
Am. J. Hum. Genet. 65:1623–1638, 1999

1623

Variation in Short Tandem Repeats Is Deeply Structured by Genetic
Background on the Human Y Chromosome
Elena Bosch,1 Francesc Calafell,1 Fabrı́cio R. Santos,2,3 Anna Pérez-Lezaun,1 David Comas,1
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Summary

Eleven biallelic polymorphisms and seven short-tandem-
repeat (STR) loci mapping on the nonrecombining por-
tion of the human Y chromosome have been typed in
men from northwestern Africa. Analysis of the biallelic
markers, which represent probable unique events in hu-
man evolution, allowed us to characterize the stable
backgrounds or haplogroups of Y chromosomes that
prevail in this geographic region. Variation in the more
rapidly mutating genetic markers (STRs) has been used
both to estimate the time to the most recent common
ancestor for STR variability within these stable back-
grounds and to explore whether STR differentiation
among haplogroups still retains information about their
phylogeny. When analysis of molecular variance was
used to study the apportionment of STR variation
among both genetic backgrounds (i.e., those defined by
haplogroups) and population backgrounds, we found
STR variability to be clearly structured by haplogroups.
More than 80% of the genetic variance was found
among haplogroups, whereas only 3.72% of the genetic
variation could be attributed to differences among pop-
ulations—that is, genetic variability appears to be much
more structured by lineage than by population. This was
confirmed when two population samples from the Ibe-
rian Peninsula were added to the analysis. The deep
structure of the genetic variation in old genealogical
units (haplogroups) challenges a population-based per-
spective in the comprehension of human genome diver-
sity. A population may be better understood as an as-
sociation of lineages from a deep and population-
independent gene genealogy, rather than as a complete
evolutionary unit.
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Introduction

Human evolution and population studies based on the
Y chromosome have increased notably during recent
years (Hammer 1995; Jobling and Tyler-Smith 1995;
Santos et al. 1995b; Whitfield et al. 1995; Cooper et
al. 1996; Deka et al. 1996; Roewer et al. 1996; de
Knijff et al. 1997; Hammer et al. 1997, 1998; Pérez-
Lezaun et al. 1997, 1999; Hurles et al. 1998). The
singular characteristics of the Y chromosome, which
include paternal inheritance and absence of recom-
bination through most of its length, make this chro-
mosome a powerful tool for tracing and comparing
paternal lineages of human populations in a way sim-
ilar to the use of mtDNA to study maternal lineages.
In spite of the slow initial discovery of polymorphic
markers on the Y chromosome, which started in the
mid 1980s (Casanova et al. 1985; Lucotte and Ngo
1985), the detection of variation on this chromosome
has grown dramatically during recent years (Jobling
and Tyler-Smith 1995; Hammer and Zegura 1996;
Underhill et al. 1997). The variety of polymorphic
markers now available on the nonrecombining por-
tion of the Y chromosome ranges from base substi-
tutions and deletion/insertion polymorphisms, which
are rare (probably even unique) events in evolution
and which tend to be biallelic, to faster-mutating poly-
morphisms such as microsatellites—also known as
short tandem repeats (STRs)—and the MSY1 mini-
satellite (Bouzekri et al. 1998; Jobling et al. 1998a).

The presence of different types of polymorphisms with
different mutational mechanisms and rates strengthens
even more the applicability of analysis of the nonrecom-
bining portion of the Y chromosome to the study of
human evolution at different geographic and time scales.
Some examples of the wide range of subjects to which
the study of Y-chromosome polymorphisms has been
applied include investigations of both the origin and the
dispersal of anatomically modern humans (Hammer et
al. 1997, 1998), the first settlement of the Americas
(Pena et al. 1995; Santos et al. 1995a, 1996, 1999a;
Underhill et al. 1996; Karafet et al. 1997), the Asian
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paternal contribution to northern European populations
(Zerjal et al. 1997), the colonization of Polynesia as well
as later European admixture (Hurles et al. 1998), the
colonization of mountain habitats in central Asia (Pérez-
Lezaun et al. 1999), and the study of both the Cohen
(Thomas et al. 1998) and the Jefferson (Foster et al.
1998) lineages.

The evolution of each of these markers on the Y
chromosome is not independent, since changes to a
particular locus always happen on a well-defined
background for all the other polymorphisms to which
it remains linked because of the absence of recom-
bination. In particular, the absence of recombination
has facilitated the inference of the genealogy of hap-
logroups—that is, groups of chromosomes defined by
the combination of alleles at different biallelic poly-
morphisms. The combination of slow- and fast-mu-
tating systems has added values. The typing of STRs
within haplogroups has allowed the investigation of
the origin and dispersal of certain haplogroups (Zerjal
et al. 1997; Hurles et al. 1998), as well as examination
of the population movements associated with those
dispersals.

Genetic diversity is often thought of as being struc-
tured by population, to the extent that a population
perspective has been thought of as a complete descrip-
tion of the genetic diversity. Classic population-genetics
theory modeled the dynamics of allele-frequency change
among populations, in terms of forces such as drift, se-
lection, and migration. This approach implies that a
mere description of variation is fully informative on ge-
netic grounds. However, genetic diversity may be more
deeply structured by gene genealogy than by the eth-
nogenesis process that gave rise to the population. The
gene genealogy of a particular genome region can be
recognized from the inferred genealogy of its slowly mu-
tating polymorphisms, which constitute the stable back-
ground on which the variation of faster-mutating sys-
tems took place. This rapidly produced variation may
contain information on the evolution of each deep
branch of the gene genealogy and may even include a
detailed footprint of the full gene geneology. The pop-
ulation perspective may thus be out of the scale of the
genetic processes. For instance, Estivill et al. (1994)
found that haplotypes of three STRs in the cystic fibrosis
transmembrane conductance regulator (CFTR) gene
were clearly different in chromosomes bearing the
DF508 mutation (which causes cystic fibrosis) compared
with those found in nonaffected chromosomes. More-
over, STR haplotypes from any of a number of nonaf-
fected European populations were much closer to each
other than were haplotypes from nonaffected and
DF508-bearing chromosomes belonging to the same
population. Therefore, genetic diversity within the

CFTR gene in Europe is more deeply structured by ge-
netic background than by population.

Since the production of biallelic variation is contin-
uous in time, some of that variation—the most an-
cient—will define haplogroups with wide geographic dis-
tributions; however, most of it, being more recent, will
be found in more-restricted areas and may have occurred
after certain population splits. In fact, there are popu-
lation-specific Y-chromosome biallelic polymorphisms,
such as Tat in northwestern Asians (Zerjal et al. 1997),
SRY-2627 in north Iberians (Hurles et al. 1999), and
DYS199 in Native Americans (Underhill et al. 1996).
The most recent biallelic markers may be population-
specific and even family-specific. However, a character-
istic distribution of haplogroups will be found in each
population, and some of those haplogroups may be
much older than the populations in which they are
found.

In this study, we have scored 11 Y-specific biallelic
markers in men from northwestern Africa; this has al-
lowed the characterization, for the first time, of Y-chro-
mosome haplogroup distribution in this area. We have
also explored Y-chromosome variation at seven STRs in
the same individuals, to characterize genetic variation
by stable genetic background (i.e., by biallelic polymor-
phism haplogroup) and to compare the apportionment
of genetic variation by haplogroup with that appor-
tioned by population. This will allow an alternative per-
spective to the population approach for the comprehen-
sion of human genetic diversity. The time to the most
recent common ancestor (TMRCA) for the STR varia-
bility within haplogroups and the microsatellite diversity
within them were analyzed as well. These analyses were
also done in two population samples from the northern
Iberian Peninsula. Finally, we explored whether STR dif-
ferentiation by haplogroup retains information about
the haplogroup phylogeny.

