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Evolution at the molecular level is radically 
different from evolution at the morphological levelp g

Changes in the mean number of ribs in eight lineages of trilobites

Sheldon 1987, as in Futuyma 1998

Changes in the mean number of ribs in eight lineages of trilobites. 
Irregular but mostly gradual changes are seen in most of the lineages



From population genetics to molecular evolution

Population genetics deals with allele frequencies within populations

T

Molecular evolution deals with evolving sequences by units 
of substitutions

CAGTTTATTTTCTTTTTTTCTGAGAGAGAGGGTCTTATTTTGTTGCCCAGG
CAGTTTATTTTCTTTTTTTCTGAGTGAGAGGGTCTTATTTTGTTGCCCAGG

of substitutions



Molecular Clocks
• The biological concept of homology
• Molecular clocks

• Zuckerkandl and Pauling christen the molecular clock
• Local clocks
• Testing the molecular clock hypothesis with a relative rate testTesting the molecular clock hypothesis with a relative rate test
• Deviations from the molecular clock

• Estimating evolutionary distance between biological sequences
Sim lation of the acc m lation of m tations to a seq ence• Simulation of the accumulation of mutations to a sequence

• Jukes-Cantor and Kimura model
• A new time scale for hominid evolution



ATCTACCATGAAAGACTTGTGAATCCAGGAAGAGAGACTGACTGGGCAACATGTTATTCA
ACAAAAAGATTTGGACTGTAACTTAAAAATGATCAAATTATGTTTCCCATGCATCAGGTGC
GGGAAGCTCTTCTGGAGAGTGAGAGAAGCTTCCAGTTAAGGTGACATTGAAGCCAAGTC
AAAGATGAGGAAGAGTTGTATGAGAGTGGGGAGGGAAGGGGGAGGTGGAGGGATGGGGAAAGATGAGGAAGAGTTGTATGAGAGTGGGGAGGGAAGGGGGAGGTGGAGGGATGGGG
GGGCCGGGATGGGATAGCGCAAACTGCCCGGGAAGGGAAACCAGCACTGTACAGACCTG

ACAACGAAGATGGCATATTTTGTTCAGGGAATGGTGAATTAAGTGTGGCAGGAATGCTTTG
ACACAGTAATTTGCTTGTATGGAATTTTGCCTGAGAGACCTCATTGCAGTTTCTGATTTTT
GTCTTCATCCATCACTGTCCTTGTCAAATAGTTTGGAACAGGTATAATGATCACAATAACC

AAGCATAATATTTCGTTAATTCTCACAGAATCACATATAGGTGCCACAGTTATCCCCATTTTA
AATGGAGTTheBiologicalConceptofHomolgyGATGAAAACCTTAGGAATAATGAATG

TGCGCAGGCTCACCTGGATATTAAGACTGAGTCAAATGTTGGGTCTGGTCTGACTTTAATG
GCTTTGTTCATGAGCACCACATATTGCCTCTCCTATGCAGTTAAGCAGGTAGGTGACAGAA
CCCATGTTTGTCTCTACTCACACACTTCCGACTGAATGTATGTATGGAGTTTCTACACCAG
TTCAGTGCTCTGGATATTAACTGGGTATCCCATGACTTTATTCTGACACTACCTGGACCTTGTTCAGTGCTCTGGATATTAACTGGGTATCCCATGACTTTATTCTGACACTACCTGGACCTTG

AAATAGTTTGGACCTTGTCAAATAGTTTGGAGTCCTTGTCAAATAGTTTGGGGTTAGCACAG
CCCACAAGTTAGGGGCTCAGTCCCACGAGGCCATCCTCACTTCAGATGACAATGGCAAG
AAGTTGTCACCATACTTTTGACCAACCTGTTACCAATCGGGGGTTCCCGTAACTGTCTTCT
GTTTAATAATTTGCTAGAACAGTTTACGGAACTCAGAAAAACAGTTTATTTTCTTTTTTTCGTTTAATAATTTGCTAGAACAGTTTACGGAACTCAGAAAAACAGTTTATTTTCTTTTTTTC

