
ABSTRACT 

JONES, ZACHARY GLEN. Identification of Useful Traditional and Gametophytic 

Germplasm for Maize Improvement. (Under the direction of Drs. Major Goodman and 

Matthew Krakowsky). 

 

Gametophyte factors in maize confer non-reciprocal cross sterility phenotypes, which 

are used to prevent pollen contamination between different endosperm types, most notably in 

popcorns. Gametophytic loci have three allele classes: g-types are considered null types and 

produce no barrier; S-type alleles confer active pollen barriers; M-type pollen is functionally 

indistinguishable from S-type pollen, but they produce no barrier of their own, leaving the 

gametophytic system open to contamination. The use of pollen barrier systems is predicated 

on the assumption that g-type alleles are the most abundant, and that S and M-types are rare 

in maize. We demonstrate herein that commercially used gametophytic systems, especially 

dent sterile popcorn production, are susceptible to contamination from M-type alleles, and 

highlight the issues posed by this susceptibility, most notably seed contamination and 

contamination from neighboring genetically-modified maize. We also challenge the 

conventional notion of the rarity of M-type alleles, identifying twenty-one previously 

unreported M-type alleles in the highly studied Maize Nested Association Mapping (NAM) 

founder lines and showing their abundance in the most readily useful tropical germplasm, 

firmly establishing the abundance of these alleles. Through breeding efforts with specialty 

maize types, we report the identification and characterization of breeding lines resistant to M-

type alleles at single loci through the use of multiple gametophytic alleles, and report a new 

phenotyping paradigm for these multi-gametophytic allele systems. We also report on three 

efforts to support traditional breeding in the Southeast. Through analysis of a decade of 

topcross data, we provide an evaluation of the relative value of expired-plant variety 



protection (PVP) lines for use in the Southeast. We also report on-farm efforts to serve a 

regional specialty seed markets with a breeder-to-farmer seed system. This project 

established the viability and economics of a farmer-driven regional organic seed system, 

producing 60+ bags of seed corn, and bridging the gap between university breeding efforts 

and commercial corn production. In addition to breeding efforts, we report the regeneration 

of 19 southern-adapted breeding lines, the Alabama lines, their deposit in the United States 

National Plant Germplasm System, and assignment of Plant Introduction (PI) numbers.  
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CHAPTER I: Literature Review 

Certain maize (Zea mays L.) alleles, called gametophyte factors, are known to confer 

selectively pollinating or cross-sterile phenotypes through a pollen-pistil allele-matching 

system, resulting in an increased proportion of self-fertilization and production of non-

Mendelian segregation ratios. Gametophyte factors have been known to geneticists and plant 

breeders since the 1920’s, and have been extensively studied, as well as used to protect 

specialty endosperm types, most notably popcorn, from contamination by dent corn pollen. 

The alleles at gametophyte factor loci are widely distributed in maize and teosinte, and have 

even been proposed to play a role in providing reproductive isolation between the two. 

Recently there has been renewed practical interest in the use of gametophyte factors to limit 

pollen-mediated gene flow, as well as renewed questions about old assumptions concerning 

distribution of alleles at these loci.  

The action of gametophyte factors in maize was reported as early as 1902 when 

Correns noted a deficit of sugary kernels in the F2 of crosses between Rice Pop popcorn and 

sweetcorns. Works by both Mangelsdorf and Jones and Emerson proposed the existence of a 

gametophyte factor linked to the Sugary (Su) locus. This was originally designated 

Gametophyte Factor (Ga) but subsequently renamed Gametophtye Factor 1 (Ga1) when 

additional gametophyte factors were identified (Manglesdorf and Jones, 1926; Emerson, 

1925; Jones et al., 2015).  Manglesdorf and Jones defined two alleles at the locus, Ga and ga, 

with Ga/Ga plants only showing a preferential pollination phenotype when Ga and ga pollen 

compete on the silks, in which case Ga is preferentially accepted. Mangelsdorf and Jones 
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assumed that the mechanism was differential pollen tube growth toward the ovary, based on 

their experiments (Mangelsdorf and Jones, 1926). The first reported truly cross-sterile 

phenotype was in a cross between popcorn and sweetcorn, in which Demerec observed that 

using the popcorn as female in crosses failed, but the reciprocal cross produced successful 

pollinations (Demerec 1929, Nelson 1952). Demerec’s experiments also showed deficiencies 

of sugary kernels in the F2s of pop x sugary crosses, leading him to the conclusion that there 

was a relationship between cross-sterility and Ga1 as previously reported, but rejecting the 

mechanisms proposed by Mangelsdorf and Jones, insisting that differences in growth rates 

could not be the cause (Nelson, 1952). It was not until Schwartz proposed a third, stronger 

allele at the locus (designated Ga1-s) that Demerec’s results were reconciled with those of 

Mangelsdorf and Jones (Schwartz, 1950). Nelson, summarizing the alleles at the Ga1 locus, 

defined three alleles, ga, Ga, and Gas, which were later changed to ga1, Ga1-m, and Ga1-s, 

respectively.  

Maize plants homozygous for the ga1 allele have no barrier to pollination, and freely 

accept pollen from any of the other pollen types, producing fully set ears (Schwartz, 1950, 

Nelson 1952). Homozygotes for the Ga1-s allele are cross-sterile, and completely block ga1 

pollen. Ga1-s heterozygotes produce partial pollen barriers, producing partially set ears when 

pollinated with ga1 pollen. A third allele at the locus, Ga1-m, has male-only action and can 

pollinate Ga1-s silks, but does not produce a pollen barrier itself, instead preferentially 

accepting Ga1-m and Ga1-s pollen over ga1 (Schwartz 1950; Kermicle et al., 2006).  

However, in the absence of competition between pollen types and a linked marker to make 
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the segregation distortion apparent, Ga1-m appears functionally like ga1 with respect to the 

female barrier, accepting pollen from all other allele haplotypes. It is important to note that 

Ga1-s and Ga1-m are not possible to distinguish without information about the pollen barrier 

on the female, as the pollen from both will readily pollinate Ga1-s/Ga1-s testers. 

Homozygotes and heterozygotes are also similarly indistinguishable by pollen phenotypes 

alone: since pollen cells are haploid fifty percent of the pollen grains produced by a Ga1-s or 

Ga1-m heterozygote would be expected to successfully pollinate Ga1-s/Ga1-s testers, which 

would be enough to produce completely set ears due to the number of pollen grains produced 

by a single plant (Jones et al., 2015). Only information about the function of these individuals 

as female can distinguish the alleles in question, and only information about the allele status 

in their progeny can identify homozygotes and heterozygotes from the previous generation. 

The tri-allelic nomenclature is also utilized in two other gametophyte factors, designated Ga2 

and Tcb1. Teosinte crossing barrier-1 (Tcb1) was identified in wild strains of teosinte, while 

Gametophyte factor 2 (Ga2) was identified in domestic maize via segregation distortion 

(Kermicle and Evans, 2010; Evans and Kermicle, 2001; Lu et al., 2014).  All three of these 

systems carry a strong reproductive advantage in the population when considering the types 

of seed produced by each plant. Kermicle summarized these relationships, using the 

following nomenclature: P for pollen-pistil recognition (active barriers) and p for the inactive 

barriers (2006). In this case PP plants bear only PP seed since p pollen is blocked; Pp plants 

prefer P pollen to p pollen and thus tend to produce a 50-50 mix of PP and Pp individuals; 

pp individuals are the only ones who produce pp offspring, provided they are uniformly 

pollinated by p pollen. Fertilization by P pollen reduces the number of pp individuals each 
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generation and the proportion of p alleles decreases rapidly across generations, driving the P 

allele to fixation in the population.  

The Ga1-s allele imparts selective fertilization through differential pollen tube growth 

towards the ovary. This was demonstrated in a study in which both ga1 and Ga1-s pollen was 

labeled with 32P prior to shed, and used to pollinate Ga1-s homozygotes (Nelson, 1994). 

Autoradiographs of silks removed at various intervals reveled that ga1 pollen germinated and 

the pollen tubes grew into the stylar canals, although it was notably slower to do so than 

Ga1-s pollen, and eventually ceased growth altogether, short of the ovule. This pre-zygotic 

system is an important distinction from a post-zygotic lethality system. Kermicle and Evans 

(2005) showed that the alleles are controlled by allele-specific congruence rather than active 

rejection by demonstrating that disomic pollen (Ga1-s/ga1) pollen was capable of fertilizing 

Ga1-s silks  (Kermicle and Evans, 2010). This means that the genotype of the pollen 

matching the genotype of the pistil allows for a successful interaction, or possibly that a 

mismatch triggers an incompatible reaction, and is referred to as the congruence model. 

Recent studies have shown that both Ga2 and Tcb1 act in a similar manner, but all three 

barriers have a distinct action (Lu et al., 2013). When ga1 tcb1 ga2 pollen was placed on 

silks of each barrier and pollen tubes were examined, the researchers determined that the 

Ga1-s barrier showed intense callous deposition and misdirection. Tcb1-s silks had stronger 

callous staining suggesting a thicker cellulose layer in the cell wall, and grow straight with 

regular callous plugs. On Ga2-s silks, the majority of the pollen tubes showed a kinked 

phenotype localized to callous plug positions, a third distinct phenotype within these three 
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systems. This suggests that the systems may operate by different mechanisms, although all 

within the pollen-tube growth phase of reproduction (Dresselhaus et al., 2013). An 

exploration of cross-recognition between the three systems supports this hypothesis, with 

Ga2 pollen being shown to be non-equivalent to Tcb1 or Ga1 (Kermicle and Evans, 2010). 

This study also showed that full-strength (-s type) barriers of each class were effective at 

blocking pollen from each of the other full-strength (-s type) alleles, such that a Ga2-s plant 

is capable of blocking Tcb1-s and Ga1-s pollen. The study did, however, show some weak 

interaction between alleles, indicating that they may work through similar biochemical 

pathways.  

Ga1 was originally mapped to chromosome 4 via classical linkage studies, and was 

found to be 23.2 map units from Su1 (Mangelsdorf and Jones, 1926). Through the use of a 

homogeneous mapping population, Ga1-s was localized to a 100 Kb region on chromosome 

4, between dCS1 and ID7 markers on the B73 reference genome (Liu et al, 2014). The study 

reported 3 predicted genes, one of which has homology to WDL1 from Arabidopsis and 

could have some impact on pollen tube growth. This information aligns with the previous 

observations about the mechanism of isolation. Tcb1 was mapped relative to four visual 

markers by crossing a Tassel seed5 (Ts5) line of Tcb1 to a chromosome four tester stock with 

visual markers virescent17 (v17) brown midrib3 (bm3) sugary1 (su1), then crossing the F1 

back to the recessive tester to generate a 5-point testcross (Evans and Kermicle, 2001). 

Through use of this population, tcb1 was mapped to a position 44 cM from Ga1 and 6 cM 

from su1. It should be noted that the distance between Ga1 and tcb is near the maximum (50 
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cM) value, and the linkage is not tight. Ga2 was originally observed as a segregation 

distortion in the Pr aleurone color gene and the bt (brittle) locus, and then subsequently 

mapped to chromosome 5 (Burnham, 1936; Longley, 1961). Molecular markers have been 

shown to be useful for introgressing the Ga1-s gene into ga1 materials in some studies, but 

the markers used only identify Ga1-s and ga1 (Liu et al, 2014). Other studies, however, have 

shown that phenotyping is more effective than marker-assisted selection for production of 

Ga1-s lines (Gonzalez, 2011).  

The distribution of alleles at the ga1 locus has a nonrandom distribution across 

subtypes of maize (Nelson, 1994). The Ga1-s allele is abundant in popcorns in the United 

States, with the majority containing the allele, although there are several exceptions (Nelson, 

1952). An extensive test of Central and South American landraces showed that the many 

races were typically homozygous for Ga1-s or for Ga1-m (Nelson, 1960). It was especially 

noted that all of the more complex Mexican races tested were homozygous for Ga1-s or Ga1-

m (or Ga1-s/Ga1-m heterozygotes). Two noted exceptions in this study were that Palmero 

Toluqueño and Harinoso de Ocho were identified as homozygous for ga1. These results 

show the existence of indigenous races of maize that are ga1 homozygotes. This fact is 

especially important when considering that all United States varieties (other than popcorns) 

that have been tested, with the exception of Papago Indian Corn, have been found to be ga1 

homozygotes. Nelson was unable to make pollinations onto the silks of many of the 

collections he tested, leaving many of his classifications as “Gas or Ga”, based on the ability 

to pollinate a Ga1-s tester stock. Recent reexamination of Nelson’s results pointed out that 
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many of the alleles Nelson observed are very likely Ga1-m (Jones et al., 2015). A screen for 

the presence of ga1 alleles in 84 commercial hybrids planted in Mexican tropical, 

subtropical, and highland areas confirms this, showing that the majority (55%) of these 

materials were homozygous for Ga1-m (de la Cruz et al., 2008). Of the remaining hybrids in 

the study, 20% were Ga1-m heterozygotes, 25% were homozygous for ga1, and Ga1-s was 

not found in any of the material screened. This difference of US collections from other 

American races is interesting due to the competitive advantage of Ga1-s and Ga1-m alleles 

over ga1 alleles in populations. The almost perfect uniformity of ga1 in US races means that 

they must have developed from an ancient ga1 homozygote, which studies show existed, and 

also raises important, and yet unanswered, questions about the evolution of the species. 

Examination of teosinte populations and their sympatric maize populations initially revealed 

that Tcb1-s was absent in all of maize populations, although more extensive screens have 

since documented it (Kermicle and Evans, 2010). In a similar screen of maize sympatric to 

teosintes, seven out of twelve landraces were classified as Ga2 (-m, -s, were not 

distinguished), two were classified as segregating for both alleles, and three contained only 

ga2. The same study also tested four to five plants from common US inbred lines (A188, 

A619, A632, B73, CM105, Pa405, SDp312, W153R, W540Ht, W23) and determined that 

Ga2 was absent, paralleling the finding of abundance of Ga1-s in Mexican maize but the 

absence in US commercial maize.  

All three of these gametophytic systems have been proposed to play a role in the 

reproductive isolation of maize from teosinte by preventing hybridization. However, the 

distribution of the alleles in teosinte is key to the understanding its potential role in 
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reproductive isolation from maize. When teosintes were screened for ga1 alleles, five of six 

accessions of Zea mays mexicana and one accession of Zea mays huehuetenangensis were 

found to contain either Ga1-m or Ga1-s alleles, and the Ga1-s accessions were thus unable to 

set seed when pollinated with dent corn (ga1) pollen (Nelson, 1994). Subsequent screening 

of 14 accessions reveled that ga1 alleles are distributed across the collections, but are 

decidedly nonrandom with respect to natural habitat of the accession (Kermicle et al., 2006). 

Wild types were found to contain alleles lacking the pistil barrier (ga1, Ga1-m), while weedy 

types were found to contain Ga1-s, consistent with it being an isolation factor for the 

sympatric maize. However, when examining the naturally occurring sympatric races of each 

teosinte accession, it was discovered that many (11 of 13) Mexican highland maize races 

only contain Ga1-m, which readily fertilizes Ga1-s homozygous plants. An examination of 

Ga1-m competition on homozygous Ga1-s silks revealed that there was a significant decrease 

in number of seed set due to Ga1-m pollen on homozygous Ga1-s plants when a mixture of 

Ga1-s and Ga1-m pollen was used, when compared to ga1 homozygotes, indicating that 

Ga1-m is not fully competitive on Ga1-s silks. However, the prevalence of Ga1-m in maize 

effectively eliminates Ga1-s as a means of reproductive isolation between maize and teosinte 

(Kermicle and Evans, 2010). A similar situation appears between maize and teosinte with 

respect to Ga2; when sympatric maize and teosinte populations were evaluated, all 37 

teosinte plants tested contained Ga2 but the sympatric maize carried Ga2 also in all but one 

case, eliminating Ga2 as a means for widespread reproductive isolation between maize and 

teosinte. Examination of the allelic constitution at the tcb1 locus of thirteen teosintes paired 

with their sympatric maize races found that eight of the teosintes contained Tcb1-s, four were 
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homozygous tcb1, and one contained Tcb1-m (Kermicle, 2006). When these collections were 

pollinated with a Ga1-m tcb1 maize inbred, used to match the allelic composition of maize 

populations indigenous to the teosinte collection region, the eight Tcb1-s containing maize 

populations produced significantly fewer seeds than if pollinated by teosinte. Three plants of 

each sympatric maize population were also examined, and were found to be uniformly tcb1 

homozygotes, leaving open the possibility that Tcb1 plays a role in reproductive isolation. 

This study also documented that all Midwestern US lines that have been evaluated to date are 

also uniformly tcb1 homozygotes, although data was not provided. These small studies, 

along with those concerning the distribution of alleles in maize, highlight the uniqueness of 

the U.S. maize germplasm base with respect to presence of gametophytic allele content, all 

being uniformly ga1 tcb1 ga2, while maize in its center of diversity abundantly contains 

gametophytic alleles.  

The unique lack of active pollen barriers (Ga1-s or Ga1-m alleles) in most 

commercial maize in the United States has serendipitously allowed for the utilization of 

gametophyte factors for various purposes in maize for many years (Perry, 1945; Nelson 

1952; Jones et al., 2016). Ga1-s has been exclusively used, and has been proposed for 

various other uses, including protecting specialty endosperm types (sweets, waxy, whites) 

from contamination by yellow dent pollen. The most abundant use of the system, however, is 

in popcorn, where Ga1-s plays a role so important that Ga1-s homozygous lines are an 

absolute essential (Ziegler, 2001). In popcorns gametophytic lines are called “dent sterile” for 

their ability to block regular ga1 dent corn pollen, and the major function of the alleles is to 

protect against contamination during seed production, a process that often occurs in areas 
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near dent corn. Some popcorn types (South America, Japanese Hulless) are known to be dent 

sterile, but other populations (Supergold, Yellow Pearl) are non-gametophytic and must be 

converted by breeders (Thompson, 1955). The reliance on dent sterile popcorns is so strong 

that seed certification standards often call for no isolation between dent corn production and 

popcorn seed fields, a concept completely unheard of in production of dent hybrid seed 

(Indiana Crop Improvement Association, 2006).  The other major use of the system was 

Zuber’s use of Ga1-s to protect white corns from contamination by yellow dents in the 

1970’s, which required popcorn producers to be aware of the content of neighboring fields, 

but ultimately caused minimal contamination. In recent years there has been an interest in 

using gametophyte factors to limit pollen-mediated gene flow between genetically modified 

(GM) and conventional/organic corn crops. The large percentage of corn land planted to GM 

hybrids (92% in 2016) has made production of non-GM corn increasingly difficult (NASS, 

2016; Weber et al., 2007).  As a wind-pollinated species, maize is prone to cross-fertilization 

with plants in nearby fields, causing some European Union states to create isolation distances 

between GM and non-GM crops as high as 800m (Devos et al, 2009). A similar situation 

occurs in the United States certified organic production systems, where the threat of GM 

contamination is often minimized by the use of large isolation distance and/or planting delays 

(OFARM, 2014). The use of gametophytic hybrids could potentially eliminate the need for 

these precautions, allowing organic/conventional growers to use the same protections that 

popcorn benefits from. The large benefits possible from the use of Ga1-s in 

organic/conventional production make the production of Ga1-s lines a valuable objective, but 

to date effective use has been restricted due to the complications of breeding for these 
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objectives.  

 The major technical problem concerning the production of Ga1-s hybrids is the need 

to produce homozygous hybrids for the barrier to be effective, a restraint that has limited the 

successful use of Ga1-s hybrids. A better system would be the use of a dominant 

gametophyte factor (DGF), where heterozygotes would block incompatible pollen like Ga1-s 

homozygotes (Sanchez et al., 2011). Use of a DGF in hybrid production would allow for use 

in a heterozygous state in the hybrid, which opens several new possibilities for producing 

gametophytic hybrids. DGFs would allow hybrid seed production by crossing one DGF 

homozygote by another line that did not carry any gametophyte factors, resulting in hybrid 

seed that is functionally gametophytic. DGFs also allow for the crossing of two heterozygous 

lines or hybrids, which produce a hybrid that is a mixture of heterozygotes and homozygotes, 

but that all have functional pollen barriers. Tcb1 is one such DGF, but when introgressed into 

maize from teosinte, homozygous lines have poor seed set, effectively eliminating the 

benefits of DGFs for seed production (Sanchez et al., 2011). Another study screened maize 

germplasm for the presence of maize-derived DGFs with the idea that any negative effects 

would have been minimized by years of cultivation (Jones et al., 2016; Sanchez et al., 2011). 

