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Abstract Recently, haplotype-based association studies

have become popular for detecting disease-related or drug-

response-associated genes. In these studies, it has been

gradually recognized that a haplotype block structure is

important. A rational and automatic method for identifying

the haplotype block structure from SNP data has been

desired. We have developed a new method using an

ancestor-derived model and the minimum description

length principle. The proposed method was applied to real

data on the TAP2 gene in which a recombination hotspot

was previously reported in human sperm data. The pro-

posed method could identify an appropriate haplotype

block structure, while existing methods failed. The per-

formance of the proposed method was also investigated in

a simulation study. The proposed method presented a better

performance in real data analysis and the simulation study

than existing methods. The proposed method was powerful

from the viewpoint of hotspot sensitivity and was robust to

mutation except at the edge of a sequence.

Keywords Ancestral haplotype � Haplotype block �
Linkage disequilibrium � Minimum description length

principle � Recombination hotspot

Introduction

Genetic markers based on variation in the human genome

sequence play powerful roles in identifying disease-related

or drug-response-associated genes. Single-nucleotide

polymorphisms (SNPs) are considered to be promising

genetic variations because of their abundant distribution in

the human genome. Many association studies have been

done using genotypes of SNPs and haplotypes restored by

them. In these studies, it has been gradually recognized that

identifying a haplotype block structure is an important way

to narrow down candidate loci.

On chromosome 5q31, Daly et al. (2001) reported a

block structure in which the SNPs exhibit strong linkage

disequilibrium (LD) within each block, whereas SNPs ex-

hibit a sudden decay of the LD between blocks. Such a

structure is now referred to as a haplotype block structure

and the position of sudden decay is referred to as a

recombination hotspot. They furthermore pointed out that

most haplotypes could be regarded as recombinants of only

a few common haplotypes, which implies a low haplotype

diversity. Hereafter, such common haplotypes are referred

to as ancestral haplotypes.

One important research topic is to develop a rational and

automatic method for identifying the underlying haplotype

block structure. The methods proposed in the past can be

classified into four types. The first type aims at achieving a

low haplotype diversity. Daly et al. (2001) targeted locally

minimal haplotype diversity based on haplotypic hetero-

zygosity. Patil et al. (2001) focused on haplotype-tagging

SNPs. This standpoint was extended by Zhang et al.

(2002a, 2002b, 2003). The second type aims at detecting a

recombination hotspot. Gabriel et al. (2002) and Wang

et al. (2002) used the coefficient of linkage disequilibrium

(LD) and the four-gamete test statistic (Hudson 1985) as
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indices of recombination, respectively. The first two types

were reexamined by Ding et al. (2005). The third type is an

attempt to combine the above two ideas (Zhu et al. 2003;

Kamatani et al. 2004). The fourth type is based on a sta-

tistical model and the minimum description length (MDL)

principle (Rissanen 1978), which manages to handle both

haplotype diversity and recombination hotspots. Some

methods were proposed by Koivisto et al. (2003), Green-

span and Geiger (2003), and Jojic et al. (2004). However,

their models do not use a special probability structure re-

lated to recombination events, which is well-known in

statistical genetics.

Anderson and Novembre (2003) incorporated the spe-

cial probability structure into a Markov model, which was

one of the key points of their paper. They showed that their

idea worked remarkably well in comparison with past ideas

used in simulation studies and real data analyses. Their

method is referred to as the ‘‘AN method’’ in this paper.

Anderson and Slatkin (2004) analyzed the 5q31 data in

more detail using the AN method. However, as described

later, the AN method appears to be overly sensitive to

mutation.

To overcome this issue, this paper proposes a new

method for identifying the haplotype block structure. This

paper constructs a statistical model as follows. The most

important mechanism for generating the haplotype block

structure is the existence of ancestral haplotypes and

recombination hotspots. We first incorporate a probability

structure for the recombination event with ancestral hapl-

otypes into the central part of the statistical model, which is

referred to as an ancestor-derived model, but the resulting

model can only handle recombinants of ancestral haplo-

types. The remaining problem is to model the remaining

nonrecombinant haplotypes. Note that they are not inter-

preted by a simple genetic property (e.g., mutation) and

their frequencies are small in general, so we adopt a simple

full frequency model with no structure to avoid extra

complexity of the model. The statistical model proposed is

a mixture of the ancestor-derived model and the simple full

frequency model. The optimal model is determined by the

MDL principle. The proposed method was implemented in

the ADBlock software.