Material and Methods

Samples

Genetic analyses were performed on a sample of Y
chromosomes from 129 unrelated healthy men from
northwestern Africa. Appropriate informed consent was
obtained from all participants in this study, and, in most
cases, information about both the geographic origin and
native language of each man’s four grandparents was
recorded. The samples obtained were from 44 Arabs,
42 Tahelhits, and 14 other Moroccan Berbers, as well
as from 29 Saharawis. DNA was extracted from fresh
blood by use of standard phenol-chloroform protocols.
For parts of the data analysis, additional samples (from
51 Basques and 27 Catalans) from northern Iberia were
included.
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Table 1

Y-Chromosome Biallelic Polymorphisms Analyzed and Their Allele Frequencies in Northwestern Africa

Polymorphisma

and Allele Frequency Type Method References

92R7:
C
T

124 (.961)
5 (.039)

Base substitution HindIII site loss, PCR Mathias et al. (1994)

SRY-2627:
C
T

129 (1)
0 (0)

Base substitution BanI site loss, PCR Bianchi et al. (1997); Santos et al. (1999a)

SRY-1532:
A
G

0 (0)
129 (1)

Base substitution DraIII site gain, PCR Whitfield et al. (1995); Kwok et al. (1996);
Santos et al. (1999a)

YAPb:
0
1

24 (.186)
105 (.814)

Alu insertion PCR Hammer (1994); Hammer and
Horai (1995)

Poly (A) tailc:
L
S

1 (.010)
104 (.990)

Poly (A) tail–length
polymorphism

PCR Hammer (1995); Hammer et al. (1997)

SRY-8299:
G
A

24 (.186)
105 (.814)

Base substitution BsrBI site loss, PCR Whitfield et al. (1995); Santos et al. (1999a)

sY81:
A
G

123 (.953)
6 (.047)

Base substitution NlaIII site loss, PCR Seielstad et al. (1994)

M9d:
C
G

123 (.953)
6 (.047)

Base substitution PCR, DHPLCe Underhill et al. (1997)

12f2d:
10 kb
8 kb

114 (.884)
15 (.116)

Duplication/deletion TaqI (EcoRI), filter
hybridization

Casanova et al. (1985)

50f2 Pd:
8.5 kb
3.1 kb

129 (1)
0 (0)

Base substitution TaqI, filter
hybridization

Guellaen et al. (1984)

50f2 Id:
8.5 kb
4 kb

129 (1)
0 (0)

Base substitution TaqI, filter
hybridization

Guellaen et al. (1984)

a For each biallelic polymorphism, the ancestral state is presented above the derived state.
b For the YAP polymorphism, “0” denotes absence of the Alu sequence and “1” denotes presence of the Alu sequence.
c The poly (A) tail–length polymorphism is found within the YAP element, and four different alleles have been described so

far. Of those, we found two—S (Small, 26 bp) and L (Large, 46 bp)—in our sample. Their frequencies are given with respect
to the total number of YAP-positive chromosomes.

d Only YAP-negative individuals were tested for these polymorphisms. YAP-positive individuals were presumed to have
polymorphisms M9 C, 12f2 10 kb, 50f2 P 8.5 kb, and 50f2 I 8.5 kb.

e DHPLC = denaturing high-performance liquid chromatography.

Biallelic Polymorphism Typing

We typed eight base substitutions, an Alu insertion,
the polymorphic number of adenine residues in its 3′

end, and a duplication/deletion polymorphism (see table
1). Polymorphism 92R7, which was originally described
as an RFLP by Mathias et al. (1994), was converted to
a PCR format by M. E. Hurles, F. R. Santos, and C.
Tyler Smith (unpublished data), by amplification of a
55-bp fragment containing the polymorphic site in the
92R7 system. HindIII digestion was used to detect the
CrT base substitution that destroys a HindIII site equiv-
alent to the presence of the 6.7-kb band in the 92R7
Southern blots (Mathias et al. 1994). SRY-2627 (also
known as pSRY-373) was analyzed by PCR amplifica-

tion, as reported elsewhere (Bianchi et al. 1997), by use
of the pSRY244 (forward) and pSRY634 (reverse) prim-
ers. BanI digestion was employed to detect the CrT
transition at base-pair position 373 (Santos et al. 1999a).
SRY-1532 screening was performed with primers SRY-
1 and SRY-2 (Santos et al. 1999b), which amplify a 167-
bp male-specific fragment spanning the polymorphic po-
sition 10,831 of region SRY (Whitfield et al. 1995; Kwok
et al. 1996). PCR and cycling conditions were performed
as described elsewhere (Santos et al. 1999a). Amplified
products were digested with DraIII and were incubated
with Pronase (Boehringer Mannheim). The Y-chromo-
some Alu insertion polymorphism (YAP) element at the
DYS287 locus was analyzed by PCR amplification, as
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described by Hammer and Horai (1995). Variation in
the number of adenine residues at the 3′ end of the YAP
Alu sequence, also known as the poly (A) tail–length
polymorphism (Hammer 1995; Hammer et al. 1997),
was typed by resolution of the amplified products of
YAP-positive individuals on 20 # 20–cm (1 mm–thick)
6% polyacrylamide gels in 1 # Tris-borate EDTA at 40
mA for 5 h and by visualization with silver staining. The
SRY-8299 system was genotyped with the primers and
PCR conditions described by Santos et al. (1999a). The
amplified fragments, which contained the GrA poly-
morphic site at position 4,064 of the SRY region (Whit-
field et al. 1995), were then digested with BsrBI and
were analyzed by electrophoresis (Santos et al. 1999a).
Polymorphism sY81 (DYS271) was amplified as de-
scribed elsewhere (Seielstad et al. 1994). Amplified prod-
ucts were digested with Hsp92II (isoschizomer of
NlaIII). The M9 CrG base substitution was PCR am-
plified and was typed by denaturing high-performance
liquid chromatography, as described elsewhere (Under-
hill et al. 1997). A total of 1 mg of genomic DNA from
each YAP-negative individual was digested to comple-
tion by use of 20 U of TaqI (Boehringer Mannheim); it
was then electrophoresed on a 1% agarose gel in 0.5 #
Tris-acetate EDTA for 14 h at 25 V and was transferred
to Hybondy -N1 nylon membranes, by use of standard
procedures (Southern 1975). DNA probes 50f2 (DYS7)
and 12f2 (DYS11) for Southern blot analysis were ra-
dioactively labeled by random priming (Feinberg and
Vogelstein 1983, 1984). After prehybridization with
salmon sperm DNA, filters were hybridized overnight
with probe 12f2 (Casanova et al. 1985) at 687C in 1%
SDS 5 # Denhardt’s solution, 10% dextran sulphate,
and 0.5 M sodium phosphate; they were then washed,
at 657C, to a stringency of 0.1 # SSC plus 1% SDS.
The filter hybridization and washing conditions used,
plus further details for probe 50f2, can be found in a
report by Jobling (1994). In both cases, bands were vi-
sualized by autoradiography done at 2707C with Fuji
Rx film. Biallelic polymorphism data for Basques and
Catalans were obtained from Semino et al. (1996), Un-
derhill et al. (1997) and Underhill (unpublished results),
and Hurles et al. (1999).

STR Polymorphism Typing

Two trinucleotide repeat polymorphisms—DYS388
and DYS392—and six tetranucleotide repeat poly-
morphisms—DYS19, DYS389I, DYS389II, DYS390,
DYS391, and DYS393—were typed in all Y chro-
mosomes. A PE Biosytems 9600 thermal cycler was
used. PCR reactions were performed in a 10-ml final
reaction volume containing 100 ng genomic DNA, 50
mM KCl, 10 mM tris-HCl (pH 8.3), 1.5 mM MgCl2
(2.5 mM for DYS19), 250 mM each dNTP, 0.2 mM

each primer, and 1 U Taq DNA Polymerase (Gibco
BRL). Forward primers were fluorescently labeled.
The PCR cycling conditions used were those described
by Pérez-Lezaun et al. (1999). PCR products were run
in an ABI 377y sequencer. ABI GS500 TAMRA was
used as internal lane standard. The GENESCAN
672y and GENOTYPER 1.1y software packages
were used to collect the data and to analyze fragment
sizes. Y-STR alleles were named according to the num-
ber of repeat units they contain. The number of re-
peats was established through the use of sequenced
allele ladders and reference samples kindly provided
by P. de Knijff. Genome Database primers for the
DYS389 locus amplify a partially duplicated region
and generate two PCR products, which are referred
to as DYS389I (239–263 bp) and DYS389II (353–385
bp). Both fragments are variable in length, and the
study of their sequence structure has shown that
DYS389II contains DYS389I plus two additional
stretches of tetranucleotide repeats (Rolf et al. 1998;
Pestoni et al. 1998). Therefore, we have used only the
length variability of the shorter fragment in the nu-
merical analysis. The STR haplotypes for northern
Iberians were those described by Pérez-Lezaun et al.
(1997).

