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Abstract

A potentially important application of second generation sequencing technologies is to
identify disease-associated variation. For comparison of the performance in SNP detection,
the Crohn’s disease (CD) associated NOD2 gene was subjected to targeted resequencing
using two different second generation sequencing technologies. Eleven CD patients were
selected based on their haplotype background at the NOD2 locus. The 40 kb large NOD2
gene region was amplified using long-range PCR (LR-PCR), and sequenced with the Roche
454/FLX system, an Applied Biosystems SOLiD mate-pair library (2x25 bp), and a SOLiD
fragment (50 bp) library. The entire NOD2 region was also sequenced using conventional
Sanger technology. Four-hundred and forty-two SNPs were discovered with the SOLiD mate-
pair library, 454 with the fragment library and 441 with the 454/FLX. For the homozygous
SNPs, 98% were confirmed by Sanger for the mate-pair library, 100% for the fragment
library and 99% for the 454/FLX. Ninety-six percent of the heterozygous SNPs detected with
the SOLiD mate-pair library, 91% with the fragment library and 96% with the 454/FLX were
confirmed by Sanger. In a simulation, the SNP detection performance fell rapidly when the
achieved coverage was below 40x. Due to uneven representation of the target region when

using LR-PCR, oversequencing of other regions is necessary.
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Introduction

During the last years, second generation sequencing technologies have made it possible to
sequence genetic regions and complete genomes in a time-efficient manner with a low per-
base cost (Schuster, 2008). Second generation sequencing has been applied to de novo
sequencing of bacterial genomes (Margulies et al., 2005), resequencing of entire human
genomes (Bentley et al., 2008; Wang et al., 2008; Wheeler et al., 2008), and exome
sequencing (Choi et al., 2009; Ng et al., 2009). An equally important application of this
technology is targeted resequencing of (entire) known susceptibility genes or loci of interest,
as has been reported for Type I diabetes (Nejentsev et al., 2009). The number of well-
established disease genes in complex diseases is currently growing at an unprecedented
speed, after several hundred genome-wide association studies (GWAS) have been performed
for different diseases and other human phenotypes (Hindorff et al., 2009). Crohn’s disease
(OMIM 266600, CD), besides ulcerative colitis, is one of the two major inflammatory bowel
disease phenotypes (Loftus, 2004). In CD, the GWAS method has been especially successful,
and to this end, more than 40 new disease genes have been identified (Franke et al., 2007,
Parkes et al., 2007; Raelson et al., 2007; Barrett et al., 2008). CD associated variants in the
nucleotide-binding oligomerization domain containing 2 (NOD?2) gene (OMIM 605956) were
well-known before GWAS (Hugot et al., 2001; Ogura et al., 2001), and have been widely

replicated (Schreiber et al., 2005).

The SOLiD platform from Applied Biosystems (Foster City, CA, USA) follows the
sequencing by ligation approach while the 454/FLX platform from Roche / 454 Life Sciences
(Branford, CT, USA) uses the sequencing by synthesis principle (Shendure and Ji, 2008). The

new sequencing methods contrast sequencing with end-termination chemistry which has been

4

John Wiley & Sons, Inc.

Page 4 of 44



Page 5 of 44

©CoO~NOUTA,WNPE

Human Mutation

the standard method for sequencing since the original publication by Sanger et al. in 1977
(Sanger et al., 1977). The method used in the 454/FLX system was first published in 2005, in
a study reporting on shotgun de novo sequencing of Mycoplasma genitalium (Margulies et
al., 2005), and has been further developed with increasing read lengths, throughput and
accuracy (Droege and Hill, 2008). The SOLiD system was released commercially in 2007 by
Applied Biosystems. Since then, the sequencing protocols and the analytical tools have been
substantially improved and extended to approach new scientific questions. The 454/FLX and
SOLiD system share several characteristics. With both systems short DNA templates are
attached to a surface of beads, and on these beads an emulsion based polymerase chain
reaction (PCR) takes place (Shendure et al., 2005). The beads, now containing multiple
copies of the DNA template, are transferred to a glass plate or into micropores for SOLiD or
454/FLX, respectively. After this step there are substantial differences between the platforms
(Metzker, 2010). For the down-stream analyses, the two most important features are the
longer read lengths for the 454/FLX (Droege and Hill, 2008) and the inherent error-checking
properties of the two-base pair encoding of the SOLID system (McKernan et al., 2006). The
SOLiD system also delivers significantly more sequence output at the cost of shorter reads

compared to the 454/FLX system.

In this study, we wanted to explore the utility of these two technologies in targeted
sequencing with a focus on single nucleotide polymorphism (SNP) discovery, the most
abundant form of variation. For this, we aimed to resequence the entire coding and non-
coding regions of the most widely replicated CD-susceptibility gene NOD2 in 11 CD
patients. To benchmark this data further, the identified variants were compared to Sanger
sequencing data that were generated in parallel for the 40 kb large NOD2 genomic region.

5
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Several methods for enrichment of a target region for sequencing exist, including long-range
PCR (LR-PCR), array-based enrichment (Summerer et al., 2009) and in-solution enrichment
(Gnirke et al., 2009). The latter two exploit hybridization to complementary nucleotide
stretches to capture the target regions of interest. For enrichment of the 40kb target region in
this study, LR-PCR, which is applicable in any lab, was used. LR-PCR is not specifically
optimized for any of the sequencing platforms and produces the same input material to both

platforms.

The challenges in the present project will largely parallel the challenges that the genetic
community faces when the new genes and regions identified through GWAS will be

subjected to deep resequencing (Yeager et al., 2008).

John Wiley & Sons, Inc.
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Material and methods
Selection of samples

The precise haplotype structure of the NOD2 locus has been described before (Croucher et
al., 2003). Using the data generated by Croucher et al. and the same haplotype nomenclature,
we selected 11 patients based on the haplotypes generated by the phasing software PHASE
2.1.1 (Stephens et al., 2001) (Supplementary Table S1). These patients were sequenced
following the standard protocols for SOLiD mate-pair library, SOLiD fragment library and

the 454/FLX platform.

All CD patients were recruited through the 1% Medical Department of General Internal
Medicine of the University Clinic Schleswig-Holstein (UK-SH, Campus Kiel, Germany).
Clinical, radiological and endoscopic (i.e. type and distribution of lesions) examinations were
required to unequivocally confirm the diagnosis of CD, and histological findings had to be
confirmative of, or compatible with, the diagnosis. All recruitment protocols were approved

by the ethics committee of the UK-SH and participants gave their written, informed consent.

Genomic DNA was extracted from blood using the Invitek kit (Invitek, Berlin, Germany) and
each DNA sample was evaluated by gel electrophoresis for the presence of high-molecular
weight DNA and normalized to 50-60 ng/pl using Picogreen fluorescent dye (Invitrogen,

Carlsbad, CA, USA).

Primer design and optimization for long-range PCR

LR-PCR primers (Table 1) were designed using the Primer3 software (available online at

http://frodo.wi.mit.edu/) (Rozen and Skaletsky, 2000), and the HPLC-purified primers were
7
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ordered from Metabion (Martinsried, Germany). Amplicon sizes varied from 3 kb to 11 kb,
with an average size of 7 kb (Figure 1). Adjacent amplicons overlapped with >70 bases to
allow for SNP detection underneath the primer binding sites. The 50 ul PCR reactions were
performed using 50 ng of human genomic DNA, 1.5 pl (10 uM) of the forward and the
reverse primer, 5 ul GeneAmp High Fidelity 10x PCR Buffer (Applied Biosystems), and 2.5
units of GeneAmp High Fidelity Enzyme Mix (Applied Biosystems). Primer optimization
was performed for each amplicon on a Biometra Gradient cycler (Biometra, Goettingen,
Germany) using the following gradient program: one cycle at 94°C for 2 min, followed by 35
cycles 94°C for 15 sec (initial denaturation), at gradient of 45-65°C for 30 sec (annealing), at

68°C for 9 min (extension), followed by a final extension step at 72°C for 7 min.

