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Haplotypes

How can we resolve phase?

Using experimental methods. (complicated and expensive)

Using pedigree information.

(requires family data)

Using a statistical algorithm applied to data from a population
sample.
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Haplotypes

The EM algorithm

Consider a segment of the genome, with N haplotypes in the population,
with frequencies θ1 . . . θN . If we have a sample of M genotypes, g , we can
represent the probability of those genotypes as a sum of the probabilities
of each possible pair of haplotypes which could give rise to the observed
genotypes:

2θjθk j 6= k

θj
2 j = k

The probability of all the genotype data is then:

P(g |θ) = P(g1)P(g2) . . .P(gM)
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Haplotypes

The EM algorithm

Of course, we don’t actually know the haplotype frequencies (θ), so we
need to use a numerical algorithm to find a maximum likelihood estimate
of those estimates, given the genotype data.

We do this in an iterative approach with two steps:

1 Expectation, where we compute the expected number of haplotypes
each individual carries, given the haplotype frequencies.

2 Maximization, where we re-estimate the haplotype frequencies given
the haplotype counts from the ‘E’ step.

Estimate for θ tends to converge relatively quickly. We can now make
guesses about each individual’s haplotypes based on these frequencies, but
they’re not guaranteed to be accurate!
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Haplotypes

Aspects of EM vs. alternatives

Fast, and easy to implement.

Works best when markers in question are relatively strongly correlated
(which in practice is only in short genomic segments).

Better for estimating population frequencies than individual
haplotypes.

Doesn’t handle uncertainty in estimates very well.

More complicated models, including that in the PHASE program,
address some of these issues by incorporating knowledge of how
haplotypes segregate in populations (the ‘coalescent model’)
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Linkage disequilibrium

What creates genetic variation?

The two processes which increase genetic diversity in a population are
mutation, which introduces novel variants into the population, and
recombination, which re-shuffles the existing patterns of variation
(haplotypes).

The fate of new mutations is also affected by drift, selection, and
population history. What we really care about is what patterns are left
behind in genetic variation because of these forces, and how they affect
disease studies.
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Mutation and recombination in a population
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Linkage disequilibrium

Consequences of mutation and recombination

Genetic variants are correlated because they occur on a particular
haplotype background, and segregate in populations on that
background.

In the absence of recombination this correlation would never be
broken down and would extend a great distance along chromosomes.

Recombination breaks down this correlation over many successive
generations, leaving a narrower and narrower window of correlation.

Under certain assumptions (neutral evolution, random mating,
homogenous recombination), we can model exactly how far this
correlation should extend.
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Linkage disequilibrium

Theoretical vs. empirical patterns of LD

!"##"$% #& '(#)$"

*++ !"#$%& ' ()* +,, ' ,- ."/ 0--, ' 111234567829:;

<8=83<> :3 5?8 47@A5747B 9?:A98 :C 5?8 4DD8D8> =4A78< 45 5?8 51: D:9A2
E8 9?:>8 5?8 =4A7 :C F!G> 5?45 946>8< H!! - A3 $54? >: 5?45I A3
9:;=47A>:3> 1A5? :5?87 =:=6D45A:3>I 5?8 >AJ3 :C H! A3<A9458>
1?85?87 5?8 >4;8 :7 :==:>A58 4DD8DA9 4>>:9A45A:3 A> =78>8352 K3 4
D47J8 >4;=D8I 'H!' :C , A3<A9458> 9:;=D858 *HL - 9:778>=:3<> 5: 3:
*H2 #?8 <8J788 :C *H 388<8< C:7 8CC895AM8 ;4==A3J <8=83<> :3 5?8
<854AD> :C 4 =475A96D47 >56<B02 " 6>8C6D ;84>678 A> 5?8 N?4DCOD83J5?P :C

