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Abstract

Background: Genome-wide association studies (GWAS) using array-based genotyping technology are widely used
to identify genetic loci associated with complex diseases or other phenotypes. The costs of GWAS projects based
on individual genotyping are still comparatively high and increase with the size of study populations. Genotyping
using pooled DNA samples, as also being referred as to allelotyping approach, offers an alternative at affordable
costs. In the present study, data from 100 DNA samples individually genotyped with the Affymetrix Genome-Wide
Human SNP Array 6.0 were used to estimate the error of the pooling approach by comparing the results with those
obtained using the same array type but DNA pools each composed of 50 of the same samples. Newly developed
and established methods for signal intensity correction were applied. Furthermore, the relative allele intensity
signals (RAS) obtained by allelotyping were compared to the corresponding values derived from individual
genotyping. Similarly, differences in RAS values between pools were determined and compared.

Results: Regardless of the intensity correction method applied, the pooling-specific error of the pool intensity
values was larger for single pools than for the comparison of the intensity values of two pools, which reflects the
scenario of a case–control study. Using 50 pooled samples and analyzing 10,000 SNPs with a minor allele frequency
of >1% and applying the best correction method for the corresponding type of comparison, the 90% quantile
(median) of the pooling-specific absolute error of the RAS values for single sub-pools and the SNP-specific
difference in allele frequency comparing two pools was 0.064 (0.026) and 0.056 (0.021), respectively.

Conclusions: Correction of the RAS values reduced the error of the RAS values when analyzing single pool intensities.
We developed a new correction method with high accuracy but low computational costs. Correction of RAS, however,
only marginally reduced the error of true differences between two sample groups and those obtained by allelotyping.
Exclusion of SNPs with a minor allele frequency of ≤1% notably reduced the pooling-specific error. Our findings allow
for improving the estimation of the pooling-specific error and may help in designing allelotyping studies using the
Affymetrix Genome-Wide Human SNP Array 6.0.
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Background
Genome-wide association studies (GWAS) using array-
based genome-wide individual single nucleotide poly-
morphism (SNP) typing technologies are performed to
identify genetic loci associated with complex diseases.
The costs of projects based on individual genotyping
using microarrays are still high and increase directly
with the number of samples to be analyzed. GWAS
using pooled DNA samples, the so called allelotyping
approach, offers an alternative at significantly lower
costs [1].
Several earlier studies have described the identification

of new or validation of known phenotype-associated
genetic loci by allelotyping using older SNP genotyping
array versions [2-4]. Recently, findings from allelotyping
using newer generations of arrays that enable genome-
wide SNP coverage, such as the Affymetrix Genome-
Wide Human SNP Array 6.0, were also published [5,6].
In an allelotyping study, the estimated allele frequencies
are subject to various quantitative technical errors
related to pooling of the DNA samples. These pooling-
specific errors result from DNA quantification and gen-
eration of pools, amplification of target sequence, and
frequency estimation with the chosen methodology [7].
While several studies evaluated the pooling-specific
error of former array systems [8-12], error estimated for
the Affymetrix Genome-Wide Human SNP Array 6.0
have not been done so far.
Despite the great advantage of cost reduction, alle-

lotyping has also several drawbacks. Most importantly,
allelotyping allows only for extraction of the mean allele
frequencies of the pooled DNA samples instead of deter-
mining the individual genotypes. In addition, adjusting for
covariates is almost impossible after DNA pooling. This
limitation includes the use of principal components as co-
variates in the association analysis to adjust for population
stratification as commonly done in GWAS. If researchers
wish to use the allelotyping approach they need to be cer-
tain that little to no stratification exists, or that it will be
adequately controlled by e.g. applying genomic control.
Furthermore, the error rate is usually higher in pooled
samples compared to individual samples. Notwithstanding
these weaknesses, allelotyping represents a well-priced al-
ternative, especially when applied to case–control studies
with larger cohort sizes, because in these cases, stronger ef-
fects of individual gene variants compared to general-
population based cohorts can be expected.
In the present study, we estimated the pooling-related

error by comparing the allele frequencies determined from
pooled DNA samples with those obtained from individu-
ally genotyped samples. In both cases the Affymetrix
Genome-Wide Human SNP Array 6.0 was used as geno-
typing platform. Furthermore, we compared differences in
allele frequencies between several DNA pools used for
allelotyping. Finally, we evaluated some known and newly
developed methods for correcting the pooling-specific
error and compared these results to the uncorrected allele
frequencies. Our results may help researchers set up an
appropriate experimental design for case–control allelo-
typing studies.

