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Abstract

Sequencing of pooled samples (Pool-Seq) using next-generation sequencing technologies has become increasingly
popular, because it represents a rapid and cost-effective method to determine allele frequencies for single nucleotide
polymorphisms (SNPs) in population pools. Validation of allele frequencies determined by Pool-Seq has been
attempted using an individual genotyping approach, but these studies tend to use samples from existing model
organism databases or DNA stores, and do not validate a realistic setup for sampling natural populations. Here we
used pyrosequencing to validate allele frequencies determined by Pool-Seq in three natural populations of
Arabidopsis halleri (Brassicaceae). The allele frequency estimates of the pooled population samples (consisting of 20
individual plant DNA samples) were determined after mapping lllumina reads to (i) the publicly available, high-quality
reference genome of a closely related species (Arabidopsis thaliana) and (ii) our own de novo draft genome
assembly of A. halleri. We then pyrosequenced nine selected SNPs using the same individuals from each population,
resulting in a total of 540 samples. Our results show a highly significant and accurate relationship between pooled
and individually determined allele frequencies, irrespective of the reference genome used. Allele frequencies differed
on average by less than 4%. There was no tendency that either the Pool-Seq or the individual-based approach
resulted in higher or lower estimates of allele frequencies. Moreover, the rather high coverage in the mapping to the
two reference genomes, ranging from 55 to 284x, had no significant effect on the accuracy of the Pool-Seq. A
resampling analysis showed that only very low coverage values (below 10-20x) would substantially reduce the
precision of the method. We therefore conclude that a pooled re-sequencing approach is well suited for analyses of
genetic variation in natural populations.
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Introduction

During the past few years, the use of next-generation
sequencing technologies (NGS, [1]) has dramatically
increased. At the same time, costs per sequenced base pair
(bp) are rapidly decreasing, which facilitates genome-wide
analyses of genetic variation of individuals and entire
populations (e.g., [2,3]). NGS allows studies to expand to a
truly genome-wide scale, potentially analyzing millions of
polymorphisms at a time (e.g., [2,4,5]). However, studies at the
population level typically require the analysis of numerous
individuals of multiple populations, which still leads to high
costs, high DNA requirements, long processing times due to
library preparation, and the need for high sequence coverage
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per individual. Therefore, a pooled approach using samples
consisting of several individuals might be preferable in many
study designs.

Recently, Futschik and Schliétterer [6] demonstrated that
sequencing of pooled samples (Pool-Seq) using NGS not only
reduces costs and workload, but can also reliably detect single
nucleotide polymorphisms (SNPs) and accurately estimate
various population genomic parameters. Several studies have
used Pool-Seq to answer challenging questions in evolutionary
ecology (e.g., [4,5,7,8]) and adapted existing analytical
concepts to this new approach [9-13]. However, the benefits of
Pool-Seq come with some trade-offs. Most obviously and
importantly, it leads to the loss of information regarding
individual haplotypes and heterozygosity. Secondly, rare alleles
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that are important in medical sciences for example, might be
ignored as a consequence of stringent corrections for
sequencing errors (for critical comments, see 14). Thirdly,
Pool-Seq requires that individual DNA samples are combined
in equimolar concentrations, and therefore measurement
and/or pipetting errors might have a negative impact on allele
frequency estimates, at least in small pools [6].

Hence, studies using Pool-Seq imply that their SNP allele
frequency estimates are accurate, often without validation of
these allele frequency estimates. Several studies have tried to
address this topic in the recent past and validated allele
frequencies from pooled samples by genotyping single
individuals from within the pools (see Table 1 for an overview).
However, several studies used samples from existing model
organism databases and DNA stores [15-18], for which
polymorphisms were known in advance. Some studies tested
other aspects or different variants of the NGS sequencing
protocol [15,18,19], and most of the studies pre-amplified a
certain region in the genome or reduced the size of the
template prior to sequencing [16,17,19-24]. To our knowledge,
except for Zavodna et al. [24] who looked at population genetic
parameters in two mitochondrial genes, no study has been
published to date that explicitly validates pooled SNP allele
frequencies in natural populations of a non-model species
(defined here as species without a publicly available reference
genome). However, precisely this information is needed for
currently hot topics in evolutionary biology, like population
genomic studies of local adaptation.

In the present study, we filled this gap and used
pyrosequencing [25,26] of individual samples to test the
accuracy of estimates of SNP allele frequencies determined by
lllumina Pool-Seq. The pyrosequencing method is based on
the same technological principle as Roche 454 sequencing, but
uses sequencing primers specific to a particular genomic
region previously amplified in a PCR reaction. Pyrosequencing
has been shown to be a powerful tool for analyzing SNPs in
individuals [27] or in artificially [28] and naturally pooled
samples [29]. Using 20 individuals in each of three populations
of the non-model species Arabidopsis halleri (Brassicaceae),
we compared the allele frequencies at nine SNPs located
within six different genes using lllumina Pool-Seq data with the
allele frequencies from individual genotyping using
pyrosequencing of the same 20 samples per population (in
total 540 samples). The allele frequencies from the Pool-Seq
were determined using two different mapping approaches. We
first mapped reads to a closely related species with a high-
quality reference genome (Arabidopsis thaliana), and second to
our own de novo draft assembly of the A. halleri genome. Our
results show that estimates of allele frequencies measured in
the pooled samples are highly accurate, independent of the
reference genome used for mapping, and that a Pool-Seq
approach is therefore well suited for population genomic
analyses of natural populations.
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Materials and Methods

Study system

Arabidopsis halleri (L.) is a member of the Brassicaceae and
closely related to the model species A. thaliana. It occurs in a
wide range of habitats, including mountain slopes, forest
margins and rocky crevices [30]. The perennial, insect-
pollinated and strictly outcrossing herb is distributed from
Europe to eastern Asia [31] and has been used in studies on
evolutionary ecology [32] and heavy metal tolerance [33,34]
due to its ability to hyperaccumulate Zinc and Cadmium.

