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Abstract Single nucleotide polymorphisms (SNPs)

are abundant and evenly distributed throughout the

maize (Zea mays L.) genome. SNPs have several

advantages over simple sequence repeats, such as ease

of data comparison and integration, high-throughput

processing of loci, and identification of associated

phenotypes. SNPs are thus ideal for DNA fingerprint-

ing, genetic diversity analysis, and marker-assisted

breeding. Here, we developed a high-throughput and

compatible SNP array, maizeSNP3072, containing

3072 SNPs developed from the maizeSNP50 array. To

improve genotyping efficiency, a high-quality cluster

file, maizeSNP3072_GT.egt, was constructed. All

3072 SNP loci were localized within different genes,

where they were distributed in exons (43 %), promot-

ers (21 %), 30 untranslated regions (UTRs; 22 %), 50

UTRs (9 %), and introns (5 %). The average geno-

typing failure rate using these SNPs was only 6 %, or

3 % using the cluster file to call genotypes. The

genotype consistency of repeat sample analysis on

Illumina GoldenGate versus Infinium platforms ex-

ceeded 96.4 %. The minor allele frequency (MAF) of

the SNPs averaged 0.37 based on data from 309 inbred

lines. The 3072 SNPs were highly effective for

distinguishing among 276 examined hybrids. Com-

parative analysis using Chinese varieties revealed that

the 3072SNP array showed a better marker success

rate and higher average MAF values, evaluation

scores, and variety-distinguishing efficiency than the

maizeSNP50K array. The maizeSNP3072 array thus

can be successfully used in DNA fingerprinting

identification of Chinese maize varieties and shows

potential as a useful tool for germplasm resource

evaluation and molecular marker-assisted breeding.

Keywords Maize variety � Variety identification �
Single nucleotide polymorphism (SNP) � DNA
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Introduction

Maize (Zea mays L.) is an important crop widely

grown throughout the world for food, feed, and fuel

production. In China, maize is the top-ranked crop in

terms of cultivated area and total yield and plays a key

role in the country’s agricultural economic structure.

As a hybrid crop, maize is additionally a model plant

species for genetic studies because of its high
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recombination rate and rich genetic diversity. Since

the 1980s, the number of maize varieties in China has

steadily increased. As of 2013, the total number of

varieties approved by national and provincial govern-

ments is 6291, including 503 approved by the national

government. Because thousands of maize samples are

inspected annually in China (Yang et al. 2014), the

large number of maize varieties complicates variety

management. At the same time, convergence of

breeding resources and patterns has resulted in a

gradual narrowing of the maize germplasm genetic

base, causing a negative effect on breeding and seed

production. The identification of new and existing

varieties has consequently become challenging. Tra-

ditional field identification and protein electrophoresis

cannot meet the need for rapid and accurate identifi-

cation because of their limited ability to distinguish

varieties and the long turnaround time required. DNA

fingerprinting technology has become an important

approach for distinguishing maize varieties, as this

technique is rapid, accurate, and independent of the

environment.

Over the past two decades, several different DNA

marker technologies, including those based on restric-

tion fragment length polymorphisms, inter-simple

sequence repeats (ISSRs), amplified fragment length

polymorphisms, simple sequence repeats (SSRs), and

single nucleotide polymorphisms (SNPs), have been

widely applied in research areas such as DNA

fingerprinting of varieties, genetic diversity analysis,

association studies, and molecular marker-assisted

breeding (Nandakumar et al. 2004; Coombs et al.

2004; Wang et al. 2011a; Barcaccia et al. 2003; Garcia

et al. 2004; Clerc et al. 2005; Lu et al. 2009; Semagn

et al. 2012; Khampila et al. 2008;Weng et al. 2011; Lu

et al. 2011; Chen et al. 2011; Chai et al. 2012;

Thomson et al. 2012). DNA fingerprinting refers to the

identification of the different compositions, orders,

and lengths of DNA sequences among varieties,

which, like human fingerprints, are specific. Com-

pared with other markers, SSR and SNP markers have

the advantages of codominant inheritance and known

chromosomal location and can be used in high-

throughput analyses. Consequently, the International

Union for the Protection of New Varieties of Plants

(UPOV 2010, 2011) recommends SSRs and SNPs as

preferred markers for DNA fingerprinting and data-

base construction.

SSR markers have been used for variety identifica-

tion for more than 10 years because of their high

discriminatory power and associated relatively well-

developed experimental techniques, which are easily

performed without expensive instrumentation. With

the development of new technologies and increased

identification requirements, however, SSR markers

have been shown to possess some disadvantages. For

example, the throughput of locus processing cannot be

easily increased, and data comparison and integration

between different detection platforms are difficult.

