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Abstract: In this work, we analyze several character-
istics influencing the low variability of the microsatellite
DYS19in the major founder Amerindian Y chromosome
lineage containing the point mutationDYS199-T. Varia-
tion of DYS19was compared with that of five other
Y-linked tetranucleotide repeat loci (DYS389A,
DYS389B, DYS390, DYS391,and DYS393) in the
DYS199-T lineage. All the other microsatellites showed
significantly higher levels of variability thanDYS19as
measured by gene diversity and repeat number variance.
Moreover, we had previously shown thatDYS19had
high diversity in Brazilians and in several other popula-
tions worldwide. Thus, the slowDYS19evolution in the
DYS199-T lineage seems to be both locus and allele spe-
cific. To understand the slowDYS19evolutionary rate,
the microsatellite loci were compared according to their
mapping on the Y chromosome and also on the basis of
structural aspects such as the base composition of the
repeat motif and flanking regions and the degree of per-
fection and size (repeat number) of the variable blocks.
The only observed difference that might be related to the
low DYS19variability is its small average number of
repeats, a value expected to be closer to the founder
DYS19allele in theDYS199-T lineage. These data were
also compared to other derived Y lineages. The Tat-C
lineage displayed a lowerDYS19variability correlated to
a small average repeat number, while in theDYS234-G
lineage, a highDYS19variability was found associated to
a larger average repeat number. This approach reveals

that evolution of Y microsatellites in lineages defined by
slowly evolving markers, such as point mutations, can be
greatly influenced by the size (number of repeats of the
variable block) of the founder allele in each microsatel-
lite locus. Thus lineage-dating methods using microsat-
ellite variation should be practiced with great care.
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Introduction

Microsatellites are blocks of tandem repeat units of 1 to
6 base pairs (bp) that are ubiquitous, abundant, and
highly polymorphic in eukaryotic genomes due to varia-
tion in the number of repeating units between alleles (Litt
and Luty 1989; Tautz 1989; Weber and May 1989).
Their polymorphism is believed to be primarily the result
of strand slippage during replication (Levinson and Gut-
man 1987; Schlo¨tterer and Tautz 1992), although other
DNA turnover mechanisms may also play a minor part in
generating microsatellite variability (Pena et al. 1994;
Dover 1995; Rubinsztein et al. 1995). In general, the
population dynamics of microsatellites fits well with the
stepwise-mutation model (Valdes et al. 1993; Di Rienzo
et al. 1994; Kimmel and Chakraborty 1996).

Besides constituting valuable tools in the character-
ization of human genetic individuality for forensic and
clinical purposes (Pena and Chakraborty 1994; Pena et
al. 1995a), microsatellites have been used increasingly toCorrespondence to:S.D.J. Pena;e-mail: spena@dcc.ufmg.br
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study the genetic structure of human populations and
human evolution (Bowcock et al. 1994; Jorde et al.
1997). If we are to use microsatellites to establish the
dates of human evolutionary events (Goldstein et al.
1996; Zerjal et al. 1997), it becomes critical to try to
understand the exact mechanisms that cause mutations in
these loci and the rate at which these events occur. De-
spite intense efforts, little knowledge has been gathered
so far in both these interrelated areas, primarily because
mutations are rare events whose rates are not large
enough to be reliably measured by direct means. The
mutation rate of microsatellites in the germline has been
estimated to be of the order of 10−3–10−4 per generation
but its range is probably much wider than that (Weber
and Wong 1993; Mahtani and Willard 1993; Talbot et al.
1995; Heyer et al. 1997; Brinkmann et al. 1998). Factors
that have been implicated in influencing this rate are the
length and base composition of the repeat motif (Schlo¨t-
terer and Tautz 1992; Weber and Wong 1993;
Chakraborty et al. 1997), number of repeats (Weber
1990; Gastier et al. 1995; Jin et al. 1996, Brinkmann et
al. 1998), base composition of flanking sequences (Bi-
chara et al. 1995; Andreassen et al. 1996; Macaubas et al.
1997), and degree of perfection of the repeats (Weber
1990; Heale and Petes 1995; Bichara et al. 1995; Gold-
stein and Clark 1995; Sturzeneker et al. 1998).

