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ABSTRACT 

The Texas maize breeding program at Texas A&M University has been unique 

among breeding programs for the incorporation of a wealth of germplasm from a wide 

range of origins into inbred lines. The Texas program, situated in a subtropical 

environment, has found beneficial traits beyond what is seen in the temperate material 

commonly used in the far more productive Midwestern region of the United States from 

maize of tropical origin. To date, no molecular studies had been conducted to make any 

quantitative differentiations between the genetic diversity in the germplasm developed in 

the Texas program or compared to the germplasm commonly used in breeding programs 

from the Midwest.  

In this study a molecular characterization of genetic diversity was performed. A 

unique set of 266 lines were selected and genotyped using 766 single nucleotide 

polymorphism markers and was combined with data published in a similar study 

focusing on ex-PVP lines released by private companies. The two data sets combined to 

have 380 genotypes with 635 markers.  

It was determined from the results of the genotyping that there were five 

subpopulations of material as determined by population structure. A principal coordinate 

analysis showed only 18% of the variation could be explained by the first two principal 

components. This suggested that the array markers, designed to cluster the Midwestern 

heterotic groups did not discriminate this exotic material well and/or that the heterotic 

pools were not well supported.  We conclude that the Texas program material shows 
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dissimilar genetic results when compared to Midwest temperate material and has the 

ability to act as a source of unique genetics for other maize breeding program.  
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1. INTRODUCTION 

 

The Texas A&M (TAMU) corn breeding program was commissioned in 1927 

and has since been focused on developing new varieties and unique genetic traits in 

maize (corn) (Zea mays L). At the Texas A&M Research Station in College Station, 

Texas (CS), lines are developed targeted for Southern Texas and other subtropical 

climates; a different climate region than that of Iowa and the Midwest Corn Belt where 

the vast majority of maize research is conducted in the U.S.   

In 1999, Dr. Javier Betran took the position as the maize breeder for TAMU, 

coming from a position at the International Maize and Wheat Improvement Center 

(CIMMYT) in Mexico. With his arrival he brought along new ideas and important new 

germplasm from tropical climates such as CIMMYT (Mexico), Bolivia, Colombia, Peru, 

and Argentina. With this new wealth of traits and potential he made crosses and 

selections both among the new lines but also with Midwestern temperate elite lines.   

During his time at TAMU Dr. Betran focused mainly on two aspects of 

selection; yield and aflatoxin resistance. Aflatoxin is a lethal product of the fungus 

Aspergilius flavus which grows only in warm humid environments (tropical and 

subtropical) and is a major economic problem for growers in these climates, such as 

Texas (Mayfield et al., 2012). Based on these criteria, many of the CIMMYT ‘CML’ 

lines were narrowed down through testing to the select the few still used in the TAMU 

breeding program that are seen in this study.  
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The comparisons with diversity that exists in industry, expired plant variety 

protected (ex-PVP; Mikel and Dudley 2006) lines, remain unknown. The relationships 

between these materials can only nebulously be compared using pedigree information. 

It has been found that pedigree information provides estimates for genetic composition 

with significantly less accuracy than that of genotyping data. This is often a result of 

missing, incomplete or inaccurate pedigree information. (Munoz et al., 2014). With a 

dense enough marker array, the genotype data can be used to estimate additive variance 

and breeding values (Hayes and Goddard, 2008). Both type I and type II error are 

reduced when using marker information compared to pedigree records (Yu et al., 2005).  

Recent goals constantly being put forward by breeding programs across the 

nation is to double yields by the year 2050, to meet the demands of the growing world 

population. This is indeed an ambitious goal not only to double yields, but to do it while 

facing other obstacles never before seen by breeders in the major areas of production. 

Not only is the population expected to be significantly larger by the year 2050, but also 

the average world temperatures are expected to be 4 degrees higher (Hayhoe et al., 

2010). This means that areas such as Iowa and the U.S Corn Belt will be facing 

summers similar to what Southern Texas experiences now. Heat stress is a major factor 

in yield potential of corn from season to season and the Corn Belt may need to look to 

Texas germplasm as a source of the tolerance they need.  

But along with the increasing global temperatures areas of historically temperate 

climates will be presented with the emergence of biological threats that had never 

before been an issue, such as aflatoxin. In the case of such changes in the environment 
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it would be highly beneficial to have access to information on genetic similarity that 

would assist in quick assimilation of lines that have already been produced to deal with 

such adversities.  

Major advances for DNA sequencing and marker analysis have been made in 

recent decades, allowing molecular genetics research to be accessible and routine for 

maize breeders in both the private and public sectors. The advances have resulted in 

lower costs and lower turn-around times which have led to a large increases of available 

single nucleotide polymorphism (SNP) markers (Kircher and Kelso, 2010). Though the 

vast majority of the private companies’ markers are proprietary, there is still a wealth of 

available markers in use in the public domain, such as those archived by the panzea.org 

team, and the 49,585 markers used in a study to screen B73 (Ganal et al., 2011), or the 

HapMap project which has identified over 55-millions markers (Chia et al., 2012).  

Despite the availability of these molecular tools to aid in the identification of 

relationships and groupings of lines within and across germplasm, few molecular 

studies have been conducted comparing heterotic groups. These types of studies would 

provide a tool for reducing the number of possible crosses to those expected to show 

good heterosis, not only for germplasm within a program but also with other programs 

that target more specialized needs, while also making it easier to identify novel material 

for releases.  

With the current availability of many public SNP markers across the maize 

genome, breeding programs have the ability to screen their germplasm with a viable 

level of resolution at almost any locus. If the markers are highly polymorphic and 
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segregating at a high frequency across diverse material then the programs can 

potentially screen even wider ranges of germplasm with highly differential 

backgrounds, like that of the maize breeding program of Texas.    

Tropical germplasm presents a wealth of diversity that is not homologous with 

temperate germplasm. It has even been presented that the two major groups in maize 

world-wide are divided as temperate and tropical (Yan et al., 2009). A large aspect of 

the appeal to the diversity that tropical material brings is its multitudes of resistance to 

diseases (De Leon and Pandey, 1989; Khairallah et al., 1998; Poland et al., 2011). 

Studies show that there is potential within exotic germplasm for greater diversity than 

that which is seen within temperate material as would be expected since the wild 

progenitor species of maize is from the tropics (Reif et al., 2004; Tarter et al., 

2004).The difficulty is that with the non-homologous genomes there are risks of higher 

linkage drag and difficulty in combining target regions.   

For these reasons, among others, very few breeding programs in the US work 

with tropical material. The most well published and successful program has been that 

led by Dr. M. Goodman out of North Carolina State. Their studies have found that 

tropical material can be crossed with temperate material with relatively good success 

and without any significant detriment to yield (Tallury and Goodman, 1999). This 

motivation led to the very successful USDA Genetic Enhancement of Maize (GEM) 

program which seeks to increase the diversity of industry temperate maize through the 

addition of tropical diversity (Pollak and Salhuana, 2001; Pollak, 2003).   
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With keen understanding of the vulnerability of maize Major Goodman and 

colleagues sought to use molecular markers to characterize both commercial germplasm 

and their own. In a 2008 paper, Molecular Characterization of Maize Inbreds with  

Expired U.S. Plant Variety Protection (Nelson et al., 2008), temperate public lines from  

Dr. Goodman’s program at North Carolina State University were compared to 

temperate commercial ex-PVP lines with the objective to demonstrate genetic 

relatedness and groupings. Many of the lines analyzed are the most widely used 

germplasm for breeding programs in the Midwest. Two major findings were that there 

was a good deal of genetic diversity within commercial material and that the marker 

groupings placed most lines in the same major heterotic groups as the pedigrees would 

have (B73, Mo17, Oh43, etc.) but with finer resolution. This is informative to this study 

because the data and findings can be exploited to compare these lines with those from 

the Texas Program.  

Heterotic groups are carefully maintained in Midwestern corn breeding and 

consist of BSSS, NSS, and Iodents. It is not clear where TAMU tropical x tropical and 

tropical x temperate lines would fit in relation to any of these accepted groups. Some 

information is gained from using tester lines but there were only two testers initially 

used, the stiff stalk LH195 (Holdens, 1991) and the non-stiff stalk LH287 (Holdens,  

2002) to select these lines from the Texas Program based on promising results. 

Subsequently, many of the best Texas lines have been crossed with additional 

commercial testers and demonstrated results that confirmed initial results from these 

two testers.  
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Breeders in sub-tropical regions and even the Midwestern states would benefit 

from better understanding of lines for heterotic groups and making crosses. The 

objectives of this study were to 1) Characterize the genetic diversity in Texas material, 

2) Characterize the lines of the Texas corn breeding program in comparison to ex-PVP 

and public lines from the Midwest, 3) gain insight into heterotic groupings in maize, 

and 4) show any pedigree misclassifications of any lines that may have occurred over 

the years of line development. It is expected that the lines are genetically distant from 

many of the Midwest lines given the pedigrees, which is useful in proving not only 

novelty between the lines within the Texas program, but also novelty from lines in the 

Midwest.     



 

7  

  

 

2. LITERATURE REVIEW 

 

2.1 History of Maize Breeding  

Prior to the 1930’s the majority of farmers in the United States were growing 

open pollinated populations of maize; the most popular being Krug’s Yellow Dent and  

Reid’s Yellow Dent, which are a mixture of New England Flint and Southern Dent 

(most common in Texas) varieties (Duvick, 2001).    

The concept of what traditional corn breeding approaches have become was first 

proposed in 1908. G. H. Shull had the idea that maize could be improved via selfing to 

inbred states and then crossing these to produce hybrids (Hallauer, 2008; Shull, 1908).  

Initially the genetics were too poor and so the methodology was not practical.  

Then, in the 1930’s, the double-cross hybrid, proposed by Donald F. Jones, 

became a popular seed source for farmers (Duvick, 2001).  The double-cross hybrid, 

which crossed four inbred parents together via crossing pairs and then crossing the two 

offspring, increased yields with a cost efficient method of seed production.  It had been 

established that the yield was not as great in a double-cross as a single-cross hybrid 

(Sprague and Jenkins, 1943), but at the time the female inbreds were not viable to 

produce enough seed to make single cross seed production economically worthwhile.    

The demand for inbred parents to create better crosses necessitated the need for 

elite inbred lines to be developed.  Eventually, by 1960, inbred parents achieved such 

great yields that it became practical to switch to single-cross hybrids for production 

(Duvick, 2001).  In this, certain lines and heterotic groups emerged as the dominant 
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germplasm over the years; mostly public sector material used and developed in the 

Midwest Corn Belt area and specifically from a few populations and there is little 

evidence that the germplasm from “Southern dent” populations were incorporated.  

The most historically important heterotic group in U.S. maize breeding has been 

the Iowa Stiff Stalk Synthetics. In the 1930s two professors at Iowa State, Sprague and 

Jenkins, began working to address the issue of poor root and stalk strength that was 

seen in open-pollinated varieties (Hallauer, 2008). In doing so they combined 16 

inbreds with the greatest stalk strength into a synthetic variety (Sprague and Jenkins, 

1943). This variety became known as the Iowa Stiff Stalk Synthetic (BSSS). From the 

time of its release B73, the defining line of the BSSS heterotic group, has been a major 

influence on the germplasm of U.S. breeding.  

Having been developed in a public program at Iowa State College of Agriculture 

and Mechanical Arts, it was available for use by any program, even those in private 

companies. Private companies are increasingly proprietary and confidential about their 

operations and products, as to maintain any advantages they may have. With the 

incorporation of the Plant Variety Protection act of 1970, they began to make their 

released lines proprietary. The lines that are released under the Plant Variety Protection 

(PVP) are protected by law to be used only by the party whose name is on the release 

and by ‘Breeder’s Exemption’ which allows the use for academic/non-commercial use. 

This means that since 1970, public breeders had little practical means of knowing how 

private germplasm had been shifting over the years. This has been exacerbated by the 

change to plant patenting in more recent years.   
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In the last decade of the 20th century, the first rounds of plants filed for PVP 

were coming off of their 20 year period (Mikel and Dudley, 2006). They are the first set 

of publicly available lines that have expired PVP (ex-PVP). Public researchers were 

interested in how much B73 has a presence in private breeding (Mikel, 2008), and also 

how similar private lines were to public lines (Nelson et al., 2008). With the 

advancements in molecular genetic technology these questions were better able to be 

answered.  

2.2 Maize Breeding in Texas  

The Texas Breeding Research Station in College Station, Texas, began hybrid 

corn production and research in 1927 (Rogers and Collier, 1952). At the research 

station, lines were being developed targeted for Southern Texas and its subtropical 

climate; a vastly different climate than that of Iowa and the Midwest Corn Belt. 

Although a number of good inbred lines were developed and released over the years, it 

is unknown and unlikely that they were used or incorporated into commercial programs. 

When commercial companies began to out-compete public programs in the late 1970s, 

in terms of yield, the breeding program had to change its approach.   

In 1999, Dr. Javier Betran took the position as the maize breeder for TAMU, 

coming from a position at the International Maize and Wheat Improvement Center 

(CIMMYT).  With his arrival he brought with him new ideas and obtained a lot of new 

germplasm not used in Midwest breeding, including from tropical climates such as 

CIMMYT (Mexico), Bolivia, and Argentina and made crosses with them, including 

some with Midwestern elite lines.  Little is known about the diversity of the material 
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that had been produced, and yet, it is still being used in development of new lines today 

on the basis of its phenotypic advantage for traits such as yield and aflatoxin resistance.  

Texas faces many unique issues with farming corn not seen in the Midwest and 

not addressed with Midwestern germplasm. Within the U.S., the state of Texas holds  

11% of the total number of farms, maintaining 14% of the total farmland of the country. 

Despite topping those lists, only 2% of the corn grown (NASS, 2009) in the U.S. is 

grown in Texas. Only 86 of the 254 counties throughout Texas grow corn on their 

farms but it is the 13th largest corn producer in the country (NASS, 2012).The state is 

large and covers a vast area of land with varying environmental and soil conditions. In 

north Texas, the panhandle, there are plains that have some of the highest yields for 

irrigated corn in the nation; however, the rest of the state has some of the lowest yields 

(Barrero-Farfan et al., 2013).  

