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Molecular Clock Hypothesis

A Introduced by Emil&€uckerkandl& LinusPauling in1962:

192272013 190171994
Emile Zuckerkandl LinusCarlPauling
Stanford UniversityStanford Nobel Prize in Chemistry 954
Nobel Peacd’rize in 1962



A Introduced by Emil&€uckerkandl& LinusPauling in1962:

A Thenumber of amino acid differences protein or nucleotide
differences in nucleic acid betweelifferent lineages changes
roughlylinearlywith time.

A The rate of evolutionary change of any specified protein was
approximatelyconstantover time and over different lineages.



Phylogeny

A Phylogenyis the inference of evolutionary relationshi

A Phylogenetic analysis is the study of the evolutionan
history of living organisms using trdé&ke diagrams to
represent pedigrees of these organisms

A Classical Phylogenet&nalysis:
morphologicalcomparisons& fossilrecord




olecular Evolutionary Genetics Analysis

A The evidence for evolution at the molecular level is preservec
the sequences of the genes aptbteins.

A Thedifferences reflect evolutionary change from a common
ancestral proteirsequence.

v e by v by e by Loy by s b Ly | Human
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Human KCSQCHTYV EKGGKHKTGP NLHGLFGRKT GOQAPGYSYTA ANKMNKGIIWG EDTLMEYLEN PKKYIPGTK FVGIKKKEE RADLIAYLKK ATI Debaryomyces horse Macaque_| Monkey
Chimpanzee MEKCSQCHTY EKGGKHKTGP NLHGLFGRKT GOAPGYSYTA ANKMNKGII'WG EDTLMEYLEN PKKYIPGTKM FVGIKKKEE RADLIAYLKK ATI E::‘;é‘?a kloeckeri F‘Cel:?gl:‘m turk
Spider monkey MEKCSQCHTY EKGGKHKTGP NLHGLFGRKT GOQASGFTYTE ANKMNKGII'WG EDTLMEYLEN PKKYIPGTKM GIKKKEE ATI Pi%g;ﬁni‘"‘ i
Macaque MEKCSQCHTY EKGGKHKTGP NLHGLFGRKT GOQAPGYSYTA ANKMNKGITWG EDTLMEYLEN PKKYIPGTKM GIKKKEE ATI Snapping turtle
Cow VOQKCAQCHTY EKGGKHKTGP MLHGLFGRKT GQAPGFSYTD AMNKNKGITWG EDTLMEYLEN PKKYIPGTKM FAGIKKKGE ATI ;Bi:::trs l:”‘gator Tl;r:mto
Dog VOKCAQCHTY EKGGKHKTGP MLHGLFGRKT GQAPGFSYTD ANKNKGITWG EDTLMEYLEN PKKYIPGTKM FAGIKKTGE ATl B moth gryit 41 e
Gray whale VOKCAQCHTY EKGGKHKTGP MLHGLFGRKT GQAVGFSYTD ANKNKGITWG EDTLMEYLEN PKKYIPGTKM FAGIKKKGE Ai\gafsr:spo'(a Hornworm . ‘P:"F‘I;Ircey
Horse VOQKCAQCHTY EKGGKHKTGP MLHGLFGRKT GQAPGFTYTD ANKNKGITWEK EDTLMEYLEN PKKYIPGTKM FAGIKKKTE ATI Mung-
Zebra VOKCAQCHTY EKGGKHKTGP MLHGLFGRKT GQAPGFSYTD ANKNKGITWEK EDTLMEYLEN PKKYIPGTKM FAGIKKKTE ATI Wheat beanpumpkin
Rabbit VOKCAQCHTY EKGGKHKTGP MLHGLFGRKT GQAVGFSYTD ANKNKGITWG EDTLMEYLEN PKKYIPGTKM FAGIKKKDE ATI
Kangaroo VOQKCAQCHTYV EKGGKHKTGP MLHGIFGRKT GQAPGFTYTD AMNKNKGIIWG EDTLMEYLEN PKKYIPGTKM FAGIKKKGE ATI Tomato
Duck VOKCAQCHTY EKGGKHKTGP MLHGLFGREKT GOQAEGFSYTD ANKNKGITWG EDTLMEYLEN PEKKYIPGTKM FAGIKKKSE ATy Sunflower
Turkey VOKCAQCHTY EKGGKHKTGP MLHGLFGRKT GQAEGFSYTD ANKNKGITWG EDTLMEYLEN PKKYIPGTKM FAGIKKKSE AT!
Chicken VOKCAQCHTY EKGGKHKTGP MLHGLFGRKT GQAEGFSYTD ANKNKGITWG EDTLMEYLEN PKKYIPGTKM FAGIKKKSE AT!
Pigeon VOKCAQCHTY EKGGKHKTGP MLHGLFGRKT GQAEGFSYTD ANKNKGITWG EDTLMEYLEN PKKYIPGTKM FAGIKKKAE AT,
King penguin VOKCAQCHTY EKGGKHKTGP MLHGIFGRKT GQAEGFSYTD ANKNKGITWG EDTLMEYLEN PKKYIPGTKM FAGIKKKSE AT!
Snapping turtle GDVEKGKEK VOKCAQCHTY EKGGKHKTGP MLHGLIGRKT GOQAEGFSYTE ANKNKGITWG EDTLMEYLEN PKKYIPGTKM FAGIKKKAE AT!
Alligator VOKCAQCHTY EKGGKHKTGP MLHGLIGRKT GOQAPGFSYTE ANKNKGITWG EDTLMEYLEN PKKYIPGTKM FAGIKKKPE AT!
Bull frog VOKCAQCHTY EKGGKHKVGP MLYGLIGRKT GQAAGFSYTD ANKNKGITWG EDTLMEYLEN PKKYIPGTKM FAGIKKKGE AC
Tuna VOQKCAQCHTY ENGGKHKVGP NLWGLFGRKT GQAEGYSYTD ANKSKGIVWN EDTLMEYLEN PKKYIPGTKM FAGIKKKGE AT!
Dogfish VOQKCAQCHTY ENGGKHKTGP NLSGLFGRKT GQAQGFSYTD ANKSKGITWQ QETLR LEN PKKYIPGTKM FAGIKKKSE RODLIAYLEKK TA,
Starfish VQRCAQCHTY EKAGKHKTGP MLNGILGRKT GQAAGFSYTD AMNRNKGITWK NETLFEYLEN PKKYIPGTKM VFAGLKKQKE RODLIAYLEA ATI
Fruit fly GDVEKGKKLF VQRCAQCHTVYV EAGGKHKVGP NLHGLIGRKT GOAAGFAYTD ANKAKGITWN EDTLFEYLEN PKKYIPGTKM FAGLKKPNE RGDLIAYLKS  ATI
Silkmaoth GNAENGKK VQRCAQCHTY EAGGKHKVGP MLHGFYGRKT GOQAPGFSYSN ANKAKGITWG DDTLFEYLEN PKKYIPGTKM VFAGLKKAME RADLIAYLKE 5TK
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olecular Evolutionary Genetics Analysis

