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Abstract The success of genome-wide association stud-
ies (GWAS) to identify risk loci of complex diseases is now
well-established. One persistent major hurdle is the cost of
those studies, which make them beyond the reach of most
research groups. Performing GWAS on pools of DNA sam-
ples may be an eVective strategy to reduce the costs of these
studies. In this study, we performed pooling-based GWAS
with more than 550,000 SNPs in two case-control cohorts
consisting of patients with Type II diabetes (T2DM) and
with chronic rhinosinusitis (CRS). In the T2DM study, the
results of the pooling experiment were compared to indi-
vidual genotypes obtained from a previously published

GWAS. TCF7L2 and HHEX SNPs associated with T2DM
by the traditional GWAS were among the top ranked SNPs
in the pooling experiment. This dataset was also used to
reWne the best strategy to correctly identify SNPs that will
remain signiWcant based on individual genotyping. In the
CRS study, the top hits from the pooling-based GWAS
located within ten kilobases of known genes were validated
by individual genotyping of 1,536 SNPs. Forty-one percent
(598 out of the 1,457 SNPs that passed quality control)
were associated with CRS at a nominal P value of 0.05,
conWrming the potential of pooling-based GWAS to iden-
tify SNPs that diVer in allele frequencies between two
groups of subjects. Overall, our results demonstrate that a
pooling experiment on high-density genotyping arrays can
accurately determine the minor allelic frequency as com-
pared to individual genotyping and produce a list of top
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ranked SNPs that captures genuine allelic diVerences
between a group of cases and controls. The low cost associ-
ated with a pooling-based GWAS clearly justiWes its use in
screening for genetic determinants of complex diseases.

Introduction

In 2007, the identiWcation of genes associated with complex
diseases was considered one of the major breakthroughs in
science (Pennisi 2007). This success story was attributable
to the widespread application of genome-wide association
studies (GWAS) to study complex diseases and physiologic
traits. Using this approach, geneticists can identify genetic
variants that co-occur with diseases by genotyping hun-
dreds of thousands of SNPs that are selected to capture a
large fraction of common variation in the human genome.
This strategy has had considerable success in identifying
reproducible susceptibility genes for complex traits and dis-
eases in a hypothesis-free study design. This development
was mostly attributable to our better comprehension of the
structure of human genome variation (HapMap 2005;
Frazer et al. 2007) and to the rapid progress in genotyping
technologies (Syvanen 2005). As a result, unprecedented
capabilities are currently available to interrogate the human
genome for susceptibility loci and the beneWts of this new
approach can be observed for many complex diseases
(Herbert et al. 2006; Klein et al. 2005; Rioux et al. 2007;
Sladek et al. 2007; WTCCC 2007). However, major Wnan-
cial resources are required to conduct a GWAS, which
include collecting and phenotyping the large number of
subjects with and without a particular disease as well as the
high cost of whole-genome genotyping technologies.

All together, GWAS necessitate millions of dollars to be
completed. These resources are beyond the reach of most
research groups and are inaccessible for diseases with limited
funding support. A number of groups reported the develop-
ment of an approach to reduce the overall cost of GWAS by
replacing individual genotyping by pooled genomic DNA
(allelotyping) (Meaburn et al. 2005; Pearson et al. 2007;
Sham et al. 2002). This approach relies on constructing sepa-
rate pools of patient and control DNA samples and hybridiz-
ing these pools on high-density genotyping arrays. SNP
microarray probe intensities, which measure the allele fre-
quencies in each pool rather than discrete genotypes, are then
analyzed and ranked by likelihood of association with the
disease. The eVectiveness of the technique was successfully
demonstrated by the identiWcation of previously published as
well as novel genetic susceptibility loci (Melquist et al. 2007;
Pearson et al. 2007; Steer et al. 2007).

Motivated by these recent advances, we demonstrate a
practical application of pooling-based GWAS. We com-
pared the results of GWAS performed by allelotyping with

the results of individual genotyping in two case-control popu-
lations characterized for type 2 diabetes mellitus (T2DM) or
chronic rhinosinusitis (CRS). Data derived from these two
case-control cohorts are used to assess particular aspects of
pooling-based GWAS. Overall, the results indicate that DNA
pooling on high-density genotyping arrays is a cost-eVective
alternative approach to performing GWAS on individual
DNAs to identify susceptibility genes for complex diseases.
Although a sizeable amount of genetic information is lost
compared to traditional GWAS, the large reduction in cost,
coupled with the substantial fraction of genetic association
that is still captured, clearly justiWes the utility of the approach.

Methods

Research subjects

T2DM study sample

The cases and controls represent the stage 1 sample
described by Sladek et al. (2007). BrieXy, diabetic subjects
were recruited during medical examinations taking place at
the Endocrinology-Diabetology Department of the Corbeil-
Essonnes Hospital and at the UMR8090 unit in Lille. These
subjects were diagnosed with T2DM according to the 1997
American Diabetes Association (ADA) criteria. To enrich
for risk alleles and reduce phenotypic heterogeneity, only
diabetic subjects with at least one aVected Wrst degree rela-
tive and with a body mass index (BMI) below 30 kg/m2

were included. Control subjects were selected from the Epi-
demiological Study on the Insulin Resistance syndrome
(DESIR) program. Inclusion criteria include normal fasting
glucose (<6.1 mM) and a BMI below 27 kg/m2. A total of
606 cases and 629 controls were available for the current
DNA pooling experiment. Informed consent was obtained
from all study participants, and the institutional review
boards overseeing these sites approved the study protocol.

CRS study sample

The cases and controls were derived from an ongoing pro-
ject that has been described previously (Al-Shemari et al.
2008). In the present study, 210 individuals with severe
CRS and 189 controls were available for genetic analysis.
BrieXy, patients were recruited from three tertiary rhinology
clinics from July 2005 to February 2006. Initial diagnoses
were obtained from patient records, and classiWed according
to the 2004 American Academy of Otolaryngology-Head
and Neck Surgery guidelines (Meltzer et al. 2004). Severe
CRS was deWned as (1) persistent signs or symptoms
of CRS despite previous endoscopic sinus surgery (ESS); or
(2) a history of more than one ESS for CRS, regardless
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of outcome. The control population was recruited from either
patients’ spouses, non-blood relatives living in the same
household, or by random telephone screening matching
patients’ postal code. The study was approved by the McGill
University Health Centre Institutional Review Board and
informed consent was obtained from all participants.

