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Abstract

Background: Typically, the first phase of a genome wide association study (GWAS) includes genotyping across
hundreds of individuals and validation of the most significant SNPs. Allelotyping of pooled genomic DNA is a
common approach to reduce the overall cost of the study. Knowledge of haplotype structure can provide
additional information to single locus analyses. Several methods have been proposed for estimating haplotype
frequencies in a population from pooled DNA data.

Results: We introduce a technique for haplotype frequency estimation in a population from pooled DNA samples
focusing on datasets containing a small number of individuals per pool (2 or 3 individuals) and a large number of
markers. We compare our method with the publicly available state-of-the-art algorithms HIPPO and HAPLOPOOL on
datasets of varying number of pools and marker sizes. We demonstrate that our algorithm provides improvements
in terms of accuracy and computational time over competing methods for large number of markers while
demonstrating comparable performance for smaller marker sizes. Our method is implemented in the
"Tree-Based Deterministic Sampling Pool" (TDSPool) package which is available for download at
www.ee.columbia.edu/~anastas/tdspool.

Conclusions: Using a tree-based determinstic sampling technique we present an algorithm for haplotype
frequency estimation from pooled data. Our method demonstrates superior performance in datasets with large
number of markers and could be the method of choice for haplotype frequency estimation in such datasets.
Background
In recent years large genetic association studies involv-
ing hundreds or thousands of individuals have become
increasingly available, providing opportunities for bio-
logical and medical discoveries. In these studies, hun-
dreds of thousands of SNPs are genotyped for the cases
and the controls, and discrepancies between the haplo-
type distributions indicate an association between a gen-
etic region and the disease. Typically, the first phase of a
GWAS includes genotyping across hundreds of indivi-
duals and validation of the most significant SNPs. One
possible approach to reducing the overall cost of GWAS
is to replace individual genotyping in phase I with allelo-
typing of pooled genomic DNA [1-6]. Here, equimolar
amounts of DNA are mixed into one sample prior to the
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reproduction in any medium, provided the or
amplification and sequencing steps. After genotyping,
the frequency of an allele in each position is given [5].
Rather than examining SNPs independent of each

other, simultaneously considering the values of multiple
SNPs within haplotypes (combinations of alleles at mul-
tiple loci in individual chromosomes) can improve the
power of detecting associations with disease and is also
of general interest with the pooled data. To facilitate
haplotype-based association analysis it is necessary to es-
timate haplotype frequencies from pooled DNA data.
A variety of algorithms have been suggested to estimate

haplotype frequencies from pooled data. Available methods
fall into two large categories. The first category consists of
methods that focus on accurate solutions for small pool
sizes (2 or 3 individuals per pool) and considerably large
genotype segments. Many well known approaches that
focus on small pool sizes use an expectation-maximization
(EM) algorithm for maximizing the multinomial likelihood
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[7-9]. Pirinen et al. [10] extended the gold standard PHASE
algorithm [11] to the case of pooled data. They introduced
a novel step in the Markov Chain Monte Carlo (MCMC)
scheme, during which the haplotypes within each pool were
shuffled to simulate individuals on which the original
PHASE algorithm could be run to estimate the haplotypes.
A method based on perfect phylogeny, HAPLOPOOL, was
suggested in [12] and was supplemented with the EM algo-
rithm and linear regression in order to combine haplotype
segments. HAPLOPOOL has demonstrated superior per-
formance in terms of accuracy and computational time
with respect to the competing EM algorithms. The second
category consists of methods that focus on large pools
(order of hundred of individuals per pool) and considerably
smaller genotype segments. For this scenario, Zhang et al.
[13] first proposed a method (PoooL) for estimating haplo-
type frequencies using a normal approximation for the
distribution of pooled allele counts. Imposing a set of
linear constraints they transformed the EM algorithm to
a constrained maximum entropy problem which they
solved using the iterative scaling method. Kuk et al. [14]
improved the PoooL methodology, using the ratio of
normal densities approximation in the EM, which
resulted to the AEM method. Gasbarra et al. [15] intro-
duced a Bayesian haplotype frequency estimation method
combining the pooled allele frequency data with prior
database knowledge about the set of existing haplotypes
in the population. Finally, HIPPO [16] used a multinor-
mal approximation of the likelihood and a reversible-
jump Markov chain Monte Carlo (RJMCMC) algorithm
to estimate the existing haplotypes in the population and
their frequencies. The HIPPO framework is also able to
accommodate prior database knowledge for the existing
haplotypes in the population and has demonstrated
improvements in the performance over the approximate
EM - algorithm [16]. In this study we will therefore
compare our proposed algorithm with the top performing
methods from each category as discussed above, namely
HIPPO and HAPLOPOOL.
Naturally, pooling techniques are more prone to errors