Screening Mexican accessions from race Maiz Dulce identified seven accessions that 

contained DGFs. The study also noted that not all DGFs are compatible with each other, and 

that even lines derived from the same accession may be incompatible, highlighting the need 

for early-generation compatibility tests between DGFs derived from different sources.  

 The second major potential issue in the production of gametophytic hybrids is the 
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abundance of Ga1-m in neighboring maize. Current gametophytic systems, especially 

popcorns, function effectively because of the lack of Ga1-s or Ga1-m alleles in US 

commercial maize. However, widespread distribution of these alleles in Mexican commercial 

maize and an ever-globalizing seed market leaves considerable risk of Ga1-m especially 

entering into US commercial corn undetected (Jones et al., 2015). Ga1-m is especially 

problematic because the only way to be aware of its existence in a line is to specifically test 

for it by crossing to Ga1-s testers, and it might even be beneficial to breeders working with 

tropical materials. As demonstration of the risks of unintentional release of Ga1-m lines, 

North Carolina State’s corn breeding program has released 12 lines with Ga1-m and has also 

identified one ex-PVP line that contains the allele (Jones et al., 2015; Lennon, 2014). 

Fortunately, resistance to Ga1-m has been phenotypically identified. In a study of accessions 

previously identified as candidates for containing DGFs, lines derived from four accessions 

showed phenotypic resistance to Ga1-m pollination, potentially creating a method to produce 

better DGFs that would be resistant to both ga1 and Ga1-m pollen, effectively closing the 

system to contamination (Jones et al., 2015).  
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CHAPTER II: Susceptibility of Dent-Sterile Popcorns to the Ga1-m Gametophyte 

Factor 

Published in Crop Science, 56(5), 2594-2599 

Abstract: 

  The Ga1-s allele is the foundation of dent-sterile popcorns where it is used as a 

genetic barrier to prevent pollen contamination, but its known genetic susceptibility to 

another allele at the same locus is problematic for the sustainability of Ga1-s popcorns. The 

Ga1-m allele overcomes the pollen barrier imparted by Ga1-s, opening any system using it to 

potential contamination. The Ga1-m allele, although previously thought rare, has been shown 

to be abundant in Mexican commercial maize, and has been identified in a US ex-PVP line. 

The requirement for specific evaluation to detect the allele, coupled with efforts to increase 

the genetic base of maize, create a considerable risk of the unintentional release of Ga1-m-

carrying materials. Resistance to Ga1-m has been previously identified, providing a possible 

way to eliminate the risk posed by Ga1-m, but comes in an unadapted sweetcorn background. 

Through field evaluation, we tested commercial and publically available popcorns for 

resistance to Ga1-m, all of which were uniformly susceptible. There is, therefore, a need to 

identify and integrate Ga1-m resistance into commercial popcorn inbred lines and hybrids. 

Although the use of existing Ga1-m resistant sources is an option, background differences 

will likely be problematic for producing useable inbred lines. We suggest the use of 

molecular tools to aid in specific backcrossing of the Ga1-m resistance allele, or 

identification of Ga1-m resistance in a popcorn background, for which we suggest an 

evolutionary-based approach. 



 

17 

Popcorn (Zea mays L. var. everta) is a popular snack food in the United States, with 

production data showing total production of 860.9 million pounds of grain annually, but 

production relies on the use of gametophyte factors for genetic protection from pollen 

contamination (Hansen and Brester, 2009; Ziegler, 2001). The four largest popcorn-

producing states, Nebraska, Indiana, Illinois and Ohio, are all also major dent corn producing 

states, creating a need for methods to prevent non-target pollination in the popcorn crop. This 

coexistence between popcorn and dent corn is facilitated by the use of dent-sterile (also 

called cross-sterile) popcorns, which prevent pollen contamination from conventional dents 

through the use of a gametophytic incompatibility gene, Ga1-s. However, Ga1-s is naturally 

overcome by another allele at the same locus, setting the stage for a potentially disastrous 

loss to popcorn producers if this allele variant were to enter into commercial dent corn 

production.  

The gametophyte factor 1 (ga1) allele was the first such allele reported in maize, and 

continues to be the only one effectively utilized system, although others have been identified 

(Nelson, 1952). The ga1 locus has three alleles, designated: ga1, Ga1-s, and Ga1-m. The ga1 

allele produces no barrier, allowing for complete seed set when pollinated by any of the 

alleles at this locus, and is the allele that is carried by most, if not all, dent corn in the United 

States. The Ga1-s allele conditions nonreciprocal cross-sterility; fertilization by ga1 pollen 

completely fails on homozygous Ga1-s silks and partial seed sets are produced on most 

heterozygotes (Schwartz 1950). It is this quality of the allele that allows dent sterile popcorns 

to prevent contamination from neighboring dent corn pollen. The popcorns preferentially 

accept Ga1-s pollen, blocking any off-target ga1 pollen from neighboring dent corn fields. 
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Another allele at the locus, designated Ga1-m, is cross neutral; lines containing Ga1-m can 

pollinate and receive pollen from any of the alleles at the locus (Kermicle et al., 2006). This 

allele, in effect, overcomes the barrier provided by the Ga1-s allele, leaving production 

systems under its protection vulnerable to contamination if the Ga1-m allele is present in 

adjacent fields.  

While commercial dent corn in the United States has been shown to uniformly 

contain the ga1 allele, a recent study has shown that the majority (55%) of commercial 

hybrids commonly planted in Mexican tropical, subtropical and highland areas were 

homozygous for the Ga1-m allele (de la Cruz et al., 2008). Examination of potential avenues 

for entry of these alleles into U.S. germplasm heightens the concern over this high 

occurrence of the Ga1-m allele in Mexican commercial hybrids (Jones et al., 2015). Ongoing 

efforts by both government and industry breeders to broaden the genetic base of U.S. maize 

make use of the diversity found in Mexico, creating an avenue for this abundance of the 

allele to enter U.S. commercial hybrids (Sood et al., 2014; Jones et al., 2015). Unfortunately, 

the only way to know if the allele is present is specific evaluation for it by crossing to Ga1-s 

testers. North Carolina State University has unintentionally released ten inbred lines and has 

identified one ex-PVP that carries Ga1-m, serving as validation for the possibility of allele 

entry going unnoticed (Jones et al., 2015; Lennon, 2014). It is likely that other sources of 

Ga1-m will enter into commercial dent corn undetected due to this clandestine nature of the 

Ga1-m allele. Without specific evaluation for the presence of the allele there is no way of 

identifying its presence, meaning that the first detection of Ga1-m in dent corn production 
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will likely come in the form of contamination in systems protected by Ga1-s, probably dent-

sterile popcorn due to acreage sizes and close production proximity.  

Dent-sterility in popcorn is a key trait, making it almost essential that new popcorn 

inbred lines be homozygous for Ga1-s (Zeigler, 2001). The major function of dent-sterility is 

in hybrid seed production where it protects against pollen contamination in seed production 

fields, thus effectively eliminating the need for isolation distances between popcorn and 

commercial dent corn, an important factor since this process often occurs in areas where dent 

corn is grown. However, if the dent sterility system were to fail, it would likely happen in the 

presence of a Ga1-m dent hybrid, where coexistence would not be possible and the results 

would be problematic at all stages of popcorn production. In the seed production stage, the 

contaminated seed fields, once harvested and sold, would result in commercial production 

fields filled with pop x dent F1 hybrids. The kernels of these plants have very poor popping 

quality, and high levels of contamination could reduce the popping quality of the total 

harvested crop (Zielgler, 2001). High levels of contamination would, in turn, require popcorn 

hybrid seed to be produced following stringent isolation protocols to ensure seed quality, a 

solution that is not spatially feasible in the areas where popcorn hybrids have traditionally 

been produced. At the production stage, the susceptibility of dent sterile popcorns to Ga1-m 

opens the popcorn industry to an entirely new problem: meaningful contamination. 

Previously, there has been little need for commercial popcorn production and dent corn 

production to be separated due to the gametophytic protection from contamination afforded 

by Ga1-s.  The only exception to this was the attempted use of Ga1-s white corns in the late 

1970’s, which required popcorn growers to poll their neighbors about growing such white 
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corns and make appropriate isolation preparations to prevent contamination if they were. 

This situation is quite different from the problem posed by Ga1-m in that the problematic 

factor (Ga1-s) was intentional, while a neighboring producer would not know the status of 

Ga1-m in a yellow dent hybrid. Additionally, the presence of Ga1-m would open popcorn 

production to the possibility of crossing with genetically modified (GM) corn for the first 

time. If Ga1-m enters into commercial production via a GM dent hybrid, the most likely 

avenue of widespread arrival, the GM pollen would produce seed on the popcorn plants by 

overcoming the Ga1-s barrier. As a previously genetically protected system, there has never 

been an actual need to evaluate dent-sterile popcorn kernels for the presence of GM traits; 

there are no GM popcorns, and contamination from field corn was not possible due to the 

gametophytic barrier. However, for seed buyer confidence, most commercial seed lots are 

screened for the adventitious presence of GM traits, and grain for export is screened to meet 

import demands. Without integration of Ga1-m resistance into dent sterile popcorns, a GM 

dent hybrid carrying Ga1-m would lead to a large increase in the number of popcorn seed lots 

and export shipments rejected due to GM contamination, a very costly proposition. If GM 

contamination of popcorns were threatened by a Ga1-m-carrying GM dent hybrid, production 

would require a change in agronomic practices including both planting delays and spatial 

separation in order to minimize contamination risk. However, both of these strategies come 

with increased expense and yield loss, and neither has been shown to be entirely effective 

(Devos et al., 2009). This problem is similar to those currently faced by organic corn 

growers, in which they are required to tailor their production around the larger acreages of 

GM corn in order to prevent GM contamination and the subsequent loss of the organic 
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premium. However, with popcorn, the risk of loss is likely to be absolute due to the desire to 

have GM-free grain, while contaminated organic grain can be sold as conventional with only 

the loss of the premium. Additionally, the changes in agronomic practices would require 

shifts in varietal needs, which require breeding lead-time to produce, a problematic situation 

for the popcorn industry as a whole. It should be noted that no such Ga1-m-carrying hybrid 

has been definitively shown to exist in the United States, but the allele has been identified in 

one ex-PVP line, and we have shown that it can be released unintentionally due to the need 

for specific evaluation for the allele, highlighting the need to ensure Ga1-m resistance to 

protect this system.   

The abundance of the Ga1-m allele has gone somewhat unnoticed due to a historical 

disparity in nomenclature and the absence of the allele in U.S. germplasm, but recent 

research brings it to the forefront as a problematic piece for dent sterile popcorn production 

(Jones et al., 2015; de la Cruz et al., 2008). The lack of concern over the allele has softened 

concerns over pollen contamination in popcorns, but, as shown, there is a major risk to 

current popcorn production practices imposed by the Ga1-m allele. Fortunately, genetic 

resistance to the Ga1-m allele has been identified, in which resistant plants set no seed when 

pollinated with Ga1-m pollen (Jones et al., 2015). Previously identified Ga1-m resistance 

comes from Mexican sweetcorns, and breeding materials are being used for development of 

hybrids for organic producers. With the potential problems posed by the Ga1-m allele and the 

recent identification of Ga1-m resistance in mind, we screened a set of commercial popcorn 

hybrids, commercial inbred lines, and publically available materials for the presence of 
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resistance to the Ga1-m allele to assess the actual risk posed by Ga1-m to dent sterile 

popcorns.  

Materials and Methods 

Plant Material 

 Plant material for this experiment consisted of 30 popcorn inbred lines/landraces and 

77 dent sterile commercial popcorn hybrids for a total of 107 entries. Inbreds used were all 

publically available lines obtained through the US Plant Germplasm system, or were on-hand 

at North Carolina State. The set of inbreds selected sampled all proposed popcorn 

phylogenetic groups except the “North American Early” group, as reported by Santacruz-

Varela et al. (2004). These materials are summarized in Table 2.1.  Commercial hybrids were 

obtained from six different seed companies with the request that they represent a diverse set 

of their respective commercial germplasm pools. Hybrids were received primarily as coded 

entries, so genotypes were not available. The majority of the hybrid entries were 

SupergoldxSouth American hybrids, however, three of the commercial entries from 

Crookham were colored pops. An additional set of 12 commercial inbreds was screened by 

Purdue Agricultural Alumni’s popcorn breeding program. These lines consisted of 6 

Supergold lines and 6 South American lines. Total numbers of entries from each company 

and public source are presented in Table 2.2.  

Experimental Conditions 

Described entries, plus checks for Ga1-m, were planted in an isolation block on May 

7, 2015 at Central Crops Research Station in Clayton, NC. Twenty to forty kernels were 

planted per plot based on anticipated germination, and plants were thinned to 8-10 plants per 
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plot at approximately the V4 growth stage.  This field followed standard corn isolation 

protocols, being planted far enough away from other corn that risk of contamination was 

minimized. The male pollen parent was NC390xNC394: a hybrid combination of two NCSU 

inbred lines both known to carry Ga1-m and a prolific pollen producer. Experimental lines 

were planted in single 2 m rows, four experimental rows planted side-by-side on 0.97m 

spacings, surrounded by two rows of pollen parent. Delay plantings of male parent were hand 

planted at seven-day intervals for 21 days to ensure adequate pollen supply during 

evaluation. Additional rows of male parent were planted beside the experimental plot to 

ensure adequate pollination. Experimental lines were detasseled, and silking dates of each 

plot were recorded. At approximately 30 days after the last row silked, all ears in each plot 

were husked, and kernel counts, as well as number of ears, were recorded for each plot. Data 

was also collected on segregation within plot and “strength” of the pollen barrier, if one was 

present. Commercial inbred line evaluations were carried out in Indiana by hand pollinations, 

using the inbred lines as female and PHV63, an ex-PVP known to carry Ga1-m, as male. 

Second evaluations of questionable material from the summer experiment were carried out in 

Homestead, FL, via hand pollinations, using NC390xNC394 as male.  

Results  

Field evaluation of included lines did not reveal any resistance to the Ga1-m allele in 

the any of the materials tested. When pollinated with Ga1-m these set full ears, indicating 

complete susceptibility to the allele. However, two lines, KP39 and AD SA1, produced 

questionable results in summer 2015, and were evaluated by controlled pollinations in winter 

nursery 2015, confirming their susceptibility. 
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Discussion 

 This study revealed the widespread susceptibility of dent-sterile popcorns to the Ga1-

m allele. In a sample of dent-sterile commercial popcorn hybrids and inbred lines we 

observed uniform susceptibility to Ga1-m, leaving popcorn production vulnerable to the risk 

of pollen contamination. Additionally, in a diverse set of inbred lines and landraces, we 

identified no source of resistance to the allele, meaning that identification of useable 

resistance will be needed; a key to the coexistence between popcorn and a potential Ga1-m 

dent hybrid. It should also be noted that susceptibility of Ga1-s materials to Ga1-m pollen 

appears to be the rule, rather than the exception, and other materials relying on Ga1-s should 

be evaluated for resistance also. The susceptibility of dent sterile popcorns, or any system 

using Ga1-s, to the Ga1-m allele is not surprising. The nature of the interaction between the 

alleles at the ga1 locus dictates that most material using only Ga1-s will be susceptible to 

Ga1-m pollen contamination. This susceptibility creates several production problems for 

popcorn production if Ga1-m were to enter into dent corn hybrids. Screening hybrids only 

allows for identification of dominant resistance to Ga1-m, while screening inbreds and 

collections allows for screening for any resistance to Ga1-m that may be present. Therefore, 

popcorn seed producers should undertake widespread screening for Ga1-m resistance in their 

inbred lines, a process we were unable to undertake due to the proprietary nature of such 

lines. Previously identified resistance has been mostly additive, with the exception of 1222-2 

from NC State, a line derived from Jalisco 78, that has appears to have dominant resistance to 

Ga1-m in some backgrounds, including a few homozygous Ga1-s backgrounds.  
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 Due to the widespread susceptibility of popcorns to Ga1-m, entry of the allele into a 

commercial dent hybrid would be highly detrimental to the popcorn industry at all levels. As 

shown, the vulnerability of current production practices is widespread, and the results of a 

GM dent hybrid carrying Ga1-m would change all aspects of popcorn production and 

processing, including the increased need to test grain for the presence of GM contamination. 

The problems imposed by this risk make the proactive search for a solution imperative; an 

active search for and integration of Ga1-m resistance can eliminate the high risk imposed by 

the Ga1-m allele.  

 Overcoming the susceptibility to Ga1-m is readily accomplished in a purely genetic 

view, in that identified sources of resistance are available and some appear dominant. 

However, from a plant breeding perspective, the sources of resistance would be likely be 

highly detrimental to production of popcorns since identified sources are from an exotic 

sweetcorn background. The integration of existing sources of resistance through 

backcrossing would likely also integrate often-deleterious exotic alleles linked to the 

resistance allele. Extensive backcrossing and phenotyping will be needed to reduce 

detrimental exotic parentage, as well as phenotyping to ensure the resistance is maintained. 

Even if this approach used a dominant Ga1-m resistance allele, it is possible that 

agronomically favorable lines may not be recovered, and as such, we suggest the pursuit of 

two other methods: marker-assisted backcrossing and identification of Ga1-m resistance in a 

popcorn background. The former is a highly desirable solution, as it would allow the 

introgression of Ga1-m resistance into any line desired while minimizing the need for 

phenotypic evaluation and allowing for reduction in exotic parentage during introgression. 
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However, currently the trait is only characterized phenotypically, meaning more extensive 

work will be needed to identify markers for Ga1-m resistance to allow marker-assisted 

approaches to be successful. The second approach, identification of resistance in a popcorn 

background, is an equally valid method. Previously identified Ga1-m resistance has come 

entirely from sweetcorn backgrounds, but it should be noted they are the only ones that have 

been purposefully screened. Since the screened set of publically available popcorn lines and 

collections showed no resistance in our tests, identification of new germplasm sources with 

Ga1-m resistance will be necessary. The search for Ga1-m resistance in a popcorn 

background, or any other background, may be aided by an evolutionary-based approach to 

screening germplasm, since random screening would be time consuming and inefficient 

(Jones et al, 2015). Ga1-m resistance will likely be identified in areas where there is selection 

pressure for it, which may come from areas where sympatric teosinte contains Ga1-m. We 

see this validated in that many known sources of Ga1-m resistance were identified in 

accessions from Jalisco, an area where teosinte has been shown to contain Ga1-m (Kermicle 

et al., 2006). Additionally, adequate sampling will be key to successful identification of any 

resistance that may exist in these collections based on the low frequencies of resistance 

alleles (and even lower frequencies of dominant resistance alleles) segregating in previously 

evaluated populations. However, if these two fail to produce successful results, existing 

sources of resistance will be adequate, although with significantly more breeding work 

required to produce desirable lines. Whatever approach is eventually employed, it is clear 

that there is a need for introgression of Ga1-m resistance into dent-sterile popcorns to ensure 

the continued coexistence of dent corn and popcorn production. In the interim, it is advisable 
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for popcorn commodity groups or companies to test new dent hybrids targeted for popcorn 

seed growing areas for the presence of Ga1-m so that producers may be alerted to their 

presence, if identified. PHV63 or one of several NC lines may be used as a pollen parent to 

test for Ga1-m (Jones et al., 2015). If the existence of commercial hybrids carrying Ga1-m is 

identified, preventative measures could then be taken to prevent widespread contamination, 

protecting both the seed growers and commercial popcorn producers.  

 Overall, our study has highlighted a major susceptibility of popcorn to contamination 

by the Ga1-m allele. The allele is abundant in Mexican commercial field corn hybrids and, 

through efforts to expand the genetic base of commercial maize, has a high potential to enter 

U.S. commercial germplasm undetected, as has already been validated by the unintentional 

release of Ga1-m-carrying North Carolina lines. The Ga1-m allele is especially troublesome 

in this regard, as it is only detectable by specific evaluation. Proactive efforts to identify and 

introgress Ga1-m resistance into existing dent-sterile lines and hybrids are necessary to 

reduce the risk of this contamination, as all materials screened to date have been uniformly 

susceptible to Ga1-m. However, additional screening of popcorn inbred lines should be 

carried out by seed producers and breeders to determine if any resistance is present in 

existing lines, a process we could not conduct on the needed scale due to the proprietary 

nature of most of these materials. The presence of a Ga1-m-carrying dent hybrid would be 

problematic to popcorn production on both the seed production and commercial production 

levels, requiring extensive isolation in both cases, to prevent (pop x dent) hybrids in the 

former and GM and/or quality contamination in the latter. Overall, failure to introgress Ga1-

m resistance into dent-sterile popcorns would lead to many production changes causing 
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producers to face many of the same issues organic field corn producers currently face, 

namely a need for costly spatial or temporal separation of crops. We propose introgression of 

Ga1-m resistance either through marker-assisted backcrossing, which will require 

prerequisite molecular work, or conventional backcrossing from a popcorn source, which we 

propose may be identified by evolutionary-based screening of maize genetic resources. 

