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Abstract

Identification of all genetic variants associated with complex traits is one of the most important
goals in modern human genetics. Genome-wide association studies (GWAS) have been
successfully applied to identify common variants, which thus far explain only small portion of
heritability. Interests in rare variants have been increasingly growing as an answer for this missing
heritability. While next-generation sequencing allows detection of rare variants, its cost is still
prohibitively high to sequence a large number of human DNA samples required for rare variant
association studies. In this study, we evaluated the sensitivity and specificity of sequencing for
pooled DNA samples of multiple individuals (Pool-seq) as a cost-effective and robust approach for
rare variant discovery. We comparatively analyzed Pool-seq vs. individual-seq of indexed target
capture of up to 960 genes in ~1,000 individuals, followed by independent genotyping validation
studies. We found that Pool-seq was as effective and accurate as individual-seq in detecting rare
variants and accurately estimating their minor allele frequencies (MAFs). Our results suggest that
Pool-seq can be used as an efficient and cost-effective method for discovery of rare variants for
population-based sequencing studies in individual laboratories.
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1. Introduction

Genome-wide association studies (GWAS) have been successful in identifying many novel
loci associated with complex traits (http://www.genome.gov/gwastudies). However, GWAS
is not optimal for detecting rare variations, and in this regard, genomic markers identified
from GWAS on complex traits have not completely accounted for the entire heritability of
the trait [1, 2]. To help explain part of this missing heritability, there has been great interest
in investigating the role of rare variants (minor allele frequency <0.05) in complex traits with
the advent of next-generation DNA sequencing (NGS) technology.

Until recently, the identification of rare genetic variants that might play functional roles in
complex traits or diseases has been limited by the resolution of detection technology. The
rapid technological advances in NGS, wherein millions of DNA strands are sequenced
simultaneously, have enabled the comprehensive characterization of genetic variations
including rare variants as well as common variants. Constant increase in throughput of NGS,
coinciding with decreasing cost, allowed for the sequencing of the whole human genome in
individual laboratories. Still, the cost is often prohibitive for association studies, since a large
number of samples are required to gain sufficient statistical power for association studies
with rare variants. Thus, it is generally preferable to customize the loci targeted for genomic
enrichment using specific regions of interest, such as the coding or regulatory sequences of
particular genes. Additionally, nucleotide-based indexing and pre-capture multiplexing of
samples in combination further allows sequencing of a larger number of samples, with
significantly reduced costs [3].

To make the cost even more affordable for the large number of samples, methods of non-
indexed pooling of the equivalent amount of multiple DNA samples together for a library
generation can be applied. Since individual information is not assigned in a pool, a number
of algorithms have been developed to precisely predict the frequency of called variants in a
pool containing multiple samples [4-6]. Several studies have validated the specificity and
sensitivity of pooled target capture sequencing (Pool-seq) by comparing the predicted
frequency with minor allele frequency (MAF) from other methods, such as genotyping,
Sanger sequencing of individual samples, or comparison to an available database [6-8], to
demonstrate the accuracy of the variant calls. In addition, an increasing number of studies
take advantage of pooled NGS to discover rare variants associated with specific phenotypes
[9-11]. Specifically, loci associated from GWAS can be further investigated as candidates
for the identification of independent risk variants by re-sequencing of the region in a large
number of samples [10]. Other than GWAS, whole-exome sequencing of a small family-
based study can also be utilized for the initial candidate loci screening for the further
identification of the risk variants by a large sample study [11].
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In this study, we used two different sequencing methods, Pool-seq and individually indexed-
seq, for the evaluation of efficient variation detection. For both methods, the target regions
consisted of 2kb upstream region, exons and exon-intron junctions. For the individually
indexed-seq method, we individually indexed 96 samples for target capture sequencing of
960 genes comprised of 5.69 Mb target region. For the Pool-seq method, we used a pooling
technique for 56 genes comprised of 410 kb target region for 1,000 samples. Compared to
the previously reported Pool-seq studies [6-8], our Pool-seq study is unique in that by far the
largest number of individuals (n=1,000) were used for variant discovery in large target
regions (410,000 bp) covering both coding and non-coding regions of the genome.
Furthermore, a comparative analysis with individually indexed target capture sequencing
was performed to comprehensively compare the variant calling and MAF estimation.
Independent genotyping studies showed a high concordance with MAF from the Pool-seq
variant calls and validated the accuracy of the variant detection by Pool-seq. Here, we
demonstrate that Pool-seq is a robust and cost-effective method for variant detection,
especially for the rare variants, across genomic regions in a large sample study.

