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Abstract

This paper presents a novel method that can identify the individual's haplotype from the given genotypes.

Because of the limitation of the conventional single-locus analysis, haplotypes have gained increasing

attention in the mapping of complex-disease genes. Conventionally there are two approaches which

resolve the individual's haplotypes. One is the molecular haplotypings which have many potential

limitations in cost and convenience. The other is the in-silico haplotypings which phase the haplotypes

from the diploid genotyped populations, and are cost effective and high-throughput method. In-silico

haplotyping is divided into two sub-categories - statistical and computational method. The former

computes the frequencies of the common haplotypes, and then resolves the individual's haplotypes. The

latter directly resolves the individual's haplotypes using the perfect phylogeny model first proposed by

Dan Gusfield [7]. Our method combines two approaches in order to increase the accuracy and the running

time. The individuals' haplotypes are resolved by considering the MLE (Maximum Likelihood

Estimation) in the process of computing the frequencies of the common haplotypes.

Introduction
SNP(Single  Nucleotide  Polymorphism)&
AF-AsH(population  genetics) AT}

o =i

complex disease | F&E& F= WHolo djgk
ot (marken® 18317 AME"E S+ T
ojd BAHog AlgHo & thE niAEo]
o, dAAZAA Fugt sje] SNP o]
TAFHAM A FAA dense F BETE
Holn 9lom SNP & o] §3td Ay
H B (association) AT  YoJA  dense
marker 2 AHS-E = JThE FHLE @ol
AbEE I Aok AW Es ZAEIHY
T WolE HHEE Zo= NP F
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o) A (association)S  RAMEIE
i =

A7 o, 2 A

EE SNP site o] dld genotyping H]£-0]
®o] E°|, LD(Linkage Disequilibrium)
block B2 haplotype & Fato An

AuAFE FAMEe WS o] Algdtn
T [4]. Haplotype & o]&3te AW
dAYE FHste Afde 9T A
ol A 2z} 11 haplotype & ol F=
HRle]  ¥e=z 3z, od HAAHE
UWEx © 2 haplotype reconstruction &2}
%tt}. Halotype reconstruction & = 7|

- AEFA FZ 9 (molecular method);

- A% A AZ W(direct inference from

family data);
- AR HZ B (in-silico method);

o 3742 Yol Aze % sl [10].
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WEAA oz
dz & % e,

ges

A2 WHe
allele-specific PCR &

[«]

ol= A% high-throughput & B3I
H A Z2 haplotype ©f 3T o[z
Ao  Fojrte WEE vy B2
Holck. zgla  Pail Fol 21 W
A NX S haplotype WolE B3}
93 AF$E  rodent-human somatic  cell

hybrid oA 312 M A S haploid & U0
A% haplotype & FolFo Wil Ao,
AAAA 2 Ay £oldo] ¥A dod
I ¥g EE Bol Eoivte dHE JHAx

AT [10].

el 9%t
haplotype  recomstruction & ¥ .
oy A= HAHG(AAAG, GAGG),
olv)y= HHGH(AGGG GAGA), =Lgx
A& & AHHG(AAAG, AGGG)2]
genotype(haplotype pair)& 7}2| 3L Qlt},

a8 1

" O

ATH T2 family data ZRE
haplotype & ZrolF £ Zog 7|2H o §,
o, A2]19] genotype data & &S] IFLE
8tz JNQe] haplotype & At
wlolth, O™ 1 & e o=ZH, o
7Re} olojz SNp o diEiA JHsd ¥}
A 9 G & &}3L heterozygous site &= H 2}l
3w, 2219} genotype ©1 AHHG o™ U &
HHGH 8|3l op8A= HAHG 1 &4
o] A%l 3 o genotype & PR
ol 27kl haplotype & AARE FElA
& F7F e, e A HA SNP site 9
genotype  ©°] - A ojEZ o g}
ol A ZRE HAgd F MY haplotype 9
A WA SNP site ZF A 4& ¥ F Ut
mEba] ojmu 9} o REE HEHZFA
haplotype ¢ # W& SNP site ©
G 98 dA ¥ = Aoy 2Fa AHY F
W% SNP site = H = heterozygous ©]3
o}B]x]=  homozygous ©JZE A =

