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ABSTRACT The understanding of the mutational mech-
anism that generates high levels of variation at microsatellite
loci lags far behind the application of these genetic markers.
A phylogenetic approach was developed to study the pattern
and rate of mutations at a dinucleotide microsatellite locus
tightly linked to HLA-DQB1 (DQCAR). A random Japanese
population (n 5 129) and a collection of multiethnic samples
(n 5 941) were typed at the DQB1 and DQCAR loci. The
phylogeny of DQB1 alleles was then reconstructed and DQ-
CAR alleles were superimposed onto the phylogeny. This
approach allowed us to group DQCAR alleles that share a
common ancestor. The results indicated that the DQCAR
mutation rate varies drastically among alleles within this
single microsatellite locus. Some DQCAR alleles never mu-
tated during a long period of evolutionary time. Sequencing of
representative DQCAR alleles showed that these alleles lost
their ability to mutate because of nucleotide substitutions that
shorten the length of uninterrupted CA repeat arrays; in
contrast, all mutating alleles had relatively longer perfect CA
repeat sequences.

Microsatellites, which are abundant in the human genome, are
highly polymorphic due to allelic variation in the number of
repeat units of 2–5 base pairs. These genetic markers are
widely used in human genetics, although an understanding of
the mutational mechanism that generates such a high level of
variation lags far behind their applications. The high similarity
in allele sizes at each locus inspired the hypothesis that
stepwise mutation mechanisms through replication slippage
might be involved (1–4). The direct knowledge of spontaneous
mutation and the estimation of mutation rates in microsatel-
lites are largely due to the contribution of large scale pedigree
studies in the search for disease genes (5–9). Such studies have
shown that more than 90% ofmutations result in the expansion
or contraction of the alleles by a single repeat unit (2 to 4 bp).
These studies also estimated that the mutation rates of mic-
rosatellites studied range from 1.2 3 1024 to 1.5 3 1022.
Comparison of allele sequences revealed very complex muta-
tion patterns (10–12). However, the laborious pedigree studies
prevent one from observing enough mutations for each locus
and consequently all the conclusions drawn are based on a
large collection of loci.
Population genetic studies of microsatellite loci have been

fruitful in revealing possible pattern of mutations. It has been
shown that a simple stepwise mutation model (SMM; ref. 13),
which is intuitively compatible with replication slippage mech-
anism, can describe the behaviors of many microsatellite loci
in the populations (14–16). An extended SMM that allows a
few big changes in repeat number (multistep SMM) may be
more suitable for microsatellites (16, 17). However, since only
simple summary statistics were used in the above studies,
characterization of individual locus was not possible. Further-

more, the pattern and rate of mutations at microsatellites may
vary among loci (14, 18). The understanding of the pattern and
rate of mutations is very relevant to the applications of those
genetic markers in evolutionary studies as well as in gene
mapping studies (19–22).
Phylogenetic approaches reconstruct evolutionary relation-

ships not only among taxa at various levels but also among
genes as well as alleles from a single locus. A phylogeny usually
spans over a much larger number of generations or meiotic
events than a pedigree. Consequently, phylogenetic ap-
proaches allow the study of low frequency genetic events such
as mutations or recombinations using a relatively smaller
sample size. The objective of this work is to demonstrate the
utility of this approach in studying the tempo and mode of
mutations at a microsatellite locus while the principles used
havemuch broader applications for problems of similar nature.
A CA-repeat microsatellite locus tightly linked to HLA

DQB1 locus (DQCAR; ref. 23) was recently characterized in
several populations (24). Since DQB1 can be typed relatively
easily, it provides a unique opportunity to reconstruct the
evolutionary history of DQCAR and consequently to study the
pattern and rate of DQCARmutations by identifying common
ancestors of DQCAR alleles. By typing random Japanese
samples and a collection of multiethnic samples at both DQB1
and DQCAR, we could demonstrate that mutation rates vary
drastically among alleles of a single microsatellite locus. The
mechanism of such variation is discussed in this report.