DNA extraction

For the T2DM study, genomic DNA was extracted from
peripheral blood cells using PUREGENE D50K DNA iso-
lation kits (Gentra Systems, Minneapolis, MN, USA) or
DNeasy Blood & Tissue Kits (Qiagen, Hilden, Germany).
Similarly, DNA from cases in the CRS cohort was
extracted from peripheral blood leukocytes. DNA from
CRS controls was extracted from saliva, using the Oragene
DNA PuriWcation Protocol (DNA Genotek, Ottawa, ON,
USA). Isolated DNA from both blood and saliva was stored
at ¡80°C prior to use.

DNA pooling

T2DM study sample

The T2DM cohort was Wrst cleaned as previously described
(Sladek et al. 2007). BrieXy, population stratiWcation was
identiWed with the STRUCTURE program (Pritchard et al.
2000) and individuals showing evidence of intercontinental
admixture were discarded. In addition, samples that failed
individual genotyping on the Illumina InWnium Human1 or
the HumanHap300 genotyping BeadChips were discarded
from the pooling experiment. The remaining DNAs were
pooled together in equivalent molar amounts using the fol-
lowing procedure. To minimize the total amount of DNA
utilized, only 1 �l of DNA was taken from each sample.
The DNA was diluted in 19 �l of water to reach a total vol-
ume of 20 �l. These dilutions were quantiWed in duplicate
by Xuorimetry (PicoGreen™). Samples with low DNA con-
centration (<2 ng/�l) or with more than 15% diVerence in
the duplicates were discarded. The remaining DNAs
included 606 cases and 629 controls that were placed on 9
and 8 96-well plates, respectively. Individual DNAs were
Wrst pooled together by plate in equivalent molar amounts
by adjusting the volume to add 20 ng per sample. The plate
pools were then quantiWed by Xuorimetry and normalized
to 5 ng/�l. These normalized plate pools were subsequently
concentrated by evaporation (Turbo Vap® 96Concentration
Workstation, Caliper Life Science) to reach a concentration
of 50 ng/�l. Finally, the plate pools were pooled together
according to their aVection status (cases or controls) while
adjusting the volume to account for the number of individu-
als in each plate pool. All the pippetting was performed
manually.

CRS study sample

Pools were constructed to contain equal quantities of DNA
from each individual sample. DNAs were Wrst quantiWed in
duplicate by Xuorimetry (PicoGreen™). Samples with low
DNA concentration (<20 ng/�l) were discarded. The remain-
ing samples (209 cases and 184 controls) were adjusted by
dilution or evaporation to reach a concentration of 50 ng/�l.
DNA concentrations were re-estimated in duplicate by Xuo-
rimetry and a second round of adjustment and re-quantiWcation
was performed if required. All samples were then checked
with PCR to identify those that did not yield a robust prod-
uct. DNAs for which we were unable to reach a concentra-
tion close to 50 ng/�l as well as those that failed the PCR
check were discarded. The remaining DNAs (173 cases and
130 controls) were pooled together according to their aVec-
tion status by adjusting the volume for the remaining small
diVerence in concentrations between samples. A total of
250 ng of DNA (5 �l for samples at 50 ng/�l) were added to
the pools for each sample using the MultiPROBE® II HT
EX liquid handling platform (PerkinElmer).

Pool validation in the CRS study sample

Once equi-molar amounts of each sample were combined,
the genomic DNA pools were validated by comparing
allele frequencies of six SNPs obtained by allelotyping and
individual genotyping. This step was performed to insure
concordance between DNA pools and individual samples
before moving to large-scale genotyping. A number of
SNPs have previously been genotyped in the current case/
control population (Al-Shemari et al. 2008). Accordingly,
six SNPs (rs2291418, rs7099684, rs3780901, rs7393696,
rs1761212, rs4319601) were selected for allelotyping to
cover a range of allele frequencies. Allele frequencies of
genomic DNA pools were estimated and compared to the
allele frequencies calculated from the individual genotyp-
ing. The allelotyping measurements were performed on the
matrix-assisted laser desorption/ionization time-of-Xight
mass spectrometry (MALDI-TOF) (Sequenom, San Diego,
CA, USA) as previously described (Oeth et al. 2005).

High-density SNP genotyping

Genomic DNA pools were assayed using the Illumina pro-
tocol for individual genotyping. BrieXy, 750 ng of pooled
genomic DNA was labeled and hybridized to the Illumina
Sentrix® HumanHap550 Genotyping BeadChip, which
interrogated 555,175 SNPs. For the T2DM cohort, Wve rep-
licates were used for case and control pools (a total of ten
arrays). Four replicates were used for case and control
pools in the CRS cohort (a total of eight arrays). Supple-
mentary Figure 1 illustrates the pooling design. The same
123



308 Hum Genet (2009) 125:305–318
CRS DNA pools were also hybridized on the Human1M
BeadChip in four replicates (a total of eight arrays) for
comparison purposes with the HumanHap550 BeadChip.

Individual genotyping and analyses

Individual genotyping for the T2DM cohort was comprehen-
sively described by Sladek et al. (2007). BrieXy, 750 ng of
genomic DNA was labeled and hybridized on the Illumina
InWnium Human1 and HumanHap300 BeadChips, which
interrogated 109,365 and 317,503 SNPs, respectively.

