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I

t has been an interesting decade in human of roughly 10,000 breeding individuals.
evolutionary genetics. We have gone from Then, just as this story seemed to be
hope to confidence and from confidence to gaining momentum, the bottom fell out
despair. A series of recent studies, two of from under it.
In the late 1990s, as DNA sequencing
which appear in this and a recent issue
of PNAS (1, 2), gives new grounds for got cheaper, people began assembling
large data sets from the human nuclear
optimism.
The initial hope to which I refer was a genome. The trouble was that each genetic
product of the first large-scale studies of locus seemed to tell a different story (12).
variation in human mitochondrial DNA The mitochondrial story received support
(3). For years, population geneticists had from data from the Y chromosome and
been studying genetic variants that were from extensive sets of short tandem repeat
either the same or different. There was no (STR) loci distributed throughout the gemeaningful measure of the magnitude of nome (13–16). But other genes seemed to
difference between two alleles. The only imply a long history of constant populaclock-like process we had to work with was tion size (17), and still others suggested
genetic drift, and this clock does not keep the action of balancing selection or of
accurate time. It ticks at a rate that varies geographic population structure (18).
as the population grows or shrinks. Know- How can a single species have genes with
ing little about past population sizes, we such disparate histories? Presumably bewere left with no useful measure of time. cause natural selection has affected difAll this changed with the first large-scale ferent loci in different ways (19, 20). And
surveys of variation in mitochondrial DNA. if the pattern we see is telling us mainly
With these data, we could measure the about the history of selection, then it is
differences between alleles, and there was unlikely ever to tell us much about the
good reason to think that these differences history of population size.
This was not, of course, the first time that
accumulated at a fairly constant rate. Genetics began immediately to play a more anyone had suggested a role for natural
selection in the evoimportant role in
lution of human mithe study of human
tochondria (21–24).
history. Various auThe problem is that
thors argued early
The problem is that natural selection
selection and popuon that the human
and population growth can
lation growth can be
population must
hard to tell apart. A
have passed through
be hard to tell apart.
favorable mutation
a bottleneck—a pemay sweep through
riod of small population size—sometime during the late Pleis- the population under the influence of natural selection. If we focus on the carriers of
tocene (4–8).
The next few years saw improvements this favorable mutation, the process looks
both in the quantity of mitochondrial data just like population growth: the number of
available and in the statistical methods carriers is small at first, then increases, and
available for dealing with those data. By then levels off. For practical purposes, the
the mid-1990s, we were able not only to two processes have identical effects on gereject the hypothesis of stationary popu- netic variation. There is still no clean way of
lation size but also to place an upper distinguishing them except by comparing
bound on the preexpansion population DNA from different genetic loci. Populasize, a lower bound on the postexpansion tion growth should affect every locus in the
size, and both bounds on the time of the same way, whereas selection should affect
expansion (9–11). The evidence indicated different loci in different ways. The disparthat, sometime between 30,000 and ate results that we see from different loci
130,000 years ago, our ancestors expanded suggest that human genetic variation is into fill the globe from an initial population fluenced strongly by natural selection. If this

