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human GCCAACCTCCTACTCCTCATTGTACCCATTCTAATCGCAATGGCATTCCTAATGCTTACCGAACGAAAAATTCTAGGCTATATACAACTACGCAAAGGC
chimp ACCAACCTCCTACTCCTCATTGTACCCATCCTAATCGCAATAGCATTCCTAATGCTAACCGAACGAAAAATTCTAGGCTACATACAACTACGCAAAGGT
seal ATTAATATCATCTCACTAATTATCCCAATTCTCCTCGCCGTAGCTTTCCTAACATTAGTAGAACGGAAAGTACTAGGCTACATACAACTCCGAAAAGGA
cow ATTAACATCTTAATACTAATTATTCCCATCCTATTGGCCGTAGCATTCCTTACGTTAGTGGAACGAAAAGTTCTAGGCTATATACAACTCCGAAAAGGT
rabbit ATTAATACACTCCTTTTAATCCTACCTGTACTTTTAGCCATAGCATTCCTCACCTTAGTCGAACGAAAAATCTTAGGGTACATACAACTACGTAAAGGC
mouse ATTAATATCCTAACACTCCTCGTCCCCATTCTAATCGCCATAGCCTTCCTAACATTAGTAGAACGCAAAATCTTAGGGTACATACAACTACGAAAAGGC
opossum ATTAACTTATTAATATATATTATCCCTATCCTCCTAGCTGTAGCATTTTTAACTCTAGTAGAACGAAAAGTATTAGGCTATATACAATTCCGAAAAGGC
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p L(p) log L(p) p  L(p) log L(p)
0.0 O. —00 0.40 0.0667 -2.71
0.1 9.4x1018 -39.21 0.41 0.0740 -2.60
0.2 1.0x10~" -16.11 0.42 0.0787 -2.54
0.3 0.0018 -6.29 0.43 0.0804 -2.52
0.4 0.0667 -2.71 0.44 0.0788 -2.54
0.5 0.0300 -3.50 0.45 0.0741 -2.60
0.6 0.0002 -8.38 0.46 0.0670 -2.70
0.7 1.3x10°% -18.15 0.47 0.0582 -2.84
0.8 3.7x10°16 _-35.52 0.48 0.0486 -3.02
0.9 4.1x10°31 -69.97 0.49 0.0390 -3.24
1.0 O. 50 0.50 0.0301 -3.50

p=000000, L(p) =00
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0 0% AAAAAAAAAA....ceeee. AAAAAAAAAA
0.01 1% AAAATAAAAA . ...ceeees AAAAAAAAAA
0. 9% AAAATAAAAA....ceee.. AAAAACAAAA
0.2 18% AAGATAAAAA . .. .eeeenen AATAACAAAA
0.3 25% AAGAAAAAAA....ceeees AATAACAAAG
1.0 55% AAGTTAACAA....ccec.. AATAGCATGC

3.0 74% TACTCGACTT....cee... CTATAGCAGC
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Markov Process for Evolution

e Probability of future state-b given current state-a after
time-t¢
Pba(t)

note: a,b € {A, T,G,C} for nucleotide sequences.

e Transition probability matrix
4k
P(t) = exp(tQ) = > —Q"
k>0 k!
note: @ = 4 x 4 matrix for nucleotide sequences, and
Q = 20 x 20 matrix for those of amino-acid.
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human CCTCCTIACT TTGTACCCATT TCGCAATGG
chimp Al CCTCCTIACT TTGTACCCATC TCGCAATAG
seal A TATCAT AATTATCCCAATT CGTAG
cow A CATCTTAATACTAATTATTCCCATC CGTAG
rabbit A TACACTC AATCCTACCTGTA! 'AGCCATAG
mouse A TATCCTAA CTCGTCCCCATT TCGCCATAG
opossum A CTITATTAATATATATTATCCCTATC AGCTGTAG

P(X1,Xo,.
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.., Xn) = P(X1)P(X2) - P(Xp)