In the CRS cohort, the individual genotyping was per-
formed on 1536 SNPs using the Illumina GoldenGate assay
(Shen et al. 2005). The allele-speciWc extension reaction
was performed with 250 ng of genomic DNA. The reaction
products then underwent ligation, PCR ampliWcation and
labeling before being hybridized on the Sentrix Array
Matrix. The genotypes were called using BeadStudio. A
total of 49 of the 1,536 SNPs failed the genotyping assay.
Seven additional SNPs were excluded because of low call
rate (<90%, n = 5) or because of low minor allele frequency
(<0.01, n = 2). Markers showing deviation from Hardy–
Weinberg equilibrium were also excluded (P < 0.01,
n = 23). Hardy–Weinberg equilibrium for the 63 SNPs
located on the X chromosome was calculated in women
only. The average call rate for the remaining 1,457 SNPs
was 99.87%. The same samples used in the pooling experi-
ment were genotyped (n = 303). Samples successfully geno-
typed in less than 95% of markers were excluded from
analysis (n = 3). The association tests were performed with
a chi-squared test (1 df) using the software PLINK (v0.99s)
(Purcell et al. 2007). These statistical tests were then
adjusted for possible population stratiWcation using the
genomic control method (Devlin and Roeder 1999).
BrieXy, a correction factor was calculated from a total of
100 ancestry informative markers previously described by
Price et al. (2008). These markers were typed using the
SEQUENOM platform as previously described (Al-Shemari
et al. 2008). Supplementary Figure 2 illustrates the overall
experimental design.

Analyses of the pooling experiment

Three methods were used to rank SNPs based on their like-
lihood of being associated with the diseases (T2DM or
CRS). First, the allelic frequency diVerences between case
and control pools were measured and ranked for all SNPs.
Allele frequencies for SNPs in each pool were calculated
by BeadStudio (B allele frequency). BrieXy, these allele
frequencies estimations are obtained by interpolation of the
known allele frequencies of three canonical genotype clus-
ters represented on a polar coordinate view that originated
from an individual genotyping training set (PeiVer et al.

2006). Second, SNPs were sorted with an F ratio, which is
obtained by dividing the B allele frequency variance
between groups by the variance within groups. A modiWca-
tion of the F ratio was also used for the CRS cohort. A Wlter
was applied to keep only SNPs that had at least a 10%
diVerence in allele frequencies between cases and controls.
The remaining SNPs were sorted by the F ratio. We call
this method the Filter-F ratio. Finally, the SNPs were also
ranked using the silhouette score as described previously
(Pearson et al. 2007). BrieXy, this score is calculated from a
scatter plot speciWc for each SNP with signal intensity frac-
tion on the x-axis [signalAllele2/(SignalAllele1 + SignalAllele2)]
and the logarithm of the signals from both alleles on the y-
axis [log(SignalAllele1 + SignalAllele2)]. A quality score is
then derived based on cluster analyses. A high silhouette
score is observed when data points are tight within groups
and distant between groups. These scores were calculated
with the GenePool software using the Wles generated by
BeadStation 500 that contain the red and green intensity
values corresponding to the two SNP alleles (Pearson et al.
2007). Data were normalized (gpextract-n 1) and the lower
limit of acceptable number of beads was set at 5 (gpana-
lyze-b 5). The silhouette scores were calculated with the
modiWed Manhattan method (gpanalyze-p 0-d 2).

Results

Pooling results in the T2DM cohort

The true eVectiveness of a pooling-based GWAS can best
be appreciated by comparing the results with those obtained
by individual GWAS genotyping. In 2007, the Wrst GWAS
on T2DM was published (Sladek et al. 2007). The scan was
performed on a total of 409,927 SNPs typed on two Illu-
mina platforms (Human1 and HumanHap300). A total of
28 and 43 SNPs passed the genome-wide signiWcant thresh-
old for association with T2DM on the Human1 and Human-
Hap300, respectively. In the current work, we took the
same DNA samples and pooled them together as illustrated
in Supplementary Figure 1. The genomic DNA pools were
hybridized on the Illumina HumanHap550 and ranked
based on three methods. Table 1 shows the ranking results
of the three methods for the most signiWcant SNPs based on
individual genotyping. First, SNPs located within the
TCF7L2 locus, the gene most strongly associated with
T2DM, were among the top-ranked for all methods. This
result suggest that genes conferring an eVect size similar to
TCF7L2 in T2DM (OR = 1.65 and 2.77 for heterozygotes
and homozygotes, respectively) will be successfully identi-
Wed by pooling-based GWAS regardless of the choice of
method. More globally, the median ranking for all non-
redundant signiWcant SNPs in Table 2 (n = 47) is 4,952,
123
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Table 1 Rank of SNPs that passed the genome-wide signiWcance threshold for association with T2DM on the Human1M and HumanHap300
arrays

Illumina 
platform

SNP Chr Position Results from individual genotyping Rank based on allelotyping

pMAX 
(corrected)

pMAX 
(permutation)

Nearest 
Gene

Abs. diV. F ratio Silh.

Hap300 rs7903146 10 114748339 3.2 £ 10¡17 <3.3 £ 10¡10 TCF7L2 6 61 1

Hap300 rs12255372 10 114798892 1.4 £ 10¡13 <3.3 £ 10¡10 TCF7L2 110 23 136

Hap300 rs10885409 10 114798062 1.8 £ 10¡10 <3.3 £ 10¡10 TCF7L2 203 1,433 13

Hap300 rs7904519 10 114763917 2.7 £ 10¡10 <3.3 £ 10¡10 TCF7L2 164 105 4

Hap300 rs932206 2 136659004 6.3 £ 10¡7 3.9 £ 10¡7 CXCR4 3,900 10 121

Hap300 rs35666 12 91036838 2.1 £ 10¡6 1.5 £ 10¡6 BTG1 29,909 8,074 5,593

Hap300 rs7950175 11 126033245 2.6 £ 10¡6 1.9 £ 10¡6 KIRREL3 9,715 3,658 79,891

Hap300 rs4918789 10 114811797 3.3 £ 10¡6 2.4 £ 10¡6 TCF7L2 376 36,045 1,458

Hap300 rs7923837 10 94471897 3.4 £ 10¡6 2.5 £ 10¡6 HHEX 54 91 22

Hap300 rs1037386 3 1453453 4.0 £ 10¡6 3.0 £ 10¡6 CNTN6 80,669 89,149 156,685

Hap300 rs1193179 1 7503868 4.6 £ 10¡6 3.4 £ 10¡6 CAMTA1 2,695 2,704 36,673

Hap300 rs1256526 14 64809658 6.1 £ 10¡6 4.7 £ 10¡6 LOC646279 1,633 13,516 227,307