The PCR products were cleaned up using the Biorobot 8000 (Qiagen, Hilden, Germany) and
the Qiaquick purification kit (Qiagen). The amplicons were subsequently quantified using

Picogreen and then pooled at an equimolar ratio based on the following formula:

amount of PCR product [ng] =

Page 8 of 44

length of the fragment [bp]x amount of input DNA for library [ng]

length of target [bp]

Second Generation Sequencing

Three types of libraries were prepared for each sample: 1) SOLiD mate-paired library, 2)

SOLIiD fragment library and 3) Roche/454 GS-FLX sequencing library.

John Wiley & Sons, Inc.
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SOLiD mate-pair run

A mate-paired library consists of two pieces of target DNA. These pieces of sequence
orignates from the two ends of the same DNA fragment. SOLiD mate-pair libraries were
constructed with an insert size of approximately 600 bp using 2 ug of DNA from the
equimolar pooled amplicons. The DNA was sheared to generate fragments with a size of 500-
650 bp, end-repaired and methylated. Methylation of EcoP15I sites in the target DNA
prevented digestion by the methylation-sensitive EcoP151 enzyme. Then, EcoP151 CAP
ligation added the EcoP151 CAP adaptors to the sheared and methylated DNA. After the
circularization using DNA T4 ligase, EcoP15I cleaved 25-27 bp away from the unmethylated
enzyme recognition sites in the CAP adaptors. Following the ECOP15I digestion another end
repair of the DNA fragments was carried out and P1 and P2 adaptors were ligated to the ends
of the fragments before PCR amplification. Clonal bead populations were prepared in
microreactors by a water-in-oil emulsion PCR. The microreactors contained DNA template,
PCR reagents, beads and primers. After the PCR reaction, the emulsion was broken with 2-
butanol and enrichment of the beads containing a library template was performed by
hybridization to polystyrene beads containing the complementary sequence of the P2 primer.
A 3’ modification of the template on the selected beads allowed for covalent binding to a
glass slide. On the SOLiD Analyzer the templated beads were combined with the universal
sequencing primer, ligase and a large pool of dibase probes. The dibase probes are
fluorescently labeled with four dyes, each dye represents four of the sixteen possible dye
nucleotide sequences. Complementary probes hybridized to the template sequence and were
ligated during the sequencing process. After measurement of the fluorescence the dye was
cleaved of. This process was repeated for five cycles. The synthesized strand was thereafter

removed and a new primer was hybridized offset by one base and the ligation cycles were

John Wiley & Sons, Inc.
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repeated. This primer reset process was repeated for five cycles providing a dual
measurement for each base. Each library was separately sequenced in one of the eight spots

of an octant slide.

SOLiID fragment run

Short fragment DNA libraries were generated using 2 ug of DNA from the equimolar pooled
amplicons and sequenced at Applied Biosystems in Beverly, MA (USA). LR-PCR fragments
were sheared by sonication to a size of 150-200 bp. After end-repairing and P1 and P2
adaptor ligation to the resulting fragments, library-amplification was performed. The
resulting library contained molecules representing the entire target sequence. Each molecule
was clonally amplified on beads in an emulsion PCR. In the emulsion PCR clonal bead
populations were generated in water-in-oil microreactors containing template, PCR reagents,
primers and beads with sequence complementary to P1 adaptor on the surface. After the
library molecules annealed to the beads, the sequence from the P1 adaptor was extended by a
polymerase followed by template dissociation. The emulsion was thereafter broken with 2-
butanol. Enrichment for beads containing a library template was performed by hybridization
to polystyrene beads containing the complementary sequence of the P2 primer, and a 3’-end
modification followed to allow attachment of the beads to the glass surface of the sequencing
slide. The sequencing was based on the sequential ligation with dye labeled oligonucleotides
as described for the SOLiD mate-paired libraries. For the 50bp fragment run each of the 5
primer cycles included 10 ligations of the dye labeled oligonucleotides. Each library was run

on an individual spot on a quadrant slide.

10
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Roche GS-FLX

FLX DNA libraries were generated at Roche Diagnostics in Penzberg (Germany). For each of
the 11 samples consisting of equimolar pooled PCR products, 3 pg of DNA was used for the
library preparation step, following the standard protocol for whole genome libraries. The
pooled PCR fragments were nebulized to 400-800 nucleotide fragments. To get blunted ends,
end-repair was performed. Then, short adaptors with 10 base identifier tags were ligated to
both ends (adaptor A and B), which were used for purification, amplification and sequencing.
The input to the emulsion PCR were quantitated library molecules flanked with proper
adaptors for amplification and sequencing. According to the manufacturer the library
fragments were mixed with beads coated by oligonucleotides complementary to the sequence
of adaptor B. The amplification reaction was performed in a water-in-oil emulsion. The
forward PCR primer was biotinylated for use later during the enrichment step. The reaction
within the droplets of an emulsion resulted in beads carrying clonally amplified DNA
fragments. After the emulsion PCR step, the emulsion was broken chemically and the beads
were recovered and washed by filtration. During the emulsion PCR a certain fraction of beads
that carry no amplified DNA (null beads) were generated. To reduce the percentage of null
beads an enrichment step for template beads was performed. Streptavidin-coated magnetic
enrichment beads were added to capture the successfully amplified fragments binding only to
those which have incorporated the biotinylated primer. The template beads were finally
annealed with sequencing primers and mixed with polymerase and cofactors. Then, they were
loaded together with “enzyme beads” (sulfurylase and luciferase) and “packing beads” in a
PicoTiterplate device and sequenced using a GS-FLX pyrosequencer (Roche/454 Life
Science). During the sequencing process nucleotides were flowed sequentially across the

11
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PicoTiterPlate device. A light signal was generated if the nucleotide was complementary to
the template and thus incorporated. The signal intensity at each nucleotide flow indicated the
number of nucleotides. If no nucleotide was incorporated, no light signal was generated and
the complementary strand was not elongated. A two area gasket was used during the run for

maximized output.

Sanger Sequencing

Ninety-eight PCR amplicons (size range 83-912 bp, average size 529 bp) were constructed
for the same NOD?2 target region as described above (see Figure 1 for amplicon overview and
Supplementary Table S2 for primer sequences). The corresponding PCRs were performed
using AmpliTaq Gold Fast PCR Mastermix (Applied Biosystem), primers and 2.5 ng
genomic DNA. For all fragments, cycling was performed with an initial denaturation step of
95°C for 10 min to activate the polymerase, followed by 35 cycles of 96°C for 6 sec, 62°C
for 6 sec, 68°C for 8 sec, and a final step of 72°C for 10 sec. After PCR, the resulting
amplicon was used as a target for sequencing with the BigDye Terminator v1.1 Cycle

Sequencing Kit, and analyzed using an Applied Biosystems 3730x/ Genetic Analyzer.

Matching against the reference sequence and SNP-calling

The reference sequence for the region was acquired from the human reference sequence hgl8

assembly (NCBI’s build 36) using the UCSC Genome Browser (http://genome.ucsc.edu/).

