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muscular dystrophy, neurofibromatosis and retinoblast-
oma), there is a large male excess. So, I believe the evidence
is convincing that the male base-substitution rate greatly
exceeds the female rate.

There are a number of reasons why the historical
male:female mutation ratio is likely to be less than the
current one, the most important being the lower age of
reproduction in the earliest humans and their ape-like
ancestors. More studies are needed. But whatever the

Male:female mutation ratio

outcome of further investigation, this unique transposition
event and perhaps others like it are sure to provide impor-
tant cytogenetic and evolutionary insights.
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Detecting the form of selection from
DNA sequence data

Clues to our evolutionary history lie hidden within DNA sequence data. One of the great challenges facing
population geneticists is to identify and accurately interpret these clues. This task is made especially difficult
by the fact that many different evolutionary processes can lead to similar observations. For example, low levels
of polymorphism within a region can be explained by a low local mutation rate, hy selection having eliminated
deleterious mutations, or by the recent spread to fixation of a beneficial allele. Theoretical advances improve
our ability to distinguish signals left by different evolutionary processes. In particular, a new test might better
detect the footprint of selection having favored the spread of a heneficial allele.

As the amount of sequence data has grown, so too has
the body of population genetics theory that aims to
interpret this data in terms of past evolutionary processes.
What makes this task especially difficult is that evolution-
ary history is complex. At particular times in the past and
at particular sites in the genome, selection has favored the
spread of new alleles (directional selection; see Box 1), but
at other times and sites, selection has prevented the spread
of mutations (purifying selection). The nature of selection,
the demographic history of a population, and the spectrum
of mutations have major effects on the evolution of genetic
sequences. This complexity must be addressed directly if
we are to isolate the traces of a particular evolutionary
event from others that occur simultaneously. Two recent
papers'? make important strides in this direction by distin-
guishing the patterns left in DNA sequences by directional
and purifying selection.

From early in the history of population genetics, math-
ematical models have been used to infer past evolutionary
processes from extant population data. In his pioneering
work on mutations, J.B.S. Haldane’* demonstrated how
the current frequency and fitness effects of deleterious alle-
les can be used to infer past rates of mutation. Using this
method, Haldane obtained one of the first mutation rate
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there is extensive data on the survival and fertility of
affected individuals. What if the nature of selection is
unknown? In cases where selection is difficult or imposs-
ible to measure directly, how can we use genetic data to
infer the history of selection?

The neutral expectation

To infer that selection has acted within a region of the
genome, one must first reject the null hypothesis that no
selection has acted on the sequences in question. The
neutral theory of molecular evolution, developed largely
by Kimura®, establishes what to expect under the null
hypothesis, by describing the pattern of sequence evolu-
tion under the forces of mutation and random genetic drift
without the action of selection. One particularly impor-
tant result from the neutral theory is that the rate at which
one nucleotide is replaced by another nucleotide through-
out a population (a substitution) should equal the mu-
tation rate at that site (v), regardless of the population size.
At first this result is rather surprising because so many
more mutations arise in a large population each generation
than in a small population. However, the higher number
of mutations is counterbalanced by the smaller chance
that each mutation will fix within a large population. In
addition, the neutral theory makes predictions about the
pattern of polymorphism expected among sequences
drawn from the same species. For example, the probability
that any two randomly sampled sequences differ at a
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Footprint of selection

BOX 1. Glossary

Directional selection

Selection that acts on an allele whose carriers have higher than average
fitness. Such alleles are called ‘beneficial’. In the absence of other forces,
the frequency of a beneficial allele will increase over time at a rate that is
proportional to the strength of directional selection.

BOX 2. Allele genealogies with and without selection

Both background selection and hitchhiking reduce the average level of genetic variation rela-
tive to the neutral expectation. The mathematics behind this result are novel and interesting.
The proofs rely on looking backwards over evolutionary time to see when two lineages last
shared a common ancestor at a marker site. This event is called a ‘coalescent.” Consider the
genealogy illustrated in Fig. la for a simple population of only four alleles (circles), which can
represent either four haploid or two diploid individuals. Going forwards in time (top to bottom),
parent alleles are connected to their offspring by lines, and every individual in the population
must be tracked. In the absence of selection (Fig. la), an offspring allele is equally likely to be
descended from any of the alleles in the previous generation. Of course, this does not mean
that every allele leaves offspring; in particular, the alleles marked with an X do not reproduce.
Going backwards in time (bottom to top), offspring alleles are connected to their parents, but
only alleles that are ancestors of present-day alleles must be examined. It is the fact that alle-
les not contributing to the current population can be ignored (shaded circles connected by
shaded lines) that makes the coalescent approach so powerful, especially when analysing
large populations.

