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Abstract The development of single nucleotide

polymorphism (SNP) markers in maize offers the

opportunity to utilize DNA markers in many new areas

of population genetics, gene discovery, plant breeding

and germplasm identification. However, the steps from

sequencing and SNP discovery to SNP marker design

and validation are lengthy and expensive. Access to a

set of validated SNP markers is a significant advantage

to maize researchers who wish to apply SNPs in

scientific inquiry. We mined 1,088 loci sequenced

across 60 public inbreds that have been used in maize

breeding in North America and Europe. We then

selected 640 SNPs using generalized marker design

criteria that enable utilization with several SNP

chemistries. While SNPs were found on average every

43 bases in 1,088 maize gene sequences, SNPs that

were amenable to marker design were found on

average every 623 bases; representing only 7% of the

total SNPs discovered. We also describe the develop-

ment of a 768 marker multiplex assay for use on the

Illumina� BeadArrayTM platform. SNP markers were

mapped on the IBM2 intermated B73 9 Mo17 high

resolution genetic map using either the IBM2 segre-

gating population, or segregation in multiple parent-

progeny triplets. A high degree of colinearity

was found with the genetic nested association map.

For each SNP presented we give information on mapElectronic supplementary material The online version of
this article (doi:10.1007/s11032-009-9281-z) contains
supplementary material, which is available to authorized users.
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location, polymorphism rates in different heterotic

groups and performance on the Illumina� platform.

Keywords Maize � Single nucleotide

polymorphisms (SNP) � Illumina �
Expected heterozygosity � Genetic mapping

Introduction

Single nucleotide polymorphism (SNP) markers offer

the promise of higher map resolution, higher through-

put, lower cost and a lower error rate compared to

simple sequence repeat (SSR) markers, thereby

enabling new applications in molecular breeding.

(Gupta et al. 2001; Bhattramakki et al. 2002; Rafalski

2002; Batley et al. 2003; Vroh Bi et al. 2006; Jones

et al. 2007). Whereas standardization of SSR data

across laboratories can be challenging due to varia-

tion in allele sizing, with SNP markers, the nucleotide

itself is usually reported thereby enabling compari-

sons across laboratories, technologies and chemis-

tries. This feature will facilitate standardization of

germplasm identification on a world-wide basis.

SNP discovery and marker development are well

underway in maize (Zea mays L.). The most signif-

icant effort has been the NSF-funded project ‘Molec-

ular and Functional Diversity of the Maize Genome’

(Zhao et al. 2006; http://www.panzea.org/). In this

project, SNP discovery has been performed on over

3,000 genes, with genetic mapping data on over 1,100

SNP markers being collected on ‘Nested Association

Maps’ (NAM) maps using diverse maize inbred lines

(Zhao et al. 2006; Yu et al. 2008). Maize has a rel-

atively high frequency of SNPs (Tenaillon et al.

2001; Ching et al. 2002; Vroh Bi et al. 2006) offering

an abundance of sites for potential interrogation.

However, this feature can also hinder marker design

due to polymorphisms in the DNA sequence around

the targeted SNP. Further obstacles can occur during

SNP validation due to additional polymorphisms

present in germplasm that was not included in the

initial marker design stage. The success rate of

marker validation is greatly improved through having

access to deep, high quality sequence alignments

across a wide array of relevant germplasm, or else

through having information on SNPs that have pre-

viously been successfully validated on a wide array of

germplasm. Here we describe the criteria and process

that resulted in the selection of 640 SNPs discovered

in sequences from public inbreds that have been used

in maize breeding programs in the US and in Europe.

The deposited sequences deepen existing available

sequence and can aid in further SNP discovery and

successful design. We provide information on the

development of a SNP marker set with the Illumina�

BeadArrayTM platform that can be used for whole

genome fingerprinting across a range of maize

germplasm. Information is also provided on quality,

map location, and expected heterozygosity values to

assist researchers in developing additional SNP

marker sets.

