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A B S T R A C T

Background: Long-range PCR (LR-PCR) is used to enrich the target regions of the genome. This study aimed to
establish the pipeline of targeted gene sequencing using LR-PCR and massively parallel sequencing (MPS).
Methods: The 14-kb-long MEFV gene, including the entire coding exons, was selected as a target gene and
amplified using LR-PCR. The evaluated analytical factors were as follows: LR-PCR conditions, three types of post-
PCR cleanup methods, and two types of MPS library preparation methods.
Results: With regard to LR-PCR conditions, Tks Gflex DNA polymerase at 7-min (30-s/kb) annealing/extension
with 100-ng genomic DNA input had the highest yield. Regarding post-PCR purification methods, the magnetic
beads-based method had high recovery and purity. In the MPS library preparation methods, the ligation-based
method had a higher base coverage in the target (94.58%), uniformity of base coverage (99.95%), and target
bases with no strand bias (97.40%). The exonic variants determined by Sanger sequencing were detected by both
ligation- and transposon-based methods.
Conclusions: Various analytical factors were evaluated, and the pipeline of targeted gene sequencing using LR-
PCR and MPS was established. These data can enable the optimization of targeted gene sequencing using LR-PCR
and MPS in the clinical laboratory.

1. Introduction

In recent laboratory medicine, polymerase chain reaction (PCR) and
sequencing are essential technologies for molecular diagnosis [1].
Various types of PCR such as real-time PCR, multiplex PCR, and long-
range PCR (LR-PCR) are used to analyze specific targets in the genome
[1]. LR-PCR for> 10 kb is challenging because it requires detailed
examination of DNA polymerases and cycling conditions; however, it is
a powerful tool for the amplification of multiple target regions (e.g.,
entire coding exons of a gene) [2]. For sequencing, two types of tech-
nologies, Sanger sequencing and massively parallel sequencing (MPS),
are applied in the clinical laboratory [1]. Sanger sequencing is the gold
standard technique for DNA sequencing [1]. The applications of MPS
are rapidly increasing because of its cost-effectiveness and scalability.

Three methods, including LR-PCR, multiplex PCR, and hybridiza-
tion capture, were mainly used for target enrichment of MPS [3]. In
these methods, LR-PCR is cost-effective and widely used for targeted

gene sequencing (e.g., BRCA1, BRCA2, PKD1, PKD2, PMS2, and HLA
genes) [4–9]. Fig. 1 shows the general workflow of LR-PCR and MPS.
Initial LR-PCR is required for the amplification of target regions, pur-
ification of PCR products for downstream applications, and library
construction for MPS. These analytical factors affect the quality of DNA
sequencing results. Therefore, analytical factors associated with LR-PCR
and MPS must be evaluated and optimized for accurate and effective
molecular diagnosis in the clinical laboratory.

Familial Mediterranean fever (FMF) is an autoinflammatory dis-
order characterized by recurrent attacks of fever and inflammation in
the peritoneum, synovium, or pleura, accompanied by pain [10]. The
international FMF consortium identified theMEFV gene as the causative
gene for FMF in 1997 [11,12].MEFV (accession number: NG_007871) is
located on chromosome 16p13.3 and comprises 14,600 bases, 10
coding exons, and 781 amino acids in the translated protein (Pyrin)
[13]. MEFV is sequenced in clinical laboratories to diagnose FMF.

This study aimed to establish the analytical pipeline of targeted

https://doi.org/10.1016/j.cca.2019.06.001
Received 18 March 2019; Received in revised form 27 May 2019; Accepted 3 June 2019

⁎ Corresponding author at: Division of Laboratory Medicine, Chiba University Hospital, 1-8-1 Inohana, Chuo-ward, Chiba-City, Chiba 260-8677, Japan.
E-mail address: ishige-t@chiba-u.jp (T. Ishige).

Clinica Chimica Acta 495 (2019) 562–569

Available online 04 June 2019
0009-8981/ © 2019 Elsevier B.V. All rights reserved.

