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Parsimony

I. Counting evolutionary changes.

II. Searching for the most parsimonious
tree.

e Exploring tree space.

e Sequence of taxon addition.
III.Performance of parsimony.

IV.Problems with parismony.
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I. Counting the
Number of Changes

e The Fitch/Wagner method.
e The Dollo method.
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Fitch/Wagner Method

{C} {A} {C} 4} {C]
N/ N\ \/

e Postorder tree transversal.

e At internal node, create intersection of
descendent sets.

e [f empty, create union of descendent
sets.
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Fitch/Wagner Method

Total Number of Changes = 3

{C} {A} {C} A} {G)




I. Counting the
Number of Changes

e The Fitch/Wagner method.

e General model for reversible
change.

e The Dollo method.

e Model for characters that are
conslidered more likely to evolve in
one direction.

—135
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Dollo Method
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Blind cave fish
Photo by Rick Olsen
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Dollo Method

Total Number of Changes = 2

E D C B A
0 1 0 1 0
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Dollo Method

Total Number of Changes = 2
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Dollo Method

Total Number of Changes = 3
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Dollo Method

Total Number of Changes =
O 0O O

78\
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Dollo Method

Total Number of Changes = 2
1 0 0 O OO0 O O
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I. Counting the
Number of Changes

e The Fitch/Wagner method.
e General model for reversible change.
e The Dollo method.

e Model for characters that are
consldered more likely to evolve in
one direction.
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Optimality Criterion
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How Many Trees?

Taxa

Unrooted
Trees

Rooted Trees

4

3

15

8

10,395

135,135

10

2,027,025

34,459,425

22

3x10723

50

3x10774*

* More trees than there are atoms in the universe.
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II. Searching For the )
Optimal Topology

1. Exhaustive
 Examines all possible trees.
* Only works for small number of taxa (<12).

2.Branch & Bound

* Ignores trees that are sure to be worse.

« Again, only works for small numbers (<18).
3.Heuristic

» Uses algorithms to explore tree space.

* Only method that works for large datasets.
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1. Exhaustive Search

é File Edit Options Data F.UE Trees Window Help 431 PM @EPAUP‘t.Ublll(Altivec)

v Parsimony PAUP* 4.0b10 (PPC/Altivec) =] -

Likelihood -
- Total memory available: 199169K Largest free block: 199116K
Distance

. - CAout.nex

. Parsimony Settings... PRAUP *

HNEXUS Likelihood Settings.. Version 4.8b18 for Macintosh (PPC/Altivec)

Begin data; - Friday, January 26, 2007 5:54 PN

Dimensions ntax=16 nchar=gs|  Distance Settings...
Format datatype=DNA gap=-; P This copy registered to: Jonathan Losos
Matrix P b Heuristic Search... Pd rea Washington University

RhPU gg;gggggg:ggg%ﬁggg Branch and Bound Search... (serial number = B46A61S)>
sy Exhaustive Search OTICE
AARAAGGGAATARAACCTCA|  Evaluate Random Tree GCCTGTTGARRRATGTAGARTACCTGGTARGACTAGAAT This is a beta-test version. Please report any crashes,
CGTGARGGRARACGATTACC  Bootctran/lackknife, RCCTATTGAARRARGT TRRTCARTTG- -~ ARRACACGAGTH apparent caleulation errors, or other anomalous results.
GCTAGCGGARAARRTATCTAR P - (CGATATAGCTARAGTARATGTAGGT---AARRARCGCGTGTAH There are no restrictions on publication of results obtained
ACTAATGGGATARGGCCACC|  Quartet Puzzling... [ACCARGTGAGARAT TACGARGATTT TCGTGTT with this version, but you should check the MWW site
GCGARRGGCATTATTARGGA - — ACCCATTGAGARGGTAGATGCTGGR- -~ ARGACARGAGTT| frequently for bug announcements and/or updated versions.
ARACARGCCACCCTCCCACE]  Neighbor Joining /UPGMA... C ACACGTTTH See the README file on the distribution media for details.
GcaccroRTTTGTTCCCRE|  Star Decomposition Search... | e TR noACRooTeT
ACARGCGGTGTGARACCTAG|  Lake's Invariants... [RARACTGGCARRRATTTATGAGARACCAGCARCTCGCACG | Processing of file "CRout.nex” begins...
GRRRATTGTTCTGATTTGOA  parmutation Tests CCATTGGAGARGGTGT TGGAATCA--- ARRACARGAGCT]
ARACAGGGTGTAGCTCCCAT, e . RRAGT TARGTARGATCTACGARCARCCAGCCACCAGGACT] | Data read in DNA format
GAACATCTAGTTGTACCTGE|  Partition Homogeneity Test... |AccTATTTATARARTTCCTGARCCAGGTARARCTAGGGTT]
ARGARGGGARTGRAGCCTCH) - GCCTOTGGARRRATGCAGAATACCTGGTARGACTAGAATA | Data matrix has 16 taxa, 951 characters

Load Constraints... Ualid character-state symbols: ACGT

Show Constraints... Missing data identified by '?°

Gaps identified by '-*

macros in effect:

AG}

{ACGT}
Processing of file "CAout.nex” completed.

Heuristic search settings:
Optimality criterion = parsimony
Character-status summary:
0f 951 total characters:
All characters are of type 'unord’
All characters have equal weight
185 characters are constant
78 variable characters are parsimony-uninformative
Mumber of parsimony-informative characters = 776
Gaps are treated as “missing”
Starting tree(s) obtained via stepwise addition
Addition sequence: simple (reference taxon = RhPU)
Number of trees held at each step during stepwise addition = 1
Branch-swapping algorithm: tree-bisection-reconnection (TBR)
Steepest descent option not in effect
Initial 'MaxTrees' setting = 208 (will be auto-increased by 108>
Branches collapsed (creating polytomies) if maximum branch length is zero
‘MulTrees' option in effect
Topological constraints not enforced
Trees are unrooted

Heuristic search completed
Total number of rearrangements tried = 2054
Score of best tree(s) found = 432
Number of trees retained = 1
Time used = 8.85 sec

|[~]
Execute | [ Clear | [ Delete Stop Pause

| CAout.nex

IONALGEOGRAPHIC.COM Photograph by Michael K. Nichols © 2004 National Geographic Society. All rights rese:
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1. Exhaustive Search

Grab

File Edit Capture Window Help

Sun 4:40

CAout.nex

PAUP#* 4.0b10 (PPC/Altivec) -

Total memory available: 199049K Largest free block: 198995K

BNEXUS
Begin data;

Format
Matrix
RhPU

Dimensions ntax=16 nchar=951;

datatupe=DNA gap=-;

CTTARTGGTACTCGGCCAGAAAT TGTTTGGACAGATACACT TAARRGATCAGARGATAGCARTAGC TRRAGCGARTGCAGGA---| HHHHCGCGTTTG
AGACARGGGARGATATTGGACCATTATTTTATRGATACAT TARAGGACGARRGGAAG
AAGARTGGTGTGAGARCACCTGTARTGTGGGTGGATACAT TRARRGGATGAGAGAAGACCART TGARARARGTAGATCAARCTG- - -ARARCACGTGTG
AARRAGGGAATARRACCTCACACTATATTCACGGATTGTTTGARARGATACTTGTTTGCCTGT TGARARATGTAGARTACCTGGTARGACTAGAATA
CGTGARGGARARCGAT TACCTGTGATGTGGGTCGACACAT TGARAGATGAACGTCGACCTATTGARARAGT TRATCAARTTG- - - ARRACACGAGTA
GCTAGCGGARARATATCTARTGTCATTTTTGTAGATACAT TGARAGATGAGCGACGCGATATAGCTARAGTARATGTAGGT - -~ ARRARCGCGTGTAH
ACTARTGGGATARGGCCACCGTGTGTTTATTGGGCGCATCT TARGGATGAAT TGAGACCARGTGAGARAT TRCGAARGAT TTGGAGGGACTCGTGTT)
GCGARAGGCATTATTARGGATGTAGTATTTGT TGACACACT TARAGATGARRGGCGACCCATTGAGARARGGTAGATGCTGGA- - - ARGACARGAGTT)
ARACARGCCACCCTCCCACCTACARCGTTTATGGACT TCCCARAGGATGAGT TGTTGAAG: CCGGGARAGGACACACGTTTAH
ARGAARTGGAATAGT TCCAGCGTCATATTTTACAGCTTGCCT TARAGACGC TAGGATTCCTARTCGGARAGTCTCTGTCCCAGGGAGTACTCGAGTT
GCACACAGATTTGTTCCCGCTCTTGTTGGGAT TGARTGTCCARRRGATGAGARGT TGCCTATGAGARRGGT TTTTGATARGCCTARGACCAGGTGT)
ACARGCGGTGTGARACCTAGTATCATGACAARTGGAGTGCCTCARGGATGAARGAAGARARCTGGCARARAT T TATGAGARRCCAGCARCTCGCAC
GRARRATTGTTCTGATTTGGATGTTGTTTTTACTACT TGCCCARARGATGAAT TGAGACCAT TGGAGARGGTGT TGGAATCA- - - ARRACARGAGCT)
ARACAGGGTGTAGCTCCCATTGTGGTTACTGTGGAGTGCCCARARGATGARCGCAGARAGT TARGTARGATCTRCGARCARCCAGCCACCAGGACT)
GAACATCTAGTTGTACCTGCARCATATTTTACATCTTGTCTCARGGACGCARGGATACCTATTTATARAAT TCCTGARCCAGGTARRRCTAGGGTT)
ARGARGGGAATGAARGCCTCACACTATATTCACGGATTGT TTGARRGATACATGTTTGCCTGTGGARRARATGCAGARTACCTGGTARGACTAGRATAH