and offer less possibilities for assessing the quality of the
data than individual genotyping. As argued and dis-
cussed by Kirkpatrick et al. [12], pooling errors have
much greater effect on larger pool sizes as opposed to
small pool sizes with respect to the number of incorrect
allele calls and the subsequent haplotype estimation. In
specific, if σ is the error standard deviation (SD) in the
estimates of allele frequencies, 2* σ should be less than
the difference between allowable frequency estimates, in
order for clustering algorithms to be able to correct the
error. As more individuals are included in each pool, the
difference between allowable allele frequencies
decreases, which results in a higher percentage of incor-
rect calls. For example in pools of two individuals where
the difference between allowable frequency calls is 0.25
(0,0.25, 0.5 ,0.75,1), an accuracy of σ <0.125 will ensure a
low rate of incorrect calls (<1%).
In a recent study Kuk et al. [17] examined the efficiency

of pooling relative to no pooling using asymptotic statis-
tical theory. They found that under linkage equilibrium
(not a typical case!) pooling suffers loss in efficiency when
there are more than three independent loci (23 haplo-
types) and up to four individuals per pool, whereas
accuracy decreases with increasing pool size and number
of loci. Rare alleles or linkage disequilibrium (LD) (or
both) decrease the number of haplotypes that appear with
non-negligible frequencies and thus pooling could remain
efficient for larger haplotype blocks. In general, pooling
could still remain more efficient in the case where only a
small number of haplotypes can occur with appreciable
frequency, as also suggested in Barratt et al. [18], and
while pool size is kept considerably small.
In this paper we propose a new tree-based deterministic

sampling method (TDSPool) for haplotype frequency
estimation from pooled DNA data. Our method specif-
ically focuses on small pool sizes and can handle arbi-
trarily large block sizes. In our study, we examine real
data focusing on dense SNP areas, in which only a
small number of haplotypes appear with appreciable
frequency, so that our scenarios are within the limits
of Kuk et al. [17]. We demonstrate that using our
methodology we can achieve improved performance
over existing state-of-the-art methods in datasets with
large number of markers.

Results
In order to compare the accuracy of frequency estimation
between the different methods and under the different sce-
narios examined, we compared the predicted haplotype fre-
quencies from a given method, f, to the gold-standard
frequencies, g, observed in the actual population. The
measure we used was the χ2 distance between the two dis-
tributions which is simply the result of the χ2 statistic,
where g is the expected distribution, i.e., χ2(f, g) = Σi=1

d (fi −
gi)

2/gi and d is the number of gold standard haplo-
types [12].

Datasets
To examine the performance of our methodology we
have considered in our experiments real datasets for
which estimates of the haplotype frequencies were
already available and which cover a variety of dataset
sizes.
We have first simulated using the three loci haplotypes

and their associated frequencies from the dataset of Jain
et al. [19] as the true distribution (Table 1). The haplo-
types and their frequencies were estimated using the EM
algorithm from a set of 135 individuals genotyped on



Table 1 Haplotypes and their estimated frequencies for
the 3 loci dataset

Haplotype Frequency

1 0 0 0.082

0 0 1 0.525

1 0 1 0.283

1 1 1 0.106
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three SNPs and the estimates were used as the true
haplotype distribution. We have simulated datasets with
a variable number of pools T = 50, 75, 100 and 150. In
each pool each individual was randomly selecting a pair
of haplotypes according to the distribution of haplo-
types. We have created pools with two different pool
sizes, 2 and 3 individuals per pool. For each number of
pools and each pool size we have created 100 datasets
that were used as the datasets for our simulation.
Next, we considered two more cases with larger num-

ber of loci. In the second case which has L = 10 loci, we
generated data according to the haplotype frequencies of
the AGT gene considered in Yang et al. [9]. The haplo-
types and their respective frequencies are given in
Table 2. The procedure for creating datasets and pools
was identical to the three loci case.
The third dataset consisted of SNPs from the first

7Mb (742 kb to 7124.8 kb) of the HapMap CEU popula-
tion (HapMap 3 release 2- Phasing data). This chromo-
somal region was partitioned based on physical distance
into disjoint blocks of 15 kb. The resulting blocks had a
varying number of markers ranging from 2–28. For our
purposes we have considered only the datasets that had
more than 10 SNPs and less than 20 (which was the
maximum number of loci so that HAPLOPOOL could
produce estimates within a reasonable amount of time)
which resulted in selecting a total of 80 blocks. On each
block the parental haplotypes and their estimated
Table 2 Haplotypes and their estimated frequencies for
the 10 loci dataset