We sampled 20 individuals in each of three natural
populations in the southern Swiss Alps: in Brusio (46.27767°N/
10.10619°E, 1070 m a.s.l.), Chironico (46.41593°N/ 8.82605°E,
850 m a.s.l.), and Castasegna (46.33682°N/ 9.52171°E, 790 m
a.s.l.). A sampling permission for these locations was not
required, because they do not represent nature reserves and
A. halleri is not protected or endangered in Switzerland.
Genomic DNA was extracted from dried leaves using the
DNeasy Plant Kit (Qiagen). The quality of the extractions was
tested using 1.5% agarose gels stained with GelRed (Biotum)
and a Nanodrop 8000 (Thermo Scientific). The precise double
stranded DNA concentration of individual samples was
quantified using a Qubit fluorometer (dsDNA BR, Invitrogen).

lllumina Pool-Seq

Per population, one pooled sample with a total of 7 pg of
RNA-free genomic high-quality DNA was prepared with
equimolar concentrations of all 20 individual samples. Library
preparations (250-300 bp insertion size; 100 bp paired-end
reads) and genome sequencing (HiSeg2000, lllumina) were
performed by GATC Biotech (Constance, Germany). To correct
for channel bias, the three tagged populations were distributed
among two full channels on one flow cell. After sequencing,
forward and reverse reads were trimmed with Cutadapt [35],
removing tags and adaptors. Moreover, we performed quality
trimming with the FASTX-toolkit (http://hannonlab.cshl.edu/
fastx_toolkit), keeping only reads with high-confidence bases
(based on Phred-type quality scores Q20) and no adaptors.
Finally, we re-synchronized the forward and reverse read files
with an in-house perl script.

Allele frequencies from Pool-Seq reads mapped to a
closely related genome

The paired-end reads of each population were mapped to
the A. thaliana reference genome (TAIR10, [36,37]), using
BWA aln and sampe [38], allowing for 10% mismatch, and
excluding organellar DNA. Only unambiguously mapped reads
were kept. We then produced a multiple pileup file with
SAMtools v0.1.18 (mpileup, [39]), synchronizing and filtering for
base quality (Q20) with the perl script mpileup2sync.pl of
PoPoolation2 [9], in order to call the SNPs. The minimum minor
allele count was set to four to account for sequencing errors.
Additionally, a minimum coverage of 20 and a maximum
coverage of 400 per population were used as thresholds for
SNP identification. This was done to accurately estimate allele
frequencies and correct for potential errors caused by repeated
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Table 1. Overview of Pool-Seq validation studies.

Pool-Seq Validation in Natural Plant Populations

Pool-Seq
Study Year Study species technology Validation by Number of loci Pool size Result’® Remarks
. » Reduced
Van Tassell et al. . lllumina Infinium i
2008 Bos taurus lllumina CSMA 23'357 SNPs 15-35 r=0.67 representation
[19] Array . .
libraries
Holt et al. [45] 2009 Salmonella lllumina GA | lllumina GA | 403 SNPs 6 R2=0.92-0.95
TagMan/database
(samples with
i . previously known X Pre-amplification of
Druley et al. [16] 2009 Homo sapiens lllumina GA | i 14 SNPs in 4 genes 1’111 R2=0.96 K
polymorphisms, loci
determined by
Sanger)
Pre-amplification of
Ingman and i Roche 454 GS . 2 b gene, tested pooled
2009 Homo sapiens Database 16 SNPs in 1 gene 96 R<=0.88-0.91
Gyllensten [17] FLX DNA and PCR
products
. . . c Tested pooled DNA
Out et al. [22] 2009 Homo sapiens lllumina GA | Sanger 23 SNPs in 1 gene 287 r=0.86
and PCR products
17 SNPsin 1 gene”  88° r=0.99"
HapMap database
i . (samples with In-solution
Bansaletal. [15] 2011 Homo sapiens lllumina GA lIx i >4'000 SNPs 20 R2>0.99 L
previously known hybridization
polymorphisms)
Margraf et al. . . . All known Pre-amplification of
2011 Homo sapiens lllumina GA llx ~ Sanger 47 SNPs in 1 gene 30/50 X X
[20] variants detected  two gene regions
Niranjan et al. . . Pre-amplification of
2011  Homo sapiens llumina GA llx ~ Sanger n.a. 20/40 mcc = 0.78
[21] gene
Database (strains
Drosophila . with previously 100*1°000 random Pooled flies prior to
Zhu et al. [18] 2012 lllumina GA lIx ) 22-92 cc =0.70-0.87 .
melanogaster known SNPs genome-wide DNA extraction
polymorphisms)
. . Restriction site-
. Thaumetopoea lllumina HiSeq . . i
Gautier et al. [23] 2013 . lllumina HiSeq 2000 49’597 SNPs 20/30 r=0.93-0.99 associated DNA
pityocampa 2000 .
(RAD) sequencing
Zavodna et al. Leiopelma Roche 454 GS 2 mitochondrial d Pre-amplification of
2013 . Sanger 2-13 R2=0.31-0.96
[24] hochstetteri FLX genes genes

a. R2 = determination coefficient of a linear regression, r = Pearson's correlation coefficient, mcc = Matthew's correlation coefficient, cc = concordance correlation.

b. for pooled PCR products.
c. calculated from the supporting material.

d. comparing estimates of nucleotide diversity and pairwise population differentiation.

doi: 10.1371/journal.pone.0080422.t001

sequences. SNP allele frequencies along the assembly were
determined with snp-frequency-diff.pl in PoPoolation2.

Allele frequencies from Pool-Seq reads mapped to the
A. halleri de novo draft assembly

We assembled our own draft genome of A. halleri from the
paired-end reads of one population pool (Brusio) using the
software Velvet [40]. We tested various k-mers to identify the
best parameters for the A. halleri genome assembly, which was
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then used as a new reference to re-map the reads from the
three study populations as described above, with one
exception, namely that the mismatch parameter was lowered to
5%. SNPs were called as described above. The gene
sequences of the six genes of interest (Table 2, see below for
more information) were downloaded from the TAIR10 database
[37]. We then identified the contigs containing these genes by a
local nucleotide and protein BLAST (version 2.2.26+) search.
The actual SNPs of interest were located by a pairwise
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alignment of the contigs of interest with the “sequence to
analyse” used for pyrosequencing (Table 2) with the software
Geneious 6.1.6 (Biomatters Ltd.; www.geneious.com).

