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Evolutionary distance refers to the number of nucleotide substitutions per site between

two homologous DNA sequences or the number of amino acid substitutions per site

between two homologous protein sequences.

Introduction

Estimation of evolutionary distances between protein
and deoxyribonucleic acid (DNA) sequences is impor-
tant for constructing phylogenetic trees, dating spe-
cies’s divergences and understanding the mechanisms
of evolution of genes, proteins and populations.

Many estimators of evolutionary distances have
been developed in the past 30 years. They are based
on different models of sequence evolution and are
used for different types of genes and proteins under
different conditions. The assumptions, estimation
methods and utilities of these estimators are described.

Amino Acid Sequences

Estimation of evolutionary distances starts with the
alignment of two homologous sequences, which can be
carried out by computer programs such as CLUSTAL.
Evolutionary distances are then computed for the
aligned sequences after removal of gap-containing
sites. The simplest distance measure between two
amino acid sequences is the p distance, which is the
proportion of sites that differ between two sequences.
It is estimated by

p̂p ¼ nd=n ð1Þ

where n is the number of sites compared and nd is the
number of sites that have different residues. The
variance of p̂ is given by

Vðp̂pÞ ¼ pð1� pÞ=n ð2Þ
The p distance is useful when the number of
substitutions per site is so small that there are virtually
no multiple hits at each site. It is also useful for
constructing phylogenetic trees, because it has a
smaller variance than other distance estimators.

When multiple hits cannot be neglected and different
sites have the same substitution rate, one can use the
Poisson correction (PC) distance, which is estimated by

d̂d ¼ �lnð1� pÞ ð3Þ

where p is given by eqn (1). (The symbol ˆ of p̂ is
eliminated for simplicity.) The variance of d̂ is given by

Vðd̂dÞ ¼ p=½ð1� pÞn� ð4Þ

In protein evolution, the substitution rate usually
varies among amino acid sites. Empirical studies have
shown that the rate variation approximately follows
the gamma distribution (Nei and Kumar, 2000). The
PC gamma distance between two sequences can be
estimated by

d̂GdG ¼ a½ð1� pÞ�1=a � 1� ð5Þ

Here a is the shape parameter of the gamma
distribution and can be estimated by various methods
(Gu and Zhang, 1997; Yang, 1997). The variance of
the PC gamma distance is given by

Vðd̂GdGÞ ¼ p½ð1� pÞ�ð1þ2=aÞ�=n ð6Þ

In reality, the substitution rate also varies with
amino acid pair. Dayhoff et al. (1978) have compiled
many protein substitution data and developed a
206 20 substitution matrix known as the Dayhoff
matrix, which gives the relative rates of substitution
among all 206 20 pairs of amino acids. The Dayhoff
distance (dD) can be computed numerically when p
distance is known. Jones et al. (1992) have updated the
matrix of Dayhoff et al. matrix with more protein
sequences, and the new matrix is called the JTT
matrix. The JTT distance can be computed in a
similar manner. However, a more convenient way of
computing the Dayhoff and JTT distances is to use the
gamma distance, because the Dayhoff distance can be
approximated by a PC gamma distance with
a¼ 2.25 and the JTT distance with a¼ 2.4 (Nei
and Kumar, 2000).

Empirical studies have shown that in phylogeny
reconstruction, simple distances such as p distance
often outperform complex distances even when the
complex distances are more realistic than the simple
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ones (Nei and Kumar, 2000). This occurs because
simple distances generally have smaller variances. For
dating species divergence, however, more realistic
models give better estimates.

