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A B S T R A C T

Aim: The overall aim of this study is to evaluate whole genome amplification of DNA extracted from dried blood
spot samples. We wish to explore ways of optimizing the amplification process, while decreasing the amount of
input material and inherently the cost. Our primary focus of optimization is on the amount of input material, the
amplification reaction volume, the number of replicates and amplification time and temperature. Increasing the
quality of the amplified DNA and the subsequent results of array genotyping is a secondary aim of this project.
Methods: This study is based on DNA extracted from dried blood spot samples. The extracted DNA was
subsequently whole genome amplified using the REPLIg kit and genotyped on the PsychArray BeadChip
(assessing > 570,000 SNPs genome wide). We used Genome Studio to evaluate the quality of the genotype data
by call rates and log R ratios.
Results: The whole genome amplification process is robust and does not vary between replicates. Altering
amplification time, temperature or number of replicates did not affect our results. We found that spot size i.e.
amount of input material could be reduced without compromising the quality of the array genotyping data. We
also showed that whole genome amplification reaction volumes can be reduced by a factor of 4, without
compromising the DNA quality.
Discussion: Whole genome amplified DNA samples from dried blood spots is well suited for array genotyping and
produces robust and reliable genotype data. However, the amplification process introduces additional noise to
the data, making detection of structural variants such as copy number variants difficult. With this study, we
explore ways of optimizing the amplification protocol in order to reduce noise and increase data quality. We
found, that the amplification process was very robust, and that changes in amplification time or temperature did
not alter the genotyping calls or quality of the array data. Adding additional replicates of each sample also lead
to insignificant changes in the array data. Thus, the amount of noise introduced by the amplification process was
consistent regardless of changes made to the amplification protocol. We also explored ways of decreasing
material expenditure by reducing the spot size or the amplification reaction volume. The reduction did not affect
the quality of the genotyping data.

1. Introduction

For decades, dried blood spots (DBS) samples have been used in
neonatal screening [1]. In some countries, especially the Nordic, the
DBS samples are collected and stored in biobanks. In Denmark, the
excess DBS samples are stored in the Danish Neonatal Screening
Biobank (DNSB). At this point DNSB holds samples from almost every
Dane born after 1982 - presently well over 2 million samples [2,3]. The
excess material is stored with the primary purpose of improving

diagnostics for individuals and developing novel screening methods.
However, the samples may to some extent be used for scientific
purposes, following approval from local ethical committees, the data
protection agency and the DNSB steering committee. At birth, every
child is given a unique civil registration number. This identification
number can be used to link the DBS sample to information from the
Danish national registries on disease diagnosis and socio-economic
factors [4]. DBS samples from the DNSB have previously been used in
genetic studies aiming at elucidating genetic factors of various clinical
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endpoints, such as birth weight [5], childhood asthma [6], schizo-
phrenia [7] and Psychosis [8].

One of the limitations of DBS samples is the very limited amount of
accessible material. The amount of DNA, that can be extracted from a
3 mm disk is low, equivalent to 6 μl of whole blood and a DNA yield of
100–200 ng [9–11]. To ensure a sufficient amount of DNA for various
genetic platforms, the extracted DNA may be whole genome amplified
(WGA). We have previously shown, that the WGA DNA is robust with
regard to array SNP genotyping [12]. However, WGA introduces a
range of challenges. WGA by RepliG will inevitably introduce amplifi-
cation bias [13]. Also genotyping array data from WGA DNA contains
far more noise than array data from unamplified samples [14,15]. The
genotyping noise limits our ability to identify structural variations such
as copy number variants (CNV) [16].

In this study, we aim to optimize our whole genome amplification
protocol in order to retrieve a better quality of WGA DNA and array
genotyping calls. As the DBS samples are a very limited source of
material, we also wish to elucidate whether the amount of input DNA
might be downscaled without compromising the quality of the data.

2. Materials and methods

2.1. Sample

This study uses anonymized neonatal and adult DBS samples. All
dried blood samples were stored frozen (−20 °C/−4 °F) limiting
potential performance bias due to differences in age of the samples/
storage time [12]. For comparison of amplified to genomic DNA, we
also used a set of whole blood samples. The study is purely methodo-
logical and developmental and does not constitute a heath related
research project - hence no ethical approvals from ethical committees
were necessary.

2.2. DNA extraction, whole-genome amplification and genotyping

In our standard protocol, two 3.2-mm discs were punched from each
DBS sample, and DNA was extracted using Extract-N-Amp Blood PCR
Kit (Sigma-Aldrich, St. Louis, Missouri, United States). WGA DNA
samples were produced in triplicates using the REPLIg kit (Qiagen,
Hilden, Germany). WGA DNA concentrations were estimated using
Quant-IT Picogreen dsDNA reagent (Invitrogen, Carlsbad, California,
United States), and samples were normalized to a concentration of
60 ng/μl prior to Illumina PsychArray BeadChip genotyping. Array
genotyping was conducted using standard Illumina protocol including a
second WGA step. All setups were customized for subprojects.
Supplementary Table S1 provides a summary of the samples included
in each of the subprojects and the deviations made from the standard
protocol. There are two main optimization aims in this study - one
being reduction of the amount of material used, the other being
improvement of the quality of the WGA DNA and the array genotyping
data. With regard to material usage, we reduced disc size from
2 × 3.2 mm to 2 × 1.6 mm and we decreased the WGA reaction
volume from 50 μl to 25 μl and 12.5 μl equivalent to a reduction of a
factor 2× and 4×. Concerning improvement of the WGA DNA quality
and decreasing of the noise in the genotyping data, we explored the
effect of an increased number of replicates as well as the effect of
altered amplification time or temperature.

