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Introduction
ABSTRACT: We evaluated multiplex PCR amplification as
a front-end for high-throughput sequencing, to widen the
applicability of massive parallel sequencers for the
detailed analysis of complex genomes. Using multiplex
PCR reactions, we sequenced the complete coding
regions of seven genes implicated in peripheral neuropathies in 40 individuals on a GS-FLX genome sequencer
(Roche). The resulting dataset showed highly specific
and uniform amplification. Comparison of the GS-FLX
sequencing data with the dataset generated by Sanger
sequencing confirmed the detection of all variants
present and proved the sensitivity of the method for
mutation detection. In addition, we showed that we could
exploit the multiplexed PCR amplicons to determine
individual copy number variation (CNV), increasing the
spectrum of detected variations to both genetic and
genomic variants. We conclude that our straightforward
procedure substantially expands the applicability of the
massive parallel sequencers for sequencing projects of a
moderate number of amplicons (50–500) with typical
applications in resequencing exons in positional or
functional candidate regions and molecular genetic
diagnostics.
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For years, Sanger sequencing of PCR products has been the gold
standard for targeted variation detection in general, and in
mutation screening in particular. But when the focus of human
genetics research moved from monogenic diseases toward more
complex, polygenic phenotypes, the number and size of the
candidate regions and thereby the number of candidate genes
increased dramatically. Likewise, the number of identified
causative sequence variants and genes for a given disease is on
the rise. Accordingly, both in research and diagnostics, the need to
parallelize gene sequencing is growing rapidly. One example of a
disease with a large number of identified causative genes is
Charcot-Marie-Tooth Disease (CMT), the most common inherited disorder of the peripheral nervous system. To date, about 50
loci and 42 genes have been identified for CMT and related
disorders, while the majority of dominant mutations are found in
seven genes: PMP22 (MIM] 601097), MPZ (MIM] 159440),
MFN2 (MIM] 608507), LITAF (MIM] 603795), GJB1 (MIM]
304040), EGR2 (MIM] 129010), and NEFL (MIM] 162280)
[Timmerman et al., 2006].
With an increasing number of candidate genes, the traditional
Sanger PCR sequencing paradigm will find a competitor in the
recently developed technologies for massive parallel sequencing
[Margulies et al., 2005; Shendure et al., 2005]. Still, these nextgeneration sequencers were conceived for sequencing of complete
genomes and they perform extremely well on bacterial and viral
genome sequencing. On the other hand, the operational costs
remain too high for routine resequencing of complete human
genomes. Therefore, their application to human genetics calls for
‘‘front-end’’ methods to specifically amplify a targeted subset of
our complex genome.
In view of the vast amount of sequences that are generated,
from 0.1 to 2.0 Gb depending on the platform, the use of standard
simplex PCR amplification as front-end is questionable. Indeed,
since 0.1 Gb of sequencing equals 40-fold coverage of 2,500
amplicons of 1 kb, a simplex PCR front-end would present a
bottleneck due to logistic problems in generating and handling the
large number of PCR products. For this reason, a number of
alternative front-end methods have been recently published. These
methods make use of simultaneous amplification after a targeted
circularization [Dahl et al., 2007; Fredriksson et al., 2007; Porreca
et al., 2007], enrichment strategies through selective hybridization
to oligonucleotide microarrays [Albert et al., 2007; Okou et al.,
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2007], or partially surface-based multiplex PCR amplification
[Meuzelaar et al., 2007]. They all consist of multistep protocols
with mild to high complexity, as opposed to the simultaneous
amplification of numerous targets in a multiplex PCR reaction.
Although it is generally believed that multiplex PCR is limited
to the amplification of only a few amplicons, due to spurious
interactions of the primers in the reaction mixture leading to PCR
failure or PCR artifacts [Edwards and Gibbs, 1994; Markoulatos
et al., 2002], several multiplex primer design tools are available
that take these interactions into account [Rachlin et al., 2005;
Yamada et al., 2006]. Moreover, the successful multiplex
amplification and genotyping of over 1,000 randomly selected
SNPs with primers designed accordingly has been reported [Wang
et al., 2005]. Previously, we showed specific and quantitative
multiplex amplification of 21 to 37 amplicons using standard PCR
conditions with primers designed by software based on the above
principle [Gijselinck et al., epub 2007; Sleegers et al., 2006]. Here
we evaluate multiplex PCR as a front-end method for massive
parallel sequencing and its application to simultaneous variation
and copy number variation (CNV) detection.