Recently, we used the tetranucleotide microsatellite
DYS19in combination with theah alphoid DNA poly-
morphism (Santos et al. 1995a) to establish the existence
of a major founder Y chromosome haplotype (the type II
atah linked to allele A of 186 bp atDYS19) in South and
North Amerindians (Pena et al. 1995b; Santos et al.
1995b; Santos et al. 1996a). Our results were confirmed
by Underhill et al. (1996), who showed that the founder
haplotype was also characterized by a C→T transition at
theDYS199locus (DYS199-T lineage) occurring specifi-
cally in Americas that could be as old as 30,000 years
before present. Again, theDYS19A allele appeared in
most of theDYS199-T chromosomes. These data raised a
molecular conundrum. Why, after more than 10,000
years of the Asian migration into the Americas, did
DYS19 remain almost-invariable in the Amerindian
DYS199-T lineage, while in other populations (Santos et
al. 1996b) it revealed high levels of variability? Do other
microsatellites appear at higher diversities thanDYS19in
the DYS199-T lineage? If so, is there something special
about theDYS19mutation rate that makes it different
from other Y-linked microsatellites? Could this be re-
lated to the location ofDYS19in the Y chromosome? Or
could there be something special about the sequence
structure or allele size (repeat number) of theDYS19
locus in theDYS199-T lineage? To try to answer these
questions we decided to compare the rate of evolution of
DYS19with that of five other Y-linked tetranucleotide
microsatellites (reviewed by Jobling and Tyler-Smith
1995) in the AmerindianDYS199-T lineage. For that

purpose, our experimental strategy was the following: by
limiting our observations to males displaying the T allele
at DYS199(DYS199-T lineage), we ensured that all Y
chromosomes included in the study were descendants of
a single Amerindian ancestor that existed probably about
30,000 years ago (Underhill et al. 1996). Since there is
no recombination in the major part of the Y chromo-
some,DYS19, DYS389A, DYS389B, DYS390, DYS391,
andDYS393are linked, i.e., all microsatellite loci in each
haplotype bearing the T allele atDYS199(theDYS199-T
lineage) have the same effective population size and
have been passed through the same number of genera-
tions and the same evolutionary constraints such as drift,
migration, expansion, and so on. Thus, we expect that
independent forward–backward mutations at these dif-
ferent microsatellite loci should accumulate and be the
main factor responsible for generating distinct variabil-
ity. In other words, the relative values of the gene diver-
sity and the repeat number variance at different micro-
satellite loci should reflect mainly their relative mutation
rates. Thus our null hypothesis is that all microsatellite
loci in the DYS199-T lineage are evolving at the same
mutation rate (Heyer et al. 1997; Caglia et al. 1997),
which implies that they should produce similar variance
values (Zhivotovsky and Feldmann 1995; Goldstein et al.
1996; Kimmel et al. 1998). By making comparisons of
gene diversity and/or repeat number variance across Y-
linked loci within Y lineages and acrossDYS19in three
distinct Y lineages, we should be able to test our null
hypothesis and to ascertain, in relative terms, the tempo
and mode of evolution of different Y-linked microsatel-
lite loci in the DYS199-T lineage.

Materials and Methods

DNA Samples

DNA samples from 57 Amerindian males from South, Central, and
North Americas [Surui (n 4 5), Karitiana (n 4 6), Muskoke (n 4 6),
Maya (n 4 8), Ticuna (n 4 32)] were a kind gift from Dr. Judith Kidd
(Department of Genetics of Yale University) and were typed using all
markers described below. Moreover, DNA samples previously typed
for DYS19were studied at all other loci: 37 Amerindian males from the
Amazon Region (Santos et al. 1995b), 8 Amerindian males from the
Coriell Institute for Medical Research (Camden, NJ, USA; Santos et al.
1996b), and 100 white males from the Southeast region of Brazil (San-
tos et al. 1993).

PCR Amplification

All samples (102 Amerindians and 100 white Brazilians) were scored
for DYS199using a new method based on PCR amplification followed
by digestion withMfeI according to Santos et al. (1999a). The uncut T
alleles (202 bp) were resolved from the cut C alleles (181 + 21 bp) on
6% polyacrylamide gels and silver-stained according to Santos et al.
(1993). Ninety-three of the 102 Amerindians and 2 of the 100 Brazilian
males carried the T allele atDYS199(from now on, all these 95 indi-
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viduals are mentioned as belonging to theDYS199-T lineage) and were
further typed with six Y-linked tetranucleotide microsatellite loci,
namely,DYS19, DYS390, DYS391, DYS393, DYS389A, andDYS389B
(Table 1). The first four loci were PCR-amplified together as a tetraplex
and DYS389was typed separately (Santos et al. 1999b). The primer
sequences were obtained from the Genome Database (http://
gdbwww.gdb.org/).DYS389is actually composed of two microsatel-
lites (DYS389A and DYS389B, the former apparently having arisen
from a partial duplication of the latter) and both are amplified by the
same set of primers (Cooper et al. 1996). The allele size ofDYS389A
was calculated by subtracting the size of the small amplicon from that
of the larger one. All PCR amplifications were performed according to
Santos et al. (1999b).