T

http://www.sciencedirect.com/science/journal/00098981
https://www.elsevier.com/locate/cca
https://doi.org/10.1016/j.cca.2019.06.001
https://doi.org/10.1016/j.cca.2019.06.001
mailto:ishige-t@chiba-u.jp
https://doi.org/10.1016/j.cca.2019.06.001
http://crossmark.crossref.org/dialog/?doi=10.1016/j.cca.2019.06.001&domain=pdf


gene sequencing by evaluating various analytical factors associated
with it using LR-PCR and MPS. MEFV was selected as the target gene for
two reasons; we have been conducting molecular diagnosis of FMF
during the past 20 years [14,15]. Also, MEFV is a suitable target for LR-
PCR and MPS because of its gene size and number of exons. The eval-
uated analytical factors included LR-PCR conditions (four types of DNA
polymerases with proofreading activity and cycle protocols), three
types of post-PCR clean-up methods (spin column, magnetic beads, and
enzyme-based methods), and two types of MPS library preparation
methods (ligation- and transposon-based methods).

2. Materials and methods

2.1. Human genomic DNA

The human genomic DNA, which was extracted from the pooled
whole blood of multiple healthy volunteers by isolating high molecular
weight DNA according to the method described in a study by Blin and
Stafford [16], was purchased from Takara (Tokyo, Japan).

2.2. Primer design

The primer pairs for LR-PCR were designed using the Primer3
program [17]. For LR-PCR by two-step amplification, the melting
temperature (Tm) of the primer was 68 °C. The modified general primer
selection conditions were as follows: primer size, minimum 25 bases,
optimum 30 bases, and maximum 35 bases; primer Tm, minimum 65 °C,
optimum 68 °C, and maximum 71 °C. The primers for LR-PCR used in
this study were 5′-TCC TCT GAA CCT GTA AGA AGA GAA CAC AGC-3′
(forward, Tm 67.9 °C, 30 bases, position hg19 chr16 [NC_000016.9]:
3306, 756–3306,785) and 5′-ATC CAT GGT GTG TCA TCA GTA CAT
GTC TTC-3′ (reverse, Tm 68.0 °C, 30 bases, position hg19 chr16
[NC_000016.9]:3,292,920-3,292,949). The theoretical product size of
LR-PCR was 13,866 bp, and the GC content was 51.5%.

2.3. DNA quantification and agarose gel electrophoresis

DNA quantification was performed using QuantiFluor ONE dsDNA
System (Promega) on Quantus fluorometer (Promega) according to the
manufacturer's protocol. Agarose gel electrophoresis was performed
using E-Gel iBase Power System and E-Gel Safe Imager (Thermo Fisher
Scientific). The E-Gel 0.8% Agarose (Thermo Fisher Scientific) and E-
Gel SizeSelect 2% (Thermo Fisher Scientific) were used for LR-PCR and
the MPS library size selection, respectively.

2.4. LR-PCR

2.4.1. Reaction mixture
Ex Taq DNA polymerase (Ex Taq; hot start version, Takara): The 50-

μL reaction mixture contained 1× Ex Taq buffer, 0.025 U/μL of Ex Taq
HS DNA polymerase, 0.2 mM of dNTP, 0.2 μM of primer pair, and
100 ng of genomic DNA.

LA Taq DNA polymerase (LA Taq; hot start version, Takara): The 50-
μL reaction mixture contained 1× LA PCR buffer II, 0.05 U/μL of LA
Taq HS DNA polymerase, 0.4mM of dNTP, 0.2 μM of primer pair, and
100 ng of genomic DNA.

PrimeSTAR GXL DNA polymerase (PS-GXL; Takara): The 50-μL re-
action mixture contained 1× PrimeSTAR GXL buffer, 0.025 U/μL of
PrimeSTAR GXL DNA polymerase, 0.2 mM of dNTP, 0.2 μM of primer
pair, and 100 ng of genomic DNA.