Results
The study population included two groups consisting of
50 individuals each. The DNA samples of each group
were either pooled and analyzed using one array, or indi-
vidually genotyped resulting in 50 arrays per group. In
each case, the Affymetrix Genome-Wide Human SNP
Array 6.0 was used. We determined the allele frequen-
cies using relative allele signals (RAS) [10] (see also
Methods section). The original RAS value calculations
were modified for the Affymetrix Genome-Wide Human
SNP Array 6.0. Two different methods were tested for
obtaining the A and B allele intensities used for RAS
value calculation: the Birdseed2 genotype calling algo-
rithm [13] and the median probe set intensities from the
array-specific CEL files (details are given in the Methods
section). We estimated the pooling-specific error by
comparing the allele frequencies obtained from the
allelotyping experiment with the corresponding allele
frequencies acquired by individual genotyping. Three dif-
ferent correction methods for the Birdseed2 based RAS
values were applied and compared: a) the k-correction
method [8,12,14], b) a slightly modified PPC correction al-
gorithm according to [11] and c) our newly developed cor-
rection method based on tangent-transformation (tan-
correction) using three different parameter values n =
0.5,1,2 (see Methods section).
Comparison of 10,000 uncorrected RAS values calcu-

lated from single DNA pools of 50 samples with those de-
rived from individual genotyping calls and a SNP minor
allele frequency (MAF) >1% resulted in the 90% quantile
(median) of the absolute errors of 0.202 (0.108). Applying
the PPC correction method reduced this error to 0.064
(0.026). Our newly developed tan-correction with param-
eter n = 0.5 performed second-best with corresponding ab-
solute errors of 0.074 (0.031). The corresponding error
value of the k-correction method amounted to 0.18 (0.1).
The comparison of the pooling-specific errors using differ-
ent correction methods applied on this SNP set is shown
in Figure 1.
Using 10,000 RAS values with a MAF >5% increased

the allelotyping accuracy slightly, whereas inclusion of
all 772,731 SNPs with a genotype call rate of 100% in
the analysis strongly increased the overall pooling-
specific error. Since the computationally intensive PPC
correction algorithm was originally developed for the
Affymetrix GeneChip 10 K Mapping array representing
approximately 10,000 SNPs, we could not apply this



Figure 1 Pooling-specific error. The absolute difference (error) of the A allele frequency obtained using pooled DNA samples (y-axis) compared
to the expected allele frequency based on individual genotyping using the corresponding RAS calculation method (x-axis). Birdseed2:
uncorrected RAS values obtained using the Birdseed2 algorithm; CEL: uncorrected RAS values obtained from CEL files; k: k-corrected RAS value; n:
tan-correction using the specified value for n as parameter; PPC: PPC corrected RAS values. The horizontal lines represent the median error, the
bars show the 90% quantile and the length of the whiskers corresponds to the standard deviation of the error. The plots show the error of
DNA-Pool 1 (left) and DNA-Pool 2 (right), estimated using the MAF >1% SNP set.
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correction method on the complete set of SNPs. For the
complete set of SNPs, the tan-correction method with
parameter n = 0.5 performed best with a 90% quantile
(median) error of 0.122 (0.042) compared to 0.25 (0.138)
using uncorrected RAS values obtained from the Bird-
seed2 calling algorithm. The k-correction method slightly
increased the accuracy after removing the low-MAF SNPs
but did not outperform the accuracy of uncorrected RAS
values of the complete SNP set.
The differences of the error distribution between both

single DNA-pools varied only marginally. Detailed re-
sults are given in Table 1.
The advantage of the RAS correction was diminished

when comparing the SNP-specific differences of the
RAS values between the two groups (Figure 2). However,
the k-correction method performed best among all
methods giving a 90% quantile (median) error regarding
the RAS value differences between both DNA pools of
0.056 (0.021) after filtering SNPs with a MAF ≤1%. The
second best estimation of the SNP-specific differences
between both pools was provided by the uncorrected
RAS values obtained from the Birdseed2 calling algo-
rithm with a 90% quantile (median) error of 0.056
(0.022). The corresponding values of the error distribu-
tion of these two methods using the complete SNP set
were 0.062 (0.023) and 0.061 (0.023), respectively,
whereas the differences based on the Birdseed2 RAS
values were the most accurate among all methods tested.
Analyzing the differences of the RAS values between
both DNA-pools, all but the k-corrected methods were
less accurate compared to the methods using the uncor-
rected values, regardless of the MAF filter applied. Filter-
ing SNPs with a MAF ≤5% did not result in a better
overall accuracy compared to the MAF ≤1% filtered
SNPs (Table 2).

