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Abstract Single nucleotide polymorphisms (SNPs)

represent the most abundant type of genetic variation

that can be used as molecular markers. The SNPs that

are hidden in sequence databases can be unlocked

using bioinformatic tools. For efficient application of

these SNPs, the sequence set should be error-free as

much as possible, targeting single loci and suitable

for the SNP scoring platform of choice. We have

developed a pipeline to effectively mine SNPs from

public EST databases with or without quality infor-

mation using QualitySNP software, select reliable

SNP and prepare the loci for analysis on the Illumina

GoldenGate genotyping platform. The applicability

of the pipeline was demonstrated using publicly

available potato EST data, genotyping individuals

from two diploid mapping populations and subse-

quently mapping the SNP markers (putative genes) in

both populations. Over 7000 reliable SNPs were

identified that met the criteria for genotyping on the

GoldenGate platform. Of the 384 SNPs on the SNP

array approximately 12% dropped out. For the two

potato mapping populations 165 and 185 SNPs

segregating SNP loci could be mapped on the

respective genetic maps, illustrating the effectiveness

of our pipeline for SNP selection and validation.
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Introduction

Genetic variation is the basis for the biodiversity of

life (Schlotterer 2004). Variations in the DNA

sequence of genes and their regulatory regions

underlie most of the phenotypic variation that has

been exploited in modern crops (Bryan et al. 2000;

Masouleh et al. 2009). Breeding strategies aiming to
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improve crop agronomical performance have gained

momentum in the last few decades by the use of

molecular marker technologies that visualize DNA

polymorphisms (Collard et al. 2005). Molecular

markers have proven to be extremely useful in

breeding, for genome-wide screens for variation,

genotype identification and/or fingerprinting, evolu-

tionary and ecological studies.

In breeding programs that are aimed at transferring

genes or alleles within or between different species

with the aid of molecular markers several steps can be

discerned. The first step in this process is the identi-

fication of one or more markers closely linked to or

within the traits to be introgressed. For this, a high

density map of markers on the genome and/or markers

in genes that are likely to be involved in the trait of

interest can be invaluable tool. SNPs are very well

suited for this purpose. Their astonishing abundance

has been reported in several discovery projects in many

species including humans (Sachidanandam et al.

2001), model species such as Arabidopsis thaliana

(Jander et al. 2002) and Drosophila melanogaster

(Hoskins et al. 2001) and in crop plants such as barley

(Rostoks et al. 2005), maize (Ching et al. 2002), rice

(Shen et al. 2004; McNally et al. 2006), soybean (Zhu

et al. 2003) and wheat (Ablett et al. 2006).

Recent technological advancements in discovery

and detection platforms have made SNP markers

attractive for high-throughput use not only in model

species, but also in crop plants (Rafalski 2002). In

species for which no genome sequence is available,

large scale SNP discovery has generally relied on

sequence variation found in libraries of expressed

sequence tags (ESTs) (Somers et al. 2003) or on re-

sequencing (Choi et al. 2007).

Several software tools are available for SNP

discovery from nucleotide databases, including Po-

lyBayes, AutoSNP, and QualitySNP (Marth 1999;

Barker et al. 2003; Tang et al. 2006). QualitySNP is

especially useful in extracting reliable SNPs from EST

sequence databases that lack quality information, and

is in many cases capable of distinguishing paralogs

from allelic sequences effectively (Tang et al. 2006).