The warm climates of Texas also facilitate the growth of Aspergillus flavus, 

fungus that produces aflotoxins, mycotoxins that when consumed by humans and 

livestock cause detrimental effects on health (Mayfield e al., 2012). The immense 

regulation of the toxin and the lack of a viable resistance to the fungus have caused a 

major inhibition to the production of corn in sub-tropical environments.  Currently, 

there are studies being done to find practical resistance but the hindrance is the highly 

quantitative nature of the trait (Mayfield et al, 2011) and the fact that in the U.S. this is 

currently perceived as an issue that only Southern states face, and not the Midwest.  
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Today, the Texas Maize Breeding program still exists because of its basic research 

capabilities, in particular the need to find aflatoxin resistance and as a training program 

for graduate students.  

2.3 The Maize Genome  

The maize genome has been extensively investigated, the most studied line 

among the species being ‘B73’. B73 is extremely successful as an elite inbred and its 

use is widespread throughout almost every Midwest breeding, genetics, and plant 

biology research program. In 2009, the B73 genome sequence was finished and 

published and found to have approximately 32,000 genes and 2.3 giga-base-pairs of 

nucleic acids (Schnable et al., 2009). However, this number is being routinely updated 

with improved assembly methods.   

Though B73 is used as the reference genome, it has been found that different 

lines of maize all have extensive differences in their individual genomes including 

structural genomic anomalies such as non-coliniarity or hemizygosity (Fu and Dooner, 

2002), and smaller variants such as single nucleotide polymorphisms (SNPs) (Ganal et 

al., 2011) and InDels (Schnable et al., 2009).The Maize HapMapII study looked at 103 

lines of both domesticated and pre-domesticated maize and identified 55 million SNPs 

(Chia et al., 2012) between them. Within the genome of an individual line, a SNP may 

occur on average once every ~80bp, and between any two lines’ genomes once every 

~100 bp (Schnable et al., 2009) but this will depend on the genetic diversity within the 

lines screened. All together it has been estimated that a polymorphism exists about once 

every 44 bp in the domesticated maize genome (Gore et al., 2009).  
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If the genome of maize as a whole had more consistency across the species then 

high SNP rate would be an excellent quality. It would allow for greater resolution for 

mapping and identifying Quantitative Trait Loci (QTL). Unfortunately, SNPs are not 

the only alteration of the maize genome. Maize is polluted with transposons that have 

moved throughout the genome over millions of years (Morgante et al.,2007). When 

transposons move they risk the chance of bringing parts of the genome along with them; 

creating either an insertion where it ends up or a deletion from where it left. These 

phenomena, along with other causes, result in variation known as insertion-deletion 

polymorphisms (IDPs) and they appear in the genome of maize on average every ~300 

bp (Schnable et al., 2009). Not all IDPs are caused by transposons, mutations of any 

nature may result in these occurrences, but it has been found that transposable elements 

are present in 85% of the maize genome (Schnable et al., 2009) so it is hard to deny the 

great effects that they have had.  

All of this means that it may not always be a simple task to align a sequence of 

an inbred line other than B73 to that of B73. In particular, a line that is not directly 

derived from B73, which is the case for the vast majority of lines from the Texas 

program which do not have B73 lineage in their germplasm (to our knowledge) and 

would expected to be quite distant from B73. In a previous study conducted using 27 

different inbred lines, representative of breeding efforts around the world, it was found 

that B73 was capable of aligning only ~70% of the sequence fragments represented, to 

its own reference genome (Gore et al., 2009). That being said, B73 is present in the 

pedigrees of ~60% of lines that have been released (Mikel and Dudley, 2006). If B73 is 
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the only reference genome this could prove to be disadvantageous to characterizing 

molecular diversity from corn lines bred in unique environments until a “pan-genome” 

is developed.   

A pan-genome is a core genome that consists of genes shared by all members of 

a given classification. If for-instance, many corn lines are sequenced, a pan-genome 

will contain the summation of all of these genes including those absent in any one line, 

such as B73.There have been implications of pan-genomes in bacteria (Tettelin, 2005) 

and also in humans (Ruiqiang et al., 2010).   

2.4 Single Nucleotide Polymorphisms  

Single nucleotide polymorphisms (SNP(s)) are a genetic phenomenon where a 

single nucleotide at a specific loci varies between individuals of the same species. 

Restriction fragment length polymorphisms were once praised for their abundance in 

maize and ability to be exploited for genetic research (Messmer et al., 1991), but with a 

SNP estimated to exist every 44bp in maize (Gore et al., 2009) they are the most 

numerous and easily identified markers in the genome. Since their discovery, SNPs 

have replaced RFLPs entirely in maize research. Their profusion makes SNPs different 

than other markers in that their value is not from a length polymorphism but from the 

replacement of specific nucleotides. Additionally, some proportion of SNPs have been 

found to be functional, causing phenotypic differences observed between genotypes. 

The practicality of SNPs have made them very appealing in human genetic studies, 

allowing plant genetics to piggyback on the advancements in technology developed 

through better funded human research (Rafalski, 2002). SNPs are almost always binary 
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and therefore able to differentiate homozygous and heterozygous alleles (Ibrahim et al., 

2010). Being only a single nucleotide and binary, SNPs also have the advantage of 

being efficiently detected via high-throughput automated sequencing with automated 

calling software (Tsuchihashi and Dracopoli, 2002).  

It has been shown that in comparison to amplified fragment length 

polymorphisms and simple sequence repeats, SNPs are more prone to the ascertainment 

bias affecting the genetic parameters, however this bias does not carry over into 

affecting the estimated distance between inbred lines within a defined heterotic group  

(Frascaroli et al., 2013).  

2.5 Array Based Screening  

Arrays or “SNP chips” are a useful SNP genotyping methodology that allow for 

large scale screening of many individuals using a designated set of markers that 

compose the “chip”. The GoldenGate Assay (Illumina Inc.) (Fan et al., 2004) is one of 

the more common SNP bead array formats used in plant science (Fujii et al., 2013). The 

GoldenGate Assay is capable of interrogating either 96, or from 384 to 3,072 SNP 

simultaneously. The system uses DNA polymerases and ligases to cut strands at 

targeted locations and then bind to the beads based on which target nucleotide is 

present. The beads are dyed to differentiate which nucleotide is represented at the 

binding site, which then allows the sequences to be read via a fluorimeter (NCBI 

January, 2015). In order for an array to be of best use in screening large panels of 

individuals from a species, the SNPs need to be representative of diversity across the 
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gene pool, making it much more effective in species with extensive sequencing 

information (Bachlava, 2012).   

Researchers have exploited the ability of arrays to detect many different markers 

to develop high-density genetic maps of plant species (Fujii et al., 2013). Genetic maps 

provide information for breeding programs in regards to complex traits, recombination, 

and trait induction (Sim et al., 2012).   

With the extensive amount of sequencing done across the species of maize but 

specifically on B73, it is an excellent organism to exploit the technology of SNP arrays. 

The largest arrays to date in maize have 49,585 SNPs and were developed to scan any 

maize population worldwide in comparison to B73 (Ganal et al., 2011). More 

commonly used have been smaller arrays to screen 96 to 1536 SNPs for genetic 

diversity analysis, marker assisted backcrossing and in some cases genetic map 

construction.   

Using SNPs as markers, though overwhelmingly advantageous, has also been 

met with some scrutiny on account of how they have been implemented. Since many 

SNP technologies require SNPs to be discovered before being used in an array they are 

vulnerable to ascertainment bias (Nielsen and Signorovich, 2003). Ascertainment bias is 

a result of not randomizing or having a large enough sample set from which the SNPs 

are obtained. This means that certain genotypes may disproportionately have more of 

their unique SNPs screened across a panel, or a higher frequency of certain alleles 

which would cause a bias to show other genotypes with potentially only a few markers 

that are in common as highly related.  Or the opposite could occur with a genotype with 
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only a few markers that are unique, as unrelated. One way to avoid this bias is to use an 

openarchitecture technique to both discover and score SNPs, next generation 

sequencing makes this possible.   

2.6 Next Generation Sequencing  

Restriction site Associated DNA Sequencing (RAD-Seq) is a high-throughput 

sequencing technique that has been commonly implemented to make DNA marker 

discovery and screening more efficient. First used in 2007, (Kircher and Kelso, 2010) 

RAD-Seq is a technique that uses restriction enzymes to sheer DNA strands at specific 

regions. Using several restriction enzymes, DNA strands can be sheered into many 

small pieces, which will allow for greater accuracy in the sequencing of the same 

regions across many different lines (Davey et al., 2011). The DNA fragments created 

are between .01% and 10% of the size of the original strand (Chutimanitsakun et al., 

2011). Once the DNA is sheared, short barcode sequences are annealed to each one 

with individual identifiers. These barcodes are termed multiplex identifier sequences 

(MIDs) (Davey et al., 2011). An Illumina sequencer is able to sequence the short 

strands in bulk, differentiating the reads using the MIDs, and allow for identification of 

SNPs among each strand. The Illumina sequencer is predated by the Sanger sequencer. 

The Sanger sequencer still has advantages, mostly in that it is able to read much longer 

sequence reads than next-gen sequencers. However, it is not nearly as practical or cost 

efficient for large-scale projects as next generation sequencing.  
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2.7 High Throughput Sequencing in Plants  

Plant genomes have historically been unsequenced and still lack this tool in 

many crops with less research funding and more complex genomes. For these genomes 

there are other techniques that can be used for SNP discovery and/ or screening. One 

such technology is Diversity Array Technology (DArT) (Wenzl, 2004). DArT is a 

highthroughput, low cost, technology that can screen entire genomes without needing 

any sequence information (Jaccoud, 2001). DArT has made using SNPs very practical 

and common in plant breeding for genetic diversity studies, but has been rarely used in 

maize.   

2.8 Molecular Diversity Characterization  

Molecular diversity characterization is a process that exploits the advantage of 

having a large number of markers across a species to be able to identify relationships (a 

genetic distance and/ or kinship/relatedness) between and among lines. Understanding 

the diversity and relationships of lines within a breeding program is essential for 

improvement of the germplasm (Hallauer and Miranda, 1988). Diversity analysis can be 

conducted via numerous platforms including molecular, morphology, geography, and 

functionality (Buckler and Gaut, 2006). These types of studies are useful for plant 

scientists by providing five insights into the entries; classification of heterotic groups, 

identifying gaps and redundancy in germplasm, identification of genetic shifts in 

breeding, identifying novelty, and constructing a representative subset of the germplasm 

(Xu and Crouch, 2008).  
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The first genetic diversity study reported in maize was conducted in 1983 using 

allozymes (Doebley et al., 1985). Then in 1991 the first study was conducted with 

RFLPs utilizing 83 markers to screen 32 inbred lines and revealed that it could be a 

viable tool for classifying heterotic groups (Melchinger et al., 1991).  More recently, in 

2008, a study was conducted using molecular characterization to compare 92 ex-PVP 

lines to 17 lines from a public breeding program. The study used a SNP array with 614 

markers and was able to provide a tool for public programs that may want to 

incorporate ex-PVP lines into their germplasm (Nelson et al., 2008)  

In the U.S. there are three commonly accepted heterotic groups in commercial 

temperate material, BSSS, NSS, and the Iodents (Mikel and Dudley, 2006). It is also 

commonly accepted that there is a group of tropical germplasm, such as that developed 

by CIMMYT, which does not have a clear heterotic pattern. It is well acknowledged 

that this tropical germplasm has greater diversity in comparison to the three commercial 

groups but since it is not used widely in North American breeding programs it is not 

typically considered. On the other hand, the creation of heterotic groups within 

germplasm can be subjective and declared on individual basis of each program (Lu et 

al., 2009). Having access to a pan-genome could strengthen the classification power of 

molecular characterization studies to discriminate the heterotic groups. especially those 

using the open architecture of NGS. Knowing which genes are shared by all maize lines 

would cut down on screening of less informative markers on an array, since missing 

markers are usually considered bad calls, and ipso facto increase the power by using 

those conserved markers that are found on the pan-genome.  
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2.9 Principal Coordinate Analysis for Classifying and Visualizing Genetic Diversity  

Principal component analysis was first formulated by the mathematician Karl  

Pearson in 1901, in his publication “On lines and planes of closest fit to systems of 

points in space” (Pearson, 1901). The function of a principal component analysis is to 

estimate the structure of the correlation of the variables attributed to a data set. The 

fundamental assumption made in the use of principal component analysis is that the 

largest eigenvalues contain the most important information relating to the data (Wold et 

al., 1987).   

The eigenvalues define the amount of variation explained on each axis and are 

created by a linear transformation, or reduction, of the previously correlated variables 

into new uncorrelated variables. In doing so the data may begin to show groupings 

based on what entries show the most similarities in their variation from the mean 

(Mohamaddi and Prasanna, 2003).  

The weakness of PCA comes from how it handles large datasets that contain 

missing data. PCA handles missing data by replacing the value with the mean value for 

that marker, and therefore principal coordinate (PCoA) analysis would be better suited 

for datasets with either more markers than individuals or where there is a large amount 

of missing data (Rohlf, 1972). PCoA in genetic analysis differs by the use of a genetic 

distance intermediate. Another similar approach is multidimensional scaling (MDS).  

Genetic distance is the quantified value describing how dissimilar two 

individuals are based on marker presence/absence (Nei, 1973). There are many different 

measurements to calculate distance-similarity with marker data (Mohammadi and 
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Prasanna, 2003). The measurement outlined by Nei, in 1987, tends to be a very reliable 

measurement, giving the “minimum genetic distance” (Nei, 1987).  

When the first principal components explain the majority of the variation in a 

data set then plotting the PCA becomes a visual tool for depiction of the groupings of 

the entries (Mohammadi and Prasanna, 2003).  It has been found that when the total 

variation explained by analysis of either PCA or PCoA is less than 25% then the 

distance quantified between individuals was distorted, despite still giving reliable 

relationships (Melchinger, 1993). To compensate for this inadequacy the PCoA/PCA 

can be optimized by being used in conjunction with another method, cluster analysis 

(Messmer et al., 1992).  

2.10 Cluster Analysis  

A cluster analysis is a means of identifying natural groups within a dataset 

(Anderberg, 1973). Cluster analysis of distance measurements are used to give 

quantification to similarity of individuals based on distance-similarity.  

