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Abstract The duplicated and the highly repetitive nature
of the maize genome has historically impeded the devel-
opment of true single nucleotide polymorphism (SNP)
markers in this crop. Recent advances in genome com-
plexity reduction methods coupled with sequencing-
by-synthesis technologies permit the implementation of
efficient genome-wide SNP discovery in maize. In this study,
we have applied Complexity Reduction of Polymorphic
Sequences technology (Keygene N.V., Wageningen, The
Netherlands) for the identification of informative SNPs
between two genetically distinct maize inbred lines of
North and South American origins. This approach resulted
in the discovery of 1,123 putative SNPs representing low
and single copy loci. In silico and experimental (Illumina
GoldenGate (GG) assay) validation of putative SNPs
resulted in mapping of 604 markers, out of which 188
SNPs represented 43 haplotype blocks distributed across all
ten chromosomes. We have determined and clearly stated a
specific combination of stringent criteria (>0.3 minor allele
frequency, >0.8 GenTrainScore and >0.5 Chi_test100
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score) necessary for the identification of highly polymor-
phic and genetically stable SNP markers. Due to these
criteria, we identified a subset of 120 high-quality SNP
markers to leverage in GG assay-based marker-assisted
selection projects. A total of 32 high-quality SNPs repre-
sented 21 haplotypes out of 43 identified in this study. The
information on the selection criteria of highly polymorphic
SNPs in a complex genome such as maize and the public
availability of these SNP assays will be of great value for
the maize molecular genetics and breeding community.

Introduction

Single nucleotide polymorphisms (SNPs) are the most
abundant forms of genetic variation among individuals
within species (Rafalski 2002). SNPs are considered to be
versatile tools for many genetic applications such as con-
struction of genetic maps, discovery of genes/quantitative
trait loci (QTL), assessment of genetic diversity, pedigree
verification, cultivar identification, association analysis and
marker-assisted breeding (Zhu et al. 2003). Furthermore,
the development of high- to ultrahigh-throughput geno-
typing methods makes SNPs highly attractive as genetic
markers in various commercially important crops such as
maize and soybean (Chagné et al. 2007).

Development of SNP markers usually consists of two
parts: SNP discovery and SNP assay development. SNP
discovery in crops is not an easy task because of genome
complexity and often the lack of a reference genome
sequence. Even in crops such as maize [Zea mays], where a
reference genome sequence is available, large-scale SNP
discovery efforts are still impeded by the highly repetitive
(Meyers et al. 2001) and duplicated (Gaut and Doebley
1997) nature of the genome. To avoid repetitive sequences,
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maize researchers have focused on the discovery of SNPs
within coding sequences by re-sequencing amplicons
derived from unigenes (Wright et al. 2005) or in silico
mining of SNPs within ESTs (Batley et al. 2003). The
advantage of these approaches is the detection of gene-
based SNPs. However, both approaches have some disad-
vantages: they are low throughput and are unable to detect
SNPs located in low-copy non-coding regions and inter-
genic spaces. Additionally, amplicon re-sequencing is an
expensive and labor intensive procedure (Ganal et al. 2009).

The recent emergence of sequencing-by-synthesis (SBS)
technologies such as 454 Life Sciences (Roche Applied
Science, Indianapolis, IN), Illumina Genome Analyzer/
Solexa (Illumina, San Diego, CA) and SOLiD (Life
Technologies Corporation, Carlsbad, CA) have elevated
expectations toward the rapid genome-wide identification
of a large number of SNPs at a much lower price tag
(Mardis 2007). However, efficient application of these
technologies for SNP discovery in a given crop depends on
the availability of a reference genome sequence (Ganal
et al. 2009) as well as the level of genome complexity. For
instance, in maize, the availability of a reference sequence
does not guarantee a painless SNP discovery using SBS
technologies. The complexity and existence of re-
arrangements in the maize genome complicate the assem-
bly of short-read SBS sequences and their alignment to the
reference genome (Morozova and Marra 2008). Thus, the
reduction of genome complexity becomes an important
prerequisite for the genome-wide discovery of true SNPs in
maize using SBS technologies. Several genome complexity
reduction techniques have been developed, including High
Cot selection (Yuan et al. 2003), methylation filtering
(Palmer et al. 2003; Emberton et al. 2005) and microarray-
based genomic selection (Okou et al. 2007). However, the
majority of these techniques mainly reduce the number of
repetitive sequences and are ineffective in the recognition
and elimination of paralogs and homoeologs, which cause
the detection of false-positive SNPs. Recently, computa-
tional SNP calling methods were developed that could
drastically reduce the number of false SNPs, resulting from
the alignment of duplicated sequences as well as from re-
sequencing errors (Barbazuk et al. 2007; Baird et al. 2008;
Gore et al. 2009a). Hence, the availability of reference
sequences, the application of genome complexity reduction
techniques and SBS technologies coupled with post-re-
sequencing computational treatment become important
prerequisites for genome-wide detection of true SNPs in
complex genomes.

