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3rd Lecture, November 15t 2009

Genetic Tales by Andrea Branzi



Evolution at the molecular level is radically
different from evolution at the morphological level
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From population genetics to molecular evolution

Population genetics deals with allele frequencies within populations
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Molecular evolution deals with evolving sequences by units

of substitutions
CAGTTTATTTTCTTTTTTTCTGAGAGAGAGGGTCTTATTTTGTTGCCCAG!

CAGTTTATTTTCTTTTTTTCTGAGTGAGAGGGTCTTATTTTGTTGCCCAG!




The biological concept of homology

Molecular clocks

« Zuckerkandl and Pauling christen the molecular clock

* Local clocks

e Testing the molecular clock hypothesis with a relative rate test
o Deviations from the molecular clock

Estimating evolutionary distance between biological sequences

o Simulation of the accumulation of mutations to a sequence

e Jukes-Cantor and Kimura model

A new time scale for hominid evolution



ATCTACCATGAAAGACTTGTGAATCCAGGAAGAGAGACTGACTGGGCAACATGTTATTC/
ACAAAAAGATTTGGACTGTAACTTAAAAATGATCAAATTATGTTTCCCATGCATCAGGTG(
GGGAAGCTCTTCTGGAGAGTGAGAGAAGCTTCCAGTTAAGGTGACATTGAAGCCAAGTC(
AAAGATGAGGAAGAGTTGTATGAGAGTGGGGAGGGAAGGGGGAGGTGGAGGGATGGG!
GGGCCGGGATGGGATAGCGCAAACTGCCCGGGAAGGGAAACCAGCACTGTACAGACCT
CAACGAAGATGGCATATTTTGTTCAGGGAATGGTGAATTAAGTGTGGCAGGAATGCTTTC
ACACAGTAATTTGCTTGTATGGAATTTTGCCTGAGAGACCTCATTGCAGTTTCTGATTTTT
GTCTTCATCCATCACTGTCCTTGTCAAATAGTTTGGAACAGGTATAATGATCACAATAACC
AGCATAATATTTCGTTAATTCTCACAGAATCACATATAGGTGCCACAGTTATCCCCATTTTA

rrecacTTheBiological ConceptofHomolgycarcaranccTiacCAnTAATCAATC
TGCGCAGGCTCACCTGGATATTAAGACTGAGTCAAATGTTGGGTCTGGTCTGACTTTAAT!
GCTTTGTTCATGAGCACCACATATTGCCTCTCCTATGCAGTTAAGCAGGTAGGTGACAGA,
CCCATGTTTGTCTCTACTCACACACTTCCGACTGAATGTATGTATGGAGTTTCTACACCAG
TTCAGTGCTCTGGATATTAACTGGGTATCCCATGACTTTATTCTGACACTACCTGGACCTT(
AATAGTTTGGACCTTGTCAAATAGTTTGGAGTCCTTGTCAAATAGTTTGGGGTTAGCACA
CCCACAAGTTAGGGGCTCAGTCCCACGAGGCCATCCTCACTTCAGATGACAATGGCAAG
AAGTTGTCACCATACTTTTGACCAACCTGTTACCAATCGGGGGTTCCCGTAACTGTCTTCT
GTTTAATAATTTGCTAGAACAGTTTACGGAACTCAGAAAAACAGTTTATTTTCTTTTTTTC
GAGAGAGGGTCTTATTTTGTTGCCCAGGCTGGTGTGCAATGGTGCAGTCATAGCTCATTG
CCTTGATTGTCTGGGTTCCAGTGGTTCTCCCACCTCAGCCTCCCTAGTAGCTGAGACTAC.
CTGCACCACCACATCTGGCTAGTTTCTTTTATTTTTTGTATAGATGGGGTCTTGTTGTGTTC
AGGCTGGCCACAAATTCCTGGTCTCAAGTGATCCTCCCACCTCAGCCTCTGAAAGTGCTC
TTACAGATGTGAGCCACCACATCTGGCCAGTTCATTTCCTATTACTGGTTCATTGTGAAGC
CATCTCAGAAACAGTCAATGAAAGAGACGTGCATGCTGGATGCAGTGGCTCATGCCTGT,