Haplotype Frequency

1 1 1 1 0 1 1 0 0 0 0.033

1 1 0 1 0 1 1 1 1 0 0.016

1 1 0 1 0 0 1 0 0 1 0.017

1 0 0 1 0 1 1 0 0 1 0.017

1 1 0 1 0 1 1 0 0 1 0.017

1 1 1 1 0 1 1 1 0 1 0.507

0 1 0 1 1 0 0 1 1 1 0.017

1 1 0 0 0 0 1 1 1 1 0.033

0 1 0 1 0 0 1 1 1 1 0.1

1 1 0 1 0 1 1 1 1 1 0.193

1 1 1 1 1 1 1 1 1 1 0.05
frequencies were used as the true haplotype distribution.
As in the previous cases, in each block two different
pool sizes, 2 and 3 individuals per pool, were considered
and four different number of pools per dataset.

Frequency estimation
We have examined the accuracy of our method and
compared it against HIPPO and HAPLOPOOL on the
three datasets described in our previous subsection. In
all experiments considered in this subsection the DNA
pools were simulated assuming no missing data or meas-
urement error. The performance of the methods is
shown in Figure 1.
For the 3 and 10 loci datasets the result presented is

the average χ2 distance from a 100 simulation experi-
ments, whereas in the HapMap dataset the result pre-
sented is the average χ2 distance on the 80 datasets
considered. For the 3 loci dataset it can be seen that
TDSPool and HAPLOPOOL produced similar accuracy.
For the remaining two datasets with larger number of
loci TDSPool demonstrated superior performance. For
the HapMap dataset only TDSPool and HAPLOPOOL
were evaluated since the maximum number of loci
HIPPO can handle without prior knowledge of the major
haplotypes in the population is 10. At the same time
even though HAPLOPOOL can in principle handle lar-
ger datasets, due to excessive computational time for
datasets with 24 and 28 loci we restricted our compari-
sons to datasets between 10 and 20 loci. We note here
as well that since HIPPO is based on a central limit the-
orem it is likely to be a better approximation in large
pools as opposed to small ones that we focus in our
study.
From our experiments we can also see that the number

of pools also affected accuracy. All algorithms demon-
strated improved performance with increasing number of
pools in the dataset.

Noise and missing data
In the previous subsection we have evaluated the per-
formance of our method by simulating DNA pools with-
out missing data and measurement errors. However, in
allelotyping pooled DNA, allele frequencies may not be
estimated properly in some practical situations and the
data are consequently missing or have measurement
errors.
In order to measure the effect of genotype error on

the accuracy of the haplotype frequency estimation and
evaluate the performance of our method under such sce-
narios, we have simulated genotyping error by adding a
Gaussian error with SD σ to each called allele frequency.
Suppose we denote the correct allele frequency at SNP j
in pool i as cij. The perturbed allele frequency is given
by ĉij ¼ cij þ x where x ∼N(0, σ2). After simulating these



Figure 1 Accuracy of haplotype frequency estimates. Estimating χ2 distance for 3 loci, 10 loci and HapMap dataset for 50,75, 100 and 150
pools with HAPLOPOOL, TDSPool and HIPPO.
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perturbed haplotype frequencies, we discretize the
resulting frequencies to produce perturbed allele counts
that are consistent with the number of haplotypes in
each pool. We have considered a variety of values for σ,
ranging from 0 to 0.06 similar to Kirkpatrik et al. [12].
The perturbed datasets examined were derived from the
unperturbed datasets used in the previous subsection
with the procedure described above. The results are
shown in Figure 2. Due to space limitations we give the
results only when the number of pools is 75 but the
shape of the figures is similar for the remaining number
of pools examined in our previous subsection.
For small number of loci, HAPLOPOOL achieves the

best performance. However, for larger datasets TDSPool
outperforms all competing methods.
Furthermore, we have evaluated the performance of

our methodology using missing data. We have randomly
masked 1 and 2% of the SNPs respectively on the 10 loci
datasets and estimated the accuracy. As shown in
Figure 3, missing SNPs result in small loses in the accur-
acy and as expected the error decreases with increasing
pool number.

