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Study on Essential Derivation in Maize: III. Selection and 
Evaluation of a Panel of Single Nucleotide Polymorphism 

Loci for Use in European and North American Germplasm
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ABSTRACT

Pairwise distance data for maize (Zea mays 
L.) inbred lines generated using sets of single 
nucleotide polymorphisms (SNPs) selected 
from a 50k Infinium array were compared with 
pairwise distances generated using a set of 163 
simple sequence repeat (SSR) loci previously 
identified to help determine essentially derived 
variety (EDV) status (UPOV, 1991). Final com-
parisons were made using 26,874 SNPs after 
discarding SNPs with insufficient data quality or 
vulnerability to ascertainment bias. Inbred lines 
developed in the United States or in western 
Europe that had been previously published to 
establish SSR-based thresholds provided the 
means to determine equivalent SNP-based pro-
tocols. Use of 3072 SNPs selected to provide 
even genomic coverage according to genetic 
and physical maps provided robust, precise, 
high discrimination among inbred lines with con-
sistent zonal classification with up to 20% miss-
ing data. Comparisons of intercepts and slopes 
for SSR and SNP inbred pairwise distance data 
translated the 82% SSR green-orange similar-
ity threshold to 91% using SNPs and the 90% 
SSR orange-red threshold to 95% using SNPs. 
Information required to conduct analyses using 
these 3072 SNPS is presented.
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As of July 2014, 70 countries and 2 organizations, the 

European Union (28 member States) and the African 

Intellectual Property Organization (17 member States), had 

become members of the International Union for the Pro-

tection of New Varieties of Plants (UPOV) (UPOV, 2014). 

The UPOV provides a sui generis system to protect intel-

lectual property vested in plant varieties that are declared 

as distinct, uniform, and stable (DUS) through the grant of 

Plant Variety Protection (PVP) or Plant Breeders’ Rights 

(PBR) and as implemented in national and/or regional 

legislation. Of these members, 51 (72%) provide protec-

tion under the Act of 19 Mar. 1991, of the Convention. 

A major distinguishing feature of the 1991 Act compared 

to previous Acts (Act of 1961 amended in 1972 and Act of 

1978) is the addition of the concept of an EDV. An EDV is 

defined by UPOV (1991) as “predominantly derived from 

an initial variety, or from a variety that is itself predomi-

nantly derived from the initial variety, whilst retaining the 

expression of the essential characteristics that result from 

the genotype or combination of genotypes of the initial 

variety.” A major impetus leading to the introduction of the 

concept of essential derivation was to provide a balance of 

intellectual property rights (IPR) to breeders of initial vari-

eties and to subsequent breeders or biotechnologists who 

develop a variety that was improved agronomically, albeit 

by making relatively small genetic changes to the initial 

variety. The concept of essential derivation should also sup-

port IP by reducing incentives to make minor genotypic or 

phenotypic changes to an initial variety that result in cos-

metic changes with no significant agronomic improvements 

because breeders of initial varieties would have no incentives 

to provide commercial licenses for plagiarism (Sanderson, 

2006; ISF, 2012). While UPOV provides guidelines for the 

implementation of the EDV concept (UPOV, 2009) and 

provides a forum for reviewing relevant research via meet-

ings of the UPOV Biochemical and Molecular Techniques 

(BMT) working group (UPOV BMT 2007, 2010; UPOV 

BMT Addendum 2007 ) it has been largely left to experts 

in the field, that is, breeders and those who characterize 

plant varieties, to develop crop specific guidelines or for 

courts to set legal precedence (District Court, 2008; Court 

of Appeal, 2009; UPOV BMT 2010; 2011). In contrast, 

Australia requires the PVP Office to determine EDV status 

and the goals of EDV implementation in that country is to 

prevent copying or plagiarism rather than to facilitate bal-

anced opportunities for initial and subsequent breeders to 

share commercial returns (PBR, 1994).

It is generally accepted that molecular marker-based 

comparisons of the initial variety and a putative EDV can 

provide pertinent information to help determine EDV 

status through an ability to measure genetic conformity 

(Heckenberger et al., 2002; 2003; Rodrigues et al., 2008; 

Smith et al., 2014). Sanderson (2006) describes the poten-

tial legal and judicial complexities in determining EDV 

status noting that quantitative data providing measures of 

genetic similarities between varieties can play an impor-

tant role in the process. The International Seed Federa-

tion (ISF) has promulgated crop specific guidelines to help 

determine EDV status where an important role of marker 

data is to determine whether the burden of proof should be 

reversed to then rest on the developer of the putative EDV 

(ISF, 2004a; 2004b; 2005, 2006, 2007a; 2007b; 2008, 

2009; 2014, nd; UPOV BMT, 2010). A previous study 

reported the selection and evaluation of a panel of 285 

SSR loci to help determine essential derivation in maize 

(Zea mays L.) in the United States (Kahler et al., 2010). 