However, if neither of these is satisfactory, existent sources of resistance can be used in 

conventional backcrossing, although with more need for breeding work to identify desirable 

lines. We hope that this paper will result in significant effort to overcome the issues imposed 

on popcorn production by Ga1-m, serving as a timely warning of an important issue to come.   
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Table 2.1. Landraces and publically available lines used. Races are identified for 

landraces and types are identified for all other materials evaluated. 

 

Collection Name PI Number Race/Type 
Improvement 

Status 

Argentine Pop  PI 217404 Latin Landrace 

Ladyfinger  PI 217407 Undefined Landrace 

Maiz Reventador 

(Sonora) 
PI 420244 Reventador Landrace 

Nayarit 15  PI 490921  Reventador  Landrace 

Nayarit 39 NSL 283385  Reventador Landrace 

R-Strawberry 

Open Pollinated  
PI 340840 

North American Pointed 

Rice  
Landrace 

South American 

Popcorn  
PI 222647 South American  Landrace 

Supergold Popcorn Ames 21962 
North American Yellow 

Pearl  
Landrace 

White Hulless Pop  PI 311251 Undefined Landrace 

White Hulless Pop PI 311252 Undefined Landrace 

White Rice Pop  PI 311250 Lat. Pointed Landrace 

Yellow Pearl Pop  PI 311254 
North American Yellow 

Pearl  
Landrace 

Yellow Pearl Pop PI 311255 
North American Yellow 

Pearl  
Landrace 

4722 PI 587130 
South American x Ohio 

Yellow 
Inbred Line 

A1-6 PI 686051 Amber Pearl Inbred Line 

AD SA1  Ames 29001 South American Inbred Line 

H 5505 PI 686055 White Rice Inbred Line 

HP301 PI 587131 Yellow Pearl Inbred Line 

HP302 Ames 32016 Amber Pearl Inbred Line 

HP62-49 PI 686054 Yellow Pearl Inbred Line 

I29 Ames 27115 White Rice Inbred Line 

IDS28 Ames 24575 Yellow Pearl Inbred Line 

IDS69 Ames 24576 South American Inbred Line 

IDS91 Ames 24577 South American Inbred Line 

KP39 Not Assigned South American Inbred Line 

SA24 Ames 27188 South American Inbred Line 

Sg16 Not Assigned Supergold Inbred Line 
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Table 2.1 Continued.  

Chihuahua 150  PI 484424 Palomero de Chihuahua 
Cultivated 

Material 

White Rice Pop Ames 14284 White Rice Cultivar 

Nebraska Yellow 

Pearl 
Ames 14287 Yellow Pearl 

Breeding 

Population 

 

Table 2.2. Number of entries from each source used. All company entries represent 

numbers of commercial hybrids provided, with the exception of Purdue Ag Alumni, who 

provided both hybrids and inbreds.  

 

Source 
Number of 

Entries 

Wall Lake 6 

Crookham 12 

Zangger 20 

Conagra 15 

Purdue Ag 

Alumni 
16 

Schlessman 20 

Public Materials 30 

Total 119 
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CHAPTER III: Exploring On-Farm Organic Double-Cross Hybrid Seed Production in 

North Carolina: A Model for Breeder-to-Farmer Hybrid Release 

Abstract: 

 Double-cross corn hybrids allowed the commercialization of hybrid seed corn, and 

subsequently the seed industry. The original idea of hybrid seed production, however, was 

that farmers would produce their own seed corn, and sell any excess to their neighbors. The 

lack of regionally adapted organic seed is a major restriction for growers while university 

breeding programs routinely identity hybrids that would be successful but have no way to 

deliver these products. Based on historical ideas of a farmer-driven seed system, the North 

Carolina State Corn Breeding Program identified a candidate double-cross hybrid with 

characteristics well suited to organic production systems, and trained a group of farmers to 

grow and deliver this hybrid seed product. Across two years, this project produced 63.7 bags 

of hybrid seed corn, and saw the hybrid planted on 25 ha of certified organic land in 2017, 

representing the first North Carolina State University bred hybrid product delivered directly 

to farms in the last 50 years. On-farm seed production saved farmers an average of $166 per 

bag of seed, while delivering a product that exceeded their expectations for organic corn on 

their own farms. The hybrid produced provides superior silage yield, coming in second 

overall in the state official variety trials, and delivers reasonable grain yields for organic 

production systems. There were no significant differences in yield between seed produced 

on-farm and seed produced in a conventionally managed breeding nursery. The project has 

been well received by farmers involved, and this group has formed a cooperative to produce 

and market seed in the region. This project has validated the idea of a breeder-to-farmer 
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system of seed release, and we hope it will be a launching point for additional efforts in other 

regions.  

 Hybrid corn, although considered one of the most important advances of modern 

agriculture, began its existence as an idea of purely theoretical interest, considered too 

complicated and costly to be realistic for production (Duvick, 2001). Donald Jones’ now 

famous advocacy for the use of double-cross hybrid corn made seed production feasible, thus 

launching the first step in a cascade that lead to the rise of a multi-million dollar seed 

industry. The shift from open-pollinated maize, to double-crosses, to currently used single 

crosses led to revolutionary improvements in the corn planted on farms the world over. This 

shift, however, also came with a transition in the roles for the majority of public sector and 

private sector corn breeders, the former having become primarily focused on basic research 

and the latter carrying the actual breeding work required to deliver improved hybrids to 

farmers (Troyer, 2009). Some public corn breeding programs, however, do still extensively 

breed and test hybrids for general agronomic characteristics, and could potentially fill a role 

in providing seed to specialty corn seed markets, especially those underserved by private 

seed companies.  

 The meteoric rise of hybrid corn came with many avid proponents who preached the 

gospel of hybrid corn with an almost religious zeal. These “profits of plenty” as Crabb (1947) 

called them, were essential to the development of the hybrid seed corn industry, with leading 

entrepreneurs like Henry Wallace and others founding early seed companies to produce and 

deliver hybrid seed corn to farmers (Crabb 1947; Shull 1946). Shull, who did some of the 

earliest fundamental work on what would become hybrid corn, ranked two steps as essential 
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to the success of hybrid corn: Jones’ proposal of the double-cross and Wallace’s founding of 

Pioneer Hi-Bred Corn Company to produce and sell the corn (Shull, 1946). Shull noted that 

when a superior hybrid combination was identified it could be perpetuated year-after-year 

only by careful maintenance of the inbred lines and crossing of the parents, a process he 

called “tedious” and “too complicated to be handled by the ordinary farmer”. While Shull 

was correct, the production of hybrid seed corn does require specialized training, the fact that 

the hybrid seed corn industry would be privately driven was not an immediate conclusion. In 

fact, many state experiment stations assumed that hybrid corn would be farmer-driven, with 

each producing their own hybrid seed (Kloppenburg, 2005). To this end, several states were 

setting up the frameworks for helping farmers produce hybrid seed in the 1920s, preparing 

the framework to allow hybrid seed to reach the farm. In Wisconsin, short courses on hybrid 

seed production were offered in addition to the development of small-scale drying and 

grading equipment. The Agronomy department was even charged with providing parental 

foundation seed and with quality control via seed certification. This model was established in 

similar ways in several other states, putting farmers in a position to produce hybrid seed for 

themselves and their neighbors, once inbred lines useful for their area had been developed. In 

Wisconsin, this resulted in hybrids that were competitive with local open-pollinated 

populations, and by 1939 436 farmers were producing hybrid seed. The early years of hybrid 

corn seed production allowed this because the majority of the inbred lines produced came 

from producing combinations of publicly available lines (Jenkins, 1936; Kloppenburg, 2005). 

Hybrid corn shifted to increasing privatization as private seed companies began their own 

inbred line development, and “closed pedigree” hybrids were sold, allowing the companies 
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true product differentiation in the market, but restricting germplasm exchange between public 

and private breeders (Jenkins, 1936). This restricted germplasm exchange, coupled with the 

advent of university intellectual property restrictions, has limited the ability of private sector 

breeding programs to access public breeding materials in an economically viable way, and 

vice versa, all while effectively eliminating farmer access to inbred lines.  

 The double-cross hybrid developed by Jones was a simple yet revolutionary idea. The 

initial hybrids were limited by the ability of the parental inbred lines to set sufficient seed, as 

well as their weak agronomic characteristics (Crow, 1998). The double-cross overcomes this 

issue by instead using two single-crosses as parents to produce a hybrid, thereby solving both 

problems: the seed is produced in abundance, and on a plant that has acceptable agronomic 

characteristics. The resulting seed are more genetically variable than single-cross hybrids, 

although with only a slight reduction in yields (Crow, 1998; Duvick, 2001). The double-cross 

hybrid overcame the issue presented by seed yields per se, but delivered a much more 

complex system to manage their production and maintenance. Double-cross hybrids require 

seven managed isolation fields per hybrid to produce: four fields for inbred line increase, two 

to produce the single-cross parents, and one to produce the double-cross itself (MacRobert et 

al., 2014). Of these, three require detasseling to produce seed, and all require extensive 

isolation from other corn of any type to prevent pollen contamination. By comparison, a 

single-cross hybrid only requires three isolation fields, of which only one must be detasseled, 

but produces much less seed than a double-cross. Production of double-cross hybrids has the 

highest seed yield of any hybrid seed production scheme, and its agronomic benefits also 

give it an advantage in several regards. The general agronomics of the plants (stalk-strength, 
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germination rate, and vigor) make management of double-cross hybrid seed production fields 

less demanding, especially under non-optimal conditions, and the often prolific pollen 

production from the single-cross hybrid plants allows for reduction in the male:female 

planting ratio to as low as one row of male parent for every eight rows of female parent, 

increasing the amount of seed that can be produced per unit area.  In terms of the ability to 

deliver seed from breeder to farm in large quantities, the double-cross hybrid is a highly 

effective method of producing hybrid seed, despite the increased labor input required for 

production and maintenance. Although the importance of being able to produce large 

quantities of hybrid seed was essential to the initial success of hybrid corn, their higher 

environmental yield stability also played a key role in the success of hybrid corn, with Jones 

himself calling it the “gyroscope that holds the ship steady in a surging sea” (Jones, 1958). 

Double-cross hybrids have been shown to provide more stable yields when evaluated across 

a range of environments when compared to single-cross hybrids, and are expected to give a 

consistent yield year-after-year, an especially important aspect for small-scale or resource-

poor farmers (Eberhart and Russell 1969; Jones, 1958). Double-cross hybrids, with this 

stable and consistent yield performance, are broadly adapted, with hybrids performing well 

over wider geographic areas. A given single-cross hybrid, on the other hand, may be the 

highest performer at a location in a single year, but is not necessarily expected to be the best 

performer across years or locations. Double-cross hybrids, with their combination of seed 

production on vigorous hybrid plants, high seed yields, and higher environmental yield 

stability are an appealing option for production of hybrid seed, despite the increased 
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maintenance requirements, and have benefits for farmers experiencing non-optimal 

production conditions.   

 The United States Certified Organic industry had sales of $43.3 Billion in 2015, up 11 

percent from the previous year, produced by over 21,000 domestic certified organic 

operations, a number that increased 12 percent from the previous year (USDA, 2016; OTA, 

2016). Of the major organic grain crops, corn had the largest production increase from 2002 

to 2011, increasing from 38,850 hectares (96,000 acres) to 94,697 hectares (234,000 acres), 

much of which is to support a growing organic dairy industry that saw fourfold growth across 

the same time period (McBride et al., 2015). In recent years the price differential for organic 

and conventional grain has been as high as $354-394/ton ($9-10 per bushel), with premiums 

remaining above $197/ton ($5/bushel) from 2012-2014. This survey also identified an 

estimated 27 percent yield penalty for organic corn compared to conventional, with average 

yields of 7,405 kg/ha (118 Bu/A) for organic and 10,104 kg/ha (161 bu/A) for conventional, 

a statistically significant difference. Overall there was a statistically significant difference in 

the total economic cost of conventional and organic production, with organic being the more 

profitable production system, despite lower yields.   

Despite the increased returns from organic agriculture, obtaining useful seed in 

adequate quantities remains an issue, especially for larger producers (Hubbard and Zystro, 

2016). In a survey of organic farmers planting field crops, 78% of their collective acreage 

was planted with certified organic seed and 59% of respondents were already at 100% or 

increasing their acreage planted to organic seed. The survey identified seed quantity, seed 

quality, and lack of specific variety availability in organic form as major issues to use of 
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certified organic seed. Surveyed farmers, however, feel that organic seed is important with 

85% of respondents agreeing or strongly agreeing both that varieties bred for organic 

production are important to the success of organic agriculture and that organic seed is 

important to the integrity of organic agriculture. However, the price of organic seed, when it 

is available, remains notably higher than conventional seed, with estimates in the range of a 

20-50% premium paid for organic field crop seed over conventional for the same variety 

(Hubbard and Zystro, 2016). As organic acreages continue to grow, there will be an 

increasing demand for organic seed, placing additional strain on an already limited market. 

The increase in markets like organic dairy and poultry will drive an increased need for 

organic grain, creating a need for better organic seed and increased availability (Clayton, 

2016).  Clayton documents that this market is growing so rapidly, in fact, that U.S. 

production cannot keep pace, and organic corn imports have increased from 78,740 metric 

tons (3.1 million bushels) in 2014 to a projected 454,660 tons (17.9 million bushels) in 2016.  

The North Carolina State University maize breeding program, like all public breeding 

programs, suffers from limited germplasm exchange but has not taken a back seat to private 

companies on inbred line development. The NC State breeding program has released 150+ 

inbred lines since 1980 based on superior topcross yield and other agronomic traits (Nelson 

et al., 2016). The breeding program tests hundreds of hybrid entries in yield trials across 

diverse environments in North Carolina each year, routinely identifying hybrid combinations 

that perform well in regional conditions. However, due to the limitations on germplasm 

exchange and the lack of an established system for producing these hybrids, the breeding 

program has no method of delivering a hybrid combination to a farmer’s field. NC State’s 
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breeding program has recently been involved in a breeding effort for organic production 

systems (NIFA #2012-51300-20024) that is also limited by the supply disconnect between 

breeders and famers, limiting any potentially promising hybrids developed to small yield 

trials instead of commercial production. Corn was identified as a top plant breeding priority 

for organic field crop breeding with yield, germination, and competitiveness with weeds 

being identified as top three traits, all of which are better served by a double-cross hybrid, 

especially in the seed production stage (Hubbard and Zystro, 2016). Use of a double-cross 

hybrid fills many of the needs for an underserved organic seed system while potentially 

providing additional yield stability, and training farmers to produce seed could potentially 

serve as an avenue for hybrids to flow directly from breeders to farmers, at least within small 

seed markets. With the growing market for organic corn, the need for improved seed for 

organic production conditions, and a belief in the immense capabilities of innovative farmers, 

we developed a double-cross hybrid and used the original Wisconsin model for university 

production of foundation seed provided to farmers to explore the possibility of on-farm 

organic double-cross hybrid seed production.  

Materials and Methods 

Genetic Materials 

Upon initial interest by organic corn growers, the NC State Corn Breeding program 

crossed two high yielding experimental single-cross hybrids (NC320xNC368), a non-stiff 

stalk and a stiff stalk line, respectively, and (HBA1xNC476), a heterotically versatile line and 

a tropical/non-stiff stalk line to produce a double-cross hybrid (NC320xNC368) x 

(HBA1xNC476). It should be noted that this combination is not typical of crossing patterns 
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for double-cross hybrids, in which the single-crosses are usually combined such that the final 

double cross hybrid maximized heteorsis, not the single cross parents themselves. Double 

cross yield trials were run at five locations (Central Crops Research Station (Clayton, NC), 

Piedmont Research Station (Salisbury, NC), Peanut Belt Research Station (Lewiston-

Woodville, NC), Caswell Research Farm (Kinston, NC), and Cunningham Research Station 

(Kinston, NC)) in 2013 and 2014, but the typical pattern hybrid, (NC476xNC368) x 

(HBA1xNC320), was dropped from testing after 2013 due to poor performance compared to 

(NC320xNC368) x (HBA1xNC476).  Over location and years data are presented in Table 3.1 

for (NC320xNC368) x (HBA1xNC476) and the high-yielding check, while (NC476xNC368) 

x (HBA1xNC320) represents only one year of data.  Pedigrees for the component inbred 

lines are presented in Table 3.2. NC320.NC368 was evaluated over the same five locations in 

North Carolina using conventional management practices in 2011 and 2012. Data are 

presented with comparisons to (NC320xNC368) x (HBA1xNC476) and the high-yielding 

check in Table 3.3. Average yield from this experiment was used as a baseline for 

comparison of seed yields. (NC320xNC368) x (HBA1xNC476) was identified by farmers as 

a promising hybrid in strip trials due to its broad leaves and overall plant architecture, which 

farmers indicated as a benefit to organic management by providing quicker shade-out of row 

middles. The hybrid was coded as NCDC1 for yield trials and OVT entry.  
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Table 3.1. Yield trial and agronomic comparison of double-cross hybrids to highest 

yielding check across five locations in 2013 and 2014. (* indicates one year of data) 

Pedigree 

Yield 

kg/ha 

(Bu/A) 

Moisture 

(%) 

Erect Plants 

(%) 

Stalk 

Lodging 

NC476.NC368x 

DKHBA1.NC320 

7719* 

(123) 
18.1* 84* 16* 

DKHBA1.NC476xNC368.NC320 
7092 

(113) 
19.4 96 3 

Pioneer 31G66 
8222 

(131) 
19.3 99 0 

 

Table 3.2. Component inbred line for double-cross hybrids. 

Line Pedigree Group PI Number 

NC320 SC76^4xB52 NSS Ames 27156 

NC368 (B73xNC250)xB73^2xNC250) SS Ames 27180 

NC476 (PHX105AxAgroceres 155) x NC262 Tropical/NSS Unassigned 

HBA1 PH3195xPH3199 NSS PI 601172 

 

Table 3.3. Yield trial and agronomic comparison of NC320xNC368 to double-cross and 

high yielding check across five locations in 2011 and 2012 

Pedigree 

Yield 

kg/ha 

(Bu/A) 

Moisture 

(%) 

Erect Plants 

(%) 

Stalk 

Lodging 

NC320xNC368 
8096 

(129) 
18.9 73 16 

HBA1.NC476xNC320.NC368 
7029 

(112) 
18.5 78 12 

Pioneer 31G66 
8222 

(131) 
18.5 84 9 

 

Single-Cross Seed Production 

Single-cross seed was produced in Homestead, FL during winter nursery in 2015 and 

2016 by making reciprocal pollinations on the following paired row combinations: NC320-
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NC368 and NC476-HBA1. Single-cross seed was harvested, and reciprocal combinations 

were bulked to increase the total amount of single-cross seed available for planting.  

Farm Environments 

Certified organic seed production fields were selected based on farmer participation 

in the project, with initial locations in Elon College, NC and Whitakers, NC. Fertilizer 

application and agronomic management followed standard practices used on each farm. Field 

locations were selected that were >0.2 km from any other corn to ensure adequate pollen 

isolation. A third site was added in 2017 in Mount Ulla, NC and followed similar protocols. 

Both sites were 0.1 ha (0.25 A) fields in 2016, and in 2017 fields were 0.1 ha (0.25 A) at 

Elon College, 0.135 ha (0.33A) at Mt. Ulla, and 0.234 ha (0.579 A) at Whitakers. Site 

information is summarized in Table 3.4. 

Table 3.4. Location Information for Seed Fields 

Location Soil Type Row Spacing Planting Method 

Whitakers, NC Sandy Loam 0.965 m (38 in) Hand Planting 

Elon College, NC 
Sandy Clay 

Loam 
0.914 m (36 in) 

Finger-Pickup 

Planter 

Mount Ulla, NC 
Sandy Clay 

Loam 
0.914 m (36 in) 

Finger-Pickup 

Planter 

 

Double-Cross Seed Production Planting and Management 

 One-quarter acre fields were planted using a 6:2 female:male planting pattern on 11 

May 2016 at two locations and at three locations on 18-19 May in 2017. NC320.NC368 was 

used as female parent in 2016 and HBA1.NC476 was used as the pollen parent. The parents 

were reversed at the Whitakers and Mt. Ulla locations in 2017 to explore the possibilities of 

increasing seed production efficiency. One row of male parent was planted in conjunction 
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with the female parents, and one row was planted by hand on a seven-day delay to ensure 

adequate pollen coverage during silking. Female rows were thinned for ease of detasseling at 

approximately V4 and tillers were removed prior to the VT growth stage. At VT tassels were 

removed from female plants each morning until all had been removed to ensure only hybrid 

seed would be produced.  

