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Background(¥F=) (1/7)

Sequence alignment facilitates the comparison of

homologous (i.e., evolutionarily related) sequences.
BLSI 7 42 AV MIMRLG GEILEER L) RIBTDOLLEERRIZT 5,

Each column consists of the residues

sharing the same evolutionary origin.
ZHER— D ELHRFEEF OERENSES

Sequence 1  ...ACGTCTAAATCG-A... Etachrow

‘Sequence 2 ...ACGCCTG--TCGGA... |representsone of
Sequence 3 ... ACSTCTGAATTGCG...  thehomologous
sequences.
A gap indicates that the sequence ZITIXAAEERE D
lacks the homologous residue. —D%EXT,
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Background (F=) (2/7)

Sequence alignment is a cornerstone of

homology-based sequence analyses.
BLB 754 AV MEABRIEICE DB INBTICHER TR THS.

Biological sample (4£1&EX) » DNA/RNA/protein sequence (E23l)
¥

Homologous sequences (fERE&ES1)

Sequence alignment(EFI7 514 A1)

Sequence 1 .. .ACGTCTAAATCG-A...

Sequence 2 .. .ACGCCTG--TCGGA. ..

Sequence 3 ...AC-TCTGAATTGCG. ..

> &
Evolutionary ‘ Functional

analyses Y~ Structural analyses |—"  analyses
(EALfRHT) (FEEfEHT) (B RERRAT)

EE OB TEIZE DERHIFFHT (.

ERZRMNSHE LT=DNA/RNA/R 2 137 DELFI %R TE (sequencing & assembly)
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Background(¥F=) (3/7)

In general,
an objective score function is intended to identify the most likely
sequence alignment under an (explicit or implicit) model .

BE. 2Aa7E#EHS BATRHLLUIERD) ETILO T TRADES 7
FAVANERET DRICERSNTINS,

N
ifgr; ! “Alignment Space”
; (7542 A h2ER )
X
>W£t likely alignment  An unlikely alignment
RLT FA AR HYFSITHNTSAU AR
Seql ...CTARAT... Seql ...CTAAAT-...
Seq2 ...CTG--T... _y  Seq2 ...---CTGT...
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Background (& =) (4/7)

Roughly speaking,

gap penalty = -log (probability of the gap)

T e RF LT FrvI DR
Especially,
affine gap penalty geometric distribution
T4 e Xy TeRF LT 4 =Dl

D) =a+b*l - Prob[l] = A* g!
(I: gap length ¥vv7E)

* Affine gap penalty has enabled efficient dynamic programming
algorithms for sequence alignment (e.g., Gotoh 0. 1982. JMB 162:705-8;
Durbin R. et al. 1998. Biological Sequence Analysis. Cambridge Univ. Press).
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Background (& =) (5/7)

Unfortunately,

the affine gap penalty does not reflect realistic sequence evolution.
BRGNS, FI4 e X vy T e Ry LT ITREMNLZE LT RBELTUVEL,

(1) Evidence from sequence data (Ee5|7—4H5DEEHL):

Power-law distribution of
Length

insertion/deletion lengths 1 0E+00
BA/ RERDODAFFHSH: LOE-01

1.0E-02

345 6 7 3 « Biological reality o 5
(power-law)

_ % 7 - ~ LOE-03 .
Prob[l] = C*1[7 5 Discrepancy
2 1.0E-04 OId model
(e.g., Gonnet G. et al. 1992. Science E LOE-05 (w/ affine gap penalty)

256:1443-5; Gu X. and Li WH. 1995. 1.0E-06

JME 40:464-73; Zhang Z.and 1.0E-07

Gerstein M. 2003. NAR 31:5338-48; | OE.08

Yamane et al. 2006. DNA Res.

13:197-204; FanY. et al. 2007. Curr 1.OE-09

Genomics 8:370-8) (Adapted from: https://www.youtube.com/watch?v=LONGslJOuf4)
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Background (& =) (6/7)

Unfortunately,

BBEMND, TI4U e X vy T e RF LT FREMLGEINELE RBRLTLVELY,

(2) Theoretical evidence (BEREGEEHL):

the affine gap penalty requires unnatural assumptions on

sequence evolutionary models.
T4 e XXy T RF T4 (FERINELETIVICFERGREEET S,

[alclrlelr[c[a]
’ACTlGT‘CAAG‘ 1

[alclxlx]x[c]a]

the affine gap penalty does not reflect realistic sequence evolution.

indivisible fragments “memory” of deleted residues
SEITRES/NELS RELE-FHEDEEE
(e.g., Thorne JL. et al. 1992. JME 34:3-16) (e.g., Rivas E. and Eddy S. 2015. BMCBI 16:406)
B,
IR R DFER.