Nucleotide Sequences

For two aligned DNA sequences, the number of
nucleotide substitutions per site can be estimated by
p distance as in eqn (1), when there are few multiple
hits at each site. However, as p increases, multiple hits
cannot be ignored, and more complex distance
estimators have to be used. Under the assumption
that the substitution rate is the same between any pair
of nucleotides, Jukes and Cantor (1969) have devel-
oped the following distance measure:

d̂d ¼ � 3
4 ln 1� 4

3 p
� �

ð7Þ

where p is the proportion of sites that differ between
the two sequences. Note that the Jukes�Cantor
distance is undefined when p is equal to or greater
than 0.75. This is because p is expected to be smaller
than 0.75 for any related sequences. The variance of
this distance is given by

Vðd̂dÞ ¼ 9pð1� pÞ
ð3� 4pÞ2n

ð8Þ

Empirical observations have shown that transitional
substitutions (between A and G or T and C) occur
more often than transversional substitutions (all other
changes). This phenomenon is called the transition�
transversion bias, which is taken into account by
Kimura’s two-parameter distance given below:

d̂d ¼ � 1
2 lnð1� 2P�QÞ � 1

4 lnð1� 2QÞ ð9Þ

where P is the proportion of sites that show transi-
tional differences and Q is the proportion of sites that
show transversional differences. The variance of this d̂
is given by

Vðd̂d Þ ¼ 1

n
½c21Pþ c22Q� ðc1Pþ c2QÞ2� ð10Þ

where

c1 ¼
1

1� 2P�Q
ð11Þ

and

c2 ¼
1

2

1

1� 2P�Q
þ 1

1� 2Q

� �
ð12Þ

Tajima and Nei (1993) have developed a distance
measure for sequences with unequal base frequencies
based on the equal-input model, which assumes that
the probability of a substitution from nucleotide i to j
is proportional to the frequency of nucleotide j in the
sequences. This distance is estimated by

d̂d ¼ �b lnð1� p=bÞ ð13Þ

where

b ¼ 1

2
1�

X4
i¼ 1

g2i þ p2
.X3

i¼ 1

X4
j¼ iþ1

x2ij
2gigj

" #
ð14Þ

Here gi is the frequency of nucleotide i in the sequences
and xij (i5 j) is the frequency of nucleotide pair i and j
when two sequences are compared. The variance of
this d̂ is given by

Vðd̂dÞ ¼ b2pð1� pÞ
ðb� pÞ2n

ð15Þ

In some cases, the GC content of DNA sequences
significantly deviates from 0.5. Taking into account
this deviation and the transition�transversion bias
together, Tamura has developed the following distance
measure:

d̂d ¼ �h lnð1� p=h�QÞ � 1
2 ð1� hÞ lnð1� 2QÞ ð16Þ

where h¼ 2y(1� y) and y is the GC content. The
variance of this d̂ is given by eqn (10) if we redefine c1
and c2 in the following way:

c1 ¼
1

1� P=h�Q
ð17Þ

and

c2 ¼ h c1 �
1

1� 2Q

� �
þ 1

1� 2Q
ð18Þ

A more complex distance is needed when the four
nucleotide frequencies are unequal and the transi-
tion�transversion bias exists. The distance under this
substitution model is usually estimated numerically by
the maximum-likelihood method. An even more
complex model is to consider the two types of
transitions separately. An analytical formula for this
distance has been given by Tamura and Nei (1993).

One of the most complex models so far developed
is the general reversal model, which has three free
parameters for nucleotide frequencies and five
free parameters for relative rates between pairs of
nucleotides (Nei and Kumar, 2000). There is no
analytical formula for estimating this distance, but it
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can be estimated numerically by using the maximum-
likelihood method.