Once true SNPs have been discovered, they can be used
for the development of marker assays. In plants, SNP
assays are being developed using various chemistries,
including TagMan (Livak et al. 1995), GoldenGate (GG)
(Hyten et al. 2008; Jones et al. 2009), Infinium (Illumina
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technical support, personal communication), iPLEX
(Wright et al. 2008), fluorescent polarization detection (FP-
TDI) (Chen et al. 1999) and Invader™ (Olivier 2005). The
choice of a chemistry strongly depends on the nature of the
research. For example, to validate a small subset of SNP
markers (<40) for a particular region of the genome, a
TagMan assay implemented using a flexible OpenArray
platform (TagMan OpenArray Genotyping system, Product
bulletin) or the Sequenom iPLEX would be an optimal
choice. The chemistries with the higher multiplexing
abilities such as GG and Infinium assays are suitable for
high-throughput genome-wide SNP development within a
short period of time. These chemistries allow multiplexing
of up to 1,536 [(GG assay) (Fan et al. 2003)] and 200,000
SNPs [(Infinium assay) (Illumina SNP genotyping 2006)],
respectively, in one reaction within a 3-day period. Using
the GG assay, academic labs (Hyten et al. 2008) and
industrial units (Jones et al. 2009) have been validating a
large number of SNPs to identify a core set of markers that
are highly polymorphic, demonstrate a stable performance
and maintain reliable allelic discrimination regardless of
genotyped sample size and germplasm.

In this study, we describe the development process of
over 1,000 maize SNP markers. These markers were dis-
covered by Complexity Reduction of Polymorphic
Sequences (CRoPS) technology (KeyGene N.V., Wagen-
ingen, The Netherlands) (van Orsouw et al. 2007). CRoPS
reduces genome complexity using AFLP technology fol-
lowed by re-sequencing of AFLP fragments with Genome
Sequencer (GS) 20/GS FLX SBS technology (454 Life
Sciences). We used Keygene’s proprietary automated SNP
mining tool to reduce the number of false-positive SNPs and
Illumina’s GoldenGate assay for the validation of infor-
mative SNPs. Finally, we provide information on stringent
criteria that were developed and applied for the selection of
highly polymorphic and genetically stable SNPs. These
SNPs were made public and recommended for application
in marker-assisted selection projects in maize.

Materials and methods
Genetic material

Genomic DNA samples were isolated from the root tips of
two genetically distant Dow AgroSciences (DAS)
proprietary maize inbred lines, ‘DAS-NSS-22° and
‘DAS-SS-25°, using the CTAB method (Stuart and Via
1993). Root tips were chosen for DNA extraction to
reduce the occurrence of chloroplast DNA. Three F,
mapping populations of ~300 individuals each, DAS-
NSS-22 x DAS-SS-25, DAS-NSS-24 x DAS-SS-12 and
DAS-MISC-5 x DAS-SS-30, hereafter referred to as
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Pop_1, Pop_2 and Pop_3, respectively, were used to map
developed SNP markers, named as DZm SNPs. DNA for
SNP genotyping was extracted from lyophilized leaf tissue
of all F, individuals using a Qiagen DNA extraction kit
(Qiagen, Hilden, Germany).

A panel of 86 genetically diverse public and proprietary
maize inbred lines was developed to calculate the minor
allele frequency (MAF) estimates. The inbred lines repre-
sent North and South American geographies, stiff, non-stiff
stalk and miscellaneous heterotic groups. Another panel
of ~6,000 DAS maize samples from various internal
marker-assisted breeding projects was developed to inspect
the stability of GG genotypic clusters in Illumina’s
GenomeStudio software (Illumina, San Diego, CA) in case
of a dramatic sample increase. DNA from inbred lines of
both panels was isolated from eight leaf punches per
sample using a Qiagen DNA extraction kit.

CRoPS analysis
Complexity reduction using the AFLP technology

Complexity reduction using AFLP was performed as
described by Vos et al. (1995). Briefly, AFLP templates
were generated using a Pstl/Msel enzyme combination.
Pre-amplification reactions were performed using one
selective nucleotide on each primer (A for the PstI primer
and C for the Msel primer). This material was used as the
input for the subsequent CRoPS library preparation (van
Orsouw et al. 2007).

Quality control of the CRoPS fragment library

Quality control of the CRoPS fragment library was per-
formed as suggested by van Orsouw et al. (2007). Briefly, a
sample of the fragments from the CRoPS library was
cloned and sequenced using the Sanger sequencing method
to quantify the chloroplast (cp) and mitochondrial (mt)
sequences. To assess the optimal amount of DNA to be
used in the emulsion PCR (em-PCR), a titration run was
performed (van Orsouw et al. 2007). Sequences obtained
from the titration run were checked for duplication with
cp- and mt-DNA sequences. To assess the level of repeti-
tiveness among the total sequences, an internal clustering
was performed.