FERSELETILTT T4 =F vy T =RFILT4%#HFH=OIZIE.
DEIRBEL/NEH PR EL-FREDIEIEIF EWN ST,
FEAGREFRSRIELZSHENENS MY ELT,



(Note) Unnatural assumptions on sequence evolutionary models

(%) EIEIEETILADFERLGRE

(1) Indivisible fragments (5B &%z /NEEHI)

In a model with affine gap-penalty,
T4 =FxvvT=RF)ILT1=HDETILTIE.

Indels of entire | ACT | GT | cAAG | Indels that would d.ivide
fragments are allowed. fragments are forbidden.

INEFISDEA SR i@ﬁiﬁﬂi@ﬁgﬁ
K(EHEND, oKl NOL! 3

"| ACT |CAAG | | ACT | GT | AG

However, natural evolution allows both types of indels.
LGRS, BRGEIETIEIAADIITDEA  REDFEND,

(e.g., Thorne JL. et al. 1992. JME 34:3-16)

CCTCABEALBREIZOVTESDLEBALET,

T4 =X 9T =RFITA4EFD=OIZBASN=¥HDIRE (L
BEINZEDENFEEL/ DS DERZYTRTETY,

ZDRETIE.

INBRHIRIKDIFEA S REILFFEINETH.
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(Note) Unnatural assumptions on sequence evolutionary models
(33) EIELETILADFBEBRAGRE
(2) “Memory” of deleted residues (R&L=-EHDIERIE])
(e.g., Rivas E. and Eddy S. 2015. BMCBI 16:406)
In natural evolution, To have affine gap-penalty,
BAGEL TR, T4 =FvvT=RFILT1&H/BIZIE,
AIC|T|G|T|C|A AIC|IT|IG|IT|C|A
Y ;'—
del J del
v ‘_l_
A|C|C|A A|lC|x|x|x|C|A
(m.s) (in.s) (in-s) (ir.15: (ins)
v oy ov oy
deleted residues leave “memory” of deleted residues must be retained,
nothing. which distorts indel probabilities.
RELI-FZEEAILERS REL-BREDIREIZRELAZTNEEST
A A ZTNDBA S/ REDHEREEDD,

15— DREBELGREN . RELEZEDIEEEREITY,
BAGETIEIHR, RELEERIRICAEELEE A,
LALAAG,

T I =F T =RF)ILT14%/5=0OICIE.
RELEZBREDEEIZRBLZTNIERST.
TNDZTDERDEFA/ REDERZBARLGIDONLEDTLEVET,



Background(F=) (7/7)

Unfortunately,

BREBND, TI40 e X vy T e R LT [FREMLERFIELE RBLTLVEL,

Clearly,

the current situation contradicts the foundation of natural science
(including molecular evolution),

that is, to describe natural phenomena as faithfully as possible.

oM, COTRIETBERREEHEASZFERICEERT HIELD
(P FEEFLEDT) BARFOIRFICRT B,

=> We need to rectify the situation.
KiRZEREERIELESE,

the affine gap penalty does not reflect realistic sequence evolution.

BASAZ, COTRIEITERBREHEDLZITERICERT H1ELD
DFEECFLEO-BABFORBICRLET DT,
BAELTTHRELGITNERYEE A,
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Goals of this study (FFZZB#Y) (1/1)

(1) to construct a theoretical formulation

that can handle stochastic sequence evolutionary models with
natural insertion/deletion processes (including power-law length
distributions) in a mathematically exact yet intuitively
comprehensible manner (B AL HERBIEINELETILEHRASER/EZR
DIEE);

(2) to develop methods (and algorithms) to compute the occurrence
probabilities of local sequence alighments, based on the
formulation (BFFEEII7SA VAV CDHERETETHFEDRFE);

(3) to apply the methods to the analyses of multiple sequence
alignments (ZEERINT A AV EDBRFT~DIGA).

ZCT.COHEDBMTY A,

—DBIF., BRXZEBELT,

(REFRADMLEC) BRGIHA/ REZIY AN-HERRHEIELETIVE
HFEMICEHET, ENTOTERMICON BIRADEIITTHIE,

—oBEF. z0EHmBRICEDONT,
BRREEINTSA VAV MDHBREREZFHE T HFEOTILIVALEFRKETHI L.

