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Multiplexed resequencing analysis to identify rare
variants in pooled DNA with barcode indexing using
next-generation sequencer

Jun Mitsui1, Yoko Fukuda1, Kyo Azuma2, Hirokazu Tozaki2, Hiroyuki Ishiura1, Yuji Takahashi1, Jun Goto1

and Shoji Tsuji1

We have recently found that multiple rare variants of the glucocerebrosidase gene (GBA) confer a robust risk for Parkinson

disease, supporting the ‘common disease-multiple rare variants’ hypothesis. To develop an efficient method of identifying rare

variants in a large number of samples, we applied multiplexed resequencing using a next-generation sequencer to identification

of rare variants of GBA. Sixteen sets of pooled DNAs from six pooled DNA samples were prepared. Each set of pooled DNAs was

subjected to polymerase chain reaction to amplify the target gene (GBA) covering 6.5 kb, pooled into one tube with barcode

indexing, and then subjected to extensive sequence analysis using the SOLiD System. Individual samples were also subjected to

direct nucleotide sequence analysis. With the optimization of data processing, we were able to extract all the variants from 96

samples with acceptable rates of false-positive single-nucleotide variants.
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INTRODUCTION

Genome-wide association studies using common single-nucleotide
polymorphisms have been conducted to explore disease susceptibility
genes on the basis of the ‘common disease-common variants’ hypoth-
esis. On the basis of these strategies, a number of genes across genomes
with statistically significant association with diseases have successfully
been identified.1 These studies have substantially contributed to our
understanding of diverse molecular pathways underlying diseases.
However, established susceptibility genes remain insufficient to under-
stand the entire disease pathways and their odds ratios are generally
small, not exceeding 2.0 in most cases, which may largely reflect the
limitation of the common disease-common variants hypothesis. Thus,
we are far from fully understanding the pathophysiology of diseases.
The limitation is probably explained by the fact that genome-wide
association studies using common single-nucleotide polymorphisms
cannot provide information on rare variants.2

We and other groups have recently found that multiple rare variants
of the glucocerebrosidase gene (GBA) confer a robust risk for
Parkinson disease (PD).3–6 Our findings have confirmed that multiple
rare variants, which can be identified only by extensive resequencing,
considerably contribute to the pathogenesis of common diseases such
as PD.5,6 However, even for a particular gene, it is tremendously
laborious to detect all the variants in a large number of samples, and

efficient methods of detecting multiple rare variants should be
established.

Recently, new technologies using high-throughput sequencing
platforms have been developed.7 To identify rare variants in a large
number of samples, Sanger sequencing of individual samples would be
accurate but remained laborious and expensive. Thus, improved
methods would be required. To take advantage of high-throughput
sequencing, technologies of barcode indexing8 and physical separation
(segmentation) of samples on a slide have been introduced to further
increase the throughput of sequencing. Although analysis of pooled
DNAs would be a potentially robust approach, the accuracy/error rate
of reads would be critical for determining the frequency of variants in
pooled DNAs. Next-generation sequencers have a great advantage for
obtaining an extraordinarily high throughput, but the accuracy of
reads has been a technical issue. In particular, error rate can be
specifically critical for analyzing pooled DNAs, because sequence
analysis of pooled DNAs derived from a large number of samples
may lead to erroneous detection of ‘variants.’

To overcome this problem, we need to determine the optimal
conditions of pooling. Furthermore, barcode indexing of pooled
DNAs should allow further multiplexing. As a model system, we
applied multiplexed resequencing of six pooled DNA samples with 16
sets for barcode indexing using the SOLiD System (Life Technologies,
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Carlsbad, CA, USA) to evaluate the efficiency of this system for
identifying multiple rare variants of GBA in 96 patients with PD.