12
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The reads from the SOLiD mate-pair runs were matched separately against the reference with
the freely available Corona Lite version 4.2.2 software (Applied Biosystems)

(http://solidsoftwaretools.com/gf/project/corona/) allowing two mismatches in color-space (2

per 25 bp) and counting valid adjacent errors as one. After matching the reads against the
reference, they were paired in a test procedure allowing mate-pair distances from 0 to 60 kb.
The actual ranges of mate-pair distances were determined manually for each individual
sample using a histogram of the distances observed. The mate-pair distances observed for all
samples were in the range of 260 — 690 bp. Pairing of the runs was performed again with
these estimated mate-pair distances, and the results of this pairing formed the basis for SNP-

calling.

The fragment runs were matched against the reference genome using Corona Lite version
4.2.2, allowing four mismatches in color-space (4 per 50 bp) and counting valid adjacent
errors as one (i.e. allowing on average the same number of mismatches per base sequenced as

in the mate-pair procedure). The matched fragment runs were used for SNP-calling.

SNP-calling for the SOLiD data was performed using with Corona Lite version 4.2.2 with

default settings for both the mate-pair library and the fragment library.

The 454/FLX runs were mapped against the reference sequence and evaluated for SNPs with
the Genome Sequencer FLX Software Package version 2.0.01.12 software from Roche. All of
the matched sequences were evaluated for SNPs, and high confidence SNPs reported by the

software were considered further. To avoid bias from areas with high coverage, additional
13
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filtering was applied with the following criteria: base pair positions where between 30% and
70% of the reads showed alternative bases were called as heterozygous SNPs, while the base-
pair positions where more than 70% of the reads differed from the reference were called as
homozygous SNPs. As the objective of the present paper was to evaluate the performance in

SNP detection, insertions and deletions were not evaluated.

All SNP positions were looked up in the NCBI's database of SNPs (dbSNP 130) (Sherry et
al., 2001) and assigned the respective dbSNP ID (“rs-number”) if the SNP had been
annotated before. The novel SNPs that were confirmed by Sanger were submitted to dbSNP
and their temporary accession numbers were used (“ss-numbers”). The remaining SNPs were
assigned the names NOD2_01 to NOD2_12 for this publication. The exact genomic positions

of all identified SNPs are shown in Supplementary Table S3.

Sanger SNP detection

Semi-automated SNP detection was carried out wusing the software novoSNP

(http://www.molgen.ua.ac.be/bioinfo/novosnp/) (Weckx et al., 2005). All base pair positions

where a SNP was reported by the second generation technologies were manually inspected.

Coverage

The achieved coverage was calculated from the number of reads covering a specific base pair
position. For the SOLiD platform, the coverage was calculated based on the reads that

mapped uniquely (non-unique matches were excluded) to the reference sequence, and paired

14
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with a mate for the mate-pair library, while the coverage for the 454/FLX platform was
calculated based on the reads that aligned to the reference sequence. These coverage figures
represent the reads subsequently used for SNP-calling. Coverage depths for individual LR-
PCR fragments were calculated using the R statistical package v2.91 (http://www.r-
project.org/) and custom scripts. To compare the coverage between the different technologies,
the coverage at all base-pair positions were averaged for all the samples and calculated in 100

bp bins.

Coverage simulation

To compare the performance at lower coverages than the maximum achieved, an in silico
experiment with random and sequential removal of reads, aiming for an achieved coverage of
100x, 80x, 60x, 40x, 20x, 10x and 5x, was performed. The random removal of reads was
performed irrespective of where in the sequence the read mapped. The benchmarking
reference was defined as the genotype call made for the respective technology in the full data
set (maximum achieved coverage). In samples where the full achieved coverage was below
the aimed coverage in the simulation, the full achieved coverage was used for that simulation

step.

15
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Results

Sequence content and coverage

There were substantial differences in the coverage achieved between the different samples
(Table 1). The SOLiID mate-pair and fragment runs had fixed read lengths of respectively
2x25 bp and 50 bp, while for the 454/FLX technology the read lengths differed with averages
from 217 bp to 227 bp in the different samples. For the 454/FLX runs 90% of the reads were
above 133 bp to 177 bp for the different samples. The overall GC content in the sequenced
region was 48% (variation across the region can be seen from Figure 2). Forty-three percent
of the sequence consisted of repetitive elements. The coverage varied corresponding to the
LR-PCR amplicons for the SOLiD mate-pair and SOLiD fragment library, while for the
454/FLX this was not so pronounced (Figure 2). The per base Pearson’s correlation
coefficients between the different samples showed a good correlation within each technology,
and were on average 0.81 (range 0.32-0.98) for SOLiD mate-pair, 0.88 (range 0.67-0.98) for
SOLiD fragment and 0.78 (range 0.63-0.89) for the 454/FLX. Only four samples sequenced
with the mate-pair library had more than 10 base pair positions not covered, that was for
sample 6, 7, 8 and 9 where respectively 0.21%, 0.11%, 0.26% and 0.03% of the base pair
positions were not covered. For the fragment library and the 454/FLX none of the samples

had more than 10 base pair positions not covered.

SNP detection and Sanger confirmation

Summarizing all samples, there were a total of 442 SNPs discovered with the SOLiD mate-
pair library, 454 with the SOLiD fragment library and 441 with the 454/FLX (Figure 3). The

numbers of homozygous SNPs were 146, 141 and 147 for the mate-pair, fragment and

16
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454/FLX respectively. Ninety-eight percent of the homozygous SNPs detected with the mate-
pair library, 100% detected with fragment library and 99% detected with the 454/FLX were
confirmed by Sanger sequencing. Out of the five homozygous SNPs (Mate-pair: 3 SNPs,
Fragment: 0 SNPs, 454/FLX: 2 SNPs) not confirmed by Sanger sequencing, four were
detected as heterozygous with Sanger, while one SNP identified with the mate-pair library
was not detected at all. Calling of this SNP was based on 7 short sequence reads with distinct
start points agreeing with the variant, while on average 70 sequence reads with distinct start
points (counting positions on both of the mates and both strands) agreed with the variant for
the Sanger confirmed mate-pair variants. Of the homozygous variants detected by Sanger
sequencing 97%, 96% and 99% were detected with the SOLiD mate-pair, SOLiD fragment

and 454/FLX, respectively.

For the heterozygous SNPs, the confirmation rates by Sanger were 96% for the SOLiD mate-
pair library (10 SNPs not detected with Sanger and 1 SNP homozygous with Sanger), 91%
for the SOLiD fragment library (28 SNPs not detected with Sanger and 1 SNP homozygous
with Sanger) and 96% for the 454/FLX (10 SNPs not detected with Sanger and 1 SNP
homozygous with Sanger). For the 10 heterozygous SNPs not detected with the mate-pair
library an average of 17 short sequence reads with distinct start points agreed with the variant
compared to 54 for the Sanger confirmed variants. The 28 heterozygous SNPs not detected
with the fragment library had on average 30 short sequence reads with distinct start points
agreeing with the variant compared to 89 for the Sanger confirmed variants (counting
positions on both strands). The 10 heterozygous SNPs not detected with 454/FLX were on
average seen in 41 reads compared to 40 reads for the Sanger confirmed variants. For the
Sanger detected heterozygous SNPs, 99%, 98% and 98% were detected with the SOLiD

17
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mate-pair, SOLiD fragment and 454/FLX, respectively. The NOD2_04 SNP (see
Supplementary Table S3 for IDs and other characteristics of identified SNPs) was only seen
with the SOLiD mate-pair library, and not confirmed by Sanger, while ten SNPs (NOD2_01,
NOD2_02, NOD2_03, NOD2_05, NOD2_06, NOD2_07, NOD2_08, NOD2_09, NOD2_10
and NOD2_11) were only seen with the SOLiD fragment library and not confirmed by
Sanger. The NOD2_12 SNP was only detected with the 454/FLX and not confirmed by
Sanger sequencing, in dbSNP a deletion is reported at this position (rs5816717) while in the

pre-release from the 1000genomes project (http://www.1000genomes.org) a SNP with the

same call as we observed was reported.