*H Q5?8 <A>54398 45 1?A9? 5?8 4M874J8 'H!' <7:=> @8D:1 -2RS2
T:;=47A3J 5?8 ,U 743<:;DB >8D8958< 78JA:3>I *H ?4> 4 ?4DCO

D83J5? :C 4@:65 V- W@ QXAJ2 ,S2 FAJ3AY9435 !OM4D68> C:7 *H :9967 A3
J784587 5?43 R-Z :C 94>8> 45 <A>54398> :C " [- W@2 *H 5?878C:78
8\583<> ;69? C675?87 5?43 4 =78MA:6> =78<A95A:30I 43< :67 <454
A3<A9458 5?45I A3 J83874DI @D:9W> :C *H 478 D47J82 "D5?:6J? 5?8
4M874J8 8\5835 A> D47J8I 5?878 A> J7845 M47A45A:3 A3 *H 497:>> 5?8

Li
nk

ag
e 

di
se

qu
ili

br
iu

m
 |D

'|

Data

n

S
ho

rt
 ra

ng
e

5,
00

0

10
,0

00

20
,0

00

40
,0

00

80
,0

00

16
0,

00
0

U
nl

in
ke

d

Fr
ac

tio
n 

of
 |D

'| 
va

lu
es

 >
 0

.5

67 26

29

28
27 

19

10

S
ho

rt
 ra

ng
e

5,
00

0

10
,0

00

20
,0

00

40
,0

00

80
,0

00

16
0,

00
0

U
nl

in
ke

d

Fr
ac

tio
n 

in
 L

D
 (P

 <
 0

.0
5)

67 26

29

28
27

19
10

16

1

0.9

0.8

0.7

0.6

0.5

0.4

0.3

0.2

0.1

0

Previous
prediction

1 kb 5 kb 10 kb 20 kb 40 kb 80 kb 160 kb Unlinked

Distance between SNPs (bp)

1
0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1

0

Distance (bp)

1
0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1

0

Distance (bp)

a b

c

16

!"#$%& ' !" #$%&'& ()*&+,-. /+&0-1,$ 2$03$$1 456&7 89% $-,) /+&0-1,$ :%9; 0)$ ,9%$ 456

<=-2.$ >?@ 3$ ,)9&$ 0)$ 456 3+0) 0)$ .-%A$&0 1';2$% 9: ,9(+$& 9: 0)$ ;+19% -..$.$ :9%

,9;(-%+&91 09 456& -0 90)$% /+&0-1,$&7 B0 - A+#$1 /+&0-1,$@ -.. ,9;(-%+&91& -%$

+1/$($1/$107 (@ B#$%-A$ C"!C #-.'$& :9% $-,) /+&0-1,$ &$(-%-0+91 <D"-0-EF /900$/ .+1$&

+1/+,-0$ 0)$ GH0) -1/ IH0) ($%,$10+.$&?@ ,9;(-%$/ 3+0) - (%$/+,0+91G 2-&$/ 91 &+;'.-0+91&

<&$$ J$0)9/&?7 C"!C #-.'$& :9% &)9%0$% ()*&+,-. /+&0-1,$& 3$%$ ,-.,'.-0$/ 2* .99K+1A 3+0)+1
,910+A'9'&.* &$L'$1,$/ &0%$0,)$& 9: "5B ,910-+1+1A -0 .$-&0 039 456&@ -1/ (+,K+1A 0)$

039 3+0) 0)$ ;9&0 ;+19% -..$.$&7 M1.+1K$/ ;-%K$% ,9;(-%+&91& -%$ 920-+1$/ 2* ,9;(-%+1A

456& +1 0)$ NOPK2 2+1 +1 $-,) %93 9: =-2.$ > 09 0)9&$ +1 0)$ 1$Q0 %937 )@ *@ 8%-,0+91 9: C"!C
#-.'$& A%$-0$% 0)-1 O7H <)? -1/ (%9(9%0+91 9: &+A1+R,-10 <!# O7OH? -&&9,+-0+91& <*?
2$03$$1 039 456& &$(-%-0$/ 2* - A+#$1 /+&0-1,$ <-& -&&$&&$/ 2* - .+K$.+)99/ %-0+9 0$&0>O?7

S-%& +1/+,-0$ THU ,$10%-. ,91R/$1,$ +10$%#-.&7 =)$ 1';2$% 9: /-0- (9+10& '&$/ 09 ;-K$

0)$ ,-.,'.-0+91& -%$ &)9317

!"#$% & '()*+(#,*(-. -/ +%0(-.) ".1 234) 5(*6(. +%0(-.)