Along with the development of tools to mine a large

number of SNPs from nucleotide databases, new SNP

genotyping platforms were developed that can analyze

a large number of SNPs in parallel in a large set of

individuals (Syvanen 2005). An increasing number

of reports indicate that the GoldenGate system of

Illumina is a reliable and cost-effective SNP genotyp-

ing platform. It is capable of multiplexing from 96 to

1536 SNPs in a single reaction (Fan et al. 2003).

In this paper we describe a bioinformatics pipeline

starting from SNP discovery in ESTs to genotyping

using the Illumina GoldenGate assay. Following SNP

discovery, the SNP loci are further screened for

suitability to be analyzed with the Illumina Golden-

Gate Genotyping platform. We demonstrate the

applicability of this pipeline for potato, which is the

third most important food crop in the world. Potato is

a heterozygous crop, and commercial varieties are

generally tetraploid. For potato, approximately

200,000 ESTs mainly from three cultivars are pub-

licly available. We show here that SNPs identified by

QualitySNP from this collection of SNPs can effec-

tively be turned into markers that can be mapped in

different diploid potato mapping populations, show-

ing the versatility of the pipeline and the produced

SNP markers. Our results indicate that the pipeline

produces a large number of SNP markers, and that the

selection of SNPs for genotyping on the Illumina

GoldenGate genotyping platform yields a high num-

ber of reliable functional co-dominant markers that

can be easily placed on a genetic map.

Materials and methods

Mapping populations

(a) SH 9 RH: A cross between two diploid heterozy-

gous potato clones SH83-92-488 and RH89-039-16

(SH 9 RH) resulted in an F1 mapping population

of 135 individuals (van Os et al. 2006). Using a

Selective Mapping strategy (Vision et al. 2000) 57

individuals were selected which captured the

highest number of recombination events.

(b) C 9 E: This diploid backcross population consist-

ing of 250 genotypes was obtained from the cross

between clones C [USW5337.3; (Hanneman RE

1967)] and E [originally named 77.2102.37; (Jac-

obsen 1980)]. Clone C is a hybrid between S.

phureja PI225696.1 and S. tuberosum dihaploid

USW42. Clone E is the result of a cross between

clone C and the S. vernei–S. tuberosum backcross

clone VH3-4211 (Jacobsen 1978). A set of 94

randomly selected individuals was used for this

study, along with the parents of the cross.
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DNA extraction

Genomic DNA was isolated from 50 to 100 mg of

young leaves. After freeze-drying, the leaf material

was ground using the MM300 Mixer mill (Retsch

Inc., Haan Germany) and DNA extraction was

performed using the DNeasy 96 Plant Mini kit

(Qiagen, Valencia, California, USA) according to

the manufacturer’s protocol.

SNP identification pipeline designed

for the GoldenGate genotyping platform

For SNP discovery, 219,765 EST reads were down-

loaded from the EMBL database (http://www.ebi.

ac.uk/embl) (version 88). Functional annotation of

the ESTs was obtained from the TIGR gene index

(http://compbio.dfci.harvard.edu/cgi-bin/tgi/gimain.pl?

gudb=potato or UniGene (Wheeler et al. 2003) and

additional BLASTN and BLASTX analyses (Altschul

et al. 1990). The ESTs were aligned into contigs and

analyzed for true SNPs using the QualitySNP software

(http://www.bioinformatics.nl/tools/snpweb), with D-value

set at 0.6 and default values for quality regions and

other filters as described by Tang et al. (2006). The

resulting data are stored in a ‘contig database’. In an

additional routine/programme the QualitySNP output

was analyzed for SNP loci flanked by 30–50 nt reli-

able sequences on each side to allow for assay

development using the Illumina GoldenGate design

tool. The output was formatted to fit the require-

ments for the assay design tool (http://www.illumina.

com/downloads/GoldenGateDesign_TechNote.pdf)

and stored in the ‘100 bp fragment’ database. As for

potato no reference genome sequence is available we

performed an additional BLAST analysis to eliminate

fragments that have more than 90% homology with

each other to maximize the chances of single

locus amplification. Only fragments occurring once

in the contig database and with less than 90% simi-

larity to all other contigs in the database were

maintained and considered for the GoldenGate assay

development.

Selection of SNPs for the Illumina GoldenGate

assay

A selection of the SNP loci was made based on putative

gene functions in abiotic, biotic stress responses,

metabolic and biosynthesis pathways. Functional anno-

tations were taken from the EST annotations in the DFCI

potato gene index (hosted at http://compbio.dfci.har

vard.edu/tgi/ as part of The Gene Index Project). For

some genes several SNPs within the same gene were

selected. GoldenGate primers were designed using

Illumina’s design tool and SNP scoring was performed

by Service XS (Leiden, The Netherlands), using Illu-

mina’s high-density array technology for standard or

custom SNP genotyping of 96 samples. For each sample

250 ng of DNA was used for genotyping with the Illu-

mina standard GoldenGate protocol (Shen et al. 2005).