The proposed method was applied to two real datasets.

One is a locus in the TAP2 gene on chromosome 6p21.3, in

which a recombination hotspot was biologically identified

by analyzing sperm DNA (Jeffreys et al. 2000). The

genotype data were provided by the Japanese Foundation

for Cancer Research (JFCR). The proposed method could

identify an appropriate haplotype block structure, but some

existing methods (based on the AN method, Gabriel et al.

(2002), and PHASE) failed. The other is the 5q31 data

analyzed by Daly et al. (2001). The haplotype block

structure identified by the proposed method was similar to

the conventional structure. The performance of the pro-

posed method was also investigated in a simulation study.

Materials and methods

Ancestor-derived model

First, we define some notation. Let the numbers of SNPs

and observed haplotypes be denoted by L and N, respec-

tively. The ith observed haplotype can be expressed as

hi = (hi1, ..., hiL) for i = 1, ..., N, where hil 2 {0,1} be-

cause the SNP is biallelic. The suffix i is sometimes

omitted for simplicity. The block structure

B ¼ fBð1Þ; . . . ;BðKÞg can be expressed as the partition of

SNPs, where K is the number of blocks, B = {1, ..., L} =

B(1) [ ... [ B(K), and B(k) = {lk–1 + 1, ..., lk} is the set of

adjacent SNPs with l0 = 0 and lK = L. The haplotype cor-

responding to the above partition is denoted by

h = (h(1),..., h(K)), where hðkÞ ¼ hlk�1þ1; . . . ; hlkð Þ is the

partial haplotype on block B(k). Let G ¼ fg1; . . . ; gAg be the

set of ancestral haplotypes and qa the frequency probability

of ga, where
P

a=1
A qa = 1. Assume that the observed hap-

lotype h is a recombinant haplotype, more precisely,

h ¼ g
ð1Þ
a1 ; . . . ; g

ðKÞ
aK

� �
for some (a1, ..., aK).

Let R = (R1, ..., RK–1) be the latent indicator of whether

the recombination event happens or not, where Rk = 1 if

the recombination event happens between two blocks B(k)

and B(k+1) and Rk = 0 otherwise. Let the recombination rate

be denoted by kk = Pr (Rk = 1). Assume that the Rk’s are

independent variables. The probability of R is expressed as

PrðR ¼ rÞ ¼
YK�1

k¼1

krk

k ð1� kkÞ1�rk :

Suppose that R is given in the following. Another partition of

SNPs is denoted by B ¼ B½1� [ � � � [ B½K
��; where

K� ¼
PK�1

k¼1 Rk þ 1; B½k
�� is the union of some adjacent

B(k)’s, the recombination events happen only between B½k
�� ’s

and not within each B½k
��: A relationship between two block

partterns is displayed in Fig. 1. The haplotype corresponding

to the above partition is denoted by h ¼ h½1�; . . . ; h½K
��� �
:The

partial haplotype h½k
�� ’s derive from ga’s because the

haplotype is a recombinant of ancestral haplotypes. This

correspondence can be expressed as the indicator variable

C ¼ ðC½1�; . . . ;C½K
��Þ; where C½k

�� ¼ a indicates that h½k
��

derives from ga. Note that the variable C depends on the

structure of R. The conditional probability of C given R is

defined as

PrðC ¼ cjR ¼ rÞ ¼
YK�

k�¼1

YA

a¼1

qIðc½k��¼aÞ
a ;
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where IðAÞ is one if A is true and zero otherwise. Con-

sequently, the probability that the latent variable is ob-

served is given by Pr (R = r, C = c) = Pr (R = r) Pr (C = c

| R = r), which is called a complete model (McLachlan and

Peel 2000).

Recall the original problem. The event where the hap-

lotype h is observed is expressed as

F h ¼ ðR;CÞjh ¼ g
½1�
C½1�
; . . . ; g

½K��
C½K��

� �n o
;

which implies a frequency probability

PrðH ¼ hÞ ¼
X

ðr;cÞ2F h

PrðR ¼ r;C ¼ cÞ;

which is referred to as the ancestor-derived model. This

model is determined by the haplotype block structure, B;
and the set of ancestral haplotypes, G: The parameters of

the model consist of the recombination rate, k = (k1,...,

kK–1), and the frequency of ancestral haplotype, q =

(q1,...,qA).