Hap300 rs6894954 5 144294556 6.4 £ 10¡6 5.0 £ 10¡6 KCTD16 9,210 10,192 192,934

Hap300 rs290483 10 114905204 6.8 £ 10¡6 5.3 £ 10¡6 TCF7L2 292 11,523 230

Hap300 rs7712842 5 144247299 7.0 £ 10¡6 5.4 £ 10¡6 KCTD16 9,052 49,034 48,737

Hap300 rs2317948 1 55146464 7.1 £ 10¡6 5.5 £ 10¡6 TMEM61 7,366 15,406 175,930

Hap300 rs859101 1 95036805 8.8 £ 10¡6 7.0 £ 10¡6 SLC44A3 43,142 81,299 143,756

Hap300 rs2327112 6 8944645 8.8 £ 10¡6 7.0 £ 10¡6 LOC389365 18,739 156,631 151,743

Hap300 rs1111875 10 94452862 9.1 £ 10¡6 7.3 £ 10¡6 HHEX 484 6,733 3

Hap300 rs2589001 16 53776363 9.5 £ 10¡6 7.7 £ 10¡6 LOC654106 53 4,354 103

Hap300 rs9290240 3 165780254 9.8 £ 10¡6 7.9 £ 10¡6 SI 15,230 44,888 46,284

Hap300 rs282705 4 59343615 1.2 £ 10¡5 9.5 £ 10¡6 LOC644419 2,469 2,143 20,343

Hap300 rs2866016 4 99861413 1.2 £ 10¡5 1.0 £ 10¡5 TSPAN5 1,252 1,814 881

Hap300 rs7949067 11 44248060 1.3 £ 10¡5 1.1 £ 10¡5 ALX4 1,259 16,147 9,170

Hap300 rs1978717 19 57189062 1.4 £ 10¡5 1.2 £ 10¡5 ZNF615 4,952 6,430 12,560

Hap300 rs7480010 11 42203294 1.5 £ 10¡5 1.2 £ 10¡5 LOC387761 3,221 301 1,002

Hap300 rs2288887 19 57187615 1.5 £ 10¡5 1.3 £ 10¡5 ZNF615 10,797 8,200 16,068

Hap300 rs729287 11 44236666 1.6 £ 10¡5 1.3 £ 10¡5 ALX4 10,862 14,773 10,927

Hap300 rs12629276 3 16403485 1.6 £ 10¡5 1.4 £ 10¡5 RAFTLIN 14,716 12,945 2,070

Hap300 rs1005316 17 66501964 1.6 £ 10¡5 1.4 £ 10¡5 LOC124685 13,784 24,355 283,600

Hap300 rs1888533 21 45825267 1.7 £ 10¡5 1.5 £ 10¡5 LOC728117 21,665 9,001 136,110

Hap300 rs375694 21 42907029 1.9 £ 10¡5 1.6 £ 10¡5 SLC37A1 28,788 32,423 324

Hap300 rs1293143 20 52351866 1.9 £ 10¡5 1.6 £ 10¡5 PFDN4 1,554 7,312 2,213

Hap300 rs13266634 8 118253964 2.1 £ 10¡5 1.8 £ 10¡5 SLC30A8 7,164 751 9,995

Hap300 rs1293144 20 52350615 2.5 £ 10¡5 2.3 £ 10¡5 PFDN4 1,692 7,726 18,374

Hap300 rs11249433 1 120892655 2.5 £ 10¡5 2.3 £ 10¡5 LOC653464 458 4,380 7,779

Hap300 rs2876711 13 76314505 2.7 £ 10¡5 2.4 £ 10¡5 KCTD12 2,451 13,012 1,178

Hap300 rs231461 17 39388569 2.8 £ 10¡5 2.5 £ 10¡5 PYY 100,066 126,048 75,699

Hap300 rs6823091 4 153427388 3.0 £ 10¡5 2.7 £ 10¡5 FBXW7 2,951 777 268

Hap300 rs10823406 10 70982029 3.1 £ 10¡5 2.9 £ 10¡5 NEUROG3 5,023 503 35

Hap300 rs10483096 22 16926334 3.8 £ 10¡5 3.6 £ 10¡5 PEX26 4,580 13,615 44,605

Hap300 rs10503677 8 20248324 4.3 £ 10¡5 4.0 £ 10¡5 LZTS1 17,786 69,618 1,044

Hap300 rs11249431 1 120898245 4.9 £ 10¡5 4.7 £ 10¡5 LOC653464 398,255 508,919 173,516

Human1M rs1193179 1 7503868 1.2 £ 10¡5 6.3 £ 10¡7 CAMTA1 2,695 2,704 36,673

Human1M rs932206 2 136659004 4.6 £ 10¡5 2.8 £ 10¡6 CXCR4 3,900 10 121
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8,200, and 9,995 for the absolute diVerence, the F ratio and
the silhouette ranking methods, respectively. These num-
bers are relatively impressive considering that any random
subset of SNPs on these high-throughput arrays is expected
to give a median ranking equal to approximately half the
number of SNPs tested (i.e. around 275,000 for the Human-
Hap550). To test the signiWcance of these results, permuta-
tion testing was performed on 10,000 sets of 47 SNPs
randomly selected from ranking number 1 to 555,175. The
probability of obtaining median values of 4,952, 8,200, and
9,995 were 2.77 £ 10¡12, 4.95 £ 10¡12, and 6.79 £ 10¡12,
respectively. Thus, there is a clear enrichment of signiWcant
SNPs in the top ranking.