Our experimental setup included two separate geno-

typing runs; one for the SH 9 RH population that also

included the C and E parents, and one for the C 9 E

population, again including the C and E parents). The

data was analyzed using Gencall software (Illumina,

San Diego, CA) which is integrated in the Illumina bead

station package (http://www.illumina.com/Documents/

products/technotes/technote_gencall_data_analysis_

software.pdf) (Shen et al. 2005).

Additional molecular marker development

AFLP markers were generated according to standard

protocols with radioactive labels, using 4 Eco-Mse

primer combinations (Vos et al. 1995). Bands were

scored as present or absent. AFLP markers were

encoded by standard AFLP marker coding, with an ID

and a chromosomal location; for example E39M60-

40c10 is a marker from the Eco39 primer and a Mse60

primer, ID number 40 and mapped on Chromosome

10. The SSR markers used in this study were obtained

from different sources (Milbourne et al. 1998; Fein-

gold et al. 2005). The CAPS markers were developed

for interesting candidate genes with (putative) func-

tions in amongst others quality traits in the CE

population (manuscript in preparation by Werij et al.).

Genetic mapping

The potato SNP markers were first mapped in the two

mapping populations using JoinMap 4.0 (Van Ooijen

2006) together with AFLP (only 1:1 segregating

markers), SSRs and CAPS as backbone markers. SNP

markers were also mapped on the existing SH 9 RH

genetic map using a bin mapping approach (van Os

et al. 2006).
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Results

Potato SNP array construction

In the 219,765 EST sequences 12,184 reliable SNPs

were discovered. A set of 7592 SNPs remained after

extra filters were set to select for SNP loci with

flanking regions suitable for primer design in Illu-

mina’s Goldengate assay (at least 30–50 nt flanking

sequence on each side, no SNPs detected in the

flanking regions and no other sequences that are more

than 90% similar present in other contigs/clusters).

The last selection of 384 SNPs for the Illumina

array was based on putative functions of the genes

containing the SNP loci as deduced from annotations

at the DFCI potato gene index website (hosted at

http://compbio.dfci.harvard.edu/tgi/). The final selec-

tion (hereafter called 384PotSNP array) of SNP

markers with their putative functions, locations along

with their database ID’s (TC numbers) is provided in

Supplementary Table.

Evaluation of the 384PotSNP array

The 384PotSNP array was evaluated by genotyping

two diploid potato populations and mapping the SNP

markers. The quality of each SNP is reflected in the

Gencall (GC) score, a value between 0 and 1 (Shen

et al. 2005). The Gencall score is a representation of

the separation between the heterozygote and homo-

zygote clusters for a particular SNP, and how a SNP

score is placed in these clusters. R values below 0.2

generally indicate failed SNP detection, while scores

above 0.5 are considered as highly reliable SNP

scores. For C 9 E, 45 SNPs (12%) did not produce a

detectable signal or the signal was too low to use it as

a reliable marker. Forty-two of these (11%) were also

not successful in SH 9 RH, indicating that these

were SNPs for which the assay was not working.

Another 7 SNPs did not produce a good result in

SH 9 RH. Of the remaining 339 SNPs in C 9 E, 173

were not polymorphic between both parents and did

not show a segregating polymorphism. For SH 9

RH, 149 markers were not polymorphic between both

parents. Ninety markers were not polymorphic in

both the populations.

Six markers in C 9 E were homozygous in both

parents and polymorphic between the parents with a

uniform heterozygous offspring (AA 9 BB ? AB).

Another set of 6 markers that were homozygous in

both parents C and E, polymorphic between parents

and segregated according to a 1:2:1 Mendelian ratio

(AB 9 AB ? AA, AB and BB). Table 1 summa-

rizes the results of the 384PotSNP array for both

populations.

