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Abstract

Background: Restriction Enzyme-based Reduced Representation Library (RRL) method represents a relatively
feasible and flexible strategy used for Single Nucleotide Polymorphism (SNP) identification in different species. It
has remarkable advantage of reducing the complexity of the genome by orders of magnitude. However,
comprehensive evaluation for actual efficacy of SNP identification by this method is still unavailable.

Results: In order to evaluate the efficacy of Restriction Enzyme-based RRL method, we selected Tsp 45I enzyme
which covers 266 Mb flanking region of the enzyme recognition site according to in silico simulation on human
reference genome, then we sequenced YH RRL after Tsp 45I treatment and obtained reads of which 80.8% were
mapped to target region with an 20-fold average coverage, about 96.8% of target region was covered by at least
one read and 257 K SNPs were identified in the region using SOAPsnp software.
Compared with whole genome resequencing data, we observed false discovery rate (FDR) of 13.95% and false
negative rate (FNR) of 25.90%. The concordance rate of homozygote loci was over 99.8%, but that of heterozygote
were only 92.56%. Repeat sequences and bases quality were proved to have a great effect on the accuracy of SNP
calling, SNPs in recognition sites contributed evidently to the high FNR and the low concordance rate of
heterozygote. Our results indicated that repeat masking and high stringent filter criteria could significantly decrease
both FDR and FNR.

Conclusions: This study demonstrates that Restriction Enzyme-based RRL method was effective for SNP
identification. The results highlight the important role of bias and the method-derived defects represented in this
method and emphasize the special attentions noteworthy.

Background
SNPs are the most abundant markers across the genome.
Their relatively uniform distribution and high density
make them ideal markers in genome wide association
studies (GWAS), comparative or evolutionary genomics
study and marker-assisted molecular breeding research.
Due to the outcome of HapMap Project [1,2] and the
proceeding of 1000-genomes Project [3], over 30 M SNPs
in human genome have been genotyped and reported in
the dbSNP database [4].

Several genome-wide genotyping technologies have
been developed and commercialized, aiming at detecting
common SNPs or tagSNPs in parallel [5] (e.g. Illumina
BeadArray based on primer extension [6], Affymetrix
SNP arrays based on differential hybridization [7] etc.).
Although these technologies have obvious advantages
such as low costs, whole genome sequencing (WGS) is
the most straightforward method for genome-wide iden-
tification of SNPs and other types of variants. So far gen-
otyping hundreds to thousands of individuals by WGS is
still not affordable for many investigators even consider-
ing the dramatic cost decrease due to innovation and
update of the technology. Therefore, to fill the gap
between current methods, considerable efforts have been
made to develop the RRL methods, which have great
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advantage of reducing the complexity of a genome by
orders of magnitude. Recently, lots of RRL strategies have
been proposed and proved, such as target enrichment
technologies including multiplex PCR, restriction enzyme
digestion, selective sequence capture on array [7] or in
solution [8], and others (reviewed by Mamanova L [9]).
Compared with other methods, RRL based on restric-

tion enzyme digestion is relatively feasible and flexible,
especially for those species without the reference genome
[10]. The first RRL using restriction enzyme was
described over ten years ago, subsequently many success-
ful cases have been performed in human [11], soybean
[12], cattle [13], swine [10] and other species [14].
Recently reported Restriction-site associated DNA (RAD,
with similar experimental procedure as RRL) tag method
is able to identify and score thousands of genetic markers
in the flank region of enzyme recognition sites which
randomly distribute across the target genome. RAD
method can be widely used in large population studies,
enabling not only genotyping and SNP discovery, but
also more complex analysis such as quantitative genetic
and phylogeographic studies [15-17]. However, RAD
method involving multiple steps was labour intensive and
typically requires a large volume of starting genomic
DNA, moreover, the validation rate was only 85% under
high stringency of SNP calling condition in some species
like soybean [12]. In a recent study, the researchers uti-
lized RRL of enzyme Hae III to identify up to 47 K SNPs
with validation rate of 48% in a rainbow trout genome
[14]. Although the low validation rate of RAD in soybean
and rainbow trout were conferred by polyploidy and a
whole genome duplication event related to target gen-
ome, the main cause was due to the poor accuracy of the
method, indicating the potential possibility of improve-
ment by further optimizing the library building or SNP
calling in human beings. Consequently, the low validation
rate of RRL method greatly hinders its widespread appli-
cation. Until now comprehensive evaluation (e.g. power
and efficacy of SNP discovery, genome coverage, etc.) is
still unavailable, the comprehensive evaluation should be
carried out in target genomes with detailed genomic
coordinates and available genotyping information. Here
we proposed restriction enzyme based RRL construction
method and performed comprehensive evaluation for
this method, especially for the accuracy of SNPs
discovery.