Materials and Methods
Multiplex Primer Design
An optimal set of targets was defined to cover all coding exons.
For every target, a list of potential primers was generated using
Primer3 [Rozen and Skaletsky, 2000] based on the following
sequences: NC_000001.9 (MFN2 and MPZ), NC_000008.9
(NEFL), NC_000010.9 (EGR2), NC_000016.8 (LITAF),
NC_000017.9 (PMP22), and NC_000023.9 (GJB1). Multiplex
primer sets were selected from these lists, taking into account
previously reported considerations [Elnifro et al., 2000; Wang
et al., 2005]. Most importantly, all primers were checked for
primer-dimer interactions, both self-dimers and cross-dimers, to
prevent template independent primer extension. For this, fewer
than four consecutively complementary bases between the 30 end
of any primer, and anywhere in all the others, was allowed.
Furthermore, even low-affinity annealing of primers on any
formed PCR amplicon was prevented since it can result in the
formation of spurious PCR amplicons. This was implemented by
calculating the maximum melting temperature of a primer on any
PCR amplicon sequence already present in the multiplex using
nearest-neighbor thermodynamic parameters as described [SantaLucia, 1998]. The cutoff for this maximum melting temperature
was 351C below the melting temperature of the primer itself.

Multiplex PCR Reaction
The resulting primers were ordered from Eurogentec (Liège,
Belgium) and tested in simplex PCR reactions on 20 ng of
genomic DNA using 10 pmol per primer; the other parameters
were equal to those of the multiplex PCR. The multiplex PCR
reactions were performed on 100 ng genomic DNA in a 25-ml
reaction containing 1  TitaniumTM Taq PCR buffer (Clontech,
Palo Alto, CA) with a final concentration of 0.25 mM for each
dNTP (Invitrogen, Carlsbad, CA) and a total of 0.125 ml of
TitaniumTM Taq DNA Polymerase (Clontech). Primer concentrations were optimized and varied between 0.05 pmol/ml and
0.2 pmol/ml final concentration. PCR cycle conditions were
5 minutes at 981C, followed by 30 cycles of 45 sat 951C, 45 sat
621C, and 2 minutes at 681C. After a final extension step of
10 minutes at 721C, samples were cooled to 81C.

Pooling of Multiplex PCR Reactions
In a preparatory step, the seven multiplex PCR reactions of two
samples were separately purified on a QIAquick PCR Purification
column (Qiagen GmbH, Hilden, Germany) and the concentration
of each multiplex PCR reaction eluate was measured using a
Nanodrop spectrophotometer (NanoDrop Technologies, Wilmington, DE). A pooling scheme was defined based on the
average concentration over both samples of each multiplex PCR
reaction and the number of amplicons per multiplex to obtain an
equal representation of every amplicon in the final mixture.
For all remaining individuals, the multiplex PCR reactions were
pooled according to the pooling scheme and subsequently purified
on a QIAquick PCR purification column (Qiagen).

GS-FLX Sequencing
The pooled and purified multiplex PCR reactions were
interrogated with the standard amplicon sequencing protocol on
a GS-FLX genome sequencing system (Roche Applied Science,
Penzberg, Germany) according to the manufacturer’s instructions.
For every sample, two lanes of a 16-lane Bead Loading gasket on a
70  75 mm PicoTiterPlate (Roche Applied Science, Penzberg,
Germany) were loaded, one for sequencing with the forward
primer and one for reverse sequencing. The generated standard flow
files (SFF) were analyzed with the GS Amplicon Variant Analyzer
software (version 1.1.02; Roche Applied Science) and the putative
variants that were identified by the software were curated manually.

Sanger Sequencing
Sanger sequencing was performed on 10 ng of genomic DNA with
10 pmol of each primer (primer sequences available on request) in a
standard PCR reaction, followed by ExoSAPit treatment (Amersham
Biosciences, Uppsala, Sweden) and subsequently sequenced using the
Big Dye terminator cycle sequencing kit (v3.1; (Applied Biosystems,
Foster City, CA) according to the manufacturer’s instructions.
Sequencing reactions were run on an Applied Biosystems 3730XL
DNA Analyzer (Applied Biosystems) and the resulting trace files were
analyzed using novoSNP [Weckx et al., 2005].

