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Abstract We report on the comparative utilities of simple

sequence repeat (SSR) and single nucleotide polymorphism

(SNP) markers for characterizing maize germplasm in

terms of their informativeness, levels of missing data,

repeatability and the ability to detect expected alleles in

hybrids and DNA pools. Two different SNP chemistries

were compared; single-base extension detected by Seque-

nom MassARRAY�, and invasive cleavage detected by

Invader� chemistry with PCR. A total of 58 maize inbreds

and four hybrids were genotyped with 80 SSR markers, 69

Invader SNP markers and 118 MassARRAY SNP markers,

with 64 SNP loci being common to the two SNP marker

chemistries. Average expected heterozygosity values were

0.62 for SSRs, 0.43 for SNPs (pre-selected for their high

level of polymorphism) and 0.63 for the underlying se-

quence haplotypes. All individual SNP markers within the

same set of sequences had an average expected heterozy-

gosity value of 0.26. SNP marker data had more than a

fourfold lower level of missing data (2.1–3.1%) compared

with SSRs (13.8%). Data repeatability was higher for SNPs

(98.1% for MassARRAY SNPs and 99.3% for Invader) than

for SSRs (91.7%). Parental alleles were observed in hybrid

genotypes in 97.0% of the cases for MassARRAY SNPs,

95.5% for Invader SNPs and 81.9% for SSRs. In pooled

samples with mixtures of alleles, SSRs, MassARRAY SNPs

and Invader SNPs were equally capable of detecting alleles

at mid to high frequencies. However, at low frequencies,

alleles were least likely to be detected using Invader SNP

markers, and this technology had the highest level of

missing data. Collectively, these results showed that SNP

technologies can provide increased marker data quality and

quantity compared with SSRs. The relative loss in poly-

morphism compared with SSRs can be compensated by

increasing SNP numbers and by using SNP haplotypes.

Determining the most appropriate SNP chemistry will be

dependent upon matching the technical features of the

method within the context of application, particularly in

consideration of whether genotypic samples will be pooled

or assayed individually.

Introduction

Recent advances in marker technologies have enabled

high-throughput, low cost markers to routinely be used to

characterize germplasm and to select for favorable alleles

in plant breeding programs. The ideal marker system is

highly polymorphic, codominant, accurate, reproducible,

high-throughput and low cost (both in terms of capital

investment and cost per assay). Simple sequence repeats

(SSRs) are currently the marker of choice for most crops.

However, operationally, there have been problems in their

use caused by; challenges in accurately sizing SSR alleles

due to PCR and electrophoresis artifacts (Hatcher et al.

1993; Jones et al. 1997; Bovo et al. 1998; Fernando et al.

2001; Heckenberger et al. 2002; Davison and Chilba 2003);

PCR competition effects that can cause unequal allele
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amplification, resulting in the inability to observe hetero-

zygotes or multiple alleles within a pool; null alleles aris-

ing from mutations in the primer region flanking the SSR

(Isibashi et al. 1996; Fernando et al. 2001; Batley et al.

2003a), and size homoplasy, whereby alleles of the same

size may not necessarily be identical in sequence (Estoup

et al. 1995).

The generation of sequence information for many crop

species has paved the way for a new marker system

(Rafalski 2002). Single nucleotide polymorphisms (SNPs)

offer the promise of even higher levels of throughput

compared with SSRs due to simpler and quicker processes

that collectively facilitate automation and sample-tracking.

SNPs are the most abundant class of sequence variability in

the genome and thus have the potential to provide the

highest map resolution (Bhattramakki et al. 2002). Com-

pared with the genomes of other cultivated plant species,

SNP frequency in maize has been found to be high (Vroh

Bi et al. 2006) with one SNP being found every 28–124 bp

(Tenaillon et al. 2001; Ching et al. 2002; Vroh Bi et al.

2006). This compares with a frequency in maize of one

SSR approximately every 8 kb (Wang et al. 1994). SNP

markers are usually biallelic and so are less polymorphic

than SSRs on an individual marker basis. However, this

limitation can be compensated for by their abundance and

by the ability to utilize SNP haplotypes (Gupta et al. 2001;

Ching et al. 2002; Rafalski 2002). A database and resource

for SNP discovery and trait dissection has been established

for maize in which genotype, phenotype and polymorphism

data can be accessed for a wide range of maize inbreds and

populations (Zhao et al. 2006: http://www.panzea.org).

Several studies have addressed the relative capabilities

of isozymes, RFLPs, RAPDs, AFLPs and SSRs to char-

acterize inbred lines and hybrids in maize (Smith et al.