IONALGEOGRAPHIC.COM

Photograph by Michael K. Nichols

Taxon-deletion status changed:
2 taxa restored
Total number of taxa now deleted = 6
Number of nondeleted taxa = 19

Exhaustive search settings:
Optimality criterion = parsimony
Character-status sunmary:
0f 951 total characters:
characters are of type ‘unord’
All characters have equal weight
133 characters are constant
145 varigble characters are parsimony-uninformative
Number of parsimony-informative characters = 673
Gaps are treated as "missing”
Initial 'MaxTrees' setting = 280 (will be auto-increased by 189
Branches collapsed (creating polytomies) if maximum branch length is zero
‘MulTrees' option in effect
Topological constraints not enforced
Trees are unrooted

Exhaustive search completed:
Number of trees evaluated = 2027625
Score of best tree found = 2666
Score of worst tree found = 3178
Number of trees retained = 1
Time used = 7.20 sec

Frequency distribution of tree scores:

mean=3817.115689 sd=75.456861 g1=-1.899522 g2=0.874534

J[~]

Execute | [ Clear | [ Delete 5 Pause |

R CAout.nex

© 2004 National Geographic Society. All rights rese.
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1. Exhaustive Search

@ Grab File Edit Capture Window Help Sun 4:40 PM Sun 4:40 PM
PAUP* 4.0b 10 (PPC/Altivec) - PAUP* 4.0b 10 (PPC/Altivec) -

Total memory available: 199049K Largest free block: 198995K Total memory available: 199049K Largest free block: 198995K

r

CAout.nex Taxon-deletion status changed:
: 2 taxa
BNEXUS Total number of taxa now deleted = 6
Begin data; Number of nondeleted taxa = 18
Dimensions ntax=16 nchar=951;
Format datatupe=DNA gap=-; Exhaustive search settings:
Matrix Optimality criterion = parsimony
RhPU CTTARTGGTACTCGGCCAGARAT TGTTTGGACAGATACACT TARAGATCAGARRGATAGCARTAGC TRRAGCGARTGCAGGA---ARRACGCGTTTG Character-status summary:
BOCY AGACARGGGARGATATTGGACCATTATTTTATAGATACAT TARAGGACGARRGGAAG: 0f 951 total characters:
RABPY ARGARTGGTGTGAGAACACCTGTARTGTGGGTGGATACAT TARAGGATGAGRGAAGACCART TGARRAAGTAGATCARCTG---ARRACACGTGTG All characters are of type ‘unord’
DUy ARARARGGGAATARAACCTCACACTATATTCACGGATTGTTTGARRGATACT TGTTTGCCTGT TGARRAATGTAGARTACCTGGTARGACTAGAARTA All characters have equal weight
KBY CGTGAAGGARRRCGAT TRCCTGTGATGTGGGTCGACACAT TGARARGATGARCGTCGACCTATTGARARAAGT TRRTCART TG- - - ARRACACGAGTA 133 characters are constant
ocy GCTAGCGGAARRATATCTARTGTCATTTTTGTAGATACAT TGARAGATGAGCGACGCGATATAGCTARRGTARRTGTAGGT- -~ ARARCGCGTGTH 145 variable characters are parsimony-uninformative
IFY ACTAATGGGATAAGGCCACCGTGTGTTTATTGEGCGCATCT TARGGATGAAT TGAGACCARGTGAGAART TRCGAARGATTTBGAGGGACTCGTGTT] Number of parsimony-informative characters = 673
GCGARAGGCATTATTARGGATGTAGTATTTGT TGACACACT TARAGATGARRGGCGACCCATTGAGARGGTAGATGCTGGA- -~ ARGACARGAGTT) Gaps are treated as "missing”
ARACARGCCACCCTCCCACCTACARCGTTTATGGACT TCCCARRGGATGAGTTGTT Cl ACACGTTTA Initial 'MaxTrees' setting = 200 (will be auto-increased by 168>
AAGARTGGARTAGTTCCAGCGTCATATTTTACAGCT TGCCTTARRGACGCTAGGATTCCTARTCGGARAGTCTCTGTCCCAGGGAGTACTCGAGTT) Branches collapsed (creating polytomies) if maximum branch length is zero
GCACACAGATTTGTTCCCGCTCTTGTTGGGAT TGARTGTCCARRRGATGAGRRGT TGCCTATGAGARAGGT TTTTGATARGCCTARGACCAGGTGT) "MulTrees' option in effect
ACARGCGGTGTGARRCCTAGTATCATGACARTGGAGTGCCTCARGGATGARRGARGARARRCTGGCARARAT TTATGAGARACCAGCARCTCGCACG Topological constraints not enforced
GARRATTGTTCTGATTTGBATGTTGTTTTTACTACT TGCCCARRAGATGAAT TGAGACCAT TGGAGARGGTGT TGGARTCA--~ARARCARGAGCT| | Trees are unrooted
AARCAGGGTGTAGCTCCCATTGTGGTTACTGTGGAGTGCCCARRAGATGARCGCAGARAGT TRAGTARGATC TACGARCARCCAGCCACCAGGACT]
GAARCATCTAGTTGTACCTGCARCATATTTTACATCTTGTCTCARGGACGCARGGATACCTATTTATARAAT TCCTGARCCAGGTARRACTAGGGTT) | Exhaustive search completed:
TGARGCCTCACACTATATTCACGGATTGTTTGARRGATACATGTTTGCCTGTGGARRAATGCAGARTACCTGGTARGACTAGRATA Number of trees evaluated = 2027625
Score of best tree found 2666
Score of worst tree found 3178
Number of trees retained = 1
Time used = 7.20 sec

Frequency distribution of tree scores:

mean=3817.115689 sd=75.456801 g1=-1.099522 g2=0.874534

(=] J[~]
[ Execute | [ Clear | [ Delete | Stop | [ Pause | [ Execute | [ Clear | [ Delete | Stop | [ Pause |

Ready for command | Chout.nex Ready for command | Chout.nex

IONALGEOGRAPHIC.COM Photograph by Michael K. Nichols © 2004 National Geographic Society. All rights resen
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Figure 5.3: Search tree for most parsimonious tree in a five-species case.
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1

2. Branch & Bound |

Figure 5.4: Search tree for most parsimonious tree for five species, us-
ing the data of Table 1.1. Trees are shown in Figure 5.3. Dashed lines
are those not traversed by a branch and bound method. The species
names in the data set correspond to labels A through E in Figure 5.3.
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2. Branch & Bound
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2. Branch & Bound

Qf Grab File Edit Capture Window Help Sun 4:33 PM

PAUP* 4.0b10 (PPC/Altivec)
Total memory available: 199161K Largest free block: 199109K

CAout.nex

p PRAUP*

#NERUS Uersion 4.8b19 for Macintosh (PPC/Altivec)

Begin data; Friday, January 26, 2067 5:54 PM

Dimensions ntax=16 nchar=951;
Format datatype=DNA gap=-; This copy registered to: Jonathan Losos
Matrix Mashington University

RhPU CTTAATGGTACTCGGCCAGARATTGTTTGGACAGATACACT TARAGATCAGARGATAGCARTAGC TARRGCGARTGCAGGA-- - ARRACGCGTTTH (serial number = B400618)

BaCY ABACARGGGARGATATTGGACCATTATTTTATAGATACAT TARAGGACGARAGGAAG -ARGTCTCGAATG

ABPU -ARARACACGTGTG NOTICE

) ARARRGGGARTARRACCTCACACTATATTCACGGATTGTTTGRARGATACTTGTTTGCCTGT TBRARRATGTAGARTACCTGGTRRGACTAGAATH This is a beta-test version. Please report any crashes,

KBU CBTGARGGARRACGAT TRCCTGTGATGTGGGTCGACACAT TBRARGATGARCGTCGACCTAT TGRARARGT TARTCARTTG- - - ARARCACGAGTH apparent caleulation errors, or other ancmalous results.

i GCTAGCGGARRARTATCTARTGTCATTTTTGTAGATACAT TGRAARGATGAGCGACGCGATATAGCTARAGTARATGTAGGT - - - ARARCGCGTGTH There are no restrictions on publication of results obtained

1FU ACTAATGGGATARGGCCACCGTGTGTTTATTGGGCGCATCT TRAGGATGART TGAGACCARGTGAGARAT TRCGARGAT T TGGAGGGACTCGTGTT] with this version, but you should check the MWW site
GG CA T TAT TRAGGAT G TR AT TG T TGACRCAC T TRARGATGARRGGCGACCCAT TGGAAGGTROATGCTGGA- —— ARGACRAGASTT frequently for bug announcements and/or updated versions.
ARACARGCCACCCTCCCACCTACARCGTTTATGGACT TCCCARAGGATGAGTTGTTGAA ACACGTTTA See the README file on the distribution media for details.
ARGAARTGGARTAGTTCCAGCGTCATATTTTACAGCTTGCCT TARAGAC!
GCACACAGATTTGTTCCCGCTCTTGTTGGGAT TGARTGTCCARARGATG . @
ACARGCGGTGTGARRCCTAGTATCATGACAATGGAGTGCCTCARGGATGH Branch-and-Bound Search Options
GRARRATTGTTCTBATTTGGATGTTGTTTTTACTACTTGCCCARARGATG .
ARACAGGGTGTABCTCCCATTGTGGTTACTETGGAGTGCCCARARGATEY ¢~ INitial upper bound ~Keep
GRAACATCTAGTTBTACCTGCARCATATTTTACATCTTGTCTCARGGACG ’ " .
ARGRAGGGARTGARGCCTCACACTATATTCACGOATTGTTTORARGATRA] | @ COMpuUte via stepwise ® minimal trees only

| (O setto l:l () all trees < score l:l

[ Tree-score frequency distribution only: Options...