2.3. Data analyses

The quality of the genotyping array data was evaluated with
Genome Studio (Illumina, San Diego, California, United States). The
Illumina PsychArray BeadChip contains 571.000probes, for which we
used custom build cluster file to call SNP variants and genotype. The
custom cluster file was built on data from genotyping of DBS samples,
but can also be applied to analysis of DNA from other sample types,

such as whole blood samples. Two custom clusterfiles were used; one
for WGA DNA samples and one for genomic DNA samples. In the WGA
DNA clusterfile, 11,870 SNP-probes were excluded based on their poor
performance. In the genomic DNA cluster file, 18,576 SNP-probes were
excluded. The WGA DNA clusterfile was built on 4145 idat files and the
genomic DNA cluster file was built on 384 idat files. Call rates for each
sample were calculated as number of called SNPs divided by total
number of SNPs defined by the clusterfile. Our threshold call rate was
set to> 98%, and samples with a lower call rate were excluded from
any subsequent analyses. Genome Studio was also used to calculate log
R values, number of reproduction errors and GenCall scores as well as
generating log R ratio and B allele frequency plots. Concordance rates
were calculated using PLINK [17] and the command> plink –genome.
Additional statistical analyses were conducted in STATA SE 13 (STATA
Corp LP, College Station, Texas, United States).

3. Results and discussion

Our study has a dual aim. We wish to reduce the amount of input
material used for genotyping analysis, reducing the WGA costs and
preserving more of the DBS sample. The second aim is to optimize the
WGA protocol in order to obtain a better quality of genotyping data
with increased SNP call rates, reduced noise and improved ability to
identify copy number variants. Our primary parameters for assessing
the quality of the genotyping data, is call rate, log R ratio, B allele
frequencies and number of reproduction errors. The call rate is
calculated as the percentage of called SNPs and high call rates are
correlated to high quality data. R is the normalized intensity value and
log R ratio is log to the observed R divided by the expected R [18]. The
log R ratio can be used as a measure of noise in the genotyping data
[19]. Each genotyped SNP has a corresponding log R ratio. The ratio
should ideally be 0, and an increase in noise will increase the amplitude
of the log R ratio. The B allele frequency is calculated from the θ value
of the sample and the expected cluster position and can be either 0, 0.5
or 1 for two allele samples. Copy number variations will result in shifted
log R ratios, and an increase in possible B allele frequency levels with
increased copy number. If the samples contain large amounts of noise,
the shift will be difficult to observe and it will not be possible to call
CNVs.

In addition to the reduction in input material and optimization of
the WGA protocol, we also compared WGA samples and their unam-
plified genomic counterparts, in order to evaluate the change in DNA
and data quality introduced by WGA in our samples.

3.1. Amplified vs genomic DNA

In many studies, the amount of DNA available for analysis is limited.
This problem may be solved by WGA of the DNA. WGA DNA has been
shown to perform reliably in regard to genotype calls on array
genotyping assays [20,21]. However, the amplification process is
potentially non-uniform, causing regions to be miss-represented. At
the same time array data from amplified samples are far more noisy
compared to array data from unamplified DNA [14,15,19]. To evaluate
the noise introduced by the WGA procedure in our samples, we
compared genotype array data from genomic DNA samples and their
corresponding WGA DNA samples. We used both whole blood and DBS
samples for this study, as we also wished to evaluate if the noise
introduced by the WGA were independent of sample type. With regard
to genotyping results, the WGA DNA call rates were slightly lower
compared to unamplified genomic DNA. Call rates range between
98.38% and 99.37% in WGA DNA samples and between 99.45% and
99.93% in genomic DNA. Concordance rates between WGA DNA and
genomic DNA samples was above 99.94% within identical samples and
50.72–55.18% between non identical samples. The number of repro-
duction errors between genomic DNA samples and their counterpart
WGA DNA samples ranged from 48 to 405 (median = 192,
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Fig. 1. A. Boxplot of log R ratios by sample and type. Boxes display median and interquartile range. Whiskers are the most extreme values within Q3 +1.5 (Q3-Q1) and Q1–1.5 (Q3-Q1).
Outliers are not displayed in the plot, but values were included in the data analysis. B. upper panels show B allele frequencies and lower panels show log R ratio for chromosome 1 of
sample 5 and 15 genomic- and WGA DNA.
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IQR = 178–214) in whole blood samples and 171–249 (median = 223,
IQR = 197–236) in DBS samples. This corresponds to reproduction
error rates < 1 in 1408 called variants. We compared log R ratios
between amplified and genomic DNA from both whole blood samples
(sample 1–8) and DBS samples (sample 25–27). Data is displayed in
Fig. 1. Fig. 1A is a boxplot of the log R ratios for each probe by sample
and amplification status. Fig. 1B displays the B allele frequency and log
R ratios on chromosome 1 for sample 5 and 25. There is a clear
difference between amplified and unamplified samples in the variation
in log R ratio within samples and in the noise in the B allele frequency
plot. Interestingly, it appears that the additional noise introduced by
the amplification procedure is of similar magnitude regardless of the
sample material i.e. whole blood or DBS samples. The same is observed
for the number of reproduction errors. From Fig. 1, it might seem that
DBS samples perform better than whole blood samples concerning
noise. However, the cluster file used for both sample types were built on
DBS samples, and thus excess noise in whole blood samples can most
likely be attributed to the cluster file being less optimal for whole blood
samples compared to DBS samples. In summary, WGA DNA performs