Genetic mapping of SNP loci

C 9 E

Out of 165 polymorphic SNP markers, fifty were

heterozygous only in parent C; 59 were heterozygous

only in parent E and 56 segregating markers were

heterozygous in both the parents (AB 9 AB ? AA,

AB, BB). These 165 SNP markers were placed on

parental genetic linkage maps using Joinmap 4.0 (van

Ooijen 2006) together with 93 AFLPs, 45 SSRs, and

24 CAPS markers. Only markers with LOD scores of

3.0 and above were considered. Thirteen and 12

linkage groups were obtained in C and E parental

maps, respectively (Fig. 1). Linkage group 6 was

divided into two subgroups in the maternal (C parent)

map. Nineteen of the 165 SNP markers could not be

assigned to a parental linkage group. The C and E

genetic parental map span 1012.4 and 774.6 cM,

respectively with average distance between adjacent

loci 7.2 and 4.5 cM.

SH 9 RH

A set of 151 AFLP markers from the same four AFLP

primer enzyme combinations used in the C 9 E

Table 1 Results of 384 PotSNP array performed in two

(C 9 E and SH 9 RH) independent assays

384 PotSNP array Mapping

309 out of the 384 are

useful markers (80%)

165 markers could be

mapped in C 9 E

42 dropped out in any

sample (11%)

186 markers could be

mapped in SH 9 RH

33 were monomorphic

in all materiala(9%)

99 markers could be

mapped in both populations

a Including a set of 220 tetraploid varieties
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Fig. 1 Location of the SNP

markers on parental maps C

and E. The number on the

left side is the genetic

distance in centiMorgans

(cM) right side is marker

designations. The parental

maps were drawn by the

MapChart 2.2 program

(Voorrips 2002)
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population were selected from the *10,000 available

AFLP markers in SH 9 RH. Parental maps of SH

and RH were constructed with 15 SSR, 24 CAPS, 151

AFLP and 186 SNP markers using Joinmap 4.0 (van

Ooijen 2006). Out of 186 polymorphic SNP markers,

71 were heterozygous in parent SH; 69 were hetero-

zygous in parent RH and 46 segregating markers

were heterozygous in both parents (AB 9 A-

B ? AA, AB, BB). Table 2 lists the markers used

for mapping in both populations.

Twelve parent specific linkage groups were

obtained for both SH and RH (Fig. 2) The Linkage

group RH01 was divided into two subgroups. In SH

the length of the linkage groups ranged from 52.6 cM

to 115.9 with the average distance between the loci of

4.05 cM. The RH parental map spans 686.7 cM and

the average distance between loci is 3.8 cM.

To confirm the SH 9 RH SNP markers with their

bin signatures to calculate error frequency of our

mapping results, we compared the marker segrega-

tion pattern with the map segregation patterns (bin

signatures) and placed these 186 SNP markers in the

ultra dense potato map (Van Os et al. 2006). All of

the markers were anchored to the bins of the highly

saturated parental reference maps and distributed

over all linkage groups. Marker order was identical to

the map positions in the parental maps constructed in

this study. Bin mapping procedure not only gives the

bin position but also the goodness of fit to that

position. Distance to the bin is a measure for the

number of singletons or error in the data. Out of 186

markers, 183 showed error scores below 0.1%, the

remaining 3 markers had error scores more than 0.1

and showed LOD scores less than 3.

There were 99 markers segregating in both the

potato populations. These markers were used to align

the C 9 E with SH 9 RH maps (Fig. 3), linking the

genetic loci of the C 9 E population are aligned to

the ultra dense map and the increasing amount of

genomic sequence information of clone RH generated

by the Potato Genome Sequencing Consortium

(PGSC, http://www.potatogenome.net/).

Discussion

This paper describes the successful development and

implementation of a bioinformatics pipeline for the

identification of putative SNPs in public EST dat-

abases, to convert these SNPs in assays compatible to

the Illumina GoldenGate SNP platform, and to map

the SNP markers using this genotyping platform. The

identification and selection of potato SNPs for the

GoldenGate assay results in a score of 89% of

working GoldenGate assays, and at least 77% of the

full electronic SNP dataset are true SNPs amenable to

the GoldenGate genotyping platform.

The first step of this pipeline is the identification of

putative SNPs, for which we used QualitySNP. For

many SNP assays, including Illumina’s GoldenGate

assays, the SNP locus needs to be amplified with

locus-specific primers that do not amplify any other

locus. The paralogous sequences that are placed in

separate clusters by QualitySNP may be putative

binding targets of the SNP amplification primers

designed for a SNP detected in the allelic clusters.

