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Genetic variation records a large amount of information about the history of a species and about
the processes that create and shape that variation. Owing to the way in which it is inherited, the
X chromosome is a rich resource of easily accessible genetic data, and therefore provides a
unigue tool for population-genetic studies. The potential of the human X chromosome, which
rivals that of the more traditional mtDNA and Y chromosome, has only just begun to be tapped.

The X chromosome has a curious role in population
genetics. It is present in a single copy in males, which
makes it easier to study than the autosomes. This
trait, which it shares with the mitochondrial genome
(mtDNA) and the Y chromosome, explains its use in
an increasing number of studies, especially those that
address the history of the human population. Never-
theless, the X chromosome continues to be overshad-
owed in these studies by the Y chromosome and mtDNA,
despite containing far more genetic information than
either. One reason for the lagging position of the X chro-
mosome has been a delay in the generation of useful data.
The first pryroGeneric Tree for human mtDNA was pub-
lished in 1987 (REF 1), and the first for the Y chromosome
was published in 1989 (REE 2). By contrast, population-
genetic studies of the X chromosome had to wait until
the advent of practical DNA-sequencing technology:
the first detailed sequence studies of the X chromo-
some appeared in 1997 and 1998 (REFS 3-6), and the first
phylogenetic trees only in 1999 (REFS 7-9). Since then,
X-chromosome-based studies have slowly accumu-
lated; with the maturation of sequencing and geno-
typing technologies, a tremendous increase in all kinds
of genetic data looms. It is therefore an appropriate
time to reflect on what the X chromosome can offer to
population-genetic studies.

In this article, I describe some of the distinctive fea-
tures of the X chromosome, and how these allow us to
address several biological questions, such as how muta-
tion rates and recombination vary between the sexes,
and how natural selection has influenced the history of
our species. I then discuss the historical studies that have

used the X chromosome, particularly for investigating
the origin of non-African populations, and the much
larger potential of the X chromosome for addressing the
history of populations and anthropological questions
about historical differences between males and females.
Throughout the article, I focus primarily on human
genetics, as this is the area to which the X chromosome
has contributed most, although many of the issues
raised here will no doubt arise in the study of other
mammals.

The X chromosome as a marker system

Vestige of an autosomal past. The usefulness of a marker
for population-genetic studies depends both on its
intrinsic characteristics and on those of the population
in which it is being studied (BOX 1; TABLE 1). In this con-
text, what does the mammalian X chromosome look
like? In many respects, it looks very similar to an auto-
some, which is not surprising given its history. The two
sex chromosomes, the X and the Y, diverged from a sin-
gle autosome ~300 million years ago'®; indeed, they are
still homologous and recombine with each other near
their ends, in the two pseudoautosomal regions. (Note
that although the pseudoautosomal regions are interest-
ing in themselves — for example, the recombination
rate in the major pseudoautosomal region is 20 times
the genome average'' — their unique character puts
them outside the scope of this paper.) Elsewhere, how-
ever, they have taken different evolutionary paths. The
Y chromosome has lost the bulk of both its sequence
and its genes, and has developed a unique pattern of
repeated sequence'>". By contrast, the X chromosome

NATURE REVIEWS | GENETICS

VOLUME 5 | JANUARY 2004 | 43



REVIEWS

Box 1| What’s in a locus?

The usefulness of a locus for population-genetic studies depends on three main characteristics: its age, its mutation rate
and its recombination rate. These charactersitics are described below, and the different markers used in population-
genetic studies are compared in TABLE 1 with respect to these characteristics and their consequences.

Age
The age of alocus is the time to the most recent common ancestor (MRCA) of all extant copies of it. The age of a locus
defines the period from which genetic variation has been preserved, and therefore delimits the historical period that can
be investigated using that locus.

For human population-genetic studies, interesting timescales include: a few thousand years for recent historical
events; ~50,000 years for the expansion of Homo sapiens out of Africa; and 100,000-200,000 years for the emergence
of modern Homo sapiens.

Mutation rate

The mutation rate can make a locus uninformative by being either too high or too low. If the rate is too low (compared
with the age of the locus), there will be too little genetic variation to study, but if the rate is too high, recurrent mutations
will occur at every site and will obscure the process under study. In practice, single-base substitution rates (those
producing single nucleotide polymorphisms, or SNPs) are low enough that recurrent mutation can be neglected, at least
when studying a single species. The exception is mtDNA, which mutates at a much higher rate than the rest of the
genome. Mutation rates at MICROSATELLITE markers, on the other hand, are high enough that recurrent mutations become
problematic after a few tens of thousands of years.