well with regard to genotype calling and reproduction error. However,
log R distributions of WGA DNA samples were wider and hence noisier
than genomic DNA, thus limiting the ability of copy number variants
(CNV) algorithms to identify structural variations. Amplification may
introduce allele dropout. If this was the case for our samples, it should
be visible in the b allele frequency plots, with a stretch of only
homozygous probes. This does not appear to be the case. In addition,
the number of reproduction errors between amplified and genomic
samples is low. However, it cannot be ruled out that there are small
areas of allele drop out that would only be covered by a few probes and
hence not be detected by inspecting the B allele frequency plots. In this
regard, one should also keep in mind, that the genomic DNA samples
also undergo amplification as part of the Illumina array genotyping
protocol.

3.2. Reduction of input material

After the comparison of genomic and WGA DNA, we explored ways
of reducing the amount of material usage, by reducing either disc size
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Fig. 2. Boxplot of log R ratios by sample and spot size. Boxes display median and interquartile range. Whiskers are the most extreme values within Q3 +1.5 (Q3-Q1) and Q1–1.5 (Q3-Q1).
Outliers are not displayed in the plot, but values were included in the data analysis.
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Outliers are not displayed in the plot, but values were included in the data analysis.
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or WGA volume.

3.3. Disc size

With this sub study, we wished to downscale the amount of input
DNA material by downscaling the disc size from 2 × 3.2 mm to
2 × 1.6 mm. Eight samples were included in the sub project (samples
1–8). Each sample was punched in discs of 2 × 3.2 mm and in
triplicates of 2 × 1.6 mm, denoted 2 × 1.6 A-C. DNA was extracted
and WGA in accordance with the standard protocol. On average 49 ng
of DNA was extracted from 2 × 3.2 mm discs and 22 ng DNA was
extracted from 2 × 1.6 mm discs. The samples were genotyped on the
Illumina PsychArray BeadChip. Overall, the samples performed well,
with call rates between 98.82% and 99.85%. Thus, all samples passed
the initial quality control step and were included in the subsequent
analyses. Call rates varied less between samples of 2 × 3.2 mm discs

(99.66%–99.85%) than call rates of samples of 2 × 1.6 mm
(98.82%–99.84%). We evaluated the concordance rates between and
within samples. All concordance rates are displayed in Supplementary
Fig. 2. As expected, within sample concordance rates were very close to
100%, ranging from 99.97% to 100%. Between samples concordance
rates ranged from 49.94% to 51.40%. Reproduction errors between
2 × 3.2 mm discs and 2 × 1.6 mm discs ranged from 14 to 287
(median = 169,5, IQR = 132–186). To evaluate whether reducing spot
size affected the amount of noise in the genotyping data, we examined
the log R ratios. Fig. 2 displays a boxplot of the log R ratio for each of
the> 570,000 called genotypes for each sample. To evaluate the
potential difference in the log R ratio variance between 2 × 3.2 mm
discs and 2 × 1.6 mm discs we constructed a regression model. We
calculated the log R ratio standard deviation (SD) for each sample. SD
was introduced as the dependent variable in the regression model and
spot size and sample id was entered as explanatory variables. SDs from
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each of the triplicate 2 × 1.6 mm A-C samples were combined and
entered in the model. Sample id was included in the model in order to
account for any between sample variation. The model showed no
statistically significant difference between spot size (p = 0.76) with
regard to variability of the log R ratio. Finally, we compared the
GenCall 50 (GC50) score. GC50 score > 0.70 indicates valid geno-
types. All samples had a GC50 between 70.98 and 71.40. Thus,
genotype data were of high quality for all samples.

3.4. Reducing WGA volume

Eight samples (9–16) were included in this sub study. Each sample
was WGA in a total reaction volume of 50, 25 and 12.5 μl equivalent to
standard protocol and a reduction by a factor 2× and 4×. With the
exception of reaction volume, standard protocol for WGA was followed.
DNA quantification subsequent to amplification showed similar DNA
concentrations regardless of the amplification volume (data not
shown). All samples were genotyped on the Illumina PsychArray
BeadChip. Sample 10, reaction volume 50 μl, had a call rate of
95.00% and therefore did not reach our predefined threshold of 98%.
As we wanted to examine the performance and quality of array
genotyping data across reaction volumes within the same sample, all
three samples based on sample 10 were excluded from further analyses.
Call rates of the remaining samples ranged between 98.08% and
99.43% with similar ranges across reaction volume groups. We
calculated concordance rates between and within all samples. Within
samples concordance rates were between 99.88% and 99.90%. Between
samples concordance rates were between 50.36% and 52.08%. All
concordance rates are displayed in Supplementary Fig. 3. We also
evaluated the number of reproduction errors within the same samples,
using samples with 50 μl reaction volume as the reference. The number
of reproduction errors ranges from 348 to 1517 (median = 786,
IQR = 507–1072). To evaluate whether reduction in the reaction
volume had an apparent influence on the quality of genotyping data,
we examined the log R ratios. Fig. 3 displays a boxplot of the log R
ratios for each sample and reaction volume. From the plot, there appear
to be a slight decrease in log R ratio variance when sample volume is
reduced. To evaluate this tendency further, we calculated the log R
ratio SD for each sample. We then constructed a regression model with
log R ratio SD as depended variable and volume as explanatory
variable. The model was also adjusted for sample id in order to account
for any between sample variance. The model showed, that a decrease in

volume was significantly associated with a smaller log R ratio SD
(p = 0.002). As a final quality parameter, we looked at the GC50 score.
All samples had GC50 above 70, ranging between 70.05 and 71.19.