Methods
In silico digestion and enzyme selection
In silico digestion of the human reference genome
(http://hgdownload.cse.ucsc.edu/goldenPath/hg18/big-
Zips) was performed with nine commercially available
and methylation-insensitive restriction enzymes. These
enzymes were selected upon following criterions:

(1) predicted fragments length ranged from 200 to 700
base pairs (bp); (2) proportion of target region over-
lapped with the repetitive elements; (3) number of puta-
tive SNPs in dbSNP database v129 (ftp://ftp.ncbi.nih.
gov/snp/organisms/human_9606/) covered by target
region. The repetitive elements were determined using
RepeatMasker software v3.2.7 (http://hgdownload.cse.
ucsc.edu/) [18].

Library construction and DNA sequencing
Tsp 45I RRL was prepared following the main workflow
shown in Figure 1A, 5 μg genomic DNA was extracted
from peripheral venous blood using QIAamp DNA
Blood Mini Kit (Qiagen), then completely digested by
Tsp 45I in 100 μL reaction mixer at 65°C for 1 hour
(New England Bio Labs). The digested DNA was sepa-
rated on a 2% agarose gel and the fragments in the
range of 200 bp to 700 bp were excised from gel and
purified using QIAquick Gel Extraction Kit (Qiagen).
The sticky ends of fragments generated by Tsp 45I
digestion were polished with T4 DNA polymerase and
Klenow polymerase, after ‘A’ base tailing using Klenow
exo-(3’ to 5’ exo minus). Then PCR-free adaptors with a
single ‘T’ base overhang at the 3’ end were ligated to the
above products. The concentration of the libraries was
determined by Q-PCR. The libraries were performed 90-
cycles paired-end multiplex sequencing on Illumina
HiSeq 2000 platform (Illumina).

SNPs calling and validation
The raw sequencing data were masked from adapter
using our own software application Mlinker. Parameters
were set up for Mlinker as following: (1) overlapped
length between read and adapter was at least 5 bp; (2)
minimum of 90% sequence identity between read and
adapter; (3) length of reads after adapter-masked was at
least 35 bases. The clean reads were mapped to the
human reference (hg18) using SOAPaligner v2 (http://
soap.genomics.org.cn/) with at most 4 mismatches and
at least 40 perfectly matched bases.
SOAPsnp v2 [19,20] based on Bayesian model was

used to call SNPs on target regions. Five filter steps
were used to remove unreliable part of the consensus
sequences: (1) both the major and minor alleles should
be detected at least twice; (2) the overall sequencing
depth, including randomly placed repetitive hits, was
less than 200-fold; (3) the copy number of flanking
sequences should be less than 2; (4) the genotype quality
and average quality score of best nucleotide were at
least 20, and average quality score of second best
nucleotide was at least 20 if the genotype was heterozy-
gous; (5) SNPs ought to be at least 5 bp away from each
other. After filtering, the number of YH consensus
sequence was calculated, and discrepancies between the
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YH genome and hg18 reference genome were consid-
ered SNPs.
SNP validation was processed in two aspects including

detection of SNP calling accuracy and genotyping accu-
racy. We used high confident SNPs set previously gener-
ated by whole genome sequencing (WGS) to evaluate our
SNPs calling results. Novel SNPs identified in our results
were defined as false discovery loci, and missing SNPs in
our results were defined as false negative. The FDR and
FNR indicated the accuracy of SNP calling. To evaluate
the genotyping accuracy, we calculated the concordance of
these SNPs genotyped by RRL method and Illumina 1 M
Duo_v3.B BeadArray.