To fully understand the ancestor-derived model, we will

illustrate the simple case where the number of SNPs is five,

L = 5, the block structure is given by B(1) = {1,2,3} and

B(2) = {4,5}, and the ancestral haplotypes are given by

g1 = (0,0,0,0,0) and g2 = (1,1,1,1,1). Suppose that the ob-

served haplotype is h = (0,0,0,1,1). The recombination

event certainly happens between two blocks, R = 1. The

observed haplotype is a result of the connection between

two partial descendents, more precisely, h = (h[1], h[2]) =

(g1
[1], g2

[2]) and C = (1, 2). It therefore follows that

F h ¼ fð1; ð1; 2ÞÞg and

PrðH ¼ hÞ ¼ PrðR ¼ 1;C ¼ ð1; 2ÞÞ
¼ PrðR ¼ 1ÞPrðC ¼ ð1; 2ÞjR ¼ 1Þ ¼ kq1q2:

Suppose that the observed haplotype is h = (0,0,0,0,0). If no

recombination event happens, R = 0, then only one block is

present, K* = 1, and the observed haplotype is a direct

descendent of the ancestral haplotype g1, C = 1. Consider

the case where the recombination event happens, R = 1. The

number of blocks is two, K* = 2. The observed haplotype is a

result of the connection between two partial descendents,

more precisely, h = (h[1], h[2]) = (g1
[1], g1

[2]) and C = (1,1). It

therefore follows that F h ¼ fð0; 1Þ; ð1; ð1; 1ÞÞg and

PrðH ¼ hÞ ¼ PrðR ¼ 0;C ¼ 1Þ þ PrðR ¼ 1;C ¼ ð1; 1ÞÞ
¼ ð1� kÞq1 þ kq2

1:

The general case can be extended in a similar way.

Mixture model and parameter estimation

The ancestor-derived model has been constructed to handle

recombinant haplotypes. The remainder of the problem is

to model the remaining nonrecombinant haplotypes. As

described in the ‘‘Introduction,’’ a simple full frequency

model is applied to nonrecombinant haplotypes. Let

U ¼ fu1; . . . ; uDg be the set of distinct nonrecombinant

haplotypes and pd be the frequency probability of ud, where
P

d=1
D pd = 1. The full frequency model is given by

PrðH ¼ hÞ ¼
QD

d¼1 p
Iðh¼udÞ
d : The whole model proposed is

a mixture of the ancestor-derived model and the simple full

frequency model, with a mixing proportion x.

The parameter of the mixture model, h = (k, q, p, x),

can be estimated by the maximum likelihood principle. Let

the maximum likelihood estimate of h be denoted by ĥ:
Note that the observed haplotype belongs to either of two

underlying models and never to both simultaneously. Let

the set of recombinant haplotypes be denoted by

{h1, ..., hn}. It is clear that x̂ ¼ n=N; p̂ is simply given by

the observed frequency, and n̂ ¼ ðk̂; q̂Þ is the maximizer of
Pn

i¼1 log PrðH ¼ hi; nÞ with respect to n = (k,q), which

can be obtained through the EM algorithm (Dempster et al.

1977; McLachlan and Krishnan 1997). The detailed

derivation of the algorithm is given in the ‘‘Electronic

supplementary material’’ (ESM).

SNP number l 1 l1 l1 + 1 · · ·· · ·
· · ·

l2 l2 + 1 · · · l3 l3 + 1 · · · l4 l4 + 1 · · · l5
Haplotype hl h1 hl1 hl1+1 · · · hl2 hl2+1 · · · hl3 hl3+1 · · · hl4 hl4+1 · · · hl5

Original partition
Block structure B(k) B(1) B(2) B(3) B(4) B(5)

Haplotype h(k) h(1) h(2) h(3) h(4) h(5)

Recombination Rk R1 = 0 R2 = 1 R3 = 0 R4 = 0
Suffixes change after R is given.