s o X
H

or O
3

o2 HE G & ovziy HYE
HrSs ¢ 5 ok o] FAHS 4 A9
SNP site o WOz HLsH A9
haplotype < (AAAG, AGGG),
o] vj1] 9] haplotype 3 At olA HEd 2L
AGGG AEHZA 4L 2L GAGA, 121
o}z 9] haplotype F ArdjoAl HEH
AL AAAG  AHEHA gL AL
GAGG ot} o] w2 Q¥ E&F genotype

data 7 FRAA AT ohd Ao
Qo) e AHE I F ok,

data B FA3E= Zo] A gom AAA
AT S AMEEE AFERY I vl
So] AQq¥ttn & 4+ Ao} 5]

A/ACICGI6 AJA ACGA 0.6834 ACGA 7 ACGA
A/AC/BB/AT/T ACGT 03512 ACBT / AGAT
AICCIG GIATIA ™= roap 01309 "':':’ ACGA / C6AT
C6AT 00312

CICE/6 AJAT/T CBAT J CGAT

Maxemum

’ ik
€M, Gibb’s Sampling, Bayesian, ... éiem;ﬁ

T13 2: Genotype data & B o=z o} 2z}
7NQ1'E haplotype & A3k A3 A2

Wi el dnkzel FHE.

AMA A2 P 47 A9 genotype
data & 8oz o ZF A9
haplotype & AA3e ALE, 7E3o=
A4 Adel 2AE Fa Atk SNP
site 7t M 1 Gl diFfA AT I
haplotype EX & ZAIBIGS w, 7 <
el Bol YeuE FF9 haplotype
(common haplotype)°] UwWtHo R M+l Jl
o3tz UetgE EAd 7[xd1n Jo [4]
At HYL a7 2 9 o] genotype
data oA common haplotype ©] LA <
AE W IEF(frequency) S FA3IY oRE
7122+ AUY haplotype &
MLE(Maximum  Likelihood  Estimation)Z
o] &-&o AlxtatE WHE AR Yo
[2, 3, 6, 8 9, 11, 12). F%F haplotype 9
Nz=45 F38e d o] EM(Expectation

Maximization), Gibbs sampling, Z=<= Bayesian

34 e WEg AMgsta gid 3%
haplotype ¢ RHIZEFE FAI}= dg

WHES or FYE AR gk ANE
de F dou, 4 Az 28 AY:

SHT ojw A2HHA onE sAx
QX g wAL AHn Uk @w
R FAAA A2 Wyel ohl vehe

= 1+ haplotype & tree © mapping 3}



perfect phylogeny 'H'H-& o] &8 HAxE 2l

o] haplotype ©] o= HE 3] FHE

A3 gloks shE skl Al A A g elA
AT o2 BEFHA YUuE A
A 2.1}, perfect phylogeny & &34 X3t
AgelE #lF BHE AAMEA REe
g3g A U9 (7. ol EAE
ANAst7] Y3 Eskin & TAHE EZES

A A 8% 2., heuristic & A}g3ta] A2
34 hge okt [5).

a2z, ANY FHI WA FAFRA
NI vgoz 3= ZAoe 29 2004
H o] genotype dataoll 4] FF 9] haplotypes
FAste At MLEMaximum Likelihood
Estimation)at= ©@AllA  ox47F A
7bsAdol lth MLEE 9 + gle g7z
A o] 2aE Eol7] YIAME FF
haplotype?] RIEFE FAHs= GAldA
LAE FooF Z JER u FEFRY
haplotype 50| 7ts@ Roltt. wepa] £

=FdAE  FF  haplotyped] WEFE
FAss  gAdA 7IEY FARA
FAAE A&t o] ol e, haplotype
Ao 7Nzt o AFEd FAHAXNE
A = de BEF o] FAHAE MLE
ALt 7+ QU haplotypeE A3
AlZre AlAE AF FAARP] whE