Yield Measurement 

Total seed weight from each farm was taken after shelling and cleaning the grain, and is 

reported both as a number of kilograms and number of standard 22.68 kg (50lb) bags of seed.  

Germination Testing 

 Two bulked samples were pulled from the harvested seed at each location in 2016 and 

sent for germination testing at the North Carolina Department of Agriculture’s Seed Services 

Division on 28 November 2016. Germination rate was calculated as an average of the two 

reported germination rates from the lab results.  

Farm Comparison Yield Trial 

A two replication, randomized complete block yield trial was planted at five locations 

in North Carolina (Clayton, Salisbury, Lewiston, Caswell Farm (Kinston, NC), and 

Cunningham Farm (Kinston, NC)) in summer 2017 comparing double cross seed produced 

on each farm to seed produced by controlled pollinations and the single-cross parents used to 

produce the double-cross hybrid. Both single-cross parents of NCDC1 were included for 

reference. 
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State Official Variety Trial 

The double-cross hybrid was entered into the North Carolina Official Variety Trail 

(OVT) for both grain and silage in 2017. Detailed information about NC OVT testing is 

available at: www.ncovt.com. All values were reported in Imperial units and converted to SI 

units.  

Statistical Analysis 

Statistical analysis was performed using R (R Core Team, 2016).  

Results 

Average germination rates were 98.5% from the Whitakers-grown seed and 96.5% 

from the Elon College-grown seed. Seed yields in 2016 were 361 kg (795 lbs; 15.9 bags) at 

the Whitakers location and 315 kg (695 lbs; 13.9 bags) at the Elon College location. Adjusted 

for harvestable acreage, seed yields were equivalent to 4752 kg/ha (75.71 Bu/A), and 4154 

kg/ha (66.19 Bu/A), respectively, both well below the 2017 320.368 average yield of 10,604 

kg/ha (169 Bu/A).  In 2017, the Elon College location failed due to environmental 

conditions, and the seed yields at Whitakers and Mt. Ulla were 462 kg (1019 lbs) (20.4 bags) 

and 306 kg (675lbs; 13.5 bags), respectively. Adjusted for harvestable acreage, seed yields 

were equivalent to 3070 kg/ha (49 Bu/A) and 3050 kg/ha (49 Bu/A), respectively, both of 

which are well below the 2017 HBA1xNC476 yield of 8473 kg/ha (135 Bu/A). Total seed 

production in 2016 and 2017 was 1.44 tons (3184lbs), or 63.7 standard bags.  

Farm-Comparison Yield Trial 

 Yield comparisons of seed produced by different sources showed no significant 

differences across the set when using Tukey’s Honestly Significant Difference (HSD) with a 
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family-wise confidence level of 0.95. Average yields for the nursery produced, Elon College, 

and Whitakers NCDC1 sources were 8342 kg/ha (132.9 Bu/A), 8468 kg/ha (134.1 Bu/A), 

and 8245 kg/ha (131.4 Bu/A), respectively. Only (NC368 x NC320)’s yield was significantly 

different in this set. Results are presented in Figure 3.1.  

 
Figure 3.1. Boxplot of hybrid yields trial results and significance groupings from seed 

produced on-farm and in the breeding nursery, as well as single-cross parents.  

 

Farm Reported Yields 

 The seed produced in 2016 was planted on certified organic farms in 2017 and used 

to replace other corn seed. Plantings at Whitakers, NC reported yields of 5020-6276 kg/ha 

(80-100 Bu/A), which the farmer noted was well above expectation for organic corn on his 
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farm. Plantings at Mt. Ulla were chopped for silage and reported yields were 57-72 tons/ha 

(20-25 imperial tons/A), aligning with OVT results, and noted as exceptional by the farmer at 

that location. Plantings at Elon College were also chopped for silage and reported 49-57 

ton/ha (17-20 imperial ton/A) yields, once again, exceeding farmer expectations.  

Official Variety Trials 

 Results from the 2017 North Carolina Corn-Silage Official Variety Testing Program 

are presented in Table 3.5. Across locations results from the 2017 North Carolina Corn-Grain 

OVT are presented in Table 3.6.  
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Table 3.5. Results of the 2017 North Carolina Corn-Silage Official Variety Trial. Bolded entries indicate hybrid not 

significantly different than highest performing hybrid in column. Original (imperial) units provided in italics. NCDC1 is shaded 

for reference 

Hybrid 

Dry 

Matter 

Tons/Ha 

Dry 

Matter 

Tons/A 

Silage 

Yield 

Tons/Ha 

65% 

Moist 

Silage 

Yield 

Tons/A 

65% 

Moist 

% Dry 

Matter 

at 

Harvest 

Plant Height 

Centimeters 

Plant 

Height 

Inches 

Milk Per 

Ton Dry 

Matter 

Kg 

Milk Per 

Ton Dry 

Matter lbs 

Milk Per 

Hectare 

Ton 

Milk 

Per 

Acre 

lbs 

D53VC47 17.2 6 47.6 16.6 37 231.1 91 5,672.87 2,989.60 101.78 18,728 
NC DC 1 16.3 5.7 49.0 17.1 33.1 253.0 99.6 6,176.85 3,255.20 100.11 18,421 

MCT6754 15.8 5.5 45.6 15.9 35 246.6 97.1 6,002.28 3,163.20 99.60 18,326 

SCS 1168YHR 15.8 5.5 50.7 17.7 29.1 242.1 95.3 6,316.32 3,328.70 98.03 18,038 

D58QC72 15.8 5.5 46.7 16.3 30.8 231.6 91.2 6,043.64 3,185.00 95.05 17,490 

N78S-3111 15.5 5.4 47.9 16.7 29.8 247.7 97.5 6,067.74 3,197.70 93.36 17,178 

SCS 1158YHR 15.2 5.3 49.0 17.1 29 247.9 97.6 6,071.35 3,199.60 92.81 17,077 

SCS 1125YHR 15.2 5.3 43.3 15.1 37 223.8 88.1 6,518.79 3,435.40 97.35 17,913 

P1637VYHR 15.2 5.3 41.3 14.4 40.5 223.8 88.1 5,129.98 2,703.50 77.46 14,252 

REV 28R10 15.2 5.3 49.6 17.3 27.2 244.1 96.1 5,983.87 3,153.50 91.04 16,751 

D58SS65 15.2 5.3 46.2 16.1 31.2 253.0 99.6 5,931.12 3,125.70 91.57 16,848 

REV 28BHR18 14.9 5.2 45.0 15.7 31.2 254.5 100.2 5,981.02 3,152.00 87.26 16,055 

P2089YHR 14.9 5.2 43.6 15.2 34 243.8 96 5,940.04 3,130.40 88.84 16,346 

DKC 67-88 14.9 5.2 44.4 15.5 30.3 252.7 99.5 6,228.84 3,282.60 92.13 16,951 

MA5166 14.9 5.2 44.7 15.6 31.4 229.1 90.2 5,781.21 3,046.70 85.80 15,788 

SCS 1136YHR 14.6 5.1 47.9 16.7 27.1 248.4 97.8 6,049.34 3,188.00 87.82 16,158 

N83D-3111 14.6 5.1 44.7 15.6 31.7 233.2 91.8 5,955.03 3,138.30 89.57 16,480 

DKC 70-27 14.6 5.1 42.4 14.8 32.7 247.9 97.6 5,992.60 3,158.10 87.34 16,070 

DKC 66-75 14.3 5 44.2 15.4 30 244.3 96.2 6,259.20 3,298.60 90.81 16,709 

MCT6363 14.3 5 42.1 14.7 31.2 254.0 100 5,831.12 3,073.00 86.24 15,868 

TMF 14L46 14.0 4.9 44.7 15.6 29.2 264.9 104.3 5,434.35 2,863.90 76.14 14,010 

MCT6733 13.8 4.8 41.3 14.4 32.6 268.0 105.5 5,878.56 3,098.00 80.58 14,827 

D54DC94 13.5 4.7 41.6 14.5 30 248.4 97.8 5,948.39 3,134.80 82.10 15,107 

TMF 17W91 13.5 4.7 38.7 13.5 35.1 247.4 97.4 6,117.65 3,224.00 85.33 15,700 

MA8146 13.2 4.6 41.0 14.3 30.5 236.0 92.9 6,270.78 3,304.70 82.68 15,214 
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Table 3.5. Continued 

Hybrid 

Dry 

Matter 

Tons/Ha 

Dry 

Matter 

Tons/A 

Silage 

Yield 

Tons/Ha 

65% 

Moist 

Silage 

Yield 

Tons/A 

65% 

Moist 

% Dry 

Matter at 

Harvest 

Plant 

Height 

Centimet

ers 

Plant 

Height 

Inches 

Milk Per 

Ton Dry 

Matter 

Kg 

Milk Per 

Ton Dry 

Matter lbs 

Milk Per 

Hectare 

Ton 

Milk Per 

Acre lbs 

D55VC45 13.2 4.6 39.3 13.7 31.5 218.4 86 6,206.26 3,270.70 80.04 14,727 

MA8150 13.2 4.6 38.7 13.5 34.4 253.5 99.8 6,082.35 3,205.40 78.61 14,464 

MA8147 12.6 4.4 39.0 13.6 29.5 226.3 89.1 6,117.46 3,223.90 74.67 13,740 

MCT6653 12.3 4.3 38.1 13.3 31.6 214.9 84.6 6,228.46 3,282.40 74.89 13,779 

TMF 17L86 12.0 4.2 37.3 13 29.5 252.5 99.4 6,119.35 3,224.90 74.50 13,708 

REV 25BHR26 12.0 4.2 34.7 12.1 32.9 234.7 92.4 6,065.09 3,196.30 71.66 13,186 

MA8144 10.6 3.7 35.3 12.3 27.9 230.6 90.8 6,492.98 3,421.80 65.80 12,108 

Mean 14.33 5.00 43.30 15.10 31.69 242.13 95.33 6,027.96 3,176.74 86.28 15,875.53 

SD 1.42 0.49 4.23 1.48 2.97 12.99 5.12 270.11 142.35 9.06 1,667.24 

 

Table 3.6. Results of the 2017 North Carolina Corn-Grain Late Maturity Official Variety Trial. Bolded entries indicate 

hybrid not significantly different than highest performing hybrid in column. Original (imperial) units provided in italics. NCDC1 

is shaded for reference 

Late Statewide-2017 

Variety Yield (kg/ha) Yield (bu/A) Test Weight (kg/hL) Test Weight (lb/bu) Moisture (%) Ear Height (cm) Ear Height (in) 

RPM 5818AM 13,085.46 208.50 74.69 57.90 20.00 113.03 44.50 
P1870YHR 12,539.45 199.80 74.43 57.70 20.70 107.19 42.20 

SCS 1168YHR 12,457.86 198.50 72.50 56.20 18.20 113.28 44.60 

DKC 67-44 12,344.89 196.70 74.18 57.50 19.10 105.66 41.60 

PGY6119VT2P 12,250.75 195.20 74.82 58.00 20.00 105.16 41.40 

REV 28BHR18 12,213.10 194.60 74.69 57.90 19.60 106.93 42.10 

D58VC65 12,206.82 194.50 74.82 58.00 18.00 106.43 41.90 

DKC 66-75 12,005.99 191.30 73.40 56.90 18.20 107.95 42.50 

D58VC37 11,968.33 190.70 73.14 56.70 18.50 106.93 42.10 

MorCorn MC 4725 11,754.95 187.30 74.18 57.50 18.30 106.17 41.80 
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Table 3.6. Continued 

Variety Yield (kg/ha) Yield (bu/A) Test Weight (kg/hL) Test Weight (lb/bu) Moisture (%) Ear Height (cm) Ear Height (in) 

DKC 70-27 11,723.57 186.80 73.14 56.70 20.60 105.66 41.60 

D56VC46 11,698.46 186.40 73.92 57.30 19.60 107.95 42.50 

Augusta 7766 11,673.36 186.00 70.82 54.90 18.50 110.74 43.60 

MA8164 11,604.32 184.90 71.21 55.20 18.70 104.65 41.20 

RPM 765YHR 11,485.08 183.00 74.69 57.90 19.80 111.76 44.00 

MA5166 11,447.42 182.40 71.34 55.30 20.50 107.70 42.40 

Armor AXT7116 11,416.04 181.90 73.40 56.90 18.30 108.71 42.80 

PGY6116VT2P 11,372.11 181.20 73.27 56.80 18.10 106.68 42.00 

Croplan 5678 11,365.84 181.10 74.69 57.90 18.60 102.87 40.50 

Phoenix 6542A4 11,208.94 178.60 70.69 54.80 18.70 106.68 42.00 

Phoenix 7402A3 11,208.94 178.60 71.98 55.80 20.70 108.46 42.70 

N83D-3111 11,202.66 178.50 72.37 56.10 19.70 111.51 43.90 

Armor AXC7118 11,165.00 177.90 74.69 57.90 20.60 109.47 43.10 

SW7560 10,863.76 173.10 73.53 57.00 18.50 107.95 42.50 

Armor 1717 10,844.93 172.80 74.30 57.60 18.40 107.95 42.50 

TA768-28 10,775.89 171.70 74.30 57.60 19.40 112.78 44.40 

N78S-3111 10,455.82 166.60 71.60 55.50 18.00 106.68 42.00 

SW8009 10,374.23 165.30 73.14 56.70 19.50 113.79 44.80 

NC DC 1 10,016.50 159.60 70.82 54.90 19.40 109.98 43.30 

Mean 11,542.43 183.91 73.27 56.80 19.18 108.30 42.64 

SD 700.68 11.16 1.38 1.07 0.91 2.79 1.10 
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Economics 

 Farms participating in 2016 were asked to keep records of the total cost associated 

with production of the single-cross hybrid seed in order to understand the economic viability 

of this model. Both farms reported a total of $500 in management costs, including detasseling 

labor and inputs. Each farm was also asked to price and report the cost of the seed that would 

have been planted in place of the produced seed, for which both farms selected hybrids with 

an average cost of $200/bag, or $2980 for seed equivalent to the average number of bags 

produced at each location in 2016. This seed cost estimate aligns closely with the reported 

2010 average cost of a bag of organic corn seed at $170 (Benbrook, 2009). Subtraction of 

production costs from this seed cost shows that production of NCDC1 was an economically 

viable choice, saving each farm $2480 per 14.9 bags, or a savings of $166.44 per bag of seed, 

effectively reducing average seed cost to $33.56/bag. Across the project, the growers 

collectively saved $10,598 based on these estimates. Based on a 1.2 ha/bag (3A/bag) 

assumption, this reduces the per acre seed cost from $164.61/ha ($66.67/A) with 

commercially available seed to $27.63/ha ($11.19/A).  

Discussion 

 The results show that on-farm production of organic double-cross hybrid seed is 

possible in North Carolina, providing an avenue for breeder-to-farmer releases, at least at 

small scales. The project overall produced 63.7 bags of certified organic hybrid seed across 

two years and the resulting double-cross was planted on 25 hectares (60 acres) across four 

farms in 2017, representing the first NC State bred hybrid to be grown for production in at 
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least the last 50 years and providing an estimated economic value of $12,740 based on farmer 

reported seed prices in 2016. 

Seed yields across locations and years were notably lower than the performance of 

the female line in conventional yield trials, as might be expected by the lower input 

environment and added plant stress of detasseling. The performance of the hybrid, however, 

was more acceptable to the producers than previously available genetics, and performance 

exceeded farmer expectations at all locations in 2017. The marked difference in seed yields 

between 2016 and 2017 is likely due to the reversing of crossing pattern, where a lower 

yielding single cross hybrid was used as the female parent in 2017. Based on this 

observation, we strongly recommend the use of the higher yielding parental single cross as 

the female line unless agronomic characteristics (e.g. pollen shed, maturity) prevent doing so. 

The value of the seed crop also far outpaces the returns generated by corn grain prices, 

representing a substantial cost savings for the farmers involved. Farmers involved in the 

project reported seed savings estimated at $166.44/bag, giving the total production a savings 

value of $10,602.23 based on 2016 prices, a savings far outpacing the receipts from even 

organic grain and a savings that increases with increased production (Benbrook, 2009). The 

increased labor cost of detasseling is the major added production input required for use of 

this system, but this should be minimal for operations producing labor-intensive crops like 

tobacco, and detasseling could be planned to fit into gaps in traditional labor periods if 

necessary. The total market value of the seed corn produced in this project is estimated at 

$12,740; a substantial value when considering the small amount of land dedicated to the total 

project, and is where the true economic value of this project lies: selling seed to neighboring 
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farms. This economic benefit of the project so far comes in the form of a cost savings on the 

seed bill each year, reducing the input cost of production for organic farmers. As this set of 

farmers begins to scale up production past what is needed to meet their own needs, the sale of 

seed corn to their neighbors will deliver regionally-adapted genetics to the region, and 

generous returns for the farmer-seed growers. To this end, this set of farmers has formed a 

cooperative to produce enough seed to meet their internal needs, and to sell excess to 

neighboring farms in the region. It should be noted that the economics of producing the 

single-cross parent seed and inbred line maintenance have not been considered in this project. 

There is ongoing work with the established cooperative to increase and produce the single 

cross parent seed, hopefully reducing the reliance on the breeding program past the 

identification of hybrid combinations and initial foundation inbred line seed.   

There were no significant differences in yield between seed produced by controlled 

pollinations in the nursery and seed produced on either farm, and germination rates were high 

for seed produced at both locations, indicating that seed quality is comparable to that 

produced under conventional management by controlled crossing. This shows that the 

production of hybrid seed on organic farms is possible, and that the resulting seed is 

equivalent to even seed produced by controlled pollinations. The performance of NCDC1 in 

the 2017 North Carolina Silage OVT was superior, ranking second overall for tonnage and 

milk/hectare tons, outperforming commercialized products. These results validate the idea 

that university bred products are able to not only serve regional growers, but can even deliver 

superior products to the farm. Although grain yield performance was not superior across the 



 

53 

grain OVT, the results do represent a step forward in delivering better genetics with traits 

needed by the production system to regional organic farms. 

The choice of inbred lines, or genetic materials, for selecting products that can be 

passed to farm groups for production is a major concern in the success of systems of this 

type. The use of germplasm with intellectual property restrictions or associated royalties 

should be avoided as first steps due to the complexities associated with dealing with these 

systems. We suggest the use of publicly available inbred lines, especially expired Plant 

Variety Protection Act (PVPA) lines due to their high agronomic performance and lack of 

restrictions. Other publicly available germplasm can be accessed through the National Plant 

Germplasm system for use in selecting hybrid combinations for testing. In our experience, 

utilization of university-owned inbred lines with use restrictions has been problematic, but 

this may be a viable choice for breeding programs with good relationships with technology 

transfer offices. The lines selected for use in NCDC1 are all unrestricted, with the exception 

of NC476, which has a royalty associated with it. Ongoing breeding efforts are attempting to 

identify a suitable replacement line for NC476 in the hybrid. NC476, however, has broad 

leaves and contributes substantially to the desirability of the hybrid to organic producers. 

Some promising ex-PVP lines are currently under evaluation as a replacement line. Utility of 

the product to farmers should take priority in breeding efforts of this sort, and the ultimate 

goal should be to deliver a better product to an underserved seed market. Breeding programs 

should, however, be concerned with ensuring not only delivery of multiple products to 

farmers for production, but also with ensuring that products suggested have diverse genetic 

backgrounds.  
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The specifics of how a breeder-to-farmer seed system might work at a larger scale are 

yet to be determined, but the idea has proven valuable and has been well received by the 

farmers involved. Through direct-to-farmer release, the NC State breeding program has been 

able to release a hybrid combination well adapted to production in North Carolina and well 

suited for an underserved organic seed market directly to farmers, who then could produce 

the seed and sell it to their neighbors, furthering the spread of regionally adapted and 

production system-adapted seed in the region. Through this research, the breeding program 

has been able to identify and release a superior silage product and an acceptable grain 

product with characteristics needed by organic farmers in the region.  The continued 

existence of a breeder-to-farmer release system relies strongly on the maintained existence of 

public corn breeding program in North Carolina to develop and test new hybrid combinations 

releasable to farmers, adding increased importance to support for public plant breeding. 