Block structure B[k∗] B[1] B[2]

Haplotype h[k∗] h[1] h[2]

Fig. 1 Illustrative example of notation in the case where K = 5 and

K* = 2. SNP number l ranges from 1 = l0 + 1 to L = l5. The

component of haplotype is given by hl = 0,1. The kth block and

partial haplotype are denoted by B(k) = {lk-1 + 1, ..., lk} and

h(k) = (hl_k-1 + 1, ..., hl_k), respectively. The recombination event is

expressed as Rk = 1 if it happens between B(k) and B(k+1) and Rk = 0

otherwise. After R is given as above, the new blocks and partial

haplotypes are given as follows: B[1] = B(1) [ B(2). B[2] = B(3) [ B(4) [
B(5). h[1] = (h(1),h(2)). h[2] = (h(3),h(4), h(5))
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When the frequency probability, Pr (H = hi), is evalu-

ated, many calculations may be needed, because the size of

F h is an exponential order of the number of blocks; more

precisely, (A + 1)K–1. This task can be reduced up to a

polynomial order of low degree by virtue of the DP algo-

rithm. The detailed derivation of the algorithm is given in

ESM. In particular, its effectiveness appears in the

parameter estimation because the frequency probability is

calculated for each iteration step of the EM algorithm.

Code length of the model

The mixture model is determined by the haplotype block

structure, B; the set of ancestral haplotypes, G; the set of

the distinct nonrecombinant haplotypes, U; and the result-

ing probability structure. By summing their code lengths,

we can obtain the whole code length of the model. In the

following, the code length is calculated fully. The optimal

model is selected as the minimizer of the code length by

the MDL principle (Rissanen 1978; Hansen and Yu 2001).

The haplotype block structure, B; can be determined by

the number of blocks, K, and the corresponding block

patterns. We see that K ranges from 1 to L and that the

number of possible block patterns is mL,K = (L – 1)!/

(K – 1)!(L – K)!. Hence, the necessary code length of B is

given by log L + log mL,K.

Next, consider two sets of haplotypes, G and U; which

are determined by their sizes and haplotypes. The sizes of

the two sets are expressed by A and D, respectively. The

size of the combined set, A + D, ranges from 1 to 2L,

whose necessary code length is log 2L = L. In this situa-

tion, it should be noted that the sum A + D is known,

although A and D are unknown. We see that A ranges

from 1 to A + D, whose necessary code length is

log(A + D). Therefore, the sizes of G and U can be coded

by the length L + log(A + D). Note that a haplotype can

be coded by the length L because each component is

biallelic and the number of components is L. The neces-

sary code length of the haplotypes of G and U is given by

(A + D)L, because the number of haplotypes is A + D.

Consequently, the necessary code length of G and U is

given by (A + D + 1)L + log(A + D).

The code length of the probability structure is approxi-

mated by the negative maximum log-likelihood plus log N/2

times the number of parameters. The total number of

parameters is (A + D – 2) + (K – 1) + 1 = A + D + K – 2.

It therefore follows that the whole code length of the model

is given by

w ¼ log Lþ log mL;K þ ðAþ Dþ 1ÞLþ logðAþ DÞ

�
XN

i¼1

log PrðH ¼ hi; ĥÞ þ ðAþ Dþ K � 2Þ log N=2:

There are two problems when the MDL principle is ap-

plied directly to the real data. The existence of a very rare

haplotype may lead to an erroneous conclusion, which is

known as oversensitivity to outliers in a statistical field. In

general, the number of distinct observed haplotypes is large;

hence, the number of candidates for G is extraordinarily

large. The former problem can be avoided by avoiding the

use of a very rare haplotype. The latter problem can be

overcome by using prior information that the ancestral

haplotype has a much larger frequency. For a detailed

procedure, see the ‘‘Discussion’’ section and the ‘‘ESM’’.

Comparison of the ancestor-derived model with the

Markov model

The ancestor-derived model can interpret recombinant

haplotypes using a smaller number of parameters than the

Markov model constructed by Anderson and Novembre

(2003). The Markov model has a flexible transition struc-

ture with A strength parameters to give a stronger con-

nection between A ancestral haplotypes at each

recombination hotspot. The ancestor-derived model has

only one parameter used as a recombination rate at each

recombination hotspot. It follows that the extra number is

(A – 1)(K – 1), which implies that the proposed method

has a greater capability of identifying the correct haplotype

block structure. This was verified in a simulation study.