Discussion
The pooling-specific error of the Affymetrix Genome-
Wide Human SNP Array 6.0 in the context of allelo-
typing studies and the optimal method for correction
strongly depend on the study design. When comparing
allele frequencies determined using pooled DNA sam-
ples with those obtained by individual genotyping, an
appropriate correction for RAS values may dramatically
increase the overall accuracy. Uncorrected RAS values
are, however, almost as reliable as (if not even better
than) corrected values when comparing the differences
in allele frequencies between two pooled DNA sample
groups. This finding is of great relevance, since the cor-
rection algorithms require prior knowledge of correction
values for each SNP, which are array specific.
In detail, the k-correction method requires intensity

values of heterozygote individuals, the PPC and tan-
correction require intensity values from all three genotypes



Table 1 Error of the RAS values of single DNA pools

Pool 1 RAS (Birdseed2) RAS (CEL) RAS (k-corrected) RAS (PPC-corrected)

SNP set Q90 (Median) Mean (SD) Q90 (Median) Mean (SD) Q90 (Median) Mean (SD) Q90 (Median) Mean (SD)

all SNPs (N = 772731) 0.25 (0.138) 0.141 (0.081) 0.257 (0.144) 0.146 (0.083) 0.267 (0.127) 0.14 (0.09) NA NA

10000 SNPs MAF
>1%

0.202 (0.108) 0.112 (0.066) 0.209 (0.114) 0.117 (0.068) 0.185 (0.1) 0.103 (0.06) 0.0642 (0.026) 0.031 (0.024)

10000 SNPs MAF
>5%

0.192 (0.0981) 0.104 (0.064) 0.199 (0.104) 0.108 (0.065) 0.170 (0.0902)
0.0938
(0.057)

NA NA

Pool 1 RAS (tan-corrected n = 0.5) RAS (tan-corrected n = 1) RAS (tan-corrected n = 2)

SNP set Q90 (Median) Mean (SD) Q90 (Median) Mean (SD) Q90 (Median) Mean (SD)

all SNPs (N = 772731) 0.122 (0.0417) 0.0577 (0.11) 0.13 (0.0438) 0.0628 (0.15) 0.16 (0.0539) 0.11 (1.6)

10000 SNPs MAF
>1%

0.0744
(0.0306)

0.0362
(0.028)

0.0806
(0.0333)

0.0392 (0.03) 0.104 (0.0464)
0.0523
(0.037)

10000 SNPs MAF
>5%

0.0724
(0.0298)

0.0353
(0.027)

0.0783
(0.0325)

0.0382
(0.029)

0.101 (0.046)
0.0515
(0.036)

Pool 2 RAS (Birdseed2) RAS (CEL) RAS (k-corrected) RAS (PPC-corrected)

SNP set Q90 (Median) Mean (SD) Q90 (Median) Mean (SD) Q90 (Median) Mean (SD) Q90 (Median) Mean (SD)

all SNPs (N = 772731) 0.252 (0.139) 0.142 (0.082) 0.262 (0.147) 0.149 (0.085) 0.267 (0.128) 0.14 (0.09) NA NA

10000 SNPs MAF
>1%

0.199 (0.107) 0.110 (0.066) 0.206 (0.112) 0.114 (0.068) 0.18 (0.0993) 0.101 (0.059)
0.0641
(0.0251)

0.0306
(0.024)

10000 SNPs MAF
>5%

0.191 (0.0976) 0.103 (0.064) 0.195 (0.101) 0.105 (0.065) 0.165 (0.0893)
0.0914
(0.055)

NA NA

Pool 2 RAS (tan-corrected n = 0.5) RAS (tan-corrected n = 1) RAS (tan-corrected n = 2)

SNP set Q90 (Median) Mean (SD) Q90 (Median) Mean (SD) Q90 (Median) Mean (SD)

all SNPs (N = 772731) 0.123 (0.043) 0.058 (0.061) 0.129 (0.0451) 0.0625 (0.14) 0.157 (0.0548) 0.107 (2.6)

10000 SNPs MAF
>1%

0.075 (0.0304)
0.0363
(0.028)

0.0804
(0.0329)

0.0388 (0.03) 0.101 (0.0442)
0.0506
(0.037)

10000 SNPs MAF
>5%

0.0737
(0.0304)

0.0359
(0.027)

0.0786
(0.0326)

0.0383
(0.029)

0.0993
(0.0442)

0.0499
(0.035)

Absolute differences (error) between RAS values obtained by allelotyping using DNA-pools and expected RAS values calculated from calls obtained by individual
genotyping of the same DNA samples. Q90 represents the 90% quantile, SD the standard deviation of the error.

