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Linkage Disequilibrium

Parent 1 Parent 2

etc...

High LD -> No Recombination Low LD -> Recombination
(r2 = 1) SNP1 “tags” SNP2 Many possibilities



SNP1 SNP2
alleles: Ala B/b
Cl
C2
POP allele fregs: A (80%) B (60%)
a (20%) b (40%)

genotypes:
Person 1
AA
BB

phased haplotypes (C1/C2):
A —— B
A —— B

Person 2

Bb

> >

o w

Person 3
Aa
Bb

A —
Q —
OR

A —

a

B
b

b



a SNPs

Chromosome 1
Chromosome 2
Chromosome 3
Chromosome 4

b Haplotypes

¢ Tag SNPs

SNP SNP SNP

% ¥ -
AACACGCCA.... TTCGGGGTC.... AGTCGACCG....
AACACGCCA.... TTCGAGGTC.... AGTCA ACCG....
AACATGCCA.... TTCGGGGTC.... AGTCA ACCG....
AACACGCCA.... TTCGGGGTC.... AGTCGACCG....
Haplotype1 CTCAAAGTACGGTTCAGGCA
Haplotype2 TTGATTGCGCAACAGTAATA
Haplotype3 CCCGATCTGTGATACTGGTG
Haplotype4 TCGATTCCIGCGGTTCAGACA

r 3 \
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 Haplotype Assembly
 Haplotyping for individual
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DNA fragments \ﬁ SNP matrix
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1 0 — — 1 —
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1 — 0 1 0 —
SNP matrix

Fragment conflict
graph G¢
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Minimum Fragment Removal
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iImum SNP Removal
Omit
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THFHR-E a0k

MER APX-Hard

Minimum Fragment Removal

|lHR NP-Hard

Longest Haplotype Reconstruction

MSR APX-Hard

Minimum SNP Removal

MEC APX-Hard

Minimum Error Correction

Omit Edges
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MECeY Z= ML) L 5L

max Z Z Yij
i=1j=1
7 = 1’2,. c.m
zi(7iYi5 — hj) =0 -Z:: 11:22_,- , T
ri; 7= 0
zi1+zip=1 i=1,2,---,m

wile{oal} 1 =1,2,--- m;l =12
yij € {-1,1} i=1,2,---,m;j=1,2,---n

hlje{—l,l} l:1,2,j:1,2,,n
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MEC#£ZehF /&

e MEC/GI
— MEC with Genotype Information
— TR ZH 242 M 1) Ep AR 2R R L R AR s — 3K

Figure 5: The comparison results of the MEC model and the MEC/GI model on ACE. From left to
right, ¢ = 0.25, ¢ = 0.5, g = 0.75.
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MECA2Zi8h /&

e WMEC
— Weighted MEC
— DNAN P I R A A — B
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* CWMEC

— Complete Weighted MEC
oML BIR FIR,, foiF 2 f ARt R 4
1) A T TR LA TSNP A 1
— WMECHIMFR. MSRI{45 &
e R =1, R.=0,RIMFRA%: !
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* Reed B, Smith K, Vetta A. Finding odd cycle transversals. Oper Res
Letters 2004; 32(4): 299-301.

« Huiffner F. Algorithm engineering for optimal graph bipartization. In
Proceedings of the 4th International Workshop of Efficient and
Experimental Algorithms (WEA). Springer-Verlag 2005; 240-252.

e Guo J, Gramm J, Huffner F, Niedermeier R, Wernicke S. Improved fixed
parameter algorithms for two feedback set problems. In Proceedings of
the 9th Workshop on Algorithms and Data Structures (WADS). Springer-
Verlag 2005; 158-168.
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 Haplotype Inference
 Haplotype Phasing

 Haplotyping in population
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e Genotype (F:HA) ZIERENMIRZENALE (Marker) WLTF5F

(VRS

N

%7 Cunordered pair of alleles for each marker) ZH ¥

[ —" P4
e Homozygous (25 ¥): f/£— ML B L — X S5 EL K 2 A

[Al

e Heterozygous (2 & 1) AE— LB B I — X 47 5L K2 A
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KREE