More than one generation change

Let Pr[m](H = h) be the probability that the haplotype h is

observed at the mth generation as a recombinant of the

ancestor haplotypes of the 0th generation. The case m = 1

corresponds to the ancestor-derived model. For simplicity,

consider the case K = 2. Let the recombination rate at each

generation change be denoted by f. It can be shown that

Pr½m� H ¼ hð Þ ¼ ð1� fÞmPr½0� H ¼ hð Þ

þ 1� ð1� fÞmf gPr½0� Hð1Þ ¼ hð1Þ
� �

Pr½0� Hð2Þ ¼ hð2Þ
� �

:

The derivation is given in the ‘‘ESM.’’ It can be easily

verified that this is completely the same as the ancestor-

derived model where the recombination rate k is replaced

by {1 – (1 – f)m}. Thus, the ancestor-derived model has a

reasonable understanding, even for more than one gener-

ation. Furthermore, since f is sufficiently small in general,

it holds that k � mf, so that the recombination rate k of the

ancestor-derived model approximately corresponds to the

true recombination rate times the number of generation

changes.

J Hum Genet (2007) 52:738–746 741

123



Genotyping of SNPs in the TAP2 gene

As a part of the pharmacogenomic research being per-

formed at JFCR, the genotyping of SNPs in the TAP2 gene

was conducted. After obtaining written informed consents,

15 ml of peripheral blood were collected from 719 Japa-

nese individuals and DNA were isolated. Genotypes of 11

SNPs in the TAP2 gene were determined by Invader assay.

The 11 SNPs used in this study are listed in Table 1.

Results

Simulation study

An artificial sample was generated as follows. Two

underlying sets of ancestral haplotypes and their frequen-

cies are given in Table 2. The ancestral haplotypes in the

case A = 4 are the same as blocks 4 and 5 of Daly et al.

(2001). The recombination hotspot was set between SNPs 5

and 6 with the recombination rate k = 0.1, 0.3. We drew

upon Daly et al. (2001) to set various parameter values.

The background recombination rate was set to be 10–3.

Each setting uniquely determines the ancestor-derived

model. We randomly sampled n haplotypes from the model

for n = 200, 500, 1,000 and furthermore n = 2,000 in the

case A = 4, and then we exposed each haplotype compo-

nent to mutation with rate l = 0.001, 0.01, 0.03. Note that

their mutation rates correspond to the cases where the rates

of unexposed haplotype are (1 – l)10 � 1 – 10l = 0.99,

0.9, 0.7, respectively.

Based on 100 samples, the proposed method and the AN

method were compared in regard to the hotspot and non-

hotspot sensitivities, which are the fractions of the hotspots

and nonhotspots that are judged correctly. The case where

the estimated recombination rate was less than 0.03 was

neglected in the proposed method, because such a case

does not present sufficient evidence of a recombination

hotspot. The AN method was carried out using the

MDBlocks software provided by Anderson and Novembre

(2003).

The results for the cases where k = 0.1 and l = 0.01,

0.03 are displayed in Tables 3 and 4, where spot k indicates

the position between SNPs k and k + 1. The hotspot and

nonhotspot sensitivities correspond to spot 5 and the other

spots, respectively. The case l = 0.001 presented almost

100% efficiency from the viewpoint of nonhotspot sensi-

tivity (not shown). The results in the case k = 0.3 were

similar to those in the case k = 0.1, but the hotspot sensi-

tivities in the case k = 0.3 (not shown) were larger than

those in the case k = 0.1 because the recombination rate

was larger.

The proposed method was superior to the AN method

from the viewpoint of hotspot sensitivity, for the reason

described previously. For the cases where (l, A, n) =

(0.01, 2, 1000), (0.03, 2, 500), (0.03, 2, 1000), (0.03, 4,

1000), and (0.03, 4, 2000), the proposed method was more

robust to mutation than the AN method. In particular, in the

case (l, A, n) = (0.03, 2, 1000), the AN method judged all

of the spots as being hotspots, which was completely

wrong. The AN method was sensitive to mutation when the

number of mutation events was not small. We expect that

the method is powerful when the sample size is large.

However, the AN method is not always powerful when the

sample size is large. On the other hand, the proposed

method was less stable than the AN method from the

viewpoint of nonhotspot sensitivity near the edge of a se-

quence. In the simulation study, it was shown that the

proposed method is powerful from the viewpoint of hotspot

sensitivity and is robust to mutation except at the edge of a

sequence.