A MEGAVersion 1.@vas released in 1993

I

KoichiroTamura SudhirKumar GlenStech
TokyoMetropolitan Departmentof Biology, - en | eJ €1 i
University,Japan TempleUniversity empletniversity

MEGA4: Molecular Evolutionary Genetics Analysis (MEGA)
Software Version 4.0

MEGAS5: Molecular Evolutionary Genetics Analysis Using
Maximum Likelihood, Evolutionary Distance, and Maximum
Parsimony Methods

MEGAG: Molecular Evolutionary Genetics Analysis Version 6.0

Koichiro Tamura,

Koichiro Tamura,"* Glen Stec M(EGA7: Molecular Evolutionary Genetics Analysis Version 7.0
for Bigger Datasets



What's New in Version 7

A 64-bit computing systems

foanalyzinglargerdatasets

A Refactored the Tree Explorer so that trees withOktaxa

can bedisplayed

A Refactored the Timetreesystem, whiclguidesresearchers
through a multi-step proces®f building a molecular
phylogeny scaled to time using a sequence alignment and

phylogenetictree topology.
A 8

[ MEGA 7.0.21(7161111-x86_64) = [ B S
File Analysis Help
= i B v & 5 -~ ST &

Align  Data Mo dels Distance Diversity Phylogeny er Tr cestors election Rates Clocks Diagnose

na e

H:ll.

Help Docs Examples Citation Report 2 Bu Updates? MEGA Links Teolbar referances
MEGA release #7161111-86 B4




Tree-Building Methods

The methods of constructing phylogenetic trees
Distance -based methods

UPGMA ; neighbor -joining(NJ)

Character -based methods

maximum parsimony(MP)

The methods of evaluating phylogenetic trees
Bootstrapping

22
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cytochrome c

A Electroncarrier protein.