GS FLX sequencing run, data preprocessing
and SNP mining

The CRoPS run was performed as described by van
Orsouw et al. (2007). SNPs were mined using Keygene’s
proprietary automated SNP mining tool. To minimize the
complication of downstream GG assay design, additional

quality criterion was applied to SNPs: 12 base-minimal
interval of flanking sequence that must be devoid of
additional SNPs. Additionally, SNPs in homopolymer
sequence stretches were discarded, as the error rate of base
calling is relatively large in those regions.

In silico and experimental validation of SNPs

In silico validation of SNPs included three steps. Step 1
covered the identification of sequences representing
mobilome of the maize genome using RepeatMasker software
(http://www.repeatmasker.org). Step 2 involved screening
for paralogous and homoeologous sequences. SNP-con-
taining sequences were BLASTed against maize high-
throughput genomic sequence database (dbhtgs) at NCBI.
If a sequence retrieved hits from two or more BAC clones
representing different chromosomes, it was declared ho-
moeologous. On the other hand, a sequence was declared a
paralogue if a query sequence hit only one BAC clone, but
had several copies within the same BAC. Single copy SNPs
were passed onto the final step of in silico validation,
i.e., assessment of assay designability using Illumina’s
preliminary Assay Design Tool (ADT) at http://www.
illumina.com. The assessment was conducted with Illu-
mina’s proprietary criteria where SNPs were assigned a
designability score of 1 (highly designable), 0.5 (moder-
ately designable) or zero (low designability). SNPs with
zero designability scores were discarded. The remaining
SNPs were sent to Illumina for the synthesis of 1536-plex
Oligo Pool All (OPA). Experimental validation and geno-
typing of SNPs were performed using [llumina’s BeadArray
Technology and GG assay (Illumina, San Diego CA) as per
the methodology described by Fan et al. (2003) and Hyten
et al. (2008). Polymorphic SNPs were subject to further
analysis using two parameters of GenomeStudio software,
the Gen_Train_Score (GTS) and Chi_test100 score
(CT100). A GTS parameter was used to determine SNPs
with well-separated and tight clusters exhibiting high-
intensity signals. GTS was used instead of a Cluster_
Separation parameter because the latter measures the
degree of separation between three genotype clusters in the
theta dimension only, without considering the texture of
the clusters (tight vs. diffused) or intensity of the calls. The
value of a GTS parameter ranges from zero to one, with
one being the highest score. If GenomeStudio detects three
well-separated tight clusters with the correct positions of a
normalized theta value and high intensity, the marker gains
a higher GTS. The correct positions of clusters regarding
the normalized theta value are: “zero” and “1” for
homozygous clusters and “0.5” for heterozygous clusters.
The value of MAF > 0.1 (Hyten et al. 2008) was set as an
initial default to select SNPs potentially useful in marker-
assisted breeding.
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Data analysis

Genotypic data generated from the project were analyzed
using [llumina’s GenomeStudio 3.0. JoinMap 4.0 (van
Ooijen and Voorrips 2001) was used to create genetic
linkage maps.

Linkage disequilibrium and haplotype block assessment

The linkage disequilibrium (LD) between every pair of
SNP markers used in the study was computed using the ID'|
measure as described in Devlin and Risch (1995). A hap-
lotype block was defined as three or more markers (Phillips
et al. 2003) for which all pairwise ID'l values exceeded 0.8.
If two or more blocks overlapped, the longest of the blocks
was chosen as the final haplotype block.

Results
CRoPS fragment library and CRoPS run

To assess the quality of the fragment library, 84 AFLP
fragments were cloned and sequenced. Sequence compar-
ison revealed that four AFLP fragments (4.8%) showed
significant homology to cp-DNA while ten fragments
(12%) showed significant sequence similarity to mt-DNA.
Though the percentage of mitochondrial sequences was
higher than expected, it was still acceptable and we pro-
ceeded with the CRoPS titration run step, which was nec-
essary to assess the optimal amount of DNA required in the
emulsion PCR (em-PCR). The sequences obtained from
this titration run (6,751 in total) were used as an additional
quality control and were also checked for mt- and cp-DNA.
Also, an internal clustering was performed to assess the
level of repetitiveness among these sequences. The per-
centage of mt-DNA reads was 13.7 and the percentage of
cp-DNA reads was 5.1. The biggest cluster contained 3.1%
of the total reads. Based on these results, we proceeded
with the final GS FLX sequencing run.

GS FLX sequencing run and data preprocessing

A total of 650,330 reads were obtained from the genome
sequencer. After the first filtering, the number of good
reads was 635,719, which included 274,244 DAS-NSS-22
sequences and 361,475 DAS-NSS-25 sequences. The
sequence reads were analyzed, restriction sites restored and
sequences assembled into contigs. One cluster that was
identified in this process contained 264,995 reads. This
cluster consisted mainly of repetitive sequences and was
discarded. This means that the SNP mining was actually
based on 370,724 (635,719-264,995) sequence reads. In
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total, 2,248 SNPs representing 1,034 loci were identified.
However, not all SNP sequences were suitable for GG
assay design because of linked polymorphisms within 1-12
nucleotides flanking the target SNP. All SNPs were scan-
ned for sequences that did not have any neighboring
polymorphisms within 12 nucleotides of a target SNP. As a
result, 1,123 SNPs representing 761 loci were selected for
further in silico validation.