Genome coverage and Minor allele frequency (MAF)
distribution
To compare with commercially available genotyping
platform, we set some parameters including genomic
coverage (r2 ≥ 0.8), MAF (mean/median), and spacing
(mean/median) between markers. Allele frequency and

linkage disequilibrium (LD) data for the four HapMap
populations were obtained from HapMap database
(http://www.hapmap.org, phase 2). The value of genomic
coverage was calculated according to the method pre-
viously described [21], In brief, we performed the naive
estimation of coverage using HapMap release24 as refer-
ence set of SNPs, which was defined as R. The sets of
SNPs covered by Illumina genotyping Beadchip or RRL
were represented by T. The sets of SNPs located in
same LD blocks with T sets of SNPs with r2 ≥ 0.8 were
represented by L. Then the value of genome coverage
was calculated as (L+T)/R. Human 1 M Duo_v3.B Bead-
chip from Illumina which cover about 1.1 M SNPs was
selected to perform the comparison.

Results
Enzyme selection, RRL construction and sequencing
In this study we screened nine restriction enzymes with
human genome hg18 as reference, we fragmented the
whole genome in silico according to the enzyme

Figure 1 Main workflow of library construction and data analysis. (A) The workflow summarized the whole process including enzyme
selection, library construction and data analysis. (B) Gel image of completely digestion of YH genome by Tsp 45I (lane 1) and gel image after gel
extraction (lane 2). Lane M shows 50 bp molecular ladder with size indicator aside.
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restriction-site sequence, considering to the fragment
size of sequencing platform the target fragments ranging
from 200 bp to 700 bp were selected, as large variety of
fragment length was not recommended for the cluster
generation of the Illumina sequencing platform. To
minimize the repetitive content, we calculated the fre-
quency of target region overlapped with repetitive ele-
ments, the frequency for all enzymes was about 40% to
50%, which was close to that of whole human genome.
Therefore, it is difficult to remove the repeat sequences
from the RRL for human being (Table 1). Based on the
simulation results, Tsp 45I that specifically recognize a
5-bp site (GTSAC) with a degeneration base in the mid-
dle, in principle could call around 1 M putative SNPs.
Since we planned to evaluate the SNP calling efficiency by
comparing our RRL method and 1 M Duo_v3.B chip, we
selected Tsp 45I to obtain RRL. Tsp 45I RRL produced
approximately 1.5 million fragments ranging from 200 bp
to 700 bp, paired end sequences from the sequenced frag-
ments covered 266 Mb region (8.64% of the whole gen-
ome) flanking enzyme recognition sites.
The workflow of Tsp 45I RRL construction was

depicted in Figure 1A, which was compatible to Illumina
sequencing platform. The genomic DNA was digested
with Tsp 45I entirely and separated by agarose gel elec-
trophoresis (Figure 1B). A total of about 87.38 million
reads with an average length of 90 bp were generated in
half a lane of Illumina HiSeq 2000 platform, 7.86 G bases
were produced (Table 2). Using SOAP software package,
about 84.7% of total past filter (PF) reads could be
mapped to reference genome with unique map rate of
93.2%, and 80.8% mapped reads were located on target
region. Of the 266 M target region in simulation results,
255 M (96.8%) was covered by at least one reads with 20-
fold mean depth. The total depth distribution of target

regions approximately formed a Poisson distribution
(Figure 2A).
To assess the quality of RRL construction and sequen-

cing, we compared the actual insert size distribution cal-
culated according to the paired end information of
sequence reads to that of simulation result. Figure 2B
indicated that the length distribution of inserted frag-
ments in Tsp 45I RRL was approximately from 200 to
700 bp. Compared with the simulative curve, the small
fragments were over-presented in the final sequencing
results, probably indicating the bias in the process of
library construction and cluster generation. Furthermore
these peaks in the distribution with consistent patterns
were contributed by the accumulation of repetitive
elements.