Purifying selection

Selection that acts against an allele whose carriers have lower than
average fitness. Such alleles are called ‘deleterious’. In the absence of
other forces, the frequency of a deleterious allele will decrease over time
at a rate that is proportional to the strength of purifying selection.

Random genetic drift

Changes in the frequency of a gene that occur over time because the
number of offspring born to parents carrying the gene is subject to
chance variation. Even if the expected number of offspring per parent is
one, an individual might be lucky and leave several offspring (or unlucky
and leave none). Consequently, the number of copies of a gene
transmitted to the next generation might be greater or less than expected.

(a) Neutral

(b) Background
selection

Final . ®

coalescent

(€) Hitchhiking

Effective population size (N)

The effective population size is defined by the amount of random genetic
drift that a population exhibits. When gene frequencies drift substantially
from generation to generation, the population has a low N, and vice versa.
The effective population size equals the census size for the ‘idealized’
population used in mathematical models. For real populations, the
effective size can be calculated given sufficient demographic
information.

Hitchhiking

An allele on a chromosome that carries a new beneficial allele remains
coupled to the beneficial allele until separated by recombination. During
this time, the neighboring allele will increase in frequency along with the
beneficial allele, even if it does not directly affect fitness.
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In Fig. la, the first coalescent event occurs in one generation (the third and fourth alleles
descend from the same parent), and all present-day alleles share a common ancestor eight
generations ago (the final coalescent event, marked at the top). With background selection
(Fig. Ib), some parent alleles are especially unlikely to leave offspring because they are located
on chromosomes with many deleterious mutations (dark circles). This makes it more likely that
two alleles will descend from the same parent allele (i.e. one that carries few mutations),
which speeds up the coalescent process'. In the example illustrated, all present-day alleles
share a common ancestor five generations ago. With hitchhiking (Fig. Ic), some parent alleles
are especially likely to leave offspring because they are located on the same chromosome as a
beneficial allele (denoted by a thick perimeter). Again, this makes it more likely that two alleles
will descend from the same parent (i.e. one that carries the beneficial allele), which speeds up
the coalescent process'®. Indeed, mathematical analyses demonstrate that the coalescence
time is shorter, on average, with either background selection® or hitchhiking!6. (How much
shorter depends on several factors, including how tightly linked the marker gene is to the
genes subject to selection’>1.) When the coalescence time is shorter, there is less time for
mutations to accumulate while two lineages are distinct. Therefore, the average number of
genetic differences between two sequences and, consequently, the level of genetic variation
are reduced when either background selection or hitchhiking act in a region of the genome.

Background selection

An allele is less likely to persist within a population and might be
eliminated if it occurs on a chromosome (a ‘genetic background’) with
deleterious alleles. Note that purifying selection acts on the deleterious
mutations themselves, whereas background selection acts on the
neighboring alleles.

particular position in the genome is given by the equation
6 = 4N_ v, provided that 6 is small, for a diploid species
with an effective population size of N . This makes sense;
two individuals are more likely to differ if the population
is large or the mutation rate is high. It is the wealth of such
testable predictions that has made the neutral theory so
central to modern evolutionary biology.

