
1

Rates and Patterns 
of Nucleotide 
Substitution

Lecture 4
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Q: We may ask the question where in the now 
living systems the greatest amount of 
information of their  past history has survived 
and how it can be extracted?

A: Best fit are the macromolecules which 
car ry the genetic information. 

Molecules as documents of 
evolutionary history
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Sydney Brenner

“Searching for an objective 
reconstruction of the vanished 
past is surely the most 
challenging task in biology.”

“In one sense, everything in 
biology has already been 
‘published’ in the form of 
DNA sequences of genomes.” 

1991
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Assumption: 
Life is monophyletic
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Any two organisms 
share a common 
ancestor in their past

ancestor

descendant 1 descendant 2
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The differences 
between 1 and 2
are the result of 
changes on the 
lineage leading 
to descendant 1
+ those on the 
lineage leading 
to descendant 2.

ancestor

descendant 1 descendant 2
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Step 1:
Sequence Alignment
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Step 2:
Translating number 
of differences into 
number of changes



10

 

ri =
Ki

2T

Ki
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~10-9
Substitutions/site/year

Mean Rate of Nucleotide 
Substitution in Mammalian 

Genomes
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Evolution is a very slow
process at the molecular  
level.

Not much happens in 
evolution. 
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Empir ical findings:

Functional regions evolve 
slower than nonfunctional
regions. 
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Evolutionary Rate Profiles
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Assumptions of selectionism: 
1. Mutations can be either deleter ious or 

advantageous. 
2. If the fraction of advantageous mutations is 

large, the rate of evolution will be high. If the 
fraction of advantageous mutations is small, 
the rate of evolution will be low. 

3. A mutation occur r ing at a functional site has 
a higher probability of being advantageous
than a mutation occur r ing at a nonfunctional 
site.
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Prediction of selectionism:

Important entities 
should evolve faster
than less important 
ones. 
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Assumptions of neutralism: 
1. Mutations can be either deleter ious or 

neutral. 
2. If the fraction of deleter ious mutations is 

large, the rate of evolution will be low. If 
the fraction of deleter ious mutations is 
small, the rate of evolution will be high.

3. A mutation occurr ing at a functional site
has a higher probability of being
deleter ious than a mutation occurr ing at 
a nonfunctional site.
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Prediction of neutralism:

Important entities 
should evolve slower
than less important 
ones. 
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Kimura’s First Law of Molecular Evolution
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Functional constraint = Degree of 
intolerance towards mutations at 
a genomic location.

The functional constraint defines 
the range of alternative residues
that are acceptable at a site 
without affecting negatively the 
fitness of the organism.
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K = v 
For neutral mutations:
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Kimura’s model of functional constraint

Suppose that a fraction, f0, of all mutations are 
selectively neutral or near ly neutral and the rest are 
deleter ious. Advantageous mutations are assumed to 
occur only very rarely, such that their  relative 
frequency is effectively zero. 

If we denote by vT the total mutation rate per unit 
time, then the rate of neutral mutation, v0, is

v0 = vT f0
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According to the neutral theory, the rate of 
substitution is: 

Hence, 

The highest substitution rate is expected in 
sequences that do not have any function, such 
that all mutations are neutral

K = v0

K = vT f0

f0 = 1
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… and what about 
positive Darwinian selection?
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Prevalence of positive selection
3,595 groups of homologous sequences

In 17 gene groups, the ratio of nonsynonymous 
to synonymous substitution was significantly 
larger than 1.

Endo T, Ikeo K, Gojobor i T. 1996. Large-scale search 
for genes on which positive selection may operate. Mol. 
Biol. Evol. 13:685-690.

~ 0.45%
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The vast major ity of 
molecular  evolution is 
neutral.

Change = Equivalence
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Elevated KA/KS ratios are frequently found in 
sex-related genes, e.g., genes involved in mating 
behavior, fertilization, spermatogenesis, 
ejaculation, or sex determination. 

It is thought that sex-related genes are subject 
to positive selection for shor t per iods of time 
dur ing speciation as a means of erecting 
reproductive bar r ier s that restr ict gene flow 
between the speciating populations. 
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Substitution = Constrained 
Mutation - Pur ifying Selection

(3 factors affecting substitution rates)
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Because mammalian oogenesis differs 
fundamentally from the process of 
spermatogenesis, the number of germ-
cell divisions from one generation to 
the next in males, nm, is usually much 
larger than that in females, nf. 
“… we should expect higher mutability 
in the male to be a general proper ty of 
human and perhaps other ver tebrate 
genes.”(Haldane, 1947)
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Number of divisions in females = 24
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Number of divisions in 
males is age dependent.
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α =
um
u f

Let um and uf be the mutation rates in males 
and females, respectively, and α be the ratio of 
male to female mutation rates. That is
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A =
um + uf

2
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X =
um

3
+

2u f
3
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Y = um
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Y/ A =
2α

1 +α
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X / A =
2(2 + α )
3(1+ α )
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Y/ X =
3α

2 +α
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The zinc-finger protein-coding genes are a good case for 
studying the ratio of male to female mutation rates 
because in all mammals there are two homologous 
genes, an X-linked one (Zfx) and an Y-linked gene (Zfy). 

