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Abstract 
 
1. Molecular marker profiles can help assure varietal identity, to monitor genetic purity 
and to assist in obtaining intellectual property protection. A small number of highly 
informative markers that are amenable to high-throughput laboratory conditions would have 
practical advantages in providing a means of varietal identification that is both cost-effective 
and rapid. We have identified a set of 16 single nucleotide polymorphism (SNP) loci that 
provides marker profiles that are highly discriminative amongst proprietary and competitor 
maize inbred lines and which are adapted for use in the United States of America (US) or in 
Europe. The discriminative power of these SNP loci is an order of magnitude higher than that 
previously possible using data obtained from isozyme loci. The discriminative power of the 
16 SNP loci was robust in the face of up to 50% missing data or 25% mis-scored data. If a 
marker platform could be established with high levels of data coverage (i.e. low levels of 
missing data), 8 markers may well be quite adequate for the purposes of variety identification 
where the goal is to rapidly identify the vast majority of the germplasm being tested. 
However, if very closely related inbreds need to be routinely separated, much larger marker 
numbers are needed, in the range of at least 100. This large increase in marker numbers 
produces just small gains in the efficiency of discrimination. In the proprietary inbred set 
tested, 16 SNP markers could identify 99.96% of the inbreds, 42 SNP markers could identify 
99.99% and 165 SNP markers could uniquely identify 100% of inbreds. 
 
Introduction 
 
2. Molecular markers are now widely used to identify plant varieties (ISF, 2009: Guiard, 
2007; UPOV BMT 2008a; 2008b; 2008c;2008d) and to monitor genetic purity (Staub, 1999; 
Nandakumar et al., 2004; Liu et al., 2007; Rana et al., 2007; Tsukazaki et al., 2008). It is 
important to utilize marker systems that are reflective of genotype, highly discriminative, 
reliably scorable, amenable to high-throughput analysis and cost-effective (Gale et al., 2005).  
 
3. The first widely used marker systems were provided by the electrophoretic separation of 
isozymes or seed storage proteins (Smith and Wych, 1986). Stuber and Goodman (1983) 
reported that 73% of 406 maize (Zea mays L.) inbreds could be uniquely identified by the use 
of 21 isozymic loci. Greater efficiency in varietal identification can be gained by identifying a 
small set of highly polymorphic markers that collectively provide great discrimination. For 
example, Galli et al. (2005) identified 4 SSR loci that collectively could be used to uniquely 
identify 66 commercial apple (Malus domestica Borkh.) varieties (except for somatic mutants 
of these varieties). Likewise, Prasad et al. (2000) uniquely identified 48 wheat 
(Triticum aestivum L.) varieties using 12 SSR loci, Coombs et al., (2004) uniquely identified 
17 potato (Solanum tuberosum L.) varieties using combinations of 4 SSR primer pairs, and 
Reid and Kerr (2007) identified 6 SSR loci that could differentiate over 400 potato varieties, 
including those on the United Kingdom National List. Song et al. (1999) identified 13 SSR 
loci that could be used to uniquely identify 66 elite North American soybean 
(Glycine max [L.] Merr.) varieties, including several varieties that had identical maturity, 
morphological, or pigmentation traits. Govan et al., (2008) identified 10 SSR loci that 
collectively could provide unique discrimination among 60 genotypes of strawberry 
(Fragaria xananassa), including among sibling varieties. 
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4. A greater number of SNP loci are likely to be required to provide equivalent levels of 
discrimination among varieties because of their bi-allelic nature. Nonetheless, impressive 
powers of unique identification can be reached using SNPs. For example, Gale et al., (2005) 
note that “In theory, as few as 12 such markers can separate up to 4006 (=2 power12) possible 
genotypes.” However, they further note that in practice markers may not always segregate 
independently; consequently, in practice the theoretical power of discrimination may not be 
achieved. Nonetheless, Yoon et al., (2007) were able to identify a set of 23 SNP loci that can 
be used to provide an equivalent power of unique identification as did 13 SSR loci. Likewise, 
Shirasawa et al. (2006) were able to identify 8 SNP loci that could be used to uniquely 
identify 43 Japanese rice varieties.  
 
5. Different approaches have then been used to identify a minimum set of loci that 
collectively can provide unique identification for a large number of varieties. For example, 
Gale et al., (2005) describe an integer linear approach and Song et al (1999) describe a 
multivariate approach. In contrast, we have chosen to evaluate yet another approach: We 
utilized a genetic algorithm that was initially developed to solve the “travelling salesman 
problem” (Kruskal, 1956). The objectives of this paper, therefore, are: 1) to report upon the 
results obtained from using the genetic algorithm approach; 2) to determine robustness in the 
face of missing or mis-scored data; and 3) to determine the gains achieved with using more 
than a small number of markers.  
 