Data Analysis

Analysis of molecular variance (AMOVA) was per-
formed for STR allele frequencies among haplogroups,
by use of the Arlequin package (Schneider et al. 1997).
A simple hierarchical partitioning of haplotypes in hap-
logroups was tested, without further pooling haplo-
groups. Genetic dissimilarity among STR haplotypes
was weighed by the difference in allele length, which is
equivalent to the RST measure (Slatkin 1995; Schneider
et al. 1997). AMOVA was also performed directly on
STR haplotype frequencies; since the results were very
similar to those obtained with RST, only RST results are
given. Genetic diversity within each haplogroup was
measured by different parameters, such as the mean
number of allele differences between pairs of Y-chro-
mosome haplotypes and the mean number of differences
in repeat sizes between pairs of Y-chromosome haplo-
types. To test whether these parameters were statistically
significantly different between haplogroups, we per-
formed a permutation procedure similar to those de-
scribed in Graven et al. (1995) and in Mateu et al.
(1997). In each iteration, chromosomes are permuted
across haplogroups, the relevant parameter is recom-
puted in both haplogroups, and the difference is re-
corded. In this way, after 10,000 iterations, a distribu-
tion of the difference in the parameter between
haplogroups is obtained under the null hypothesis of no
difference. The probability of obtaining a difference in



Bosch et al.: Y-Chromosome STRs and Genetic Background 1627

Table 2

Y-Chromosome Haplogroups Studied and Their Frequencies in Northwestern Africa

BIALLELIC

POLYMORPHISM

HG
7

HG
3

HG
21

HG
26

HG
1

HG
22

HG
15

HG
6

HG
9

HG
4

HG
21 / 21L

HG
8

Status of Allele

92R7 0 1 0 0 1 1 0 0 0 0 0 0
SRY-2627 0 0 0 0 0 1 0 0 0 0 0 0
SRY-1532 0 0 1 1 1 1 1 1 1 1 1 1
YAP (poly [A] tail)a 2 2 2 2 2 2 2 2 2 1 (S) 1 (S) / 1 (L) 1 (S)
SRY-8299 0 0 0 0 0 0 0 0 0 0 1 1
sY81 0 0 0 0 0 0 0 0 0 0 0 1
M9 0 1 0 1 1 1 0 0 0 0 0b 0b

12f2 0 0 0 0 0 0 0 0 1 0 0b 0b

50f2 P 0 0 0 0 0 0 0 1 0 0 0b 0b

50f2 I 0 0 0 0 0 0 1 0 0 0 0b 0b

No. (Frequency [n = 129])

0 (0) 0 (0) 3 (.023) 1 (.008) 5 (.039) 0 (0) 0 (0) 0 (0) 15 (.116) 0 (0) 98 (.759)/1 (.008) 6 (.047)

Note: For each biallelic polymorphism, alleles are represented as “0” or “1,” according to the presence of an ancestral or derived state,
respectively (see table 1).

a Minus sign (2) = YAP-negative; plus sign (1) = YAP-postive; (S) = short poly (A) tail; and (L) = long poly (A) tail.
b Assumed but not typed.

the parameter between two haplogroups that was larger
than the observed difference was recorded.

TMRCA of the STR variability generated within the
chromosomes bearing the derived allele of each biallelic
polymorphism was estimated from the mean allele-size
variance of the seven STRs within all chromosomes bear-
ing that derived allele by use of equation 5 in Di Rienzo
et al. (1998): , where V is the variance in repeatV = Tmh2

size, T stands for time in generations after a population
expansion, m is the mutation rate, and h2 is the variance
in the number of repeats gained or lost at each mutation
event. The average mutation rate used was ,231.2 # 10
with a 95% confidence interval (CI) of to244.6 # 10

(Bianchi et al. 1998). This estimate com-232.8 # 10
prises data from deep-rooting pedigrees (Heyer et al.
1997) and for father-son transmissions (Kayser et al.
1997), as well as from family cell lines from the CEPH.
It has been reported that microsatellites tend to accu-
mulate mutations in lymphoblastoid cell lines, which
would result in an overestimation of germline mutation
rates (Banchs et al. 1994). However, Bianchi et al. (1998)
did not find any mutations in the CEPH cell lines they
typed, and, therefore, this method does not bias their
germline-mutation-rate estimate upward. Since all mu-
tations observed (Heyer et al. 1997; Kayser et al. 1997)
consist of the gain or loss of one repeat, mutation-size
variance (h2) was set to 1; the generation time used was
20 years. The 95% CIs for TMRCAs were estimated by
taking into account both the interlocus sampling vari-
ance and the 95% CI of the mutation rate estimate.

Net genetic distances between haplogroups (Dij) were
computed, according to the Jensen Difference (Rao
1982), as , where dij is the meanD = d 2 ([d 1 d ]/2)ij ij ii ij

number of absolute differences in allele length between
pairs of chromosomes of haplogroups i and j and where
dii and djj are the mean pairwise allele length differences
within haplogroups i and j, respectively. In its version
for DNA-sequence data, Dij is the most common mea-
sure of genetic distance among population samples of
mtDNA sequences (see, for example, Bertranpetit et al.
[1995]). It represents the average genetic difference be-
tween haplotypes belonging to different groups, cor-
rected for the average variability within those groups.

Results

Y-Chromosome Biallelic Polymorphisms

Allele frequencies of the 11 Y-chromosome biallelic
polymorphisms in the total sample of 129 north-
western African men studied are shown in table 1.
The combination of their allelic states allowed us to
identify 6 of the 12 different haplogroups of Y chro-
mosomes that have been described to date with the
same polymorphisms (see table 2). Ancestral and de-
rived alleles for each biallelic polymorphism (92R7 in
Jobling 1994 and in Mathias et al. 1994) were inferred
or were established by typing of nonhuman primates.
These polymorphisms include SRY-2627 (Bianchi et
al. 1997; Hurles et al. 1999), SRY-1532 (Whitfield et
al. 1995), YAP (Hammer and Horai 1995), poly (A)
tail (Hammer et al. 1997), SRY-8299 (Whitfield et al.
1995), sY81 (Seielstad et al. 1994), M9 (Underhill et
al. 1997), 12f2 (Casanova et al. 1985), and 50f2 P
and 50f2 I (Guellaen et al. 1984). Haplogroup dis-
tribution within the northwestern African population
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Figure 1 Parsimony network relating the haplogroups defined
by 10 of the unique-event polymorphisms analyzed. Arrowheads in-
dicate the derived states, as inferred or established by typing nonhuman
primates (Jobling and Tyler-Smith 1995; Jobling et al. 1996, 1997;
Hurles et al. 1998). Blackened circles are proportional to haplogroup
frequency, and unblackened circles indicate haplogroups detectable but
not found in our set of 129 Y chromosomes from northwestern Africa.