Timing results
The computational times for all datasets are displayed in
Table 3. All methods were run with their default para-
meters. Specifically, for HIPPO the default number of
iterations was 100000 and for TDSPool the default num-
ber of streams (as will be defined in the "Methods" sec-
tion) used throughout our experiments was chosen to be
50. Based on these results HIPPO was the slowest per-
forming method in all datasets performing more than 20
times slower than the remaining two algorithms in the
ten loci dataset. For the three loci dataset all methods
were able to estimate the haplotype frequencies within
six seconds. For the ten loci dataset HAPLOPOOL and
TDSPool were still able to produce the results in less
than three seconds whereas HIPPO demanded more



Figure 2 Accuracy of haplotype frequency estimates with genotyping errors. Estimating χ2 distance for 3 loci, 10 loci and HapMap datasets
when noise is added on the pooled allele frequencies.
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than 58 seconds to finish. For the HapMap datasets
again both methods TDSPool and HAPLOPOOL were
able to finish the procedure within four seconds. In the
ten loci and HapMap datasets TDSPool demonstrated
better performance compared to HAPLOPOOL when
the number of pools in each dataset was more than 75.
Therefore, for all practical applications all methods are
fast enough and within limits for researchers to use.
Discussion
We have introduced a new algorithm for estimating
haplotype frequencies from datasets with pooled DNA
samples and we have compared it with existing available
packages. We have shown that for datasets with small
number of loci our algorithm has comparable performance
to state-of-the-art methods in terms of accuracy and
computational time but it demonstrates superior per-
formance for datasets with larger number of loci.
Our method specifically focuses on small pool sizes
and we have demonstrated the performance on pools of
two or three individuals. In our experiments we have
partitioned pooled genotype vectors in blocks of 4 SNPs
as described in the "Partition-Ligation" subsection. We
have chosen to partition the pooled genotypes every 4
SNPs so that computations are performed fast and we
avoid cases with huge number of solutions. Partitioning
the dataset every 3 SNPs had negligible impact on the
accuracy of our results (results not shown) whereas par-
titioning every 5 SNPs in general can produce block pool
genotypes with thousands of solutions, especially when
missing data occur.
In the framework developed by Pirinen [16], which

had resulted in HIPPO, the algorithm was able to ac-
commodate prior database information on existing hap-
lotypes in a population. Similarly, our methodology
offers a framework that can easily incorporate prior
knowledge in the form of known haplotypes from the



Figure 3 Accuracy of haplotype frequency estimates with missing data. Estimating χ2 distance for 10 loci dataset with 0,1 and 2% of
missing SNPs.
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same population as that from which the target pools
were created. When such existing haplotypes are known
(such as those available from the HapMap), they can be
easily introduced in the form of a prior for the counts in
the TDSPool algorithm. The presence of the extra infor-
mation will improve the frequency estimation accuracy
in the target population.

Conclusions
We have introduced a new algorithm for estimating
haplotype frequencies from pooled DNA samples using
a Tree-Based Deterministic sampling scheme. Algo-
rithms for haplotype frequency estimation from pooled
data fall into two categories. The first category consists
of algorithms that focus on accurate solutions and allow
for considerably large genotype segments and the second
category of algorithms that focus on small segments but
allow for a large number of individuals per pool. We
have compared our methodology with state-of-the-art
algorithms from each category, namely HAPLOPOOL
and HIPPO. We have focused on scenarios and datasets
in which the use of pooling data is suggested for haplo-
type frequency estimation according to the study of Kuk
et al. [17]. In specific, our method focuses on scenarios
where pools contain 2 or 3 individuals and we have
shown that for such scenarios our method demonstrates
comparable or better performance compared with com-
peting algorithms for a small number of loci and outper-
forms these algorithms for a large number of loci.
Furthermore, our TDSPool methodology provides a
straightforward framework for incorporating prior data-
base knowledge into the haplotype frequency estimation.

Methods
In the beginning of the section we introduce some nota-
tion. We then present the prior and posterior distribution
given the data and derive the state update equations for
the TDSPool estimator. We further present the modified