Materials and Results 
 
a) Determining the minimum number of SNPs needed to distinguish among 
 383 proprietary maize inbreds 
 
6. A genetic algorithm was used to find the minimum number of markers required to 
uniquely distinguish among a set of inbreds. The genetic algorithm was developed to solve 
the ‘Travelling salesman problem’, where for a given set of cities, each city needs to be 
visited once and the overall travelling distance minimized. The algorithm essentially 
randomly places a marker into a set and then determines whether discrimination power has 
been improved, or not, when compared to the previous best combination of markers. The 
process is repeated thousands of times.  
 
7. From an initial pool of 491 proprietary SNP markers and 383 Pioneer-proprietary maize 
inbred lines that are individually widely used in hybrid production in the US or Europe 
(primarily France, Germany and Italy), the genetic algorithm was run on 25, 50, 100, 150 and 
200 randomly selected inbreds as well as on the complete set of 383 inbreds. 
 
8. For 100 inbreds, 10 SNPs could uniquely identify each inbred, and for 200 inbreds 13 
SNPs could uniquely identify each inbred (Figure 1). Beyond 200 inbreds, the number of 
SNPs required for unique identification leveled out so that for 383 inbreds, 15 loci were 
sufficient and, by extrapolation, no more than 16 SNP loci would be needed to discriminate 
among 500 inbreds. 
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Figure 1. The minimum number of SNP markers (from a set of 491) that together could 
uniquely identify a given set of inbreds.  

0
2
4
6
8

10
12
14
16
18

0 100 200 300 400 500

Number of Inbreds

N
um

be
r o

f M
ar

ke
rs

 
 
9. Multiple combinations of 16 SNPs were found that could be used to completely 
discriminate each of 383 inbreds. Sets of 16 SNPs were therefore selected to enable some 
flexibility in the markers incorporated into the set, and because 16 SNPs allows for efficiency 
within the micro-titer plate formats required for high-throughput laboratory conditions.  
Consequently, six sets of 16 SNPs were selected based on the criteria of generating marker 
profiles that were completely discriminative for each of the 383 inbreds and also that they, 
collectively, allowed each maize chromosome to be sampled by at least one SNP.  These sets 
of 16 SNPS were then tested under high-throughput conditions and the set that gave the 
highest data quality was selected for further use.  
 
b) Comparison of SNPs to isozymes in real-life purity studies 
 
10. The 16 SNP markers were compared with 15 isozymic loci (Acp1, Adh1, Idh1, Idh2, 
Mdh1, Mdh2, Mdh3, Mdh4, Mdh5, Mmm, Pgd1, Pgd2, Pgm1, Pgm2 and Phi1) in real-life 
genetic purity laboratory tests on a range of inbreds and hybrids. These isozyme loci were 
chosen because they have been routinely used within the US maize seed industry (Smith and 
Wych, 1986) to assay for genetic purity in both inbreds and hybrids. 
 
11. Replicated individual plant samples (between 15 and 143 replicates) for 10 inbreds were 
analyzed in a side-by-side study with 15 isozymes and 16 SNP markers. SNPs were found to 
have a higher level of missing data at 2% compared with isozymes at 0.8%. The profiles were 
compared to 212 inbreds that had complete data for both the 16 SNPs and the 15 isozymes. A 
resolution score was assigned to each inbred with a score of 1 indicating complete resolution 
i.e. the only matching profile is to itself, and decreasing values indicate decreasing resolution 
power. The overall resolution score for SNPs was found to be 16 times that for isozymes.  
 
Table 1. Overall information for real-life purity tests with marker sets.  
 
Marker Type Total Data Missing 

Data 
% 
missing 
data 

Overall 
Resolution 
Score 

     
SNPs 9120 185 2% 0.96 
Isozymes 8550 7 0.8% 0.06 
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c) Analysis of competitor inbreds with expired PVP protection using the 16 SNP markers 
 
12. SNP data was also collected for 58 competitor inbreds for which PVP protection had 
expired. Out of 1711 pairs, 1702 (99.5%) could be distinguished. The 9 pairs that could not be 
distinguished were also profiled with at least 400 SNPs that covered the whole genome and 
with these had an average of 84% similarity (range 78-92% similar). The pairs could be 
separated into 4 groups: (1) Cargill 2369 and Holden’s LH149 had the same 16 SNP profile 
and both have B73 as a parent (2) Novartis inbreds 807 and 778 were both developed from 
W117 / B37 Ht (3) Holden’s LH143 and LH145 were both developed from A632 Ht (4) 
Holden’s LH51, LH54, LH65 and Novartis S8326 all could not be separated from each other 
and all had Mo17 in their pedigrees. 
 