WHES AART

Methods

Preliminaries

=Z2dqAE 33 2d Wi FdAE
A8t Gusfield [7)7F AHE® ER A&
Zo] A}&3th Haplotype reconstructiong
Fyar] 93 d¥oz oo dolHe
genotype matrix G 2 n7ll9] genotype vector=
Tl don, 2} vector?] Aol molz}t
a9 genotype> G, 1<i<n, 1Sj<m=
veldcl, 22l3, haplotype reconstruction?]
A= genotype matrix G o PG
haplotype matrix H = n7l 9] haplotype vector

pair2 genotype G, o] tH& haplotype
2zt hh 2 ERE 4 gtk F gYo=m

EoleE /MUY genotype data®] MFE
nol3l 3t 9] genotyped m7le] SNP siteo]

Az oquigt. G, 9
29] @& 7HAI, o, 12

3+ genotyping

o]
= 0, 1, =&

homozygous siteZ 2] P]&}™, 2= heterozygous
site® ZtZt 9] m] {Hr}. Haplotype reconstruction

EAle dgez Fo a9 genotype
vectorE 2-n M9 ol vectorE
decomposedt= AT Z-& FAolch old

HR& Yutz o=z phasing Ze

resolving®] 2} 3t g =0, old 3Fsl=
haplotype pair= h, =h; ©|X, g =2 °|&
=k otk 714 RESke] o] H genotype
vector g, YAl heterozygous site®] JNTE
n e 34 i

2 olt}, o]E % haplotype reconstruction®l] 4]
el genotypeo] o] Mo #E HE F
2l EAE phasing problem, =& resolving
problemo]2tx  Frh  oE Fo], old
genotype vector g, =<0,21,2> il 3},
haplotype vector pair, <0,1,1,0>3} <0,0,1,1>°]
v &7t 2 4 dew, <0,0,1,0>7
<0,,LI>E ©& v #Hrt 3 ¢ d=
g KRz oj2{§  phasing
probleme A&7 Y84 3] genotype
vector® T 3]A phasing YL =
Aol oy}, HA genotype vectorE EF
seste dEHOZ ¥ haplotype pairg
Z}7} o] genotype vectord] 2 &3l WHE
N Rain=

7Fs§  haplotype<]

Hybrid method

o]Hol A AJfgE Hkek o] haplotype
reconstruction W FA EAZFH HI
PEe 29 29 el AdE WA
genotypeol| Al W13 LEY=  haplotype-
AW © 2 common haplotype?] 2t & 9

=g FA%ch o] common haplotype
frequency & 7juto 2 MLE(Maximum
Likelihood ~ Estimation)& &3t 2}

genotypeol ¥ haplotype pairg Aitshe
¥H-8 AlE3E 2 9tk Common haplotype

frequency= 7H5% EE haplotypeEel gt
frequencys EF  Adsle Agde
02" M9 memory FIto] "a=2 3}V

g AAHoz RE P AiEE
AL E7bssta olgh Pol FA %
W AR s itk adga
haplotype®] 7S W& 12T perfect
phylogenyoll  7]utgt W EL  F71o
common haplotype frequency S FA43}#] o1,
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7} genotypedl Al 7@ haplotypeE FolA
perfect phylogenyS 3% + Q1T haplotype
pairZ phasedl T WS A&tz 7]
3 &£=7F wE ARl HHA of
AHE genotypeENA 7H5 3t haplotype s ©|
perfect phylogenys ®&&1x] &= A
haplotype reconstruction® 3 ¥ 4 Q=
@42 7kA 1 itk wEp 2 = dAE

0] =
2AA T

haplotype?] AEHA FHE

common haplotype frequencyS

Axd  A3}E MLEE 3AHE{3dd 7

genotypeol Tl  haplotype pair® Y

AZb AXEE EE AAET ek

B =FdAM 7IRsla e 2AL &7

Fig=y
- 7}FA 1:recurrent mutation> ¢1th.

