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This year the world celebrates the bicentennial of Charles
Darwin’s birth. In 1968, geneticist Motoo Kimura, building on
work by Theodore Dobzhansky, Sewall Wright, Ronald
Fisher, and others, elaborated Darwin’s celebrated theory by
proposing that natural selection is largely irrelevant for evo-
lutionary changes at the molecular level.1 Kimura was struck
by the observation that modifications in the amino acid se-

quences of proteins seem to occur at an almost constant rate.
For example, the α-globin protein, one of the amino acid
chains that make up hemoglobin, accumulates about one
amino acid change every 6 million years, whether it is evolv-
ing in fish, birds, or mammals. He proposed that this obser-
vation could be understood if, first, most of those mutations
had no effects whatsoever on the creature’s phenotype—the
bodily expression of its genome. In other words, he assumed
that the mutations were neutral with regard to evolutionary
advantage or disadvantage. Second, he proposed that the
neutral-mutation rate was almost the same for all animals be-
cause their DNA replication machinery was so similar.

Today we know that such molecular “clocks” can in fact
tick at different rates in different proteins when an amino
acid mutation at a particular position significantly affects the
functioning of the protein. Such amino acid sequences are
said to be functionally constrained. Some mutations in func-
tionally constrained amino acid sequences disappear imme-
diately from the gene pool, leaving no trace in the genetic
record. Hence, constrained regions of the genome change
more slowly than the rate at which mutations occur.

On a strand of DNA, a gene is a sequence of coding bases
that specifies the order in which amino acids are assembled
into a particular protein. But in so-called pseudogenes, which
have lost that function, and in nonfunctional amino acid se-
quences in a protein, Kimura’s hypothesis is borne out: The
intergenerational rate of change in the genome is indeed very
similar to the directly measured mutation rate.

Kimura’s hypothesis seemed to challenge natural selec-
tion, the core principle of Darwinian evolution, and thus led
to heated debates between “selectionists” and “neutralists.”
Kimura did not deny the role of natural selection in guiding
the course of adaptive evolution. He simply noticed that the
effects of natural selection on the evolution of molecular se-
quences could be obscured by a noisy background of neutral
(or nearly neutral) mutations. On the molecular level of
amino acid or DNA sequences, evolution should be viewed
as a largely stochastic process, with Darwinian selection as a
small perturbation. (See the news story on page 20.)

Although the fraction of neutral versus non-neutral mu-
tations is still unknown, the neutral theory has undoubtedly
acquired great practical importance in today’s genome era as
a predictive background model of molecular evolution. Neu-
tral theory serves as an important null hypothesis in the
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Figure 1. Genetic drift modeled by random walk for well-
mixed populations N of 10 (top panel) and 100 (bottom
panel) haploid individuals reproducing asexually. The popu-
lation fraction f with a particular fitness-neutral allele
changes in random steps until it hits a wall at an f of either 0
or 1. Each colored trajectory is a different random walk start-
ing at f = 1/2. The typical time before reaching a wall is of
order N generations, and fluctuations scale as 1/√N. 

On a molecular level and at the frontiers of expanding habitats, large stochastic fluctuations can
obscure signals of Darwinian evolution. 
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search for selection effects in data sets characterizing the ge-
netic diversity of a population.2 A second significant applica-
tion of the theory involves putatively neutral sites in the
genome, such as short, highly variable repeat sequences. The
distribution of those neutral markers contains noisy informa-
tion about the ancestry of the members of a species. Quanti-
tative neutral models serve as tools for “reading” those ge-
netic footprints of ancestry, and they shed light on the species’
demographic history.

After Kimura’s work, many influential mathematical
models were developed to explore the consequences of neu-
tral molecular evolution. In this article we review the sim-
plest neutral models of population genetics and see how they
are challenged by recent genetic and experimental evidence.
Early models assuming stationary population structures
failed to account for extreme number fluctuations in un-
steady populations. They did not consider, for instance,
range expansions, which are a common phenomenon in bi-
ology. Examples of range expansion are the presumed migra-
tion of humans out of Africa3 and the spread of invasive

species such as cane toads in Australia.4

Low population densities at the expansion frontier
imply large fluctuations in the frequency of genetic vari-
ants—called alleles—from generation to generation. We will
discuss some remarkable consequences for pioneer organ-
isms at the frontier of a range expansion. Such expanding
population waves can be studied in the laboratory as migra-
tions of microorganisms across a Petri dish.