1997; Dubreuil and Charcosset 1998; Pejic et al. 1998;

Bernardo et al. 2000; Lübberstedt et al. 2000; Heckenber-

ger et al. 2003; Garcia et al. 2004), but none has yet

compared SSRs with SNPs. The objective of this study is to

investigate the utility of SSR and SNP markers for char-

acterizing maize germplasm with respect to data quality

measured with individual inbred and hybrid samples, as

well as DNA pools.

Materials and methods

Genotypes

A total of 58 maize inbreds were selected consisting of 52

diverse public inbreds and six inbreds proprietary to

Pioneer Hi-Bred International Inc. (Table 1). The inbreds

are categorized (numbers of inbreds per class in paren-

theses) according to pedigree background as stiff stalk (22),

non-stiff stalk (21), flint (11), or miscellaneous (4). Four

hybrids were studied; one public hybrid (B73 · Mo17) and

three hybrids that are proprietary to Pioneer Hi-Bred

International Inc. All parental inbreds of the hybrids were

included in the set of inbreds.

DNA extraction

For each inbred and hybrid, plant material was lyophilized

and eight 1 cm leaf disks placed in each well of a 96-well

plate. DNA was extracted using a modified CTAB method

(Saghai-Maroof et al. 1984). The same plate of DNA was

used for both SSR and SNP studies.

Generation of SSR data

Eighty publicly available SSR markers were utilized

(Supplementary Table 1). SSRs were selected on the basis

of their ability to discriminate among maize germplasm,

their low tendency to stutter and cause scoring problems,

and that collectively they allowed polymorphisms on each

chromosome arm to be assayed. Map distribution was; chr1

(6 markers), 2 (8), 3 (5), 4 (13), 5 (5), 6 (13), 7 (12), 8 (3), 9

(4), and 10 (11). Primer sequences for all SSR markers are

available at http://www.maizegdb.org/. SSR data were

collected as described by Berry et al. (2002) apart from for

electrophoresis which was at 7.5 kV for 90 min using the

Applied Biosystems ABI PRISM� 3700 with GENESCAN

v. 3.7 and POP6 polymer.

SNP marker design and generation of SNP data

For the SNP discovery process, primer design, sequencing,

SNP calls and sequence haplotype calls (a combination of

SNPs within a single sequence) were carried out by Myriad

Genetics, Inc, Salt Lake City. Loci were selected for

sequencing from the public unigene set (Cone et al. 2002;

Gardiner et al. 2004). SNP markers were designed using the

consensus sequence assembled from sequence data for 61

public inbred genotypes. SNPs were selected for marker

design when they met the following criteria; (1) a high level

of polymorphism, and (2) amenability to marker design

based on having 100 readable bases upstream and down-

stream from the target SNP, 25 bp around the target SNP

with no polymorphism and a GC content of 40–60%.

Individual and consensus sequence data are available at

http://www.panzea.org. 123 SNP loci contained within 117

sequences were targeted for this study and these collectively

mapped to each of the ten maize chromosomes; chr1 (24

markers), 2 (21), 3 (14), 4 (10), 5 (13), 6 (9), 7 (4), 8 (16), 9

(7), 10 (7) (Supplementary Table 2). Two different SNP

detection technologies were investigated for marker vali-

dation; single base primer extension using the Sequenom
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MassARRAY� system and invasive cleavage using In-

vader� with PCR and fluorescent resonance energy transfer

(FRET). For the Sequenom MassARRAY system, SNP

markers were designed and validated by Genaissance

Pharmaceuticals (New Haven, CT, USA). For the Invader

assays, SNP markers were designed and validated by Third

Wave Molecular Diagnostics (Madison, WI, USA). A sub-

set of 118 markers was tested using MassARRAY chem-

istry and an additional sub-set of 69 was tested with Invader

chemistry, with 64 markers being common to the two

chemistry types.

Experimental design

Lyophilized plant material for the 58 inbreds and four

hybrids was arrayed in a randomized format within a 96

well plate. The eight inbred parents of hybrids were each

represented twice within the plate. All other inbreds were

represented once. Each of the four hybrids was represented

three times. This plate format was then duplicated in a

second plate, with the same leaf material source being used

for both plates. The two plates were treated as two separate

projects, with the DNA being extracted and genotyped at

different times within the laboratory. However, many of

the same reagent lots and solutions would have been used

for both plates, so that results from the two plates cannot be

considered as completely independent. Sample identities

were hidden to avoid any potential bias in scoring. Allele

calls for the same genotypes were compared across repli-

cates to study repeatability. For SSRs, the allele data were

also compared to historical allele data collected through

multiple iterations of screens that would have included

several seed sources for each genotype. For SNPs, the al-

lele data were compared to sequence data, which used a

different seed source for many of the inbreds studied here.