A similar study conducted by the French Maize Breed-

ers Association (SEPROMA) resulted in the publication 

of a set of 163 SSRs that were recommended for use to 

help determine EDV status in maize germplasm in France 

(Andreau et al., 2003; Heckenberger et al., 2003; Kahler 

et al., 2010). Thresholds of SSR marker-based similarity 

were jointly proposed by the cultivar variety subcommit-

tee of ASTA and by SEPROMA to categorize putative 

EDVs in relation to an initial variety. For there to be the 

possibility of essential derivation, the putative EDV had to 

be more than 82% similar to the initial variety. Similarities 

above 82% were sufficient to reverse the burden of proof 

to the breeder of the putative EDV. Similarities above 90% 

could be regarded as a strong indication of EDV status (ISF, 

2008; 2014). Since that time, SNPs have largely replaced 

SSRs as the marker system of choice for use in plant breed-

ing due to their availability in great numbers, ability to 

provide higher map resolution, higher-throughput, lower 

cost, lower error rate, and greater potential to provide har-

monized data across laboratories due to their greater clarity 

in scoring and databasing (Hamblin et al., 2007; Jones et 

al., 2007; Inghelandt et al., 2010; Yang et al., 2011). It is 

therefore important that technical guidelines to help deter-

mine EDV status with SNPs in maize are available.

The SNPs and SSRs have different attributes which 

result in contrasting capabilities to estimate genetic dis-

tances. These must be taken into account when deter-

mining protocols that will provide for equivalent results 

in helping to determine EDV status. The SSRs generally 

reveal a higher mean number of alleles. The SNPs gen-

erally have a maximum of two alleles per locus and can 

therefore provide a maximum gene diversity measure or 

polymorphic index content (PIC) of 0.5. In contrast, SSRs 

can approach a PIC of 1.0 due to their multi-allelic nature 

and because they have generally been subject to more 

cycles of selection for loci that are polymorphic (Hamblin 

et al., 2007). For example, Hamblin et al. (2007) found 

that 89 SSRs performed better at distinguishing among 

maize inbred lines (mostly unrelated by pedigree) than did 

847 SNPs. Yu et al. (2009) determined that more than 

10-fold the number of SNPs would be required to pro-

vide an equivalent ability to distinguish among maize 
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Marker-based distances are more appropriate than 

pedigree records to assess genetic relationships among 

maize inbreds (Inghelandt et al., 2010; Smith et al., 2014). 

Both SSR and SNP data can provide the same portrayal 

of the structure and diversity of maize germplasm (Ing-

helandt et al., 2010). Nonetheless, due to their differen-

tial characteristics, results from empirical studies must 

be examined before SSR-based guidelines, including 

marker-based thresholds, can be translated into SNP-

based protocols that provide equivalent outcomes in help-

ing to determine EDV status (Inghelandt et al., 2010). 

We also wished to identify a set of SNPs that could pro-

vide a robust, unbiased, and universal method to estimate 

genetic distance across a broad spectrum of maize germ-

plasm. To help achieve this objective, we started with a 

large number of SNPs. We then proceeded to exclude 

from further analyses those SNPs that had already been 

highly selected according to their ability to reveal poly-

morphisms between a narrow base of inbred lines (B73 

and Mo17) to avoid potential ascertainment bias. Sub-

sequent selections were made with the primary purpose 

of maintaining even genomic and physical map coverage 

without selection for PIC to thereby minimize potential 

limitations imposed by ascertainment bias. Three com-

ponents required consideration. First, to determine the 

number of SNPs required to provide acceptably high 

levels of correlation and low CV. Second, to measure the 

slope for SSR-based distances compared to SNP-based 

distances to determine the conversion formula to provide 

their equivalent threshold levels as previously determined 

using SSR data. Third, to determine which genetic map 

(genetic, physical, or both) to use as the basis for marker 

selection. It was jointly agreed among the maize research 

membership of the ASTA and the French Breeders Asso-

ciation (UFS) to implement research to determine SNP-

based thresholds equivalent to those already established 

using SSRs (Andreau et al., 2003; ISF, 2008; Kahler et al., 

2010). The objectives of this research are to (i) report on 

the comparison of pairwise distance data among inbred 

lines of maize generated using SSR and SNP data and (ii) 

the use of those data to derive SNP-based methods that 

can help determine EDV status in maize.

MATERIALS AND METHODS

Materials
Maize genotypes used to compare SSR and SNP data are 

presented in Tables 1 and 2. Inbreds listed in Table 1 had 

previously been included among those to determine SSR-based 

EDV thresholds (Andreau et al., 2003; ISF, 2008; Kahler et 

al., 2010). These inbreds (Table 1) were used to compare cor-

relations of pair-wise distances for SSR and SNPs, to determine 

numbers of SNP loci that would provide adequate precision, 

and to provide an initial estimate of SNP thresholds that would 

provide equivalent results in helping to determine EDV status 

genotypes. Yang et al. (2011) determined that 884 SNPs 

provided an equivalent ability to distinguish among maize 

inbred lines as did 82 SSRs. Inghelandt et al. (2010) sur-

veyed 1537 elite maize inbred lines using 359 SSRs and 

8244 SNPs and found a range of 2 to 53 (mean 14.57) 

alleles per SSR compared to two alleles per SNP. Most 

studies reported above used <1000 SNPs and showed 

measures of SSR- and SNP-based genetic distances were 

only well correlated for subsets of closely related inbred 

lines. In contrast, when Inghelandt et al. (2010) surveyed 

1537 elite maize inbred lines using 359 SSRs and an 

order of magnitude more (8244) SNPs, then correlations 

for pair-wise genetic distances according to marker class 

were evident for both related and unrelated inbred lines. 

In making such comparisons it is important to recall that 

selection of a set of markers to be highly discriminative 

in one set of germplasm due to their high PIC values can 

lead to ascertainment bias rendering that set of markers 

potentially less effective or biased at discriminating among 

other inbred lines that are unrelated to the inbred set used 

to select the high PIC markers (Hamblin et al., 2007).

