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Many scientists (and not a few creationists) are struck at first by the incredible improb-
ability of evolution. How could so many phenomenally unlikely mutations create something
as intricate as an eye, or a wing? Biologists can only answer that nature had billions of
years, so such things are possible. This answer is wholly unsatisfactory. Can anyone explain
why the eye evolved over billions of years, rather than millions? Or why it doesn’t take
trillions?

These questions are hopelessly broad. Yet even in very simple and well-defined circum-
stances, surprisingly little is known about what is possible in evolution, over what timescales
and in which conditions. In the early 1900s, R. A. Fisher, Sewall Wright, J.B.S. Haldane,
and many others studied the basic forces driving evolution [1-7]. They analyzed simple
models of general processes, such as genetic drift and the spread of advantageous mutations,
in various types of populations. This work forms the basis for decades of subsequent work in
population genetics. Yet this quantitative understanding remains limited. We understand
the evolution of a single genetic locus, assuming its behavior is independent of everything
else in the genome, and the evolution of linked neutral and deleterious variation. We un-
derstand how one beneficial mutation affects neighboring unselected loci, and how existing
genetic variation responds to selection. This is often sufficient to understand the behavior
of strongly selected traits in small populations, including most complex multicellular or-
ganisms. But whenever positive selection is common in larger populations, including many
viruses and simple unicellular organisms, our understanding is relatively poor. Similarly,
when the parameters of the evolutionary models, such as mutation rates and population
structures, can themselves evolve, we typically do not understand how evolution works.

In these notes, I give a brief history of the quantitative study of evolution, and describe

the limits of our understanding of the evolution of linked variation.

I. THE SINGLE-LOCUS FRAMEWORK OF EVOLUTIONARY THEORY

Two main goals dominate the study of evolution: understanding the diversity and his-
tories of natural populations, and understanding the basic mechanisms by which evolution
works. These goals have been closely linked since Darwin first connected observational anal-

ysis of natural variation to the basic mechanism of evolution: the generation of variation by



mutations and selection acting on this variation [8]. In these notes, however, we focus pri-
marily on the latter question of how evolution works. We begin in this section by describing
the early steps towards a quantitative understanding of evolutionary dynamics at a single
locus.

When Darwin first proposed his theory of evolution, there was no understanding of the
genetic system. This changed with Mendel’s work, and in the early 1900s, Fisher [2], Wright
[3, 4], and Haldane [5-7] began to quantify the operation of mutation, selection, and random
genetic drift, and hence shed light on the basic mechanisms by which evolution works. Much
of their focus was on the evolution of a single genetic locus. That is, they imagined a single
gene at which two or more alleles were possible, and studied the dynamics of evolution at

this locus under the assumption that it is independent of all other loci in the genome.

A. The Wright-Fisher Model of Evolution at a Single Locus

Fisher and Wright independently introduced the widely-used Wright-Fisher model of
stochastic evolutionary dynamics at a single locus [2, 3]. In its simplest form, this model
imagines a haploid population of N individuals, each of which can have one of two possible
selectively neutral alleles at a particular genetic locus, with no mutation possible. Time
is measured in discrete generations, and each subsequent generation is drawn by random
sampling, with replacement, from the alleles in the previous generation (Fig. 1). That is, if
in generation ¢ there are ¢ alleles of type A and j = N — i alleles of type B, the number of

alleles of type A in generation t + 1 is i’, where the distribution of i’ given i is
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In a diploid population, this can become more complex. In this case, there are 2N rather
than N copies of each allele in the population, since each individual has two. If mating is
random, the Hardy-Weinberg law then states that if the frequency of allele A is a, then the
probability of an AA diploid individual is just a?, of an AB diploid is 2a(1 —a), and of a BB
diploid is (1 — a)? [9, 10]. In other words, the diploids are just random assemblages of the
two alleles. This means that in a randomly mating sexual diploid population, the Wright-

Fisher model applies exactly as described above, with N replaced by 2N. In an asexual
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FIG. 1: Schematic of the neutral Wright-Fisher model without mutations. Individuals in generation
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are drawn by random sampling, with replacement, from the individuals in the previous generation.

diploid population, however, the haploid model is more appropriate. In the purely asexual
case, the two sister chromosomes in each diploid individual evolve independently. Thus the
dynamics of the allele at a single sister chromosome is given by the Wright-Fisher model
with population size N. In these notes we are primarily interested in asexual populations,
so we always use the Wright-Fisher model with N genes, which applies to either haploids or
asexual diploids.

The basic Wright-Fisher model describes only the process of random genetic drift. Its
dynamics can be understood by noting that the frequency of allele A is a Markov process
with transition matrix pyj;. Since there is no mutation, eventually either allele A or B
must become fixed in the population. Analysis of py); shows that the probability allele A
eventually becomes fixed, given that it started at frequency %, is just ﬁ [3, 11]. Of particular
interest is the case where we start with a single A allele. In this case, the probability that
allele A will eventually fix is % If this happens, it will take a time on average of order N
generations. The A allele is much more likely to go extinct, and if this happens it will occur
in a time of order In N generations [3, 11, 12].