Based on the median values calculated in Table 1, the
single best method of ranking seems to be the absolute
diVerence in allele frequency between cases and controls.
However, the best method of ranking and selecting SNPs
that will undergo validation by individual genotyping is
likely to be inXuenced by the resources available. Many

research groups will proceed by genotyping tens or hun-
dreds of SNPs following a pooling-based GWAS, while
others may adopt an approach similar to the one that we
used in the CRS cohort by genotyping the maximum num-
ber of SNPs on a custom multiplex assay that is commer-
cially available. Using the individual genotyping results
from the T2DM cohort, we evaluated the best method for
selecting SNPs from the pooled arrays. A total of 47 SNPs
assessed on the HumanHap550 array was previously asso-
ciated with T2DM in a GWAS conducted by individual
genotyping (Sladek et al. 2007). Table 2 indicates the num-
ber of these SNPs that rank in the top 10, 100, 200, 1,000,
1,536, 5,000, 10,000 and 20,000 using the diVerent meth-
ods of ranking. The silhouette ranking method is the single
best method to identify the highest number of SNPs vali-
dated by individual genotyping when the top 1,536 SNPs or
less are considered. For example, among the 47 SNPs asso-
ciated with T2DM identiWed by individual genotyping, 18
(38.3%) are in the top 1536 using the silhouette ranking
method. The same number for the F ratio and the absolute
diVerence in allele frequencies are 11 (23.4%) and 12
(25.5%), respectively. However, when more SNPs are con-
sidered for validation by individual genotyping, there is a
shift from the ‘silhouette’ to the ‘absolute diVerence’ meth-
ods for the single best method of ranking (Fig. 1a). Accord-
ingly, the best method of ranking depends on the number of
SNPs that are considered for validation by individual geno-
typing. Based on the data derived from the T2DM cohort,
the silhouette ranking method would be favored if less than
3,000 SNPs are considered (Fig.  1a). Otherwise, the absolute
diVerence in allele frequencies between cases and controls
seems to perform better.

We hypothesized that combining the methods of ranking
would improve our ability to identify true genetic loci.
Accordingly, we compared the performance of combining

Table 1 continued

Individual genotyping results are taken from Sladek et al. (2007) Supplementary Tables 4 and 5
a Calculated from non-redundant SNPs between the two platforms

Illumina 
platform

SNP Chr Position Results from individual genotyping Rank based on allelotyping

pMAX 
(corrected)

pMAX 
(permutation)

Nearest 
Gene

Abs. diV. F ratio Silh.

Human1M rs1978717 19 57189062 7.5 £ 10¡5 4.9 £ 10¡6 ZNF615 4,952 6,430 12,560

Human1M rs1111875 10 94452862 1.2 £ 10¡5 8.6 £ 10¡6 HHEX 484 6,733 3

Human1M rs282705 4 59343615 1.3 £ 10¡5 9.0 £ 10¡6 LOC644419 2,469 2,143 20,343

Human1M rs945384 9 136892579 3.6 £ 10¡5 2.9 £ 10¡5 FAM69B 242,309 47,711 15,938

Human1M rs7651936 3 163505661 4.1 £ 10¡5 3.3 £ 10¡5 LOC131149 2,759 1,490 147,258

Human1M rs1256517 14 64805437 5.5 £ 10¡5 4.6 £ 10¡5 LOC646279 151,887 160,276 51

Human1M rs11078674 17 7251197 9.8 £ 10¡5 8.7 £ 10¡5 NLGN2 5,568 4,121 57,363

Meana 27,474 34,675 49,276

Mediana 4,952 8,200 9,995

Table 2 Number of SNPs previously associated with T2DM using a
traditional GWAS (Sladek et al. 2007) that are included in the top
ranks using the pooled arrays with the diVerent methods of ranking

a Number of SNPs that overlapped among the top rank for the three
methods of ranking

Abs. diV. F ratio Silhouette Combinea

Top 20000 38 34 29 34

Top 10000 31 25 24 31

Top 5000 24 18 20 26

Top 1536 12 11 18 22

Top 1000 10 9 14 17

Top 200 5 5 10 10

Top 100 3 4 7 8

Top 10 1 1 3 4
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two or three methods of ranking to identify the 47 genetic
loci found in the T2DM cohort by individual genotyping
(Fig. 1). First we evaluated the number of SNPs that over-
lap for two or three methods. For example, if we take the
top 5,000 SNPs for the three methods of ranking, a total of
200 SNPs overlap among the three methods, including ten
(21.3%) SNPs associated with T2DM in the original
GWAS (Sladek et al. 2007). In comparison, 1,547 SNPs
overlap between at least two methods of ranking, of which
20 (42.6%) are included among the 47 SNPs associated with
T2DM. Illustrated continuously, this later strategy seems to
perform better compared to single methods taken individually
(Fig. 1a, gray line). Next we evaluate the performance of
combining only two methods (Fig. 1b). In this scenario
only SNPs that overlap between the two methods would be
selected for validation by individual genotyping. Combin-
ing the silhouette and the absolute diVerence ranking meth-
ods (pink line) provides the best strategy to identify genetic
loci found by individual genotyping if less than 1,000 SNPs
are considered for validation. Otherwise, combining the abso-
lute diVerence and the F ratio (yellow line) performs better.

Pool validation in the CRS cohort

Prior to hybridizing genomic DNA pools on Illumina
HumanHap550 arrays, a smaller scale experiment was con-
ducted to assess the accuracy of the pools. The allele fre-
quencies of six SNPs was estimated from genomic DNA

pools and compared to the real allele frequencies calculated
from individual genotyping. Figure 2 demonstrates the high
concordance between the two methods and conWrms the
accuracy of allelotyping. These results also set the stage for
a larger scale quantitative allelotyping experiment with the
Illumina HumanHap550 arrays.

Fig. 1 Performance comparison between the diVerent methods of
ranking. The y-axis represents the 47 SNPs that were previously asso-
ciated with T2DM using a traditional GWAS (Sladek et al. 2007). The
x-axis represents the number of SNPs that are considered for validation
by individual genotyping. a The ranking of the 47 SNPs are illustrated
for the three diVerent methods of ranking (solid lines). The vertical
dash line represents the ranking number 3,000, where a shift in the
single best method of ranking occurs between the silhouette score and
the absolute diVerence in allele frequency. The dash lines represent the
number of true genetic loci that are identiWed by combining the three
methods of ranking. For example, 1,264 SNPs overlap among the top
4,380 SNPs for at least two methods of ranking. Twenty of them belong
to the list of 47 true genetic loci (gray dotted lines). In comparison,
154 SNPs overlap among the top 4,354 SNPs for the three methods of
ranking. Ten of them belong to the list of 47 true genetic loci (black

dotted lines). b Comparison by combining only two methods of ranking.
The dash line is the same as in a. The other solid lines combine the
information of only two methods. For example, 249 SNPs overlap
among the top 3,221 ranked SNPs between the absolute diVerence and
silhouette ranking methods. Fifteen of these 249 SNPs belong to the
list of 47 true genetic loci (dotted lines). The vertical dash line repre-
sents a threshold of 1,000, where a shift in the best method of ranking
occurs. The Wgure suggests that the best method of ranking is condi-
tional to the number of SNPs the investigators are willing to conWrm
by genotyping. If less than 1,000 SNPs are considered, the best strat-
egy is to combine the absolute diVerence and the silhouette ranking
methods (black solid line). In contrast, if more than 1,000 SNPs under-
go validation by individual genotyping, the best strategy is to combine
the absolute diVerence and the F ratio ranking methods (dark gray
solid line)