SNP genotyping from individual samples using
pyrosequencing

The nine SNPs tested here were selected (using the A.
thaliana genome as reference for the mapping) during a
process of finding highly differentiated SNPs in genes (Table 2)
that are presumably under habitat-mediated selection (Fischer
et al., unpublished results). Based on the mapped consensus
sequences provided in File S1, we developed eight
pyrosequencing assays (Table 2) to cover the nine SNPs with
PyroMark Assay Design 2.0 (Qiagen), including one assay that
covered two closely situated SNPs in gene RUST. To avoid
mispriming, all potential PCR primer sequences were BLASTed
against the publicly available A. thaliana genome as well as the
A. halleri de novo draft assembly, checking for potential PCR
fragments smaller than 3’000 bp using primer sites that have at
most three mismatches. Additionally, PCR products were
checked for single bands on an agarose gel.

Prior to pyrosequencing, we performed a PCR for each
assay in a 40 pL reaction volume containing 1 pyL DNA, 0.125
mM of each dNTP (Life Technologies), 0.2 uM of each primer
(Microsynth; Table 2), 2.0 mM MgCl, (Life Technologies), 1 U
of AmpliTag Gold DNA Polymerase (Life Technologies) and 1x
buffer. An initial polymerase activation step of 5 min at 95°C
was followed by 50 cycles of 15 s at 95°C, 30 s at the primer-
specific annealing temperature (Table 2) and 20 s at 72°C, and
a final step of 4 min at 72°C. The biotinylated PCR products
were extracted with streptavidin sepharose beads (GE
Healthcare) according to the manufacturer's instructions and
released into a PSQ 96 Low Plate (Biotage) containing 39 pL
annealing buffer (20 mM Tris-Acetate, 2 mM Mg-Acetate, pH =
7.6) and 1 L of 10 uM pyrosequencing primer (Table 2). The
plate was incubated at 80°C for 2 min, cooled to room
temperature and run on a PyroMark ID machine (Biotage)
using PyroMark Gold reagents (Qiagen) as specified by the
manufacturer. The dispensation order of the four nucleotides
was determined automatically by the PyroMark ID software
(Biotage), and genotyping was performed using default
settings. In total, we performed 480 sequencing reactions (8
assays x 60 individuals), resulting in 540 individual loci.

Statistical analyses

The following analyses were performed in IBM SPSS
Statistics 21 for both mapping approaches, i.e. using the allele
frequencies derived from mapping to A. thaliana and to our A.
halleri draft genome. To assess the accuracy of SNP frequency
estimates based on the Pool-Seq approach, we performed a
linear regression between major allele frequencies (MAF)
estimated on the basis of Pool-Seq data and population allele
frequencies determined from individual samples genotyped by
pyrosequencing. The major allele was defined as the allele that
showed the highest frequency from the reads of all three
populations combined. Therefore, for single populations, MAF
can be below 0.5. The regression included 27 (3 populations x
9 SNPs) comparisons. Since we were testing technical
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aspects, we considered all comparisons as independent
detection events, although they are biologically not
independent. As we were mainly interested in the deviation
from the ideal 1:1 ratio of the two estimates of allele frequency,
we did not transform the data when determining the intercept,
slope and R?-value of the regression. However, for the
calculation of a p-value for the regression, we used arcsine
square root-transformed allele frequencies. To check if Pool-
Seq generally under- or overestimates allele frequencies, we
performed a paired t-test on the 27 comparisons using arcsine
square root-transformed allele frequencies. Both the linear
regression and the paired t-test were performed for all 27
comparisons and for the comparisons without missing values
only (amplification and/or sequencing failures in the
pyrosequencing process). This allowed us to estimate the
effect of missing values on the results. Finally, we tested the
effect of sequencing coverage on the accuracy of the estimates
of allele frequency by using a correlation analysis (Pearson's r)
with the coverage as the explaining variable and the absolute
difference between the two estimates of allele frequency as the
dependent variable.

As the coverage analysis described above only included
SNPs with high coverage, we used a resampling approach to
test the (theoretical) effect of low coverage on the accuracy of
the Pool-Seq allele frequency estimates. For this analysis, only
reads that mapped to the A. thaliana reference genome were
used. With an in-house script in R 3.0.1 [41], we randomly drew
reads from each of the 27 SNP/population combinations using
a coverage range of 1 to 55x and 1000 iterations. For each
iteration and coverage, we determined the allele frequencies
and performed a linear regression between these allele
frequencies and those obtained from pyrosequencing. We
report average values of the mean allele frequency difference
and the R? of the linear regressions for each simulated
coverage.

Results

Estimates of allele frequencies from Pool-Seq

The sequencing of the three pooled population samples
resulted in over 390 million paired-end reads after adaptor and
quality trimming. This corresponds to 78.0 Gb of sequence
data. The median Phred-score was 37 and the overall
coverage was 312x for the haploid A. halleri genome (average
of 104x per population). We unambiguously mapped 18.1% of
the A. halleri reads to the A. thaliana reference genome. Using
a minimum minor allele count of four, we identified over 2
million SNPs among the three populations. The coverage at the
nine SNPs selected for the validation (Table 2 and File S1) was
on average 119x per population, with a range of 55 to 269x for
the mapping against A. thaliana.

The best (partial) de novo assembly for A. halleri was
obtained with a k-mer of 85. In total, 175.7 Mb were assembled
in 102’508 contigs that were larger than 200 bp. The longest
contig had 115790 bp and N5, was 5’775 bp. All six genes and
nine SNPs of interest (originally detected by mapping to the A.
thaliana genome) could be identified in the contigs of the de
novo assembly (Table 2 and File S2). The coverage at these
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SNPs was on average 120x, with a range of 69 to 284x. The
size of the contigs identified by BLAST search containing these
genes and SNPs ranged from 5’368 to 38'746 bp.