We restrict our attention here to cells that contain just a
single (haploid) copy of each chromosome rather than the
usual (diploid) pair that’s typical of vertebrates. Examples are
bacteria in general and haploid strains of the yeast species
Saccharomyces cerevisiae. Despite this restriction to haploids,
the results may in fact provide insights about the spatial dis-
persal of higher organisms, provided one compares genetic
changes at stretches of DNA inherited from just one parent—
for instance the mitochondrial genome.2

Although inheritance of nuclear—as distinguished from
mitochondrial—DNA can be complicated by sexual repro-
duction and genetic crossover, mitochondrial DNA loops are

We sketch Motoo Kimura’s diffusion approach to the stochastic
dynamics of the neutral theory of evolution. 

In the simplest case, one considers the stochastic frequen-
cies f(t) and g(t) = 1 – f of two alternative alleles A and B at one
DNA position. The temporal change of those quantities can only
be described probabilistically; they are prone to large fluctua-
tions. What is the chance that f(t) assumes a particular value p at 
time t? The probability density Ψ(p,t) obeys the Kolmogorov for-
ward equation,

   ∂tΨ(p,t) = – ∂p[M(p)Ψ(p,t)] + ∂p
2[V(p)Ψ(p,t)]/2,    (1)

where M(p) is the mean change in f per generation due to muta-
tion and natural selection and V(p) is the variance of that per-
generation change.

For constant coefficients, equation 1 is just the biased-
diffusion equation with diffusion constant V/2 and drift velocity
M. In population genetics, however, neither is constant. For a well-
mixed asexual population of large, constant size N, with genetic
drift controlled by a binomial sampling scheme, V(p)=p(1 – p)/N.
Other sampling models yield diffusion terms of similar form. 

Neglecting interaction between mutations and other effects,
one can write

M(p) = sp(1 – p) + μ(1 – p) – νp,

where s, the selective advantage of A over B, controls a natural
selection process that saturates when p = 1. The mutation rates μ
and ν, respectively, characterize the mutations BOA and AOB. 

One can solve equation 1 for the equilibrium distribution

                            Ψeq(p) = p2Nμ – 1(1 – p)2Nν – 1 e2Nsp                       (2)

times a normalization constant. It has an N where one expects a
1/kBT in a Boltzmann distribution. With μN = νN = 0.1, the distri-
bution is plotted below left for various values of the selection
parameter Ns. An “enthalpic” contribution due to Ns pushes the
distribution toward fitter individuals at p = 1, while an “entropic”
contribution due to the mutation rates favors a broader, more
genetically diverse distribution. 

Mutations, in particular beneficial ones, are exceedingly rare.
Thus at any one time, all individuals are typically either A or B.
Switching of the state occurs if a mutation arises, overcomes the
dangerous number fluctuations embodied in genetic drift, and
then grows to fixation. Equation 1 yields a fixation probability1 of
                               ueq(s) = (1 – e–2s)/(1 – e–2Ns)                          (3)

for a novel mutation with selective advantage s.
The figure below graphs ueq(s) for different N. The parameter

Ns is crucial. For +Ns+ � 1, the fixation probability approaches
1/N, just as if the mutation were neutral. For Ns� 1, on the
other hand, ueq(s) approaches 2s. We always assume that s is
small. Thus the effects of genetic drift persist even when N
becomes very large. Given that s rarely exceeds 1%, stochastic
loss is actually the typical fate of both beneficial and deleterious
mutations.
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passed on by the mother in a fashion similar to bacterial cell
division. Bacteria are in fact the likely ancestors of the mito-
chondria populating the cells of higher organisms. Single-
parent models can also be used to track the patrilineal inher-
itance of the Y chromosome.