studied is also shown in the parsimony network of
figure 1, on the basis of other networks (Jobling and
Tyler-Smith 1995; Jobling et al. 1996, 1997; Hurles
et al. 1998), except for the consideration of the SRY-
8299 polymorphism defining haplogroup (HG) 21,
which will be described elsewhere (Vogt et al. 1997).
All but one of the Y chromosomes carrying the YAP
insertion presented the small allele with respect to the
poly (A) tail–length polymorphism of the YAP element
(Hammer et al. 1997). The exception carried the large
allele and belonged to HG 21. Except where indicated,
this chromosome has been included in HG 21 in nu-
merical analyses. The main feature of Y-chromosome–
haplogroup distribution within northwestern Africa is
the high frequency (76.7%) of HG 21. This haplo-
group, which is a subset of YAP groups 3 and 4 (Ham-
mer et al. 1997) and which is equal to the YAP groups
later called “3A and 4A” (Altheide and Hammer
1997), has previously been found in Europe (14%),
Egypt (47%), and sub-Saharan Africa (12%), but it
has never been found at such high frequencies (Al-
theide and Hammer 1997; Hammer et al. 1997). No
Y chromosome belonging to HG 4 (which is char-
acterized by the fact that it carries the ancestral allele
of SRY-8299 with respect to HG 21) was found; how-
ever, this haplogroup, which, according to the no-
menclature used by Altheide and Hammer (1997), is
equivalent to YAP haplotype 3G, has so far been
found to be restricted to central and east Asian pop-

ulations (Hammer et al. 1998). Six (4.7%) of the 129
Y chromosomes analyzed contained the ArG tran-
sition that defines HG 8, which has been found at
high frequencies in sub-Saharan African populations,
in 2% of Egyptians, and in 5% of west Asians. This
transition has not been found in 983 chromosomes
from Europe, the rest of Asia, Australasia, and the
Americas (Seielstad et al. 1994; Hammer et al. 1997).
A sub-Saharan African origin for this haplogroup was
suggested (Hammer et al. 1998), and, thus, its pres-
ence in northwestern Africa may indicate sub-Saharan
admixture in northwestern Africa. No other sub-Sa-
haran–specific haplogroups—such as HG 6, which is
present in Pygmies and in San (Jobling 1994; Jobling
et al. 1997), or HG 7 (Jobling et al. 1997)—were
found in our samples. HG 9, seen here with a fre-
quency of 11.6%, has a Mediterranean distribution,
with its highest frequencies occurring in the Near East
(Casanova et al. 1985; Brega et al. 1987; Mitchell et
al. 1993, 1997; Semino et al. 1995). This pattern was
interpreted as being produced either by such coloniz-
ing seafaring peoples as the Phoenicians (Mitchell and
Hammer 1996; Mitchell et al. 1997) or by neolithic
farmers (Gonçalves and Lavinha 1994). On the other
hand, HG 1 (3.9%) has been found predominantly in
Europe (Mathias et al. 1994; Jobling et al. 1997;
Mitchell et al. 1997), and HG 2 (2.3%), in Europe
and Asia (Jobling and Tyler-Smith 1995; Jobling et al.
1997). HG 26 was found at a frequency of .8%. No
Y chromosome was found to belong either to HG 3,
which is present in European populations (Jobling et
al. 1997), or to HG 15, which seems to be specific to
Indian populations (Pandya et al., in press).

Y-Chromosome STR Polymorphisms

Allele-frequency distributions for eight Y-chromo-
some STRs are given in the last column (designated as
“Overall”) of table 3; gene diversities and allele-size var-
iances can also be found in the same table. Of a total
of 129 complete haplotypes constructed, considering
seven of the Y-chromosome STR polymorphisms stud-
ied, 56 distinct Y-chromosome–haplotype configura-
tions were obtained. The most frequent Y-chromosome
haplotype, 13-12-11-24-9-11-13 (DYS19-DYS388-
DYS389I-DYS390-DYS391-DYS392-DYS393), was
found in 33 individuals, whereas 42 haplotypes were
observed in unique copies. Haplotype diversity was es-
timated at 0.93 5 0.02.

Y-Chromosome STR Polymorphism within Haplogroups

Y-chromosome STR allele frequency distributions,
by haplogroup, are shown in table 3. Clearly, allelic
variation at each STR locus shows striking differences
among haplogroups (see also table 4, in which the



Table 3

STR Allele Frequencies by Haplogroup and by Total in Northwestern Africa

Marker and
Allele

HG 9
(n = 15)

HG 1
(n = 5)

HG 26
(n = 1)

HG 21
(n = 3)

HG 21
(n = 99)

HG 8
(n = 6)

Overall
(n = 129)

DYS19a:
13
14
15
16
17

0
1
0
0
0

0
.400
.200
.400

0

0
1
0
0
0

0
.667

0
0
.333

.889

.071

.020

.010

.010

0
0
.500
.500

0

.681

.209

.047

.047

.016
DYS388b:

12
13
14
15
16
17
18

0
0
.067
.067
.133
.600
.133

1
0
0
0
0
0
0

1
0
0
0
0
0
0

0
.333

0
.333

0
.333

0

.960

.040
0
0
0
0
0

1
0
0
0
0
0
0

.827

.039

.008

.016

.016

.078

.016
DYS389Ic:

9
10
11
12
13

.067

.800

.133
0
0

.200

.600

.200
0
0

1
0
0
0
0

.333

.667
0
0
0

.091

.172

.717

.010

.010

.666

.167

.167
0
0

.132

.271

.581

.008

.008
DYS389IId:

24
25
26
27
28
29
30

0
0
.200
.667

0
.133

0

0
.200
.400
.400

0
0
0

1
0
0
0
0
0
0

0
.333
.667

0
0
0
0

0
0
.152
.626
.202
.010
.010

0
0
.167
.500
.333

0
0

.008

.016

.178

.596

.171

.023

.008
DYS390e:

21
22
23
24
25

0
0
.800
.133
.067

0
0
0
.600
.400

0
0
1
0
0

0
0
1
0
0

0
.040
.172
.606
.182

1
0
0
0
0

.047

.031

.256

.503

.163
DYS391f:

8
9

10
11
12

0
0
.200
.733
.067

0
0
.200
.800

0

0
0
1
0
0

0
0
.667
.333

0

.010

.778

.182

.030
0

0
0
1
0
0

.008

.597

.240

.147

.008
DYS392g:

10
11
12
13

0
1
0
0

0
0
0
1

0
1
0
0

0
1
0
0

.010

.909

.081
0

0
1
0
0

.008

.891

.062

.039
DYS393h:

10
11
12
13
14

0
0
1
0
0

0
0
0
.800
.200

0
0
0
0
1

0
0
.667
.333

0

.010
0
0
.970
.020

0
0
0
.333
.667

.008
0
.132
.798
.062

NOTE.—Both gene diversity (D) and allele-size variance (V) were computed from the total
sample.

a D = .487; V = .814.
b D = .304; V = 2.559.
c D = .573; V = .580.
d D = .584; V = .643.
e D = .654; V = .881.
f D = .566; V = .609.
g D = .200; V = .209.
h D = .342; V = .25.
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Table 4

Most-Frequent STR Alleles within Each Haplogroup Found in Northwestern Africa

STR ALLELESa

HAPLOGROUP DYS19 DYS388 DYS389I DYS390 DYS391 DYS392 DYS393

HG 9 (n = 15) 14 (100%) 17 (60%) 10 (80%) 23 (80%) 11 (73%) 11 (100%) 12 (100%)
HG 1 (n = 5) 14/16 (40%) 12 (100%) 9 (60%) 24 (60%) 11 (80%) 13 (100%) 13 (80%)
HG 6 (n = 1) 14 12 9 23 10 11 14
HG 21 (n = 3) 14 (67%) 13-15-17 (33%) 10 (67%) 23 (100%) 10 (67%) 11 (100%) 12 (67%)
HG 21 (n = 99) 13 (89%) 12 (96%) 11 (72%) 24 (61%) 9 (78%) 11 (91%) 13 (97%)
HG S8 (n = 6) 15-16 (50%) 12 (100%) 9 (67%) 21 (100%) 10 (100%) 11 (100%) 14 (67%)

a Unique alleles are underlined.

Table 5

Percent Fractions of the Genetic Variation That Can Be Attributed
to Differences among Haplogroups and to Differences among
Populations in Two Different Geographic Areas

PERCENT FRACTIONSa OF GENETIC VARIATION IN

TWO DIFFERENT GEOGRAPHIC AREAS STUDIED

DIFFERENCE

IN GENETIC

VARIATION

Northwestern
Africa

Iberian
Peninsula

Northwestern
Africa and the

Iberian
Peninsula

Among
haplogroups 83.5 (P!.0001) 23.4 (P=.0029) 66.4 (P!.0001)

Among
populations 3.7 (P=.0088) 2.2 (P=.0890) 19.2 (P!.0001)

a As measured by AMOVA.

most frequent alleles are shown for each haplogroup).
Given the variability of a particular STR locus, some
haplogroups display several alleles, but, in others, the
number of alleles is highly restricted and differenti-
ated. When variation at locus DYS390 is taken as an
example, it can easily be seen that allele 21 is present
exclusively in HG 8 (where it is the only allele ob-
served), that allele 23 is the only allele found in HG
21 and is the most frequent allele in HG 9, and that
several alleles at intermediate frequencies are present
in HG 21 and HG 1. Even when the small number of
individuals in some of the haplogroups is taken into
account, this obvious microsatellite differentiation
among the haplogroups seems to indicate that Y-chro-
mosome genetic variation is strongly structured by
haplogroup background. Of the 56 STR-distinct hap-
lotypes found, only one was shared by two different
haplogroup backgrounds (HG 21 and HG 9). The
apportionment of Y-chromosome STR-haplotype di-
versity among and within haplogroups was assessed
by AMOVA (table 5): 83.5% ( ) of the totalP ! .0001
genetic variation was attributable to differences be-
tween haplogroups. Compared with between-popu-
lation differentiation, this is an extremely high value.
Among the four linguistic subpopulations represented
in our sample, the proportion of STR genetic variance
explained by between-population difference was
3.72% ( ). Of the genetic variability for Y-P = .0088
chromosome STRs, 3.5% could be apportioned to be-
tween-population differences among four European
samples (de Knijff et al. 1997), and that fraction was
20.6% among four central Asian samples (Pérez-Le-
zaun et al. 1999). With the use of 10 Y-chromosome
STRs, the apportionment of diversity between three
African groups of populations was estimated to be
2.52% (Seielstad et al. 1998).