AGAGAGAGGGTCTTATTTTGTTGCCCAGGCTGGTGTGCAATGGTGCAGTCATAGCTCATTG
CCTTGATTGTCTGGGTTCCAGTGGTTCTCCCACCTCAGCCTCCCTAGTAGCTGAGACTACA
CTGCACCACCACATCTGGCTAGTTTCTTTTATTTTTTGTATAGATGGGGTCTTGTTGTGTTG
AGGCTGGCCACAAATTCCTGGTCTCAAGTGATCCTCCCACCTCAGCCTCTGAAAGTGCTG

ATTACAGATGTGAGCCACCACATCTGGCCAGTTCATTTCCTATTACTGGTTCATTGTGAAGG
ACATCTCAGAAACAGTCAATGAAAGAGACGTGCATGCTGGATGCAGTGGCTCATGCCTGTA

TCAGCACTTTGGGAGGCCAAGGTGGGAGGATCGCTTAAACTCAGGAGTTTGAGACCAGC



Richard Owen (1804-1892)

• Owen defined homology as "the same organ in• Owen defined homology as the same organ in 
different animals under every variety of form and 
function." – 1843

• Postulated a common structural plan (“archetype”) 
exists for all vertebrates. 

Owen, 1848



Darwin’s theory reinterpreted homology as common ancestry.

ATCGGCCACTTTCGCGATCA Ancestral sequence

ATAGGCCACTTTCGCGATCA

ATAGGCCACTTTCGCGATTA

ATCGGCCACTTTCGCGATCG

ATCGGCCACTTTCGTGATCG

ATAGGGCAGTTTCGCGATTA

ATAGGGCAGTTTTGCGATTA

ATCGGCCACGTTCGTGATCG

ATCGGCCACGTTCGCGATCG

ATAGGGCAGTTTCGCGATTAATCGGCCACCTTCGCGATCG

ATAGGGCAGTCTCGCGATTAACCGGCCACCTTCGCGATCG

Homologous sequences

ACCGGCCACCTTCGCGATCG
ATAGGGCAGTCTCGCGATTA 



Orthologs arise by speciation

ATCGGCCACTTTCGCGATCA
Sequence in ancestral
Organism

Speciation event

ATAGGGCAGTCTCGCGATTAACCGGCCACCTTCGCGATCG

Orthologous sequencesModern species A Modern species Bp p

Orthologs are “evolutionary counterparts” – Koonin (2001)



Paralogs arise by duplications

ATCGGCCACTTTCGCGATCA
Sequence in ancestral
Organism

Duplication event

ATAGGGCAGTCTCGCGATTAACCGGCCACCTTCGCGATCG

Paralogous sequencesModern duplicate A Modern duplicate Bp p



An evolutionary tale…

Duplication of A in human

Duplication of A in worm

Sonnhammer & Koonin (2002) TIGs 18 619-220



Evolutionary Relationships

The yeast gene is orthologous to all worm and 
human genes, which are all co-orthologous to the 
yeast gene

Sonnhammer & Koonin (2002) TIGs 18 619-220



Evolutionary Relationships

all genes in the HA* set are co-orthologous to all 
genes in the WA* set

Sonnhammer & Koonin (2002) TIGs 18 619-220



Evolutionary Relationships

The genes HA* are hence ‘inparalogs’ to each 
other when comparing human to worm.

Sonnhammer & Koonin (2002) TIGs 18 619-220



Evolutionary Relationships

duplication speciation

By contrast, the genes HB and HA* are 
‘outparalogs’ when comparing human with worm

Sonnhammer & Koonin (2002) TIGs 18 619-220



speciation
Evolutionary Relationships

duplication

HB and HA*, and WB and WA* are inparalogs 
h i ith t b th i lwhen comparing with yeast, because the animal–

yeast split pre-dates the HA*–HB duplication
Sonnhammer & Koonin (2002) TIGs 18 619-220