Tks Gflex DNA polymerase (Tks-Gflex; Takara): The 50-μL reaction
mixture contained 1× Tks Gflex buffer, 0.025 U/μL of Tks Gflex DNA
polymerase, 0.2 μM of primer pair, and 100 ng of genomic DNA.

2.4.2. Cycling protocol
Two-step amplification was used for LR-PCR. Different annealing/

extension conditions, 3.5 min (15 s/kb), 7 min (30 s/kb), 10.5 min
(30 s/kb), and 14min (60 s/kb), were evaluated. The cycling conditions
were as follows: 94 °C for 2min; 30 cycles at 98 °C for 10 s, and 68 °C for
3.5 min, 7min, 10.5min, or 14min.

2.5. Post-PCR clean-up

2.5.1. Spin column-based method
The NucleoSpin Gel and PCR Clean-up (Macherey-Nagel, Düren,

Germany) were used for the spin column-based method, according to
the manufacturer's protocol.

2.5.2. Magnetic bead-based method
The Agencourt AMPure XP (Beckman Coulter) was used for the

magnetic bead-based method, according to the manufacturer's protocol.

2.5.3. Enzyme-based method
Enzymatic purification was performed using exonuclease I (New

England Biolabs, MA, USA) and shrimp alkaline phosphatase (New
England Biolabs). Subsequently, 20 U of exonuclease I and 2 U of
shrimp alkaline phosphatase were added in 10 μL of PCR products and
incubated for 15min at 37 °C. The mixture was incubated for 15min at
80 °C to inactivate both enzymes.

2.6. Sanger sequencing

Sanger sequencing of eight regions of MEFV was performed using
the 3130 Genetic Analyzer (Thermo Fisher Scientific, MA, USA). The
BigDye Terminator v3.1 cycle sequencing kit (Thermo Fisher Scientific)
was used for the cycle sequencing reaction. Each 10-μL reaction mixture
contained 1 μL of BigDye Terminator ready reaction mix, 2 μL of 5×
sequencing buffer, 0.4 μM of each sequencing primer (Supplementary
Table 1), and purified PCR products; the cycling conditions were as
follows: 96 °C for 1min, followed by 25 cycles at 96 °C for 10 s, 50 °C for
5 s, and 60 °C for 1min. The cycle sequencing products were purified

Fig. 1. Workflow of LR-PCR and MPS. In this study, LR-PCR, post-PCR clean-up,
and MPS library preparation methods were evaluated.
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using the BigDye XTerminator purification kit (Thermo Fisher
Scientific), according to the manufacturer's protocol. Allelic frequency
was determined using a previously described method [18].

2.7. Library preparation

2.7.1. Ligation-based method
The Ion Xpress Plus Fragment Library Kit (Thermo Fisher Scientific)

was used as the ligation-based MPS library preparation method ac-
cording to the manufacture's instruction. Briefly, the Ion Shear Plus
Enzyme was used to fragment 1000 ng of PCR products for 50min at
37 °C. After the fragmented PCR products were purified, adaptor liga-
tion and nick-repair reactions were performed.

2.7.2. Transposon-based method
The MuSeek Library Preparation Kit for Ion Torrent (Thermo Fisher

Scientific) was used as the transposon-based MPS library preparation
method according to the manufacture's instruction. Briefly, 100 ng of
PCR products was used for the transposon-mediated fragmentation re-
action for 3min at 30 °C. After the fragmented PCR products were
purified, adaptor addition PCR was performed.

2.8. Massively parallel sequencing

The sequencing template of 200 base-read libraries was prepared
using the Ion PGM Template OT2 200 kit (Thermo Fisher Scientific)
with the Ion OneTouch system (Thermo Fisher Scientific). MPS was
performed using the Ion PGM Sequencing 200 kit v2 (Thermo Fisher
Scientific) and the Ion 314-chip kit v2 (Thermo Fisher Scientific) with
the Ion Torrent PGM semiconductor sequencer (Thermo Fisher
Scientific).