ZLT=D2H8I%.
FRLE-FRESERINTIAVADEFTIZIEATHZETL =,
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Results (#53) (1/6)
Theoretical formulation (BiE#2=)  czawa k. 2016. BMCBI 17: 304

Operator representation of mutations (ZENEEFICLHRIA):

Substitution (&#2) Insertion (J&A) Deletion (&%)
112131415617 112131451617 123 |4|5]6](7
A|C|G|[A|T|G|C A|C|G|A|T|G|C A[C|IG|A|T|G|C
(sl . G AN GIN A a
My(5.T = C) S (6,3) | M, (2,4)

1(2]3|4(5]6|8[9]|A|7 “\\’,’I

A|C|G|A G C NS
1(2(3]4]5]|6]|7 (ﬂ"W((") _' i 1{5]67
Alclalalc|a|c STHAD, 2 ,1<(6,[7,A,C]) Glc

)

1|23 (4[5]|]6|8[9]|A
A|C|G|A|T|G|T|A|C |C

(5|M,(6.3) F(6.[T.A.C])

...This greatly facilitates the mathematical handling of
natural stochastic sequence evolutionary models!!

I ELGRREHRBALET .

F7 . BREAOBEIZOVNTTT AN

EROBKTIE, B FA.RKREVSBALOEEZZNIIHIET S
NREREFIOEIKERIMNLADEATRELES .

C;?'f%lick‘)\ BHAGHERGNVESEILTETIILOHERIRVDAZELLESICH
YFELT=,
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Results ($58) (2/6)

Theoretical formulation ZBifisxX) £zawak 2016. BMCBI 17: 304
Factorizing alignment probability (754> AV DO HERDE 5 #2):

Under a set of conditions that we found,

ACGTCTAAATCG-ACTAGCATACG  Gapped
Prob | ACGCCTG--TCGGACTG--AAATGG 5;5:;;‘
AC-TCTGAATTGCGCTGG---ATGC  BYsER

(" ACHTCTA##TCGHACTA#-##ACGC
= Prob,| ACH#CCTG##TCG#ACTG#-##ATGG
| ACH#TCTGH#TTGHGCTG#-##ATGC

X Upl g

... This drastically reduces the time complexity !!

ZOBEBETRBEEANT. AL

HEFEDRADTTIL, BIIT 542 A O HBHER,

Foy T DRVNEH TREDEFER L DX vy TEATHEEN LNOEE DR TE
TENHES

SEAHALELL,

;g&ﬁ@*ﬂﬁﬁ’ili TIAV A MDHERDEEDRFEMIXNERIFICELL
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Results ($58) (3/6)

Computation of local alignment probabilities
(BR7 A AV DEEDEE) Ezawa K. 2016. BMCBI 17: 397

Algorithm for the 1st-approximate probability of multiple sequence
alignment (BEERIITIA VAV PDHERD—IEREFETH7 L)X L):

Local alignment Total contribution from
probability ~ | parsimonious histories
BT S42 A bDTEER EHEHHEENSOEFS
ex.)
AA ancestor AA
Prob| __ Prob dﬁxsmél gle/ _
AA AA

RIZ.BFAT AV AV DERDEEIZDOULNTIX
EONDFEBLVTILI) X LEREFKLEL-H.
BFICRERHNEDIE.

SERINTIAVAVNDHEEDE—EUEHET S57ILTIRXLTY,
CCT ME—ELUIE,

BRATIAVAVNDIERE,

EINEEZ %G (—RIZIIERH D) REHWLEHEA A REOBEN-DER
E

TEBIHIEEZEKRLFET,



Results (#52) (4/6)

Computation of local alignment probabilities
(BR7 A AV DEEDEE) Ezawa K. 2016. BMCBI 17: 397

Comparison of theoretical predictions against simulated frequencies
(HERITLDFEELIAL—LaV TORED LE):

Short branches Long branches (w/o long gaps)
1000000 = P —
1000000 (\f = 3,396, r2 =0.9992) (N=9,831, r2=0.9983)
2 100000 | 5100000
5 :
g_ 10000 p g 10000 =
2 ,4". g _?;'r“
% 1000 g 1000 =
S 10 . 2 0 .
T 1 = X
g i b o
o 10 il LN T

! 10 1001000 10000 100000 1000000 1 10 100 1000 10000 100000 1000000

Simulated frequency Simulated frequency

... The 1t approximation works well when branches and/or gaps are short enough.

F—EUDBIFARSL=0.

BRI, E—EBUE->TEBMICHEL =X yyT =/ 24— DHEEL
PDFEILLIAL—2aVDFERELCFIELWVRRIITSA VAV P TOIEEELLE
LZELT=,

CEnEY.

FEME. REBEORB LV BLLEF vy TR+ 2B TN IE, EEEIG
YIEFEICEHEI T &M MYELT=,
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Results ($58) (5/6)

Analyses of errors in multiple sequence alignments
(BERINT A AV EDRIELV DREHT) Ezawa K. 2016. BMCBI 17: 133

Simulation analysis -- methods (2alL—Ya @ -- Ai%):
ACGTCTAAATCG-ACTAGCATACGC
ACGCCTG——TCGGACTG——AAATGG
AC- TCTGAATTGCGCTGG———ATGC

True alignment
(via simulation)

ACGTCTAAATCG ACTAGCATACGC
ACGCC——TGTCGGACTGAAA——TGG
AC- TCTGAATTGCGCT———GGATGC

Reconstructed
alignment

FEVDHHMHEE

=> Compare the probabilities of the two alignments
in each erroneous region.