Cofactors in electron transport
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cytochrome c

Apoptotic stimuli vees, Transcriptional

A Electron carrier protein. 7 N
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A Playsa role in apoptosis.
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[T M7: Alignment Explorer

Data Edit Search Alignment Web Sequencer Display Help

ch|_@ﬁ|
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Protein Sequences |

38 species

Species/Abbrv

1. 5p|PB9388|CYC_HUMAN Cytochrome ¢
2. 5p|PE2894|CYC_BOVIN Cytochrome ¢ 0%
3. 5p|PGTRE1|CYC_CHICK Cytachrome ¢ O
4. 5p|P00011|CYC_CANLF Cytochrome ¢ O
5. 5p|PO0004|CYC_HORSE Cytochrome ¢ €
6. sp|PO0002|CYC_MACMU Cytochrome ¢
7. 5p[PO000T|CYC_HIPAM Cytochrome ¢ 0%
8. 5p/PO000BICYC_RABIT Cytachrame ¢ 0%
9. sp|PO0014|CYC_MACGI Cytachrome c O
10, 5p|PO0012|CYC_MIRLE Cytochrome ¢ €
11 5p|P62895|CYC_PIG Cytochrome ¢ 03!
12, sp|PBBOSIICYC_CAMDR Cylochrome ¢
13 5p|PGBOSRICYC_LAMGU Cytochrome ¢
14, 5p|PE8100CYC_ESCRO Cylochrome ¢
15, 5p|P99988|CYC_PANTR Cytochrome ¢
16. 5p|P67882|CYC_MELGA Cytochrome ¢
17, sp|PO0003|CYC_ATESP Cytochrome cf
18. 5p|PO00Z0|CYC_ANARL Cytachrome ¢l
19, 5p|PO0025|CYC_KATPE Cytochrome ¢
120, sp|PO0017|CYC_APTPA Cytochrome ¢ (
121, 5p|P00018|CYC_DRONO Cytochrome ¢
122, 5p|P000ZB|CYC_LANTR Cytachrome ci
23 sp[PO0019|CYC_STRCA Cytochrome ¢
124, 5p|P00027)CYC_SQUSL Cytochrome ¢
125, 5p|PO00T3|CYC_MINSC Cytachrome c
126. 5p|P6309T|CYC_EQUAS Cytochrome ¢
27, 5p|Q5RFH4|CYC_POMAB Cytochrome ¢
128 5p|Q11KKS2|CYCB_TAKRU Cytochrame
129. 5p|P000ZB|CYC_CYPCA Cytochrome ¢
30 5p|Q1KLOGICYCA_TAKRU Cytochrame
3. 5p|P25400|CYC_CANGA Cytochrome ¢
32 5p|PO0021CYC_COLL Cytochrome ¢ C
33, 5p|QBIAMZ|CYC_DANRE Cytochrome ¢
34, sp|PBBOSGICYC_EQUBU Cylochrome ¢
35, 5p|Q4HVIT|CYC_GIBZE Cytochrome ¢l
36, sp|QBWUXE|CYC_GORGO Cytochrome
37, 50|P81458|CYC_THUAA Cytachrome i
38. 5p|P62896|CYC_SHEER Cytochrome ¢

WEBVEKEKK I FinkcE@cHTvEKBBKHKTEPNLHELFERKTE@APEYEY T~ ANKNKE ' WEED
BB VEKEKK ! FvEKcABCHTvEKBBKHKEBPNLHEL FERKTEEAPEFEYTDANKNKE
BB EKBKK ! FvEKcBEcHEvEKBBKHKEEPNLHEL FERKTEEAEBF 8D ANk
MBBVEKEKK ! FvEKcABCHTvEKBBKHKEBPNLHEL FERKTEEAPEFEYTDANKN
nBBvEKEKK ! FvEKcABcHEvEKBBKHKEEPNLHEL FERKTEEPEF T YD NKN
nEBVEKEKK I FinkcEEcHTVEKBBKHKTEPNLHELFERKTEEAPEYEYTAAN
HBBVEKEKK ! FvEKcABCHTvEKBBKHKEBPNLHEL FERKTEEEPE- 8Y DA NKN
nBBvEKBKK ! FvEKcABcHEvEKBBKHKEBPNLHEL FERKTEE vEr8Y D NKNKE
MBBVEKBKK ! FvEKcABCHTVEKBBKHKEBPNLNE FERKTEEAPEFTYEDANKN
nBBvEKEKK ! FvEKcABcHEvEKBBKHKEEPNLHEL FERKTEEPEF
F

FLuEyLENPKKY | PEEKNY  FVEBI KKKEERABL 1 Y LKKATNE
LMEYLENPKKY | PEEKW I FaB I KKKEEREDL 1Y LKKATNE
FLvEv L ENPKKY 1 PEEKY 1 F a1 KKKBERVEL &Y LKEATEK
FLMEYLENPKKY | PEEKY I F a1 KKTBERADL 1 4 YLKKATKE
FLvEvLENPKKY 1 PEEKY 1 F a1 KKKHEREDL 1Y LKKATNE
MEYLENPKKY 1 PEEKY 1 FvEI KKKEERABL 1 AVLKKA
FLvEYLENPKKY | PEEKY I F a1 KKKBERADL 1Y LKEATNE