Recombination rate
The recombination rate controls the size of a chromosomal region that shares a single genealogical history. In the absence
of recombination, every chromosome falls on a unique branch of the phylogenetic tree, whereas recombination combines
different branches onto a single physical chromosome. Too much recombination, therefore, makes reconstruction of
phylogenetic trees impossible, as individual markers represent different trees.

Mutation and recombination rates are biologically determined, whereas the age of a locus is primarily a function of the
size of the population — larger populations tend to have older loci. Together, the recombination rate and the age
determine the amount of LINKAGE DISEQUILIBRIUM (LD) that is observed because recombination over time breaks down LD.

has not lost its autosomal character: the X chromosome
is physically the most stable nuclear chromosome, at
least among placental mammals, and is the only one to
retain complete large-scale syNTENY between mouse and
human'. The size of the X chromosome — 150 million
base pairs (Mb) in humans — is consistently ~5% of
the genome among mammals. Its gene density is low,
ranking about seventeenth among the 24 human
nuclear chromosomes".

Low diversity. The distinctive characteristics of the X
chromosome largely derive from how it is inherited.
Males have only one copy of the X chromosome, so
every existing X chromosome has spent two-thirds of
its history in females. Consequently, mutations occur
less frequently on the X chromosome than on auto-
somes because the nucleotide mutation rate in females
is several-fold lower than in males'®'%; the result is
lower genetic diversity, as well as smaller interspecies

MICROSATELLITE

A class of repetitive DNA that is
made up of repeats that are 2 to
8 nucleotides in length. They can
be highly polymorphic and are
frequently used as molecular
markers in population-genetic
studies.

LINKAGE DISEQUILIBRIUM
A nonrandom correlation
between alleles of physically
linked loci.

SYNTENY

Collinearity in the order of genes
(or of other DNA sequences) in
a chromosomal region of two
species.

Table 1 | Comparison of population-genetic markers

Marker type References
mtDNA Y chromosome X chromosome Autosomes
Size (Mb) 0.017 60 150 3,000 15,16,59
Number of usable loci 1 1 Hundreds Thousands -
Mutation rate (mutations Very high High Low Moderate 19,60,61
per Mb per generation) (1-300) (0.033) (0.015) (0.020)
Recombination rate (cM/Mb) 0 0 0.8 1.1 21
Diversity (fraction of Very high Low Moderate High 42,62
discordant base pairs) (0.4%) (0.02%) (0.04%) (0.08%)
Accessible haplotypes* Yes Yes Yes No -
Genetic drift High High Moderate Low -
Age’ 100,000 years 100,000 years 750,000 years 1,000,000 years -
Effective population size 1/4 1/4 3/4 1 -

(relative to autosomes)

*A haplotype is a set of genetic markers that is present on one chromosome; fgenetic drift describes the random changes in allele
frequency that occur because genes that appear in offspring are not a perfectly representative sample of the parental genes (for example,
as occurs in small populations); Sthese entries are approximate population genetics inferences, based on the consensus estimate for the
effective population size in humans. cM, centiMorgan; Mb, megabase; mt, mitochondrial.
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Box 2 | Genetic diversity of the X chromosome and autosomes

The lower mutation rate and the smaller population size of the X chromosome, compared
with autosomes, lead to an unambiguous prediction that genetic diversity should also be
lower there. As measurements of the diversity at individual loci on the X chromosome
and on autosomes vary widely (as discussed in BOX 3), a direct comparison of the overall
diversity between the X chromosome and autosomes is difficult. Despite experimental
difficulty, however, several human studies support this prediction. An analysis® of 47 kb
of sequence on the X chromosome found diversity to be 80% of that on the autosomes —
which is surprisingly high. Larger studies of the X chromosome have found values more
in line with expectation: a study of variation in genes® in a total of ~70 kb found the
ratio of the diversity between the X chromosome and autosomes to be 48%, and the
large SNP-discovery project carried out by THE sNp cONsORTIUM (TSC), which analysed
50 million base pairs (Mb), found the ratio to be 59%, which corresponds to diversity on
the chromosome of one difference in every 2,000 bp*>.

In non-African populations, which are genetically less diverse than African ones,

the diversity on the X chromosome can be markedly lower than on the autosomes.

In one study (S. E.S. et al., unpublished observations, listed in TABLE 2), 40% of all
polymorphisms showed no variation in a sample of East Asian chromosomes, whereas
only 10% showed no variation in a West African sample. In a similar vein, extensive ‘SNP
deserts’— regions (some of which are more than a million base pairs long) with very
few SNPs — were found on European X chromosomes®’.