Dosage Quotient Calculation
To determine the dosage quotient (DQ) of an amplicon in a given
individual, the total absolute read count per specific multiplex was
determined as the sum of the read counts for all amplicons of that
specific multiplex, except the ones of GJB1 because of their location
on the X chromosome and the resulting difference between males
and females. Per individual, the relative read count was determined
for every amplicon as the ratio of the read count for that amplicon
over the total absolute read count of the specific multiplex to which
the amplicon belongs. The ratio of the relative read count of an
amplicon of a test individual over the average relative read counts in
the reference individuals results in the DQ for that amplicon in that
individual. In short: DQitest 5 (RCi/RCall)test/(RCi/RCall)ref with
‘‘RC’’ 5 read count; ‘‘i’’ 5 amplicon i; ‘‘all’’ 5 all amplicons;
‘‘test’’ 5 test individual; and ‘‘ref’’ 5 reference individual.

Results
Multiplex PCR
We designed multiplex PCR primers to amplify all 37 coding
exons of seven selected genes (PMP22, MPZ, MFN2, LITAF, GJB1,
HUMAN MUTATION, Vol. 30, No. 3, 472–476, 2009
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Figure 1.

Trellis graph showing read counts per amplicon. Each subgraph plots the number of reads per amplicon for one sample. In all
subgraphs, amplicons are sorted according to the average read count calculated over all individuals.

EGR2, and NEFL) in which mutations can cause CMT. The 8 kb
of coding sequence was covered by 63 amplicons, totaling 14.4 kb
of sequence, amplified in seven multiplex PCR reactions
(Supplementary Table S1; available online at http://www.
interscience.wiley.com/jpages/1059-7794/suppmat). All primer
pairs encompassed fragments ranging from 150 to 250 bp and
had the A and B adaptor sequences needed for the GS-FLX
amplicon sequencing protocol attached to the forward and reverse
primer, respectively [Margulies et al., 2005]. When tested in a
simplex PCR reaction, all except two of the primer pairs amplified
the expected fragment, resulting in a conversion rate 496.5%.
The two failed amplicons were omitted from further experiments.

GS-FLX Sequencing
To test the designed assays, we PCR-amplified the DNA from 31
CMT patients with known mutations and interrogated the
products with the amplicon sequencing protocol on a GS-FLX
sequencer. Amplicons were sequenced from both directions, each
in one lane of a 16-lane gasket. On average, a total of 6.6 Mb was
generated per sample, corresponding to over 29,000 reads with an
average length of 227 bp (Supplementary Table S2). The specificity
of the PCR amplification was very high, with on average 96% of
quality filtered reads that mapped back to the expected sequence.
Also, it can be appreciated from Figure 1 that our method results
in reproducible read counts. The overall observed read count of
490% of the amplicons falls within a 15-fold range. However,
when we exclude the six amplicons with the lowest average read
count, the observed read counts of 490% of the remaining
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amplicons fall within a five-fold range in all samples, demonstrating uniformity of amplification.

Mutation detection
To determine the performance of the combined multiplex PCR/
GS FLX sequencing method in detecting variations, we compared
it to traditional PCR-based Sanger sequencing. Sanger-based
resequencing of the coding sequences of the seven genes in all 31
selected CMT patients resulted in the detection of a total of 47
variants located in the amplicons used for GS-FLX sequencing, 31
of which were previously diagnosed as the causative mutations
(Supplementary Table S3). Analysis of the generated GS-FLX
dataset with the GS Amplicon variant analyzer software (version
1.1.02) confirmed the presence of all 47 variants and did not result
in the detection of any additional variant. In view of the supposed
difficulties of the 454 sequencing technology with homopolymers,
it is important to note that one mutation was a A/C substitution
flanking a [C]5-stretch, while another mutation was an insertion
of a G in a [G]6-stretch (data not shown).
Analysis of all heterozygous variants showed relatively unbiased
representation of both alleles with 44.976.5% of the number of
reads containing the variant alleles, again confirming the
uniformity of amplification.
Since the average multiplicity of coverage for this proof-ofconcept experiment was 475  , we performed simulation studies
to determine the minimal multiplicity of coverage required for
detecting all sequence variants. Hereto, we reduced the actual
multiplicity of coverage by subsampling a fixed number of

random reads for each individual and verified whether the
variants were still detected. For every multiplicity of coverage
sampled, 100 random subsets were generated and analyzed. This
resulted in a simulated detection sensitivity of 99.5% for a 40 
coverage, excluding the variants in the six amplicons with low
average read count (Supplementary Fig. S1A).