- 7} 2 JFHHE genotype2 haplotype
block W%, & recombinationo] $l&
goge digk A ol

- 7} 3: mutationd SNP siteoll A #HA

Wolg Holy ZoRYH #E
Aolt}.
GCG
C6TC6
TATAG
TATCA |
712 3: Haplotype®] Z%X: Daly9] Hl o]
Z ol A 3 A blockW] 2] common
haplotypeEol ot AZTolt. ATk

PhyloDraw [1]2 7}A1&3}31 ),

7}4 13} 2% haplotype reconstructions
95 de PUEdA Een At
Zolx  olgjg  pHol  Qlokd  in-
silicol} 2] © 2 haplotypes ARt o]
ouizt gAY A AAY £ o

7R 3d digk RS O] 30A RHKo|
common haplotypeE& AEHA FSHAA
B Ndo] HIxIW AFZAAA A7

oo

gz, Age zolrt Bow A: 9
AL A ¢ F Jdo. dE B,
CGGAAE CGGCGYE 2712] SNP siteo] A
Aol F Holil i, TATAGSH:= 4782] SNP

site zFo]E Holm o] AFTEAHANA
TATAGETH CGGCG% © 7HHA Yeds
& = 9tk o& F3IA  CGGAAE
TATAGETH= CGGCGEYE HFEHUEL
7bFsAol o ¥the AE ¢ 5 Ath

2 =ioA A A 8= haplotype
reconstruction &1 FL  HA  genotype
matrix G& YZOo 2 oty g & n' Fhol
wet FHIA o] AL J|FeR G I

G" 9 219 groupo 2 FE-rh. W,
G' ol 43 genotype vectorES EF n' 7t
10]3} 2 phasing problem$1©] haplotype pairg
HAA 4 93 2 BIE haplotype matrix

H' 22 A3 o4& €, <0,1,02>%
ZL&  genotype  vectore=  <0,1,0,0>%}
<0,1,0,1>2] haplotype vector pair2 A
phasingd + ALFL ¢ F Yok 2z

G" o] &8 genotype vectort V1A 3&
71202 H' o] 43l haplotype vectors
ZoA 71 M3 phasing T3l
35 = haplotype vector pair® phasing&le]
H"S B33

8 Eo], gyoz FojZ genotype
matrix, G 7F 19 443 {TATCGT, TACGC,
CCACH, HACGC, HACGT, HACGH}=E
TA4Hl dvn & 2™ {TATCGT,
TACGC, CCACH, HACGC, HACGT}=
heterozygous site(H)9] 7H7t 10]8to| B2
o] E genotypeZ G' 9 U&7t HI olES

phasing@  haplotype> H' ¢ WUxE
({TACGT, TACGC, CCACT, CCACC, CACGC,
CACGTY°l €rth. 283, {HACGH}:E
heterozygous site(H)e] 7H7t 20|02 =
G 9 947 Hi {(HACGH}OA

heterozygous siteS A9 YA siteE T
H' <l haplotypeE<& Hlwdte] #&
haplotype® 2towW  {(TACGT, CACGC),
(TACGC, CACGT)}7} 7M53la 32 H9
AE AL HACGHOIA  phasing ruleS
UFHEE pairs oujdtet. F AY pairel
&l o] haplotype pair’t YERE F
AE FE(P)E allele frequencyE ©| &3

T3 o] AtEd

0] =
AR



P = min{TIp(h)),1<i < mand j=1,2},
1

o 7] A, p(h.j Y& A SNP site?] hij allele
!

frequency S 2|93l 1, m SNPsited] NTE
2lul&t2 j=1,2E haplotype pair FolA A
Hxjol 5 WA haplotyped Ztzt <Ju]gtcy,
5 709 haplotype pairol diElA  ZHz
AN BE, P 7t B pai(® =wAAE
7} o 2 (TACGT, CACGC) pairgli IE
Aeste] g 9] 94E A o)A
Z} haplotype paire]l taliA] vetd & Je
TE ol HARxQQ Aol Hurp He RAE

Aezle o]fE  MLEAA Y  FAEHA
F9sA  JeldtE  haplotype  pairZ
Adss Ao o e A}g 7
2o}, G" o BRE Yo dEA 9
Aol gsHW H I} H & FIA

haplotype matrix, H & A4 &t}

G w—L u

TACGT TACGT S TACGT TACGT
TACGC TACGC \\\ CACGC TACGC
r
G (| cocacn CCACT hY cCACT
4 TACGT
HACGC CCACC CcCACC
Y CACGC
HACGT CACEC ] CACGC
v TACGC
G {{ naco i A o CACGT
lllllllllll CACG'

3 4: Genotype matrix, G Z4-F haplotype
matrix, H & A43tE 4.