d) Testing for robustness with missing and mis-typed SNP data 
 
13. A set of 438 inbred lines was chosen on the basis that they had been awarded PVP 
protection in the US and/or Europe.  Collectively, the inbred set encompassed a broad and 
representative array of maize germplasm that is in use today in maize breeding and agriculture 
in the US or in Europe. Complete isozymic data for 15 loci was available for these inbreds 
and no heterozygotes were recorded. In contrast, for the 16 SNPs, there were some missing 
data (average of 3% on an inbred basis, range of 0 to 31%) and heterozygous data (average of 
1% on an inbred basis, range of 0 to 38%). A set of 8 candidate inbred lines was selected to 
compare the distinguishing power and robustness of the 15 isozymic and 16 SNP profiles. 
The candidate inbreds were selected to represent the broad array of germplasm currently used 
in the US and because they had homozygous allele data recorded at each SNP and isozymic 
locus. Their pedigree backgrounds (numbers of inbreds in parentheses) were as follows: 
Stiff Stalk (3); Non Stiff-Stalk Iodent (2); Non Stiff-Stalk and non Iodent (2).  
 
14. Robustness of the SNP profile data for each of the candidate inbred lines was evaluated 
by simulating missing data and mis-scored data for each candidate inbred line for all possible 
combinations of 1, 2, 4, and 8 SNP loci before computing profile matches to the validation set 
of 438 inbreds. We also computed the mean Malecot Coefficient of Parentage value for all 
inbreds that matched at each level of missing or mis-scored data for each candidate inbred 
line. Evaluation of discrimination power and robustness of isozymic data were performed in a 
similar fashion except that simulations of missing and mis-scored data were made with all 
possible combinations of 1, 2, 4, and 6 isozymic loci.  
 
15. As either missing or mis-scored data were added to the profiles of candidate inbred lines 
then the number of inbreds with matching profiles in the validate set inflated rapidly for 
isozymes, especially above 2 (15% loci), and most especially for mis-scored data (Figure 2). 
The SNP16 marker set collectively exhibited a high ability to discriminate the candidate 
inbred from among the 437 other inbred lines in the validation set, even in the face of either 
missing or mis-scored data at up to 4 (25%) of these SNP loci (Figure 2). 
 
16. Examination of results presented in Figure 3 shows robustness of the SNP16 and 
isozymic data in respect of the average degree of similarity by pedigree of matching inbreds. 
At each level of error, mis-scored SNP data are less likely to result in false matches, and those 
false matches are more related by pedigree to the candidate inbred, compared to mis-scored 
isozyme data.   
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Figure 2. Number of inbreds matching to candidate inbreds in the face of missing or 
mis-typed data for isozyme and for SNP16. 
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Figure 3. Mean Malecot Coefficient of Parentage for inbreds that match a candidate inbred 
line in the face of missing or mis-typed data from isozymic or for SNP16 profiles.  
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even a relatively restricted array of maize germplasm. Second, the greater numerical array of 
SNP loci also facilitates selection of a set of those loci that collectively allow a more thorough 
sampling of the genome of maize than do the available isozymic loci that are also relatively 
high for their PIC. 
 
e)  Gains in discrimination using larger numbers of SNP markers.  
 
18. A total of 248 Pioneer inbreds with PVP protection were examined. The number of 
inbred pairs that could not be distinguished with different numbers of SNPs was determined. 
Using 16 SNP markers, 22 / 61256 pairs of inbreds could not be distinguished i.e. 99.96% 
pairs could be distinguished. Using 42 SNP markers, only 2 pairs could not be distinguished 
i.e. 99.99% pairs could be distinguished. Using 165 SNP markers, 100% of the inbreds could 
be distinguished.    
 
19. To assess how accurately small numbers of SNP markers could assess similarity among 
closely related inbreds, a set of 331 SNP markers selected to give good genome coverage was 
used to assess genetic similarities among the 248 Pioneer inbreds. Related inbred pairs with 
genetic similarities >90% and >95% as assessed with the 331 SNP set were then compared 
with genetic similarities with SNP sets of different sizes; 1450, 165, 42, plus the 16 SNPs 
selected for genetic purity. Only 2 pairs of inbreds had genetic similarities >95% with 331 
SNPs and these were also found to be >95% similar with 1450 SNPs, and 165 SNPs. 
However with the 42 and 16 SNP sets, genetic similarities fell below the 95% threshold, with 
these lower SNP numbers being unable to pick up the smaller chromosomal differences that 
separated these inbreds. For the inbred pairs >90% similar with 331 SNPs, mean similarities 
were fairly consistent for the 331, 1450 and 165 SNP sets, but were underestimated for the 
42 and 16 SNP sets. Standard deviations were also much higher for the 42 and 16 SNP sets. 
The exercise was repeated comparing pedigree distances with SNP sets of different sizes and 
the same trend was found (data not shown). Therefore, smaller SNP sets will tend to 
underestimate similarity measures and are not ideal for separating closely related individuals, 
as small chromosomal differences will not be detected.  
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Figure 4. (a) Average genetic similarities and (b) standard deviations determined with 
different sets of SNPs as compared with genetic similarities determined with 
331 SNP markers. 
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