MATERIALS AND METHODS

A Japanese population of 129 unrelated individuals was col-
lected and typed at DRB1, DQA1, and DQB1. A collection of
941 samples from various ethnic backgrounds (Japanese,
Papua New Guinean, African-American, and Caucasians in-
cluding cell line and patients with various autoimmune dis-
eases) were also typed at DRB1, DQA1, and DQB1 in several
clinical laboratories and in our lab. All the samples selected for
this study were oligotyped by using PCR–sequence specific
oligonucleotide probe or related method at DQB1 (see refs. 24
and 25 for detailed descriptions). Typing at DQCAR locus was
performed in our lab (24).
DQB1-DQCAR haplotypes were inferred using three dif-

ferent methods. First, haplotypes were inferred based on
known associations established from homozygotes and previ-
ously published papers (24). An expectation maximization
algorithm developed by Excoffier and Slatkin (26) was used to
estimate haplotype frequencies. A new haplotyping algorithm
based on parsimony principle by minimizing the number of
conflicting inferences with exhaustive search was also used
(L.J., unpublished work).
The phylogeny of DQB1 alleles was reconstructed based

upon the aligned complete coding sequences obtained from
the European Molecular Biology Laboratory Data Library.
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Several measures of genetic distance including Kimura’s two-
parameter model (27) were used in the reconstruction of
distance matrix phylogenies (see refs. 28 and 29 for the
definition of genetic distance measures and the detailed
description of phylogeny reconstruction). The maximum par-
simony method was also used (30). The tree was rooted by
including pig and horse DQB sequences. MEGA (29) was used
in this analysis.

RESULTS

Two Major Groups of DQB1 Alleles Were Found. A phy-
logeny of 14 DQB1 alleles presented in our samples was
reconstructed based upon the aligned complete coding se-
quences. Fig. 1 presents a Neighbor-joining tree (31) using
Kimura’s two-parameter model (27). Several other measures
of genetic distance were also used, and all gave identical results
in terms of the topology of phylogeny using the Neighbor-
joining method. The maximum parsimony tree displayed a
slightly different topology which became identical with the
Neighbor-joining tree shown in Fig. 1 once peptide-binding
sites (PBSs) were removed from the analysis. The discrepancy
of the phylogeny with and without PBS is probably due to
either the variation of substitution rate among nucleotide sites
driven by selection variation (32) or the very frequent gene
conversion (33). Interestingly, DQB1 alleles were grouped into
two major clusters: DQB1*02 (0201, 0202), DQB1*03 (0301,
0302, 03032), andDQB1*04 (0401, 0402) formed the non-DQ1
group; and DQB1*05 (0501, 0502, 05031) and DQB1*06
(06011, 0602, 0603, 0604) formed another cluster (DQ1). The
high bootstrapping values shown on internal branches indicate
the reliability of the phylogeny (see ref. 29 for detailed
explanation of bootstrapping procedure).
The Level of DQCAR Variation Differs Greatly Between the

Two Groups of DQB1 Alleles. DQB1-DQCAR haplotypes
were inferred using three different methods. The haplotypes
were first inferred manually based on (i) the haplotypes of
homozygote cell lines, (ii) known associations established from
homozygotes at one of the two loci (DQB1 or DQCAR), and
(iii) pedigree information for some individuals. Two indepen-
dent inferrences generated identical results. A maximum like-
lihood algorithm developed by Excoffier and Slatkin (23) was
used to estimate haplotype frequencies. Only those haplotypes
with non-zero frequencies were accepted. A new haplotyping
algorithm based on parsimony principle minimizing the num-
ber of conflicting inferences with exhaustive search was also

used (L.J., unpublished work). Identical haplotypes were ob-
tained using all three different methods.
The Japanese DQB1-DQCAR haplotypes (number of chro-

mosomes in parenthesis) are presented in Table 1. The hap-
lotype data for the mixed population including both 941
multiethnic samples and 129 Japanese samples are shown in
Fig. 2. The alleles observed only once in all 2140 chromosomes
are indicated by parentheses (Table 2). The number of each
DQB1 allele is listed in the last column of Fig. 2. For both the
Japanese and the mixed population samples, the combined
observed frequencies for DQ1 and non-DQ1 alleles were
similar. However, the level of DQCAR variation differs greatly
between the two groups of DQB1 alleles. In both populations,
the numbers of DQCAR alleles in non-DQ1 lineages were
larger than those found in the DQ1 lineages, thus suggesting
that DQCAR alleles associated with non-DQ1 alleles might
have much higher mutation rates than those associated with
DQ1 alleles. Furthermore, the DQCAR alleles found in
non-DQ1 lineages tended to have larger fragment sizes (109–
125 bp) than those observed in DQ1 lineages with the excep-
tion of DQB1*0201. In contrast, most of the DQCAR alleles
in the DQ1 group were monomorphic with a 103-bp size (24).
The number of DQCAR alleles observed in our population

for a given DQB1 lineage should be the result of several
factors: (i) The mutation rate of each individual DQCAR
allele, (ii) the age of the DQB1 lineage studied, and (iii) the

FIG. 1. Neighbor-joining tree of DQB1 based on Kimura’s two
parameter distance. The numbers are bootstraping values (in percent-
age) with 500 replications.