MATERIALS AND METHODS

Sample DNA preparation and quantification
The participants were 96 patients with PD. Genomic DNA samples were

extracted in accordance with the standard procedure from whole peripheral

blood collected in tubes containing anticoagulant EDTA. After the extracted

DNA samples were stored at 4 1C in TE buffer (10 mM Tris-HCl, 1 mM EDTA,

pH 8.0), their purity and concentration were determined using DU 730 Life

Science (Beckman Coulter, CA, USA). Only DNA samples with an OD260/

OD280 ratio of 1.8±0.1 were used. On the basis of the spectrophotometer

reading of the stocks, TE buffer was added to DNA samples extracted from

blood to obtain a target concentration of 100.0 ngml�1 and was equilibrated at

4 1C for 24 h. Each 100.0 ngml�1 sample was quantified using Spectramax

Gemini XS (Molecular Devices, CA, USA), with a Quant-iT Picogreen dsDNA

Assay kit (Life Technologies, CA, USA), and only samples with a concentration

of 100.0±5.0 ngml�1 were used for pooling. Samples whose concentration was

above this were rediluted to 100.0 ngml�1 on the basis of new readings; this

process was repeated iteratively until a concentration of 100.0±5.0 ngml�1 was

obtained. Samples whose concentration was below this were rediluted from

stocks through the same stages as above. This study was approved by the Ethical

Committee of the University of Tokyo.

Preparation of pooled DNAs
Pooled DNAs were then prepared by combining equal volumes (5.0ml) of each

sample. Six samples were pooled as 16 sets of pooled DNAs.

Polymerase chain reaction amplification
Each set of pooled DNAs was subjected to polymerase chain reaction (PCR)

using TaKaRa LATaq (Takara, Shiga, Japan) to amplify the target gene (GBA).

Three primer pairs were used to selectively amplify all the exons and

respective flanking intronic regions of GBA but not its pseudogene, as described

earlier.9 Primers for exons 1–5 were 5¢-CCTAAAGTTGTCACCCATAC-3¢ and

5¢-ACCTACCCTACAGTTT-3¢, those for exons 5–7 were 5¢-GACCTCAAAT

GATATACCTG-3¢ and 5¢-AGTTTGGGAGCCAGTCATTT-3¢ and those for

exons 8–11 were 5¢-TGTGTGCAAGGTCCAGGATCAG-3¢ and 5¢-ACCACCTA

GAGGGGAAAGTG-3¢. The sizes of amplicons were 2953 base pairs (bp), 2026

and 1670 bp, respectively. PCR was performed in 50ml reaction volumes

containing 5.0ml of 10� LA PCR Buffer II (Mg2+-free), 5.0ml of 25 mM MgCl2,

8.0ml of dNTP mixture (2.5 mM each), 0.4mM of each primer, 50 ng of pooled

DNAs and 2.5 U TaKaRa LA Taq DNA polymerase. PCR was performed in a

PTC-200 DNA Tetrad thermal cycler (Life Science Research, CA, USA) as

follows: 94 1C for 5 min, followed by 5 cycles of 94 1C for 20 s, 62 1C for 30 s and

68 1C for 3 min; 5 cycles of 94 1C for 20 s, 60 1C for 30 s and 68 1C for 3 min and

25 cycles of 94 1C for 20 s, 58 1C for 30 s and 68 1C for 3 min. Final extension

was completed at 68 1C for 7 min. Then, 50ml of the PCR product was

subjected to 1% agarose gel electrophoresis (125 V for 30 min), followed by

staining with ethidium bromide for 30 min. The DNA band corresponding to

the PCR product (2953 bp for exons 1–5, 2026 bp for exons 5–7 and 1670 bp for

exons 8–11) visualized on a UV transilluminator was excised with a clean razor

blade. The DNA fragment was recovered from excised agarose gel using a

GenElute Agarose Spin Column (Sigma, MO, USA).

Each amplicon was quantified using Spectramax Gemini XS, with a Quant-

iT Picogreen dsDNA Assay kit. The final amount of PCR products used for

subsequent library preparations were 2.95mg for exons 1–5 amplicons, 2.02mg

for exons 5–7 amplicons and 1.67mg for exons 8–11 amplicons. Samples whose

amount was below this were repeatedly subjected to PCR amplifications using

the same procedures as above. In each set of pooled DNAs, three amplicons

were pooled into one tube.

