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Abstract

An Illumina Infinium SNP genotyping array was constructed for European white oaks. Six individuals of Quercus

petraea and Q. robur were considered for SNP discovery using both previously obtained Sanger sequences across

676 gene regions (1371 in vitro SNPs) and Roche 454 technology sequences from 5112 contigs (6542 putative in silico

SNPs). The 7913 SNPs were genotyped across the six parental individuals, full-sib progenies (one within each spe-

cies and two interspecific crosses between Q. petraea and Q. robur) and three natural populations from south-wes-

tern France that included two additional interfertile white oak species (Q. pubescens and Q. pyrenaica). The

genotyping success rate in mapping populations was 80.4% overall and 72.4% for polymorphic SNPs. In natural pop-

ulations, these figures were lower (54.8% and 51.9%, respectively). Illumina genotype clusters with compression

(shift of clusters on the normalized x-axis) were detected in ~25% of the successfully genotyped SNPs and may be

due to the presence of paralogues. Compressed clusters were significantly more frequent for SNPs showing a priori

incorrect Illumina genotypes, suggesting that they should be considered with caution or discarded. Altogether, these

results show a high experimental error rate for the Infinium array (between 15% and 20% of SNPs potentially unreli-

able and 10% when excluding all compressed clusters), and recommendations are proposed when applying this type

of high-throughput technique. Finally, results on diversity levels and shared polymorphisms across targeted white

oaks and more distant species of the Quercus genus are discussed, and perspectives for future comparative studies

are proposed.
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Introduction

Considerable effort has been made to identify genes of

ecological significance in recent years, particularly in

nonmodel species, such as forest trees, in response to

research needs for biodiversity evaluation, management

and conservation or adaptation to climate change (Gratt-

apaglia et al. 2009; Abbott 2012). Extensive tree genomics

studies have contributed to the large-scale sequencing of

expressed sequence tags (ESTs) (Pavy et al. 2005; Canales

et al. 2014) and PCR amplicons from candidate genes

(Eveno et al. 2008; Ersoz et al. 2010), the ecological rele-

vance of which remains to be confirmed in independent

association or QTL detection studies (Neale & Kremer

2011). These experiments are based on analyses of statis-

tical correlations between nucleotide diversity and phe-

notypic trait variation. We describe here the

identification of single-nucleotide polymorphisms

(SNPs) from previously sequenced amplicons and ESTs

in oaks, the construction of a SNP array and the valida-

tion of the detected SNPs in mapping pedigrees and nat-

ural populations of European white oak species.

Oaks are widespread throughout the Northern Hemi-

sphere and are collectively represented by several hundred

species (Govaerts & Frodin 1998). They make a substantial

contribution to the forest sector economy in many

countries (Johnson et al. 2009) and provide important
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ecological services in diverse environments, ranging from

deserts to tropical humid forests and from lowlands to

high-altitude environments (Nixon 2006). They are also

used as case studies to address questions on species

delineation, hybridization and evolutionary history (Petit

et al. 2013). Recent transcriptomic and gene expression

profiling studies in oaks have led to the construction of

large cDNA libraries (Ueno et al. 2010; Kremer et al.

2012; Tarkka et al. 2013), and RNA-Seq studies have

made it possible to identify genes involved in the

response to waterlogging (Le Provost et al. 2012; Ras-

heed-Depardieu et al. 2012) and in bud dormancy (Ueno

et al. 2013). However, current SNP catalogues are limited

to genes from only a few pathways, such as those

involved in water metabolism (Vornam et al. 2011),

drought tolerance (Homolka et al. 2013), apical bud phe-

nology (Derory et al. 2010) and citrate cycle metabolism

(Vidalis et al. 2013). SNP diversity was recently explored

in more detail, with the development of 384-plex arrays

for phenology-related genes (Alberto et al. 2013) or genes

involved in species differentiation (Guichoux et al. 2013).

In this study, we aimed to construct the first high-

density Illumina� Infinium SNP array for oak. Our strat-

egy involved the inclusion of SNPs for a large number of

genes for future analyses of genetic diversity and differ-

entiation across different oak species and the develop-

ment of a high-density linkage map. Two major

resources were used for SNP discovery: (i) a set of more

than 676 gene regions previously sequenced by Sanger

methods, for 24 individuals (referred to as in vitro SNPs)

and (ii) the Roche 454 libraries used by Ueno et al. (2010)

to construct the first oak Unigene OCV1 (referred to as

putative in silico SNPs). We took a special care in com-

paring the efficiency of methods for putative SNPs detec-

tion and their consistency with the genotypes obtained

from the Infinium array. This allowed us to propose fil-

ters to increase the quality of in silico SNP detection, esti-

mate experimental genotyping error rates in a subset of

the studied material, discuss the possible causes of

inconsistencies and errors and finally make a few recom-

mendations for developing similar resources in nonmo-

del species.

Methods

Plant material for SNP genotyping

We analysed the Mendelian segregation of SNPs in four

full-sib families routinely used for genetic mapping and

QTL detection in white oak species (Bod�en�es et al. 2012).

They were obtained by four crosses within and

between three Q. petraea (QS21, QS28 and QS29) and

three Q. robur individuals (11P, 3P and A4) from the

Pierroton and Arcachon populations (Table S1 and

Figure S1, Supporting information): one cross within

Q. robur (P1 pedigree, 3P 9 A4: 369 full-sibs), Q. ro-

bur 9 Q. petraea crosses (P2 pedigree, 11P 9 QS28: 178

full-sibs and P3 pedigree, 11P 9 QS29: 114 full-sibs), and

one cross within Q. petraea (P4 pedigree, QS28 9 QS21:

398 full-sibs). We included the six parents of the different

crosses as controls in the genotyped material.

The genetic diversity of the selected SNPs was also

assessed within natural populations of four white oak

species (Q. petraea, Q. robur, Q. pubescens and Q. pyrena-

ica, see Table S1 and Figure S1, Supporting information).