FIG. 2. DQCAR alleles in a mixed population (2140 chromo-
somes).

Table 1. Haplotype frequencies of DQB1-DQCAR in
Japanese samples

DQB1 alleles DQCAR allele size Total

DQB1*0201 99(1) 1
DQB1*0202 113(1) 1
DQB1*0301 113(3) 117(14) 121(12) 123(4) 33
DQB1*0302 109(1) 111(11) 113(10) 22
DQB1*03032 111(1) 115(30) 117(2) 33
DQB1*0401 113(16) 115(9) 117(4) 29
DQB1*0402 113(3) 115(2) 117(4) 9
DQB1*0501 103(22) 22
DQB1*0502 103(3) 3
DQB1*05031 107(5) 5
DQB1*0602 103(17) 17
DQB1*0603 103(2) 2
DQB1*0604 103(21) 21
DQB1*06011 107(60) 60

Numbers in parentheses are numbers of chromosomes.
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effective number of individuals in the population bearing the
DQB1 allele. The relative importance of these factors can be
estimated by studying the properties of the phylogeny and the
frequency distribution of DQB1 allele in various populations.
Do DQCAR Alleles Associated with Specific DQB1 Lineage

Share a Common Ancestor? The DQCAR alleles associated
with a given DQB1 allele share a unique common ancestral
microsatellite allele right after the DQB1 lineage emerged in
the population. This becomes only evident if it can be shown
that the ‘‘new’’ DQB1 allele contains specific mutation(s)
unique to this lineage. A maximum parsimony principle (30)
was used to infer the mutations for each external lineages of
the DQB1 phylogeny based upon the sequences of oligonu-
cleotide (24) used in genotyping. A DQB1 lineage was con-
sidered as a new derivative if it had a unique mutation that was
not present in other lineages. Sites that have to be explained
by multiple andyor recurrent mutations (most probably due to
gene conversion) were excluded from the analysis. An asterisk
is added to each of the newly derived DQB1 lineage in Fig. 3.
Note that the phylogeny was reconstructed (see Fig. 1) based
on the sequences of the complete coding region while the
samples were typed by PCR-SSOP oligotyping which includes
only a few sites within the DQB1 gene (mostly in the second
exon).
The age of DQB1 lineage-specific mutations can be esti-

mated by the length of external lineages. The branch lengths
of these lineages were estimated using synonymous substitu-
tion rate (34) based on the full-length sequences but not those
of oligonucleotide. These data are presented in Fig. 3 along
with the number and the range of DQCAR allele sizes for each
DQB1 lineage observed in the multi-ethnic population. The
number of allele is the total number of alleles associated with
each DQB1 lineage. The range of allele is the number of
possible CA repeat units between the minimum and maximum
observed alleles (including both). For example, if the sizes of
allele associated with DQB1*0202 range from 113 bp to 125
bp, the range of allele observed in this DQB1 lineage is
(125–113)y21 15 7. Both the number and the range of alleles
associated with a DQB1 lineage reflect the level of variation
at the DQCAR locus (17).
A careful observation of the phylogeny displayed in Fig. 3

clearly demonstrate that the number of DQCAR allele ob-
served in each individual DQB1 branch does not correlate with
the estimated branch length. In all cases, the number and the

range of DQCAR alleles observed in the non-DQ1 lineages
are much larger than those associated with DQ1 lineages
independent of branch length and of the number of chromo-
somes tested with each DQB1 subtype. This was evident not
only for alleles that were found frequently within a specific
population (e.g., DQB1*06011 in Japanese, DQB1*02 in Cau-
casians) but also for alleles with high frequency across various
ethnic groups (DQB1*03, DQB1*04, DQB1*0602, and
DQB1*0604; see ref. 35 for DQB1 allele frequencies across
worldwide populations). For example, DQB1*06011 is fea-
tured with an extremely long lineage and a very large number
of individuals compared with others but it is still monomorphic
at the DQCAR locus. Similarly, DQB1*0602 is generally
monomorphic in a very large number of individuals across all
populations. In contrast, several DQB1 lineages such as
DQB1*0202, DQB1*0302, and DQB1*0401 have almost neg-
ligible branch lengths, yet they have much larger numbers of
DQCAR alleles. Therefore, the variation of effective numbers
of chromosomes bearing DQB1 lineages does not necessarily
contribute to the much larger variation of DQCAR alleles in
non-DQ lineages.
Mutation Rates Vary Among DQCAR Alleles. The above