TAACCAARNAATTTAACCCCNCCACCACCCANNCCCTAACC N NTAAAATTANNNCTAANCCANANCCTTTAANNCCNCS




Richard Owen (1804-1892)

Vormaidh &rﬂlu.dﬂu’w&kmmﬁ’m. :
de Fanaomie de ceux dey oyfeaus, s que es i
lezes : ripastentita cedle o s B

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 as

ATceaeeacTTTCaCATcA «—— | Ancestral sequence

ATCGGCCACTTTCGCGATCG ATAGGCCACTTTCGCGATCA

ATCGGCCACTTTCGTGATCG ATAGGCCACTTTCGCGATTA

ATCGGCCACGTTCGTGATCG ATAGGGCAGTTTCGCGATTA

ATCGGCCACGTTCGCGATCG ATAGGGCAGTTTTGCGATTA

ATCGGCCACCTTCGCGATCG ATAGGGCAGTTTCGCGATTA

ACCGGCCACCTTCGCGATCG ATAGGGCAGTCTCGCGATTA

$\\\\\\\\\\\ ////////////*

Homologous sequences

ACCGGCCACCTTCGCGATCG
ATAGGGCAGTCTCGCGATTA



Orthologs arise by speciation

Speciation event Sequence in ancestral
GGCCACTTTCGCGATCA <+— .
Organism

ACCGGCCACCTTCGCGATCG/ \ / \ATAGGGCAGTCTCGCGATTA

Orthologous sequences

Modern species A Modern species B

Orthologs are “evolutionary counterparts” — Koonin (2001)



Duplication event

ATCGGCCACTTTCGCGATCA <+—

ACCGGCCACCTTCGCGATCG (B

/

Modern duplicate A

Paralogs arise by duplications

Sequence In ancestral
Organism

D)

®
(D)

O

)

Paralogous sequences

gb

—_ /.é\ ATAGGGCAGTCTCGCGATTA

Modern duplicate B




An evolutionary tale...

Fungal
Yaast
HA1
L HAZ  Human
........................... HAS
A TDupIication of Ain human
WA
Worm
WAZ
TDupIication of Ain worm
Animal HB Human
B
WB  Worm
& & »

Speciation worm-human
Dugplication in animal ancestor to A and B forms

Speciation fungi—animals
Sonnhammer & Koonin (2002) TIGs 18 619-220



Evolutionary Relationships

Fungal
Yaast

| HAZ  Human
HA3

WA

I Waorm
WaZ

Animal HEB Human

WEB Worm

i [} A

The yeast gene Is orthologous to all worm and

human genes, which are all co-orthologous to the

Speciation fungi- yeast gene
Sonnhammer & Koonin (2002) TIGs 18 619-220

Dyl



Evolutionary Relationships

Fungal
Yaast
Ha1
[' HAZ  Human
.............................. HAE
A
WA
n Wiorm
- WaZ
Animal " .
B
WE Worm
i 4 A

Speciation worm-human

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

Speciation fung genes In the WA™* set
Sonnhammer & Koonin (2002) TIGs 18 619-220



Evolutionary Relationships

Fungal
Yaast
Ha1
| HAZ  Human
— HAS
A
WA
I Wiorm
WaAZ
EF HB Human
B
WEB Worm
i A &

Speciation worm-human

* The genes HA* are hence ‘inparalogs’ to each

Speciation fung other when comparing human to worm.
Sonnhammer & Koonin (2002) TIGs 18 619-220



Evolutionary Relationships

Fungal
| | Yaast
duplication spgciation HAT
[' HAZ  Human
.............................. HAS
A
WA
Worm
Waz
Animal " i
B
WE Worm
i 4 '

Speciation worm-human

°' By contrast, the genes HB and HA* are

Speciation fung ‘outparalogs’ when comparing human with worm
Sonnhammer & Koonin (2002) TIGs 18 619-220



Evolutionary Relationships

speciation
Fungal

- . Yaast
duphication

HA1

r HAZ  Human
HA3

WaA1

I Wiorm
WaAZ

animal HEB Human

g

WEB Worm

i A A

HB and HA*, and WB and WA* are inparalogs
when comparing with yeast, because the animal—
speciation  YEast split pre-dates the HA*-HB duplication