Preparation of sequencing library
Sequencing libraries were prepared as follows. The pooled amplicons contain-

ing 6.64mg of PCR products (2.95mg for exons 1–5 amplicons, 2.02mg for

exons 5–7 amplicons and 1.67mg for exons 8–11 amplicons) were subjected to

fragmentation. Fragmentation was achieved using the Covaris S2 System

(Covaris, MA, USA) under the following conditions: number of cycles, 10;

bath temperature, 5 1C; duty cycle, 20%; intensity, 10; cycles per burst, 1000

and time, 60 s, which were optimal for the generation of 50–110 bp fragments.

Fragmentation was followed by repair of DNA ends using an End-It DNA end-

repair kit (Epicentre Biotechnologies, WI, USA), ligation of adaptors with

barcode indexing using Quick ligase enzyme (New England BioLabs, MA,

USA) and nick translation using DNA polymerase I (New England BioLabs).

Fragmented DNAs of 130–190 bp were fractionated by 4% agarose gel electro-

phoresis. Fragmented DNAs from agarose gel were eluted into 20ml volume

using a MinElute Gel Extraction kit (Qiagen, CA, USA). Then, PCR amplifica-

tion of the fragmented DNAs was performed in 52ml reaction volumes

containing 50ml of Invitrogen Platinum PCR SuperMix (Life Technologies),

2mM of each PCR primer and 2ml of fragmented DNAs. PCR was performed in

a PTC-200 DNA Tetrad thermal cycler (Life Science Research) as follows: 95 1C

for 5 min, followed by 12 cycles of 95 1C for 15 s, 62 1C for 15 s and 70 1C for

1 min. Final extension was completed at 70 1C for 5 min. Fragmented DNAs

containing 60–110 bp genomic DNA inserts excluding adaptor sequences were

fractionated by 4% agarose gel electrophoresis. Fragmented DNAs from agarose

gel were eluted into 20ml volumes using a MinElute Gel Extraction kit

(Qiagen). The prepared sequence libraries were then subjected to resequencing

analysis using the SOLiD System (Life Technologies) to generate sequence reads

of 50 bp. The workflow of procedures is shown in Figure 1.

96 samples (patients with PD)

16 sets of pooled DNAs from 6 samples

PCR (GBA)

Pooling

Fragmentation
Repair of DNA ends
Ligation of adaptors

(barcode indexing of 16 sets)
Nick translation
Size selection

Library amplification

Preparation of
sequence

library

Pooling

Figure 1 Workflow of preparation of sets of pooled DNAs and generation of

sequence library. Sixteen sets of pooled DNAs were prepared: pooling of six

samples. Dots represent individual DNA samples and tubes represent sets of
pooled DNAs. Each set of pooled DNAs was subjected to amplification of the

target gene (GBA), and the sequence library for the SOLiD System was then

prepared (described in square frames). Barcode-indexed samples were

pooled into one tube.
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Barcode indexing
We used six-base barcode indexing in accordance with the manufacturer’s

instructions. Sixteen different adaptors were used and each adaptor contains a

different barcode (5¢-GGGCTT-3¢, 5¢-GGTGTG-3¢, 5¢-AAGGGG-3¢, 5¢-CCG

ATG-3¢, 5¢-CAACGA-3¢, 5¢-GTGCCC-3¢, 5¢-GTCTGG-3¢, 5¢-ACGGAG-3¢, 5¢-
GAAGGG-3¢, 5¢-GACCGC-3¢, 5¢-CTCAGG-3¢, 5¢-AGCGTT-3¢, 5¢-CGGGTC-3¢,
5¢-CGTCTG-3¢, 5¢-TAGCGT-3¢ and 5¢-GCGTTT-3¢). For multiplexing, 16

different barcode-indexed libraries of pooled DNAs were pooled into one tube.

After resequencing of target DNA, additional rounds of sequencing of barcode

adaptors were performed and all reads were sorted by barcode.

Validation of variants
To evaluate the results, individual samples were also subjected to direct

nucleotide sequence analysis to detect each variation within the amplicons.

Amplifications were conducted using the same pairs of primers mentioned

earlier. Primers for direct nucleotide sequence analysis were designed to cover

the full length of amplicons (available on request).