SNP genotyping from individual samples using
pyrosequencing

The eight pyrosequencing assays (Table 2) developed for
genotyping the nine SNPs in six different genes performed well
in 96% of the analyses. Pyrosequencing failed only in 22 out of
540 cases, resulting in missing values for seven out of 27
comparisons and five out of nine SNPs. With the exception of
three SNPs (ERD7 SNP1, RUS1 SNP1, and RUS1 SNP2)
missing values were extremely rare (Table 2). Repeating the
pyrosequencing did not lower the proportion of missing values.

Comparison between Pool-Seq and individual
pyrosequencing

The validation of the estimates of allele frequency from
pooled samples mapped against the A. thaliana reference
genome by individual pyrosequencing was successful (Figure
1a). The average difference between population allele
frequencies derived from pooled or individual samples was
3.8% + 0.8 SE. Only in two out of 27 comparisons, the
difference between the allele frequencies was more than 10%,
but never exceeded 16.3%. The regression (n = 27, y = 0.996x
+ 0.001) had an R? of 0.979 and the p-value using transformed
frequencies was below 0.001. There was no tendency that
either the Pool-Seq- or individual-based approach resulted in
higher or lower estimates of allele frequency, as the paired t-
test revealed no difference among the methods (n = 27, p =
0.710). Excluding comparisons with missing values from the
pyrosequencing led to a very similar result using linear
regressions (n = 20, y = 1.000x + 0.006, R? = 0.977, p < 0.001)
and the paired t-test (n = 20, p = 0.573). The coverage, ranging
from 55 to 269x, had no significant effect on the accuracy of
the Pool-Seq, expressed as difference between the two
methods (n =27, r=0.184, p = 0.357).

The results using the allele frequency estimates based on
the de novo assembled reads were highly congruent with those
described above. On average, allele frequencies differed by
3.9% £ 0.8 SE, with a maximum of 16.8% (Figure 1b). The
linear regression (n = 27, y = 0.985x + 0.001) between the two
allele frequency estimates had an R? of 0.979 and was highly
significant (p < 0.001). The paired t-test showed no systematic
difference between the methods (n = 27, p = 0.221). The same
was the case for the analyses excluding SNPs with missing
values from the pyrosequencing (linear regression n = 27,y =
1.004x + 0.003, R? = 0.984, p < 0.001; paired t-test: n =27, p =
0.945). Finally, the coverage (69-284x) had no significant
impact (r = 0.186, p = 0.353) on the accuracy of the Pool-Seq.

Effect of low coverage on the accuracy of the Pool-Seq
Our resampling analysis showed that the accuracy of the
Pool-Seq increases with increasing coverage (Figure 2). For
our data set with 20 diploid individuals per pool, a coverage of
at least 16x resulted in a mean frequency difference of <5%,
with a coverage of 55x, the mean difference was 1.9% (Figure
2a). To reach an R? of 0.95 in a linear regression, a minimum
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coverage of 11x was needed, whereas for R? = 0.99 a
coverage of 38x was sufficient (Figure 2b).

Discussion

The use of pooled samples in next-generation sequencing
(Pool-Seq) has increased in the last few years, for example to
estimate SNP allele frequencies of whole populations (e.g.,
[4,5,7,8]), because it allows working with large sample sizes
while keeping costs and work effort at a minimum [6]. On the
other hand, individual haplotype information is lost and the
detection of rare alleles may be compromised [14]. Pool-Seq is
especially interesting for population genomic studies of local
adaptation in natural populations, as they typically require
several populations with many individuals to draw reliable
conclusions [42]. Regardless of the advantages and
disadvantages of the pooled approach, the accuracy of SNP
allele frequencies derived from Pool-Seq is the most important
criterion to draw accurate population genetic inference. By
pyrosequencing specific SNP loci in individual samples, our
study is the first to show that Pool-Seq is a highly accurate
method for estimating allele frequencies in natural populations.

Our results on A. halleri show a good match of the
individually determined allele frequencies and the ones
estimated by Pool-Seq, irrespective of whether paired-end
reads were mapped to a closely related genome (A. thaliana)
or our own de novo draft assembly of A. halleri (Figure 1). The
slopes of the linear regressions (0.996 and 0.985, respectively)
were close to the ideal 1:1 ratio and R?-values were high (0.979
for both regressions). Our findings are in concordance with
previous studies that have verified Pool-Seq results (Table 1)
and mostly found R?- or r-values above 0.9. However, the
studies listed differed in at least one fundamental aspect on
how SNP allele frequencies were determined. The estimated
allele frequencies from Pool-Seq data were not affected by
sequencing coverage above a coverage of 55x. This high
range of coverage is a result of the high coverage threshold
used in this study, which, in our opinion, should be at least
equal to the effective pool size (number of individuals multiplied
by the ploidy level) in order to cover rare variants. However, the
resampling analysis to evaluate the effect of low coverage
shows that, in our case, the Pool-Seq is already quite accurate
at much lower coverage (10-20x), at least in terms of
regression parameters and allele frequency differences (Figure
2).

Missing values in the pyrosequencing were present, but did
not affect the results, as the regression parameters were
similar with or without them. This suggests that no substantial
differences between the two measures of allele frequencies
exist. Hence, the fact that missing values (i.e. amplification
and/or pyrosequencing failures) exist, is unlikely to result from
the different platforms used. It rather points to general
problems with the template DNA or mapping procedure. As we
checked the quality of each DNA sample before pooling, the
former is rather unlikely. Therefore, one possibility is that some
individuals were so polymorphic in the specific region that (i)
their reads did not map to the right position in the mapping
process (thereby influencing the development of the
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Figure 1. Validation of SNP allele frequencies determined by next-generation sequencing of pooled samples of
Arabidopsis halleri. Comparison between major allele frequencies calculated from individual genotyping using pyrosequencing
(PyroMark) and based on pooled population samples (Pool-Seq) determined with lllumina. In Figure 1a, allele frequencies from the
Pool-Seq were calculated from reads mapped to the publicly available Arabidopsis thaliana genome. In Figure 1b, the reads were
mapped to our own de novo draft genome of A. halleri. Shown are the results of SNPs from six genes for all three populations
studied. The dashed line represents the expected 1:1 proportion. Open circles represent comparisons including incomplete date
from the pyrosequencing, filled circles refer to comparisons with complete data. Note that some data points are overlapping.

doi: 10.1371/journal.pone.0080422.g001
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Figure 2. Effect of sequencing coverage on the accuracy of the Pool-Seq in Arabidopsis halleri. a) Mean difference between
allele frequencies determined by lllumina Pool-Seq and individual pyrosequencing. b) Determination coefficient of the linear
regression (R?) between the two allele frequency estimates. Data derive from a resampling analysis with 1000 iterations, in which
we performed random draws of the reads (mapped to Arabidopsis thaliana) in 27 SNP/population combinations. Error bars

represent standard deviation.
doi: 10.1371/journal.pone.0080422.g002

pyrosequencing assays), and (ii) PCR and sequencing primers
could not bind to the template DNA.