When performing cluster analysis with distance data it can be measured as either 

hierarchical or nonhierarchical. Hierarchical measurements are used more often when 

measuring genetic diversity in crops (Mohammidi and Prasanna, 2003). This is a 

process that starts by assigning each individual its own group and then groups with 

highest similarities are merged (Sneath and Sokal, 1973). Nonhierarchical measurement 

works by designating the number of groups the data is to be fit into and then using 

sequential threshold methods to assign individuals to each group (Everitt, 1980). A 
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cluster analysis platform commonly used for evaluating genetic diversity is the software 

program STRUCTURE.   

2.11 STRUCTURE Software  

STRUCTURE is a freely available software program designed to infer 

populations within a dataset using multilocus genotype data (Pritchard et al., 2000). It 

was designed to use a Bayesian based clustering method that tests a user defined ‘K’ 

number of populations, under the assumption of Hardy-Weinberg Equilibrium.  

STRUCTURE uses the principal ideas of cluster analysis but applies them to multilocus 

genotype data. STRUCTURE makes use of algorithms that look at the frequencies of 

alleles at a given locus while simultaneously looking at how many alleles an individual 

shares with each other entry at every loci. This allows STRUCTURE to use the entirety 

of a genotypic data set to predict population assignments, which makes it better suited 

for breeding programs, where individuals may be a blend between different populations 

and the percentage estimated of relatedness to a particular population may be important.  

This type of analysis is called admix modeling.  

STRUCTURE allows for an admixed model using the Dirichlet distribution 

(Balding and Nichols, 1995) where individuals may have association with multiple 

groupings. Entries are assigned a value to each group on a scale of 0-1, 1 being entirely 

fitting into that group and 0 being no relation at all to any part of the group. An 

individual with a value of 0.5 is half related to that group and half unrelated. Altering 

the number of K populations might alter the level to which each individual fits into a 

particular group, and thus alter the fit of the overall model. To select the best model, a 
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preliminary run can be conducted using parameters well outside the range expected. 

From the output of that run, posterior probability analysis can be done to determine an 

optimal fit for the data (Evanno et al., 2005).  

2.12 PowerMarker Software  

PowerMarker is a freely available software program designed to handle genetic 

data with a user friendly interface that can be easily and quickly learned. It also was 

created as a way to consolidate all types of statistical processes that would be needed to 

analyze marker data (Liu and Muse, 2005). One of its main features is to get rapid 

summary statistics for molecular data and to easily compute an assortment of genetic 

distance calculations quickly for use in PCA analysis.   

2.13 Objectives  

This study sought to apply various methods to 1) characterize the genetic 

diversity of maize lines from the Texas Breeding Program and 2) compare these Texas 

lines with well-studied temperate lines from other public and private programs around 

the nation. To date, there had not been any molecular characterization study performed 

that incorporated modern lines from the Texas Program. The genotype data was 

analyzed using the software programs PowerMarker, R, and STRUCTURE.  

The hypothesis of this study was that the majority of lines from the Texas 

Program would demonstrate clear separation from the temperate material at a genetic 

level; with the exception of lines derived or closely related to Midwestern lines. This 

evidence would help to justify the research of the program by enabling proof of novelty 

for release of lines, while also providing a resource of information for other programs 
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that might have a need to incorporate novelty diversity and lines from the Texas 

Program into their own program. Finally and similarly, it was believed that this 

information might better suggest the heterotic group belonging for some of the newer 

lines developed in the program.  
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3. MOLECULAR CHARACTERIZATION OF THE TEXAS MAIZE BREEDING 

PROGRAM 

 

3.1 Materials and Methods  

3.1.1 Germplasm  

The novel data set used in this study was comprised of 263 breeding lines (set 1) 

from the Texas corn breeding program that were selected along with 13 ex-PVP 

Midwest inbreds (including LH82, LH195, B104, B73), totaling 276 entries. The Texas 

germplasm encompasses a large variety of lines in its background from all over the 

Americas. Many exotic lines are represented from CIMMYT, Bolivia, Peru, Columbia, 

and Argentina. Domestic lines originated from the Midwest (LH52(Mo17), B73, B104; 

Hallauer et al. 1997) , North Carolina (NC300; Goodman et al. 1991 ),  and Texas 

(Tx714; Betran et al. 2004 ), were chosen for importance and because they were in the 

pedigree of newly developed Texas lines. Complete genotyping data was collected on  

266 lines which were used for all analyses from this set. The novel set was combined  

(APPENDIX A) with 114 lines (set 2) selected and published by Nelson et al (2008). 

Nelson et al. (2008) used 17 public inbreds and 92 ex-PVP lines, with five 

representatives of a B73/Mo17 hybrid.   

3.1.2 Genotyping  

Seed for each of the 276 lines selected for the study were potted individually. 

The seed were allowed germinate and grow for 15 days. After the 15 days, leaf tissue 

was sampled using a propriety machine supplied by DuPont Pioneer. The tissue 
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samples were placed into individual wells of a 96-well plate. Two replications were 

made for each entry.  

A SNP chip was supplied and screened by DuPont Pioneer using a proprietary 

high-throughput sequencing. The chip was designed using public markers and modeled 

after the same chip used by Nelson et al. (2008). These markers were selected for their 

proven universal heterozygosity values >0.2 in most groups of maize lines (Nelson et 

al, 2008).  Because of this attribute, it stands to reason that they were a good set to use 

to screen Texas lines, having a very different background than the vast majority of 

Midwest lines, like the ones Nelson et al. screened. In total, 766 SNP markers provided 

by DuPont Pioneer were used in genotyping of the set 1 Texas lines (APPENDIX B).   

3.1.3 Data Analysis  

The software program PowerMarker (Liu and Muse, 2005) was used to compute 

allelic frequencies and calculate genetic distances for each unique pair using the 

algorithms of Nei 1973, which was chosen based on its conservative estimation of 

distance (Nei, 1987). These values for genetic distance were used to create a distance 

matrix, which was then input into the statistical analysis software program R for 

principal coordinate analysis. Using the genetic distance has advantages over the raw 

marker calls in this data set since there are more markers than individuals and some 

missing data (Rohlf 1972) The R function cmd was used to calculate eigenvalues for the 

principal coordinate analysis. R was then used to plot the first by second principal 

coordinates giving a graphical representation of the relations between all of the 380 

maize lines.  
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The software STRUCTURE v 2.3.4 (Pritchard et al., 2000) was used for cluster 

analysis of the data. The majority of options were left to their default settings as 

advised. The parameters were run on non-hierarchical analysis using an admixture 

model with K=1-8, with burnin and MCMC values set at 10,000 for 20 iterations, which 

has been shown to be sufficient (Evanno et al., 2005). With the preliminary results, the 

optimal K value was calculated with posterior probability analysis as demonstrated in 

Detecting the number of clusters of individuals using the software structure: a 

simulation study (Evanno et al., 2005).   

The cluster analysis data was attributed to the principal coordinate analysis in R 

and plotted on the same principal coordinate plot. Influential lines were identified on 

the graphs to identify cluster families.  

3.2 Results/Discussion  

A total of 741 markers were used for the set 1 as 25 of the markers returned no 

data across any lines. Eight of the 276 Texas lines (supplemental data 1) were omitted 

for heterozygosity greater than 8%, and two returned no data from the genotyping, 

which left 266 lines from set 1 for analysis. When the genotyping data from the set in 

this study was combined with that data from Nelson et al., there were 635 shared 

markers (APPENDIX B) across 380 lines. On average, each of the 635 markers used in 

the analysis returned data for 365 of the 380 lines (96%). Each of the 380 lines returned 

allele data for 606 markers, on average, a 95% return (Supplemental data 1). The 

average minor allele frequency was 26%, and well distributed between 1% and 50%  

(Figure 1).   
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 Figure 1: Histogram with frequencies of the minor alleles from the 635 markers used in  

the analysis.   

  

  

 

The distance matrix developed from the 380 lines was validated by comparing 

lines of known pedigrees and was determined to have results as expected. The principal 

coordinate analysis (Table 1) explained part of the variation present in the maize 

genotype set but was lower than expected. Different combinations of principal 

coordinates one to five were evaluated based on our knowledge of the pedigrees but no 

combination was found to offer any better explanation or show any additional useful 

patterns of the dataset greater than that of coordinate one versus two.   
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Eigenvalue  

Total 

explained  Additional  

1  11%  11%  

2  18%  7%  

3  22%  4%  

4  25%  3%  

5  28%  2%  

6  30%  2%  

7  32%  2%  

8  34%  2%  

9  36%  2%  

10  38%  2%  

11  39%  2%  

12  41%  1%  

  

Table 1:  Calculated eigenvector values using the cmd function in R. Each 

eigenvalue represents a different level for the principal coordinate analysis and 

explains the variation on a different level. It is clear that the eigenvalue 1 is 

distinguished lines based on BSSS genetic similarity vs. NSS which was 11% of the 

variation. Eigenvalue 2 seemingly differentiated the Mo17 and similar NSS lines 

with 7% of the variation.  

  

  

  

The graphical representation of the principal coordinate analysis (Figure 2) 

revealed the dispersion of the entries based from the PCoA. From the individual entries 

it was determined that the first principal coordinate had separated the Iowa Stiff Stalk 

Synthetics (BSSS) and Non Stiff Stalks (NSS), with the vast majority of the entries 

being in the latter. The second principal coordinate gave no clear explanation of what 

specific quality was being differentiated, however it was evident that it separated the 

lines from the Texas breeding program apart from the Midwest NSS lines and showed a 

larger differentiation between the tropical lines and Mo17 than the tropical lines and 
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B73. Based on the genotype data from the marker set, it is likely that the second 

principal component differentiated the NSS lines from everything else. Another 

observed trend was that the Iodent heterotic group, represented by PH207 and PHH93, 

clustered between the BSSS and NSS clusters but above the Texas cluster.  

STRUCTURE was used to estimate the optimal number of populations that 

could be described by the data. The preliminary STRUCTURE run was done with 

parameters of up to K=8 to produce a log likelihood output (APPENDIX D) that was 

used for the posterior probability analysis (Figure 3).The posterior probability analysis 

showed that the best value of k, or true number of clusters represented in the data, was 

equal to 2.   

The posterior probability analysis from the STRUCTURE showed that the best 

value for ΔK was shown to be at K=2, however it was expected that there would have 

been stronger evidence for a K value beyond that to also have validity. This may have 

been due more to the limitation of the marker set than to actual lack of differentiation 

between the lines of the other groups. For each level of ‘k’ STRUCTURE grouped each 

entry into a cluster (Figure 4). The best value of L”(K) was at K=5 and by examining 

the pedigrees in each grouping this value made sense as described later and was used 

for most subsequent analysis. The small improvement for additional K populations is 

consistent with what was shown in the calculated eigenvector values in Table 1.   
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Figure 2:  Graphical representation showing the first by second PCoA that 

explained 18% of the variation in the data. Four assumed ‘clusters’ can be 

identified, individuals are represented by their entry number in the dataset 

(Appendix A), with some individuals of higher interest labeled with pedigree names. 

On the higher (right) end of the x-axis lies B73 and its derivatives. On the left end of 

the x-axis are the NSS lines. Mo17, a Non-Stiff Stalk is present on the higher end of 

the y-axis. PH207, an Iodent, is in the center of the figure. Colors denote grouping 

by Structure.  
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Figure 3:  posterior probability analysis of the log likelihood output from  

STRUCTURE plotted using the statistical software program R. L(K) is the average 

of the log likelihood values given from structure with half their variance subtracted 

out. L’(K) is the mean distance between each level of K = L(K)-L(K-1). L”(K) = 

L’(K+1)-L’(K), the difference between each level of L’(K). ΔK = L”(K)/s(L(K)).  

  

 

  

The output from STRUCTURE created a visualization of relatedness beyond 

genetic distance, as percent genetic composition due to the admixture modeling.  

STRUCTURE at K=2 showed the differentiation of BSSS and NSS lines. At K=3 the 

B73/Mo17 entries a BSSS x NSS hybrid were identified as a separate group. The 

addition of higher levels of K did not lend to any substantial alteration of the BSSS 

cluster, but rather identified sub-heterotic groups within the NSS cluster. K=5 was the  
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Figure 4:  Visual representation of structure groupings across individuals. 

Structure uses an admixture model to delegate group designations based on 

markers present in individuals. Each entry is represented in this graphic by a 

vertical bar. Entries with background pedigrees from more than one group 

have more than one color in the vertical section, all group quantifications per 

individual add to a value of 1. The varying values of K correspond to how 

many groups Structure forced the entries to fit into. K=2 and k=3 are shown in 

entry numeric order, k=5 and k=8 are sorted by cluster association. Colors 

were assigned to differentiate the populations randomly for each K tested.  
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level of K used for the rest of the analysis in this study, with the largest group being the 

group with the majority of the Texas entries (Figure 2 – blue group in lower left 

quadrant) and the additional groups being Iodents and other ex-PVP lines. However, the 

group with the majority of Texas lines at K=5 did contain other germplasm, for instance 

PHV63 and PHT60, two Pioneer ex-PVP NSS white lines, both which have acceptable 

adaptation to Texas, had membership in this group.  Analysis of the data was 

successfully used to validate the findings of the principal coordinate analysis (Figure 2).   

We considered any entry with greater than 50% relatedness to a single cluster 

was considered to belong to that cluster, which left 44 entries unassigned to a particular 

group; 222 lines out of the 380 had greater than 50% membership in one group. At K=5 

the overwhelming majority of the Texas breeding program’s lines were left in an 

undivided cluster (Figure 5). This supported our determination that K=5 was the correct 

level for the purposes of this study.  
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Figure 5:  Clusters identified by Structure with k=2 (a), k=3 (b), k=4 (c), and k=5 

(d) associated with the graphical representation of the PCA. Each color represents a 

different identified cluster. The right-most cluster represents the BSSS and the 

upperleft cluster in (c) and (d) represents the Mo17 NSS cluster. At k=3 (b) the 

Mo17/B73 entries are clustered separately (in green). With k=5 (d) the bottom-left 

cluster is composed almost exclusively of entries from the Texas breeding program 

and primarily the Iodents are separated out (in light blue).  
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3.2.1 Bias of the Genotyping Method  

Throughout the analysis of the genotypic data, the ascertainment bias of the 

SNP chip to Midwestern diversity and heterotic groups was prevalent. Analysis of the 

marker genotype data showed a strong ability to identify temperate materials (Table 2). 