CNV detection
In addition to specific and accurate variant detection, for
diagnostic purposes it is also important that simultaneous CNV
analysis can be performed within the same multiplex PCR/GS-FLX
experiment. As demonstrated by methods such as multiplex
amplicon quantification (MAQ) [Sleegers et al., 2006] and
quantitative multiplex PCR of short fluorescent fragments
(QMPSF) [Casilli et al., 2002], multiplex PCR reactions can be
used to determine the copy number of the amplified targets by
calculating their DQ. This DQ results from the comparison of
normalized amplicon amounts between a test individual and
control individuals as detailed in Materials and Methods. To
identify CNVs with the multiplex PCR/GS-FLX sequencing
method, we used GS-FLX read counts per amplicon as readout.
Hereto, the CMT PCR multiplex assay was used to interrogate the
DNA of nine individuals (two males, seven females) harboring one
(n 5 3), two (n 5 2), or three (n 5 4) copies of the 1.4-Mb CMT1A
region at 17p12, encompassing the PMP22 gene. Duplication of this
region is the most common cause of CMT1A (MIM] 118220),
while the reciprocal deletion results in hereditary neuropathy with
liability to pressure palsies (HNPP; MIM] 162500).
A prerequisite for CNV detection using the multiplex PCR/GSFLX method is that the normalized read counts are stable over
different samples. Indeed, the normalized read count data from
amplicons not derived from the CMT1A CNV or chromosome X are
stable (Supplementary Table S4). Based on this observation we
calculated the average DQs of the six GJB1 amplicons located on
chromosome X using female DNA samples as a reference. This
analysis showed a clear-cut distinction between males with a DQ of
0.5 (range, 0.45–0.49) and females with a DQ of 1 (range, 0.86–1.06)
corresponding to one and two X-chromosomes, respectively (Fig. 2;
Supplementary Fig. S2). Next, calculation of the average DQs of
three PMP22 amplicons using the two wild-type (WT) individuals
as a reference, showed three separated ranges at 0.5 (range,
0.47–0.58), 1.0 (range, 0.89–1.11), and 1.5 (range, 1.34–1.49),
corresponding to the number of copies present in the individuals
(Fig. 2; Supplementary Fig. S3). Subsampling experiments simulating different coverages indicated that for GJB1 50  coverage is
required to reach a sensitivity of 499.5% (Supplementary Fig. S1B).
With this coverage we obtained a detection sensitivity of 92.4% for
PMP22, probably due to the low number of PMP22 amplicons
(Supplementary Fig. S1B). This experiment proves the feasibility of
CNV analysis with the multiplex PCR/GS-FLX sequencing method,
a result further supported by the observation that the average DQs
in five autosomal genes with normal copy number do not deviate
from 1.0 (Fig. 2; Supplementary Figs. S4–S8).

Discussion
We evaluated multiplex PCR as a front-end to massive parallel
sequencing methods. When assessing multiplex targeting methods, important aspects are the specificity, uniformity, and the
degree of multiplexing [Porreca et al., 2007]. The specificity is
defined as the fraction of amplified sequences that originate from
the targets. Uniformity is a measure for the relative abundances of

Figure 2.

The overall dosage plot. Every dot is the average of the
DQs of the amplicons of one gene in one individual. For the calculation
of the DQs in GJB1, the seven female samples were used as
reference; for PMP22, the two individuals with two copies of the
CMT1A CNV were used as reference; and for the other genes, all
samples were used as reference. Crosses indicate males with one
copy of the CMT1A CNV, open symbols indicate females with one
copy of the CMT1A CNV, and filled symbols indicate females with
three copies of the CMT1A CNV.