L I YL fadk: ATAGCGTATTTCCAGGAGTCGTAGAC
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Genotype:

{A,C}, {G,T}, G, A, {T,A}

Configuration 1:

AGGAT
CTGAA

Configuration 3:

ATGAT
CGGAA

Configuration 2:

AGGAA
CTGAT

A

Configuration 4:

ATGAA
CGGAT




F A E 2B (Recombination)

| A B _C D,
: = !
! a b C d |
N e e e e e e e e e e o 7
A B A b
Cc D ~C D

No recombination Recombination



Pedigree Data

e Assumption
— Pedigree graph (genetic relationship)

— Mendelian law (no mutation)
e Difficulty
— Additional genotyping costs

— Potential recruiting problems
— Not all SNP sites can be resolved
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Pedigree Models

e Minimum Recombination Haplotype Configuration (MRHC)
— Pedigree graph: NP-hard (Li and Jiang 2003)
— Pedigree tree: NP-hard (Doi et al. 2003)

e Zero Recombination Haplotype Configuration (ZRHC)
— Polynomial solvable (Li and Jiang 2003)

e k-Minimum Recombination Haplotype Configration (k-MRHC)
— Pedigree graph: NP-hard (k>=1) (Chin et al. 2005)
— Pedigree tree: Open
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HIPPAs 2

 Haplotype Inference by Pure Parsimony
e The HIPP is APX-hard (Lancia et al. 2004)

e Branch and Bound (Wang and Xu 2003)

e Integer Programming (Gusfield 2003, Brown and Harrower
2004, 2006)

e Approximation algorithms (Lancia et al. 2004, Huang et al.
2005)

e Heuristic Method (Li et al. 2005)
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#1439 (Phylogeny)

 Haplotype Perfect Phylogeny
— Rooted tree
— Each leaf denotes a distinct haplotype
— Each edge represents a SNP site with a mutation fromOto 1
— Each SNP site is labeled by at most one edge

— For each haplotype labeled by a leaf, the unique path from the root to
it specifies all SNP sites with value 1



#1439 (Phylogeny)
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PPH sz

* Perfect Phylogeny Haplotype (PPH)
— Graph Realization Problem

— Polynomial algorithms (Gusfield 2002, Bafna et al.
2003, Eskin et al. 2003)

e Minimum Perfect Phylogeny Haplotype
— NP-hard (Bafna et al. 2004)
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Imperfect Phylogeny

e PPH is NP-hard with data missing (Kimmel and
Shamir 2005)

 PPH with additional biologically motivated
constrains (Gramm et al. 2004)

* Imperfect Phylogeny Haplotype (IPH)
(Halperin and Eskin 2004)
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KI5 TRIX

 Underlying unknown distribution of haplotype
frequencies

 Hardy-Weinber Equilibrium (HWE)

Pr(g) = Z Pr(h) Pr(h)

hé®h=g
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 Haplotype Frequency Estimation
— EM (Expectation-Maximization) (Excoffier et al. 1995)
— PL-EM (Partition-Ligation-Estimation-Maximization) (Niu et al. 2002)

e Bayesian Haplotype Inference
— MCMC (Markov Chain Monte Carlo) (Stephens et al. 2001)
— PL-MCMC (Niu et al. 2002)

e Markov Chain Model

— PL like method (Eronen et al. 2004)
— Dynamic Programming (Zhang et al. 2005)
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1BrMCHtEL

Pr(H) ~ Pr(H(1)) | H Pr(H()|H(i—1))

1=2.,n

fr(H (@ —1,0))
Pr(H) ~ fr(H(1)) .
A G D)
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ETINFTE T

Suppose that kg(; 5y Is the number of heterozy-
gous markers in G(4,7), then the frequncy of

haplotype fragment H(i,j) is estimated as fol-
lOWS:

1 ks
freaG)) =go > 2t e
29 Geg,
G matches H(i,5)