Alleles were resolved in an automatic fluorescent DNA sequencer
(ALFExpress;Pharmacia, Uppsala, Sweden) and their size established
using the Fragment Manager software, version 1.2 (Pharmacia) (Santos
et al. 1999b). Alleles were named according to the repeat number of
their largest GATA block, which were determined from the microsat-
ellite sequence in GenBank (Table 1). The sequence forDYS391in
GenBank contained too many ambiguities and was redone (see below).
Allele ladders for each microsatellite were constructed by PCR ampli-
fication of a pool of DNA from 100 Brazilian males.

Chromosomal Mapping of the Six Y Microsatellite Loci

In order to map physicallyDYS19, DYS389, DYS390, DYS391,and
DYS393on the human Y chromosome, we employed two approaches.
The first, originally described by Tyler-Smith et al. (1993), made use of
a deletion panel composed of 33 cell lines carrying varied deletions of
the Y chromosome. Each cell line was analyzed by PCR amplification
and the products were resolved on 6% polyacrylamide gels and silver-
stained. The second approach made use of the Stanford G3 human–
hamster radiation hybrid somatic cell panel (Cox et al. 1990; Stewart et
al. 1997), which was purchased from Research Genetics (Huntsville,
AL, USA). The amplification products were resolved using a denatur-
ing 6% polyacrylamide gel on the ALFExpresssequencer (Pharmacia).
Results of the radiation hybrid panel were analyzed through the World
Wide Web at http://www-shgc.stanford.edu/.

Cloning and Sequencing

As an attempt to access the molecular and structural basis of the mi-
crosatellite loci studied here, we cloned and sequenced alleles at the
DYS19and DYS391loci (the other sequences were obtained from
GenBank). PCR products were cloned either into pCRII vector using the
T-A Cloning Kit-R (Invitrogen, San Diego, USA) or into pUC18 vector
using the Sureclone kit (Pharmacia). The products of ligation were used to

transform competent DH5a Escherichia colicells. Sequencing was ac-
complished by the dideoxy-chain termination method with the Cycle Se-
quencing kit (Amersham Life Science, Buckinghamshire, England) by
employing M13 primers labeled at their 58 ends with fluorescein. The
sequencing products were run on an ALF automatic fluorescent laser DNA
sequencer (Pharmacia).

Statistical Analysis

Allele frequencies for each of the six Y microsatellites were scored by
single-gene counting procedures. Microsatellite diversity was mea-
sured as the simple Nei’s (1987) gene diversity usingD 4 1 − ∑i2.
This index is not sensitive to artificial population agglomeration
(Chakraborty et al. 1988) being quite suitable in our case, where indi-
viduals from distinct populations were studied. In order to access
the significance of the distinct diversity values observed at all loci
that could be due to stochastic sampling errors, we established 99%
confidence limits by doing 10,000 bootstrap simulations using the
GENETIX software (Belkhir et al. 1998). The repeat number variance
was also calculated (Goldstein et al. 1996) and the significant differ-
ences between microsatellite loci were evaluated by performing a non-
parametric Friedman ANOVA test.

Results

Microsatellite Variability Within the
DYS199-T Lineage

The allele distributions for all microsatellite loci in the
DYS199-T lineage (n 4 95) are shown in Table 2.
DYS19was quite invariable in this lineage, with only two
alleles found. The only individual who did not show the
10-repeat allele (A, or 186 bp) atDYS19was a Mayan
who had the 12-repeat allele (a 2-repeat difference in the
major GATA block). High values ofDYS19diversity
were observed in the sample of white Brazilians (Santos
et al. 1993).

As measures of diversity we used two parameters:
repeat number variance and gene diversity indexes. The
latter does not take into account the stepwise mutation
model. Our results for the AmerindianDYS199-T lineage
are shown in Table 3. The smaller value for the variance

Table 1. Details of the six Y microsatellites analyzed in this work

Locus Repeat sequencea
GenBank
accession No.