In summary, it appears that reducing the spot size does not affect
genotyping performance. Thus for future projects it seem valid to
decrease the amount of input material by using spots of 1.6 mm size.
This would preserve a greater amount of blood on the DBS samples,
potentially enabling the performance of a greater number of analyses
on each sample. Reduction of the WGA reaction volume from 50 μl to
12.5 μl does not alter the quality of the genotyping array data. On the
contrary, it seems that lower volumes leads to a decrease in noise. Based
on the above results, all WGA in the subsequent sub studies were
carried out in total volumes of 12.5 μl.

3.5. Optimization of the WGA procedure

The second aim of our study was to optimize the WGA protocol. We
addressed the issues of non-uniform amplification and amplification
noise by increasing the number of amplification replications and
altering amplification time and temperature.

3.6. Effect of number of replicates

WGA of DNA is by chance unequal, since some regions may be more
or less amplified 13. If the amplification process is random, replicating
the amplification process and subsequent pooling of the sample
replicates should even some of the unequal amplification, as each
replicate should differ in the regions that are more or less amplified. We
evaluated whether additional replicates might lead to a uniform
amplification and decrease the noise seen in the array data. Eight
samples (17–24) were included in this sub project. Samples were
amplified in replicates of 3, 4, 8 or 12. Standard amplification protocol
was applied; however total reaction volume per well was 12.5 μl. Based
on DNA quantification results, two samples (19 and 21) were excluded
from further analyses. Thus, six samples with four different numbers of
replicates were genotyped on the PsychArray. Sample 17 had call
rates < 91.00% for all four replicates and was therefore excluded.
Overall call rates for the remaining samples were between 98.87% and
99.59%. There were no correlation between number of replicates and
call rate. We calculated concordance rates between and within all
samples. Within samples, concordance rates were between 99.74% and
99.97%. Between samples, concordance rates were between 44.36%
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and 53.24%. Sample 22 appears to differ slightly from the other
samples with slightly lower between samples concordance rates. All
concordance rates are displayed in Supplementary Fig. 4. We calculated
reproduction errors with 12 replicates as the reference. The number of
reproduction errors ranged from 201 to 3437 (median = 464,
IQR = 340–782) across samples. The number of errors was consistent
within the same sample with no apparent difference between the
reference 12 replicates and 8, 4 and 3 replicates respectively. A boxplot
of log R ratios for each sample replicate is displayed in Fig. 4A. There is
no apparent difference in noise in array data between the standard
three replicates and additional number of replicates. We made a
regression model with log R ratio SD as dependent variable and number
of replicates and sample id as explanatory variables. The model showed

no association between number of replicates and log R ratio SD,
p = 0.87. Fig. 4B display a B allele frequency plot for chromosome 3
of the four replicates of sample 22. There are no apparent differences in
B allele frequencies between the replicates and thus no indication of a
more uniform amplification when performing twelve replicates com-
pared to our standard three replicates.

3.7. Effect of amplification time and temperature

We then evaluated whether noise in array data could be minimized
by altering amplification time or temperature. We also examined if
altering amplification temperature might favor amplification of regions
otherwise difficult to amplify, such as GC rich regions. Three indivi-
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duals (25–27) were included in the sub study. With regards to time
optimization, all three samples were WGA for 0 (unamplified genomic
DNA), 2, 4, 6, 8, 10, 12, 14, 16 or 18 h. Supplementary Fig. 5 displays
the WGA DNA concentration as a function of amplification time. As
expected, longer amplification time led to higher WGA DNA yield,
however longer amplification time might also lead to increased
amplification of unspecific DNA and hence increase noise in the
genotyping array. In addition, a greater fold of amplification would
result in a greater fold of amplification bias [13]. We selected
amplification time 0, 2, 4, 6, 8, 12, 16 and 18 h for genotyping on
the PsychArray. All samples had call rates above 99.28%. Fig. 5 displays
a boxplot of the log R ratios by sample and time. As already discussed in
the previous section on amplified versus unamplified genomic DNA, the
genomic DNA, amplification time 0, contains far less noise than data
from the WGA DNA. From the plot, it appears that the amplification
time does not affect the variability of the log R ratios within samples. To
confirm the visual interpretation of the log R ratios statistically, we
calculated log R ratio SD for each sample and made a regression model

as previously described. Data from the genomic DNA samples, ampli-
fication time 0, were excluded from the analysis. The model showed no
association between amplification time and log R ratio SD, p = 0.98.
We calculated concordance rates between and within samples. Con-
cordance rates are displayed in Supplementary Fig. 6. Within the
sample, concordance was above 99.91% and between 54.50% and
55.31% between samples. The GC 50 was above 71.1 for all samples.
We also evaluated the number of reproduction errors with amplification
time 0 as the reference. The number of reproduction errors as a function
of amplification time is displayed in Fig. 6A. There is a clear increase in
errors with increased amplification time. I might therefore be reason-
able to lower the amplification time, keeping in mind, that the DNA
yield must be sufficient for array genotyping and that the number of
reproduction errors ranges from an average of 38 between 0 and 2 h to
220 between 0 and 18 h. Thus the absolute number of errors is small
even at 18 h of replication.