Other states who are fortunate enough to have cultivar targeted breeding programs, although 

few, might also benefit from this model of release, and farmers of those states certainly 

would benefit from well-adapted hybrids bred for regional conditions. Overall, we believe 

our results show the potential value of a public corn breeding program in delivery of 

regionally-adapted products, especially to underserved seed markets, and we hope this will 

serve as a launch point for similar efforts in other regions.  
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CHAPTER IV: Development and Characterization of Ga1-m Resistant Gametophytic 

Maize Inbred Lines 

Maize gametophyte factors have long been proposed as a method for isolating 

different endosperm classes from one another in the field, and have been successfully used in 

popcorn breeding for this purpose, serving as the basis for dent-sterile popcorns (Ziegler, 

2001; Perry, 1945). Attempts to use gametophyte factors outside of the popcorn industry, 

however, have been largely unsuccessful due in large part to the complications associated 

with breeding for these materials and lengthy line development times, all for small seed 

markets (Sanchez et al., 2011). In addition to these complications, the recently identified 

prevalence of an allele that overcomes traditionally employed systems and confirmed 

susceptibility of gametophytic hybrids, including popcorns, to this allele have created an 

even more complicated breeding objective for anyone interested in taking advantage of 

gametophytic barriers in the future (de la Cruz et al., 2008; Jones and Goodman, 2016). 

Fortunately, both of these problems are potentially solvable by use of other naturally 

occurring gametophytic alleles at other loci in combination with current allele systems.  

The gametophyte factor 1 locus was the first such factor identified, and is the only 

system that has been effectively utilized, forming the basis of dent-sterile popcorns (Ziegler, 

2001; Nelson, 1952). The ga1 locus has three alleles: ga1, Ga1-s, and Ga1-m. Plants 

homozygous for the ga1 allele accept pollen from any of the other allele classes when used as 

female. ga1 is the allele thought carried by most dent corn in the United States, although 

recent studies have shown that the allele is abundant in maize germplasm (Jones and 
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Goodman, 2018). The Ga1-s allele conditions nonreciprocal cross-sterility; fertilization by 

ga1 pollen fails on homozygous Ga1-s silks and partial seed sets are produced on 

heterozygotes (Schwartz, 1950). The Ga1-s allele, therefore, imparts a selective barrier 

against the majority pollen type (ga1) allowing homozygous plants to accept like pollen 

preferentially over ga1 pollen and prevent contamination. The third allele at the locus, Ga1-

m, is cross-neutral, and functionally acts like a ga1 individual as female, accepting pollen 

from any class, while acting as a Ga1-s individual as male, readily fertilizing Ga1-s 

homozygotes. This allele, in effect, overcomes the Ga1-s pollen barrier system, leaving it 

open to contamination by any neighboring Ga1-m carrying maize (Kermicle et al., 2006). It 

is also important to note that, due to the high volume of pollen produced by maize, even 

Ga1-m heterozygotes will produce large quantities of Ga1-m pollen haplotypes, resulting in 

abundant pollen contamination. Two other gametophyte factors have also been proposed 

useful in maize: Teosinte crossing barrier-1 (Tcb1) was identified in wild teosintes and 

Gametophyte factor 2 (Ga2) was identified in domestic maize via segregation distortion, 

much like Ga1 (Kermicle and Evans, 2010; Evans and Kermicle, 2001; Lu et al., 2014).  

Tcb1 and Ga2 use parallel nomenclature to Ga1, such that Tcb1-s has the same relationship 

to tcb1 that Ga1-s has to ga1. Tcb1-s is, however, dominant; heterozygotes will not produce 

seed when pollinated with tcb1 pollen. The same is not true of Ga2-s, which closely mirrors 

the additive allelic interactions of Ga1.  

The Ga1-m allele presents a major issue for sustainability of current gametophytic 

systems and the development of new gametophytic hybrids due to the widespread 
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distribution of the allele in maize, the demonstrated unknowing release of Ga1-m breeding 

lines by the NC State corn breeding program, and the presence of Ga1-m in at least one ex-

PVP line (de la Cruz et al., 2008; Jones et al., 2015; Lennon, 2014). PHV63, the ex-PVP 

identified as having Ga1-m, is a white corn line with Zapalote Chico parentage; white and 

popcorn production overlap considerably, heightening potential risk to popcorns. 

Additionally, a screen of dent-sterile popcorns showed uniform susceptibility to the Ga1-m 

allele, indicating that there is no present resistance in the majority of commercialized 

gametophytic breeding materials (Jones and Goodman, 2016). Susceptibility, or 

compatibility, with the Ga1-m allele is highly problematic for all users of the Ga1-s system, 

but especially so for those who use it for seed production, like the popcorn industry, or to 

prevent contamination by Genetically Modified (GM) corn pollen, like both popcorn and 

organic field corn growers. In the former case, the seed quality will be reduced by 

contamination with (pop x dent) seed. The latter case, given the premiums associated with 

organic and non-GM products, is also problematic since a GM Ga1-m hybrid would 

overcome these systems and result in GM grain contamination and subsequent loss of 

premiums for growers. In this sense, the presence of a Ga1-m commercial dent hybrid 

negates all of the major benefits and uses of a Ga1-s hybrid, leading breeders to a need for 

Ga1-m-resistant gametophytic systems.  

Resistance to Ga1-m has been phenotypically identified in crosses with accessions 

from the race Maíz Dulce, which were made based on the suggestion that they may carry 

novel gametophytic alleles (Jones et al., 2015; Sanchez et al., 2011). No novel gametophytic 



 

60 

alleles were identified in these lines, but they have been shown to segregate for combinations 

of Ga1, Ga2, and Tcb1 alleles. Resistance to Ga1-m in these materials, however, has not 

been attributed to a specific locus. Lines derived from a single accession have also been 

shown to be incompatible, suggesting the presence of multiple gametophytic alleles and 

highlighting the need to ensure compatibility of derived lines early in the breeding process 

when considering multiple gametophytic alleles (Jones et al., 2016).  Studies have shown that 

the strong versions of the three gametophytic systems (Tcb1-s, Ga1-s and Ga2-s) mutually 

exclude pollen of other strong type alleles when barriers are full strength, such that the s-type 

allele of any locus will prevent pollination from the corresponding allele at any other locus 

(Kermicle and Evans, 2010; Evans and Kermicle, 2001). The mutual exclusion of other 

barrier classes indicates that Tcb1-s and Ga2-s could be used as sources of Ga1-m resistance, 

and these systems are candidates for the previously identified barrier. The dominant nature of 

Tcb1-s makes it an ideal candidate for use to produce Ga1-m-resistant lines since it could be 

used as a heterozygote, but for effective integration of Ga1-m resistant gametophyte factors 

into existing Ga1-s systems, the plants must be able to pollinate Ga1-s females, which Tcb1-s 

plants alone would not be capable of doing since Ga1-s would block Tcb1-s pollen. 

Therefore, a combination of alleles is needed to create an effective barrier system that can be 

readily integrated into existing breeding materials. Ga2-s is also potentially useful as a source 

of Ga1-m resistance in Ga1-s systems, but its additive nature and position on another 

chromosome make it less ideal when compared with the dominant and loosely linked Tcb1-s.   
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If cross-recognition between systems is considered negligible and that m-type alleles 

occur mostly independently in maize populations, then the three allele systems could be 

combined to create four completely isolating classes of gametophytic lines by production of 

lines where two or three of the systems are concomitant.  Having any two s-type alleles is 

sufficient to produce a line that will block all pollen classes for any single gametophytic 

allele. For example, a Ga1-s/Ga1-s Tcb1-s/- plant only accepts pollen that is Ga1-s/m Tcb1-

s/m and even pollen that only carries an m-or s-type allele at one locus would be blocked by 

the s-type allele at the other locus. In this example, if the plant in question were presented 

with Ga1-m tcb1 pollen, then, although compatible at the Ga1-s locus, it would not fertilize 

the silk due to incompatibility at the Tcb1 locus. A similar scenario can be produced by the 

production of lines fixed for all three gametophytic systems, which would exclude all but 

uniformly m-or s-type gametophytic pollen. No combination of gametophytic alleles can be 

guaranteed to block all pollen it is presented with due to the possible concomitancy of m-or s-

type alleles in potential contaminant pollen. The concomitancy of certain gametophytic 

alleles should be examined thoroughly in anticipated contaminants before committing 

extensive breeding work to the production of multiple gametophytic lines, but the probability 

of contaminant pollen containing multiple alleles should be lower than the single m-type 

allele case due to the unlinked nature (or almost unlinked nature) of the three alleles 

considered (Evans and Kermicle, 2001).  Due to the allele specific congruence that drives the 

interactions between silk and pollen, the use of multiple systems can be thought of as a lock 

and key, such that each tumbler (silk barrier) must be matched with the appropriate key tooth 

(pollen allele) to allow a successful fertilization event (Kermicle and Evans, 2005). We can 
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then think of every pollen grain carrying a key that either opens or fails to open the lock to 

achieve fertilization. Current Ga1-s systems are based on the assumption that all keys are 

ga1, so having a Ga1-s lock has been assumed sufficient. This scenario is summarized in 

Figure 4.1, where the first tumbler shows matching alleles and the second shows mismatched 

alleles. (It should be noted that this figure represents the two possible allelic interactions 

with a Ga1-s silk genotype; pollen-silk interactions are either akin to the first tumbler-tooth 

interaction or to the second tumbler-tooth interaction.) In reality, however, we are learning 

that the Ga1-m keys are more common than originally anticipated, so there is need for a 

better lock. Expansion of the lock to contain tumblers for Ga2-s and Tcb1-s now requires 

three matching key tooth/tumbler interactions to open the lock as shown in Figure 4.2, 

making the lock much less susceptible to being opened at random. We can, therefore, think 

of the pollen-silk relationships as protecting a known lock against millions of random keys, 

so that in some scenarios it is sufficient to have one tumbler, where in others we may need 

the added security of two or three.  
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Figure 4.1. Representation of Ga1-s silk genotype as a lock and key. Ga1-s barriers in the 

lock paired with M/S pollen lock teeth are able to achieve fertilization. Pairing with ga1 

pollen haplotypes does not open the lock to achieve fertilization.  
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Figure 4.2. Representation of multi-gametophytic hybrid as a lock and key. In this 

scenario, the lock is unopened and the pollen fails to achieve fertilization even though there 

are matches at two of the tumblers, highlighting the added security of adding additional 

tumblers to the lock system.  

The Ga1-m allele is only detectable by specific evaluation and, as such, represents a 

major threat to Ga1-s gametophytic systems where it overcomes the pollen barrier often used 

to protect specialty types, especially popcorns. Phenotypic resistance to Ga1-m has been 

identified, but the underlying genetics remain unknown. Two other allele systems, Tcb1-s 

and Ga2-s (or a combination of the two), are candidates for the observed resistance, but 

existing Ga1-m resistant lines have not been characterized for allele status at these loci. With 

these issues in mind, we evaluated a set of lines derived from Ga1-m resistant breeding 

crosses for compatibility, examine the allelic content of lines at key gametophytic loci, and 

test a series of hybrids for resistance to both ga1 and Ga1-m as a functional validation of the 

ability to produce Ga1-m-resistant Ga1-s systems.   
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Materials and Methods 

Compatibility of Accession Sources 

The study consisted of continued work with breeding materials previously described 

in Jones et al. (2016), focusing on advanced generation materials from Ga1-m-resistant 

populations. Selected accession-derived populations were: two from Jalisco 78 (1222-2 and 

1222-3), and one from each of Guanajuato 141, Michoacán 412, and Zacatecas 182. All 

accessions are from race Maíz Dulce and were crossed with standard North Carolina lines 

and hybrids, as well as ex-PVP lines, based on synchronous flowering. Detailed information 

about North Carolina lines can be obtained at 

http://www.cropsci.ncsu.edu/maize/germplasm.html. All experimental entries are S1s from 

advanced generation materials of each accession with the exception of Zacatecas 182, where 

a cross was used for evaluation. Crosses were made between each pair of accession-derived 

lines to determine allelic compatibility. Testing occurred during the winter of 2016 in 

Homestead, FL and the summer of 2017 in Raleigh, NC. Pedigrees of evaluated materials are 

presented in Table 4.1.   

Table 4.1. Pedigrees, generation, and sources for accession-derived lines.  

Pedigree 
Gener

ation 
Accession Source 

NC320*3xLH132.9536-4_M412_S1 S1 Michoacán 412 610-3 

NC320*4xNC368.9531-5_G141_S1 S1 Guanajuato 141 1883-3 

NC368xNC508.NC474xPHN46*2.Z182_S0 S0 Zacatecas 182 
2466x65-

7 

NC508.NC474xPHN46*2.Z182_1411-13S2 S2 Zacatecas 182 8443-2 

PHZ51xJ78_S5_299-4_S5 S5 Jalisco 78 (1222-2) 1424-1 

NC296*5xZ51.J78_1222-3_S1 BC4S1 Jalisco 78 (1222-3) 1098-1 

PHZ51xJalisco 78 S1 Jalisco 78 1222-2 

PHZ51xJalisco 78 S1 Jalisco 78 1222-3 
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Compatibility of Jalisco 78-Derived Lines 

An S1 from 1222-2, designated 298-1, was crossed to ex-PVPs PHP38 and PHN46 to 

develop a set of lines with the same alleles in different backgrounds for testing compatibility. 

Due to observed variation in the backgrounds, multiple lines from each cross were tested. 

Additionally, three lines derived from crosses between 1222-3 and NC296 were also tested. 

These lines, with the addition of two teosinte-sourced Tcb1-s lines (1341-6 and 1348-5), 

were crossed in a partial diallel. Pedigrees of evaluated materials are presented in Table 4.2.  

Table 4.2. Pedigrees for Jalisco 78-derived lines and Tcb1-s line used as partial diallel 

entries. 

Pedigree Generation Source 

PHP38*3xPHZ51.J78_298-1_S1 BC2S1 1000-3 

PHP38*3xPHZ51.J78_298_S1 BC2S1 1325-9 

PHN46*3xPHZ51.J78_298-1_S1 BC2S1 1286-5 

PHN46*3xPHZ51.J78_298-1_S1 BC2S1 1321-6 

NC296*3xPHZ51.J78_1222-3_S2 BC2S1 1818-6 

NC296*5xPHZ51.J78_1222-3_S1 BC4S1 1098-1 

NC296*4xPHZ51.J78_1222-3_S1 BC3S1 1102-1 

P4639-1*8xTcb_517-1_S1 BC7S1 1341-6 

P4639-1*8xTcb_517-1_S1 BC7S1 1348-5 

 

Allelic Composition 

  Breeding lines 610-3, 1883-3, 8443-2, 1424-1, 1286-5 and 1098-1 were crossed to 

gametophytic tester stocks to determine allele composition. This set of lines was crossed as 

male to Ga1-s, Tcb1-s, and Ga2-s testers, attempting to make at least two pollinations to each 

tester per source. Pollinations were attempted using each experimental row as male and 

testers as female to determine the presence of a pollen factor, and the reciprocal crosses were 

made to determine the presence of a pollen barrier. The approximate number of kernels set 
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from each pollination made onto the testers was recorded. Pollinations onto Ga1-s and Tcb1-

s testers that set more than 20 kernels were called as “set”; this threshold was increased to 

greater than 40 kernels for Ga2-s due to the weaker nature of the barrier. Testing occurred 

during Summer 2017 in Clayton, NC. Allele status calls were based on the decision trees and 

rationale laid out in Jones and Goodman (2018, In Press), acknowledging that testers with 

single gametophytic alleles are not sufficient to determine allele status at multiple 

gametophytic loci.  

Genetic Testers 

The Ga1-s tester used consisted of Ga1-s in a W22 background, crossed to NC464 

(also Ga1-s) in order to make it better adapted to growth in Raleigh, NC. The Tcb1-s tester 

stock consisted of teosinte-sourced Tcb1-s in a W22 background, crossed to NC400 in order 

to make it better adapted to growth in Raleigh, NC. The Ga2-s tester used consisted of Ga2-s 

in a W22 background (104-3 from Kermicle and Evans, 2010).  Original barrier sources for 

testers all come from stocks produced by Jerry Kermicle at the University of Wisconsin-

Madison. 

Topcross Testing and Yield 

Seed from successful pollinations from the partial diallel between gametophytic lines 

was entered into a replicated yield trial in summer 2017 with the goal of establishing relative 

yields of each hybrid combination. Experiments were conducted at five locations (Central 

Crops Research Station (Clayton, NC), Piedmont Research Station (Salisbury, NC), Peanut 

Belt Research Station (Lewiston-Woodville, NC), Caswell Research Farm (Kinston, NC), 

and Cunningham Research Station (Kinston, NC)) in North Carolina. Details of each location 
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are provided in Table A1-1. An additional set of topcrosses between gametophytic lines and 

standard testers was also evaluated for yield and pollen barrier status to screen for dominance 

and potential yield penalty effects. Statistical analysis for both experiments was conducted 

using R and a Fortran program adapted from one provided by Richard Hall of Penn State.   

Ga1-m and ga1 Resistance 

All hybrid entries, as well as hybrids successfully produced from the diallel, were 

placed in an isolation field and were detasseled. Twenty to forty kernels were planted per plot 

based on anticipated germination, and plants were thinned to 8-10 plants per plot at 

approximately the V4 growth stage. This field followed standard corn isolation protocols, 

being planted far enough away from other corn that risk of contamination was minimized. 

The male pollen parents were NC390xNC394, an F2 hybrid combination of two NCSU 

inbreds both known to carry Ga1-m, and Acr ga1 Syn, a purple-seeded ga1 tester stock 

commonly used for “dent-sterility” checks in popcorn breeding. Experimental lines were 

planted in single 2 m rows, four experimental rows planted side-by-side on 0.97 m spacings, 

surrounded by two rows of each pollen parent. Delay plantings of male parents were hand 

planted at seven-day intervals for 21 days to ensure adequate pollen supply during 

evaluation. Additional rows of male parents were planted beside the experimental plot to 

ensure adequate pollination. Experimental lines were detasseled, and silking dates of each 

plot were recorded. At approximately 30 days after the last row silked, all ears in each plot 

were husked, and kernel counts, as well as number of ears and kernel colors, were recorded 

for each plot. Plot maximum kernel count was 999, indicating full set. In this experiment, 

kernel colors indicate the following: all purple-seeded ears-susceptible to ga1 pollen but not 
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Ga1-m; all yellow-seeded ears- susceptible to Ga1-m pollen but not ga1; yellow and purple-

seeded ears- susceptible to both Ga1-m and ga1 pollen.  

Results 

Accession Compatibility  

Diallel results for compatibility among accession-derived lines are presented in Table 4.3.  

Table 4.3. Compatibility relationships among derived lines from four accessions. 

Presented as number of bare ears over number of ears tested. Yields for entries with 

enough seed for trials are in parenthesis in Bu/A.  

  610-3 (M) 1883-3 (M) 2466x65-7 (M) 1424-1 (M) 

610-3 (F)    0/16 (38) 0/4 4/15 (104) 

1883-3 (F) 14/14   3/3 3/4(90) 

2466x65-7 (F)  2/5 (77) 0/6 (71)   1/1 

1424-1 (F) 5/5  12/14 2/2   

 

Allelic Composition 

All lines, with the exception of 610-3 from Michoacán 412, when used as female 

blocked the pollen of all four testers in a majority of attempts, producing bare ears. This 

indicates a successful pollen barrier to all three allele systems present or segregating in each 

of these lines, suggesting the presence of at least two s-type alleles (two alleles must be 

present to block Tcb1-s Ga1-m pollen). All tester stocks, and ga1, pollinated 610-3, 

indicating the absence of a pollen barrier (s-type allele) at any of the studied loci in this line. 

When used as a male, all lines, with the expectation of 610-3, were able to pollinate the three 

tester stocks, indicating the presence of either m or s-type alleles present/segregating in the 

lines for each of the three systems. 610-3 was only able to set seed on the Tcb1-s tester, 
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indicating the line is Tcb1-m. Results of pollinations and allele status are summarized in 

Table 4.4.  

Table 4.4. Compatibility relationships between gametophytic lines and gametophytic 

tester stocks presented as a number of successful pollinations over total attempted 

pollinations. 

Line 

on 

Ga1-s 

(F) 

on 

Ga2-s 

(F) 

on 

Tcb1-s 

(F) 

Ga1 

(M) 

Ga2 

(M) 

Tcb1+

Ga1-M 

(M) 

ga1 

(M) 

Allele 

Status Call 

1286-5 1/6 4/4 2/4 1/1 0/3 1/3 0/3 Segregating 

1098-1 6/6 3/6 6/7 0/2 0/5 0/4 0/4 

At least two 

S-type 

barriers 

610-3 0/9 0/8 4/7 4/4 5/7 6/7 3/3 
ga1 ga2 

Tcb1-m 

1883-3 6/8 3/5 4/4 0/2 0/4 0/3 0/3 

At least two 

S-type 

barriers 

8443-2 

(1411-13) 
6/6 5/6 5/6 2/5 0/7 3/7 0/5 Segregating 

1424-1 12/12 10/12 11/12 0/6 0/6 1/6 0/6 

At least two 

S-type 

barriers 

 

Compatibility of Jalisco 78-Derived Lines  

When used as male, all lines, except 1286-5, were able to pollinate the majority of the 

other lines. There are other examples of repeat blockage, most notably the (1325-9 x 1326-1)  

cross, which produced five bare ears. Results of compatibility crosses are presented in Table 

4.5.   

