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(1) The Neutral Theory

Molecular evolution involves the study of 
molecular sequences (DNA, RNA, protein) with the 
goal of elucidating the processes that cause both 
change and constancy among sequences over time

A salient feature of all hypothesis tests in studies 
of molecular evolution is the use of null and 
alternative hypotheses for the patterns and rates 
of sequence change



(1) The Neutral Theory

The neutral theory forms the basis of the most 
widely employed null model in molecular evolution

The neutral theory adopts the perspective that 
most mutations have little or no fitness advantage 
or disadvantage and are therefore selectively 
neutral

Genetic drift is therefore the primary 
evolutionary process that dictates the fate of 
newly occurring mutations



(1) The Neutral Theory

The neutral theory null model makes two major 
predictions under the assumption that genetic 
drift alone determines the fate of new mutations:

The amount of polymorphism for sequences 
sampled within a population of one species

The degree and rate of divergence among 
sequences sampled from separate species



(1) The Neutral Theory

Polymorphism in the neutral theory is determined 
by the balance between genetic drift and mutation

The frequency of each allele is a random walk 
between fixation and loss

The population has genetic polymorphism at any 
point in time where fixation/loss haven’t been 
reached (multiple alleles are still segregating)

Polymorphism



(1) The Neutral Theory

Recall:

The initial frequency of an allele is also its chance of 
eventual fixation

The average times to fixation, loss, and of segregation of an 
allele whose initial frequency is p are, respectively,

Polymorphism

T fix = −4N
(1− p) ln(1− p)

p
T loss = −4N

p ln p

1− p

T segregate = pT fix + (1− p)T loss = −4N [(1− p) ln(1− p) + p ln p]



(1) The Neutral Theory

The time that a new mutation segregates in the 
population depends on Ne

The chance that a new mutation goes to fixation is 
also directly related to Ne

These two effects of Ne cancel each other out for 
neutral alleles

The neutral theory then predicts that the rate of 
fixation is μ and therefore the expected time 
between fixations is 1/μ generations

Polymorphism



(1) The Neutral Theory
Polymorphism



(1) The Neutral Theory

Another way to understand polymorphism in a 
population is to consider the heterozygosity in the 
population

We showed that for the infinite alleles model of 
mutation, that combined processes of mutation 
and genetic drift produce equilibrium 
heterozygosity that depends on Ne and μ:

Polymorphism

Hequilibrium =
4Neµ

4Neµ + 1



(1) The Neutral Theory

The neutral theory prediction for polymorphism 
can be readily compared with polymorphism 
expected under positive and negative natural 
selection

New mutations that are deleterious will go to loss 
faster than neutral mutations, while 
advantageous new mutations will increase in 
frequency to fixation

So, a locus with new mutations that are influenced 
by directional natural selection should show less 
polymorphism than a locus with neutral mutations

Polymorphism



(1) The Neutral Theory

Balancing selection, on the other hand, increases 
the time of segregation since natural selection will 
maintain several alleles at intermediate 
frequencies between fixation and loss with the 
result of increased levels of polymorphism in the 
population 

Polymorphism



(1) The Neutral Theory
directed selection

neutral

balancing selection



(1) The Neutral Theory

Genetic divergence occurs by substitutions that 
accumulate in two DNA sequences over time

Substitution is the complete replacement of one 
allele previously most frequent in the population 
with another allele that originally arose by 
mutation

Divergence



(1) The Neutral Theory

The neutral theory predicts the rate at which 
allelic substitutions occur and thereby the rate at 
which divergence occurs

Predicting the substitution rate for neutral alleles 
requires knowing the probability that an allele 
becomes fixed in a population and the number of 
mutations that occur each generation

Divergence



(1) The Neutral Theory

The rate at which alleles that originally entered 
the population as mutations go to fixation per 
generation is 

Divergence

k = (2Nµ)
1

2N

which simplifies to

k = µ



(1) The Neutral Theory

Notice that the rate of substitution is simply equal 
to the mutation rate and does not depend on Ne

This makes sense because in smaller populations we 
have higher chance of fixation but fewer 
mutations while in larger population we have lower 
chance of fixation but more mutations

In other words, the rate of input of new mutations 
and the chance of fixation due to genetic drift 
exactly balance out

Divergence



(1) The Neutral Theory

The neutral theory also predicts that the 
substitutions that ultimately cause divergence 
should occur at a regular average rate