Table 3 Timing results

Number of pools

50 75 100 150

3-loci Dataset

TDSPool 0.4458 0.4331 0.4743 0.4861

0.4260 0.4772 0.5346 0.5350

HaploPool 0.0697 0.0642 0.0607 0.0674

0.0593 0.0681 0.0607 0.0691

HIPPO 2.3593 3.0793 3.8856 5.3911

2.4182 3.2047 4.1161 5.5873

10-loci Dataset

TDSPool 0.8094 0.7778 1.0367 1.1259

1.0269 1.0805 1.1804 1.3920

HaploPool 0.5136 0.7381 0.9554 1.4012

0.8531 1.2331 1.6247 2.4078

HIPPO 59.5605 62.7163 64.1563 71.0505

58.8816 64.6515 64.5386 73.9019

HapMap

Dataset TDSPool 1.0189 1.1660 1.1765 1.5455

1.8760 2.0830 2.1848 3.2719

HaploPool 0.6737 0.9577 1.2679 1.8489

1.1636 1.6928 2.2006 3.2905

For each dataset in each algorithm the first line corresponds to the case that each pool has 2 individuals whereas the second line to the case that each pool has
three individuals. Time is given in seconds.
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partition-ligation procedure adjusted for the pooled data
so that we are able to handle larger haplotype vectors and
we finally give a summary of the proposed procedure.
Definitions and notation
Suppose we are given a set of pooled DNA measure-
ments on L diallelic loci. We denote the two alleles
at each locus by 0 and 1, for convenience of our rep-
resentation. Following the common notation, we use
the counts of allele 1 as the measurement for each allele
on each pooled DNA sample, which can be converted
from the estimated allele frequencies and consists the
pool genotype. Therefore if the size of a pool is N indivi-
duals, the counts for each allele can vary between 0 and 2N.
Suppose that we have T such pools each one of them

with size Njj = 1, . . .,T. We denote αt = {αt
1, . . .αt

L} to be
the pool genotype of the t-th pool where αj

i ∈ {0, . . ., 2Nt}.
Suppose also that At = {a1, . . ., αt} is a set of pool geno-
types of pools up to and including pool t and let A de-
note the full set of pool genotypes. In pool t we denote
the haplotypes occurring in that pool as ht = {ht,1, . . .,
ht,2Nt} where ht,i ∈ {0, 1}

L is a binary string of length L
and the minor allele is present in position j in haplotype
i if ht,i,j = 0. We further define Ht = {h1, . . ., ht}, similarly
to At as the set of haplotypes for each genotype pool up
to and including pool t. A schematic representation of
the dataset and the notation used is given in Figure 4.
Let us also define Z = {z1, . . .zM} , where zm ∈ {0, 1}L is

a binary string of length L in which 0 and 1 correspond
to the two alleles at each locus, as the set containing all
haplotype vectors of length L that are consistent with
any pool genotype in the set A. To obtain Z from the
given dataset A, we first enumerate for each αi the sub-
set ψi = {hi

1, . . ., hi
Y} i = 1,. . .,T that contains all possible

haplotype assignments which are consistent with αi. The
set Z is then given simply by Z = [ i=1

T ψi . A set of popu-
lation haplotype frequencies θ = {θ1, . . ., θM} is also asso-
ciated with the set Z of all possible haplotype vectors,
where θm is the probability with which the haplotype zm
occurs in the total population.

Probabilistic model
Assuming random mating in the population it is clear
that the number of each unique haplotype in H is drawn
from a multinomial distribution based on the haplotype
frequency θ [20]. This leads us to the use of the Dirichlet
distribution as the prior distribution for θ [21] so that
θ ∼D(ρ1, . . ., ρM)
With mean E θif g ¼ ρiXM

j¼1

ρj



Figure 4 Schematic representation of the notation used in our methodology. For each pool genotype (αt) and at each locus, the value of

the pool genotype at that locus αtj is the sum of the values on that loci across all haplotypes in that pool i.e. αjt ¼ Σ2Nt
i¼1ht;i;j .
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Before we calculate the posterior distribution for θ we
note here that

p at ht ¼ ht;1; . . . ; ht;2N t

� ��� ��
¼ 1 if at and ht are consistent

0 otherwise

� �

and similarly

pðAt Htj Þ ¼ 1 if At and Ht are consistent 0 otherwisef

Calculating the posterior distribution for θ we have:

p θ At ;Ht ;Zj Þð
∝p αtð jht ¼ ht;1; . . . ; ht;2Nt

� �
; θ;At�1;Ht�1

�
� p ht ¼ ht;1; . . . ; ht;2Nt

� �� ��θ;At�1;Ht�1;ZÞ
� p θð jAt�1;Ht�1Þ∝p ht ¼ ht;1; . . . ; ht;2Nt

� �� ��θ;ZÞ
� p θð jAt�1;Ht�1;ZÞ

∝
Y2Nt

i¼1

θht;i
YM
m¼1

θρm t�1ð Þ�1
m ∝

YM
m¼1

θ
ρm t�1ð Þ�1þ

P2Nt

i¼1

I zm�ht;ið Þ
m

∝D
�
ρ1 t� 1ð Þ þ

X2Nt

i¼1

I z1 � ht;i
� �

; . . . ; ρM t � 1ð Þ

þ
X2Nt

i¼1

I zM � ht;i
� ��

ð1Þ

where we denote ρm(t) m= 1,. . .,M as the parameters
of the distribution of θ after the t-th pool and I (zm −
ht,i) with i = 1,. . .,2Nt is the indicator function which
equals 1 when zm − ht,i is a vector of zeros, and 0
otherwise.
We have shown that the posterior distribution for θ is