Fig. 2 Validation of genomic DNA pools. Six SNPs were genotyped
to derive the exact allele frequencies. The allele frequencies of these
same SNPs were then estimated by allelotyping using the genomic
DNA pools of cases and controls. The scatter plots show the tight cor-
relation between the true allele frequencies (y-axis) and the one esti-
mated from genomic DNA pools (x-axis) in both cases and controls.
The gray and black dots represent cases and controls, respectively
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Pooling results in the CRS cohort

A total of eight arrays were hybridized with the genomic
DNA pools for cases and controls. The text Wles generated by
the BeadStation 500 as well as the B allele frequencies calcu-
lated by BeadStudio were used to rank the SNPs with three
diVerent methods (see “Methods”). A genome-wide appreci-
ation of the results for the silhouette ranking method is
depicted in Fig. 3. For example, the top ranked SNP is
located on the long arm of chromosome 15 (rs12437477).
A subset of highly ranked SNPs was then selected for
individual genotyping using the Illumina GoldenGate assay.
This assay can evaluate a maximum of 1,536 SNPs. First,
we used a gene-centric approach to choose SNPs located
within or close to known genes. Then, SNPs were ranked on
the three diVerent methods described in the method section.
The top 1,536 SNPs were obtained by each method. The
overlap between the three methods of ranking is illustrated in
Fig. 4. Any SNP ranked in the top 1,536 SNPs for at least
two methods was selected for individuals genotyping
(n = 741). The GoldenGate panel was then completed with
the next best SNPs based on the silhouette ranking method.

Fig. 3 Genome-wide plot of the 
silhouette score in the CRS co-
hort. The chromosome number 
is indicated on the top of each 
subgraph. The y-axis represents 
the ranking on a log scale and the 
x-axis indicates the location of 
the SNPs in physical distance

Fig. 4 Venn diagram showing the number of overlapping SNPs in the
CRS cohort that are ranked in the top 1,536 in each of the three meth-
ods of ranking. All of the SNPs on the HumanHap550 BeadChip were
ranked by three methods: (1) the absolute diVerence in allele frequency
between cases and controls, (2) the Filter-F ratio, and (3) the silhouette
score. The top 1,536 SNPs were selected in each method and the num-
ber of overlapping SNPs is illustrated
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The allele frequencies obtained by individual genotyping
are concordant with a validated European-derived dataset
(HapMap CEU) (Supplementary Figure 3). More interest-
ingly, there is a tight correlation between the allele frequen-
cies obtained by allelotyping compared to individual
genotyping (Fig. 5). The results suggest that approximately
90% of the variability observed in the allele frequencies
obtained by individual genotyping can be captured by allelo-
typing. Since allelotyping appears to robustly predict
allele frequencies in the pooled samples, we sought to
determine whether it also provides a reliable estimate of the
absolute allele frequency diVerence between cases and con-
trols (Fig. 6). We compared the frequencies obtained by

allelotyping and genotyping for the 1,404 top-ranked SNPs
identiWed in the CRS study. These results demonstrated that
the eVect size determined by allelotyping among the top
ranked SNPs is clearly overestimated when compared to
the individual genotyping results.

Obviously, the eVectiveness of pooling-based GWAS
will ultimately be determined by the number of SNPs that
are associated with the disease using the individual geno-
types. Accordingly, association between the CRS pheno-
type and individual genotypes were performed. Figure 7
(left panel) shows the frequency of P values for the 1,457
SNPs that passed quality control. There is a clear overrep-
resentation of SNPs with low P values, with 598 SNPs
(41.0%) showing association with CRS at P values lower
than 0.05. Genomic control was then used to adjust for
potential inXated association tests arising from unknown
sources such as population heterogeneity or cryptic related-
ness. From a set of 100 null loci, the inXation factor was
estimated to be 1.14 (see “Methods”). The distribution of P
values adjusted for this inXation factor is shown in Fig. 7
(right panel). Although the number of low P values is
decreased, there are still 492 SNPs with P values lower
than 0.05. Taken together, the results suggest that a pool-
ing-based GWAS can eVectively identify SNPs that diVer
signiWcantly in terms of allele frequencies between two
groups of individuals.

We were next interested in evaluating our strategy for
selecting SNPs to be individually genotyped. A dichoto-
mous variable was constructed in which SNPs were classi-
Wed as true-positive (P · 0.05) or false-positive (P > 0.05)
based on individual genotypes. The percentage of true-pos-
itive SNPs selected for individual genotyping increases
with the number of methods that rank the SNPs highly
(Supplementary Figure 4). For example, 62.4% of true-
positive SNPs are found among those that ranked within
the top 1,536 for the three methods of ranking. This suggests

Fig. 6 Box plot showing the distribution of the observed diVerence in
allele frequencies between cases and controls when calculated by
allelotyping and individual genotyping. The Wgure is derived from the
results of 1,404 SNPs taken from the CRS cohort