SNP identification and validation
For SNP calling, highly stringent filter criteria (see
Methods for detailed information) were used. To evalu-
ate the accuracy of SNP calling, we compared the identi-
fied SNPs to YH SNPs data generated by WGS [22] and
dbSNP database (Table 3). Of 257,631 SNPs identified
by RRL sequencing, 222,028 loci were previously
detected by WGS and the validation rate was 86.18%,
the remaining 35,603 loci were not involved in WGS
result. Of 299,164 SNPs from WGS results which
located on the target regions of RRL, 77,136 SNPs were
missed in the RRL results. Based on statistic analysis,
the false discovery rate (FDR) and false negative rate
(FNR) of Tsp 45I RRL method were 13.82% and 25.78%,
respectively.
To figure out the main causes, false discovery and

false negative loci were selected and calculated for their
identification or missing. From Table 4, several evi-
dences were brought forward: first, low depth coverage

Table 1 Summary of in silico digestion results

Restriction
Enzyme

Fragments
(200 -700

bp)

Distance
between two
adjacent reads

#Putative
SNPsb

#Total
selected
fragments

#Total length
of target
regionsa

% Percent
of

coverage

#Length of
repetitive on
target regions

%percent of
repetitive
contents

Mean
(Mb)

Median (Mb) S.D.
(Mb)

Sac I 65,734 11,832,120 0.38% 4,642,275 39.24% 22,732 442 131.63 48,250

Ava I 69,204 12,456,720 0.40% 5,388,814 43.26% 21,582 368 140.26 59,204

Hind III 114,374 20,587,320 0.67% 8,376,468 40.69% 13,027 425 95.84 79,308

Pvu II 194,918 35,085,240 1.14% 12,510,491 35.66% 7,607 379 73.01 137,942

Sfc I 442,338 79,620,840 2.59% 33,483,887 42.05% 3,303 348 47.28 319,623

Dra I 1,131,481 203,666,580 6.61% 74,549,862 36.60% 1,237 235 29.41 774,892

Tsp 45I 1,479,019 266,223,420 8.64% 104,133,241 39.12% 926 224 25.64 1,074,049

Bcc I 2,419,310 435,475,800 14.14% 216,911,945 49.81% 531 170 19.95 1,750,903

Mbo II 3,308,660 595,558,800 19.33% 251,315,078 42.20% 365 148 17.04 2,298,087

The in silico digestion results of nine restriction enzymes using hg18 genome as reference were shown. a regions sequenced in the final corresponding library
and calculated according to pair-end sequencing with average read length of 90 bp. b The number of putative SNPs are calculated based on dbSNP v129 data.
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contributed to about 38.22% of FNR but less of FDR;
second, up to 69.79% of false negative loci and 30.67%
of false discovery loci were filtered out due to low qual-
ity score, indicating great impact of sequence quality on
SNP calling; third, the copy number parameter was used
for eliminating the effect of repeat sequences on accu-
racy of SNP calling. Contrary to quality score, up to
70.32% of FDR and 33.17% of FNR were due to copy
number filter, suggesting that repeat elements had larger
effect on FDR. We calculated the proportion of false dis-
covery and false negative SNPs on repeat regions, the
results showed that 84.2% of FDR and 42.5% of FNR
were caused by repeat regions, which was consistent
with the previous results; finally, the influence of high
depth filter could be ignored. Upon the statistics, the
major contributors to FDR and FNR were base quality
and repeat sequences, this part of FDR and FNR could
be optimized by increasing sequencing depth and qual-
ity, or masking repeat sequences before SNP calling. In
addition, about 78.65% of false discovery SNPs were pre-
sent in dbSNP database, implicating that they might be
novel identification. However, further experimental vali-
dation in common populations were necessary to figure
out whether this part of false discovery SNPs was novel.
Except the above explanation of SNPs with appropriate
interpretations, the remainder made up most of veritable
FDR and FNR. The estimated FDR and FNR in our Tsp

45I RRL should be as low as 2.3% and 6.67%,
respectively.
To further evaluate the SNP typing accuracy, we used

the genotyping data generated by Illumina 1 M BeadAr-
ray to determine the concordance (Table 5). Of 108,735
SNPs which should be on target regions of RRL, 90.33%
(98,220 SNPs) were genotyped with high confidence. In
total, 98.19% of genotyping alleles were consistent with
each other. The concordance rate of homozygote loci
was over 99.8%, and that of heterozygote was only
92.56%. Among 1,708 inconsistent heterozygotes, over
99.7% loci were scored as homozygotes because of
under calling. The low concordance rate was mainly due
to low depth and uneven depth distribution of sequen-
cing reads. As we performed in silico digestion and SNP
calling using hg18 as reference, some bases in the
enzyme recognition sites may be candidate SNPs in YH
genome. If these loci were homozygous which were dif-
ferent from the reference, the corresponding target
region could be excluded from the final RRL and the
corresponding loci were accordingly undetectable,
so that it may contribute to FNR (see discussion and
Figure 3). In the same way, these heterozygous SNPs
will lead to one corresponding allele missed and wrong
genotyping results, according to statistical analysis, 971
(57.12%) loci were due to these SNPs located in enzyme
recognition sites.