ATCTACCATGAAAGACTTGTGAATCCAGGAAGAGAGACTGACTGGGCAACATGTTATTCA
ACAAAAAGATTTGGACTGTAACTTAAAAATGATCAAATTATGTTTCCCATGCATCAGGTGC
GGGAAGCTCTTCTGGAGAGTGAGAGAAGCTTCCAGTTAAGGTGACATTGAAGCCAAGTC
AAAGATGAGGAAGAGTTGTATGAGAGTGGGGAGGGAAGGGGGAGGTGGAGGGATGGGG
GGGCCGGGATGGGATAGCGCAAACTGCCCGGGAAGGGAAACCAGCACTGTACAGACCTG
CAACGAAGATGGCATATTTTGTTCAGGGAATGGTGAATTAAGTGTGGCAGGAATGCTTTGT
ACACAGTAATTTGCTTGTATGGAATTTTGCCTGAGAGACCTCATTGCAGTTTCTGATTTTTT
GTCTTCATCCATCACTGTCCTTGTCAAATAGTTTGGAACAGGTATAATGATCACAATAACCCGTCTTCATCCATCACTGTCCTTGTCAAATAGTTTGGAACAGGTATAATGATCACAATAACCC
AGCATAATATTTCGTTAATTCTCACAGAATCACATATAGGTGCCACAGTTATCCCCATTTTAT
ATGGAGTMolecularClocksGATGAAAACCTTAGGAATAATGAATGATTTGCGCAGGCTC
CTGGATATTAAGACTGAGTCAAATGTTGGGTCTGGTCTGACTTTAATGTTTGCTTTGTTCAT
GCACCACATATTGCCTCTCCTATGCAGTTAAGCAGGTAGGTGACAGAAAAGCCCATGTTTG
TCTACTCACACACTTCCGACTGAATGTATGTATGGAGTTTCTACACCAGATTCTTCAGTGCT
GGATATTAACTGGGTATCCCATGACTTTATTCTGACACTACCTGGACCTTGTCAAATAGTTT
CCTTGTCAAATAGTTTGGAGTCCTTGTCAAATAGTTTGGGGTTAGCACAGACCCCACAAGCCTTGTCAAATAGTTTGGAGTCCTTGTCAAATAGTTTGGGGTTAGCACAGACCCCACAAG
GGGGCTCAGTCCCACGAGGCCATCCTCACTTCAGATGACAATGGCAAGTCCTAAGTTGTC
ATACTTTTGACCAACCTGTTACCAATCGGGGGTTCCCGTAACTGTCTTCTTGGGTTTAATAA
GCTAGAACAGTTTACGGAACTCAGAAAAACAGTTTATTTTCTTTTTTTCTGAGAGAGAGG
TTATTTTGTTGCCCAGGCTGGTGTGCAATGGTGCAGTCATAGCTCATTGCAGCCTTGATTGT
GGGTTCCAGTGGTTCTCCCACCTCAGCCTCCCTAGTAGCTGAGACTACATGCCTGCACCAC
CATCTGGCTAGTTTCTTTTATTTTTTGTATAGATGGGGTCTTGTTGTGTTGGCCAGGCTGGC
AAATTCCTGGTCTCAAGTGATCCTCCCACCTCAGCCTCTGAAAGTGCTGGGATTACAGATGAAATTCCTGGTCTCAAGTGATCCTCCCACCTCAGCCTCTGAAAGTGCTGGGATTACAGATG
AGCCACCACATCTGGCCAGTTCATTTCCTATTACTGGTTCATTGTGAAGGATACATCTCAGA
CAGTCAATGAAAGAGACGTGCATGCTGGATGCAGTGGCTCATGCCTGTAATCTCAGCACT
GGAGGCCAAGGTGGGAGGATCGCTTAAACTCAGGAGTTTGAGACCAGCCTGGGCAACAT



We have different types of hemoglobins

The major adult hemoglobin is 
d f 2 h i d 2 β h icomposed of 2 α chains and 2 β chains. 

The major fetal hemoglobin is composed 
of 2 α chains and 2 γ chains.



Emile Zuckerkandl and Linus Pauling, 
"Evolutionary Divergence and Convergence in Proteins," 

in Evolving Genes and Proteins, eds. V. Bryson and H. Vogel (New York: Academic Press, 1965). pp. 97-g y g ( ) pp
166.

Comparing Hemoglobin Sequences

α vs non α sequences are equally distant regardless of organismα vs. non-α sequences are equally distant regardless of organism



“There may thus exist a 
Molecular Evolutionary Clock”
Zuckerkandl & Pauling (1965)Zuckerkandl & Pauling (1965)

Primordial hemoglobin π

Duplication event
Note: This model 
explains why the 
distance between Human

α β Speciation event
distance between Human 
α and Cow α is shorter 
than Human α – Human 
β proximity.