Data analysis
Obtained sequence reads were sorted by barcode, and sorted reads were aligned

to the reference sequences (6546 bp) masking repetitive sequences with filters

that allow a maximum of two color space mismatches using Maq.10 To

determine the error rate, the sequence reads of bases without variants in any

of the pooled DNAs as confirmed by Sanger sequencing of individual samples

were evaluated. The error rate is the ratio of the number of mismatched bases

to that of the total aligned reads at each nucleotide position of reference

sequences. For bases with variants in some samples of pooled DNAs that were

confirmed by individual Sanger sequencing, we also calculated the fraction of

variant reads using the ratio of the number of mismatched reads to the total

number of aligned reads at each nucleotide position of reference sequences. To

determine the efficiency of barcode indexing, we determined the number of

sequences of each barcode.

RESULTS

Efficiency of barcode indexing
Using barcode indexing, the 16 barcode-indexed sets with each set
containing six samples from patients with PD were mixed in one tube
and subjected to sequence analysis using the SOLiD System. Using one

of the eight lanes of the slide, the SOLiD System generated 9 836 344
reads (50 bp in length), 9 712 211 reads (98.7%) of which carried the
sequences of one of the 16 barcode-tagged sequences. Subsequently,
5 992 551 reads (59.2%) of the barcode-tagged reads were aligned to
the reference sequences under the conditions that allow up to two
color space mismatches (Figure 2). Comparable average numbers of
aligned reads for individual bases from 1513 to 3917 were obtained
among the barcode sets, which are sufficient for the identification of
variants in the pooled DNAs from six individuals.

Efficiency of detection of variants in pooled DNAs
To detect the rarest single-nucleotide variants (SNVs) of 1 in 12 alleles
whose fraction is expected to be 0.083, we attempted to determine the
optimal settings for the threshold of the fraction of variant reads.
In the sequenced regions of GBA in the 96 patients with PD, there
were 99 nucleotides containing SNVs in total, as confirmed by
Sanger sequencing with various frequencies from 1 to 12 variant alleles
among the 12 alleles in the 16 sets of pooled DNAs (Table 1).
Sufficient read depths of 1912–6732 were obtained for the 99 nucleo-
tides containing bona fide SNVs. For the 99 nucleotides containing
bona fide SNVs, the observed and predicted frequencies of variant
alleles highly correlated (correlation coefficient r2¼0.994) across the
wide range of frequencies: from 1 to 12 alleles among the 12 alleles
(Figure 3). However, the error rate for individual nucleotides without
SNVs considerably varied, and 503 of the 68 149 nucleotides (0.74%)
showed exceptionally high error rates exceeding 0.02, despite a low
average error rate (0.00235). In addition, the fraction of variant
nucleotides in the 27 nucleotides containing a single-variant allele
among the 12 alleles (predicted frequency of 0.083) also varied (0.024–
0.089) to a considerable degree, making it difficult to distinguish a
nucleotide with a single bona fide variant from the nucleotides
without SNVs with high error rates exceeding 0.02. To detect the
rarest SNVs (1 among 12 alleles) without losing any of these SNVs, we
considered that the threshold should be set at 0.02. When the thresh-
old to detect variants was set at 0.02, as many as 503 false-positive
SNVs were simultaneously detected. As the number of false-positive
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415.592 3.047 254

504.467 6.546 3.699 308

372.917 6.546 2.734 228

377.314 6.546 2.766 231

366.107 6.546 2.685 224

461.254 6.546 3.382 282

360.193 6.546 2.641 220

352.730 6.546 2.586 216

300.473 6.546 2.203 184

356.462 6.546 2.614 218

Figure 2 Data of 16 barcode-indexed sets. Total number of reads and those of individual barcode-indexed reads are shown.
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Table 1 Observed fraction of number of variant alleles in bona fide variants