F
MIIVIKIKKIFIMKCIICHIVIKIIKHKIIPILHILFIRKIIIAPIYIYIAAIKIKII IILMIYLIIPKKYIPIIKMIFVIIKKKIIRAILIAYLKKAIII
nED I EKEKK ! FvEKCE@CcHTvEKBEKHKTEFNLHEL FERKTEEAERF FWEEBTLMEY LENPKKY | PEMKY | FABIKKKEERVEL 1 AvLKEATEK
HBBVEKBKR ! FiukcBECHTvEKBBKHKEBPNLHEL FERKTEEASE-TYTENKNKE
nBBvEKBKK FvEKcEEcHEvEKEBKHKFEPNLHEL FBRKEE

BB EKBKK ! FvEKcBEcHTvEKEBkHKFBPNLHE FERKTEE
nED I EKEKK ! FvEKCE@CHTvEKBEKHKTEFNLNEL FERKT
BB VEKBKKY FvEKcEECHTvEKABKHKEBPNLEBL FERKTEEAPEFEYTDANKE
BB EKBKK ! FvEKcBEcHEvEKBBKHKEEPNLBEL FERKTEEAEBF
nBBVEKBKKYFvEKcABCHTvENBBKHKTEPNLEEL FERKTEEA
8

gk II I
nEBVEKEKK I FvEKcABCHTVEKBBKHKTEFNLHEL FERKTEEAPE-BY B NKNKE
MIIVIKIKKIFIMKCIICHIVIKIIKHKIIPILHILFIRKIIIAPIYIYIAAIKIKI\\

fiv EAEE 0+ BB 8y {BNKEKE

Ef

Elige TBOAPEFEYTDANKEKE LMEYLENPKKY | PEEKY I FAB I KKKBERADL 1 4YLKEATE -
nBB 1 AKBKK ! FvERcEECHEvEKEBRHKVEPNLWEL FERKTEEAEBvE N ExE MEBEETLNvy L @NPKKY 1 PEEKuMNr A8 RKKRERLE ! 1 Av 1 KEATBK
MEEKKBATLFKERCLECHTVEKBBPNKVEPNLHE  FERKEBEAABYEYTEAN KKNvENDEDNwEEY LANPKKY | PEEKNAFBELKKEKDRKEL 1 AYLKKATED-
BB EKBKK: FvEKcEEcHEvEKBBKHKFEPNLHEBL FERKTEEAEB- 8 HHNkNKE LuEY LENPKKY | PEEKn 1 FaB I KKKaERABL oY LKEARAK
nEBVEKEKKvFvEKcABCHTVENBBKHKVEFNLWEL FERKTEEAEBFEY D ANKE FLuEY LENPKKY | PEEKY 1 FABI KKKBERABL 1 AYLKEATE-
BB VEKEKK ! FvEKcABCHTvEKBBKHKEBPNLHEL FERKTEEAPEFSYTDANKNKE FLvEYLENPKKY | PEEKY I F a8 KKKTEREDL 1 4 Y LKKATNE
mABH 1 KKBANLFKERCABCHFvEKDEENK BPsLHELHERKTESEVEEYEYRE N BELFEYLENPKKY 1 PERKyAFBELKKAKBRNEL 1 4 v LKEEH
WEYLENPKKY 1 PBEKN 1 FvB I KKKEERADL 1 AYLKKATNE
LMEY LENPKKY | PEEKn I Fa I KKKEBEREELvAYLKEARE
EvFE:NkNKE FWEEET L vwEY LEMPKKY | PERKu 1 F AR KKKEEREBL 1 v LKKAFNE

MIIVIKIKKIFVIKCAICHIVIKIIKHKIIPILHILFIRKIIIAPI

F



T] M7: Alignment Explorer

Data Edit Search Alignment Web Sequencer Display Help

DE@(S@mWY 0l e e REB A AHBE
Protein Sequences |
Species/Abbr

1. 5pP98989ICYC_HUMAN Cytachrame ¢ C
2. 5p|P62894|CYC_BOVIN Cytochrome ¢ O
3. 5p|PE7881|CYC_CHICK Cytochrame ¢ O
4. 5p|PO001CYC_CANLF Cytachrome ¢ O
5. splPO0004|CYC_HORSE Cytachrome ¢ C
6. splPO0002|CYC_MACMU Cytachrame ¢ C
7. spPO000TICYC_HIPAM Cytochrome ¢ 0%
8. sp[PO0D00BICYC_RABIT Cytochrome ¢ 0%
9. 5p|PO004CYC_MACGI Cytochrome ¢ O!
10. 5p|PO0012|CYC_MIRLE Cytachrome ¢ C
11. 5p|P62895|CYC_PIG Cytochrome ¢ 08¢
12. 5p|PEE099ICYC_CAMDR Cytochrome ¢
13. 5p|PG8098ICYC_LAMGU Cytachrome ¢
14. 5p|PEE100|CYC_ESCRO Cytochrome ¢
15. 5p|P89898|CYC_PANTR Cytochrome ¢