Populations without spatial structure
We first consider the genetics of populations without spatial
structure—for example, bacteria maintained at constant den-
sity in a test tube of liquid nutrients that is being stirred or
shaken vigorously. Turbulent diffusion ensures efficient dis-
persal of cells on time scales of seconds, much shorter than
the typical half-hour time for cell division. Such well-mixed
populations are effectively zero dimensional. We assume that
each individual reproduces asexually and has, on average,
one offspring per generation. From time to time a neutral mu-
tation arises and is henceforth carried by a mutant fraction f
of the population of N individuals.

The fraction f fluctuates in time because some cells in
each generation fail to reproduce while others replicate more
than once. Such “sampling errors” generate a per-generation
variance of order f(1 – f)/N. As shown in figure 1, f(t) carries
out a random walk. In the absence of further mutations, f(t)
eventually reaches a so-called absorbing state: either the mu-
tation has been lost entirely (f = 0) or it has taken over the pop-
ulation (f = 1).

The fluctuations in offspring number cause an initial
population with multiple alleles to become genetically uni-
form after a so-called fixation time on the order of N gener-
ations. To good approximation, the stochastic dynamics of
the allele frequency can be described by a diffusion process
with an f-dependent genetic diffusion constant D of order
f(1 – f)/N, as discussed in box 1. Somewhat confusing for
physicists is the term “genetic drift,” which population ge-
neticists apply to this unbiased diffusion in the space of gene
frequencies. There is a rough analogy between genetic drift
in the limit of small N and more vigorous spatial diffusion of
particles at high temperatures.

The states f = 0 and 1 cease to be absorbing when one
considers mutations arising at a small nonzero rate μ per gen-
eration. The system now approaches a statistically steady
state after about N generations, with an average gene fre-
quency ∀f¬ between 0 and 1. If one follows the lineages of two
neutral alleles backwards in time, it turns out that they coa-
lesce into their most recent common ancestor after a number
of generations that is again of order N.

After they separate, both lineages accumulate mutations
at the rate μ, so the expected number of differences is of order

2μN. Genetic diversity caused by rare mutations should in-
crease with population size because genetic variation in
larger populations is more slowly eliminated by number fluc-
tuations, which decrease like 1/√N (see figure 1 and box 1). 

How do small advantages in reproductive success alter
the prospects of a mutation, and when does that Darwinian
selection stand out against a background of neutral evolu-
tion? In the simplest model, mutants are assumed to have a
factor 1 + s more offspring per generation than nonmutants.
(If the mutation is slightly advantageous, s is positive and
much less than 1.) Thus the ratio of mutants over nonmutants
initially increases exponentially at a rate s. Hence, in the ab-
sence of genetic drift, a newly introduced beneficial mutation
is expected to take over the whole population after some
ln(N)/s generations.

Number fluctuations can, however, dramatically alter
that deterministic Darwinian scenario. Many newly appear-
ing beneficial mutations are not, in fact, destined to reach fix-
ation, because genetic drift causes them to hit the f = 0 absorb-
ing boundary first. The relative strength of selection and
genetic drift is controlled by the product Ns, which compares
the fixation time N with the adaptation time 1/s of the bene-
ficial mutation. For Ns much less than 1, beneficial alleles are
effectively neutral and reach fixation with a probability of
about 1/N. But even when Ns is much greater than 1, fixation
of the beneficial allele is far from certain. It occurs with a
probability of only 2s (see box 1).

Spatial structure and stepping stones
The above results apply to well-mixed populations whose
distribution has no substantive spatial structure. That restric-
tion excludes many cases of interest. In species with nontriv-
ial spatial distributions, any evolutionary novelty first arises
in one individual at one location and must then spread across
the habitat. And one expects that nearby individuals are more
closely related than individuals far apart.