Position on chromosome 1

(NCBI 36.1) Variation Barcode

Number of variant

alleles among

12 alleles

Predicted fraction of

number of variant

nucleotides

Observed fraction of

number of variant

nucleotides

Number of

aligned reads

153 471 439 I489V 1 1 0.083 0.036 3841

153 471 506 K466K 1 1 0.083 0.075 3307

153 471 794 rs2974924 1 1 0.083 0.036 2977

153 471 827 rs426516 1 1 0.083 0.062 2314

153 477 102 I-20V 2 1 0.083 0.042 3041

153 475 045 rs439898 (R120W) 2 1 0.083 0.031 6080

153 471 794 rs2974924 3 1 0.083 0.045 1988

153 477 102 I-20V 4 1 0.083 0.040 3372

153 477 265 rs2070679 4 1 0.083 0.042 2345

153 477 102 I-20V 5 1 0.083 0.057 4074

153 472 782 R329C 5 1 0.083 0.056 2572

153 471 418 R496C 5 1 0.083 0.060 3690

153 477 102 I-20V 6 1 0.083 0.049 3049

153 471 827 rs426516 6 1 0.083 0.067 2873

153 477 102 I-20V 7 1 0.083 0.045 3947

153 471 667 rs35095275 (L444P) 7 1 0.083 0.060 5616

153 471 827 rs426516 7 1 0.083 0.039 2716

153 477 102 I-20V 8 1 0.083 0.036 3412

153 477 265 rs2070679 9 1 0.083 0.059 2633

153 474 807 rs2974923 9 1 0.083 0.066 1912

153 471 794 rs2974924 9 1 0.083 0.040 2651

153 471 667 rs35095275 (L444P) 9 1 0.083 0.028 3341

153 475 045 rs439898 (R120W) 9 1 0.083 0.025 6732

153 471 667 rs35095275 (L444P) 10 1 0.083 0.084 4723

153 477 102 I-20V 11 1 0.083 0.063 5444

153 471 955 rs28373017 16 1 0.083 0.089 2601

153 474 807 rs2974923 16 1 0.083 0.024 1992

153 477 265 rs2070679 1 2 0.167 0.064 1643

153 474 807 rs2974923 4 2 0.167 0.196 698

153 477 265 rs2070679 6 2 0.167 0.133 1838

153 474 807 rs2974923 6 2 0.167 0.137 1415

153 471 794 rs2974924 7 2 0.167 0.124 3682

153 474 807 rs2974923 8 2 0.167 0.115 1477

153 477 102 I-20V 10 2 0.167 0.102 3977

153 477 265 rs2070679 11 2 0.167 0.109 3169

153 471 827 rs426516 11 2 0.167 0.104 3608

153 477 265 rs2070679 12 2 0.167 0.103 1834

153 477 102 I-20V 15 2 0.167 0.157 1486

153 474 807 rs2974923 15 2 0.167 0.121 869

153 477 102 I-20V 16 2 0.167 0.140 3291

153 474 807 rs2974923 1 3 0.250 0.211 1121

153 474 807 rs2974923 5 3 0.250 0.220 960

153 477 102 I-20V 9 3 0.250 0.267 3108

153 471 955 rs28373017 9 3 0.250 0.232 1896

153 474 807 rs2974923 11 3 0.250 0.162 1280

153 477 265 rs2070679 16 3 0.250 0.219 1804

153 474 807 rs2974923 2 4 0.333 0.239 791

153 474 807 rs2974923 10 4 0.333 0.305 753

153 474 807 rs2974923 12 4 0.333 0.357 1240

153 471 955 rs28373017 15 4 0.333 0.425 1434

153 471 955 rs28373017 4 5 0.417 0.499 2088

153 471 955 rs28373017 6 5 0.417 0.453 2351

153 471 955 rs28373017 8 5 0.417 0.427 1736

153 471 955 rs28373017 11 5 0.417 0.464 2909

153 471 955 rs28373017 1 6 0.500 0.500 1902

153 474 807 rs2974923 7 6 0.500 0.517 693

153 471 955 rs28373017 2 7 0.583 0.588 2160

153 471 955 rs28373017 5 7 0.583 0.596 1556
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SNVs is too large, an efficient filtering system to eliminate as many as
false-positive SNVs should be established. To accomplish this, the
properties of the sequence reads of the false-positive SNVs were
investigated. In this study, we specifically focused on cycle number-
dependent errors (position in the sequencing read) and sequence
context-dependent errors.