Singleton and novel SNPs

In total 19 SNPs not reported in dbSNP b130 (Sherry et al., 2001) were identified. Seven of
these were confirmed by Sanger sequencing, all were singleton heterozygous SNPs, only
observed in one individual. The private SNP ss196000735 is a non-synonymous coding SNP
in exon 4 (leading to an amino acid change from alanine to glycine) and was detected with all
technologies. The rest of the Sanger confirmed private variants were non-coding SNPs.
Thirty-six of the 67 detected and Sanger-validated SNPs had previously been genotyped by

the HapMap consortium (http://www.hapmap.org), and were included in the HapMap data

release 27 (genotype data for one of these 36 SNPs were not reported in the European
population dataset). Of the reported SNPs, two SNPs were reported to be monomorphic
(minor allele frequency of “0”) while the rest had frequencies ranging from 3% to 48% in
Utah residents with ancestry from northern and western Europe (see Supplementary Table

S4). In the pre-release from the 1000genomes project (http://www.1000genomes.org), four of

18
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the SNPs (ss196000734, NOD2_08, ss196000736 and NOD2_12) currently not listed in

dbSNP b130 were identified.

Coverage simulation

The coverage achieved varied between the samples and technologies (see Table 1), and to
explore the importance of coverage depth, a simulation of lower coverages was performed.
This was done irrespective of the local coverage across the region. In this coverage
simulation experiment, the SNP detection rate at a coverage of 20x dropped to 78%, 83% and
84% compared to full coverage for the mate-pair, fragment and 454/FLX respectively (Figure
4 and 5). The numbers of misclassified SNPs at coverages above 20x were low (Figure 4).
During the simulations, SNPs that were not observed at full coverage started to appear for all
technologies, this was most pronounced for the SOLiD fragment library, while only one such
SNP was seen for the 454/FLX. All these SNPs are listed as false positives in Figure 4. As
the present project included several techniques these SNPs were compared to the results from
the other technologies. Six SNPs from the fragment library simulation, one SNP from the
mate-pair library simulation and one SNP from the 454/FLX simulation turned out to
represent true SNPs seen in the other technologies and confirmed by Sanger, while the rest of
the SNPs appearing during the simulations were not seen in any of the other technologies

applied, i.e. true false positives.
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Discussion

Second generation sequencing has started to be the standard way of following up disease
association findings from GWAS. These technologies have recently been used in several
sequencing projects (Bentley et al., 2008; Wang et al., 2008; Wheeler et al., 2008; Ng et al.,
2009; Choi et al., 2009). Comparsion of the different second generation technologies have
previously been evaluated for mutational profiling in yeast (Smith et al., 2008) and a few
human individuals (Harismendy et al., 2009). The present results report on a comparsion of
resequencing performance of a target gene in individually selected patients. This sequencing
scenario will be similar to what most researchers will face when they set out to resequence

genetic regions discovered through GWAS.

For most of the samples included, we achieved saturating coverage in the target region,
meaning that a further increase of the coverage beyond this point would not improve
performance in terms of SNP detection. Importantly, the coverage figures used are the
achieved coverage representing the reads that subsequently went into the SNP-calling
pipelines of the SOLiD and 454/FLX systems, respectively. The coverage achieved is
dependent upon the platform and the laboratory. Researchers planning a project need to take
the platform and service provider efficacy into account when interpreting these numbers.
Interestingly, from the coverage simulation, it seems that when using LR-PCR as the
amplification method, a coverage depth of around 40x is necessary for all the technologies to
achieve acceptable SNP detection rates. The uneven distribution of mappable reads implies
that certain regions are oversequenced, a phenomenon which could preferably be reduced for
cost reduction. With a more even representation of the different regions in the template, the

average coverage needed for SNP detection may be lower. However, accurate equimolar
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mixing of the templates cannot entirely overcome this problem. When aiming at a target
coverage of for example 100x, a large overrepresentation of one amplicon will reduce the
relative representation of other regions, and could therefore lead to an impaired total
performance in the sample. The over-representation is especially prominent at the end of the
fragments, a problem that could partly be reduced when using blocked primers (Harismendy

and Frazer, 2009).

In the simulation experiment, some of the SNPs originally detected as heterozygous changed
their status to homozygous, a process related to the stochastic nature of the random removal
of reads. In studies aiming at the detection of SNPs for further follow-up, this is not of critical
importance, as it is merely the SNP detection that is of importance, and not the true genotype.
For studies aiming at identifying haplotypes, inheritance patterns or phenotype correlations,
the coverage should be of such depth that the distinction between homozygous and
heterozygous SNPs is unambiguous. In addition, we noted that some SNPs not detected at
full coverage, started to appear at lower coverages and represented true SNPs confirmed by
Sanger. More troublesome was the appearance of true false positives, and such SNPs were

evident with the SOLiD mate-pair and fragment libraries.

The number of detected homozygous and heterozygous SNPs and the sensitivity were
comparable for the three technologies. There were only a few homozygous SNPs not
confirmed by Sanger sequencing and only one of them was not detected at all, while the
remaining SNPs were determined as heterozygous. For the heterozygous SNPs the number of

false positive SNPs was considerably higher for the SOLiD fragment library compared to the
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SOLiD mate-pair library and the 454/FLX. These SNPs turned out to be supported by only a
small number of short sequence reads with distinct start points and probably represent
sequencing errors towards the end of the reads. Importantly, these SNPs are easy to sort out
manually before further experiments are initiated. Thus, identified SNPs supported by a low

number of unique starting points should be flagged as likely problematic ones.

As expected, given the small number of study subjects, most of the SNPs detected were
already annotated in the public databases, and were common in the European population.
NOD? is one of the most studied genes in human complex diseases, and interestingly, we
discovered as many as seven novel SNPs that were confirmed by Sanger sequencing. Six of
these SNPs were intronic SNPs, while one exonic non-synonymous SNP (ss196000735) was
seen in one patient with all technologies. Neither this SNP, nor the other two exonic SNPs
that were not confirmed by Sanger (NOD2_04 and NOD2_09), were reported in an extensive
investigation of the coding part of the NOD2 gene, a study in which 612 inflammatory bowel
disease cases and 103 controls were resequenced (Lesage et al., 2002). This finding
demonstrates that deep resequencing of even well-known disease genes in carefully selected
individuals can yield novel rare or likely private variants of potential mechanistic importance

not covered by GWAS (Bodmer and Bonilla, 2008).

In conclusion, we have demonstrated that second generation sequencing technologies are
capable of resequencing target genes with reproducible results confirmed by Sanger
sequencing. The uneven representation of the target region that we observed when using LR-

PCR renders it necessary to oversequence to get adequate coverage in all parts of the target
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region. Array-based enrichment (Summerer et al., 2009) and in-solution enrichment (Gnirke

et al., 2009) could possibly solve this, however, more benchmarking experiments as herein

©CoO~NOUTA,WNPE

described need to be performed for these enrichment methods as well.
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Figure 1 — NOD?2 genetic structure, long-range and ordinary PCR amplicons

Panel A and B show the physical localization of the NOD2 gene on chromosome 16q. Panel
C shows the gene structure, with the open reading frame highlighted by thicker and dark blue
boxes that correspond to exons. Positions are according to NCBI’s build 36. The coverage of
each of the LR-PCR products (Panel D) is shown along with the Sanger PCR products
(Panel E). The lower Panel F shows the identified SNPs and their positions, with non-

synonymous SNPs highlighted in red.