Materials and methods

SNP discovery

High quality, non-redundant expressed sequence tags

(ESTs) were submitted to Myriad Genetics, Inc, Salt

Lake City for design of nested primer pairs (two

forward and two reverse) directed towards the 300–500

bases flanking the last exon and 30UTR. The 30UTR

region was sequenced because SNPs had previously

been found to be more frequent in this region (Ching

et al. 2002). The primers were used to amplify the DNA

of 24 diverse Pioneer-proprietary inbreds. Those that

gave good amplification were selected for further

amplification of additional inbreds of interest. Ampli-

fication products were sequenced, the sequences were

aligned and SNPs and indels were identified using

software tools proprietary to Myriad. The sequences,

SNPs and indels were then QCd by human inspection

of the alignments and reported using Pioneer-proprie-

tary software (Genomix, Hanafey et al. unpublished).

For this study, 1,088 sequence loci were selected that

had high quality sequence and showed a match by

BLASTN (Altschul et al. 1997) at an initial expected

value cutoff of e-10 and 100 nt overlap to the public

unigene sequences (Cone et al. 2002; Gardiner et al.

2004) contained within the Panzea database

(http://www.panzea.org). Sequences were examined

for 60 public inbreds that have been used in maize

breeding in North America and Europe, consisting of

12 Flint, 22 non-stiff stalk, 19 stiff stalk, 3 tropical and

4 miscellaneous inbreds that together encompass

diverse origins (Table 1). Based on consensus

sequences for the 1,088 loci, SNP and indel frequencies
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Table 1 Maize inbreds sequenced and used for marker design, and used for Illumina marker validation

Maize inbred Material type Heterotic grouping Sequenceda Illumina validationb

38-11 Public Stiff stalk Y

A165 Public Non-stiff stalk Y

A188 Public Miscellaneous Y

A509 Public Non-stiff stalk Y Y

A556 Public Non-stiff stalk Y

A619 Public Non-stiff stalk Y

A632 Public Stiff stalk Y

B Public Non-stiff stalk Y

B14 Public Stiff stalk Y

B37 Public Stiff stalk Y Y

B42 Public Non-stiff stalk Y

B64 Public Stiff stalk Y

B73 Public Stiff stalk Y Y

B84 Public Stiff stalk Y

B89 Public Stiff stalk Y

B94 Public Stiff stalk Y

C103 Public Non-stiff stalk Y

C106 Public Flint Y

CI66 Public Miscellaneous Y

CM49 Public Flint Y

CM7 Public Flint Y

CML197 Public Tropical Y

CML312 Public Tropical Y

CO109 Public Flint Y

D02 Public Flint Y

D146 Public Flint Y Y

F2 Public Flint Y

F252 Public Miscellaneous Y

F257 Public Flint Y

F283 Public Flint Y

F7 Public Flint Y Y

GT119 Public Non-stiff stalk Y

H84 Public Stiff stalk Y

H99 Public Non-stiff stalk Y

HATO4 Public Flint Y Y

HY Public Stiff stalk Y Y

I205 Public Non-stiff stalk Y

Indiana H60 Public Non-stiff stalk Y

K187-11217 Public Stiff stalk Y

K55 Public Miscellaneous Y

L1546 Public Non-stiff stalk Y

L317 Public Non-stiff stalk Y

Minn49 Public Non-stiff stalk Y

MO13 Public Miscellaneous Y
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Table 1 continued