2. Material and Methods

2.1. Samples

The study was approved by the Committee on Clinical Investigations at Albert Einstein
College of Medicine. Written informed consent was obtained from all participants. Our
study group consisted of 1,029 Ashkenazi Jewish subjects that were previously recruited as
part of a longevity study by Dr. Nir Barzilai of the Albert Einstein College of Medicine [12].
All blood samples were rapidly processed to obtain DNA at the General Clinical Research
Center of the Albert Einstein College of Medicine. For the individually indexed target
capture and next-generation sequencing, we used genomic DNA extracted from
immortalized B-lymphocytes from 96 Ashkenazi Jewish samples. For the pooled target
capture sequencing and genotyping experiments, we used whole-genome amplified DNA
obtained directly from blood samples from 1,000 Ashkenazi Jewish subjects. Whole-genome
amplification was performed using illustra GenomiPhi V2 DNA Amplification kits (GE
healthcare Life Sciences).

2.2. Target selection and generation of customized target capture for individually indexed
next-generation sequencing

We performed individually indexed target capture sequencing of 96 samples with 960 genes
relevant to our ongoing research projects. Target genes were selected from pathways of DNA
repair and genome maintenance, lipid metabolism, neurodegeneration and cognitive
function. At each selected gene locus, we included 2 kb upstream of the transcription start
site, all exons, and 20 bp of each exon-intron junction. Bait libraries were designed and
assessed for coverage across the target genomic regions using the Agilent eArray website
(http://earray.chem.agilent.com/earray/). Design efficiency from eArray was 99%, calculated
as the covered fraction of target bases in the oligo design (6,229,389 bp), out of the total
submitted target region (6,291,136 bp). Designed bait regions to capture target regions
covered 5,692,804 bp.
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2.3. Library preparation, target enrichment and sequencing for individually indexed target
capture sequencing

We generated 96 libraries which were individually indexed with a unique barcode and 12-
plex target capture sequencing was performed for 8-lane sequencing in Illumina HiSeq2000.
The library preparation was performed according to the Illumina TruSeq DNA sample
preparation version 2 low-throughput (LT) protocol, with the following modifications: (1)
genomic DNA was sheared with Covaris system for 300bp; (2) 12 lllumina TruSeq adapters
were used; (3) after the ligation of adapters, AMPure XP (Beckman Coulter) beads were
used for clean-up steps with 34ul (0.8X volume) for the initial addition and 40ul (0.8X
volume) for the second addition; (4) size selection and additional clean-up steps were
performed by AMPure XP beads. 0.65X volume of beads were added to each library and
after 20 minutes of incubation, separation by magnet was performed and all supernatant was
transferred into a new well. 0.85X volume of beads were added to the supernatant and after
incubation, it was separated by magnet and supernatant was discarded. Beads were washed
with 70% ethanol twice. After complete removal of ethanol, RB was added to suspend the
beads. After incubation at room temperature, separation of beads on magnet was performed
and eluted products were transferred into the new well; (5) DNA was amplified in 7 cycles
for the pre-capture enrichment PCR; (6) 0.85X volumes of AMPure XP beads were added
for the clean-up steps after PCR.