This clearly demonstrates that the design of the SNP chip was suited to differentiate for 

Midwest germplasm, specifically BSSS versus NSS lines, as would be expected based 

on the design of this resource for elite Midwest germplasm. The lines from the Texas 

breeding program had few unique markers to differentiate them from lines in other 

groups. It was likely that instead of unique alleles, that it was the combinations of 

alleles and their frequencies that were useful for differentiating the Texas germplasm 

from the Midwestern germplasm in STRUCTURE. This is still useful as they are 

separated based on the absence of those markers identifying the other groups, but they 

do not have much information to visualize variation among themselves.  

It stands to reason that this bias in the data could be the reason why the posterior 

probability analysis did not have strong enough evidence to identify a true value of K 

beyond 2.  
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>80%  Count  <20%  

BSSS  116  NSS  

  10  Iodent  

  8  Texas  

NSS  41  BSSS  

  35  Iodent  

  25  Texas  

Iodent  41  NSS  

  10  BSSS  

  1  Texas  

Texas  27  NSS  

  8  BSSS  

  1  Iodent  

Table 2:  Summary of marker ability to identify each heterotic group. The left 

column (>80%) shows the heterotic group for which more than 80% of the lines 

within that group yield a single allele at a marker. The middle column (count) is 

how many markers this occurred for. The right column (<20%) are the heterotic 

groups being compared against the column on the left. The 80% and 20% cutoffs  

were determined arbitrarily.  

  

 

 

With the PCoA it would seem the bias was prevalent in the clear first factor of 

separation of the first principal coordinate, BSSS versus everything else (NSS), but in 

the second coordinate it was not as clear-cut but becomes more apparent after the  

STRUCTURE analysis. The PCA accounts for a total of 18% of the variation in the 

data. If the SNP chip had been tailored to the data set, which has a majority of 

germplasm from the Texas breeding program, it is likely that a higher level of 

explanation could have been achieved (Table 3). It could also be a factor that many 
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crosses were made in the Texas program without regard to heterotic group, as they were 

elite x exotic instead of elite x elite.   

  

  

Texas Cluster PCoA  

  

  

  

  

  

  

  

W/O Texas - PCoA  

Coord.  Total  Differ.  Coord.  Total  Differ.  

1  5%  5%  1  22%  22%  

2  10%  5%  2  32%  10%  

3  14%  4%  3  39%  7%  

4  17%  3%  4  44%  5%  

5  21%  3%  5  48%  4%  

Table 3:  PCoA analyses were done after the cluster analysis to compare how the 

PCoA of the main results were affected by the presence of the Texas heterotic 

group. This shows that the marker set does poorly to identify variation within the 

Texas group and performs stronger when restricted to temperate materials.   

  

 

 

The bias was seen most predominantly in the STRUCTURE results. In both the  

PCoA and STRUCTURE the data is separated first into BSSS and everything else 

(NSS). It was at K=3 that the ascertainment bias became clear. At K=3 the Mo17/B73 

crosses were identified as a cluster. Since Mo17 was one of the defining members of 

the NSS cluster and the BSSS are all B73 derived, this makes sense with what would be 

expected, but shows that the SNP set was developed best differentiate these two 

inbreds. This was further validated at the K=4 level when Mo17 and its derivatives 

were identified as their own cluster. Finally at K=5 the lines from the Texas program 

were left in the final cluster, well distinguished from both B73 and Mo17.   
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The two main groups of tropical germplasm used in the Texas breeding program 

(the LAMAs [see Mayfield et al. 2012 for a review of their  background]and the CML 

from CIMMYT in Mexico) seemingly defined the opposing poles of both the first and 

second principal coordinate (Figure 6), demonstrated by the values below 0.0. The 

results of those lines clustering so tightly, equally distant from both Mo17 and B73 

lends evidence to the fact that they are very dissimilar to either of those pivotal 

Midwestern lines. The constraints of the markers did not allow for separation within the 

large cluster from the novel group.  
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4. CONCLUSIONS 

 

This study produced results for the Texas program on a macroscopic level. A 

more refined investigation would likely prove to be more useful for subtropical maize 

breeders using this Texas material. This would require the development of a SNP array 

based on lines in the subtropical cluster from the Texas breeding program or the use of 

next-generation sequencing genotyping such as genotyping by sequencing (Elshire et 

al., 2011), RAD-seq (Davey et al., 2011), or digital genotyping (Morsige et al., 2013) . 

This would allow for greater differentiation among those lines and the possibility of 

identifying sub-heterotic groups within the K=5 subtropical cluster.   

The success of the genotyping lent to the mutual validation of the distance 

matrix calculations and the genetic data. Finding lines of known common pedigrees in 

close proximity in the analyses confirmed the genotyping data. This gave confidence to 

the results of other lines and inherently for all results throughout the study. The 

correlation of genetic distance analysis (PCoA) with the population analysis from 

STRUCTURE also provided strong evidence for the cogency of the results.  
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Figure 6: The 266 lines representing the germplasm used in the Texas breeding 

program highlighting LAMA and CML backgrounds. The lines appear to define the 

variation described by the second principal coordinate are shown in the top-most 

graph. The two most predominant sets of tropical germplasm used for breeding in 

the Texas program come from Bolivia (LAMA) (a) and CIMMYT (CML) (b). 

Sources from these two sets can be found in the pedigrees of all the depicted entries 

and defined the bottom-left cluster and possibly the second principal coordinate.  
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There has been substantial focus throughout the US maize research community 

of the three accepted heterotic groups, BSSS, NSS, and Iodents. Nelson et al. (2008) 

produced an excellent study relating these three groups through a molecular 

characterization and the results have been a great tool for breeders that use that 

germplasm. However, the results of Molecular characterization of global maize 

breeding germplasm based on genome-wide single nucleotide polymorphisms (Yan et 

al., 2009) among others that have included substantial tropical germplasm suggest that 

the broad picture of maize may be skewed by a Midwestern focus and that there is 

likely a greater diversity between tropical and temperate than between the various 

temperate heterotic groups.  Despite ascertainment biases in the markers used, this 

study confirms the large divide between temperate and tropical germplasm and suggests 

that the Texas maize breeding program is a strong contrast to the germplasm selected 

throughout the rest of the United States. This study also adds resources for breeders 

working in a subtropical environment, however using genotyping resources designed 

for temperate material gave results consistent with expectations, but were not optimal.  

The findings in this study has provided strong evidence at a molecular level to 

confirm the novelty of the Texas maize breeding program, and that data has provided 

information well beyond what was already known. The data showed that there was a 

substantial difference between the germplasm developed at the subtropical research 

station in Texas and the temperate material from other stations around the U.S., at a 

genetic level. When important lines are located on the PCoA graph (Figure 2), the 

separation becomes clearer. The separation of the lines agrees with the findings from 
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Nelson et al., particularly of note are the Iodents (PH207) that lie between the two other 

accepted heterotic groups.      
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APPENDIX A 

Entries and pedigrees used for the study. The numerical order of entry is 

consistent for every reference throughout the study with association to an entry number. 

Lines 1-266 are the lines from the Texas breeding program and lines 267-380 were 

obtained from molecular characterization of maize inbreds with expired U.S. plant 

variety protection (Nelson et al., 2008). 

ID Pedigree 

1 

(((A633xTx745)xTx745)-3-2-B-B-B-B-B/LAMA2002-10-1-B-B)-B-B-B-BB-

1 

2 AR16021:S08a02Derivedline(energydense)-B-B-B-1-B-B-B-B-B-B-B-B-1 

3 ArgnetineFlintyComposite-C(1)-6-B1-B-1 

4 ArgnetineFlintyComposite-C(1)-14-B-B-1 

5 ArgnetineFlintyComposite-C(1)-15-B2-B-B2-1 

6 ArgnetineFlintyComposite-C(1)-37-B-B-B2-1 

7 ArgnetineFlintyComposite-B-#-44-B-B-1-B 

8 ((B104-1xTx714-B-B)-1-4-B-B-B-B/CML161)-B-B-2-B-B-B1-1-B7 

9 ((B104-1xTx714-B-B)-1-4-B-B-B-B-B/(CML288/NC300)-B-9-B1-B-B-B-

B)B-B-B-B-1  

10 ((B104-1xTx714-B-B)-23-1-B-B-B-B/(CML288/NC300)-B-9-B1-B-B-B)-BB-

1-1-B-B-B-B-1  

11 ((B104-1xTx714-B-B)-23-1-B-B-B-B/(CML288/NC300)-B-9-B1-B-B-B)-BB-

2-3-B-B-B-B-1  

12 ((B110xFR2128-B/B104-1/CML343)-B-B-11-B-B-B-B/LAMA2002-42-B-

BB)-B-B-B-B-B-1-B2-1  

13 (B97xCML326-B/Tx770xA645)-2-2-B-B-B-B-B-B-B-B-B-1 

14 (CML288/NC300)-B-9-B1-B-B-B-B-B-B-B-B-1 

15 (LAMA2002-10-1-B-B-B-B/CG108)-2-2-B-B3 
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16 (LAMA2002-12-1-B/(B97xCML326-B/Tx770xA645)-2-2-B-B-B-B)-B-B-12-

B-B-B-1  

17 (LAMA2002-23-3-B/SCR82-B)-B-B-1-1-B-1-1 

18 (LAMA2002-2-5-B/(CML285/B104)-B-4-B-B-B-B)-B-B2-1-1-B-B-B-B-1 

19 (LAMA2002-35-2-B-B-B-B/CG44)-1-3-B-1-1 

20 (Tx741);LAMA2002-42-B-B-B-B-B3-1 

21 (LAMA2002-46-3-B-B/Tx759)-B-B-B-B-B3 

22 (Tx601xB104-B/FR2128-BxBord)-2-2-B-B-B-B-B-B-B-B-B10-B5-B4-B7 

23 (Tx601xTx772-B-B-20-1-1-B-B-B/CML161)-B-B-2-B-B-B-1 

24 (Tx734);((Tx772xTx745)xTx772)-7-2-B-B-B-B-B-B-B3-1 

25 ((Tx772xT246)xTx772)-1-5-B-B-B-B-B-B-B-B-1-1 

26 LAMA2002-25-5-B-B-B-B-B-B7-B8-B3 

27 Tx770-B-B-B-B-B-B-1-1 

28 ((Tx772xTx745)xTx745)-3-3-B-B-B-B-B-B-B-1 

29 ((Tx772xTx745)-1-19-1-BxTx745)-B-B-B-B-B-B-B-1 

30 Tx772-B-B-B-B-B-1 

31 (AR16021:S08a02(energydense)-B-B-B-1-B-B-B-B-B/CL- 

RCY031=CL02410*CML287)B-9-1-1-2-B-B-B)-B-4-B-B1WhiteCob-2-B 

32 ArgnetineFlintyComposite-C(1)-11-B-B-1-1 

33 ArgnetineFlintyComposite-C(1)-36-B2-B2-1-B 

34 ((B104/NC300)-B-1-B1-B-B-B/LAMA2002-22-3-B-B1)-B-B-B-B-B-1-B3-B 

35 ((B104/NC300)-B-1-B1-B-B-B-B/(CML288/NC300)-B-9-B1-B-B-B-B-B)-

B2-B-B-1-1-1  

36 ((B97/A633)-B-2-B-1-B/(CML288/NC300)-B-9-B1-B-B-B)-B-B-2-2-B-B-

BB-1  

37 ((B97xCML326-B/Tx770xA645)-2-2-B-B-B-B-B-B/CL- 

RCY031=CL02410*CML287)B-9-1-1-2-B-B-B)-B-3-B-B-1-1-1 

38 (CG120-B/LAMA2002-7-3-B-B-B-B)-1-1-2-1-B 

39 (CG72-B/LAMA2002-20-4-B-B-B-B)-2-2-1-B2-1 

40 (((CML326/B104)x(CML285/B104))-2-2-B-B-B-B/(CML288/NC300)-B-9- 

B1-B-B-B-B-B)-B-2-B-B-2-1  

41 ((CML285/B104)-B-4-B-B-B-B-B-B/LAMA2002-58-3-B-B-B)-B-2-B-B-2 

42 ((CML285/NC300)-B-6-B-B-B-B-B-B-B/(CML323/NC300)-B-1-1-B-B-B-

BB)-2-2-B-1-1  

43 (LAMA2002-10-1-B-B-B-B/CG108)-1-1-1 

44 (LAMA2002-58-4-B/(B97/A633)-B-4-B-1-B)-B-B-1-1-B-B-B-B-B 

45 ((NC300xTx714-B/B104-1/CML343)-2-1-B-B-B-B-B-B/CL- 
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RCY031=CL02410*CML287)B-9-1-1-2-B-B-B)-B-2-B-B-1-1-1 