also Dirichlet with parameters as given in (1) and
depends only on the sufficient statistics, Tt = {ρm(t), 1 ≤
m ≤M} which can be easily updated based on Tt−1, ht, αt
as given by (1) i.e. Tt = Tt(Tt−1, ht, αt).
Inference problem
Following the notation we used in our previous sub-
sections we can summarize the frequency estimation
problem as follows: Given A = {α1, . . ., αT} the set of
observed pool genotype vectors and Z = {z1, . . ., zM}
the set of haplotypes compatible to the pool geno-
types in A we wish to infer H = {h1, . . ., hT} the un-
known haplotypes in each pool and θ = {θ1, . . ., θM}
the haplotype frequencies of all the haplotypes occur-
ring in the population.
Computational algorithm (TDSPool)
Similar to traditional Sequential Monte Carlo (SMC)
methods, we assume that by the time we have processed
pool genotype αt-1 we have K sets of solution streams
(i.e. sets of candidate haplotypes for pools 1,. . ., t-1) and

their associated weights H kð Þ
t�1 w kð Þ

t�1

��� �
; k ¼ 1; . . . ;K

� on
properly weighted with respect to the posterior distribution
p(Ht−1|At−1).



Iliadis et al. BMC Genetics 2012, 13:94 Page 9 of 10
http://www.biomedcentral.com/1471-2156/13/94
Given the set of solution streams and the associated
weights we approximate the distribution p(Ht−1|At−1) as
follows:

p̂ðHt�1 At�1j Þ ¼ 1
Wt�1

XK
k¼1

w kð Þ
t�1I Ht�1 � H kð Þ

t�1

� �
ð2Þ

where Wt�1 ¼
XK
k¼1

w kð Þ
t�1;and I (●) is the indicator function

such that I (x-y)=1 for x = y and I (x-y) = 0 otherwise.
When we process the pool genotype t we would like

to make an online inference of the haplotypes Ht based
on the pool genotypes At. Let us further assume that
there are Kext possible haplotype solutions compatible
with the genotype of the t-th pool, i.e., ht

i, i = 1, . . ., Kext .
Before we move to the derivation of the state update

equation we note here that in the following we will use
the fact that for the unknown parameters θ, as we have
shown in "Probabilistic Model" subsection, under certain
assumptions the prior and posterior distribution are
Dirichlet and depend only on a set of sufficient statistics
Tt = Tt(Tt−1, ht, αt)
Therefore, from Bayes’ theorem we have:

p Htð jAt ;ZÞ
∝p αtð jHt ;At�1Þp htð jHt�1;At�1;ZÞp Ht�1ð jAt�1;ZÞ
∝p Ht�1ð jAt�1;ZÞ

Z
p αt ht ; θj Þp θð jht ;Ht�1;At�1;Zð Þdθ

�
Z

p ht Ht�1; θ;Zj Þp θð jTt�1;Zð Þdθ
∝p Ht�1ð jAt�1;ZÞ

Z
p ht Ht�1; θ;Zj Þp θð jTt�1;Zð Þdθ

∝p Ht�1ð jAt�1;ZÞ
Z Y2Nt

i¼1

θht;i

!
p θð jTt�1;Z

 
Þdθ

∝p Ht�1ð jAt�1;ZÞEθjTt�1

Y2Nt

i¼1

θht;i

( )

∝p Ht�1ð jAt�1;ZÞ
Y2Nt

i¼1
ρht;i t � 1ð Þ=

XM
m¼1

ρm t�1ð Þ
 !2Nt

" #

ð3Þ

where ρht;i t � 1ð Þ ¼ ρzm t � 1ð Þ : ht;i ¼ zm
n o

Assuming that we have approximated p(Ht−1|At−1) as
in (2), we can approximate p(Ht|At) using (3) as

p̂extðHt Atj Þ¼ 1
Wext

t

XK
k¼1

XKext
i¼1

w k;ið Þ
t I Ht� H kð Þ

t�1; h
i
t;1; . . .; h

i
t;2Nt

� �h i� �
.