A number of diversity parameters were computed
for each haplogroup, to characterize more extensively
the Y-chromosome STR allelic variation within them
(see table 6). HG 21, despite having a low frequency,
was found to be the most diverse, as is shown by the
average gene diversity, the mean number of different

alleles, the mean number of differences in repeat size,
and the mean repeat-size variance. However, given the
small sample size for HG 21, the difference, in those
parameters, between HG 21 and any other haplo-
group was statistically significant only for the differ-
ence in repeat length among haplotypes against HG
21 ( , by permutation test). As discussed be-P = .042
low, HG 21 is probably the oldest haplogroup among
those found in this study, and, thus, it may contain
distinct, old lineages with heterogeneous STR-hap-
lotype variation. On the other hand, HG 1 seems to
occupy an intermediate position between HG 21 and
the rest of haplogroups, which were found to be more
compact. Again, these differences were not statisti-
cally significant. In table 6, for HG 21, the number
shown in parentheses corresponds to the mean num-
ber of differences in repeat size obtained without tak-
ing into account the individual with the large poly (A)
tail, who seems to contribute disproportionately to
the parameter. In fact, this individual would be clas-
sified as having YAP haplotype 3A, according to Ham-
mer et al. (1998), whereas all other individuals in HG
21 would be classified as having YAP haplotype 4.
This individual may belong to a related, but different,
evolutionary branch in the Y-chromosome genealogy.

For the STR variability generated within the chro-
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Table 6

Diversity Parameters in Northwestern Africa by Haplogroup, Except for HG 26, Which Was Found in Only One Individual

Diversity Parameters
HG 9

(n = 15)
HG 1
(n = 5)

HG 21
(n = 3)

HG 21
(n = 99)

HG 8
(n = 6)

No. of polymorphic sitesa 4 5 5 7 3
No. of different STR haplotypes 9 5 3 33 5
Haplotype diversityb .80 5 .11 1.00 5 .13 1.00 5 .27 .88 5 .03 .93 5 .12
Mean gene diversityc .26 5 .18 .41 5 .30 .52 5 .45 .27 5 .17 .25 5 .19
Mean no. of allele differencesd 1.81 5 1.10 2.90 5 1.82 3.67 5 2.52 1.90 5 1.10 1.73 5 1.17
Mean no. of differences in repeat sizee 2.38 5 1.85 3.40 5 3.06 6.67 5 4.24 2.44 (2.31)f 5 1.85 2.00 5 1.97

a No. of STR loci found to be variable within each haplogroup in this sample.
b Gene diversity computed from STR haplotype frequencies.
c Mean gene diversity at each STR locus within each haplogroup.
d Pairwise average of the number of different STR alleles for all pairs of chromosomes within each haplogroup.
e Pairwise average of the cumulative absolute difference in STR allele length for all pairs of chromosomes within each

haplogroup.
f Without large poly (A) tail individual.

mosomes bearing derived states in the biallelic markers
that characterize the haplogroups found in northwestern
Africa, TMRCAs were estimated from the mean allele
length variance of the seven STRs considered (table 7).
Mean allele length variances ranged from .181 to .844.
The most ancient TMRCA, estimated at 14,067 years
ago (ya) (95% CI 757–68,782 ya), was for SRY-1532
ArG, which is found in all 129 northwestern African
Y chromosomes analyzed. The TMRCA for STR vari-
ability within substitution SRY-8299 GrA, which de-
fines haplogroups 21 and 8, was estimated to be 6,483
ya (95% CI 493–30,782 ya). The TMRCA for mutation
sY81 ArG, which is found solely on chromosomes bear-
ing allele SRY-8299 A and which defines HG 8, was
estimated to be younger (3,017 ya, with a 95% CI
0–18,565 ya), and that for the 8-kb allele at the 12f2
polymorphism was estimated to be 4,583 ya (95% CI
0–27,609 ya). Finally, the TMRCAs for mutations M9
CrG and 92R7 CrT were found to be ∼7,867 ya (95%
CI 1,264–33,347 ya) and 5,233 ya (95% CI 0–27,696
ya), respectively.

The mean repeat-number size difference was also com-
puted for pairs of haplogroups, and it was found to be
much larger than the within-haplogroup means (see the
numbers below the diagonal in table 8). With the use
of a stepwise mutation model, the difference in repeat
size between a pair of alleles is expected to grow with
time (Goldstein et al. 1995a, 1995b). The mean number
of differences between pairs of haplogroups was con-
verted to genetic distances (which are indicated by num-
bers above the diagonal in table 8), by means of the
Jensen Difference (Rao 1982), which takes into account
variability within each haplogroup. Thus, a measure of
differentiation between haplogroups, which is closely re-
lated to DSW (Shriver et al. 1995), a measure of genetic
distance for independent STRs, was obtained. HG 26
was not included either in the calculation of the mean

repeat-number size difference for pairs of haplogroups
or in the reconstruction of the haplogroup genealogy,
since it contained only one chromosome. In accordance
with AMOVA results, the average difference in repeat
lengths between pairs of haplotypes belonging to dif-
ferent haplogroups was always larger than the average
differences within the haplogroups being compared.
With a few exceptions (e.g., the average difference be-
tween HG 1 and HG 21 compared with the internal
differences in either haplogroup or the average difference
between HG 21 and HG 9 compared with the internal
average difference in HG 21), this pattern was statis-
tically significant by permutation test (P values
.039–.001). The largest distances were found between
HG 8 and HG 9 (9.68) and between HG 1 and HG 9
(8.10), a finding that is in accordance with the parsimony
network (see fig. 1), where these haplogroups occupy
peripheral positions. On the contrary, the shortest dis-
tance was found between HG 21 and HG 9, which are
separated by only one unique-mutation event. The dis-
cordant genetic distances obtained between HG 8 and
HG 21 (a large genetic distance for a single point mu-
tation) and between HG 8 and HG 21 (a rather low
value for haplogroups three mutational events apart), in
relation to those that were expected, could be attributed
to the small sample size of HG 8 ( ) and HG 21n = 6
( ), to the high internal diversity within HG 21, orn = 3
to stochastic processes in the generation of STR variation
within haplogroups, which may have played an impor-
tant role, as discussed below. A minimum spanning tree
constructed from the distance matrix showed all other
haplogroups stemming from HG 21, which matches the
known haplogroup genealogy (fig. 1), with the exception
of the position of HG 8, which derives from HG 21.
The different levels of internal diversity within haplo-
groups could bias the genetic distance estimates among
them (Charlesworth 1998); however, if the correction
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Table 7

TMRCAs Computed from STR Allele-Size Variance in Northwestern Africa

MUTATION

SRY-1532
(ArG)

12f2
(10Kbr8Kb)

M9
(CrG)

92R7
(CrT)

SRY-8299
(GrA)

sY81
(ArG)

Haplogroups containing the derived allele All (n = 129) 9 (n = 15) 1 1 26 (n = 6) 1 (n = 5) 21 1 8 (n = 105) 8 (n = 6)
Mean STR allele-length variancea .844 .275 .472 .314 .389 .181
Expansion time (ya)b 14,067 4,583 7,867 5,233 6,483 3,017
(95% CIc) 757–68,782 0–27,609 1,264–33,347 0–27,696 493–30,782 0–18,565

a Mean STR allele length variance is the average over STRs of allele length variance.
b Times estimates were computed on the basis of equation 5 in Di Rienzo et al. (1998; see also the Material and Methods section).
c CI was computed by taking into account variance interlocus sampling error and mutation rate estimate error.