46 ((Tx772xT246)-1-7-1-B-B-B-B-B-B/((B104/NC300)x(B14/NC300))-1-1-BB-

B-B-B)-3-1-B-1  

47 (((CML325/B104)x(CML285/B104))-2-1-B-B/BS13(S)C8-34-1-B-B-B-B-

B)B-B-1-B-B-B1-1-B5  

48 Tx811-B-B-B-B-B-B-B-1 

49 (Temp.NSSLateB-105-B-B-B-B/CML161)-B-B-B-B-B1-1 

50 ArgnetineFlintyComposite-C(1)-36-B1-B-1-1 

51 (((B104/NC300)x(CML415/B104))-4-2-B-B/Tx760-B-B-B)-B-B-1-B-B-B-1- 

1 

52 (((B104/NC300)x(CML285/B104))-2-3-B-B-B/LAMA2002-22-3-B-B1)-B-

BB-B-B-1  

53 ArgnetineFlintyComposite-B-#-16-B-1 

54 ((CG120-B/LAMA2002-1-5-B-B-B-B)/LAMA2002-1-5-B-B-B-B)-2-4-1-1-1 

55 ((CML288/NC300)-B-9-B1-B-B-B-B-B/CL-

RCY031=CL02410*CML287)B9-1-1-2-B-B-B)-B-B-B-1-1 

56 ((CML336-BxTx772/A645xTx770)-6-1-B-B-B- 

B/((CML288/NC300)x(B97/Tx772))-3-4-B-B)-B-B-1-B-B-B-1-1 

57 (LAMA2002-10-1-B-B-B-B/LAMA2002-1-5-B-B-B-B)-3-3-B-1-1-B 

58 (LAMA2002-10-2-B-B-B-B/LAMA2002-1-5-B-B-B-B)-2-2-B-1-1-1 

59 (LAMA2002-12-1-B-B-B-B/LAMA2002-1-5-B-B-B-B)-1-1-B-1-B2 

60 (LAMA2002-12-1-B-B-B-B/LAMA2002-1-5-B-B-B-B)-3-2-B-1-B3-1 

61 (LAMA2002-22-1-B-B-B-B/LAMA2002-10-1-B-B-B-B)-2-3-B-1-1-1 

62 (LAMA2002-22-1-B-B-B-B/LAMA2002-1-5-B-B-B-B)-2-1-B-1-1-1 

63 (LAMA2002-22-3-B-B1-B-B/LAMA2002-10-1-B-B-B-B)-1-2-B-1-1-1 

64 (LAMA2002-22-3-B-B1-B-B/LAMA2002-1-5-B-B-B-B)-1-3-B-1 

65 (LAMA2002-22-3-B-B1-B-B/LAMA2002-1-5-B-B-B-B)-2-3-B-1-1-1 

66 (LAMA2002-23-3-B/LAMA2002-58-1-B)-B-B-2-1-B 

67 (Tx810);(Tx802xKo326y)-18-1-1-1-B-B/CML161-B-4-B-B-B-B-1-B16-1 

68 (Tx811);((Ko326yxTx806)-6-1-1-1-B-B/CML161)x(Tx802/CML161))-2-BB-

B-B-1-B15-1  

69 (Tx812);(P69Qc3HC107-1-1#-4-2#-4-B-B-1-4-B-B-B-B-BXCML193)-B-B2-

B-B-B-B-1-B5-1  

70 (Tx813);Pop.69TempladoAmarilloQPM-B-B-B2-12-B-B-B-B-B-B8-1 

71 (Tx802xKo326y)-18-1-1-1-B-B/CML161-B-4-B-B-B-B-1 

72 ((Ko326yxTx806)-6-1-1-1-B-B/CML161)x(Tx802/CML161))-2-B-B-B-B-1 
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73 (P69Qc3HC107-1-1#-4-2#-4-B-B-1-4-B-B-B-B-BXCML193)-B-B-2-B-B-

BB-1  

74 Pop.69TempladoAmarilloQPM-B-B-B2-12-B-B-B-B-B 

75 ArgnetineFlintyComposite-B-#-29-B-B-1-B2-1 

76 ArgnetineFlintyComposite-C(1)-24-B-B-1-1 

77 ArgnetineFlintyComposite-C(1)-36-B2-B1-1-1-1 

78 CML451/TX760-B-B-1-1-B-B-B-B4 

79 CML451/TX760-B-B-1-2-B-B-B-B6 

80 (LAMA2002-10-1-B/(CML288/NC300)-B-9-B1-B-B-B)-B-B-1-3-B-1-1 

81 (LAMA2002-12-1-B/(CML325/B104)-B-1-B-B-B-B)-B-B2-3-2-B-B-B-1-B 

82 (LAMA2002-12-1-B/(CML325/B104)-B-1-B-B-B-B)-B-B2-4-1-B-B-B-1 

83 LAMA2002-12-1-B-B-B-B-B-B-1 

84 (LAMA2002-23-3-B/LAMA2002-58-4-B)-B-B-2-3-B-B-B-1 

85 LAMA2002-46-3-B-B-B-B-B-1 

86 LAMA2002-58-3-B-B-B-B-B-B-1 

87 (LAMA2002-61-2-BB/LAMA2002-53-5-BB)-B*5-1-B6-1 

88 ((NC300/Tx772)-B-1-B2-B-B-B/CML161)-B-B-1-B-B-B-1 

89 ((Tx601xB104-B/FR2128-BxBord)-2-2-B-B- 

B/((B104/NC300)x(CML415/B104))-4-2-B-B)-B-B-1-B-B-B-1-1 

90 (Tx739);LAMA2002-10-1-B-B-B-B3(onlyplantedyellowsnotoranges)1Yellow 

91 (Tx739);LAMA2002-10-1-B-B-B-B3(onlyoranges)-1Orange 

92 Tx745-B-B-B-B-B-B-1 

93 (Tx760x(Tx760xTx772)-B-B-19-1-1-B)-B-B2-B-B-B-1 

94 ((CG72-B/LAMA2002-32-1-B*4)/LAMA2002-32-1-B*4)-5-2-1-1-1 

95 (Pop.65YellowFlintQPM-B-B-B4-2-B-B-B-B/CML161)-B-B-B-B-B-

B1redcob  

96 ((B104-1xTx714-B/B110xFR2128-B)-12-4-B-B-B-B/SCR82-B)-B-B-1-B-

BB2-1-1  

97 ((B104-1xTx714-B-B)-1-4-B-B-B-B/CML161)-B-B-1-B-B-B-B 

98 (BS13(S)C7-226-BxCML285)-B-B2-B-B-B-B-B-1 

99 (SCR86-B/((CML325/B104)x(CML285/B104))-2-1-B-B)-B-B-1-B-B-B-1-1-1 

100 (SCR86-B/Tx745-B-B)-B-B-1-B-B-B-1 

101 (Tx601xB104-B/FR2128-BxBord)-2-2-B-B-B-B-B-B-B-B-1 

102 ArgnetineFlintyComposite-C(1)-20-B-B-1 

103 ArgnetineFlintyComposite-C(1)-23-B-B-1 

104 ArgnetineFlintyComposite-C(1)-7-B-B-1 

105 B104/CML285-B-2-B-B-B-B-B-B-B-B-1 
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106 (B104/NC300)-B-1-B1-B-B-B-B-B-B-1 

107 ((B104/NC300)x(CML415/B104))-4-1-B-B-B-B-B-B-B-1 

108 (((B104/NC300)x(CML285/B104))-2-3-B- 

B/((CML325/B104)x(CML285/B104))-2-1-B-B)-B-B-1-B-B-B-1-B 

109 ((B104-1xTx714-B/B110xFR2128-B)-2-2-B-B-B-B/SCR86-B)-B-B-3-1-B-1 

110 ((B97xCML326-B/Tx770xA645)-5-1-B-B-B-B/CML161)-B-B-2-B-B-B1-1 

111 (BS13(S)C7-226-BxNC300)-B-B-B-B-B-B-B-B 

112 (BS13(S)C8-33-1-B-B-BxTx745)-B-B-B-B-B-B-B-B 

113 BS13(S)C8-11-1-B-B-B-B-B-B-B-B-B-B-1 

114 BS13(S)C8-15-1-B-B-B-B-B-B-B-B-B-1 

115 (Bs13(S)C8-26-1-BxFR2128)-B-B2-B-B-B-B-B-B 

116 (Bs13(S)C8-26-1-BxNC380)-B-B-B-B-B-B-1 

117 BS13(S)C8-26-1-B-B-B-B-B-B-B-B-B-B-B 

118 (BS13(S)C8-34-1-B-B-B-BxB104)-B-B-B-B-B-B-B-B 

119 BS13(S)C8-34-1-B-B-B-B-B-B-B-B-B-B-1 

120 CL02841/TX760-B-B-1-2-B-B-1 

121 ((CML326/Tx772)-B-11-B-B-B-B/((CML288/Tx772)x(CML288/NC300))-22-

B-B)-B-B-1-B-B-B-1-1  

122 (CML408/B104)-B-2-1-B-B-B-B-B-B-B-B 

123 ((CML408/B104)x(CML411/B104))-2-1-B-B-B-B-B-B-1 

124 CML161/MO47-B-B-6-2-B-B-B-B-1 

125 (CML161/SSMedium-LateSemi-ModifiedF2S2-B-B-B)-B-B-B-B-B-B-1 

126 (CML161/Temp.SSLate(B37,B73,B84)B-81-B-2-B-B-B)-B-B-B-B-B1-1 

127 (((CML288/Tx772)x(CML288/NC300))-2-2-B- 

B/((CML325/B104)x(CML294/B104))-2-3-B-B)-B-B-2-B-B-B-1-1 

128 FR2128xB104-B-B-B-B-B-1 

129 (FR2128xBS13(S)C8-33-1-B)-B-B-B-B-B-1 

130 (LAMA2002-10-1-B/BS13(S)C8-34-1-B-B-B-B-B)-B-B-1-1-B-B-B-B-B 

131 (LAMA2002-10-1-B/BS13(S)C8-34-1-B-B-B-B-B)-B-B-2-1-B-B-B-B-1 

132 (LAMA2002-10-1-B/(CML285/B104)-B-4-B-B-B-B)-B-B2-2-1-B-B-B-B-1 

133 (LAMA2002-10-1-B-B/Tx759)-B-B-B-B-B-1-1 

134 (LAMA2002-12-1-B/Tx732-B-B-BPinkcobs)-B-B-2-1-B-B-B-1 

135 (LAMA2002-23-3-B/LAMA2002-2-5-B)-B-B-1-2-B-B-B-B 

136 (LAMA2002-25-5-B/LAMA2002-2-3-B)-B-B-1-1-B-B-B-B 

137 (LAMA2002-25-5-B/LAMA2002-2-3-B)-B-B-1-3-B-B-B-B 

138 (LAMA2002-2-5-B/(CML285/B104)-B-4-B-B-B-B)-B-B2-2-1-B-B12 

139 (LAMA2002-2-5-B/(CML285/B104)-B-4-B-B-B-B)-B-B2-2-2-B-B-B-1 

140 (LAMA2002-2-5-B/(CML285/B104)-B-4-B-B-B-B)-B-B2-2-3-B-1 
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141 (LAMA2002-6-5-B/(CML326/B104)-B-9-B-B-B-B)-B-B-1-2-B-B-B-B-1 

142 (SCR86-B/((B104/NC300)x(CML415/B104))-4-2-B-B)-B-B-2-B-B-B-1 

143 (SCR86-B/((CML325/B104)x(CML285/B104))-2-1-B-B)-B-B-2-B-B-B-1-1 

144 ((Tx601xTx772)-B-B-8-3-1-BxNC300)-B-B-B-B-B-B 

145 TX714-1 

146 Tx714xNC358-B-B2-B-B-B-B-B-1 

147 (Tx732xBS13(S)C8-1-1-B-B-B)-B-B-B-B-B-B-B-1 

148 (Tx732xBS13(S)C8-23-3-B)-B-B-B-B-B-B-B-1 

149 Tx732xNC370-B-B1-B-B-B-1 

150 Tx732-B-B-B-B-B-B-B-1 

151 (Tx745/LAMA2002-12-1-B-B)-B-B-B-B-B-1 

152 (Tx745-B-B/CML161)-B-B-1-B-B-B4-1 

153 (LAMA2002-20-6-B/CML437-B)-B-B1-1-1-B-1 

154 (LAMA2002-20-6-B/CML437-B)-B-B1-1-2-B-B 

155 Temp.SSLate(B37,B73,B84)B-62-B-B-B-B-B-B-B-1 

156 (Temp.SSLate(B37,B73,B84)B-71-B-2-B-B-B/CML161)-B-B-B-B-B-B-1 

157 (Tx814);((B104/(Tx802xKo326y)-18-1-1-1-B-B)x(Tx714/(Ko326yxTx806)- 

6-1-1-1-B-B))-B-B-2-B-B-B-1-B4-1  

158 ([CLQ06901xB97]-F2)-2-3-3-1-1-B2 

159 ([B99xCLQ06901]-F2)-1-5-1-1-1-1-B1 

160 EthiopiaBlueR2 

161 LfyBlueR1 

162 R9-EthiopiaBlue2/self 

163 (Lfy2361-B/Tx114(B73w)-BDarkblue-B)Tx114/Lfy2304-B-B-B-1-2-B-B-B2-

B-B-B  

164 Ethiopia15-B-5-1-B-B2-B-1-B-B-B 

165 Ethiopia12-B-3-3-B-B2-B1-2-B-B-B 

166 (RedEar2-2-2-1-1-2/RedEar5-2-4-1-4-1)-B-B-1-1 

167 (RedHybridEar-B-1-2-2-1/RedEar5-2-4-1-4-2)-B-B-1-B 

168 RedHybridEar-B-1-2-2-1-B-B 

169 RedEar2-2-2-1-1-2-B-B 

170 (LAMA2002-23-1-B-B/LAMA2002-11-1-B-B)-B-B-B-B-B-1 

171 ((CML269/Tx110)/(CML311/Tx110)-1-B-B-B-B/DTPWC8F31-1-1-2-2- 

BBBB-B)-B-B-3-2-B-B-1  

172 ((CML269/Tx114)-B-B-B-B/Tx114/CML78-B-1-B-B-B)-B-B-1-3-B-B-B-1 

173 (Tx123)(CML269/Tx114)-B-B-B-B-B-B-B-B-1 

174 (Tx133)CML269/TX114-B-B-B-1-1-B-B-B-B-B-B-1 

175 CML269/TX130-B-B-B-1-1-B-B-B-B-B-B-B-1 
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176 CML269/TX130-B-B-B-4-4-B-B-B-B-B-B-1 