In silico validation of SNPs

All 1,123 SNPs were scanned for homoeologous and
paralogous sequences. As much as 59 sequences (~5%)
were found to be either homoeologous or paralogous and
were removed from further genotyping. Twenty sequences
retrieved multiple hits in all ten chromosomes suggesting
their repetitive nature and were eliminated from further
study as well. The remaining SNPs (1,044) were single
copy and submitted to the Assay Design Tool (ADT) at
http://www.illumina.com (verification date: 9/17/2008).
About 8% (85) of the submitted sequences were discarded,
as their SNP scores were below 0.5. An SNP score repre-
sents the probability that a particular assay will be suc-
cessfully designed. For instance, 0.5 score suggests that an
assay is predicted to have 50% likelihood of success. For
the synthesis of a custom OPA, 959 SNPs with scores equal
to or more than 0.5 were selected. These 959 SNPs were
part of a 1536-plex OPA that contained 577 additional
SNPs, which were not part of this study. This OPA was
used to genotype 288 F, individuals of Pop_1 to generate a
genetic linkage map.

Redundancy checks and sequence annotation

To identify non-redundant SNPs for genetic mapping, in
silico validated SNPs were further checked for redundancy
with respect to existing SNPs in the public domain, namely
PanZea SNPs (http://www.panzea.org) and Maize Assem-
bled Genomic Island (MAGI) SNPs (Fu et al. 2005) by
sequence alignment. Only 2 out of 959 identified sequences
were identical with Panzea SNPs and none with MAGI
SNPs. Comparison of SNPs to dbEST at NCBI revealed
that 394 out of 959 (49%) were from coding regions/exons,
while the remaining 51% of SNPs either represented
introns or non-coding areas of the maize genome.

SNP validation and mapping using GoldenGate assay

GG genotyping yielded 660 (69%) polymorphic SNPs and
90 (9%) monomorphic SNPs, while the remaining 207
(22%) assays failed. Thus, the success rate of functional
GG assays (polymorphic and monomorphic SNPs) was
78%. Fifty-six polymorphic markers were further excluded
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'.I‘able. 1 Distribution of SNPs Chromosome Length of the Number of Density of DZm Number of
i maize genome chromosome (cM) mapped SNPs SNPs (SNP/cM) >20 cM gaps

1 132 105 1.26 1

2 148 81 1.82 0

3 90 64 1.42 0

4 92 63 1.46 0

5 134 67 2.00 0

6 95 33 2.88 0

7 116 50 2.32 0

8 135 49 3.86 0

9 103 35 2.94 1

10 109 57 1.91 0

Total 1,154 604

from mapping because of bad clustering patterns of geno-
types and distorted segregation ratios. As a result, 604
SNPs out of 959 were selected for mapping. These SNPs
represent 61,004 bp in maize genome. Hence, the overall
success rate of the GG assay was ~63%. The markers
were found to be evenly distributed across the ten linkage
groups of the maize genome in Pop_1 (Table 1). The
number of SNPs varies from chromosome to chromosome
and ranges from 33 (chr. 6) to 105 (chr. 1) SNPs per
linkage group. The average density of SNPs within chro-
mosome 1 was one SNP every 1.26 cM, the highest density
among all ten maize chromosomes. Chromosome 8 had the
lowest density of SNPs. In the genetic linkage map, gaps
over 20 cM were observed only in two chromosomes, 1
and 9, which had 21 and 22 cM gaps, respectively
(Table 1).

Identification of haplotype blocks represented
by SNP markers

Among 86 maize inbred lines analyzed with 604 SNP
markers, 43 haplotype blocks were identified. Distribution
of blocks among the chromosomes was uneven. Chromo-
some 1 was represented by 11 haplotype blocks, while one
haplotype block was identified in each of chromosomes 6
and 9 (Table 1S). Almost 31% of all mapped SNPs (188/
604) were involved in the formation of haplotype blocks.
The physical length of haplotypes ranged from 111 to
several million bases. Haplotype blocks represented by
SNPs from this study make up ~13% (313 of 2,500 Mb)
of the entire maize genome.

Potential usefulness of developed SNP markers in GG
assay-based marker-assisted selection projects

To determine the potential value of developed SNP
markers in GG assay-based marker-assisted selection

(MAS) projects, three major criteria were taken into con-
sideration: (1) the value of the MAF estimate, (2) behavior
of an SNP in a segregating population (CT100 parameter)
and (3) quality of genotypic clusters and their degree of
separation (GTS parameter).