The proposed method often regarded a nonhotspot as a

hotspot near the edge of a sequence. The reason for this is

as follows. Suppose that the haplotype data includes two

ancestral haplotypes 00... 0 and 11... 1 and mutant haplo-

types (nonrecombinants) 10... 0 and/or 01... 1. Assume that

the first spot is a hotspot. The maximum log-likelihood will

decrease because of erroneous modeling, but the magnitude

of the decrease may not be as large because the SNP is at

Table 1 Locations of the SNPs in the TAP2 gene

dbSNP ID Position

SNP 1 rs2856993 32899380

SNP 2 rs1044043 32901959

SNP 3 rs241453 32904204

SNP 4 rs241429 32911817

SNP 5 rs2239701 32913026

SNP 6 rs2071465 32913447

SNP 7 rs2071544 32914098

SNP 8 rs2071552 32914438

SNP 9 rs3763366 32915423

SNP 10 rs3763365 32915430

SNP 11 rs3763364 32915497

Table 2 Two underlying sets of ancestral haplotypes and their fre-

quencies (in parentheses) for simulation

A = 2 A = 4

0000000000 (0.8) 0110101010 (0.4)

1111111111 (0.2) 0001001000 (0.3)

1001011101 (0.2)

0111100000 (0.1)

A is the number of ancestral haplotypes

742 J Hum Genet (2007) 52:738–746
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most biallelic. On the other hand, the necessary code length

of U decreases because the mutant haplotypes can be ex-

pressed as recombinants of two ancestral haplotypes and

then the mutant haplotypes are taken away from U: Such

a trade-off of code length could lead to a decrease in

the whole code length, which would lead to an incorrect

Table 3 Hotspot and

nonhotspot sensitivities in the

case where k = 0.1

and l = 0.01

Spot 5 is a hotspot and the other

spots are nonhotspots. These are

the fractions of hotspots and

nonhotspots that are judged

correctly, based on 100 random

samples

Spot 1 2 3 4 5 6 7 8 9

A = 2, n = 200

ADBlock 75 100 100 100 45 100 100 100 86

MDBlocks 100 100 100 100 20 100 100 100 100

A = 2, n = 500

ADBlock 55 100 100 100 97 100 100 100 75

MDBlocks 95 100 100 100 97 100 100 100 95

A = 2, n = 1,000

ADBlock 78 100 100 100 97 100 100 100 85

MDBlocks 58 59 57 57 90 47 50 48 47

A = 4, n = 200

ADBlock 96 100 100 97 39 100 100 97 100

MDBlocks 100 100 100 100 0 100 100 100 100

A = 4, n = 500

ADBlock 72 94 100 100 99 100 100 76 100

MDBlocks 100 100 100 99 81 96 100 100 100

A = 4, n = 1,000

ADBlock 36 85 100 92 99 99 99 46 100

MDBlocks 100 99 100 100 99 99 99 85 100

A = 4, n = 2000

ADBlock 22 85 100 94 100 100 99 10 100

MDBlocks 100 100 100 100 100 100 11 3 99

Table 4 Hotspot and

nonhotspot sensitivities in the

case where k = 0.1

and l = 0.03

Spot 5 is a hotspot and the other

spots are nonhotspots. These are

the fractions of hotspots and

nonhotspots that are judged

correctly, based on 100 random

samples

Spot 1 2 3 4 5 6 7 8 9

A = 2, n = 200

ADBlock 63 100 100 100 37 100 100 100 57

MDBlocks 98 100 100 100 3 100 100 100 100

A = 2, n = 500

ADBlock 47 100 100 100 92 100 100 100 41

MDBlocks 44 44 42 44 66 47 49 49 49

A = 2, n = 1,000

ADBlock 21 100 100 100 99 100 100 100 17

MDBlocks 0 0 0 0 100 0 0 0 0

A = 4, n = 200

ADBlock 77 76 100 69 67 97 100 81 100

MDBlocks 100 100 100 100 2 100 100 100 100

A = 4, n = 500

ADBlock 27 36 99 52 92 90 88 21 100

MDBlocks 100 96 100 100 49 92 98 85 100

A = 4, n = 1,000

ADBlock 29 11 100 83 98 98 100 10 100

MDBlocks 83 70 68 100 72 72 36 8 92

A = 4, n = 2000

ADBlock 41 12 100 94 100 100 99 10 100

MDBlocks 21 14 14 100 86 86 14 4 96
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haplotype block structure. A suspicious hotspot near the

true hotspot was also explained in the same way.