[ Save all optimal trees (MulTrees)

Enforce topological constraints- Addition sequence

Constraints: [none defined v @ furthest

Keep trees that... ';) asis
Are Are NOT J simple
{3 max-mini
..compatible with constraints O max-mini ()

(_Defaults.. | [ SetMaxTrees... | cancel | [ search ||

BT characters are of tupe ‘unord'
All characters have equal weight
185 characters are constant
78 variable characters are parsimony-uninformative
Number of parsimony-informative characters = 776
Gaps are treated as "missing”
Starting tree(s) obtained via stepwise addition
Addition sequence: simple (reference taxon = RhPU)
Number of trees held at each step during stepwise addition = 1
Branch-swapping algorithm: tree-bisection-reconnection (TBR)
Steepest descent option not in effect
Initial 'MaxTrees' setting = 208 (will be auto-increased by 10@)
Branches collapsed (creating polytomies) if maximum branch length is zero
‘MulTrees’ option in effect
Topological constraints not enforced
Trees are unrooted

Heuristic search completed
Total number of rearrangements tried = 2054
Score of best tree(s) found = 4328
Number of trees retained = 1
Time used = 8.85 sec

|[~]
Execute Clear | [ Delete Stop Pause

| CAout.nex

IONALGEOGRAPHIC.COM Photograph by Michael K. Nichols © 2004 National Geographic Society. All rights rese:
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2. Branch & Bound

i @ Grab File Edit Capture Window Help Sun 4:34 PM

PAUP* 4.0b 10 (PPC/Altivec) -

Total memory available: 199048K Largest free block: 198995K

CAout.nex ‘MulTrees' option in effect

- Topological constraints not enforced

HNEXUS Trees are unrooted

Begin data;

Dimensions ntax=16 nchar=951; Heuristic search completed
Format datatype=DNA gap=-; Total number of rearrangements tried = 2054
Matrix Score of best tree(s) found = 4328

RhPU CTTAARTGGTACTCGGCCAGARAT TGTTTGGACAGATACACT TARAGATCAGARGATAGCARTAGC TRARAGCGARTGCAGGA- - - ARAACGCGTTTR Number of trees retained = 1

BOCY RAGACARGGGARGATATTGGACCATTATTTTATAGATACAT TARRGGACGARRGGAAG: CCTARRCATARGGCTCAT---AARGTCTCGAATG Time used = 8.05 sec

RBPY ARGARTGGTGTGAGARCACCTGTARTGTGGGTGGATACAT TARAGGAT CAATT! TRGATCAACT ACGTGTGH

DHY RAARRRRGGGARTARRRCCTCACACTATATTCACGGATTGTTTGARAGATACTTGTTTGCCTGT TGARRARTGTAGARTACCTGGTARGACTAGAATA | Branch-and-bound search settings:

KBY CGTGARGGARRRCGATTACCTGTGATGTGGGTCGACACAT TGARAGATGARCGTCGACCTAT TGARRRRGT TRARTCARTTG---AARACACGAGTA Optimality criterion = parsimony

Dcy GCTAGCGGARRAARTATCTARTGTCATTTTTGTAGATACAT TGARAGATGAGCGACGCGATATAGCTARAGTARATGTAGGT---ARRACGCGTGTA Character-status summary:

IFU ACTARTGGGATARGGCCACCGTGTGTTTATTGGGCGCATCT TARGGATGART TGAGACCARGTGAGARAT TACGARGAT TTGGAGGGACTCGTGTT) 0f 951 total characters:
GCGﬁFlFlGGCFITTRTTFlFlGGFITGTRGTFlTTTGTTGFICFlCRCTTHRFIGFlTGFlFlFlGGCGFlCCCHTTGRGHRGGTHGRTGCTGGH———RHGRCRHGRGTT All characters are of type ‘unord’
RARRCARGCCACCCTCCCACCTACARCGTTTATGGACT TCCCARRGGATGAGT TGT TGAAI ACACGTTTA All characters have equal weight
F|HGRFITGGﬂFITHGTTCCHGCGTCF!TF|TTTTF|CHGCTTGCCTTHHFIGF|CGCTF|GGF\TTCCTF|F|TCGGHHHGTCTCTGTCCCHGGGF\GTHCTCGHGTT 185 characters are constant
GCACACAGATTTGTTCCCGCTCTTGTTGGGAT TGARTGTCCARAAGATGAGARGT TGCCTATGAGARRGGTTTTTGATARGCCTARGACCAGGTGT) 78 variable characters are parsimony-uninformative
ACARGCGGTGTGARACCTAGTATCATGACAATGGAGTGCCTCARGGATGARAGARGARRRC TGGCARARAT T TATGAGARACCAGCAACTCGCACH Number of parsimony-informative characters = 776
GRRRATTGTTCTGATTTGGATGTTGTTTTTACTACT TGCCCARRAGATGART TGAGACCAT TGGAGAAGGTGT TGGAATCA- - - ARAACAAGAGCT) Gaps are treated as "missing”

RARRCAGGGTGTAGCTCCCATTGTGGT TACTGTGGAGTGCCCARRRGATGARCGCAGARAGT TRARGTARGATCTACGARCARCCAGCCACCAGGACT) Initial upper bound: unknown (compute heuristically)

Nasonia GRACATCTAGTTGTACCTGCARCATATTTTACATCTTGTCTCARGGACGCARGGATACCTATTTATARARTTCCTGARCCAGGTARARCTAGGGTT) Addition sequence: furthest

vov ARGARGGGARTGARGCCTCACACTATATTCACGGATTGTTTGARRGATACATGTTTGCCTGTGGARRRRTGCAGARTACCTGGTARGACTAGARTA Initial 'MaxTrees' setting = 200 (will be auto-increased by 168>

Branches collapsed (creating polytomies) if maximum branch length is zero

‘MulTrees' option in effect

Topological constraints not enforced

Trees are unrooted

Branch-and-Bound Search Branch-and-bound search aborted:
Score of best tree found = 4328
Addition sequence: furthest Number of trees retained = @
COLLAPSE option in effect: Yes (max) Time used = 12.13 sec
KEEPing trees of score ¢ N/A
Number of trees saved: @
Best tree found so far: 3122 4 taxa deleted
: Total number of taxa now deleted =
Current upper bound: 3122 Number of nondeleted taxa = 12

Progress in search tree

Taxon-deletion status changed:

Branch-and-bound search settings:
25 S8 I 6@ Optimality criterion = parsimony
| Character-status sunmary:
0f 951 total characters:
All characters are of type ‘unord’
Stop All characters have equal weight
129 characters are constant
96 variable characters are parsimony-uninformative
Number of parsimony-informative characters = 726
Gaps are treated as "missing"
Initial upper bound: unknown (compute heuristically)
Addition sequence: furthest
Initial 'MaxTrees' setting = 200 (will be auto-increased by 168>
Branches collapsed (creating polytomies) if maximum branch length is zero
‘MulTrees' option in effect
Topological constraints not enforced
Trees are unrooted

Branch-and-bound search aborted:
Score of best tree found = 31
Number of trees retained = @
Time used = 7.28 sec

Branch-and-bound search settings:
Optimality criterion = parsimony
Character-status summary:
0f 951 total characters:
All characters are of type ‘unord'
All characters have equal weight
129 characters are constant
96 variable characters are parsimony-uninformative
Number of parsimony-informative characters = 726
Gaps are treated as "missing"”
Initial upper bound: unknown (compute heuristically)
Addition sequence: furthest
Initial 'MaxTrees' setting = 200 (will be auto-increased by 168>
Branches collapsed (creating polytomies) if maximum branch length is zero
‘MulTrees' option in effect
Topological constraints not enforced
Trees are unrooted

l 158
[[Execute | [ Clear | [ Delete | Stop Pause

Searching via branch-and-bound | CAout.nex

IONALGEOGRAPHIC.COM Photograph by Michael K. Nichols © 2004 National Geographic Society. All rights rese
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3. Heuristic Search

The greedy search algorithm

Higher Peak Missed by Greedy Analysis
Highest Peak Found by Greedy Analysis

If start here

Figure 4.1: A surface rising above a two-dimensional plain (or plane).
The process of climbing uphill on the surface is illustrated, as well as
the failure to find a higher peak by this “greedy” method.

&2, UNIVERSITY~ ROCHESTER




3. Heuristic Search

l.Rearranging the topology
* Nearest neighbor interchange (NNI).
e Subtree pruning and regrafting (SPR).

* Tree bisection and reconnection (TBR).

2.5equence of taxon addition

e Multiple sequence addition replicates
required to avoid non-optimal peaks.