Teumer et al. BMC Genomics 2013, 14:506 Page 4 of 12
http://www.biomedcentral.com/1471-2164/14/506
of each SNP, which are difficult to obtain, especially for rare
SNPs. For both the k-correction and the tan-correction al-
gorithms, correction values are calculated only once for
each SNP as the mean of the RAS values obtained from the
individually genotyped samples. In contrast, for the PPC
method the RAS values of each individually genotyped A
and B probe pair have to be included in a regression model,
and, in a second step, the median of all corrected probe-
specific RAS values needs to be calculated per SNP. This
results in a large computational effort and increased data
handling. The PPC algorithm was originally developed
using approximately 8000 SNPs of the former Affymetrix
GeneChip 10 K Mapping array, which included 10 probes
per SNP distributed over both target DNA strands. This
probe-based correction was implemented to compensate
for the specific hybridization efficiencies of the probe pairs
[11]. Since the Affymetrix Genome-Wide Human SNP
Array 6.0 was designed by selecting only 3–4 perfect match
probe pairs per SNP that represent the most reliable [15],
we implemented the PPC correction algorithm on a per-
SNP base using the RAS values obtained from the
Birdseed2 calling algorithm. The accuracy of the 10,000
SNPs tested using the adapted PPC correction method was
comparable to the accuracy of using the Affymetrix
GeneChip 10 K Mapping array (Table 1 and [11]), but
markedly reduced computation time.
At least for comparing differences between allele fre-

quencies of DNA pools, the use of uncorrected RAS
values, obtained from the intensity values of the Bird-
seed2 calling algorithm, may represent a reliable and
easy-to-implement approach.
There are several limitations of the present study in-

cluding the lack of a more detailed examination of the
SNP-specific pooling error and an analysis of the impact
of different numbers of pool replicates. Since the num-
ber of individual DNA samples combined in the pools
should not significantly affect the pooling-specific error
[14], we decided to use 50 DNA samples per pool and
two true replicates for each of the two DNA pools. This
approach has been shown to be more effective with re-
spect to the reduction of the pooling-specific error than
just replicating the amplification to hybridization steps



Figure 2 Error of difference between both DNA-pools. The absolute difference (error) of the difference between DNA-Pool 1 and DNA-Pool 2
allele frequencies (y-axis) compared to the expected difference of the allele frequency based on individual genotyping using the corresponding
RAS calculation method (x-axis). Birdseed2: uncorrected RAS values obtained using the Birdseed2 algorithm; CEL: uncorrected RAS values
obtained from CEL files; k: k-corrected RAS value; n: tan-correction using the specified value for n as parameter; PPC: PPC corrected RAS values.
The horizontal lines represent the median error, the bars show the 90% quantile and the length of the whiskers corresponds to the standard
deviation of the error. The errors were estimated using the MAF >1% SNP set.

Table 2 Error of the RAS value differences between both DNA pools

RAS
(Birdseed2) RAS (CEL) RAS (k-corrected) RAS (PPC-corrected)

SNP set Q90 (Median) Mean (SD) Q90
(Median) Mean (SD) Q90

(Median) Mean (SD) Q90
(Median) Mean (SD)

all SNPs (N = 772729)
0.0613 (0.0229)

0.0287
(0.024)

0.0635
(0.0243)

0.03 (0.024)
0.0617
(0.0231)

0.0289
(0.024)

NA NA

10000 SNPs MAF
>1%

0.0562 (0.0218)
0.0266
(0.022)

0.0583
(0.0227)

0.0277
(0.022)

0.0556
(0.0213)

0.0262
(0.021)

0.0616
(0.0229)

0.0288
(0.024)

10000 SNPs MAF
>5%

0.0578 (0.0229) 0.0275
(0.022)

0.0601
(0.0236)

0.0286
(0.022)

0.0574
(0.0226)

0.0272
(0.022)

NA NA

RAS (tan-corrected n = 0.5) RAS (tan-corrected n = 1) RAS (tan-corrected n = 2)

SNP set Q90 (Median) Mean (SD) Q90
(Median) Mean (SD) Q90

(Median) Mean (SD)

all SNPs (N = 772729) 0.0976 (0.0346) 0.0457 (0.11) 0.102 (0.0358) 0.0488 (0.19) 0.123 (0.0390) 0.106 (3.1)

10000 SNPs MAF
>1%

0.0671 (0.0266)
0.0322
(0.025)

0.0675
(0.0271)

0.0326
(0.026)

0.0715
(0.0285)

0.0345
(0.028)

10000 SNPs MAF
>5%

0.067 (0.0269)
0.0325
(0.025)

0.0667
(0.0270)

0.0325
(0.025)

0.068 (0.0274)
0.0331
(0.026)

Absolute differences (error) of the RAS value differences between both DNA pools and the difference of the expected RAS values calculated from calls obtained
by individual genotyping of the same DNA samples. Q90 represents the 90% quantile, SD the standard deviation of the error.
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of the same DNA pool [11]. A limitation of both the
PPC and the tan-correction method is that the RAS
values may be out of the 0–1 range. This affected 4.4%
(pool 1) and 4.7% (pool 2) of the SNPs with a MAF >1%
for the tan-correction method, and proportions were
similar for the PPC correction. These values were higher
than the number of SNPs reported in [11], which might
be due to the different array design and fewer numbers
of technical replicates in our study.