The effects of selection can be incorporated into the Wright-Fisher model by changing
the transition probabilities p;y;. Rather than each generation being created by random
sampling of alleles from the previous generation, this sampling is weighted to reflect the

selective differences between alleles. For a haploid population, where allele A has fitness



1+ s and allele B has fitness 1, the Wright-Fisher model becomes [3, 11]

N i/ _,L'/
Pir)i = (Z.,)m (1 - 77i)N ) (2)

where
B (1+s)i
T A i (N —3) (3)

We can view this expression as the definition of fitness. It implies that when |s| < 1 (which

we will always assume), allele A will tend to increase or decrease exponentially at rate s
when rare. We call s the “selective advantage” (if s > 0) or “selective disadvantage” (if
s < 0) of allele A. When A becomes more common, it increases or decreases exponentially
at a rate 1 + s minus the mean fitness of the population. In a sexual diploid population, the
expressions for 7; are complicated by dominance. We do not explore these complications
here, except to note than with no dominance the dynamics are similar to the haploid case.
In an asexual diploid population, the relevant value for s is simply the fitness advantage or
disadvantage of allele A given whatever allele is present at the sister locus.

As with the neutral case, either allele A or B will eventually become fixed in this model.
Markov chain analysis or the diffusion methods described in the next section [3, 11, 13] show

that if we start with a single individual with allele A, the probability that A fixes is

Pr[A fixes] = 1%6*]\75' (4)
From this expression, we can see that Ns is a key parameter. When |s| < %, the selection
pressure is always weak compared to drift and the probability of fixation is approximately
%, the same as in the neutral case. However, when s > %, then the selection pressure is
strong enough to be felt and the probability of fixation of A is s (or 0 if s < 0).

It is useful to pause to get an intuitive sense for this result. It is straightforward to show
from the definition of the Wright-Fisher model that if there are i individuals with type A,
the variance in the number of individuals of type A in the next generation is (for s < 1) of
order v/i. This is a diffusive process, so it takes i generations for i to change substantially
due to drift. Over this time, selection has added (or removed) 7*s individuals. So selection
becomes comparable to drift when i = i%|s|, or i = 1/|s|. Above this size, the population
will behave mostly deterministically (exponential growth or decline depending on the size of

s) and below it, it will drift neutrally. Thus if we start from 1 individual, the number of A
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alleles drifts approximately neutrally until A either goes extinct or reaches ‘?ﬂ individuals.
This immediately implies that if N < %', allele A will either fix or go extinct while it is
effectively neutral. However, if N > ﬁ, allele A can reach size |—i| well before fixing. Since it

is effectively neutral while less common than this, it has a probability ﬁs‘ = |s| of reaching

1

L the selective difference can be felt. If s > 0,

this size. If and when it does reach size
allele A begins to increase in frequency until it fixes. If s < 0, allele A can never grow past
a size of order 1. Hence when |s| > 4, the fixation probability is s when s > 0 and 0 when
s < 0.

We can also calculate the typical fixation and extinction times from this picture. When
s K %, the fixation and extinction times are given approximately by the neutral result.
When s > %, if s < 0 allele A must eventually go extinct, and this occurs in a time of order
the extinction time in a population of size ﬁ, which is In [ﬁ} If s > 0, if allele A goes
extinct it does so in a time on average of order In [ﬂ On the other hand, if it fixes, it does
so by reaching size %, which takes an average time given by the neutral fixation time in a
population of size %, which is % generations. It then grows roughly deterministically until it
fixes in the population, which takes of order another fln [Ns] generations.

This analysis of the Wright-Fisher model without mutations gives us a sense of the fate
of a single mutant allele. We can again generalize this model to incorporate mutations.

This can be done by introducing a probability that an individual of type A gives rise to an
offspring of type B, and vice versa. We have

p= (3 )era-e, 5)

where
§i=1—wn +v(l—mn). (6)

That is, each generation is created by random sampling, weighted by selective differences, of
alleles from the previous generation, but each sampled A allele mutates to B with probability
u each generation, and B mutates to A with probability v. Unlike the previous cases, there
is now a steady state distribution of the frequency of the two alleles. This steady state is
known as the mutation-selection-drift balance. It is characterized by the leading eigenvector

of the Markov transition matrix p;|; [3]; it can also be found by diffusion methods [14]. The
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probability of finding allele A at a frequency r =  in this steady state is
f(.T) — Cl’NU_I(]. o l,)Nv—leNsx7 (7)

where C' is a normalization constant.

For simplicity, we can study this expression in the special case where the mutation rates
are symmetrical (i.e. uw = v). In this case, we have f(z) = C[z(1 —z)]"* ' eNs*. This
distribution is depicted in Fig. 2. We can immediately see that the relevant quantities are
Nu and Ns. When Nu < 1, f(x) is a U-shaped distribution. The population is usually
fixed for one or the other allele. Occasionally a mutation occurs and that mutant quickly
either fixes, causing the population to become fixed for the other allele, or goes extinct.
The amount of time the population spends fixed for A rather than B is determined by
N|s|. When N|s| < 1, selection has little impact and the population is fixed for A roughly
half the time. When N|s| > 1, the population is usually fixed for the selectively favored
allele. On the other hand, when Nu > 1, the population is typically polymorphic; f(z) is
peaked around a most likely frequency for the two alleles. In this case, when s < u the two
alleles are maintained at roughly equal frequencies; the favored allele represents a fraction
% + ¢ of the population. On the other hand, when s > u, the selectively disfavored allele
is maintained at frequency .

This large- Nu behavior is known as the mutation-selection balance, because when N —
00, drift becomes unimportant in the steady state. That is, we get results identical to the
N — oo case if we simply write deterministic differential equations involving mutation and
selection acting on the frequency of the two alleles. It is important to note, however, that
even for very large N drift is important if we start from a population fixed for the deleterious
allele; it is only unimportant if we are in the steady state or starting from the beneficial
allele. For this reason, we will sometimes call this the deleterious mutation-selection balance,
since when the population is fixed for less favorable alleles (and hence beneficial mutations
are possible) drift will still be important.