2.9. Real-time PCR

Real-time PCR was performed to assess the PCR amplification effi-
ciency of eachMEFV region (total 20 regions). Genomic DNA with serial
dilution (100 ng/μL, 50 ng/μL, 25 ng/μL, and 12.5 ng/μL) was used.
Real-time PCR was performed using a LightCycler 480 instrument
(Roche). The 10-μL reaction mixture consisted of 1× LightCycler 480
SYBR Green I Master, 0.5 μM of primer (Supplementary Table 2), and
1 μL of genomic DNA, and the cycling conditions were as follows: initial
denature, 95 °C for 10min; real-time PCR, 45 cycles at 99 °C for 10 s,
60 °C for 15 s, and 72 °C for 15 s (signal acquisition); melting, 99 °C for
5 s, 65 °C for 1min, with a continuous increase in temperature from
65 °C to 99 °C at a rate of 0.11 °C/s with 5 signal acquisitions per degree;
and cooling, 40 °C for 30 s.

2.10. Bioinformatics and statistical analysis

Sequencing data were mapped on the Homo sapiens genome (hg19)
on the Torrent server. The MPS results were visualized on Integrative
Genomics Viewer 2.5.0 [19]. The Ion Reporter software (version 5.2,
Thermo Fisher Scientific) was used to detect sequence variants. The
coverage analysis of each base of the target region and subsampling was
performed using Torrent Suite Software Coverage Analysis Plugin
(version 5.4.0.5, Thermo Fisher Scientific) and SAMtools [20], respec-
tively. Statistical analysis and data visualization were performed using
R version 3.5.1 statistical software [21]. Sliding window analysis was
performed using the “evobiR” package. The window size was set at 100.
Kruskal-Wallis rank sum test, paired t-test and Spearman rank-order
correlation test were performed using the “stats” package. Data visua-
lization and locally estimated scatterplot smoothing (LOESS) regression
were performed using the “ggplot2” package. A p-value of< 0.05 was
considered to be statistically significant.

3. Results

3.1. Comparison of DNA polymerases for LR-PCR

First, we compared four types of DNA polymerases with proof-
reading activity for LR-PCR. The PCR product yield was positively
correlated with annealing/extension time and input DNA volume
(Fig. 2A). In Ex Taq and LA Taq DNA polymerases, the PCR product
yield increased with an increase in annealing/extension time. In con-
trast, the yield plateaued at 7-min (30-s/kb) annealing/extension with
regard to PS-GXL and Tks Gflex DNA polymerases. The highest yield
was obtained using Tks Gflex DNA polymerase at 7-min (30-s/kb) an-
nealing/extension (Fig. 2B; mean, 5.3 μg). In addition, the PCR product
yield was correlated with the input genomic DNA volume (Fig. 2C).
Furthermore, LR-PCR using Tks Gflex DNA polymerase at 7-min (30-s/
kb) annealing/extension with 100-ng genomic DNA extracted using
other methods (magnetic bead-based automation and silica column-
based methods) was successful (data not shown).

3.2. Evaluation of post-PCR clean-up methods

The recovery and purity of post-PCR purification methods were
evaluated. Purity was determined from the quality values (QV) of
Sanger sequencing. We compared three types of purification methods:
spin columns, magnetic beads, and enzymes. Of these, enzymatic pur-
ification had the highest recovery, followed by magnetic bead and spin
column purifications (Fig. 3A). The mean recoveries (%) and standard
deviations of each method were as follows: enzymes, 96.4%, 0.9;
magnetic beads, 73.3%, 2.9; and spin columns, 29.9%, 12.4,