Size range
(bp)b

Allele
nomenclaturec

DYS19 (GATA)3GGTA(GATA)12 X77751 186–194 194 bp: 12 repeats
DYS389A (GATA)12(GACA)6

d G09600 108–124 120 bp: 12 repeats
DYS389B (GATA)9(GACA)3GATA — 247–255 247 bp: 9 repeats
DYS390 (GATA)4(GACA)(GATA)10(GACA)8(GATA)2 G09611 212–224 212 bp: 10 repeats
DYS391 (GATA)10(GACA)3(GATA) AF055718 279–287 283 bp: 10 repeats
DYS393 (GATA)13 G09601 119–131 123 bp: 13 repeats

a Sequence of the allele shown in the last column. These data were obtained from either GenBank or our own sequencing data.
b Allele size range observed in this survey.
c Alleles are labeled by the repeat number of the largest block.
d Allele sequence according to Cooper et al. (1996).
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was detected atDYS19(0.04), while larger values were
seen for all other loci, with the highest atDYS389A
(0.78). The variance differences observed suggest that in
Y chromosomes bearing allele T atDYS199,microsatel-
lite loci are evolving at very distinct rates. When we
performed a nonparametric ANOVA test, we obtained
significant differences (p < 0.05) for each pair of micro-
satellite loci studied.

We also used 10,000 bootstrap simulations (Fig. 1) to
establish 99% confidence limits (Table 3) for the gene
diversity in all six Y microsatellite loci. The simulated
DYS19diversity distribution was significantly distinct (p
< 0.01) from all other microsatellite distributions (Table
3). Thus, in theDYS199-T lineage, locusDYS19seems to
be evolving at a much reduced mutation rate compared

with the other Y-linked microsatellite loci. It is important
to make clear that if we perform the same simulations
with only 48 of 57DYS199-T Amerindians not previ-
ously typed withDYS19(see Materials and Methods), we
obtain find the same results, indicating that we have no
significant ascertainment bias.

The previous analyses allow us to reject the null
hypothesis of no differences in the mutation rates at
six Y-linked microsatellite loci in the Amerindian
DYS199-T lineage. Data published elsewhere for differ-
ent Amerindian samples (Underhill et al. 1996, Deka et
al. 1996; Rodriguez-Delfin et al. 1997) and simulations
with a bootstrap resampling method (Belkhir et al. 1998)
indicate that our results cannot be explained by sampling
or stochastic events. Nor can the low mutation rate for
DYS19(that we observed by measuring the repeat num-
ber variance and gene diversity) in theDYS199-T lineage
be explained by its presence on the nonrecombining part
of the Y chromosome, since the other microsatellite loci
located in the same region are much more variable. The
high variability observed in other microsatellites also ex-
cludes the founder effect in the Amerindian population
as a single evolutionary fact explaining the lowDYS19
variability. In view of these facts, we decided to examine
the microsatellites under the light of several distinct fea-
tures as follow.

Mapping of the Microsatellites on the Y Chromosome

Since no published mapping data were available for
these six Y microsatellite loci, we examined if there was
a correlation of the relative mutation rates of these mi-
crosatellites with their location on the Y chromosome.

We used two mapping methods to locate the micro-
satellite loci on the human Y chromosome: a deletion
panel and a radiation hybrid panel. The deletion panel
(Tyler-Smith et al. 1993) divides the human Y chromo-
some into 24 intervals, with the centromere located in
interval 8. This means that from interval 1 to interval 7,
this panel represents the short arm of the Y, while the
long arm lies between intervals 9 and 24. Our results for

Table 3. Gene diversity (D) and allele size variance (s2) values for six Y microsatellite loci in theDYS199-T (n 4 95), Tat-Ca (n 4 60), and
DYS234-Gb (n 4 30) lineages

Locus

DYS199-T lineage Tat-C lineage DYS234-G lineage

D (CI)c s2 D (CI) s2 D (CI) s2

DYS19 0.02 (0–0.09) 0.04 0.03 (0–0.13) 0.02 0.68 (0.48–0.79) 0.88
DYS389A 0.65 (0.58–0.71) 0.78 0.53 (0.35–0.66) 0.70 0.35 (0.07–0.58) 0.28
DYS389B 0.43 (0.29–0.54) 0.25 0.15 (0–0.31) 0.08 0.37 (0.13–0.59) 0.23
DYS390 0.59 (0.49–0.66) 0.46 0.35 (0.16–0.51) 0.23 0.67 (0.44–0.78) 1.17
DYS391 0.22 (0.11–0.36) 0.12 0.51 (0.41–0.57) 0.28 0.53 (0.33–0.62) 0.31
DYS393 0.47 (0.33–0.60) 0.73 0.21 (0.04–0.4) 0.17 0.38 (0.13–0.57) 0.27

a From Zerjal et al. (1997).
b From Hurles et al. (1998).
c Simulated 99% confidence intervals (Belkhir et al. 1998) for gene diversity based on the resampling of observed allele frequencies.