!"#"
$%"#&$'()&$*#+

,-.*/*0*/" 1*()2
."(*/3$#)&$*#
.)&" 4(553!678

9:)# *; ."<$*# $#
:-=0$()2 /):

4(>7?

@A/3". *; -$<-B;."CA"#(= :*2=/*.:-$0/0 )& %$0&)#("0 4D37 ;.*/ (*." 9@E0F

G H 6G IG JG KG 6LG
2222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222

!"#$! 6 6MJ LGMKKNL6MGJ 6 6 6 I I 6 O
%&'()!! O 6M6 OPMIPNOPMJO 6 6 I O G O 6
*+,!- H 6MJ 6HIM6LN6HIMGG I O 6 G 6 P G
..(/! L N JLMGJLNJHMKQ 6 J 6 J I I G
+*,)01 L N JLMGHQNJLMII 6 O O L I G G
&23//%)! L N JKMIPNJKMJO O G I I O 6 6
3%"!/! P IMO 6GLMHKN6GLMJI 6 G H O O I J
4%53 P GMH 6IIMQQN6IIMKO G 6 G J I I 6
53&6%/) 6I OMO OMLINOMPK I K I 6 L G G
7&8%/ 6I OMO KMHGNKMLL I 6 H I 6 6 G
53&)%9 6I IM6 6LMOON6LMJQ 6 I 6 6 H G I
%(0+.-!! 6I 6MI I6MKJNII 6 Q 6 I I 6 I
#&-! 6J JMO QKMJ6NQKMHP O P G G J 6J 6
#(7&!- 6L 6MG OIMHGNOIMLL G I O G J O G
8,- 6P 6MG OKM6GNOKMIL G G I I H 6 G
5&:%)! 6P OMG JGMI6NJGMOP 6 H 6 6 O 6 6
#%-) 6K IMP LJM6PNLJMG6 G G I 6 H I 6G
-3/;(! II HMQ 6JMJKN6JMOI I 6 I 6 I G J
0&,)! II IMG 6PMQ6N6PMPH 6 6 I I 6 G O
2222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222
+ R33."S$)&$*#0 ;.*/ 1*(A01$#D 4TTTM#(3$M#2/M#$-M<*SU1*(A01$#DU2$0&M(<$7M
8 V*. &-."" ."<$*#0 &-" <"#"&$( )#% :-=0$()2 /):0 T"." $#(*#0$0&"#& )#% #* "0&$/)&"0 T"." /)%"M
? 9:)# *; ."<$*# T$&-$# ) .)%$)&$*# -=3.$% /): 4-&&:WUUTTTM#(3$M#2/M#$-M<*SU<"#*/"U0"CUX0X*/"M0-&/27W 653 ! 6 ("#&$.)%M E*0$&$*# *; &-" (*." 9@E $0 2$0&"% '.0&M
F@A/3". *; 9@E0 %$0(*S"."% T$&- )& 2")0& 6H (*:$"0 *; &-" /$#*. )22"2" 40A(("00;A22= <"#*&=:"% $# )& 2")0& OI $#%$S$%A)207 )#% $# X).%=NY"$#3".< "CA$2$3.$A/ A0$#< ) 0$<#$'()#(" (.$&".$*# *; # # GMGIM
! Z-" &"# ."<$*#0 0"2"(&"% ;*. ;*22*TBA: <"#*&=:$#<M