By virtue of their mean lower number of alleles, SNPs 

generally reveal increased allele frequencies and in com-

parison to multi-allelic marker systems, a decreased pro-

portion of polymorphic markers that are common between 

two individuals. Consequently, SNP-based comparisons 

lead to decreased estimates of genetic distances compared 

to those calculated using SSRs. An imperfect correlation 

between genetic distances calculated by each marker class 

also can be expected because different marker systems can 

sample the genome unevenly. Also, the mutation rate of 

SSRs is much higher (1 × 10–9) than for SNPs (1 × 10–5) 

(Yang et al., 2011). Consequently, SSR-based comparisons 

of germplasm either increase apparent genetic distances 

due to mutation to a new state or they can reduce genetic 

distances by mutation leading to homoplasy (Rafalski and 

Tingey, 2008). The level of precision or coefficient of vari-

ation (CV) is also an important consideration. Inghelandt 

et al. (2010) determined that for 1537 elite maize inbred 

lines encompassing four unrelated heterotic groups that 

90 SSR or 650 SNPs (1:7 ratio) were required to provide 

a stabilized plateau for CV. Under the assumption that a 

CV of 1% is sufficient, Inghelandt et al. (2010) estimated 

that 270 SSRs or 3150 SNPs (1:11 ratio) would suffice, in 

concordance with theory (Laval et al. (2002) and Vignal 

et al., 2002) and empirical research (Yu et al., 2009). With 

further regard to sampling strategy, Inghelandt et al. (2010) 

and Nelson et al. (2011) showed that slightly lower CVs 

could be obtained by choosing markers that were equally 

distributed through the genome on comparison to their 

random selection according to map position. Stratified 

sampling therefore allows for increased efficiencies in either 

the need to select fewer markers or to maximize precision 

(Inghelandt et al., 2010; Nelson et al., 2011).
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as SSR data (Kahler et al., 2010). An additional set of propri-

etary closely related pairs (Table 2) of inbred lines developed 

either in the United States or western Europe, with pedigrees 

known only by the respective company representatives, were 

also then examined using the selected SNP loci to validate 

and, if necessary to further adjust SNP thresholds to provide 

greatest consistency with SSR-based categorization of inbred 

pairs according to possible EDV status.

Simple Sequence Repeat and Single 

Nucleotide Polymorphism Profiling Protocols 

and Quality Control Criteria for Single 

Nucleotide Polymorphism Data
All inbreds (Tabled 1and 2) were profiled using (i) 150 ASTA 

designated SSRs according to methods reported by Kahler et 

al. (2010) and (ii) 163 SSRs designated by SEPROMA accord-

ing to SSR EDV guidelines (Andreau et al., 2003; ISF, 2008). 

There were 40 SSRs in common between the profiling con-

ducted by Biogenetics and by Trait Genetics. The acrylamide 

gel technologies used by Trait Genetics (ISF, 2008) were more 

discriminative among SSR alleles compared to the agarose 

technology used by Biogenetics (Kahler et al., 2010). Conse-

quently, data from each SSR set were treated as separate datasets.

All inbreds (Tabled 1 and 2) were profiled using a 50K 

SNP Illumina Infinium array by Trait Genetics GmbH (Gater-

sleben, Germany) using methods described by Ganal et al. 