[For waiting time processes, the time between 
events is the reciprocal of the rate of events]

Since the rate of neutral substitution is μ, the 
expected time between neutral substitutions is 1/μ 
generations

Divergence



(1) The Neutral Theory

The nearly neutral theory considers the fate of 
new mutations if some portion of new mutations 
are acted on by natural selection of different 
strengths

The nearly neutral theory recognizes three 
categories of new mutations: neutral mutations, 
mutations acted on strongly by either positive or 
negative natural selection, and mutations acted on 
weakly by natural selection relative to the 
strength of genetic drift

The nearly neutral theory



(1) The Neutral Theory

For a new mutation in a finite population that 
experiences natural selection, the forces of 
directional selection and genetic drift oppose each 
other

We have seen that (i) 1/(2Ne) quantifies the “push” 
on a new mutation towards fixation caused by 
genetic drift, and (ii) 2s (s is the selection 
coefficient) quantifies the force of selection on a 
new mutation towards fixation

The nearly neutral theory



(1) The Neutral Theory

Therefore, the conditions where genetic drift and 
natural selection have approximately equal 
influence on the fate of allele frequencies are given 
by 

The nearly neutral theory

2s =
1

2Ne

When 2s is within an order of magnitude of 1/(2Ne), an 
allele can be described as net neutral or nearly neutral 
since natural selection and genetic drift are 
approximately equal forces dictating the probability of 
fixation of an allele



(1) The Neutral Theory

We had seen before “Kimura’s rule of thumb”:

If 4Nes<<1, then selection is weak relative to 
sampling, and genetic drift will dictate allele 
frequencies

If 4Nes>>1, then selection is strong relative to 
sampling, and natural selection will dictate allele 
frequencies

If 4Nes≈1, then allele frequencies are 
unpredictable

The nearly neutral theory



(1) The Neutral Theory

More formally, assuming p is the allele frequency, 
Ne is the effective population size, and s is the 
selection coefficient assuming codominance, 
Kimura showed that the probability of fixation for 
a new mutation in a finite population is

The nearly neutral theory

Pfixation =
1− e−4Nesp

1− e−4Nes



(1) The Neutral Theory
The nearly neutral theory



(1) The Neutral Theory

The nearly neutral theory predicts that the rate of 
substitution will depend on the effective population size for 
the proportion of mutations in a population that are nearly 
neutral (4Nes≈1)

A consequence is that subdivided populations and different 
species can exhibit different levels of polymorphism based 
on their effective population size

Similarly, rates of divergence can also vary between 
species, in contrast to the neutral theory, which predicts 
that the rate of substitution is independent of the effective 
population size

The nearly neutral theory



(2) Measures of Divergence and 
Polymorphism

We will now introduce commonly used measures of 
divergence and polymorphism estimated from DNA 
sequence data



(2) Measures of Divergence and 
Polymorphism

To quantify molecular evolution by comparing two DNA 
sequences, the two sequences must first be aligned (more 
on this later), and then the number of sites that have 
different nucleotides is determined

The number of nucleotide sites that differ between two 
sequences divided by the total number of sites compared 
gives the proportion of sites that differ, often called the 
p distance

This is a basic measure of the evolutionary events that 
have occurred since the descent of the two sequences 
from a common ancestor

DNA divergence between species



(2) Measures of Divergence and 
Polymorphism

The p distance between two DNA sequences sampled 
from completely independent populations should increase 
over time as substitutions within each population replace 
the nucleotide that was originally shared at each site due 
to identity by descent

If the two DNA sequences represent two distinct species 
or completely isolated populations, then the p distance is 
a measure of divergence between the two species 

DNA divergence between species



(2) Measures of Divergence and 
Polymorphism

Saturation is the phenomenon where DNA sequence 
divergence appears to slow and eventually reaches a 
plateau even as time since divergence continues to 
increase

Saturation is caused by substitution occurring multiple 
times at the same nucleotide site, a phenomenon called 
multiple hit substitution

In this case, the p distance is an under-estimate of the 
degree of divergence

DNA sequence divergence and saturation



(2) Measures of Divergence and 
Polymorphism

DNA sequence divergence and saturation



(2) Measures of Divergence and 
Polymorphism

At saturation, the two sequences can be viewed as 
random with respect to each other

There are a wide variety of methods to correct the 
perceived divergence between two DNA sequences 
to obtain a better estimate of the true divergence 
after accounting for multiple hits