177 CML78xCML269-B-B-B-B-B-B-1 

178 ((Tx114(B73w)-BxCML343/Tx110xPop24)-B-B-B-1-B-B-B- 

B/CML269/TX130-B-B-B-1-1-B-B-B)-B-B-1-1-B-1-1  

179 ((CML373/FR825)/(CML269/Tx110)-1-B-B-B-B/CML269/TX114-B-B-B-11-

B-B-B-B-B)-B-1-B-1-B-1  

180 CML176xCML343-B-B-B-B-2-B-B-B-B-1 

181 (CML269xTx110-B*6/CML269/TX130-BBB-4-2-B*6)-2-B-1-2-1 

182 ((CML311-B/CI66-B/Tx114(B73w)-BxCML343)-BBB-1- 

B*6)/(CML78xCML269-B*6)-3-2-BB-1-2-1  

183 (CML379/CML311-B-1-B-B-B-B/Tx110)-B-1-B-1-B-B-1 

184 (CML442-B/CML343-B-B-B-B-B-B)-B-B-1-1-B-B-B-1 

185 (CML450-B/(Tx106-Tx714)-1-1-714-1-1-1-B-B-B-B-B)-B-2-B-3-B-1-B 

186 (CML450-B/Tx110)-B-3-B-1-B-B-1-1 

187 CML78xCML270-B-B-B-B-2-B-B-B-B-1 

188 CML78xCML270-B-B-B-B-3-B-B-B-B-1 

189 PHV63(White)PI601500-B6-B10-B 

190 T35xCML78-B-B1-B-B-1-B-B-B 

191 (Tx106-Tx714)-1-1-714-2-1-B-B-B-B-B-B-B-B-B-1 

192 (((Tx772/Tx130)/Tx772-B)-B-B-B/CML442-B)-B-B-2-3-B-B-B-B-1 

193 Y21xTx130-B-B-B-B-2-B-B-B 

194 PHR36(WhiteCornEx-PVPTester)-B-B 

195 Tx110-B-B-B-B-B-B-B-B-B-B 

196 ((Tx114(B73w)-BxCML343/Tx110xPop24)-B-B-B-1-B-B-B- 

B/CML269/TX130-B-B-B-1-1-B-B-B)-B-B-1-2-B-1  

197 ((Tx114(B73w)-BxCML343/Tx110xPop24)-B-B-B-1-B-B-B- 

B/CML269/TX130-B-B-B-1-1-B-B-B-B)-B-B-2-1-B-1  

198 ((Tx114(B73w)-BxCML343/Tx110xPop24)-B-B-B-4-B-B-B-B/CML78)-B-

2B-1-B-1  

199 ((Tx114(B73w)-BxCML343/Tx110xPop24)-B-B-B-4-B-B-B-B/CML78)-B-

3B-3-B-B-1  

200 (Tx120)(Tx114(B73w)-BxCML343/Tx110xPop24)-B-B-B-4-B-B-B-B-B-1 

201 CML269P25STEC1HC13-6-1-1-#-BBB-f-####-BBB-B-B-B-B-B-B-B-B-BB-

B  

202 (Tx118)((Tx114(B73w)-BxCML343/Tx110xPop24)-B-B-B-9-B-B- 

B/CML269/TX130-B-B-B-1-1-B-B-B)-B-B-1-1-B-B-B-1  

203 ((Tx114(B73w)-BxCML343/Tx110xPop24)-B-B-B-9-B-B- 

B/((Tx772/Tx130)/Tx772-B)-B-B-B)-B-B-1-2-B-1  
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204 (Tx126)CML269/Tx114-B-6-B-B-B-B-B-B-B-1 

205 (Tx129)(Tx114(B73w)-BxCML343/Tx110xPop24)-B-B-B-9-B-B-B-B-B-BB-

B-B7  

206 (Tx114/CML78-B-1-B-B-B/CML269/TX130-B-B-B-1-1-B-B-B-B)-B-B-2-

1B-B-B-1  

207 Tx130(Va35w)-B-B-B-B-B-B-B-B-B-B 

208 (Tx131)CML269/TX130-B-B-B-5-1-B-B-B-B-B-B-B-B-1 

209 Tx772W-B-B-B-B-B-1 

210 ((CML269/Tx110)/(CML311/Tx110)-1-B-B-B-B/DTPWC8F31-1-1-2-2- 

BBBB-B)-B-B-3-1-B-1  

211 ((CML269/Tx114)-B-B-2-B/Tx114/CML78-B-1-B-B-B)-B-B-1-2-B-B-B 

212 (CML311-B/CI66-B/Tx114(B73w)-BxCML343)-B-B-B-1-B-B- 

B/CML269/TX130-B-B-B-1-1-B-B-B)-B-B-1-1-B-B-1  

213 CML379/CML311-B-1-B-B-B-B/Tx110-B-2-B-1 

214 (CML450-B/Tx110)-B-1-B-2-B-1 

215 (CML450-B/Tx110)-B-2-B-1-B-1 

216 (CML450-B/Tx110)-B-2-B-2-B-1 

217 CML311-B/CI66-B/Tx114(B73w)-BxCML343)-B-B-B-1-B-B-B-B-B-B 

218 CML311-B/CI66-B/Tx114(B73w)-BxCML343)-B-B-B-2-B-B-B-B-B-B-

BB11  

219 (CML269/Tx114)-B-B-2-B-B-B-B 

220 Tx130xTx772-B-B-B2-3-B-B 

221 (Tx805xCML181-B)-B-B-B-B-3-B-B-B-B-1-B 

222 (LAMA2002-35-2-B-B-B-B/CG44)-1-3-B-B14-B10 

223 (LAMA2002-23-3-B/LAMA2002-58-4-B)-B-B-2-3-B-B-B-B12-B5-B24 

224 (LAMA2002-23-3-B/LAMA2002-2-5-B)-B-B-1-2-B-B-B-B-1-B21 

225 (Lfy2361-B/Tx114(B73w)-BDarkblue-B)Tx114/Lfy2304-B-B-B-1-3-B-B-B3-

B-B-B12-B15  

226 RedHybridEar-B-1-2-2-1-B-B-B12-B3 

227 RedHybridEar-B-1-2-2-1-B-B-B12-B3 

228 ([CLQ06901xB97]-F2)-2-3-3-1-1-B2-B15-B17 

229 ([B99xCLQ06901]-F2)-1-5-1-1-1-1-B1-B33-B12 

230 ([B99xCLQ06901]-F2)-1-5-1-1-1-1-B2-B14-B 

231 B73o2o2-B24-B2 

232 Pop.69TempladoAmarilloQPM-B-B-B2-12-B-B-B-B-B-1-B16 

233 (SanMartin96)-B4-B6-B5 

234 (VERA56)-B3-B4-B6 

235 (VERAGP51)-1-B4-B2 
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236 HopiBlue-B6-B8 

237 PHT60 

238 (LAMA2002-2-5-B/(CML285/B104)-B-4-B-B-B-B)-B-B2-2-3-B-B6-1-B17 

239 ((PHV63/Ancash588)-B3//PHV63)/PHV63 

240 (B73Oliec)-B3-1-6-3-B5-1 

241 Tx114RP-B12 

242 HillsWhiteandBlue-OP3(bluekernals)-3-1-3-B2 

243 HillsWhiteandBlue-OP3(bluekernals)-1-1-2-B3 

244 RedEar5-2-4-1-1-2)/Ethiopia15-B-5-1-B-B2-B-1-B-B))-3-B4#-B2-B4-B11-

1B9  

245 (((RedHybridEar-B-1-2-2-1-B)/(Lfy2361-B/Tx114(B73w)-

BDarkblueB)Tx114/Lfy2304-B-B-B-1-2-B-B-B-2-B)/((RedEar5-2-4-1-1-

2)/(Ethiopia15- 

B-5-1-B-B2-B-1-B-B)))-5#-1-B4-B4-B9  

246 (Tx114/MaizeMorado)-BC1-1-BC1-B4-1 

247 (((Tx114/W-C1082)-1/Tx114)//Tx114RP)-B3 

248 ((Tx114/Ancash588)/Tx114)-B2-B5 

249 PI483809-B5-1-B2-B-1-B-B5-B6 

250 PI498533-1-B2-1-1-1-1-1 

251 Ames19945-B-B2#-B-1-B2-1 

252 PI357127-1-1-1-B15-1 

253 TX772W/RedStalker-6)-BC1-BC1-B3-#-B9 

254 LH82 

255 LH195 

256 B104-B3 

257 NC300RP-B24-B3 

258 LH212Ht-B3 

259 LH216-B2 

260 PHW20-B2 

261 87916'-B9 

262 207'-1 

263 740'-B12 

264 LH123HT-B10 

265 LH132-B11 

266 LH51-` 

267 11430 

268 AS5707 

269 AS6103 
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270 B37 

271 B73 

272 B73_P1 

273 B73_P2 

274 B73_P3 

275 B73xMo17_1 

276 B73xMo17_2 

277 B73xMo17_3 

278 B73xMo17_4 

279 B73xMo17_5 

280 C103 

281 CR1Ht 

282 DJ7 

283 DK2MA22 

284 DK4676A 

285 DK78002A 

286 DK78004 

287 DK78010 

288 DK78371A 

289 DKFAPW 

290 DKFBHJ 

291 DKHBA1 

292 DKIBO14 

293 DKIBO2 

294 DKMBNA 

295 DKMBST 

296 DKMDF-13D 

297 DKPB80 

298 F42 

299 FR19 

300 Gaspe_Flint 

301 GT112 

302 LH1 

303 LH119 

304 LH123Ht 

305 LH132 

306 LH145 
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307  LH146Ht  

 

308  LH149  

309  LH150  

310  LH156  

311  LH38  

312  LH39  

313  LH51  

314  LH52  

315  LH54  

316  LH57  

317  LH59  

318  LH60  

319  LH61  

320  LH65  

321  LH74  

322  LH82  

323  LH85  

324  LH93  

325  LP1NRHt  

326  LP5  

327  ML606  

328  Mo17  

329  Mo17_P1  

330  Mo17_P2  

331  Mo17_P3  

332  NC258  

333  NC268  

334  NK740  

335  NK764  

336  NK778  

337  NK779  

338  NK790  

339  NK792  

340  NK793  

341  NK794  

342  NK807  

343  NKH8431  
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344 NKS8324 

345 NKS8326 

346 NKW8304 

347 NQ508 

348 NS501 

349 NS701 

350 Pa91 

351 PH207 

352 PHB09 

353 PHB47 

354 PHG29 

355 PHG35 

356 PHG39 

357 PHG47 

358 PHG50 

359 PHG71 

360 PHG72 

361 PHG80 

362 PHG83 

363 PHG84 

364 PHG86 

365 PHH93 

366 PHJ40 

367 PHK42 

368 PHK76 

369 PHN11 

370 PHR36 

371 PHT55 

372 PHT77 

373 PHV63 

374 PHW17 

375 PHW65 

376 PHZ51 

377 Q381 

378 SC76 

379 Seagull-17 

380 Va35 
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APPENDIX B 

List of 766 markers screened across the Texas lines. 