Haplotype reconstruction®] A ¢iuzEFL
gxugEE 1 Zod. dndE 2
**phasing_ambiguous( G" )'oll gt FAH<Q
dmz]Folty. of7|A], heterozygote( g, )7}
oulgte A genotype g FOIA
heterozygous site, & g, =2<1 SNP siteE S
olulgte  Zojth. 2T,
matching haplotypes ( H’, heterozygote( g, )"

“*search exact

genotype vector, g, 4] heterozygous siteS

Aolgt ZFH H' o 9= haplotype vector
FolA dAEe RE L = FFE

oo g,

fori=1ton

if n'<1 then G'« g

else G"«g;
endfor
H' « phasing_unambiguous(G') ;
H'" « phasing_ambiguous(G") ;
combine H' and H";

Algorithm: Haplotype reconstruction
Input: genotype matrix, G
Output: haplotype matrix, H

2D2IE 1: o7]A n' & genotype vectorth

ofu] gt

heterozygous

sited]  MTE
« phasing_unambiguous(G') "=

site’b QAAY E& 17)0]7)o] phasing T3
o oJa)4 4 A haplotype pairS T& 4 3

o},

o]  heterozygous

Results
B =R AHEd A¥ dolEl= Daly
ol oA AME 129709 AF

dlolglo|t}h [3]. o] HolEoA A7 It
% % n = 129°|™ SNPsite®] /AFE m =
1030)tk. 2] 103708 SNP sites F
1178¢ LD(Linkage Disequilibrium)
blocklo| A Z+zt 3 &pgich. E 12 2WA)
blockel Wisir 33 AE PL-EM [11]3
vaste HoFn grk. ¥ 19 3dx
4L {JPo=z  FojAE  genotypeEE
Yetdlz T34 942 AT Yol He
true haplotype pairS YeEh 1z 1t}
Haplotype reconstruction®} & o] o]

ANFLE  Be wEEs Mn-Ede
#8798 2 eRAAE A
de & PEe  ANRT A

individual phasing error( e )2 ©°l& UF
Zehfe] o]¥ genotypeo] tiE|A] phasing

ARE A% 137k dg 53 WRleld.

Sl base phasing error( ¢ )2 haplotype
b

matrix, H A A SNP base ©HZ true

haplotype¥} H]3le] 2R o] phasing©]

god ¢ B 157tete holth. e
b

F709] haplotype reconstructiondte WY E,

HR,9} HRp7} vtz & u, HR 9} HRp7}

E e e (ZF2 e ) #TE RRYUAE E
r b
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F oA i
Wgolaty & ¢

ERAqAE 7S
Haplotyper [12]%} PL-EM[11]%9] 4

H g sgn E 20 2 AU YA,
% solA 11709] block HiolE{ ol disliA
e ¢ e 9 &L APHo=z EHIY

14
awsigicth,. o Addz & =8dA4
AAEe Wyhol o L ZAAE B
H4A & =
iHaplor | Haplotyper PL-EM
Data
e e e e e e
)4 b P b P b
Blockl 009 | 002 | 024 | 006 | 024 | 0.06
Block2 012 | 003 | 022 | 005 | 020 | 0.05
Block3 012 | 006 { 023 | 0.16 | 022 | 0.16
Block4 000 { 600 { 036 § 0.10 | 036 | 0.10
Block5 0.00 | 000 ] 036 | 007 } 034 | 0.07
Block6 0,00 | 000 | 025 | 007 | 043 | 0.09
Block7 0.02 | 0.01 010 | 003 | 0.11 0.03
Block8 0.00 | 000 | 002 | 0.01 0.02 { 0.01
Block9 000 { 000 | 033 { 0.11 0.33 0.11
Block10 0.19 ] 0.05 ) 036 | 009 } 036 | 0.09
Block1l 029 | 014 } 033 | 0.15 1 033 | 0.15
Average 008 | 003 | 025 | 0.07 | 027 | 0.07
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20 B =84 AAste i oe
H(Haplotyper [12], PL-EM [11])39¢] B} al-
A A,