[86] UNIVERSITY~ ROCHESTER
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3. Heuristic Search

- T
A subtrcc/ } é

is rearranged by dissolving the connections to an interior branch

* Nearest Neighbor
Intexrchange (NNI)

e Dissolve an internal

branch and reform
in the tWO Other and reforming them in one of the two possible alternative ways:

possible ways. ’ %

Figure 4.2: The process of nearest-neighbor interchange. An interior
branch is dissolved and the four subtrees connected to it are isolated.
These then can be reconnected in two other ways.
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3. Heuristic Search

e Nearest Neighbor
Intexrchange (NNI)

 Dissolve an internal
branch and reform
in the two other
possible ways.

Figure 26 Branch swapping by nearest-neighbor in-
terchanges (NNIs). Each interior branch of the tree de-
fines a local region of four subtrees connected by the in-
terior branch. Interchanging a subtree on one side of the
branch with one from the other constitutes an NNI.
Two such rearrangements are possible for each interior
branch.
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3. Heuristic Search

G C

 Subtree Pruning and
Regrafting (SPR)

Remove some chunk

Add it in, attaching it to one (*)

of the tree and try

placing it in every
possible position on
the remainder of the
original tree.

Figure 4.5: Subtree pruning and regrafting (SPR) rearrangement. The
& 8 8 8 &

places where the subtree could be reinserted are shown by arrows. The
result of one of these reinsertions (at the branch that separates B and C

from the other species) is shown.
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3. Heuristic Search

Tree Bisection and
Reconnection (TBR).

More elaborate form
of SPR in which the two
possible subtrees are
merged 1n every
possible way.

Break a branch, separate the subtrees

Connect a branch of one
to a branch of the other

K

Figure 4.6: Tree bisection and reconnection (TBR). A branch is bro-
ken and the two tree fragments are reconnected by putting in branches
between all possible branches in one and all possible branches in the
other. One of these reconnections and its result are shown here.
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3. Heuristic Search
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3. Heuristic Search

Taxon addition sequence.

Manner 1in which taxa are
added to the analysis can
influence the results of a
heuristic analysis.

()

A - B

C

EB
A C
D, @ E
Ve

b 0O

Figure 4.8: Sequential addition carried out on the data in Table 1.1.
The species names A-E correspond, respectively, to the names Alpha
through Epsilon in Table 1.1. Sequential addition ends up with four
trees tied for best. None of these is actually the most parsimonious
tree.
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3. Heuristic Search

A - B

C

 Taxon addition sequence.

« Manner in which taxa are
added to the analysis can
influence the results of a
heuristic analysis.

E B
: :C
D A E

-
11
Y
/(

b O
A
v
v

* Always run multiple
sequence addition
replicates.

Figure 4.8: Sequential addition carried out on the data in Table 1.1.
The species names A-E correspond, respectively, to the names Alpha
through Epsilon in Table 1.1. Sequential addition ends up with four
trees tied for best. None of these is actually the most parsimonious
tree.
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3
erformance of
arsimony

S

Success rate
| 0-20%
20-40%
40-60%
160-80%
80-95%
195-100%

>
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III. Performance of
Parsimony

— Distance methods

AN

Uncorrected Parsimony
/ AN

—&— ML: Kimura model —&— Parsimony: weighted
—&— NJ: Kimura distances —{— Parsimony: uncorrected
—O— UPGMA: Kimura distances —+— Lake's invariants

]
()]
S
+—
4+
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e
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S
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IV. Problems with
Parsimony

 Substitutional saturation.

* Long-branch attraction & the dreaded
“Felsenstein Zone”

|
|

|

|

' 1 7
enstein R
.
.
B .
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.

=185
[
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In the Felsenstein Zone

Pattern type

The true phylogeny of
1,2, 3and 4

(two changes required on true tree)

&2, UNIVERSITY~ ROCHESTER
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In the Felsenstein Zone

1
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IV. Problems with
Parsimony

f Co
0.30 0.30 \ rrgcted I‘I.’.leth.OdS
(Maximum likelihood &

0.05 distance clustering)

ML: Kimura model
NJ: Kimura distances
NJ: uncorrected

Parsimony: weighted
Parsimony: uncorrected
—+— UPGMA: Kimura distances

(V)
<))
|-
+
+
(v
(<))
S
1
O
v
(@)
=
©
-
=
Y-
(o)
>
x
5
©
Q0
(®)
-
o

Uncorrected Distances

T T — IILr‘IIIII‘
100 10000 100000

Length of sequence
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Models of DNA
Evolution

e DNA distances.

¢ Using models of evolution to ‘correct’
DNA distance estimates.

&2, UNIVERSITY~ ROCHESTER



Uncorrected ‘p’

p=n,/n

p = proportion of nucleotides that differ
between two sequences.

nd = number of differences.

n = total sequence length.

L, UNIVERSITY* ROCHESTER




Saturation Curve

120

100 -
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60 -

40 -

vy
@
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“—
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©
o

| l ]
10 15 20
Time since divergence (Myr)
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Types of Changes

(a) Single substitution (b) Multiple substitution (c) Coincidental substitution

1 change, 1 difference 2 changes, 1 difference 2 changes, 1 difference

(d) Parallel substitution (e) Convergent substitution (f) Back substitution

2 changes, no difference 3 changes, no difference 2 changes, no difference
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Correction of
Distances

—— et —_— - — —
-

Expected difference
. 4 I +'Correction'

i

!Observed
idifferer)_cg

—

@
J
C
Q
| .
L
(il
-
o
)
O
=2
v
>
O
Q
W
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Models of DNA Evolution

1. Different types of substitutions
(transitions, transversions, etc.).

2. Different nucleotide frequencies.
3. Rate variation among sites.

4. Proportion of sites lacking polymorphism.

L, UNIVERSITY* ROCHESTER



Models of DNA Evolution

} -
@ < @ Transitions
A A

Transversions

@4 > @ Transitions
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Models of DNA Evolution

3 substitution types
(transversions, 2 transition classes)

TrN

2 substitution types
(transitions vs. transversions)

v
HK
F84

Single substitution type

A J

F8

Equal base frequencies

Equal base frequencies

SYM

3 substitution types
(transitions, 2 transversion

classes)

Equal base
frequencies

2 substitution types
(transitions vs. transversions)

A\ 4

7 Jukes-Cantor

Si substitution type
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J ukes Cantor

(1(1(1
a . o O

=[5 444

a o . o

o o O

-

. All types of substitutions equally likely.
. All nucleotides present at the same frequency.
. No rate variation among sites.

. All sites potentially variable.
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Transition Bias

Type of sequences Transition/transversion ratio (K)

—»> Transitions
mtDNA 9.0 Q? . @
| 2S rRNA D
- and B-globins 0.66

Transversions

o v v
PSCUdO T]-gl()l)in 2.70 @< > @ Transitions

——
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Transition Bias

1007 Transitions
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Models of DNA Evolution

GTR
3 substitution types Equal base frequencies
(transversions, 2 transition classes)

Kimura Two

2 substitution types P t m types
(transitions vs. transversions) arame er 2 transversion
l l Cldaddedy)

HKY85 K3ST
F84 Equal base
frequencies

Single substitution type 2 substitution types
(transitions vs. transversions)

4

K2p

Equal base frequencies Single substitution type
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Kimura Two

Parameter
> Transitions A C G Tﬂ
@3 L e
ﬁ B . B «

P, = ,
a B . P

v
> @ Transitions (1 —B 04 B

. Transitions & transversions assigned different rates.

. All nucleotides present at the same frequency.
. No rate variation among sites.

. All sites potentially variable.
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GTR or REV

3 substitution types Equal base frequencies
(transversions, 2 transition cl

SYM

3 substitution types
(transitions, 2 transversion
classes)

Y

A
HKY85 K3ST

General Time F84 Equal base

frequencies

[ ]
Reversible 2 sbtution e

4

K2p

Equal base frequencies Single substitution type
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GTR or REV
1
FCRAT
4 2

GF=tRG

. Each type of reversible substitution with its own rate.

. Nucleotides frequencies vary.
. No rate variation among sites.

. All sites potentially variable.

-
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Rate Parameters for ML

a (- B «
- p - B
a a B -

a a \p a p
Jukes-Cantor (1969) Kimura (1980) “2-parameter”

( - ‘7-5(?/3 EGOC ‘TETﬁ\ (‘TEArAA ‘ﬂ:CrAC ‘ﬂ:GrAG ‘TET rAT\
'ﬂ:Aﬁ o ‘TEG[)) ‘ﬂ;T a ﬂ:A rCA ‘ﬂ;C rCC 'ﬂ:G rCG ‘TET rCT
EA(X n(lﬁ - ‘TET ﬁ ‘TEA rGA ‘TEC rGC ‘TEG rGG ‘TET rGT

VTA[S O TP - ) \TTpalra  Telpe  Tolrg  Tplir )

Hasegawa-Kishino-Yano (1985) General-Time Reversible
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Rate Variation
Among Sites

e Gamma

e Shape parameter as the inverse
of the squared coefficient of
variation.

Small coefficient of variation
results in rates normally
distributed around 1.