To assess the accuracy of allele detection in hybrids,

the hybrid allele calls were compared to known parental

Table 1 Maize inbreds

Maize inbred Public/Proprietary Heterotic group

38–11 Public SSS

A188 Public MISC

A509 Public NSS

A556 Public NSS

A619 Public NSS

A632 Public SSS

B Public NSS

B14 Public SSS

B37 Public SSS

B42 Public NSS

B64 Public SSS

B73 Public SSS

B84 Public SSS

B89 Public SSS

B94 Public SSS

C103 Public NSS

C106 Public FLINT

CI66 Public MISC

CM49 Public FLINT

CO109 Public FLINT

D02 Public FLINT

F2 Public FLINT

F252 Public MISC

F257 Public FLINT

F283 Public FLINT

F7 Public FLINT

H84 Public SSS

H99 Public NSS

HATO4 Public FLINT

HY Public SSS

Indiana H60 Public NSS

K187–11217 Public SSS

L1546 Public NSS

L317 Public NSS

Minn49 Public NSS

MO17 Public NSS

MP305 Public MISC

N28 Public SSS

OH07 Public NSS

OH40B Public NSS

OH43 Public NSS

OH45 Public NSS

OS420 Public SSS

OS426 Public SSS

PA91 Public NSS

R159 Public SSS

SD105 Public SSS

SRS303 Public NSS

Table 1 continued

Maize inbred Public/Proprietary Heterotic group

TR9-I 461 Public NSS

V3 Public FLINT

W153R Public SSS

WF9 Public SSS

PH_I1 Proprietary NSS

PH_I2 Proprietary SSS

PH_I3 Proprietary FLINT

PH_I4 Proprietary SSS

PH_I5 Proprietary SSS

PH_I6 Proprietary NSS
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alleles. Partial mis-matches were declared where: (case 1)

inbred parents were monomorphic, the expected allele was

observed in the hybrid, but one or more additional alleles

were also observed in the hybrid, or (case 2) inbred parents

were polymorphic, but only one of the parental alleles was

only observed in the hybrid. For cases where the inbred

parent was heterozygous at a locus, either allele was con-

sidered as contributing to the hybrid.

Allele dosage

Leaf disks of inbreds and their hybrids were mixed in

varying proportions to provide allele dosages ranging from

1/16 to 16/16. For example, to provide a 1/16 dose of B73

with 15/16 of Mo17, one leaf disk of the B73/Mo17 hybrid

SX19 was combined with seven leaf disks of Mo17. These

dosage levels were constructed for each of the four hybrids.

Each dose series for each ‘cross’ was repeated twice, and

dosages were randomized across the plate.

Data analysis

Four categories of polymorphisms were compared for their

ability to discriminate among the 58 maize inbreds: (1)

sequence haplotypes for 117 sequences (2) all individual

SNP loci (435 loci) within the 117 sequences (3) a sub-set

of SNP loci (123/435 loci) selected for their high poly-

morphism levels and marker designability, and used to

assess repeatability in this study, and (4) the SSR set (80

loci) used to assess repeatability in this study.

Several measures of marker informativeness were as-

sessed. First, expected heterozygosity (also called poly-

morphism information content; PIC) was calculated as

follows:

H ¼ 1�
X
ðp2

i Þ;

where pi is the frequency of the ith allele. Expected het-

erozygosity is a measure of the number and frequency of

alleles in a population and hence is the probability that two

individuals taken at random from the population consid-

ered will have different alleles at a locus (Nei and Li 1987).

A high value indicates that there are many alleles at

approximately equal frequency.

Second, minor allele frequency (the proportion of the

lowest frequency allele for each SNP) was calculated for

the selected SNP set and all SNPs within the same set of

sequences. Expected heterozygosity values and minor al-

lele frequencies are correlated, so that increasing expected

heterozygosity will increase minor allele frequency. Our

interest in this additional measure of discrimination power

was to determine how many ‘rare alleles’ (here defined as

minor allele frequency <0.2) might be lost by selecting a

SNP set for high polymorphism levels.

Third, pair-wise genetic distances were calculated

among the 58 inbreds based on the proportion of common

alleles across all markers tested (Nei and Li 1979) using

SAS (SAS Institute Inc.) for the SSRs, selected SNPs and

sequence haplotypes. As genetic distance using these

analyses is based on the principal that shared alleles are

identical by descent, this measure of discrimination power

is usually only meaningful when most members of the

germplasm set being analyzed share pedigree relatedness.

We measured pedigree relatedness using Coefficients of

Parentage (CP) calculated following Malécot (1948),

Gizlice et al. (1994) and Cui et al. (2000).

Allele and genotype entry effects were analyzed using

generalized linear modeling with PROC GLM in SAS.

Correlations were analyzed using Spearman rank correla-

tions with PROC CORR.