EFFECTIVE POPULATION SIZE
(N,). The size of the ideal
population in which the effects
of random drift would be the
same as those seen in the actual
population.

HETEROZYGOSITY

A measure of the genetic
variation in a population: the
mean number of differences
found when comparing two
copies of a sequence. Usually
expressed as the number of
differences per base pair.

THE SNP CONSORTIUM

(TSC). A public—private effort
that mapped approximately 1
million SNPs across the human
genome.

POPULATION STRUCTURE

A departure from random
mating as a consequence of
factors such as inbreeding,
overlapping generations, finite
population size and
geographical subdivision.

GENETIC DISTANCE

The degree of genetic
differentiation between two
populations. It is measured by
comparing allele frequencies
(and in the case of microsatellite
markers, by comparing allele
sizes) between populations.

divergence, on the X chromosome. According to one
study, for example, the divergence between human and
chimpanzee X chromosomes is 83% of that observed
between the autosomes of these two species®. Diversity
is further reduced by the errective popuLATION SIZE (N, )of
the X chromosome, which, because males lack a sec-
ond copy, is three-quarters that of the autosomes. The
net effect is that diversity on the X chromosome (most
often measured as HETEROZYGOSITY, or Tt) should be
about half of that on the autosomes. This expectation
has been borne out by several experiments (see BOX 2).
Diversity on the X chromosome might be low com-
pared with the autosomes, but it is still twice that on
the Y chromosome, and it provides enough variant
sites (~1-10 per 1,000 base pairs (bp)) for reasonably
sized regions to be informative. In terms of age, auto-
somes record slightly older time periods than the
X chromosome, but both record substantially older
histories than either the Y chromosome or mtDNA
(TABLE 1 and BOX 3).

Pronounced population structure. Another consequence
of the smaller population size of the X chromosome is
that genetic drift is faster for the X chromosome than
for the autosomes. As a result, porurarion strucTure should
be more pronounced on the X chromosome; that is, pop-
ulations should differ more in their X chromosomes
than in their autosomes. Indeed, as shown in TABLE 2,
GENETIC DISTANCES between populations are significantly
larger on the X chromosome.

Long linkage disequilibrium intervals. X chromosomes
recombine only in females as males have a single copy;
therefore, only two-thirds of X chromosomes recom-
bine in each generation. The measured recombination
rate for the X chromosome is, in fact, almost exactly
two-thirds of the genome average?!. As a result, we can
expect linkage disequilibrium (LD) to be greater on the

X chromosome and the size of regions with a single
genetic history to be larger. This effect is reinforced by
the younger age of the X chromosome, as younger loci
have had less time for recombination to break down LD.
Systematic comparisons of LD on the X chromosome
and the autosomes have not been published for mam-
mals; relevant data sets do exist for humans®>?*, how-
ever, and it is expected that their analysis will support the
prediction that LD is greater on the X chromosome.

Biological studies

The biological questions that can be studied with
the X chromosome flow from the characteristics
described above. The female-dominated history of the
X chromosome makes it an ideal system for studying
population-genetic differences between males and
females, particularly the differences in mutation rate
and in patterns of recombination. The presence of a
single copy of the X chromosome in males means that
X-linked alleles are more exposed to natural selection,
making the X chromosome an attractive place to
examine the role of selection in human history.

Mutation rates in males and females. The higher muta-
tion rate in male mammals, including humans, is gener-
ally attributed to the larger number of mitoses that
germline cells go through in males. Direct measurement
of the difference in rates is difficult, however, as the
absolute rates are low (~2 x 10~® mutations/bp/genera-
tion). The easiest way to obtain an accurate measure-
ment has been to examine homologous regions on the
X and Y chromosomes and to compare their divergence
from the inferred ancestral sequence; a higher male
mutation rate will be reflected in a higher rate of substi-
tutions on the Y chromosome copy. Such studies have
been done for humans'®'”'*?% and for several other
organisms (other primates'**, sheep and goats*, and
rodents?”*). The consistent finding has been that males
do have higher mutation rates than females; most
studies have also concluded that in humans and apes,
the ratio is particularly high, presumably because of
the long generation time and unusually large number
of male mitoses in those species. By comparing all
three systems (the X and Y chromosomes, and the
autosomes), it has been possible to test an alternative
hypothesis for the lower mutation rate on the X chro-
mosome®, namely that, independent of whether it is in
males or females, the X chromosome has evolved an
unusually low mutation rate to protect itself against
deleterious mutations. The available data, however, do
not support this hypothesis'?".