18



HRNNNRERNNRERERN

0000000 T=1,2,...,M (000 105)
00000 X
00000000 (0000000 000)

1. 0000 700000 #000 L(0,T) = P(X|0,T)
2. 0000 TO000O IL(T) =L, 7)0000O000O0O000
3. L(1),L(2),...,.L(M))000O000000000O00O00
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1=human, 2=(seal, cow), 3=rabbit, 4=mouse, 5=opossum

logL =0 logL =17.6 log L = 20.6 log L = 26.3 log L=31.7

log L = 2.7 log L =18.9 log L =22.2 log L = 28.9 log L = 34.7

logL=7.4 log L =20.1 logL =254 log L =31.6 log L = 36.2

1=human, 2=(seal,cow), 3=rabbit, 4=mouse, 5=opossum IOg L = the |Og—|ike|ih00d difference
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P(T|X) «x P(X|T)P(T)
ooy tdnn

L(T)
01000700000 =~

L(1) + L(2) 4 -+ L(M)

Schwarz (Annals of Statistics 1978)

dimaé

log P(X|T) ~ log P(X|0,T) — log n

P(T|X) « L(T)P(T)
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1=human, 2=(seal, cow), 3=rabbit, 4=mouse, 5=opossum
1 23 4. 5 1 3 4. 2 5 1 4 3 2 5
\
N7 IR/ /N 74
\
0.00 0.00 0.00
1 2 '3 4, 5 1 4 2 3 5 1 3 4 2 5
|
_ 0.00 0.00 0.00 .

007 / 0.00
//
0.00 0.00 0.00 0.00 0.00

1=human, 2=(seal,cow), 3=rabbit, 4=mouse, 5=opossum
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00000000 (misspecification)

c (2.16) 1, 5
(5.77) 2.31
el 5.86 ,5 1>e—\—(3 3.0
l 4 271.88f 2
2.23 ’ 4 f/ a
ooe) (1.76) 2. 17085 e
. <ae> <ef> 2.51 —- ]
<bcef> <aefi>
S-1 a o
5 2.5 O -2.5
4 ah>
<ee>
<ef> @E
“ %> @ h> g
I ‘<bcef><% > %%§§3>> <af>
.<Cf5<aefi><
<2---J> 5.133
—3 ,,,,,_.@_8-5
. 2 5 S-1
. . ) Ny 5

Shimodaira (2001) Comm. Stat. A Theory Meth. 30, 1751-1772.
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a={1,2,3}, e={1,2}, f={3,4)
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CCTCCTACTCCTCATTGTACCCATTCTAA
CCTCCTACTCCTCATTATACCCATCCTAA
TAT CACTAATTATCCCAATTCTC
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TATC CACTCCTCGTCCCCATTCTAA
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GCCAACCTCCTACTCCTCATTATACCCATTCTAATCGCAATGG
ACCAACCTCCTACTCCTCATTGTACCCATCCTAATCGCAATAG 1 2 3 4 5
ATTAATATCATCTCACTAATTATCCCAATTCTCCTCGCCATAG
ATTAACATCTTAATACTAATTATTCCCATCCTATTGGCCGTAG _)
ATTAATACACTCCTTTTAATCCTACCTGTACTTTTAGCCATAG
ATTAATATCCTAACACTCCTCGTCCCCATTICTAATCGCCATAG
ATTAACTTATTAATATATATTATCCCTATCCTCCTAGCTIGTAG
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1=human, 2=(seal, cow), 3=rabbit, 4=mouse, 5=opossum

1 3 4. 2 5 1 4 3 2 5 1 2 4 3 5
Xy X X N\
0.58 0.01 0.02 0.00 0.00

: | : 0.00 0.00

\\\___—’/

0.04 0.01 0.00 0.00 0.00

1=human, 2=(seal,cow), 3=rabbit, 4=mouse, 5=opossum

Bootstrap probability of Felsenstein (1985)
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p-values for fifteen trees

—t
—
()
)

AL

PP,

BP;

KH,

AU;,

SH,

WSH;,

tree form

—
LW ~NOOLPWN L

O gy =
aOPPWONDH

0.0 0.934
2.7 0.065

7.4
17.6
18.9
20.1
20.6
22.2
25.4
26.3
28.9
31.6
31.7
34.7
36.2

0.001
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000

0.579
0.312
0.036
0.013
0.035
0.005
0.017
0.001
0.000
0.003
0.000
0.000
0.000
0.000
0.000