Maize inbred Material type Heterotic grouping Sequenceda Illumina validationb

MO17 Public Non-stiff stalk Y Y

MP305 Public Tropical Y Y

N28 Public Stiff stalk Y Y

OH07 Public Non-stiff stalk Y

OH40B Public Non-stiff stalk Y

OH43 Public Non-stiff stalk Y Y

OH45 Public Non-stiff stalk Y

OS420 Public Stiff stalk Y Y

OS426 Public Stiff stalk Y Y

PA91 Public Non-stiff stalk Y

PH05F Pioneer Stiff stalk Y

PH07D Pioneer Stiff stalk Y

PH09B Pioneer Stiff stalk Y

PH0AV Pioneer Non-stiff stalk Y

PH0PD Pioneer Tropical Y

PH1073 Pioneer Non-stiff stalk Y

PH11DT Pioneer Tropical Y

PH11DV Pioneer Tropical Y

PH12A Pioneer Tropical Y

PH161 Pioneer Non-stiff stalk Y

PH165 Pioneer Non-stiff stalk Y

PH17J Pioneer Flint Y

PH1B5 Pioneer Non-stiff stalk Y

PH1CN Pioneer Non-stiff stalk Y

PH1W2 Pioneer Stiff stalk Y

PH24E Pioneer Non-stiff stalk Y

PH26N Pioneer Tropical Y

PH290 Pioneer Non-stiff stalk Y

PH2N0 Pioneer Non-stiff stalk Y

PH350 Pioneer Stiff stalk Y

PH475 Pioneer Non-stiff stalk Y

PH508 Pioneer Non-stiff stalk Y

PH5FW Pioneer Flint Y

PH605 Pioneer Stiff stalk Y

PH630 Pioneer Non-stiff stalk Y

PH661 Pioneer Non-stiff stalk Y

PH680 Pioneer Tropical Y

PH695 Pioneer Non-stiff stalk Y

PH707 Pioneer Stiff stalk Y

PH84D Pioneer Non-stiff stalk Y

PH8CW Pioneer Non-stiff stalk Y

PH953 Pioneer Stiff stalk Y

PH9HP Pioneer Tropical Y

PHB72 Pioneer Tropical Y
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Table 1 continued

Maize inbred Material type Heterotic grouping Sequenceda Illumina validationb

PHB89 Pioneer Non-stiff stalk Y

PHBD5 Pioneer Non-stiff stalk Y

PHBR2 Pioneer Stiff stalk Y

PHG29 Pioneer Non-stiff stalk Y

PHG49 Pioneer Flint Y

PHG63 Pioneer Tropical Y

PHHB4 Pioneer Stiff stalk Y

PHHB9 Pioneer Stiff stalk Y

PHJ40 Pioneer Stiff stalk Y

PHJ89 Pioneer Non-stiff stalk Y

PHJ90 Pioneer Non-stiff stalk Y

PHJRT Pioneer Tropical Y

PHJRV Pioneer Tropical Y

PHK46 Pioneer Non-stiff stalk Y

PHK76 Pioneer Non-stiff stalk Y

PHKV1 Pioneer Stiff stalk Y

PHM10 Pioneer Non-stiff stalk Y

PHM26 Pioneer Tropical Y

PHM2K Pioneer Tropical Y

PHM49 Pioneer Non-stiff stalk Y

PHMK0 Pioneer Stiff stalk Y

PHN37 Pioneer Non-stiff stalk Y

PHN46 Pioneer Non-stiff stalk Y

PHN49 Pioneer Tropical Y

PHNV8 Pioneer Flint Y

PHP38 Pioneer Stiff stalk Y

PHP51 Pioneer Tropical Y

PHPDH Pioneer Tropical Y

PHPDJ Pioneer Tropical Y

PHPDK Pioneer Tropical Y

PHR03 Pioneer Non-stiff stalk Y

PHR25 Pioneer Non-stiff stalk Y

PHR47 Pioneer Stiff stalk Y

PHSKB Pioneer Tropical Y

PHT18 Pioneer Tropical Y

PHV78 Pioneer Non-stiff stalk Y

PHV87 Pioneer Flint Y

PHW52 Pioneer Stiff stalk Y

PHWVV Pioneer Tropical Y

PHZ51 Pioneer Non-stiff stalk Y

R159 Public Stiff stalk Y

SC213R Public Non-stiff stalk Y

SD105 Public Stiff stalk Y

SRS303 Public Non-stiff stalk Y Y
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were estimated. For the SNP loci only, measures of

nucleotide diversity were assessed using hd per

nucleotide (Watterson 1975) and PD per nucleotide

(Tajima 1983) in Arlequin (Version 3.1; Excoffier et al.