(2011). This set of SNPs was selected to have a minimum allele 

frequency (MAF) of >0.2 among 25 diverse maize inbreds that 

were used for Nested Association Mapping (NAM) and which 

were selected on the basis of their agronomic importance in 

the United States or to capture as much of the genetic diversity 

present in maize as possible (Gore et al., 2009; Ganal et al., 

2011). The SNP data were first subject to a quality assurance 

Inbred lines developed in the United States

Inbred Family Pedigree Breeder

PH207 Iodent G3BD2  G3RZ1 Pioneer Hi-Bred

A632 B14 (Mt42  B14) s B14 (3) University of 

Minnesota

B14 B14 BSSS Iowa State University

B37 B37 BSSS Iowa State University

PHB47 B37 B37 (2)  SD105 Pioneer Hi-Bred

B73 B73 BSSS Iowa State University

CM105 B14 V3  B14 (2) Morden, Canada

CO109 CO109 Early Butler Ottawa, Canada

PHG29 Iodent PH207  (PH207  806) Pioneer Hi-Bred

PHG35 Misc. G3BD2  PH595 Pioneer Hi-Bred

PHG39 B14-B37 A33GB4 x A34CB4 Pioneer Hi-Bred

PHG39 Oh43 PH041   MKSDTE C10 Pioneer Hi-Bred

PHG84 Misc. PH848  PH595 Pioneer Hi-Bred

DKHBA1 Misc. Pioneer brand hybrid  

3195  Pioneer brand 

hybrid 3199

Pioneer Hi-Bred

I205 Iodent Iodent Iowa State University

PHJ40 Misc. PHB09  PHB36 Pioneer Hi-Bred

LH1 B37 (B37  644)  B37 Holden Foundation 

Seeds

LH123HT Misc. Pioneer brand  

hybrid 3535

Holden Foundation 

Seeds

LH132 B73 (H93  B73)  B73 Holden Foundation 

Seeds

LH146HT B14-B73 (B73  CM105)  CM105 Holden Foundation 

Seeds

LH74 B14-B73 A632  B73 Holden Foundation 

Seeds

LH82 Iodent 610  LH7 Holden Foundation 

Seeds

LH82 Misc. Pioneer brand  

hybrid 3978

Holden Foundation 

Seeds

Mo17 C103 C103  C.I. 187-2 University of Missouri

Mo17 Oh43 W8  Oh40B Ohio State University

Mo17 OTHER 2 C.I.540  Ill. L Ohio State University

DKPB80 B73 (1067-1  B73)  B73 DeKalb Genetics

W117 OTHER 3 643  Minnesota 13 University of 

Wisconsin

W153R OTHER 3 (Ia153  W8)  Ia153 University of 

Wisconsin

PHZ51 Misc. PH814  PH848 Pioneer Hi-Bred

Inbred lines developed in France

Inbred Pedigree background

L138 EU Flint

L67 EU Flint

L93 EU Flint

L20 = F2 EU Flint

L48 Lancaster Sure Crop

L89 = W401 Lancaster Sure Crop

L134 Lancaster Sure Crop

L14 = LH59 Lancaster Sure Crop

L102 Group 3

L90 Iodent

L88 Iodent

L130 Iodent

L96 = MBS847 Iodent

L71 Iodent

L50 Iodent

L2 B14-B73

L133 B14-B73

L85 B14-B73

L37 = LH132 B73

L28 B14-B73

L13 = B73 B73

L115 B14-B73

L27 B14-B73

L76 = A632 B14

L1 B14-B73

Table 1. List and description of inbreds included in the present study to provide the basis for recalibration for essentially 
derived variety (EDV) thresholds to single nucleotide polymorphism (SNP) data.
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monomorphic and so data obtained using those SNPs were dis-

carded from subsequent analyses. A total of 14,870 SNPs were 

from a set of SNPs that had been selected purely on the basis that 

they were polymorphic between B73 and Mo17. These SNPs 

were shown to distort genetic distance estimates at least for Mo17 

among a broad range of maize germplasm (Ganal et al., 2011) 

due to ascertainment bias and were therefore discarded from 

further analyses. Final data used to evaluate important param-

eters associated with determination of EDV status including to 

select SNP sets were obtained from a set of 26,874 SNPs.

analysis. The SNP data were eliminated from subsequent anal-

yses if they exceeded the following thresholds:

 >10% of missing SNPs per genotype

 >10% of missing genotype per SNP

 >5% heterozygous SNPs per genotype

 >10% heterozygous genotypes per SNP

Data from a total of 5882 SNPs were discarded because 

they did not meet quality standards. A further 1948 SNPs were 

Table 2. List and background information for additional closely related inbred lines used in the present study to further validate 
the single nucleotide polymorphism (SNP)-based essentially derived variety (EDV) thresholds. The percent by pedigree for addi-
tional pedigree data are minimum estimates of pedigree relatedness because the percent pedigree relatedness among parent 
lines has not been taken into account.

Breeder Inbred Adaptation maturity Genetic family Additional pedigree data

DuPont Pioneer PHB1

DuPont Pioneer PHB2

DuPont Pioneer PHK4.2

DuPont Pioneer PHT5.5

Syngenta SYT1.0

Syngenta SYT1.1

Syngenta SYT2.0

Syngenta SYT2.1

Syngenta SYT2.2

Dow Agrosciences DAS3.0

Dow Agrosciences DAS3.1

Dow Agrosciences DASS3.1

Dow Agrosciences DAS3.2

Dow Agrosciences DAS4.0

Dow Agrosciences DAS4.1

Monsanto MON8.1

Monsanto MON8.2

Monsanto MON8.3

Monsanto MON8.4

Limagrain UFS1 EU Flint zone B–C Flint

Limagrain UFS2 EU Flint zone B–C Flint

Limagrain UFS3 EU and US Dent 95–100 d Iodent-BSSS

Limagrain UFS4 EU and US Dent 95–100 d Iodent-BSSS

KWS UFS5 EU Zone B–C Flint

KWS UFS6 EU Zone B–C Flint 50% by pedigree UFS5

KWS UFS7 EU Zone A–B–C Dent

KWS UFS8 EU Zone A–B–C Dent 75% by pedigree UFS7

RAGT UFS9 EU Dent 85–95 d B14-B73

RAGT UFS10 EU Dent 85–95 d B14-B73 50% by pedigree UFS9

RAGT UFS11 EU Dent 85–95 d Iodent

RAGT UFS12 EU Dent 85–95 d Iodent UFS11 and UFS12 are sibs

Euralis UFS13 EU and US Zone A–B–C Flint-Iodent

Euralis UFS14 EU and US Zone A–B–C Flint-Iodent

Euralis UFS15 EU and US Zone A–B–C BSSS

Euralis UFS16 EU and US Zone A–B–C BSSS 75% by pedigree UFS15

Maisadour UFS17 EU Flint zone A–B European flint

Maisadour UFS18 EU Flint zone A–B European flint

Maisadour UFS19 EU Dent 95–105 RM Lancaster Sure Crop

Maisadour UFS20 EU Dent 95–105 RM Lancaster Sure Crop 75% by pedigree UFS19

Caussade UFS21 Dent 95–105RM Iodent-BSSS

Caussade UFS22 Dent 95–105RM Iodent-BSSS

Caussade UFS23 Flint Zone B–C Flint

Caussade UFS24 Flint Zone B–C Flint 75% by pedigree UFS23
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Measurement and Comparison  

of Genetic Distances
Genetic distances among pairs of inbred lines were computed 

using Roger’s distance. This method was used instead of the 

modified Roger’s distance method adjusted by Wright (1978) 

that we reported in Kahler et al. (2010) because it is pre-

ferred (Rogers, 1991) and to align with more recent analyses 

performed in Europe under the auspices of SEPROMA. The 

modified Roger’s distance is simply the square of unadjusted 

Roger’s distances (Reif et al., 2005).