Table 2 Summary of sequencing and alignment results

Total
reads

Total bases
(Gb)

PF bases
(Gb)

Mapped bases
(Gb)

On target region
(Gb)

Target region with depth ≥ 1
(Mb)

Mean
depth

Mismatch
rate

87,382,662 7.864 7.848
(99.8%)

6.644(84.7%) 5.374(80.8%) 255.34 (95.9%) 20.40 0.33%

Figure 2 Insert size and depth distribution of YH Tsp 45I RRL. (A) Depth distribution of target region in Tsp 45I RRL. The red dashed line
shows standard Poisson distribution. (B) Insert size distribution in Tsp 45I RRL. Insert size was calculated based on aligned paired end reads in
Tsp 45I RRL sequencing data. Compared to simulation results, these fragments shorter than 400 bp were over-represented and longer fragments
were under-represented. These peaks along the distribution indicated the accumulation of repeat sequence.
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Genome coverage and MAF distribution
Although a number of SNPs can be identified by RRL
method, they are different from the other high throughput
genotyping platforms such as Illumina Human 1 M
Duo_v3.B chip which can genotype about one million
SNPs selected preferentially with the purpose of providing
good coverage and distribution. To evaluate the genome
coverage of RRL method, we performed comparison
between RRL and Illumina 1 M chip, our results indicated
that RRL provided overall lower coverage in all three
populations. Among nine enzymes, the coverage provided
by Tsp 45I was 60% in CHB+JPT populations at r2 > 0.8,
78% by Mbo II with the demand to cover 2.3 M SNPs
which would double the cost for detection. The best cov-
erage provided by Human 1 M chip in CEU and CHB
+JPT HapMap populations was 95% and 93%, respectively,
and 76% in YRI population (Additional file 1). We also
investigated the distribution of SNPs across the whole gen-
ome by Tsp 45I RRL (Figure 4), the density of SNPs in
each chromosome was totally even except for chromo-
some 20, chromosome 22 and some regions near telo-
mere. The commercial products provided better coverage
owing to the preferential selection of tag SNPs, but prefer-
ential selection made MAF distribution skew to the

common SNPs (MAF > 0.1). The MAF distribution in
RRL method, Illumina 1 M chip and HapMap populations
were plotted, demonstrating the real MAF distribution of
RRL method in populations without any bias (Additional
file 2).

Discussion
SNPs are the most abundant markers that are evenly dis-
tributed throughout genome. In human genome over
30 M SNPs are identified by HapMap Project [1,2] and
1000-genomes Project [3]. In this study we comprehen-
sively accessed Restriction Enzyme-based RRL method
with YH genome, which was the first complete Asian gen-
ome, including over 30 × whole genome sequencing data.
Compared with YH genome we observed high FDR and

FNR of SNP calling, however, our further analysis found
that 78.65% SNPs were already present in the dbSNP data-
base, implying that these loci were possibly newly identi-
fied by RRL method. Repeat sequences and base quality
contributed a great portion: 84.2% of FDR loci were con-
firmed to locate on repeat regions. We assumed to some
extent that it was due to the different sequencing platform
and sequencing strategy, YH WGS was performed on the
Illumina Genome Analyzer that generated average 35 bp
length reads obviously shorter than RRL sequencing per-
formed on Illumina Hiseq 2000 with average read length
of 90 bp. It was consistent with the fact that longer read
length could improve the accuracy of mapping into refer-
ence and consequent lower FDR; Meanwhile, longer read
length also leaded to lower quality score and consequent
higher FDR, therefore we set up highly stringent filter
parameter to reduce the FDR. We concluded that strin-
gent filter criteria and repeat masking were necessary for
increasing the accuracy of SNP calling.