Shimmin et al. (1993) sequenced the last intron of Zfx
and Zfy genes in human, orangutan, baboon, and 
squir rel monkey. There are few functional constraints 
on introns and, therefore, we may disregard selective 
forces in this case. 

For all pairwise compar isons, Shimmin et al. (1993) 
found that the Y sequences were more divergent, i.e., 
have evolved faster, than their  X-linked homologues. 
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The mean Y/X ratio was 2.25, which by using 

translates into an estimate of α = ~ 6. 

Interestingly, the ratio nm/nf, is 200/33 ≈ 6. 

In rat, mouse, hamster, and fox, the mutation 
rates in males were found to be twice as large as 
those in females, which agrees with the nm/nf =2 
ratio in these species.

Y/ X =
3α

2 +α
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This phenomenon was dubbed: 

“MALE DRIVEN EVOLUTION”
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Complication:

MALE DRIVEN EVOLUTION may 
be explained by two factors:

1. Mutation: There are more 
mutations in males than in females.

2. Selection: Exposure of alleles to 
selection on hemizygous X 
chromosomes in males.
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The vast majority of mutations 
der ive from the male germline.

Nothing happens, but if it does, 
blame your husband.
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Patterns of Substitution 
and Replacement
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To A To T To C To G Row totals

From A
3.4 ± 0.7

(3.6 ± 0.7)
4.5 ± 0.8

(4.8 ± 0.9)
12.5 ± 1.1

(13.3 ± 1.1)
20.3

(21.6)

From T
3.3 ± 0.6

(3.5 ± 0.6)
13.8 ± 1.9

(14.7 ± 2.0)
3.3 ± 0.6

(3.5 ± 0.6)
20.4

(21.7)

From C
4.2 ± 0.5

(4.2 ± 0.5)
20.7 ± 1.3

(16.4 ± 1.3)
4.6 ± 0.6

(4.4 ± 0.6)
29.5

(25.1)

From G
20.4 ± 1.4

(21.9 ± 1.5)
4.4 ± 0.6

(4.6 ± 0.6)
4.9 ± 0.7

(5.2 ± 0.8)
29.7

(31.6)

Column
totals

27.9
(29.5)

28.5
(24.6)

23.2
(23.2)

20.5
(21.3)

The sum of the relative frequencies of transitions is ~68%
If all mutations occur with equal frequencies the expectation is 33% 

*Based on a sample of 105 mammalian retropseudogenes.



54

To A To T To C To G Row totals

From A
3.4 ± 0.7

(3.6 ± 0.7)
4.5 ± 0.8

(4.8 ± 0.9)
12.5 ± 1.1

(13.3 ± 1.1)
20.3

(21.6)

From T
3.3 ± 0.6

(3.5 ± 0.6)
13.8 ± 1.9

(14.7 ± 2.0)
3.3 ± 0.6

(3.5 ± 0.6)
20.4

(21.7)

From C
4.2 ± 0.5

(4.2 ± 0.5)
20.7 ± 1.3

(16.4 ± 1.3)
4.6 ± 0.6

(4.4 ± 0.6)
29.5

(25.1)

From G
20.4 ± 1.4

(21.9 ± 1.5)
4.4 ± 0.6

(4.6 ± 0.6)
4.9 ± 0.7

(5.2 ± 0.8)
29.7

(31.6)

Column
totals

27.9
(29.5)

28.5
(24.6)

23.2
(23.2)

20.5
(21.3)

In the absence of selection, DNA will tend to become AT-r ich

In compar ison to the 50%  expectation, 59.2% of all 
substitutions are from G and C, and 56.4% of all 
substitutions are to A and T.
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To A To T To C To G Row totals

From A
3.4 ± 0.7

(3.6 ± 0.7)
4.5 ± 0.8

(4.8 ± 0.9)
12.5 ± 1.1

(13.3 ± 1.1)
20.3

(21.6)

From T
3.3 ± 0.6

(3.5 ± 0.6)
13.8 ± 1.9

(14.7 ± 2.0)
3.3 ± 0.6

(3.5 ± 0.6)
20.4

(21.7)