Sonnhammer & Koonin (2002) TIGs 18 619-220



AITVIAUVUDATI UAAAAAUUACLT TO I OAAT VCOUAUVUDOUOUAAUAUAUACUVTITOAUL T OUOOUOUVUAALUVUATLTUDLT TAL L UF

\CAAAAAGATTTGGACTGTAACTTAAAAATGATCAAATTATGTTTCCCATGCATCAGGTGC
5GGAAGCTCTTCTGGAGAGTGAGAGAAGCTTCCAGTTAAGGTGACATTGAAGCCAAGTC
AAAGATGAGGAAGAGTTGTATGAGAGTGGGGAGGGAAGGGGGAGGTGGAGGGATGGGC
5GGCCGGGATGGGATAGCGCAAACTGCCCGGGAAGGGAAACCAGCACTGTACAGACCTIC
_AACGAAGATGGCATATTTTGTTCAGGGAATGGTGAATTAAGTGTGGCAGGAATGCTTTG
ACACAGTAATTTGCTTGTATGGAATTTTGCCTGAGAGACCTCATTGCAGTTTCTGATTTTT
STCTTCATCCATCACTGTCCTTGTCAAATAGTTTGGAACAGGTATAATGATCACAATAACCH
AGCATAATATTTCGTTAATTCTCACAGAATCACATATAGGTGCCACAGTTATCCCCATTTTA

wtecacTMolecularClocksc ATe as s nCCTTAGCAATAATCAATGATTTGCECAGGLTI
STGGATATTAAGACTGAGTCAAATGTTGGGTCTGGTCTGACTTTAATGTTTGCTTTGTTCA
SCACCACATATTGCCTCTCCTATGCAGTTAAGCAGGTAGGTGACAGAAAAGCCCATGTTT!
[CTACTCACACACTTCCGACTGAATGTATGTATGGAGTTTCTACACCAGATTCTTCAGTGC
SGATATTAACTGGGTATCCCATGACTTTATTCTGACACTACCTGGACCTTGTCAAATAGTTT
CCTTGTCAAATAGTTTGGAGTCCTTGTCAAATAGTTTGGGGTTAGCACAGACCCCACAAG
3GGGCTCAGTCCCACGAGGCCATCCTCACTTCAGATGACAATGGCAAGTCCTAAGTTGTC
A\TACTTTTGACCAACCTGTTACCAATCGGGGGTTCCCGTAACTGTCTTCTTGGGTTTAATA,
SCTAGAACAGTTTACGGAACTCAGAAAAACAGTTTATTTTCTTTTTTTCTGAGAGAGAGG
[MATTTTGTTGCCCAGGCTGGTGTGCAATGGTGCAGTCATAGCTCATTGCAGCCTTGATTG
3GGTTCCAGTGGTTCTCCCACCTCAGCCTCCCTAGTAGCTGAGACTACATGCCTGCACCA!
CATCTGGCTAGTTTCTTTTATTTTTTGTATAGATGGGGTCTTGTTGTGTTGGCCAGGCTGGC
AAATTCCTGGTCTCAAGTGATCCTCCCACCTCAGCCTCTGAAAGTGCTGGGATTACAGAT(
AGCCACCACATCTGGCCAGTTCATTTCCTATTACTGGTTCATTGTGAAGGATACATCTCAG.
CAGTCAATGAAAGAGACGTGCATGCTGGATGCAGTGGCTCATGCCTGTAATCTCAGCACT
3GAGGCCAAGGTGGGAGGATCGCTTAAACTCAGGAGTTTGAGACCAGCCTGGGCAACAT




We have different types of hemoglobins

The major adult hemoglobin is
composed of 2 a chains and 2 3 chains.
The major fetal hemoglobin is composed
of 2 a chains and 2 y 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-

Comparing Hemoglobin Sequences

166.