Conclusion
The comparison of the allele frequency differences be-
tween two DNA pools were more accurate than the
comparison of the allele frequencies of a DNA pool with
those obtained from individual genotyping. Removing
SNPs with a MAF <1% notably increased the accuracy
especially in the latter scenario. Compared to the MAF
<1% filtered SNP set, additional removal of all SNPs with
a MAF <5% resulted, if at all, in an only marginally in-
creased accuracy.
Other studies already estimated the pooling-specific

error using earlier Affymetrix genotyping array models
[8-12]. Here we present the results of an estimation of
the pooling-specific error on a genome-wide scale using
pools of 50 individual DNA samples genotyped with the
Affymetrix Genome-Wide Human SNP Array 6.0. We
show that results comparable with those obtained using
the earlier Affymetrix mapping array systems are achiev-
able, despite the missing mismatch probes and fewer
number of probe pairs per SNP. These results demon-
strate the theoretical reliability of this array system for
analyzing pooled DNA samples on a genome-wide scale
as a cost saving alternative, especially when searching
for moderate or strong genetic effects [5,6]. Neverthe-
less, due to the pooling-specific error, detection of small
genetic effects may be hard, even for common SNP vari-
ants. If allelotyping is part of a multi-stage design com-
bined with a screening stage by individual genotyping
and a replication stage, the cost savings that can be
achieved by the pooling approach depend on several fac-
tors like the number of pool replicates, the genetic effect
sizes that are present and on the costs per genotype
compared to individual genotyping. Depending on the
combination of these factors it could, under certain cir-
cumstances, be more cost effective to use individual
genotyping instead of the pooling approach. Details on
the cost estimation are given in [16].
Based on the results of this study, we suggest the fol-

lowing approach for analyzing pooled data in the given
scenarios. When comparing pooled DNA samples of one
group with individual genotypes from another group,
and if correction values of all three genotypes per SNP
are available, we recommend to use the tan-correction
with parameter n = 0.5. In case an association analysis
using DNA pools in both groups is to be conducted, the
k-correction seems to be a slightly more precise method
(if corrections values of heterozygous SNP calls are avail-
able) than using uncorrected RAS values obtained from
the Birdseed2 calling algorithm being the second best
option. In any case, we suggest to focus on SNPs with a
MAF >1%.

Methods
Array data from 4096 individuals of the Study of Health in
Pomerania (SHIP) [17], a population-based cohort in the
northeast of Germany were used to determine allelo
typing-specific SNP correction values. For estimating the
pooling-specific error, 100 individuals of European ances-
try (51 males and 49 females) were randomly selected
from the same study. The study followed the recommen-
dations of the Declaration of Helsinki. The study protocol
was approved by the medical ethics committee of the Uni-
versity of Greifswald. Written informed consent was
obtained from each of the study participants.

Preparation and purification of DNA
Chromosomal DNA was purified from whole blood sam-
ples using the QIAamp DNA blood mini kit (Qiagen,
Hilden, Germany) following the manufacturer’s instruc-
tion. To remove contaminating RNA, the optional
RNase A treatment step (30 min at RT with 20 μl Ri-

bonuclease A (20 mg/ml)) was routinely performed. The
DNA quantity was measured with a NanoDrop® ND-
1000 UV–vis Spectrophotometer (NanoDrop Technolo-
gies) and the integrity of the DNA preparations was
analyzed by electrophoresis using 0.8% Agarose-1x TBE
gels stained with ethidium bromide. Only DNA prepara-
tions showing no signs of degradation at all were used
for allelotyping.

Obtaining individual genotype calls
The 4096 DNA samples used to determine the correc-
tion values which included the 100 samples used for es-
timation of the pooling-specific error were individually
genotyped using the Affymetrix Genome-Wide Human
SNP Array 6.0. Processing of genomic DNA and array
hybridization were performed in accordance with the
manufacturer’s standard recommendations. Genotypes
were determined using the Birdseed2 calling algorithm
[13]. For quality control purposes, several control sam-
ples where added. On the chip level, only subjects with a
genotyping rate on QC probe sets (QC call rate) of at
least 86% were included. Finally, all arrays demonstrated
a sample call rate >92% (average call rate of 99.75%).
Altogether, 909,622 SNP genotypes were successfully
typed.
Only SNPs with a call rate of 100% where used for esti-

mating the pooling-specific error. Of these 772,731 SNPs,
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two subsets of 10,000 SNPs with MAFs >1% and >5%, re-
spectively, were selected and used in corresponding subset
analyses. All but 147 SNPs included only in the overall SNP
set were in Hardy-Weinberg equilibrium (pHWE > 0.001).