The 12-plex target capture was performed according to the Agilent SureSelect Target
Enrichment Protocol with the modification based on a high-throughput indexed library
preparation and pooled Agilent exome enrichment protocol provided by Evan Geller
(personal communication). In brief, 12 post-enriched DNA libraries were combined in equal
amounts to a total quantity of 1 ug. In the modified protocol, 6 indexed blocking oligos were
supplied by IDT DNA. Each oligo was reconstituted to 300uM with water and equal
volumes were combined to make 50uM Indexed Blocking Reagent (IBR). The rest of the
protocol was carried out based on Agilent’s protocol. Instead of SureSelect Block #3, IBR
was used for the capture. The hybridization mixture was incubated for 24 hours at 65°C to
minimize evaporation. Final PCR was performed for a total of 12 cycles. Target-enriched
libraries were sent to Axeq Technologies and paired-end sequenced on the Illumina
HiSeq2000 with cluster kit version 3 according to Illumina’s protocol. Reads generated were
101 bp in length.

2.4. Data analysis for individually indexed target capture sequencing

Illumina reads were aligned to the human genome, revision hg19 [13], using BWA, version
0.5.9 [14], with setting “-q 17" provided when running the “aln” command. Following
alignment, we utilized Picard [http://picard.sourceforge.net] to detect potential PCR
duplicates and to calculate on-target statistics. Subsequent processing was performed using
the Genome Analysis Toolkit (GATK) [15]. To call variants, we first preprocessed the data,
locally realigning the reads around known and suspected indel events, then recalibrated the
Illumina base quality scores to more closely reflect actual mismatch rates. We then
performed multi-sample genotyping and filtered the results by fitting a Gaussian mixture
model to the 7-dimensional point cloud formed by the joint distributions of various
statistical annotations calculated for each SNP [16]. The model was trained to assign log-
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odds likelihood probabilities on the basis of sets of known SNPs from public databases,
expanding the set retained until a sensitivity threshold of 99% of accessible, known SNPs
was reached. Recommended settings were given during all steps, as detailed in the GATK
software manual (<http://www.broadinstitute.org/gsa/wiki/index.php/
Best_Practice_Variant_Detection_with_the GATK v3>).

The SNP databases used were the 1000 Genomes Project [17], dbSNP build 138 [18], and
HapMap3 r3 [19]. Functional annotations were provided by ANNOVAR [20]. Correlation
between SNP calls obtained here and those publicly released was determined with the
CompOverlap evaluation module of the VariantEval tool from the GATK.

2.5. Target selection and generation of customized target capture for pooled target capture

sequencing

We performed 25-sample non-indexed pooling and 20-plex target capture sequencing of
1,000 samples to sequence 56 genes relevant to our ongoing research projects. Among the
target genes, 51 genes were also in the gene list of individually indexed-seq. We designed a
customized Nimblegen SeqCap EZ Choice library (Roche) target capture to enrich our
candidate genes. For each selected gene locus, we included 2 kb upstream region of the
transcription start site, all exons, and 20 bp of each exon-intron junction. We used the
NimbleDesign (https://design.nimblegen.com/nimbledesign) with ‘Max close match’ set to 5
to design and assess coverage across the target genomic regions of bait libraries. Design
efficiency from NimbleDesign was 97.9%, calculated as the covered fraction of target bases
in the oligo design (410,497 bp), out of the total submitted target regions (419,327 bp).

2.6. Library preparation, target enrichment and sequencing for pooled target capture

sequencing

For each pool, 25 samples were pooled together for equimolar concentration to total 1ug of
DNA. A total of 40 pools were generated and 20-plex target capture sequencing was
performed for 2-lane sequencing in HHlumina HiSeq2000.