Analyses of sequence data can be strongly facilitated by the
availability of a high-quality reference genome of a close
relative, like A. thaliana [36] used in this study. Arabidopsis
thaliana and A. halleri are estimated to have diverged
approximately 5 to 18 million years ago, have different
chromosome numbers, and the A. halleri genome is about

PLOS ONE | www.plosone.org

twice the size of the A. thaliana genome [43]. Nevertheless, the
sequence divergence in coding sequences between the two
species was sufficiently low to align 18.1% of the A. halleri
reads to the A. thaliana genome, which resulted in highly
accurate allele frequency estimates for the SNPs of interest.
Both mapping procedures represent interesting approaches for
Pool-Seq studies using non-model organisms. While mapping
to a closely related species is a quick and straightforward
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method, assembling an own draft genome leads to a higher
proportion of mapped reads that can be used for further
analyses.

It was beyond the scope of this study to test the effect of pool
size on the accuracy of allele frequency estimates of the
populations. However, it is clear that increasing the number of
individual samples in a pool will decrease the contribution of
pipetting and DNA content measurements to the overall error
rate [6]. On the other hand, if the detection rate of alleles is an
important factor, e.g. if singletons need to be identified, the
pool size should be carefully chosen in relation to sequencing
error rate of the applied technology [15]. In our case, the error
rate of the lllumina data should be below 1% (conservative
estimate based on Phred score), therefore the frequency of
sequencing errors is well below the frequency of a singleton,
which is 2.5% in a pool of 20 diploid individuals. Thus, we can
be fairly positive that rare alleles can be detected. Our data
confirm this, for example when looking at the results using the
mapping against A. thaliana: in the three out of 27 comparisons
where the minor allele per population represents a singleton,
the allele frequency determined by Pool-Seq differed max.
0.4% from the allele frequency determined by pyrosequencing.
Moreover, in five out of six comparisons in which loci were
inferred to be monomorphic within a population based on
pyrosequencing, this was confirmed by Pool-Seq. These
results strongly support the accuracy of the pooling approach,
as long as pipetting and DNA quantification errors can be held
at a minimum, and the coverage is sufficient in comparison to
the pool size and to the threshold of read number needed to
accept an allele during SNP calling.

As a consequence of its quantitative nature, the
pyrosequencing method used for the validation of the Pool-Seq
can also itself be applied to accurately determine allele
frequencies in pooled samples [28,29]. Therefore, the
technology represents an interesting option for studies that
need to reliably validate a Pool-Seq protocol by screening the
allele frequencies of a limited number of SNPs in pooled
samples, because the specific regions are amplified prior to
pyrosequencing by using specific primers. Moreover, it could
be used for extended studies after having identified SNPs or
genes of interest, for example by genotyping additional
populations at specific loci to validate results with an
independent dataset. However, for screening a large number of
individual samples and SNPs, pyrosequencing remains a
rather expensive method even with pooled samples.

References

1. Metzker ML (2010) Applications of next-generation sequencing
technologies - the next generation. Nat Rev Genet 11: 31-46. doi:
10.1038/nrg2626. PubMed: 19997069.

2. Ellegren H, Smeds L, Burri R, Olason PI, Backstrom N et al. (2012) The
genomic landscape of species divergence in Ficedula flycatchers.
Nature 491: 756-760. PubMed: 23103876.

3. Stapley J, Reger J, Feulner PGD, Smadja C, Galindo J et al. (2010)
Adaptation genomics: the next generation. Trends Ecol Evol 25:
705-712. doi:10.1016/j.tree.2010.09.002. PubMed: 20952088.

4. Fabian DK, Kapun M, Nolte V, Kofler R, Schmidt PS et al. (2012)
Genome-wide patterns of latitudinal differentiation among populations
of Drosophila melanogaster from North America. Mol Ecol 21:
4748-4769. doi:10.1111/1.1365-294X.2012.05731 .. PubMed:
22913798.

PLOS ONE | www.plosone.org

Pool-Seq Validation in Natural Plant Populations

In conclusion, our validation study shows that allele
frequency estimates derived from Pool-Seq can be highly
reliable and accurate. The sampling design we used in this
study is a typical example for studies investigating population
genomics or local adaptation of natural populations [44]. We
thus hope that our work will stimulate further studies of natural
populations that use a full genome re-sequencing approach to
identify genetic variation and evidence for selection in a wide
diversity of non-model organisms.

Supporting Information

File S1. Mapped consensus sequences of A. halleri
(mapping approach using the A. thaliana genome). This zip
file contains the mapped consensus sequences of the six
genes containing the nine validated SNPs, whose positions are
given in Table 2. These consensus sequences were compiled
from the population specific sequences (only major alleles from
each population) and were used for designing the SNP arrays.
(21P)

File S2. Contigs of the A. halleri de novo assembly
containing the validated SNPs. This zip file contains the
contigs covering the nine validated SNPs, whose positions are
given in Table 2. The contigs were assembled using the Brusio
population.

(21P)

Acknowledgements

We thank Alex Bésch and Jolanda Zimmermann for sampling,
Claudia Michel for lab work, and Kentaro Shimizu, Alex
Widmer, Rolf Holderegger, and two anonymous reviewers for
discussion and valuable comments on the manuscript.

