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Abstract Owing to the high throughput and low cost, next
generation sequencing has attracted much attention for SNP
genotyping application for researchers. Here, we introduce a
new method based on three-round multiplex PCR to precisely
genotype SNPs with next generation sequencing. This method
can as much as possible consume the equivalent amount of
each pair of specific primers to largely eliminate the amplifi-
cation discrepancy between different loci. After the PCR am-
plification, the products can be directly subjected to next gen-
eration sequencing platform. We simultaneously amplified 37
SNP loci of 757 samples and sequenced all amplicons on ion
torrent PGM platform; 90.5 % of the target SNP loci were
accurately genotyped (at least 15%) and 90.4 % amplicons
had uniform coverage with a variation less than 50-fold.
Ligase detection reaction (LDR) was performed to genotype
the 19 SNP loci (as part of the 37 SNP loci) with 91 samples
randomly selected from the 757 samples, and 99.5 % genotyp-
ing data were consistent with the next generation sequencing
results. Our results demonstrate that three-round PCR coupled
with next generation sequencing is an efficient and economi-
cal genotyping approach.
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Introduction

SNPs are one of the most important molecular markers that
could be associated with complex diseases, and variation of
human response to agents and the environment [1, 2]. SNP
genotyping is often used in a variety of biological analysis,
such as genetic structure analysis, personalized medicine and
positional cloning of disease alleles [3, 4]. Thanks to next
generation sequencing, the reference genome sequence data
and SNP data of different organisms are increasing rapidly in
recent years. Therefore, there is an ever-increasing need for
SNP genotyping for various purposes [5, 6]. The traditional
methods, such as Tagman, Sequenom and SNaPshot [3], are
flexible for limited SNP loci for hundreds of samples, but we
still need more efficient and economical methods for high
throughput SNP genotyping. The SNP genotyping on micro-
array is a high throughput method which was restricted to
designed SNP loci, and are not flexible. Next generation se-
quencing can provide low cost and high throughput sequenc-
ing. This method can simultaneously sequence hundreds of
samples to produce thousands or even millions of accurate
sequences for genetic variants analysis [7, 8]. Thus next gen-
eration sequencing is an emerging high throughput method
which is capable of discovering, and genotyping large
amounts of SNPs in a single run [7, 9, 10].

A variety of strategies have been integrating next genera-
tion sequencing for identification of SNPs and mutations by
resequencing. The Current approaches include short PCR
[11], long PCR [12], multiplex PCR [13], Hybrid Capture
[14, 15] and Molecular Inversion Probes [16]. These strategies
are also suitable for SNP genotyping of the known loci.
Among them, multiplex PCR is the desirable choice to geno-
type a large set of SNPs, because it is labor and cost effective,
quite flexible to design, and requiring smaller amount of tem-
plate DNA [8]. However, there still remains two major
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challenges to perform multiplex PCR coupled with next gen-
eration sequencing. The first challenge lies in the difficulty to
have uniform abundance of amplicons in one PCR reaction
which contains dozens of primer pairs. Different primers have
poor uniformity in multiplex PCR because of amplification
bias [17], and multiplex PCR is typically limited to simulta-
neous amplification of 10-20 loci due to primer-dimer forma-
tion and mispriming events. In order to reduce the primer
competition, researchers used emulsion PCR to separate each
pair of primers, while 90.2 % of all amplicons fell within a 25-
fold abundance range [18]. The second challenge is the uni-
formity of products between different samples [11]. Because
the multiplex PCR products from thousands samples must be
mixed before they are sequenced in next generation sequenc-
ing platform, the variations among the samples could cause
sequence coverage bias and reduce the sequence efficiency.