We sampled 283 trees in total. Samples were collected

from eight Q. petraea, 65 Q. pyrenaica, 66 Q. pubescens

and 73 Q. robur trees from a single population of mixed

composition (Briouant). Another set of 71 Q. petraea trees

was sampled in two oak populations located on the

northern slopes of the Pyrenean foothills (49 trees from

Ade and 22 trees from Ibos). These two populations are

separated by less than 15 km and are actually of mixed

composition, as they also include Q. robur. The three

populations (Ade, Ibos and Briouant) are less than

100 km apart. Hybridization events between the four

species have repeatedly been inferred (Lepais et al. 2009),

despite evidence of strong, asymmetric barriers to repro-

duction (Abadie et al. 2012; Lepais et al. 2013). However,

the sampled trees were selected on the basis of a prior

admixture analysis, which made it possible to exclude

any individuals resulting from recent hybridization

events (Lepais et al. 2009).

Single-nucleotide polymorphism discovery and array
design

The selection of in vitro SNPs for the Infinium assay was

optimized by extracting data for the six parents of the

oak mapping pedigrees as a subset of the 24 individuals

of Q. robur and Q. petraea (see Kremer et al. 2002)

included in a previous allelic resequencing project for

oak species in the framework of EVOLTREE network of

excellence activities (http://www.evoltree.eu/). These

resources will be fully published in a companion work,

but we summarize what has been valued in this study:

Sanger sequences were produced from gene fragments

selected from a set of over 100 000 oak ESTs deposited at

the NCBI (Ueno et al. 2010). Sequence data were assem-

bled and extracted with the PhredPhrap suite of pro-

grams assembled in our own bioinformatics pipeline,

SeqQual which was designed to ensure the detection of

high-quality in vitro SNPs, excluding all bases with a

Phd score below 30 (see http://www.phrap.org/phre-

dphrapconsed.html, Brousseau et al. 2014; El Mujtar et al.

2014). For the particular subset of six pedigree individu-

als, we further removed unnecessary alignment gaps

inserted due to the use of the previous broader discovery
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panel and checked the presence of SNPs using several

programs from the SeqQual pipeline (i.e. pick-seq.pl and

remove1-bad-pos_aln.pl from Brousseau et al. 2014 and

make_consensus_IUPAC.pl, print_source_SNP-statistic-ha-

plo.pl and SNP-statistic0/1/2-haplo.pl from El Mujtar et al.

2014; Table S2, Supporting information). The snp2Illu-

mina Perl script (Lepoittevin et al. 2010, available as

Appendix S1, Supporting information) was then used to

extract bi-allelic SNPs, which then output in the form of

a SequenceList file compatible with Illumina Assay

Design Tool (ADT) software (available at http://

www.Illumina.com). The ADT software assigned a func-

tionality score to each SNP, corresponding to a predicted

probability of genotyping success, taking into account

the sequence conformation around the SNP and the lack

of repetitive elements in the surrounding sequence (Shen

et al. 2005). One to three in vitro SNPs per contig were

selected on the basis of their functionality score (>0.6)
and the distance between them (>60 nucleotides), in

accordance with Illumina recommendations. The final

set of in vitro SNPs consisted of 1371 SNPs spread across

676 gene regions (corresponding to 709 gene fragments,

consensus sequences provided in Appendix S2 (Support-

ing information); SNP characteristics are further detailed

in Table S3 (Supporting information) and in the data

accessibility part below).

The set of putative in silico SNPs was detected in the

oak unigene OakContigV1 (OCV1) described by Ueno

et al. (2010). This assembly brings together 125 925 San-

ger and 1 578 013 454 reads from 34 cDNA libraries of

Q. robur and Q. petraea and is available from http://

ngspipelines.toulouse.inra.fr:9024/ngspipelines/#!/NGS-

pipelines/Quercus%20robur%20-%20qrobur. In this

assembly, the duplicated reads were identified using mega

BLAST search (http://www.ncbi.nlm.nih.gov/blast/

html/megablast.html) with minimum hit score of 100, per

cent identity cut-off of 98, alignment of reads starting

exactly at the same position and ending in a 70-bp window

of the end of the longest sequence. This process was imple-

mented by the Genotoul bioinformatics platform along

with the Pyrocleaner tool from NG6 (http://vm-bio-

info.toulouse.inra.fr/ng6/) which is dedicated to handle

multiple copy reads. Some of the 454 reads used in OCV1

were obtained by sequencing mRNA extracted from the

six parental lines of the mapping pedigrees. Aligned

sequences from these six pedigree individuals were

extracted in batches from each contig and also masking

polymorphisms likely to be sequencing errors (i.e. either

with a minor allele frequency (MAF) below 5%, whatever

the alignment depth, or singletons with a depth of

between five and 20). The same pipeline and programs

were used than for in vitro SNPs above (with the addi-

tional program maskAln.pl from Brousseau et al. 2014,

Table S2, Supporting information). We selected one or two

putative in silico SNPs per contig, on the basis of the fol-

lowing criteria: detection depth >6, minor allele appearing

at least three times, MAF > 20%, functionality score >0.6
and consecutive SNPs located at least 60 nucleotides apart.

We finally checked by blast analysis that in silico and in vi-

tro SNPs did not target the same gene fragment. The final

set of putative in silico SNPs contained 6542 polymor-

phisms located in 5112 contigs (fasta alignments deposited

at the Dryad Digital Repository: http://dx.doi.org/

10.5061/dryad.fd862; SNP characteristics are further

detailed in Table S3 (Supporting information) and in the

data accessibility part below).