Each pooled library was indexed with a unique barcode, which allowed for target capture,
enrichment of pooled libraries and multiplex sequencing. The library preparation was
performed according to the lllumina TruSeq DNA sample preparation version 2 low-
throughput (LT) protocol, with the following modifications: (1) genomic DNA was sheared
with Covaris system for 300bp; (2) 20 Illumina TruSeq adapters were used; (3) after the
ligation of adapters, AMPure XP (Beckman Coulter) beads were used for clean-up steps
with 34ul (0.8X volume) for the initial addition and 40ul (0.8X volume) for the second
addition; (4) size selection and additional clean-up step was performed by AMPure XP
beads. 0.4X volume of beads were added to each library and after 20 minutes of incubation,
separation by magnet was performed and all supernatant was transferred into a new well.
0.65X volume of beads were added to the supernatant and after incubation, separation by
magnet was performed and the supernatant was discarded. Beads were washed with 70%
ethanol twice. After complete removal of ethanol, RB was added to suspend the beads. After
incubation at room temperature, separation of the beads on the magnet was performed and
eluted products were transferred into the new well; (5) for the pre-capture enrichment PCR,
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DNA was amplified in 6 cycles with KAPA HiFi HotStart DNA polymerase with dNTPs
(KAPA Biosystems) and PCR primer cocktail from Illumina TruSeq; (5) for the clean-up
steps after PCR, 0.85X volumes of AMPure XP beads were added.

The 20-plex target capture was performed according to the Nimblegen SeqCap EZ Choice
library target capture protocol, with the following modifications: (1) capture hybridization
mixture was incubated for 72 hours at 47°C; (2) post-capture PCR was performed with
KAPA HiFi Hotstart Polymerase with the provided PCR primers (KAPA Biosystems) and 11
cycles of PCR reaction was performed; (3) Clean-up of PCR was performed using the
Qiagen Qiaquick PCR Purification kit. Target-enriched libraries were sent to Axeq
Technologies and paired-end sequenced on the Illumina HiSeq2000 with cluster kit version
3 according to lllumina’s protocol. Reads generated were 101 bp in length.

2.7. Data analysis for pooled targeted capture sequencing

Following sequencing of the targeted DNA, the BWA alignment software, version 0.7.5a
[14] was used to align the sequence data to the hg19 human reference genome (GRCh37
assembly, February 2009). The hg19 human reference genome was downloaded from the
UCSC Genome Browser [21]. Potential PCR duplicates were removed with the rmdup
routine of the samtools software, version 0.1.18 [22]. The Picard tools
CollectAlignmentSummaryMetrics and CollectTargetedPcrMetrics, version 1.81, were used
to collect statistics about the read coverage in each pool.

Variants were called using the software CRISP, which was specifically developed to call
variants in pooled DNA sequence data [6, 23]. CRISP variant calling was performed with a
2,000 bp flanking region surrounding the probe design locations. The CRISP results were
postprocessed to calculate the allele counts in the pools.

2.8. Genotyping

3. Results

To validate variants from pooled target capture sequencing, we designed iPLEX MassArray
assays using the web-based assay design suite program on mysequenom website (http://
www.mysequenom.com). Variants were successfully assayed based on the high quality of
peaks visualized in the MassARRAY® Typer software after performing MassArray. Using
the iPLEX assays, genotyping was performed in the Genomics Shared Facility at Albert
Einstein College of Medicine for 1,000 samples that were identical with the samples used
for pooled target capture sequencing.

3.1. Individually indexed target capture and next-generation sequencing of 960 candidate
genes in 96 samples

A total of 1,571,149,163 unique reads were aligned to the reference sequence and achieved
an average on-target percentage of 90.5% in 96 samples (Table 1). Individual on-target
percentage was evenly distributed from 88% to 93% (Supplement Figure S1). Individual
fold enrichment of coverage ranged from 384 to 428 in 96 samples with average of 406
(Supplement Figure S1, Table 1). Mean target coverage for individual samples ranged from
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60X to 541X with an average of 211X and, as previously reported, this is ample coverage for
variant detection [24]. The percentage of all target bases achieving greater than or equal to
20X, 10X, and 2X were 95.2%, 96.8%, and 98%, respectively (Table 1).