The weight update formula is given by

w k;ið Þ
t ∝w kð Þ

t�1

Q2Nt
j¼1ρ

kð Þ
hit;j

t � 1ð Þ
XM
m¼1

ρ kð Þ
m t � 1ð Þ

 !2Nt
ð4Þ
Partition-Ligation
In the partition phase the dataset is divided into small
segments of consecutive loci. Once the blocks are
phased, they are ligated together using a modified exten-
sion of the Partition-Ligation (PL) method [21] for the
case of pooled data.
In our current implementation to be able to derive all

possible solution combinations for each pool genotype
efficiently we have decided to keep the maximum block
length to 4 SNPs. Clearly the more SNPs are included in a
block the more information about the LD patterns we can
capture but at the same time the number of possible com-
binations increases and becomes prohibitive for more than
5 SNPs. For our experiments in a dataset with L loci we
have considered L/4 blocks of 4 consecutive loci and the
remaining SNPs were treated as a separate block.
The result of phasing for each block is a set of haplo-

type solutions for each pool genotype. Two neighbouring
blocks are ligated by creating merged solutions for each
pool genotype from all combinations of the block solu-
tions, one from each block. When creating a merged
solution for a pool genotype from the two separate
solutions (one from each block), since we do not know
which haplotypes belong to the same chromosome, all
different possible assignments are examined. The TDSPool
algorithm is then repeated in the same manner as it was
for the individual blocks.
Furthermore, the order in which the individual blocks

are ligated is not predetermined. We first ligate the
blocks that would produce in each step the minimum
entropy ligation. This procedure allows us to ligate first
the most homogeneous blocks so that we have more cer-
tainty in the solutions that we produce while moving in
the ligation procedure.

Summary of the proposed algorithm
Routine 1:

� Set the current number of streams m = 1. Define K
as the maximum number of streams allowed. Define
H0
1 ={}.

� For t = 1, 2,. . .
◦ Find the Kext possible haplotype configurations
compatible with the pool genotype of the t-th pool.

◦ For k = 1,2,. . ., m , j = 1,. . .,Kext

▪ Enumerate all possible particle extensions

H k;jð Þ
t ¼ H kð Þ

t�1; hjt;1; . . . ; h
j
t;2Nt

� �h i
▪ ∀j compute the weights wt

(k,j) according to (4)

◦ Select and preserve M=min (K, m· Kext) distinct
sample streams {Ht

(k), k = 1,. . .,M} with the
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highest importance weights {wt
(k), k = 1,. . .,M}

from the
set {Ht

(k,j),wt
(k,j), k = 1,. . .,m, j = 1,. . ., Kext }

◦ Update the number of counts of each
encountered haplotype in each stream

◦ Set m=M
TDSPool ALGORITHM

� Partition the genotype dataset G into B subsets.
� For b = 1,. . .,B , apply Routine 1 so that all segments

are phased and for each one keep all the solutions
contained in the top K particles.

� Until all blocks are ligated, repeat the following
◦ Find the blocks that if ligated would produce the
minimum entropy

◦ Ligate the blocks, following the procedure
described in the Partition-Ligation section
Authors’ contributions
All authors contributed equally to this work. All authors read and approved
the final manuscript.

Received: 30 May 2012 Accepted: 9 October 2012
Published: 30 October 2012

References
1. Bansal A, van den Boom D, Kammerer S, Honisch C, Adam G, Cantor CR,

Kleyn P, Braun A: Association testing by DNA pooling: an effective initial
screen. Proc Natl Acad Sci U S A 2002, 99(26):16871–16874.

2. Barcellos LF, Klitz W, Field LL, Tobias R, Bowcock AM, Wilson R, Nelson MP,
Nagatomi J, Thomson G: Association mapping of disease loci, by use of a
pooled DNA genomic screen. Am J Hum Genet 1997, 61(3):734–747.

3. Norton N, Williams NM, O'Donovan MC, Owen MJ: DNA pooling as a tool
for large-scale association studies in complex traits. Ann Med 2004,
36(2):146–152.

4. Pearson JV, Huentelman MJ, Halperin RF, Tembe WD, Melquist S, Homer N,
Brun M, Szelinger S, Coon KD, Zismann VL, et al: Identification of the
genetic basis for complex disorders by use of pooling-based
genomewide single-nucleotide-polymorphism association studies.
Am J Hum Genet 2007, 80(1):126–139.

5. Sham P, Bader JS, Craig I, O'Donovan M, Owen M: DNA Pooling: a tool for
large-scale association studies. Nat Rev Genet 2002, 3(11):862–871.