DNA extraction and quality controls

For each tree, buds or young leaves were collected

and stored either in silica gel or at �80°C until DNA

extraction. Plant material was crushed in a mixer mill

(Retsch MM300; Haan, Germany). Genomic DNA was

isolated with the Invisorb Plant DNA 96 kit from

Invitek (GmbH, Berlin, Germany), according to the

manufacturer’s instructions. All concentrations were

determined with a Nanodrop spectrophotometer

(NanoDrop Technologies, Wilmington, DE, USA) and

by fluorescence assays (Quant-IT kit; Invitrogen,

Carlsbad, CA, USA).

Genotyping assay

The SNP genotyping assay was performed on an Illu-

mina� Infinium iSelect Custom Genotyping Array (Illu-

mina Inc., San Diego, CA, USA), according to the

standard manufacturer’s protocol, using 200 ng of geno-

mic DNA per sample. All steps were performed on a

Tecan Genesis and Tecan Evo2 150 LIMS ready liquid

handler (Tecan, M€annedorf, Switzerland) with Illumina�

IAC Robot Control software. Fluorescence intensities

were read with Illumina� iScan Control Software (ICS).

A total of 7913 SNPs were genotyped on 1065 individuals

at the French National Genotyping Centre (CNG, Evry,

France).

SNP calling was performed with Genome Studio

v2010.3 software (Illumina), with a GenCall score cut-

off of 0.15, in accordance with Illumina recommenda-

tions. Genotyped SNPs were called five times, inde-

pendently: once for each of the four mapping

pedigrees and once for the overall sample of oak

trees collected from natural populations. These inde-

pendent analyses made it possible to check the con-

sistency of Mendelian segregation between parents

and offspring in mapping pedigrees. The scatter plots

of all genotyped SNPs were inspected, to ensure that

the data were of sufficiently high quality. Scatter

plots displaying more than three clusters, unclear
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cluster delineation or inconsistent Mendelian segrega-

tion in mapping pedigrees were discarded (see exam-

ples in Figure S2, Supporting information). Scatter

plots displaying compression, which has been

described by Hyten et al. (2008) as a shift of clusters

on the normalized theta x-axis, probably due to the

presence of target locus paralogues, were either dis-

carded or manually determined depending on cluster

position and Mendelian segregation consistency (see

examples in Figure S2, Supporting information). We

considered homozygous clusters with theta values

outside the [0, 0.2] or [0.8, 1] range and heterozygous

clusters with theta values outside the [0.4, 0.6] range

to be compressed.

Validation of sequencing and genotyping data

We refer in the following to three different groups of

genotypes that were available for the six parents of the

controlled crosses in the three different techniques used

in this study to assess SNPs: ‘Sanger genotypes’ for in vi-

tro SNPs from Sanger sequences, ‘454 genotypes’ for

putative in silico SNPs from Roche 454 reads and ‘Illu-

mina genotypes’ from the Illumina assay which could be

compared a posteriori to the corresponding genotypes

from initial in vitro and in silico SNPs. For each combina-

tion of technique and bi-allelic SNP position, three differ-

ent genotypes (two homozygotes and one heterozygote)

can potentially be observed. We compared Sanger, Illu-

mina and 454 genotypes that corresponded to the same

in vitro or putative in silico SNP position to detect incon-

sistencies reflecting either sequencing or genotyping

errors.

Sanger genotypes for in vitro SNPs were considered to

be mostly reliable (i.e. with very low base call error

rates), given the quality procedure implemented in the

SeqQual pipeline, which generally masked base calls

with Phred scores below 30 (i.e. error rates below 1/

1000) or located within low-quality flanking sequences

(Phred score <30). Moreover, sequence quality was dou-

ble checked, for both the forward and reverse sequences,

for each fragment in each sample. By contrast, 454 geno-

types for putative in silico SNPs could potentially be

incorrect more often, given the higher error rate of this

technique than that of the Sanger method (Shendure & Ji

2008; Gilles et al. 2011), and the low coverage achieved

with the 454 technique for some loci. Indeed, if few reads

are available for a true heterozygote, the probability of

sampling only one allele (and thus detecting a homozy-

gote) is high. Conversely, in situations in which a large

number of reads are available for a SNP position and the

number of reads for the second allele is very low, the sec-

ond allele may potentially correspond to a sequencing

error. Thus, defining higher quality 454 homozygote and

heterozygote genotypes was needed. The criteria initially

used for the selection of putative in silico SNPs (depth >
6, minor allele appearing at least three times,

MAF > 20%) were a compromise between preventing

the targeting of sequencing errors rather than real poly-

morphisms and the rather low coverage observed overall

at the individual level, so they were applied to the reads

for the six parents in bulk, rather than for each parental

individual. We thus applied several filters a posteriori, to

improve the determination of correct 454 genotypes at

the individual level and assess their impact on the num-

ber of inconsistencies between 454 and Illumina geno-

types.

The first filter (filter A) involved the discarding of

all the 454 homozygote genotypes with a depth lower

than seven. The probability of incorrectly detecting a

homozygote rather than a heterozygote at a given

SNP, which corresponds to sampling the same allele

seven times, thus decreased to less than 1%

(0.57 = 0.8%).

The second filter (filter B) on 454 reads was based on

a probabilistic approach implemented by Brousseau et al.

(2014). When applied to our data, this approach involved

the discarding of a minor allele if its associated depth

was significantly lower than that of the major allele, sug-

gesting that it might be due to a sequencing error. When

sequencing a heterozygote, the probability of observing

the second allele no more than t times in n reads is given

by PðX� tÞ ¼ Rt
i¼0

i!
n!�ðn�iÞ! 0:5

n: All the heterozygous

genotypes with a configuration of t (number of observa-

tions for the second allele) such that P(X ≤ t) ≤ 0.01 were

considered to be false heterozygotes. This filter was inef-

fective for depths of fewer than 11 reads and dismissed

the minor allele when it appeared only once in 11–13
reads, twice or less in 14–16 reads, less than four times in

17 or 18 reads etc. Finally, as filter B was ineffective for

lower detection depths, we applied filter C, which

involved discarding the data for depths <11, in addition

to filter B.