1BrMCBI5-

O O Ol

0.1 0.8 0.4
0.2 0.1 0.5 0.7
(== & W
0.8 0.9 0.5 @ 0.3 A

AGGAT 0.324

Configuration 1: CTGAA 0036
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1BrMCBI5-

Genotype: {A.C}, {G, T}, G, A, {T,A}
Configuration 1: Configuration 3:
AGGAT 0.324 ATGAT 0.0405
CTGAA 0.036 CGGAA 0.008
0.011664 0.000324
48.65% 1.35%
Configuration 2: Configuration 4.:
AGGAA 0.036 ATGAA 0.0045
CTGAT 0.324 CGGAT 0.072
0.011664 0.000324

48.65% 1.35%
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P(H)~ P(H(1,d)) || P(HG)IH(G—d,i—1))
1=d+1,n

fr(H(i—d,i))
[l fr(H@G —d, i — 1))

P(H) =~ fr(H(1,d))
1=d+1,n
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Genotype:

Configuration 1:

&

D o o o
o A NG
&

{A,C}, {G, T}, G, A, {T,A}

AGGAT
CTGAA



Genotype: {A.C}, {G, T}, G, A, {T,A}

AGGAT

Configuration 1: CTGAA
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e Given the parameters of Markov chain, how to find the best
haplotype pair for each individual?

e The number of possible haplotype configurations for a
genotype grows exponentially with the number of
heterozygous markers

e Exhaustive search is infeasible for large problem
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4

Partition-Ligation algorithm
— Eronen et al. 2004
— Heuristic algorithm

Dynamic Programming algorithm

— Exact algorithm

— Quadratic time complexity (Linear time complexity after improvement)
with fixed model paremeters

— Give the condition under which the DP algorithm can be applied to
multiple order Markov Chain model



AGGAT 0.324

Configuration 1: CTGAA 0036
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INATILE spacing | haplorec HAC haplorec: HNMNACO baplorees HMC baplorec HNMNAC haplorec HMRIC
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A 0T 2 L Iy O 28 56 O A0TE | D.IADE O.1TES | 0. 1646 0.161 . 1652 O . 162 . 1858 . 1801
A0 W 2 LA | r.5368 O 56338 | O 24045 0243 0 237 O.22R2 | 2362 O 2316 |0 .25 O 26588
A0 LG 2 . 15 [ 50 e O 8058 | O 4026 O.4008 |0 S806 0 3044 L gt ) 0 4322 | O a9DE LI 5 800 by
Ay 20 2 .2 r.HEHEZ O 8681 O 5601 O.BGBHE |O.5736 O 563 .6 16 O 6 16 O 5585 LI Rt
W BT .3 1. 1248 1.1z 0 236 OH2H2 |O.09428 (LR E: A 1.03 64 1.0+ 18 1.175 11912
Ay S0 2 LR 18244 18202 | 1690968 1. 766 1771 1.767TH | 1.68681 1.1z 200814 2. 1368
Ay ST 2 .7 P 10 153 2. 304 | 2 .4494236 24516 |2 .5048 253 2.0 28 27158 .98 2 R 0E
A1 W 2 1 Sa LG S O80T | 32802 3002z |3ata4 a3 A0S 3.6BTIE 3 60T 3 .56834 e R I S

Table 1: Average switch distance of solutions obtained by HM C and haplorec {(SMNPs)



Data Marker P =50nM} I I TR I =30 N =500 IR LTl
ILATTLE spacing | haplorec MO haplorec HNMNACOC haplorec HNMNCO haplorec HNNAC haplorec HNMNCOC
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Table 2: Average switch distance of solutions

obtained by HM C and haplorec (microsatellites)

Accuracy

0503401 0.4589796

0.544218 0667823

0537415

066723

0551020 O.66TE2

INESETITLT I =2 I =30 INESHILTILT IVESR LTI
haplorec  HDMC haplorec HMC haplorec HDMC haplorec HDMC haplorec HDMC
Switch Distance | 1.210884 1.18387 |0.938776 082313 (0897959 0.81833 |0904762 0843564 (0979592 089118