Here we present a novel three-round multiplex PCR meth-
od coupled to next generation sequencing, which allows for
simultaneous amplification of many loci and accurate SNP
genotyping. The method enriches target regions in the first
two rounds of PCR reaction and as much as possible consume
the residual primers to reduce the discrepancy in amplification
between different loci. In the third round PCR reaction, the
unique adapter primers are added to the ends of target regions
of each sample in order to distinguish the SNP information
between different samples in the subsequent sequencing reac-
tion. We amplified the 37 loci from 757 human genomic DNA
and sequenced the amplicons in a single run on lon torrent
PGM platform. This method has desirable results in terms of
coverage and uniformity for the SNP loci after three-round of
amplification. We demonstrate that three-round PCR method
is multiplex, specific and uniform, which therefore has a huge
potential for SNP genotyping using next generation
sequencing.

Materials and methods
Primer design

The sequences of 37 targeted regions containing SNP
loci were downloaded from the National Center for
Biotechnology Information RefSNP database [see
Electronic Supplementary Material (ESM) Table S1].
To obtain specific PCR products, we designed chimeric
specific primers which contain target sequences and uni-
versal sequences (Fig. 1). The product sizes of PCR
reaction were between 107 and 160 bp, and the primer
length was 37-38 bp, with melting temperature (Tm) 55-
65 °C and the GC content between 20 % and 80 %. To
distinguish different samples, we designed 40 pairs of
adapter primers containing Ion Torrent primer, index
sequences and universal sequences (ESM Table S2).
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Each adapter primer has unique index sequences and
represents a non-repeat sample. Therefore, we can si-
multaneously test 1600 samples using 40 pairs of adapt-
er primers(synthesized by HanYuBio,Shanghai,China).
Adapter primers were purified by HPLC, and the other
primers were supplied as standard desalting grade.

Three-round PCR

To assess the ability of three-round PCR for SNP genotyping,
757 human genomic DNA (25 ng/ul) from WuXi Mental
Health Center were used for genotyping. The method contains
three-round PCR. Targets were initially amplified by 10ul
PCR reaction containing 2u/ human genomic DNA, 1 U of
Hot Start DNA Polymerase (Rendu biotechnology, Shanghai,
China),1 x PCR buffer (Rendu biotechnology, Shanghai,
China), 200 uM dNTPs, 10 mM MgSO, and 0.05 uM each
specific primer in the first round PCR. The following cycling
programs were used for the PCR: 94 °C for 15 min, 20 cycles
of [94 °C for 30 s, 60 °C for 1 min,72 °C for 30s]. The second
round 10u/ PCR reaction used 3u/ template which is the first
round PCR products, 1 U of Hot Start DNA Polymerase
(Rendu biotechnology, Shanghai, China),l x PCR
buffer(Rendu biotechnology, Shanghai, China), 200 uM
dNTPs, 10 mM MgSO,. The following programs were used
for the PCR: 94 °C for 15 min,20 cycles of [94 °C for 30 s,
60 °C for 1 min,72 °C for 30s]. The third round PCR was to
add into the second round PCR tube a 10u/ reaction mixture
which contained 1 U of Hot Start DNA Polymerase (Rendu
biotechnology, Shanghai, China), 1 X PCR buffer (Rendu bio-
technology, Shanghai, China), 200 uM dNTPs, 10 mM
MgSO, and 0.5 pM mix primers of adapter primer A and
adapter primer P. The following programs were used for the
PCR: 94 °C for 15 min, 15 cycles of [94 °C for 30 s, 60 °C for
1 min 30s,72 °C for 30s],72 °C for 10 min.

The PCR products of 757 samples were mixed in a 50 ml
centrifuge tube after three-round PCR, then the tube was
sealed by parafilm and mixed over night. This mixture was
purified by TIANgel Midi Purification Kit(TITANGEN
BIOTECH, Beijing, China).