Table 8

Genetic Distances among Haplogroups (with One
Exceptiona) in Northwestern Africa

GENETIC DISTANCES AMONG HGS

HAPLOGROUP 1 21 21 8 9

HG 1 3.40 4.77 4.44 5.9 8.1
HG 21 9.80 6.67 4.40 4.56 .25
HG 21 7.29 8.95 2.31 6.13 7.76
HG 8 8.60 8.89 8.29 2 9.68
HG 9 10.99 4.78 10.1 11.87 2.38

NOTE.—Distances below the diagonal of underlined
numbers represent the mean number of repeat differences
among all pairs of STR haplotypes between two haplo-
groups. Distances along the diagonal of underlined num-
bers denote the mean number of repeat differences within
haplogroups. Distances above the diagonal of underlined
numbers denote genetic distances among hap

a HG 26, which was found in only one chromosome,
was not included in the determination of genetic distances.

for internal diversity was not applied, the haplogroup
phylogeny reconstructed had little resemblance to the
actual known phylogeny.

Replication Analysis

Given the small sample sizes in some of the hap-
logroups, we sought to confirm our results by adding
Y-chromosome data for northern Iberians (51 Basques
and 27 Catalans). The same STRs had been typed
(Pérez-Lezaun et al. 1997) in those samples, and it
was possible to allocate the chromosomes to the hap-
logroups defined by biallelic polymorphisms (Semino
et al. 1996; Underhill et al. 1997; Hurles et al. 1999;
P. Underhill, unpublished data). This sample had a
different, partly overlapping haplogroup composition
with respect to northwestern Africa: 55 (70.5%) chro-
mosomes belonged to HG 1, eight (10.3%) to HG
21, one (1.3%) to HG 9, two (2.6%) to HG 21, and
12 (15.4%) to HG 22, which has a geographic dis-
tribution that is almost restricted to northern Iberia
and that is suggested to have sprung quite recently
from HG 1 (Hurles et al. 1999).

AMOVA performed on STR-haplotype variability
among haplogroups in northern Iberia showed that
23.4% ( ) of the genetic variation could be ap-P = .0029
portioned among haplogroups. This result contrasts
with the 83.5% result found among haplogroups in
northwestern Africa (table 5). This may be the result of
the presence, in northern Iberia, of HG 22, which is
suggested to have recently originated from HG 1 in
northern Iberia (Hurles et al. 1999); in fact, all but one
of the Y-chromosome STR haplotypes in HG 22 were
found in HG 1. The fraction of Y-chromosome STR
genetic variation among Basques and Catalans is 2.2%,
which is not significantly different from zero (P =

) and which is still much smaller than the fraction.0890
of genetic variation among haplogroups. When we
pooled the samples from northwestern Africa and north-
ern Iberia, the fraction of genetic variation attributable
to haplogroups was 66.4%, whereas it was 19.2%
among populations (table 5). Thus, although the results

in the pooled sample were not as extreme as those seen
when samples from northern Africa alone were consid-
ered, it still holds that genetic variation is more deeply
structured by lineage than by population.

If we pooled the samples from northwestern Africa
and northern Iberia, we reduced the number of hap-
logroups with small sample sizes and achieved a
greater statistical power. The pattern of genetic di-
versity within haplogroups was confirmed in the
pooled sample: HG 21 ( ) had the largest in-n = 11
ternal diversity (average difference in repeat length
among STR haplotypes 6.67), when compared with
HG 1 ( ; 3.22), HG 9 ( ; 2.85), HG 21n = 60 n = 16
( ; 2.42), HG 22 ( ; 2.41), and HG 8n = 101 n = 12
( ; 2.00). Using a permutation procedure, wen = 6
tested whether this parameter was significantly dif-
ferent between pairs of haplogroups, and we found
that it was significantly different between HG 21 and
any other haplogroup (P values between .0001 and
.0112), and between HG 1 and HG 21 ( ).P = .0021

Mutation ages were also estimated from the pooled
sample. Although sample sizes were greatly increased



Bosch et al.: Y-Chromosome STRs and Genetic Background 1633

for the sets of chromosomes bearing some mutations,
mutation ages did not change noticeably. The age of
SRY-1532 ArG was estimated, in the pooled sample
( ), to be 13,550 ya (95% CI 2,279–56,826 ya),n = 207
whereas its estimated age in northwestern Africa
was 14,067 ya (table 7). The age of 12f2 10 kbr8 kb
( ) was estimated to be 5,516 ya (95% CI 0–31,n = 16
130 ya). The age estimates for M9 CrG ( ) andn = 73
for 92R7 CrT ( ) were 6 ,617 (95% CIn = 72
1,236–27,000) and 6,300 (95% CI 1,079–26,304) ya,
respectively. On the YAP-positive branch, the age es-
timate for SRY-8299 ( ) was 6,383 ya (95% CIn = 107
493–30,304 ya), and that for sY81 remains unchan-
ged, since no northern Iberian Y chromosome was
found in HG 8. The haplogroup phylogeny recon-
structed from STR haplotypes was the same with the
pooled samples as it was with northwestern African
chromosomes alone, with the addition of the correct
link between HG 1 and HG 22.

Discussion

Although biallelic polymorphisms can be regarded as
unique mutational events (or as events of very low prob-
ability) and can allow us to identify deep lineages of Y
chromosomes (called, in the present study, “haplo-
groups”), STR polymorphisms exhibit a faster mutation
rate (0.0012 per locus per generation) (Heyer et al. 1997;
Kayser et al. 1997; Bianchi et al. 1998), producing highly
informative markers for studies of recent evolutionary
(or historical) events (Roewer et al. 1996; Pérez-Lezaun
et al. 1997). As a result of their differential rate of ev-
olution, the combination of the data obtained from both
types of markers on the nonrecombining portion of the
Y chromosome provides an interesting perspective on
different levels of resolution in the phylogeny of Y
chromosomes.

The six different haplogroups found in northwest-
ern Africa may offer clues as to which groups of Y
chromosomes contributed to the composition of the
present-day population. As we have described, HG 21
is the major haplogroup that characterizes Y-chro-
mosome diversity in northwestern Africa. Its high fre-
quency—the highest ever reported for this haplo-
group—can be interpreted as the result of a specific
founder effect or drift process in this geographic re-
gion. On the contrary, HG 8 and HG 9 may have been
introduced by gene flow from sub-Saharan Africa and
from the eastern Mediterranean basin, respectively
(Jobling and Tyler-Smith 1995; Jobling et al. 1996,
1997).

Compartmentalization of Genetic Variance

Since no recombination occurs between haplogroups,
we can consider that they behave like independent units
(or subpopulations) without migration. Therefore, it
would be expected that the compartmentalization of the
genetic information they carry would be complete.
AMOVA showed that180% of the genetic variance was
found among haplogroups in northwestern Africa and
that 165% was found in northwestern Africa plus north-
ern Iberia; these levels of compartmentalization are very
high, but they are not complete. There are two comple-
mentary explanations for this result.

First, the origins of haplogroups are not independent.
Each haplogroup arose when a rare mutation occurred
on a given Y chromosome that belonged to a certain
haplogroup and that carried a microsatellite haplotype.
Genetic variation in the new haplogroup was reset to
zero, but the founding haplotype was either similar or
altogether identical to other haplotypes in the parental
haplogroups. Thus, immediately after the origin of a
haplogroup, its genetic background was likely to be
closely related to that of the parental haplogroup, until
mutation and drift differentiated them. Sometimes, it
may be possible to identify this founder haplotype from
the most common haplotype of the new haplogroup. The
signal will generally decrease with time. This is clearly
exemplified by HG 22 chromosomes in northern Iberia,
which contain STR haplotypes that are also found in its
parental HG 1.