Author Contributions

Conceived and designed the experiments: CR AT FG MCF.
Performed the experiments: CR SZ MCF. Analyzed the data:
CR SZ AT FG MCF. Contributed reagents/materials/analysis
tools: CR SZ AT FG MCF. Wrote the manuscript: CR MCF.

5. Turner TL, Bourne EC, Von Wettberg EJ, Hu TT, Nuzhdin SV (2010)
Population resequencing reveals local adaptation of Arabidopsis lyrata
to serpentine soils. Nat Genet 42: 260-U242. doi:10.1038/ng.515.
PubMed: 20101244.

6. Futschik A, Schiétterer C (2010) The next generation of molecular
markers from massively parallel sequencing of pooled DNA samples.
Genetics 186: 207-218. doi:10.1534/genetics.110.114397. PubMed:
20457880.

7. Kofler R, Betancourt AJ, Schiétterer C (2012) Sequencing of pooled
DNA samples (Pool-Seq) uncovers complex dynamics of transposable
element insertions in Drosophila melanogaster. PLOS Genet 8:
€1002487. PubMed: 22291611.

8. Axelsson E, Ratnakumar A, Arendt M-L, Magbool K, Webster MT et al.
(2013) The genomic signature of dog domestication reveals adaptation

November 2013 | Volume 8 | Issue 11 | e80422


http://dx.doi.org/10.1038/nrg2626
http://www.ncbi.nlm.nih.gov/pubmed/19997069
http://www.ncbi.nlm.nih.gov/pubmed/23103876
http://dx.doi.org/10.1016/j.tree.2010.09.002
http://www.ncbi.nlm.nih.gov/pubmed/20952088
http://dx.doi.org/10.1111/j.1365-294X.2012.05731.x
http://www.ncbi.nlm.nih.gov/pubmed/22913798
http://dx.doi.org/10.1038/ng.515
http://www.ncbi.nlm.nih.gov/pubmed/20101244
http://dx.doi.org/10.1534/genetics.110.114397
http://www.ncbi.nlm.nih.gov/pubmed/20457880
http://www.ncbi.nlm.nih.gov/pubmed/22291611

20.

21.

22.

23.

24,

25.

26.

27.

to a starch-rich diet. Nature 495: 360-364. doi:10.1038/nature11837.
PubMed: 23354050.

. Kofler R, Pandey RV, Schlétterer C (2011) PoPoolation2: identifying

differentiation between populations using sequencing of pooled DNA
samples (Pool-Seq). Bioinformatics 27: 3435-3436. doi:10.1093/
bioinformatics/btr589. PubMed: 22025480.

. Gompert Z, Buerkle CA (2011) A hierarchical Bayesian model for next-

generation population genomics. Genetics 187: 903-917. doi:10.1534/
genetics.110.124693. PubMed: 21212231.

. Boitard S, Schlétterer C, Nolte V, Pandey RV, Futschik A (2012)

Detecting selective sweeps from pooled next-generation sequencing
samples. Mol Biol Evol 29: 2177-2186. doi:10.1093/molbev/mss090.
PubMed: 22411855.

. Kessner D, Turner TL, Novembre J (2013) Maximum likelihood

estimation of frequencies of known haplotypes from pooled sequence
data. Mol Biol Evol 30: 1145-1158. doi:10.1093/molbev/mst016.
PubMed: 23364324.

. Feder AF, Petrov DA, Bergland AO (2012) Ldx: Estimation of linkage

disequilibrium from high-throughput pooled resequencing data. PLOS
ONE 7: e48588. doi:10.1371/journal.pone.0048588. PubMed:
23152785.

. Cutler DJ, Jensen JD (2010) To pool, or not to pool? Genetics 186:

41-43. doi:10.1534/genetics.110.121012. PubMed: 20855575.

. Bansal V, Tewhey R, LeProust EM, Schork NJ (2011) Efficient and cost

effective population resequencing by pooling and in-solution
hybridization. PLOS ONE 6: e18353. doi:10.1371/journal.pone.
0018353. PubMed: 21479135.

. Druley TE, Vallania FLM, Wegner DJ, Varley KE, Knowles OL et al.

(2009) Quantification of rare allelic variants from pooled genomic DNA.
Nat Methods 6: 263-265. doi:10.1038/nmeth.1307. PubMed: 19252504.

. Ingman M, Gyllensten U (2009) SNP frequency estimation using

massively parallel sequencing of pooled DNA. Eur J Hum Genet 17:
383-386. doi:10.1038/ejhg.2008.182. PubMed: 18854868.

. Zhu Y, Bergland AO, Gonzalez J, Petrov DA (2012) Empirical validation

of pooled whole genome population re-sequencing in Drosophila
melanogaster. PLOS ONE 7: e41901. doi:10.1371/journal.pone.
0041901. PubMed: 22848651.

. Van Tassell CP, Smith TPL, Matukumalli LK, Taylor JF, Schnabel RD

et al. (2008) SNP discovery and allele frequency estimation by deep
sequencing of reduced representation libraries. Nat Methods 5:
247-252. doi:10.1038/nmeth.1185. PubMed: 18297082.

Margraf RL, Durtschi JD, Dames S, Pattison DC, Stephens JE et al.
(2011) Variant identification in multi-sample pools by lllumina genome
analyzer sequencing. J Biomol Tech 22: 74-84. PubMed: 21738440.
Niranjan TS, Adamczyk A, Bravo HC, Taub MA, Wheelan SJ et al.
(2011) Effective detection of rare variants in pooled DNA samples using
Cross-pool tailcurve analysis. Genome Biol 12: R93. doi:10.1186/
gb-2011-12-9-r93. PubMed: 21955804.

Out AA, van Minderhout IJHM, Goeman JJ, Ariyurek Y, Ossowski S et
al. (2009) Deep sequencing to reveal new variants in pooled DNA
samples. Hum Mutat 30: 1703-1712. doi:10.1002/humu.21122.
PubMed: 19842214.

Gautier M, Foucaud J, Gharbi K, Cézard T, Galan M et al. (2013)
Estimation of population allele frequencies from next-generation
sequencing data: pool-versus individual-based genotyping. Mol Ecol
22: 3766-3779. doi:10.1111/mec.12360. PubMed: 23730833.