Comparisons of genetic distances between pairs of inbred 

lines using SSR or SNP data were made by measuring their 

correlations using Mantel tests and coefficient of determina-

tion of least squared regression. Initial comparisons of SNP data 

were made using subsets comprised of 384, 768, 1536, and 3072 

SNPs. For each SNP number class, 100 independent subsets of 

SNPs were sampled for analysis. Standard deviations and coef-

ficients of variation for pair-wise genetic distances for each pair 

of inbreds were calculated for each of 100 random subsets at each 

SNP number class and for the complete data set of 26,874 SNPs.

Determining the Number of Single 

Nucleotide Polymorphisms
The number of SNPs that would be required to generate pair-

wise inbred genetic distances with high repeatability and high 

precision was determined by comparing correlations and stan-

dard deviations of distance measures for different sized subsets 

of SNPs (384, 768, 1536, 3072) compared to the full set of SNPs 

(27,874). Subsets of markers were chosen only to maintain even 

coverage across the genome using either physical or genetic 

maps. There was no selection for PIC to avoid potential future 

pitfalls associated with ascertainment bias.

Selection of Single Nucleotide 

Polymorphisms to Comprise the Essentially 

Derived Variety  Set in Relation to the 

Physical and Genetic Map
We present below a narration of the thought process and strategies 

that we used to determine a method of selecting specific SNPs 

according to the physical and/or genetic maps. Random selection 

of 1536 SNPs from among the 26,874 set resulted in an average 

marker distance of 1338,238 bp with SD 1514,978 bp compared 

to an average marker distance of 1362,192 with SD of 610,351 

when 1536 SNPs were selected. Selection of SNPs on map infor-

mation allowed for more even genomic distribution and thus a 

more even sampling of the maize genome. The question then 

arose as to how SNPs should be selected; using the genetic map, 

the physical map, or a combination of both maps. Application 

of the EDV concept can help prevent plagiarism of an existing 

genotype. In this respect then genetic distance (recombinations 

per generation) would be the preferred selection criterion. On 

the other hand, compared to the genetic map the distribution 

frequency of expressed sequence tags (ESTs) on the physical map 

would be expected to be higher in the centromeric and pericen-

tromeric regions due to relatively lower recombination events 

in these chromosomal regions. It may be therefore that centro-

meric and pericentromeric regions might be more important 

with regard to phenotypic expression of genes than previously 

considered (Gent et al., 2012). Consequently, if the selection 

of EDV SNPs were to be based on genetic distance alone, then 

there is a possibility that a subsequent breeder might be able to 

use SNPs located in the telomeric regions to select genetically 

away from the initial inbred, at least according to comparisons 

provided by SNPs, while retaining sufficient genotype to copy 

the phenotypic expression developed by the initial breeder. It 

is well established that changes in gene spacing, relative loca-

tion, and gene presence occur in maize (Anderson et al., 2006). 

Consequently, it was decided to use both the physical and genetic 

maps and to select SNPs in equal numbers using each map.

A genetic algorithm was used to select SNP panels based on 

both genetic and physical distances. The genetic algorithm is a 

commonly used method to search for optimal solutions (Mitch-

ell, 1996), in this case sets of SNPs that find the optimal balance 

of genetic and physical distances between selected markers. The 

algorithm was initiated with SNP panels selected by using bins 

based on the genetic and physical maps, respectively. The bins 

had a fixed width, calculated to yield 1536 evenly spaced bins 

containing two or more SNP makers with VeraCode quality 

scores >0.9. Two SNP markers were then randomly selected 

from each bin to yield a 3072 SNP marker panel for genetic and 

physical distances. The two panels were treated as “chromo-

somes” and recombination events were simulated to generate 

new panels. The new panels were then evaluated and selected 

according to the following fitness function:

fitness = std
pd

 + std
gd

 +abs(std
pd

 – std
gd

) 

where std
pd

 is the standard deviation of the scaled physical 

distance intervals between selected markers and std
gd

 is the stan-

dard deviation of the scaled genetic distance intervals between 

selected markers. The distance intervals were scaled by dividing 

them by the total map length. The selected panels or “chromo-

somes” were then crossed and new recombination events were 

generated. This process was repeated until the panel became 

fixed and no further improvement could be made.

Robustness-missing Data Analysis
To examine the impact of missing data on calculations of genetic 

distance and EDV classification, code was developed to randomly 

select a predetermined percentage of markers to treat as miss-

ing. After removing markers calls for the selected SNPs, genetic 

distances were recalculated for all pairwise combination of lines 

and compared to the full set of 3072 markers. This process was 

repeated 100 times for each selected level of missing data.

Recalibration of Simple Sequence 

Repeat-based Essentially Derived Variety 

Zonal Thresholds to Single Nucleotide 

Polymorphism-Based Essentially Derived 

Variety Thresholds, Final Threshold 

Selection, and Validation
The SNP-based EDV thresholds were recalibrated from SSR-

based thresholds (ISF 2008; Kahler et al., 2010) by multiplying 
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the SSR threshold genetic distances of 0.18 (82% similar) and 0.10 

(90% similar) for the green–orange and orange–red thresholds, 

respectively by the slope generated by comparing the UFS 163 

SSR pairwise distances with those generated using SNP pairwise 

distances for the same set of inbred lines. An initial calibration 

factor was calculated using the 26,874 SNPs. A final calibration 

factor was calculated once the number and identity of a specific 

SNP EDV set had been determined and tested for robustness. 