Using ANNOVAR [20], we characterized and functionally annotated the variants detected
from 96 samples, according to the gene regions in which they resided (Table 2). Overall,
novel variants accounted for 16% of the total variants detected in the target gene regions.
The 5,200 exonic variants in coding or splicing regions represented about 25% of the total
variants found. Intronic variants comprised 5,334 variants (25.7%) of the total variants.
Variants in the promoter (2kb upstream) represented 3,914 variants (18.8%). The 3'UTR
contained 5,123 variants (24.7%). We further characterized the 5,200 variants in exons
(Supplement Table S1), and found that 51.2% were synonymous SNPs and 47.7% were non-
synonymous SNPs (nsSNPs). 1.1% of the exonic variants were small insertions or deletions
(Indels) which resulted in similar number of frameshift or non-frameshift of the resulting
amino acids. Among the 2,482 nsSNPs, 295 (11.8%) were novel SNPs and 1.2% were
nonsense SNPs, which prematurely truncate the protein by introducing a stop codon
(Supplement Table S1).

3.2. Pooling and target capture sequencing of the 56 candidate genes in 1,000 samples

To test the efficiency of detecting variants in a large set of 1,000 genomic DNA samples, we
performed targeted and pooled sequencing for 56 genes, of which 51 genes were common to
the individually indexed seq. A total of 653,612,106 unique reads aligned with the reference
genome and an average on-target percentage of 37.3% was obtained in the 40 pools (Table
3). Individual on-target percentage was evenly distributed between 29% and 45%
(Supplement Figure S2). Although the on-target percentage was not high, the average fold
enrichment of coverage for the targeted region in 40 pools was 2,020 (Table 3). Individual
fold enrichment of coverage ranged from 1,587 to 2,401 (Supplement Figure S2). Mean
target coverage for 40 pools was 1,068X. Because each pool has 25 samples, assuming that
each sample was captured and sequenced equally, theoretically, mean target coverage for an
individual sample for the targeted region would be 43X, which is ample coverage for the
detection of variants. A total of 6,551 variants were identified from the 56 genes. The
frequency of the variant in Pool-seq was calculated by CRISP [6, 23].

We characterized and functionally annotated variants from the 1,000 pooled samples,
according to the gene regions in which they reside, using ANNOVAR (Table 4) as we did for
the individually indexed target capture and sequencing experiments. Novel variants
accounted for 46% of the total variants detected in the target gene region. Exonic variants
represented about 12% of the total variants found. Intronic variants represented 3,220 of the
total variants (49.2%). The promoter region contained 1,131 variants (17.3%). The 3'UTR
contained 1,094 variants (16.7%). We further characterized the variants in exons
(Supplement Table S2) and identified 41% as synonymous SNPs and 54% as non-
synonymous SNPs. 5% of the exonic variants were small indels which resulted in frameshift
or non-frameshift of the resulting amino acids. Among the 420 nsSNPs, 186 (44%) were
novel SNPs and 5% were nonsense SNPs (Supplement Table S2).
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3.3. Validation of the accuracy of variant calls from pooling and target capture sequencing
by genotyping

To evaluate the accuracy of the variant calls from Pool-seq, we performed a separate iPLEX
MassArray genotyping experiment for 84 randomly-selected variants using the 1000
samples, and compared the MAFs from this genotyping with the Pool-seq variant calls
(Figure 1A and 1B). The Pearson correlation of the MAF of 84 variants between Pool-seq
and genotyping was 0.9988 (p<0.0001) (Figure 1A) and the correlation coefficient (R2) was
0.9977 (Figure 1B), which clearly demonstrates the accuracy of variant detection by the
Pool-seq. Additionally, to evaluate the specificity of the Pool-seq data, we genotyped 48
randomly-selected novel variants and discovered that the false positive rate of Pool-seq is
6.3% which is similar with a previous report that used the CRISP algorithm [23] (Figure
1C).