From C
4.2 ± 0.5

(4.2 ± 0.5)
20.7 ± 1.3

(16.4 ± 1.3)
4.6 ± 0.6

(4.4 ± 0.6)
29.5

(25.1)

From G
20.4 ± 1.4

(21.9 ± 1.5)
4.4 ± 0.6

(4.6 ± 0.6)
4.9 ± 0.7

(5.2 ± 0.8)
29.7

(31.6)

Column
totals

27.9
(29.5)

28.5
(24.6)

23.2
(23.2)

20.5
(21.3)

(CG dinucleotides excluded)
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Mutations: Strand (Leading and Lagging) Effects
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To A To T To C To G Row totals

From A 0.4 1.1 14.1 15.6

From T 0.3 33.8 0.3 34.4

From C 1.1 25.8 0.5 27.4

From G 20.0 1.1 1.6 22.7

Column
totals

21.4 27.3 36.5 14.9

The transitional rate between pyr imidines (C, T) is much higher 
than that between pur ines (G, A), suggesting different patterns 
and rates of mutation between the two strands.

Is G → A = C → T?



59

Pattern of 
amino-acid 
replacement
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Grantham’s physicochemical distances between pairs of amino acids
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Similar Dissimilar



62
Kimura 1985
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Exchanges between similar 
structures occur frequently. 
Exchanges between 
dissimilar structures occur 
rarely. 

Nothing happens, but if it 
does, it doesn’t matter.
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Most conserved amino acids: 

Glycine is ir replaceable because of its small size.

Lysine is ir replaceable because of its involvement in 
amidine bonds that crosslink polypeptide chains

Cysteine is ir replaceable because of its involvement 
in cystine bonds that crosslink polypeptide chains

Proline is ir replaceable because of its contr ibution to 
the contor tion of proteins.
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Excluding arginine, the correlation between observed and 
expected frequencies was highly significant (r = 0.9). 
Arginine frequency seems to be affected by selection acting 
on one or more of its codons.
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Conclusions: Instead of an amino 
acid frequency being determined 
by functional requirements, its 
frequency seems to be determined 
by nucleotide composition and the 
number of codons for the amino 
acid.
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Codon Usage
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Escherichia
coli

Saccharomyces
cerevisaeAmino Acid Codon

High Low High Low
UUA 1% 20% 8% 25%

UUG 1% 15% 89% 25%

CUU 2% 12% 0% 12%
CUC 3% 11% 0% 9%
CUA 1% 5% 3% 15%

Leucine

CUG 92% 37% 0% 14%

GUU 60% 27% 52% 28%

GUC 2% 25% 48% 19%
GUA 28% 16% 0% 30%

Valine

GUG 10% 32% 0% 23%
AUU 16% 46% 42% 43%

AUC 84% 37% 58% 22%

Isoleucine

AUA 0% 17% 0% 35%
UUU 17% 67% 10% 69%Phenylalanine

UUC 83% 33% 90% 31%
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Codon Usage
is

related 
to

Translation 
Efficiency



Subramanian S. 2008. Genetics 178:2429-2432 
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Molecular  
clocks
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Molecular  clock?
• The molecular clock hypothesis 

was put forward by 
Zuckerkandl and Pauling in 
1962. 

• They noted that rates of amino 
acid replacements in animal 
hemoglobins were proportional 
to time of divergence—as 
judged from the fossil record.
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Molecular  clocks?
• Zuckerkandl and Pauling, therefore, 

proposed that for any given protein, 
the rate of molecular evolution is 
approximately constant over time in 
all lineages.
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The molecular clock hypothesis

If proteins evolve at constant rates, then the 
number of substitutions between two 
sequences may be used to estimate 
divergence times. 

This is analogous to the dating of geological 
times by radioactive decay.
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Example:

The rate of nonsynonymous substitution for α-globin is 
0.56 × 10–9 nonsynonymous substitutions per 
nonsynonymous site per year.

Rat and human α-globins differ by 0.093 
nonsynonymous substitutions per nonsynonymous site. 

If the universal molecular-clock hypothesis is correct, 
then human and rat diverged from a common ancestor 
0.093/2 × 0.56 × 10 –9 = 83 million years ago.
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Allan C. Wilson Morr is Goodman
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Relative Rate Tests
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Sarich & Wilson’s 
Test
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KAB = KOA + KOB
KAC = KOA + KOC
KBC = KOB + KOC
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KOA = (KAC + KAB – KBC)/2
KOB = (KAB + KBC – KAC)/2
KOC = (KAC + KBC – KAB)/2
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If the molecular  clock hypothesis is cor rect, then
KAC – KBC = 0



86Not significantly different from 0
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No such difference is seen at 
nonsynonymous sites, indicating that 
mutational differences, rather than 
selectional differences, are involved.
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The results of the relative rate test 
depend on knowledge of true tree.