Human α Human β Cow βCow α

A model of sequence divergence can be used to extract 
the duplication dates of the difference hemoglobin chains



Different clocks keep different times

PBS Evolution Library (http://www.pbs.org/wgbh/evolution/library/)

Between horse and man



Different proteins evolve at different rates

Most recent common 
ancestor between 
Man-horse



The clock varies for different regions of the protein

For example, locations on the exterior of the protein may 
change at a different rate than those on the interior.



Local Clock – a clock between a particular group of organisms

mouse rat hamster human

Distance from mouse to hamster should be same asDistance from mouse to hamster should be same as
Distance from rat to hamster.

Distance from mouse to human should be same asDistance from mouse to human should be same as
Distance from rat to human which should also be same as
Distance from hamster to human



The Molecular Clock Ticks Regularly
in Muroid Rodents and Hamsters

Very close!

From Li, W-H Molecular Evolution who took it from:
Oh’Uigin and Li. JME 1992 35: 377-384

Also very close!



There are two reasons for being interested in 
the molecular clock:

(1) The clock has important implications for o r nderstanding

the molecular clock: 

(1) The clock has important implications for our understanding 
of the mechanisms of molecular evolution.
(What does the existence of a clock signify? – We will 
address this point in detail at the next lecture.)

(2) The clock can help establish a time scale for evolution.(2) The clock can help establish a time scale for evolution.
(What happened when?)



Calculating the rate of nucleotide substitution (r)

Ancestral sequence

T = years sinceK = substitutions

T T

divergence
K  substitutions 
that occurred 
since divergence

T T

Sequence A Sequence B

K/2Tr = K/2T



Once the molecular clock is calibrated it can date other events

Ancestral sequence

Can now date

T T

Can now date 
this event

Sequence A Sequence B

T K/2
Sequence C

T = K/2r



Properties of the Molecular Clock

1. Clock is stochastic: large variance is expected when the number 
of amino acids examined is small. [metronome vs. stochastic]

2. There are many exceptions even considering the stochastic 
nature (selection, mutation rates, etc.)( , , )

3. In clock calibrations, geological times are necessary which are 
often inaccurateoften inaccurate.



Dating events with the molecular clock

Given the number of differences…

The molecular clock estimates the divergence.

• Comparisons between a combined sequence of hemoglobins alpha and 
b t t h d fib i tid A libeta, cytochrome c, and fibrinopeptide A among mammalian groups

• Find a slow-down in apes and monkeys and speed up in horse-monkey
Modified from Langley and Fitch (1974) as in Graur and Li (2000)



Molecular clock does not hold for Guinea pig insulin

Unbelievably fast!

King and Jukes. Science (1969)



Testing the Molecular Clock

  

http://www.megasoftware.net/

R d i D l d hi f f d l i !Recommendation: Download this free software and learn to use it! 



Tajima’s relative rate test

The same number of lineage specific mutations are expected to have 
occurred in both lineages Tajima (1993) Genetics 135: 599-607



Tajima’s relative rate test

mjij: = 5jij
mijj: = 2

m1 = Σmjij = nAGA + nACA + nATA + nGAG + nGCG + nGTG 
+ nCAC + nCGC + nCTC + nTAT + nTGT + nTCT 

m2 = Σmijj = nAGG + nACC + nATT + nGAA + nGCC + nGTT
+ nCAA + nCGG + nCTT + nTAA + nTGG + nTCC 

E(m1) = E(m2)
χ2 = (m m )2/(m +m )χ2 = (m1-m2)2/(m1+m2)

Tajima (1993) Genetics 135: 599-607



Tajima’s relative rate test

P is not 
significant so 
we cannot 
rule out the 
molecular 

E(m1) = E(m2)
clock

( 1) ( 2)
χ2 = (m1-m2)2 /(m1+m2)

χ2 = (30-29)2/(30+29) = 0.0169



What causes deviations from the clock?

1. Generation time: Shorter generation time will 
accelerate the clock because it shortens the time to fix 
new mutations.new mutations.

2. Mutation rate: Species-characteristic differences in 
polymerases or other biological properties that affect 
the fidelity of DNA replication and hence the incidencethe fidelity of DNA replication, and hence the incidence 
of mutations.

3. Gene function: Changes in the function of a protein as 
evolutionary time proceeds. This might particularly be 
expected in the case of gene duplication.