changes, with a mutation rate »). This prediction can be

Tests of selection

To test for selection, population geneticists identify some
quantitative feature of DNA sequences and then deter-
mine whether the feature observed in data differs sig-
nificantly from the neutral expectation. For example,
one simple yet ingenious test for selection is the
McDonald-Kreitman test”. As mentioned above, the num-
ber of substitutions between two species and the level of
polymorphism within a species are both proportional to
the mutation rate v, under the neutral theory. This predic-
tion holds true whether one counts nucleotide differences
that alter the amino acid sequence (replacement changes,
with a mutation rate v) or those that do not (silent

tested using a 2 X 2 contingency table that examines
whether the ratio of replacement to silent changes within a
species differs significantly from the ratio of replacement
to silent changes between species. If a significant differ-
ence is found, then at least one category of sites is not
evolving as expected under the neutral theory, and the null
hypothesis that selection is absent can be rejected. Despite
the elegance and simplicity of this test, it does have its
shortcomings. In particular, if both purifying and direc-
tional selection have taken place, then any result is possi-
ble, including failure to reject a false null hypothesis.
Building upon previous studies, two recent papers'?
improve our ability to distinguish the effects of directional
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1. The distribution of new marker alleles
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Number of derived alleles in a sample of 100
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Consider a sample of 100 typed alleles at a polymorphic marker site where the mutation rate is
v = 107%in a population of effective size N, = 25000 (¢ = 4N,v = 0.1). We say that a marker allele
is ‘new’ or ‘derived’ if it arose by mutation from a previous (‘old’ or ‘ancestral’) marker allele. As noted
by Fay and Wu?, closely related species can be used to identify which marker alleles are derived and
which are ancestral. Under the neutral theory, the probability of observing a new marker allele m times
in a sample of alleles is approximately 6/m (thin curve)". Notice that it is very unusual for a derived
marker allele to constitute a majority of the sample (right). Background selection essentially lowers the
effective population size'®, reducing 6, and making it even less likely to observe a derived marker at
high frequency (dashed curve). Following a hitchhiking event, however, derived alleles will occasionally
be observed at high frequency if they occur on the chromosome where the beneficial allele appeared
(thick curve; data from Ref. 1). Here we illustrate the pattern observed when the recombination rate
between the marker gene and the selected gene is 10=°. With much lower recombination rates, one of
the marker alleles will almost certainly fix, and polymorphism will be absent following the hitchhiking
event. With much higher recombination events, the marker alleles do not remain in association with the
beneficial allele for long, and the frequency distribution will be little affected by hitchhiking.

selection from purifying selection. To place their results in
context, however, we must first consider how each type of
selection acting alone affects neighboring sites not under
selection, which, for clarity, will be called ‘marker’ sites.
When a beneficial mutation occurs and spreads as a result
of directional selection, marker alleles that were lucky
enough to be on the same chromosome as the beneficial
mutation will tend to increase in frequency also, a phe-
nomenon known as hitchhiking®. Similarly, under purify-
ing selection, a marker allele that happens to be on the
same chromosome as a deleterious mutant allele will
decrease in frequency as a result of this association. This
second phenomenon is referred to as background selec-
tion, to emphasize the fact that the persistence of a marker
allele within a population depends on the number of de-
leterious alleles in its genetic background®. Interestingly,
either form of selection reduces the average amount of
genetic variation in a region surrounding the selected sites
(see Box 2).

A low level of genetic variation within a region of the
genome could, however, result from a locally low mu-
tation rate. To avoid this problem, Tajima'® developed a
test for selection that is insensitive to the level of mutation
within a region. His test statistic (D) measures whether the
level of heterozygosity is lower than expected under the
neutral theory based on the number of polymorphic sites.
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The amount of heterozygosity observed at a polymorphic
site depends on the frequency of each allele — hetero-
zygosity is low if only one allele is common and is high
when more than one allele is common. However, observing
a significantly low level of heterozygosity for the number
of polymorphisms is consistent with several possible
processes, including hitchhiking, background selection

and a recent expansion in population size”!!.

How can we identify which process best explains a
local reduction in genetic variation? Kim and Stephan?
analyzed the joint effects of directional and purifying
selection on levels of genetic variation. They found that
the two forms of selection can interact strongly. For exam-
ple, if many mutations are deleterious and are eliminated
by purifying selection, the rare beneficial mutation that
occurs might arise on a genetic background of low fitness
and fail to spread. Hence, when purifying selection is act-
ing also, fewer hitchhiking events will result from direc-
tional selection, and the level of genetic variation will be
less affected. Furthermore, they confirmed that there is a
distinct signal left by hitchhiking but not by background
selection: with hitchhiking, it is not unusual for marker
alleles that have recently arisen by mutation to be found at
high frequency because they increased along with the
favorable allele (Fig. 1). However, with no selection or
with background selection newly arisen marker alleles are
almost always less common than marker alleles that have
existed within the population for a longer period of time.