 

Ga1-m and ga1 Resistance 

When evaluated for the ability to block Ga1-m and ga1 pollen simultaneously, the 

majority of the hybrids from the diallel produced very low seed sets, averaging less than 
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fifteen kernels per ear (2957 kernels on 250 ears) when the one fully set row is excluded. A 

strong majority of yellow kernels were observed in these hybrids, indicating resistance to ga1 

was prevalent in these hybrids. Four hybrids produced uniformly bare ears, producing zero 

seed on the row. Isolation field results are presented in Table 4.6.  

Topcross Yield 

 Average yields for crosses that produced enough seed for replicated yield trials are 

presented in Table 4.7. Results of the gametophytic line by tester crosses are presented in full 

in Table A1-2. Data are summarized in Figure 4.1 along with isolation kernel colors and 

kernels per ear. All entries yielded less than the check hybrid, Pioneer 2088R at 8662.26 

kg/ha, and the mean yield was 6770.37 kg/ha.  
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Figure 4.1. Yield and Kernels/Ear for Gametophytic line tester topcrosses. Colors 

represent the kernel color observed for each entry in isolation field evaluation.  
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Table 4.5. Compatibility relationships among derived lines from four accessions presented as number of bare ears. * 

indicates pollination was not attempted. Black boxes represent crosses within backcross parent background, and were not 

attempted.  

 

 

1000-3 

(♂) 

1325-9 

(♂) 

1286-5 

(♂) 

1321-6 

(♂) 

1052-1 

(♂) 

1336-7 

(♂) 

1818-6 

(♂) 

1098-1 

(♂) 

1102-1 

(♂) 

1341-6 

(♂) 

1348-5 

(♂) 

1000-3  

(♀) 
    

0 0 * * 
1 0 

* * * 

1325-9  

(♀) 
    

0 0 * * 
3 * 

0 * * 

1286-5  

(♀) 0 0     0 1 0 0 0 * * 

1321-6  

(♀) 0 5     1 0 0 0 0 * * 

1052-1  

(♀) * * 7 0     * * * * * 

1336-7  

(♀) * * 5 2     * * * * * 

1818-6  

(♀) 
1 0 

0 0 * * 
    

 

0 0 

1098-1  

(♀) 
3 * 

8 0 * * 
    

  0 1 

1102-1  

(♀) * 1 7 1 * *       0 0 

1341-6  

(♀) * * * * * * 0 0 0     

1348-5  

(♀) * * * * * * 0 0 2     
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1000-3  

(♂) 

1325-9 

 (♂) 

1286-5 

(♂) 

1321-6 

(♂) 

1052-1 

(♂) 

1336-7 

(♂) 

1818-6  

(♂) 

1098-1  

(♂) 

1102-1 

(♂) 

1341-6 

(♂) 

1348-5 

(♂) 

1000-3 

(♀) 
* * * * * * 

25/5 

(Y) 

0/6 

(-) 
* * * 

1325-9  

(♀) 
* * 

50/5 

(Y) 

Full/3 

(Y) 
* * 

75/8 

(Y) 
* 

15/6 

(Y) 
* * 

1286-5  

(♀) 

125/6 

(Y) 

15/3 

(Y) 
* * 

15/8 

(Y) 

3/3 

(Y) 

200/8 

(Y) 

30/9 

(Y) 

125/7 

(Y) 
* * 

1321-6  

(♀) 
* 

250/4 

(Y) 
* * 

125/5 

(Y) 

700/4 

(B) 

50/9 

(Y) 

2/9 

(Y) 

130/9 

(Y) 
* * 

1052-1  

(♀) 
* * 

100/8 

(Y) 

30/7 

(Y) 
* * * * * * * 

1336-

7/8  

(♀) 

* * 
0/5 

(-) 

3/8 

(Y) 
* * * * * * * 

1818-6  

(♀) 

125/8 

(Y) 

150/7 

(Y) 

5/6 

(Y) 

2/8 

(Y) 
* * * * 

* 
* 

0/6 

(-) 

1098-1  

(♀) 

5/9 

(Y) 
* 

 

500/5 

(Y) 
* * * * * * * 

1102-1  

(♀) 
* 

100/9 

(Y) 

30/7 

(Y) 

75/9 

(Y) 
* * * * * 

0/8 

(-) 

4/8 

(Y) 

1341-6  

(♀) 
* * * * * * * 

1/8 

(Y) 

2/6 

(Y) 
* * 

1348-5  

(♀) 
* * * * * * * * 

0/9 

(-) 
* * 

Table 4.6. Isolation field results of putative gametophytic hybrids evaluated for Ga1-m and ga1 resistance. Presented as 

approximate number of kernels set on row over number of plants observed.  Kernel color is presented, with Y=Yellow and B= 

Both kernel colors. Crosses where lines are incompatible as in Table 4.5 are line filled. * indicates pollination was not attempted. 

Black boxes represent crosses within backcross parent background, and were not attempted. 
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1000-3  

(♂) 

1325-9 

 (♂) 

1286-5 

(♂) 

1321-6 

(♂) 

1052-1 

(♂) 

1336-

7/8 

(♂) 

1818-6  

(♂) 

1098-1  

(♂) 

1102-1 

(♂) 

1341-6 

(♂) 

1348-5 

(♂) 

1000-3 

(♀) 
* * 106 * * * * * * * * 

1325-9  

(♀) 
* * * 95 * * 97 * 115 * * 

1286-5  

(♀) 
* 101 * * 105 82 101 116 * * * 

1321-6  

(♀) 
108 * * * * 77 104 113 103 * * 

1052-1  

(♀) 
* * * 97 * * * * * * * 

1336-

7/8  

(♀) 

* * * 82 * * * * * * * 

1818-6  

(♀) 
* * * * * * * * * * 33 

1098-1  

(♀) 
123 * * * * * * * * * 31 

1102-1  

(♀) 
* * * * * * * * * * 37 

1341-6  

(♀) 
* * * * * * * * * * * 

1348-5  

(♀) 
* * * * * * 32 * 29 * * 

Table 4.7. Average yields for putative gametophytic hybrids evaluated for Ga1-m and ga1 resistance. Presented as yield in 

Bushels per acre. * indicates cross not evaluated.  

 



 

 76 

Discussion 

Allelic Composition and Line Compatibility 

Our results show that three lines (1098-1, 1883-3, and 1424-1) are capable of 

pollinating all three s-type alleles in this study and also block all three male type factors (m/s-

type alleles), suggesting that these lines have at least two s-type alleles, and are either s- or 

m-type at the third locus. Any line capable to blocking Ga1-m/Tcb1 pollen uniformly must be 

s-type at both the Ga1 and Tcb1 loci, confirming the presence of at least two s-type alleles, as 

we see in 1098-1, 1883-3 and in the majority of cases with 1424-1. Results for 1424-1 may 

be explained by this segregation between s and m-type alleles at one or two of the loci, either 

allowing both alleles to match in the case of Ga2-m in the line, or allowing one or the other 

allele to match, as in the case of Tcb1 or Ga1-m, allowing the other allele to set seed. Two 

other lines (1286-5 and 8443-2) are obviously segregating for barrier systems at one or more 

loci, highlighting the need to evaluate more advanced lines when considering allelic 

composition at multiple gametophytic loci. Comparison of these results with results from 

accession compatibility crosses supports these conclusions, with 1883-3 and 1424-1 almost 

uniformly blocking pollen from all other lines in the diallel, including each other in the 

majority of attempts, suggesting that these two lines differ in allelic composition for at least 

one locus. That 610-3 was blocked by the other lines suggests that it is only Tcb1-m/s, and 

may segregate between the two, as suggested by the four bare ears observed in crosses with 

1424-1. Comparison of allelic composition results (Table 4.4) with compatibility crosses 

(Table 4.5) for 1286-5 show that this line is likely only fixed for Ga2-m/s, and may segregate 

for s-type alleles at the other two loci, providing a partial explanation for its inability to 
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pollinate the other Jalisco-78 derived lines due to mismatched alleles at these loci. It should 

be noted, however, that all tests based on numbers of bare ears in pollinations (testing for s-

type barriers) are more error-prone than tests that require seed set (testing for m-type alleles) 

for a positive result due to the number of human and environmental conditions that can also 

cause failed pollinations.  

Allelic Composition 

 Three candidate lines for use as multiple gametophytic allele donors were identified 

through this phenotyping, with lines 1098-1, 1883-3 and 1424-1 blocking all four pollen 

classes consistently, indicating the presence of at least two allele systems. Unfortunately, 

specific resolution of allele status beyond m/s-type is not possible in the presence of three 

gametophytic loci without a series of double m-type tester stocks, which currently do not 

exist. That Tcb1-s Ga1-m pollen occasionally overcomes 1424-1, however, suggests that this 

line likely only contains two gametophytic systems and thus may segregate for either Ga1-s 

or Tcb1-s. Further selection with this, and other candidate lines should allow the 

development of lines fixed for all alleles of interest, which can then be used to produce 

gametophytic hybrids. These three lines were also able to overcome Ga2-s silk barriers, 

suggesting either the presence of Ga2-s or Ga2-m in these lines. It may also be possible that 

the presence of Ga1-s and Tcb1-s is sufficient to overcome a Ga2-s barrier through inter-

locus interaction but this idea has not been specifically validated by our results. 

Ga1-m and ga1 Resistance 

 Our results clearly indicate that the production of Ga1-m resistant Ga1-s hybrids is 

possible, as indicated by the low average seed set of the tested hybrids, including some 
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hybrids that produced no seed on multiple ears when pollinated with ga1 and Ga1-m pollen. 

The observed concomitancy of Ga1-m resistance and ga1 resistance in these hybrids is 

indicative of the presence of s-type gametophytic alleles at two or more loci, and that the 

hybrid seed was produced indicates that these lines have compatible gametophytic alleles at 

all loci. That the majority of the hybrids in this set had a strong reduction in purple kernels 

indicates that blockage of ga1 pollen is common in the hybrids, and could be caused by s-

type alleles at any of the gametophytic loci in question. Hybrids with high seed sets coupled 

with this reduction in purple kernels are likely only contain Ga1-s alleles, since the presence 

of an s-type allele at a second locus would block the yellow Ga1-m pollen also. The 

production of hybrids capable of blocking both pollen types, and especially to completely 

block both pollen types, represents a strong functional validation of the ability for such 

hybrids to be produced, representing the capacity to overcome issues posed to the Ga1-s 

system by the Ga1-m allele.  

Yield Results 

 Our results clearly validate the idea that crossing two gametophytic lines can produce 

completely gametophytic hybrids, provided the lines have compatible alleles. Evaluation of 

gametophytic hybrids requires two-step evaluation, with a need to establish that the targeted 

pollens are blocked, as well as evaluate the yield performance of the hybrid. The first part, 

assessing the gametophytic barrier, is easily performed by planting hybrids in an isolation 

field with the pollen to be blocked planted as male. The results of this evaluation, however, 

are often variable as shown in our data, and we suggest the use of replicated and randomized 

plots to ensure accurate evaluation of gametophyte phenotypes. The second part, evaluation 
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of yield performance, is also easily accomplished but gametophytic lines have the potential to 

suffer due to low availability of acceptable pollen. To remedy this, we suggest the use of 

large plots, with grain yields taken from the center of the plots in order to obtain an accurate 

assessment of the performance of a hybrid. Examination of Figure 4.1 shows no suggestion 

of a yield penalty for having an active barrier to ga1 as indicated by the yellow kerneled 

topcrosses occurring with roughly equal frequency both above and below the population 

mean yield. Formal Welch’s t-test confirms that the yellow kerneled and purple kerneled 

groups are not significantly different for yield (p=0.56), suggesting there is no extreme yield 

penalty for having an active gametophytic allele in this set of topcrosses. That we observe 

gametophyte by tester topcrosses that block ga1 pollen (are yellow kerneled) suggests that 

the alleles present in the gametophytic line are dominant, representing a substantial step 

forward for breeding with the mostly additive Ga1-s system. These lines likely carry the 

Tcb1-s allele, and thus are functional as heterozygotes. Unfortunately, no single-cross 

topcrosses were completely dominant for two systems, but lines with above average yields 

and very low kernels/ear were identified and may serve as useful sources of germplasm for 

future breeding efforts. In order to effectively test the ability of derived lines for use as a 

secondary system for current Ga1-s systems, we suggest the development of gametophytic 

testers in the case of dent corn breeding, or topcrossing to dent-sterile lines in the case of 

popcorns.  

We do observe that hybrids with gametophytic parentage on both sides are able to 

block both Ga1-s and ga1 pollen, indicating that the production of Ga1-m resistant Ga1-s 

hybrids is possible, but yields are notably reduced, as shown in Table 4.7. The reduced yields 
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of these hybrids is somewhat concerning, but it should be noted that there were evaluated in 

an environment where they will block the majority of pollen they encounter, so yields likely 

represent pollen from only a paired row plot. The narrow genetic base of the lines used to 

produce these hybrids is also problematic from a hybrid performance perspective, and likely 

limits the yield potential of these hybrids. That these hybrids are producible, however, 

represents a strong validation of the possibility of producing functional Ga1-m resistant 

gametophytic hybrids, and we believe more extensive breeding efforts will identify 

combinations of lines that produce adequate hybrid yields.   

Locksmithing: Conversion of Ga1-s Materials  

 As shown, the use of multiple gametophytic systems can be effective in preventing 

pollination from m-type gametophytic alleles, and multiple gametophytic systems have been 

identified in single accessions. To be useful to breeders currently working with Ga1-s 

materials, these other alleles must be readily incorporated into existing elite germplasm. 

Integration of Tcb1-s into Ga1-s lines is relatively straightforward since existing Tcb1-s 

genetic stocks also carry Ga1-m, so the cross using a Tcb1-s donor as male onto a Ga1-s 

female should be fertile and result in Tcb1-s/tcb Ga1-s/Ga1-m heterozygotes, which can then 

be tested using the protocol described in Jones and Goodman (2018) to recover Tcb1-s Ga1-s 

homozygous plants. If the cross is not fertile, the existing Ga1-s line may already contain 

another gametophyte factor and should be evaluated for resistance to Ga1-m. Integration of 

Ga2-s into existing Ga1-s breeding lines is best achieved by crossing the Ga1-s line as male 

to a Ga2-s/ga2 heterozygote due to the weak nature of the Ga2-s barrier, then selecting for 

ga1 and Ga1-m resistance in the resulting derived lines to recover both alleles. The use of 
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multiple gametophytic donor lines is another alternative, but may be complicated by the 

backgrounds associated with these lines (non-pop types). We do suggest the use of maize-

derived gametophytic donor sources, rather than a teosinte-derived source of Tcb1-s 

especially, due to the improved agronomics associated with the maize-derived lines.  

 Overall, our results report the production and characterization of breeding lines with 

multiple gametophyte factors, a process that will be key as breeding efforts in current Ga1-s-

based gametophytic systems shift to multiple-gametophytic systems to mitigate the risk of 

Ga1-m contamination. We report the production of several gametophytic inbred lines derived 

from tropical collections that contain M/S type alleles at the three major gametophytic loci 

and S-type alleles for at least two loci, and highlight the issues with establishing allelic 

content at multiple loci. Our results, however, validate the idea that the use of 

double/multiple gametophytic systems can produce gametophytic hybrids that are capable of 

blocking both ga1 and Ga1-m pollen, while still producing some yield. The testing protocols 

required to accurately assess both gametophyte barrier status and yield performance must be 

adapted to the problem at hand, requiring extensive replication in isolation fields, or testing 

over multiple years, to overcome the variability of testing and larger plots to overcome the 

edge effects from hybrids that block all but self-pollination. Our results also suggest that 

some gametophytic systems have no yield penalty and act in a dominant manner, as shown 

by our gametophyte by tester topcrosses.  Additionally, we identified lines with above 

average yields and very low kernels/ear when evaluated for both pollen types, which we 

believe will be a useful source of germplasm for future breeding efforts. In total, our results 

provide a potentially promising solution to the threat posed by Ga1-m to current 
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gametophytic systems, report the development of a few useful inbred lines with multiple 

gametophytic systems, and highlight some of the challenges associated with breeding for 

hybrids with multiple gametophytic systems, all of which we believe will serve as a useful 

launching point for important breeding work. 
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Chapter V: Identification of M-Type Gametophyte Factors in Maize Genetic Resources 

 Crop Science, 2018 (In Press) 

Abstract: 

Maize (Zea mays L.) gametophyte factors are the basis of dent sterile popcorns, 

where they are used to prevent pollen contamination from dent corns and have been proposed 

as useful for protection of other specialty types. Current gametophytic systems rely entirely 

on the strong allele of Gametophyte Factor 1 (Ga1-s) to impart the selective barrier needed 

in these hybrids. This allele, however, is naturally overcome by another allele at the same 

locus (Ga1-m), which is only detectable by specific evaluation, allowing it to go undetected 

in breeding lines, thus creating a scenario with substantial risk to Ga1-s hybrids. Other 

gametophytic systems exist, but have parallel allelic structure with possibly parallel risks, 

especially from m-type alleles. By screening a set of maize genetic resources we assessed the 

risk posed by the Ga1-m allele. We identified the allele in several populations readily useful 

for expanding the genetic base of commercial maize, including several Germplasm 

Enhancement of Maize lines. To examine the possible distribution of m-type alleles at other 

key gametophytic loci we screened the maize Nested Association Mapping population 

founder lines for the presence of m-type gametophytic alleles, identifying nineteen previously 

unreported m-type gametophytic alleles in these lines. Our results also highlight the frequent 

concomitancy of gametophytic alleles at different loci, the full interactions of which are 

ignored by standard phenotyping methods that consider individual loci, confounding allele 

status determination. We provide a method for determining allele status at multiple 
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gametophytic loci, and highlight the implications of concomitant alleles, especially Ga1-m 

and Tcb1-m, on the possible deployment of new barrier systems.  

 Maize (Zea mays L.) gametophyte factors are the basis of dent sterile popcorns, 

where they are used to prevent pollen contamination from dent corns and have been proposed 

useful for protection of other specialty types, including sweet corns (Ziegler, 2001; Perry, 

1945; Nelson 1953). Current gametophytic systems rely entirely on one allele to impart the 

selective barrier in these hybrids. This allele, however, is naturally overcome by another 

allele at the same locus, and recent studies of the latter’s abundance in Mexican landraces 

and hybrids creates a potentially high-risk scenario for producers relying on current 

gametophytic systems (de la Cruz et al., 2008; Padilla et al., 2012). Other gametophytic 

systems exist, but have parallel allelic structure with possibly parallel risks, therefore the 

allelic content of maize that is likely to be commercially used must be established to evaluate 

the risks posed to current gametophytic systems and to assess the potential for development 

of new systems. 

 Gametophyte factor 1 (ga1) was the first such allele reported in maize, and is the 

basis for all currently used gametophytic systems, including the “dent-sterile” popcorns 

(Nelson, 1952; Ziegler, 2001). The ga1 locus has three alleles; designated ga1, Ga1-s, and 

Ga1-m. The ga1 allele produces no barrier, allowing for complete seed set when pollinated 

by any of the haplotypes at this locus. The Ga1-s allele conditions nonreciprocal cross-

sterility; fertilization by ga1 pollen completely fails on homozygous Ga1-s silks and partial 

seed sets are produced on heterozygotes (Schwartz 1950). It is this quality of the allele that 
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allows gametophytic hybrids to prevent pollination by would-be pollen contaminants. These 

hybrids preferentially accept Ga1-s pollen, blocking ga1 pollen and creating effective 

isolation from pollen contamination. The allele has been shown to work through allele-

specific congruence, rather than active rejection, so that having an allele compatible with the 

barrier is sufficient to allow pollination (Kermicle and Evans, 2005). Another allele at the 

locus, designated Ga1-m, is cross neutral; lines containing Ga1-m can pollinate and receive 

pollen from any of the alleles at the locus (Kermicle et al., 2006). This allele overcomes the 

barrier provided by the Ga1-s allele, leaving gametophytic production systems naturally open 

to contamination. Ga1-m is especially problematic because it is only detectable when used as 

male in pollinations of a Ga1-s tester, making it possible to unknowingly release these lines. 