Compared with SSRs, SNPs offer several advantages.

They display a higher and more even distribution

density in the genome; in maize, for example, SNP loci

occur every 44–75 bp (Gore et al. 2009), whereas SSR

loci are present approximately every 8 kbp (Wang

et al. 1994). In addition, SNPs are bi-allelic, making

them easy to read, compare, and integrate between

different data sources, and they facilitate high-

throughput processing. Finally, SNP loci are more

likely to be distributed within a gene region associated

with a phenotype. With the recent publication of

whole-genome sequences of crops such as maize and

rice (Huang et al. 2009; Schnable et al. 2009; Lai et al.

2010; Jiao et al. 2012), numerous SNP loci have been

developed (Gore et al. 2009; Chia et al. 2012; Chen

et al. 2011) and various SNP genotyping platforms

have been introduced. SNPs have become the most

promising markers for DNA fingerprinting and

database construction. A variety of SNP genotyping

platforms are available, such as the high-throughput

GoldenGate (Fan et al. 2003) and Infinium platforms

(Steemers and Gunderson 2007), TaqMan by Life

Technologies (Livak et al. 1995), and the KASPar

platform (KBiosciences’ Competitive Allele-Specific

PCR system). When a relatively small number (i.e.,

dozens) of SNP loci are to be assayed, a relatively

flexible platform such as TaqMan, Sequenom, or

KASPar is recommended; when more than 100 loci

are available, the high-throughput GoldenGate or

higher-throughput Infinium platform should be cho-

sen. For DNA fingerprinting and database construc-

tion, platforms based on chip technology, such as

GoldenGate and Infinium, are appropriate choices.

Numerous studies have focused on the develop-

ment, evaluation, and application of SNP loci in

maize. Many SNP markers have been developed by

whole genome or transcriptome sequencing (Jones
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et al. 2009; Gore et al. 2009; Lai et al. 2010;

Mammadov et al. 2010; Jiao et al. 2012; Chia et al.

2012). In addition, Infinium and GoldenGate plat-

forms have been used to develop a variety of SNP

arrays, such as the high-density SNP array mai-

zeSNP50 (Ganal et al. 2011) that has been successfully

applied to genome-wide association and quantitative

trait locus (QTL) mapping studies (Weng et al. 2011;

Wang et al. 2012). Moreover, various sized SNP

arrays have been used to assess genetic diversity in

maize (Yan et al. 2009; Lu et al. 2009; Yan et al. 2010;

Hao et al. 2011; Semagn et al. 2012).

Although many SNPmarkers are available in maize,

only a small percentage of polymorphic loci can be

combined in an SNP array. Consequently, selection and

evaluation of SNP sets are important steps in maize

DNA fingerprinting. Fingerprint databases that have

been constructed using only fixed locus sets are also

valuable. The criteria used to select loci for variety

identification are quite different from those used in

research areas such as genetic diversity and association

analyses. Previously reported SNP sets cannot be

directly applied to maize variety identification. In this

study, we consequently selected and evaluated SNP loci

for maize DNA fingerprinting analysis from the

maizeSNP50 array, which contains 56,110 SNPs, using

Chinese maize varieties with broad genetic back-

grounds. We also examined the stability of this SNP

array through sample amplification and examined its

discriminatory power, compatibility, and applicability

to maize DNA fingerprinting identification.

Materials and methods

Plant materials and DNA extraction

A total of 96 samples were selected to evaluate the

SNP markers, including 40 hybrids and 56 inbred

individuals (Electronic Supplementary Material Table

S1). The 40 hybrid samples included varieties with

large planting areas, control varieties from different

maize regional trial groups, and some specialized

hybrids. The 56 inbred samples included the corre-

sponding parents of the above hybrids and other elite

inbred lines (22 triplets with their parents and the F1
generation), four groups of similar lines, and a group

of doubled haploid lines. Total genomic DNA was

extracted from 50 pooled leaf samples using the

CTAB procedure according to Wang et al. (2011b).

DNA quality and concentration were measured with a

NanoDrop 2000 UV spectrophotometer (Thermo

Scientific, MA, USA), and working solutions were

prepared at a concentration of 100 ng/lL.

maizeSNP50 SNP genotyping

The 96 DNA samples were analyzed using the

maizeSNP50 BeadChip containing 56,110 SNP loci

(Ganal et al. 2011). Raw data were obtained by

scanning the chip with hybridized signals using an

iScan instrument (Illumina). The genotype data from

each sample were analyzed with GenomeStudio

software (v2010; Illumina) using the maizeSNP50_-

B.egt cluster file.