Ion torrent PGM sequencing

Purified PCR products mix was then processed for the
PGM sequencing process according to the commercially
available protocols. PCR products mix was processed on
a OneTouch 2 instrument and enriched on a OneTouch
2 ES station. After enrichment, products were sequenced
on a 318 chip using the Ion Torrent PGM and the Ion
PGM™ Sequencing 200 Kit v2 according to the man-
ufacturer’s instructions.
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Fig. 1 Schematic overview of
primers design features. Each
specific primer consists of
universal 18 bp flanking
sequences (black), unique 19-
20 bp targeted arms (red).
Specific primer is designed for

Forward specific primer

IR

enrichment of targets containing
SNP locus. Adapter primer

SNP locus

includes 30 bp ion torrent primer
A (pink) which is the sequencing
primer or 23 bp ion torrent primer
P (green) which is fixed in the
bead, unique 10-12 bp index
(vellow) and universal sequences
(black). The adapter primers add
ion torrent primer on the specific
primers products in order to can
directly put the PCR products in

the subsequent emulsion PCR universal sequences

W

Sequencing Data Analysis and SNP calling

Usually raw reads including three parts: index sequence,
adapter sequence and target sequence. All the sequencing
reads were separated according to the corresponding samples
based on index sequences by using FASTX-Toolkit with pa-
rameter that mismatch base of index sequence was less than 1.
After that, the index and adapter sequence were trimed out by
using cutadapt software, generating target sequences for each
sample. SNPs were identified by using software of BWA
(v0.7.12) and samtools (v0.1.19). In brief, target sequences
were mapped to the SNP reference sequences (NCBI,
dbSNP build 142) to generate sam file by BWA. By using
samtools, the sam file was transferred to mpileup file, which
was used fot the statistics of SNP bases. For SNP calling, the
SNP locus with <15 x coverage were filtered out and hetero-
zygote ratio was fell in 20-80 % range by using in-house perl
[19-22].

Results
Overview of three-round PCR

We designed three-round PCR to increase the uniformity of
amplicons. In the first round PCR, we use low concentration
of specific primers and performed a few cycles. The specific
primers are annealed to the target regions and amplified the
target sequence (Fig. 1). In the second round PCR, part of
products from the first round are added in an new PCR reac-
tion system without adding primers, in order to consume the
free residual primers thoroughly from the first round which

target sequences

\ / lon torrent primer—»\

targeted region

o

Reverses pecific primer

adapter primer P

/
~—

results in uniform product quantity in multiplex reaction sys-
tem. In the third round PCR, the target amplicons of each
samples are amplified together simultaneously with the adapt-
er primers. Many target loci can be performed in a single tube
per sample. To pool and sequence multiple samples, each
sample is performed separately and has different adapter
primers with unique index sequences to indicate sample iden-
tity (ESM Table S3).

universal sequences

Coverage uniformity for amplicons and samples

Uniformity of sequence coverage among targeted amplicons
is an important performance metrics because it determines the
average depth of amplicons optimal for SNP calling. The pur-
pose of three-round PCR is to reduce the variation in amplifi-
cation abundance between different loci and samples. All the
amplicons of 757 samples were sequenced on Ilon torrent
PGM platform and the reads of amplicons were discarded if
the index sequence had more than one mismatch. We got 5,
806,639 raw reads and 4,370,218 reads contained both index-
es. Of the reads which contained both indexes, 3,477, 305
reads were usable data and 892,913 reads were the non-
target which were discarded. Based on the usable data which
had a Phred-like consensus quality>20, 98.6 % (27613 of
28009) of amplicons were covered at least 1% and 90.5 %
(25355 of 28009) of amplicons were covered at least 15x.
Among the targets that we sequenced, abundances varied over
1-2 logs (base 10) (Fig. 2).

We normalized the coverage of each amplicon by the mean
coverage (range of reads from 1 to 1657, median reads at 126)
of all amplicons, therefore we could directly compare their
coverage distribution plots (Fig. 3A). 90.4 % of the SNP loci
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Fig. 2 The coverage range of the amplicons. Amplicons from 757
samples were sequenced on an Ion torrent 318 chip.The x-axis is the
number of amplicons which were sequenced least 1x and the y-axis is
the number of reads.The logs (base 10) of the estimated relative
abundances were calculated. 98.6 % (27613 of 28009) of target
amplicons were sequenced one or more times and their abundances varied
over 1-2 logs.