These correction methods are called nucleotide 
substitution models and use parameters for DNA 
base frequencies and substitution rates to obtain a 
modified estimate of divergence

DNA sequence divergence and saturation



(2) Measures of Divergence and 
Polymorphism

One of the simplest nucleotide substitution models 
is the Jukes-Cantor model

This model assumes that any nucleotide in a DNA 
sequence is equally likely to be substituted with 
any of the other three nucleotides

If we denote by α the probability of a nucleotide 
substitution, then the probability of any 
substitution is 3α

DNA sequence divergence and saturation



(2) Measures of Divergence and 
Polymorphism

If the nucleotide is originally a G at generation 
zero, the probability that it is also a G one 
generation later is 

DNA sequence divergence and saturation

PG(t=1) = 1− 3α

The probability of no substitutions over two 
generations is

PG(t=2) = (1− 3α)2



(2) Measures of Divergence and 
Polymorphism

Another case where G could be observed two 
generations later is when in the first generation 
there was a substitution, and then a substitution 
back to G. The probability of this is

DNA sequence divergence and saturation

PG(t=2) = α(1− PG(t=1))

Therefore, the probability of having G at generations 
zero and two is:

PG(t=2) = (1− 3α)PG(t=1) + α(1− PG(t=1))



(2) Measures of Divergence and 
Polymorphism

More generally, we have

DNA sequence divergence and saturation

PG(t+1) = (1− 3α)PG(t) + α(1− PG(t))

From this we can obtain

∆PG(t) = (1− 3α)PG(t) + α(1− PG(t))− PG(t)

which simplifies to
∆PG(t) = α− 4αPG(t)



(2) Measures of Divergence and 
Polymorphism

If we treat time as continuous, we get

DNA sequence divergence and saturation

The solution to this differential equation is

dPG(t)

dt
= α− 4αPG(t)

PG(t) =
1
4

+ (PG(t=0) −
1
4
)e−4αt

As t gets large, PG(t) approaches 1/4



(2) Measures of Divergence and 
Polymorphism

If the nucleotide at a site is initially G, then

DNA sequence divergence and saturation

If the nucleotide at a site is initially not G, then

PG(t) =
1
4

+
3
4
e−4αt

PG(t) =
1
4
− 1

4
e−4αt



(2) Measures of Divergence and 
Polymorphism

DNA sequence divergence and saturation



(2) Measures of Divergence and 
Polymorphism

Given two DNA sequences that are identical by 
descent at time 0, at some later time t the 
probability that any site will possess the same 
nucleotide is

DNA sequence divergence and saturation

PI(t) =
1
4

+
3
4
e−8αt

The probability that two sites are different or 
divergent over time is 1-PI(t), which is

d =
3
4
(1− e−8αt)



(2) Measures of Divergence and 
Polymorphism

Therefore, we have

DNA sequence divergence and saturation

8αt = − ln
�

1− 4d

3

�

For two DNA sequences that were originally identical 
by descent, we expect that each site has a 3αt 
chance of substitution

Since there are two sequences, there is a 6αt chance 
of a site being divergent between the two sequences



(2) Measures of Divergence and 
Polymorphism

If we set expected divergence K=6αt, which is 3/4 
of the expression 8αt, we get

DNA sequence divergence and saturation

K = −3
4

ln
�

1− 4d

3

�



(2) Measures of Divergence and 
Polymorphism

If we set expected divergence K=6αt, which is 3/4 
of the expression 8αt, we get

DNA sequence divergence and saturation

K = −3
4

ln
�

1− 4d

3

�

observed 
distance



(2) Measures of Divergence and 
Polymorphism

If we set expected divergence K=6αt, which is 3/4 
of the expression 8αt, we get

DNA sequence divergence and saturation

K = −3
4

ln
�

1− 4d

3

�

observed 
distance

corrected 
distance



(2) Measures of Divergence and 
Polymorphism

Jukes-Cantor is one of the simplest possible 
nucleotide substitution models

Many other models are available to account for 
more complexities

DNA sequence divergence and saturation



(2) Measures of Divergence and 
Polymorphism

DNA sequence divergence and saturation



(2) Measures of Divergence and 
Polymorphism

One measure of DNA polymorphism is the number of 
segregating sites, S, in a set of aligned DNA 
sequences from one species