Despite the apparent simplicity of these measure-
ments, controversy continues about the magnitude of
the difference between the mutation rate in males and
females'®. Most studies have estimated about a fivefold
higher rate in males, but two studies have yielded ratios
close to two'®!”. This lower value might be caused by a
failure to take into account polymorphism present in
the ancestral population, a possibility that is supported
by the observation that divergences over longer evolu-
tionary times yield higher ratios'’; on the other hand, a
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OUT OF AFRICA MODELS
Models for the origin of modern
human populations in which
anatomically modern Homo
sapiens evolved
~100,000-150,000 years ago in
Africa and expanded from there
to the rest of the world.

BOTTLENECK

A marked reduction in
population size followed by the
survival and expansion of a
small random sample of the
original population.

Box 3 | Variation between loci

Unlike the Y chromosome and mtDNA, the a
X chromosome contains many independent
loci, each with its own phylogenetic tree. It
is a characteristic of genealogies, whatever
chromosome they occur on, that they vary
randomly; that is, under identical
circumstances, the phylogenetic trees for
two loci can be very different, both in shape
and in depth.

The two trees shown in panel a are the
result of simulations of a constant-sized
population for two loci, and are typical of the
amount of variation observed. Although the
two simulated loci share an identical
population history, the age (and therefore
the diversity) of locus 1 is many times that of
locus 2; inferring the characteristics of the
population from either tree alone will
therefore give a badly skewed result.

Panel b shows the full range of ages expected

Time

Number of loci expected
(arbitrary scale)

Locus 1

— X chromosome loci

— Y/mtDNA loci

— Autosomes loci

for the three types of chromosome, on the

T —

0.5 1 1.5 2 25 3

. SR ) 0
ba.51? of an ouT OF AFRICA MODEL Of human Time to most recent common ancestor (millions of years)
origins. As the X chromosome has three
times the effective population size of the Y 5
chromosome or mtDNA, loci on the X 25 : B X chromosome loci
chromosome can be expected to be much ; S [ Y/mtDNA loci

. . [}

older; the same is true for autosomes, which ‘%g 2] [ Autosomal loci
have four times the effective population of z H H m H m

the Y chromosome. Note the broad age range 5
expected for different loci from the same
type of chromosome. The histogram shows

migrations into a region.

recent study® that accounted for this effect still reported
a fairly low value for the ratio (~threefold). Studies into
this unresolved question will probably continue.

Recombination in males and females. A related issue
centres on the differences between males and females in
the pattern of recombination. The overall rate of recom-
bination is higher in women, and the rate varies along
chromosomes differently for the two sexes; for example,
recombination in males tends to be higher near the
telomere, whereas in females it is higher near the cen-
tromere?!. In males, the distribution of recombination
can be studied directly at a very fine scale by typing
DNA from a large number of sperm'**. So far, these
studies have shown that recombination is highly clus-
tered in ‘hot spots) with little recombination occurring
elsewhere. It is not known how universal or variable this
phenomenon is across the genome, and little is known
about what determines where recombination occurs on
either fine or coarse scales. The hope is that further
sperm studies will identify these determinants. No com-
parable studies of female recombination will be possi-
ble, however, so the only access to fine-scale patterns of
female recombination will be through the LD patterns

05 1 15 2 25 3
Time to most recent common ancestor (millions of years)

published estimates of the age of various loci; all have large uncertainties (not shown)*. Similar variation from locus to
locus occurs in other inferences, such as those concerning BOTTLENECKS in population size, or about the source of

that they leave behind. The obvious platform for such a
study will be the X chromosome, because it is only there
that female recombination occurs in the absence of
male recombination.

Natural selection. Natural selection has two important
functions in evolution: it allows adaptation (positive
selection) and it suppresses deleterious mutations
(background selection). The direct effect of the latter
can be easily measured by observing the reduced poly-
morphism and interspecies divergence at coding sites.
The extent of positive selection is less clear. It is not
known how often episodes of positive selection occur or
how important they have been in shaping our genome;
nor is it clear what effect background selection has on
overall neutral variation. The reason for considering the
X chromosome in this context is that selection might be
more visible there than on the autosomes. Two explana-
tions could account for this; first, as recessive alleles on
the X chromosome are exposed to selection in males
regardless of their frequency, a larger fraction of muta-
tions undergo selection; and second, higher LD on the
X chromosome means that when selection does act on a
locus, it is likely to affect a larger region than it would on
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SELECTIVE SWEEP

The process by which new,
favourable mutations become
fixed so quickly that physically
linked alleles also become fixed
by ‘hitchhiking.