Transferability of SNPs across more distant taxa

The transferability of 277 SNPs that have been mapped

in the P1 pedigree (see Table S3, Supporting informa-

tion) was additionally tested in nine other oak species

included in the phylogenetic study of Hubert et al.

(2014) with the Sequenom iPLEX technology (Jurinke

et al. 2002). These species represent four major groups

of the Quercus genus. From six to 12 individuals from

natural populations of Q. cerris, Q. coccifera, Q. coccinea,

Q. ellipsoidalis, Q. ilex, Q. macrocarpa, Q. suber and

Q. velutina, and 10 individuals from a mapping popu-

lation of Q. alba were genotyped (Table S1, Supporting

information).
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Results

SNP assay genotyping statistics

From the initial set of 7913 in vitro or putative in silico

SNPs used for the Illumina ADT, 903 (11.4%) did not

pass Illumina production quality control due to weak or

ambiguous signals and were discarded from subsequent

analyses. In mapping populations, visual inspection of

all the scatter plots (according to the procedure described

in the methods) resulted in the validation of 6363 geno-

typed SNPs (80.4% of the total number of SNPs on the

chip, in Table 1). Significantly more loci corresponding

to in vitro SNPs than to putative in silico SNPs could be

retained after visual inspection of the Illumina clusters

(+4.8% in Table 1, with v²-test P-value of 5.2 9 10�5).

The proportion of genotyped SNPs discarded after visual

inspection varied from 26% to 30% on a single-cross-

basis, and 25% to 31% were monomorphic (Table 2).

Finally, 5726 genotyped SNPs (72.4%) were polymorphic

in at least one mapping pedigree. The reproducibility of

the Infinium assay results, estimated with the use of 16

positive controls, was 99.998%, based on all segregating

SNPs (92 106 data points were used).

In natural populations, 4334 SNPs were scored after

visual inspection (Table 1). The success rate was signifi-

cantly lower than that in the mapping populations

(�25.6% with v²-test P-value <2.2 9 10�16). Genotyping

success was higher for in vitro than for in silico chosen

SNPs (+9.2% with a v²-test P-value of 4.3 9 10�10,

Table 1). There were more than 1.7 times more mono-

morphic SNPs in Q. pubescens and Q. pyrenaica than in

Q. petraea and Q. robur (Table 3). Similarly, MAFs were

generally lower for Q. pubescens and Q. pyrenaica than in

the two other species (Fig. 1). Around 75% of the suc-

cessfully genotyped SNPs were polymorphic in all four

species (Fig. 2). Q. petraea and Q. robur had the highest

proportion of shared polymorphic SNPs (91.1%), and

Q. pyrenaica and Q. pubescens had the lowest proportion

of shared polymorphic SNPs (80.4%). The percentage of

Table 1 Genotyping success for SNPs in the mapping pedigrees (including Q. petraea and Q. robur) and in natural populations (includ-

ing all 4 species) as indicated by absolute counts of SNPs and percentages (in brackets) with respect to the total number of SNPs

SNP

category

Total number

of SNPs

Illumina

quality

control

Visual control

in mapping

populations

Visual control

in natural

populations

In vitro 1371 1207 (88.0) 1157 (84.4) 856 (62.4)

In silico 6542 5803 (88.7) 5206 (79.6) 3478 (53.2)

Total 7913 7010 (88.6) 6363 (80.4) 4334 (54.8)

Table 2 Breakdown of the 7913 SNPs in four full-sib families. Absolute counts of SNPs and percentages (in brackets) relative to the

total number of SNPs

SNP categories P1 P2 P3 P4 4 crosses

NS 2386 (30.2) 2059 (26.0) 2026 (25.6) 2273 (28.7) 1550 (19.6)

M 2012 (25.4) 2120 (26.8) 2488 (31.4) 2222 (28.1) 637 (8.0)

P 3515 (44.4) 3734 (47.2) 3399 (43.0) 3418 (43.2) 5726 (72.4)

NS, nonscorable SNP (includes the SNPs discarded after quality control of Illumina or visual inspection); M, monomorphic SNP; P,

polymorphic SNP.

Table 3 Breakdown of the 7913 SNPs in four white oak species. Absolute counts of SNPs and percentages (in brackets) with respect to

the total number of SNPs

SNP category Quercus petraea Quercus robur Quercus pubescens Quercus pyrenaica All species

NS 3579 (45.2) 3579 (45.2) 3579 (45.2) 3579 (45.2) 3579 (45.2)

M 426 (5.4) 419 (5.3) 779 (9.8) 717 (9.1) 229 (2.9)

P 3908 (49.4) 3915 (49.5) 3555 (44.9) 3617 (45.7) 4105 (51.9)

NS, nonscorable SNP (includes the SNPs discarded after quality control of Illumina or visual inspection); M, monomorphic SNP; P,

polymorphic SNP.
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private polymorphic SNPs varied between 0.2% and

1.7%, depending on the species (Fig. 2), and around 75%

of them had very low MAFs (below 5% in Fig. 3).

We compared Sanger, 454 and Illumina genotype calls

for the six parents of the mapping populations, to check

the consistency of initial SNP discovery and Illumina

genotyping results. For in vitro SNPs, 93.5% of the 5814

data point pairs for which both Sanger and Illumina

results were available were consistent (Table 4). For in

silico SNPs, the consistency rate was significantly lower

(81.8%, v²-test P-value <2.2 9 10�16, Table 5). We there-

fore investigated the potential sources of errors leading

to these inconsistencies.