Table 2. Allele frequency distribution of six Y-tetranucleotide loci in
the DYS199-T lineage

Locus Allelea

Frequency in
Amerindians
(n 4 95)

DYS19 10 0.99
12 0.01

DYS389A 09 0.01
10 0.42
11 0.40
12 0.11
13 0.06

DYS389B 09 0.06
10 0.73
11 0.21

DYS390 10 0.15
11 0.55
12 0.29
13 0.01

DYS391 09 0.01
10 0.87
11 0.12

DYS393 12 0.04
13 0.70
14 0.06
15 0.20

a Alleles are named by the repeat number of the largest (GATA)n block.
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the five microsatellites are shown in Table 4. The pres-
ence of the locus is indicated by a plus sign. These results
were compared to the mapping interval determined by 56
loci according to the original article (Tyler-Smith et al.
1993). These results indicate thatDYS19and DYS393
both mapped to the short arm, whileDYS389, DYS390,
and DYS391were located on the long arm. Moreover,
DYS19and DYS390were unambiguously assigned to
intervals 5 (where the50f2/B locus is situated) and 14
(together with theGMG XY3and 25H4 loci), respec-
tively (Tyler-Smith et al. 1993). On the other hand, we
could locateDYS389between the14A3C (interval 11)
and theRBF5 (interval 12) loci, thus creating another
interval not determined before (Tyler-Smith et al. 1993).
DYS393was found to be associated with theRBF6and
LLY25hloci (interval 3).DYS391was assigned to inter-
val 11 (together with the14A3Clocus). For the last three
microsatellites, some discrepancies in the amplification
results were found that could be due to chromosome
rearrangements frequently observed in these cells (Tyler-
Smith et al. 1993).

By typing the Stanford G3 radiation hybrid panel
(Table 5), we found links for each one of the five mi-
crosatellites, with the exception ofDYS19(that fortu-
nately had been assigned previously by us using deletion
mapping). For the first time, a detailed map of the mi-
crosatellites on the human Y chromosome is shown (Fig.
2) but no apparent association between chromosomal lo-
cation and distinct variability for the studied loci could
be detected.

Structural Features of the Y Microsatellite Loci

DYS19 Flanking Regions and Repeat Blocks.To ascer-
tain whether other sequence variations, outside or inside
the repeat region, might be seen in theDYS19 locus
present in theDYS199-T lineage, we sequenced three
10-repeat alleles from distinct Amerindian males (Fig.

3). No difference in sequence was observed compared
with the Caucasian 10-repeat allele (Roewer et al. 1992).
When two Caucasian alleles (11- and 12-repeat) and one
Bushman allele (9-repeat) were compared with the Am-
erindian 10-repeat alleles, the only differences observed
were in the number of GATA repeats. These compari-
sons also showed that the largest GATA block is the
region where insertions or deletions of GATA repeat
units preferentially occur.

Repeat Block Structure, Size, and Variability.Many
factors have been implicated in influencing the rate of
autosomal microsatellite mutation but no similar ap-
proach was devoted to Y-linked microsatellites. In Table
1, some parameters for each locus are displayed, such as
the structure of the repeat blocks with their degree of
perfection, the size of the largest repeat blocks, the allele
size range, and the correspondence of allele length (bp)
and repeat number of the largest repeating block. All the
loci studied were tetranucleotide microsatellites display-
ing mixtures of two repeat motifs: GATA and GACA.
DYS393was the only perfect tetranucleotide, displaying
13 GATA repeats for the 123-bp allele.DYS390,
DYS391, DYS389A, and DYS389B were the more com-
plex, with a (GATA)n(GACA)n arrangement,DYS19had
a (GATA)n array interrupted by a GGTA motif. This
interruption, probably the fruit of an A→G transition,
might influence the mutation rate of this microsatellite
(see Macaubas et al. 1997). For instance, it is known that
in the expansion-prone trinucleotide microsatellites in-
volved in the etiology of both spinocerebellar ataxia
(Chung et al. 1993) andFRAXA(Hirst et al. 1994), al-
leles with motif interruptions appear to be much more
stable than perfect ones. ForDYS19it seems that only the
large block (see Fig. 3) is involved in generating the
microsatellite variability.