Table 3 Validation of SNP calling

On target regions of RRL

SNP Not SNP

SNP dataset generated by WGS SNP 222,028 77,136

Not SNP 35,603 —

SNP calling results generated by RRL sequencing and WGS were compared by
calculating the number of loci identified as SNPs by two methods equally or
differently regardless of the concordance of genotyping. From the results the
false discovery rate of RRL method was about 13.82% (35,603/(222,028
+35,603)) and false negative rate was 25.78% (77,136/(77,136+222,028)).

Table 4 Detailed interpretations for high False Discovery Rate and False Negative rate

False Discovery Rate (FDR) class

Intersection of the reasons Number of loci (percentage) In dbSNP v129

Reasonable interpretations for SNPs filtered out in YH WGS results 29,687(83.38%) 23,348(78.65%)

1. Low depth (<2) 394(1.11%) —

2. Low quality (< 20) 10,920(30.67%) —

3. High copy number (> 2) 25,036(70.32%) —

4. High depth (> 200) 538(1.51%) —

Overcalled for unknown reasons in RRL sequencing 5,916(16.61%) 615(10.40%)

False Negative rate (FNR) class

Intersection of the reasons Number of loci (percentage) In dbSNP v129

Reasonable interpretations for SNPs filtered out in RRL sequencing results 57,169(74.11%) 45,216(79.09%)

1. Low depth (<2) 29,478(38.22%) —

2. Low quality (< 20) 53,830(69.79%) —

3. High copy number (> 2) 25,587(33.17%) —

4. High depth (> 200) 43(0.06%) —

Allele dropout in RRL sequencing 19,967(25.89%) 10,724(53.71%)
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FNR is another important parameter to access the
power of this method, and due to lack of large-scale vali-
dation approach, published reports seldom include the
evaluation of FNR. The error ratio of sequencing
increases with read length, which may be one of the con-
tributors for high FNR. Generally speaking, poor quality
score of sequencing would not increase FNR, but FDR;
however the major cause of the FNR in our study was
due to the low quality score of sequencing. We consider
false discovery worse than false negative in our RRL
method, to confine the FDR well, we set relatively strin-
gent parameters of SNP calling, which leaded to the lost
of SNPs with low quality score as a consequence. Given
restriction enzyme-based RRL methods always generate

the fragments from the same start and end position, it
formed low quality blocks at the 3’-end of enzyme frag-
ments. The density distribution of FNR loci from six to
ninety base along read indicated the number of FNR loci
increased with position nearer to the end of reads (Figure
3) and significant increment of FNR was observed after
55 sequencing cycles. Moreover, part of false negative
loci occurred in first five positions corresponding to
enzyme recognition site because all of these candidate
SNPs located in recognition site would be missed by RE
digestion-based methods. From the comparison with
genotyping results from Illumina 1 M Beadchip, the con-
cordance rate of heterozygotes loci was only 92%, extre-
mely lower than that of homozygotes. Over 99.7% of

Table 5 Comparison of RRL sequencing and Illumina Beadchip genotyping results

Tsp 45I RRL sequencing

Concordance Discordance

HOM ref. HOM mut. HET ref. HET mut. Total

Illumina genotyping HOM ref. 55,435(99.95%) — 5 22 0 27

HOM mut. 19,847(99.80%) 21 1 18 0 40

HET ref. 21,244(92.56%) 1458 245 3 2 1708

HETmut. 0(0.00%) 4 0 0 0 4

Total 96,445(98.19%) 1483 251 43 2 1779

The alleles genotyped by Illumina platform and RRL sequencing were classified into four categories: HOM ref. (homozygotes where both alleles are identical to
the reference), HOM mut. (homozygotes where both alleles differ from the reference), HET ref. (heterozygotes where only one allele is identical to the reference),
and HET mut. (heterozygotes where both alleles differ from the reference and also differ from one another).

Figure 3 Density distribution of FNR loci along the reads. The density distribution of false negative SNPs was calculated and plotted. A large
proportion of false negative SNPs located in the first five bases of each read, indicating great influence of disruption of recognition site. The
inset shows the magnified distribution from position 6 to 90 along read and the dashed vertical line represents the position 55 after which the
number of false negative loci increased sharply.
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inconsistent heterozygotes were under-called to homozy-
gotes partially because of low quality and inadequate
depth. Moreover, 57.1% of these under-called loci were
due to the disruption of recognition site by SNPs incor-
poration mentioned above. The discordance rate indi-
cated the actual impact of disruption of recognition site.
The disruption of the restriction site by a SNP can never
totally be ruled out and merited careful attentions.
Given Restriction Enzyme-based RRL method identi-

fied SNPs around the restriction enzyme recognition
site, only part of them was tag SNPs to represent a
region of the genome with high LD. A strong correla-
tion between the number of SNPs and coverage was
observed in our simulative results. Clearly, there was a
trade-off between SNPs density and genome coverage.