targeted amplification products. The degree of multiplexing refers
to the number of targets amplified in one reaction.
With over 95% of quality filtered reads originating from the
targets, the specificity of the method is clearly satisfactory and not
noticeably different from results obtained with standard, simplex
amplicon sequencing experiments and clearly indicates the absence
of spurious byproducts of the multiplex PCR amplification step.
With on average nine amplicons per multiplex PCR reaction, the
number of PCR reactions required to amplify the target sequences is
greatly reduced. Still, there is room for improvement of the
multiplexing degree. Since the A and B adaptor sequences are joined
to the PCR primers, the degrees of freedom in the primer design
process are diminished considerably. From this point of view, it would
be interesting to investigate the effects of adaptor ligation after PCR
amplification as opposed to the use of primer-adaptor fusion primers.
In the current multiplex PCR assay, six amplicons showed a
consistent lower read count in all individuals, influencing two
important parameters: the final read count uniformity and
minimal required coverage for mutation detection. Since these
lower read counts can be improved by simply increasing the
primer concentrations for these amplicons in the multiplex PCR
reactions, the impact of excluding these amplicons on these
parameters was investigated. As shown by our analyses, the final
read count uniformity improved substantially from a 15-fold to a
five-fold range. Also the minimal required coverage for mutation
detection dropped from 120  to 40  to obtain a mutation
detection sensitivity of 99.5%.
Recently, other front-end approaches for massive parallel
sequencing were published and two of these use high-density
microarrays to enrich human genome–specific sequences for highthroughput sequencing of genes or selected genomic regions
[Albert et al., 2007; Okou et al., 2007]. The number of targeted
segments obtained is currently 100-fold higher compared to our
multiplex PCR front-end amplification step. However, the sample
throughput of the microarray-based enrichment is an order of
magnitude lower. Also the current microarray enrichment
technique shows low segment specificity ranging from 35 to
76% [Albert et al., 2007]. Two other recent publications [Dahl
HUMAN MUTATION, Vol. 30, No. 3, 472–476, 2009
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et al., 2007; Meuzelaar et al., 2007] use highly multiplexed
amplification methods for the isolation of specific DNA sequences
as a front-end for massive parallel sequencing applications. The
published data show that the coverage depth varies significantly
between different amplicons and even between alleles of an
amplicon (nonuniform amplification). The lack of amplicon
uniformity observed with the current protocols of both methods
will hamper cost-effective massive parallel sequencing. An
approach combining a microarray-based enrichment method
with targeted circularization was also published recently [Porreca
et al., 2007]. This labor-intensive method shows a major problem
with nonuniform capturing of sequences with both a low (480
exons) and high (55,000 exons) number of targets. Also, a high
dropout rate (80%) was observed with 55,000 targeted sequences,
rendering the current process only suitable for specific amplification of a moderate number of sequences.
With the sequencing of seven genes in 31 individuals, this is the
biggest dataset generated by a massive parallel sequencer for
variation detection in complex genomes. The independent detection
of all 47 variants that were discovered by Sanger sequencing
confirms the sensitivity, while simulations studies indicate that an
average coverage of 50  is sufficient to perform variant detection
with a sensitivity of 99.8%. This opens perspectives to increase the
cost-efficiency of the method. Indeed, as mentioned earlier, the
uniformity of amplification could be improved by adapting the
primer concentrations. More uniform amplification would then
allow decreasing the average sequencing depth to 100  or even
50  , as opposed to 475  in the current setup. This increase of
throughput can be achieved by expanding the target regions in
number or size or by using barcoding sequence tags to differentiate
the reads of pooled samples [Meyer et al., 2007].
Since CNVs are important determinants in the etiology of
(complex) diseases, we designed a proof-of-concept experiment to
evaluate the feasibility of CNV detection using a combination of
multiplex PCR and GS-FLX sequencing. With the results of our
high-coverage dataset, we could unambiguously determine the
copy number of both the GJB1 and PMP22 genes. Furthermore,
we showed that with a simulated 50  coverage we had a
sensitivity of 499.5% in detecting the copy number of GJB1 (see
Supplementary Fig. S1B). However, with the same coverage we
only achieved a detection sensitivity of 92.4% analyzing the copy
number of PMP22. The main difference between the analyses of
both genes is the number of amplicons used to calculate the DQ.
This indicates that the assays should contain a sufficient amount
of amplicons with a stable normalized read count per CNV to
achieve a sensitivity of 499.5%.
With this proof-of-concept experiment we show the quantitative nature of the multiplex amplification and massive parallel
sequencing method and we present the first method allowing
simultaneous detection of both SNPs and CNVs in a defined set of
target genes. This, in combination with the highly-specific,
uniform, and reproducible manner of amplification, leads us to
believe that the presented multiplex PCR front-end is the method
of choice for parallelizable sequencing projects of a moderate
number of amplicons (50–500) with typical applications in
resequencing exons in positional candidate regions and molecular
genetic diagnostics.
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