0.639
0.361
0.122
0.044
0.066
0.049
0.051
0.032
0.003
0.019
0.010
0.003
0.003
0.001
0.001

0.789
0.516
0.114
0.075
0.128
0.029
0.101
0.009
0.000
0.028
0.003
0.001
0.001
0.005
0.002

0.944
0.799
0.575
0.178
0.149
0.114
0.112
0.073
0.032
0.034
0.018
0.006
0.006
0.003
0.002

0.948
0.791
0.422
0.210
0.299
0.105
0.252
0.050
0.015
0.124
0.069
0.033
0.034
0.013
0.009

(((1(23))4)56)
((1((23)4))56)
(((14)(23))56)
((1(23))(45)6)
(1((23)(45))6)
(1(((23)4)5)6)
((1(45))(23)6)
((15)((23)4)6)
(((1(23))5)46)
(((15)4)(23)6)
(((14)5)(23)6)
(((15)(23))46)
(1(((23)5)4)6)
((14)((23)5)6)
((1((23)5))46)

1=human, 2=seal, 3=cow, 4=rabbit, 5=mouse, 6=0possum
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p-values for ten edges

®
(@R
Q

PP BP. KHe AU¢ SHe WSH,. clade trees

OCLOWOWO~NOOOPWNHRHFOO

-t

1.000 0.927 0.956 0.954 0.994 0.991 {1234} 1
0.934 0.592 0.639 0.749 0.910 0.921 {123} 1
0.065 0.318 0.361 0.469 0.754 0.735 {234} 2
0.001 0.036 0.122 0.111 0.567 0.411 {14} 3
0.000 0.065 0.044 0.075 0.177 0.253 {45} 4
0.000 0.040 0.066 0.088 0.147 0.277 {2345} 5, 6, 13
0.000 0.019 0.051 0.070 0.112 0.227 {145} 7
0.000 0.004 0.032 0.016 0.072 0.113 {15} 8
0.000 0.000 0.003 0.000 0.032 0.031 {1235} ©
0.000 0.000 0.003 0.000 0.006 0.032 {235} 1

l1=human, 2=seal, 3=cow, 4=rabbit, 5=mouse, 6=0possum
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00 +=1,2,... (0000000000 DOOO0O0O)
OO (p—value) P, P>, ...

P, <0.050000 000000

00000000000 = 0000
7 ={i: P, > 0.05}

0000 (coverage probability)
Joddoodbooobobbtnd

P*=Pr{i* €T}
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Jooodoooodn <0.05
Joodgoodoodnd > 0.05

Jddooodgobtdboootdddobodd
oo dooddnd = 0.05
Jood =0.95
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0
[

2(I)O 4(|)0 6(IJO 8(|)0 10|00 12|00 14|00

Selection Bias

2(|)0 4(|)0 6(|)0 8(|)0 10|00 12|00 14|00

Rl

y

0
|

1 I I I 1
4 -4 2 0 2 4

max(x1...x10)

max(él, e ,610)

(El, ce 7610) ~ Nlo(o, I), 10000 samples
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OO00d SH-testU OO [

1=human, 2=(seal, cow), 3=rabbit, 4=mouse, 5=opossum

1 2 3 4 5 1 4 3 2 5 1 2 4 3 5

L3 45 LR 425 |
0.94 0.18 0.11 0.03 0.01
1 2 3 4 5 1 23 4.5 14235.'13425 1 3 2 4 5
0.80 0.15 0.07 0.02 0.00
0.58 0.11 0.03 0.01 0.00

1=human, 2=(seal,cow), 3=rabbit, 4=mouse, 5=opossum

Shimodaira (1998) Annals of Institute of Statistical Mathematics — method

Shimodaira and Hasegawa (1999) Molecular Biology and Evolution — application
Goldman, Anderson, and Rodrigo (2000) Systematic Biology — review
Shimodaira (2001) Communications in Statistics A — review
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Joddooooodond ~ 0.05
OO0 = 0.95