Results

Marker informativeness

For SSRs, the average allele number was 5.1 (range 2–11);

2.5 times higher than the number of alleles for SNPs

(Table 2). Average expected heterozygosity for SSRs was

0.62, which is 50% higher than that for the selected SNP

set (0.43) (Table 2). For sequence haplotypes, the number

of alleles and average, range and distribution of expected

heterozygosity values were comparable to SSRs (Table 2;

Fig. 1). When all SNPs within the sequences utilized were

examined, the average expected heterozygosity was 0.26;

considerably lower than that for the selected SNP set

(Table 2). When minor allele frequencies were compared,

55% of all SNP loci within the sequences studied had

Table 2 Comparison of allele number and expected heterozygosity

values for SSRs, sequence haplotypes and SNP loci for 58 diverse

corn inbreds

Number

of loci

Number

of alleles

Expected

heterozygosity

Average Range Average Range

SSR loci 80 5.1 2–11 0.62 0.33–0.85

Sequence

haplotypes

117 5.1 2–11 0.63 0.29–0.85

All SNP loci

in sequences

435 2 2 0.26 0.02–0.5

SNP marker loci

selected for high

polymorphism

levels

123 2 2 0.43 0.12–0.50
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minor allele frequencies <0.2, while only 10% of the SNP

loci selected for high levels of polymorphism had minor

allele frequencies in the same class (data not shown).

Coefficient of Parentage (CP) was used to assess the

relatedness of the inbreds utilized in this study. The

majority of inbreds were not related, at least according to

known pedigree; 1,024/1,653 of the pair-wise inbred

comparisons had CP values of 0, 593 had CP values >0

and £ 0.125, and only 36 had CP values >0.125.

Genetic distances between pairs of inbreds generated by

SSRs, the selected SNP set and sequence haplotypes were

compared. For all pair-wise inbred comparisons, correla-

tions between the different marker types were not signifi-

cant (P < 0.05; data not shown). Pairs of inbreds were then

analyzed separately on the basis of their CP. For inbreds

with CP values of zero or £ 0.125, correlations between

the different marker types were also not significant (data

not shown). For the 36 pair-wise comparisons with CP

values >0.125, all correlations were significant at P < 0.01

with R2 values 0.46–0.57 (statistical analyses data not

shown; Fig. 2). Genetic distances using SSRs and sequence

haplotypes were similar for this small inbred set, but ge-

netic distances with SNPs were approximately three times

lower. For example, inbreds with a genetic distance of 0.2

with SSRs had a genetic distance of 0.22 with sequence

haplotypes, but only 0.07 with SNPs.

Missing data

The level of missing data was 4–5 times higher for SSRs

than SNPs, with SSRs having an average level of 13.8%

missing data, and SNPs having an average level of 2.1%

missing data for SNP-MassARRAY and 3.1% for SNP-

Invader (Table 3). The level of missing data for SNPs

detected with either chemistries was significantly lower

than SSRs (P < 0.001, data not shown). Sample genotype

had a highly significant effect on the level of missing data

for SSRs and for SNPs (P < 0.001, analyzed for each

marker type separately, data not shown) demonstrating that

the missing data effects were not due to random causes.

Repeatability for inbreds

Repeatability of marker profiles generated from using SSR

markers was assessed by comparing data collected for 69

samples across replicates 1 and 2 for each marker type, and

then also comparing results from each project to historical

data. Repeatability of SNP marker data was assessed by

comparing data from replicate plates and also by reference

to sequence data. SNPs had a significant (P < 0.01) and

consistently higher level of repeatability than for SSRs

(Table 4). Between replicates, alleles completely matched

for 91.7% of the data for SSRs, 98.1% of the data for SNP-

MassARRAY and 99.3% of the data for SNP-Invader. As

the same leaf tissue was used for all of these projects, these

values represent repeatability in the absence of any po-
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inbreds using 80 SSR loci, 123 SNP loci selected for their high levels

of polymorphism and 117 sequence haplotypes. Only data for inbred

pairs related by pedigree (CP > 0.125) are shown
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tential seed source issues. When data were compared to

historical data (for SSRs) or sequence data (for SNPs) the

% match was approximately 1% lower (Table 4). These

lower repeatabilities could be attributed to genotypic dif-

ferences between seed sources, or for SSRs, changes in

protocols and allele dictionaries over time. For SNPs, dif-

ferences could also be due to differences in the accuracy of

identifying SNP alleles with SNP detection platforms

compared to allele calls obtained from sequence data. A

significant correlation was found between % matched data

per genotype across marker platforms (at P < 0.001 in all

cases, data not shown), suggesting that certain genotypes

had leaf sample or DNA quality issues that were affecting

the accuracy of allele calls.