When mutations are rare or selection is strong (i.e. when Nu < 1 or Nu > 1 and
s > u), the full mutation-selection-drift balance can be related to the simpler drift-and-
selection case described above. When Nu < 1, the population is usually fixed for one

allele or the other. Thus each time a new mutation occurs it enters a population fixed
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FIG. 2: The steady state mutation-selection-drift balance in the Wright-Fisher model with selection
and mutation. In each panel, the small Nu (Nu = 0.02) steady state is shown in red, while the
large Nu (Nu = 50) steady state is shown in blue. (a) The case of moderate selection, Ns = 2.
Note that for Nu < 1, the population is typically nearly fixed for one allele or the other, with a
bias towards being fixed for the more-fit allele. For Nu > 1, the population is usually polymorphic,
with the favored allele only slightly more common because s < u. (b) The case of strong selection,
Ns = 200. For Nu < 1 this looks similar to the Ns = 2 case, but the bias towards the more-fit
allele is stronger. For Nu > 1, we now have s > u so the favored allele is substantially more
common. (c¢) The case of weak selection, Ns = 1073. For Nu < 1 the population is usually nearly
fixed for one or the other allele, with both alleles equally likely. For Nu > 1 the population is

typically polymorphic, with each allele present at a frequency roughly %

for the other allele, and its fate is given by the drift-and-selection Wright-Fisher model.
This provides a complete picture of the dynamics. On the other hand, when Nu > 1 and
s > u, once the population is near its mutation-selection steady state, new mutations are
constantly producing new individuals with the deleterious allele. Since these individuals are
rare, they do not affect the mean fitness of the population (i.e. they can be neglected in the

denominator of the expression for 7;). Thus the fate of each mutant is roughly independent



of all other mutants, and is given by the drift-and-selection model as if it had occurred in
a population fixed for the favored allele. Each of these deleterious alleles will eventually go
extinct, but more are constantly being produced. The mutation-selection-drift steady state
is composed of many such mutant alleles which arose some time ago and are in the midst of
their drift-and-selection transient dynamics which will eventually lead to their extinction.
This sort of heuristic understanding of a complex steady state in terms of transient dy-
namics of simpler processes is often very useful. Nevertheless, this type of ad-hoc approach
is unusual in population genetics, which tends to focus on exact solutions and formal ap-

proximations.

B. Other Models of Single-Locus Evolution

The two-allele Wright-Fisher model is only one of many models of the evolution at a
single locus. Cannings [15] introduced a generalization of the Wright-Fisher model where
each individual can have a more general distribution of offspring number. Depending on
the form of this distribution, there are a variety of possible Cannings models (of which the
Wright-Fisher model is one) which share certain general properties. Moran [16] introduced
a different type of model. In this Moran model, at each discrete timestep, a single individual
is chosen to die, and another individual is chosen to reproduce to replace it. The choice of
either individual can be weighted by selection, and the reproducing individual can mutate.

It is difficult to say which, if any, of these models is most appropriate for describing real
populations. Though they all produce slightly different stochastic dynamics, with slight
redefinitions of appropriate parameters they all lead to essentially the same behavior. This
makes it difficult to determine from data which model best describes a particular population,
but fortunately it also means that our choice of model is not of great importance. Although
we may estimate slightly different parameters if we fit different models to the behavior of
a given real population, as long as we are consistent the choice of model will not strongly

affect any predictions we make.



C. DMultiple Alleles

Thus far we have described models in which only two alleles are possible at the locus in
question, A and B. This may be directly relevant if, for example, the locus in question is
a gene and there are two possible alleles: the “ideal” functional allele A, and all possible
non-functional alleles which we refer to collectively as B. Or similarly, the locus in question
may be a single nucleotide, and one of its four possible states is best, and is represented by
allele A, while the other three are deleterious, and are represented as allele B.

In general, however, we must consider the case when more than two alleles are possible.
If the locus in question is a single nucleotide, there can be 4 possible alleles, A, G, C, and
T. If the locus is a whole gene, then there may be an arbitrary number of different alleles.

We can extend the Wright-Fisher model described above to account for the situation
where there are K possible alleles. Each new generation is still created by sampling of all of
the individuals in the previous generation, weighted by selection and changed by mutation.
The transition probabilities become more complex, because they now involve the frequencies
of all other alleles. If we denote by 7, the number of individuals of allelic type k in generation
t, and i), the number in generation t + 1, we have for the case of no selection or mutation

[17] P
Dit ol Jit i = [ N'. 1 H [;\k[]% (8)

(A

The obvious generalizations apply when we add selection or mutation. Other such K-allele
generalizations are similarly possible for the Moran model and various Cannings models [17].

These multiple-allele models are much more difficult to analyze than the simple two-allele
model. In the two-allele case, there is only one independent variable: the frequency of allele
A (with the frequency of B entirely determined by this). In a K-allele model, there are
in general K — 1 independent variables, which naturally makes the analysis much more
complex. Unless there is a high degree of symmetry among the alleles, either computational

methods or special tricks are typically required to get any understanding when K is large.
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D. The Diffusion Approximation

Even the relatively simple two-allele models described above are difficult to analyze ex-
actly. However, for large N we can we can make the approximation that the frequency of
allele A, z = %, is a continuous rather than a discrete variable. Since for large N, = only
changes slightly each generation, we can also approximate time as continuous. We define
f(z;y,t) to be the probability distribution of z at time ¢, given that allele A started at

frequency y at time 0. Since f is translationally invariant in time, we can write
1
flz;y, t+dt) = / flz+dx;y,t)f(x;x + 0, 5t)dox. 9)
0

For many biologically reasonable forms of f, including the Wright-Fisher model, the
mean a(z) and variance b(x) of an instantaneous change in = are of the same order in %,
while all higher moments are of higher order in % [12]. This means we can neglect these
higher moments for large N, so that on Taylor expanding f in Eq. (9), we find an equation
involving diffusion plus drift, where the drift term is scaled by a(z) and the diffusion term

is scaled b(x). We have [12, 18]

Of (z,t) 0 1 0?