3.4. Comparison of the MAF distribution between individually indexed-seq of 96 samples
and Pool-seq of 1,000 samples

To demonstrate the efficiency of the detection of variants by Pool-seq in large samples, we
compared the MAF distribution between individually indexed-seq of 96 samples and Pool-
seq of 1,000 samples of same population. Among the total variants discovered from 960
genes by individually indexed-seq, 28.8% (5,980 variants) were discovered as extremely rare
variants of MAF less than 0.01 (Table 5). 6,566 (31.6%) were rare variants of MAF greater
or equal to 0.01 and less than 0.05 and 8,235 (39.6%) were common variants of MAF
greater or equal to 0.05. On the other hand, among total variants discovered from 56 genes
by Pool-seq, 58.1% (3,807 variants) were discovered as extremely rare variants of MAF less
than 0.01 (Table 5). Similarly, 1,266 (19.3%) were rare variants of MAF greater or equal to
0.01 and less than 0.05 and 1,478 (22.6%) were common variants of MAF greater or equal
to 0.05. Additionally, for the rare variants of MAF less than 0.01, 65.4% of detected variants
were novel from the Pool-seq while 38.7% of detected variants were novel from the
individually indexed-seq (Table 5). We also plotted the density of MAF of the each variant
from both Pool-seq and individually indexed-seq in Figure 2, and it clearly displays the high
density of extreme rare variants in the Pool-seq.

3.5. Variant comparison between individually indexed-seq and Pool-seq of 51 overlapping

genes

To specifically evaluate the capability to detect variants, we compared variants discovered in
51 candidate genes from both individually indexed-seq and Pool-seq. In the same target
region within the 51 genes, Pool-seq of the large sample resulted in detection of more
variants compared to individually indexed-seq (Figure 3A). We further characterized the
4,916 variants that were only detected in Pool-seq, and found that 18.6% were common
while 81.4% were rare variants with MAF less than 0.05. Additionally, among the 4,916
exclusively detected variants from Pool-seq, more than half of the variants were novel which
was also mostly rare. We further grouped the variants according to their genomic region, and
found that exonic variants were less likely to be detected than upstream (proximal 2kb
promoter region) or UTR variants (Figure 3B, 3C, and 3D). While the number of
overlapping variants in both individually indexed-seq and Pool-seq in exonic region was
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similar to those located upstream, the number of exclusive variants that were only detected
in Pool-seq in the upstream region was 1.7 fold higher than the number of exclusive variants
in the exonic region (Figure 3B and 3C). On the other hand, the number of exclusive variants
that were only detected by Pool-seq in the UTRs was similar to the number of exclusive
variants that were only detected by Pool-seq in the upstream region (Figure 3C and 3D).
These results indicate that Pool-seq is a robust and effective method to study large samples
for detecting rare variants across all genomic regions, including regulatory regions.

4. Discussion

Recent increases in the speed and volume of next generation sequencing technologies have
enabled thorough mapping of genetic variations in whole exome or whole genome data.
Along with the advance of the technology, there are now many genetic association studies
demonstrating the relevance of rare variants with complex phenotypes [25, 26]. Due to the
low frequency of rare variants, many statistical methods for rare variant association analysis
often consider aggregates of rare variants together [27-29]. Therefore, detection of many
rare variants in a large sample size would be required for the association studies. The use of
pooling samples together with next-generation sequencing is a reasonable approach for large
sample studies because of the affordable cost and reduced labor [7, 30, 31]. In this study, we
performed individually indexed-seq for 96 samples and Pool-seq of 1,000 samples to
compare the efficiency of variant detection.