Selection of SNP loci

We first mapped 56,110 SNP loci to the maize B73

sequence and identified the physical location of each

locus. SNP selection was performed using a three-step

process. First, we selected candidate loci on the basis of

GenomeStudio GenTrain scores. These scores can range

from 0.00 to 1.00, reflecting the accuracy of the data: The

higher the score, the more reliable the data. The

GenTrain score of each SNP is calculated according to

the following SNP genotype cluster characteristics:

angle, dispersion, overlap, and intensity. Genotypes with

lower scores are located further from the cluster center

and have a lower reliability. From the 56,110 SNPs, a

total of 35,894 (64 %) SNPs with GenTrain scores

between 0.70 and 1.00were designated as candidate loci.

Second, 20,212 SNPs were selected on the basis of

reproducibility, missing data rate, signal strength, and

their utility for defining the three genotypes. If a sample

data point fell outside of a shaded call region on the

GenomeStudio SNP graph, it was treated as missing

data. SNPs with a missing data rate of more than 5 % of

sites were removed. As the three genotypes of an ideal

SNP should have obvious boundaries on the graph and

be easy to differentiate, any SNP having a shifted cluster

or a non-obvious boundary was deleted. Third, the

candidate loci were further screened based on copy

number, minor allele frequency (MAF), and even

distribution. SNPs with copy numbers greater than or

equal to 2 or MAF values under 0.2 were deleted. The

remaining loci were screened according to the physical

map. The best SNP in each genic region was chosen on
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the basis of coding region priority and good experimental

quality principles.

The maizeSNP3072 array

The 4050 candidate SNPs were submitted to Illumina

(http://www.illumina.com) to assess their des-

ignability score values based on the GoldenGate assay.

The key factors influencing these scores were the ac-

curacy and conservation of the DNA sequences lo-

cated 100 bp upstream and downstream of the SNP

site. A score higher than 0.6 indicated that the SNP had

a relatively higher probability of success, and SNPs

with scores below 0.4 were deleted. A total of 3072

SNPs were obtained. The probe pool was developed

according to the flanking sequences of the 3072 SNPs,

and the maizeSNP3072 array chip was ordered based

on GoldenGate technology.

Evaluation of the maizeSNP3072 array

The 96 samples were genotyped using the mai-

zeSNP3072 array to verify the repeatability of the

3072 SNPs. To assess the stability and discriminatory

power of the 3072 SNPs, 309 inbred lines, including

217 elite lines commonly used in China and 92 US

samples, were genotyped using this array. The 217

Chinese inbred lines had a wide genetic background

that included six heterotic groups: Tang-si-ping-tou

(STPT), P, Improved Reid, Lancaster,Waxy, Landrace.

In addition, 276 hybrid samples representing varieties

approved by the Chinese Ministry of Agriculture were

used to assess the effects of the 3072 SNPs on maize

DNA fingerprinting and database construction.

Data analysis

Cluster differentiation of the three possible genotypes

(AA, BB, and AB) was performed for the 3072 SNPs

based on genotype data from 22 triplets, 309 inbred

lines, and 276 hybrids. Repeatability, miss rate,

polymorphism, and variety-distinguishing efficiency

of the 3072 SNPs were analyzed using the data from

96 selected samples, 309 inbred lines, and 276 hybrids.

To assess the compatibility of the 3072 SNPs, we

analyzed the genotype consistency of repetitive sam-

ples between Infinium and GoldenGate platforms.

Polymorphism of each locus was analyzed based on

the inbred-line data. The percentage of different loci

was analyzed according to pairwise comparisons

among 309 inbreds and 276 hybrids.

Results

Selection process for the 3072 SNPs

GenTrain scores were calculated for 56,110 SNPs

across the 96 selected samples. There were 16.2 %

loci with scores less than 0.6, 19.8 % with scores

between 0.6 and 0.7, and 64 % with scores higher than

0.7. The different patterns of AA, AB, and BB

genotype calls obtained using GenomeStudio software

are shown in Fig. 1. Five different types of loci were

removed during the screening process: loci with weak

signal values (Fig. 1a), loci with more than five failed

data points (Fig. 1b), loci for which more than three

parent/F1 triplets showed pedigree inconsistency

(Fig. 1c), loci for which more than five inbred samples

showed the AB genotype (Fig. 1d), and loci for which

one or all three genotypes exhibited an obvious shift

toward one side of the diagram (Fig. 1e). To be

considered an ideal SNP, the three genotypes for that

locus should fall into clearly defined clusters (Fig. 1f).

bFig. 1 Different patterns of clustering of AA, AB, and BB

genotypes based on GenomeStudio analysis. Each point is an

actual call. The three shaded areas correspond to calculated

limits, with darker colors indicating higher levels of confidence.