A segregating site is one that exhibits at least two 
different nucleotides within the population

The number of segregating sites per site is

DNA polymorphism

pS =
S

L



(2) Measures of Divergence and 
Polymorphism

The number of segregating sites (S) under 
neutrality is a function of the scale mutation rate 
θ=4Neμ

One way to estimate θ under the infinite sites 
model is to consider the coalescent model

DNA polymorphism



(2) Measures of Divergence and 
Polymorphism

Recall:
DNA polymorphism

E(Tk) =
2Ne

k(k−1)
2

=
2(2Ne)
k(k − 1)



(2) Measures of Divergence and 
Polymorphism

Assuming n lineages in the present, the expected 
number of mutations is:

DNA polymorphism

E[S] = E[
n�

k=2

µkTk] = µ
n�

k=2

kE[Tk]

Substituting E(Tk) yields:

E[S] = µ
n�

k=2

k
2(2Ne)
k(k − 1)

which simplifies to
E[S] = 4Neµ

n−1�

k=1

1
k



(2) Measures of Divergence and 
Polymorphism

Using θ=4Neμ, we get:

DNA polymorphism

Rearranging gives:

E[S] = θ
n−1�

k=1

1
k

θ =
E[S]

�n−1
k=1

1
k



(2) Measures of Divergence and 
Polymorphism

Using θ=4Neμ, we get:

DNA polymorphism

Rearranging gives:

E[S] = θ
n−1�

k=1

1
k

θ =
E[S]

�n−1
k=1

1
k a1



(2) Measures of Divergence and 
Polymorphism

DNA polymorphism

θ̂S =
E[S]
a1

θ̂S =
pS

a1



(2) Measures of Divergence and 
Polymorphism

A second measure of DNA polymorphism is the 
nucleotide diversity in a sample of DNA sequences, 
also known as the average pairwise differences, 
denoted by π

Given n sequences, and denoting by dij the number 
of sites that differ between sequences i and j, we 
define

DNA polymorphism

π̂ =
1

n(n−1)
2

n�

i=1

n�

j>i

dij



(2) Measures of Divergence and 
Polymorphism

In larger samples that may include multiple 
identical DNA sequences, and denoting by pi the 
frequency of sequence i, the nucleotide diversity 
can be estimated by

DNA polymorphism

π̂ =
k

k − 1

k�

i=1

k�

j>i

pipjdij



(2) Measures of Divergence and 
Polymorphism

π is a measure of heterozygosity for DNA 
sequences

As such, the value of π is a function of θ=4Neμ 
under an equilibrium between genetic drift and 
mutation

With an estimate of π and the mutation rate at a 
locus (μ), it is possible to estimate the effective 
population size

DNA polymorphism



(2) Measures of Divergence and 
Polymorphism

DNA polymorphism



(2) Measures of Divergence and 
Polymorphism

DNA polymorphism



(3) DNA Sequence Divergence 
and the Molecular Clock

One key result of the neutral theory is the 
prediction that the rate of substitution is equal to 
the mutation rate

A corollary of this prediction is that the expected 
number of generations between substitutions is 
the reciprocal of the mutation rate

Thus, the neutral theory provides a null model for 
the rate of divergence of genome regions between 
isolated populations called the molecular clock 
hypothesis



(3) DNA Sequence Divergence 
and the Molecular Clock

The molecular clock hypothesis: the neutral theory 
prediction that divergence should occur at a 
constant rate over time so that the degree of 
molecular divergence between species is 
proportional to their time of separation



(3) DNA Sequence Divergence 
and the Molecular Clock



(3) DNA Sequence Divergence 
and the Molecular Clock



(3) DNA Sequence Divergence 
and the Molecular Clock

A useful application of the molecular clock is to 
date divergence events between species

T =
k

2µ
the two species
diverged T time

units ago

the rate of 
substitution

the mutation
rate



(3) DNA Sequence Divergence 
and the Molecular Clock

In the case of more than two sequences, knowledge 
of divergence times for certain pairs of species can 
help estimate divergence times for other pairs