TABLE VIII .
NumpeR oF DIFFERENCES BETWEEN SOME MarneariaN HeEmocLosiNn CHAINS s
« man a horse a cattle p man ~ “p” horse “B” cattle? 4 man v” cattle
’ B2
0 17 ~27 T4 sl =75 ;? o
o fﬂm 17 0 ~38 il 75 =TT 4 -
2 c.al‘:rt?z ~27 ~38 0 ~81 ~B3 ,_,_,? 3§g o
f man T4 77 ~81 4] 26 MSE e o
“f” horse 81 5 ~83 26 3; 5 . »
v man 79 77 ~81 39 - . P o
“y" cattle 82 7 ~88 32

e Differences due to deletions are not counted.
» Estimated on the basis of 65% of the cattle

o VS. non-a sequences are equally distant regardless of organism

=
P

B chain (composition of tryptic peptides).



“There may thus exist a
Molecular Evolutionary Clock™
Zuckerkandl & Pauling (1965)
Primordial hemoglobin — T n

«—— Duplication event

Note: This model
explains why the
distance between Human
o and Cow a Is shorter

than Human o — Human
B proximity.

B «——— Speciation event

Human a Human 3 Cow a Cow f3

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



Different clocks keep different times

PROTEINS THAT
EVOLVE AT
DIFFERENT RATES

_ HISTONE .

0%. 12%:0 18%: 86% 4
PERCENT DIFFERENCE

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



Different proteins evolve at different rates

Most recent common
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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.

155 ILNLCAIAL
TAS ILMLCAISI
TAS ILMLCAISI
TAS ILMLCU TSV
TASILNLCI TSV




Local Clock — a clock between a particular group of organisms

mouse rat hamster human

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

Distance 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

TABLE 8.1 Numbers of nucleotide substitutions per 100 sites between

species?
| Synonymous sites Nonsynonymous sites
gpedes pai Ks L® Ka Lb
Mouse-rat 18.0 +
Mouse-hamster 33.2 R ?jg jigg e g} 15,217
Rat-hamster 313+ 1.0 4,229 2:? : {].-I :115,21?
Mouse-human 534+15 - :th | 5,217
Rat-human 516 +1.5 5"0 N 0‘2 15,217
Hamster—-human 523+ 15 \ ‘3.1 ;OII 15,217
From O’hUigin and Li (1992). \ - . el
‘Computed by Li et al s (1985b) method. \/ lose!
erycC !

*Number of sites compared.

Also very close!

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



There are two reasons for being interested In
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.
(What happened when?)



Calculating the rate of nucleotide substitution (r)

K = substitutions
that occurred
since divergence

Ancestral sequence

T = years since
divergence

Sequence A Sequence B

r=K/2T



Once the molecular clock is calibrated it can date other events

Ancestral sequence

Can now date

this event
\T‘ T

Sequence A Sequence C Sequence B

T = K/2r



Properties of the Molecular Clock

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

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

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



Dating events with the molecular clock
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Comparisons between a combined sequence of hemoglobins alpha and

beta, 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)



Observed
differences

——— o —— f—

Comparison

Insulin A and B (except for guinea
pig insulin): 51 amino acids; 510
comparisons of homologous sites

Human: horse

Human: rabbit

Human: sei whale

Human: bovine

Horse: rabbit

Horse: sei whale

Horse: bovine

Rabbit: sei whale

Rabbit: bovine

Bovine: sei whale

el Tl T fd d LD Ll e D

Guinea pig insulin (51 amino acids)
compared with other mammalian insulins;
255 comparisons o} homologous sites

Guinea pig: human 18 ]

Guinea pig: horse 17

Guinea pig: rabbit 18 | «—
Guinea pig: whale 16

Guinea pig: bovine 17 |

King and Jukes. Science (1969)



Testing the Molecular Clock

MEGA

Molecular Evolutionary Genetics Analysis

http://www.megasoftware.net/

Recommendation: Download this free software and learn to use it!



Tajima’s relative rate test

() Tree Explorer

File Image Subtree ‘iew Compute Help

HS 2 N § & &=

A
— Pagurus bernhardus
3 ’ |
C‘I._E — Pagurus acadianus
EE... _/ E||EI.SI:II3hI.rLIS tenuimanus
) Labidachirus splendescens
/ I: Lithodes aeqguispina
/ Paralithodes camtschatica
.g;.é._. _|: Fagurus pollicaris (ME)
ﬁ Fagurus pollicaris (GL)
[F'agurus longicarpus (ME)

Fagurs longicarnus (5L

— Clibanariug vittatus

Coenabita sp.