Zavodna M, Grueber CE, Gemmell NJ (2013) Parallel tagged next-
generation sequencing on pooled samples - a new approach for
population genetics in ecology and conservation. PLOS ONE 8:
e61471-e61471. doi:10.1371/journal.pone.0061471. PubMed:
23637841.

Ronaghi M, Uhlén M, Nyrén P (1998) A sequencing method based on
real-time pyrophosphate. Science 281: 363-365. doi:10.1126/science.
281.5375.363. PubMed: 9705713.

Ahmadian A, Ehn M, Hober S (2006) Pyrosequencing: History,
biochemistry and future. Clin Chim Acta 363: 83-94. doi:10.1016/j.cccn.
2005.04.038. PubMed: 16165119.

Ahmadian A, Gharizadeh B, Gustafsson AC, Sterky F, Nyrén P et al.
(2000) Single-nucleotide polymorphism analysis by pyrosequencing.

PLOS ONE | www.plosone.org

10

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

Pool-Seq Validation in Natural Plant Populations

Anal Biochem 280: 103-110. doi:10.1006/abio.2000.4493. PubMed:
10805527.

Gruber JD, Colligan PB, Wolford JK (2002) Estimation of single
nucleotide polymorphism allele frequency in DNA pools by using
pyrosequencing. Hum  Genet 110: 395-401. doi:10.1007/
s00439-002-0722-6. PubMed: 12073008.

Rellstab C, Louhi K-R, Karvonen A, Jokela J (2011) Analysis of
trematode parasite communities in fish eye lenses by pyrosequencing
of naturally pooled DNA. Infect Genet Evol 11: 1276-1286. doi:10.1016/
j.meegid.2011.04.018. PubMed: 21554995.

Al-Shehbaz |A, O'Kane SL (2002) Taxonomy and phylogeny of
Arabidopsis (Brassicaceae). In: CR SomervileEM Meyerowitz.
Arabidopsis Book. Rockville, Maryland: American Society of Plant
Biologist. pp. 1-22

Clauss MJ, Koch MA (2006) Poorly known relatives of Arabidopsis
thaliana. Trends Plant Sci 11: 449-459. doi:10.1016/j.tplants.
2006.07.005. PubMed: 16893672.

Shimizu KK, Kudoh H, Kobayashi MJ (2011) Plant sexual reproduction
during climate change: gene function in natura studied by ecological
and evolutionary systems biology. Ann Bot 108: 777-787. doi:
10.1093/aob/mcr180. PubMed: 21852275.

Meyer C-L, Kostecka AA, Saumitou-Laprade P, Créach A, Castric V et
al. (2010) Variability of zinc tolerance among and within populations of
the pseudometallophyte species Arabidopsis halleri and possible role of
directional selection. New Phytol 185: 130-142. doi:10.1111/j.
1469-8137.2009.03062.x. PubMed: 19863732.

Pauwels M, Frérot H, Bonnin |, Saumitou-Laprade P (2006) A broad-
scale analysis of population differentiation for Zn tolerance in an
emerging model species for tolerance study: Arabidopsis halleri
(Brassicaceae). J Evol Biol 19: 1838-1850. doi:10.1111/.
1420-9101.2006.01178.x. PubMed: 17040381.

Martin M (2011) Cutadapt removes adapter sequences from high-
throughput sequencing reads. EmBnet J 17: 10-12.

Kaul S, Koo HL, Jenkins J, Rizzo M, Rooney T et al. (2000) Analysis of
the genome sequence of the flowering plant Arabidopsis thaliana.
Nature 408: 796-815. doi:10.1038/35048692. PubMed: 11130711.
Lamesch P, Berardini TZ, Li D, Swarbreck D, Wilks C et al. (2012) The
Arabidopsis information resource (TAIR): improved gene annotation
and new tools. Nucleic Acids Res 40: D1202-D1210. doi:10.1093/nar/
gkr1090. PubMed: 22140109.

Li H, Durbin R (2009) Fast and accurate short read alignment with
Burrows-Wheeler transform. Bioinformatics 25: 1754-1760. doi:
10.1093/biocinformatics/btp324. PubMed: 19451168.

Li H, Handsaker B, Wysoker A, Fennell T, Ruan J et al. (2009) The
Sequence Alignment/Map format and SAMtools. Bioinformatics 25:
2078-2079. doi:10.1093/bioinformatics/btp352. PubMed: 19505943.
Zerbino DR, Birney E (2008) Velvet: Algorithms for de novo short read
assembly using de Bruijn graphs. Genome Res 18: 821-829. doi:
10.1101/gr.074492.107. PubMed: 18349386.

R Development Core Team (2011) R: A language and environment for
statistical computing. Vienna, Austria: R Foundation for Statistical
Computing.

Foll M, Gaggiotti O (2008) A genome-scan method to identify selected
loci appropriate for both dominant and codominant markers: a Bayesian
perspective. Genetics 180: 977-993. doi:10.1534/genetics.108.092221.
PubMed: 18780740.

Johnston JS, Pepper AE, Hall AE, Chen ZJ, Hodnett G et al. (2005)
Evolution of genome size in Brassicaceae. Ann Bot 95: 229-235. doi:
10.1093/aob/mci016. PubMed: 15596470.

Fischer MC, Rellstab C, Tedder A, Zoller S, Gugerli F et al. (2013)
Population genomic footprints of selection and associations with
climate in natural populations of Arabidopsis halleri from the Alps. Mol
Ecol. doi:10.1111/mec.12521. PubMed: 24102711.

Holt KE, Teo YY, Li H, Nair S, Dougan G et al. (2009) Detecting SNPs
and estimating allele frequencies in clonal bacterial populations by
sequencing pooled DNA. Bioinformatics 25: 2074-2075. doi:10.1093/
bioinformatics/btp344. PubMed: 19497932.