6. Zuo Y, Zou G, Zhao H: Two-stage designs in case–control association
analysis. Genetics 2006, 173(3):1747–1760.

7. Ito T, Chiku S, Inoue E, Tomita M, Morisaki T, Morisaki H, Kamatani N:
Estimation of haplotype frequencies, linkage-disequilibrium measures,
and combination of haplotype copies in each pool by use of pooled
DNA data. Am J Hum Genet 2003, 72(2):384–398.

8. Wang S, Kidd KK, Zhao H: On the use of DNA pooling to estimate
haplotype frequencies. Genet Epidemiol 2003, 24(1):74–82.

9. Yang Y, Zhang J, Hoh J, Matsuda F, Xu P, Lathrop M, Ott J: Efficiency of
single-nucleotide polymorphism haplotype estimation from pooled DNA.
Proc Natl Acad Sci U S A 2003, 100(12):7225–7230.

10. Pirinen M, Kulathinal S, Gasbarra D, Sillanpaa MJ: Estimating population
haplotype frequencies from pooled DNA samples using PHASE
algorithm. Genet Res (Camb) 2008, 90(6):509–524.

11. Stephens M, Scheet P: Accounting for decay of linkage disequilibrium in
haplotype inference and missing-data imputation. Am J Hum Genet 2005,
76(3):449–462.

12. Kirkpatrick B, Armendariz CS, Karp RM, Halperin E: HAPLOPOOL: improving
haplotype frequency estimation through DNA pools and phylogenetic
modeling. Bioinformatics 2007, 23(22):3048–3055.
13. Zhang H, Yang HC, Yang Y: PoooL: an efficient method for estimating
haplotype frequencies from large DNA pools. Bioinformatics 2008,
24(17):1942–1948.

14. Kuk AY, Zhang H, Yang Y: Computationally feasible estimation of
haplotype frequencies from pooled DNA with and without
Hardy-Weinberg equilibrium. Bioinformatics 2009, 25(3):379–386.

15. Gasbarra D, Kulathinal S, Pirinen M, Sillanpaa MJ: Estimating haplotype
frequencies by combining data from large DNA pools with database
information. IEEE/ACM Trans Comput Biol Bioinform 2011, 8(1):36–44.

16. Pirinen M: Estimating population haplotype frequencies from pooled SNP
data using incomplete database information. Bioinformatics 2009,
25(24):3296–3302.

17. Kuk AY, Xu J, Yang Y: A study of the efficiency of pooling in haplotype
estimation. Bioinformatics 2010, 26(20):2556–2563.

18. Barratt BJ, Payne F, Rance HE, Nutland S, Todd JA, Clayton DG:
Identification of the sources of error in allele frequency estimations from
pooled DNA indicates an optimal experimental design. Ann Hum Genet
2002, 66(Pt 5–6):393–405.

19. Jain S, Tang X, Narayanan CS, Agarwal Y, Peterson SM, Brown CD, Ott J,
Kumar A: Angiotensinogen gene polymorphism at −217 affects basal
promoter activity and is associated with hypertension in
African-Americans. J Biol Chem 2002, 277(39):36889–36896.

20. Excoffier L, Slatkin M: Maximum-likelihood estimation of molecular
haplotype frequencies in a diploid population. Mol Biol Evol 1995,
12(5):921–927.

21. Niu T, Qin ZS, Xu X, Liu JS: Bayesian haplotype inference for multiple
linked single-nucleotide polymorphisms. Am J Hum Genet 2002,
70(1):157–169.

doi:10.1186/1471-2156-13-94
Cite this article as: Iliadis et al.: Fast and accurate haplotype frequency
estimation for large haplotype vectors from pooled DNA data. BMC
Genetics 2012 13:94.
Submit your next manuscript to BioMed Central
and take full advantage of: 

• Convenient online submission

• Thorough peer review

• No space constraints or color figure charges

• Immediate publication on acceptance

• Inclusion in PubMed, CAS, Scopus and Google Scholar

• Research which is freely available for redistribution

Submit your manuscript at 
www.biomedcentral.com/submit


	Abstract
	Background
	Results
	Conclusions

	Background
	Results
	Datasets
	Frequency estimation
	Noise and missing data
	Timing results

	Discussion
	Conclusions
	Methods
	Definitions and notation
	Probabilistic model
	Inference problem
	Computational algorithm (TDSPool)
	Partition-Ligation
	Summary of the proposed algorithm
	Routine 1:
	TDSPool ALGORITHM


	Authors’ contributions
	References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV <>
    /HUN <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.440 793.440]
>> setpagedevice