With regard to optimization of amplification temperature, samples
were amplified at 20–32 °C in intervals of 1 °C, 34 °C and 36 °C.
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Quantification of WGA DNA is displayed in Supplementary Fig. 7. For
all three individuals, WGA DNA concentrations approached that of
unamplified DNA for temperatures around 34 °C. We selected samples
from individual 25 and 26 for genotyping. WGA temperatures of
20–32 °C were genotyped on the PsychArray. All samples passed the
initial quality control step with call rates ranging between 98.87% and
99.63%. Fig. 7A displays a boxplot of the log R ratios for each
temperature and sample. There is no apparent difference in the log R
ratio distribution and a regression model of log R ratio SD, amplifica-
tion temperature and sample id, did not find a statistically significant
association between amplification temperature and log R ratio SD
(p = 0.39). From the B allele frequency plot in Fig. 7B, there is no
apparent differences between the different temperatures and noise.
Concordance rates within identical samples were above 99.91% and
between samples concordances ranged from 57.32% to 57.52%. All
concordance rates are displayed in Supplementary Fig. 8. GC 50 scores
were above 71.1 for all samples. Finally, we evaluated the number of
reproduction errors between replicate samples amplified at different
temperatures. We used amplification at 30 °C as the reference. Data is
displayed in Fig. 6B. There appear to be a consistent number of
replication errors between the reference samples and sample amplified
at temperatures below 30 °C. Samples amplified at above 30 °C had a
higher number of amplification errors, however this correlates with the
reduced DNA concentration of samples amplified at above 30 °C and
might likely be a result of sub optimal DNA input. In sample 25, there is
a marked increase in number of reproduction errors at 26 °C. This
correlates with the observed drop in DNA yield at 26 °C, see Supple-
mentary Fig. 7.

In summary, it appears that the amplification process is very robust.
Alteration in amplification time and temperature does not affect the call
rate, log R ratio or B allele frequencies, but increased amplification time
and temperature does increase the number of replication errors.
However, compared to the total number of probes, this increase is very
small. Adding of additional replicates does not seem to increase the
quality of the WGA DNA or provide a more evenly amplified sample.
Supplementary Tables S9 and 10 display the number of shared “no call”
or genotype error probes between the samples in the different sub
studies. In regard to “no call” and genotype error probes combined, the
overlap was between 6.2% and 36.7%, with samples with a low amount
of errors displaying the highest percentage of shared error probes. If “no
call” variants were excluded, the overlap ranged from 0.3% to 19.1%.
Thus, there seem to be a fair number of probes that often if not always
fails and it might be reasonable to filter out these probes prior to
analyzing the genotype data.

4. Conclusion

We find that that the amount of input material and the amplification
volume can be reduced without compromising the quality of the DNA.
We also find that alterations to the amplification protocol with regard
to amplification temperature and length of amplification time slightly
affected the quality of the WGA DNA. However, the increase in
reproduction errors with increased amplification time were small and
increased temperature only affected the number of reproduction errors
when above 30 °C. Finally, we examined whether additional WGA
replicates would even some of the amplification bias coursed by the
non-uniform nature of the amplification. From our results, it appears
that additional replicates do not reduce noise in the array data or affect
the regional differences in amplification coverage.

Funding

The study was funded by iPSYCH, the Lundbeck Foundation
Initiative for Integrative Psychiatric Research has grant number R102-
A9118 and R155-2014-1724.

Acknowledgement

This research has been conducted using the Danish National
Biobank resource supported by the Novo Nordisk Foundation grant
number is 2010-11-12 and 2009-07-28.

Appendix A. Supplementary data

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.ymgmr.2017.04.002.

References

[1] K. Steinberg, J. Beck, D. Nickerson, M. Garcia-Closas, M. Gallagher, M. Caggana,
Y. Reid, M. Cosentino, J. Ji, D. Johnson, R.B. Hayes, M. Earley, F. Lorey, H. Hannon,
M.J. Khoury, E. Sampson, DNA banking for epidemiologic studies: a review of
current practices, Epidemiology 13 (2002) 246–254. http://www.ncbi.nlm.nih.
gov/pubmed/11964924.

[2] B. Nørgaard-Pedersen, H. Simonsen, Biological specimen banks in neonatal
screening, Acta Paediatr. Suppl. 88 (1999) 106–109. http://www.ncbi.nlm.nih.
gov/pubmed/10626593.

[3] A.M. Lund, D.M. Hougaard, H. Simonsen, B.S. Andresen, M. Christensen, M. Dunø,
K. Skogstrand, R.K.J. Olsen, U.G. Jensen, A. Cohen, N. Larsen, P. Saugmann-Jensen,
N. Gregersen, N.J. Brandt, E. Christensen, F. Skovby, B. Nørgaard-Pedersen,
Biochemical screening of 504,049 newborns in Denmark, the Faroe Islands and
Greenland—experience and development of a routine program for expanded
newborn screening, Mol. Genet. Metab. 107 (2012) 281–293, http://dx.doi.org/10.
1016/j.ymgme.2012.06.006.

[4] M. Schmidt, L. Pedersen, H.T. Sørensen, The Danish Civil Registration System as a
tool in epidemiology, Eur. J. Epidemiol. 29 (2014) 541–549, http://dx.doi.org/10.
1007/s10654-014-9930-3.