2005).

SNP loci were further selected for marker devel-

opment using broad marker design criteria to allow

utilization with several SNP chemistries. These

criteria were: availability of DNA sequence 100 bp

upstream and downstream from the SNP site, 25 bp

around the target SNP with no polymorphism and a

consensus sequence GC content of 40–60%. This

resulted in 640 SNPs in 540 sequences being

selected. Individual and consensus sequence data

representing the 60 public inbreds are available at

http://www.panzea.org and are identified by a PHM

(‘Pioneer Hi-Bred Marker’) prefix. The PHM SNP

loci are also described in supplementary Table 1.

SNP validation on the Illumina GoldenGate

platform

First round of validation (Illumina_1)

The 640 PHM SNP loci, plus an additional 895 ‘PZA’

SNP loci identified from sequencing a diverse range

of maize and teosinte [Zea mexicana (Scrad.)

Kuntze] inbreds (Wright et al. 2005; available from

http://www.panzea.org) were submitted to Illumina,

Inc., San Diego, California for assessment of marker

designability using proprietary criteria. While the

PHM markers were all pre-selected to be amenable to

design with several marker chemistries (see previous

section), the PZA markers were not pre-selected based

on any design criteria before being submitted to

Illumina. Markers were assigned a designability score

by Illumina based on proprietary criteria; 1 (highly

designable), 0.5 (moderately designable) or 0 (low

designability). Seven hundred and sixty eight SNPs

(listed under column ‘Illumina_1’ in supplementary

Table 1) were selected that were greater than 50

nucleotides apart when in the same sequence (as rec-

ommended by Illumina design criteria) and that pref-

erentially had a designability score of 1. Markers were

validated using the Illumina GoldenGate genotyping

assay with BeadArrayTM technology using 91 public

and Pioneer-proprietary flint, stiff-stalk, non-stiff stalk

and tropical maize inbreds (Table 1). Marker success

was assessed in terms of allele call frequency (the

frequency of alleles successfully called out of the 480

maize inbreds assayed) and by comparison to sequence

data for public genotypes B73 and Mo17.

Second round of validation (Illumina_2)

Markers with[70% data and polymorphic in at least

one class of public or proprietary stiff stalk, non-stiff

stalk, flint or tropical germplasm were selected for the

second Illumina multiplex assay design. Those

excluded were replaced by PHM markers with high

designability (designability of 1), or PZA markers

that had previously been validated in Illumina assays

in the laboratory of one of the authors (M. McMullen)

and were found to be polymorphic across a range of

temperate and tropical lines. The second 768 multi-

plex assay (listed in supplementary Table 1 under the

column ‘Illumina_2) was tested with newly extracted

DNA from the 91 public and proprietary inbreds

(Table 1).

This multiplex assay was also used to profile

proprietary and public maize samples in four

subsequent projects. Information on the percent allele

calls found for each project and an overall average is

provided in supplementary Table 1.

Table 1 continued

Maize inbred Material type Heterotic grouping Sequenceda Illumina validationb

TR9-1-1-6 Public Non-stiff stalk Y

TX601 Public Miscellaneous Y

V3 Public Flint Y

W153R Public Stiff stalk Y

WF9 Public Stiff stalk Y

a Maize inbreds sequenced and used for SNP discovery
b Maize inbreds used for Illumina� BeadArrayTM SNP marker validation
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Evaluation of expected heterozygosities

For the 640 PHM SNPs, expected heterozygosity

values [calculated as: H = 1 - R(pi
2), where pi is the

frequency of the ith allele] were calculated using

sequence data for the 60 public inbreds (Table 1). For

the markers included in the Illumina validation

assays, expected heterozygosity values were also

calculated for the 91 public and Pioneer-proprietary

inbreds included in the Illumina validation study

(Table 1). Expected heterozygosity values were cal-

culated across all inbreds and also by heterotic group

(individual marker values in supplementary Table 1;

average values in Table 5).