The Illumina design tool can eliminate paralogous

sequences only when a fully sequenced reference

genome is available. However, this is currently not

the case with many crop species like potato. To

circumvent this problem of paralogous sequences,

our pipeline includes a similarity search using the

flanking sequences of the SNP to identify clusters

with high similarity to the SNP locus. In this study we

eliminate SNPs for which the similarity search found

other clusters with more than 90% similarity. This

implies that SNPs are eliminated that might be

suitable for a SNP assay if the primer binding sites

Table 2 Number of

markers used for

construction of parental

maps (C, E and SH, RH)

according to marker type

Marker type Total markers used in construction of parental maps Markers on the map

C and E SH and RH C and E SH and RH

SNP markers 165 186 146 168

AFLP markers 93 151 82 131

SSR markers 45 16 33 16

CAPS markers 24 21 22 21
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PotSNP136
PotSNP177
PotSNP197
PotSNP72

0

E32M51_296.5
E32M51_2273

PotSNP1965
stm1029(1)S20
E45M60_222.922
PotSNP20724
E32M51_182.8
E39M60_434.0
E32M61_120.7
E32M61_121.4
E32M51_104.7
E32M51_249.0

26

E45M60_183
E45M60_341.1
E45M60_318.5

27

PotSNP19929
stm2020a(1)36
E32M61_193.946
PotSNP5852
stm1049(1)S
E45M60_364.258

PotSNP22559
E39M60_204.561
PotSNP218
PotSNP16562

PotSNP17068
PotSNP3
PotSNP9770

PotSNP11572
E39M60_12874
E32M61_75.775
E32M51_192.5H77
E32M61_206.3H90

SH1
E45M60_3030
E39M60_4462
E45M60_1863
PotSNP39
PotSNP385

E32M51_360.3H8
E45M60_454.411
CAPS118
PotSNP6543
PotSNP107
PotSNP13344

PotSNP18352
PotSNP20154
E39M60_58059
PotSNP10865
E39M60_53067

SH2
E32M61_88.40

E39M60_24730
E45M60_290.535
PotSNP19143
PotSNP5544
PotSNP5447
PotSNP204
PotSNP8764

PotSNP131
PotSNP18166

PotSNP18989
E32M51_153.6101
PotSNP67
PotSNP68110

PotSNP35112
PotSNP208116

SH3
PotSNP830
PotSNP187
PotSNP59
PotSNP127

13

E32M61_306.127
PotSNP8828
PotSNP6134
E45M60_217.754
E45M60_81.257
E45M60_385.358
E32M51_499.1
E39M60_180.260

PotSNP21563
E39M60_426.464
E39M60_243.867
E32M51_198.7H71
E45M60_83.976

SH4
PotSNP310
E45M60_155.6H8
E45M60_102.110
E32M51_99912
PotSNP227
E45M60_565

16

CAPS217
PotSNP195
PotSNP14920

PotSNP42
CAPS3

21

PotSNP5725
CAPS429
CAPS5
CAPS640

PotSNP18442
CAPS752
CAPS853

SH5
E32M61_254.90
E32M51_267.4H2
E45M60_191.14
PotSNP209
PotSNP210
E32M61_105.3
E32M61_154.7

25

PotSNP8141
PotSNP3443
PotSNP15045
PotSNP16650
E39M60_281.355
E39M60_7873

SH6

PotSNP1260
E39M60_198.46
E39M60_382.1
PotSNP21916

stm1003(7)S20
E39M60_142.923
E39M60_334.6
PotSNP21726

PotSNP2529
E32M51_111.9H31
PotSNP19833
PotSNP229
PotSNP230
PotSNP192
PotSNP231

38

PotSNP14140
PotSNP17250
PotSNP1353
E32M51_228.2H55
E39M60_470.574

SH7
PotSNP330
PotSNP21
PotSNP19419
E32M61_117.221
PotSNP20624
E45M60_37840
PotSNP8944
E45M60_48546
PotSNP15749
PotSNP155
SNP-PPO27850