view is correct, genetics may have little to
tell us about population history.
This view, however, may be unnecessarily gloomy. There are two aspects of the
emerging pattern that are puzzling under
the view that it is all a product of natural
selection (25): First, the genetic loci that
show the signature of a selective sweep are
precisely the ones that, on a priori
grounds, seem most likely to be neutral—
the sweeps all seem to have occurred in
DNA that does not code for protein. It is
coding only regions that seem clearly consistent with selective neutrality and constant population size. This pattern is not as
implausible as it may sound: Because of
linkage, the signature of a selective sweep
may extend from the coding region on
which selection has acted into the noncoding regions that surround it. Nonetheless, it is surprising that the effects of
selection should be most clearly visible in
those portions of the genome that do not
code for protein. It is also hard to imagine
that selection at linked loci was responsible for the pattern seen in the STRs,
because these are distributed widely
throughout the genome.
There is another puzzling observation,
which has to do with the timing of the
presumptive selective sweeps. It has been
possible, for several data sets, to estimate
the time at which the (presumptive) selective sweep occurred, and in each case the
sweep appears to have occurred at roughly
the same time, in the late Pleistocene (25).
This rough simultaneity would be expected
under the hypothesis of a population expansion, but it is surprising under the selection
hypothesis. In view of all this, two sets of
authors have proposed a hypothesis that
may seem far-fetched: that a population
expansion has indeed occurred, but that its
effects have been obscured by pervasive
balancing selection within the coding portions of the nuclear genome (20, 25). This
hypothesis seems far-fetched because, for
the past 30 years, most geneticists have
downplayed the importance of balancing
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selection as a cause of genetic variation.
Although Harpending and I (25) argued
that the case is at least plausible, we were far
from convinced that it is true. We have
therefore watched with great interest as,
during the past 12 months, data from several
additional noncoding genetic systems have
become available.
One of these data sets, that of Alonso
and Armour (1), appears in this issue of
PNAS. It is from a noncoding region
within a functional gene (an intron). To
explain its import, I will concentrate on
what is known as the ‘‘site frequency spectrum.’’ A polymorphic nucleotide site is
ordinarily present in only two states within
a sample; let us call the rarer of these the
‘‘minor allele.’’ The site frequency spectrum is a histogram showing the fraction
of polymorphic sites at which the minor
allele is present in one copy, in two copies,
and so on. Fig. 1 shows the site frequency
spectrum of Alonso and Armour (1). It
summarizes the same data as their figure
2, but without separating the data by
continent. The rectangles in my figure
show the observed spectrum, and the bold
dots show the spectrum that is expected
under a model of selective neutrality and
constant population size. There is a clear
excess, compared with the neutral model,
of sites at which the minor allele is rare.
This excess is typical of populations that
have undergone an expansion. It reflects
the fact that small populations maintain
little genetic diversity. If our species were
small before, say, 50,000 years ago, then
most of its genetic diversity would have
arisen after this time. Because most variants would then be recent, few of them
would yet have drifted to high frequency
within the population. Consequently,
most variants would be rare, and we would
see a pattern like that in Fig. 1.

Alonso and Armour (1) attack this problem by using various methods and leave little
doubt that something has happened at this
locus. But was that something a population
expansion or a selective sweep? Alonso and
Armour argue in favor of a population
expansion, pointing out that the DNA they
sequenced is flanked by regions of high
recombination and is therefore unlikely to
be tightly linked to the coding regions (exons) upstream and downstream. Another
pair of authors, however, reach opposite
conclusions in the face of very similar data.
Nachman and Crowell (26) study DNA sequences from two introns within the human
Duchenne muscular dystrophy gene,
which is another region of high recombination. In one intron, there is an excess of
rare alleles, like that seen in Fig. 1; in the
other, there is no such excess. Nachman
and Crowell suggest that the first intron
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Fig. 1. Site frequency spectrum of Alonso and
Armour (1). Open rectangles show the observed
spectrum, with the horizontal axis aggregated into
10 bins of width 0.05. The bold dots show the
spectrum expected under the infinite sites model
with no selection and constant population size. 2n
is the number of chromosomes sampled, S is the
number of segregating sites, and the horizontal
axis is the frequency of the minor (i.e., rarest) allele
at a nucleotide site.

reflects a selective sweep, the second a
long history of constant population size.
But how can we be sure that the first intron
does not reflect an expansion of population size and the second a long history of
balancing selection?
In view of these ambiguities, it is reassuring that the signature of population
growth has shown up recently in other
studies of noncoding DNA. Three new
studies of microsatellites have produced
evidence of a population expansion (27–
29). Similar results also emerge from studies of DNA sequence data. Zhao et al. (2)
find a strong excess of low-frequency variants in sequence data from a 10-kb noncoding region on chromosome 22. Yu et al.
(30) obtain the same result from a 10-kb
noncoding region on chromosome 1. Of
the noncoding regions that have been
studied to date, all of those outside of
functional genes show evidence of a population expansion, and so do several of
those from introns. Within coding regions,
on the other hand, no such evidence is
consistently found. In short, the pattern
that we noticed last year seems to be
holding up.
The consistent pattern seen in noncoding DNA argues that we should take seriously once again the evidence for an
expansion of human population size during the late Pleistocene. The consistent
failure of coding DNA to reflect this
pattern argues that we should take seriously the possibility that geneticists from
the 1930s through the 1960s may have
been right after all about the importance
of balancing selection (31).
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