Ability to detect expected alleles in hybrids

Six replicates of each of the four hybrids were used to

evaluate whether expected allele calls were generated

compared to the parents (Table 5, Fig. 3). For loci that

were not polymorphic between parents, the expected alleles

were observed in 96.8% of cases for SSRs and 98.3% of

cases for SNP data collected using either MassARRAY or

Invader. However, where markers were polymorphic, SSRs

revealed a much lower ability to detect parental alleles in

the hybrids, with partial matches (only one of the parental

alleles being detected) occurring in 26.4% of cases, com-

pared with 4.6% for SNP-MassARRAY and 5.7% for SNP-

Invader; a fivefold difference. Complete mismatches were

low for SSRs at about 0.3%. This category of discrepancy

cannot be measured for these SNP systems because only

two specific alleles can be interrogated in each assay.

Ability to detect alleles in pooled samples

For each marker method, there was a rapid increase in the

ability to detect the minor allele as allele dosage increased

from 1/16 to 8/16. At the lower doses of 1/16 and 2/16

alleles, SSRs had allele detection rates that were signifi-

cantly higher than SNP-MassARRAY, which in turn were

significantly higher than for SNP-Invader (Table 6). At

doses of 4/16–8/16 alleles, allele detection rates were

highest for SNP-MassARRAY. At 8/16 alleles and above,

detection rates leveled off to be at around 90% and each

Table 3 Missing data rates for

SSRs and SNPs on maize

inbreds and hybrids

a 69 samples, 80 markers for

SSRs, 69 markers for SNP-

MassARRAY and 118 markers

for SNP–Invader

Recordsa Missing

data

Average % missing

data ± standard

deviation

SSRs Replicate 1 5,520 652 11.8

Replicate 2 5,520 868 15.7

Average across replicates 5,520 760 13.8 ± 2.77

SNP-MassARRAY Replicate 1 8,142 154 1.9

Replicate 2 8,142 187 2.3

Average across replicates 8,142 170.5 2.1 ± 0.28

SNP-Invader Replicate 1 4,761 161 3.4

Replicate 2 4,761 138 2.9

Average across replicates 4,761 150 3.1 ± 0.34

Table 4 Repeatability for SSRs and SNPs on inbred maize genotypes: Pair-wise comparisons of data from Project 1, Project 2, and historical

allele data for SSRs, or sequence call data for SNPs

Data comparison Comparable

recordsa
Match Partial mismatch

(1 allele in common)

Complete

mismatch

SSRs Project 1–Project 2 3,726 3418 (91.7%) 267 (7.2%) 41 (1.1%)

Project 1–historical 4,124 3729 (90.4%) 278 (6.7%) 117 (2.8%)

Project 2–historical 3,855 3504 (90.1%) 249 (6.5%) 102 (2.6%)

SNP-MassARRAY Project 1–Project 2 6,936 6806 (98.1%) 123 (1.8%) 7 (0.1%)

Project 1–sequence call 6,565 6343 (96.6%) 195 (3.0%) 27 (0.4%)

Project 2–sequence call 6,552 6378 (97.3%) 146 (2.2%) 28 (0.4%)

SNP-Invader Project 1–Project 2 4,085 4116 (99.3%) 29 (0.7%) 0 (0.0%)

Project 1–sequence call 3,812 3756 (98.5%) 46 (1.2%) 10 (0.3%)

Project 2–sequence call 3,814 3784 (99.2%) 18 (0.5%) 12 (0.3%)

a Allele calls that could be directly compared between data sets. Loss from the total number of records was due to missing data in either data set
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marker method was roughly equivalent (Table 6, Fig. 4).

Overall, across all samples, SNP-MassARRAY had sig-

nificantly higher allele detection rates than for SSRs, which

in turn had significantly higher allele detection rates than

for SNP-Invader (Table 6).

In the allele dosage study, missing data rates for SNP-

Invader were ten times higher than those found in the first

experiment designed to determine missing data rates

(Tables 3, 6; 34.8% in the allele dosage study compared

with 3.1% in the first experiment) and 3.5 times higher than

SSRs or SNP-MassARRAY. This result reflects scoring

methodology. For SNP-Invader, data are grouped into

clusters with the varying allele doses resulting in undefined

clusters which are more likely to be scored as ‘equivocal’,

or missing data.

Discussion

Marker informativeness

Marker informativeness was assessed using a number of

different criteria. The number of alleles is the most basic

criterion, where markers with a larger number of alleles are

more likely to be polymorphic for any given germplasm

set. Expected heterozygosity is a more accurate measure of

polymorphism, as it further measures the distribution of

those alleles across the germplasm being examined. Minor

allele frequency is a measure often used to assess infor-

mativeness for SNP loci and is related to expected het-

erozygosity where the number of alleles is two, as is

usually the case for SNPs. We also attempted to assess the

relative informativeness of SSRs, SNPs and sequence

haplotypes using genetic distance analysis which uses the

proportion of shared alleles between pairs of inbreds across

all markers within any marker set. Rather than giving a

single value per marker based on a specific germplasm set

(as for expected heterozygosity and minor allele fre-

quency), genetic distance gives a single information value

per marker type and inbred pair combination. Correlating

genetic distance for inbred pairs for each marker type gives

a relative assessment of distinguishing power. Such anal-

ysis is usually only meaningful when the germplasm being

studied shows pedigree relatedness, so that common alleles

are more likely to have identity by descent. For this reason

we also assessed relatedness of the germplasm set using

coefficient of parentage (CP).