Number of alleles and expected heteorzygosity

values were also calculated for each sequence

haplotype based on patterns of SNPs within each

sequence. All SNPs called by Myriad Genetics were

included in assigning the haplotype allele and not just

those SNPs that met the generalized design criteria.

Genetic mapping

Two different methods were used to estimate coor-

dinates for PHM and PZA markers on the IBM2

intermated B73 9 Mo17 high resolution genetic map

(Lee et al. 2002; http://www.maizegdb.org/). In the

first method, PHM and PZA markers were used to

genotype 284 lines of the public IBM2 population. A

two-point linkage analysis was performed for each

PHM and PZA marker and approximately 2,000

public SSR markers that appear on the IBM2 map to

estimate IBM2 locations.

A second method was used for PHM and PZA

markers that were monomorphic in the IBM2 popu-

lation, or for markers which failed to give satisfactory

segregation data in this population. Recombination

data obtained from genotyping 439 Pioneer inbred

lines that could be grouped according to parent-

progeny relatedness were used to place markers on a

proprietary Pioneer map that also contains approxi-

mately 2,000 public IBM2 markers. PHM and PZA

SNP marker locations on the IBM2 map were

inferred by co-location with public markers common

to the IBM2 and Pioneer proprietary maps.

SNPs residing in the same PHM or PZA sequence

as another SNP mapped using one of the above

methods were assigned the same map location. PHM

SNPs were also aligned with a GenBank accession

sequence using BLASTN (Altschul et al. 1997) at an

initial expected value cutoff of e-10 and 100 nt

overlap. This information was used to align PHM

with PZA SNPs through their common GenBank

accession sequence. SNPs residing in the same

GenBank accession sequence as a SNP mapped using

one of the above genetic methods were tentatively

assigned the same map location.

Map locations were compared to the NAM (nested

association maps) map (NAM_map_20080419.xls)

published at the Panzea website (http://www.panzea.

org/lit/data_sets.html#NAM_map; Yu et al. 2008).

Results

SNP discovery

From the 1,088 genic sequences (consisting of

398,425 bases) targeted for marker design, a total

of 2,140 insertions/deletions (indels) and 9,194 SNPs

were found using Myriad Genetics criteria (Table 2).

This represents, on average, 1 indel every 186 bases

and 1 SNP every 43 bases. Average h per nucleotide

was 0.0033 and P was 0.0036.

Our primary goal was to select a set of SNP loci

that would be amenable to design using a number of

Table 2 SNP discovery in public inbred sequences

Average

per sequence

Minimum

per sequence

Maximum

per sequence

Total for 1,088

sequences selected

Sequence length (bases) 369 160 940 398,425

Indels (insertions/deletions) 2.0 0 24 2,140 (1 per 186 bp)

SNPs 8.5 0 40 9,194 (1 per 43 bp)

SNPs meeting broad marker design criteriaa 1.2 1 4 640 (1 per 623 bp)

a 100 flanking bases upstream and downstream from the SNP site, 25 bp around the target SNP with no polymorphism and a GC

content of 40–60% using consensus sequence
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different platforms. For this reason, the initial criteria

for SNP selection were fairly conservative. These

criteria resulted in 640 usable SNPs from 540

sequences (Table 2). This is on average 1 SNP every

623 bases, or 7% of the total SNPs discovered.