Conclusions
RRL method combined with high-throughput sequen-
cing is demonstrated to be an effective way for SNP dis-
covery in individuals or populations. Our YH RRL data
displayed high coverage and specificity of target region
and identified over 257 K SNPs with about 8G sequen-
cing data. Comprehensive evaluation with this method
clarified the factors contributing to FDR and FNR of
SNP identification and also presented the potential solu-
tion to improve the SNP calling accuracy. Our study
extended the scope of this method and highlighted its
application in the future.

Additional material

Additional file 1: Summary of genomic coverage and MAF
distribution of different enzymes. This file shows statistics including
number of markers, genomic coverage, MAF distribution and spacing
when performing in silico digestion by nine restriction enzymes.
Compared to the Human 1 M Duo_v3.B, Tsp 45I is the most suitable
enzyme considering both marker density and the other parameters. CEU:
the HapMap data on individuals of European ancestry (http://www.
hapmap.org, phase 2, HapMap-CEU); CHB: the HapMap data on
individuals of Chinese ancestry (http://www.hapmap.org, phase 2,
HapMap-CHB); JPT: the HapMap data on individuals of Japanese ancestry
(http://www.hapmap.org, phase 2, HapMap-JPT); YRI: the HapMap data
on individuals of Yoruba ancestry (http://www.hapmap.org, phase 2,
HapMap-YRI).

Additional file 2: MAF distribution of putative SNPs in Tsp 45I RRL
and Illumina 1 M Beadchip. The MAF distribution of putative SNPs in
Tsp 45I RRL was coincided with the curve of HapMap release24 data, but
the distribution of SNPs on Illumina 1 M Chip was distinctly biased
toward common SNPs.

Acknowledgements
This study was supported in part by grants from the National High
Technology Research and Development Program of China (863 Program,
2006AA02A302 to H.M.-Y, 2009AA022707 to X.Q.-Z), and a National Natural
Science Foundation grant of China (30811130531 to H.M.-Y).

Author details
1BGI_shenzhen, Shenzhen 518000, China. 2Department of Clinical Laboratory,
Zhongnan Hospital of Wuhan University, 430071, China.

Authors’ contributions
YD, HJ and CL designed and performed this study and drafted the
manuscript. YC and QL performed the data analysis and helped to draft the

Figure 4 Distribution of putative SNPs along chromosomes of reference genome. The x-axis represents the relative position across each
chromosome, and the y-axis represents chromosome coordinates of the reference genome. The colour from red to blue indicates the increased
density of putative SNPs in each selected window across the chromosome.

Du et al. BMC Genomics 2012, 13:77
http://www.biomedcentral.com/1471-2164/13/77

Page 8 of 9

http://www.biomedcentral.com/content/supplementary/1471-2164-13-77-S1.PDF
http://www.biomedcentral.com/content/supplementary/1471-2164-13-77-S2.PDF


manuscript. JW and YQ performed the library construction and sequencing.
MZ participated in its design and coordination. XZ conceived, designed, and
supervised the study. All authors read and approved the final manuscript.

Received: 8 June 2011 Accepted: 16 February 2012
Published: 16 February 2012

References
1. The International HapMap Project. Nature 2003, 426(6968):789-96.
2. A haplotype map of the human genome. Nature 2005,

437(7063):1299-320.
3. Kuehn BT, et al: 1000 Genomes Project promises closer look at variation

in human genome. Nucleic Acids Res 2001, 29(1):308-11.
4. Sherry ST, et al: dbSNP: the NCBI database of genetic variation. Nucleic

Acids Res 2001, 29(1):308-11.
5. Kim S, Misra A: SNP genotyping: technologies and biomedical

applications. Annu Rev Biomed Eng 2007, 9:289-320.
6. Shen R, et al: High-throughput SNP genotyping on universal bead arrays.