) = — (e (0] + 5 D) f 1), (10)

This is called the forward Kolmogorov equation, or simply the diffusion equation. The form
of a(z) and b(z) depends on the specific model. For the Wright-Fisher model described

above,

a(x) = sz(l —x) —uxr +v(l —x) (11)

z(l—=x
) 12
where time is measured in generations [14]. The dependence on z(1 —z) in the diffusion and
selection terms is quite generic; it arises because in order for x to change, we must replace
an individual of one type with an individual of the other, and the rate of this event depends
on the product of their frequencies.

A variety of quantities, such as the fixation probabilities of mutants and the form of

the mutation-selection-drift steady state, are much easier to calculate in diffusion approx-

imations than in the exact Markov chain model. Calculation of the times to fixation or
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extinction in models without mutation is also possible. The use of diffusion approximations
for these purposes was pioneered by Kimura [12-14, 19]. However, the exact solutions of the
diffusion approximations and many of the fixation or extinction time results are complex
and opaque. For a number of practical purposes branching process methods of calculating
these quantities are preferable.

The diffusion approximation generalizes easily to K-allele models. However, it quickly
becomes unwieldy. The diffusion equation for two-allele models is one-dimensional because
there is only one independent variable, z. However, for K-allele models, there are K — 1
independent variables and hence a K — 1-dimensional diffusion equation. It is typically
impractical to use such a multi-dimensional diffusion equation to calculate any quantity of

interest.

E. Branching Process Models

An alternative approach to studying the fate of a mutant in a large population is to
use a branching process model (Fig. 3). In a discrete-time branching process model, each
individual has some assigned probability f; of having k£ offspring in the next generation
(k=0,1,2,...). Each of these offspring then have k offspring with probability f;, and so
on. The key assumption of these models is that the distribution of offspring number of
each individual is identical and independent. This is only true if the mutant lineage being
followed represents a small fraction of the population. Once the mutant lineage becomes a
substantial fraction of the population, the fate of each individual must depend on the others
if population size is to be maintained.

Despite this limitation, branching process models are still useful in understanding the
stochastic dynamics of mutant lineages while those lineages are rare. In particular, when
Ns > 1, the lineage of a beneficial mutation is only stochastic when that lineage is rare.
Thus we can understand the fate of a mutant lineage with a branching process model while
it is rare, coupled to a deterministic model when it is common. Fitness is incorporated
by choosing values of f; such that the average number of offspring of each individual is
1 4+ s. This is slightly different from the definition of fitness in the Wright-Fisher model,

but is equivalent whenever s < 1 and the mutant lineage is rare. When the mutant lineage
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generation

FIG. 3: Following the lineage of an individual with a branching process model. Initially we have
a single individual at left. In each generation, each individual has k offspring with probability f.

In this case, the lineage goes extinct after 7 generations.

becomes common, the branching process model fails because the mutants begin to affect
the mean fitness of the population. Provided Ns > 1, these effects can be handled by a
deterministic model, since the mutant lineage will no longer be stochastic by the time they
become important.

The advantage of this approach, compared to a diffusion approximation which would be
accurate both when a mutant lineage is rare and when it is common, is that many quantities
are much easier to calculate in the branching process model. This idea was originally used
by Haldane [7] to calculate the fixation probability of a beneficial mutation when Ns > 1;

it is useful in a variety of other contexts.

II. MULTIPLE LOCI

The analysis above provides a complete framework for understanding the evolution of
a single genetic locus. Yet any organism is composed of many different loci, which are
all evolving at the same time. To understand how evolution works, therefore, we must
understand how multiple loci can evolve at once.

In an purely asexual population, all these loci are perfectly linked. They cannot evolve
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independently of one another: for example, if a mutation A; at locus 1 occurs in an individual
with another mutation Ay at locus 2, then A; cannot fix unless Ay does. Thus in asexual
populations, the evolution of many loci may look very different from what we would expect
if all the loci evolved independently according to the single-locus results described above. In
a sexual population, linkage is imperfect, as recombination mixes up the different loci. Loci
that are close together on the genome are tightly linked, and hence must evolve together for
long periods, while those that are far apart may be close to independent.

In order to appreciate how evolution works, we have to understand how many linked or
partially linked sites can evolve together. This is also a crucial task if we are to use our
knowledge of how evolutionary forces work to help understand the diversity and histories
of natural populations. In many cases, we will be able to collect data on the frequencies of
various alleles at some set of loci from an actual population. We must understand how the
evolutionary forces shape the joint distribution of diversity at this possibly linked set of loci
if we are to infer the evolutionary histories of the population from the observed patterns of
variation.

