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Introduction

In 1995, much to the delight of mitochondrial Eve (Cann
et al. 1987), the search for a suitable partner resulted
in the discovery of Y-chromosomal Adam (Dorit et al.
1995; Paibo 1995). Like Eve, he was traced back to sub-
Saharan Africa, although with a date of 270,000 years
ago, he seems a bit older than she. On the basis of the
absence of sequence variation in a part of the ZFY gene
in 38 globally dispersed male subjects, this date was not
undisputed (Donnelly et al. 1996; Fu and Li 1996; Rogers
et al. 1996; Weiss and von Haeseler 1996). Later in the
same year, two additional studies did reveal a limited num-
ber of sequence variants on other parts of the Y chro-
mosome. Because of these variants, estimates were ob-
tained of the times back to our most recent common
(male) ancestor of 37,000-49,000 years ago (Whitfield et
al. 1995) and of 51,000-411,000 years ago (Hammer
1994).

Now, just S years later, with simple PCR strategies,
=250 polymorphic loci scattered over the entire non-
recombining part of the human Y chromosome can be
identified. Among these polymorphisms are (1) biallelic
markers with a low mutation rate representing unique
(or near-unique) mutation events (UMEs) in human ev-
olution, such as single base-pair substitutions (Underhill
et al. 1997), an ALU insertion/deletion polymorphism
(Hammer 1994), or a LINE insertion (Santos et al.
2000); (2) moderately fast-evolving microsatellites or
simple-tandem repeats (STRs), with an average muta-
tion frequency of ~.2% per generation (Heyer et al.
1997; Jobling et al. 1999; Kayser et al. 2000); and (3)
fast-evolving loci, such as the minisatellite locus MSY1
(Jobling et al. 1998) with a mutation frequency of
6%-11% per generation.
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With the exception of the two pseudoautosomal
regions, the almost 60-Mb nonrecombining part of the
Y chromosome is transmitted strictly from father to son
without recombination (Jobling and Tyler-Smith 1995).
This renders the Y chromosome probably the most ver-
satile haplotypic genotyping system of the human ge-
nome. It is thus not surprising that chromosome-Y poly-
morphisms have been used to follow the migration
patterns of our male ancestors from the recent past
(Heyer et al. 1997; Foster et al. 1998) through historical
times (Skorecki et al. 1997; Hammer et al. 2000), to
the origins of modern humans (Hammer et al. 1998).

Recently, two excellent review articles featuring the
Y chromosome were published. The first (Bertranpetit
2000) addresses the difficulties of reliably tracing back
human origins solely on the basis of Y-chromosomal
UME:s. The second (Jobling and Tyler-Smith 2000) gives
a detailed discussion of many genetic aspects of the Y
chromosome in the context of disease and selection.
This editorial will be restricted to the combined use of
UMEs and STRs on the Y chromosome to reconstruct
our genetic history. This application has received con-
siderable attention in recent articles published in this
journal and elsewhere (see, e.g., Zerjal et al. 1997; Bian-
chi et al. 1998; Hurles et al. 1998, 1999; Kittles et al.
1998; Bosch et al. 1999; Karafet et al. 1999; Lahermo
et al. 1999; Ruiz-Linares et al. 1999; Helgason et al.
200056; Hill et al. 2000; Santos et al. 2000). That the
combined use of Y-chromosomal UMEs and STRs is
not without any caveats will be explained below.

The Y Chromosome: A Collection of Bottlenecks

For a better understanding of the power and pitfalls of
the combined use of Y-chromosomal UMEs and STRs, it
is essential to explain its theoretical basis in some detail.
Figure 1 illustrates the combined genotyping of Y-chro-
mosomal UMEs and STRs in a hypothetical population
sample. We assume that (1) no strange Y lineages were
introduced into this population by means of migration,
(2) each UME occurred for the first time within our pop-
ulation, (3) each UME occurred only once, and (4) we
have detected all UMEs present in the male subjects stud-
ied. In our example, genotypic information from three
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Figure 1 The bottleneck model. It is assumed that no strange Y lineages were introduced into our population by means of migration and

that each UME occurred only once. In our example, we have genotypic information from three UMEs and from a number of STRs. A, From
sequence information obtained from nonhuman primates, we know the ancestral status of each of these UMEs, here designated as “0.”
Subsequently, the derived state of each UME is designated as “1.” From the four different haplogroups, A (0-0-0) is the most ancestral one.
Nonrecurrent mutation events at T, T,, and T; result in the derived haplogroups B (0-1-0), C (0-1-1), and D (1-1-1). B, Within each
haplogroup, a large number of different STR-defined haplotypes can be distinguished. The STR haplotype of the haplogroup A Y chromosome,
from which at time T, the first haplogroup B arose, defines the ancestral STR status of all subsequent B Y lineages. Because of a number of
successive ultimate genetic bottleneck events (from a single chromosome, a whole new group of chromosomes grows), two additional Y

haplogroups are born at times T, and Tj.