Frequency

o = 11.1111

Large coefficient results in many
sites with a rate close to 0 and a
few with very fast rates.
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Rate Variation
Among Sites

Type of sequences o

Nuclear genes

Albumin genes

Insulin genes

C-rmiyc genes

Prolactin genes

16S-like rRNAs, stem region

16S-like IRNASs, loop region

ym-globin pseudogences

Frequency

Vira! genes

o Al 181 1 g g |
Hepatits B virus genomes 2¢ cv = 0.3

Mutochondrial acries
3C I -~
12S FR\A\

Position 1 of four genes

Position 2 of four genes

Position 3 of four genes
D-loop region

‘i ne b
Cytochrome b




Selecting a Model

Jukes-Cantor (JC)
Equal base frequencies A =RC=KG =Ry

All substitutions a=§
equally likely

Allow for transition/ Allow base frequencies
transversion bias to vary

] | }

Kimura 2 parameter (K2P) Felsenstein (F81)

Equal base frequencies ©p = n¢ = =g =t | |Unequal base frequencies mp # ¢ # ng # ny

Transversions and j

transitions have different axf All substitutions equally likely a=8

substitution rates

‘ - ]

Allow base Allow for transition/
frequencies to vary transversion bias

Hasegawa et al. (HKY85)

Unequal base frequencies np # ne # ng # ny

Transversions and transitions arf
have different substitution rates

Allow all six pairs of substitutions
to have different rates

General reversible (REV)

Unequal base frequencies mp « ¢ # ng # 1y

All six pairs of substitutions
have different rates

UNIVERSITYs ROCHESTER




Selecting a Model

e Use of Likelihood ratio test to identify most appropriate
model.

NrModel test hierarchy
{After Modeltest by D.
Posada)

JC vs. F3H

vs. FB1+G /
K8o v Kse G vs.

vs. HKY+G GTR vs. GTR+G

vs. JC+G+| KSBG vs. K8B+G+| \
SYM+G ws. SYM+G+I| F814G vs. F31+G+| HKY+G v HKY+G+1 GTR+ G GTR+G+1
HKY W

K8 vs. Keo+l SV vs. SVt /, Fai vs. FBI41 / vs. HKY+I GTR vs. GTR+I

JC JC +1 JC+ G JC+ G | Ksa Kse 1 K8+ G K28+G+| SYM SYM+]  SYMHG SYM+G+| F281 F81+1 FS81+4G FS1+G+| HKV HKV 1 HKV G HKV +G5+| GTR GTH | GTR+G GTR G+l
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Importance of Model Selection

Tree o = 0.5, pinv=0.5 a = 1.0, pinv=0.5 o = 1.0, pinv=0.2

~o—C1RG : -G g

-&—HK Y0 . -9—HKYD
-m-GTRg -G TRg
—A—HKYg ) -&-HKTg

e GTRI . |-—GTRI

g HKYi , e—HKYi
=G TRer HE-GTRer
—o—HiCYer . |-e—HKYer
~3€=Parsimony [de-parsimony

-—01Rg [e-0] Hg
-&-HKYD —g=HKYD . - HKYD
=B=GTRy -m-GTRg | -G TRg
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—A=GTRI =G TRI .‘.GTR!
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&G R0

100000 10000 100000 100000

-.-("H_[-" - 0110
-I-::;;l ) —a—HKYq
- --GTRg
=A-HKYg ’ A HKYg
T | et
il . &=
=G TREr =G TRET
—g=HKYer ) ——HKYer
=)= parsimony E —¢=parsimony

o
e
3

@©
=
<G
Ko

O

o

©

—
m

(@)

o

(@)
i |
I3

Q

Q,

P4
N

10000 100000 100 1000 10000 100000 100

Sequence Length

UNIVERSITYs ROCHESTER




Synonymous v. Nonsynonymous

Second letter
& A G

UAU } }
UAC Tyr Cys

UAA Stop
UAG Stop

| -
O}
=
@D
-
)]
B
LL.

19H9] PAIY L

G @ C I @EEAGECE G CH IR CIC
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Corrected v. Uncorrected *“

Distances

Corrected Versus Uncorrected
Genetic Distances

Uncorrected Distances

O 2nd Position

A 1st Position
All

<O tRNAs

0.1

Corrected Distances
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Corrected v. Uncorrected

Distances

Corrected Versus Uncorrected
Genetic Distances

9 3rd Position

0O 2nd Position

A 1st Position
All

< tRNAs

Uncorrected Distances

0.25 0.3 0.35 0.4 0.45

Corrected Distances
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Saturation

Non-synonymous
Substitutions

250+

N
o
?

Silent Substitutions

)
@
o
C
o
@
£
o
S
S
@
o)
!
£
-
Z
o)
L
'®©
o

A I L L o
0.4 0.6 0.8 1.0 1.2
Maximum Likelihood Distance
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Why Use Models?

—a— ML: Kimura model
—— NJ: Kimura distances
—O— UPGMA: Kimura distances

]
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=
e
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>
x
.-6
©
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S
[a

— Distance methods

AN

Uncorrected Parsimony

/ AN

—&— Parsimony: weighted
—{— Parsimony: uncorrected
—+— Lake's invariants
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Length of sequence
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Why Use Models?

(b)

f Co
0.30 0.30 \ rrgcted Ilf.leth.OdS
(Maximum likelihood &

005 distance clustering)
ML: Kimura model
NJ: Kimura distances
NJ: uncorrected

Parsimony: weighted
Parsimony: uncorrected
—+— UPGMA: Kimura distances

(V)
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Maximum
Likelihood

¢ Invented by R. A. Fisher.

e Good properties:

e Consistency (converges
on correct parameters).

e Efficiency (smallest
possible variance around
true parameter value).

R. A.Fisher

k, UNIVERSITY-* ROCHESTER




Maximum
Likelihood

e Typical thinking
e Prob(Hypothesis|Data)
e Prob(Tree|Data,Model)

e Maximum Likelihood thinking

e Prob(Data|Hypothesis)

e Prob(observed sequences |tree, model of evolution) =
Likelihood(tree, model of evolution)

L, UNIVERSITY* ROCHESTER




Likelihood
Estimation

e What is the probability of obtaining a
heads (p) with the toss of an unknown coin?

e Data: HHTTHTHHTTT

L, UNIVERSITY* ROCHESTER



Likelihood
Estimation

What is the probability of obtaining a
heads (p) with the toss of an unknown coin?

e Data: HHTTHTHHTTT

e L. =Prob(D|p) =pp(l-p)(1-p)p(l-p)pp(l-p)
(1-p)(1-p) = p°(1-p)°

L, UNIVERSITY* ROCHESTER




Calculating Maximum
Likelihood Values

HHTTHTHHTTT
L = p3(1-p)°

Ifp=0.2,L=8.4E-5

Ifp=0.8L=2.1E-5

Ifp=0.5L=4.9E-4
5/11 = 0.454545

)

Massimiim Lilrelihoo
AVLUALALLLLUALLL LILIN 1LL1LILVV

d

Likelihoo

0.0006 ~

o
o
S
S
1SN

Value = 0.454545

N

q)

5 X DB o A D 9

Q: QO O O O O O o O

p (Probability of
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Calculating Maximum
Likelihood Values

HHHTHHHHHHT 0.006 Maximum Likelihood
Value = 0.81818 =
L = p°(1-p)?

0.005 o

0.004 -

Ifp=0.2,L=3.3E-7

Likelihood
o
(@)
(@)
w

If p=0.8,L=0.005
Ifp=0.5,L=4.9E-4
9/11 =0.818181 o o o ” S o o PP T

p (Probability of Heads)

0
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Calculating a
Trees ML Score

1

J

(1) C..GGACA.
(2) C.AGACA.
(3) C.GGATA.
(4) C..GGATA,

.C.
.C.
Al
.G.

N
SGTTTA..C
CTCTA..C
.GTTAA..C
CCTAG...C

L =Prob®D|T) = | | Prob@®|T)
j=1

e Likelihood of tree equals product of likelihoods or that
tree at each individual position.

|86l UNIVERSITY+ ROCHESTER
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Calculating a
Trees ML Score

1

J

(1) C..GGACA.
(2) C.AGACA.
(3) C.GGATA.
(4) C..GGATA,

.C.
.C.
Al
.G.