had reads between 15 and 750, within a 50-fold abundance
range (Fig. 3A). The distribution of coverage results showed
that 84.5 % of the amplicons was in the range from 15 to 300
reads. The distribution showed that excessively high read
depth was around 20 % of all sequence reads (Fig. 4A).
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Fig. 3 Normalized coverage distribution plots. (A) Shown is the fraction
of amplicons (range of reads from 1 to 1657, median reads at 126). (B)
Shown is the fraction of samples (range of reads from 25 to 16,520,
median reads at 4,593).The normalized coverage was obtained by
dividing the observed coverage by the mean coverage.The x-axis is the
average normalized coverage and the y-axis is cumulative distribution
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Similarly, we normalized the coverage of each sample
(range of reads from 25 to 16,520, median reads at 4,593)
(ESM Fig. S1).The data showed that 98.4 %, 97.9 %,
94.3 % and 68.8 % samples fell within 30-fold, 20-fold, 10-
fold and 5-fold range (Fig. 3B). At the same time, each SNP
locus total reads of 757 samples was different within 12 times
(Fig. 4B). For the 37 loci, 31 loci were genotyped in >87 % of
the individual samples and the other 6 loci were genotyped in
<87 % of the total samples. (ESM Table S4).

Accuracy of SNP genotyping

To evaluate the accuracy of genotyping by three-round PCR
and next generation sequencing, we compared genotyping
data obtained from our new method with data from a conven-
tional SNP genotyping approach named ligase detection reac-
tion (ligase detection reaction, LDR). LDR is a high accuracy
method for SNP genotyping. This method uses probes to de-
tect the SNP locus through a ligase, whereas a mismatch at the
junction inhibits ligation [3]. 19 SNP loci of 91 samples ana-
lyzed by the three-round PCR and next generation sequencing
and were reanalyzed using LDR approach (ESM Table S5).
The data of next generation sequencing with amplicon reads
>15, were used for subsequent analysis (ESM Table S6). At
the same time, We used a standard procedure for SNP calling
in which the probability of a heterozygous individual was
falling in the 20-80 % range [19, 20, 22]. 99.5 % genotyping
data of LDR approach were consistent with the next genera-
tion sequencing results (ESM Tables S5 and S6).

In order to evaluate the allelic bias of next generation se-
quencing data, we focused on allelic frequencies of next gen-
eration sequencing data which was demonstrated by LDR.
The homozygous positions had an allelic ratio of <0.1 or
>0.9 and the heterozygous variants showed a ideal distribution
converging to 0.5 with increasing coverage (Fig. 5).

Discussion

Next generation sequencing is a powerful tool to study genetic
variations and mutations. SNP genotyping followed by mul-
tiplex PCR is an emerging application of next generation se-
quencing. Now, more and more suppliers including Illumina
and Thermo-Fisher provide commercial kits, such as Illumina
TruSeq Amplicon CancerPanel(212 amplicons) and Ton
AmpliSeq™ Comprehensive Cancer Panel (16,000
amplicons) [23, 24]. At the same time, there are emerging
flexible and non-commercial methods for multiple samples
SNP genotyping with next generation sequencing.Three-
round PCR is similar to these non-commercial technologies,
such as High-plex PCR and GT-seq, which is most suitable for
large number of samples [8, 25]. To compare these non-
commercial technologies, the uniformity of multiplex PCR
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Fig. 4 Distribution of amplicons. (A) The reads distribution of
amplicons.The x-axis is depth of amplicons which were sequenced at
least 1x. The y-axis is the number of amplicons. While the most reads
(84.5 %) was concentrated within low read depth amplicons (range of
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reads from 15 to 300). (B) Shown is the total reads of each SNP locus.The
logs (base 10) of the estimated relative abundances were calculated in

figure

Table 1  Comparison of Uniformity of Different Methods

Method

Uniformity of coverage

Three-round PCR
High-plex PCR [25]

Molecular inversion probes [27]