Cycle number-dependent errors
First, nucleotides whose error rates exceeded 0.01 (1784 nucleotides)
were analyzed to obtain the fraction of the number of variant reads to
the total number of reads at each cycle, and it was found that the
cycles of 11–35 bases of each read contained fewer errors than the first
10 bases or the last 15 bases (Figure 4a). In contrast, the fractions of

the number of variant reads were independent of the sequence cycles
in the bona fide SNVs (Figure 4b). Thus, bases at 11–35 cycles were
used to identify SNVs, reducing the average read depths from 2746- to
1626-fold, which seemed to be still sufficient for further analysis.
Under this condition, all the bona fide SNVs (99 nucleotides) were still
detected without losing any of these SNVs and the number of false-
positive SNVs was reduced from 503 to 173 (Tables 2 and 3).

Sequence context-dependent errors
The sequence context-dependent errors are considered to be reflected
as the directional bias in the reads including ‘variant nucleotides,’ and
we defined ‘strand bias’ as the ratio of the number of forward
sequence reads to the total number of sequence reads including

Table 1 (Continued )

Position on chromosome 1

(NCBI 36.1) Variation Barcode

Number of variant

alleles among

12 alleles

Predicted fraction of

number of variant

nucleotides

Observed fraction of

number of variant

nucleotides

Number of

aligned reads

153 471 955 rs28373017 12 7 0.583 0.578 2448

153 474 807 rs2974923 3 8 0.667 0.638 378

153 471 955 rs28373017 10 8 0.667 0.650 2271

153 474 807 rs2974923 14 8 0.667 0.669 359

153 471 955 rs28373017 7 9 0.750 0.796 2357

153 474 807 rs2974923 13 9 0.750 0.778 406

153 475 271 rs7416991 13 9 0.750 0.776 4596

153 475 271 rs7416991 14 9 0.750 0.766 2777

153 471 955 rs28373017 3 10 0.833 0.800 909

153 475 271 rs7416991 4 10 0.833 0.825 2892

153 475 271 rs7416991 5 10 0.833 0.811 4048

153 475 271 rs7416991 7 10 0.833 0.840 4450

153 475 271 rs7416991 10 10 0.833 0.808 4203

153 475 271 rs7416991 11 10 0.833 0.838 5004

153 471 955 rs28373017 14 10 0.833 0.812 1009

153 475 271 rs7416991 1 11 0.917 0.867 3814

153 475 271 rs7416991 2 11 0.917 0.904 3645

153 475 271 rs7416991 3 11 0.917 0.848 3505

153 472 293 rs3115534 6 11 0.917 0.903 1443

153 472 293 rs3115534 8 11 0.917 0.911 1421

153 475 271 rs7416991 8 11 0.917 0.869 4171

153 475 271 rs7416991 9 11 0.917 0.902 4250

153 472 293 rs3115534 10 11 0.917 0.906 2186

153 472 293 rs3115534 12 11 0.917 0.889 2284

153 475 271 rs7416991 12 11 0.917 0.846 4347

153 471 955 rs28373017 13 11 0.917 0.874 3328

153 475 271 rs7416991 15 11 0.917 0.867 1885

153 472 293 rs3115534 1 12 1.000 0.944 1999

153 472 293 rs3115534 2 12 1.000 0.914 1683

153 472 293 rs3115534 3 12 1.000 0.944 1583

153 472 293 rs3115534 4 12 1.000 0.913 1695

153 472 293 rs3115534 5 12 1.000 0.923 1296

153 475 271 rs7416991 6 12 1.000 0.931 3452

153 472 293 rs3115534 7 12 1.000 0.922 2526

153 472 293 rs3115534 9 12 1.000 0.931 1530

153 472 293 rs3115534 11 12 1.000 0.919 2218

153 472 293 rs3115534 13 12 1.000 0.929 3149

153 472 293 rs3115534 14 12 1.000 0.912 848

153 472 293 rs3115534 15 12 1.000 0.914 1030

153 472 293 rs3115534 16 12 1.000 0.920 1685

153 475 271 rs7416991 16 12 1.000 0.919 3552
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variant nucleotides. At each nucleotide, the reads containing ‘variant
nucleotides’ at bases 11–35 were collected and strand bias was
calculated. It was revealed that the strand biases in the false-positive
SNVs (error rate exceeding 0.02) were much higher than those in the
bona fide variants (Figure 5), whereas the strand biases in the bona
fide variants ranged from 0.17 to 0.76. Thus, when limiting the strand
bias between 0.17 and 0.76 to identify SNVs, the number of false-
positive SNVs was reduced from 173 to 27, whereas all the bona fide
variants (99 nucleotides) were still detected (Tables 2 and 3).