Spatial structure seriously complicates population-
genetics models. In a mean-field approximation, spatial mi-
gration of alleles can be modeled as an effective mutation
rate. Kimura recognized that neither well-mixed (zero-
dimensional) nor mean-field (infinite-dimensional) models
could explain the genetic diversity that increased with dis-
tance between individuals in many species.1 He and George
Weiss constructed a spatial stepping-stone model that con-
sists of a one- or two-dimensional array of discrete islands,
called demes (see box 2). Although that simple model of mi-
gration may not apply to modern human populations, con-
nected by high-speed transportation networks, it is relevant

Figure 2. Fluorescent image of
two equally fit color strains of Es-
cherichia coli bacteria spreading by
cell division on two fronts from the
razor-edge line along which a
well-mixed 50–50 population of
the two strains was inoculated
onto a surface of hard agar nutri-
ent.6 Most cell division is confined
to within about 20–30 cell widths
of the two moving linear fronts. In
this linear-inoculation geometry,
each advancing front is eventually
dominated by a single color.
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to prehistoric humans and other slow-moving populations of
animals or microorganisms.

In nonequilibrium statistical physics, stepping-stone
models with each island housing a single individual are
called voter models.5 Imagine that every deme in a stepping-
stone model starts out with a population N greater than one
in a mixture of two neutral alleles, A and B. Then genetic drift
will tend to locally decrease the diversity of the mixture in
favor of one of the alleles. Thus regions of demes emerge that
are dominated by either A or B. The size of those domains
then increases diffusively as the square root of time. In the
absence of mutations or selective advantage, the domain
sizes grow without bound, and eventually the entire popu-
lation becomes either all A or all B. 

Under the right conditions, 2D microbial range expan-
sions provide an excellent illustration of the dynamics of 1D
stepping-stone models. In the bacterial colony shown in fig-
ure 2, a 50–50 mixture of two strains of flagellaless mutant
Escherichia coli bacteria has been transferred from the edge of
a razor blade onto a line bisecting the surface of a Petri dish
whose hard agar nutrient substrate essentially immobilizes
them.6 The two strains, grown in the dark, differ only in the
color of their very similar fluorescent proteins. That differ-
ence can be regarded as genetically neutral.

As the population spreads by cell division into unoccu-
pied territory on both sides of the blade line, genetic drift
causes the two strains to rapidly segregate into red and green
domains. The two population waves advance linearly in time.
To good approximation, the bacteria stop dividing or jostling
their neighbors once they’re well behind the advancing lines
of pioneers at the two frontiers. Thus the colored domains
provide a record of the range expansion, and a 1D stepping-
stone model can approximate the dynamics at the moving

frontiers of active pioneers.
Genetic drift causes the domain boundaries to wander.

Eventually, it seems, each front is completely dominated by
a single color. That complete segregation contrasts markedly
with the persistent finite domains one gets at long times in
most 1D equilibrium-statistical-mechanics models. In fact,
many species outside the laboratory seem to be more strongly
differentiated over large geographic scales than is predicted
by the usual 1D and 2D stepping-stone models with large
deme populations, even when they’re generalized to include
mutations. To reproduce the observed strong differentiations
in a steady-state model, one needs very small deme sizes or
very large mutation rates. Strong genetic differentiation can
also arise from repeated, vigorous migratory expansions. Ge-
netic differences between separated populations can, of
course, also reflect differing ecological selection pressures. 

Few exact results are known for spatial models that in-
clude natural selection as well as genetic drift. As discussed
in box 2, beneficial alleles do not increase exponentially in
time throughout an entire population. Instead, they propa-
gate like waves, at a definite velocity first discussed in 1937
by Fisher and by Andrei Kolmogorov and coworkers.7 Both
genetic waves and population waves are possible. Figure 2
shows two so-called Fisher population waves spreading out
from both sides of the razor cut as cells invade unoccupied
territory. Number fluctuations can significantly alter the
speed of those waves (see box 2). The boundaries between
colors mark Fisher genetic waves that have stalled out.