Ellipses are used to adjust the position of the allele-calling areas.

Three different genotypes are called: homozygous for allele A

(red), heterozygous AB (purple), and homozygous for allele B

(blue). Allele calls that fall in the lighter-colored areas in

between or below these areas are set to ‘‘failed.’’ Filled green

circles represent inbred-line data points. If any parent/F1 errors

are found in the data, the F1 hybrid appears as an ‘‘X’’ and the

parent as an ‘‘O.’’ a Only weak sample signals detected, b three

clusters observed, but numerous failed samples (at the bottom)

not called, c pedigree inconsistency exhibited by more than

three parent/F1 combinations, d heterozygous genotypes shown

by more than five inbred lines, e one or all three clusters shifted
toward one side of the graph and f perfect genotyping locus in

which the three genotypes fall into clearly defined clusters

across all 96 samples. The x-axis represents normalized theta

(angle deviation from pure A signal, with 0 indicating pure A

signal and 1.0 representing pure B signal), and the y-axis

corresponds to the distance of the point from the origin
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Establishment of an accurate genotype-calling

procedure through cluster differentiation

The raw data obtained from the iScan system were

imported to GenomeStudio software for genotype

analysis. SNPs were automatically called for AA, AB,

and BB genotypes as shown in Fig. 2a, c. If a rare AB

genotype was identified or some data points were

shifted to one side, the automatic SNP calling frequent-

ly produced errors. To resolve this problem, we used

parent/F1 triplets and inbred and hybrid samples to

construct a high-quality standard cluster file, mai-

zeSNP3072_GT.egt (Fig. 2b, d) which was used to

define regions corresponding to the three genotypes.

Characteristics of all sample data points for each SNP

were visualized using SNP graphs in GenomeStudio. In

these graphs, the x-axis represented normalized theta

(angle deviation from pure A signal), with 0 corre-

sponding to pure A signal, 1.0 to pure B signal, and 0.5

to theAB cluster thetamean (Figs. 1, 2). The cluster file

was defined using these graphs according to the

following criteria: (1) clear boundaries could be drawn

between different genotypes; (2) the missing data rate

was minimized; (3) center points of AA, AB, and BB

clusters were positioned at 0, 0.5, and 1.0, respectively;

and (4) center points could be shifted based on the

actual evaluation results of the triplets and inbred and

hybrid samples. Themissing data rate for the 309 inbred

lines, 6 %, was only 3 % when automatic analysis was

performed using the combined cluster file.

Characteristics of the maizeSNP3072 array

Designability scores of candidate SNP loci, which

were provided by Illumina, ranged from 0 to 1.0. A

score higher than 0.6 indicates that an SNP has a

relatively high probability of success when used in a

GoldenGate assay, whereas a score below 0.4 indi-

cates that the SNP is predicted to have a poor success

rate. The designability score distribution of the 3072

Fig. 2 MaizeSNP3072 cluster file constructed to improve the

genotyping efficiency of the 3072 loci. Samples with repro-

ducibility errors appear as squares. a, c Automatic SNP calling

using GenomeStudio software and b, d corrected SNP calling

using a maizeSNP3072 cluster file
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SNPs was 1.5 % (0.40–0.60), 27.5 % (0.61–0.80), and

71 % (0.81–1.00) (Fig. 3a). Because of the wide

genetic background of the 96 samples used to evaluate

loci, the polymorphism rate of the 3072 SNPs

exhibited little change when loci were assessed instead

using 309 inbred lines. All MAF values were greater

than 0.20, with an average of 0.37. The percentage of

MAF values between 0.20 and 0.25 was relatively low

(8 %), while percentages for other intervals were

between 15 and 21 % (Fig. 3b, c).

Two 92-sample parallel experiments were per-

formed to assess the compatibility of the 3072 SNPs

on Infinium and GoldenGate platforms. The consis-

tency percentage of the 3072 loci was 96.4 % based on

92-sample genotype data calling on the two platforms.