An association of repeat number variance values with
the average repeat number of the largest block was ob-
served in theDYS199-T lineage, especially forDYS19
and DYS393,the microsatellite loci with the simplest
repeat blocks (Table 1, Fig. 4A). The perfect microsat-
ellite DYS393showed one of the greatest values for vari-
ance and gene diversity (Table 3).DYS389A and
DYS390showed the highest variance and gene diversity
values, probably due to their complex array of repeat
motifs, where both have another GACA block with at
least six repeats. These complex microsatellites can have
distinct evolving repeat blocks, which increase their
overall mutation rate. This would result in larger vari-
ance and gene diversity values. At least forDYS390,the
high mutation rate due to variation in distinct repeat
blocks was already noted (Forster et al. 1998).

Comparison of Microsatellite Variability Between
Distinct Y Lineages

In Table 3, the microsatellite variability of theDYS199-T
lineage is compared with literature data for two other Y

Fig. 1. Class distribution (0.02 interval on theX axis) of 10,000
bootstrap simulations (Belkhir et al. 1998) of gene diversity values for
each of the six Y-linked microsatellite loci in theDYS199-T lineage.
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chromosome lineages: the Tat-C lineage found in North
Eurasians (Zerjal et al. 1997) and theDYS234-G lineage
found in Polynesians (Hurles et al. 1998). The three de-
rived mutations define lineages that originated in slightly
distinct times (Underhill et al. 1996; Zerjal et al. 1997;
Hurles et al. 1998), and their average microsatellite vari-
ance (for the six loci studied here) was 0.44, 0.24, and
0.52 forDYS199-T, Tat-C, andDYS234-G respectively.

Since these values are much lower than the expected
value at the mutation drift equilibrium (Goldstein et al.
1996), the microsatellite variance seems to reflect the
variability of lineages that originated recently, as dis-
played by their restricted geographic location (Underhill
et al. 1996; Zerjal et al. 1997; Hurles et al. 1998). In
Table 3 we can see the magnitude that the variance of the
repeat number reaches for each of the six Y-linked loci,
within and between Y chromosome lineages. The mic-
rosatellite variance values in theDYS199-T and Tat-C
lineages were compared to their average repeat numbers
(Figs. 4A and B). Thus, in theDYS199-T and Tat-C
lineages, the microsatelliteDYS19presented small aver-
age repeat numbers of 10.02 and 11.02, respectively, and
low variance values of 0.04 and 0.02, respectively, while
in theDYS234-G lineage,DYS19displays a larger aver-
age repeat number of 12.5 and a high variance of 0.88
(Table 3).

Discussion

The basic question that we tried to answer in this study
was why, after more than 10,000 years (i.e. 500 genera-

Table 4. Amplification data obtained in 33 deleted Y-chromosome cells for five Y microsatellites

No. Cell line Description DYS19 DYS389 DYS390 DYS391 DYS393

1 4532 46,XX, man −a − − − −
2 RFY1 46,XX, man − − − − −
3 89030291 46,XX, man +a − − − +
4 Q998-8 der Y-hybrid + − − − +
5 CHoP 45,Xt(Y;18), man + − − − +
6 842968 46,X,I(Yp) + − − − +
7 KIB 46,X,del(Y)(q11.2) + − − − +
8 1491/76R 45,X,t(Y;18), man + − − − +
9 M-6R-1 46,X,del(Yq) + − − + +