Second, the recurrent nature of microsatellite muta-
tion implies that haplotypes that are identical by state
may not be identical by descent. In the same way that
microsatellite haplotypes in each haplogroup will dif-
ferentiate with time from the common ancestor from
which they derive, haplotypes belonging to different
haplogroups could occasionally converge with time as
well. In fact, in our northwestern African sample, two
Y chromosomes belonging to HG 21 and HG 9 shared
an STR haplotype.

We have analyzed 11 biallelic polymorphisms that de-
fine haplogroups with known phylogeny (Jobling and
Tyler-Smith 1995; Jobling et al. 1996, 1997; Hurles et
al. 1998, 1999) and with only one instance of back-
mutation (SRY-1532; see fig. 1), which does not affect
the present analysis, since neither HG 3 nor HG 7 has
been found. On that well-defined background, we have
considered seven tri- and tetranucleotide STRs, and, as
noted above, we have observed an almost complete com-
partmentalization. Malaspina et al. (1998) typed four
dinucleotide STRs and found that 36 of 179 STR hap-
lotypes were shared among the four haplogroups
(“frames” in Malaspina et al. [1998]) defined by two
biallelic polymorphisms. The much smaller number of
STR haplotypes shared among haplogroups in our study
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may reflect the larger number of biallelic and STR loci
typed.

It could be argued that, if more polymorphic sites were
included and if the haplogroups were further subdivided,
the apportionment of genetic variation among haplo-
groups would be lower. Preliminary results (E. Bosch,
unpublished data) show that our sample of HG 21 Y
chromosomes from northwestern Africa can be subdi-
vided by typing three additional biallelic polymor-
phisms, thereby resulting in three different subhaplo-
groups. When AMOVA was repeated in the whole set
of Y chromosomes from northwestern Africa, and when
the three subhaplogroups of HG 21 were considered,
the fraction of genetic variation among haplogroups was
84.3%, which is very similar to (and is, in fact, slightly
higher than) that found without splitting HG 21.

We have also shown that genomic and population
perspectives on STR genetic variation give very different
results. When we defined groups of chromosomes ac-
cording to the biallelic variants they carry, the fraction
of STR genetic variation found among them was much
higher than that found among groups of chromosomes
defined by their population origin. This may happen if
the origin of the populations (the ethnogenesis process)
is more recent than that of most of the biallelic poly-
morphisms. The compartmentalization of STR genetic
variation is expected to be tighter for haplogroups than
it is for populations, since a haplogroup goes through
a strict bottleneck with a size of one chromosome,
whereas population bottlenecks have not been so nar-
row, and since there is gene flow between populations
but there is no gene exchange between the nonrecom-
bining portion of the Y chromosome. In summary, ge-
netic background determines the STR genetic variation
to a much greater extent than does the population
background.

Variance in Repeat Number: STR Variation and
Mutation Age

The analysis of STR repeat-size variance within line-
ages of Y chromosomes bearing a particular derived al-
lele at a biallelic locus has been used to estimate
TMRCAs (table 7). That is, we have tried to estimate
the time to which the observed STR variation within
each Y-chromosome lineage coalesces. As we will dis-
cuss, this time is expected to be correlated to the actual
age of the mutation that defines each lineage. Thus, we
found both an old mutation (SYR-1532), which was
borne by all the chromosomes in our sample, and five
younger mutations. These estimated TMRCAs (see table
7) match the known haplogroup genealogy (fig. 1), in
which SRY-8299 precedes sY81 and M9 precedes 92R7.

Hammer et al. (1998) typed a worldwide sample of
Y chromosomes for a set of biallelic markers that partly

overlaps with our set. The authors estimated mutation
ages by use of coalescence analysis (Griffiths and Tavaré
1994), which is done on the basis of both the shape of
the gene tree and the number of chromosomes bearing
each combination of mutations. The ages for those bial-
lelic mutations that overlap with our study were

ya for the polymorphic site at posi-110,000 5 36,000
tion 10,831.1 of the SRY region (synonymous to SRY-
1532), ∼31,000 ya for the polymorphic site at position
4,064 of the SRY region (synonymous to SRY-8299),
∼30,000 ya for DYS257 (which seems to have happened
in the same phylogenetic branch as 92R7, as they appear
to be phylogenetically equivalent; Jobling et al. 1998b),
and ∼11,000 ya for PN1 (which cosegregates with sY81;
Hammer et al. [1997]). All of them are clearly older
than our estimates for the TMRCAs through STR var-
iation, although both age sets are correlated and have
broad, overlapping 95% CIs. The largest discrepancy is
found for SRY-1532, a deep mutation in the phylogeny,
from which many different haplogroups—most of which
have not been found in this study—derive. Since most
(180%) of the chromosomes in our sample belong to a
single recent branch of the genealogy (that bearing SRY-
8299 and sY81) and since other branches bearing SRY-
1532 are found at low frequency or are altogether ab-
sent, this could lead to an underestimation of the STR
allele length variance within SRY-1532 and, therefore,
of its TMRCA. However, when we added Y chromo-
somes from northern Iberia, which contributed other
branches derived from SRY-1532, the age estimate
through STR variation did not increase. In a study of Y
chromosomes from Polynesia and Melanesia (Hurles et
al. 1998), the authors also refrained from dating the
TMRCA for SRY-1532 from STR data, on the basis that
mutation/drift equilibrium renders such dating methods
unable to resolve suitably far back in time. Apart from
this particular case, several reasons could account for
the general lag between our TMRCA estimates through
STR variation and mutation ages obtained by coales-
cence analysis in Hammer et al. (1998):

1. Mutation Age Precedes TMRCA by Definition. We
have estimated the time to the current observed STR
variation. The observed STR haplotypes may coalesce
to a time that is more recent than the actual mutation
age, because of the extinction of lineages that appeared
in the first generations after the mutation arose and that
we are not able to detect. Moreover, the variance in
repeat size, which we have used to estimate the TMRCA,
is zero until the first mutation in a STR. The method
we used (Di Rienzo et al. 1998) dates, in fact, an ex-
pansion that should have happened, obviously, at some
unknown time after the mutation arose. The distribu-
tions of pairwise differences in repeat number found
within the most frequent haplogroups (not shown) are
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smooth and bell-shaped, as is expected for a lineage that
underwent an expansion (Shriver et al. 1997). This jus-
tifies the use of the equation given by Di Rienzo et al.
(1998). Coalescence prior to the actual mutation, the
onset of STR mutations, and the expansion detected by
the method suggested in Di Rienzo et al. (1998) all may
contribute to the lag between mutation age and our es-
timate of TMRCA.

2. Population Biases. We have northwestern African
Y chromosomes, which contain a particular set of hap-
logroups as a result of their population history (founder
events, gene flow, and admixture), and this fact could
lead to an underestimation of haplogroup variability and
mutation ages. To test for this possible bias, we used
coalescence analysis on northwestern Africa haplogroup
phylogeny and frequencies, according to the same meth-
ods and parameters used in Hammer et al. (1998), and
we were able to reproduce their mutation age estimates,
with minor discrepancies. Another test for this possible
bias results from the addition of chromosomes from
other populations. When we added two population sam-
ples from northern Iberia, the age estimates through STR
variation of the mutations present in NW Africa did not
change. Therefore, it does not seem that population bias
plays a major role in the discrepant differences between
mutation ages, as seen elsewhere (Hammer et al. (1998),
and our STR-based TMRCA estimates.

3. STR Saturation. Given the fast mutation rate of
STRs, it is possible that they have reached mutation-
drift equilibrium and that, therefore, genetic variation
in STRs would remain constant in time. However, if
STRs have reached a complete saturation, we would not
have observed a correlation between TMRCA and the
relative mutation ages from the gene genealogy.

4. STR Mutation Rate Overestimation. If STR mu-
tation rates had been overestimated by a factor of 5–6,
our TMRCAs and the age estimates of Hammer et al.
(1998) would match. Note that mutation rates are not
homogeneous across STR loci (Carvalho-Silva et al.
1999). Then, mutation in genealogies will tend to be
observed preferentially in the STRs with the fastest mu-
tation rates, and the mean mutation rate will be over-
estimated. A similar situation is found in the mtDNA
control region, where the mutation rate estimates per
nucleotide are roughly 20 times higher when derived
from mother-child transmission studies than when es-
timated from phylogenetic comparisons with nonhuman
primate sequences (Jazin et al. 1998).