UMEs and a number of STRs was available. Distinct Y
chromosomes, defined solely on the basis of UME char-
acter states, are designated as “haplogroups.” Distinct Y
chromosomes identified by STRs are designated as “hap-
lotypes,” and Y chromosomes that are defined by the
combination of UMEs and STRs are called “lineages.”
In this idealized example, because of three indepen-
dent mutation events at times T,, T,, and T, four dis-
tinct Y haplogroups can be identified (fig. 1a). If one
would type only UMEs, this would be all the Y varia-
bility there is to be detected. In reality, however, each
haplogroup consists of a variable number of Y chro-
mosomes that share the same UME character state but
vary in Y-STR haplotype. These haplotypes connect to
a network, instead of to a simple haplotype tree, because
of recurrent and/or parallel mutation events of Y STRs
(fig. 1B). Subsequently, from this collection of chro-
mosomes, because of a unique, nonrecurrent mutation
event, a single chromosome with a specific STR hap-
lotype mutates to the first Y chromosome with a new
UME character state. Over time, because of the rela-
tively high mutation frequency of STRs, a new STR
network arises from this single Y chromosome. This
process defines the ultimate genetic bottleneck. In our

example, the first haplogroup A, B, C, and D Y chro-
mosomes arose at different times during evolution. If a
constant Y-STR mutation rate were assumed, the ac-
cumulated genetic STR variance within each different
haplogroup can be used as an indication of the age of
these haplogroups; the older the haplogroup, the more
variable the STR-haplotypes network will be. Also note
that one haplogroup (C) is absent from the sample of
present-day Y chromosomes. It either went extinct or
was not picked up by our sampling scheme in this hy-
pothetical population.

For most human populations, the simplistic assump-
tions from the above model population will be incorrect.
Many population samples will contain immigrants.
Consequently, these population samples will harbor
UMEs that arose for the first time somewhere else. Also,
we will never be able to identify all UMEs in a number
of male subjects. Nevertheless, we can still make im-
portant observations. To illustrate these, the Y-chro-
mosomal genotyping results from 261 Dutch male sub-
jects (Kraayenbrink et al., unpublished results) are
summarized in figure 2 (for full details, see the legend
to that figure).

First, an STR-haplotype network, connecting seem-
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Figure 2 Genotyping results of three Y UMEs and 6 Y-STR loci among Dutch male subjects. A, A maximum parsimony tree connecting
four Y haplogroups observed in 261 Dutch male subjects. Haplogroup frequencies are indicated below each pie. Nomenclature of these UME-
defined haplogroups is according to Jobling and Tyler-Smith (2000). B, A median-joining network (Bandelt et al. 1999) connecting Y-STR
haplotypes. In the 261 male subjects, only the 16 most frequently observed haplotypes (i.e., those shared between three or more male subjects)
are illustrated. These 16 haplotypes occurred in a total of 126 (48%) male subjects. The diameter of each circle corresponds to a categorical
absolute frequency (n = 3-5, n = 6-15, or n = 16-25). Multiple colored pies indicate haplotypes that are found in different haplogroups.
Within each pie, again, the absolute frequency is indicated. Unblackened circles indicate missing haplotypes. Circles are connected by single
STR-repeat mutation steps. C, A median joining network connecting Y lineages. In the same 126 male subjects, 28 distinct Y lineages could
be identified. The diameter of each circle corresponds to a categorical absolute frequency (n = 3-5, n = 6-15, or n = 16-25). Unblackened
circles indicate missing haplotypes. Circles are connected by single STR mutation steps or by single UME mutation steps.
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Allele frequency distribution of the Y STRs DYS390 and DYS392 in 261 Dutch male subjects. The frequencies in the total

sample (7 = 261), in haplogroup 1 male subjects (see fig. 2;2 = 142), and in haplogroup 2 male subjects (z = 93) are shown. Colors correspond
to those in figure 2. The blue/green hatched box of the total sample represents the relative contribution of haplogroup 3 and 26 male subjects.

ingly unrelated male subjects from a particular popu-
lation, will almost always underestimate the true genetic
variation present in these male subjects (compare the
networks in figs. 2b and 2¢). More single-mutation steps
are necessary to connect Y-chromosome lineages (UMEs
and STRs combined; fig. 2¢) than are STR-haplotype
networks (fig. 2b). Because of this, Y-STR mutation
rates will always be underestimated if based on STR-
only networks (Cooper et al. 1996; Forster et al. 2000).
Similarly, reliable inferences about Y-STR mutation
models cannot be obtained from STR networks (Cooper
et al. 1999). Such inferences should be based only on
direct observations (Kayser et al. 2000).