00000000000 = 00000 =00 O(n~1/2)
two-level bootstrapl = 00000 = 00 O(n 1)
J00000000000D0000 =00000 =00 O(n—3/2)
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0000000ooooood (AU-test)

1=human, 2=(seal, cow), 3=rabbit, 4=mouse, 5=opossum

\

-

<
<

0.79 0.03 0.01
0.52 0.13 0.01 0.02 0.01
0.11 0.03 0.00 0.00 0.01

N—————— _

1=human, 2=(seal,cow), 3=rabbit, 4=mouse, 5=opossum

Shimodaira and Hasegawa (2001) Bioinformatics — computer program
Shimodaira (2002) Systematic Biology — theory and method (multiscale)
Shimodaira (submitted) — theory and method (multistep-multiscale)
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Software for Multiscale Bootstrap

H. Shimodaira and M. Hasegawa (2001). “CONSEL.: for assessing the
confidence of phylogenetic tree selection,” Bioinformatics, 17, 1246—
1247.

Computer Software written in C language (Unix/Dos)

Assessing phylogenetic tree selection

R ¥
Available at http://www.ism.ac.jp/~“shimo/ l
Also available at http://www.is.titech.ac.jp/ "shimo/

Implements Shimodaira-Hasegawa test, Multiscale bootstrap, and
the other standard methods (bootstrap probability, Bayesian pos-
terior probability, Kishino-Hasegawa test)

Work with ML phylogeny programs (MOLPHY, PAML, PAUP)
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e 000D 09500000
N0000D000000000000DO0OKH-test

e JODO >09500000
SH-test

e I ~0.950000O0
AU-test (0000000000 OO0OOO0O)
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Efron et al.

Problem of Regions

Region F
Region A

Region B
Region E

(1996), Efron and Tibshirani (1998)
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Simplified Working Model

Multivariate normal distribution

y ~ N(u,I)

Null hypothesis: 1 e R

50



Unbiased Test

Pria(y) <alp} < a, peR

Pr{ia(y) <a|p} = o, pedR

Pria(y) <alpu} > o, pg€R




Generating Replicates

Multivariate normal distribution

y* ~ N(y,I)

R B #{y*l, o 7,y>|<1OOOO c R}

“BP = 10000

52



Flat Boundary

A=2,c=0

agp = 0.0228 agx = 0.0228
=1-— () =1-—Pd(\)

_ [ 1 _—xz2/2
cb()\) — /_OO \/T—ﬂ_e dx N



Curved Boundary

A=2, c=0.24

54



Signed distance and Curvature

Mo
®

A
N1 ,...,np-1

Ne;
|

Mp < _dabna"?b — eabcna"?bnc

c = 4% — )\Jobqab

note: a,b,c run through 1,...,p— 1.



Multiscale Bootstrap Resampling

Original Data X = (x1,22,...,%n)

Replicated Data X* = (z7,2%,...,2,)

Choose n' items from z1,z5,...,z, With replacements
n
Scale 7= ,/—
n/
Calculates BP’s with several scales 71,7,...,7Tx

= Estimates geometric quantities
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Change of Scale

e

)

n/ n/ n’ 2
a{Bp — 0.0330 &BP = 0.0121 &BP = 0.0013
agp(t) =1—-d(N/74+cr); 7= n/n

= Curve Fitting
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Estimating the Geometric Quantities

Estimate: signed distance )\ = 1.998, curvature ¢ = 0.256

true value: signed distance )\ = 2, curvature ¢ = 0.24

Multiscale bootstrap calculates very accurate p-value

apms = 1 — (A —¢) = 0.0408

aEX = 0.0404
Bootstrap probability is less accurate

&BP — 0.0121
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Accuracy of Approximately Unbiased Tests

k-th order asymptotic accuracy

Pria(y) <a|pt=a+0n*?), pedRrR.

e Bootstrap probability (Efron 1979, Felsenstein 1985)

is first-order accurate (kK =1)

e Two-level bootstrap (Efron et al. 1996)

Is second-order accurate (k = 2)

e Multiscale bootstrap (Shimodaira 2002)
Is third-order accurate (k = 3)
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