SNP validation on the Illumina platform

Illumina_1

The 640 PHM SNPs and 895 PZA SNPs were

submitted to Illumina for assessment of designability

according to their proprietary criteria. 1,119 (71.7%)

SNPs were assessed as being highly designable

(Table 3). These represented 89.5% of the PHM loci

and 60.6% of the PZA loci. The 30% higher value for

the PHM SNPs reflected the pre-selection for

generalized marker designability for these markers

prior to submission to Illumina.

A set of 768 SNP loci consisting of 484 PHM loci

and 292 PZA loci was selected for validation. The

majority of SNP markers produced high quality data;

93.2% markers generated allele scores on [70%

inbreds and with alleles that agreed with sequence

scores (Table 3). The frequency of allele calls is

presented for each marker in supplementary Table 1.

Illumina_2

Following the second round of validation, 88.8% of

the markers gave expected allele calls for [70% of

the samples (Table 4). This represented a lower

success rate than for Illumina_1, despite 90% of the

SNPs having been previously validated. The lower

success rate was possibly due to the inbred DNA

being re-extracted for this experiment and potentially

being of a lower quality. In addition, markers were

re-synthesized for this experiment, so that the two

validation experiments are largely independent and

cannot be directly compared. The merit of prior SNP

validation could be assessed by comparing the

previously validated PHM SNPs with the non-

validated PHM SNPs in Illumina_2. For the previ-

ously successfully validated markers, 10.5% gave

poor quality data in Illumina_2 (Table 4). According

to Illumina, a 10% failure rate for previously

successfully validated SNPs is expected for the

Illumina GoldenGate system due to failure during

oligonucleotide synthesis and bead array manufac-

ture. New PHM markers that had not previously been

tested in an Illumina experiment had double this

failure rate at 20.9% (Table 4).

Expected heterozygosity

The set of 640 PHM SNPs collectively had an average

expected heterozygosity value of 0.33 across the 60

public genotypes (Table 5). In order to minimize

ascertainment bias, Illumina validation markers were

not selected based on high polymorphism levels and so

had similar average expected heterozygosity values

averaging 0.37 (Table 5). Expected heterozygosity

Table 3 PHM and PZA

loci submitted for

assessment of marker

designability

PHM PZA Total

Total submitted for electronic design 640 895 1,560

Designability 1 (high level of designability) 573 (89.5%) 542 (60.6%) 1,119 (71.7%)

Designability 0.5 (moderate designability) 54 (8.4%) 135 (15.1%) 191 (12.2%)

Designability 0 (low designability) 13 (2.0%) 218 (24.4%) 232 (14.9%)

Table 4 Marker success rate in the first and second rounds of Illumina validation

Marker success rate ([70% alleles called, allele calls agree with sequence data)

PHM PZA All markers

Illumina_1 92.2% (439/476) 94.8% (277/292) 93.2% (716/768)

Illumina_2 88.3% (391/443) 89.5% (291/325) 88.8% (682/768)

SNPs tested in Illumina_1 89.5% (358/400) 91.4% (192/210) 90.2% (550/610)

SNPs not tested in Illumina_1 79.1% (34/43) 87.8% (101/115)a 85.4% (135/158)

a These PZA SNPs had previously been successfully validated on the Illumina platform in the lab of M. McMullen

172 Mol Breeding (2009) 24:165–176

123



values are presented for each individual SNP within

each heterotic group in supplementary Table 1. As an

illustration of the effects of ascertainment bias,

expected heterozygosities within pairs of heterotic

groups were plotted for each marker and very little

correlation was found (e.g. Fig. 1).

The average expected heteorzygosity for sequence

haplotypes was twice as large as for SNPs (Table 5).

SNP mapping

The majority of PHM SNPs could be placed on the

public IBM2 map by one of the two methods

described in the Materials and Methods. Only 31

(4.8%) of the 640 PHM SNPs were not mapped.