Table 2 | Measuring genetic distance using X-linked loci*

Human X-linked Number Number of Size of DNA sequence Mean F* (African Reference
marker orgene  of loci markers analysed (kb) versus non-African)
PDHA1 1 25 4 0.62 8
ZFX 1 10 1 0.08 7
dystrophin 1 36 8 0.04 5
Xq13.3 1 €8 10 0.09 9
DACH2 1 44 10 0.02 44
Multilocus survey 16 250 110 0.26 Unpublished
observations
(S.ES.etal)
Total 21 398 143 0.24 -

“Values for DACH2 and Xq13.3 were calculated from the published data; other values are quoted from the original publications; * Fg_ is a
measure of genetic distance, based on allele frequencies, that indicates the proportion of genetic diversity found between populations
relative to the amount within populations. Values range from 0.0 to 1.0. Because studies sample different populations, it is often difficult to
compare directly genetic distance measurements from different studies; for this reason, only the large-scale measurement between African
and non-African populations is given. On average, the divergence values for X-chromosome-linked loci, shown here, are significantly higher
than those of autosomal loci, for which the Fg; value is typically between 0.1 and 0.15 (REE 47); this indicates that the X chromosome has a
more pronounced population structure than that of autosomes. Note also the large variation in genetic distance among the X-chromosome
loci. DACHZ2, dachshund homologue 2; kb, kilobase; PDHA1, pyruvate dehydrogenase (lipoamide) o 1; ZFX, zinc finger protein, X-linked.

the autosomes. So, a seLecTive sweep will typically cover
more sequence on the X chromosome. A mildly delete-
rious mutation, which reduces the number of viable
chromosomes in the population, has a similar effect of
reducing variation in a larger region than on autosomes.
Traces of selective sweeps (or at least good candidates
for them) have indeed been found on the X chromo-
some***. Of more general interest is the relative impor-
tance of sweeps, and of selection generally, in the two
types of chromosome. Several tests have been applied in
the search for traces of selection. Perhaps the most
robust of these involves detecting whether diversity
varies in step with recombination. Because selective
sweeps lower diversity, and because they extend further
where there is little recombination, we expect less diver-
sity where the recombination rate is low. (A similar effect
also occurs for background selection™*”.) A positive cor-
relation between heterozygosity and recombination rate
is, therefore, a signature of extensive selection. Such a
correlation has been observed on human autosomes,
but it is weak and can probably better be explained by
factors other than selection®®*” (FIG. 1a). Several studies
have indicated that the correlation is larger on the
X chromosome®“*!; here, also, the evidence is weak, but
is consistent with a greater role for selection on this
chromosome. The large data set from the SNP consor-
tium (TSC)*?, however, shows no correlation between
heterozygosity and recombination rate at all on the
X chromosome (FIG. 1b). A second indicator of selection
would be a difference in diversity between the X chromo-
some and the autosomes, even after adjusting for their
different N, and mutation rates. Positive selection (but
not background selection) would lower the diversity of
the X chromosome compared with autosomes*’. Here,
too, supporting evidence of selection seems to be miss-
ing. The relative X-to-autosome diversity cited in BOX 2
(59% for the TSC data) agrees almost perfectly with the
expected value of 58% that is obtained by assuming a
ratio of male-to-female mutation rate of fivefold. Both
the observed and estimated values have uncertainties

attached to them, so a discrepancy — albeit probably
only a small one — might still emerge. At present, there-
fore, there is no compelling evidence for a larger role for
natural selection on the X chromosome. Other avenues
remain to be explored, however, such as comparing the
X chromosome and the autosomes in terms of genetic
distance between populations, or comparing the fre-
quencies of coding polymorphisms for the two types of
chromosome.

a Autosomes
0.14 A
012 .4

0.1 %
0.08 32
0.06 4 2.
0.04 4 *
0.02 A

0.0 ; T T T T \

0

Heterozygosity (%)

Recombination rate (cM/Mb)

b X chromosome
0.14 -
0.12 -

Heterozygosity (%)

2 3 4 5 6
Recombination rate (cM/Mb)

Figure 1| Signal for selection? Natural selection produces a
correlation between diversity (shown here as heterozygosity)
and recombination rate**’, a | Heterozygosity measurements
from The SNP Consortium SNP-discovery survey*? show a
correlation on the autosomes, but the correlation is weak

and probably results from factors other than selection®®°.

b | A much stronger correlation on the X chromosome would
indicate a larger effect of natural selection there, but the same
data show no correlation between diversity and recombination
rate on this chromosome.
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SUMMARY STATISTIC

A single number that
summarizes complex data;
examples include mean and
variance.