The SNP-based thresholds were then validated by comparisons 

of zonal EDV classifications for additional pairs of proprietary 

inbred lines (Table 2) using the UFS 163 SSR data and SSR-

based thresholds with those generated using the recommended 

set of 3072 EDV SNPs and SNP-based EDV thresholds.

RESULTS

Characteristics of the Various Datasets
Genetic diversity (He) averaged across the 150 ASTA 

designated SSRs using agarose gels (Kahler et al., 2010) 

calculated using the 90 inbreds (Tables 1 and 2) was 

0.55 and 0.67 when averaged across the 163 UFS SSRs 

using acrylamide gels. Pair-wise inbred genetic distances 

ranged from 0.05 to  0.70 using the ASTA 150 inbreds 

and agarose gel technology (Kahler et al., 2010) and from 

0.02 to 0.88 using the UFS SSRs and gel technology. The 

UFS methodology revealed greater SSR allelic diversity 

amongst the set of inbreds. Consequently, further analy-

ses comparing SSR data were with pair-wise distances 

generated using the UFS methodology.

Correlations of Genetic Distances between 

Pairs of Inbred Lines as Determined using 

Simple Sequence Repeats Compared to 

26,874 Single Nucleotide Polymorphisms
The correlation between pairwise genetic distances esti-

mated with UFS SSRs using acrylamide gels and the 

26,874 SNPs was highly significant (P
value

 < 2.2. 10 16), 

R2 = 0.92; slope of the regression was 0.50 (Fig. 1).

Determining Parameters for the Number  

of Single Nucleotide Polymorphisms  

for Use in Essentially Derived Variety 

Determination and Comparisons with  

Simple Sequence Repeat Data
We selected a mean genetic distance of 0.1 to be able to 

compare error rates for each SNP set, as this distance was 

anticipated to be close to the threshold for EDV determi-

nation. Standard deviations for a mean genetic distance 

of 0.1 for 384, 468, 1536, and 3072 subsets of SNPs were 

0.012, 0.008, 0.006, and 0.004, respectively. Coefficients 

of variation for a mean genetic distance of 0.1 for these 

same SNP subsets were 0.15, 0.10, 0.07, and 0.05, respec-

tively. In contrast, and under the simplifying assumption 

that each SSR marker is independent, standard deviation 

for the genetic distance of 0.2 (equivalent to 0.1 as esti-

mated by SNPs) was 0.031 with a coefficient of variation 

of 0.16 using the UFS 163 SSR set. According to this 

comparison as few as 384 SNPs provided a more accurate 

estimation of genetic distance than did 163 SSRs. Cor-

relations between pairwise distances estimated using the 

different subsets and the complete set of 26,874 SNPs were 

R2 = 0.95 (384 subset), R2 = 0.98 (768 and 1536 subsets) 

and R2 = 0.99 (3072 subset).

Determining the Distribution of Single 

Nucleotide Polymorphisms
Given the large number of SNP markers available, we ini-

tially hypothesized that random selections of marker sets 

would provide the basis for adequately even genomic cov-

erage. We tested this hypothesis by comparing randomly 

selected SNPs with those selected on the basis of provid-

ing for even physical map distribution. We found that SNP 

sets selected to provide even genomic coverage gave more 

uniform genome distribution as determined by smaller SD 

of average marker intervals (SD 610,351 bases for selected 

sets compared with SD 1514,978 bases for random selec-

tions). As described in the Materials and Methods, we 

embarked on selecting SNP sets that optimized even map 

coverage based on both physical and genetic map distances. 

The developed algorithm successfully minimized standard 

deviations of the marker intervals on the genetic and physi-

cal maps resulting in an average distance standard deviation 

of 1.2 cM for marker intervals on the genetic map and 

1182,338 bases on the physical map (compared with 2 cM 

on the genetic map if selection was based on physical map, 

Figure 1. Correlation between genetic distances among pairs 

of 90 inbred lines (Table 1) estimated with Union Française des 

Semenciers (UFS) simple sequence repeat (SSR) and single nu-

cleotide polymorphism (SNP). Blue line is the first bisector and red 

line the regression line.
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and 3240,229 bases on the physical map if selection was 

based on the genetic map).

Final Selection of Single Nucleotide 

Polymorphisms and Recalibration of Single 

Nucleotide Polymorphism-Based Thresholds
The initial basis of recalibrating the SSR-based EDV 

thresholds to their equivalence based on SNPs was 

founded on a comparison of 26,874 SNPs with UFS 163 

SSR pairwise distance data that showed a correlation R2 

of 0.92 with a slope of 0.5 (Fig. 1). Based on analyses of 

correlations with SSR data and error rates associated with 

estimated genetic distances, 3072 SNPs were selected to 

assist in EDV determination. The 3072 SNPs are identified 

in Supplemental Table S1 together with their genetic and 

physical map locations. The 3072 SNP set consisted of two 

subsets of 1536 SNPs both selected based on their genetic 

and physical genome distribution. Pair-wise genetic dis-

tances calculated using either subset of 1536 SNPs and 

the combined set of 3072 were highly correlated (R2 = 

0.98. 0.99, and 0.99, respectively) with those calculated 

using the set of 26,874 SNPs. Dividing the 3072 SNP set 

into two equal subsets gives the opportunity for users to 

be able to gather initial estimates of genetic distance using 

one smaller 1536 SNP set that can then be followed up, if 

for example greater precision is required, using the com-

plete set of 3072 SNP markers. Using the combined set of 

3072 SNPs the correlation of all pairwise distances for 90 

inbred lines with pairwise distances computed using the 

UFS standard set of SSRs was R2 = 0.94 with a slope of 

0.5 (Fig. 2). This was the highest R2 value found for all 

SNP sets that we examined using various selection crite-

ria (either physical or genetic map data or at random with 

regard to map location) when compared to pairwise dis-

tances computed using the USF SSR set.