November 2013 | Volume 8 | Issue 11 | e80422


http://dx.doi.org/10.1038/nature11837
http://www.ncbi.nlm.nih.gov/pubmed/23354050
http://dx.doi.org/10.1093/bioinformatics/btr589
http://dx.doi.org/10.1093/bioinformatics/btr589
http://www.ncbi.nlm.nih.gov/pubmed/22025480
http://dx.doi.org/10.1534/genetics.110.124693
http://dx.doi.org/10.1534/genetics.110.124693
http://www.ncbi.nlm.nih.gov/pubmed/21212231
http://dx.doi.org/10.1093/molbev/mss090
http://www.ncbi.nlm.nih.gov/pubmed/22411855
http://dx.doi.org/10.1093/molbev/mst016
http://www.ncbi.nlm.nih.gov/pubmed/23364324
http://dx.doi.org/10.1371/journal.pone.0048588
http://www.ncbi.nlm.nih.gov/pubmed/23152785
http://dx.doi.org/10.1534/genetics.110.121012
http://www.ncbi.nlm.nih.gov/pubmed/20855575
http://dx.doi.org/10.1371/journal.pone.0018353
http://dx.doi.org/10.1371/journal.pone.0018353
http://www.ncbi.nlm.nih.gov/pubmed/21479135
http://dx.doi.org/10.1038/nmeth.1307
http://www.ncbi.nlm.nih.gov/pubmed/19252504
http://dx.doi.org/10.1038/ejhg.2008.182
http://www.ncbi.nlm.nih.gov/pubmed/18854868
http://dx.doi.org/10.1371/journal.pone.0041901
http://dx.doi.org/10.1371/journal.pone.0041901
http://www.ncbi.nlm.nih.gov/pubmed/22848651
http://dx.doi.org/10.1038/nmeth.1185
http://www.ncbi.nlm.nih.gov/pubmed/18297082
http://www.ncbi.nlm.nih.gov/pubmed/21738440
http://dx.doi.org/10.1186/gb-2011-12-9-r93
http://dx.doi.org/10.1186/gb-2011-12-9-r93
http://www.ncbi.nlm.nih.gov/pubmed/21955804
http://dx.doi.org/10.1002/humu.21122
http://www.ncbi.nlm.nih.gov/pubmed/19842214
http://dx.doi.org/10.1111/mec.12360
http://www.ncbi.nlm.nih.gov/pubmed/23730833
http://dx.doi.org/10.1371/journal.pone.0061471
http://www.ncbi.nlm.nih.gov/pubmed/23637841
http://dx.doi.org/10.1126/science.281.5375.363
http://dx.doi.org/10.1126/science.281.5375.363
http://www.ncbi.nlm.nih.gov/pubmed/9705713
http://dx.doi.org/10.1016/j.cccn.2005.04.038
http://dx.doi.org/10.1016/j.cccn.2005.04.038
http://www.ncbi.nlm.nih.gov/pubmed/16165119
http://dx.doi.org/10.1006/abio.2000.4493
http://www.ncbi.nlm.nih.gov/pubmed/10805527
http://dx.doi.org/10.1007/s00439-002-0722-6
http://dx.doi.org/10.1007/s00439-002-0722-6
http://www.ncbi.nlm.nih.gov/pubmed/12073008
http://dx.doi.org/10.1016/j.meegid.2011.04.018
http://dx.doi.org/10.1016/j.meegid.2011.04.018
http://www.ncbi.nlm.nih.gov/pubmed/21554995
http://dx.doi.org/10.1016/j.tplants.2006.07.005
http://dx.doi.org/10.1016/j.tplants.2006.07.005
http://www.ncbi.nlm.nih.gov/pubmed/16893672
http://dx.doi.org/10.1093/aob/mcr180
http://www.ncbi.nlm.nih.gov/pubmed/21852275
http://dx.doi.org/10.1111/j.1469-8137.2009.03062.x
http://dx.doi.org/10.1111/j.1469-8137.2009.03062.x
http://www.ncbi.nlm.nih.gov/pubmed/19863732
http://dx.doi.org/10.1111/j.1420-9101.2006.01178.x
http://dx.doi.org/10.1111/j.1420-9101.2006.01178.x
http://www.ncbi.nlm.nih.gov/pubmed/17040381
http://dx.doi.org/10.1038/35048692
http://www.ncbi.nlm.nih.gov/pubmed/11130711
http://dx.doi.org/10.1093/nar/gkr1090
http://dx.doi.org/10.1093/nar/gkr1090
http://www.ncbi.nlm.nih.gov/pubmed/22140109
http://dx.doi.org/10.1093/bioinformatics/btp324
http://www.ncbi.nlm.nih.gov/pubmed/19451168
http://dx.doi.org/10.1093/bioinformatics/btp352
http://www.ncbi.nlm.nih.gov/pubmed/19505943
http://dx.doi.org/10.1101/gr.074492.107
http://www.ncbi.nlm.nih.gov/pubmed/18349386
http://dx.doi.org/10.1534/genetics.108.092221
http://www.ncbi.nlm.nih.gov/pubmed/18780740
http://dx.doi.org/10.1093/aob/mci016
http://www.ncbi.nlm.nih.gov/pubmed/15596470
http://dx.doi.org/10.1111/mec.12521
http://www.ncbi.nlm.nih.gov/pubmed/24102711
http://dx.doi.org/10.1093/bioinformatics/btp344
http://dx.doi.org/10.1093/bioinformatics/btp344
http://www.ncbi.nlm.nih.gov/pubmed/19497932

	Validation of SNP Allele Frequencies Determined by Pooled Next-Generation Sequencing in Natural Populations of a Non-Model Plant Species
	Introduction
	Materials and Methods
	Study system
	Illumina Pool-Seq
	Allele frequencies from Pool-Seq reads mapped to a closely related genome
	Allele frequencies from Pool-Seq reads mapped to the A. halleri de novo draft assembly
	SNP genotyping from individual samples using pyrosequencing
	Statistical analyses

	Results
	Estimates of allele frequencies from Pool-Seq
	SNP genotyping from individual samples using pyrosequencing
	Comparison between Pool-Seq and individual pyrosequencing
	Effect of low coverage on the accuracy of the Pool-Seq

	Discussion
	Supporting Information
	Acknowledgements
	Author Contributions
	References