The number of alleles per locus reported for SSRs ran-

ged from 2 to 11 with an average of 5.1, and resulted in an

average expected heterozygosity value of 0.62. Although

the number of alleles and expected heterozygosity are

dependent on the specific markers selected and the diver-

sity of germplasm used, values were similar to those found

in previous studies. The average number of SSR alleles

reported has ranged from 4.4 to 6.8 (Pejic et al. 1998; Lu

and Bernardo 2001; Heckenberger et al. 2002; Warburton

et al. 2002) and expected heterozygosity values have ran-

ged from 0.58 to 0.89 (Taramino and Tingey 1996; Smith

et al. 1997; Pejic et al. 1998; Heckenberger et al. 2002;

Garcia et al. 2004).

As individual SNPs generally only have two alleles, the

maximum value for expected heterozygosity is 0.5. For all

Table 5 Evaluations of allele

call accuracy in hybrids for

SSRs and SNPs

a Average and S.D. (standard

deviation) over four hybrids.

There were six replicates per

hybrid and data was collected

for 80 SSR, 118 SNP-

MassARRAY and 69 SNP-

Invader markers

Marker type Polymorphism

status of parents

Average % allele

match to inbred

parents ± S.D.a

Average % partial

mismatch ± S.D.a
Average %

complete

mismatch ± S.D.a

SSRs Monomorphic 96.8 ± 4.8 2.9 ± 4.6 0.3 ± 0.4

Polymorphic 73.3 ± 1.6 26.4 ± 1.9 0.3 ± 0.4

All markers 81.9 ± 1.4 17.8 ± 1.2 0.3 ± 0.3

SNP-MassARRAY Monomorphic 98.3 ± 2.3 1.6 ± 2.3 –

Polymorphic 95.4 ± 5.5 4.6 ± 5.5 –

All markers 97.0 ± 3.8 3.0 ± 3.8

SNP-Invader Monomorphic 98.3 ± 1.6 1.8 ± 1.6 –

Polymorphic 94.2 ± 6.3 5.8 ± 6.3 –

All markers 95.5 ± 5.4 4.5 ± 5.4 –
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Fig. 3 Percent of hybrids with allele scores that did not match the

expected allele scores for polymorphic and monomorphic SSR and

SNP markers. Four hybrids were tested; three proprietary (PHI_H1,

PHI_H2, PHI_H3) and one public (SX19)
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SNPs within the sequences examined we found an average

expected heterozygosity value of 0.26, which is identical to

that found by Ching et al. (2002) in US maize inbreds. By

selecting SNPs based on their high polymorphism levels,

we increased the discriminating power of the SNP set to an

average expected heterozygosity of 0.43. However this

selection of SNPs also caused the frequency of the more

rare SNPs (defined here as minor allele frequency <0.20) to

be reduced from 55 to 10%. These more rare SNPs may be

useful in germplasm outside of the set studied here i.e. an

ascertainment bias may have been introduced by this

selection.

By considering sequence haplotypes, Ching et al. (2002)

found an average expected heterozygosity value of 0.56; a

twofold increase over the value for individual SNPs. The

sequence haplotypes in this study had slightly higher

average expected heterozygosity values of 0.63; a greater

than twofold increase over all SNPs within the sequences

examined, and a 50% increase over the selected SNP set.

We found that SNP haplotypes exhibited allele numbers

and expected heterozygosity values that compared favor-

ably with SSRs, as has previously been observed (Ching

et al. 2002; Vroh Bi et al. 2006). However, in practice, this

increased resolving power may not always be possible to

exploit using SNP markers, as the marker design criteria

often lead to the exclusion of many of the SNPs that

constitute the haplotype. This feature is particularly prob-

lematic in maize where the occurrence of SNPs and indels

is frequent (Tenaillon et al. 2001; Bhattramakki et al. 2002;

Ching et al. 2002; Batley et al. 2003b; Vroh Bi et al. 2006).

Batley et al. (2003a) tested the suitability of SnuPE assay

for SNP detection in maize and found that approximately

half of the SNPs were unsuitable for marker design due to

SNPs flanking the target SNP or insufficient space for

primer design. A more successful approach might be to

utilize haplotypes defined by a series of closely linked

SNPs that are amenable to marker design and that are in

linkage disequilibrium.