The conversion rate of the 3072 SNPs between the two

platforms was thus higher than 95 %. The parent-

hybrid heritability of 22 combinations was analyzed

using all SNPs that were scorable in each hybrid and

its two parents (Electronic Supplementary Material

Table S2). The parents had diverse genetic

backgrounds that included Improved Reid, P, STPT,

Luda Red Cob, SSS, NSSS, and landrace groups.

Pedigree consistency values higher than 95 % were

uncovered for 17 combinations, with a value of 100 %

obtained for two combinations having B73 and/or

Mo17 as parents. Consistency values below 95 %

were observed in five combinations; this higher

inconsistency was due to different seed sources for a

hybrid and parents or the low purity rates of inbred

lines such as Shen137 and Zong31.

Analysis of several similar inbred groups uncov-

ered no differences among T877-series maize samples

(Electronic Supplementary Material Table S1; ID nos.

N91–N93). The genetic backgrounds of T877 lines

were anticipated to be highly similar, as the series was

produced by radiation-induced mutagenesis. Unlike

T877 lines, Qi319, P25, and F349 lines were obtained

through backcross breeding. Although some different

loci were consequently uncovered in Qi319, P25, and

F349 series (Table S1; ID nos. N84–N90), all genetic

similarity values were greater than 97 %. To verify the

0

200

400

600

800

1000

1200

1400

1600

0.40-0.60 0.61-0.70 0.71-0.80 0.81-0.90 0.91-1.00

nu
m

be
r o

f S
N

Ps

designability score

1.5%

12.4%
15.1%

26.7%

44.3%

0

100

200

300

400

500

600

700

0.20-0.25 0.26-0.30 0.31-0.35 0.36-0.40 0.41-0.45 0.46-0.50

N
um

be
r o

f S
N

Ps

MAF value interval

2%

20%
21%

20% 19%
18%

0

100

200

300

400

500

600

700

0.20-0.25 0.26-0.30 0.31-0.35 0.36-0.40 0.41-0.45 0.46-0.50

N
um

be
r o

f S
N

Ps

MAF value interval

8%

15%
18%

20% 21%
18%

0

5

10

1 51 101 151 201 251

0

5

10

1 51 101 151 201

0

5

10

1 51 101 151 201

0

5

10

1 51 101 151 201

0
5

10
15

1 51 101 151 201

0

5

10

1 51 101 151

0

10

20

1 51 101 151

0

5

10

1 51 101 151

0

5

10

1 51 101 151

0

5

10

1 51 101 151

Chr1

Chr2

Chr3

Chr4

Chr5

Chr6

Chr7

Chr8

Chr9

Chr10

A

B

C

D

Fig. 3 Design of the maizeSNP3072 array. aNumbers of single

nucleotide polymorphisms (SNPs) with their corresponding

designability scores for 3072 SNPs evaluated by Illumina,

bMAF values of the 3072 SNPs based on data from 96 samples,

c MAF values of the 3072 SNPs based on data from 309 inbred

lines and d distribution of the 3072 SNPs on 10 chromosomes.

The window size is 1000 kbp, the x-axis represents the order of

the widows, and the y-axis corresponds to the number of SNP loci
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ability of the 3072 SNPs to discriminate among maize

varieties, we performed 37,950 and 47,586 pairwise

comparisons among 276 hybrids and among 309

inbred lines. Differential locus percentages of between

5 and 70 % were observed in 99.9 % of these pairwise

comparisons for both inbred and hybrid lines. The

most frequent differential locus percentages uncov-

ered were 50 % among inbred lines (in 4888 compar-

isons) and 60 % among hybrids (in 4216 comparisons)

(Electronic Supplementary Material Figure S1).

Distribution characteristics of the 3072 SNP loci

The physical distribution of the 3072 loci on the 10

maize chromosomes was determined using their

mapped positions on the B73 genome sequence. Each

chromosome was divided into 1000-kbp-sized win-

dows, and the number of SNPs per window was

counted (Fig. 3d). Almost all of the SNPs were found

to be distributed evenly throughout the genome. SNPs

were relatively sparse around centromeres and

relatively abundant near telomeric regions (Fig. 3d).

All 3072 SNPs were in genic regions, where they were

distributed in exons (43 %), promoters (21 %), 30

untranslated regions (UTRs; 22 %), 50 UTRs (9 %),

and intron regions (5 %).