(3) DNA Sequence Divergence 
and the Molecular Clock

Assuming T1, KAB, KAC, and KBC are all known, a we want to compute T2



(3) DNA Sequence Divergence 
and the Molecular Clock

Assuming T1, KAB, KAC, and KBC are all known, a we want to compute T2

T2 =
KAB

2µ



(3) DNA Sequence Divergence 
and the Molecular Clock

Assuming T1, KAB, KAC, and KBC are all known, a we want to compute T2

T2 =
KAB

2µ
µ =

1
2

�
KAC

2T1
+

KBC

2T1

�

+



(3) DNA Sequence Divergence 
and the Molecular Clock

Assuming T1, KAB, KAC, and KBC are all known, a we want to compute T2

T2 =
KAB

2µ
µ =

1
2

�
KAC

2T1
+

KBC

2T1

�

+ T2 =
2T1KAB

KAC + KBC



(3) DNA Sequence Divergence 
and the Molecular Clock

The molecular clock has been widely used to date 
major evolutionary transitions, establish times 
when the ancestors of many different organisms 
first evolved, and test hypotheses related to 
divergence times

However, the use of the molecular clock to estimate 
times of divergence is complicated by numerous 
issues in practice



(3) DNA Sequence Divergence 
and the Molecular Clock

Calibration times usually have considerable ranges, 
leading to uncertainty in any divergence time 
estimated from the molecular clock

Corrections to divergence estimates are required 
for multiple substitutions occurring at the same 
nucleotide site

The rate of substitution is assumed to be constant 
over time (variation in rates of substitution over 
time and across loci is now considered the rule 
rather than the exception!)



(4) Testing the Molecular Clock 
Hypothesis

The molecular clock hypothesis provides a null 
model to examine the processes that operate during 
molecular evolution

Rejecting the molecular clock hypothesis suggests 
that the sequences compared evolve at unequal 
rates (whether over time or among different 
lineages), a situation referred to as rate 
heterogeneity 



(4) Testing the Molecular Clock 
Hypothesis

Since the neutral theory leads to the molecular 
clock hypothesis, evidence for rate heterogeneity 
would appear to be evidence that genetic drift is 
not the main process leading to the ultimate 
substitution of most mutations

Rejecting the hypothesis of rate homogeneity 
would suggest that natural selection is operating 
on mutations such that their rates of substitution 
are either sped up or slowed down relative to 
substitution rates under genetic drift



(4) Testing the Molecular Clock 
Hypothesis

Originally, the molecular clock was proposed to 
model amino acid substitutions

It was based on the Poisson process of 
substitutions, given by 

P [N(t) substitutions at time t] =
e−λt(λt)N(t)

N(t)!
where λ is the rates of substitution per year



(4) Testing the Molecular Clock 
Hypothesis

The Poisson model for a molecular clock implies that 
time intervals between substitutions are random 
in length



(4) Testing the Molecular Clock 
Hypothesis



(4) Testing the Molecular Clock 
Hypothesis



(4) Testing the Molecular Clock 
Hypothesis

A molecular clock that is based on a random process has 
inherent variation in the number of substitutions that occur 

over a given time interval even though the rate of substitution
remains constant



(4) Testing the Molecular Clock 
Hypothesis

Nonetheless, the Poisson process model of the 
molecular clock leads to a specific prediction about 
the variation in numbers of substitutions that 
should be observed if the rate of molecular 
evolution follows a Poisson process

In particular, the Poisson distribution has the 
special property that the mean is equal to the 
variance 



(4) Testing the Molecular Clock 
Hypothesis

Therefore, the mean of and variance in the number 
of substitutions should be equal for independent 
DNA sequences evolving at the same rate according 
to a Poisson process

The index of dispersion is used to compare the two 
quantities 

R(t) =
var(N(t))
E(N(t))



(4) Testing the Molecular Clock 
Hypothesis

If the numbers of substitutions in a sample of 
pairwise sequence divergences follow a Poisson 
process, we expect R(t)=1

If R(t)>1, we have an overdispersed molecular clock



(4) Testing the Molecular Clock 
Hypothesis

The molecular clock modeled as a Poisson process 
assumed it is possible to compare pairs of DNA 
sequences that were derived from a single DNA 
sequence in the past and then diverged instantly 
into two completely isolated species

Actual DNA sequences usually have a more complex 
history that involves processes that operated in 
the ancestral species followed by the process of 
divergence in two separate species



(4) Testing the Molecular Clock 
Hypothesis

In particular, in the ancestral species, the number 
and frequency of neutral alleles per locus were 
caused by population processes such as genetic 
drift and mutation

This zone of ancestral polymorphism is the period 
of time when genetic variation in the ancestral 
species was dictated by drift-mutation equilibrium