[5] M. Horikoshi, H. Yaghootkar, D.O. Mook-Kanamori, U. Sovio, H.R. Taal,
B.J. Hennig, J.P. Bradfield, B. St Pourcain, D.M. Evans, P. Charoen, M. Kaakinen,
D.L. Cousminer, T. Lehtimäki, E. Kreiner-Møller, N.M. Warrington, M. Bustamante,
B. Feenstra, D.J. Berry, E. Thiering, T. Pfab, S.J. Barton, B.M. Shields, M. Kerkhof,
E.M. van Leeuwen, A.J. Fulford, Z. Kutalik, J.H. Zhao, M. den Hoed, A. Mahajan,
V. Lindi, L.-K. Goh, J.-J. Hottenga, Y. Wu, O.T. Raitakari, M.N. Harder,
A. Meirhaeghe, I. Ntalla, R.M. Salem, K.A. Jameson, K. Zhou, D.M. Monies,
V. Lagou, M. Kirin, J. Heikkinen, L.S. Adair, F.S. Alkuraya, A. Al-Odaib, P. Amouyel,
E.A. Andersson, A.J. Bennett, A.I.F. Blakemore, J.L. Buxton, J. Dallongeville, S. Das,
E.J.C. de Geus, X. Estivill, C. Flexeder, P. Froguel, F. Geller, K.M. Godfrey,
F. Gottrand, C.J. Groves, T. Hansen, J.N. Hirschhorn, A. Hofman, M.V. Hollegaard,
D.M. Hougaard, E. Hyppönen, H.M. Inskip, A. Isaacs, T. Jørgensen, C. Kanaka-
Gantenbein, J.P. Kemp, W. Kiess, T.O. Kilpeläinen, N. Klopp, B.A. Knight,
C.W. Kuzawa, G. McMahon, J.P. Newnham, H. Niinikoski, B.A. Oostra, L. Pedersen,
D.S. Postma, S.M. Ring, F. Rivadeneira, N.R. Robertson, S. Sebert, O. Simell,
T. Slowinski, C.M.T. Tiesler, A. Tönjes, A. Vaag, J.S. Viikari, J.M. Vink,
N.H. Vissing, N.J. Wareham, G. Willemsen, D.R. Witte, H. Zhang, J. Zhao,
J.F. Wilson, M. Stumvoll, A.M. Prentice, B.F. Meyer, E.R. Pearson, C.A.G. Boreham,
C. Cooper, M.W. Gillman, G.V. Dedoussis, L.A. Moreno, O. Pedersen, M. Saarinen,
K.L. Mohlke, D.I. Boomsma, S.-M. Saw, T.A. Lakka, A. Körner, R.J.F. Loos, K.K. Ong,
P. Vollenweider, C.M. van Duijn, G.H. Koppelman, A.T. Hattersley, J.W. Holloway,
B. Hocher, J. Heinrich, C. Power, M. Melbye, M. Guxens, C.E. Pennell,
K. Bønnelykke, H. Bisgaard, J.G. Eriksson, E. Widén, H. Hakonarson,
A.G. Uitterlinden, A. Pouta, D.A. Lawlor, G.D. Smith, T.M. Frayling, M.I. McCarthy,
S.F.A. Grant, V.W.V. Jaddoe, M.-R. Jarvelin, N.J. Timpson, I. Prokopenko,
R.M. Freathy, New loci associated with birth weight identify genetic links between
intrauterine growth and adult height and metabolism, Nat. Genet. 45 (2013) 76–82,
http://dx.doi.org/10.1038/ng.2477.

[6] K. Bønnelykke, P. Sleiman, K. Nielsen, E. Kreiner-Møller, J.M. Mercader,
D. Belgrave, H.T. den Dekker, A. Husby, A. Sevelsted, G. Faura-Tellez,
L.J. Mortensen, L. Paternoster, R. Flaaten, A. Mølgaard, D.E. Smart, P.F. Thomsen,
M.A. Rasmussen, S. Bonàs-Guarch, C. Holst, E.A. Nohr, R. Yadav, M.E. March,
T. Blicher, P.M. Lackie, V.W.V. Jaddoe, A. Simpson, J.W. Holloway, L. Duijts,
A. Custovic, D.E. Davies, D. Torrents, R. Gupta, M.V. Hollegaard, D.M. Hougaard,
H. Hakonarson, H. Bisgaard, A genome-wide association study identifies CDHR3 as
a susceptibility locus for early childhood asthma with severe exacerbations, Nat.
Genet. 46 (2014) 51–55, http://dx.doi.org/10.1038/ng.2830.

[7] A.D. Børglum, D. Demontis, J. Grove, J. Pallesen, M.V. Hollegaard, C.B. Pedersen,
A. Hedemand, M. Mattheisen, A. Uitterlinden, M. Nyegaard, T. Ørntoft, C. Wiuf,
M. Didriksen, M. Nordentoft, M.M. Nöthen, M. Rietschel, R.A. Ophoff, S. Cichon,
R.H. Yolken, D.M. Hougaard, P.B. Mortensen, O. Mors, Genome-wide study of
association and interaction with maternal cytomegalovirus infection suggests new
schizophrenia loci, Mol. Psychiatry 19 (2014) 325–333, http://dx.doi.org/10.
1038/mp.2013.2.