Artemia saling

0.05

SBL = 0. /34326773

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

Chbanarius wittatuzs A AT GAATGGTTHEGACGAAAAACACACTGTTTEC
Coenobita sp. TATGAAAGGTCGAACGAGTGATAGACTGTCTEC
Fagurus acadiarw: A AT GAAAGGT  TGHEGALCAAAGTATCATCTGTTTEC

Mjj: 1 ] L1 T ] I =9

M; = 2My; = Naga™t Nacat Narat Neac t Necs + Nete
+ Neac T Nege T Nete + Mpar + Mgt Nyt

M, = 2My; = Nag t Nace t Narr  Neaat Nece t Nerr
T Neaa™ Nege T Nerr T Nraat Nrge T Nrec

E(m,) = E(m,)
%% = (My-m,)2/(my+m,)

Tajima (1993) Genetics 135: 599-607



Tajima’s relative rate test

%) Text File Editor and Format Converter

File Edit Search Display Ukilities

Q|3 =l 5]ne] o] ale 2 |

T ajima's test |

Computation : Tajima's relative rate test
Gaps/Missing data : Cowplete Deletion
Mode : MNucleotides

Data Info @ [4Lll)

Changes considered @ A1l

Sequence A : Clibanarius vittatus
Jequence B @ Coenobita sp.
Sequence C @ Pagurus acadianus

Test type : Rooted on Seqg C
MNo. of 3ites @ 397

m 1ii = 272 (identical =ites in all three sSegquences)
iik = 22 [(divergent Sites in all thres SEO0UsrhCceES]
m 133 = 30 (unicgue differences in Sedd)
m 131 = 29 (unigque differences in ZedgB)
m 113 = 44 (unigue differences in SeqC)
Chi-sdquare= 0.02 with 1 degree of freedom [(p=0.326]
339 |m|:u:|iﬁe-:| Insert

E(m,) = E(m,)
%2 = (My-m,)? /(my+m,)

v = (30-29)%/(30+29) = 0.0169



What causes deviations from the clock?

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

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

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

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 species.

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



Generation Time effect

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

2. 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 hypothesis



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. Alot of traffic? Slower (different mutation rates)
3. Overturned truck? Much slower (strong purifying selection)



ACAAAAAGATTTGGACTGTAACTTAAAAATGATCAAATTATGTTTCCCATGCATCAGGTGC
GGGAAGCTCTTCTGGAGAGTGAGAGAAGCTTCCAGTTAAGGTGACATTGAAGCCAAGTC
AAAGATGAGGAAGAGTTGTATGAGAGTGGGGAGGGAAGGGGGAGGTGGAGGGATGGG!
GGGCCGGGATGGGATAGCGCAAACTGCCCGGGAAGGGAAACCAGCACTGTACAGACCT!
CAACGAAGATGGCATATTTTGTTCAGGGAATGGTGAATTAAGTGTGGCAGGAATGCTTTC
ACACAGTAATTTGCTTGTATGGAATTTTGCCTGAGAGACCTCATTGCAGTTTCTGATTTTT
GTCTTCATCCATCACTGTCCTTGTCAAATAGTTTGGAACAGGTATAATGATCACAATAACC
AGCATAATATTTCGTTAATTCTCACAGAATCACATATAGGTGCCACAGTTATCCCCATTTTA