Minor allele frequency estimates

The first criterion that was taken into consideration while
assessing markers for their usefulness in MAS projects was
the MAF estimate. The higher the MAF value, the more
powerful the discriminating ability of an SNP in germ-
plasm analysis and, consequently, the more useful the SNP
can be in MAS. To calculate the MAF estimate, a panel of
86 diverse maize inbred lines was designed and genotyped
with 604 SNPs. Figure 1 demonstrates the uniform MAF
distribution among the five classes. About 20% (122/604)
of all SNPs fell into the “0-0.1" class, which made them
(by default) not suitable for MAS. The availability of
markers with <0.1 MAF was expected, because SNPs
developed in this study originated from two genetically
different inbred lines, DAS-NSS-22 and DAS-SS-25. Pre-
sumably, when parents are too distinct, there is always a
risk of discovering a large portion of unique SNPs with
<0.1 MAF, which are polymorphic only in this particular
cross. To verify this, all SNPs were attempted to be map-
ped in two more mapping populations, namely Pop_2 and
Pop_3. The parents of these two populations were distantly
related to each other as well as parents of Pop_1, except the
line DAS-NSS-24 (Pop_2), which was genetically close to
DAS-NSS-25 (Pop_1) (data not shown).

Mapping efforts confirmed that the “0-0.1" class of
SNPs were polymorphic only between DAS-NSS-22 and
DAS-SS-25 and were mapped in Pop_1 only (Fig. 1). The
“0.11-0.2” class was also largely (60%) represented by
SNPs polymorphic only in the paternal cross (Pop_l).
Interestingly, SNPs that were mapped in all three
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Fig. 1 Minor allele frequencies of SNPs in 86 diverse maize inbred
lines. Pop_1 stands for the number of SNPs mapped in Pop_1 only,
Pop_1_2, Pop_1_3 and Pop_1_2_3 stand for the number of SNPs
mapped between Pop_1 and Pop_2, Pop_1 and Pop_3 and among all
three populations, respectively

populations first appear only in the “0.21-0.3” class. The
number of SNPs mapped in more than one population
accounts for 51% (55) in this class. The “0.31-0.4” and
“0.41-0.5” classes include 74% (97) and 92% (114) SNPs
shared between two or more populations. Based on these
results, a preliminary conclusion was made that SNPs with
>0.3 MAF estimates are highly polymorphic and subse-
quently could be useful in MAS.

GenTrainScore

The GTS of polymorphic SNPs ranged from 0.2642 (DZm-
2597774) to 0.9536 (DZm-2612320) (Fig. 2). The graph
indicates that a majority of SNPs (61%) fell into the “0.81-
0.9” class. In total, 534 SNPs with good and excellent
cluster separation patterns had >0.8 GTS. Those SNPs did
not need any manual editing of clusters. The remaining
SNPs with 0.2< GTS <0.7 were in need of manual editing
prior to genotype calling. Although SNPs with 0.2< GTS
<0.7 represent a valuable source of information, the texture
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of their genotypic clusters and the degree of their separa-
tion are not adequate for leveraging them in MAS projects.
As aresult, a GTS value of >0.8 was established as a cutoff
value in the selection of SNP markers for GG assay-based
MAS projects.

Chi_test100 score

Since GTS does not take into consideration the segregation
patterns of an SNP within a population, all selected SNPs
were scanned for CT100 parameter, which implements a
“goodness of fit” test. The goal was to discard markers
with segregation ratios, which strongly deviated from the
expected 1(AA): 2(AB): 1(BB) ratio eventhough they had
high GTS value. SNPs with <0.5 CT100 parameter dem-
onstrated certain degrees of deviation from the expected
ratio, while SNPs with <0.2 CT100 were impossible to
map. Thus, >0.5 CT100 value was determined to be used
as an additional criterion in choosing SNPs for GG assay-
based MAS projects.

Minor allele frequency and SNP assay stability

Since most of the marker-assisted breeding projects
involve genotyping a large number of samples, it was
important to investigate whether there was any correlation
between the value of an MAF estimate of a particular SNP
and the stability of SNP genotyping clusters in the GG
assay. A total of 436 SNPs with >0.1 MAF, >0.8 GTS and
>0.5 CT100, were selected from the study above and
examined for the stability and consistency of clustering
patterns in the GG assay in the case of a dramatic sample
increase. Using the GG assay, a ~ 6,000 sample panel was
genotyped with 426 SNPs. Genotype clustering patterns of
426 SNPs were compared on ~ 6,000 and 288 (Pop_1)
sample size projects. The initial assumption was that if a
SNP assay had >0.8 GTC value and demonstrated good
cluster separation in a population of 288 samples, it would
behave similarly in any sample size project. However,
such a consistency was not observed: 249 out of 426 SNP
assays failed to maintain clustering stability, which was
mainly manifested by shifts of heterozygous clusters
toward one of the homozygous clusters that made scoring
challenging and unreliable. The example of an unstable
SNP is shown in Fig. 3a. The remaining 177 SNPs pre-
served their excellent clustering abilities regardless of
sample number increase. An example of a stable SNP is
depicted in Fig. 3b.