(4) Testing the Molecular Clock 
Hypothesis



(4) Testing the Molecular Clock 
Hypothesis

The existence of both ancestral polymorphism and 
divergence processes complicates testing for 
overdispersion of the molecular clock

Gillespie and Langley showed that a molecular clock 
combining polymorphism and divergence does not 
necessarily comprise a Poisson process where the 
index of dispersion is expected to equal one



(4) Testing the Molecular Clock 
Hypothesis

Under these conditions, it was shown the 
dispersion index can be written as 

R(t) = 1 +
θ2

E(N(t))

where θ=4Neμ



(4) Testing the Molecular Clock 
Hypothesis

Ancestral polymorphism also presents difficulties 
for dating divergences using the molecular clock 
since sequence lineage history (genealogy) and 
species divergence history (species phylogeny) are 
not identical

Estimates of time since divergence estimate the 
total elapsed time since the divergence of the two 
lineages rather than just the time since divergence 
of the two species



(4) Testing the Molecular Clock 
Hypothesis

Ancestral polymorphism also presents difficulties 
for dating divergences using the molecular clock 
since sequence lineage history (genealogy) and 
species divergence history (species phylogeny) are 
not identical

Estimates of time since divergence estimate the 
total elapsed time since the divergence of the two 
lineages rather than just the time since divergence 
of the two species

The use of the molecular clock to date divergence time
yields over-estimates of the species divergence time



(5) Testing the Neutral Theory 
Null Model

We’ll describe four tests of the neutral theory null 
model:

The Hudson-Kreitman-Aguade (HKA) test

The McDonald-Kreitman (MK) test

Tajima’s D statistic

Mismatch distributions



(5) Testing the Neutral Theory 
Null Model

The HKA test compares neutral theory predictions 
for DNA sequence evolution with empirically 
estimated polymorphism and divergence

The test requires DNA sequence data from two loci, 
one of which is chosen because it is selectively 
neutral and serves as a reference/control locus 
(e.g., non-coding regions or pseudo genes), while the 
other locus is the focus of the test and for which 
the neutral null model is being tested

The HKA test



(5) Testing the Neutral Theory 
Null Model

Further, the HKA test requires that DNA sequence 
data for the two loci be collected in a particular 
manner:

DNA sequences for two loci must be obtained 
from two species to estimate divergence 
between the species for both loci

In addition, DNA sequences from multiple 
individuals within one of the species need to be 
obtained to estimate levels of polymorphism 
present at both loci

The HKA test



(5) Testing the Neutral Theory 
Null Model

Polymorphism is measured by nucleotide diversity 
(π) for each locus

Divergence is estimated by comparing the DNA 
sequences for both loci between an individual of 
each species, employing a nucleotide substitution 
model to correct for homoplasy

Once these estimates are obtained, they can be 
combined

The HKA test



(5) Testing the Neutral Theory 
Null Model

The HKA test



(5) Testing the Neutral Theory 
Null Model

The HKA test has some limitations and 
assumptions, which include:

the ability to identify an unambiguously neutral 
reference locus

the assumption that each of the two species 
used are panmictic

The HKA test



(5) Testing the Neutral Theory 
Null Model

The MK test is a test of the neutral model of DNA 
sequence divergence between two species

The test requires DNA data from a single coding 
gene

The sample of DNA sequences is taken from 
multiple individuals of a focal species to estimate 
polymorphism

The test also requires a DNA sequence at the same 
locus from another species to estimate divergence

The MK test



(5) Testing the Neutral Theory 
Null Model

The two classes of DNA changes used in the MK 
test are synonymous and nonsynonymous changes

The MK test



(5) Testing the Neutral Theory 
Null Model

The MK test



(5) Testing the Neutral Theory 
Null Model

Tajima’s D is a test of the standard coalescent 
model that is commonly applied to DNA 
polymorphism data sampled from a single species

The test uses nucleotide diversity (π) and the 
number of segregating sites (S) observed in a 
sample of DNA sequences to make two estimates,     
and     , respectively, of the scaled mutation rate 
θ=4Neμ 

Tajima’s D

θ̂π
θ̂S



(5) Testing the Neutral Theory 
Null Model

Tajima’s D test relies on the fact that both 
estimates are expected to be approximately equal 
under the standard coalescent model where all 
mutations are selectively neutral and the 
population size remains constant over time 