Second, the bottleneck model predicts that within
each UME-defined haplogroup, the STR allele fre-
quency distribution entirely depends on the original an-
cestral STR haplotype. Thus, in many cases, the allele
frequency distribution of Y-STR loci will differ between
haplogroups. The Y-STR allele frequency distribution

of any random male population sample will be the prod-
uct of the relative frequencies of haplogroups and the
STR allele frequency distribution within these haplo-
groups. This effect is illustrated, in figure 3, for two
chromosome Y STR loci—DYS390 and DYS392—in
261 Dutch male subjects. The allele frequency distri-
bution of these two loci in the combined population
sample reflects the sum of the allele frequency distri-
butions among haplogroup 2 and haplogroup 1 chro-
mosomes. Because of locus-specific differences in the
shape of the distribution between the two haplogroups,
the resulting combined distribution is unimodal for
DYS390 and bimodal for DYS392.

The net effect of these first two points is to cause a
breakdown of “linkage” between the various STR loci
on the Y chromosome, resulting in marked differences
in genetic variance per locus, per haplogroup, and per
population sample. Therefore, general statistical prop-
erties of Y STRs cannot be reliably measured in a global
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population sample without considering these confound-
ing aspects (Goldstein et al. 1996).

Third, two neighboring Y haplogroups will initially
share a single completely identical Y chromosome (apart
from the single mutation event separating them). How-
ever, over time, because of parallel STR mutations, dif-
ferent haplogroups can share more STR-defined hap-
lotypes. The pattern of haplotype similarities between
haplogroups will be shaped primarily by differences in
the mutation rate of Y STRs (Kayser et al. 2000). In
figure 2b, this is illustrated for the Dutch male subjects,
where the multicolored pies indicate STR haplotypes
that are found to be shared between different haplo-
groups. This again underlines that one underestimates
the true genetic variance by means of a Y-STR-only
network.

Fourth, it will take considerable time before sufficient
STR variability will arise within each haplogroup. Thus,
time is a major driving force, shaping the genetic var-
iance pattern of Y haplogroups. If a haplogroup is very
old, too many parallel STR mutation events will result
in an underestimate of the age of the haplogroup if it
is estimated on the basis of accumulated STR variance.
On the other hand, the age of a very recent haplogroup
can be overestimated, because of drift effects of indi-
vidual Y lineages. Over time, haplogroups will also be
distributed from one population to another. This, in
addition to population growth and decline (population
bottlenecks), will strongly influence the reliability of co-
alescence estimates. Thus, there will be only a limited
number of cases in which the application of such coa-
lescent approaches is possible and reliable.

Examples of Calculating the Age of Y Haplogroups

On the basis of accumulated genetic (STR) variance,
a number of different methods have been used to date
the age of a Y haplogroup or a specific migration event
(Bertranpetit and Calafell 1996; Goldstein et al. 1996;
Thomas et al. 1998; Wilson and Balding 1998). Such
estimates can be made only on the basis of genetic in-
formation from the population in which these haplo-
groups (probably) arose. These methods invariably as-
sume a single mutation rate that is constant over time
for all Y STRs considered, and they do not allow pop-
ulation growth. There is now sufficient evidence of a
significant difference in mutation rate among Y STRs
(Heyer et al. 1997; Jobling et al. 1999; Kayser et al.
2000). From our bottleneck model, it will be apparent
that accumulation of STR variability without population
growth is a very unlikely model (which was recently
confirmed in the study by Pritchard et al. 1999). To
illustrate the difficulties associated with dating haplo-
groups and migration events, two recent studies that
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calculated age estimates from Y-UME and Y-STR data
are contrasted below.