MULTIREGIONAL MODELS
Models for the origin of modern
human populations in which
anatomically modern Horo
sapiens evolved simultaneously
throughout Africa, Europe and
Asia.

PATRILOCALITY

A residential pattern in which a
married couple settles in the
husband’s home or community.

Studies of human history

It is a different set of features that makes the X chromo-
some particularly valuable for historical research. First,
there is a matter of practicality. Because there is a single
copy of the X chromosome in males, it is easy to deter-
mine haplotypes (BOX 4), a feature that is not present in
the autosomes. As haplotypes are needed to infer the
phylogeny of a region, the X and Y chromosomes, and
mtDNA are the natural choices for studies that use phy-
logenies, an advantage that explains their dominant role
in historical studies. Until technology to read single mol-
ecules of DNA becomes practical, their pre-eminence
will probably continue, or even increase: development of
high-throughput genotyping and sequencing technol-
ogy has markedly expanded the possibilities for large-
scale haplotype studies, whereas extracting haplotypes
from autosomal loci remains labour intensive.

Second, there is the presence of recombination. If
ease of haplotyping distinguishes the X chromosome
from the autosomes, it is the occurrence of recombina-
tion that distinguishes it from the Y chromosome and
mtDNA. In the latter two systems, the entire chromo-
some acts as a single locus and shares a single genealogi-
cal history. The X chromosome and the autosomes, on
the other hand, are broken up by recombination at
every generation, so that different regions have different
histories. This difference has important implications for
historical investigations. In practical terms, recombina-
tion makes it harder to study phylogenetic trees and so
X chromosome-based phylogenies must be restricted to
regions with very strong LD. In broader terms, however,
recombination creates a tremendous resource: it means
that the X chromosome records hundreds or thousands
of different snapshots of the population’s history,
whereas the Y chromosome and mtDNA each record
only a single one. Because the history of any single locus
only crudely records the history of the population in
which it lived (see BOX 3), information from a recombin-
ing system is crucial for providing as complete a view as
possible of the history of human populations. It is the
combination of accessible haplotypes and multiple
genetic histories, therefore, that makes the X chromo-
some a uniquely powerful tool for historical studies.

Historical studies can be divided into two types:
those that reconstruct gene phylogenies on the basis of
haplotypes and those that use sumMMARY sTATISTICS to infer
properties of ancestral populations. Owing to their
dependence on haplotypes, it is the phylogenetic studies
that can be expected to have a particular focus on the X
and Y chromosomes, and mtDNA.

Studies can also be classified by their focus. The
broadest studies look at global characteristics of a popu-
lation, typically using summary statistics as their basis. A
second class looks at the geographical history of sub-
populations and the phylogenetic relationships between
them. In studies of human history, an approximate but
useful distinction can be made, within the second class,
between studies that focus on large-scale patterns, espe-
cially those that aim to distinguish between Out of
Africa and murrireGioNaL MoDELS, and those that analyse
the history of smaller geographical areas or ethnic

groups. As discussed below, these three categories —
global population characteristics, large-scale history and
local history — have varied considerably in the extent to
which they have used the X chromosome.

Global population characteristics. Global features of a
population include N, the occurrence of expansions
or bottlenecks and the extent of subdivision within the
population. All three features can be inferred from sta-
tistical information about the population. For exam-
ple, because genetic diversity and population size are
correlated, N, can be inferred from the measured
amount of diversity. Studies of this kind that have used
X-chromosome loci have yielded estimates of N, that
range from 4,900 to 37,000 for humans®7*; this wide
range is expected because of the large stochastic varia-
tion between loci (BOX 3). A global estimate based on
resequencing a third of the X chromosome yields an
N, of 12,000 (REE. 42). Similar studies can be done using
other genetic systems, and the autosomes, Y chromo-
some and mtDNA have all been used for them. The
only reason the X chromosome is over-represented
here is that X-chromosome loci are often chosen for
haplotype analysis, and because summary statistics can
conveniently be studied at the same time, using the
same data.