Preparation and purification of equimolar DNA pools for
the Allelotyping analysis
For the allelotyping analysis, two disjunct DNA pools
(Pool 1 and Pool 2), each consisting of equimolar DNA
samples from 50 individuals (24 and 25 female samples
per pool, respectively), were prepared. As pilot experi-
ments had revealed that it is extremely important that
the individual DNA samples in the pools are indeed
present in equimolar amounts, the pooling of the indi-
vidual DNA samples was carried out with maximal pip-
etting accuracy. Subsequently, the pools were purified by
an additional phenol-chloroform extraction procedure
including a final ethanol precipitation, because the pilot
studies had also demonstrated that this treatment
strongly improves the results of the array analyses. This
purification was performed as follows: The total volume
of the respective DNA pool was adjusted to 200 μl using
1xTE buffer in a reaction tube. To this DNA solution,
200 μl TE-equilibrated (pH 7.5 – 8.0) Phenol solution
(Roti-Phenol, Carl Roth, Karlsruhe, Germany) was added
and the resulting mixture was manually mixed for
1 min. Subsequent phase separation by centrifugation
for 15 minutes at room temperature and 8000 rpm was
accomplished using a bench-top centrifuge. Upper and
middle phase were completely transferred to a new reac-
tion tube, and again 100 μl TE-equilibrated Phenol and
a 100 μl Chloroform/isoamyl alcohol mix (24:1 ratio)
were added. The resulting mixture was manually shaken
for 1 min. The centrifugation step was repeated and
upper and middle phase were again transferred to a new
reaction tube. Next, 200 μl of chloroform/isoamyl alco-
hol mix (24:1) were added, and the resulting mixture
was manually shaken for 1 min. The subsequent centri-
fugation step was carried out at room temperature for
5 min at 13000 rpm. The upper and middle phases were
transferred to a new reaction tube, and the complete
chloroform/isoamyl alcohol extraction step was re-
peated. Subsequently, only the upper phase was trans-
ferred to a new reaction tube, leaving the middle phase
behind. After adding 40 μl of 3 M sodium acetate
(pH 5.2) and thoroughly mixing, 1 ml of ethanol was
added. The mixture was left overnight at – 20°C for pre-
cipitation of the sodium-DNA salts. The precipitate was
harvested by centrifugation for 15 min at 4°C and
13000 rpm. After removing the supernatant, 1 ml of 75%
ethanol was added and the DNA-sodium pellet was
washed by repeatedly inverting the reaction tube to re-
move excess sodium-acetate salts. The preceding centri-
fugation step was repeated and the supernatant carefully
removed. The pellet was dried in a vacuum centrifuge
for 20 min, and resuspended in 30 μl 1x TE buffer for
1 h at 37°C under agitation using a thermomixer
(Eppendorf) at 500 rpm. The DNA concentration was
again determined using a NanoDrop Spectrophotometer,
and the integrity of the DNA preparations was analyzed
by electrophoresis using 0.8% Agarose-1xTBE gels stained
with ethidium bromide.
Two technical replicates were performed with each

DNA pool. To this purpose, both pools were independ-
ently processed two times, starting with enzymatic DNA
restriction and ending up with array hybridization, de-
tection, and scanning.
As quality control, a principal component analysis

(PCA) was performed on all arrays that were used as in-
put for the Birdseed2 calling algorithm for obtaining the
RAS values. Arrays that were identified as outliers were
discarded, and array analysis was repeated for these sam-
ples. Finally, for all arrays, both first two principal com-
ponents were within the range of ±4 standard deviations
of their mean. The PCA results are shown in Figure 3.
The r2 value between two technical pool replicates

based on the RAS values obtained by Birdseed2 of
10,000 SNPs with a MAF >1% was 0.97 and 0.96 for
pool 1 and pool 2, respectively (Figure 4).
All arrays were scanned and the corresponding CEL

files were generated using the Affymetrix® GeneChip®
Genotyping Analysis Software Version 4.0 [18].
If not specified otherwise, RAS values of all technical

replicates of a DNA pool were averaged on a per-SNP
basis prior to further analysis. If corrected RAS values
were used, correction was performed before this aver-
aging step.