DISCUSSION

Genome-wide association studies based on the common disease-
common variants hypothesis have been widely used to detect dis-
ease-susceptibility genes, but the odds ratios of the genes identified by
this approach are generally low. In contrast, the genes identified
on the basis of the ‘common disease-multiple rare variants’ are
considered to have large effect sizes.3–6 To identify all the rare variants,
comprehensive resequence analyses of candidate genes or eventually all
the genes in the human genome are required. To accomplish this aim,
efficient methods of resequencing genes in a large number of samples
should be established. There are several methods of multiplexing
samples to be analyzed, such as pooling of samples, barcode indexing
and physical separation (segmentation) of samples on a slide. By
combining these protocols, hundreds or thousands of samples may be
analyzed in a single run. In this study, using sixfold pooled
samples and barcode indexing (16 plex) as well as appropriate filtering
pipelines to remove false-positive SNVs, we were able to successfully
detect all the 99 nucleotides containing SNVs in 1 among the 96
samples with acceptable rates of false-positive SNVs (27 nucleotides in
total), confirming the usefulness of the barcode-based multiplexing
using pooled DNAs for target resequencing of a large number
of samples.

In this study, we found that the error rate for individual nucleotides
varied and a substantial number of false-positive SNVs appeared when
the threshold of the fraction of the number of variant nucleotides was

set at 0.02 to detect all the bona fide SNVs of 1 among 12 alleles.
Considering the aspects of constitutional error tendencies, both the
cycle number-dependent errors and strand bias, which reflects
sequence context-dependent errors, were analyzed. By limiting the
cycle numbers to 11–35 and the strand bias to 0.17–0.76, the false-
positive SNVs were markedly decreased by 95% (from 503 to 27).
The parameters for error filtering should be optimized depending on
the size of target sequences, read depth, multiplexity of samples
and sequencer platforms. Improvement of the algorithm for
sequence context-dependent errors is expected to further decrease
error rate.11

Regarding pooling size, it should be taken into consideration that
nucleotides with exceptionally high error rates (larger than 0.02) occur
independently at a certain probability and that the fraction of the
number of variant nucleotides in the rarest SNVs (predicted frequency
of 0.083) also considerably varies (observed frequency of 0.024–0.089).
As a consequence, increments in multiplicity of pooling by more than
six will inevitably increase the rate of false-positive SNVs. Although
the reasons for the underestimations of the frequency of reads
containing bona fide SNVs in this study were uncertain, the possible
explanations of which include technical errors of DNA quantification
and/or pooling samples, the fluctuations in the relative amount of
SNV alleles in the PCR steps and the stringent alignment conditions
we used. For barcode indexing, it was shown that the interbarcode
index difference in the number of aligned reads was relatively small.
Barcode indexing has the obvious benefits of enabling the multi-
plexing of samples within a single run and the easy identification of

O
bs

er
ve

d 
fr

ac
tio

n 
of

 n
um

be
r 

of
 v

ar
ia

nt
 a

lle
le

s

Number of variant alleles among 12 alleles

1.000

0.800

0.600

0.400

0.200

0.000
120 1 2 3 4 5 6 7 8 9 10 11

Figure 3 The number of variant alleles among 12 alleles and the observed

fraction of the number of variant reads. The horizontal axis represents the

number of variant alleles among 12 alleles and the vertical axis represents

the observed fraction of the number of variant reads. The scatter plot of

each nucleotide is dotted in the bona fide variants (number of variant alleles

of 1–12).