Fig. 5 Allele frequencies 
between individual genotyping 
and allelotyping in the CRS 
cohort. A total of 1,404 SNPs 
are illustrated
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that combining methods may be more eVective than using
the single best one. Nevertheless, using a logistic regression
model, we evaluated the performance of each method to
correctly discriminate the true- and false-positive SNPs.
Table 3 presents the results of the single and multiple logis-
tic regression models. Taken individually, the absolute
diVerence in allele frequency between cases and controls as
well as the Filter-F ratio signiWcantly inXuence the outcome
of the individual genotyping results. The average allele fre-
quency estimated for the whole cohort, including cases and
controls, is also signiWcant when considered alone in the
model (z value = 4.9). In multiple regression models, the
‘absolute diVerence’ is always the most signiWcant variable.
Interestingly, when all the variables are included in the

same model, the absolute diVerence explains the largest
part of the variance, but both the silhouette score and the
Filter-F ratio are also signiWcant predictors in the model
(Table 3). Although the contribution of the absolute diVer-
ence variable is convincing, it is, practically speaking,
insuYcient to predict the true- from the false-positives.
Supplementary Figure 5 shows the distribution of SNPs
based on their absolute diVerence in allele frequency and
whether the SNP is a true-positive (blue) or a false-positive
(red). Taken together, the results from the CRS cohort sug-
gest that the single best allelotyping variable that predicts
SNPs that end up signiWcantly associated with the disease
using the individual genotypes is the ‘absolute diVerence’.
Similar to the observation made with the T2DM cohort,
combining the methods may provide additional reWnement.
However, these results must be interpreted with caution
considering that only SNPs selected from the top ranks of
the pooling experiment were analyzed.

To verify the accuracy of the ranking with the Illumina
BeadChips, we tested the same DNA genomic pools on the
Human1M array. The 555,004 SNPs common to both
platforms were compared in term of the diVerence in allele
frequencies between cases and controls. Figure 8 shows the
gradual decline in Pearson correlation coeYcients with the
increasing number of top ranked SNPs considered. Even
though the correlation coeYcient drops progressively from
0.94 for the Wrst 10,000 SNPs to 0.57 when all the SNPs are
considered (n = 555,004), stronger correlations are observed
for the top rated SNPs, with correlation coeYcients of
0.993 for the top 100 SNPs and 0.968 for the top 1,000
SNPs. These results clearly demonstrate the robustness of
the allelotyping method on the Illumina genome-wide
BeadChip platform.

Fig. 7 Association test results for 1,457 SNPs successfully genotyped
on an individual basis in the CRS cohort. The left and right panels
show results without or with genomic control, respectively. Without
genomic control, a total of 598 SNPs are associated with CRS at a P
value lower than 0.05. This number is lowered to 492 with the use of

genomic control. The horizontal dashed line represents the mean num-
ber of P values that is expected by chance (i.e. the heights of the bars
are expected to Xuctuate around that line). The Wgure clearly illustrates
the overrepresentation of SNPs with lower P values

Table 3 Variable from the allelotyping results that best explained the
true- and false-positive results from the individual genotyping in the
CRS study

Values are P values and Akaike information criterion

AF average allele frequency (cases + controls), Abs. diV. absolute
diVerence in allele frequency between cases and controls

Models AF Abs. diV. Filter-F ratio Silhouette

Individual 
variables

9.59 £ 10¡7 2 £ 10¡16 2.39 £ 10¡6 0.354

1885.2 1766.6 1882.7 1909.0

Abs. diV. + AF 0.206 2 £ 10¡16 NA NA

1767.0

Abs. diV. +
Filter-F ratio

NA 2 £ 10¡16 0.11 NA

1765.6

Abs. diV. +
Silhouette

NA 2 £ 10¡16 NA 0.040

1764.4

All variables 0.155 2 £ 10¡16 0.063 0.017

1762.1
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Discussion

High-density genotyping arrays permit genome-wide geno-
typing of hundreds of thousands of SNPs in parallel. These
GWAS are particularly suited to discovering previously
unsuspected genes or pathways involved in a speciWc dis-
ease. The power of such hypothesis-free study designs to
identify genetic factors of complex diseases is now well-
established (Herbert et al. 2006; Klein et al. 2005; Rioux
et al. 2007; Sladek et al. 2007; WTCCC 2007). However,
the cost associated with traditional GWAS is still prohibi-
tive for most research groups and the application is limited
for diseases where large amounts of funding are inaccessi-
ble. In the current study, we investigate the eVectiveness of
a low-cost alternative based on pooled genomic DNA.

It should be emphasized that the only advantage of a
pooling-based GWAS compared to traditional GWAS is
the reduction in the cost of genotyping. However, the level
of savings is substantial. An accurate estimate of cost
reduction is diYcult to perform considering the moving tar-
get price of the high-density genotyping arrays. At the time
we performed our pooling experiments the cost of the
arrays was just under $1,000. Accordingly, the pooling
experiments performed in this study for the CRS and the
T2DM cohorts cost on the order of $8,000–$10,000. This
level of genotyping expense is similar to many genetic

association studies looking at a speciWc candidate gene.
Thus, this methodology opens up the possibility for any
research group to use a genome-wide approach. The current
study clearly demonstrates that the “low-hanging fruit” can
be successfully identiWed by allelotyping on high-density
genotyping arrays. In the T2DM cohort, SNPs located in
the TCF7L2 gene were highly ranked for all ranking meth-
ods. Accordingly, SNPs with an eVect size similar to or
greater than those associated with T2DM in the TCF7L2
gene are likely to be found with a pooling experiment. The
fraction of SNPs that are validated by individual genotyp-
ing can considerably inXuence the overall cost and power
of a study. Therefore the cost eVectiveness of a pooling-
based GWAS must be judged considering the number of
SNPs that will undergo validation by individual genotyp-
ing, and also the rapidly dropping price of high-density
genotyping arrays. However, the current results suggest
that successful identiWcation of genes can be expected with
a reasonable number of SNPs validated by individual geno-
typing. For example, in the T2DM cohort, if only the top 10
SNPs from the silhouette ranking would have undergone
validation, two of the Wve genes identiWed by Sladek et al.
(2007) would have been found. While this represents a sig-
niWcant reduction in the number of genes identiWed, the
genotyping would have been performed for less than
$15,000, compared to greater than one million dollars for
scanning each sample individually.