In one study (Hurles et al. 1999), the authors pre-
sented estimates of the date of an Iberian-specific UME
(SRY-2627 C—T). They compared three classical “con-
stant rate & size” models (Bertranpetit and Calafell
1996; Goldstein et al. 1996; Thomas et al. 1998) with
a new method that does allow individual Y-STR mu-
tation rates and population growth (BATWING [Bay-
esian Analysis of Trees with Internal Node Generation;
accessible at the BUGS Analyses Web site], an extension
of the model described by Wilson and Balding 1998).
Roughly the same recent origin of this specific mutation
was found in all four models (1,650-3,452 years with
95% confidence interval [CI] 1,044-16,001 years), with
the growth model predicting the most recent origin. It
was also found that, despite its recent origin, haplo-
group 22 shares seven STR haplotypes with its ancestral
haplogroup 1, which perfectly illustrates the rapid par-
allel evolution of Y STRs (see also Jobling and Tyler-
Smith 2000).

A second example of the combined use of Y UMEs
and Y STRs is the study of Helgason et al. (20005). In
that article, the authors speculate on the origin of the
male founders of the Icelandic population. On the basis
of classical markers, it has been shown that different
parts of Iceland have been settled by a variable number
of people from Gaelic (Scottish and Irish) and/or Viking
(Scandinavian) origin between 850 and 1200 A.D. (Wil-
liams 1993). Helgason et al. (20004, 2000b) now show
that most of the present-day Y chromosomes are of
Scandinavian origin, whereas most of mtDNA lineages
were of Gaelic origin.

On the basis of accumulated Y-STR variance among
haplogroups 1, 2, and 3 in the combined group of Ice-
landic, Scandinavian, and Gaelic male subjects, the au-
thors also provide estimates of the coalescence dates for
these haplogroups. However, in contrast with the ex-
ample above (the Iberian haplogroup 22), these three
haplogroups did not arise in any of these three popu-
lations. These haplogroups have a much wider distri-
bution across the world, suggesting a more ancient and
non-western European origin (Jobling and Tyler-Smith
2000). Because the present-day haplogroup 1, 2, and 3
Y lineages have such a complex history before they ar-
rived in western Europe, we are confronted with a kind
of black-box scenario. We know only that these hap-
logroups arose outside western Europe and that men
with such lineages arrived at the western fringe of Eu-
rope at some date. However, we have no clue about the
migration history of these lineages. This, effectively, pre-
vents us from making reliable coalescent estimates using
western European populations, so the estimates derived
from these data should be interpreted with caution.

Helgason et al. (200056) also estimate the time-depth
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of divergence of Icelandic STR haplotypes from the two
source populations. From the accumulated STR vari-
ance of Iceland-specific Y-STR haplotypes, if a gener-
ation time of 35 years and an average Y-STR mutation
rate of .21% were assumed, and using a coalescent
model that does not allow for population growth, the
authors derive an estimate of divergence of the Iceland-
ers from the founding populations of 2,717 years (95%
CI 1,164-9,508), which clearly predates the settling of
Iceland. The authors hypothesize that this discrepancy
could be due to the fact that many of the Iceland-specific
haplotypes have yet to be sampled from the ancestral
populations. This would reduce the number of Iceland-
specific haplotypes, reduce the accumulated variance,
and result in a more recent estimate. Another, perhaps
more likely, hypothesis might be that the present-day
Icelandic chromosome Y gene pool has been shaped by
the peculiar population demographic history of the Ice-
landic population, combined with the sensitivity for ge-
netic drift of the Y chromosome. This, together with
the use of an analytical model that does not allow for
population growth and variable Y-STR mutation rates,
could have easily influenced the divergence estimates
from this fascinating study.

Conclusions

The increasing amount of polymorphic markers on the
Y chromosome, combined with its unique haplotypic
inheritance pattern, renders this chromosome a tanta-
lizing simple genetic tool to infer human migration
events. Because of the lack of recombination, the Y chro-
mosome seems the perfect model to test coalescence pro-
cesses before they are used for autosomal inferences. The
isolated use of STRs or UMEs gives useful and com-
parable information (Forster et al. 2000). Evidently, by
using them both, a more complete and accurate picture
can be obtained. It is thus not surprising that the com-
bined use of these two different types of polymorphisms
has become increasingly popular. However, this appeal-
ing simplicity is also misleading. Only with care and in
the appropriate populations can accumulated Y-STR
variance be used to make coalescent estimates of hap-
logroup ages, as has been done, for example, by Hurles
et al. (1999).

There is clearly a demand for better analytical tools
that are capable of using Y-STR data with all its com-
plexity. Currently available software is inadequately cal-
ibrated and tested. It is hoped that routines such as
BATWING (BUGS Analyses) will eventually be fully
developed. For the time being, any published Y-STR-
based estimate should be treated with utmost care for
one simple reason: its message came through many
bottlenecks.

Am. ]J. Hum. Genet. 67:1055-1061, 2000
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