[8] S. Steinberg, S. de Jong, M. Mattheisen, J. Costas, D. Demontis, S. Jamain,
O.P.H. Pietiläinen, K. Lin, S. Papiol, J. Huttenlocher, E. Sigurdsson, E. Vassos,
I. Giegling, R. Breuer, G. Fraser, N. Walker, I. Melle, S. Djurovic, I. Agartz,
A. Tuulio-Henriksson, J. Suvisaari, J. Lönnqvist, T. Paunio, L. Olsen, T. Hansen,
A. Ingason, M. Pirinen, E. Strengman, D.M. Hougaard, T. Orntoft, M. Didriksen,
M.V. Hollegaard, M. Nordentoft, L. Abramova, V. Kaleda, M. Arrojo, J. Sanjuán,
C. Arango, B. Etain, F. Bellivier, A. Méary, F. Schürhoff, A. Szoke, M. Ribolsi,

M. Bækvad-Hansen et al. Molecular Genetics and Metabolism Reports 11 (2017) 36–45

44

http://dx.doi.org//10.1016/j.ymgmr.2017.04.002
http://dx.doi.org//10.1016/j.ymgmr.2017.04.002
http://www.ncbi.nlm.nih.gov/pubmed/11964924
http://www.ncbi.nlm.nih.gov/pubmed/11964924
http://www.ncbi.nlm.nih.gov/pubmed/10626593
http://www.ncbi.nlm.nih.gov/pubmed/10626593
http://dx.doi.org/10.1016/j.ymgme.2012.06.006
http://dx.doi.org/10.1016/j.ymgme.2012.06.006
http://dx.doi.org/10.1007/s10654-014-9930-3
http://dx.doi.org/10.1007/s10654-014-9930-3
http://dx.doi.org/10.1038/ng.2477
http://dx.doi.org/10.1038/ng.2830
http://dx.doi.org/10.1038/mp.2013.2
http://dx.doi.org/10.1038/mp.2013.2


V. Magni, A. Siracusano, S. Sperling, M. Rossner, C. Christiansen, L.A. Kiemeney,
B. Franke, L.H. van den Berg, J. Veldink, S. Curran, P. Bolton, M. Poot, W. Staal,
K. Rehnstrom, H. Kilpinen, C.M. Freitag, J. Meyer, P. Magnusson, E. Saemundsen,
I. Martsenkovsky, I. Bikshaieva, I. Martsenkovska, O. Vashchenko, M. Raleva,
K. Paketchieva, B. Stefanovski, N. Durmishi, M. Pejovic Milovancevic, D. Lecic
Tosevski, T. Silagadze, N. Naneishvili, N. Mikeladze, S. Surguladze, J.B. Vincent,
A. Farmer, P.B. Mitchell, A. Wright, P.R. Schofield, J.M. Fullerton,
G.W. Montgomery, N.G. Martin, I.A. Rubino, R. van Winkel, G. Kenis, M. De Hert,
J.M. Réthelyi, I. Bitter, L. Terenius, E.G. Jönsson, S. Bakker, J. van Os, A. Jablensky,
M. Leboyer, E. Bramon, J. Powell, R. Murray, A. Corvin, M. Gill, D. Morris,
F.A. O'Neill, K. Kendler, B. Riley, N. Craddock, M.J. Owen, M.C. O'Donovan,
U. Thorsteinsdottir, A. Kong, H. Ehrenreich, A. Carracedo, V. Golimbet,
O.A. Andreassen, A.D. Børglum, O. Mors, P.B. Mortensen, T. Werge, R.A. Ophoff,
M.M. Nöthen, M. Rietschel, S. Cichon, M. Ruggeri, S. Tosato, A. Palotie, D. St Clair,
D. Rujescu, D.A. Collier, H. Stefansson, K. Stefansson, Common variant at 16p11.2
conferring risk of psychosis, Mol. Psychiatry 19 (2014) 108–114, http://dx.doi.org/
10.1038/mp.2012.157.

[9] U. Hannelius, C.M. Lindgren, E. Melén, A. Malmberg, U. von Dobeln, J. Kere,
Phenylketonuria screening registry as a resource for population genetic studies, J.
Med. Genet. 42 (2005) e60, , http://dx.doi.org/10.1136/jmg.2005.032987.

[10] S.K. Cordovado, M.C. Earley, M. Hendrix, R. Driscoll-Dunn, M. Glass, P.W. Mueller,
W.H. Hannon, Assessment of DNA contamination from dried blood spots and
determination of DNA yield and function using archival newborn dried blood spots,
Clin. Chim. Acta 402 (2009) 107–113, http://dx.doi.org/10.1016/j.cca.2008.12.
028.

[11] C.A. Saavedra-Matiz, J.T. Isabelle, C.K. Biski, S.J. Duva, M.L. Sweeney, A.L. Parker,
A.J. Young, L.L. Diantonio, L.M. Krein, M.J. Nichols, M. Caggana, Cost-effective and
scalable DNA extraction method from dried blood spots, Clin. Chem. 59 (2013)
1045–1051, http://dx.doi.org/10.1373/clinchem.2012.198945.

[12] M.V. Hollegaard, J. Grove, J. Grauholm, E. Kreiner-Møller, K. Bønnelykke,
M. Nørgaard, T.L. Benfield, B. Nørgaard-Pedersen, P.B. Mortensen, O. Mors,
H.T. Sørensen, Z.B. Harboe, A.D. Børglum, D. Demontis, T.F. Ørntoft, H. Bisgaard,
D.M. Hougaard, Robustness of genome-wide scanning using archived dried blood
spot samples as a DNA source, BMC Genet. 12 (2011) 58, http://dx.doi.org/10.
1186/1471-2156-12-58.