Figure 2 — Average coverage across all samples and genomic GC-content

The coverages for the SOLiD mate-pair, SOLiD fragment and 454/FLX are shown divided in
100 bp bins across the sequenced region. All the samples sequenced are averaged within each
of the technologies. The coverage for the different technologies is given relative to the
average coverage seen using that technology. The GC content in the region is shown in the
gray shaded area and was calculated according to the same 100 bp bins that were used for the

coverage calculation. Positions are according to NCBI’s build 36.

Figure 3 — Number of SNPs detected for each individual sample

The upper Panel A shows the absolute number of homozygous SNPs detected for each
individual sample, while the lower Panel B shows the corresponding number of heterozygous

SNPs. All SNPs detected with the second generation technologies are included in the figure.
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Figure 4 — Simulation of SNP detection at different coverage depths

The graphs show the number of SNPs discovered at the specified coverage summed up for all
individuals and divided into homozygous and heterozygous SNPs (as defined from full
coverage call). False positives are SNPs that appeared during the simulation and that were not
detected at full coverage for that specific technology irrespective of what the other
technologies showed. The different genotype call class constitutes SNPs that were detected at
full coverage but changed their genotype call during the simulation. The cleaned numbers are
the total, homozygous and heterozygous SNPs detected, with removal of the false positives
and SNPs changing their genotype call. Panel A shows simulation results from the SOLiD
mate-pair library, Panel B from the SOLiD fragment library and Panel C shows the results
from the 454/FLX runs. If the original coverage was below 100x for the 454/FLX runs (see

Table 1), the maximum coverage achieved was used for the simulations above that coverage.

Figure 5 — Comparison of simulation results

The graphs show a comparison of the simulation experiments for the SOLiD mate-pair,
SOLiD fragment and 454/FLX library. The number of SNPs for each of the technologies
corresponds to the number of SNPs that were detected and that were identical to what was
seen at full coverage. The gray line represents the total number of SNPs that were detected
with any of the second generation technologies and subsequently confirmed by Sanger

sequencing.
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1
2
2 Table 1 — Long-range PCR primers and the coverage achieved for each of the products
5
A
O[ Fragment | Primer pair Annealing | Amplicon | Amplicon Average per base coverage for SOLiD mate-pair / SOLiD fragment / 454 FLX
7 temperature length start — end (% of base positions <20x)
(NCBI b36)

8 ple 1 ple 2 ple 3 ple 4 Sample 5 Sample 6 Sample 7 ple 8 ple 9 ple 10 Sample 11
9 1 | GGAGTGGGCCTTGGAGTC/ | 60 °C 5963bp | 49285038 - 1621/6136/186 | 1724/6296/54 | 1238/4466/139 | 1998/7623/20 | 1579/8481/51 | 254/14688/130 | 362/15589/116 | 206/13244/113 | 979/14493/255 | 869/9572/75 | 359/17960/161
10 GTCCAGGACACTCTCGAAGC 49291000 (0/0/0) (0/0/2) (0/1/0) (0/0/41) (0/1/2) (6/0/0) (4/0/0) (7/0/0) (0/0/0) (2/0/0) (5/0/0)

1
1 2 | GCTTTTCAGGCACAGAGGAG / | 60 °C 9496 bp | 49290923 - 824/3578/196 | 904/4728/76 | 819/2609/114 | 1404/4022/20 | 624/3959/57 | 46/12901/143 | 128/9852/126 | 34/8733/122 | 261/7602/259 | 145/6221/80 | 338/11339/188
1p AAGTGTGGGGAATCTTGCAC 49300418 (0/0/0) (0/0/1) (0/0/0) (0/0/55) (0/0/1) (10/0/0) (2/0/0) (25/0/0) (1/0/0) (3/0/0) (1/0/0)
18
1k 3 | CTGGCACTCTTTAGGGCTTG/ | 60 C 10,722 bp | 49300077 - 2059/4961/209 | 2205/5165/64 | 1301/3370/138 | 2970/5549/23 | 1513/6016/59 | 297/15360/122 | 360/15632/126 | 230/12559/114 | 639/13541/269 | 317/9151/76 | 996/16578/170
15 GCTGCAACTGAATCCAGACA 49310798 (0/0/0) (0/0/0) (0/0/0) (0/0/32) (0/0/0) (3/0/0) (1/0/0) (4/0/0) (0/0/0) (1/0/0) (0/0/0)
16 4 | GTTCTCCTAGCTGCCACACC/ | 60 C 4276 bp | 49310609 - 1618/6776/220 | 1507/7434/65 | 1094/5051/162 | 1900/8959/25 | 1041/8398/62 | 293/14109/133 | 221/28576/141 | 152/11552/135 | 602/13348/353 | 448/10136/83 | 349/15215/169
17 GTCCACACAACCGCTCCTAT 49314884 (0/0/0) (0/0/0) (0/0/0) (0/0/25) (0/0/1) (3/0/0) (5/0/0) (8/0/0) (2/0/0) (2/0/0) (2/0/0)
1 5 | CCTGGTGGGGAACAACATT/ | 61 C 8402bp | 49314713 - 481/2853/144 | 273/3326/47 | 444/2908/125 | 923/4421/19 | 475/5043/50 | 91/10803/102 | 110/14252/143 | 47/6594/75 74/9955/224 | 87/5645/59 234/10997/155
19 AGAGCAGGGCTTTCAAACAA 49323114 (0/0/0) (0/0/2) (0/0/0) (0/0/69) (0/0/2) (3/0/0) (3/0/0) (11/011) (22/0/0) (4/0/2) (2/0/0)
2

6 | GCAGCGAATGCAGATATCAA/ | 59 °C 3053bp | 49322284 - 1289/5820/276 | 1530/9077/81 | 1019/6399/212 | 1834/9719/32 | 978/13294/109 | 191/18700/173 | 192/16043/234 | 104/13703/147 | 572/30598/445 | 464/12931/133 | 306/19904/246

21 GCGAAAGGAGACTCAACACC 49325336 (0/0/0) (0/0/0) (0/0/0) (0/0/8) (1/0/0) (7/0/0) (8/0/0) (14/0/0) (4/0/0) (5/0/0) (6/0/0)
2p
23
24
25
g? Primers used for generation of the Long-range PCR products and the coverage achieved for that product for the SOLiD mate-pair, SOLiD
28 . . . . ..
29 fragment library and the Roche 454/FLX. The numbers in parentheses list the percentages of base pair positions that had a coverage depth below
30
31 20x.
32
33
34
35
36
37
38
39
40
41 1
42
43
44 .
45 John Wiley & Sons, Inc.
46

N
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Figure 1 - NOD2 genetic structure, long-range and ordinary PCR amplicons
Panel A and B show the physical localization of the NOD2 gene on chromosome 16q. Panel C shows
the gene structure, with the open reading frame highlighted by thicker and dark blue boxes that
correspond to exons. Positions are according to NCBI’s build 36. The coverage of each of the LR-PCR
products (Panel D) is shown along with the Sanger PCR products (Panel E). The lower Panel F shows
the identified SNPs and their positions, with non-synonymous SNPs highlighted in red.
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Figure 2 - Average coverage across all samples and genomic GC-content
The coverages for the SOLID mate-pair, SOLID fragment and 454/FLX are shown divided in 100 bp
bins across the sequenced region. All the samples sequenced are averaged within each of the
technologies. The coverage for the different technologies is given relative to the average coverage
seen using that technology. The GC content in the region is shown in the gray shaded area and was
calculated according to the same 100 bp bins that were used for the coverage calculation. Positions
are according to NCBI's build 36.
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Figure 3 - Number of SNPs detected for each individual sample