Recalibration of Simple Sequence  

Repeat-based Essentially Derived 

Variety Thresholds to Single Nucleotide 

Polymorphism-based Thresholds
The slopes resulting from comparing pairwise genetic dis-

tances for the same inbred lines (Tables 1 and 2) using UFS 

163 SSRs and either 26,874 SNPs or the specifically rec-

ommended set of 3072 SNPs were 0.5. Consequently, the 

SSR maize green–orange EDV threshold of 0.18 genetic 

distance (82% genetic similarity) translated to 0.18 × 0.5 = 

0.91 genetic distance (91% genetic similarity).. Likewise, 

the SSR orange–red threshold of 0.10 genetic distance (90% 

similarity) was recalibrated to 0.05 genetic distance (95% 

similarity). European and U.S. lines were also analyzed 

separately to determine whether these thresholds were 

appropriate within each germplasm pool; green–orange 

and orange–red thresholds were 91.1 and 95% for U.S. 

lines and 90.7 and 94.8 for European lines, respectively. 

Usage of 91% (green–orange) and 95% (orange–red) SNP 

thresholds resulted in fewer re-categorizations when either 

1536 or 3072 SNPs were used (10–15/2198 or 0.5% inbred 

pairs) compared to application of 90% (green–orange) and 

94% (orange–red) thresholds (15–17/2198 or 0.7–0.8% 

inbred pairs). Very importantly, transitioning the meth-

odology and classification of inbred pairs from previously 

accepted SSR threshold to these SNP thresholds caused 

no inbred pairs to be reclassified across two non-adjacent 

zones (i.e., red to green or vice versa).

Robustness in the Face of Missing Data
As percent missing data rose from 1 to 50% then correla-

tions of pairwise distance data compared to that obtained 

using the full set of data fell from 0.999 to 0.994 and SDs 

rose from <0.0001 to 0.0085. Of greatest relevance were 

resultant changes of zonal categorizations of lines (Fig. 

3). Categorization of inbred lines was robust for adjacent 

changes with <0.5% inbreds changing into adjacent zones 

with up to 20% missing data. The level of missing data 

had to reach 45% before there was any change in clas-

sification of an inbred line across two zones (green–red).

DISCUSSION
The EDV concept is an important component of the 

protection of intellectual property provided by Plant Vari-

ety Protection or Plant Breeders’ Rights as legislated in 

accordance with guidelines promulgated by the UPOV 

1991 Convention (UPOV, 1991). Practical application of 

the EDV concept encourages the breeding of new dis-

tinct varieties that have significantly improved agronomic 

characteristics but in other respects may be closely similar 

to the initial variety. When a variety is determined to be 

essentially derived from an initial variety, it is the sole 

Figure 2. Correlation of pairwise distances between 90 inbred 

lines of maize included in the present study (Table 1a) on the 

basis of 3072 single nucleotide polymorphisms (SNPs) selected 

following quality control by analyzing jointly physical and genetic 

map data compared with pairwise distances computed using 163 

Union Française des Semenciers (UFS) selected simple sequence 

repeats (SSRs), R2 = 0.93 with a slope of 0.5.
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responsibility of the breeder of the initial variety to decide 

whether to allow the second breeder to commercialize the 

resulting EDV. When commercialization of an EDV is 

agreed then this will usually be under terms where both 

breeders can be rewarded for their respective contribu-

tions. The EDV concept also provides protection against 

plagiarism, cosmetic breeding, or counterfeiting that 

results in germplasm that is closely similar to an existing 

variety or parental inbred line protected with a PBR but 

which otherwise has no significant additional agronomic 

merit  (Sanderson, 2006; ISF, 2012).

However, it is often difficult for the breeder of the initial 

variety to assemble the information required to determine 

EDV status. It is particularly difficult to make morphological 

comparisons of parental lines of hybrid crops because parental 

lines are usually maintained as trade secrets. The ISF (UPOV 

BMT, 2010; ISF, 2012) (http://www.worldseed.org/isf/edv.

html) has therefore proposed that genotypic data should be 

used to help provide an initial evaluation of the likelihood 

that a subsequently developed inbred line, variety, or hybrid 

might be an EDV. If an inbred or variety is shown to be a 

putative EDV then ISF (2012) proposes that there should be 

a reversal of the burden of proof from the claimant (initial 

breeder) to the second breeder. Sanderson (2006) describes 

the potential complexities in determining EDV status noting 

that while quantitative data may not alone be able to provide 

the final basis for determination of EDV status, those data 

play an important role in the process.

There are numerous publications supporting the use 

of molecular data to provide measures of genetic similarity 

for inbred lines and varieties and their usefulness to help 

determine EDV status (Smith et al., 2014). The ISF has 

published methodologies for several crops (ISF, 2004a; 

2004b; 2005, 2006, 2007a; 2007b; 2008, 2009; 2014) 

including for maize using SNPs. Several authors have 

compared the abilities of SSRs and SNPs to provide 

comparisons of maize germplasm that are meaningful 

in terms of pedigrees, their genetic constitution, and 

assignment into various heterotic or familial groups 

including Van Inghelandt et al. (2010) and Nelson et al. 