Does the neutral theory work?
Whether molecular evolution is mainly neutral or driven by
selection has been hotly debated for three decades. Perhaps
the most fundamental prediction of the neutral theory is that

Here we describe extensions of the well-mixed diffusion model
of box 1 to account for gene flow in space. We focus on a one-
dimensional stepping-stone model sketched in the figure below.
In every generation, each island exchanges a fraction m of its
population N equally with its two neighbors. In the continuum
limit, one replaces discrete islands with the position variable x.
Then f(x,t), the fraction of the population at x with allele A, is gov-
erned by the stochastic differential equation

∂t f (x,t) = D ∂x
2 f(x,t) + sg(x,t)f(x,t) + μg(x,t) – νf(x,t)

                                   + η(x,t)√g(x,t)f(x,t)/N,                             (1)

where D = m/2 is the spatial diffusivity and g = 1 – f. The forward
and backward mutation rates μ and ν are defined in box 1.
Genetic drift is represented by the Gaussian white-noise func-
tion η(x,t). Equation 1 generalizes the zero-dimensional model of
box 1 to 1D. In 2D, a strict continuum limit is more subtle.8

Surprisingly little is known about stepping-stone models
when selection, genetic drift, and mutations are all present.

When genetic drift and mutation rates are negligible, beneficial
alleles sweep across the habitat in a so-called Fisher genetic
wave,7 in sharp contrast to the exponential growth of beneficial
alleles in well-mixed populations. The wave train has a sigmoidal

shape and advances at velocity v = 2√Ds. Genetic drift reduces
that velocity. With weak genetic drift in large populations, one
gets the logarithmic correction

v ≈ 2√Ds × [1 – (π/ln N)2/2].

Fisher genetic waves have been created in vitro
by John McCaskill and coworkers using fast-replicating RNA 
molecules.18

The figure above illustrates a Fisher population wave with
gene surfing.14 One sees a radial slice through the 10-cell-thick
bacterial colony like those in figure 3 edge-on, thinning at the
expanding frontier. Instead of a favorable allele replacing an
unfavorable one, two fitness-neutral genetic variants compete at
the front of the spreading population wave. In this case, genetic
drift not only slows the wave speed but also allows one variant
to take over at the front. That’s because each generation of pio-
neers springs only from parents at the 1D expanding frontier.

N N N

m/2m/2 m/2 m/2

m/2m/2 m/2 m/2

Box 2. Genetic waves and population waves
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genetic diversity should increase with population size be-
cause genetic variation is less susceptible to elimination by
number fluctuations in large populations. One gets a naive
test of the neutral theory from nucleotide diversity, a simple
measure of a natural population’s genetic diversity. (A nu-
cleotide is just a coding base with molecular adornments that
carry no coding information.) For a pair of individuals ran-
domly chosen from the population in question, the nu-
cleotide diversity is just the expected fraction of corre -
sponding DNA sites at which the two individuals will have
different nucleotides. 

According to both stepping-stone and well-mixed mod-
els, the nucleotide diversity thus measured should be linearly
related to the product of an “effective” population size Ne and
the relevant mutation rate.8 Interestingly, nucleotide diversi-
ties are found to differ by less than one order of magnitude
across a wide range of species, even though actual population
sizes vary over many orders of magnitude. Given that muta-
tion rates (per nucleotide per DNA replication) in multicel-
lular organisms share the same order of magnitude, the sim-
ilarity of nucleotide diversities means that the Ne inferred
from the model is often just a tiny fraction of the actual pop-
ulation size. For the much-studied common fruit fly, for ex-
ample, one infers an impossibly low Ne of only about a mil-
lion for those widely dispersed insects.9

A number of explanations have been proposed for such
small values of Ne in species with much larger actual popu-
lations. An explanation consistent with the neutral theory is
that populations are usually not in a demographic steady
state, having varied significantly in size and geographic dis-
tribution in their evolutionary past. Consequently, stepping-
stone or well-mixed steady-state models may not be appro-
priate descriptions for their neutral evolutionary dynamics.