To assess relative informativeness using genetic dis-

tance analysis, we first assessed the relatedness of the

germplasm being used using coefficient of parentage (CP).

Most of the pair-wise inbred comparisons had CP values of

zero, with only a small sub-set being related by known

pedigree, defined here as CP > 0.125. Across all inbred

comparisons, or where inbred pairs had CP values of 0 or

<0.125, there was no significant correlation between the

marker systems. Where CP values were >0.125, correla-

tions between the different marker systems were signifi-

cant. For these inbred pairs, genetic distances using SSRs

Table 6 Allele dose–series experiments: % missing data and allele detection at different doses for polymorphic markers

SSRs SNP-MassARRAY SNP-Invader

Allele dosage % Missing data % Alleles detected* % Missing data % Alleles detected* % Missing data % Alleles detected*

1/16 (6.25%) 7.6 ± 1.9 32.1 ± 21.6a 15.7 ± 18.4 20.7 ± 11.6b 24.7 ± 14.9 7.0 ± 6.3c

2/16 (12.5%) 10.5 ± 3.5 51.6 ± 23.4a 15.1 ± 7.0 41.7 ± 21.4b 43.4 ± 17.6 14.8 ± 15.1c

4/16 (25%) 12.7 ± 6.1 68.3 ± 19.8a 11.1 ± 4.8 72.5 ± 22.7a 49.4 ± 9.2 52.8 ± 37.5b

6/16 (37.5%) 9.0 ± 5.2 79.6 ± 10.9b 6.5 ± 4.2 89.8 ± 8.4a 42.4 ± 9.8 82.3 ± 17.4b

8/16 (50%) 14.6 ± 11.5 85.6 ± 9.0c 4.3 ± 4.7 94.2 ± 4.5a 45.7 ± 9.3 89.0 ± 12.5b

10/16 (62.5%) 9.0 ± 5.2 88.3 ± 6.2b 6.5 ± 4.2 95.2 ± 4.0a 42.4 ± 9.8 94.2 ± 10.3a

12/16 (75%) 12.7 ± 6.1 89.8 ± 5.1b 11.1 ± 4.8 95.3 ± 4.9a 49.4 ± 9.2 95.2 ± 8.7a

14/16 (87.5%) 10.5 ± 3.5 91.1 ± 6.0b 15.1 ± 7.0 95.3 ± 4.4a 43.4 ± 17.6 94.3 ± 11.5a

15/16 (93.75%) 7.6 ± 1.9 93.3 ± 4.9a 15.7 ± 18.4 95.3 ± 4.3a 24.7 ± 14.9 95.9 ± 6.0a

16/16 (100%) 12.7 ± 6.4 97.8 ± 2.2a 8.4 ± 17.6 94.5 ± 4.3a 8.6 ± 6.2 97.0 ± 4.7a

Overall 10.9 ± 5.9 71.0 ± 31.0b 10.7 ± 11.7 73.0 ± 33.6a 34.8 ± 18.6 66.1 ± 40.0c

*Mean values that have the same letter within in a row (allele dose series) are not significantly different
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and SNP haplotypes were similar, while equivalent num-

bers of SNPs resulted in genetic distances approximately

three times lower. However, only 123 SNP loci were used

in comparison to 80 SSRs: a more appropriate comparison

of technologies would be to test two to fourfold higher

numbers of SNPs compared with SSRs.

Missing data, repeatability and Mendelian inheritance

in hybrids

The level of missing data for SNPs was substantially lower

than that for SSRs (2.1 and 3.1% compared with 13.8%),

and repeatability for SNPs was substantially higher (98.1

and 99.3% compared with 91.7%). It has generally been

observed that SNPs are more reliable that SSRs (Gupta

et al. 2001). Our results confirm this observation with

greater clarity and specificity using direct comparisons of

data generated using the same DNA samples and with a

large number of markers assayed. George et al. (2004)

found a similar level of repeatability for maize SSRs tested

across laboratories (>92%). Giancola et al. (2006) found

similar levels of missing data (<3.3%) and repeatability

(>96.8%) for three SNPs tested with TaqMan and Amplifor

SNP chemistries in Arabidopsis thaliana. In human SNP

studies, Lahermo et al. (2006) found accuracy to be >99%

for 9 different SNP chemistries tested across multiple

laboratories and Pati et al. (2004) found repeatability levels

>98.4% with SNaPshot, Pyrosequencing and Biplex

Invader SNPs chemistries. However, Giancola et al. (2006)

also tested a third SNP chemistry (the GOOD assay

detected using mass spectrometry) and found repeatability

and missing data levels to be substantially lower.