That the North Carolina State Corn Breeding program unintentionally released twelve Ga1-m 

lines provides validation of this (Jones et al., 2015).  

The widespread use of Ga1-s is predicated on the assumption of United States dent 

germplasm being uniformly ga1; a status that has been reported but that needs constant 

updating as breeders make more use of exotic germplasm (Nelson, 1960). Two studies, one 

by Nelson (1960) and one by Padilla et al. (2012) show that the majority of Mexican maize 

(45 of 54 races in the latter study) carries Ga1-m. An additional study found that the majority 

of Mexican commercial hybrids carried the Ga1-m allele, showing that it is already present in 

elite breeding lines, at least in Mexico (de la Cruz, 2008).  This is problematic in two regards: 

it presents a high likelihood of Ga1-m entering into the US commercial dent germplasm base 

through use of maize genetic resources, and, if Mexico represents the center of diversity for 
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maize, the abundance of the Ga1-m allele may represent the majority of maize germplasm, 

even potentially including US commercial materials that have gone unnoticed.  

The United States Germplasm Enhancement of Maize (GEM) project is a public-

private cooperative research project with an objective of widening the germplasm base of 

commercial hybrid corn in the US through the introduction and incorporation of novel and 

useful germplasm gathered from around the globe. The GEM project develops S3 lines from 

50% and 25% tropical crosses, with the adapted material coming from inbred lines that were 

actually used in production of a commercial hybrid by cooperating seed companies (Salhuana 

and Pollak, 2006). GEM breeding work began based on the best races and accessions within 

race identified in the earlier Latin American Maize Project (LAMP) with the addition of a 

few tropical hybrids and represents the set of materials most readily useful for broadening the 

US germplasm base. Later, additional breeding materials were added to the project, including 

the CIMMYT lines, Suwan lines from Thailand, and African materials, increasing the span of 

germplasm available in the GEM releases. As of 2017, GEM has released 295 lines that serve 

as a rich resource for introduction of useful diversity into commercial germplasm for 

potential use by seed companies, and also as a tool for assessing the risk posed to Ga1-s 

breeding materials by efforts to use exotic germplasm. GEM is, of course, not the only effort 

to utilize these genetic resources, nor does it represent all of the genetic resources widely 

used in maize breeding. Other widely used sources of traits, like the Downey Mildew 

Resistant (DMR) populations, which are widely used in Asia as a donor source of DMR, and 

materials derived from race Zapalote Chico, which are often used for their earliness and 
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insect resistance characteristics, should be explored to give a better assessment of the risks 

posed by Ga1-m.  

Gametophyte factor 1, although the only utilized gametophyte factor, is not the only 

such factor with potential individual utility (or utility as a supplement for Ga1-s). Two other 

gametophyte factors have also been proposed useful in maize: Teosinte crossing barrier-1 

(Tcb1) was identified in wild teosintes (and has also been reported in maize) and 

Gametophyte factor 2 (Ga2) was identified in domestic maize via segregation distortion, 

much like Ga1 (Kermicle and Evans, 2010; Evans and Kermicle, 2001; Lu et al., 2014; 

Padilla et al., 2012).  Tcb1 and Ga2 use parallel nomenclature to Ga1, such that Tcb1-s has 

the same relationship to tcb1 that Ga1-s has to ga1. Tcb1-s is, however, dominant; 

heterozygotes will not produce seed when pollinated with tcb1 pollen. The same is not true of 

Ga2-s, which closely mirrors the (mostly) additive allelic interactions of Ga1. Little is known 

about the distribution of Tcb1 and Ga2 alleles in commercial maize, especially the 

hypothetical status of Ga2-m and/or Tcb1-m, but both have been shown abundant in Mexican 

landraces (Padilla et al., 2012, Kermicle and Evans 2010). Since detection of these alleles 

would only be possible by crossing to the appropriate tester stock, it is possible that these 

alleles may have gone undetected in even highly studied materials. However, if Tcb1 or Ga2 

are to be considered candidates for widespread use as replacement (or supplemental) 

gametophytic systems, the status of their corresponding m-type alleles should be established 

before breeding work of this sort begins in order to identify the most sustainable system. In a 

study of gametophytic alleles in races of maize, Padilla et al. (2012) identified no accessions 
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carrying Tcb1-m and only observed Tcb1-s in populations also containing Ga1-s. Kermicle 

and Evans (2010) report the presence of pollen factors able to overcome a Ga2-s pollen 

barrier (Ga2-m, Ga2-s) in a limited study of sympatric maize-teosinte populations but barrier 

status for maize collections was not determined. In combination, these two studies show that 

there is a need to understand the abundance of m/s-type alleles in maize germplasm before 

considering either system as a candidate for use.   

The maize Nested Association Mapping (NAM) population consists of twenty-five 

founders that maximize the diversity captured by the group of inbred lines, while also 

including inbred lines of agronomic importance, all crossed to B73 as a reference parent (Yu 

et al., 2008; Liu et al. 2003; McMullen et al., 2009). This set of inbred lines makes an ideal 

candidate for assessing the distribution of m-type alleles in maize germplasm due to the large 

amount of diversity captured by the set. Currently, the set of NAM founder lines is only 

known to contain two gametophyte factors, Ga1-s in popcorn line Hp301 and Ga1-m in 

NC358 (as reported in Jones et al., 2015). In an examination of segregation distortion in 

NAM, McMullen et al. (2009) confirms segregation distortion in the ga1 region in Hp301 

and suggests that it may also contain gametophytic alleles at the ga2 locus to explain 

segregation distortion on chromosome five. Since only an s-type gametophytic allele would 

produce a pollen barrier and thus cause segregation distortion, it is inferred that Ga2-s may 

be the allele at this locus. This study noted no other regions of segregation distortion 

attributed to regions containing gametophytic alleles, confirming that the founder lines do not 

contain s-type alleles, with one confirmed and one possible exception in Hp301. Therefore, if 

any of the NAM founders are able to overcome a s-type tester at a given gametophytic locus, 



 

 91 

we can conclude that the line contains the m-type allele at that locus. Since this set 

maximally captures the diversity of maize, it seems probable that m-type alleles exist in some 

of these lines, as evidenced by NC358 carrying Ga1-m; if new gametophytic alleles were to 

be identified in this highly studied set of lines, it seems probable that these alleles can and do 

exist undetected in the broader US germplasm base.  

Gametophyte factors play an important role in protecting specialty type maize from 

contamination by conventional dent corn pollen, but the system relies on a single allele that is 

naturally overcome by another allele at the same locus that has been shown to be abundant in 

Mexican maize. Other gametophytic systems exist that could also be used by breeders, but 

these loci have parallel allelic structure and potentially parallel problems for long-term 

utilization. Efforts to increase the genetic base of maize heighten the risks posed to the Ga1-s 

system through the use of tropical landraces, where the problematic allele has been shown to 

be the most abundant form. Unfortunately, the Ga1-m allele, and the parallel alleles in Tcb1 

and Ga2, are only detectable in the presence of s-type alleles, and may readily go undetected 

even in highly studied inbred lines.  With the risks to current gametophytic systems and the 

assessment of alternative gametophytic systems in mind, we screened a set of exotic breeding 

materials for the presence of the Ga1-m allele, and screened the maize NAM founder lines 

for Ga1-m, Tcb1-m, and Ga2-m alleles. 
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Materials and Methods 

Multi-Allelic Composition Screening 

 The NAM founder lines were ordered from the North Central Regional Plant 

Introduction Station in Ames, Iowa to ensure repeatability of sources. Inbred line Mo17 was 

also included in this set due to widespread use in US maize breeding and unexplained results 

from previous crosses. Experimental materials were planted in 4.9m single row plots at 

Clayton, NC during summer 2017. This set of lines was crossed as male to Ga1-s, Tcb1-s, 

and Ga2-s testers, attempting to make at least two pollinations to each tester per source. 

Pollinations were attempted using each experimental row as male and testers as female. The 

approximate number of kernels set from each pollination made onto the testers was recorded. 

Pollinations onto Ga1-s and Tcb1-s testers that set more than 20 kernels were called as “set”; 

this threshold was increased to greater than 40 kernels for Ga2-s due to the weaker nature of 

the barrier. Lines where pollination met the seed set threshold for the respective allele were 

designated as having the m-type allele for that locus. Five lines (NC350, NC358, Tzi8, Ky21, 

and Oh7B) were also crossed to HP301, a Ga1-s popcorn line, to determine their allele status 

as the Ga1 locus.  

Ga1-m Screening 

 Sixty-four GEM releases were selected based on representation of the total set of 

releases and past performance in North Carolina to use for screening for Ga1-m alleles. This 

set represents accessions and hybrids developed in seventeen countries, representing twenty-

one races, four tropical hybrids, and one tropical inbred line. Five Philippine DMR 

Composites were included based on the widespread use of these materials in Asia. Other 
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Asian tropical materials included were: Suwan (S)C6, Suwan 1, and DK888, also for their 

widespread use in breeding programs. A set of materials utilizing Zapalote Chico was 

included based on results from Lennon (2014) and consisted of: Nebraska Rootworm 

Synthetic, NDB(MS)C8, and PHV63 (an ex-PVP with Zapalote Chico parentage previously 

identified as Ga1-m).  Four additional inbred lines (LH59, PHG39, Mo17, and Seagull-17) 

were included based on reported suspected allele status in and unexplained results from 

previous crosses, for a total of seventy-nine experimental entries (Lennon, 2014). Each entry 

was planted in a 4.9m single row plot in Clayton, NC and used to pollinate a Ga1-s tester. 

The number of attempted pollinations and kernel counts on the pollinated ear were recorded 

for each entry.  

Genetic Testers 

The Ga1-s tester used consisted of Ga1-s in a W22 background, crossed to NC464 

(also Ga1-s) F2s in order to make it better adapted to growth in Raleigh, NC. The Tcb1-s 

tester stock consisted of teosinte-sourced Tcb1-s and Ga1-m in a W22 background, crossed to 

NC400 F2s in order to make it better adapted to growth in Raleigh, NC. It should be noted 

that the cross between the Tcb1-s W22 and NC400 produces Tcb1/tcb1 heterozygotes, and, 

since the action of Tcb1-s is dominant, selfing eliminates the tcb1 homozygotes through 

incompatibility producing a 2 Tcb1-s/tcb1: 1 Tcb1-s/Tcb1-s segregation ratio and 

functionally indistinguishable genotypic classes. The Ga2-s tester used consisted of Ga2-s in 

a W22 background.  Original barrier sources for testers all come from stocks produced by 

Jerry Kermicle at the University of Wisconsin-Madison.  
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Results 

Multi-Allelic Composition Screening 

 Gametophytic alleles were identified in 13/27 (48%) of the set containing the NAM 

founder lines and Mo17 in this experiment, with seven lines identified as Ga1-m, eight as 

Ga2-m, and six as Tcb1-m. Allele status and number of set pollinations for each line are 

reported in Table 5.1.  NC350 successfully pollinated Hp301 in each of five crosses, NC358 

was successful in eight of eight, and Tzi8 was successful in five of seven crosses; Ky21 and 

Oh7B did not pollinate Hp301 in four and six crosses, respectively. Successful pollinations 

are shown in Figure 5.1.  
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Table 5.1. Numbers of Successful Pollinations and Allele Status for NAM founder lines. 

(*) indicates previously reported gametophytic alleles; P39 was not crossed to Tcb1 so 

allele status was not determined.  

Line On Ga1-s On Ga2-s On Tcb1-s 
Ga1 

Allele 

Ga2 

Allele 

Tcb 

Allele 

P39 1/2 2/2 n.d. M M n.d. 

IL14H 0/2 2/2 0/2 g M g 

Oh43 0/2 1/2 0/2 g M g 

MS71 0/2 0/2 0/2 g g g 

B73 0/2 0/2 0/2 g g g 

Mo17 0/11 2/3 0/2 g M g 

HP301 2/2 0/2 2/2 S* g M 

B97 0/2 0/2 0/2 g g g 

NC358 1/2 1/2 2/2 M* M M 

CML 103 0/4 0/3 0/3 g g g 

M37W 0/5 0/3 0/3 g g g 

NC350 2/4 0/3 0/3 M g g 

Ky21 0/7 0/3 0/3 g g g 

CML 322 0/4 1/1 0/2 g M g 

OH7B 0/5 0/2 0/3 g g g 

M162W 0/3 0/2 0/2 g g g 

Tx303 0/5 0/2 0/2 g g g 

Ki3 0/5 1/2 0/2 g M g 

CML 333 4/4 1/2 2/2 M M M 

CML 69 0/2 0/2 0/2 g g g 

Mo18W 0/5 0/3 0/3 g g g 

Ki11 1/4 0/3 2/4 M g M 

Tzi8 3/11 0/3 2/3 M g M 

CML 277 0/5 0/3 2/3 g g M 

CML 228 0/7 0/1 0/3 g g g 

CML 247 0/5 0/1 0/1 g g g 

CML 52 3/4 0/2 0/2 M g g 
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Figure 5.1. Photograph of pollinations made between Hp301 and several NAM founder 

lines (bottom) and two sweet corn lines pollinating Ga2-s testers. Pedigrees presented as 

female x male.  

Ga1-m Screening  
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Ga1-m was identified in seventeen of the seventy-nine entries (22.5%) in this study, 

with eight of sixty-four GEM lines (12.5%), six of the eight Suwan/DMR materials (75%) 

and all three entries from Zapalote Chico segregating for the Ga1-m allele. The allele was 

validated in ex-PVP line PHV63, but not in the other ex-PVP lines studied. Numbers of 

successful pollinations, pedigrees and race information are presented in Table 5.2.  

Table 5.2. Materials screened for the presence of the Ga1-m allele. 

Material 
Successful 

Pollinations 
Pedigree Race 

GEMS-0001 0/5 GEMS-001(PI503806xB94///B94) Alazan 

GEMS-0002 0/5 GEMS-002 (FS8A(S):S09-43-2) Mixed 

GEMS-0003 4/5 
BR52051(SE32):S17-B-023-001-B-

B 
Dente Amarelo 

GEMS-0009 0/5 DK212T:S11-B-040-001-B-B Hybrid-tropical 

GEMS-0016 0/5 DK888:S11-B-015-003-B-B Hybrid-tropical 

GEMS-0021 0/5 DK888:S11-B-035-002-B-B Hybrid-tropical 

GEMS-0024 0/4 DKB830:S11-B-045-001-B-B Hybrid-tropical 

GEMS-0029 0/5 DKXL370:S11-B-028-001-B-B Hybrid-tropical 

GEMS-0031 0/5 DKXL380:S11-B-028-001-B-B Hybrid-tropical 

GEMN-0043 0/4 BR51403(PE001):N16-B-857-B Cateto 

GEMN-0045 0/5 CH05015:N12-140-1-B-B Camelia 

GEMN-0046 0/1 CH05015:N15-8-1-B-B Camelia 

GEMS-0050 0/5 DKB844:S1601-517-1-B Hybrid-tropical 

GEMS-0053 0/5 CUBA164:S15-192-2-B Mixed (Creole) 

GEMS-0055 0/5 AR16035:S02-443-1-B-B 
Cristalino 

Colorado 

GEMN-0056 0/5 FS8B(T):N1809-946-1-B Mixed 

GEMN-0057 0/5 AR01150:N04-545-1-B 
Dent. Blanco 

Rugoso 

GEMS-0061 0/5 AR16026:S17-10-1-B-B  
Cristalino 

Colorado 

GEMS-0067 0/5 
GUAT209:S13 x (H99ae x 

OH43ae)-4-4-2-1 
Tusón 

GEMS-0069 0/5 AR16035:S19-161-001 
Cristalino 

Colorado 

GEMS-0073 0/5 CUBA117:S15-372-001 Mixed (Creole) 

GEMN-0087 0/5 AR03056:N09-024-001 Dentado Blanco 
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Table 5.2. Continued 

Material 
Successful 

Pollinations 
Pedigree Race 

GEMN-0096 0/5 DKXL370-:N11a20-322-001 Hybrid-tropical 

GEMN-0097 0/5 FS8B(T):N11a-087-001 Mixed 

GEMN-0108 0/5 DK888:N11(95)-B-027-001-B-B Hybrid-tropical 

GEMN-0110 0/5 BARBGP2:N08a18-332-001 Tusón 

GEMN-0114 0/5 DK212T:N11a12-191-001 Hybrid-tropical 

GEMN-0117 0/6 DREP150:N2011d-624-001 Mixed 

GEMN-0123 0/5 CHS775:N19-030-011-B Tuxpeño 

GEMN-0135 0/5 DKXL380:N11-B-007-025-B Hybrid-tropical 

GEMN-0137 3/5 SCR Gp3:N14-028-003-003-B Tusón 

GEMS-0175 0/5 BVIR155:S2012-029-001 Tusón 

GEMN-0196 0/5 DK888:N11(95)-B-003-001-001-B Hybrid-tropical 

GEMN-0205 1/5 GUAD05:N3215-197-001 Early Caribbean 

GEMN-0209 2/5 BR51721(RN07):N20-B-017-002 Dente Amarelo 

GEMN-0210 0/5 
CL-G1607(CML420):N11-008-001-

7 

CML tropical 

inbred 

GEMN-0214 0/3 MDI022:N21-B-002-003 Cuban yellow 

GEMN-0216 0/5 PASCO14:N11b-B-001-002 Cuban yellow 

GEMS-0218 0/5 
(CUBA164:S2012-459-001-

B/GEMS-0002)-B-B-011 

GEM x GEM 

derived 

GEMN-0225 3/5 BR105:N16a16b-B-074 
Composite 

(Suwan) 

GEMN-0230 4/5 CML413:N18-001-036-002 CML tropical  

GEMN-0231 0/5 CUBA164:D27-B-017-001 Mixed (Creole) 

GEMN-0232 1/5 SCR_Gp3:N14-028-003-B-002 Tusón 

GEMN-0233 0/5 CML329:N18-001-020-001 
CML tropical 

inbred 

GEMN-0237 0/5 DKXL370:S08c17c-B-008 Hybrid-tropical 

GEMS-0240 0/1 
UR13085:S(N28)(CUBA117:S1520-

156-1-B-B)-B-023 
Cateto Sulino 

GEMN-0242 0/5 SE32(BR52051):N11c-015-004-B Dente Amarelo 

GEMS-0243 0/5 CML287:S15-024-003-B 
CML tropical 

inbred 

GEMS-0250 0/5 CL-G1703:S17c43-B-023-B-B Tropical Line 

GEMN-0252 0/5 DKB844:N11b18-241-001-B-B Hybrid-tropical 

GEMN-0254 0/5 FS8B(T):N11a-225-002 Mixed 

GEMS-0255 0/5 FS8B(S):S03-133-002 Mixed 

GEMN-0257 0/5 CHIS462:N08d-013-001 Tuxpeño 

GEMS-0258 0/5 DKB830:S19-009-004 Hybrid-tropical 

GEMN-0259 2/5 SCR01:N11c-015-002 St. Croix 
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Table 5.2. Continued 

Material 
Successful 

Pollinations 
Pedigree Race 

GEMN-0260 0/5 
GEMN-0140/GEMN-0097)-B-B-026-B-

B 
GEM x GEM  

GEMS-0262 0/4 
(GEMS-0147/GEMS-0180)-B-104-001-

B-B 
GEM x GEM  

GEMS-0263 0/5 BR105:S1626(GEMS-0175)-B-049-B-B 
Composite 

Suwan/Tusón 

GEMN-0267 0/5 
NEI9008:N0826(GEMN-0155)-B-095-

B-B 

Suwan/Cristal

ino Colorado 

GEMN-0270 0/5 ANTIG01:N16-050-002 Criollo 

GEMN-0271 0/5 BR105:N16-043-001 
Composite 

(Suwan) 

GEMS-0275 0/5 
((KO679Y/GEMS-0115)/GEMS-0162)-

008-001 

Hybrid 

Tropical 

GEMS-0281 1/5 BR52051:S172641-B-054 
Dente 

Amarelo 

GEMN-0285 0/5 
(GEMN-0117/DKXL212:N11a-139-

001-001-B-B-B-B-B-B)-B-B-019 
Tusón/Canilla 

Phil DMR 1 2/5 MIT var. 2 x Cuba Gpo I DMR 

Phil DMR 2 1/5 College White x Tuxpeno DMR 

Phil DMR 3 0/4 MIT Var. 2 X Flint Composite Amarillo DMR 

Phil DMR 4 1/4 MIT var. 2 x Flint Composite Amarillo DMR 

Phil DMR 5 2/4 MIT var. 2 x Cupurico DMR 

Suwan 1 2/5 DMR 1 and DMR 5 x Thai Composite 1 Suwan 

Suwan 

1(S)C6 
1/4 Suwan 1 Suwan 

DK888(C0) 0/5 DK888 Hybrid 
Tropical 

Hybrid 

Nebraska 

Rootworm 

Syn. 