92

Relative rate tests have 
shown that there is no
universal molecular  clock.

However , sufficiently accurate 
local clocks may exist.
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fastslow
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The ranking of organisms star ted with the 
Ar istotelian Scala Naturae…
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In the literature one often encounters the 
adjective “pr imitive” attached to the name of 
an organism. For example, sponges are defined 
as “pr imitive.”
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Humans, on the other hand, are always 
refer red to as “advanced.”
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99Advanced Pr imitive
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Causes of var iation in substitution 
rates among evolutionary lineages
The factors most commonly invoked to explain the 
differences in the rate of substitution among lineages are: 

(1) replication-dependent factors, i.e., 

mutation.
(2) replication-independent factors, i.e., 

selection.
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generation-time effect
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Rates of evolution tend to 
cor relate with generation 
times.
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Metabolic rate = amounts of O2 
consumed per weight unit per time 
unit.
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shrew blue whale

metabolic-rate effect

sharksardine
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Rates of evolution tend to 
cor relate with metabolic 
rates.
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Generation times tend to 
cor relate with metabolic 
rates.

The big ones are the slow 
ones. 
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Animals

Plants

HIGHLOW

Organelles: Mutation Rates

nucleus mitochondr ia

HIGHLOW
nucleusmitochondr ia chloroplast
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Evolution of RNA viruses:
RNA VIRUSES evolve at rates that are about 
106 times faster than those of DNA organisms. 
Therefore, significant numbers of nucleotide 
substitutions accumulate over short time 
periods, and differences in nucleotide sequences 
between strains isolated at relatively short time 
intervals are detectable. This property allows 
for a novel approach to estimating evolutionary 
rates.
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Example: 

Two strains of the HIV1 virus, denoted as 1 
and 2 were isolated from a two-year-old child 
on 3 October 1984 and 15 January 1985, 
respectively. The child was presumed to have 
been infected once per inatally by her mother 
by a single strain of HIV1.
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03 Dec. 1984
15 Jan. 1985

Reference

t = 3.4 months (0.28 year )
d13 = 0.0655
d23 = 0.0675

a = 7.1 × 10–3 substitutions/site/year
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Tempo of Evolution:
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“... it is probable that the periods, during 
which each [species] underwent 
modification, though many and long as 
measured by years, have been short in 
comparison with the periods during 
which each remained in an unchanged 
condition.”

Charles Darwin, from the final 6th edition 
(1872) of On the Origin of Species
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tim
e

Phyletic gradualism
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change

tim
e

Punctuated equilibr ia associated with speciation events

stasis
revolution

speciation
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A phylogenetic tree
for the growth-hormone

gene in mammals

Dur ing most mammalian 
evolution, growth-hormones 
evolved quite slowly (~0.3 ×
10–9 replacements per site per 
year ). There are, however, two 
rate increases: a 40-fold
increase pr ior  to pr imate
divergence, and a 20-fold
increase pr ior  to ruminant
divergence. 
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Possible explanations for  
the increased rates in 
ruminants and pr imates:

(1) an increase in mutation rate
(2) positive selection
(3) relaxation of pur ifying 
selection 
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Rates of amino-acid r eplacement (× 109 ±  standard error )
and the ratio of nonsynonymous (KA) to synonymous (KS)

substitution in growth-hormone genes dur ing mammalian

evolution

_________________________________________________________

Rate of amino-acid

Phase replacement KA/KS
_________________________________________________________

Slow phase   0.3 ± 0.1 0.03
Ruminant r apid phase   5.6 ± 1.4 0.30
Primate rapid phase 10.8 ± 1.3 0.49
_________________________________________________________
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IS THERE A RELATIONSHIP 
BETWEEN MOLECULAR
RATES OF EVOLUTION & 

MORPHOLOGICAL RATES 
OF EVOLUTION?
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A living fossil:
Limulus polyphemus (Atlantic horseshoe crab)

fossil (500 mya) extant
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Blue shark (Prionace glauca) Alligator (Alligator mississippiensis)

Molecular ly fast-evolving lineages

Living fossils
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Molecular ly slow-evolving lineages

Yellow mud tur tle (Kinosternon flavescens)

Living fossils
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IS THERE A RELATIONSHIP 
BETWEEN MOLECULAR
RATES OF EVOLUTION & 

MORPHOLOGICAL RATES 
OF EVOLUTION?

NO!
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Some scientists have even 
suggested that the lack of 
relationship between the two 
levels of descr iption is so 
total as to deserve to be 
called:

“The Big Divorce”
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