stm3015(8)S55

SH8
E32M51_208.30
E39M60_150.84
E45M60_109.712
STM1051-25814
E32M51_162.4H17
STM1051-18819
PotSNP16
PotSNP17
PotSNP200

26

PotSNP15927
PotSNP17528
PotSNP16243
PotSNP6945
PotSNP5049
PotSNP20254

SH9
PotSNP1130

E39M60_6819
E32M61_286.4
E45M60_322.622

E45M60_54025
E32M51_291.6H46
PotSNP144
PotSNP14248

PotSNP78
PotSNP7654

E32M51_222.0H66

PotSNP22284

SH10
PotSNP2330
E39M60_359.0
E32M51_106.31

E45M60_132.98
E45M60_8516
PotSNP11824
E39M60_30734
St331138
E32M61_281.3H
STM002553

E45M60_7354
CAPS958
CAPS10
CAPS11
CAPS12
CAPS13
CAPS14

59

CAPS1561

SH11
PotSNP660
CAPS1616
E39M60_402.418
E32M51_165.124
E39M60_208.426
PotSNP30
PotSNP179
PotSNP112
E32M61_447.3H

27

E45M60_383
PotSNP171
PotSNP121

28

E39M60_252.5
E45M60_232.929

E45M60_334.134
E39M60_274.244
PotSNP11753

SH12

E45M60_462.40
stm1029(1)R6
E32M61_186.3
E39M60_270.7
E39M60_170
E32M51_189.0
E32M51_136.8

8

PotSNP203
E32M61_199.7H

9

PotSNP169
E45M60_96.7
E45M60_192.9
E32M51_127.1

10

PotSNP21414
E45M60_168.816

RH1

PotSNP1850
stm1049(1)R7
PotSNP9715
PotSNP232
PotSNP22318

E39M60_128
PotSNP22820

PotSNP11522
E32M51_192.5H23
PotSNP424

PotSNP22546

PotSNP5855

.
PotSNP1060
E39M60_427.6
E32M51_360.3H
E32M51_310.7

3

PotSNP39
PotSNP386

E45M60_1869
E39M60_44610
E45M60_30312
CAPS120
PotSNP186
PotSNP5632

PotSNP107
PotSNP13358

PotSNP6559
PotSNP22061
PotSNP18366
E39M60_58072
PotSNP18073
PotSNP173
PotSNP188
PotSNP168

77

stm1064(2)80
E39M60_53081
E39M60_199.382

RH2
PotSNP540
PotSNP193
PotSNP89

E39M60_201.515
E39M60_247
E32M51_261.717

E32M61_168.9H20

RH3
E32M51_191.7H0
E32M61_233.9
E32M61_157.8
E39M60_292.2

15

E39M60_37817
PotSNP13921
PotSNP17825

PotSNP21645
PotSNP19049
E32M51_92.154
E32M61_203.056
E39M60_9461

RH4
PotSNP32
PotSNP310

PotSNP5722
EATGMCTC_155.6H28
PotSNP4229
PotSNP43
PotSNP9031

EATGMCTC_56534
EAACMCCA_410.3
EATGMCTC_208.7
EATGMCTC_206.1

35

urease(5)R38
GP179-MnlI-RH51
EAGAMCTC_475.257
GP21-AseI-RH60

RH5
PotSNP1500
PotSNP813
PotSNP164
PotSNP1747

PotSNP176
PotSNP2615

PotSNP210
PotSNP20917

E32M61_152.623
PotSNP181
PotSNP22450

PotSNP20557
E32M51_231.3
E39M60_466.959
E39M60_539.6
E39M60_496.360

E32M51_267.4H61
E39M60_526.062
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RH11
E39M60_2240
E39M60_416.011
PotSNP135
PotSNP64
PotSNP99
PotSNP63

17

PotSNP1118
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E39M60_408.559

RH12

Fig. 2 Location of the SNP

markers on parental maps

SH and RH. The number on

the left side is the genetic

distance in centiMorgans

(cM) right side is marker

designations. The parental

maps were drawn by the

MapChart 2.2 program

(Voorrips 2002)
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are carefully chosen. If a SNP in a specific gene is

required, or only a limited number of SNPs have been

identified, it may be worthwhile to look into the SNP

loci for which a similarity conflict has been identified,

and design primers for these SNPs. However, we

intend this pipeline to be used for high through-put

analysis of SNPs from databases to produce a

genome-wide SNP array. For efficiency purposes,

the SNP loci that might be problematic for Golden-

Gate assays are therefore eliminated from the list that

is used for SNP selection for the SNP array rather

than evaluated manually.