4. Natural selection: Organisms are continually adapting4. Natural selection: Organisms are continually adapting 
to the physical and biotic environments, which change 
endlessly in patterns that are unpredictable and 
differently significant to different speciesdifferently significant to different species. 

Ayala, F. Bioessays 1999 Jan;21(1):71-5



Generation Time effect

1. A higher rate of evolution takes place in organisms with a 
short generation time than in organisms with a long generationshort generation time than in organisms with a long generation 
time

2 Th f b i i i hi h i k h i h2. The rate of substitution is higher in monkeys than in humans 
and is even higher in rodents. These observations are 
consistent with the generation time effect hypothesisg yp



Mutation Rate effect

1. Efficiency of the DNA repair system may differ among lineages

2. Use to explain difference between the primate and rodent lineages

3. Evidence from cultured cells support this hypothesis

Britten, R.J. (1986) Rates of DNA sequence evolution differ between taxonomic groups. Science 231: 1393-1398



How long does it take to drive from Rehovot to Tel Aviv?

Normally: 25km / 60km/hr  =  0.42 hours

!But!
1. No traffic at all? Much faster (a non-functional sequence)
2. A lot of traffic? Slower (different mutation rates)( )
3. Overturned truck? Much slower (strong purifying selection)



ACAAAAAGATTTGGACTGTAACTTAAAAATGATCAAATTATGTTTCCCATGCATCAGGTGC
GGGAAGCTCTTCTGGAGAGTGAGAGAAGCTTCCAGTTAAGGTGACATTGAAGCCAAGTC
AAAGATGAGGAAGAGTTGTATGAGAGTGGGGAGGGAAGGGGGAGGTGGAGGGATGGGG
GGGCCGGGATGGGATAGCGCAAACTGCCCGGGAAGGGAAACCAGCACTGTACAGACCTGGGGCCGGGATGGGATAGCGCAAACTGCCCGGGAAGGGAAACCAGCACTGTACAGACCTG
CAACGAAGATGGCATATTTTGTTCAGGGAATGGTGAATTAAGTGTGGCAGGAATGCTTTG
ACACAGTAATTTGCTTGTATGGAATTTTGCCTGAGAGACCTCATTGCAGTTTCTGATTTTT
GTCTTCATCCATCACTGTCCTTGTCAAATAGTTTGGAACAGGTATAATGATCACAATAACC
AGCATAATATTTCGTTAATTCTCACAGAATCACATATAGGTGCCACAGTTATCCCCATTTTA
ATGGAGTWhatisthedistancebetweentwosequences?GATGAAAACCTTAGGAATAA
ATGATTTGCGCAGGCTCACCTGGATATTAAGACTGAGTCAAATGTTGGGTCTGGTCTGAC
ATGTTTGCTTTGTTCATGAGCACCACATATTGCCTCTCCTATGCAGTTAAGCAGGTAGGTGATGTTTGCTTTGTTCATGAGCACCACATATTGCCTCTCCTATGCAGTTAAGCAGGTAGGTG
GAAAAGCCCATGTTTGTCTCTACTCACACACTTCCGACTGAATGTATGTATGGAGTTTCTA
CAGATTCTTCAGTGCTCTGGATATTAACTGGGTATCCCATGACTTTATTCTGACACTACCTG
CTTGTCAAATAGTTTGGACCTTGTCAAATAGTTTGGAGTCCTTGTCAAATAGTTTGGGGTT
ACAGACCCCACAAGTTAGGGGCTCAGTCCCACGAGGCCATCCTCACTTCAGATGACAATG
AAGTCCTAAGTTGTCACCATACTTTTGACCAACCTGTTACCAATCGGGGGTTCCCGTAACT
TTCTTGGGTTTAATAATTTGCTAGAACAGTTTACGGAACTCAGAAAAACAGTTTATTTTCT
TTTCTGAGAGAGAGGGTCTTATTTTGTTGCCCAGGCTGGTGTGCAATGGTGCAGTCATAGTTTCTGAGAGAGAGGGTCTTATTTTGTTGCCCAGGCTGGTGTGCAATGGTGCAGTCATAG
TTGCAGCCTTGATTGTCTGGGTTCCAGTGGTTCTCCCACCTCAGCCTCCCTAGTAGCTGAG
ACATGCCTGCACCACCACATCTGGCTAGTTTCTTTTATTTTTTGTATAGATGGGGTCTTGTT
TTGGCCAGGCTGGCCACAAATTCCTGGTCTCAAGTGATCCTCCCACCTCAGCCTCTGAAA
CTGGGATTACAGATGTGAGCCACCACATCTGGCCAGTTCATTTCCTATTACTGGTTCATTG
AGGATACATCTCAGAAACAGTCAATGAAAGAGACGTGCATGCTGGATGCAGTGGCTCATG
GTAATCTCAGCACTTTGGGAGGCCAAGGTGGGAGGATCGCTTAAACTCAGGAGTTTGAG
AGCCTGGGCAACATGGTGAAAACCTGTCTCTATAAAAAATTAAAAAATAATAATAATAACT