PHM10225_ 

15  

PHM1911_ 

173 

PHM4303_ 

16 

PHM8074_ 

6 

PZA00410 

_2 

PZA01796 

_1 

PHM10321_ 

11  

PHM191_1 

2 

PHM4310_ 

112 

PHM816_2 

5 

PZA00417 

_3 

PZA01802 

_3 

PHM10404_ 

8  

PHM191_1 

8 

PHM4313_ 

17 

PHM816_2 

9 

PZA00422 

_2 

PZA01810 

_2 

PHM10525_ 

11  

PHM1912_ 

20 

PHM4339_ 

79 

PHM824_1 

7 

PZA00423 

_16 

pza01819_ 

1 

PHM10525_ 

9  

PHM1912_ 

23 

PHM4348_ 

16 

PHM8283_ 

23 

PZA00425 

_9 

PZA01866 

_1 

PHM10750_ 

26  

PHM1932_ 

51 

PHM4349_ 

3 

PHM8327_ 

18 

PZA00427 

_3 

pza01884_ 

1 

PHM11000_ 

21  

PHM1950_ 

71 

PHM4349_ 

6 

PHM8352_ 

4 

PZA00429 

_1 

PZA01887 

_1 

PHM11114_ 

10  

PHM1956_ 

90 

PHM4353_ 

31 

PHM835_2 

5 

PZA00436 

_7 

PZA01926 

_1 

PHM11114_ 

7  

PHM1959_ 

26 

PHM4359_ 

21 

PHM8527_ 

2 

PZA00439 

_6 

pza01935_ 

10 

PHM11226_ 

13 

PHM1960_ 

37 

PHM4425_ 

25 

PHM8828_ 

7 

PZA00447 

_6 

PZA01946 

_7 

PHM112_8 PHM1962_ 

33 

PHM4468_ 

13 

PHM883_1 

6 

PZA00449 

_2 

PZA01978 

_23 

PHM1155_1 

4  

PHM1968_ 

22 

PHM4469_ 

13 

PHM8909_ 

12 

PZA00453 

_2 

PZA01983 

_1 

PHM1184_2 

6 

PHM1971_ 

20 

PHM448_2 

3 

PHM9009_ 

13 

PZA00462 

_2 

pza02012_ 

7 

PHM1190_3  PHM1978_ 

111 

PHM4495_ 

14 

PHM904_2 

1 

PZA00463 

_3 

pza02027_ 

1 

PHM11946_ 

17  

PHM2100_ 

21 

PHM4503_ 

25 

PHM9126_ 

15 

PZA00466 

_1 

pza02035_ 

5 

PHM11985_ 

27  

PHM2101_ 

21 

PHM4512_ 

38 

PHM9162_ 

135 

PZA00472 

_2 

pza02048_ 

2 

PHM12153_ 

9 

PHM2108_ 

61 

PHM4531_ 

46 

PHM9241_ 

13 

PZA00473 

_5 

PZA02049 

_1 

PHM1218_6  PHM2130_ 

29 

PHM4552_ 

6 

PHM934_1 

9 

PZA00485 

_2 

PZA02058 

_1 

PHM12323_ 

17 

PHM2159_ 

8 

PHM4560_ 

54 

PHM9418_ 

11 

PZA00492 

_26 

PZA02080 

_1 
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PHM12625_ 

18  

PHM2177_ 

85 

PHM4586_ 

12 

PHM9635_ 

30  

pza00494_ 

2  

PZA02090 

_1  

PHM12633_ PHM2187_ PHM4597_ PHM9672_ PZA00503 PZA02122 

15  34  14  9  _5  _9  

PHM12693_ PHM2187_ PHM4604_ PHM9676_ PZA00511 pza02129_ 

8  46  18  10  _3  1  

PHM12706_ PHM2244_ PHM4616_ PHM9695_ PZA00516 pza02138_ 

14  142  7  8  _3  1  

PHM12749_ PHM2278_ PHM4620_ PHM9804_ PZA00517 PZA02148 

13  86  24  28  _6  _1  

PHM12794_ PHM229_1 PHM4647_ PHM9807_ PZA00522 pza02151_ 

47  5  8  9  _7  3  

PHM12904_ PHM232_3 PHM4662_ PHM9914_ PZA00524 pza02167_ 

7  0  153  11  _2  2  

PHM12952_ PHM2324_ PHM4677_ PZA00004_ PZA00525 PZA02174 

13  23  11  2  _17  _2  

PHM12979_ PHM2343_ PHM4689_ PZA00005_ PZA00527 PZA02187 

9  25  49  5  _6  _1  

PHM12990_ PHM2348_ PHM4695_ PZA00006_ PZA00533 PZA02191 

15  66  5  13  _3  _1  

PHM12992_ PHM2350_ PHM4720_ PZA00007_ PZA00536 PZA02209 

5  14  12  1  _2  _2  

PHM13020_ PHM2350_ PHM4748_ PZA00010_ PZA00540 pza02239_ 

10  17  16  5  _3  12  

PHM1307_1 PHM2423_ PHM4752_ PZA00030_ PZA00543 pza02247_ 

1  33  14  11  _2  1  

PHM13084_ PHM2438_ PHM4757_ PZA00043_ PZA00547 PZA02249 

4  28  14  1  _6  _4  

PHM13094_ PHM2478_ PHM4780_ PZA00045_ PZA00562 PZA02266 

8  22  38  1  _4  _3  

PHM13122_ PHM2487_ PHM4786_ PZA00049_ PZA00566 PZA02281 

43  6  9  12  _5  _3  

PHM1317_1 PHM2518_ PHM4818_ PZA00050_ PZA00568 PZA02299 

7  28  15  9  _19  _16  

PHM13174_ PHM259_1 PHM482_2 PZA00057_ PZA00571 PZA02325 

18  1  3  2  _2  _4  

PHM13183_ PHM2614_ PHM4880_ PZA00058_ PZA00573 PZA02337 

12  14  179  5  _3  _4  

PHM13191_ PHM2672_ PHM4904_ PZA00060_ PZA00578 PZA02344 

6  19  16  2  _1  _1  

PHM13191_ PHM2691_ PHM4905_ PZA00061_ PZA00582 PZA02358 

8  31  6  1  _1  _1  

PHM13360_ PHM2749_ PHM4913_ PZA00065_ PZA00587 PZA02359 

13  10  18  2  _3  _10  
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PHM13405_ PHM2766_ PHM4926_ PZA00069_ PZA00588 PZA02383 

8      14     16     4      _2    _1  

PZA00078_    PZA00603    PZA02402_    PHM13420_   PHM2769_   PHM4942_ 

11  43  12  2  _1  1  

PHM13440_ PHM2770_ PHM4951_ PZA00079_ PZA00615 pza02418_ 

11  19  8  1  _3  2  

PHM13451_ PHM2773_ PHM4955_ PZA00084_ PZA00623 pza02449_ 

15  30  12  2  _2  13  

PHM13493_ PHM2828_ PHM4968_ PZA00088_ PZA00627 pza02456_ 

12  83  10  3  _1  1  

PHM13619_ PHM2865_ PHM4978_ PZA00099_ PZA00636 pza02457_ 

5  8  27  6  _6  1  

PHM13623_ PHM2871_ PHM499_1 PZA00102_ PZA00637 PZA02462 

14  188  9  8  _4  _1  

PHM13639_ PHM2885_ PHM4992_ PZA00103_ PZA00647 pza02478_ 

13  31  10  20  _9  7  

PHM13648_ PHM2919_ PHM4997_ PZA00106_ PZA00653 PZA02519 

11  23  11  9  _5  _7  

PHM13673_ PHM3019_ PHM4997_ PZA00108_ PZA00655 pza02554_ 

53  38  17  12  _1  1  

PHM13675_ PHM3034_ PHM5019_ PZA00109_ PZA00658 PZA02577 

17 3      59      3      _19     _1  

PHM13675_ PHM3055_ PHM5098_ PZA00112_ PZA00661 PZA02589 

18 9      25      4      _6    _1  

PHM13681_ PHM3061_ PHM5158_ PZA00123_ PZA00663 PZA02633 

12  315  13  1  _5  _4  

PHM13687_ PHM3078_ PHM5181_ PZA00125_ PZA00664 pza02665_ 

14  12  10  2  _3  2  

PHM13696_ PHM3094_ PHM5185_ PZA00130_ PZA00667 pza02688_ 

11  23  13  9  _1  2  

PHM13742_ PHM3103_ PHM5218_ PZA00132_ PZA00670 PZA02722 

5  47  14  17  _2  _1  

PHM13823_ PHM3112_ PHM5232_ PZA00137_ PZA00672 PZA02727 

7  5  11  2  _6  _1  

PHM13942_ PHM3137_ PHM5235_ pza00139_4  PZA00680 pza02746_ 

10  17  8    _3  2  

PHM14046_ PHM3147_ PHM5296_ PZA00143_ PZA00682 PZA02763 

9  18  6  5  _2  _1  

PHM14055_ PHM3155_ PHM5306_ PZA00153_ PZA00684 pza02779_ 

6  14  16  3  _12  1  

PHM14152_ PHM3171_ PHM532_2 pza00155_1  PZA00686 PZA02792 

18  5  3    _4  _16  

PHM14235_ PHM3226_ PHM533_4 PZA00163_ PZA00695 PZA02811 

15  15  6  4  _1  _4  
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PHM1438_3 PHM3301_ PHM5337_ pza00175_2  PZA00714 PZA02812 

4      28     18      _1     _43   

PHM14412_ PHM3309_ PHM5347_ PZA00177_ PZA00725 PZA02817 

4  8  6  4  _4  _15  

PHM14475_ PHM3312_ PHM5359_ PZA00181_ PZA00727 PZA02818 

3  23  10  2  _11  _10  

PHM14475_ PHM3334_ PHM5361_ PZA00182_ PZA00730 PZA02820 

7  6  13  4  _2  _17  

PHM1447_8 PHM3337_ PHM537_2 PZA00188_ PZA00731 PZA02824 

9  23  2  1  _6  _4  

PHM14519_ PHM3342_ PHM5395_ pza00191_5  pza00749_ PZA02850 

8  31  34    1  _18  

PHM14618_ PHM3352_ PHM5435_ PZA00192_ pza00755_ PZA02853 

11  19  25  6  2  _10  

PHM14671_ PHM3402_ PHM5468_ PZA00193_ pza00795_ PZA02861 

9  11  25  2  1  _12  

PHM14717_ PHM3435_ PHM5480_ PZA00196_ PZA00804 PZA02862 

2  6  17  2  _1  _10  

PHM14783_ PHM3457_ PHM5481_ PZA00200_ PZA00817 PZA02869 

14  29  94  8  _2  _2  

PHM1505_3 PHM3457_ PHM5484_ PZA00205_ PZA00824 PZA02872 

1  6  22  7  _2  _1  

PHM1506_1 PHM3463_ PHM5502_ PZA00213_ PZA00827 PZA02890 

8  18  31  19  _1  _4  

PHM1506_2 PHM3465_ PHM5526_ PZA00214_ pza00856_ PZA02921 

3 6      25      1      2     _9  

PHM1511_1 PHM3466_ PHM5529_ PZA00216_ PZA00878 PZA02923 

4 69      4      2     _2      _7  

PHM1511_2 PHM3512_ PHM5535_ PZA00218_ PZA00881 PZA02938 

6  186  8  1  _1  _3  

PHM15223_ PHM351_3 PHM5572_ PZA00219_ PZA00892 PZA02945 

38  6  19  7  _5  _10  

PHM15251_ PHM3563_ PHM5597_ PZA00220_ PZA00904 PZA02948 

3  17  15  11  _1  _21  

PHM15251_ PHM3587_ PHM5599_ PZA00225_ PZA00908 PZA02949 

5  6  20  8  _2  _22  

PHM15268_ PHM3590_ PHM5622_ PZA00233_ pza00920_ PZA02952 

18  19  21  8  1  _10  

PHM15278_ PHM3612_ PHM5628_ PZA00234_ PZA00934 PZA02955 

6  19  11  19  _2  _3  

PHM15331_ PHM3626_ PHM5637_ PZA00235_ PZA00941 PZA02957 

16  3  15  6  _2  _5  

PHM1534_4 PHM3627_ PHM563_9  PZA00236_ pza00975_ PZA02958 

5  11    7  1  _17  



 

65  

  

 

PHM15427_ PHM3631_ PHM565_3 PZA00237_ PZA00981 PZA02961 

11      47     1      2      3   _6 

PHM15445_ PHM3637_ PHM5665_ PZA00243_ PZA00987 PZA02964 

25  15  10  24  _1  _7  

PHM15449_ PHM3668_ PHM5665_ PZA00245_ PZA01073 PZA02965 

10  12  26  14  _1  _13  

PHM15474_ PHM3676_ PHM5727_ PZA00255_ PZA01187 PZA02966 

5  33  5  15  _1  _11  

PHM15475_ PHM3688_ PHM5740_ PZA00256_ PZA01257 PZA02969 

27  14  9  27  _1  _9  

PHM15501_ PHM3690_ PHM574_1 PZA00266_ PZA01280 PZA02970 

9  23  4  5  _2  _9  

PHM15501_ PHM3691_ PHM5766_ PZA00274_ PZA01284 PZA02981 

6  15  12  7  _6  _2  

PHM1558_1 PHM3691_ PHM5794_ PZA00276_ PZA01289 PZA02982 

9  18  13  18  _1  _5  

PHM1572_1 PHM3712_ PHM5798_ PZA00289_ PZA01292 PZA02993 

7  18  39  11  _1  _14  

PHM15744_ PHM3736_ PHM5805_ PZA00294_ PZA01294 PZA03005 

10  11  19  20  _1  _19  

PHM1576_2 PHM3762_ PHM5817_ PZA00300_ pza01321_ PZA03011 

5  18  15  11  1  _6  

PHM15864_ PHM3765_ PHM5822_ pza00309_1  PZA01327 PZA03013 

8  7  15    _1  _7  

PHM15868_ PHM3844_ PHM595_3 PZA00310_ PZA01332 PZA03024 

56  14  0  5  _2  _16  

PHM15871_ PHM3852_ PHM6043_ PZA00311_ pza01342_ PZA03027 

11  15  19  4  2  _23  

PHM15899_ PHM3852_ PHM6111_ PZA00323_ PZA01359 PZA03028 

9  23  5  3  _1  _5  

PHM15961_ PHM3856_ PHM635_2 PZA00328_ PZA01386 PZA03035 

13  10  3  1  _3  _5  

PHM1599_8 PHM3896_ PHM6386_ PZA00332_ pza01396_ PZA03036 

4  9  11  5  1  _6  

PHM16125_ PHM3922_ PHM6428_ PZA00334_ PZA01451 PZA03043 

47  32  11  2  _1  _14  

PHM16437_ PHM3925_ PHM6608_ PZA00337_ PZA01456 PZA03047 

20  79  5  3  _2  _12  

PHM1653_3 PHM3931_ PHM662_2 PZA00344_ PZA01462 PZA03062 

1  17  7  10  _1  _7  

PHM16605_ PHM3951_ PHM673_3 PZA00345_ PZA01468 PZA03063 

19  25  3  15  _1  _18  

PHM16607_ PHM3963_ PHM6822_ pza00348_1 PZA01470 PZA03064 

11  33  4  1  _1  _6  
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PHM16788_ PHM3993_ PHM687_2 PZA00357_ PZA01477 PZA03067 

6  16 5  19  _3 _17  

 

PHM1684_2 

0  

PHM3993_ 

28  

PHM6910_ 

187  

PZA00364_ 

2  

PZA01527 

_1  

PZA03076 

_10  

PHM17210_ 

5  

PHM4066_ 

11  

PHM7417_ 

21  

PZA00367_ 

6  

PZA01537 

_2  

PZA03083 

_7  

PHM1725_3 

4  

PHM4080_ 

15  

PHM7584_ 

7  

PZA00369_ 

1  

PZA01613 

_1  

PZA03090 

_31  

PHM1745_1 

6  

PHM4117_ 

14  

PHM759_2 

4  

PZA00378_ 

9  

pza01618_ 

2  

PZA03092 

_7  

PHM1752_3 

6  

PHM4134_ 

8  

PHM7616_ 

35  

PZA00379_ 

2  

PZA01623 

_3  

pza03416_ 

7  

PHM175_25  

  

PHM4135_ 

15  

PHM765_2 

4  

PZA00381_ 

3  

pza01672_ 

1  

pza03527_ 

1  

PHM1766_1  

  