As in the case of protein sequences, rate variation
among sites can also be considered for DNA sequences
using the gamma distribution. For example, the
gamma distance for the Jukes�Cantor model is
estimated by

d̂d ¼ 3
4 a 1� 4

3 p
� ��1=a�1
h i

ð19Þ

with variance

Vðd̂dÞ ¼ pð1� pÞ
n

1� 4

3
p

� ��2ð1=aþ1Þ
" #

ð20Þ

The gamma distance for Kimura’s two-parameter
model is estimated by

d̂d ¼ a

2
ð1� 2P�QÞ�1=a þ 1

2
ð1� 2QÞ�1=a � 3

2

� �
ð21Þ

The variance of this distance is given by eqn (10) with
the following redefinition of c1 and c2:

c1 ¼ ð1� 2P�QÞ�ð1þ1=aÞ ð22Þ
and

c2 ¼ 1
2 ð1� 2P�QÞ�ð1þ1=aÞ þ ð1� 2QÞ�ð1þ1=aÞ
h i

ð23Þ

There are also a few other complex nucleotide
distance measures such as the paralinear distance
(Lake, 1994) and the LogDet distance matrix
method (Lockhart et al., 1994). They may be useful
in phylogeny reconstruction when the nucleotide
frequencies of the sequences change over time and
the sequence length is very long.

Synonymous and Nonsynonymous
Distances

For a pair of protein-coding nucleotide sequences, one
may compute the synonymous (dS) and nonsynonym-
ous (dN) distances, which are defined as the number of
synonymous nucleotide substitutions per synonymous
site and the number of nonsynonymous nucleotide
substitutions per nonsynonymous site respectively.
Synonymous substitutions are generally regarded as
neutral or nearly neutral, as they do not change the
protein sequence and function. Nonsynonymous
substitutions alter the protein sequence and may affect
the protein function. Comparison of dS and dN may
therefore provide useful information about natural
selection. Under neutral evolution without selection,
dN is expected to be equal to dS. Under negative
selection, dN is expected to be smaller than dS, because

deleterious nonsynonymous mutations would not be
fixed in the population easily. Under positive selection,
dN can be greater than dS, because the fixation of
advantageous nonsynonymous mutations may be
accelerated. Several methods are available for comput-
ing dS and dN. Here we describe briefly the commonly
used methods.

Nei and Gojobori (1986) have developed a simple
method for computing dS and dN. This method
assumes the Jukes�Cantor model of nucleotide
substitution. When there is strong transition�trans-
transversionbias,however, itmayunderestimatedNand
overestimate dS. This problem is largely taken care of
by the modified Nei�Gojobori method. Ina (1995) has
also developed a similar method for this case. It is
based on Kimura’s two-parameter substitution model.
Considering the degeneracy of the genetic code, Li
et al., Pamilo and Bianchi, Li, and Comeron have
developed methods for estimating dS and dN. Except
for the method of Li et al., other methods all consider
the transition�translation bias, but they are slightly
different in the way they treat arginine and isoleucine
codons (Nei and Kumar, 2000). Using a codon-based
substitution model, Goldman and Yang (1994) have
developed a likelihood method for estimating dS and
dN. Empirical results show that Goldman and Yang’s
method often gives greater dS than other methods do
(Nei and Kumar, 2000). Muse has also developed a
likelihood method based on the Jukes�Cantor model.
The property of Muse’s method is similar to that of
Nei and Gojobori (Nei and Kumar, 2000).

The 20 amino acids used in protein formation have
different physicochemical properties, and the substitu-
tion rates between pairs of amino acids can be very
different (Dayhoff et al., 1978). Hughes et al. (1990)
have classified the 20 amino acids into different groups
and called nonsynonymous substitutions within
groups ‘conservative’ and those between groups
‘radical’. Such grouping may be made according to
the charge, polarity or volume of the amino acids.
Thus, onemay compute the conservative nonsynonym-
ous distance (dC) and radical nonsynonymous distance
(dR) between two protein-coding nucleotide sequences.
These distances are formally defined as the number of
conservative nonsynonymous nucleotide substitutions
per conservative nonsynonymous site and the number
of radical nonsynonymous substitutions per radical
site. Zhang (2000) has improved the estimation of dC
and dR by taking into account the transition�transver-
ransversion bias, which was not considered in the
original method. Comparison of dC and dR helps
identify natural selection that acts to modify certain
biochemical properties of proteins such as the charge
profile (Hughes et al., 1990).
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