Simulating a changing sequence

1. Begin with a sequence of 10,000 nucleotides.

AAACAGTTTATTTTCTTTTTTTCTGAGAGAGAGGGTCTTATTTTGTTGCCC

1. Begin with a sequence of 10,000 nucleotides.

2. Choose a nucleotide at random and mutate it to another nucleotide.

AAACAGTTTATTTTCTTTTTTTCTGAGAGAGAGGGTCTTATTTTGTTGCCC
AAACAGTTTATTTTCTTTTTTTCTGAGTGAGAGGGTCTTATTTTGTTGCCC

3. Repeat 10,000 times. How many differences accumulate?



A sequence mutating at random

Multiple hitsBack substitution Substitution
21 changes but only 17 differences



Simulating a changing sequence

1) Begin with a DNA sequence of 10,000 basepairs.
2) Pick one basepair at random and substitute it to another basepair. 
3) R t 10 000 ti0 3) Repeat 10,000 times.

x1
0,

00

D t t ti t thDue to mutations to the same 
sites, the sequence does not 
change linearly with the number 
of accumulated substitutions.

Substitutions



Jukes-Cantor model

A G
α

αα αααα

TC TC
α

I hi i l i d h ll hIn this simulation we assumed that all changes occur at 
equal probabilities



The Jukes-Cantor correction

The correction increases linearly 
with the accumulated mutations

0

⎞
⎜
⎛ D41l3x1

0,
00

⎠
⎞

⎜
⎝
⎛ −− D

3
1ln

4

D
Number of identities
Jukes Cantor correction

D

Jukes-Cantor correction

Substitutions



A more realistic simulation represents different 
b biliti f t iti th t t i

Kimura model

A G
α

probabilities for transitions than to transversions

A G

ββββ

TC
α
βα = transitions = transversions



The Kimura correction

⎞⎛⎞⎛ 11110

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
−

+⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
−− QQP 21

1ln
4
1

21
1ln

2
1

Jukes-Cantor x1
0,

00

correction

DD Where transitions 
are more frequent 
than transversionst a t a sve s o s



ACAAAAAGATTTGGACTGTAACTTAAAAATGATCAAATTATGTTTCCCATGCATCAGGTGC
GGGAAGCTCTTCTGGAGAGTGAGAGAAGCTTCCAGTTAAGGTGACATTGAAGCCAAGTC
AAAGATGAGGAAGAGTTGTATGAGAGTGGGGAGGGAAGGGGGAGGTGGAGGGATGGGG
GGGCCGGGATGGGATAGCGCAAACTGCCCGGGAAGGGAAACCAGCACTGTACAGACCTGGGGCCGGGATGGGATAGCGCAAACTGCCCGGGAAGGGAAACCAGCACTGTACAGACCTG
CAACGAAGATGGCATATTTTGTTCAGGGAATGGTGAATTAAGTGTGGCAGGAATGCTTTG
ACACAGTAATTTGCTTGTATGGAATTTTGCCTGAGAGACCTCATTGCAGTTTCTGATTTTT
GTCTTCATCCATCACTGTCCTTGTCAAATAGTTTGGAACAGGTATAATGATCACAATAACC
AGCATAATATTTCGTTAATTCTCACAGAATCACATATAGGTGCCACAGTTATCCCCATTTTA
ATGGAGTHowManyMillionsOfYearsSeparateUsFromTheApes?GATGAAAACC
GGAATAATGAATGATTTGCGCAGGCTCACCTGGATATTAAGACTGAGTCAAATGTTGGGT
GTCTGACTTTAATGTTTGCTTTGTTCATGAGCACCACATATTGCCTCTCCTATGCAGTTAAGGTCTGACTTTAATGTTTGCTTTGTTCATGAGCACCACATATTGCCTCTCCTATGCAGTTAAG
GTAGGTGACAGAAAAGCCCATGTTTGTCTCTACTCACACACTTCCGACTGAATGTATGTAT
GTTTCTACACCAGATTCTTCAGTGCTCTGGATATTAACTGGGTATCCCATGACTTTATTCTG
CTACCTGGACCTTGTCAAATAGTTTGGACCTTGTCAAATAGTTTGGAGTCCTTGTCAAATA