Fig. 2. Evaluation of various LR-PCR conditions. (A) Comparison of PCR product yields amplified under the conditions of different DNA polymerases and annealing/
extension times. Error bars represent standard deviations of three samples. (B) Agarose gel electrophoresis of 14-kb amplicon at 30-s/kb annealing/extension.
Abbreviations: E, Ex Taq DNA polymerase; L, LA Taq DNA polymerase; P, PS-GXL DNA polymerase; T, Tks Gflex DNA polymerase. (C) Comparison of PCR product
yields amplified using different initial input DNA templates. Error bars represent standard deviations of three samples.
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respectively. Smearing was observed in agarose gel ELP of PCR pro-
ducts purified by spin column purification (Fig. 3B). In Sanger se-
quencing, the QV distributions were similar in the three methods up to
the 400 base position (Fig. 3C). However, the QV of enzymatic pur-
ification decreased more steeply than that of silica column and mag-
netic bead purifications (Fig. 3C–D). Therefore, QV > 20 bases in en-
zymatic purification were significantly fewer than those of silica
column and magnet bead purifications (Fig. 3E). The mean QV > 20
bases and standard deviations of each method were as follows: en-
zymes, 573, 24; magnetic beads, 819, 21; and spin columns, 794, 46,
respectively.

3.3. Comparison of MPS library preparation methods

Two MPS library preparation methods, ligation- and transposon-
based methods, were compared. In contrast to the ligation-based
method, library amplification PCR was required for adaptor addition in
the transposon-based method. Table 1 shows the result of coverage
analysis. Compared with the transposon-based method, the ligation-
based method had greater base coverage in the target gene (Table 1 and
Fig. 4A). However, mapped sequence reads on chromosomes, except for
chromosome 16, using transposons were significantly higher than those
using ligation (Fig. 4B). These ratios were well correlated with chro-
mosome length (Fig. 4C). Furthermore, the uniformity of base coverage
and target bases with no strand bias were higher in the ligation-based
method than in the transposon-based method. Fig. 5A shows normal-
ized base coverage at the MEFV region on chromosome 16. The base
coverage of exon 2 using the transposon-based method was extremely
lower than that using the ligation-based method. Sliding window ana-
lysis of the MEFV region revealed a negative correlation between

normalized base coverage and local GC content (Fig. 5B). Real-time
PCR experiments of each exon were performed to confirm the effect of
GC content on PCR efficiency. PCR efficiency (%) of the middle exon 2
region was<50 (Fig. 5C). The Tm of PCR products of this region was
very high because of its high GC content (Tm, 95.5 °C; GC content,
75%). The Tm values and GC contents of all regions were well corre-
lated, and these were negatively correlated with PCR efficiency (Fig. 6).

Moreover, the exonic variants determined by Sanger sequencing
were detected using MPS (both ligation- and transposon-based
methods). The variant frequencies detected using Sanger sequencing
and MPS were well correlated (Table 2). The coefficient of determina-
tion (RSQ) using Sanger sequencing in the ligation-based method
(RSQ=0.98) was higher than that in the transposon-based method
(RSQ=0.95). The MPS result of ligation-based method and detected

Fig. 3. Comparison of post-PCR clean-up methods. (A) Extraction recovery of three purification methods. Error bars represent standard deviations of three samples.
(B) Electrophoresis of PCR products with or without purification. The marker was a 1-kb ladder marker. (C) Mean QV distribution of each nucleotide position in
Sanger sequencing. Mean QV data were obtained from eight sequenced region of MEFV. (D) Typical electropherograms of Sanger sequencing at 530–580 base
positions. (E) The number of QV > 20 bases using three purification methods. The p-values were determined by Kruskal-Wallis rank sum test.

Table 1
Base coverage statistics of MPS.

Category Ligation Transposon

Base coverage on targeta 94.58% 87.14%
Uniformity of base coverageb 99.95% 96.98%
Target bases with no strand biasc 97.40% 95.41%

a The percentage of all bases covered by reads aligned to the reference that
covered bases in target regions.

b The percentage of bases in all targeted regions covered by at least 0.2× the
mean base coverage depth.

c The percentage of all targets that did not show bias towards forward or
reverse strand read alignments. An individual target is considered to have read
bias if it has at least 10 reads and the fraction of forward or reverse reads to
total reads is> 70%.
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variants in MEFV gene were shown in Fig. 7. Thirty-eight variants were
detected by Ion Reporter software, and almost were in non-coding re-
gions.