Ratios of number of “variant” reads to
total number of reads at each cycle

R
at

io
 o

f e
rr

or
 r

ea
ds

Cycle
number

0.08

0.1

0.04

0.06

0

0.02

Nucleotides whose error rates exceeded 0.01
2 5 8 11 14 17 20 23 26 29 32 35 38 41 44 47

R
at

io
 o

f v
ar

ia
nt

 r
ea

ds

Bona fide variants

Cycle
number

0.6

0.4

0.5

0.1

0.2

0.3

0
2 475 8 11 14 17 20 23 26 29 32 35 38 41 44

Figure 4 Ratios of number of variant reads to total number of reads at each

sequence cycle. Ratios of the number of variant reads to the total number of

reads at each sequence cycle in nucleotides whose error rates exceeded

0.01 (a) and bona fide variants (b).

Multiplexed resequencing analysis of pooled DNA
J Mitsui et al

453

Journal of Human Genetics



individual pools with variants based on the barcode. However, library
preparation of each sample set for barcode indexing remains laborious
and may be a bottleneck of throughput. Although we should further
optimize the protocols and algorithms for error filtering, the approach
we described here is immediately applicable to the systematic explora-
tion of multiple rare variants of candidate susceptible genes in
case–control association studies and to the efficient screening for
pathogenic variants of causative genes.

Table 2 Number of bases without bona fide variants and those with bona fide variants (1, 2 or 3 bona fide variants in pooled DNAs) classified

according to the fraction of number of variant reads

False-positive SNVs Bona fide variants

Fraction of

number of

variant reads

Bases without bona fide

variants (cycle

number, 1–50)

Bases without bona fide

variants (cycle

number, 11–35)

Bases without bona fide

variants (cycle number, 11–35;

strand bias, 0.17–0.76)

Bases with bona fide

variants (1 variant

in pooled DNAs)

Bases with bona fide

variants (2 variants

in pooled DNAs)

Bases with bona fide

variants (3 variants

in pooled DNAs)

0.29–0.30 0 0 0 0 0 0

0.28–0.29 0 0 0 0 0 0

0.27–0.28 0 0 0 0 0 0

0.26–0.27 0 0 0 0 0 1

0.25–0.26 0 0 0 0 0 0

0.24–0.25 0 0 0 0 0 0

0.23–0.24 0 0 0 0 0 1

0.22–0.23 0 0 0 0 0 1

0.21–0.22 0 0 0 0 0 2

0.20–0.21 0 1 0 0 0 0

0.19–0.20 0 0 0 0 1 0

0.18–0.19 0 0 0 0 0 0

0.17–0.18 0 0 0 0 0 0

0.16–0.17 0 0 0 0 0 1

0.15–0.16 0 1 1 0 1 0

0.14–0.15 0 0 0 0 1 0

0.13–0.14 1 0 0 0 2 0

0.12–0.13 3 1 0 0 2 0

0.11–0.12 3 0 0 0 1 0

0.10–0.11 2 2 1 0 4 0

0.09–0.10 4 1 0 0 0 0

0.08–0.09 12 0 0 0 0 0

0.07–0.08 12 3 0 0 0 0

0.06–0.07 21 5 0 2 1 0

0.05–0.06 23 10 2 3 0 0

0.04–0.05 42 14 3 7 0 0

0.03–0.04 84 26 2 5 0 0

0.02–0.03 296 109 18 3 0 0

0.01–0.02 1281 399 118 0 0 0

0.00–0.01 66 365 67577 26 261 0 0 0

Abbreviation: SNV, single-nucleotide variant.

Table 3 Filters for reducing false-positive SNVs

Bona fide variants

Filters Detected Not detected False-positive SNVs

None 99 0 503

Cycle number 99 0 173

Cycle number + strand bias 99 0 27

Abbreviation: SNV, single-nucleotide variant.
Cycle number: using bases 11–35 of each read.
Strand bias: limiting the strand bias to 0.17–0.76.
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