Fortunately, there is a test of the neutral theory that
largely factors out such demographic uncertainties. It relies
on comparing diversities between chromosomes with differ-
ent abundances in the species population. In humans, for in-
stance, chromosomes come in duplicate pairs except for the
sex chromosomes, where the pairing depends on gender. Fe-
males carry two X chromosomes, while males carry one X
and one Y. Therefore, the population sizes of the X and Y
chromosomes are, respectively, 3/4 and 1/4 those of all other
human chromosomes. After accounting for the higher muta-
tion rate in male, as opposed to female, meiosis (the cell di-
vision that produces the haploid sperm and egg cells), the
neutral theory predicts genetic diversities of the X and Y
chromosomes that are, respectively, 69% and 31% of the ge-
netic diversity of the other chromosomes. In fact, a study
based on 1.4 million single-nucleotide polymorphisms found
diversities of 61% for the X chromosome and 20% for the Y
chromosome.10 Much of that variation, it seems, is explained
by Kimura’s neutral theory. 

An alternative explanation for unusually low levels of
genetic diversity is that natural selection has acted very re-
cently—on time scales less than the neutral fixation time.
Such a selective sweep reduces genetic diversity because it
pushes an entire suite of “hitchhiking” genes—riding along
with one that conveys a significant selective advantage—to
replace all others at once. In an asexual population, a selective
sweep with hitchhiking genes can mimic a population bottle-
neck—a phase during which an evolving population is tem-
porarily very small.

In sexual reproduction, gene recombination (the transfer
of DNA sequences between paired chromosomes during
meiosis) mitigates the hitchhiker effect so that only genetic
background in the immediate chromosomal vicinity of the

beneficial mutation is dragged along as the selective sweep
proceeds. The ensuing stochastic process is called genetic
draft. It mimics Kimura’s neutral model in many ways, but
with a reduced effective population size.11 Furthermore, ge-
netic draft predicts a negative correlation between genetic di-
versity and recombination rate. Strong evidence for that anti -
correlation is found in the fruit fly, where virtually no
diversity is found in the shortest of its four chromosome
pairs, which almost never undergoes recombination. The
three longer pairs, which do regularly recombine, exhibit
much greater genetic diversity.12 That observation suggests
the importance of genetic draft in shaping neutral diversity.

There is currently less evidence for genetic hitchhiking
in humans, although intense efforts are under way to detect
signatures of ongoing natural selection. Many studies have
looked for genetic variants with unusually low levels of ge-
netic diversity as an indicator for recent positive selection.
However, given the huge number of gene loci in a genome,
low levels of genetic diversity can occur simply by chance.
Furthermore, range expansions can easily mimic a selective
sweep.

Thus there appear to be only a handful of common gene
variants that can be traced unambiguously to natural selec-
tion. Perhaps the most prominent case of widespread selec-
tion in humans is the persistence into adulthood of lactase
production in northern-European populations that evolved
during the past 10 000 years.13 In most other human popula-
tions, adults generally lack that milk-metabolizing enzyme.

Radial expansions and inflation
The observed genetic variation in natural populations sug-
gests that demographic or evolutionary disequilibrium
might be the rule rather than the exception. Let us discuss in
more detail how equilibrium theories fail when populations
expand into new territories. Population expansion in space is
a recurrent phenomenon in the evolutionary history of many
species, ranging from biofilms to humans. Species expand
from where they first evolved, invade favorable new habitats,
or move in response to environmental changes or, in the case
of biofilms, in response to gradients in nutrients, salinity, or
ambient temperature.

Such range expansions result in stark differences be-
tween the genetic diversity of the ancestral population and
those in the newly colonized regions. That’s often because the
gene pool for the new habitat has passed through a bottle-
neck. Genetic demixing stems from the small number of pi-
oneers that happen to arrive in the unexplored territory first.
Such essentially random selection of a small gene pool out of
a large ancestral one can easily be confused with natural se-
lection for some aspect of fitness. The alteration of the gene
pool depends on the specific demographic scenario and en-
codes precious information about the group’s migration his-
tory.14 Such genetic footprints offer ways to infer, for instance,
how humans moved out of Africa2 or how species respond to
climate change.15

The somewhat artificial range-expansion geometry of fig-
ure 2 was relevant to linear 1D stepping-stone models. The ra-
dial expansion of neutral bacterial alleles shown in figure 3 em-
anating from small circular inoculations near the centers of
Petri dishes is more relevant to real colonization events by a
genetically diverse population of moderate size. For two dif-
ferent types of bacteria, figures 3a and 3b demonstrate how a
range expansion can favor survival of the “luckiest” rather
than the fittest.1,6 A small droplet containing equal populations
of two differently colored microbial populations was de-
posited onto a Petri dish. As the initially well-mixed popula-
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tions expanded, the mutant strains segregated at the wave-
front, giving rise to a distinctive sectoring pattern. The color
pattern resulting from this genetic demixing provides a spatial
record of genetic drift at the radially advancing frontier.