We performed the coverage analysis of subsampling MPS data to
evaluate the association between minimum-base coverage and total
sequence reads (Fig. 8). The slope and intercept were as follows: liga-
tion, slope= 0.0016, intercept=−5.5; transposon, slope=0.00016,
intercept= 0.69. The required total sequence reads in the ligation- and
transposon-based methods were 12,526 and 197,748, respectively, to

obtain a minimum base coverage of 30.

4. Discussion

In this study, we evaluated various analytical factors to establish the
pipeline of targeted gene sequencing using LR-PCR and MPS. The 14-
kb-long MEFV gene was selected as the target gene for LR-PCR. LR-PCR
conditions, post-PCR purification methods, and MPS library preparation
methods were evaluated. First, LR-PCR using Tks Gflex DNA

Fig. 4. Comparison of the sequence reads mapped on hg19 obtained by two MPS library preparation methods. (A) Percentage of mapped sequence reads on
chromosome 16 and others. (B) Percentage of mapped reads on chromosomes, except for chromosome 16. Paired t-test determined the p-value. (C) Comparison of
chromosome length and percentage mapped reads on chromosomes, except for chromosome 16. Spearman rho and p-value were as follows: ligation, rho= 0.73,
p=5.7E−5; and transposon, rho= 0.89, p=7.7E−9.

Fig. 5. Comparison of the normalized base coverage in the MEFV gene obtained by two MPS library preparation methods. (A) The normalized coverage of each
nucleotide position in MEFV. The gene structure of MEFV is shown at the bottom of the plot. Filled boxes indicate coding exons. MEFV is located in the reverse strand
of hg19 reference genome. The arrow indicates the exon 2 region of MEFV. (B) Association between normalized coverage and local GC content determined by sliding
window analysis. The lines indicate LOESS regression lines. (C) Real-time PCR efficiencies of each region. The asterisk indicates the middle exon 2 of MEFV with
lower PCR efficiency (< 50%).
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polymerase at 7-min (30-s/kb) annealing/extension with 100-ng
genomic DNA input had the highest yield and was suitable for the
amplification of 14-kb-long PCR products. Second, with regard to post-
PCR purification methods, the magnetic bead-based method had high
recovery and purity. Subsequently, regarding MPS library preparation
methods, the ligation-based method had high base reads on the target,
uniformity of coverage, and target bases with no strand bias.
Furthermore, the RSQ of variant frequency was well correlated between
Sanger sequencing and MPS using a ligation-based library. Therefore,
the ligation-based method without library amplification PCR is pre-
ferred for MPS library preparation.

The LR-PCR performed in this study was similar condition to the
previous study, regarding to the use of proofreading DNA polymerases,
two-step cycling, and short denaturation time [2]. In the single-gene
analysis, LR-PCR is considered to be an easy-to-use and cost-effective
target-enrichment method. Compared with other methods, the ad-
vantages of LR-PCR are the following: 1) Sanger sequencing for the
variant confirmation is applicable using LR-PCR products, 2) the am-
plification bias of each region is minimized, and 3) well-designed pri-
mers can specifically amplify the target gene despite the existence of
highly homologous pseudogenes such as PKD1 and PMS2 genes [6–8].
Thus, LR-PCR is useful for the analyses of genes with high GC-rich re-
gions and pseudogenes. In addition, the median gene length is 21,209

bases according to the consensus coding sequence (CCDS) database
[22]. Thus, several genes can be amplified using LR-PCR with one
primer pair. In addition, LR-PCR can analyze the entire regions of gene
including exons and introns [23].

Among the post-PCR cleanup methods evaluated in this study, en-
zymatic clean-up has the highest recovery and shortest handling time
(approximately 5min). However, the lack of purity affected the quality
of Sanger sequencing. Although the silica column-based method had
high purity, the recovery was the lowest. Therefore, the magnetic bead-
based method was considered to be a suitable post-PCR cleanup method
of LR-PCR because of its recovery and purity. MPS has been reported to
provide false-positive results because of chemical, platform, and
bioinformatic biases [24]. Confirmatory tests will be required for de-
termining the clinically relevant and/or unknown variants. LR-PCR
products purified using the magnetic bead-based method can be used
for both MPS and Sanger sequencing, which are used to confirm the
variants detected using MPS.