For the Pool-seq approach, 25 samples were pooled together into a single pool, and
statistical methods were used to calculate the frequency of each allele in the total sample [6,
23]. Current study is different from the other published Pool-seq studies [6-8] for following
reasons. First, this study used a large number of individuals (h=1,000) and represents by far
the largest study conducted for a Pool-seq analysis, providing enough statistical power
required for a human genetic study. Second, in our study, we performed a comparative
analysis with individually indexed target capture sequencing and genotyping validation of
discovered variants including rare variants to experimentally validate the accurate variant
detection of Pool-seq analysis. Whereas the other studies did not perform such comparative
analyses. Finally, our study captured large target regions across 410kb, including both
coding and non-coding regions, in a large number of 1000 individuals. In contrast, other
studies represented either a large target region in a small number of individuals (1.6 Mb
capture for up to 50 individuals) or a small target region in a large number of individuals
(6.7 Kb capture for 480 individuals) [7, 8]. Thus, our study demonstrated that target capture
sequencing of pooled individuals can be successfully performed for large target regions in a
large number of individuals, accurately detecting variants and their allele frequencies as
experimentally confirmed by individual genotyping analysis. Validation of the variant calls
of 84 random variants from the large sample using genotyping, clearly demonstrates the
accuracy of the variant calls from Pool-seq (Figure 1A, B). Additionally, we used
genotyping to further evaluate 48 novel variants that were detected from Pool-seq to
calculate the estimated false positive rate and it resulted in 6.3%, which was in concordance
with the previous report [23] (Figure 1C). Considering the false positive rate that was
calculated based on the novel variants, we believe that the variants detected by Pool-seq are
highly reliable.
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In both individually indexed-seq and Pool-seq experiment, we targeted 2kb proximal
promoter regions and 20bp exon-intron junctions for the detection of potential splicing
variants, along with the coding region. As shown in Table 3.2 and 3.5, we were able to
discover many variants in the upstream 2kb region, intronic, UTRs as well as exonic region
from both methods. In particular, Pool-seq resulted in a greater number (46.4%) of novel
variants which could have potentially higher impact on protein function or expression. As a
matter of fact, when we categorized the discovered variants by their MAF in both
individually indexed-seq and Pool-seq, we detected many more rare and novel variants by
Pool-seq (Table 5). As expected, distribution of variants from Pool-seq showed enriched
pattern in low MAF (Figure 2). To evaluate the capability of variant detection in more detail,
we compared the variants in 51 genes present in both the individually indexed-seq with
small samples and the Pool-seq with large samples. Pool-seq identified more variants which
are mostly rare variants (MAF<0.05) in both regulatory and coding region (Figure 3). Not
surprisingly, we found almost double the number of the exclusive variants that were only
detected in the Pool-seq in upstream or UTRs compared to exonic regions (Figure 3B, 3C,
and 3D). Also, we detected many more of the exclusive variants in the Pool-seq in intronic
regions compared to all other regions as well (data not shown). This indicates that coding
regions are well-conserved compared to the other genomic regions where the alteration of
genetic information could be detrimental on the protein function. In addition, the recent
ENCODE project demonstrated that many non-coding regions have regulatory functions
which can affect the level of expressed coding genes and phenotype [32]. Our results suggest
that Pool-seq is an effective way to discover rare variants throughout the genome in large
samples.

An unavoidable disadvantage of Pool-seq is the loss of individual sample information. To
overcome this, additional genotyping with the same samples could be performed to identify
samples harboring specific variants. On the other hand, individually indexed-seq has all of
the information for each sample. However, large sample genotyping is further required as
well for the case-control association study to have enough association power. In the case of
rare variant association studies, since aggregates of rare variants are needed, additional
sequencing will be required. Thus, in spite of the tradeoff, Pool-seq is an ideal method for
large sample association studies. Pool-seq can be used to select variants for association study
using frequency from each case and control group with relatively low false-positive rate. In
addition, it can discover many more rare variants which could not be detected in individually
indexed-seq with small samples as shown in our study (Figure 3). Furthermore, it can
significantly decrease the preparation cost by reducing required number of libraries and
target capture [6].