(2011). These authors concur that, so long as adjustments are 

made that take into account the contrasting characteristics 

of the different marker systems, either marker method can 

be usefully applied to characterize and distinguish maize 

germplasm. Methods have already been developed for 

the use of SSRs to help determine EDV status in maize 

(Andreau et al., 2003; ISF, 2008; Kahler et al., 2010). The 

technical advantages associated with SNPs compared to 

SSRs are leading many laboratories to transition to the 

use of SNPs (Vignal et al., 2002, Jones et al., 2007, Yang 

et al., 2011). In addition Inghelandt et al. (2010) indicated 

“that under the assumption of a fixed budget, modified 

Roger’s distance (MRD) and gene diversity (D) could be 

more precisely estimated with SNPs than with SSRs.”

Inghelandt et al. (2010) noted that use of SNP data 

leads to decreased genetic distance estimates compared 

to those estimated using SSRs and that consequently 

“new thresholds have to be defined, if essentially derived 

varieties will be, in the future, identified based on SNP 

markers instead of SSR or restriction fragment length 

polymorphism markers (cf. ISF, 2008)”. We therefore 

undertook this study with the initial purpose of evaluating 

the use of SNP markers in comparison to SSR markers 

in estimating genetic distances between pairs of inbred 

lines of maize that were selected to represent U.S. and EU 

germplasm including lines that had previously been used 

to estimate SSR-based thresholds for the determination 

of EDVs (Andreau et al., 2003; ISF, 2008; Kahler et al., 

2010). We found high correlation of genetic distances 

between SNP-based measures and SSR-based measures, 

especially when more discriminative polyacrylamide gel-

based methods were used to distinguish among SSR alleles 

Figure 3. Percentages of inbred lines with shifts in zonal classification with subsets of single nucleotide polymorphisms (SNPs) containing 

up to 50% missing data compared to using 3072 SNPs.
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(Andreau et al., 2003). We examined subsets of SNPs and 

established that 1536 SNPs gave a level of correlation and 

precision (R2 = 0.98 SD 0.006) compared to the 24,886 set 

of SNPs that would be anticipated to be sufficient for the 

purposes of helping to determine EDV status. Nonetheless, 

since costs associated with the use of SNPs can be expected 

to further decrease we decided to identify two sets of 1536 

SNPs which when combined provided a correlation of R2 = 

0.99; SD of 0.004 compared to use of the 26,874 SNPs. We 

found that selection of SNPs based on genetic and physical 

distances gave best distribution on both genomes and gave 

the highest correlations with SSR data. Genetic distances 

estimated using SNP data were generally lower than 

those estimated using SSRs. Consequently, equivalency 

to a predetermined SSR threshold requires that the SNP 

threshold to be raised in relation to the slope generated by 

comparing pairwise distances from inbred lines using SSR 

and SNP-based methods. As a result of this recalibration 

we concluded that an SSR-based maize EDV threshold 

of 82% similarity (ISF, 2008) should be recalibrated to 

91% similarity using SNPs (ISF, 2014). Likewise, an 

SSR threshold of 90% similarity (ISF, 2008) should be 

recalibrated to 95% when using SNPs (ISF, 2014).

We tested robustness of zonal classification of inbreds 

using these SNP protocols in the face of missing data. 

Classifications were robust with up to 25% missing data 

(Fig. 3), well above a 1.5 to 5% level of missing data that 

might be expected ( Jones et al., 2007; Simic et al., 2009; 

Yan et al., 2010). It is important to note that use of 50% 

missing data is not equivalent to use of one of the two 1536 

SNP sets, for each 1536 SNP set was selected to allow even 

sampling of the genome according to both the genetic and 

the physical maps, therefore giving lower error rates and 

SD compared with random missing data. We decided not 

to select subsets of SNPs based on their PIC value among 

U.S. and European inbred lines. We concluded that use 

of 3072 SNPs selected to provide even coverage of the 

genetic and physical maps from among the larger set of 

26,874 SNPs provided adequate power and precision to 

measure genetic distances with a sufficient CV to help 

determine EDV status. In addition, the cost efficiencies 

that now allow 3072 SNPs to be assayed on a regular 

basis obviated the potentially negative aspects associated 

with increasing ascertainment bias that could result from 

a more stringent and targeted selection of SNPs. Being 

able to avoid problems associated with ascertainment bias 

therefore makes this a potentially useful marker set for 

use with other germplasm unrelated to that tested here. 

We also draw attention to the derivation of the set of 

SNPs included in this study which spanned a very broad 

base of Zea germplasm. More than half are tropical in 

origin, nine are temperate lines, two are sweet corn lines 

(representing Northern Flint), and one is a popcorn inbred 

line (McMullen et al., 2009). We anticipate therefore that 

the set of 3072 SNPs published here may be more broadly 

useful in characterizing and distinguishing among maize 

germplasm that is distributed more globally. This set 

of SNPs can also provide the pool from which further 

subsets of SNPs could be chosen for use, at least in the 

United States and Europe, for the purposes of maize 

inbred line or hybrid identification, pedigree verification, 

and to help in the management of reference collections 

which is an integral part of the distinctness, uniformity, 

and stability (DUS) examination process required to 

determine eligibility for the receipt of protection by PVP. 

We therefore recommend that other national/regional 

breeders also evaluate this set or subsets of SNPs for use in 

the identification of maize inbred lines or hybrids, varietal 

purity, and to help in the determination of EDV status.
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