Figure 3c is a computer simulation of such a radial range
expansion. But in that case, unlike the experiments, the
model permits spatial diffusion after the expanding wave-
front has passed through, as might be the case for flagellated
bacteria able to swim in soft agar. But even with such gradual
diffusive blurring, gene segregation continues to be evident
for some distance behind the wavefront. 

Unlike the linear inoculation of figure 2, the radial pop-
ulation expansions of figure 3 are subject to inflation: The cir-
cular circumference of actively dividing cells at the frontier
grows linearly with time, outpacing the diffusive mixing that
eventually leads to complete color segregation in the linear-
inoculation case. In radial expansion, the “phase separation”
predicted by 1D stepping-stone models is incomplete, and
the number of distinct sectors remains finite even in the limit
of long times.

The striking gene segregation of figure 3, caused in this
case by genetic drift, could easily be confused with selection
pressures acting locally. In conventional 2D steady-state
models without range expansions, such high levels of gene
segregation are unexpected.8 In such models, heterozygosity
(the probability that nearby individuals have different 
alleles) decays rather slowly, like 1/ln(t).

The enhanced gene segregation we find for microorgan-
isms reflects a reduction in dimensionality typical of range
expansions. That is, the gene pool for newly colonized re-
gions is sampled from an effectively 1D front population. In
the reference frame that moves with the wavefront, the dy-
namics resembles a 1D population arrayed around a circle.
So one gets the faster segregation of alleles expected for a 1D
model, with heterozygosity decaying like 1/√t. 

The simplicity of the sectoring mechanism suggests that
it could be widespread. Indeed, large zones of pronounced
genetic homogeneity have been found repeatedly in wild
populations of slow-moving organisms such as snails.14 Such
patterns might in fact be explicable in terms of linear or cir-
cular range expansions. Because climatic changes have cer-
tainly promoted many range expansions, it seems important
to take enhanced genetic drift at the frontier (sometimes
called gene surfing) into account when interpreting broad
phylogeographic trends.

This article has focused on the question of how recurrent
population waves alter evolutionary dynamics. The rapidly
growing data on genetic variation within and between
species challenges our understanding of molecular evolu-
tion. Why, for example, are signatures of positive selection so
strong in the fruit fly experiments but so weak in human pop-
ulations? Are patterns of genetic variation more strongly
shaped by genetic drift or genetic draft? Another important
issue is the effect of the gene proximity on the speed of
adapta tion in asexual populations.16 How recombination and
interactions between genes shape evolutionary patterns are
further important questions.17 Insights into those central is-
sues of evolutionary genetics should benefit from further de-
velopments in genome-wide analyses, modeling, and, hope-
fully, simple, repeatable experiments on growing microbial
populations far from equilibrium. 
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Figure 3. Genetic segregation in radial expansion from a drop of inoculant is demonstrated by microbial colonies of (a)
Escherichia coli 6 and (b) Pseudomonas aeruginosa (figure courtesy of J. Xavier and K. Foster). In each case, the colony grows in a
Petri dish from an initial drop containing an equal mixture of two color strains. Genetic drift at the expanding circular frontiers
causes demixing of the two color strains. The circle in panel a indicates the initial well-mixed 2-mm-diameter drop from which
the expanding colony radiates. (c) Computer simulation of such a radial expansion. Unlike the experiments, in which the bacteria
are essentially immobile, the simulation allows significant diffusion due to bacterial motility. Sectoring appears even in that case,
although the diffusion does slowly broaden the domain boundaries.