The Illumina multiplex had a larger number of

unmapped loci (23%) mainly due to the incorpora-

tion of PZA markers for which we had no

information in Pioneer inbred populations and so

were unable to map using this method. However, 34

of the unmapped PZA markers in the multiplex have

map locations on the preliminary NAM map (see

supplementary Table 1).

Map locations for a small proportion of the SNP

loci were assigned through being in the same

GenBank accession sequence as another SNP mapped

using genetic mapping methods. To determine the

validity of this approach, PZAs and PHMs assigned to

the same GenBank accession sequence and that had

been independently mapped with genetic mapping

methods were examined. Thirteen GenBank accession

sequences were found that were associated with more

than 1 SNP mapped using genetic methods. Of these,

8 pairs of SNPs had the same map location, 2 had map

locations less than 5 cM apart, but 3 had map

locations on different chromosomes.

Table 5 Number of alleles and expected heterozygosity across different sets of inbreds for 540 PHM sequence haplotypes, the 640

PHM SNPs selected as candidates for marker design, and all markers (PHM and PZA) in the final Illumina multiplex assay

Sequence or marker set Average number

of alleles (min–max)

Expected heterozygosity (min–max)

Public inbred seta Public and Pioneer inbredsb

540 PHM sequences 5.9 (2–15) 0.61 (0.03–0.88) No data

640 PHM SNPs 2 0.33 (0.03–0.5) No data

443 PHM SNPs in Illumina_2 2 0.37 (0.04–0.5) 0.34 (0–0.50)

All functional SNPs in Illumina_2

(PHM and PZA)

2 No data 0.35 (0–0.50)

a The 60 public inbreds used for sequencing and SNP discovery (Table 1)
b The 91 public and pioneer-proprietary inbreds used for SNP validation on the Illumina platform (Table 1)
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A total of 282 markers were common to the IBM2

and NAM maps. Map distances per se could not be

directly compared as the IBM2 map represents

multiple meioses whereas the NAM map represents

a single meiosis. However, when markers common to

the two maps were aligned, a high degree of

colinearity was found. There were 32 differences in

map order, with 30 being within 2.2 cM on the NAM

map and one within 8 cM. There was only one

marker with a different chromosome assignment;

PZA00708.3 mapped to chromosome 9 on the NAM

map and chromosome 1 by association with another

SNP in the same GenBank accession sequence on the

IBM2 population, indicating that marker locations

assigned via physical analysis may not agree with

those assigned using genetic mapping.

The 591 markers in the Illumina multiplex assay

that had IBM2 map locations covered 88%

(6,651 cM) of the IBM2 2005 Neighbors map with

an average marker spacing of 8.75 cM (range

0–105.9 cM).

Discussion

We present here 640 PHM SNPs that have been

selected to be usable with a number of SNP

chemistries and that can be utilized in genetic studies

and breeding applications. We also provide informa-

tion on the development of a 768 multiplex assay on

the Illumina platform and provide data for each

marker concerning polymorphism and success rate.

The pre-selection of SNP markers for general

designability that we have undertaken will increase

the likelihood of these SNPs being successfully

validated on any platform. We found that such pre-

selection for the PHM loci gave a 30% increase in

highly designable markers over the PZA markers that

had not been pre-selected using these criteria. We

also found that prior information on success rate on

the Illumina platform reduced failure rate from 20 to

10%. Many of these SNPs have also previously been

tested on the Invader (Third Wave Technologies,

Madison, WI, USA) and MassARRAY (Sequenom,

San Diego, CA, USA) platforms and their success

documented (Jones et al. 2007).