Error detection for Sanger and/or Illumina genotypes

The most common type of inconsistency was a heterozy-

gote by Sanger sequencing, but a homozygote by Illu-

mina methods (205 data point pairs, Table 4). Visual

checking of the Sanger chromatograms confirmed that

almost all cases (202) were correctly called by the auto-

matic SeqQual pipeline. These data points had an overall

Phred score above 40 (error probability below 1/10 000),

and using Polyphred tags, a high genotype score (>90)
and an overall threshold score for the SNP position (>60
and >90 respectively, see class 1 in Table 6, Nickerson

et al. 1997). Three Sanger genotypes were incorrectly

interpreted as having a second allele by the automatic

call, due to unusually high levels of background (class 3

in Table 6).
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There were 157 inconsistencies involving SNPs identi-

fied as homozygous by Sanger sequencing, but heterozy-

gous by Illumina methods (Table 4). Overall, 108 (~69%)

of these Sanger calls were validated as correct, because

the chromatograms displayed no background noise and

belonged to class 1 (in Table 6). Others were probably

true heterozygotes (automatic Sanger calls giving an

incorrect homozygote), because a second allele was

clearly visible with a second peak on the chromatogram,

but the peak height for this allele was too low for auto-

matic detection (class 2 in Table 6).

Inconsistencies in which Sanger method identified a

homozygote of one type and Illumina method identi-

fied a homozygote of the other type were rare (only

15 data point pairs). In 14 of these cases, the Sanger

base call was correct (see criteria used above for class

1). In the remaining case, the Sanger chromatogram

suggested that the SNP was probably heterozygous,

the second allele not being detected due to a weak

signal (Phred score ~ 30 and Polyphred genotype score

<90, class 3 in Table 6). However, correcting the San-

ger genotype into a heterozygote did not remove the

inconsistency, with a probable incorrect homozygous

call with the Illumina technique.

Thus, visually checking of the Sanger chromatograms

identified a large majority (86%) of incorrect Illumina

genotypes among the 377 Sanger–Illumina inconsisten-

cies. Considering all 5814 data points involved in the

comparison, 5.6% of Illumina genotypes were therefore

not correct while less than 1% of Sanger genotypes were

not correct. Moreover, across the 1158 SNPs concerned,

one to five (of six) incorrect Illumina genotype calls were

detected for 19.52% of them, which is nearly five times

higher than the proportion of SNPs (4.15%) showing one

or two incorrect Sanger genotype calls.

Error detection for 454 and/or Illumina genotypes

Comparing 454 and Illumina genotypes, ~20% of incon-

sistencies concerned SNPs called as heterozygous by the

454 method and as homozygotes by the Illumina method

(Table 5). Then, ~15% of inconsistencies involved SNPs

called as homozygotes by the 454 method and as hetero-

zygotes by the Illumina method, and the last type of

inconsistency concerned SNPs identified as one type of

homozygote by the 454 method but as the alternative

homozygote by the Illumina technique (1.4% of 454 ho-

mozygotes).

Table 4 Comparison of Sanger and Illumina genotypes for the

six parents of the mapping populations (in vitro SNPs). Percent-

ages are expressed relative to the total number homozygotes or

heterozygotes called by Sanger sequencing

Sanger genotype

Illumina

genotype

Number

of data

points pairs %

AA AA 3760 95.6

AA AB 157 4.0

AA BB 15 0.4

Total no. of Sanger homozygotes 3932 100

AB AB 1677 89.1

AB AA 205 10.9

Total no. of Sanger

heterozygotes

1882 100

Total no. of data point pairs 5814

Overall consistency rate 93.5

Table 5 Comparison of 454 genotypes for putative in silico SNPs and corresponding Illumina genotypes for the six parents of the map-

ping populations. Percentages are expressed relative to the total number of 454 homozygotes or 454 heterozygotes. The various filters

used to improve the determination of 454 genotypes are explained in the Methods section

454 genotype

Illumina

genotype

Observed data Filter A Filter B Filters B+C

Number

of data

point pairs %

Number

of data

point pairs %

Number

of data

point pairs %

Number

of data

point pairs %

AA AA 7 878 83.7 1 120 96.4 8 012 83.6 499 92.4

AA AB 1 406 14.9 31 2.7 1 436 15.0 36 6.7

AA BB 130 1.4 11 0.9 131 1.4 5 0.9

Total no. of 454

homozygotes

9 414 100 1 162 100 9 579 100 540 100

AB AB 6 496 79.6 6 496 79.6 6 466 80.8 479 89.0

AB AA 1 669 20.4 1 669 20.4 1 534 19.2 59 11.0

Total no. of 454

heterozygotes

8 165 100 8 165 100 8 000 100 538 100

Total no. of data point pairs 17 579 9 327 17 579 1 078

Overall consistency rate 81.8 81.7 82.4 90.7
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Filter A discarded 87.7% of the homozygous SNP data

points but is not applicable for in silico SNP detection

and just illustrates the fact that not enough depth (below

seven reads) prevents homozygote genotype calls with

enough certainty (see Methods). Filter B allowed to cor-

rect 165 heterozygotes for which the minor allele was a

likely error, into homozygous genotypes (Table 5): 134 of

these genotypes were then consistent with the Illumina

genotypes, whereas 31 genotypes remained inconsistent.

This filter increased the consistency rate for 454 hetero-

zygotes by 1.2% compared with the observed data.

Finally, we applied filter C in addition to filter B

(Table 5, filter B + C), and this gave a consistency rate

for 454 heterozygotes similar to that for in vitro SNPs

(89.0% compared with 89.1%), and the highest overall

consistency rate across observed data and filters. The use

of filter B+C was stringent and entailed a high degree of

data loss (~94% of the data point pairs), but it allowed to

assume that the subset of 566 high-quality retained SNPs

(hereafter referred to as filtered in silico SNPs) corre-

sponded a priori to 1078 correct 454 genotype calls.

Therefore, we observed that 9.3% of Illumina genotype

calls were probably incorrect, and this corresponded to

15.2% of the SNPs showing at least one (up to five) incor-

rect Illumina calls. These high-quality filtered SNPs are

used below for understanding the impact of cluster com-

pression to potential Illumina genotyping errors.