© 2001 Macmillan Magazines Ltd

Reich et al, Nature, 2001.
LD & HapMap Boulder, 2009 13 / 29



Linkage disequilibrium

Heterogeneous recombination drives observed LD patterns
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Linkage disequilibrium

Quantifying LD
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Linkage disequilibrium

D ′ and r 2

© 2005 Nature Publishing Group 

 

values30, or another based on the four gamete test51), most of the
sequence falls into long segments of strong LD that contain many
SNPs and yet display limited haplotype diversity (Table 5).
Specifically, addressing concerns that blocks might be an artefact

of low marker density52, in these nearly complete data most of the
sequence falls into blocks of four or more SNPs (67% in YRI to 87%
in CEU) and the average sizes of such blocks are similar to initial
estimates30. Although the average block spans many SNPs (30–70),
the average number of common haplotypes in each block ranged
only from 4.0 (CHB þ JPT) to 5.6 (YRI), with nearly all haplotypes
in each block matching one of these few common haplotypes. These
results confirm the generality of inferences drawn from disease-
mapping studies27 and genomic surveys with smaller sample sizes29

and less complete data30.
Long-range haplotypes and local patterns of recombination.
Although haplotypes often break at recombination hotspots (and
block boundaries), this tendency is not invariant. We identified all

unique haplotypes with frequency more than 0.05 across the 269
individuals in the phased data, and compared them to the fine-scale
recombination map. Figure 10 shows a region of chromosome 19
over which many such haplotypes break at identified recombination
hotspots, but others continue. Thus, the tendency towards co-
localization of recombination sites does not imply that all haplotypes
break at each recombination site.
Some regions display remarkably extended haplotype structure

based on a lack of recombination (Supplementary Fig. 8a, b). Most
striking, if unsurprising, are centromeric regions, which lack recom-
bination: haplotypes defined by more than 100 SNPs span several
megabases across the centromeres. The X chromosome has multiple
regions with very extensive haplotypes, whereas other chromosomes
typically have a few such domains.
Most global measures of LD become more consistent when

measured in genetic rather than physical distance. For example,
when plotted against physical distance, the extent of pairwise LD

Table 5 | Haplotype blocks in ENCODE regions, according to two methods

Parameter YRI CEU CHB þ JPT

Method based on a composite of local D’ values30

Average number of SNPs per block 30.3 70.1 54.4
Average length per block (kb) 7.3 16.3 13.2
Fraction of genome spanned by blocks (%) 67 87 81
Average number of haplotypes (MAF $ 0.05) per block 5.57 4.66 4.01
Fraction of chromosomes due to haplotypes with MAF $ 0.05 (%) 94 93 95

Method based on the four gamete test51

Average number of SNPs per block 19.9 24.3 24.3
Average length per block (kb) 4.8 5.9 5.9
Fraction of genome spanned by blocks (%) 86 84 84
Average number of haplotypes (MAF $ 0.05) per block 5.12 3.63 3.63
Fraction of chromosomes due to haplotypes with MAF $ 0.05 (%) 91 95 95

Figure 7 | Genealogical relationships among haplotypes and r2 values in a
region without obligate recombination events. The region of chromosome
2 (234,876,004–234,884,481 bp; NCBI build 34) within ENr131.2q37
contains 36 SNPs, with zero obligate recombination events in the CEU
samples. The left part of the plot shows the seven different haplotypes
observed over this region (alleles are indicated only at SNPs), with their
respective counts in the data. Underneath each of these haplotypes is a

binary representation of the same data, with coloured circles at SNP
positions where a haplotype has the less common allele at that site. Groups
of SNPs all captured by a single tag SNP (with r2 $ 0.8) using a pairwise
tagging algorithm53,54 have the same colour. Seven tag SNPs corresponding
to the seven different colours capture all the SNPs in this region. On the right
these SNPs are mapped to the genealogical tree relating the seven haplotypes
for the data in this region.
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Linkage disequilibrium