16. 5p|PETE82|CYC_MELGA Cytochrome ¢

17. 3p|PO0003|CYC_ATESP Cytochrome c(
18. 5p|P00020|CYC_AMAPL Cytochrame c
19, 5p|PO0025|CYC_KATPE Cytochrome c(
20. 5p|PO001T|CYC_APTPA Cytachrome ¢ (
21. 5p|P00018ICYC_DRONO Cytochrome ¢
22 5p|PO0028|CYC_LAMTR. Cytochrome ¢!
23, 5p|PO0019ICYC_STRCA Cytochrome ¢

24, 5p|PO002TICYC_SQUSU Cytochrome ¢
25, 5p|PO0O013CYC_MINSC Cytochrome ¢
26. 5p|PEE0YTICYC_EQUAS Cytachrome ¢
27.5p|Q5RFH4CYC_PONAB Cytochrome ¢
28. sp|Q1KKS2|CYCB_TAKRU Cytochrome
29, 5p|PO0026|/CYC_CYPCA Cytochrome ¢

30. sp|QIKLOGICYCA_TAKRU Cytochrome

3. 5p|P25400/CYC_CANGA Cytachrome ¢
32. 5p|PO0021|CYC_COLLI Cytochrome ¢ C
33. 5p|QBIAM2Z|CYC_DANRE Cytochrome ¢
34 5p|PBR0IGICYC_EQUBL Cytochrame ¢
35, 5p|QdHVIT|CYC_GIBZE Cytochrome ct
36. 5p|QBWUXS|CYC_GORGO Cytochrome
37. 5p|PB1458|CYC_THUAA Cytochrome ci
38. 5p|P62896/CYC_SHEER Cytachrome ¢

MG DVEKGKEKFTMKCSQCHTVEKGGKHKTGPNLHGLFGRKTGQAPGYSYTAANKNKGTWGEDTLMEYLENPKEKYPGTHKHMIFNVGKKKEERADLAYLKKATNE
WGDVEKG KK I FVQKCAQCHTVEKGGKHKTGPNLHGLFGRKTGQAPGFSYTDANKMNEKG I TWGEETLMEYLENPKKYPGTKMIFAGKKKGEREDL IAYLKEKATNE
MGD | EKGKEKIFVQKCSQCHTVEKGGKHKTGPNLHGLFGRKTGQAEGFSYTDANKNKGTWGEDTLMEYLENPKKYPGTHKMIFAGKKKSERYDLAYLKDATSK
WGDVEKG KK I FVQKCAQCHTVEKGGKHKTGPNLHGLFGRKTGQAPGFSYTDANKNEKG I TWGEETLMEYLENPKKYPGTHKMIFAGKKTGERADL I AYLKEKATKE
MG DV EKGKEKFVQKCAQCHTVEKGGKHKTGPNLHGLFGRKTGQAPGFTYTDANKNKGTWHKEETLMEYLENPKEKYPGTHKMIFAGKKKTEREDLAYLKKATNE
WGDIVIEKIG KK | F| 1 MKCISQCHTVEKGGKHEKTGPNLHGILFGRKTGQARPGYSYTAANKNEKG | TWGEDTILMEYL ENPKKYPGTKMIFVGKKKEERADLHIAYLKKATNE
MG DVEKGKEKFVQKCAQCHTVEKGGKHKTGPNLHGLFGRKTGQSPGFSYTDANKNKGTWGEEETLMEYLENPKEKYPGTHKMIFAGKKKGERADLAYLKQATNE
WGDIVEKIG KK | FVIQKCAQCHTVEKGGKHKTGPNLHGL FGRKTGQAVGFSYTDANKNEKG | TWGEDTILMEYLENPKEKYPGTHKMIFAG KKKDERADLHIAYLKEKATNE