34 The upper Panel A shows the absolute number of homozygous SNPs detected for each individual
35 sample, while the lower Panel B shows the corresponding number of heterozygous SNPs. All SNPs
36 detected with the second generation technologies are included in the figure.
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Figure 4 - Simulation of SNP detection at different coverage depths
The graphs show the number of SNPs discovered at the specified coverage summed up for all
individuals and divided into homozygous and heterozygous SNPs (as defined from full coverage
call). False positives are SNPs that appeared during the simulation and that were not detected at full
coverage for that specific technology irrespective of what the other technologies showed. The
different genotype call class constitutes SNPs that were detected at full coverage but changed their
genotype call during the simulation. The cleaned numbers are the total, homozygous and
heterozygous SNPs detected, with removal of the false positives and SNPs changing their genotype
call. Panel A shows simulation results from the SOLID mate-pair library, Panel B from the SOLiID
fragment library and Panel C shows the results from the 454/FLX runs. If the original coverage was
below 100x for the 454/FLX runs (see Table 1), the maximum coverage achieved was used for the
simulations above that coverage.
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Figure 5 — Comparison of simulation results

The graphs show a comparison of the simulation experiments for the SOLID mate-pair, SOLID
fragment and 454/FLX library. The number of SNPs for each of the technologies corresponds to the
number of SNPs that were detected and that were identical to what was seen at full coverage. The
gray line represents the total number of SNPs that were detected with any of the second generation
technologies and subsequently confirmed by Sanger sequencing.
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Supplementary Table S1 — Haplotype background of the included patients

Human Mutation

Sample

Haplotype 1 (f.,; f..; p-value)

Haplotype 2 (f.,; f..; p-value)

O 0 2 SN N AW N -

—
)

HO09 (0.02; 0.02; ns)
HO07 (0.03; 0.01; p=0.0319)
HO02 (0.23; 0.17; p=0.0133)
HO04 (0.04; 0.11; p<0.0001)
HO8 (0.00; 0.04; p<0.0001)
HO06 (0.02; 0.02; ns)
HO06 (0.02; 0.02; ns)
HO8 (0.00; 0.04; p<0.0001)
HO8 (0.00; 0.04; p<0.0001)
H10 (0.02; 0.01; ns)
HO09 (0.02; 0.02; ns)

HO09 (0.02; 0.02; ns)

HO1 (0.41; 0.29; p<0.0001)
HO02 (0.23; 0.17; p=0.0133)
HO04 (0.04; 0.11; p<0.0001)
HO1 (0.41; 0.29; p<0.0001)
HO1 (0.41; 0.29; p<0.0001)
HO1 (0.41; 0.29; p<0.0001)
HO1 (0.41; 0.29; p<0.0001)
HO1 (0.41; 0.29; p<0.0001)
HO1 (0.41; 0.29; p<0.0001)
HO1 (0.41; 0.29; p<0.0001)

Page 40 of 44

The table lists the haplotype background of the patients included in this study as determined

by PHASE. The nomenclature used is the same as Croucher ef al. reported. The number in

parentheses represents the frequency of the haplotype in healthy controls (f;,), in patients with

Crohn’s disease (f;,) and the significance level (p-value) for the association from that

publication.

Croucher PJP, Mascheretti S, Hampe J, Huse K, Frenzel H, Stoll M, Lu T, Nikolaus S, Yang SK, Krawczak M,
Kim WH, Schreiber S. 2003. Haplotype structure and association to Crohn's disease of CARD15 mutations in
two ethnically divergent populations. Eur ] Hum Genet 11:6-16.

John Wiley & Sons, Inc.
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Supplementary Table S2 — Primers used for Sanger sequencing

Forward primer

Reverse primer

Genetic region

1
2
3
4
5
6 Fragment 1
7 Fragment 2
8 Fragment 3
9 Fragment 4
10 Fragment 5
Fragment 6
11 Fragment 7
12 Fragment 8
13 Fragment 9
Fragment 10
14 Fragment 11
15 Fragment 12
16 Fragment 13
17 Fragment 14
Fragment 15
18 Fragment 16
19 Fragment 17
20 Fragment 18
21 Fragment 19
Fragment 20
22 Fragment 21
23 Fragment 22
24 Fragment 23
25 Fragment 24
Fragment 25
26 Fragment 26
27 Fragment 27
28 Fragment 28
Fragment 29
29 Fragment 30
30 Fragment 31
31 Fragment 32
32 Fragment 33
Fragment 34
33 Fragment 35
34 Fragment 36
35 Fragment 37
36 Fragment 38
Fragment 39
37 Fragment 40
38 Fragment 41
39 Fragment 42
Fragment 43
40 Fragment 44
41 Fragment 45
42 Fragment 46
43 Fragment 47
Fragment 48
44 Fragment 49
45 Fragment 50
46 Fragment 51
47 Fragment 52
Fragment 53
48 Fragment 54
49 Fragment 55
50 Fragment 56
51 Fragment 57
Fragment 58
52 Fragment 59
53 Fragment 60
54 Fragment 61
Fragment 62
55 Fragment 63
56 Fragment 64
57 Fragment 65
58 Fragment 66
Fragment 67
59 Fragment 68
60 Fragment 69
Fragment 70

GGAGTGGGCCTTGGAGTC
AAATCCATCCCTTCCCAGAC
TCCCGATCACTCAGCCAT
CCCTGCTTCTGAGTTTGCTC
GAAAGGAATGGACAGCAATGA
ATGGCCCAGAGGTGGTTAAA
CCAGTGTTAGGAACCAGCCA
AGTGTTAGGGAGGGAGAATGC
TGACAGATTTCGCCTGAAGA
TCCTGGTGTCCACAGAAGC
CAGCCTAATGGGCTTTGATG
TGCTTAGATGTGGGCACAAG
ACTTGGCATCTGCTCCCTT
AGAACGCTCGGAAACAACTT
ATCCAGCCAGCATGAAAGAG
GCTGGTCTAGCGCTCCTG
ACCAAGCATGGATATGGGAG
CCAAGCATGGATATGGGAGT
GTCGAGCTGCTGGTCTCAG
CTCATGAAGTCAGCCTGTGG
AACCCTGTGTGATCTCAGGC
TCCTGAGAGGCAGATGGAAC
AGCAGAAGTGGTGCAGTCCT
AGGGGTTTGGAGAAGGTAGC
TCACTGTGTCACCCAGGCT
ATTTGGTGGCCTTCCCTTAG
TCAGTTGGGCATAGCAGTTG
GCCAAGAATAGTGGCATGTG
AGGAAGTGGGCTGCTTTGTA
GGATTGATAGTTTGGCTGGG
GGCCATCATTTTCCTTCAGA
CCACCACCACACCCTTTAGT

CCAAGAGGTACTTTCAATCTGGA

TGGGCTCATGATACTCTTTGG
TACACACACTCCAGTCAGGG
GATTAGACTCTGGCTGTGGCA
GGTTTCACCATGTTGTCCAG
TTGGGACATGCTTTGAAGGT
CGTTCAATTCACCATCCAAC
AGCTTTCATTATCTCCCACACA
CAAGCCTGGCACTCTTTAGG
CTGGCACTCTTTAGGGCTTG

GTCTAAGTTCAGGGATCCTGGT

GCTAGGTCCACCCAGATCAA
GCCACTATGGCAGGACAGAT
GCTCAGTCTCGCTTCCTCAG
CTGTCCAGACCCTGCTCTTC
TGCTGCTACGTGTTCTCAGC
AGCACTTCCACTCCATCCC
ATTGACTGGCCTATGTGCTG
TTTGCCCTTTGGAGAATCTG