rrceacTWhatisthedistancebetweentwosequences?c ATCAAAACCTTAGGAATAS
ATGATTTGCGCAGGCTCACCTGGATATTAAGACTGAGTCAAATGTTGGGTCTGGTCTGAC
ATGTTTGCTTTGTTCATGAGCACCACATATTGCCTCTCCTATGCAGTTAAGCAGGTAGGTG
GAAAAGCCCATGTTTGTCTCTACTCACACACTTCCGACTGAATGTATGTATGGAGTTTCTA
CAGATTCTTCAGTGCTCTGGATATTAACTGGGTATCCCATGACTTTATTCTGACACTACCT(
CTTGTCAAATAGTTTGGACCTTGTCAAATAGTTTGGAGTCCTTGTCAAATAGTTTGGGGTT
ACAGACCCCACAAGTTAGGGGCTCAGTCCCACGAGGCCATCCTCACTTCAGATGACAAT
AAGTCCTAAGTTGTCACCATACTTTTGACCAACCTGTTACCAATCGGGGGTTCCCGTAAC
TTCTTGGGTTTAATAATTTGCTAGAACAGTTTACGGAACTCAGAAAAACAGTTTATTTTCT
TTTCTGAGAGAGAGGGTCTTATTTTGTTGCCCAGGCTGGTGTGCAATGGTGCAGTCATAG
TTGCAGCCTTGATTGTCTGGGTTCCAGTGGTTCTCCCACCTCAGCCTCCCTAGTAGCTGA(
ACATGCCTGCACCACCACATCTGGCTAGTTTCTTTTATTTTTTGTATAGATGGGGTCTTGTT
TTGGCCAGGCTGGCCACAAATTCCTGGTCTCAAGTGATCCTCCCACCTCAGCCTCTGAA/
CTGGGATTACAGATGTGAGCCACCACATCTGGCCAGTTCATTTCCTATTACTGGTTCATTG
AGGATACATCTCAGAAACAGTCAATGAAAGAGACGTGCATGCTGGATGCAGTGGCTCAT

GTAATCTCAGCACTTTGGGAGGCCAAGGTGGGAGGATCGCTTAAACTCAGGAGTTTGAG
AGCCTRAGCAACATARTRAAAACCTATOTOCTATAAAAAATTAAAAAATAATAATAATAAC




Simulating a changing sequence

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

AAACAGTTTATTTTCTTTTTTTCTGAGAGAGAGGGTCTTATTTTGTTGCC(

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

AAACAGTTTATTTTCTTTTTTTCTGAGAGAGAGGGTCTTATTTTGTTGCC(
AAACAGTTTATTTTCTTTTTTTCTGAGTGAGAGGGTCTTATTTTGTTGCC(

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



A sequence mutating at random

Ie/r‘lits

:

Iion Multi

Substitu

substitution

«—

Back



Sequence Distance Xl0,000

Simulating a changing sequence

100001 ‘

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

FO004
EO00
5000+
4000+
20004
20004

10004

-

0 1000 2000 2000 4000 5000 BO00 7000 a000 9000 10000

Substitutions



Jukes-Cantor model

A |z 24 [ G
o 04 94 o
C . T
94

In this simulation we assumed that all changes occur at
equal probabilities



Sequence Dis’rameXl0,000

100004

3000+

20004

FO004

E000-

5000+

40004

2000+

20004

10004

The correction increases linearly
with the accumulated mutations

D

Number of identities
Jukes-Cantor correction

1000 2000 2000 4000 5000 BO00 7000 a000 9000 10000

Substitutions



Kimura model

A more realistic simulation represents different
probabilities for transitions than to transversions

A)—4% /G

Al PP |8

v

C . T
94

O! = transitions ﬁ = transversions




sequence Distance X10,000

100004

80004

G000

40004

20004

4 \1-2Q

Jukes-Cantor
correction

Where transitions
are more frequent
than transversions

2000

4000
Accumulated Mutations

A000 10000



ACAAAAAGATTTGGACTGTAACTTAAAAATGATCAAATTATGTTTCCCATGCATCAGGTGC
GGGAAGCTCTTCTGGAGAGTGAGAGAAGCTTCCAGTTAAGGTGACATTGAAGCCAAGTC
AAAGATGAGGAAGAGTTGTATGAGAGTGGGGAGGGAAGGGGGAGGTGGAGGGATGGG!
GGGCCGGGATGGGATAGCGCAAACTGCCCGGGAAGGGAAACCAGCACTGTACAGACCT!
CAACGAAGATGGCATATTTTGTTCAGGGAATGGTGAATTAAGTGTGGCAGGAATGCTTTC
ACACAGTAATTTGCTTGTATGGAATTTTGCCTGAGAGACCTCATTGCAGTTTCTGATTTTT
GTCTTCATCCATCACTGTCCTTGTCAAATAGTTTGGAACAGGTATAATGATCACAATAACC
AGCATAATATTTCGTTAATTCTCACAGAATCACATATAGGTGCCACAGTTATCCCCATTTTA