N
SGTTTA..C
CTCTA..C
.GTTAA..C
CCTAG...C

L =Prob®D|T) = | | Prob@®|T)
j=1

e Likelihood of tree equals product of likelihoods or that
tree at each individual position.

|86l UNIVERSITY+ ROCHESTER
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Calculating a
Trees ML Score

Likelihood at site j =

b2~
X

b;

Likelihood = Prob(C,C,A,G,X,Y|T) =
Prob(Y) Prob(X|Ybi) Prob(C|X,bz2) Prob(C|X,bs)
Prob(A|Y,bs) Prob(G|Y,bs)

L, UNIVERSITY* ROCHESTER
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Calculating a
Trees ML Score

Likelihood at site j =

b2~
G

b;

Prob(C,C,A,G,G,C|T) =
Prob(C) Prob(G|C,bi) Prob(C|Gbz) Prob(C|G,bs)
Prob(A|C,bs) Prob(G|C,bs)

L, UNIVERSITY* ROCHESTER
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Calculating a
Trees ML Score

Prob(C,C,A,G,G,C|T) =
Prob(C) Prob(G|C,bi1) Prob(C|Gbz) Prob(C|G,bs)
Prob(A|C,bs) Prob(G|C,bs)

Probabilities under Kimura 2 Parameter Model
1. Prob(transition|b) =

1 1 2R -1 | 2
— ——exp| - b |+ —exp| — b
4 2 R+1 4 R+1

2. Prob(transversion |b) =

L (_
) TP

L, UNIVERSITY* ROCHESTER
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Calculating a
Trees ML Score

Likelihood at site j =

by

G
b;

Prob(C,C,A,G,G,C|T) =
Prob(C) Prob(tranversion,b;) Prob(tranversion,bz) Prob(tranversion,bs)
Prob(tranversion,bs) Prob(tranversion,bs)

&2, UNIVERSITY~ ROCHESTER
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Calculating a
Trees ML Score

Likelihood at site j =

by

G
b;

Prob(C,C,A,G,G,C|T) =
Prob(C) Prob(tranversion,b;) Prob(tranversion,bz) Prob(tranversion,bs)
Prob(tranversion,bs) Prob(tranversion,bs)

&2, UNIVERSITY~ ROCHESTER




Calculating a
Trees ML Score

Likelihood at site j =

C A G A G

C cC C

N/
Prob | P2 G b/bs + Prob \C/
4 \

b;

C A

n-1 nodes on tree with n species, each with one of 4
states

41 terms

For n=10 there are 262,144

For n=20 there are 274,877,906,944

50, UNIVERSITY~ ROCHESTER



Calculating a
Trees ML Score

J

(1) C..GGACA..C,
(2) C.AGACA..C,
(3) C.GGATA.LA

.G.

(4) C..GGATA.

L = Prob(D|T) =

SGTTTA..C
CTCTA..C
.GTTAA..C
CCTAG..C

| | Prob@9|T)
j=1

e Likelihood of tree equals product of likelihoods or that
tree at each individual position.

|86l UNIVERSITY+ ROCHESTER
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Problems with
Likelihood

e Take a very long time.
A

(Siddall, 1998)

B

® The ‘“Farris Zone”

&2, UNIVERSITY~ ROCHESTER



In the Farris Zone

True synapomorphy

Apparent synapomorphies
actually due to
misinterpreted homoplasy

&2, UNIVERSITY~ ROCHESTER




In the Farris Zone

e e e,

15%

67.5% \;)
67.5%

(expected differences/site) g

P
$)
©
| -
-
O
8]
<

®- Parsimony
-®F ML/JC

1,000 10,000 100,000
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Likelihood Analysis in PAUP

distichus070116Pars.mac4

SNEUS

(NacClode 4,06 registered 1o Jonathan Losos, MHashington University)

EEGIN DATR;

OINEMSIONS  HTA=SS NOW=1462;
FORMAT DATATVYPE=DNA HISSING=? GAPs=- 3

MTAIX
(

Aocoul tusy

Apunctotus, 143306/
Abisoculatus/
Acris.Potillas.13020.¢
Amarrond

A_coudaliss

Avedbsteris
Abreuirostriss
Adistichusy

A_distichus. Recondo, 340
Abrevirostris.Ouled, S61r
A_distichus, BarOu, 505¢
Adistichus, BarOu, S0
A_distichus, IstFord, S
Adistichus, Pedirroyo, 610r
Adistichus.NPed. 048/
Adistichus, Dajabon, 677
A_distichus, SarfFran, 712r
Adistichus, Jore. T24r
A_distichus, Hatotoyor, 729
A distichus, Sanchez. 042

648S.dist. 08
1204.d1st,. 170
1267.dist. 150

3728.1gn1Q. 300
IM49.domin, 387
IMT.doaln, 307
IM3.ignig. 36
3733.1gn1Q. 300
I?N.ignig. 6
IM7.doslin, 307
IS prop. HE
37N.prop. 8
I754.domin, 387
3772.prop. 308
I75S.domin, 387
3751.doein, 307
387, ignig. 380
3MW2.d15L, 307
I000.dist,. 387
3770.prop. 308
IN2.0rev. 30
F220.10n1Q. 320
3024.d1t. 380
3915.d1st,. 331
3N brew. 350
3TN prop. 08
I000.dixt. 381
3209, fovill. 371
3012.dixt.388

I
EMD;

19 b = 40 e ce 20

AT A A T AT YA T TR TAG T T TR T TAGC T TAT T TATA Y 2 A AR AC TAGTIACCACTAGCCACCACTGATTATY
ATCAGTCCARCAGTCTRCCTTATTAT TATCTCARGC T TRACAACAGORRCRAT TAT TACART RAC CACCACTGACTACT
AT GG T CRATATAAT TAT T T TATOMGCC T AGCRACAGGCACCATCAT TACCAT AGOAGC T TCCACTGAT TANT
AT GRGCCCTACART CTRTACAATTRT TTTATCARGCC TRGCARCAGO TRCTATCATCACTRTGACTAGCTTCCRCTGAC TAAT
AT GG OO T O T CY RGO T TATAGTATOMGE T TAGCAACCGGCACCAT TATTACTATIRACTAGT TATCACTGACTANT
AT GRRCCCACCART CTRCGCAAT TRTRGTATCARG TCTRGCARCCOCCRCCATTATTACTRTGARCCASTTATCRCTGAC TAAT
AT GAGOOCGOCART CATCACMA T TATGT TATOMIGT T TAGCAACAGGIMACTAT TATTACCAT vy TACCACTGACTANTY

PAUP* 4.0b 10 (PPC/AItIvec)

Total memory avallable: 1

Largest free block - 1 78940K

L{

' 0%
180

| R distichus.BarQ(12)
| S— R distichus.BarQ(13)

R websteris(7>

ATGRGCCCAC TARTCOACACAATTRTRCTCTC B
AT GAGOCOGOCAATCTACGOM T TATACTATYC
ATGRGCOCOCCARTCTRCGCAATTRTRCTATE.  Maximum likelihood options:
ATGAGCOOACTARTCORCACMATTATACTCYC P A
ATGRGCCCACCART TTRCGTAATTRTRCTTTC |.| | Base frequencies v |
ATOAGCOOACOMTTTACGTAMATTATACTTYC —

ATGRGCOOGCCARTCTRCGCARTTRTRCTATC
ATOAGOOOGOCMRTCTTOROMATCATACTATYC
ATGRGCCCGCCARTCTTCACAAT TRTRCTATC O Assume equal frequencies
AT GAGCCOACCART TTATGOMATTATATTATYC

RTGRGLCCACCARTCTRTCCARTTRTRTTRTE, O Estimate

@ Use emplirical frequencies

@

C G T

Pned | pgh

pego

e

prce | pngf

AT OROCTCGOCNT CYACCANT TRTACTATC O Setto: A= |m76
ATGRGCCCACCARTCTRCGCARTTRTGCTGTC

AT GRGCOOGOCHANTCYRCGOAAT TRTACTATC Previous C= 026188
ATGRGCCCACCARTCTRTGCAATTRTATTATC
ATORGCOCGOCARTCTATGOMTTRTATTATC Gs 011132
ATGRGCCCACCARTCTRCGCAATTRTRCTATC .
AT GRGCCCACHATCTRTGORAT TRTAT TATC
ATGRGCLCGCCARTCTROGCAATTRTRTTATC = 029003
AT GROCTOGOCART CYRCGCAAT TRTATTATC
ATGRGCCCGCCARTCTRCGCARTTRTRCTATC
AT GRGCCOGOCARTCTRCGOMAT TRTRCTATC
ATGRGCCCGCCARTCTRCGCAATTRTRCTATC
AT OROCTCACCRRTCTRTGCAAT TRTATTATC
ATGRGCCCACCARTCTRTGCAATTRTRTTATC

Hasegawa-Kishino-Yano (1945)

Felsenstein (1984)

ATGRGCCCACCARTCTRTGCAATTRTRATTATC

Iwo=parameter model variant for unequal base frequencies

| Cancel ||! OK I

R distichus/(9>

R distichus,.Reco(1d)
| S R distichus, IstF(14)

R distichus, Jose(19)
3720, 190190, 306(23)
3727, 19010, 306(29)
3722, 19010, 306(3R)
3731, 19019, 306(33)