WGDVEKG KK FVQKCAQCHTVEKGGKHKTGPNLNG
MGDVEKGKKFVQKCAQCHTVEKGGKHKTGPNLHGL
WGDVEKG KK FVQKCAQCHTVEKGGKHKTGPNLHG
MGDVEKGKEK!FVQKCAQCHTVEKGGKHKTGPNLHGL
WGDVEKGKK I FVQKCAQCHTVEKGGKHKTGPNLHG
MGDVEKGKRKFVQKCAQCHTVEKGGKHKTGPNLHGL
WGDIVIEKIG KK I F|1MKCSQCHTVEKGGKHKTGPNLHG
WGD I EKGKK I FVQKCSQCHTVEKGGKHKTGPNLHG
MGDVEKGKRF1TMKCSQCHTVEKGGKHKTGPNLHGL
WGDVEKGKK | FVQKCSQCHTVEKGGKHKTGPNLHG
MGDVAKGKKTFVQKCAQCHTVENGGKHEKVYGPNLWGL
WGD I EKGKK I FVQKCSQCHTVEKGGKHKTGPNLHG
MGD 1 EKGKKFVQKCSQCHTVEKGGKHKTGPNLNGL
W|GID|V|E[KIG KKV F|VIQKICISQICIHTVIEKAGKHEKTGPNLSGL
MGD 1 EKGKEKFVQKCSQCHTVEKGGKHKTGPNLDGL
MG DV EKGKKVFVQKCAQCHTVENGGKHKTGPNLSGL
WGDVEKGKK I FVQKCAQCHTVEKGGKHKTGPNLHG
MGDVEKGKK!FVQKCAQCHTVEKGGKHKTGPNLHGL
WGDVEKG KK F 1 MKCSQCHTVEKGGKHKTGPNLHG
MSGD 1A KGKKAFVQKCAQCHTVEQGGKHKTGPNLW
W|GIDV|E[KIG K KV F|V|QKICIAQICIHTVIENGIGKHKVGPNLWG|
MGD A KGKEKFVQRCSQCHTVTKEGRHKVYGPNLWGL
WS EKKGATLFKTRCLQCHTVEKGGPNKVGPNLHG R
WGD 1 EKGKK I FVQKCSQCHTVEKGGKHKTGPNLHG
MG DV EKGKKVFVQKCAQCHTVENGGKHEKVYGPNLWGL
WGDVEKG KK FVQKCAQCHTVEKGGKHKTGPNLHG

WAGD| | KIKGANLFKTRCAQCHTVEKDGGNKIGFALHG

m M7: ClustalW Parameters

Residue-specific Penalties

(Gap Separation Distance

e =1 — =1
=B o8B
L]

Delay Divergent Cutoff (%)
["|Keep Predefined Gaps

DITILIMEY LIENPKKY |1 PGTKMIFAG KKKGERADL I AYLKKATNE
ETILIME]Y L ENPKIKY 1 PGIT/KMIIFIAGKIKTGERADL|TAYLKIATKE
ETILIMEYLENPKEKY|LPGTKMIFAG!KKEKGEREDL IAYLKEKATNE
EITILIME]YIL EENPKKY 1 PGTKMIFIAG KK KGERADL|AYLKKATNE
ETILIMEYLENPKEKYLPGTKMIFAG!KKEKGERADL IAYLKEKATNE
EITILIMENYIL EENPKKY1PGTKMIFIAG KK KGERADL|AYLKEKATNE
DITILIMEY [LIEINP KIKY |1 P GT|KM|IF|V|G| KKK EERADL| I AJYLKKATNE
DITILIMEYILIEINP KIKIY |1 PGTIKIM|IFAIG) KKK S|ERVDIL| I |A[Y|L KIDATSK
DITILIMEY L ENPKKY I PGITIKMIIFVG I KKKEERADL AYLKKATNE
DITILIMEYILIENP KIKIY |1 P GTIKIM|IFAIG) KKK SERIADIL| I A[Y/L KDATAK
NITILIMEY L ENPKKY IPGTKMIFAGH KKKGERQDLVAYLEKSATS

DITILIMEY ILIEINP KIKY |1 PIGTIKIM|IFAIG) KKK S|ERIADIL| I A[Y|L KIDATSK
DITLMEY L ENPEKKYIPGTKMIFAG KKKSERADLIAYLKDATSK
EITILIF|VIYILIENPKIKY|PGIT/KM1FAGHKKEGERHKDL IAYLKEKSTISE
DITLIMEY L ENPKKYIPGTKMIFAG KKKSERADLIAYLKDATSK
EITILIRITYIL ENPKIKY (1 PGT/KMIFIAGIL KKK SERQDLTAYLKKTARAS
AITILIMEYILIEINP KIKIY |1 P GTIKM|IFAIG]KIKIS A ERADL I AJYLKKATKE
ETILIME]YIL ENPKIKY (1 PGT/KMIIFIAG KK KTEREDL|AYLKKATNE
DITILIME)Y L IEINP KIKIY |1 P GTIKM|IF|V|G] K IKIKEERADL I AYLKKATNE
EETILIMVIYLIENPKKY(1|PGTKMIFAGKKKTERADL | AYLKSSTS
ZITILIMIE|Y|LIENP KIKIY |1 PG| T{KM]|1FAG) KKK GERJADIL| I |A[Y|L K|S|A TS