In the library preparation for MPS, adaptor addition PCR was re-
quired in the transposon-based method. Although the input DNA vo-
lume in the transposon-based method was lesser than that in the liga-
tion-based method, the base coverage was affected by the adaptor
addition PCR amplification bias. The transposon-based method sig-
nificantly increased the percentage of sequence reads on chromosomes,
except for chromosome 16. Other genomic regions were amplified using
adaptor addition PCR. Furthermore, the PCR amplification bias causes
strand and variant frequency biases. In general, a minimum of 30×
base coverage with balanced reads may be sufficient for germline
testing if only detection of heterozygous or homozygous variants of two
alleles are considered [25,26]. Approximately 200,000 sequence reads
were required to obtain a minimum of 30× base coverage in the
transposon-based method, which is 15-fold higher than the ligation-
based method. The uniformity of base coverage is an important factor
that influences the efficiency of targeted gene sequencing using MPS.
Thus, the ligation-based method is preferable for obtaining uniform
sequence coverage with no strand bias.

The major limitation of LR-PCR is the requirement of high-quality
genomic DNA. Thus, degraded DNA samples, such as formalin-fixed
paraffin-embedded DNA and cell-free DNA, cannot be analyzed [27]. In
addition, LR-PCR may not be suitable for enriching the target regions if
the protein-coding regions of the gene with large intronic regions are
analyzed. Although the single nucleotide variants and small indels can
be detectable by LR-PCR, the detection of large indels such as copy
number variants (CNVs) may be difficult. However, it has been reported
the CNVs were very rare in the FMF patients [28]. In this study, we used
the Ion Torrent PGM semiconductor sequencer and its compatible

Fig. 6. Comparison of PCR efficiency (%), Tm (°C), and GC content (%). Real-time PCR of 20 regions of MEFV were performed. PCR efficiency and Tm were
determined by real-time PCR experiments of each MEFV region. (A) Efficiency versus Tm. (B) Efficiency versus GC content. (C) Tm versus GC content. The p-values
were determined by Spearman rank-order correlation test.

Table 2
Comparison of exonic variants in theMEFV gene detected by Sanger sequencing
and MPS.

Chr16 Exon Variant Frequency

Sanger MPS-L MPS-T

3293888 9 c.1764G>A (p.P588=) 0.21 0.25 0.20
3297073 5 c.1530T>C (p.D510=) 0.78 0.77 0.74
3297175 5 c.1428A>G (p.Q476=) 0.74 0.77 0.68
3297181 5 c.1422G>A (p.E474=) 0.79 0.79 0.75
3299749 3 c.942C>T (p.R314=) 0.80 0.85 0.80
3304463 2 c.605G>A (p.R202Q) 0.18 0.21 0.23
3304573 2 c.495C>A (p.A165=) 0.52 0.62 0.62
3304654 2 c.414A>G (p.G138=) 0.57 0.66 0.53
3304762 2 c.306T>C (p.D102=) 0.60 0.66 0.55

Note: RefSeq accession numbers of MEFV gene and Pyrin protein are
NM_000243 and NP_000234, respectively. The frequencies of variants were
variable because this genomic DNA was extracted from the pooled whole blood
of multiple healthy volunteers.
Abbreviations: MPS-L, massively parallel sequencing with ligation-based li-
brary; MPS-T, massively parallel sequencing with transposon-based library.
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library preparation kits. Further studies with other sequencing tech-
nologies and library preparation reagents would be required.

In conclusion, we established the analytical pipeline of targeted
gene sequencing using LR-PCR and MPS. These data can enable the
optimization of target gene sequencing using LR-PCR and MPS in the
clinical laboratory.
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