The importance of this program became apparent in the 1960s, when molecular data on
the variation in natural populations became available. At first, this data typically showed
only some of the variation at the whole-gene level. More recently, it has become possible
to cheaply sequence a gene or set of genes in many individuals within a population, giving
us nucleotide-level resolution on the variation [20]. The appropriate definition of a “locus”
and an “allele” depends on the data available. For example, a locus could be a gene,
with various alleles representing sequences which give a particular spectrum of restriction
fragment lengths. Or a locus could be a single nucleotide, with four possible alleles A, T', C,
or G. As we describe below, our choice of definition of a locus typically involves a tradeoff
between fewer loci with more alleles at each, or more loci with less alleles.

In this section, we describe various ways of modelling the evolution of multiple loci. Our
focus is driven by the goal of understanding how linkage affects the basic mechanisms of

evolution, but we also keep in mind methods of inferring evolutionary histories from data.
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A. Free Recombination

The simplest model of the evolution of many loci is to assume that there is free recom-
bination between all loci. In this case, each locus evolves independently of the others, and
the single-locus results of the previous section apply to all loci independently.

In practice, completely free recombination is not necessary for this model to be a good
approximation. The importance of linkage depends on how often linked loci “segregate” (i.e.
are polymorphic) simultaneously, and the recombination rates compared to the timescales
on which they segregate. If mutation rates and population sizes are such that it is very
improbable that two loci ever segregate simultaneously, then even with perfect linkage the
sites evolve independently and the free recombination results apply. If two loci do segre-
gate simultaneously, linkage can only be ignored if recombination between the loci is fast

compared to the timescale on which they segregate.

B. Few-locus Models

When free recombination is not a good approximation, we must consider the effects of
linkage between loci. A natural approach to is to be begin with the simplest possible model
involving multiple loci: a two-locus model with two alleles possible at each locus. We refer
to the two alleles at one locus as A; and By, and the alleles at the other locus as A, and
Bs. In such a model of a haploid population (or of a diploid population in Hardy-Weinberg
equilibrium) there are four quantities of interest: the frequencies iy, i, i3, and iy of each
possible combination of the two alleles at the two different loci (A3 Ay, A;Bs, B1Ay, and
By By respectively). Since the frequencies of these four combinations must add to 1, there
are only three independent quantities.

This two-locus situation can be analyzed by the same methods used for the one-locus case.
In each subsequent generation, the frequencies of the four alleles are given by a generalization

of Eq. (8),

Nl A
Pif iy ia = m kl;ll o (13)
where ¢y, = ip +niR [i1i4 — i213], R is the recombination rate, 7y =ny = 1, and 7y = n3 = —1
21-23].
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This model can be analyzed with Markov chain methods or by a diffusion approximation
[24-26]. In either case, it is useful to choose as independent variables three slightly different
quantities: the frequency a; of allele A; (with the frequency b, of allele By given by b; =
1 — aq), the frequency ay of allele Ay (with by = 1 — ay), and the “linkage disequilibrium”
D = i; —ajay. Note that a; and as the first moments (i.e. averages) of the allele frequencies,
while D is a second moment (related to the correlation in allele frequencies at the two loci).
These three quantities completely describe all allele frequencies; they can be related by
simple algebra to the frequencies of the four possible combinations of alleles at the two loci.

The analysis of the two-locus case is more complex than the one-locus case because
instead of one independent variable, we have three. In the diffusion approximation, for
example, a three-dimensional diffusion equation is required to describe the dynamics of the
three variables aq, as, and D. This three-dimensional diffusion approximation provides a
full picture of the two-locus dynamics, but it is much more complex to analyze than the
one-dimensional single-locus case.

We can use a similar analysis to study the evolution of several loci, each with two or more
possible alleles. Each increase in the number of loci or alleles requires a higher-dimensional
diffusion equation. For example, a two-allele three-locus case requires us to consider seven
independent variables: the frequencies aq, as, and ag, the three possible linkage disequilibria
(the frequency of AjAyAz plus A; A B3 minus ajas, ete.), and a third-order correlation in
allele frequencies. This latter term describes the three-point correlation between the allele
frequencies, above and beyond what would be expected based on the frequencies of the alleles
and correlations between any two allele frequencies [27-29]. A four-locus system would also
involve fourth moments, and so on. This quickly becomes prohibitively complex to analyze.

However, when linkage is relatively weak, higher-order correlations will typically be neg-
ligible, so the frequencies of all possible combinations of alleles at the various loci will be
well-described by the average allele frequencies and the correlations between these frequen-
cies (i.e. the linkage disequilibria). In this situation, a many-locus system can be analyzed
approximately with a few-dimensional diffusion equation involving allele frequencies and
disequilibria only (particularly when there is a high degree of symmetry between loci). This
is often used to understand the evolution of a large number of linked selected sites. It is

important to remember, however, that this is a moment approximation, and is only valid
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for weak linkage. It provides a first-order multilocus correction to the free recombination
assumption. It is unclear how common this weak linkage case is in nature [17, 30-32]. In
a purely asexual population, or a sexual population with low recombination rates, it will

certainly be incorrect.

C. Infinite-Alleles Model

An alternative approach to the study of many loci is to make the extreme tradeoff between
multiple alleles and multiple loci. In this approach, we assume that the entire genome (or the
part of the genome for which we have data) is a single locus. Different mutations, typically
at different sites in the genome, are considered to be different alleles.

In principle, we could use this approach to construct an exact model of the evolution.
This would require keeping track of how the different alleles are related to each other: that
allele 1 can mutate to allele 2 which can mutate to allele 3, but if instead allele 1 mutates
to allele 4, it can then mutate to allele 5 but not allele 3, and so on. If recombination is
included, we also have to know which alleles can be created from recombination between
which other alleles.