observation suggests that DQCAR alleles with larger fragment
sizes in non-DQ1 lineages (109–125 bp) have higher mutation
rates than DQ1 DQCAR alleles with small fragment sizes (103
bp). The only exception is DQB1*0201, a non-DQ1 allele,
which shows low DQCAR variation in a large number of
chromosomes in spite of its position in the tree. In this lineage,
however, the allele size of DQCAR (99 bp) is the smallest
amongst all samples. This is thus in fact consistent with the
hypothesis that microsatellite alleles with a larger number of
repeats tend to have higher mutation rates (4).
At least one DQCAR allele for each DQB1 lineage was

subcloned and sequenced. All non-DQ1 DQCAR alleles were
found to share almost identical f lanking sequences while those
for DQ1 were also identical but different from non-DQ1
DQCAR sequences (C.M., unpublished work). Several nucle-
otide substitutions were observed in DQCAR allele sequences
associated with DQ1 lineages, and one of them occurred in the
middle of theCA repeat array disrupting theCA repeat structure.
The number of uninterrupted CA repeats for eachDQB1 lineage
is presented in Fig. 3. Non-DQ1DQCAR alleles do have a larger
number of CA repeats than those bearing DQ1 haplotypes.
Interestingly, the number of CA repeats at DQB1*0201 is 9,
similar to DQ1 DQCAR alleles, although its length (99 bp) is
shorter than the latter (103 bp).

DISCUSSION

In this report, we demonstrate that DQB1 alleles can be
classified into two major groups: DQ1 and non-DQ1. The
number of DQCAR alleles associated with these two DQB1
groups was also found to vary drastically, with non-DQ1
lineages being very variable and DQ1 lineages being almost
monomorphic. Further analysis indicated that this difference
correlates mostly with the number of uninterrupted CA repeat
sequences within the microsatellite rather than other popula-
tion genetic factors such as the age of DQB1 lineages, effective
population sizes, or recent population expansion.
The DQCAR allele sizes observed within individual DQB1

lineages were very close to each other and often differed by
increments of 2 bp, indicating that replication slippage is a
reasonable hypothetical mechanism underlying size polymor-
phism at the level of the DQCAR locus. This was especially
obvious for the low mutating lineages such as DQB1*0201,
DQB1*0501, DQB1*05031, and DQB1*0602 where only two
neighboring DQCAR alleles (differing by 2 bp) were observed
suggesting single step replication slippage events.
Major histocompatibility complex alleles are well known to

be subject to balance selection (30), thus tending to have much

FIG. 3. Estimated branch length for each DQB1 lineage. Number,
size range, and the number of uninterrupted CA repeats of DQCAR
alleles carried by each DQB1 lineage.
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longer lineages than neutral markers. It is expected therefore
to be an ideal system to study low frequency genetic events. In
spite of this, three out of four informative lineages in non-DQ1
show negligible numbers of synonymous substitutions, indicat-
ing one might have to study longer sequences. The presence of
natural selection could be a problem since it would make it
difficult to compare traits across DQB1 lineages if the intensity
of the selection among lineages are different. However, there
is no reason to believe that DQCAR alleles associated with a
single DQB1 lineage are subject to different level of natural
selection. Therefore, the conclusions in this report that were
mostly based upon the number of alleles among lineages would
not be affected by such variation of selection.
Recombination between DQCAR and the DQB1 gene

could be a problem. However, the recombination rate within
the HLA class II region is extremely low as indicated by strong
linkage disequilibrium (36). Furthermore, we have never ob-
served the most frequent DQ1 specific DQCAR allele (103
bp), which has an extremely high frequency in natural popu-
lations in any non-DQ1 sample. We therefore conclude that
recombination between DQCAR and DQB1 is negligible.
Many approaches in human genetics rely solely on pedigree

data. A large number of individuals and pedigrees have to be
typed to study low frequency events such as mutations and
recombinations since pedigrees only span over a few genera-
tions. In contrast, a phylogenetic approach includes events of
interest that have accumulated over hundreds or thousands of
generations. In this report, we demonstrated the utility of the
approach in studying the mutational mechanisms of a micro-
satellite locus. The principle employed, we believe, could have
much broader applications for problems of similar nature.
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