Therefore, not all SNP methods will produce high quality

data and testing and optimization is required on a crop-

specific basis. In this study we utilized validated markers

and could not specifically compare marker design success

rates, but these also can vary with different SNP technol-

ogies.

Few studies have examined the ability of marker sys-

tems to accurately detect Mendelian inheritance of alleles

in hybrids. Smith et al. (1997) compared SSRs and RFLPs

in maize and found SSRs to be superior, with 2.2% SSRs,

compared with 3.6% RFLPs, segregating in a non-Men-

delian fashion. In this study we obtained data that showed

non-Mendelian inheritance in hybrids at a higher level of

18.1 % for SSR data but only 3–4.5% for SNP data. Thus

these SNP methods are more reliable than SSRs for

genotyping maize hybrids.

Error rates for SSRs may appear to be higher than for

SNPs due to their inherently higher information content,

which then results in sampling or cross-contamination

errors being more readily detectable. We did not find any

evidence for sampling or cross-contamination errors here,

so that repeatability differences are most likely to be due to

errors in processing and scoring SSRs themselves.

Ability to detect alleles at different frequencies

in pooled samples

The ability to detect alleles at varying frequencies has

applications in studying populations of individuals for

germplasm analysis and maintenance, heterogeneous vari-

eties bred in self-incompatible species, pre-screening

populations for polymorphism, or extrapolating F2 geno-

types from F3 families. We found that SNPs detected using

the Invader chemistry did not perform as well as SNPs

detected with MassARRAY or SSRs. Invader scoring uti-

lizes clustering, where data are not scored as independent

data points but rather within the context of all other data.

However, it is possible that the scoring method for SNP-

Invader could be custom-modified to use relative raw flo-

rescence values so that minor alleles could be more readily

detected. For example, modifications have been made to

mass spectrometry SNP chemistries to quantify alleles via

peak sizes in humans (e.g. Werner et al. 2002). In plants,

SNPs detected with Pyrosequencing have been used to

quantify alleles in the complex polyloid and aneuploid crop

sugarcane (Cordeiro et al. 2006).

Comparison of MassARRAY and Invader SNP

chemistries

There are many SNP chemistries and detection methods

available (see Gupta et al. 2001 and Jander et al. 2002 for

reviews). Here, just two widely used chemistries were

compared; MassARRAY and Invader. We found that

pooled samples provided the greatest challenge to the

generation of accurate data. Therefore, for any pooled

sample experiments, the particular method of SNP

detection should be a prime consideration and should be

carefully evaluated.

MassARRAY and Invader are equivalent in their pro-

cessing requirements that affect throughput and sample

processing errors. Both technologies can be considered as

being ‘medium-plexing technologies’. Such technologies

are flexible in the number of markers that can be generated

per sample at a low cost; a single plex can be run to generate

a small number of markers per sample e.g. for marker-

assisted selection, and multiple plexes can be run to generate

larger marker numbers e.g. for genome-wide fingerprinting.

Invader offers some advantages over MassARRAY in that

plexing is at the PCR level, while the assay itself, which is

the majority of the cost, is carried out in monoplex. There-

fore, with Invader, only informative markers need to be

assayed in any individual project, whereas for MassARRAY

all markers within the fixed plex are assayed.
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Overall, both MassARRAY and Invader technologies

performed exceedingly well in terms of low levels of

missing data, high repeatability and the ability to detect

heterozygotes in hybrids. High levels of data quality make

both methodologies attractive options for genotyping to

support many breeding applications.

We have not attempted detailed cost comparisons of

SSRs and the SNP technologies described here, largely

because SNP assay costs continue to decrease and are also

highly dependant on the sample volumes being assayed.

We estimate SNP costs to be <$0.25 per marker/sample

data point and five to ten times lower than for SSRs. The

increased quality and reduced missing data for SNP data

that we have demonstrated here further increases the value

of SNP markers. The loss of resolution of SNPs compared

with SSRs can be compensated by increasing SNP numbers

(although the number needed to give equivalent discrimi-

nating power compared to SSRs was not resolved here), or

by utilizing SNP haplotypes.

An additional significant advantage to SNP marker

systems is that the nucleotide itself is interrogated, so that

results across time and labs can be readily compared

without the need for extensive checks and allele-binning

synchronization that is required for comparative sizing of

SSR alleles. Similarly, SNPs collected with different SNP

chemistries and platforms can be readily compared, a

practice not currently feasible with SSRs, where any dif-

ferences in platform or protocol can effect allele designa-

tion. SNPs therefore not only offer lower cost, higher

volume, repeatability and accuracy, they also offer in-

creased opportunities to develop germplasm databases that

are meaningful across different organizations and that, in

contrast to the succession of marker technologies that has

occurred over the past two decades, will not be redundant

as further improved SNP technologies become available.
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