The AN method yielded a great many suspicious hot-

spots when the number of mutation events was not small,

as described already. The reason for this is very similar to

that for the proposed method, and furthermore the de-

crease in the maximum log-likelihood will be smaller

than that for the proposed method, because the Markov

model is very flexible, so that it seems that the AN

method is more sensitive to mutation at all spots than the

proposed method.

Analysis of data for the TAP2 gene

Jeffreys et al. (2000) biologically identified a recombi-

nation hotspot in the TAP2 gene during their investigation

of sperm DNA. We sampled the genotypes of 11 SNPs in

the TAP2 gene for 719 individuals. The SNPs used are

listed in Table 1. The recombination hotspot is located

between SNPs 3 and 4; in other words, at spot 3. We

tested whether the proposed method could correctly

identify the recombination hotspot and then compared the

results from the proposed method with those from the AN

method, the method proposed by Gabriel et al. (2002),

and PHASE (http://www.stat.washington.edu/stephens/

software.html).

Some genotypes remained undetermined due to incom-

plete reactions. The missing responses might be replaced

with some alternatives, but uncertainty about the filled

responses would lead to an unreliable conclusion. For this

reason, the individual for whom more than 10% of the

genotype was missing was not used. The haplotype data

were restored from the genotype data by the Haplotyper

(Niu et al. 2002), which is based on a model-based ap-

proach (Excoffier and Slatkin 1995) and Bayesian infer-

ence. The proposed method was applied to the restored

haplotype data.

The top 5 code lengths and the corresponding haplotype

block structures are given in Table 5. The smallest code

length shows the most probable result. Compared with the

biologically identified recombination hotspot, the proposed

method could identify an appropriate haplotype block

structure.

The second case corresponds to the one where no hot-

spot is present. The third and fourth cases imply two pos-

sibilities. One is the existence of a hotspot at spot 1, and the

other is that the proposed method is not stable near the edge

of the sequence. The latter reason would be correct, be-

cause the smallest code length treats spot 3 as the only

hotspot. The last case would present suspicious adjacent

hotspots, as described in the simulation study.

The identified ancestral haplotypes and their frequencies

are given in Table 6. The first and seventh haplotypes are

the same except for SNP 4, and the second to fourth and the

eighth haplotypes are the same on the second block. They

might be due to gene drift.

The AN method was also applied to the same restored

haplotype data. The AN method detected two incorrect

hotspots at spots 4 and 5, as shown in Table 5, which do

not include the correct hotspot, although the sample size is

sufficiently large. This erroneous result is similar to that

observed in the simulation study.

The method proposed by Gabriel et al. (2002) was also

applied to the data. A haplotype block between SNPs 8 and

11 was constructed, but many extra hotspots were also

observed, as in Table 5. Such an erroneous result was also

reported in Anderson and Novembre (2003).

PHASE was also applied to the data. PHASE gives

estimates of the average background recombination rate

and estimates of factors by which the recombination rate

between two adjacent SNPs (i.e., at any spot) exceeds the

background rate. These estimates are based on the general

Table 5 Comparison of haplotype block structures (HBSs) identified

by various methods in the TAP2 gene

HBS Code length (w)

True *0x0000000

ADBlock 00x0000000 7054.015

0000000000 7082.393

x000000000 7084.261

x0x0000000 7090.830

00xx000000 7152.397

MDBlocks x00xx00000

Gabriel xxxxxxx000

PHASE x0xxx00000

x, 0, and * indicate a hotspot, a nonhotspot, and an unclear spot,

respectively. It is unclear whether spot 1 in the true HBS is a hotspot

or not

Table 6 Ancestral haplotypes and frequencies identified in the TAP2
gene

Ancestral haplotype Frequency

011-11010000 0.242

001-00101111 0.140

111-00101111 0.114

110-00101111 0.110

001-11101111 0.106

010-00111001 0.099

011-01010000 0.073

010-00101111 0.061

011-10110001 0.057

1.000

Hyphen indicates the position of the hotspot identified
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model for varying recombination rate from Li and Stephen

(2003). We obtained from the posterior distribution of the

recombination parameters the 95% lower confidence limit

of the factor by which the recombination rate exceeds the

average background recombination rate. When it exceeds

one, we judged the corresponding spot to be a recombi-

nation hotspot. We detected four recombination hotspots at

spots 1, 3, 4, and 5, as in Table 5. Spots 4 and 5 were

judged incorrectly.