Fay and Wu' took advantage of this predicted differ-
ence to devise a test for past hitchhiking events. Based on
theoretical results of Fu'?, they developed a new statistic
(H) that is sensitive to an excess of new marker alleles at
high frequency, which is consistent with hitchhiking but
not background selection. What is important about this
new test statistic is that it can be used in combination with
other test statistics (such as Tajima’s D) to reveal more
about the pattern of selection. A significantly negative D is
consistent with hitchhiking, but it is consistent with many
other processes as well. If H is significant also, then back-
ground selection or a recent population expansion can be
ruled out. Conversely, if D is significant but not H, other
explanations besides hitchhiking gain credibility for the
reduced level of genetic variation (as long as the power of
the H statistic to detect selection can be shown to be high
under the conditions of the empirical study).

Fay and Wu'! demonstrate the application of their test
using data from Drosophila, finding evidence for hitch-
hiking around the genes encoding achaete and accessory
gland protein (Acp26Aa). In the Acp26Aa region, the
authors pinpoint the site of directi onal selection to within
a region of ~350 base pairs. Within this region, nearly all
genetic variation is eliminated, consistent with the predic-
tion that tightly linked alleles should hitchhike all the way
to fixation. Around this region, there is a large excess
of high-frequency derived alleles, where recombination
arrested the hitchhiking process before ancestral alleles
were entirely lost.

Future directions

DNA sequences are the modern hieroglyphics, challenging
us to decode the signals of our past that lie embedded
within them. The Rosetta stone, with the same text writ-
ten in ancient Greek, Demotic and Egyptian hieroglyphics,
allowed Champollion to decipher hieroglyphics in 1822.
To translate the signals of evolution left in the genetic
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code, we must construct our own Rosetta stone based on
models of evolutionary processes. Two recent papers'?
provide us with tools to extract more information about
the form of selection from genetic data. The test developed
by Fay and Wu', for example, could be used to infer
whether genetic differences between humans and chimps
represent chance substitutions of neutral mutations, or
whether they might be the products of directional selection.

The interpretation of our evolutionary past will not,
however, be simple. We need to investigate the robustness
of our conclusions to changes in assumptions. For exam-
ple, do the results of the Fay and Wu test! depend on the
assumption that each mutation generates a unique allele?
Furthermore, we need to account explicitly for the various
sources of uncertainty in our conclusions. For example,
how certain are we that an allele is ancestral or derived?
Finally, we need to investigate the statistical power of the
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various tests. How can we best estimate a number of para-
meters, including the strength of background selection, the
strength of directional selection and the timing of hitch-
hiking events? How can we distinguish signals left by
selection from those left by demographic events, such as
the population expansion and widespread migration that
have characterized human history'>!#? Over the next few
years we will learn much about the strengths and weak-
nesses of different approaches to infer evolutionary events
from DNA sequence data. It will be fascinating to see
what clues to our evolutionary past are revealed.
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Horizontal gene transfer in the ribosome

GENOME ANALYSIS

The evolutionary history of rihosomal

protein RpS14:

horizontal gene transfer at the heart of the

ribosome

he comparative study of the flow of complete genome

sequences has helped to reveal the important role of
horizontal gene transfer (HGT) in prokaryotic evolu-
tion'’. Complete genome sequences not only allow the
identification of the set of transferred genes present in an
organism, but also help to reconstruct the fate of these
genes once incorporated into the receiving genome. In
fact, if homologues were already present in the host, trans-
ferred genes can replace the host genes via recombination,
or they can simply be integrated at another site in the host
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genome leading to the presence of multiple copies. This is
especially interesting in the case of genes belonging to con-
served operons, in order to know whether the selective
advantage that the transferred genes provide to the host
can compensate the disadvantage intrinsic to operon dis-
ruption (which hinder the coordinated expression of all
genes).

As a model, we have analysed the spectinomycin (spc)
operon, a conserved operon that groups the genes coding
for the ribosomal proteins RpL14, RpL24, RpL5, RpS14,
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