Performance of the 384PotSNP array

Of the 384 SNPs that we assembled on a GoldenGate

SNP genotyping array and used for genotyping two

diploid potato mapping populations only 42 SNPs

(11%) failed to produce an interpretable output in two

separately performed assays. There are several pos-

sible explanations for these SNPs to fail. Firstly,

failure may be due to incorrect primer synthesis. In

other studies it was observed that 10% of validated

SNP loci do not give a result in standard GoldenGate

assays, pointing to failure as a result from the assay

design (Rostoks et al. 2006, Hyten et al. 2008).

Secondly, the SNP frequency in potato is exception-

ally high, and therefore SNPs in the primer target

sequences could be common. This will likely affect

primer annealing as well as signal interpretation.

Thirdly, this might have been caused by large introns

within the amplicon or introns at the primer sites; the

amplification primers were designed on EST

sequence information, whereas the SNP assays were

performed on genomic DNA. Presence of introns in

the SNP amplified region can be detected if genomic

sequence information of the SNP locus is available

from potato or related species. This was the case for

only four of the SNPs with failing assays. Neverthe-

less, for two out of those four indeed an intron was

present within the SNP amplified locus, indicating

that in approximately 50% of the failing SNP assays

intron presence may be the cause of failure. With the

advent of an available genome sequence for potato,

the detection of intron–exon boundaries in the

vicinity of a SNP will be possible for most if not

all SNP loci selected for the array. This information

can then be used for primer design, either by filtering

out the SNP loci with introns near the SNP site, or by

designing primers based on genomic sequence.

However, assays with primers based on intron

sequences may be more prone to failure than assays

with primers in exon sequences, as intron sequences

are more variable than exon sequences.

We have shown that the SNP GoldenGate assay

linked to the pipeline is a proficient strategy for SNP

genotyping in potato, with SNP markers successfully

mapped in two potato populations. In total, 342 out of

384 SNP account for the 89% success rate of the

combination of QualitySNP with the GoldenGate

assay which is comparable to the 90% success rate

previously reported in barley (Rostoks et al. 2006)

and 89% in soybean (Hyten et al. 2008). However,

the barley SNP array from Rostoks et al. (2006) is

based on resequencing of selected genes with the

parents of a mapping population included, whereas
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the 384PotSNP array contains SNPs from whatever

information available in the EST databases, demon-

strating the effectiveness of our pipeline in selecting

SNPs that are likely to produce reliable data on the

GoldenGate genotyping platform.

Level of polymorphism

The PotSNP array permits the rapid generation of a

high number of polymorphic markers. Out of 339

SNPs in CxE (342 in SH 9 RH), 164 could be mapped

(186 in SH 9 RH). In CxE 161 SNP (155 SH 9 RH)

were monomorphic. The high number of monomor-

phic SNPs is not surprising; the SNPs were discovered

in ESTs from only three varieties namely Shepody,

Kennebec and Bintje and the parents in the mapping

population are not directly related to any of these

varieties. Preliminary data obtained using the potato

genotyping array with potato cultivars indicated that

60% of these non-segregating SNP loci were in fact

polymorphic in a large cultivar set (data not shown)

indicating that these are true SNPs. Part of the

remaining monomorphic SNP may also be examples

of failure of primer design of the allele-specific primer

in the Goldengate assay. This would result in the

detection of only a single allele. Six markers in C 9 E

were homozygous in both parents and polymorphic

between the parents, with heterozygous offspring. For

the population C 9 E this is a highly unexpected

result, as C 9 E is a backcross population (C is a

parent of E). At least one allele of parent E should have

been inherited from C, so an AA 9 BB ? AB genetic

model for these six loci should not be possible. Neither

could this be caused by primer annealing polymor-

phisms creating a null allele (A0 9 B0) as this would

result in a segregating rather than a uniform offspring.