Analysis of 5q31 data

Daly et al. (2001) reported a haplotype block structure on

chromosome 5q31 with 103 SNPs. Using 258 individuals,

Anderson and Novembre (2003) identified a haplotype

block structure similar to that in Daly et al. (2001). The

proposed method also identified a similar structure in a

similar way to that described in the previous subsection.

For details, see the ‘‘ESM.’’

Two sets of hotspots identified in Daly et al. (2001) and

the proposed method were given by

f8=9; 14=15; 24; 35; 40; 45; 76=77; 84=85; 91; 98g;
f8; 15; 28; 37; 39; 44; 86; 90; 91; 92; 98g;

where, e.g., 8/9 means that either/both is/are the hotspot

(because they did not clearly identify the hotspots in their

paper). It should be noted that it is difficult to get a com-

pletely clear result because the sample size is not suffi-

ciently large. The two sets are similar except for two

different points. One is the missing hotspot 76/77 and the

other is the existence of adjacent hotspots from spot 90 to

92. The missing hotspot 76/77 may be caused by the dif-

ference between the methods used for restoring haplotype

data from genotype data. In our restored haplotype data, the

number of recombination events illustrated in Daly et al.

(2001) was only one. The reason for generating adjacent

hotspots would be the same as that described in the sim-

ulation study.

Discussion

The ancestor-derived model is the same as a specific re-

stricted Markov model and can handle recombinant hapl-

otypes using a smaller number of parameters. This implies

that the proposed method tends to be more powerful from

the viewpoint of hotspot sensitivity than the AN method.

This was verified in the simulation study. The robustness to

mutation was also investigated in the simulation study. The

proposed method was more robust to mutation than the AN

method. The Markov model is very flexible, and its flexi-

bility is often a favorable property for modeling. However,

the combination of its flexibility and the MDL principle

caused an overly sensitive response to mutation which

erroneously yielded extra hotspots.

Some tuning parameters are prepared when the proposed

method is applied (see ‘‘ESM’’ for details). One of them is

the maximum of the observed number of haplotypes ex-

cluded in advance before the proposed method is applied,

say M. As described already in ‘‘Code length of the mod-

el,’’ we should avoid oversensitivity to outliers. Therefore,

we set M = 2; that is, we excluded very rare haplotypes

whose observed number is not more than M = 2 in ad-

vance. When such an approach was not used, we often

identified suspicious hotspots. To illustrate that M = 2 is

moderately appropriate, we carried out further simulations

in a similar situation to that described the in the section

‘‘Simulation study’’ (results of these simulations are not

shown here). As M was larger, the nonhotspot sensitivity

tended to improve, but the hotspot sensitivity tended to get

worse. The reason for the latter would be that some re-

combinant haplotypes were unnecessarily excluded from

the analysis when they were accidentally rare. Remember

that the hotspot and nonhotspot sensitivities were satis-

factory except at the edge of a sequence when the proposed

method was applied with M = 2. Therefore, we empirically

recommend that when the proposed method is applied with

M = 2, the results should be believed except for those for

the edge of a sequence.

In the simulation study, the small recombination rate

was neglected. In a real data analysis, it is recommended

that the small recombination rate should be reviewed by

comparing the resulting haplotype block structure with the

original data.

The mutation event is an important factor to understand

genome sequences, but is not incorporated into the statis-

tical model in order to avoid extra model complexity. In

fact, it is worth studying the incorporation of the mutation

event into the model, but it would be very difficult to

optimize this model because it causes a large number of

calculations and oversensitivity to small frequencies rele-

vant to the mutation event, which is well-known as outlier

sensitivity in statistics.

The haplotype and the genotype have a latent relation-

ship. We can prepare a new latent variable to introduce this

latent relationship in addition to the latent variable (R,C).

This new latent variable will enable us to construct an

extended model to handle the genotype data directly. To

make this idea feasible, it will be necessary to overcome

another difficult calculation problem.

The proposed method identifies the optimal haplotype

block structure but does not describe the statistical signif-

icance of the optimal structure compared to other candi-

dates. A simple and feasible method for measuring the

reliability of the optimal model may be to calculate how
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often the optimal model is selected by the proposed

method, based on bootstrap sampling (Efron and Tibshirani

1993). This is an important issue and further detailed re-

search in this area is desirable.
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