CORIS.TIA A DO HBHEENNGYIEHEICFTETED L,
ZERSTIAVAVEDEENCDONTINE TEEST-AENLRANSIEMN T
EEI

C DT T,
FY.EIELIIaAL—2aVITEOTELWT AV AVREERL.

s, ACHERERIZEESTHET IAVAVNTOT S LTI SAV AR
JTLET,

ZODMTIAVAVNELRERTBE, (BLEEDH=#HE) BE->TETSN=fEE
AEOMYET,

OL-ERDEESBET, 220734V AV DO HREREZLRLTAHEL
f=o
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Results (#58) (6/6)

Analyses of errors in multiple sequence alignments
(BEEIT A4 AOREV DR Ezawa K. 2016. BMCBI 17: 133

Simulation analysis -- results (322 L —a fi##f - #ER):

MAFFT Prank
mosEE N
VN VN
15 mammals ‘ k ‘
158D FFLE NG &

... In a (near) majority of errors, the true alignment is
not more likely than the reconstructed alignment.

BRENN(TZ7TRLET,

2DOMNELDREBIZF>THEILS I AL—2aV L TBEFNRFAHNI DTS4
UAVNE

2DODREBHET A AT OGS LERAWNTETLELRA.
WIFhomEEeE.

FREVDILDBEFHHLDIKIFFBFEHTIE.
ELWTSAUAVMDETEINIZT AU ALY L HIRRERNS TG,
EESRERELGYZEL,

InlE, (FX)BFEHOBENTIE ELWT AU AVMERE (H AL T &E)
DT FAVAVRTIEHGENEZEZERL,

FEVNNELBEDAENGHEREISERTHZLETRLET,
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Summary (F&8)(1/1)

1) Our theoretical formulation facilitates the handling of stochastic
sequence evolutionary models with natural insertions/deletions
(BRALGERIELETIVOHRVESSICT HERER).

2) We found a set of conditions under which alignment probabilities
are factorable (754 AV NERN S ROTREIZRDEH).

3) We developed an algorithm to calculate the 15t-approximate
probabilities of multiple sequence alignments (754 A MNEED
E—ERE.

4) The 1st-approximation works well if the branches and/or gaps are
short enough (FE—iAELUESFELFT.

5) Our simulation analysis indicated that a (near) majority of
alignment errors are due to the stochastic nature of evolutionary
processes, which suggests the need for statistical alighment
methods (T5—ND K F (FTELBEDHEEMEIZES).

FRERETLHFTT L.

TP BANBELLEREXZAVNIE, BREBA A REEEO-HEERD
BRIELETIVERBIRIENTEET,

2DBIC. BRI TIAV AV DERNRAR DB IREIGSIEGERDIFEL,

BDHIC.EAIX. BERINTSAVAVCDEERDE—EUEFETSHT7ILTIR
AEF*H%L/%EL/T:O

ADBIC.RELV/ HAWEFrvo TN+ E TN E—ELUIAGYIERET
HEZENDMYELT,
ZLT.52BIC . Y2aLb—LavEMDFER.

BEHHEINEEFEFBERDTIAUAVDORBENIELBEREOERMEICES
EMNTRSNFELS,

ZFLTEDCLITHERMT IAVAVNEDO R EREZRELET .
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Progress Report GE#H &) (1/1)

A new statistical alignment program based on a

stochastic evolutionary model with natural insertions/deletions.
BAGEA REEZEOCELLETIVICESEHLOEERTSAUAVNDTOT S L

(Input) | reconstructed alignment

explore alternative alignments ... ongoing
&
compute their probabilities .. almost done

NLDFEREBFAT. BEZK AL

=] f@?ﬁi#ﬁ)\/ﬂw&éﬁtﬁm%—‘r“)u:g'ﬁ@ﬁu\ﬁﬁﬂwaryw/r~a>7°|:|’7‘
5

FRFELTBYET,

FEEICKREEICENET L.

CDTATSLIF MDTOTSLTERINZTIAVAVNEADELTZITERY,
ZOLEEIZHIBEDYDT A A MEERL.
TNODHBREERETELET,
ZLTRRIEREZE DB LUVERILTIFETT .
BERAEDED1—ILIZZRETESHMNY,
BOYDTIAVAVNERERT HED 12— ILIFREMFEDTY,

ZLT . BAICBELTIE, EOLSBERRIZTREMRFLTUOET,

HEWSBICTAYT S LEERIEVERBWET DT, ESNELAITHFLTIEIT
BEWNTY,
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