90.4 % within 50-fold
(37 loci, 757 samples)
98.33 % within100-fold
(60 loci, 1 sample)
58 % within tenfold, 88 %
within 100-fold
(13,000 loci, 16 samples)

0. Yanat TRy ’ balsinery. ; ; Microdroplet PCR [18] 96.6 % withi.n 25fold
0 100 200 300 400 500 600 700 (3,976 loci, 1 sample)
Fald sequancing covensge Nested Patch PCR [17] 75 % within 50-fold

Fig.5 Allelic bias of overlapping positions. There are 1682 positions within
next generation sequencing data (plotted points in the figure) which are
overlapped with LDR results and have 15 times coverage at least.Colors
correspond to genotypes, Red, homozygous,black, heterozygous

Solution Hybridization [14]

(90 loci, 1 sample)

80 % within 25fold
(>15,000 loci, 1 sample)
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is the most important parameters[18]. We amplified 37 SNP
loci from 757 DNA samples simultaneously and 90.4 % of
amplicons fell within 50-fold. The results indicated that three-
round PCR had uniformity of coverage similar to these
methods as listed (Table 1).

There were 5,806,639 raw reads and 4,370,218 reads
contained both indexes. Of the reads which contained both
indexes, 3,477, 305 reads were usable data. 80 % usable data
focused on low read depth amplicons (84.5 % amplicons
range from 15 to 300 reads) to ensure that most amplicons
had enough reads for a high quality genotype assignment. The
reads distribution from our results supports that SNP genotyp-
ing as described in our method does not require the increase of
excessively high sequencing depth to reach reads threshold,
therefore it is more cost effective [26].

Among the usable data, 90.5 % amplicons were covered at
least 15% and 90.4 % amplicons had reads between 15 and 750
within a 50-fold abundance range. At the same time, 31 loci of
the 37 loci were genotyped in >87 % of all the individual
samples and the other 6 loci were genotyped in >40 % of the
total tested samples.The results were similar to the previously
published results using GT-seq [8].

For many genetic studies it is necessary to examine large
numbers of samples for SNP genotyping. This strategy can
reduce the cost of oligonucleotides synthesis and the input of
template DNA. The experimental results showed that 98.4 %
samples reads fell within 30-fold range. This result was due to
the fact that the different index sequences had different ampli-
fication efficiency [12].

The traditional multiplex PCR methods for target regions
are always two-round PCR [17, 18]. The target regions are
amplified in the first round PCR reaction, then the adapter
primers are added to the second round PCR reaction [25].
These methods always need expensive hardware conditions
[18] or many hands-on steps which involve enzymatic pro-
cessing to reduce the discrepancy in amplification efficiency
between different loci [17]. However, three-round PCR only
need standardized experimental conditions to do the same
work of these methods. Our method uses first two rounds
PCR reaction to amplify the target regions and the third round
PCR to add the adapter primers (Fig. 1). The first two round of
the PCR in our approach are set to reduce the verigation of
amplification efficiency between different loci, and the third
round PCR using universal primers guarantees uniform quan-
tity in PCR products between different samples which are
differentiated by the index sequences.

The SNP genotyping accuracy of three-round PCR and
next generation sequencing is quite satisfactory. With this
method, 99.5 % genotyping data of LDR approach were found
consistent with the next generation sequencing results from
the new method. The allelic frequencies of the consistent data
was consistent with the reference values to ensure that the
SNP genotyping becomes simple and efficient (Fig. 5). The
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method has extensive application possibilities which require
high throughput SNP genotyping. Importantly, this method
may not only limited to SNPs genotyping, but could be also
suitable for whole genome re-sequencing. With three-round
PCR, we can easily amplify and sequence the selected candi-
date regions in large samples to identify variants associated
with disease.

Conclusions

We have presented a new multiplex PCR method in combina-
tion with the next generation sequencing for SNP genotyping.
The method has good uniformity and simultaneously detects
hundreds samples in an unprecedentedly efficient manner, and
such a method can be applied for genetic analysis of large
samples.
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