[13] R.S. Lasken, Genomic DNA amplification by the multiple displacement amplifica-
tion (MDA) method, Biochem. Soc. Trans. 37 (2009) 450–453, http://dx.doi.org/

10.1042/BST0370450.
[14] T.J. Pugh, A.D. Delaney, N. Farnoud, S. Flibotte, M. Griffith, H.I. Li, H. Qian,

P. Farinha, R.D. Gascoyne, M.A. Marra, Impact of whole genome amplification on
analysis of copy number variants, Nucleic Acids Res. 36 (2008) e80, , http://dx.doi.
org/10.1093/nar/gkn378.

[15] T. Han, C.-W. Chang, J.C. Kwekel, Y. Chen, Y. Ge, F. Martinez-Murillo, D. Roscoe,
Z. Težak, R. Philip, K. Bijwaard, J.C. Fuscoe, Characterization of whole genome
amplified (WGA) DNA for use in genotyping assay development, BMC Genomics 13
(2012) 217, http://dx.doi.org/10.1186/1471-2164-13-217.

[16] L. Ning, Z. Li, G. Wang, W. Hu, Q. Hou, Y. Tong, M. Zhang, Y. Chen, L. Qin, X. Chen,
H.-Y. Man, P. Liu, J. He, Quantitative assessment of single-cell whole genome
amplification methods for detecting copy number variation using hippocampal
neurons, Sci. Rep. 5 (2015) 11415, http://dx.doi.org/10.1038/srep11415.

[17] S. Purcell, B. Neale, K. Todd-Brown, L. Thomas, M.A.R. Ferreira, D. Bender,
J. Maller, P. Sklar, P.I.W. de Bakker, M.J. Daly, P.C. Sham, PLINK: a tool set for
whole-genome association and population-based linkage analyses, Am. J. Hum.
Genet. 81 (2007) 559–575, http://dx.doi.org/10.1086/519795.

[18] D.A. Peiffer, J.M. Le, F.J. Steemers, W. Chang, T. Jenniges, F. Garcia, K. Haden,
J. Li, C.A. Shaw, J. Belmont, S.W. Cheung, R.M. Shen, D.L. Barker, K.L. Gunderson,
High-resolution genomic profiling of chromosomal aberrations using Infinium
whole-genome genotyping, Genome Res. 16 (2006) 1136–1148, http://dx.doi.org/
10.1101/gr.5402306.

[19] H.S. Al Safar, F.H. Abidi, K.A. Khazanehdari, I.R. Dadour, G.K. Tay, Evaluation of
different sources of DNA for use in genome wide studies and forensic application,
Appl. Microbiol. Biotechnol. 89 (2011) 807–815, http://dx.doi.org/10.1007/
s00253-010-2926-3.

[20] M.V. Hollegaard, J. Grauholm, A. Børglum, M. Nyegaard, B. Nørgaard-Pedersen,
T. Ørntoft, P.B. Mortensen, C. Wiuf, O. Mors, M. Didriksen, P. Thorsen,
D.M. Hougaard, Genome-wide scans using archived neonatal dried blood spot
samples, BMC Genomics 10 (2009) 297, http://dx.doi.org/10.1186/1471-2164-10-
297.

[21] J.M. Cunningham, T.A. Sellers, J.M. Schildkraut, Z.S. Fredericksen, R.A. Vierkant,
L.E. Kelemen, M. Gadre, C.M. Phelan, Y. Huang, J.G. Meyer, V.S. Pankratz,
E.L. Goode, Performance of amplified DNA in an Illumina GoldenGate BeadArray
assay, Cancer Epidemiol. Biomark. Prev. 17 (2008) 1781–1789, http://dx.doi.org/
10.1158/1055-9965.EPI-07-2849.

M. Bækvad-Hansen et al. Molecular Genetics and Metabolism Reports 11 (2017) 36–45

45

http://dx.doi.org/10.1038/mp.2012.157
http://dx.doi.org/10.1038/mp.2012.157
http://dx.doi.org/10.1136/jmg.2005.032987
http://dx.doi.org/10.1016/j.cca.2008.12.028
http://dx.doi.org/10.1016/j.cca.2008.12.028
http://dx.doi.org/10.1373/clinchem.2012.198945
http://dx.doi.org/10.1186/1471-2156-12-58
http://dx.doi.org/10.1186/1471-2156-12-58
http://dx.doi.org/10.1042/BST0370450
http://dx.doi.org/10.1042/BST0370450
http://dx.doi.org/10.1093/nar/gkn378
http://dx.doi.org/10.1093/nar/gkn378
http://dx.doi.org/10.1186/1471-2164-13-217
http://dx.doi.org/10.1038/srep11415
http://dx.doi.org/10.1086/519795
http://dx.doi.org/10.1101/gr.5402306
http://dx.doi.org/10.1101/gr.5402306
http://dx.doi.org/10.1007/s00253-010-2926-3
http://dx.doi.org/10.1007/s00253-010-2926-3
http://dx.doi.org/10.1186/1471-2164-10-297
http://dx.doi.org/10.1186/1471-2164-10-297
http://dx.doi.org/10.1158/1055-9965.EPI-07-2849
http://dx.doi.org/10.1158/1055-9965.EPI-07-2849

	Evaluation of whole genome amplified DNA to decrease material expenditure and increase quality
	Introduction
	Materials and methods
	Sample
	DNA extraction, whole-genome amplification and genotyping
	Data analyses

	Results and discussion
	Amplified vs genomic DNA
	Reduction of input material
	Disc size
	Reducing WGA volume
	Optimization of the WGA procedure
	Effect of number of replicates
	Effect of amplification time and temperature

	Conclusion
	Funding
	Acknowledgement
	Supplementary data
	References