Presence of compression in Illumina clusters

For 39 data point pairs where Illumina genotypes did

not match validated Sanger or filtered 454 genotypes, we

observed that the incorrect assignment of genotypes to

the different Illumina clusters was due to compression.

Table 6 Distribution of Sanger–Illumina inconsistencies between different classes, according to the quality of Sanger chromatograms

Overall Sanger

chromatogram

quality (Phred score)

Data point

Sanger quality

(Phred score)

Polyphred

threshold

overall score

Polyphred

genotype

site score

Number

of data

point pairs %

Class 1: High-quality

Sanger, correct call

>40 >40* >60 >90 324 86.0

Class 2: High-quality

Sanger but differential

amplification of second

strand, incorrect call

>40 ~ 30 >60 <90 50 13.2

Class 3: Lower quality

Sanger (score just above

thresholds), incorrect call

~ 30 ~ 30* >60 <90 3 0.8

Phred score: >40 indicates an error rate below 1/10 000, ~30 indicates an error rate ~1/1000, Polyphred threshold overall score sets a

lower limit below which the position is not considered as a SNP, it accounts for individual genotype site score at each double-stranded

Sanger sequence, genotype site score is the Polyphred software quality score for the peak pattern.

*Except for heterozygotes, which have lower scores.

Table 7 Breakdown of the 277 SNPs in nine oak species. Absolute counts of SNPs and percentages (in brackets) with respect to the total

number of SNPs

Taxonomic

group*

Mapping

population Natural populations

Overall

Q. alba

Q.

macrocarpa Q. cerris Q. suber

Q.

coccifera Q. ilex

Q.

coccinea

Q.

ellipsoidalis

Q.

velutina

Quercus Quercus Cerris Cerris Ilex Ilex Lobatae Lobatae Lobatae

Nonscorable

SNP

24 (8.7) 20 (7.2) 39 (14.1) 35 (12.6) 27 (9.7) 30 (10.8) 36 (13.0) 35 (12.6) 33 (11.9) 14 (5.1)

Monomorphic

SNP

229 (82.7) 197 (71.1) 227 (81.9) 228 (82.3) 232 (83.8) 231 (83.4) 226 (81.6) 225 (81.2) 222 (80.1) 149 (53.8)

Polymorphic

SNP

24 (8.7) 60 (21.7) 11 (4.0) 14 (5.1) 18 (6.5) 16 (5.8) 15 (5.4) 17 (6.1) 22 (7.9) 114 (41.2)

*According to Hubert et al. (2014).
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This occurred when only two clusters were present, a

first shifted cluster considered to correspond to a hetero-

zygote rather than a homozygote and a second cluster

considered to correspond to a homozygote rather than a

heterozygote (see example on Figure S3, Supporting

information). The detection of such errors was confirmed

using data from other mapping pedigrees, when three

clusters were present.

Overall in mapping populations, compression was

observed for around 25% of validated Sanger or filtered

454 SNPs (a priori true). It was more frequent among

SNPs for which at least one data point was a priori false

with the Illumina technique than among SNPs display-

ing no inconsistency at all (+18.3% with a v²-test P-value
of 3.06 9 10�11).

Preliminary diversity comparisons and transfer across
different species

The polymorphism of 277 SNPs that have been mapped

in the P1 pedigree was tested in nine different oak spe-

cies from the Quercus (white oaks), Ilex, Cerris and Lobatae

(red oaks) groups (Hubert et al. 2014). Within each spe-

cies, more than 85% of the SNPs were successfully geno-

typed, but only 4% to 22% were polymorphic depending

on the species (Table 7, see details on the allele type and

polymorphism at each of the 277 SNPs across species in

Supplemental Table 3). Moreover, when considering the

nine species overall, an additional 20% of the SNPs were

polymorphic due to fixed observed differences in at least

one species compared with the others.

Discussion

Exploring existing genomic resources to discover large

numbers of SNPs is particularly useful for population

genetics studies and in breeding, conservation or man-

agement applications. In this study, we aimed to detect a

large number of SNPs in oaks and to validate them by

investigating their segregation and variation in different

species. Of the 7913 initially chosen SNPs from Sanger or

454 data, we successfully genotyped 80.4% and 54.8% of

them, in mapping and natural oak populations, respec-

tively. These success rates correspond to conversion rates

(considering only polymorphic SNPs) of 72.4% and

51.9%. A large range of conversion rate values has been

obtained with the same technology in other species: from

13.1% to 24.4% in maritime pine (Chancerel et al. 2013),

42.9% in walnut (You et al. 2012), between 55.8% and

67.6% in spruce (Pavy et al. 2013), from 32.5% to 70.6% in

apple (Antanaviciute et al. 2012; Chagn�e et al. 2012) and

91.0% in soya bean (Song et al. 2013). Among the factors

affecting the variation of success or conversion rates

between studies, we have shown here the importance of

all the technical criteria for choosing the SNPs (quality of

the sequences, sequencing depth, MAF in the discovery

panel, level of polymorphism in the flanking sequences,

GenomeStudio parameters for SNP calling such as Gen-

Call or GenTrain score cut-off or criteria used for addi-

tional visual inspection, if any). Success rates can also

depend on the type of genomic resources or sequences

from which the SNP originates (either in silico or in vitro

SNPs) and the sequencing discovery panel that could be

more or less representative of the genetic diversity of the

targeted species or populations. We discuss below our

results in the light of the different factors at stake and in

comparison with other studies.

Experimental error rates, causes and recommendations

As in earlier studies comparing in silico and in vitro SNPs

(Pavy et al. 2008; Lepoittevin et al. 2010; Chancerel et al.