Comparative analysis of maizeSNP3072

and maizeSNP50K arrays

The performance of maizeSNP3072 and mai-

zeSNP50K arrays was compared using the 96 samples

evaluated in this study (Table 1; Fig. 4). On the

Chinese materials, the 3072SNP array showed a better

marker success rate and higher average MAF values,

evaluation scores, and variety-distinguishing efficien-

cy than the maizeSNP50K array. Differences in the

distinguishing efficiency of the two arrays are shown

in Fig. 4 for Chinese inbred and hybrid samples.

Differential locus rates among inbreds ranged from 15

to 72 % (average of 49 %) and 12 to 52 % (average of

35 %) for 3072 and 56,110 SNPs, respectively; among

hybrids, the corresponding rates were 16 to 66 %

(average of 58 %) and 12 to 57 % (average of 45 %).

Table 1 Comparative analysis of maizeSNP3072 and maizeSNP50K chips based on data from 3072 and 56,110 single nucleotide

polymorphisms in 96 evaluated maize samples

Comparative item MaizeSNP3072 maizeSNP50K

Marker success rate 94 % 67 %

Average MAF value 0.37 0.17

GenTrain score (0.6)a 100 % 84 %

GenTrain score (0.7)a 89 % 64 %

Variety-distinguishing efficiencyb Inbred (49 %), hybrid (58 %) Inbred (35 %), hybrid (45 %)

a Percentage of loci with GenTrain scores[0.6 or 0.7
b Average differential locus rate

Fig. 4 Distribution of different locus percentages obtained by pairwise comparative analysis of evaluated samples based on 3072 and

56,110 SNPs. a Comparison using genotyping data from 53 inbred lines. b Comparison using genotyping data from 38 hybrids
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Discussion

SNP array development and characterization

for maize DNA fingerprinting

Fixed SNP sets are preferred for maize DNA finger-

printing and database construction. SNP marker

development is well underway in maize, with numer-

ous SNPs listed in databases such as Panzea and

MaizeGDB. Not all SNPs are suitable for DNA

fingerprinting, however, and some loci do not meet

array chip design requirements. The selection of fixed

SNP locus sets with high discriminatory ability, good

stability, and even distribution is thus the most

important step in SNP marker-based fingerprinting

research. To construct an SNP array for maize DNA

fingerprinting, a set of evaluation materials with a

broad genetic basis, reasonable SNP selection princi-

ples, and an accurate cluster genotyping file are

required. Polymorphism bias will be present if the

genetic background of the selected materials is

concentrated. In addition, maize DNA fingerprinting

must be able to differentiate among hybrids quickly

and accurately. Consequently, representative hybrids

must be selected to validate the variety-discriminatory

efficiency and heterozygous calling accuracy of can-

didate SNPs. Common assessment indices for select-

ing a set of SNPs include repeatability, discriminatory

power, uniformity of distribution, and conservatism of

flanking sequences. Automatic and accurate genotype

calling also are quite important. To ensure that three

genotype clusters can be easily distinguished, the

selected SNP should be a single-copy locus, and both

inbred and hybrid lines should be used to evaluate

cluster independence and stability. Automatic SNP

calling using GenomeStudio software is sometimes

prone to mistakes, especially when a rare AB genotype

cluster is present. To improve the accuracy and

efficiency of genotype calling, a standard genotyping

cluster file based on the characteristics of each SNP

should therefore be established.

Comparison of published SNP arrays

and the maizeSNP3072 array

Published SNP genotyping arrays include the high-

density maizeSNP50 array (Ganal et al. 2011), a

768-SNP array reported by the Pioneer Co. for

commercial maize resource identification (Jones

et al. 2009), a 1536-SNP array used for germplasm

resource assessment (Lu et al. 2009; Yan et al. 2010;

Semagn et al. 2012), and an SNP array used in an

association study (Yan et al. 2009). SNP selection

criteria for DNA fingerprinting are different from

those used for association and QTL analyses (Yan

et al. 2009), with the latter focused on loci related to

objective characters. In this study, we selected 3072

SNPs using inbred and hybrid lines as evaluation

materials on the basis of their stability, genotype-

calling accuracy, discriminatory power, copy number,

and evenness of distribution.

The number and sources of SNPs initially em-

ployed in this study were largely different from those

used to produce the 768- and 1536-SNP sets described

above. In particular, 3072 SNPs were selected from

56,110 SNP loci in our study, whereas approximately

2000 initial loci were used to construct the 768- and

1536-SNP sets. The 768- and 1536-SNP sets were

selected primarily from PHM loci (developed by

Pioneer) and PZA loci in the Panzea database, of

which only a small proportion were candidate loci in

the current study. The 3072 SNP loci thus have few

similarities with the 768 and 1536 loci. In conclusion,

compared with the previously reported SNP arrays, the

maizeSNP3072 set is more suitable for Chinese maize

variety DNA fingerprinting and database construction.