Similarly, for nine SSRs four alleles were detected in

the CE population. These markers could be mapped

consistent with an AB 9 CD ? AC, AD, BC, BD

genetic model for these 9 loci so this is not an artifact.

We currently do not have a satisfying explanation for

these observations.

Another set of 6–8 markers that were homozygous

in both parents and polymorphic between parents

segregated in the population consistent with e.g. an

A0 9 B0 ? A0, AB, B0 genetic model. These were

found in both populations, and may represent markers

with null alleles in one or both parents. These null

alleles may be caused for instance by SNPs or other

polymorphisms in one of the alleles that interfere

with primer binding and/or subsequent amplification.

The results from both runs with the 384PotSNP array

were highly comparable, indicating that the repro-

ducibility of the GoldenGate assay is high.

Mapping

The SNP markers in both the potato populations are

well distributed over the chromosomes, with minimal

clustering. In the parental map of RH linkage group

RH01 was divided into two subgroups most likely

because the number of markers was not high enough.

For some genes more than one SNP within the same

open reading frame was selected, for instance SNP38,

SNP39 (from ESTs identical to S. tuberosum clone

transcription factor APFI-like mRNA, TC1649610)

and SNP143, 144, 145 (from ESTs identical to S.

tuberosum StPDC mRNA for pyruvate decarboxylase,

TC167230). The SNP markers originating from a

single gene all mapped at the same positions. PotS-

NP156 is located in the coding region of the POT32

gene, and maps at the same position as the CAPS

marker POT32A developed for the same gene on

chromosome 8 by Werij et al. (2007). For some of the

SNP marker loci (genes), the chromosomal location

was already known either in potato or in the related

species tomato. For each of those markers, the

mapping positions agreed with the published mapping

positions of the genes. For example PotSNP002

mapped on chromosome 8 in our two populations,

and is nearly identical to tomato clone 132639F which

also maps on chromosome 8 of tomato. PotSNP009 on

chromosome 8 showed a high homology with tomato

BiP/grp78 gene, also located on tomato chromosome 8.

In the SH 9 RH population the positions of 186

markers were confirmed by placing them on the ultra

dense bin map (van Os et al. 2006). Most (98.4%) of

the polymorphic markers showed error scores below

0.1%. Hence, the Illumina GoldenGate assay is

capable of producing high number of error free

markers. These SNP markers can be used not only to

align CxE map with SH 9 RH but also as anchors in

the potato physical map (van Os et al. 2006).

Perspectives

Our bioinformatics pipeline produced over 7500

SNPs using the EST dataset that are amenable to be
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assayed on the GoldenGate genotyping platform.

Therefore, it is reasonable to expect that more than

7000 remaining SNPs will produce a similar per-

centage of true and technically scorable SNPs as

obtained from the current pilot of 384 SNPs, and are a

valuable source for SNP markers in potato popula-

tions and cultivars. The EST dataset that was used to

mine the SNPs contains sequences from four culti-

vars: Bintje, Kennebec, Shepody and Kuras. Bintje is

an ancient cultivar; Kennebec is a variety from the

USA with a pedigree that differs significantly from

Bintje. Shepody and Kennebec have pedigree that is

partly overlapping. Especially the parents of the

C 9 E population are only distantly related to these

cultivars, but still half of the SNP markers generated

by the pipeline are polymorphic in the population.

This illustrates the wide usability for mapping,

association, marker assisted breeding and biodiversity

studies of SNP marker assays such as offered by the

GoldenGate platform.

Conclusion

The combined use of Quality SNP and Illumina

GoldenGate assay in a pipeline has proven to be an

efficient tool for the construction of a genetic linkage

map. The pipeline produces a large number of co-

dominant, polymorphic loci rapidly with a good

distribution of markers over the chromosomes. The

SNP markers have been selected from EST sequences

which were annotated based on sequence similarity to

genes with a known function, or in an isolated case

based on gene function in potato. The SNP based

genetic map therefore allows a candidate gene-based

QTL mapping approach. This SNP array offers

markers in genes with a variety of putative functions,

including biotic and abiotic stress tolerance. Marker

assisted breeding with such SNP markers can accel-

erate the improvement of potato for important traits.
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