0681020 0.544218

Table 3: Comparison of solutions on the Daly data set
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IRF1p1

* * * * ¢ o * * *
CAh14b  ATTh14c IL4m2 GAh18a CAh15a CAh17a D551984 CSF2p10
SEPT8 LS IRF1 P4HAZ FACL6
=> oo 1N - e
L4 IL13 RADS0 OCTNZ2 OCTN1  PDLIM3 CSF2 IL3

= genes W] e M= = b Il

SNPs i | [ B ounwnemrr o mmnorr o rmvmn e rm e vl
l L\
| 1 T
GGACAACC, ,,TTACG\Q‘ ﬂGGAGACGA\ ,CGCGCCCGGAT CCAGC CCGAT FCCTGCTTACGGTGCAGTGGCACGTATT*CA CGTTTAG\ ACAACA\ ﬁTTCTGAn. TATAG
¢ n"GAC‘T(:(:J(. 4 TTGCCCCGGCT, CRACC CTGAC , CATCACTCCCCAGACTGTGATGTTAGTATCT TAATTGG \ GTGACG~>A GTGCGG--._"‘ :\‘ = TATCA

LAY s
BAATTCGTGY “CCCAA/ \T.‘GCAGACGK;:\\‘CTGCTATAACG » GCGCT _~CTGAC / TCCCATCCATCATGGTCGAATGCGTACATTA LTGTT*GA ‘ GCGGTG‘ G*GTAA-—" TR~ CGGCG
Y A
%TGCCCCMCC “scoacer” aTacT CCCCGCTTACGETGCAGTGGCACGTATATCY T TGATTAG \ACGGTG‘

block 1 block 2 block 3 block 4 block 5 block 6 block 7 block 8 block 9 block 10 block 11
84 kb 3kb 14 kb 30 kb 25 kb 11 kb 92 kb 21 kb 27 kb 55 kb 19 kb
96% 97% 92% 94% 93% 97% 93% 91% 92% 90% 98%
76% 7% 36% 37% 35% 41% 40% 38% 36% 42% 29%
26% 14% 9% 9% 14% 8% 10% 8% 16%
18% 19% 28% 19% 13% 29% 27% 31% 33% 36% 51%
21% 35% 18% 12% 7% 9%

.06 40 33 .05 A1 05 07 .02 27 24



a SNPs

Chromosome 1
Chromosome 2
Chromosome 3
Chromosome 4

b Haplotypes

¢ Tag SNPs

SNP SNP SNP

% ¥ -
AACACGCCA.... TTCGGGGTC.... AGTCGACCG....
AACACGCCA.... TTCGAGGTC.... AGTCA ACCG....
AACATGCCA.... TTCGGGGTC.... AGTCA ACCG....
AACACGCCA.... TTCGGGGTC.... AGTCGACCG....
Haplotype1 CTCAAAGTACGGTTCAGGCA
Haplotype2 TTGATTGCGCAACAGTAATA
Haplotype3 CCCGATCTGTGATACTGGTG
Haplotype4 TCGATTCCIGCGGTTCAGACA

r 3 \
A T c
e [c L
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 Tag SNPs

— A small subset of SNPs which is sufficient to
distinguish each pair of haplotype patterns

 Robust Tag SNPs

— A subset of SNPs which can still distinguish all
distinct haplotypes even when some SNPs are
missing
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e Minimum Tag SNPs

— Find the minimum set of tag SNPs

e Minimum Auxiliary Tag SNPs

— Find the minimum subset of additional SNPs to resolve the ambiguity
caused by missing data

e Minimum Robust Tag SNPs

— Find the minimum set of robust tag SNPs which are able to tolerate a
number of missing SNPs
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Robust Tag SNPs
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e Minimum Tag SNPs
— Equivalent to Minimum Set Cover Problem
— NP-hard

e Minimum Robust Tag SNPs

— Equivalent to Minimum k-Redundent Coverage
— NP-hard
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