Tajima’s D



(5) Testing the Neutral Theory 
Null Model

The null hypothesis of the test is that the sample of 
DNA sequences was taken from a population with 
constant effective population size and selective 
neutrality of all mutations

Natural selection operating on DNA sequences as 
well as changes in effective population size 
through time lead to rejection of this null 
hypothesis

Tajima’s D



(5) Testing the Neutral Theory 
Null Model

Tajima’s D takes advantage of the fact that 
mutations that occurred further back in time in a 
genealogy are counted more times when computing 
the nucleotide diversity (π) than when computing 
the number of segregating sites (S)

Tajima’s D



(5) Testing the Neutral Theory 
Null Model

Tajima’s D



(5) Testing the Neutral Theory 
Null Model

The coalescent process with neutral alleles and 
constant Ne results in approximately the same 
total length along interior and exterior branches in 
a genealogy

In contrast, processes that alter the probability of 
coalescence also change the ratio of interior and 
exterior branch lengths

Tajima’s D



(5) Testing the Neutral Theory 
Null Model

Tajima’s D



(5) Testing the Neutral Theory 
Null Model

An alternative way to think about how Tajima’s D 
works is to consider the frequency distribution of 
mutations under different types of natural 
selection or population histories

Tajima’s D



(5) Testing the Neutral Theory 
Null Model

Mutations that happen to occur on internal 
branches in a genealogy have an intermediate 
frequency

Mutations that happen to occur on external 
branches in a genealogy have a low frequency

Since the total internal and external branch length 
are expected to be about equal under the standard 
coalescent model, intermediate and rare alleles are 
also expected to be about equal in frequency

Tajima’s D



(5) Testing the Neutral Theory 
Null Model

On the other hand,

both population growth and multi-allelic 
balancing selection can lead to an excess of rare 
mutations

strong purifying selection, shrinking population 
size, or a population bottleneck can lead to an 
excess of intermediate-frequency mutations

Tajima’s D



(5) Testing the Neutral Theory 
Null Model

These expectations are the basis for Tajima’s D 
statistic

Tajima’s D
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Null Model

Tajima’s D

D =
θ̂π − θ̂S�
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n is the number of sequences sampled



(5) Testing the Neutral Theory 
Null Model

The null model is based on a constant mutation rate 
through time, the infinite sites model of mutation, 
the Wright-Fisher model with non-overlapping 
generations, and a panmictic population at drift-
mutation equilibrium

Although a large value of D serves to reject the 
standard coalescent model for a given set of DNA 
polymorphism data, distinguishing among the 
various causes of the rejection cannot be achieved 
with the estimate of D at a single locus

Tajima’s D



(5) Testing the Neutral Theory 
Null Model

So far, averages of nucleotide diversity and number 
of segregating sites have been used

Alternatively, one can use the mismatch 
distribution directly, which is the frequency 
distribution of number of nucleotide sites that 
differ between all unique pairs of DNA sequences in 
a sample

Mismatch distributions
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(5) Testing the Neutral Theory 
Null Model

A bimodal mismatch distribution is the 
characteristic signature of genealogies in 
populations with a relatively constant Ne in the 
past

Significant deviations from this distribution may 
be indicative of processes that violate the 
underlying assumptions of the null hypothesis

Mismatch distributions



(5) Testing the Neutral Theory 
Null Model

A related way to view polymorphism is by 
examining the distribution of haplotype 
frequencies in a sample of sequences

Under neutrality and constant Ne, a range of 
haplotype frequencies are expected from very 
frequent to rare

Processes that violate neutrality or change Ne over 
time may result in different haplotype frequency 
distributions

Mismatch distributions



(5) Testing the Neutral Theory 
Null Model

Limitations of these tests include

Recombination obscures the history of 
mutations and in the extreme would lead to a 
uniform mismatch distribution

Given the stochastic nature of coalescence and 
the inherent large variance in times to 
coalescence, a large variance in the shape of the 
mismatch distribution may be observed even 
when Ne is constant

Mismatch distributions



(6) Molecular Evolution of Loci 
That Are Not Independent
When considering more than one locus, gametic 
disequilibrium influences polymorphism

As natural selection drives a favorable mutation to 
high frequency in a population, the neutral alleles 
in gametic disequilibrium with the selected 
mutation also reach high frequency, a phenomenon 
that is called genetic hitch-hiking