There was very little correlation between expected

heterozygosity values determined in the different

heterotic groups, substantiating previous observations

that ascertainment bias can be introduced when

selecting SNPs in a particular germplasm set (Clark

et al. 2005; Rafalski and Tingey 2008). Here, we

attempted to reduce ascertainment bias through devel-

oping SNP markers using germplasm collectively

encompassing relatively broad pedigree origins. The

majority of the PZA SNPs were developed through the

use of a diverse set of 14 maize and 16 teosinte inbreds

(Wright et al. 2005) that are expected to result in

limited ascertainment bias in maize germplasm. The

PHM SNPs were developed from a set of 60 public

maize inbreds that have been used in maize breeding

in North America and Europe, and include relatively

broad pedigree origins encompassing non-stiff stalk,

stiff stalk, flint and tropical lines. While these inbreds

may not be appropriate for very broad (genus wide)

assessments of maize diversity, they are considered

appropriate for the analysis of diversity in US and

European commercial germplasm. Expected hetero-

zygosity values within each heterotic grouping are

provided so that, if needed, researchers can select the

most informative markers for specific studies.

The average frequency of polymorphisms detected

here, where sequencing covered both the coding

region and a portion of the 30 untranslated region,

was one SNP every 43 bases and one indel every 186

bases. This frequency is in the range of values found

by others (Tenaillon et al. 2001; Bhattramakki et al.

2002; Ching et al. 2002; Batley et al. 2003; Vroh Bi

et al. 2006) with variations being correlated according

to whether sequencing focused on the 30 untranslated

region or the less polymorphic coding region. Average

nucleotide diversity (h) was 0.0033, which is lower

than has previously been observed in maize. Tenaillon

et al. (2001) examined 21 loci in 9 US inbreds and

found h values ranging from 0.0028 to 0.036. Our

lower values could be due to the inclusion of a handful

of diverse tropical inbreds resulting in some low

frequency alleles and subsequently lower nucleotide

diversity. Nonetheless, the values we found still

represent at least a 4-fold increase over the diversity

levels found in humans (Zwick et al. 2000).

The number of SNPs for which an assay could be

developed using the generalized design criteria we

employed was only 7% of the total number of SNPs

discovered, reflecting the high frequency of SNPs in

maize that can interfere with marker design. Under-

lying sequence haplotypes were found to have

expected heterozygosity levels twice as high as
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SNPs. This higher polymorphism level is on par with

multi-allelic markers such as SSRs and RFLPs

(Ching et al. 2002; Bhattramakki et al. 2002; Jones

et al. 2007). However it should be noted that the SNP

haplotypes described here are based on all of the

SNPs in a particular sequence, while the number of

haplotypes based on SNPs that could be readily

interrogated would be considerably less. The full

discrimination power of SNP haplotypes may only be

realized through the development of SNP haplotype

tags that can both meet design criteria and represent

the haplotype (Ching et al. 2002), or else through

utilizing technologies that allow all of the SNPs in a

sequence to be assayed, such as mini-sequencing

technologies (eg Pettersson et al. 2003).

Two genetic mapping methods were used; mapping

in the IBM2 intermated B73 9 Mo17 population and

mapping using parent-progeny triplets of Pioneer

proprietary inbreds. Some SNPs were also mapped

according to their association with an individual

accession number, but this method was not consis-

tently reliable; 3/13 SNPs that were assigned to the

same accession sequence by BLASTN analysis but

that were also independently mapped with genetic

methods had locations on different chromosomes.

Such inconsistency is most likely due to amplification

of unlinked paralogous sequences. In a study by

Emrich et al. (2007), one third of the 14 sequences

underlying ‘Near identical paralogs’ (NIPs) were

found to be genetically unlinked.

IBM2 map locations determined here showed a

high degree of colinearity with the public NAM

maps. Out of 282 markers common to the IBM2 and

NAM maps, 88.6% (250/282) were collinear, 10.6%

(30/282) mapped within 2 cm and 1 marker mapped

within 8 cm on the NAM map.

Of the markers incorporated into the Illumina 768

multiplex assay, 591 have map locations on the IBM2

map covering 88% of the genome. These represent a

substantial number of SNP markers that can be used

for many applications, including for variety identifi-

cation of North American and European germplasm.
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