The X chromosome could provide a unique resource
for one topic to which it has so far not contributed: the
way in which population-genetic parameters differ
between males and females. Numerous mechanisms
might contribute to this phenomenon. For example,
different breeding and mortality patterns can produce
differences in the average length of a generation, and
polygamy increases female N relative to that of males.
PATRILOCALITY produces larger genetic distances between
groups for males than for females, whereas military con-
quest has the opposite effect. The question is not
whether these processes have operated in human history
— they all have — but how important the different
effects have been. Comparisons between mtDNA and
the Y chromosome have shown that genetic distances
tend to be larger for males than for females; the cause of
the difference is very controversial®=*°. As the X chro-
mosome spends twice as much time in females as in
males, differences between males and females will also
be reflected in differences between the X chromosome
and the autosomes. Given the complexity of the ques-
tions, it would be useful to bring the large body of
genetic information available on the X chromosome to
bear on them. Until now, however, the power of any
given X chromosome-linked locus to address these
questions has been too low, simply because of the mix-
ture of male and female histories on the X chromosome.
For example, a parameter (such as diversity) that is
(hypothetically) 50% higher in a purely female lin-
eage than in a male one will only be 7% higher on the
X chromosome than on the autosomes. In the long
run, however, the volume of data from the X chromo-
some promises to provide an independent perspective
on questions that neither the Y chromosome nor mtDNA
is able to resolve.
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Box 4 | Haplotypes

Large-scale geographical studies: Africa and beyond.
The second class of study provides the best illustration
of the potential of the X chromosome among existing
phylogenetic studies. The central issue in these studies
has been the debate about the origin of non-African
populations, between multiregional and Out of Africa
models, a debate that has largely been settled in favour
of the latter. Much of the evidence invoked in the
course of the debate has been in the form of phyloge-
netic studies that give clues to the source of all mod-
ern populations. Naturally, the Y chromosome and
mtDNA have played a part, each contributing one
phylogeny; several autosomal studies have also been
done®**. The largest source of evidence, however, has
been the X chromosome>44,

Taken together, these studies indicate an Out of
Africa origin for modern humans. Individually, how-
ever, the studies point to diverse conclusions. For exam-
ple, two studies reconstructed haplotypes in introns
of X chromosome-linked genes, using chromosomes
drawn from many populations around the world.
The first study’ found a pattern that was strongly indica-
tive of a recent expansion (and subsequent isolation
by distance) of humans from a single geographical
source. The chromosomes showed two common, old
(200,000-800,000 years) haplotypes with worldwide
distribution, as well as many younger, derived haplo-
types (~100,000 years old) with limited geographical
distribution. Africa was identified as the probable source
for the expansion on the basis of the higher genetic
diversity there, and by the continued presence of the
ancestral human haplotype (as determined by compari-
son with other primates). The second study**, on the
other hand, found a pattern that was more consistent
with multiregionalism. At this locus, most haplotypes
were not shared between Africans and non-Africans,
indicating independent histories. Moreover, within the
phylogenetic tree, haplotypes from different geographi-
cal areas were often intermingled, indicating no single
source. The exception was one group of related haplo-
types that were exclusively non-African, and that were
estimated to be old enough (66,000-264,000 years) to
make it likely that they predated the putative Out of
Africa migration (thought to have occurred ~50-60,000
years ago). These two studies, therefore, point to opposite

To reconstruct phylogenetic trees, it is first necessary to determine which haplotypes are
present in the population. This is straightforward for mtDNA, the Y chromosome and

(in males) the X chromosome,
haplotype. For the autosomes,

because in all three cases, an individual possesses a single
however, the task is harder: as both copies of the locus are

examined together, it is difficult to distinguish between alleles that belong to one
haplotype and those that belong to the other. It is technically possible to examine only a

single haplotype (for example,

by using cloning or allele-specific PCR), but such

methods add significantly to the cost and effort of a study. An alternative solution is to
reconstruct the haplotypes statistically — that is, to estimate which alleles typically go

together in the population as a

whole. This technique works well for common

haplotypes, but becomes increasingly unreliable for rarer ones, to the point that it is
unworkable for haplotypes that combine SNPs and microsatellites.

conclusions about the basic structure of human popula-
tions. It is for this reason that many loci have been (and
will continue to be) needed.

Fine-scale geographical studies. Studies on smaller geo-
graphical and ethnic units abound, with the focus rang-
ing from the colonization of the Americas and the
Pacific to the history of small, isolated populations such
as the Andaman Islanders. The studies that use the X
chromosome have so far been virtually absent from
these efforts, not because they would not be valuable but
because the bulk of the work, and all of the phylogenetic
effort, has been done with the Y chromosome and
mtDNA. The reason for this dominance is partly the
amount of work that has already been done using these
systems; the existing phylogenetic trees and geographi-
cal information about Y chromosome and mtDNA
haplotypes provide a context for all new studies. In
addition, the Y chromosome and mtDNA are peculiarly
suited to tracking recent local history. They have higher
mutation rates and much higher rates of genetic drift
than the X chromosome, which mean that populations
will tend to differ more at these loci than they do at an
X-chromosome locus, allowing finer resolution for local
studies. On the other hand, this last characteristic might
not always be an advantage: faster drift also means that
relationships between populations are more easily
erased, sometimes making it harder to identify source
populations. (It is interesting to speculate, for instance,
that X-chromosome loci will identify the nearest Asian
relatives of native Americans more successfully than the
Y chromosome and mtDNA have done.)