rrecacTHowManyMillionsOfYearsSeparateUsFromTheApes?carcasanc
GGAATAATGAATGATTTGCGCAGGCTCACCTGGATATTAAGACTGAGTCAAATGTTGGGT
GTCTGACTTTAATGTTTGCTTTGTTCATGAGCACCACATATTGCCTCTCCTATGCAGTTAA(
GTAGGTGACAGAAAAGCCCATGTTTGTCTCTACTCACACACTTCCGACTGAATGTATGTA
GTTTCTACACCAGATTCTTCAGTGCTCTGGATATTAACTGGGTATCCCATGACTTTATTCTC
CTACCTGGACCTTGTCAAATAGTTTGGACCTTGTCAAATAGTTTGGAGTCCTTGTCAAAT/
TGGGGTTAGCACAGACCCCACAAGTTAGGGGCTCAGTCCCACGAGGCCATCCTCACTTC,
GACAATGGCAAGTCCTAAGTTGTCACCATACTTTTGACCAACCTGTTACCAATCGGGGGT
CGTAACTGTCTTCTTGGGTTTAATAATTTGCTAGAACAGTTTACGGAACTCAGAAAAACA
ATTTTCTTTTTTTCTGAGAGAGAGGGTCTTATTTTGTTGCCCAGGCTGGTGTGCAATGGTG
TCATAGCTCATTGCAGCCTTGATTGTCTGGGTTCCAGTGGTTCTCCCACCTCAGCCTCCCT
AGCTGAGACTACATGCCTGCACCACCACATCTGGCTAGTTTCTTTTATTTTTTGTATAGATC
TCTTGTTGTGTTGGCCAGGCTGGCCACAAATTCCTGGTCTCAAGTGATCCTCCCACCTCA
TCTGAAAGTGCTGGGATTACAGATGTGAGCCACCACATCTGGCCAGTTCATTTCCTATTAC
TTCATTGTGAAGGATACATCTCAGAAACAGTCAATGAAAGAGACGTGCATGCTGGATGC!

GCTCATGCCTGTAATCTCAGCACTTTGGGAGGCCAAGGTGGGAGGATCGCTTAAACTCA(
TTTRAGACCAGCCTRARCAACATAGTRAAAACCTATOTOCTATAAAAAATTAAAAAATAAT




The Paleontological View of Human and Primate evolution in 1967
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As drawn in Sean Carroll’s “Remarkable Creatures” 2009



A new time scale for hominid evolution

OLIGOCENE MIOCENE PLIOCENE { ~~——PLEISTOCENE

—— Hylobates Gibbon
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—b Homo Human
Common ' —-¢ Pan Chlmp
Ancestor : .
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30 20 10 0

TIME (Millions of Years)

Fig. 1. Times of divergence between the various hominoids, as estimated from im-
munological data. The time of divergence of hominoids and Old World monkeys is
assumed to be 30 million years.

Sarich & Wilson. Science (1967)



Initial sequence of the chimpanzee
genome and comparison with the human
genome
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Figure 1| Human-chimpanzee divergence in 1-Mb segments across the
genome. a, Distribution of divergence of the autosomes (blue), the X
chromosome (red) and the Y chromosome (green). b, Distribution of
variation by chromosome, shown as a box plot. The edges of the box
correspond to quartiles; the notches to the standard error of the median; and
the vertical bars to the range. The X and Y chromosomes are clear outliers,

but there is also high local variation within each of the autosomes.

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

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.

Nature (2005) 437: 69



Calibrating the vertebrate clock

Myrf Mammals Birds

100

ancestors of mammals 200

Synapsids Diapsids ancestors of birds

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



Distributions of gene divergences for nine time estimates

Homlno%ea and Cercopithecoidea
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A molecular timescale for vertebrate evolution
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The chimpanzee and bonobos are our closest living species relatives

bonobho

Images from Wikipedia