Mutat Res 2005, 573(1-2):70-82.
7. Matsuzaki H, et al: Genotyping over 100,000 SNPs on a pair of

oligonucleotide arrays. Nat Methods 2004, 1(2):109-11.
8. Gnirke A, et al: Solution hybrid selection with ultra-long oligonucleotides

for massively parallel targeted sequencing. Nat Biotechnol 2009,
27(2):182-9.

9. Mamanova L, et al: Target-enrichment strategies for next-generation
sequencing. Nat Methods 2010, 7(2):111-8.

10. Wiedmann RT, Smith TP, Nonneman DJ: SNP discovery in swine by
reduced representation and high throughput pyrosequencing. BMC
Genet 2008, 9:81.

11. Altshuler D, et al: An SNP map of the human genome generated by
reduced representation shotgun sequencing. Nature 2000,
407(6803):513-6.

12. Wu X, et al: SNP discovery by high-throughput sequencing in soybean.
BMC Genomics 2010, 11:469.

13. Van Tassell CP, et al: SNP discovery and allele frequency estimation by
deep sequencing of reduced representation libraries. Nat Methods 2008,
5(3):247-52.

14. Sanchez CC, et al: Single nucleotide polymorphism discovery in rainbow
trout by deep sequencing of a reduced representation library. BMC
Genomics 2009, 10:559.

15. Baird NA, et al: Rapid SNP discovery and genetic mapping using
sequenced RAD markers. PLoS One 2008, 3(10):e3376.

16. Hohenlohe PA, et al: Population genomics of parallel adaptation in
threespine stickleback using sequenced RAD tags. PLoS Genet 2010, 6(2):
e1000862.

17. Emerson KJ, et al: Resolving postglacial phylogeography using high-
throughput sequencing. Proc Natl Acad Sci USA 2010, 107(37):16196-200.

18. Smit A, Hubley R, Green P: RepeatMasker Open-3.0. 2004.
19. Li R, et al: SNP detection for massively parallel whole-genome

resequencing. Genome Res 2009, 19(6):1124-32.
20. Li R, et al: SOAP2: an improved ultrafast tool for short read alignment.

Bioinformatics 2009, 25(15):1966-7.
21. Li M, Li C, Guan W: Evaluation of coverage variation of SNP chips for

genome-wide association studies. Eur J Hum Genet 2008, 16(5):635-43.
22. Wang J, et al: The diploid genome sequence of an Asian individual.

Nature 2008, 456(7218):60-5.

doi:10.1186/1471-2164-13-77
Cite this article as: Du et al.: Comprehensive evaluation of SNP
identification with the Restriction Enzyme-based Reduced
Representation Library (RRL) method. BMC Genomics 2012 13:77.

Submit your next manuscript to BioMed Central
and take full advantage of: 

• Convenient online submission

• Thorough peer review

• No space constraints or color figure charges

• Immediate publication on acceptance

• Inclusion in PubMed, CAS, Scopus and Google Scholar

• Research which is freely available for redistribution

Submit your manuscript at 
www.biomedcentral.com/submit

Du et al. BMC Genomics 2012, 13:77
http://www.biomedcentral.com/1471-2164/13/77

Page 9 of 9

http://www.ncbi.nlm.nih.gov/pubmed/11125122?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11125122?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11125122?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17391067?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17391067?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15829238?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15782172?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15782172?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19182786?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19182786?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20111037?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20111037?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19055830?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19055830?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11029002?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11029002?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20701770?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18297082?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18297082?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19939274?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19939274?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18852878?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18852878?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20195501?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20195501?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20798348?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20798348?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19420381?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19420381?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19497933?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18253166?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18253166?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18987735?dopt=Abstract

	Abstract
	Background
	Results
	Conclusions

	Background
	Methods
	In silico digestion and enzyme selection
	Library construction and DNA sequencing
	SNPs calling and validation
	Genome coverage and Minor allele frequency (MAF) distribution

	Results
	Enzyme selection, RRL construction and sequencing
	SNP identification and validation
	Genome coverage and MAF distribution

	Discussion
	Conclusions
	Acknowledgements
	Author details
	Authors' contributions
	References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 500
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 500
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents suitable for reliable viewing and printing of business documents.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