Determination of the RAS values
For calls obtained from individual genotyping, the rela-
tive intensity values for allele A were set to 1, 0.5, and 0
for genotypes AA, AB, and BB, respectively, and aver-
aged over all individuals of the corresponding pool to
determine the respective RAS value.
For the DNA pools, the intensity values for the A and

B alleles of each SNP were obtained from the CEL files
using the Birdseed2 calling algorithm as implemented in
the Affymetrix Power Tools (APT version 1.10.1). To
accomplish the minimal number of genotyping arrays
necessary to apply this algorithm, we included 40 add-
itional DNA pools, also originating from individuals of
European ancestry. The DNA pools were prepared in
the course of a different allelotyping project (genetic de-
terminants for breast cancer susceptibility) and were
processed using the same protocol and array system
(Affymetrix Genome-Wide Human SNP Array 6.0). The
CEL file intensity values, the output from the Birdseed2
algorithm (CHP files) as well as the individual genotype



Figure 3 PCA plot of all arrays. The results of the principal component analysis of all 44 arrays were used as input for the Birdseed2-based
intensity calculation. The x-axis represents the first and the y-axis the second principal component based on the RAS values of all 909,622 SNPs
represented on the array. Triangles correspond to the arrays of DNA-Pool 1 and squares to the arrays of DNA-Pool 2. Equally colored symbols
indicate that the corresponding DNA-pools were processed by the same person.

Teumer et al. BMC Genomics 2013, 14:506 Page 8 of 12
http://www.biomedcentral.com/1471-2164/14/506
calls were imported into a database build on Caché (In-
terSystems Corporation, Cambridge, MA, USA) for fur-
ther analyses.
The RAS values based on the Birdseed2 intensity

values were calculated for each SNP as RAS = SignalA/
(SignalA + SignalB), where the SignalA- and SignalB-
columns of the corresponding CHP files were used. For
the CEL file intensity based RAS-values, we obtained the
signal intensities for alleles A and B by calculating the
median probe intensities from all probes of a SNP for al-
leles A and B, respectively, and used those values as in-
put in the RAS computation formula.

Correction of intensity values
Ideally, the RAS values for a given individually geno-
typed AB SNP will amount to 0.5 (heterozygous, AB), 1
(homozygous, AA) and 0 (homozygous, BB), respect-
ively. In practice, the values obtained for each probe set
deviate from this ideal due to differential hybridization
efficiencies. Therefore, if RAS values generated using
pooled DNA samples from one group (e. g. patients)
shall be compared to averaged SNP-specific call values
generated by individual genotyping of a different group
(e. g. healthy control individuals), a correction step has
to be included to compensate for this hybridization-
specific bias [19]. One option is provided by the so
called k-correction [8,12,14,20], which corrects the RAS
value for heterozygote calls. The correction factor c is
specific for each probe set and has to be determined em-
pirically by individual array-based genotyping of hetero-
zygous individuals. The k-corrected RAS value K for
allele A of a given SNP was calculated as follows:

K ¼ RAS 1−cð Þ= 1−RASð Þ � cþ RAS 1−cð Þð Þ;

with 0 ≤ RAS ≤ 1 and 0 < c < 1, where the correction
value c is the mean RAS value of the individual hetero-
zygous calls, RAS is the observed relative allele fre-
quency and K is the k-corrected RAS value.



Figure 4 Scatter plot of technical replicates. RAS values are based on intensities obtained from the Birdseed2 calling algorithm using the
MAF >1% SNP set between both technical replicates of Pool 1 (left plot) and Pool 2 (right plot), respectively.
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In contrast to the k-correction, the PPC correction algo-
rithm uses the intensity values of all individually geno-
typed homozygous AA and BB as well as all heterozygous
AB samples as input and fits for each SNP a second-
degree polynomial using the relative intensity value of a
probe as independent variable. Our calculation was done
according to the R-script provided in [11] using the RAS
values obtained from the Birdseed2 algorithm as inde-
pendent variables (omitting the calculation of the median
of the probe-specific corrected RAS values).