This also results in a loss of polymorphism in the 
population for the neutral alleles, since only those 
in gametic disequilibrium with the advantageous 
mutation remain in the population 
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(6) Molecular Evolution of Loci 
That Are Not Independent

The reduction in polymorphism caused by genetic 
hitch-hiking is sometimes called a selective sweep, 
since polymorphisms linked to an advantageous 
mutation are swept to high frequency by natural 
selections, and the other polymorphisms are swept 
out of the population at the same time

Because mitochondrial genomes do not experience 
recombination, genetic hitch-hiking has the 
potential to cause strong selective sweeps



(6) Molecular Evolution of Loci 
That Are Not Independent

It is also possible that new mutations may be 
deleterious

In this case, it is expected that negative selection 
against deleterious mutations would reduce 
polymorphism through hitch-hiking in a process 
called background selection



(6) Molecular Evolution of Loci 
That Are Not Independent
A third possibility is that new mutations are acted 
on by balancing selection, which would eventually 
bring new beneficial mutations at the same site to 
intermediate frequencies and maintain them in the 
population for very long periods of time

Neutral sites in LD with sites under balancing 
selection have greatly increasing segregation times 
and so have a greater opportunity to experience 
mutation that leads to the accumulation of 
polymorphism



(6) Molecular Evolution of Loci 
That Are Not Independent
We have seen that when the probability of fixation 
of a new mutation is dictated by natural selection, 
then divergence rates change for those sites under 
natural selection

Positive natural selection speeds up divergence, and 
negative natural selection slows divergence rates

Question: what happens to the divergence rates of 
neutral sites that are in LD with sites that are 
acted on by natural selection?

Gametic disequilibrium and rates of divergence



(6) Molecular Evolution of Loci 
That Are Not Independent

We showed the rate of divergence is a function of 
the rate of substitution (k=2Tμ)

The expected rate of substitution with a species is 
determined by the scaled mutation rate (2Neμ=θ/2) 
and the probability of fixation for mutations (PF), 
which can be stated as

Gametic disequilibrium and rates of divergence

k =
θ

2
PF



(6) Molecular Evolution of Loci 
That Are Not Independent

For independent neutral mutations, we have 

Gametic disequilibrium and rates of divergence

PF =
1

2N

Hence, for such mutations, we have

k =
θ

2
PF = (2Neµ)

1
2Ne

= µ



(6) Molecular Evolution of Loci 
That Are Not Independent
Assume that we have a neutral locus with two 
alleles A and a, with frequencies x and 1-x, 
respectively

Further, assume the neutral locus is completely 
linked to another locus where all alleles are under 
the influence of very strong positive natural 
selection

Now, imagine a new mutation at the selected locus, 
which goes to fixation instantly

Gametic disequilibrium and rates of divergence



(6) Molecular Evolution of Loci 
That Are Not Independent

What is the probability that the A allele at the 
neutral locus is also fixed due to hitch-hiking?

The probability that the new advantageous 
mutation is linked to A is x

Thus, there is the probability x that the A allele will 
sweep to fixation with the new mutation at the 
selected locus

Gametic disequilibrium and rates of divergence



(6) Molecular Evolution of Loci 
That Are Not Independent

However, the probability that the A allele is fixed 
by genetic drift is also x, since that is the initial 
frequency of the A allele

Therefore, even complete linkage to the selected 
allele does not alter the fixation probability for the 
A allele

Gametic disequilibrium and rates of divergence



Summary
The neutral theory is a widely used null hypothesis in molecular 
evolution

The neutral theory predicts that polymorphism is a function of 
Ne and the mutation rate 

The neutral theory predicts that the rate of divergence is a 
function of only the mutation rate

Apparent divergence between two DNA sequences may be 
underestimated because of multiple hit mutations or homoplasy

Nucleotide substitution models are used to correct observed 
divergence



Summary
Nucleotide diversity (π) and the number of segregating sites (S) 
are two measures of DNA sequence polymorphism that can be 
used to estimate θ=4Neμ

The molecular clock hypothesis uses the neutral theory 
prediction that divergence occurs at a constant rate over time 
to estimate the time that has elapsed since the two sequences 
shared a common ancestor

The HKA and MK tests, Tajima’s D, and the polymorphism 
frequency distribution can be used to test the null hypothesis

Mutations acted on by natural selection can alter levels of 
polymorphism at linked neutral nucleotide sites