TGATTATACCCATCATGGTCTTG

TGAGTGGGAATTTGGAAACC
GCAATTACTGTCCTTGAGCGA
TTTTACTGTGTACCGGGTGCT
GTACAGTGGCACAATCTCGG
GGGAAGCTTTCAGATGATGTT
GTGCTCCATCTATGCAGGGT
CTCCATGGCTAAGCTCCTTG
GGTTTGCAGTCCATCTGGTT
CAGTGGATGCCTGAAACCAT
TTTGAGCAACAATGAGGTCG
CCACATGAAGGGCTGCAC
GTTCTCCTAGCTGCCACACC
GTTCTCCTAGCTGCCACACC
CTGCTGTGCAAACAGCGT
GAGGACAGTGCCCACGAG

CCTGGGACTGTAGGAAGAGAGA

AGGTCACATCTGCCACATCA
CTGCTTGAGGTCACATCTGC

TAGGAGAGCAAACAGCTGGG
ATGCTTCCAGCCTCAGATCC
ATCCTGCTTCCCAGCTTTGT
TCTCGTGTCTCATCCAGTGC
CTATCGACACGGCCTTTGAA
TTCATTTCCTCCAGGACACC
TGTCCTGAGTCTCTGCTGGG
CCTTAACATCCTTCCTCTTACTCC
GCCTACGTGTGAGCCATACA
ATGTCCGAGGAGGACACTTG
CCACTGGAAGCCAGGATCTA
CAGGGACATTCCCAGACACT
ATTGCTCTAAAGGTCCTGTCC
TCAGGGAATTCATTCTCTTCG
CCCAGAGAAGGCAAGAAACA
GAGGTGGAAGCCCTCGTAGT
GTCCAGGACACTCTCGAAGC
TTCTGACAGGCCCAAGTACC
TTTACCTGCCTGGCTACCTTT
AAGGGAGACTGAGGCTGGA
TGGTCTCAACTTCCCGATTT
GAAACTAAGGTCAGTCCAATAACGA
CTTCAGCCCAGAAGTTCGAG
CCCAACCTTCAATGTTTGCT
TTGGGAAGACATGTTGGTTG
GGAATCAGGCAATTCAGAGC
CCTGACCTTGTGATCCACCT
TACAAAGCAGCCCACTTCCT
GAGAGGATAATGGAATAATGCAATC

CCTGTAAACTAATCAAGAACATTTCCC

GCAAAAAGACACAGAGATGGAA
CAGTCAAACCTACCCCTTGC
GGTAGACAAGTTTCACCCGC
TCACCTTCTAGCACACGCTG
CTGCTTCTGTTCCTGCCC
CCTAAGGTCCGGAGTTCCA
CTTGCACATCCAACTGCCTA
GCATCTCTCTTCCATCCAGAA
CCCTCAATATATGGTAGCCCAA
GCCAATGAGCTTTCCCTACA
CCTGGCCTGGTCTTACAGTG
TATTGCTGAGCTTTCTGCCC
AAAGGAACTCTGAGATGTGATAAAG
GGAGGAGTTCTAGATGACGGG
CCAGACCTCCAGGACATTCT
ATTCTTCAGCAGGTTGCCCT
AAATGTCATCAGGGCTGACC
GGATGAGCCAGATGAACCC
GCCAGGGTGGTTGTAGAGAT
CCCAAGATGTGGAAAGAGGC
TTTAAGTGTGTCATCTGTTTCCTC
TGCACATTCTTATTTCTATCAGGG
CTACGGCCTTGGCAGTTT
GACTGCAGGTTGCAGGTCAT
TGGAGCTGGCAATCAAGTATC
CTGTCTGCCACTCCTCTTGG
ATTCATCCCTGAAGTGCCAG
AAACCTGGGCTCACCTCAAT
GGGCAATTTAAAGGCATCAG
GCAGGTGTGTAGGTATTGGGA
TGCTATTCTGATCACGTGCC
TACCCATCATCTTTCAGCCA
CCCTAGGCTTCCTGGGATAA
GCTGCAACTGAATCCAGACA
TAGTTTACTCAGCGGCTCCC
CTGAGGATCAGAGGGCTTCC
GAAATGGGCTGGAACACCTA
GGTGCCCTAATAAATATGTGTTGAA
GCAAGGTGGCTCACTTGTGT
GGCTCACTTGTGTAATCCCAA

3

John Wiley & Sons, Inc.

49285038-49285533
49285463-49285937
49285838-49286329
49285656-49286184
49286240-49286729
49286655-49287136
49287064-49287537
49287466-49287924
49287857-49288320
49288261-49288721
49288639-49289110
49289039-49289507
49289468-49289908
49289838-49290309
49290252-49290733
49290551-49291054
49290641-49291000
49290642-49291131
49290950-49291506
49291437-49291971
49291917-49292481
49292420-49292978
49292903-49293459
49293084-49293724
49293384-49293950
49293870-49294451
49294316-49294942
49294905-49295367
49295348-49295430
49295827-49296405
49295863-49296524
49296093-49296620
49296340-49296895
49296807-49297377
49297306-49297866
49297811-49298346
49298301-49298848
49298608-49299181
49299085-49299635
49299580-49300128
49300072-49300398
49300077-49300634
49300584-49301143
49301069-49301617
49301537-49302103
49302017-49302577
49302528-49303064
49303004-49303553
49303473-49304047
49303972-49304516
49304460-49305000
49304954-49305490
49305429-49305977
49305909-49306471
49306759-49307339
49306880-49307437
49307368-49307917
49307860-49308400
49308339-49308905
49308808-49309391
49309318-49309850
49309699-49310226
49310158-49310736
49310609-49310798
49310609-49311187
49311109-49311680
49311634-49312180
49312125-49312705
49312646-49313198
49312639-49313191
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Forward primer

Reverse primer

Genetic region

Fragment 71
Fragment 72
Fragment 73
Fragment 74
Fragment 75
Fragment 76
Fragment 77
Fragment 78
Fragment 79
Fragment 80
Fragment 81
Fragment 82
Fragment 83
Fragment 84
Fragment 85
Fragment 86
Fragment 87
Fragment 88
Fragment 89
Fragment 90
Fragment 91
Fragment 92
Fragment 93
Fragment 94
Fragment 95
Fragment 96
Fragment 97
Fragment 98

CAGGTGATCCTCCCTCCTTT
TGTTATGGGCAGGTACTGGAG
TGGCTCAGGTAAGCTTCAGA
CAGGAGAGCACCACGAATTT
AACATTGGCAGTGTGGGTG
TGCCTGGCATATTTGTAAGTG
TTTGCCACTTGGAATTTCTT
GAGGTTTAAACAAGGAAAGGGTT
TGAGAGCCCTTGGAGTGAAT
GGGAGGTGGTCCCAGTAAAT
AGAGTGGTGAAGTGAGATGGG
GAAATGGGCTGGGAAGTTG
CCAGGCTTAGTTTCTGCCAA
GATGAGTGCCTCAGTTGCCT
GCTGCAGGTGTTGCAGTTT
CCTGCCAGTACACTCCTCATC
GAGCAACCTGGGAAACACAT
GGGACACAGCCAAACCATA
CTGGCTAACTCCTGCAGTCTC
ATTGGATCAGACCTTCTGCG
TCTTCTCAGATGGGCAAACC
ATGATTGTGATAGCTCTGTGGC
GGGTCTGATGTTATTTGCTGC
TTGTGAGCAGGCTGTGAGTT
TCCTTCCTCTGAGGCTGAAA
AAATTAGGCCGTTCCTTCAAA
CTGGGCAACAAGAGTGGAAC
TGGTCACCCAGCAAGGTAAA