In sum, the discrepancy between the mutation age
estimates provided elsewhere (Hammer et al. [1998])
and our estimates of the TMRCA may be mainly the
result of the actual lag between the mutation event and
the lineage expansion we dated and of possible over-

estimation of STR mutation rate, which is impossible to
check, given current knowledge.

Haplogroup Phylogeny and STRs

In the two previous sections of this Discussion, we
have seen that STR haplotypes in a haplogroup can pre-
serve an amount of phylogenetic information about the
parental haplogroup that declines with time and that the
relative time of origin of a haplogroup can be estimated
from STR allele-size variance. We can combine both
types of information, reconstruct a haplogroup phylog-
eny, and compare it with the actual phylogeny con-
structed from the biallelic polymorphisms that define the
haplogroups. The results of this exercise have shown that
STRs within each haplogroup do trace most of the hap-
logroup phylogeny. In spite of the small sample sizes of
some of the haplogroups, the phylogeny obtained from
the STRs matches the known haplogroup phylogeny,
with only one discrepancy: the position of HG 8, which
stems from HG 21 in our reconstruction but which is
actually derived from HG 21. A similar analysis was
performed (Rocha et al. 1997) with the allele frequencies
of an STR located at the 5′ end of the autosomal a1-
antitrypsin gene within the electrophoretic variants of
protein a1-antitrypsin.

We have shown that genetic background prevails over
population background in the determination of STR ge-
netic variation on the human Y chromosome. We have
also used STR variation within lineages to infer the
TMRCAs and have shown that the genetic differentia-
tion that is left among haplogroups contains still phy-
logenetic information but that the overall STR variation
is mainly driven by the haplogroup composition of a
specific population. The genetic composition of humans
may thus be better understood in terms of evolutionarily
related genealogical units rather than in demographic
terms.
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Gonçalves J, Lavinha J (1994) The Y-associated XY275G (low)
allele is common among the Portuguese. Am J Hum Genet
55:583–584

Graven L, Passarino G, Semino O, Boursot P, Santachiara-
Benerecetti S, Langaney A, Excoffier L (1995) Evolutionary
correlation between control region sequence and restriction
polymorphisms in the mitochondrial genome of a large Se-
negalese Mandenka sample. Mol Biol Evol 12:334–345
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Bertranpetit J (1997) A tale of two islands: population his-
tory and mitochondrial DNA sequence variation of Bioko
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Pérez-Lezaun A, Calafell F, Seielstad MT, Mateu E, Comas D,
Bosch E, Bertranpetit J (1997) Population genetics of Y chro-
mosome short tandem repeats in humans. J Mol Evol 45:
265–270

Pestoni C, Cal ML, Lareu MV, Rodrı́guez-Calvo MS, Carra-
cedo A (1998) Y chromosome STR haplotypes: genetic and
sequencing data of the Galician population (NW Spain). Int
J Legal Med 112:15–21

Rao CR (1982) Diversity and dissimilarity coefficients: a uni-
fied approach. Theor Pop Biol 21:24–43

Rocha J, Pinto D, Santos MT, Amorim A, Amil-Dias J, Car-
doso-Rodrigues F, Aguiar A (1997) Analysis of the allelic
diversity of a (CA)n repeat polymorphism among a-1-an-
titrypsin gene products from northern Portugal. Hum Genet
99:194–198

Roewer L, Kayser M, Dieltjes P, Nagy M, Bakker E, Kraw-
czak M, de Knijff P (1996) Analysis of molecular variance
(AMOVA) of Y-chromosome–specific microsatellites in
two closely related human populations. Hum Mol Genet
5:1029–1033

Rolf B, Meyer E, Brinkmann B, de Knijff P (1998) Polymor-
phism at the tetranucleotide repeat locus DYS389 in 10 pop-
ulations reveals strong geographical clustering. Eur J Hum
Genet 6:583–588

Santos FR, Carvalho-Silva DR, Pena SDJ (1999a) PCR-based
DNA profiling of human Y chromosomes. In: Epplen JT,
Lubjuhn T (eds) Methods and tools in biosciences and med-
icine. Birkhauser Verlag, Basel, Switzerland, pp 133–152

Santos FR, Hutz M, Coimbra CEA, Santos RV, Salzano FM,
Pena SDJ (1995a) Further evidence for the existence of a
major founder Y chromosome haplotype in Amerindians.
Braz J Genet 18:669–672

Santos FR, Pandya A, Tyler-Smith C, Pena SDJ, Schanfield M,
Leonard WR, Osipova L, et al. (1999b) The central Siberian
origin for Native Americans’ Y chromosomes. Am J Hum
Genet 64:619–628

Santos FR, Pena SDJ, Tyler-Smith C (1995b) PCR haplotypes
for the human Y chromosome based on alphoid satellite



1638 Am. J. Hum. Genet. 65:1623–1638, 1999

DNA variants and heteroduplex analysis. Gene 165:191–
198

Santos FR, Rodriguez-Delfin L, Pena SDJ, Moore J, Weiss KM
(1996) North and South Amerindians may have the same
major founder Y chromosome haplotype. Am J Hum Genet
58:1369–1370

Schneider S, Kueffer J-M, Roessli D, Excoffier L (1997) Ar-
lequin ver 1.1: a software for population genetic data anal-
ysis. Genetics and Biometry Laboratory, University of Ge-
neva, Switzerland

Seielstad MT, Hebert JM, Lin AA, Underhill PA, Ibrahim M,
Vollrath D, Cavalli-Sforza LL (1994) Construction of hu-
man Y-chromosomal haplotypes using a new polymorphic
A to G transition. Hum Mol Genet 3:2159–2161

Seielstad MT, Minch E, Cavalli-Sforza LL (1998) Genetic ev-
idence for a higher female migration rate in humans. Nat
Genet 20:278–280

Semino O, Passarino G, Brega A, Fellous M, Santachiara-Be-
nerecetti A (1996) A view of the neolithic demic diffusion
in Europe through two Y chromosome-specific markers. Am
J Hum Genet 59:964–968

Semino O, Passarino G, Liu A, Brega A, Fellous M, Santa-
chiara-Benerecetti AS (1995) Three Y-specific polymor-
phisms in populations of different ethnic and geographic
origin. Y Chromosome Newsletter 2:5–6

Shriver MD, Jin L, Boerwinkle E, Deka R, Ferrell RE, Chak-
raborty R (1995) A novel measure of genetic distance for
highly polymorphic tandem repeat loci. Mol Biol Evol 12:
914–920

Shriver MD, Jin L, Ferrell RE, Deka R (1997) Microsatellite

data support an early population expansion in Africa. Ge-
nome Res 7:586–591

Slatkin M (1995) A measure of population subdivision based
on microsatellite allele frequencies. Genetics 139:457–462

Southern EM (1975) Detection of specific sequences among
DNA fragments separated by gel electrophoresis. J Mol Biol
98:503–517

Thomas MG, Skorecki K, Ben-Ami H, Parfitt T, Bradman N,
Goldstein DB (1998) Origins of Old Testament priests. Na-
ture 394:138–140

Underhill PA, Jin L, Lin AA, Mehdi SQ, Jenkins T, Vollrath
D, Davis RW, et al (1997) Detection of numerous Y chro-
mosome biallelic polymorphisms by denaturing high-per-
formance liquid chromatography. Genome Res 7:996–1005

Underhill P, Jin L, Zemans R, Oefner PJ, Cavalli-Sforza LL
(1996) A pre-Columbian Y chromosome-specific transition
and its implications for human evolutionary history. Proc
Natl Acad Sci USA 93:196–200

Vogt PH, Affara N, Davey P, Hammer M, Jobling MA, Lau
YF-C, Mitchell M, et al (1997) Report of the Third Inter-
national Workshop on Y Chromosome Mapping 1997: Hei-
delberg, Germany, April 13–16, 1997. Cytogenet Cell Genet
79:2–16

Whitfield LS, Sulston JE, Goodfellow PN (1995) Sequence var-
iation of the human Y chromosome. Nature 378:379–380

Zerjal T, Dashnyam B, Pandya A, Kayser M, Roewer L, Santos
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