It was observed that 76% [188(112 + 76/249)] of all
unstable SNPs had <0.3 MAF (Table 2). The ratio of sta-
ble/unstable SNPs is 0.29 and 0.43 in the “0.11-0.2” and
“0.21-0.3” MAF classes, respectively. However, starting
with the “0.31-0.4” MAF class, the number of stable SNPs

dramatically increases. The ratio of stable/unstable
increases too and is equal to 1.97 and 2.94 in the “0.31-
0.4” and “0.41 and 0.5” classes, respectively (Table 2).
This finding shows that there is a correlation between the
MAF estimate and the stability of the GG SNP assay:
the higher the value of MAF estimates, the more stable is
the GG assay.

In summary, stringent criteria were established for the
selection of highly polymorphic and stable GG SNPs
toward their use in marker-assisted selection projects.
Based on this study, 120 SNPs (67 + 53) (Table 2) with
>0.3 MAF, >0.8 GTC and >0.5 CT100 scores were
selected for utilization in GG assay-based MAS projects
(Table 25).

Discussion
SNP discovery in the complex maize genome

The duplicated and the highly repetitive nature of the
maize genome has historically been a major impediment
to the discovery of true SNPs. In the last 7 years, the
maize scientific community has been developing experi-
mental and in silico methods of targeted SNP discovery
mainly within the transcriptome (Edwards et al. 2008).
Undoubtedly, the transcriptome is a valuable source to
mine SNPs. However, in organisms with a duplicated
genome such as maize, the sources and methods of SNP
discovery have been significantly debilitated by the
presence of homoeologs and paralogs. Moreover, use of
expressed sequences as the only source of SNP discovery
deprives us of the repertoire of valid polymorphisms
within introns or intergenic spaces. Recent advances in
genome complexity reduction methods coupled with SBS
technologies allow for genome-wide SNP discovery tar-
geting both coding and non-coding single and low-copy
regions of a genome (van Orsouw et al. 2007; Baird et al.
2008; Gore et al. 2009a).

In this study, we have applied CRoPS technology for
genome-wide identification of polymorphic SNPs between
two genetically distinct maize inbred lines of North and
South American origins. Our efforts resulted in the dis-
covery of over 1,123 polymorphic SNPs with a high
probability of the absence of any other polymorphisms
within at least 12 nucleotides flanking the target SNP. The
number of discovered allelic variations in this study is
much lower compared to 126,683 identified by Gore et al.
(2009a) using the HMPR technique. Although the HMPR
technique and CRoPS use methylation-sensitive enzymes
to reduce genome complexity, the latter applies an AFLP
component as a second step of complexity reduction, which
drastically reduces the number of false variations. Our

@ Springer



584

Theor Appl Genet (2010) 121:577-588

Fig. 3 Examples of
performance of SNPs with >0.1

288 samples

~6000 samples

. a DZm-2634122 DZm-2634122
minor allele frequency based on
the genotyping of 288 (left
panel) and ~ 6,000 (right panel) 0.20 | .
samples. a DZm-2634122 is an X . x
example of an unstable SNP y e %
assay: with 288 samples it oco IR f’r:;..}ﬁ\.
N b , Sl
exhibits perfect cluster 1 41 ¥ ]‘ .o
separation (GTS = 0.9303), e \/ e ) .
while significantly worsens its E o NS . £
performance with increased = i =
number of samples (~ 6,000). ;
b DZm-2523099 SNP 020 . e
demonstrates stable
performance regardless of the
number of samples of genotype 5 .
80 140 62 B389 1957 410
o 0 IZCI 0. I40 Q.IEVD 0. ISD 1 1] 0.20 1] :ﬁ'.l G.IGC 0.;3-!:- ';
Norm Theta Norm Theta
GTS=0.9303 GTS=0.4707
b DZm-2523099 DZm-2523099
120
1
0.80 | § - e -‘._.\, - :
|
o G :
E osof } v
Zc: A% 1_&.-_'/
0.40
. 0.20
oz 87 3264
"5 141 61 £20:}
0 o2 o040 o0& 0% 1 [} 02 04 o o
Norm Theta Norm Theta
GTS=0.8940 GTS=0.8760

Table 2 Correlation between minor allele frequency estimate and

stability of GoldenGate SNP assay

Status of GG SNP assay Classes of minor allele frequencies

0.11-0.2 0.21-0.3 0.31-04 0.41-0.5

Stable (S) 33 33 67 53
Unstable (U) 112 76 34 18
S/U ratio 0.27 0.43 1.97 2.94

validation experiments showed that 63% of all discovered
SNPs were true representatives of the overall genome.
Thus, despite the relatively lower throughput of SNPs
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discovered by the AFLP component of CRoPS, the detec-
tion efficiency of valid variations is still high. The AFLP
component might increase the bias toward variations
detected by nucleotides at the end of the 41 selective
primer; therefore, one may consider this a limitation of the
technology. However, this bias can be eliminated by
varying the numbers of selective nucleotides. The number
of discovered SNPs could also be increased by using sev-
eral enzyme combinations. With these two aspects of
genome complexity reduction, namely choice of different
enzyme combinations and varying the number of selective
nucleotides, the method can be modified for any target
species, including polyploid organisms. The discrimination
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power of CRoPS has been achieved due to the two-step
complexity reduction component of the technology: gene
copies that have SNPs either in the restriction sites or
selective nucleotides have a small chance to end up in the
same pre-amplification reactions and will not be sequenced
simultaneously. In our experiments, CRoPS demonstrated
the superiority in eliminating repetitive and duplicated
sequences. We scanned all putative SNPs for the presence
of homoeologous, paralogous and repetitive sequences and
observed that only 7% of them were represented by high
copy sequences.