Selection of SNPs compatible with Infinium

and GoldenGate platforms

Although many types of SNP genotyping platforms

exist, such as GoldenGate, Infinium, TaqMan, and

KASPar, not all SNPs are transferable across different

platforms. A success rate of approximately 89 % has

been obtained on GoldenGate and Infinium platforms

(Mammadov et al. 2012). Although both platforms are

based on bead-chip technology, they differ somewhat

in regard to probe design, reagents, and experimental

processes. Some SNPs may therefore not be transfer-

able across the two platforms. The SNPs identified in

this study, which were evaluated using Infinium and

GoldenGate platforms, had a conversion rate between

the two platforms of over 95 %.

Applications of the maizeSNP3072 array

The maizeSNP3072 array can be used for Chinese

maize DNA fingerprinting, germplasm resource
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evaluation, and molecular marker-assisted breeding.

SSRs are currently the primary markers used to

identify maize varieties (Wang et al. 2011a). With

new developments in molecular technology and

increasing identification requirements, SSRs have

been found to suffer from various drawbacks such

as data sharing and integration problems. These

shortcomings can be overcome by using SNP

markers. With bead-chip technology, locus through-

put ranges from 1 to million SNPs. Because only

two alleles exist per SNP, data integration between

different laboratories or platforms is easy. The 3072

SNP loci reported in this study were selected on the

basis of DNA fingerprinting criteria. The obtained

SNP set has high variety-distinguishing efficiency,

good reproducibility, and a uniform distribution

throughout the genome. The maizeSNP3072 array

can be directly applied to maize variety identifica-

tion, database construction, or genuineness verifica-

tion using core SNPs selected from the 3072 SNPs.

In addition, our assessment of the maizeSNP3072

array demonstrated that the 3072 locus set dis-

played a superior genotyping performance in inbred

lines and, when used in conjunction with a cluster

file, could automatically differentiate among three

genotypes. The 3072 SNPs showed high levels of

polymorphism: 77 % of loci had MAF values[0.30

and 39 % had values [0.40. The maizeSNP3072

array can therefore be used to assess the genetic

diversity of maize germplasm resources. Further-

more, the 3072 SNPs can serve as powerful markers

for molecular breeding studies, including QTL

mapping, background scanning of breeding materi-

als, and homozygosity identification.
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Lu YL, Yan JB, Guimarães CT, Taba S, Hao ZF, Gao SB, Chen