2011), overall genotyping success rates were lower for in

silico than for in vitro SNPs (�4.8% in mapping pedi-

grees, P-value <5.2 9 10�5, and �9.2% in natural popula-

tions, P-value <4.3 9 10�10). Genotyping success

depends on the quality of SNP flanking sequences which

needs to be high enough for designing primer sequences.

This has been identified in previous studies as a problem

likely to be less marked at higher coverage (Wang et al.

2008; Pavy et al. 2013). Using our results, we noticed that

the genotyping success rate was independent to 454 data

sequencing depth (Fig. 4), given the minimum depth of

six reads used at the array design step for in silico SNP

discovery and primer design. This tends to confirm that
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the overall quality of the consensus sequence on which

the primers were designed was good enough with a min-

imum of six reads. However, as pointed out in Wang

et al. (2008), the presence of undetected introns in the

middle of primer binding sites may be a major cause of

genotyping failure for in silico SNPs, because primer

design is based on mRNA sequences.

We compared Sanger, 454 and Illumina genotypes for

the six parents of the mapping pedigrees and examined

the consistency across methods and possible causes for

different genotype calls. Observed consistency rates for

Sanger and Illumina techniques (93.5%) were much

higher than those for 454 and Illumina techniques

(between 81.8% without any filter to 90.7% with the most

stringent filter), as expected given the higher error rate of

454 than of Sanger sequencing (Shendure & Ji 2008).

Importantly, using comparisons of validated Sanger data

and filtered high-quality 454 data across more than 1000

SNPs, our results revealed a potential error rate for Illu-

mina genotypes of more than 5% affecting between 15%

and 20% of the corresponding SNPs (including some

retained compressed clusters).

As validated Sanger or filtered 454 genotypes were

considered to be a priori true, we refer to Illumina geno-

types presenting inconsistencies as errors in the rest of

the discussion, and we examine the possible causes of

these errors. For incorrect Illumina heterozygotes (versus

homozygotes from sequencing methods) in 4% of all

comparisons (see Tables 4 and 5), one possible cause is

the binding of Illumina probes to different paralogous

regions in the oak genome, generating mixed allele sig-

nals. Compression has been linked to the presence of

paralogues or homeologues in several studies (Hyten

et al. 2008; Akhunov et al. 2009; Sandve et al. 2010). In

our study, compression rates were also significantly

higher for SNPs displaying at least one potential Illu-

mina error than for SNPs showing consistent genotype

calls (+23% and +10% when comparing to validated in vi-

tro SNPs or filtered in silico SNPs, respectively), which is

consistent with this hypothesis. Compression also

accounted for some clustering errors which could be

detected in mapping pedigrees (Fig. S3, Supporting

information). We therefore recommend discarding data

if only two compressed clusters are available for a SNP

in a mapping pedigree, and more generally to be very

cautious with compressed cluster patterns if no other

validation method is available.

Another important type of error was the identification

of Illumina homozygous genotypes while the sequencing

methods showed a priori true heterozygotes (almost 11%

of all comparisons, see Tables 4 and 5). The Infinium

probe may have failed to bind to one of the alleles, pre-

venting the enzymatic base extension and resulting in a

null allele. A different or paralogous region of the gen-

ome could also have been targeted by the designed prim-

ers, and a combination of both hypotheses is also

possible. Even though the availability of pedigree data in

a study can help ruling out some hypotheses by studying

Mendelian inconsistencies, a combination of causes can

always go undetected.

Excluding all compression cases, potential Illumina

errors compared with validated sequencing data were

still observed for more than 10% of the SNPs. Mam-

madov et al. (2012) showed that only 162 of 618 SNPs

(26.2%) successfully genotyped in four maize genotyping

assays (GoldenGate, Infinium, TaqMan and KASPar) dis-

played consistent clustering patterns across techniques.

The major attrition came from the Illumina Infinium

assay, the same technique used in our study. This sug-

gests as in our case that in nonmodel species, the error

rate for Illumina genotyping is potentially substantial

(more than 10% of SNPs showing genotyping errors).

Additional information from the genome sequence when

available for Quercus genus will probably help to better

design primer sequences and lower the number of

errors.

For scientists interested in developing SNP arrays in

nonmodel species, we recommend the use of next-gene-

ration sequencing methods which save both time and

money for the discovery panel. Even if the Sanger

sequencing in our study was used as a reference method

to estimate error rates, our results show that high-quality

in silico SNPs can be better identified using appropriate

filters applied on reads which are individually tagged.

The probabilistic approach used in one of the filters pro-

posed is necessary to avoid the detection of false-positive

SNPs and can also be applied at the population level in

case of untagged libraries, taking into account the num-

ber of gametes sequenced (Brousseau et al. 2014). We

also recommend a minimal sequencing depth target of

11 reads that may correspond to a much higher mean

sequencing coverage depending on the technology used,

the genome length and the number of gametes

sequenced, to avoid the loss of data during the filtering

steps. It remains that the experimental error rates

observed here are relatively high and should be

accounted for when making inferences from SNP data

with the Illumina Infinium technique. This suggests that

methods of genotyping by sequencing, which allow to

better validate the genomic regions targeted, are likely to

be of higher value for nonmodel species for different

aims and applications.

Impact of discovery panel on genotyping success rates

Our study clearly illustrates that the presence of samples

from the targeted populations in the SNP discovery

panel greatly increases the array success rate. SNPs were
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chosen initially from sequences from the six parents of

the pedigrees P1, P2, P3 and P4, we therefore had full

knowledge of the polymorphism around the targeted

SNPs in these mapping populations. This ensured both

an optimal primer design and an efficient genotyping of

progenies with known patterns of marker segregation

between parents and offspring for the definition of clus-

ters (see above for the validation strategy) and is consis-

tent with the higher success rate in mapping versus

natural populations (+25.6%, see Table 1). Indeed in na-

tural populations, we expect that undetected polymor-

phisms present at binding sites would cause the loss of

data due to inefficient primer design. Differences in le-

vels of genetic diversity between discovery panel and

natural populations can be due to both differences in

sampling and geographic origins structure. Despite the

relatively close geographic proximity of sampled natural

populations to pedigree parents (Table S1 and Fig. S1,

Supporting information), the larger sample of indivi-

duals assessed (283 compared to 6 in pedigrees) led to a

drop of more than 20% of genotyping success and argues

for larger sample sizes in discovery panels in nonmodel

species (Lepoittevin et al. 2010). Remarkably, genotyped

SNPs in the studied natural populations were scorable

either across all four species or in none of them, confirm-

ing their close genetic proximity, as illustrated also by

their shared proportions of polymorphisms (see below),

and interfertility based on controlled crosses experiments

from material of similar local origin (e.g. Lepais et al.