TGGGGTTAGCACAGACCCCACAAGTTAGGGGCTCAGTCCCACGAGGCCATCCTCACTTCA
GACAATGGCAAGTCCTAAGTTGTCACCATACTTTTGACCAACCTGTTACCAATCGGGGGT
CGTAACTGTCTTCTTGGGTTTAATAATTTGCTAGAACAGTTTACGGAACTCAGAAAAACA
ATTTTCTTTTTTTCTGAGAGAGAGGGTCTTATTTTGTTGCCCAGGCTGGTGTGCAATGGTGATTTTCTTTTTTTCTGAGAGAGAGGGTCTTATTTTGTTGCCCAGGCTGGTGTGCAATGGTG
TCATAGCTCATTGCAGCCTTGATTGTCTGGGTTCCAGTGGTTCTCCCACCTCAGCCTCCCT
AGCTGAGACTACATGCCTGCACCACCACATCTGGCTAGTTTCTTTTATTTTTTGTATAGATG
TCTTGTTGTGTTGGCCAGGCTGGCCACAAATTCCTGGTCTCAAGTGATCCTCCCACCTCA
TCTGAAAGTGCTGGGATTACAGATGTGAGCCACCACATCTGGCCAGTTCATTTCCTATTAC
TTCATTGTGAAGGATACATCTCAGAAACAGTCAATGAAAGAGACGTGCATGCTGGATGCA
GCTCATGCCTGTAATCTCAGCACTTTGGGAGGCCAAGGTGGGAGGATCGCTTAAACTCAG
TTTGAGACCAGCCTGGGCAACATGGTGAAAACCTGTCTCTATAAAAAATTAAAAAATAAT



The Paleontological View of Human and Primate evolution in 1967

AApes

Common HumansCommon
Ancestor

Humans

Old W ld M kOld World Monkeys

30 20 10

As drawn in Sean Carroll’s “Remarkable Creatures” 2009

Time (Million years ago)



A new time scale for hominid evolution

GibbonGibbon
Siamang
Orangutan
Human
Chimp
Gorilla

Sarich & Wilson. Science (1967)



• Single-nucleotide substitutions occurSingle nucleotide substitutions occur 
at a mean rate of 1.23% between 
copies of the human and chimpanzee 
genome.

O th l t i i h d• Orthologous proteins in human and 
chimpanzee are extremely similar, 
with, 29% being identical and the 
typical ortholog differing by only 
two amino acids, one per lineage.p g

Nature (2005) 437: 69



Calibrating the vertebrate clock

ancestors of birds
ancestors of mammals

Based upon a detailed analysis of the fossil record estimate that

The arrow marks the first appearance of synapsids and diapsids in the fossil record at 310 Million 

Based upon a detailed analysis of the fossil record, estimate that 
birds and mammals diverged 310 million years ago

years ago. Reconstructions of an early synapsid (Varanosaurus) and stem diapsid (Hylonomus) are 
shown. The dark shading represents the reptilian portion and the lighter shading represents the avian 
and mammalian portion of the phylogeny. 

Kumar & Hedges. Nature (1998) 392 917-920



Hominoidea and Cercopithecoidea Ruminantia and Suidae
mouse and rat

Distributions of gene divergences for nine time estimates

Muridae and Cricetidae Carnivora + Perissodactyla 
and Cetartiodactyla Primates and Lagomorpha

Archonta and Ferungulata Amphibia and Amniota

Kumar & Hedges. Nature (1998) 392 917-920



A l l i l f b l iA molecular timescale for vertebrate evolution

Times indicate Million years divergence from human

Kumar & Hedges. Nature (1998) 392 917-920



The chimpanzee and bonobos are our closest living species relatives 

chimp

images from Wikipedia

bonobohuman