PHM4145_ 

18  

PHM7672_ 

7  

PZA00382_ 

17  

PZA01677 

_1  

pza03559_ 

1  

PHM17698_ 

8  

PHM4165_ 

14  

PHM7898_ 

10  

PZA00385_ 

1  

pza01680_ 

3  

pza03577_ 

1  

PHM1812_3 

2  

PHM4185_ 

17  

PHM7908_ 

20  

PZA00386_ 

3  

PZA01713 

_4  

pza03583_ 

1  

PHM18195_ 

6  

PHM4185_ 

13  

PHM7916_ 

4  

PZA00395_ 

2  

PZA01715 

_1  

pza03659_ 

1  

PHM18513_ 

156  

PHM4203_ 

11  

PHM7922_ 

8  

PZA00396_ 

9  

pza01751_ 

2  

pzb00114_ 

1  

PHM1870_2 

0  

PHM4204_ 

69  

PHM793_2 

5  

PZA00398_ 

4  

pza01753_ 

1  

pzb00752_ 

1  

PHM18705_ 

23  

PHM424_1 

3  

PHM7935_ 

15  

PZA00399_ 

10  

PZA01765 

_1  

pzd00022_ 

5  

PHM1871_1 

9  

PHM424_1 

6  

PHM794_2 

6  

PZA00401_ 

11  

PZA01779 

_1    

PHM18887_ 

12  

PHM4285_ 

20  

PHM7953_ 

11  

PZA00403_ 

5  

pza01790_ 

1    

PHM1899_1 

57  

PHM4300_ 

6  

PHM7964_ 

27  

PZA00405_ 

7  

pza01791_ 

2    
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APPENDIX C 

List of 635 Markers names used in analysis 

PHM10225 

_15 

PHM1812_3 

2 

PHM3963_ 

33 

PHM5822_ 

15 

PZA00274 

_7 

PZA01257 

_1 

PHM10321 

_11 

PHM18195_ 

6 

PHM3993_ 

16 

PHM595_3 

0 

PZA00276 

_18 

PZA01280 

_2 

PHM10404 

_8 

PHM18513_ 

156 

PHM4066_ 

11 

PHM6043_ 

19 

PZA00289 

_11 

PZA01284 

_6 

PHM10525 

_11 

PHM1870_2 

0 

PHM4080_ 

15 

PHM635_2 

3 

PZA00294 

_20 

PZA01289 

_1 

PHM10525 

_9 

PHM18705_ 

23 

PHM4117_ 

14 

PHM6386_ 

11 

PZA00300 

_11 

PZA01292 

_1 

PHM10750 

_26 

PHM1871_1 

9 

PHM4134_ 

8 

PHM6608_ 

5 

PZA00310 

_5 

PZA01327 

_1 

PHM11000 

_21 

PHM18887_ 

12 

PHM4135_ 

15 

PHM662_2 

7 

PZA00311 

_4 

PZA01332 

_2 

PHM11114 

_10 

PHM1899_1 

57 

PHM4145_ 

18 

PHM673_3 

3 

PZA00323 

_3 

PZA01359 

_1 

PHM11114 

_7 

PHM191_18 PHM4165_ 

14 

PHM6822_ 

4 

PZA00328 

_1 

PZA01386 

_3 

PHM112_8 PHM1911_1 

73 

PHM4185_ 

13 

PHM687_2 

5 

PZA00332 

_5 

PZA01451 

_1 

PHM11226 

_13 

PHM1912_2 

0 

PHM4185_ 

17 

PHM6910_ 

187 

PZA00334 

_2 

PZA01456 

_2 

PHM1155_ 

14 

PHM1912_2 

3 

PHM4203_ 

11 

PHM7417_ 

21 

PZA00337 

_3 

PZA01462 

_1 

PHM1184_ 

26 

PHM1932_5 

1 

PHM4204_ 

69 

PHM7584_ 

7 

PZA00344 

_10 

PZA01468 

_1 

PHM1190_ 

3 

PHM1950_7 

1 

PHM424_1 

3 

PHM759_2 

4 

PZA00345 

_15 

PZA01470 

_1 

PHM11946 

_17 

PHM1956_9 

0 

PHM4285_ 

20 

PHM7616_ 

35 

PZA00357 

_19 

PZA01477 

_3 

PHM11985 

_27 

PHM1959_2 

6 

PHM4300_ 

6 

PHM765_2 

4 

PZA00364 

_2 

PZA01537 

_2 

PHM12153 

_9 

PHM1960_3 

7 

PHM4303_ 

16 

PHM7672_ 

7 

PZA00367 

_6 

PZA01613 

_1 
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PHM1218_ 

6 

PHM1968_2 

2 

PHM4310_ 

112 

PHM7898_ 

10 

PZA00369 

_1 

PZA01623 

_3 

PHM12323 

_17 

PHM1971_2 

0 

PHM4313_ 

17 

PHM7908_ 

20 

PZA00378 

_9 

PZA01677 

_1 

PHM12625 

_18 

PHM1978_1 

11 

PHM4339_ 

79 

PHM7916_ 

4 

PZA00379 

_2 

PZA01713 

_4 

PHM12633 

_15 

PHM2100_2 

1 

PHM4348_ 

16 

PHM793_2 

5 

PZA00381 

_3 

PZA01715 

_1 

PHM12693 

_8 

PHM2101_2 

1 

PHM4349_ 

3 

PHM7935_ 

15 

PZA00382 

_17 

PZA01765 

_1 

PHM12706 

_14 

PHM2108_6 

1 

PHM4349_ 

6 

PHM794_2 

6 

PZA00385 

_1 

PZA01779 

_1 

PHM12749 

_13 

PHM2130_2 

9 

PHM4353_ 

31 

PHM7953_ 

11 

PZA00386 

_3 

PZA01802 

_3 

PHM12794 

_47 

PHM2177_8 

5 

PHM4359_ 

21 

PHM7964_ 

27 

PZA00395 

_2 

PZA01810 

_2 

PHM12904 

_7 

PHM2187_3 

4 

PHM4425_ 

25 

PHM8074_ 

6 

PZA00396 

_9 

PZA01866 

_1 

PHM12952 

_13 

PHM2244_1 

42 

PHM4468_ 

13 

PHM816_2 

5 

PZA00398 

_4 

PZA01887 

_1 

PHM12979 

_9 

PHM2278_8 

6 

PHM4469_ 

13 

PHM816_2 

9 

PZA00399 

_10 

PZA01926 

_1 

PHM12992 

_5 

PHM229_15 PHM448_2 

3 

PHM824_1 

7 

PZA00401 

_11 

PZA01946 

_7 

PHM13020 

_10 

PHM232_30 PHM4495_ 

14 

PHM8283_ 

23 

PZA00403 

_5 

PZA01978 

_23 

PHM1307_ 

11 

PHM2324_2 

3 

PHM4503_ 

25 

PHM8327_ 

18 

PZA00405 

_7 

PZA01983 

_1 

PHM13084 

_4 

PHM2348_6 

6 

PHM4512_ 

38 

PHM835_2 

5 

PZA00410 

_2 

PZA02049 

_1 

PHM13094 

_8 

PHM2350_1 

4 

PHM4552_ 

6 

PHM8352_ 

4 

PZA00417 

_3 

PZA02058 

_1 

PHM1317_ 

17 

PHM2350_1 

7 

PHM4560_ 

54 

PHM8527_ 

2 

PZA00422 

_2 

PZA02080 

_1 

PHM13174 

_18 

PHM2423_3 

3 

PHM4586_ 

12 

PHM8828_ 

7 

PZA00423 

_16 

PZA02090 

_1 

PHM13183 

_12 

PHM2478_2 

2 

PHM4597_ 

14 

PHM883_1 

6 

PZA00425 

_9 

PZA02122 

_9 
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PHM13191 

_6 

PHM2487_6 PHM4604_ 
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APPENDIX D 

Log Likelihood output from Structure for 20 reps on K=1 through 8 

Run k 

log 

likelihood Run k 

log 

likelihood 

run_1 1 -282404.2 609.8 run_100 5 -230820.8 2565 

run_10 1 -282409.4 620 run_81 5 -230961.8 2844.8 

run_11 1 -282401.2 603.9 run_82 5 -237210.4 2857.9 

run_12 1 -282404.6 611.3 run_83 5 -230874.6 2693.6 

run_13 1 -282402.7 606.2 run_84 5 -235056.8 2906.3 

run_14 1 -282407.2 616.1 run_85 5 -230995.4 2904.9 

run_15 1 -282402.5 606.5 run_86 5 -230948.9 2836.2 

run_16 1 -282406.3 614.2 run_87 5 -230861.2 2658.2 

run_17 1 -282404.5 610.1 run_88 5 -234896.9 2945.2 

run_18 1 -282406.2 613.7 run_89 5 -230871.1 2636.7 

run_19 1 -282402.6 607 run_90 5 -235041.7 3012.4 

run_2 1 -282401.4 604.1 run_91 5 -231023.7 2988.5 

run_20 1 -282410.9 623.2 run_92 5 -235043.6 3002.2 

run_3 1 -282397.6 596.7 run_93 5 -230865.4 2671.9 

run_4 1 -282406.4 614.3 run_94 5 -230795.5 2537.4 

run_5 1 -282406.6 615.2 run_95 5 -231122.9 3171.4 

run_6 1 -282405.5 612.8 run_96 5 -231210 3304.1 

run_7 1 -282405.3 611.8 run_97 5 -234800.2 2765.2 

run_8 1 -282408.7 618 run_98 5 -230953.4 2828.7 

run_9 1 -282392.1 585.2 run_99 5 -230888 2711.1 

run_21 2 -258210.3 1292.5 run_101 6 -231016.3 3275.9 

run_22 2 -258202.9 1265.2 run_102 6 -230997.9 3271.8 

run_23 2 -258194.2 1262.3 run_103 6 -226726.5 3534.7 

run_24 2 -258228.2 1316.2 run_104 6 -226581.2 3260.2 

run_25 2 -258165.8 1192.4 run_105 6 -226521.6 3026.6 

run_26 2 -258169.5 1211.3 run_106 6 -226480 3106.4 

run_27 2 -258211.7 1282.4 run_107 6 -226564.9 3042.9 

run_28 2 -258189.6 1237.3 run_108 6 -230940.5 3141.4 

run_29 2 -258171.1 1210.9 run_109 6 -227099.3 4112.4 

run_30 2 -258183.1 1225.9 run_110 6 -230693.6 3365.6 
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run_31 2 -258292 1453.8 run_111 6 -226522.5 2971.4 

run_32 2 -258199.8 1269.5 run_112 6 -226564.9 3192.4 

run_33 2 -258207.8 1272.7 run_113 6 -226790.7 3480.3 

run_34 2 -258176.9 1224.9 run_114 6 -226861.4 3726 

run_35 2 -258241.2 1343.8 run_115 6 -226934 3955.4 

run_36 2 -258310.1 1480.9 run_116 6 -227189.4 4308.6 

run_37 2 -258188.5 1244.7 run_117 6 -233134.4 3284.1 

run_38 2 -258212.7 1285.8 run_118 6 -226540.3 3175.2 

run_39 2 -263682 1303 run_119 6 -226484 2955.9 

run_40 2 -258265.2 1398.7 run_120 6 -226816.5 3576.2 

run_41 3 -245848.4 2005.1 run_121 7 -226702.9 3833.6 

run_42 3 -246816 1854.6 run_122 7 -226534.6 3489.4 

run_43 3 -245801.6 1973.5 run_123 7 -223001.6 3757.2 

run_44 3 -245829.8 2022.2 run_124 7 -222705 3274.1 

run_45 3 -245841 1997.8 run_125 7 -222928.2 3742 

run_46 3 -248349.8 2042.9 run_126 7 -222550.8 3848.9 

run_47 3 -245729.6 1804.7 run_127 7 -222394.9 3591.1 

run_48 3 -248201.9 1783.4 run_128 7 -222172.2 3158.1 

run_49 3 -248240.8 1850.4 run_129 7 -222959.2 3774.9 

run_50 3 -245816.4 2004 run_130 7 -226627.6 3664.2 

run_51 3 -248275.3 1906 run_131 7 -222288.1 3396.3 

run_52 3 -245775.5 1911.5 run_132 7 -222781.9 3404.6 

run_53 3 -248250.6 1848.3 run_133 7 -222693.9 3306.9 

run_54 3 -245664.8 1685.1 run_134 7 -222611.3 3958.9 

run_55 3 -245844.8 2010.1 run_135 7 -222822.8 3517.6 

run_56 3 -245874.5 2063.6 run_136 7 -238556 35549.1 

run_57 3 -248271.2 1912.7 run_137 7 -226625.6 3693.5 

run_58 3 -245753.2 1872.9 run_138 7 -222721.3 3232.9 

run_59 3 -248269.1 1918.8 run_139 7 -222183.7 3161.5 

run_60 3 -245774.9 1871.9 run_140 7 -222384.5 3529.6 

run_61 4 -237274.5 2733.7 run_141 8 -218946.1 4032.9 

run_62 4 -239364.2 2574.2 run_142 8 -240237.4 47046.7 

run_63 4 -237036.6 2283.1 run_143 8 -219103.4 4187.8 

run_64 4 -239386.4 2674.5 run_144 8 -218995.2 4781.1 

run_65 4 -237062.2 2294.9 run_145 8 -218593.9 3948.8 

run_66 4 -237051.4 2348.7 run_146 8 -218485.7 3747.9 
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run_67 4 -237156.5 2478.5 run_147 8 -218552.2 3910.4 

run_68 4 -237080.6 2404.9 run_148 8 -218762.9 4316.2 

run_69 4 -237057.2 2327.1 run_149 8 -218499.4 3797.5 

run_70 4 -239303.6 2469 run_150 8 -218411.9 3610.2 

run_71 4 -237242.2 2703.9 run_151 8 -263590.8 93366.4 

run_72 4 -239338.1 2581.4 run_152 8 -219215.9 3650.6 

run_73 4 -237098.9 2441.3 run_153 8 -218378.3 3580.3 

run_74 4 -239747.1 3376.3 run_154 8 -218363 3563.9 

run_75 4 -239343.9 2546.7 run_155 8 -218694.1 4178.9 

run_76 4 -239457.6 2820.3 run_156 8 -218653.8 4093 

run_77 4 -236970.6 2183.3 run_157 8 -218488.4 3766.2 

run_78 4 -237077.8 2364.1 run_158 8 -219192.2 4361.1 

run_79 4 -237040.1 2299.5 run_159 8 -218585.2 3978.5 

run_80 4 -236955.5 2099.6 run_160 8 -218383.2 3555.9 
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APPENDIX E  

Supplemental Data Set 1 – Distance Matrix 

Genotypes are number according to entries in supplemental data table 1, same 

as Appendix A in document. Line 1-266 are entries from the original work of 

this study, line 267-380 are borrowed from the work of. Nelson et al (Nelson et 

al. 2008). Values represent the dissimilarity between the corresponding entries. 

Supplemental Data Set 2 – Genotype and Marker Data 

Marker information was gathered from the supplemental data published by  

Nelson et al. (Nelson et al., 2008). The marker chromosome for both GDB and 

IBM2 represent which chromosome 1-10 in the maize genome the SNP is 

located on. The position is centimorgan distance the SNP is located from the 

centromere.  

Entry numbers are the same entry numbers assigned to each line throughout the 

study. The genotype column indicates the name/pedigree information for each 

entry. The seed source is the last known accumulation of identical genetic seed 

kept for the entry at the time of this study.  

BSSS, NSS, B73/Mo17, Iodent, Texas all indicate groupings assigned by 

STRUCTURE in this study. The values are the assigned values for an 

individual’s belonging to each group at K=5. Under the column ‘Majority Pop.’ 

it has been identified if an entry demonstrated a relatedness greater than fifty 

percent to a particular group (the same parameter used in the study to designate 

membership).  

All columns following ‘Majority Pop.’ (column I through column XT) represent 

the 635 SNP markers used for analysis in this study. Where a marker 

corresponds to an entry/genotype, the allele information for that individual from 

that marker is shown.  