D ′ in a region of 100kb
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Linkage disequilibrium

D ′ for common SNPs in a region of 100kb
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Linkage disequilibrium

r 2 for common SNPs in a region of 100kb
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HapMap

A haplotype map of the human genome
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HapMap

Project details (Phase I/II)

Samples:

90 Yoruba (30 parent-parent-offspring trios) from Ibadan, Nigeria
(YRI)

90 CEPH samples (30 trios) of European descent from Utah (CEU)

45 Han Chinese from Beijing (CHB)

45 Japanese from Tokyo (JPT)

SNPs: Original goal was 1 SNP every 5kb, but as genotyping costs
dropped, eventual catalogue included approximately 4 million polymorphic
SNPs scattered across the genome.

Panel % r2 > 0.8 mean max r2

YRI 81 0.90
CEU 94 0.97

CHB+JPT 94 0.97
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HapMap

Why multiple populations?

© 2005 Nature Publishing Group 

 

varies by chromosome; when plotted against average recombination
rate on each chromosome (estimated from pedigree-based genetic
maps) these differences largely disappear (Supplementary Fig. 6).
Similarly, the distribution of haplotype length across chromosomes
is less variable when measured in genetic rather than physical
distance. For example, the median length of haplotypes is 54.4 kb
on chromosome 1 compared to 34.8 kb on chromosome 21. When
measured in genetic distance, however, haplotype length is much
more similar: 0.104 cM on chromosome 1 compared to 0.111 cM on
chromosome 21 (Supplementary Fig. 9).
The exception is again the X chromosome, which has more

extensive haplotype structure after accounting for recombination
rate (median haplotype length ¼ 0.135 cM). Multiple factors could

explain different patterns on the X chromosome: lower SNP density,
smaller sample size, restriction of recombination to females and
lower effective population size.

A view of LD focused on the putative causal SNP
Although genealogy and recombination provide insight into why
nearby SNPs are often correlated, it is the redundancies among SNPs
that are of central importance for the design and analysis of
association studies. A truly comprehensive genetic association
study must consider all putative causal alleles and test each for its
potential role in disease. If a causal variant is not directly tested in the
disease sample, its effect can nonetheless be indirectly tested if it is
correlated with a SNP or haplotype that has been directly tested.

Figure 8 | Comparison of linkage disequilibrium and recombination for two
ENCODE regions. For each region (ENr131.2q37.1 and ENm014.7q31.33),
D 0 plots for the YRI, CEU and CHBþJPTanalysis panels are shown: white,
D 0 , 1 and LOD , 2; blue, D 0 ¼ 1 and LOD , 2; pink, D 0 , 1 and
LOD $ 2; red,D 0 ¼ 1 and LOD $ 2. Below each of these plots is shown the

intervals where distinct obligate recombination events must have occurred
(blue and green indicate adjacent intervals). Stacked intervals represent
regions where there aremultiple recombination events in the sample history.
The bottom plot shows estimated recombination rates, with hotspots shown
as red triangles46.

NATURE|Vol 437|27 October 2005 ARTICLES
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HapMap

Project details (Phase III)

African ancestry in Southwest USA (ASW)

Chinese in Denver, CO (CHD)

Gujarati Indians in Houston, TX (GIH)

Luhya in Webuye, Kenya (LWK)

Mexican ancestry in Los Angeles, CA (MEX)

Maasai in Kinyawa, Kenya (MKK)

Toscans in Italy (TSI)

(additional samples from CEU, YRI, JPT, CHB)

∼ 1.5 million SNPs
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HapMap

Accessing HapMap data with Haploview
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Tag SNPs

How can we use HapMap knowledge for disease studies?
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Tag SNPs

Gain efficiency by removing redundant SNPs
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Tag SNPs

Haplotypes can yield additional gains in efficiency
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