Conversion of discovered SNPs into GoldenGate assay

It has been previously reported that the conversion rate of
CRoPS-discovered SNPs to a successful assay such as
SNPWave (Keygene N.V., Wageningen, The Netherlands)
was over 75% (van Orsouw et al. 2007). However, the
experiment was based on a small subset of 30 loci. In our
experiments, GG assay was developed for nearly 1,000
SNPs representing ~ 700 loci. The GG assay is a highly
multiplexed chemistry and allows parallel genotyping of up
to 1,536 SNPs in one reaction (Fan et al. 2003). This fea-
ture of the GG assay is very attractive for a rapid validation
of a large number of SNP markers. However, the chemistry
also applies stringent requirements to the quality of SNP
sequences and is very sensitive to variations from repetitive
and duplicated regions. For example, availability of oligos
designed based on repetitive sequences in the OPA will
consume tremendous amount of enzymatic resources dur-
ing implementation of GG genotyping and might result in
complete failure of a whole experiment. Whereas, GG
assay designed from duplicated sequences will result in
amplification of both target and paralogous loci resulting in
distorted segregation ratios or severely compressed clus-
ters, where heterozygous clusters will not be easily dis-
tinguishable from one or both of the homozygous classes
(personal experience, data now shown). Consequently, the
use of the GG assay for the validation of SNPs discovered
in highly duplicated genomes might seem disadvantageous.
Fortunately, recent experiments in soybean (Hyten et al.
2008) and maize (Jones et al. 2009) demonstrated that the
GG assay can be successfully applied for SNP genotyping
in highly duplicated organisms. For instance, success rates
of GG assays in soybean and maize were reported to be
89% (Hyten et al. 2008) and 88-93% (Jones et al. 2009),
respectively. In barley, an organism with a lower number
of paralogous genes, the success rate of the GG assay
(90%) was similar to soybean and maize (Rostoks et al.
2006).

It must be mentioned that a majority of assayed SNPs
from the above-mentioned studies were discovered within
genes. Whether a robust GG assay can be developed from

non-coding intergenic sequences remained unknown.
Intergenic regions in maize are usually highly variable (Fu
and Dooner 2002), which complicates marker design due to
linked polymorphisms. Additionally, higher GC content is
also characteristic for those regions. The Illumina ADT is
very sensitive to both features (linked polymorphisms and
higher GC content) of non-genic regions, which can hinder
the assay design. In our study, the success rate of the
functional GG assay (polymorphic + monomorphic
assays) was about 78%. The relatively low conversion rate
compared to the one previously reported by Jones et al.
(2009) can be explained by the fact that a little over half of
the discovered sequences (59%) represent non-genic
regions. Our experiments have demonstrated that robust
SNP assays from intergenic regions can be successfully
developed. Although gene-based SNP markers are con-
sidered ideal markers, SNP markers from non-genic
regions can play an important role in filling the gaps in
genetic maps and serve as “bridges” connecting gene-rich
islands in the maize genome.

We were able to map 604 SNPs (63% of all GG-con-
verted markers), which were evenly distributed across all
ten maize chromosomes with the marker density of one
SNP per ~2 cM in a population of 288 F, individuals
(Table 1). Thus, one run of CRoPS per bi-parental cross
generated a very balanced collection of true SNPs from
both genic and non-genic components of the maize gen-
ome. Moreover, the number of true SNPs generated from
this method was sufficient to create a high-density genetic
linkage map, which could be used for the initial gene/QTL
mapping (Schon et al. 2003). Importantly, most of the
SNPs developed in this study appeared to be unique when
compared to existing public SNPs including Panzea and
MAGI SNPs. Both Panzea and MAGI SNPs were detected
by re-sequencing of coding sequences, including unigenes
(http://www.panzea.org) and transcriptome sequences
(Barbazuk et al. 2007), respectively.