In practice, such an approach is impractical. Instead, we assume that there are an
infinite number of possible alleles, and that each mutation creates a new allele. This will be
reasonable whenever we are considering small enough population sizes and mutation rates
that the same mutation never occurs a second time before the previous such mutation has
either fixed or gone extinct. In contrast to the weak-linkage moment-based approach above,
we assume that recombination can be neglected, so that linkage is perfect.

In the case where all mutations are neutral, this infinite-alleles situation can be analyzed
with the K-allele Wright-Fisher model, Eq. (8), in the limit K — oo (since recombination
converts alleles between types, at rates depending on allele frequencies, we cannot incorpo-
rate recombination into this model [33]). The distribution of allele frequencies clearly has no
steady state, since new alleles are constantly arising and old ones are fixing or going extinct.
However, there is a steady state distribution of the number of alleles in the population and
their frequencies, although the identities of the alleles involved changes with time. This

distribution can be calculated using diffusion methods [34-36]. It can also be studied by
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calculating directly from the Markov model the probability that a sample of n individuals
will have n;y individuals with one allelic type, ny alleles of another allelic type, and so on [37].
This can be used to estimate Nu or to test whether the variation observed in a population
is neutral [37, 38].

The infinite-alleles model throws away information on the history of the differences be-
tween the different alleles (i.e. by how many mutations two alleles differ), even though this
information is present in comparative sequence data. This limits the ability of the infinite
alleles model to explain observed patterns of diversity, and limits the statistical power in
estimates of parameters from data and in tests of neutrality. It also limits the ability of
the infinite alleles model to describe the effects of selection. The model can analyze the
case when the population is originally fixed for one allele with a given fitness, and all other
alleles have some other fitness (i.e. any initial mutation from the original genotype carries a
fitness cost or benefit, but all subsequent mutations are neutral). It can also handle certain
aspects of the case where all new alleles are deleterious [17, 39], or the case when new alleles
have random fitness [40-42]. However, it cannot easily handle the situation where a variety
of different beneficial mutations are available. In this case, those mutations will tend to
spread, and the historical relationships of the alleles (i.e. the distribution of the number of

mutations each individual has) becomes important.

D. Infinite-Sites Model

The infinite-sites model is an alternative approach to multilocus evolution, which directly
analyzes nucleotide-level variation. In this model, each individual nucleotide is considered
as a separate locus (a “site”). In its simplest version, all of these loci are perfectly linked,
and all mutations are neutral (as in the infinite alleles model, it is difficult to account for
the effects of recombination [17]). All new mutations are assumed to occur at previously
unmutated sites. Formally, each individual is assumed to have an infinite number of sites,
but the total mutation rate is finite, so there is vanishing probability that the same site ever
mutates twice. The infinite sites assumption means that each mutation creates a new allele.
Thus the infinite sites model is an infinite alleles model. However, the infinite sites model

contains additional information on the number of mutations by which two individuals differ.
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It can thus explain more aspects of the observed patterns of diversity in natural populations.

This model was originally introduced by Kimura [43, 44] to describe expected neutral
patterns of variation in sequence data. It makes predictions about the expected number and
frequency distribution of segregating sites in the population and among a sample of two or
more individuals [45, 46]. These can be used to estimate parameters such as the population
size and mutation rate from observed patterns of variation in samples of sequences from real
populations [45, 47], or to test for neutrality [48].

Selection can be included in the infinite sites model in certain cases when the stochastic
processes at each site can be treated independently. This makes it possible to analyze the
situation when all possible mutations are deleterious. However, it is impossible to use this
framework to study the situation where many beneficial mutations are available, except
when those mutations are rare enough that they simply cause occasional selective sweeps
that are well separated in time. When many beneficial mutations are possible and segregate
simultaneously, their fates interact and interfere, and traditional infinite sites analysis does

not apply [49].

E. Coalescent Theory

Thus far, we have analyzed population genetics from a forward-time perspective: given a
particular state of the variation in a population, we described how mutation, selection, and
drift lead to changes in this variation in the future. This provides an understanding of how
basic evolutionary forces determine the genetic changes in populations and shape patterns of
diversity. An alternative perspective is to note that the genetic variation between individuals
depends on how closely they are related. Close relatives will typically be similar, while there
will be more variation between distant relations. The variation in a population thus depends
on its genealogical history.

Thus rather than study the forward-time evolutionary dynamics, we can understand
the genetic diversity in a population by studying its genealogical history. This is called
“coalescent theory” [50, 51]. It is an unnatural way to think about how mutation, selection,
and drift drive the evolution of a population. It is therefore less useful in understanding

how evolution works. However, it is a very natural way to think about how the evolutionary
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(a) (b)

FIG. 4: Two examples of coalescent trees. The sample at the current time is represented by the
tips of the tree at the bottom, and the genealogical history is drawn with the most distant past at
the top. Each joining of branches represents two individuals with the same parent. (a) A typical
coalescent tree for the neutral Wright-Fisher model. (b) A coalescent tree that might arise if the
5 individuals at left were isolated geographically from the 5 at right. Each individual is closely

related to the others in its group, but only distantly related to all the individuals in the other

group.

history of a population affects the current patterns of diversity, and hence is extremely useful
in making inferences from data.

Coalescent theory was introduced by Kingman in the early 1980s [52-56]. The basic idea
is simple: if we have a sample of n individuals in the present, there is some probability
that two of these individuals had the same parent in the previous generation. If so, there
were only n — 1 individuals ancestral to our current sample in that previous generation. If
not, there were n ancestors in the previous generation. Looking back further, some of these
individuals in the previous generation may have had the same parent two generations ago,
and so on. We can depict this as a genealogical tree (Fig. 4). The branch tips in this tree
represent the individuals in the current sample. Each joining of branches represents two
individuals which had the same parent. This is termed a “coalescent” event. Eventually
all of the branches come together at the root of the tree, which represents the most recent
common ancestor of all the individuals in the current sample.

