(CA),sTAAACATAAACATAAGTAT. .
9 0.100 350 ... GTTATCC- - (CA)sTAAA- - - - - - CAT AAGTAT. .
(0.051-231) 350 ... GTTATCC- - (CA),oT AAACATAAACATAAGTAT. .
10 0.033 (0.014-0.054) 352 ... GTTATCC- - (CA),,TAAACATAAACATAAGTAT. .
11 0.022 (0.011-0.031) 354 ... GTTATCC- - (CA),TAAA- - - - - - CAT AAGTAT. .
12 0.022 (0.010-0.033) 356 ... GTTATCC- - (CA),sTAAACATAAACATAAGTAT. .

2Allele 5 not sequenced (see text)
Observed variations are in boldface

the PCR product. The alleles (defined by the size of PCRhanges in allele size, for dinucleotide microsatellites,
product) differ mainly in variation in the number of (CA) generally involves an increase or decrease of two pairs,
repeats from seven CA (allele 1) to 25 CA repeats (alleleor a multiple of two pairs, strongly suggested that all or
11). However, they also differ in the presence or absenceearly all of the observed changes were within the tan-
of a duplication of the nucleotides (CATAAA) in the dem repeats rather than within the nonrepeated flanking
sequence '30of the repeat: This duplication is observed in DNA (Sirugo et al. 1992; Kwiatoski et al. 1992; Oudet et
eight different alleles. Thus, for example, the differenceal. 1993; Weber et Wong 1993). However, there are sev-
between alleles 7 and 8, which differ in size by two baseeral studies providing empirical evidence for microsatel-
pairs, is not due to the addition of one repeat unit but tdite complexity. Studies of microsatellites in the TNF
a decrease of two CA repeats along with duplication ofregion (in MHC of human and primates) and in chromo-
the motif CATAAA. Moreover, in the 5 part of the some 4 indicate that interspecific differences in allele
sequence, there were two nucleotides C in all allelesength are not always due to simple changes in the num-
except for MIB1, where there were four repetitions of theber of repeats but also to insertion/deletion events in the
cytosine. sequences that flank the repeat and interruptions of per-
The microsatellite alleles associated with the HLA-B fect repeats which are correlated with stability of micro-
alleles 35 and 60 are identical in size (MIB9 with 350 bp) satellite (Blanquer-Maumont and Crouau-Roy 1995;
and thus indistinguishable by conventional microsatelliteCrouau-Roy et al. 1996). Garza et al. (1995) obtained
PCR typing, but their sequences are strikingly differentsimilar results, finding differences in the composition of
(Table 1). Their identical size is merely coincidence: Thethe repeat element between human and chimpanzee.
allele associated with HLA-B35 has 20 (CA) repeats andDeka et al. (1995) found that for two markers the allele
a duplication of the sequence CATAAA (350 bp), while sizes are not always in increments of 2 bp and suggest
its homologue has 23 (CA) repeats (350 bp). There washat allele size alterations may involve insertion/deletion
an individual heterozygous for HLA-B (with the two of single nucleotides or other, more complex phenom-
alleles B35 and B60; cell 4AOH No 100013G) who was ena.
homozygous for the MIB locus (allele 9), but with both At the population level, sequence data on noninter-
sequences for this allele. rupted microsatellites are not available to demonstrate
the microsatellite complexity and thus a homoplasy of
size. In the MIB microsatellite, direct sequencing of the
Discussion different alleles observed, defined by length, reveals that
the alleles present differ not only in the number of CA
Accumulation of DNA sequence data from the differentrepeat units but also in the structure of the immediate
HLA genes has allowed study of allelic variation and flanking regions. Two other forms of variation are pre-
possible mutational processes, but for microsatellite locsent: the presence or absence of a duplication of
there remains a shortage of data on the sequences of tl€ATAAA) 3’ of the CA repeat, and for one allele only
different alleles within the same species. UnderstandingMIB1), four cytosines (produced either by duplication of
the evolution of such repetitive sequences is important athe cytosine pair or by transversion A to C in the first
it is tied to the mechanism of mutation and amplification, repeat). DNAs from several individuals carrying the
which generates the high polymorphism. The fact thatMIB1 allele (HLA homozygous cell lines from the
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4AOH) have been sequenced, and confirm that this alleléory, mutation processes, and role in the genome evolu-
is always and only produced by seven (CA) repeats antion of these repeat sequences. This can also improve
duplication of the motif CATAAA. Thus, allelic differ- mapping for genetically complex traits, allowing one to
ences are not always due to changes in the number d@fistinguish microsatellite alleles based on their ancestral
dinucleotide repeats. For MIB, the three families of al- relationship. Finally, this would provide more informa-
leles observed with presumably separate evolutionar§ion to assess the existence of linkage disequilibrium
histories can lead to a homoplasy of size. We can see thigetween linked markers.

phenomena for one allele (MIB9), associated with two
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