In conclusion, our study demonstrated that Pool-seq is a highly accurate, cost-effective
method in identifying variants in human population studies, especially rare variants with
minor allele frequency less than 5% in both regulatory as well as coding regions. As
compared to the individually indexed-seq, Pool-seq can be utilized to discover the risk
variants in a large sample size as a follow up study of candidate loci detected from initial
discovery.
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Analysis of frequency of variants in pooled target capture sequencing

Comparison of variants between pooled sequencing and individually indexed
sequencing
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Figure 1. Evaluation of pool-seq accuracy in detecting variant by genotyping
A. Randomly selected 84 variants detected from pool-seq were genotyped by iPLEX

MassArray and the MAF of each variant from both pool-seq and genotyping is indicated in
the bar-graph. Black bar indicates the MAF of variant from pool-seq and white bar indicates
the MAF of variant from genotyping. B. MAFs of 84 variants from A are presented as a
scattered plot. Triangle dot indicates each 84 variant. C. Randomly selected 48 novel
variants detected from pool-seq were genotyped and the proportion of true positive (white)
and false positive (gray) are shown in the pie-graph.
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Figure 2. Comparison of MAF distribution between pool-seq of large samples and individually

indexed-seq of small samples

The plot presents the density of number of variants with each MAF detected in pool-seq of
1,000 samples (red) and individually indexed-seq of 96 samples (blue). X-axis indicates the

MAF of variants and y-axis indicates the percentage of density.
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Figure 3. Variant comparison between individually indexed-seq and pool-seq of 51 overlapping
genes

A. The Venn diagram indicates the number of variants discovered in individually indexed-
seq of 96 samples (red line) and pool-seq of 1,000 samples (blue line) of 51 genes targeted
in both methods. Area filled with blue color indicates the exclusive variants only discovered
in pool-seq and two pie-graphs on the right side are based on the colored area. Upper-right
graph indicates the proportion of rare and common variants and lower-right graph indicates
the proportion of known and novel variants. B-D. The Venn diagram indicates the
discovered variants from individually indexed-seq and pool-seq in exonic (B), upstream (C)
and UTRs (D) of the 51 genes.
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Characterization of the variants in 96 samples from individually indexed-seq for 960 genes.

Table 2

Database® Novel variants % novel Total variants
downstream? 1 1 50.00 2
intronic 4676 658 12.34 5334
upstream (2kb)© 3046 868 22.18 3914
ncRNAZ 9 3 25.00 12
UTR3?¢ 4030 1093 21.34 5123
uTrRs! 890 261 22.68 1151
Splicingd 33 12 26.67 45
exonic (coding)”? 4662 445 8.71 5107
exonic;splicing (coding)/ 79 14 15.05 93
total 17426 3355 16.14 20781

aBased on dbSNP 138, 1000 Genomes database, and Exome sequencing database

b, . - .
Variant overlaps 1 kb downstream of transcription end site

c . . s .
Variant overlaps 2 kb upstream of transcription start site

Variant overlaps a transcript without coding annotation in the gene definition

61Variant overlaps a 3" untranslated region

Q/ariant overlaps a5” untranslated region

gVariant is within 3-bp of a splicing junction in intronic region
hVariant overlaps a coding exon (but not UTR portion)

Variant is within 3-bp of a splicing junction in exonic region
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Table 4

Characterization of the variants of 40 pools in 1,000 samples from pool-seq for 56 genes.

Database® Novel variants % novel Total variants

downstream? 57 40 41.24 97
intronic 1790 1430 4441 3220
upstream (2kb)€ 543 588 51.99 1131
UTR3Y 539 555 50.73 1094
UTR5¢ 109 105 49.07 214
splicing” 6 9 60.00 15
exonic (coding)d 453 296 39.52 749
exonic;splicing (coding)”? 17 14 45.16 31
total 3514 3037 46.36 6551

aBased on dbSNP 138, 1000 Genomes database, and Exome sequencing database
bVariant overlaps 1 kb downstream of transcription end site

cVariant overlaps 2 kb upstream of transcription start site

dVariant overlaps a 3" untranslated region

61Variant overlaps a5 untranslated region

(/ariant is within 3-bp of a splicing junction in intronic region

gVariant overlaps a coding exon (but not UTR portion)

hVariant is within 3-bp of a splicing junction in exonic region
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