ETILNVIYLQNPKEKYPGTKMNEFAGRKKRERLDITAYIKEATSK
NMSDYLTHNPEKY I PGTHKMAFGGLKKEKDREKDL IAYLKEKATSD

DITILIMEYILIENP KIKIY |1 P GTIKM|IFAIG) KKK A ERADIL|IAJYIL KQATAK
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1. sp|P99999ICYC_HUMAN Cytachromec(
2. 5p[P62894|CYC_BOVIN Cytochrome ¢ 04
3. 5p|PET881|CYC_CHICK Cytochrome c O
4. 5p[P00011|CYC_CANLF Cytochrame ¢ O
5. 5p|PO0004|CYC_HORSE Cytochrome ¢ (
6. sp|PO0002|CYC_MACMU Cytachromec(
7. 5p[PO00QT|CYC_HIPAM Cytochrome ¢ 04
8. 5p|PO000BICYC_RABIT Cytochrome ¢ 0%
9. 5p|P00014|CYC_MACGI Cytochrome ¢ Ot
10. 5p|PO001Z|CYC_MIRLE Cytochrome ¢ C
11, sp|PE2895|CYC_PIG Cytochrome ¢ 08¢
12, 5p|PEB0RYICYC_CANDR Cytochrome ¢
13 5p|PBBOSS|ICYC_LANMGU Cytachrome ¢
14 5p|PG8100|CYC_ESCRO Cytochrome ¢
15, 5p|P99998|CYC_PANTR Cytochrome ¢
16. 5p|PET882|CYC_MELGA Cytochrome ¢
17, 5p|PO0003|CYC_ATESP Cytochrome ¢
18. 5p|PO00Z0|CYC_ANAPL Cytochrome ¢ (
19 5p|PO0025|CYC_KATPE Cytochrome c(
120. 5p[PO0O7|CYC_APTPA Cytochrome ¢ (
121, 2p[PO0018|CYC_DRONO Cytachrome ¢
122, 5p[PO0028|CYC_LAMTR Cytochrome ¢!
123. 5p|P00019|CYC_STRCA Cytachrome ¢
24 sp|PO0027|CYC_SQUSU Cytochrome ¢
125. 5p[PO0013|CYC_MINSC Cytochrome cf
126. 3p|PEB0AT|CYC_EQUAS Cylochrome ¢
127. 5p|Q5RFH4|/CYC_PONAB Cytochrome ¢
128. 5p|Q1KKS2|CYCB_TAKRU Cytochrome
129, 5p[PO0O26|CYC_CYPCA Cytochrome
30. sp|Q1KLOB|CYCA_TAKRU Cylochrome
3. 5p|P25400|CYC_CANGA Cytachrome ¢
32 5p|P00021|CYC_COLLI Cytochrome ¢ C
33 sp/QBIAM2|CYC_DANRE Cytochrome ¢
34, sp|PEBOYE|CYC_EQUBU Cytochrome ¢
35, 5p|Q4HVXT|CYC_GIBZE Cytochrome ¢
36. 5p|QEWUXB|ICYC_GORGO Cytachrome
37 5p|PB1489|CYC_THUAA Cytochrome c!
38, 5p|PAZB0G|CYC_SHEEP Cytochrome ¢
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UPGMA

A UnweightedPair-Group Method with Arithmetic means

A

A simpleagglomerative hierarchicatlusteringmethod

UPGMA CLUSTERING INPUT DATA

Turtle lan Tuna Chicken Moth  Monkey Dog

A B C D E F e
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Findand cluster
two proteins with
the smallest
pairwise distance


http://www.nmsr.org/upgma.htm
http://www.nmsr.org/upgma.htm
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the molecular clockis constant forall the sequencesn the tree!!


http://www.nmsr.org/upgma.htm
http://www.nmsr.org/upgma.htm
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assumes a tree which the distances
from the root to every branch tip arequal
the updated distance between the joinec
clustersanda new clusteKis given by the
proportional averaging of thelistances
the molecular clock is constant for all the
sequences in the tree!!