The structure of the coalescent tree describes the pattern of relatedness among the indi-

viduals in the current sample. For example, the tree in Fig. 4b represents a sample with
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two different groups of individuals which are closely related to others in their own group
but only distantly related to individuals of the other group, perhaps because the two groups
have long been geographically isolated.

Within any particular population genetic model, we can calculate the probability distri-
bution of possible coalescent trees. The simplest example of this is the neutral Wright-Fisher
model. Because of neutrality, the probability that two individuals in one generation have
the same parent in the previous generation is just % This completely determines the distri-
bution of coalescent trees. If we have a small sample of n individuals in a large population
(N > n), the time to the most recent coalescence event is exponentially distributed with
mean %, and this coalescence event will occur between any two individuals in the sample
with equal probability. The time to the next coalescence event is then again exponentially

distributed with mean ( 2N and so on, until the most recent common ancestor of the

(n=1)(n-2)
whole sample is reached [50].

When mutations are neutral, they have no effect on the distribution of tree structures.
Rather, mutations simply label all descendants of the branch of the tree on which they oc-
cur. The mutational process is therefore completely independent of the genealogical process
described above. Mutations are randomly distributed on the trees, with the probability of a
mutation on any particular branch proportional to the branch length, population size, and
mutation rate.

This completes the link between the population genetic model and the expected patterns
of sequence variation. A particular model predicts a particular distribution of tree structures.
Each such tree structure has a random distribution of mutations on it, which implies some
pattern of genetic variation in the sampled individuals. Thus the probability distribution
of genetic variation is determined by the probability distribution of tree structures and the
expected variation given each possible tree.

Complications to the simple neutral Wright-Fisher model can be incorporated into the
framework of coalescent theory, provided they do not affect the independence between the
structure of the trees and the mutational labelling process. Geographical structure [57, 58]
and variable population size [59] are two particularly important examples. Both of these
complications change the distribution of genealogical tree structures (e.g. branches between

geographically isolated populations are longer, and all branches are shorter during periods
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of reduced population size). Given a particular tree structure, however, mutations are still
distributed randomly among the branches.

The effect of recombination is somewhat more complex. Thus far, we have implicitly
assumed no recombination by assuming that there is a single genealogical tree which de-
scribes the history of the entire genomes of the individuals in our sample. However, two
parts of the genome of an individual have the same genealogy only so long as they are linked.
When a recombination event occurs between these two parts, their genealogies can differ.
This is because if two different individuals recombined in the past to create the genome
of one individual in our sample, the parts of the genome that came from these different
individuals have different genealogies before the recombination event combined them. This
fact can be incorporated into coalescent theory by allowing lineages to diverge whenever a
recombination event occurs [50, 55, 60, 61].

In contrast to geographic structure, demographic history, and recombination, the effects
of selection cannot be incorporated naturally into the framework of coalescent theory. This
is because selection causes the mutational labels to become intertwined with the genealogies.
When mutations are selected, we cannot first calculate the distribution of tree structures
and then add mutational labels, since the mutations affect the tree structure.

Despite this, two methods have been developed to incorporate selection into coalescent

1
N

theory in certain limited circumstances. When selection is weak, |s| S we can draw a
coalescent tree, but with lineages that diverge at a rate depending on the selective coeffi-
cients, to simulate the possibility that selectively favored individuals have more offspring.
This results in an “ancestral selection graph,” on which mutations occur randomly. This
graph is then “pruned” to eliminate branches which, given the particular mutational pat-
tern, are disfavored by selection, to generate an actual genealogy and mutational pattern
[62-64]. An alternative approach is to model selection in an ad-hoc way: we assume that we
already know the dynamics of the selected mutants, and incorporate this as an externally
imposed constraint on the coalescent structure [65]. For example, we could assume that
a strongly selected beneficial mutation occurred some specified number of generations ago,
and caused a selective sweep. This then affects the structure of coalescent trees; it is similar

to an exponential population expansion from a single individual [66]. This approach clearly

cannot tell us anything about the dynamics of the selected mutants, but does tell us how
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given dynamics affect the tree structure.

Although coalescent theory cannot in general predict the expected patterns of variation
in the presence of many types of selection, it still provides a basis for testing whether or
not observed variation is neutral. This is because the neutral coalescent makes definite
predictions about the relationship between the frequency distribution of segregating sites,
the number of segregating sites, and the distribution of the numbers of polymorphisms
between individuals. If the observed relationships between these quantities differs from the
neutral infinite sites approximation, then some assumption of this model must be violated.
This can be quantified by a variety of statistics, such as Tajima’s D and Fu and Li’s D*
and F* [48], which are expected to have certain values in the neutral coalescent, or by more
detailed maximum likelihood techniques [67]. Selection is expected to cause deviations of
these parameters in certain directions, so this procedure is often used to test for the presence
of selection. Similar tests for selection can be used for the infinite sites and infinite alleles
models. However, in all cases caution is required because a variety of other violations of the
assumptions, such as spatial structure and variable population size, can also cause similar

deviations of these test statistics even if all mutations are neutral.