We used 604 SNPs to score a diverse panel of 86
maize inbred lines to investigate LD in a genome-wide
fashion. It was previously reported that in maize, LD
decay distance was on average less than 2,000 bp
(Remington et al. 2001). Later studies suggested that in
commercial inbred lines, LD decay may span more than
100-500 Kb (Ching et al. 2002; Tian et al. 2009). The
recently developed first-generation haplotype map of
maize possesses evidence of much longer haplotypes
spanning several million bases (Gore et al. 2009b). In our
study, we identified 43 haplotype blocks conserved among
86 maize inbred lines. Interestingly, out of 43 haplotype
blocks, 6 decayed within the previously reported
2,000 bp. The remaining haplotype blocks extended over
65 Kb—40 Mb, which is in correspondence with the
above-mentioned reports.
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Development of criteria for selection of highly
polymorphic SNP markers for marker-assisted selection
projects

Several methods have been developed to determine the
level of polymorphism of a particular marker. These
include the effective number of alleles (Hedrick 2000),
expected heterozygosity value (Hedrick 2000) and poly-
morphism information content (Ott 2001). Although
those methods were mainly designed for population
genetics research (Aminafshar et al. 2008), their appli-
cability in molecular breeding have been demonstrated in
Zhu et al. (2003), Hyten et al. (2008) and Jones et al.
(2009). In this report, we calculated minor allele fre-
quencies to determine the level of polymorphism of each
SNP marker. We created a panel of 86 genetically
diverse proprietary maize inbred lines of different geo-
graphical origins and heterotic patterns. Using the GG
assay, these lines were genotyped and the MAF was
calculated for each SNP. Hyten et al. (2008) suggested
that SNPs with a >0.1 MAF could potentially be useful
in marker-assisted selection, QTL mapping and associa-
tion analysis. In our study, about 80% of the 604 map-
ped SNPs had a >0.1 MAF value (Fig. 1). To determine
the minimum threshold of the MAF value in which the
selection of highly polymorphic SNPs would begin, two
more F, populations (Pop_2 and Pop_3) were genotyped
using the same set of SNPs. The parents of Pop_2 and
Pop_3 were genetically distant from the parents of Pop_1
from which the SNPs were developed. We postulated
that highly polymorphic SNPs could be mapped in all
three mapping populations. The mapping efforts dem-
onstrated  that the first two MAF classes
(0 < MAF < 0.2) were heavily populated with SNPs
unique to Pop_1 (247/350). In contrast, SNPs mapped in
two or more populations have a >0.2 MAF value
(Fig. 1). Thus, SNPs with 0.1 < MAF < 0.2 do not
appear to be highly polymorphic. Consequently, they are
inadequate in their ability to discriminate diverse maize
germplasms and to be informative in molecular breeding
projects. Furthermore, we determined the correlation
between the MAF value and the stability of the GG SNP
assay regardless of the sample size of a project and
genetic distance between samples. We developed a new
panel of ~6,000 genetically diverse samples and GG-
genotyped them with a subset of 426 SNPs (MAF >0.2).
We compared the genotype clustering patterns of the 426
SNPs between both the 288 and ~ 6,000 sample size
projects. Surprisingly, a large portion of SNPs that
demonstrated excellent clustering in a smaller sample
size project did not show adequate clustering in the
larger sample size project. The majority of SNP assays
that demonstrated stable performance regardless of the
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project size had a >0.3 MAF (Table 2). Despite the
evident correlation between SNP assay stability and the
MATF value, this association is not absolute. About 28%
[52/182 (Table 2)] of all SNPs with a MAF >0.3 were
still unstable. Based on these findings, we conclude that
SNPs with >0.3 MAF are more informative and genet-
ically more stable than SNPs with 0.1 < MAF < 0.3.

The success of SNP marker application in a MAS
project using the GG assay depends not only on the level
of polymorphism of a particular marker, but also on the
clustering patterns of genotypes. Scoring a large number
of SNP genotypes becomes increasingly difficult if the
genotypic clusters of the SNPs are close to each other
(theta compression) or the heterozygous cluster is shifted
toward either of the homozygous clusters. To address
this, in addition to the MAF value, a GTS parameter of
[lumina’s GenomeStudio software was used to identify
SNPs with excellent clustering patterns. We experimen-
tally proved that SNPs with a GTS >0.8 had well-
defined clusters adequate to successfully conduct marker-
assisted selection. Finally, due to duplicated sequences,
certain SNPs with excellent clustering patterns demon-
strated distorted segregation ratios, which severely
affected our mapping efforts. To avoid an SNP assay,
which amplifies both target SNP and its paralog, we
employed a CT100 parameter of the GenomeStudio. We
established that SNPs with CT100 >0.5 segregated in
Mendelian fashion.

The novelty of our study is that we have determined and
clearly stated a specific combination of stringent criteria
(>0.3 MAF, >0.8 GTS and >0.5 CT100) necessary for the
identification of highly polymorphic and genetically stable
SNP markers. To the best of our knowledge, a combination
of these criteria has not been employed in the available
scientific literature. Due to these criteria, we identified a
subset of 120 highly polymorphic and genetically stable
SNP markers to leverage in GG assay-based marker-
assisted selection projects. More than 25% of these SNPs
represented 21 haplotypes out of 43 identified in this study.
The sequence information of 120 assays and sequences
from which they were developed have been made available
to the public (Table 2S). The information on the develop-
ment of SNPs from complexity reduced genomic DNA and
the criteria used for the identification of stable and highly
polymorphic SNPs in a complex genome such as maize
will be of great value for the molecular genetics and
breeding community.
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