SJ, Li JS, Zhang SH, Vivek BS, Magorokosho C, Mugo S,

Makumbi D, Parentoni SN, Shah T, Rong TZ, Crouch JH,

Xu YB (2009) Molecular characterization of global maize

breeding germplasm based on genome-wide single nu-

cleotide polymorphisms. Theor Appl Genet 120:93–115

Lu YL, Xu J, Yuan ZM, Hao ZF, Xie CX, Li XH, Shah T, Lan H,

Zhang SH, Rong TZ, Xu YB (2011) Comparative LD

mapping using single SNPs and haplotypes identifies QTL

for plant height and biomass as secondary traits of drought

tolerance in maize. Mol Breed. doi:10.1007/s11032-011-

9631-5

Mammadov JA, Chen W, Ren RH, Pai R, Marchione W, Yalcin

F, Witsenboer H, Green TW, Thompson SA, Kumpatla SP

(2010) Development of highly polymorphic SNP markers

from the complexity reduced portion of maize [Zea mays

L.]. Theor Appl Genet 121:577–588

Mammadov J, ChenW,Mingus J, Steve Thompson, Kumpatla S

(2012) Development of versatile gene-based SNP assays in

maize (Zea mays L.). Mol Breed 29:779–790

Nandakumar N, Singh AK, Sharma PK, Mohapatra T, Prabhu

KV, Zaman FU (2004) Molecular fingerprinting of hybrids

and assessment of genetic purity of hybrid seed in rice

using microsatellite markers. Euphytica 136:257–264

Schnable PS,Ware D, Fulton RS, Stein JC,Wei FS, Pasternak S,

Liang CZ, Zhang JW, Fulton L, Graves TA, Minx P, Reily

AD, Courtney L, Kruchowski SS et al (2009) The B73

maize genome: complexity, diversity, and dynamics. Sci-

ence 326:1112–1115

Semagn K, Magorokosho C, Vivek BS, Makumbi D, Beyene Y,

Mugo S, Prasanna BM, Warburton ML (2012) Molecular

characterization of diverse CIMMYT maize inbred lines

from eastern and southern Africa using single nucleotide

polymorphic markers. BMC Genom 13:113

Steemers FJ, Gunderson KL (2007) Whole genome genotyping

technologies on the BeadArrayTM platform. Biotechnol J

2:41–49

Thomson MJ, Zhao K, Wright M, McNally KL, Rey J, Tung

CW, Reynolds A, Scheffler B, Eizenga G, McClung A,

Kim H, Ismail AM, Ocampo MD, Mojica C, Reveche MY,

Dilla-Ermita CJ, Mauleon R, Leung H, Bustamante C,

McCouch SR (2012) High-throughput single nucleotide

polymorphism genotyping for breeding applications in rice

using the BeadXpress platform. Mol Breed 29:875–886

UPOV (International Union for the Protection of New Varieties

of Plants) (2010) Guidelines for DNA-profiling: molecular

marker selection and database construction (‘‘BMT

guidelines’’). UPOV, Geneva, Switzerland

UPOV (International Union for the Protection of New Varieties

of Plants) (2011) Possible used of molecular markers in the

examination of distinctness, uniformity and stability

(DUS). UPOV, Geneva, Switzerland

Wang Z, Weber JL, Zhong G, Tanksley SD (1994) Survey of

plant short tandem DNA repeats. Theor Appl Genet 88:1–6

Wang FG, Tian HL, Zhao JR, Yi HM,Wang L, SongW (2011a)

Development and characterization of a core set of SSR

markers for fingerprinting analysis of Chinese maize va-

rieties. Maydica 56:7–17

Wang FG, Zhao JR, Sun SX, Zhi JZ, Yi HM, Song W, Tian HL,

Yang GH (2011b) Maize varieties DNA fingerprint tech-

nology—the research and application of SSR marker.

China’s Agricultural Science and Technology Press, Bei-

jing, pp 140–142

Wang M, Yan JB, Zhao JR, Song W, Zhang XB, Xiao YN,

Zheng YL (2012) Genome-wide association study

(GWAS) of resistance to head smut in maize. Plant Sci.

doi:10.1016/j.plantsci.2012.08.114

Weng JF, Xie CX, Hao ZF,Wang JJ, Liu CL, LiMS, Zhang DG,

Bai L, Zhang SH, Li XH (2011) Genome-wide association

study identifies candidate genes that affect plant height in

Chinese elite maize (Zea mays L.) inbred lines. PLoS One

12:e29229

Yan JB, Shah T, Warburton ML, Buckler ES, McMullen MD,

Crouch J (2009) Genetic characterization and linkage

disequilibrium estimation of a global maize collection us-

ing SNP markers. PLoS One 4:e8451

Yan JB, Yang XH, Shah T, Sánchez-Villeda H, Li JS, War-

burton M, Zhou Y, Crouch JH, Xu YB (2010) High-

throughput SNP genotyping with the GoldenGate assay in

maize. Mol Breed 25:441–451

Yang Y, Wang FG, Zhao JR, Liu YW (2014) Analysis of the

current situation of accredited maize varieties in China. Sci

Agric Sin 47:4360–4370

Mol Breeding (2015) 35:136 Page 11 of 11 136

123

http://dx.doi.org/10.1007/s11032-011-9631-5
http://dx.doi.org/10.1007/s11032-011-9631-5
http://dx.doi.org/10.1016/j.plantsci.2012.08.114

	Development of maizeSNP3072, a high-throughput compatible SNP array, for DNA fingerprinting identification of Chinese maize varieties
	Abstract
	Introduction
	Materials and methods
	Plant materials and DNA extraction
	maizeSNP50 SNP genotyping
	Selection of SNP loci
	The maizeSNP3072 array
	Evaluation of the maizeSNP3072 array
	Data analysis

	Results
	Selection process for the 3072 SNPs
	Establishment of an accurate genotype-calling procedure through cluster differentiation
	Characteristics of the maizeSNP3072 array
	Distribution characteristics of the 3072 SNP loci
	Comparative analysis of maizeSNP3072 and maizeSNP50K arrays

	Discussion
	SNP array development and characterization for maize DNA fingerprinting
	Comparison of published SNP arrays and the maizeSNP3072 array
	Selection of SNPs compatible with Infinium and GoldenGate platforms
	Applications of the maizeSNP3072 array

	Acknowledgments
	References