10 GM2668 45,X/46,X,del(Y)(q12) + + − + +
11 MSM 46,X,del(Y)(q11.23) + + − + +
12 TAP 46,X,del(Y)(q11.1) + + − + +
13 BIT 46,X,del(Yq) + + + + +
14 JB 46,X,idic(Y)(q11.22) + + + + +
15 DL-2782/80R 46,X,idic(Y)(q11) + + + + +
16 WSM184 45,X/46,X,idic(Y)(q11) + + + + +
17 863829 45,X/46,X,idic(Yp)(q11.21) + + + + +
18 863712 45,X/46,X,idic(Yp)(q11.21) + + + + +
19 870740 46,X,idic(Yp)(q11.22) + + + + +
20 DAA 46,X,del(Y)(q11.3) + + + + +
21 JOW 45,X/46,X,r(Y) + + + + +
22 PIP 46,X,idic(Y)(q12) + + + + +
23 134/89 45,X/46,X,idic(Y)(q12) + + + − +
24 BRG 46,X,del(Yq) + + + + +
25 GM6967 45,X/46,X,idic(Y)(p11)/47,X,idic(Y),idic(Y) + + + + +
26 861748 48,XX,idic(Y),idic(Y)(p11.2) + + + + −
27 870377 45,X/46,X,idic(Y)(p11) + + + + +
28 M188044 45,X/46,X,r(Y) + + + − −
29 651 46,XY, woman − + + + −
30 GM2103 46,X,t(X;Y)(Yq11>Yqter) − − − − +
31 GM2469 46,X,t(X;Y)(Yq11>Yqter) − − − − −
32 GM0118 46,XX,t(Y;15)(Yq11.Yqter) − − − − +
33 GM7970 47,XX,+t(Yq12.Yqter) − − − − +

a Absence (−) or presence (+) of amplification.

Table 5. Physical mapping of Y microsatellites by PCR analysis of
the Stanford G3 panel

Microsatellite
Linked
marker

LOD
score

Distance
(cR)a Mapping

DYS19 NDb

DYS389A DYS271 13.71 4.34 Yq11.21
DYS389B DYS148 11.92 5.05 Yq11.21
DYS390 DYS280 5.47 31.70 Yq11.21
DYS391 DYS271 9.79 18.17 Yq11.21
DYS393 DYS252 11.52 5.43 Yp11.31

a One centiray (cR) roughly equals a distance of 30 kb.
b Not determined (i.e., no links were found in the radiation hybrid
panel).
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tions) of the Asian migration into the Americas, did
DYS19remain almost-invariable, with a high frequency
of the 10-repeat allele (186 bp) in theDYS199-T lineage?
First, we examined the variability of five other tetra-
nucleotide repeat loci (DYS389A, DYS389B, DYS390,
DYS391,andDYS393) in theDYS199-T lineage. All mi-
crosatellites studied displayed significantly higher levels
of variation thanDYS19(Fig. 1, Tables 2 and 3). Then
we rejected the hypothesis of identical mutation rates for
the different Y-linked microsatellite loci (indirectly mea-
sured by the repeat number variance and gene diversity
indexes), a common behavior already noted for human
autosomal microsatellites (Jin et al. 1996, Di Rienzo et
al. 1998) andDrosophila(Schlötterer et al. 1998). Thus
we have investigated distinct properties that could be
influencing the mutation rates in these Y microsatellites.

Chromosomal Location

We mapped all loci regionally and found thatDYS389A,
DYS389B, DYS390,and DYS391were located on the
long arm, whileDYS19and DYS393were on the short
arm of the Y chromosome (Fig. 2). Judged by the pres-
ence of many regions with different replication timing
(Camargo and Cervenka 1982; Schempp et al. 1989), we
would expect that chromatin packing of the human Y
chromosome should be quite heterogeneous, and this
could influence the rate of occurrence of DNA strand

slippage or of mismatch repair (or other genome turnover
mechanisms) responsible for microsatellite evolution.
We could not find any apparent association between dis-
tinct mutation rates and localization of the microsatellite
loci. However,DYS19was found to be located in the
large Giemsa-negative Yp11.2 band where the structural
organization is poorly understood.

Structural Features of Both Repeat and
Flanking Regions

We next compared the length, base composition of the
repeat motif and flanking regions, number of repeats, and
degree of perfection ofDYS19with those of the other Y
microsatellite loci. We could not find any significant
structural peculiarities ofDYS19that could explain its
low variability except for a discrete positive correlation
between the average repeat size of the large block and the
repeat number variance measures (Fig. 4A). Besides, of
particular relevance was the observation that the nucleo-
tide sequences of three Amerindian 10-repeat alleles
compared to a Bushman 9-repeat allele and to Caucasian
10-, 11-, and 12-repeat alleles have shown differences
only in the repeat number of the larger GATA block (Fig.
3). When the average repeat number is smaller (10.02 for
DYS19,10.08 for DYS391,and 10.14 forDYS389B),
lower variance values were obtained in theDYS199-T
lineage (Fig. 4A). However,DYS389B andDYS391,as