Neighbor joining

A Aagglomerativeclustering method for the creation of phylogenetiees
A Input: a distance matrix specifying the distance between each pdaxat
** |t does not require that all lineages have diverged by eaqual amounts.

| fa B colE] [Ta T8 Jc Jo T |
B L r () = BH+HTHHE=30 -13
s s 0 E == | | | |
lc falfr I 0 I | e -11. 5| -11. 5 | | |
C 4T ric) = 32 : :
(D (7 [[roff7 [ | riD) = 3 [D[-10 |[-10 ][ -10.5] |
LE s 9 lle 5] | e (B[ 10 J[-10 [-to.g[-13 | ]
[F|[g [1][g |[9 |[2 ] [F[ -10.8][ -10.8[ -11 ][ -11.8[ -11.5
raw data: distancamatrix ~ calculate the net divergence r (i)  wan=easy &t v =12 in tae case of the paix 4,51
M(AB)=d(AB) -[(r(A) + r(B)]/(N-2) = -13
A SO =d(B) / 2 + [c()-r(B)] / 2002) = 1
Fx I EB S(BU) =d(4B) S (A1) = 4 R
1/ . v Jc Jo 5 o AT R
W S S I I I o
/1N e R 2 N . [
E’FIH‘C J17 e LE_5 s I[85 | | I B
. EFI Y lF |[7 g 9 g |

. i
start with a star tree  take A and B as neighbors unrooted tree

form a new noddJ & new matrix


http://www.deduveinstitute.be/~opperd/private/neighbor.html
http://www.deduveinstitute.be/~opperd/private/neighbor.html

Neighbor joining

A Advantages of NJ

A Fast This makes it practical for analyzing lardgta.

A Givendata of sufficient length, neighbor joining will reconstruct the true
tree with high probability.

A It does not assume all lineages evolve at the saate.

h>N

Disadvantage®f NJ

Relyon distancemeasures

Neighborjoining has the undesirable feature that it often assigns negative
lengths to some of the branches.

> I
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Fast. This makes it practical for analyzing large

data.

Given data of sufficient length, neighbor joining
will reconstruct the true tree with high
probability. It does not assume all lineages

evolve at the same rate.



Maximum parsimony(MP)

A MPminimizesthe number ofsubstitution requiredo generate the
observed variationn the sequences from common ancestral sequences
A Characterbased methods(MSA)

Taxa Sequence position (sites) and character

1.Findinformative sitg a sitemust
havethe samesequencecharacter

1 2 3 4 5 6 7 8 9 .
in at leasttwo taxa
1 A A G A G T G C A
2 A G C C G T G C G .
) Ao A : N 2.Countingthe number of change
4 A G A G A T C C G at each informative site foerach
tree and picking the tree requiring
TREE | TREE Ii TREE I the leastnumber ofchanges.
Taxon 1 Taxon 3 Taxon 1 Taxon 2 Taxon 1 Taxon 2
G A G G G G
AN . A/ PN . A/ AN . A/
[ ]
. e \A X e \A R e \A
Taxon 2 Taxon 4 Taxon 3 Taxon 4 Taxon 4 Taxon 3
Total tree 1 2 2
length plus one other arrangement

in tree Il and one in tree |l

e is a substitution


http://cshprotocols.cshlp.org/
http://cshprotocols.cshlp.org/

Maximum parsimony(MP)

A MPminimizesthe number ofsubstitution requiredo generate the
observed variationn the sequences from common ancestral sequences
Characterbased methods(MSA)

Taxa

A

Sequence position (sites) and character

s R —

Taxon 1
G

AN
/

G
Taxon 2

Total tree
length

> = = = @ —
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o O Oy = L]
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/
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=0 0 w
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Taxon 1
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5 6 7 8 9
G T G C A
G T G C G
A T C C A
A T C C G
TREE Il TREE Il
Taxon 2 Taxon 1
G G
e AN
A—A\ /A—A
A A

2

Taxon 4 Taxon 4

plus one other arrangement

in tree Il and one in tree |l

e is a substitution

1.Findinformative sitg a sitemust
havethe samesequencecharacter
in at leasttwo taxa

2.Countingthe number of change
at each informative site foeach
tree and picking the tree requiring
the leastnumber ofchanges.

Taxon 2

Taxon 3


http://cshprotocols.cshlp.org/
http://cshprotocols.cshlp.org/

Maximum parsimony(MP)

>

Questions?

Artifact of long-branchattraction!!

Branch lengths often depidhe number of substitutions that occur

between two taxa. Parsimony assumes all taxa evolve at the same rate, :
all characters contribute the same amount of information.

>

true tree inferred tree

Dutgrip outgroup
1 2

— 1

2
I 3 * S —— 3
A Rapidly evolving taxa may be placed on the same branch, not because tf
are related, bubecause theyhave the same substitutions!!



http://cshprotocols.cshlp.org/
http://cshprotocols.cshlp.org/

Maximum parsimony(MP)

A

Questions?
Artifact of long-branchattraction!!

>

h>N

Advantage & Disadvantage:

MP isbest suited forsequences that are quite similaand islimited to
small numbers of sequence@ll possible trees relating a group of
sequences arexaminech ? time-consuming).

h>N


http://cshprotocols.cshlp.org/
http://cshprotocols.cshlp.org/
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