III. LINKED BENEFICIAL MUTATIONS

In the previous section, we explored a number of techniques for understanding the evo-
lution of a large number of linked loci. However, these methods all have trouble handling
selection. While in some cases they can be applied to the case where all mutations are slightly
deleterious, none of them provides any insight into the dynamics of many linked beneficial
mutations. Although beneficial mutations are presumably rare compared to neutral or dele-
terious ones, this is a serious shortcoming. The accumulation of beneficial mutations is by
definition responsible for the long-term adaptation of any population, so we can hardly claim
to understand the basic mechanism of how evolution works if we do not understand how
multiple linked beneficial mutations accumulate.

This gap in our understanding also limits our ability to draw inferences about the evo-
lutionary histories of natural populations. In particular, the extensive body of work on

detecting the presence of positive selection from sequence data is limited to qualitative and
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ad-hoc methods. The statistical tests for selection described above (based on coalescent
theory or the infinite-sites or infinite-alleles models) are only able to find deviations in cer-
tain statistics from their expectations under neutrality. We expect these deviations to have
certain signs depending on the presence of different types of selection, but this is little more
than a vague qualitative intuition. We do not know what patterns of diversity are expected
to look like in the presence of positive selection, only what they are not expected to look
like in the neutral case. Hence while we can say that a particular data set is inconsistent
with neutrality, we have no way of estimating the strength of positive selection if indeed
it is present. A similar problem applies to other tests for selection, such as dN/dS, which
are not based on a specific population genetics model. These methods use a guess about
the biology to posit that certain variation (e.g. synonymous sites) is neutral, and can hence
act as a neutral “control” to compare to potentially selected variation (e.g. nonsynonymous
sites). These methods can show that a data set is not consistent with neutrality, but again
we do not know in any detail what such a data set should look like if many linked beneficial
mutations are actually present.

Recently, we studied this issue of linked beneficial mutations. We studied the dynamics
by which a large number of linked beneficial mutations accumulate [49], and tested these
predictions experimentally [68]. This work focused on understanding how evolution “works”
in the presence of a large number of linked beneficial mutations. We hope that in the future
this will provide a basis for forming expectations about the variation in sequence data, and
hence improved methods for detecting selection, but we have not yet explicitly addressed

these questions.

IV. THE EVOLUTION OF EVOLVABILITY

The discussion of the previous sections makes clear that the strength of the linkage
between different loci can have a dramatic effect on the way in which evolution works. The
strength of this linkage is determined by whether the population reproduces asexually or
sexually and, in the latter case, on recombination rates. Yet the mode of reproduction
and the recombination rates are themselves controlled by evolution. This is an example of

an important general phenomenon: the basic parameters of an evolutionary model, such
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as recombination rates, mutation rates, dominance, and the sign and strength of epistasis,
can themselves evolve. This is referred to as the “evolution of evolvability.” The study of
the evolution of evolvability can be complex, because mutations that change quantities like
mutation and recombination rates have important indirect effects. This leads to an indirect
selection which acts only at a remove in time.

Much early work on the evolution of evolvability focused on optimization arguments.
The mutation rate [69], recombination rates [70, 71], sexual versus asexual reproduction
(2, 72, 73], or other evolvability properties were assumed to evolve towards whatever values
maximize the mean fitness (or some related measure of optimality) of the population. This
approach gave no insight into how, or even if, selection would actually operate to change
parameters towards their “optimum” values.

We can improve on these optimization arguments and study the actual effects of selection
on evolvability by considering the fate of a modifier locus linked to directly selected loci
[74]. For example, we could consider a three-locus system where two loci affect fitness and
the third “modifier” locus controls the recombination rate between the other two [75, 76].
We can then take a game theory approach. We assume that the population is fixed for
a particular allele at the modifier locus, and ask whether a new allele which increases or
decreases the recombination rate can invade. We find the value of the recombination rate
into which no other allele which increases or decreases this rate can invade. This is called an
“evolutionarily stable” value of the recombination rate [77]. A similar approach can be used
to find evolutionarily stable mutation rates [78-81], or to study the evolution of epistasis
[82], dominance [83-88], and other evolvability properties [89, 90].

This game theory approach can find the long-term stable value of evolutionary param-
eters, assuming that these parameters can change freely during evolution. However, it
typically does not address the dynamics of the modifier alleles in any detail. In some cases,
these dynamics may be important. For example, in many natural bacterial populations
mutator alleles which increase the mutation rate by a factor of 10 to 10* are seen at percent-
level frequencies [91]. These mutator alleles are presumably not stable. Despite this, they
are present at much higher frequencies than can be explained by the balance between their
production and selection against them [91]. They must therefore be selected for sometimes,

and may play an important role in the overall evolution of these populations despite not
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being evolutionarily stable [92, 93]

Selection for evolvability can leave signatures in data which tell us about the evolutionary
history of a population. For example, finding mutator alleles at high frequencies is a sign
that positive selection was important in a population’s recent past. We have recently made
use of an unusual aspect of the evolution of evolvability to develop the theoretical basis
for a new test for selection in sequence data [94]. This test is called “volatility,” and is
based on the idea that selection for or against changes in proteins will lead organisms to
choose more or less evolvable gene sequences for those proteins [95]. Because the genetic
code is redundant, each amino acid can be coded for by several different codons. At the
most volatile codons, most of the nine possible mutations change the amino acid coded for.
At less volatile codons, less mutations cause a chance in the amino acid. If there is selection
on the protein to remain unchanged, there will be indirect selection on the gene sequence to
choose less volatile codons. On the other hand, if a protein has recently changed, it will tend
to have more volatile codons. Hence we can use this indirect selection for the “volatility” of

a gene sequence to detect selection pressures that have acted on this sequence [94].
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