AT GRGCCCACCARTC T RCGOANT TRTOCTGTCIUI0 TG TR e R RGN THT TP T TR0 11T CT9e TPV T T CIU TG TIT
AT GAGCCCACCART CTRCGCAATTRTGCTGTCAAG TC TRGCARCAGGRAC TRT TATTACTRTGACTAGC TRTCACTGACTAAT
AT ORGCOCACCART CTATGORMAT TRTAT TATORAG T T TRGCARACAGOARCTRT TATTACTRTRACTAGTTRATCACTGATTAAT
AT GRGCCCACCART CTRCGCAATTRTCCTGTCAAG TCTRGCARCAGGRAC TAT TATTACTRTGACTAGC TATCRCTGAC TAAT
ATORCCOCACCART CTATGORMA T TRTRT TATORAG T T TRCCARACAGOARC TRTTATTAC TRTRACTAGTTATCACTGATTAAT,
AT CRGCCCACCART CTRTGCAAT TRTRT TATCAAGT TTRGCARCAGGRRCTAT TATTACTRTRRCTAGTTRATCACTGATTAAT
AT ORCCOOGOCART CTRCGOAMA T TRTARCTATORAGT T TRGCARACAGOARCTATTATTACTRTRACTAGCTATCACTGAC TAAT
AT GRGCCCACCART CTRTGCAATTRTRT TATCAAGT T TRGCARCAGGRAC TAT TATTACTRTRACTAGTTATCRACTGATTAAT
AT ORGCOCACCART CTATGORAT TRTAT TATORAG T T TRGCARACAGOARCTRTTATTACTRTRACTAGTTATCACTGATTAAT
AT GRACCCACCART CTRCGCAAT TRTCCTGTCAAG T CTRGCAACAGGRRCTAT TATTACTRTRACTAGC TRATCACTGACTAAT.
ATORCCOCAC TART CORCACAAT TRTRCTCTORAG T T T COCRRCAGORRC TRTTATTACCATATCTAGCCACCACTGAC TAAT,
AT GRGCCCGCCART CTRCGCAAT TRTRCTATCAAGT T TRGCARCAGGRRC TAT TATTACTRTRACTAGC TATCRCTGAC TAAT
AT ORCCOCACCART CTRTGOAAT TRTAT TATCRAG T T TRCCARACAGOARCTATTATTACTATRACTASTTATCACTGATTAAT
AT CRGCCCACCARTCTRTGCAAT TRTRT TATCAAGT TTRGCARCAGORRCTAT TATTACTRTRACTAGTTRATCACTGATTAAT
ATORGCOCACTART CORCACAAT TRTRATCTCRAO T TTOCCRACAOORRC TRTTATTACCATATCTROCCACCARCTGRC TAAT
ATGAGCCCACCART CTRCGCAAT TRTGCTGTCAAG TC TRGCARCAGGRAC TAT TATTACTRTGACTAGC TRTCACTGACTAAT
ATORGCOCACCART CTRTGCAATTRTOT TATCARO T T TRGCARACADOARRCTATTATTACTRATRACTAROTTATCACTGATTAAT,
AT GRGCCCACCART LT TCACAATCRTCCTGTCAAG T TTRGCAAC TGORARC TAT TAT TACTRTRACCAGC TATCRCTGGC TAAT
AT ORGCOCACCART CTRTGCAATTRTRT TATCAAO T T TRGCARACADOARCTATTATTACTRTRACTROTTATCACTGATTAAT

3733, 19010, 306(24)

373D, 19019, 306(35)

—4a7

R distichus, Sanc(21)
3827, 19110, 380(43)
3820, 19119, 380(43)
I, 19019, 303(20)
I3, 19019, 303270
R distichus.Hato(29)
37T prop. 308(3T)
3TN prop. 308(33)
IT72.prop. 30840
3779, prop. 08(52)
3TN0 prop. 308040

[ R distichus.PedA(13)

3800, favil1.371(H)

R distichus,Wed(18)

[ R distictws.Dajal1?)

—'-’5—1
004, dis1,. 384022

005, dis1,. 384022

v =3
Stop | | Pawse | I~

[ distichus070116Pars macd




Likelihood Analysis

distichus070116Pars.mac4

EHENS

MocClode 4.06 registered o Jonathen Lorxosx, Hathinglon Uniuversityl

BEGIN DATAy

DIMENSIONS NTFO=SS NCHARI=1462;
FORMAT DATRTYFE=DNAR NISSING=? GAP=- 3

MATRIX
I
I

Noccul tus/

Apunclatus. 14330/

A bisaculatuss
Acris.Patillos, 13020,/
A zcrron’

Acoudaliss

Aebsteri/
Abrevirostriss
Adistichus/
Adistichus.Recondo. 540
Abrevirostris, 0fed.561r
Adistichus.BarOu, 565
Adistichus, BorDw, SN
Adistichus. 13tFeed. 574
Adistichus, Pecirrogo.618r
Adistichus. WPed. 043/
Adistichus. Do) cbon. 870
Adistichus.SorFron. 712r
Adistichus. Jose, 724
Adistichus. Hatehiogor . 789
A_distichus. Sonchez. 842
664.0i20.38

00%.0154.38
1264.di24.150

1207.dist. 1%

3704, ignig. 363

3703, 19n19. 303

3726. ignig. 366
3727.19n19.300

3728. ignig. 366

3749, domin. 307

3748, deain. 367

3731, 19119, 300

3733, ignig. 366

3730, 19n19. 300

3797, domin. 367

3770, prop. 308

AT, prop. 360

3754, doain. 307

AT . prop. 360

3755, doain. 307
1751 . domin. 67
3887.10n1Q. 380

902, it D67

3000, dis1. 3067

A776, prop. 360

3792, beew. 300

3006, ignig. 200
3024.di51.381

3919, dist. 301

3701 bewn. 360

3776, prop. 368

3000, dis1.381

3005, favil1.371
3012.d551.381

i
END;

19 b < 49 W L ) =

PAUP* 4.00 10 (PPC/Altivec)

Total memery available: 1B0S08K

Largest free Slock 1 T0940K

AT OGO T AR T C TR T TAATAGT T TR T TAGCT TAT T TATA 2 MCRACAC TRGTRACCAC TRGCCACCACTORTTATY
ATGRGTCCARCAGTCTRCCT TATTRT TRTC TCARGC T TRACAACARCCAACAATTRT TRCAATARCARRGCCACCACTGARCTACT
ATOAGCCCRACAATCRATATAAT TAT T T TATCARGCCTAGOMCAGGCACOATCAT TRCCATARGCAGC T TOCACTORT TAAT
ATGRGCCCTACAATCTRTACAATTRTTT TATCARGCCTRGCAACAGGTRC TATCATCACTATGACTRGCTTCCACTGRCTRAT
ATCAGCCOATORATCTACGOAA T TATAGTATCOAMGE T TAGOMICCOOCACOAT TAT TACTATAAC TAGT TATCACTGACTAATY
ATGRRC CCACCART CTRCGCAAT TRTRGTATCARG T CTRGCAARCCCCCACCATTRTTRCTATGACCAGT TATCACTGRCTARAT
AT GG OGO T CAT AT TATGT TATCAAGT T TAGOMACAGGARAC TATTAT TACCATAAC TAGT TACCACTGACTAATY

L{

o

ATGRGCCCACTAATCCRCACAATTRTARCTCTC
ATGAGCCOGOCANTCTACGOMTTATACTATC
ATGARCCCOCOCCARTCTRCOCAATTATRCTATC
ATGAGCOOACTARTCCACACAATTATACTCTC
ATGRCCCCACCAATTTRCOTAATTATRCTTTC
ATGAGCCOACCAATTTRCGTAATTATACTTTC
ATOARCGCCOOOCARTCTRCOCAATTRTACTATC
ATGAGCCOGOOAATCT TCACAATCATACTATC

Maximum likelihood options:

A
@ | Substitution Model |

(0 All rates equal ("1 5T%) Jn,a

C

G

pnca | pgd

ATCARCGCCOCOCCARTCTTCACAATTRTACTATC
ATGRGCCCACCAATTTATGOAATTRTATTATC
ATGRGCCCACCAATCTATGCAATTRTATTATC

O Tiratestv rate ("2 ST")

prb
Ti/tv ratio: Estimate

ATGRGCCOGOCAATCTRCGOAATTRTRCTATC

n,C
ATORGCCCACCARTCTRCGCAATTRTGCTOTC FoA

Previous Setto:

)0

prgl

ATGRGCCLGCCAATCTRCGCAATTRTRCTATC
ATGRGCCCACCARTCTRATOCAATTRTATTATC
ATGRGCCLGCCAATCTRTGCAATTRTATTATC
ATORGCCCARCCARTCTROGCAATTRTARCTATC
ATGRGCCCACARATCTRTGCAATTRTATTATC

@ General time-reversible ("6 51")

Specify submodel..

[ cancel | |[ oK ]

Rate matrix: O Estimate
ATORGCCCGOCARTCTRCGCARTTRTATTATE Previous | @ Setto: C G
ATGRGCLLGOCAATCTRCGCAATTRTATTATC A I,
ATORGCCLOOCARTC TRCGCAAT TRTACTATC