GGTAACTGCCACCCACAAGT
CAGCTCCTCCCTCTTCACCT
TGTCAGAGCAGGGAAAGACC
GTCCACACAACCGCTCCTAT
GCAGCAGCAGCAGTAATAGTAG
CTGATGCTCTCATAACAAGGTTC
CCTACACTGCCTACATCCAGC
GGATTCTCAATTCCAGGGAC
TGAGCTCCAATTTCCCTCAT
CTAGGCAGATGCCACTTTCC
TTCCTAGGACCACATTTGCC
CCAGTCTAGGGTGCAATGGT
TTTGCTCCAACCTACAACTCA
ATCCCTGCGAAACCATTACA
TGCAGTGGTGGTTCAAGAAG
GGAGACAGGATAGGGCCAG
GAAGACCCACCACTCTCTGC
ACAATGGTGAGCTTCAAGGA
CACTGTGCAACCTGCTCCTA
ATGAGTTGCCAAAGGGTCC
ACTTTGCCCAGAACCTGATG
AGAGCAGGGCTTTCAAACAA
TTCAGCCTTAGGCAGGACAG

GGGTGCTGTAAGTGAAATATCAAA

ACAAAGGCTTCAACATACATCA
TTCCTCCGCTTCAAGTAGAAA
CCATAGACACACTCCCATGC
GCGAAAGGAGACTCAACACC

49313138-49313689
49313638-49314178
49314110-49314686
49314619-49314884
49314726-49315302
49315221-49315771
49315720-49316269
49316206-49316758
49316705-49317268
49317154-49317736
49317183-49317755
49317617-49318528
49318229-49318784
49318667-49319253
49319235-49319715
49319659-49320226
49320169-49320710
49320644-49321215
49321141-49321720
49321657-49322214
49322131-49322693
49322643-49323114
49322795-49323353
49323263-49323825
49323759-49324314
49324245-49324808
49324697-49325246
49325143-49325336

Page 42 of 44

The forward and reverse primers used for Sanger sequencing of the genetic region. The base

pair positions that the fragments cover are listed according to NCBI’s build 36.
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SNP
NOD2_01
NOD2_02
$s196000734
rs5743259
rs2066850
rs4785224
rs5743263
rs5743266
NOD2_03
rs2076753
NOD2_04
rs2067085
rs2111235
rs2111234
rs8045009
rs6500328
rs7500036
NOD2_05
rs8057341
NOD2_06
rs4785449
NOD2_07
rs11649521
rs13339578
rs62027635
rs17221417
NOD2_08
rs11642482
rs11642646
rs17312836
rs13380733
rs13380741
rs11647841
rs34133110
rs2066842
rs2066843
rs1861759
NOD2_09
5196000735
rs2066844
rs61747625
rs72796353
rs4785225
rs17313265
rs72796355
rs9925315

BP

49,285,092
49,285,093
49,285,914
49,287,589
49,287,730
49,287,947
49,288,366
49,288,597
49,290,339
49,290,875
49,290,920
49,291,360
49,291,470
49,291,534
49,293,442
49,294,157
49,294,999
49,295,099
49,295,481
49,295,958
49,296,048
49,296,287
49,296,331
49,296,606
49,296,951
49,297,083
49,298,110
49,298,265
49,298,687
49,298,963
49,300,182
49,300,439
49,300,832
49,301,420
49,302,125
49,302,700
49,303,084
49,303,168
49,303,302
49,303,427
49,303,587
49,303,795
49,304,047
49,305,205
49,305,240
49,306,875

Sample 1
Ref M F R
C S
G S
Cc
G
G A A
G
T
G A AA
G
G T T T
G S
Cc
A G G G
G A A A
Cc
A
C T T T
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C Y
T CCC
G
G A A A
G A AA
G A A A
C G G G
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C
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A
G A A A
G A A A
G
C
C
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G
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C
C
A
C
C
Cc
A
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Overview of all SNPs identified divided for the different technologies. The SNPs listed in the columns named M, F, R and S are from the samples

sequenced with the SOLiD mate-pair library, SOLiD fragment library, Roche 454/FLX and Sanger, respectively. SNPs that had already been reported

in the NCBI’s database of SNPs (dbSNP 130) are listed with NCBI’s dbSNP IDs (the rs-numbers) and the Sanger confirmed novel variants are listed

with their temporary accession numbers (the ss-numbers). The rest of the SNPs are labeled NOD2 01 to NOD2 12. The coding non-synonymous

SNPs are highlighted by red SNP-IDs.
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Supplementary Table S4 — Allele frequencies of SNPs reported in the HapMap populations

Human Mutation

Allele frequencies

SNP
rs5743259
rs4785224
rs5743263
rs5743266
rs2076753
rs2067085
rs2111235
rs2111234
rs6500328
rs8057341
rs11649521
rs13339578
rs17221417
rs11642646
rs17312836
rs13380733
rs13380741
rs11647841
rs2066842
rs2066843
rs1861759
rs4785225
rs17313265
rs751271
rs748855
rs1861758
rs1861757
rs10521209
rs5743289
rs2076756
rs5743291
rs1861756
rs1077861
rs3135499
rs3135500
rs8056611

BP
49,287,589
49,287,947
49,288,366
49,288,597
49,290,875
49,291,360
49,291,470
49,291,534
49,294,157
49,295,481
49,296,331
49,296,606
49,297,083
49,298,687
49,298,963
49,300,182
49,300,439
49,300,832
49,302,125
49,302,700
49,303,084
49,304,047
49,305,205
49,308,676
49,308,899
49,309,288
49,310,316
49,313,210
49,314,275
49,314,382
49,314,777
49,316,339
49,317,048
49,323,628
49,324,387
49,325,148

CEU
0.00
0.37
0.03
0.36
0.34
0.39
0.75
0.73
0.38
0.72
0.36
0.74
0.35
0.38
0.38
n/a
0.36
0.39
0.34
0.33
0.37
0.71
0.34
0.71
0.37
0.37
0.39
0.39
0.23
0.32
0.10
1.00
0.72
0.40
0.39
0.48

CHB
0.00
0.07
0.00
0.00
0.00
0.06
0.35
0.29
0.30
0.24
0.00
0.30
0.00
0.26
0.26
0.00
0.00
0.23
0.00
0.00
0.14
0.29
0.02
0.24
0.21

0.21

0.18
0.21

0.00
0.00
0.00
1.00
0.21

0.25
0.24
0.32

JPT
0.00
0.04
0.00
0.00
0.01
0.02
0.28
0.27
0.24
0.22
0.00
0.26
0.00
0.19
0.19
0.00
0.00
0.20
0.01
0.00
0.15
0.22
0.04
0.23
0.18
0.17
0.16
0.17
0.00
0.00
0.00
1.00
0.17
0.23
0.22
0.30

YRI
0.00
0.30
0.00
0.13
0.02
0.25
0.67
0.63
0.50
0.83
0.00
0.56
0.01
0.16
0.15
0.00
0.06
0.17
0.01
0.01
0.16
0.55
0.04
0.54
0.16
0.21
0.07
0.17
0.00
0.01
0.00
1.00
0.18
0.57
0.57
0.77

The frequencies of the alternate allele for the detected SNPs are shown for the four HapMap
populations (CEU: CEPH (Utah residents with ancestry from northern and western Europe),
CHB: Han Chinese in Beijing, China, JPT: Japanese in Tokyo, Japan, YRI: Yoruba in Ibadan,

Nigeria). The frequencies are based on frequencies for SNPs reported in the HapMap data

release 27.
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