Many more loci are needed, however, to unravel the
complexities of the history of populations. This is why,
despite its minimal contribution so far, the X chromo-
some has tremendous potential for this kind of work.
This potential will only be realized if there actually
are many suitable loci on the X chromosome — that
is, regions with markers in strong LD and contain-
ing enough markers to construct phylogenetic trees.
Fortunately, this seems likely to be the case. It has become
clear in the past several years that haplotypes in much of
the genome form block-like structures, which are a few
kilobases to many tens of kilobases in length, with little
recombination visible within them*"*. A block on the X
chromosome that is a few tens of kilobases long can be
expected to contain ~50 to 100 SNPs. On the basis of
observations on the autosomes, we can expect to find
hundreds of them on this chromosome. Furthermore,
many of these blocks will also contain one or more
microsatellite markers. This is useful because micro-
satellites, with their much higher mutation rate, make it
possible to distinguish between closely related haplo-
types, therefore improving the resolution for local stud-
ies. Shorter regions can also be used — no region studied
so far has been much longer than 10 kb — but to achieve
the resolution needed for localized studies, greater
length is preferable. The amount of information that
is available on the X chromosome is large enough to
be daunting: duplicating the efforts that have already
been made for the Y chromosome and mtDNA for each
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X-chromosome locus in turn will be a major task, but
one that will become easier as high-throughput screen-
ing and genotyping methods become more efficient.

Conclusions

The use of the X chromosome in population genetics is
still in its infancy. It has already proved its worth in studies
of the early history of modern Homo sapiens, but in most
research areas its potential remains largely untapped.
That potential is needed — the Y chromosome and
mtDNA, despite their enormously fruitful contributions,
are not very informative about some questions (such as
the size of ancestral populations), and the information
that they can provide about others (such as population
history before the Out of Africa migration) has largely
already been mined. The X chromosome is therefore the
logical place to turn for more information. Many of the
same questions can be addressed by either the X chromo-
some or the autosomes, but the X chromosome has a
clear advantage in allowing easy access to haplotypes; the
cost of extracting haplotypes from autosomes remains
high, even as sequencing and genotyping become much
faster and cheaper.

Much work is needed to realize the promise of the X
chromosome. Most important, of course, will be more
data: more markers, from more loci, studied in more
populations. We will also need a better understanding of
patterns of recombination and their causes and of
mutation rates, as well as improvements in modelling
the history of populations and in extracting informa-
tion from summary statistics. Two continuing projects
promise to provide some assistance. The first is the
sequencing of the chimpanzee genome, which is due to
be completed before the end of 2003. This will provide
useful information of at least two kinds. The chim-
panzee sequence usually records the ancestral state of
sites that are variable in humans, and so provides a root
to phylogenetic trees. More importantly, the compari-

son of the two genomes will give a detailed map of the
variation in mutation rate across the chromosome,
allowing better calibration of ages, at least for SNPs.

The second resource will be one generated by the
International HapMap Project (see online links box), an
effort to describe the haplotype and LD structure for
every region of the human genome; initial data from
this project are due in 2003. For the studies described in
this article, the map will provide an easy way to identify
regions of strong LD — regions with a single genealogi-
cal history — and therefore candidates for phylogenetic
investigation. Although the map will also provide fre-
quency information (in three populations) about more
than 30,000 SNPs on the X chromosome, this informa-
tion will be of uncertain value, partly because there has
been a strong bias in the selection of markers towards
those present at high frequency. Discovery of markers
(SNPs and microsatellites) within the regions will still
require extensive screening, but the identification of the
regions themselves will be a considerable benefit.

In the long term, for investigations that rely on
intrinsic features of the X chromosome (such as studies
of differences between males and females in mutation,
recombination and history, and studies into the behav-
iour of exposed recessives under natural selection), the
role of this chromosome will remain unaltered. By con-
trast, for investigations that rely on X chromosome loci
because they are easy to haplotype, including most his-
torical studies, the situation might change. If technology
becomes available that can cheaply and reliably extract
haplotype information directly from diploid chromo-
somes (for example, by sequencing individual mole-
cules of DNA), there will no longer be a reason to prefer
the X chromosome to the autosomes. This does not
mean that the role I have described for the X chromo-
some will be eliminated; it simply means that it will be
broadened to include the 20-fold larger store of data
that is present on the autosomes.
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