Fig. 2. Regional mapping of the tetranucleotide microsatellite loci on the human Y chromosome.
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well asDYS389A andDYS390,show complex structures,
with possible variation occurring in other repeat blocks
(Table 1). Thus repeat number-dependent variation
should be analyzed carefully in complex microsatellite
structures. For example, the correlation between average
repeat number and variance could not be observed in the
DYS199-T lineage forDYS389A (Fig. 4A) and in the
Tat-C lineage forDYS390, DYS391,andDYS389A (Fig.
4B), where other large repeat blocks can be generating
further diversity. On the other hand, the perfect micro-
satelliteDYS393contains a single repeat block, with an
average repeat number of 13.43 (the largest among all
microsatellites), as well as high gene diversity and repeat
number variance values in theDYS199-T lineage (Table
3, Fig. 4A). In the Tat-C lineage (Fig. 4B)DYS393is not
as variable but considering that this lineage (Zerjal et al.
1997) is more recent than theDYS199-T lineage (Under-
hill et al. 1996), we expect a lower variation for the
former.

Our Y microsatellites can be compared with literature
data for autosomal microsatellites, where it was observed
that a difference of only one repeat unit may be respon-
sible for determining the distinct mutation rate within the
same locus (Jin et al. 1996; Brinkmann et al. 1998).
Thus, each allele could present an independent evolu-
tionary pace, smaller alleles having low mutation rates
and larger ones displaying higher mutation rates (Jin et
al. 1996; Brinkmann et al. 1998, Schlo¨tterer et al. 1998).
The same might be occurring with the human Y chro-
mosome microsatellites. Then we compared theDYS19
variance and average repeat number present in each dis-
tinct lineage (DYS199-T, Tat-C, DYS234-G). Presum-
ably, the average repeat number is a closer value to the
founder allele, which was present in the Y chromosome
where each point mutation defining the lineage has
arisen, i.e., the founder microsatellite allele (Santos and
Tyler-Smith 1996). In theDYS199-T and Tat-C lineages,
we found low diversity and variance values atDYS19
(Table 3, Figs. 4A and B) associated with short alleles
(small average repeat number). Conversely, in the
DYS234-G lineage (Hurles et al. 1998), where the most
frequent alleles atDYS19are the 12- and 13-repeat ones
(average of 12.5 repeats), a higher repeat number vari-
ance (0.88) was detected (Table 3). Despite the fact that
the Tat-C andDYS199-T lineages show similarDYS19
diversity and variance values, their average repeat num-
bers (Table 3) differ by about one repeat unit. As the
average of the observed variance in all Y microsatellite
loci is proportional to the lineage origin time (Goldstein
et al. 1996; Zerjal et al. 1997), it seems thatDYS19in the
Tat-C lineage has accumulated a diversity similar to that
of theDYS199-T lineage but in fewer generations, which
could be a reflex of its larger founder allele (Fig. 4B).
Therefore, it seems conceivable that the smaller repeat
number in theDYS19 locus of theDYS199-T lineage
could be responsible for the distinctiveness in gene di-
versity and variance values demonstrated in this work.
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This study shows that Y-linked microsatellites, inher-
ited as haplotypes, have advantages for the study of char-
acteristics influencing mutation rates, compared to auto-
somal microsatellites (Brinkmann et al. 1998; Schlo¨tterer
et al. 1998). Y microsatellites can be studied within lin-
eages, where distinct loci can be analyzed independently
of other evolutionary variables. They can also be studied
between lineages where the same microsatellite loci re-
veal distinct evolutionary pathways depending on their
different founder alleles.

In summary, in the present work we observed distinct
microsatellite mutation rates generating different diver-
sity and variance values. The difference in the mutation
rate per locus could not be explained by distinct Y-
chromosome localization or by sequence differences in
the repeat and flanking regions. However, an association
between the size of the larger repeat block and the locus
diversity was observed. When theDYS19locus data in
different Y-chromosome lineages were compared,
smaller founder alleles were associated with lower di-
versity levels, while larger founder alleles were seen
when a high diversity was observed. Thus, the size of the
founder allele (repeat number) for each lineage may play
a role in the mode and tempo of microsatellite evolution.

Besides, it is clear that allele- and locus-specific muta-
tion rates should be specifically determined in each study
to allow more precise and reliable datings using micro-
satellite variation.
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