2013).

The issue of transferability of the markers developed

here to more distant natural populations within the same

species remains to be addressed more thoroughly. In

Q. petraea and Q. robur, a low molecular genetic structure

among populations across a larger species range was

observed on average but with a smaller set of molecular

markers, and despite hot spots of localized higher diffe-

rentiation levels (Mariette et al. 2002; Scotti-Saintagne

et al. 2004). Given the larger genome exploration con-

ducted in our study, we could expect a higher propor-

tion of those islands of differentiation. This could lower

overall success rates further in more distant geographic

populations but also provide interesting insights into the

dissection of the divergence across this species complex

in future studies.

SNP across the different oak species studied and transfer
to more distant taxa

We found that Q. robur and Q. petraea had a higher fre-

quency of polymorphic SNPs than Q. pyrenaica and

Q. pubescens. This could be due to an ascertainment bias

as SNP discovery was conducted in Q. petraea and Q. ro-

bur and not in the two other species. Also, earlier com-

parative assessments of diversity based on

microsatellites showed that diversity levels were similar

in Q. petraea and Q. pyrenaica (Valbuena-Carabana et al.

2005) or in Q. robur, Q. petraea and Q. pubescens (Curtu

et al. 2007; H€oltken et al. 2012). Similarly, when compar-

ing differences in patterns of shared polymorphisms

across polymorphic SNPs in all four species, Q. petraea

and Q. robur had the largest number of shared polymor-

phisms (91.1%), compared to each of those two species

and Q. pubescens or Q. pyrenaica (from 83.9% to 86.6%).

This proportion was much larger than in spruce species

(Pavy et al. 2013; values of 2–65%), maybe because the

sampling of spruce species extended over a larger phylo-

genetic range. They also came from very distant sites

and were not all interfertile, compared to oak species

being interfertile and preferentially sampled from the

same mixed natural forest stands. Both diversity and

sharing patterns could be partly due to ascertainment

bias. However, given the already mentioned genetic

proximity of the four species, the larger set of markers

developed here could also have revealed patterns not

previously detected. Therefore, more studies and analy-

ses would be needed on much larger samples of individ-

uals to conclude on the relative magnitudes of diversity

and divergence across these four species of European

white oaks. The high levels of shared diversity among

these species preclude their straightforward distinction,

but a recent study on over 400 gametes in both Q. petraea

and Q. robur illustrates the usefulness of this type of SNP

resource for hybridization studies and evolutionary

inferences in the species history (Guichoux et al. 2013).

Finally, we could assess the transfer of a subset of 277

SNPs in more distant taxa. As expected, the best transfer-

ability results were obtained with Q. macrocarpa and

Q. alba that belong to the same taxonomic group (Quercus

genus, white oaks) as the four species studied here,

despite only two individuals (four gametes) for the

Q. alba pedigree. This suggests a general interest of these

markers for more than one hundred species of white oaks

distributed across Europe, North Africa, America and

Asia (Hubert et al. 2014). Besides, we observed fixed allele

differences among several species pairs, suggesting their

potential use for phylogenetic analyses. Together with the

results of previous studies on the transferability of micro-

satellites across oak species (Steinkellner et al. 1997) and

even closely related genera (Castanea and Quercus, Bar-

reneche et al. 2004; Bod�en�es et al. 2012), the SNP resource

developed in this study provides a highly valuable tool

for genetic and genomic investigations in oaks.
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Additional Supporting Information may be found in the online

version of this article:

Fig. S1 Distribution area of Q. petraea and Q. robur, and location

of sampled populations.

Fig. S2 Examples of scatter plots for SNPs that were discarded

or manually adjusted after visual inspection. A: Discarded SNP,
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more clusters than expected. B: Discarded SNP, the delineation

between clusters is unclear. C: Discarded SNP, the AA homozy-

gote cluster should not be observed because the parental indivi-

duals are AB and BB. A null allele may be present in the female

parent. D: Discarded SNP, there is some compression and the

homozygote and heterozygote clusters cannot be distinguished.

Such SNPs should be discarded if only two clusters are avail-

able, even if the Mendelian segregation is consistent (see Fig.

S3). E: Manually adjusted SNP. There is some compression, but

the homozygote cluster BB is in the usual place.

Fig. S3 Cluster plot for in vitro SNP CL8450CT11856_03 + 04-

625 in the P2 and P3 mapping pedigrees. When clustered alone,

pedigree P3 shows a heterozygote cluster and a homozygote BB

cluster to the right. When clustered together with pedigree P2, it

shows a homozygote cluster AA and a heterozygote cluster to

the right. Compression (here of the AA and AB clusters towards

the BB cluster) may cause clustering errors when only two clus-

ters are present. This type of error cannot be detected on the

basis of Mendelian segregation patterns.

Table S1 List of the samples used for sequencing and genotyp-

ing.

Table S2 List of the programs used in this study.

Table S3 SNP statistics and NCBI ss accession nos.

Appendix S1 snp2Illumina perl program.

Appendix S2 Sanger consensus sequences of the amplicons (709

gene fragments corresponding to 676 gene regions) for the 6

parental individuals of the mapping pedigrees.
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