The results we obtained with the CRS cohort are truly
informative to help understand the genetic architecture of
this disease. At the present time, little is known about the
genetics of CRS. While familial aggregation has been
observed in genetic epidemiology studies (Cohen et al.
2006; Drake-Lee 1992; Greisner and Settipane 1996; Qu
et al. 2007), few candidate genes have been identiWed (Al-
Shemari et al. 2008; Bussu et al. 2007; Cheng et al. 2006;
Fajardo-Dolci et al. 2006; Kim et al. 2007; Luxenberger
et al. 2000; Molnar-Gabor et al. 2000; Takeuchi et al. 2000;
Wang et al. 2000; Zhai et al. 2007). We had initially begun
studying the genetics of CRS by utilizing a candidate gene
approach (Al-Shemari et al. 2008) without a predetermined
concept of which areas of the genome to interrogate. How-
ever, by performing a pooling-based GWAS and validating
the best 1,500 SNPs by individual genotyping, we identi-
Wed approximately 600 SNPs from 445 genes that were
potentially associated with CRS (P < 0.05). Each of these
novel high-priority SNPs had allele frequency diVerences
between cases and controls at a level worthy of additional
investigation. The most signiWcant SNP for each of the top
10 genes is shown in Supplementary Table 1. Overall, the
CRS results clearly demonstrated that diVerences in allele
frequency between cases and controls can be identiWed
using pooling-based GWAS. However, it should be
stressed that a substantial fraction of these diVerences in

Fig. 8 Correlation in allele frequency diVerence between cases and
controls obtained with the Illumina HumanHap550 and the Illumina
Human1M platforms. SNPs were ranked based on the absolute diVer-
ence between cases and controls obtained by allelotyping using the Hu-
manHap550 array. The same genomic DNA pools were then tested by
allelotyping using the Human1M array in order to compare the results
between the two platforms. The correlation coeYcients were calcu-
lated cumulatively at every 10,000 SNPs (i.e. the Wrst 10,000, the Wrst
20,000, …). A line was then drawn along the dots
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allele frequency will be the results of chance owing to the
small sample size and the large number of genetic markers
tested. Validation of these results in a second and larger
CRS cohort will be required to separate the true results
from the false positives. Nevertheless, we believe that we
have made a substantial leap in prioritizing susceptibility
genes for CRS, which is particularly impressive consider-
ing the relatively small cost of the genotyping.

With a pooling approach, the likelihood of false-positives
is high when performing an initial screen with 550,000 mark-
ers. Accordingly, validation is essential to conWrm the Wnd-
ings observed in the Wrst stage of the study. First, individual
genotyping of the putative loci needs to be performed to
ensure that the construction of the genomic DNA pools did
not inXate the true allelic frequency diVerence between cases
and controls. Then, independent replication in a second
population and/or functional studies will still be required.

Currently, the most eVective use of DNA pooling con-
sists of a two-stage design in which markers showing puta-
tive association are followed-up by individual genotyping
(Sham et al. 2002). However, it is still unclear which statis-
tical methods are most appropriate to prioritize SNPs for
the second stage. By comparing many statistical tests, Pear-
son et al. (2007) demonstrated that the silhouette score was
consistently the most eVective method to rank SNPs. It had
the greatest number of SNPs in the top ranks compared to
individual genotyping on AVymetrix arrays. In the current
study, we used three diVerent methods of ranking to iden-
tify the most promising loci. In the T2DM cohort, the three
statistics identify the TCF7L2 locus as top candidate
region, suggesting that strong genetic eVects are likely to be
found irrespective of the methods of ranking. However,
there is still a large diVerence between the ranking methods
and their ability to identify the genetic loci found by indi-
vidual genotyping. For example, if 1,000 SNPs are consid-
ered for validation by individual genotyping, combining the
methods of ranking can double the number of loci identiWed
compared to the absolute diVerence or F ratio alone
(Fig. 1a). Results derived from the T2DM cohort suggest
that the silhouette method is the single best method of rank-
ing when less than 3,000 SNPs are considered for valida-
tion by individual genotyping. However, the superiority of
the silhouette score decreases as the number of SNPs con-
sidered for validation increases.

Intuitively, combining the methods of ranking should
increase the number of true genetic loci. A SNP with a high
silhouette score, a large diVerence in allele frequency
between cases and controls, and a large ratio of variance
between vs within groups (large F ratio) is more likely to be
a true genetic locus. In the T2DM data, we demonstrated
that combining the methods of ranking surpasses any single
method. The best strategy seems to be to combine two
methods of ranking, which diVer depending on the number

of SNPs considered for validation. As a rule of thumb, if
less than a 1,000 SNPs are considered for validation by
individual genotyping, the top ranked SNPs that overlap
between the silhouette and the absolute diVerence in allele
frequency should be prioritized. Otherwise, the top ranked
SNPs that overlap between the absolute diVerence and the
F ratio ranking methods should perform better. It should be
emphasized that these conclusions are reached by testing
pooling-based results against those obtained from a novel
GWAS. Although this GWAS was based on individual
genotyping, it is likely to have missed or overrated some
genetic loci implicated in T2DM and does not constitute a
perfect standard to assess the pooling results. It is also
unclear whether the results reached in the T2DM cohort can
be directly applied to other cohorts. Our experimental
results conWrm that a pooling-based GWAS can detect sus-
ceptibility loci in these data. Further empirical studies will
be required to conWrm these results, and simulation studies
are need to characterized the full parameter space of pool-
ing-based designs.

DNA pooling methods clearly have limitations com-
pared to individual genotyping. First, DNA pooling adds
extra experimental error (e.g. pipetting for pool construc-
tion) to the allele frequency measurement that directly
inXuences the power to detect small eVect sizes. In addition,
pooling results in a loss in the ability to study subpheno-
types, haplotypes, or speciWc genetic models as well as to
undertake gene-gene and gene-environment interaction
studies. Lastly, DNA pooling does not allow detection
of and adjustments for population stratiWcation. It is thus
important to examine population stratiWcation using a lim-
ited number of individual genotypes before pooling DNAs.
Nevertheless, despite these limitations, the pooled genome-
wide screen technique provides an attractive alternative to
currently expensive GWAS.

In conclusion, the current study demonstrates that a
pooling-based GWAS is a cost-eVective method to identify
genes implicated in complex diseases. The method can be
successfully applied to identify major genetic associations
with disease. The method is eVective in producing a list of
top SNPs that is enriched with signiWcant genetic associa-
tions found by individual genotyping. In addition, the
approach substantially lowers the cost of GWAS that are
conventionally too expensive for many orphan diseases,
diseases speciWc to isolated populations, or diseases with
limited funding, such as CRS. However, the results also
highlight the importance of additional validation following
the pooling-based GWAS.
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