ATGRGCCCGCCARTCTRCGCARTTRTACTATC c
ATOROCCLOOCARTCTRCGCAAT TRTACTATC

ATGRGCCCACCAATCTRTGCAATTRTATTATC 6
ATOROCCLACCARTCTRTCCARTTRTATTATC

ATGRECCLGOCARTCTACGCAATTRTRCTATC

ATOROCCLOCARTCTRCCCAAT TRTATTATE

ATGRGCCCGOCARTCTACGCAATTRTRCTATC

ATOROCCLACCARTCTRTGCART TRTAT TATC

ATGRGCCCACCARTCTRCGCAAT TRTGCTGTCARGT C T SIC RGGRFI TATTRT A THTGAC TRGC TATCAC T GRC TRAT,
ATOROCCEACCARTCTRCGCANT TRTGCTGTCARGTCTRAGCARCROGAAC TAT TATTRACTATGAC TROC TATCAC T GRCTRAT
ATGRGCCCACCARTC TRTGCAAT TRTAT TATCARGT T TRGCARCRGGAAC TATTRT TRCTATAAC TRGT TATCACTGAT TRAT
ATORGCCACCANTCTRCGCANT TRTGCTGTCARGTCTRAGCANCROGAAC TAT TAT TRACTATGAC TROC TATCAC T GRACTRAT
ATGRGCCCACCARTC TRTGOAAT TRTAT TATCARGT T TRGCARCAGGAAC TATTRT TRC TATAAC TRGT TATCACTGAT TRAT.
AT GG AT TR GO T TATAT TATORAG T T TGO TATTATTACTATARCTAGT TATOACTOAT TAAY
ATGRGCCCGOCARTCTRCGCART TRTRC TATCARGT T TRGCARCRGGRAC TAT TRTTRC TATARC TRGCTRTCACTGRCTRAT
AT GG AT CTAT GO T TATAT TATCAAGT T TAGOMCAGGRACTATTATTACTATAACTAGT TATCACTOAT TAATY
ATGRGCCCACCARTCTRTGCAAT TRTAT TATCARGT TTRGCARCAGGARCTATTRT TRCTATAAC TRGT TATCACTGRTTRAT
AT G A AT TGO T TAT G TG YOG T C YA TATTATTACTATARCTAGCCTATOACTORC T Y
ATGRGCCCAC TRATCCACACAAT TATACTC TCARGT T TGGOARCAGGRRC TATTRT TRCCATATC TRGCCACCACTGRCTRAT
AT GG AR T T AT TATAC TATOAAG T T TR TATTATTACTATARCTAGCTATOACTOACTAATY
ATGRGCCCACCARTCTRTGCAAT TATAT TRTCARGT T TAGCARCAGGARCTATTRT TRC TATAAC TRGT TRTCACTGRT TRAT
AT GG A AT CTAT GO T TATAT TATOAAG T T TR TATTATTACTATARCTAGT TATCACTCAT TAATY
ATGRGCCCAC TAATCCACACAAT TATAATC TCARGT T TGGOARCAGGRRC TATTRT TRCCATATC TRGCCACCACTGRCTRAT
ATGAGCLCACCANTC TRACGOAAT TATGE TG TCARGTC TAGCANCAGGRAAC TAT TAT TRC TATGAC TAGC TATCAC TGRACTRAAT
ATGRGCCCACCARTC TRTGCAAT TATGT TRTCARGT T TAGCARCRGGFRRC TATTRT TRC TATAAC TRGT TRTCACTGRT TRAT
ATGAGCLCACCAATC T TCACAATCATGL TGTCARGT T TAGCAAC TGGAAC TAT TAT TRC TATAACCAGC TATCAC TGGLTRAT
ATGRGCCCRCCARTC TRTGCAAT TRTAT TRTCARGT T TRGCARCRGGRFC TATTRTTRC TATAAC TRGT TRTCACTGRT TRAT

—

distichus.Bor0Ci2)
distichus.Bor0C13)

websteri/s(?>

distichus.Reco(i1d)

distichus. IstF(id)

A
A
A
A dlsticrwus/(9>
A
A
A

distichus. Jose(19)
3720, 1911Q. 306(23)
3727.80M8Q. 306(29)
3728, LgniQ. 306(3R)
3731, L9n1Q. 306(33)
3733, 19n1Q. 306(34)
3730, Lgnig. 366(335)
A distichus.Sonc(21)
3887, ignig. 380043
3886. ignig. 38043
3704, Lgnig. 363(20)
3703, ignig. 36327
A distichus.Hato(29)
IS prop. 368(37>
I prop. I68(3B>
INN2.prop. 36840
ING. prop. KBS
IN6. prop. 36046
N distichus.Peai(15)
065, fauil 1. I71(S4)
N distichus.Wed(16)
A distichus.Dejali?)
664.d154.30¢22>

665, di151.30¢23>

Exeoute | [ Chear

Delete

)

Stop

::J@ =

VT Pause

| distichus070116Pars macd |
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Measures of Tree Support

* Heuristic Measures of Support
— Majority rule consensus trees
— Posterior Probability (Bayesian only)
— The Bootstrap
— Decay Index

* Hypothesis Testing

— Paired-sites tests (e.qg., Templeton
Test, KH Test)

— Parametric bootstrap

[86] UNIVERSITY~ ROCHESTER
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Bayesian Posterior
Probability

-10950
-11000 -

-11050 -

-11100 - Trees in the Posterior
Distribution

-11150
-11200

-11250

0 500000 1000000 1500000 2000000

Generation
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Consensus Trees

Tree 1 Tree 2

Figure 2.26 from Page and Holmes 1999

—135
[
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Majority Rule
Consensus

Tree 1 Tree 2 Tree 3
A B C D EA B CDEAU B CD E

N7 74 V4

—135
[
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93

Bayesian Posterior
Probabilties

{__s. cyclophylium
S. pylaesii - Nova Scotia
100 S. pylaesii - Colombia
S. pylaesii-- Bolivia
S. pylaesii-- Ecuador
. . S. pylaesii - Spain
Trees in the Posterior g Pyiacsl - gpa{n
. . . . pylaesii - Spain
Distribution ”S. pylaesii—Spain
| S. pylaesii - France
S. pylaesii-- France
~|S. pylaesii - France
100 S. macrophylium
—
L. S. macrophyllum

S. guwassanense

500000 1000000 1500000 2000000

Generation
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Posterior Probabilities

Evolutionary process: JC69
Bayesian model: JC69
c=100

Probability Correct

0.00

0.00 0.25 0.50 0.75

Posterior Probability

Evolutionary process: GTR+I"
Bayesian model: GTR+I"
c =500

Probability Correct

0.00

0.00 0.25 0.50 0.75
Posterior Probability

Probability Correct

Probability Correct

1.00

0.75+

0.504

0.25+

0.00

Evolutionary process: GTR+T"
Bayesian model: GTR+I"
c=100

0.00

0.25 0.50 0.75
Posterior Probability

Evolutionary process: GTR+I"
Bayesian model: GTR+TI"
¢ = 1000

0.25 0.50 0.75

Posterior Probability




Posterior Probabilities

Evolutionary process: JC69
100 Sites

Probability Correct

0.25 0.50 0.75
Posterior Probability

F81

Probability Correct

0.25 0.50 075
Posterior Probability

Probability Correct Probability Correct Probability Correct

Probability Correct

GTR+I

0.25 0.50 0.75

Posterior Probability

F81+I

0.25 0.50 0.75
Posterior Probability

SYM

0.25 0.50 0.75
Posterior Probability

JC69

0.25 0.50 075
Posterior Probability

Probability Correct

Probability Correct

0.25 0.50 0.75
Posterior Probability

JCB69+I"

0.25 0.50 0.75
Posterior Probability




Posterior Probabilities

Evolutionary process: GTR+I"
100 Sites

—
O
o
_
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O
>

bt

o
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o
o
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[a

0.25 0.50 0.75
Posterior Probability

Probability Correct

0.25 0.50 0.75
Posterior Probability

Probability Correct Probability Correct Probability Correct

Probability Correct

0.25 0.50 0.75
Posterior Probability

F81+I

0.25 0.50 0.75
Posterior Probability

0.25 0.50 0.75
Posterior Probability

JC69

0.25 0.50 0.75
Posterior Probability

Probability Correct

Probability Correct

0.25 0.50 0.75
Posterior Probability

JC69+I”

0.25 0.50 0.75
Posterior Probability




Bootstrapping

e Sampling with replacement

Estimate of 9 (Unknown) true value of 6

MHHR@M

Empirical distribution of sample (Unknown) true distribution

&2, UNIVERSITY~ ROCHESTER




Bootstrapping a
Phylogenetic Dataset

3. Ask which nodes are shared among analyses of

bootstrapped datasets and construct consensus.

100 Callithrix jacchus
64 "3 Cebuella pygmaea
il P Callimico goeldi
1904 1 Leonlopithecus rosalia
32 Saguinus midas
Saimiri sciureus
91 Saimiri boliviensis

Cebus kaapori
a5 Cebus nigrivittatus
Aotus azarae

100 Callicebus torquatus
51 Callicebus moloch
100 Cacajao calvus
22 Moo 21 Chiropotes satanus
33 Pithecia irrorala
92 Lagothrix lagoiricha
99 B¢ Brachyteles arachnoides
100 X7 Ateles belzebuth
24 Alouatta beizebul

memﬂfﬁomo sapiens

[86] UNIVERSITY~ ROCHESTER
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http://www.genetics.wayne.edu/lgross/Fig4.gif
http://www.genetics.wayne.edu/lgross/Fig4.gif

Interpreting
Bootstrap Values

* Value on each node = percent of

bootstrapped datasets that support that
node.

 What is a “significant” bootstrap?

— Most studies indicate that bootstrap values
are conservative.

— Depending on who you talk to, values
ranging from 70-100% are considered
reliable (Hillis and Bull 1993)
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Bayesian Posterior Probabilities
Versus Bootstraps
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Bayesian Posterior Probabilities

Versus Bootstraps
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The Decay Index

e Also referred to as ‘Bremer support.’

e How much longer would a tree have to
be to not include a particular node?

L, UNIVERSITY* ROCHESTER



Calculating Decay Indices

1. Generate tree whose only structure
consists of the node of interest.
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Method for Calculating Decay
Indices

2. Obtain the best tree lacking a particular
node.
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Calculating Decay Indices

1. Generate tree whose only structure
consists of a particular node of interest.

2. Use constraint function in PAUP to obtain
the best tree lacking a particular node.

3. Calculate decay index

e Decay index = score for most
parsimonious tree without constraint
minus score for most parsimonious tree
lacking the node of interest.
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Automation of Decay Index
Calculation in MacClade

* Often calculated for every node on a tree.

* Use of MacClade to automate generation of
constraint trees.
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