ML of [

Discussion

B E=R9ME

AFHE RE
= SNP siteo)

genotype¥}  phenotype®} £}
association @79 71z}
gk A I TS genotype

datas]Al  Z} JHQE  haplotypeS in-silico
WAooz Ataly FE  WHES
Ao, AAE PEEL olH9
A7 Bty I 3 &Fxo FFAd
Jold © EL& ARXE RAFH Yrh

+3 £5&5 AT FJg9 V7 Nelgtn
8 oW AF Aol Aldte] 7HedtE,
BEgde AA dolEet MY dHolH
2R ds HEHoeE N2% AEE
Bojx gich FF ATIHAZA,

A dlolgldAE  genotypeol A
missing®] ¥ gko] ded ofd wid
imputation module®] & 8 3}t};

Haplotype2 LD block®d % ujolA
Axtete Aol ou|E 7R ER Foi
genotype  HoJE{E2HE LD (&
haplotype) block& ZolgE  HH Y
T80l s

AIE o] A haplotypeo] didt 7FA1 8}
uinto] H g sl

Evaluation of the methods

Dataset 1

OiHaplor EHaplotyper OPL-EM

(@) Al 7FX 9] WHlog ¢ £ 1171 blockl

oEhA A Az

Evaluation of the methods

Data set 1

@ iHaplor ® Haplotyper O PL-EM

(b) Al 7tA 9 MHo=Z ¢ & 114
blockoll tajr] A4rg Az}
08 5 & =7 AAdles 343 g8
v ale] Bl wE AZtAHoZ EH.
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Algorithm: phasing_ambiguous
Input: genotype matrix, G"
Output: haplotype matrix, H"
fori=1to |G"|

H® « search exact matching haplotypes ( ', heterozygote( g

case |H'|=0:
{ho} < phasing all possible haplotypes from 8;
compute the haplotype probability of each haplotype pair in {ho} ;
add a maximum haplotype probability pairinto H";
case |H'|=1:
B« compute a haplotype according to the phasing rule;
add {A°} into H";
case |H°|>2:
{ho} < search a haplotype pair coinciding with phasing rule;
if |{A°}|=2 then
add {#°} into H';
else

compute the haplotype probability, Ph of each haplotype pair in {ho} ;

add a maximum haplotype probability pairinto H";

endfor
2025 2: heterozygote( g )7} AFIEE AL genotype g FOA

heterozygous site, & g =2< SNPsiteSS ojvj3tct,

¥

Our method PL-EM [11]
Genotype  True Haplotypes 2 Haplotype Haplotype Haplotype Haplotype
1 2 1 2
CCAAC CCAAC/CCAAC 1 CCAAC CCAAC CCAAC CCAAC
TACGT  TACGT/TACGT 18 TACGT TACGT TACGT TACGT
TACGC  TACGC/TACGC 36 TACGC TACGC TACGC TACGC
TACGH  TACGT/TACGC TACGT TACGC TACGT TACGC
CCAAH  CCAAT/CCAAC CCAAT CCAAC CCAAT CCAAC
HACGC CACGC/TACGC CACGC TACGC CACGC TACGC
HACGT  CACGT/TACGT CACGT TACGT CACGT TACGT
HACGH CACGC/TACGT CACGC TACGT CACGT  TACGC
TACHH TACGT/TACAC TACGT TACAC TACGC TACAT
HHCHC CCCAC/TACGC CCCAC TACGC CCCAC TACGC
HHHHC CCAAC/TACGC CCAAC TACGC CCAAC TACGC
HHHHH  CCAAC/TACGT CCAAC TACGT CCAAC TACGT

H 1: Daly dolg [4] FA F Wz EFd uigd 3 Azlolth, o714
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