Tangents based correction method
When comparing uncorrected RAS values from pools
with the corresponding allele frequencies obtained
from individual genotyping, values close to 0 or 1 seem
to deviate more from the expected frequencies than
values closer to 0.5 (Figure 5). Therefore, the distri-
bution of the RAS values and the magnitude of correc-
tion depend on the true allele frequencies, which we
modeled by an arctangent function with a free param-
eter. For each SNP, three correction values were
required as input: the mean RAS values of individuals
with the genotypes BB, AB and AA, named c0, c1, c2,
respectively. These correction values were obtained
from the Birdseed2 intensity values of 4096 DNA
samples individually genotyped using the Affymetrix
Genome-Wide Human SNP Array 6.0. The mean and
standard deviation of the correction values of all 909,622
SNPs represented on the array were c0 = 0.23 ± 0.04, c1 =
0.51 ± 0.08 and c2 = 0.78 ± 0.07.
Two separate arctangent functions of the form

RASobs ¼ arctan n � xþmð Þ � bþ a

were used to model the observed RAS value of a SNP
(RASobs): one with parameters for observed RAS values
below the correction value of the AB genotype (c1) and
the other for RASobs values above this correction value
(Figure 6). The parameters a, b and m were chosen in
such a way that the RASobs value of the true A allele fre-
quency x results in c0, c1 and c2 for x = 0, 0.5 and 1, re-
spectively. The parameter n influences the convexity of
the curve and was tested with the values of 0.5, 1 and 2.
The correction of the RAS values was performed by
solving the equation for x.
Therefore, the corrected RAS value RAScorr could be

calculated by the formula

RAScorr ¼ tan RASobs−að Þ=bð Þ−mð Þ=n;
with m = −n/2, a = c1 and b = (c0-c1)/arctan(m) for
RASobs ≤ c1 and b = (c2-c1)/arctan(n + m) for RASobs ≥ c1.
If any SNP correction values were missing, e.g. due to

lack of genotyped individuals of the respective genotype,
the uncorrected RAS value was used. This was the case
for 1.87% of the 10,000 SNPs of the 1% MAF-filtered
SNP set.
The intensity values, RAS values and genotype calls

were stored in a database build on Caché (InterSystems
Corporation, Cambridge, MA, USA). Computations and
data management were performed in Caché, InforSense
(ID Business Solutions Ltd., Guildford, Surrey, UK), R [21]



Figure 5 Scatter plot of observed vs. expected RAS values. Scatter plots showing the RAS values based on intensities obtained from pooled
DNA samples using the Birdseed2 calling algorithm and the MAF >1% SNP set (x-axis) against the expected RAS values calculated from calls
obtained by individual genotyping (y-axis) using the same DNA samples. The left plot corresponds to DNA-Pool 1 and the right to DNA-Pool 2.

Figure 6 An example for tan-correction. Expected RAS value distribution (y-axis) depending on observed RAS values (x-axis) modeled using
arctangent functions as described in the methods section. In this example, the mean RAS values (correction values) of the BB, AB and AA
genotypes were set to 0.15, 0.55 and 0.8, respectively, and labeled by crosses. The gray diagonal corresponds to the tan-corrected RAS values. The
black solid, dotted and dashed lines represent the model function by setting the parameter n to the values of 0.5, 1 and 2, respectively.
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and the Perl 5 programming language (www.perl.org). A
Perl script for calculating and testing allele-specific differ-
ences between pools using uncorrected RAS values,
k-correction or tan-correction was developed and success-
fully implemented in the allelotyping workflow used in [6]
and is available upon request.
The array data of each technical replicate of Pool 1 and

Pool 2 as well as the correction values used for the k-
correction and tan-correction are available at the GEO
(Gene Expression Omnibus) public repository under acces-
sion number GSE48190. Additional file 1 and Additional
file 2 contain the expected RAS values of Pool 1 and Pool
2, respectively. Additional file 3 contains the correction
values calculated for the PPC correction of the 10,000
SNPs with MAF >1% and Additional file 4 lists all 10,000
SNPs included in the MAFs >5% subset.

Additional files

Additional file 1: Expected RAS values of Pool 1. Table of expected
RAS values calculated from calls (MEANcallPool) and average RAS values
using the Birdseed2 calling algorithm (MEANindRASPool) obtained by
individual genotyping of all DNA samples included in Pool 1. The column
numElementsPool denotes the number of successfully genotyped
samples per SNP (probeset).

Additional file 2: Expected RAS values of Pool 2. Table of expected
RAS values calculated from calls (MEANcallPool) and average RAS values
using the Birdseed2 calling algorithm (MEANindRASPool) obtained by
individual genotyping of all DNA samples included in Pool 2. The column
numElementsPool denotes the number of successfully genotyped
samples per SNP (probeset).

Additional file 3: PPC correction values. Table of the correction values
used for the PPC correction of the subset of 10,000 SNPs with MAFs >
1%. For each SNP (Probeset) the columns b0, b1, b2 and Rsq denote the
intercept, the effect of the RAS value, the effect of the squared RAS value
and the R2 value of the PPC regression model, respectively, whereas n
number of samples were included in the regression.

Additional file 4: List of 10,000 SNPs included in the MAFs >5%
subset.
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