1/8 Synthetic with Zap. Chico Zap. Chico 

NDB(MS)C8 2/5 Synthetic of six inbreds and Zap. Chico Zap. Chico 

PHV63 6/8 555 X Zap<4CB  

US 

Inbred/Zap. 

Chico 

LH59 0/12 (Mo17.H99)xLH53 US Inbred 

PHG39 0/7 A33GB4 x A34CB4  US Inbred 

Mo17 0/7 CI 187-2/C103 US Inbred 

Seagull-17 0/14 Mo17 US Inbred 
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Discussion   

In a screen of maize genetic resources we identified m-type gametophytic alleles in 

the NAM founder lines, GEM lines, DMR/Suwan lines, and materials containing Zapalote 

Chico; a set which represents a broad cross-section of the maize used/likely to be used in US 

breeding efforts. All reported m-type alleles in the NAM founder lines, with two noted 

exceptions, are the first reports of gametophytic alleles in these important sets of lines, 

further validating the possibility that m-type alleles can and do exist undetected in the 

broader germplasm base.  

Our results show that gametophytic alleles are present in the NAM founder lines and 

in Mo17, despite the numerous studies conducted on these lines. Comparison of our results 

with the segregation distortion reported in McMullen et al. (2009) shows that there is no 

segregation distortion in any of the regions associated with the alleles identified in this study, 

with the exception of the ga1 region of Hp301 where the Ga1-s allele is known. The lack of 

segregation distortion in these regions suggests that the identified gametophytic alleles are m-

type alleles, which do not cause segregation distortion due to a lack of pollen barriers. 

Interestingly, our study did not validate the suspected Ga2-s allele in Hp301, suggesting that 

there may be variability within sources of Hp301, or that something other than Ga2-s is 

causing the observed segregation distortion on chromosome five. The majority of the lines 

where m-type alleles were identified have tropical origins, which might be expected given the 

reported abundance of these alleles in tropical lines and hybrids (de la Cruz et al., 2008). 

There is not, however, uniformity within groups for gametophyte factors, with several 

CIMMYT lines being non-gametophytic at all studied loci. Interestingly, P39 and Il14H 
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(both historically significant sweet corns) carry the Ga2-m allele, which raises questions 

about the broader distribution of the Ga2-m allele in sweet corn germplasm. The broader 

abundance of ga2 alleles in sweet corns should be examined before Ga2-s is used as a pollen 

barrier in breeding, especially in sweet corn production systems. Our results for the NAM 

and inbred sets also highlight the need to determine the allele status of a line before using it 

as a pollen source to evaluate gametophytic barriers. These results have been helpful in 

explaining abnormalities in our own work where we had previously crossed a presumed non-

gametophytic line to an s-type barrier expecting no seed set, and instead observed fully set 

ears from what we now know was m-type pollen. Luckily, our results show that B73 (among 

others) is a universal non-gametophytic line at the major loci and we suggest that it or W22 

(as used by numerous Kermicle studies) be used as a pollen parent in gametophytic barrier 

assessment. As a counter point, NC358 is a universal m-type line and may be useful for 

making crosses with tropical materials for use in pre-breeding efforts like the GEM project, 

especially if the chosen accessions contain gametophytic alleles.  

Our results do not align with the lack of Tcb1-m reported in Padilla et al. (2012), 

where we identified the allele in several NAM founder lines, and also observed Tcb1-m 

alleles independent of the Ga1-s allele in CML 227. Reexamination of the results presented 

in Padilla et al. shows that it is possible that the Ga1-s/Tcb1-s alleles identified in the study 

could also be Ga1-m/Tcb1-m, which our results suggest is the case. When considering 

multiple concomitant gametophytic loci within plants, it is important to consider the 

interactions both within and between loci when establishing allelic content. The Padilla study 

first pollinated accessions with ga1 tcb1 pollen to establish Ga1-s and Tcb1-s barrier status; 
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the presence of either allele would produce bare ears. The second stage of the study then 

pollinated Ga1-s and Tcb1-s testers with pollen from accessions thought to contain pollen 

barriers; successful pollination onto a tester was then used to call an s-type allele at the 

respective locus. This paradigm, completely appropriate when only considering a single 

locus, ignores the interaction between loci, such that a Ga1-s Tcb1-m or Ga1-m Tcb1-s line 

would be called as both Tcb1-s and Ga1-s (the line would block ga1 tcb1 pollen based on 

having one s-type allele and would pollinate both Ga1-s and Tcb1-s testers).  

Alleles at gametophytic loci have been shown to act by allele specific congruence, 

rather than active rejection, an important consideration when considering multiple coincident 

gametophytic systems (Kermicle and Evans, 2005). Based on this allele matching structure, 

we would expect Ga1-m ga2 Tcb1-s pollen to readily pollinate Ga1-s/Ga1-s ga2/ga2 Tcb1-

s/- silks due to allele matching at each barrier locus. The allelic status of a line in the 

presence of at least one s-type allele when two loci have pollen factors (s or m-type alleles) is 

only resolvable by pollinating with m or s-type (m/s) pollen from the two loci. For example, 

to resolve the allele status of a line that blocks ga1 tcb1 pollen and pollinates both Ga1-s and 

Tcb1-s silks, only pollinating with Ga1-m/s and Tcb1-m/s would give an assessment of the 

allelic status at both loci. In this case, Ga1-s lines should block Tcb1-m/s pollen and vice 

versa, so if the line is susceptible to m/s-type pollen at one loci, then it is m-type at the other 

locus; if it is resistant to both m/s-type alleles, only then can the allele status be determined as 

s-type at both loci. Using a universal m-type, like NC358, as a pollen source onto suspected 

uniform s-type lines could be used for phenotypic selection in breeding programs, but 

provides no information about which allele is m-type if the ear does set seed. Expansion of 
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consideration to the possibility of three s-type loci greatly complicates the issue, such that 

only the presence of a pollen factor (m or s type allele) can be easily established at each locus 

by crossing to s-type testers; further resolution requires many more crosses. Pollination of the 

experimental line with single m-type alleles does not work in this case, and accurate 

phenotypic resolution of allele status would require known double m/s-type lines (Ga1-s ga2 

Tcb1-m, for example) to assess the allele status. For example, a suspected Ga1-m/Ga1-m 

Ga2-s/Ga2-s Tcb1-s/- can only be confirmed by pollinating with Ga1-m/s ga2 Tcb1-m/s, 

Ga1-m/s Ga2-m/s tcb1, and ga1 Ga2-m/s Tcb1-m/s pollen from which only the lines with 

matching m-type alleles at each locus would set seed (Ga2-m Tcb1-m in this case), thus 

allowing allele status to be determined. Decision trees for determining allele status at one, 

two, and three gametophytic loci are presented in Figure 5.2. As shown, the complexity of 

determining allele status increases as the number of loci increases, creating a highly 

complicated scenario for those interested in determining allele status phenotypically. 

Consideration of the co-occurrence of these alleles in individual lines/populations, however, 

will likely be important to gaining a fuller understanding of the genetics of gametophyte 

factors in maize.  

Our results do align with Padilla et al. (2012) in the frequent concomitancy of pollen 

factors for Ga1-s and Tcb1-s in maize germplasm, which has implications on the selection of 

allele systems potentially useful for reinforcing current Ga1-s-based gametophytic systems. 

The association of Ga1-m and Tcb1-m might be expected due to their loose linkage (44cM) 

on chromosome four as reported earlier, but the concomitancy of these alleles with Ga2-m is 

less frequent, as expected by its position on another chromosome (Evans and Kermicle, 
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2001). The easiest method to bolster current Ga1-s gametophytic systems would be through 

producing homozygous Ga1-s Tcb1-s male lines, which would readily cross with Ga1-s/Ga1-

s females and produce Ga1-s/Ga1-s Tcb1-s/- hybrids that would block ga1, tcb1, Ga1-m, and 

Tcb1-m pollen, if each is assumed an independent threat. If the association between Ga1-m 

alleles and Tcb1-m alleles holds in the broader maize germplasm base, however, then the 

addition of Tcb1-s to prevent the threat of Ga1-m contamination would be ineffective. Ga2-s 

may be a more probable solution due to the independence of the loci and, despite its weaker 

nature in our study; stronger variants may be identified that are sufficient to prevent Ga1-m 

pollination, especially when pollen types are in competition.  

 Examination of the results from the set of GEM lines provides evidence of a need to 

screen tropical breeding materials before their introduction into the US commercial dent 

germplasm base, but the risk is not as high as anticipated based on its distribution in tropical 

collections. Only 12.5 % of the sampled lines segregated for Ga1-m, likely due to repeated 

crossing to elite-US germplasm that does not carry the allele. The Suwan/DMR set of lines 

showed a much greater abundance of Ga1-m than the GEM lines, but GEM lines derived 

from Suwan were not uniformly Ga1-m. The abundance of Ga1-m in the Suwan/DMR set 

suggests an increased risk posed to Ga1-s-protected maize in areas where maize Downey 

Mildew resistance is needed (primarily Southeast Asia), and may limit the utility of 

gametophytic systems in these regions. An extensive screen of local maize should be 

conducted before gametophytic breeding efforts are launched for specific regions. The Ga1-

m allele is present in all of the lines containing Zapalote Chico in our study, which is 

consistent with the results reported by Padilla et al. (2012). The presence of the allele in this 
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race may be problematic for gametophytic systems as the Corn Belt shifts northward, and 

efforts to expand the narrow base of short season maize are increased. Overall, the presence 

of Ga1-m in GEM lines derived from collections from various countries and the 

DMR/Suwan materials suggests that the allele is not limited to Mexican collections, and will 

likely be identified in accessions from the entire maize-growing world. In contrast, however, 

the relatively low occurrence of the allele in US commercial maize is quite remarkable given 

the distribution in tropical maize, and may stem from the use of a few inbred lines that just 

happened to be non-gametophytic at key loci, allowing the successful use of the Ga1-s 

system to limit pollen-mediated gene flow for many years.  

The number of pollinations in this study are, admittedly, small but the nature of these 

tests should serve as sufficient evidence for more extensive validation of gametophytic 

alleles in the indicated lines. Most tests for gametophyte factors where the selections are 

based on production of empty ears when pollinated with “non-gametophytic” pollen, which 

can easily be confounded by any number of human and environmental factors that result in 

poor pollination. Our test, however, is more conservative in that it requires both that the 

pollen contain the allele needed to pollinate a tester stock, and that environmental conditions 

be conducive to production of the kernels for the result to be scored a positive and evidence 

of a gametophyte factor assigned. This reduction in false-positive rates likely comes with an 

increase in false-negative rates, and as such our study likely represent an underestimate of the 

abundance of the gametophytic alleles at the studied loci in these sets of lines.  

Overall, our study validates the idea that m-type gametophytic alleles can and have 

gone undetected in even highly studied maize inbred lines, creating a risk for current 
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gametophytic systems. The Ga1-m allele is present in several notable sets of maize genetic 

resources; a collective set that represents many of the resources most readily useful to expand 

the genetic base of maize. We also report the existence of Ga2-m and Tcb1-m alleles in 

several NAM founder lines, including an abundance of Ga2-m in the sweet corns and 

identification of two universal m-type lines. In contrast, our results also provide validation 

that some lines (B73 especially) are non-gametophytic at all the studied loci, and suggest 

their use for pollen parents to evaluate gametophytic pollen barriers. Comparison of our 

results to those presented in previous studies highlights the complexities associated with 

determining allele status at gametophytic loci when multiple loci are involved, and we 

provide a method of resolving allele status when multiple gametophytic loci are considered. 

The co-occurrence of m-type gametophytic alleles, especially Ga1-m and Tcb1-m as 

observed in our study, makes the problem of selecting a supplementary/replacement system 

for Ga1-s more complicated and we suggest a more extensive investigation of the 

concomitancy of these two alleles in the broader germplasm base before committing breeding 

efforts to Ga1-s Tcb1-s systems. This study, although limited, has yielded important results 

for those working with maize gametophyte factors, and we hope that it serves as base for 

more extensive investigations into these important alleles.  
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Figure 5.2. Decision trees for determining gametophytic allele status at one, two, and three loci
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Chapter VI: Topcross Performance of Expired-Plant Variety Protected Maize Lines In 

the Southeast: Mixed Models Analysis of a Decade of Data 

In the early days of maize (Zea mays L.) hybrid breeding in the United States inbred 

line development was largely a public effort, and public inbred lines represented a large 

percentage of parentage in commercial hybrids. However, seed industry surveys show public 

inbred lines are playing an increasingly smaller role in commercial hybrids, instead being 

replaced by private sector lines (Darrah and Zuber, 1985; Mikel and Dudley, 2006). During 

this same period intellectual property (IP) rights were opened to and utilized by maize 

breeders, allowing for protection of newly developed inbred lines, giving further advantage 

over use of public breeding lines through complete control of the parental lines (Mikel, 

2006). One major source of IP protection, the United States Plant Variety Protection Act 

(PVPA), currently protects inbred lines for 20 years, after which the lines become publically 

available. Little is known, however, about the value of the lines for which protection has 

expired (ex-PVPs) due to the restrictions associated with their use during the statutory 

protection period. These lines may serve as a valuable resource to public plant breeders, but 

their usefulness can only be established once they are released, creating a need to evaluate 

the value of these ex-PVP lines in different regions of adaptation.  

With the popularization of maize hybrids, the annual purchase of new seed 

represented an abrupt departure from the previous system of saving the most desirable ears 

for planting in subsequent seasons, a departure that not only gave farmers increased yields, 

but that also gave seed companies implicit intellectual property rights over a hybrid (Smith, 

2008). While the former aspect has been adequately evangelized, the latter aspect also played 
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a key role in fostering the seed industry by providing incentives for privately funded 

investments in research and development. Early maize IP consisted entirely of Trade Secrets; 

privately developed inbred lines and knowledge of which lines are crossed to produce prized 

hybrids were both closely guarded secrets, giving economic benefits to the companies who 

owned them (Smith, 2008; Janis et al., 2014). At the rise of hybrid breeding in the late 1930s 

plant patents had been recently established in the United States, but maize did not qualify for 

these protections due to the requirement for asexual propagation (Janis et al., 2014). It was 

not until the PVPA was enacted in 1970 that maize gained a solid footing for IP protection, 

initially granting 18 years of protection (later amended to 20 years) to any registered 

germplasm; however, maize inbred lines were not widely protected under PVPA until after 

1980 (Makil, 2006). Before this time maize germplasm was exchanged through “gentlemen’s 

agreements”, and this system was respected for several decades after the rise of hybrid corn. 

(Makil and Dudley, 2006). Under PVPA, there is no restriction to breeding with protected 

lines, and the “plant breeders exemption” states that “use and reproduction of a protected 

variety for plant breeding or other bona fide research” does not constitute infringement (7 

U.S.C. § 2544). The PVPA, interestingly, does not require the owner of a PVPA protected 

material to provide access, allowing breeders of hybrid crops to keep the protected parental 

inbred lines unavailable, or to protect them as trade secrets (Janis et al., 2014; Smith, 2008). 

It has also been determined in Pioneer v. Holden Foundation Seeds (1987) that the existence 

of PVPA protection does not preempt protection under the state-based trade secret laws, 

allowing for even greater protection to inbred lines as trade secrets which the ruling judged 

as “akin to a secret formula” (Janis et al., 2014; No. 81-60-E[S.D.lowa 1987]). These multi-
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layered protections to proprietary maize inbred lines have successfully limited access to these 

breeding materials, above the level experienced by PVPA protected materials in other crops. 

Intellectual property rights in maize were again strengthened in 1985 when the United States 

Patent and Trademark Office began allowing the patenting of corn inbred lines and hybrids 

under utility patents (Mikil and Dudley, 2006). Since this time, companies have employed 

diverse intellectual property strategies, with some preferring patents, some PVPs, some both, 

and some companies forgoing all disclosures and keeping inbred lines as Trade Secrets.  

These intellectual property systems, with the exception of trade secret laws, provide a 

potentially valuable resource to public plant breeders, even despite the restrictions they 

impose. Both plant utility patents and the PVPA system require the deposition of seed 

samples of the protected lines into repositories, which distribute the seed to anyone 

requesting it after the expiration of the IP protection. These seed deposits, along with the 

basic filing information provided about each line are potentially valuable resources if they 

can be explored efficiently.  Utility patents require a sample deposit in the American Type 

Culture Collection (ATCC; https://www.atcc.org) where samples are available for a set fee 

($200/sample in 2017). The PVPA requires a seed deposit into the National Plant Germplasm 

System (NPGS; https://www.ars-grin.gov/npgs/) where they become available for request 

through the USDA’s Germplasm Resource Information Network (GRIN) without a fee upon 

expiration of PVP protection. These two repositories represent potentially valuable pools of 

germplasm for public breeding programs, but little is known about the value of the inbred 

lines, creating a need to parse through a large set of materials. The scale of this project, 
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however, is nontrivial in scale and, like all yield trials, is environment-specific, meaning that 

these studies must be conducted in the environments that a breeder serves.  

 The time-delayed release of this potentially valuable germplasm, however, makes 

analysis across the whole set of materials more complex, if the breeder wants to keep up with 

the most recent releases, and results in differing numbers of entries in different years, with 

variable overlap between years. This scenario is akin to the analysis of Multi-Environment 

Trials, where experiments are grown across a range of physical locations, and often in 

different seasons (Smith et al., 2001). The analysis of this type of data has a long history, but 

recently mixed models have arisen as a favorite tool for analyzing MET-type data due to the 

ease with which incomplete data, and non-uniform error variance structures are incorporated, 

among other numerous advantages (Smith et al., 2005). Mixed models enable the prediction 

of responses across large, unbalanced data sets, making them a perfect tool for the analysis of 

multi-year yield trial data. Mixed models, in general take the form: 

𝐲 = 𝐗𝛕 + 𝐙𝐮 + 𝐞 

where y is a (n x 1) vector of response observations, 𝛕 is a (t x 1) vector of fixed effects, u is 

a (b x 1) vector of random effects, and X and Z are design matrices associated with fixed and 

random effects, respectively, with respective dimensions of (n x t) and (n x b) and e is a (n x 

1) vector of random residuals. The joint distribution of u and e is assumed normal with mean 

zero and variances: 

𝐕 = [
𝐮
𝐞
] = [

𝐆 𝟎
𝟎 𝐑

] 
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The structures of G and R are flexible, with standard assumptions often being G=I𝛔𝐮
𝟐 and 

R=I𝛔𝐞
𝟐, although differing assumptions, especially on the structure of the R matrix allows 

mixed models to more realistically model variation. The model is then solvable using 

Henderson’s mixed model equations (1949) to produce solutions for each fixed and random 

effect. Using Henderson’s equations: 

[𝐗′𝐑−𝟏𝐗 𝐗′𝐑−𝟏𝐙
𝐙′𝐑−𝟏𝐗 𝐙′𝐑−𝟏𝐙 + 𝐆−𝟏] [𝐛̂

𝐮̂
] = [

𝐗′𝐑−𝟏𝐲

𝐙′𝐑−𝟏𝐲
] 

the solutions to the fixed effects are the best linear unbiased estimators (BLUEs) of b and the 

solutions to the random effects are the best linear unbiased predictors (BLUPs) of u, which 

are estimated as: 

BLUE(𝐛) =  [𝐗′𝐑−𝟏𝐗 𝐗′𝐑−𝟏𝐗] [
𝐗′𝐑−𝟏𝐲

𝐙′𝐑−𝟏𝐲
] 

BLUP(𝐛) =  [𝐙′𝐑−𝟏𝐗 𝐙′𝐑−𝟏𝐗] [
𝐗′𝐑−𝟏𝐲

𝐙′𝐑−𝟏𝐲
] 

In reality, the true R matrix is not known, but is estimated from the data, so BLUEs and 

BLUPs are thus estimates and referred to as the Empirical-BLUEs (E-BLUEs) and 

Empirical-BLUPS (E-BLUPs; Smith et al., 2005). Through varying the structures of the R 

matrix, mixed models can be made to more accurately reflect the variation observed in yield 

trial data, especially across varying environments in different years.  

 Agricultural field experiments often suffer from inherent variability (soil moisture, 

fertility) on both a plot-to-plot and a whole field scale. Efficient estimation of fixed effects 

via mixed models relies on an appropriately chosen plot error variance model that captures 

this variation (Gilmor et al., 1997). To account for this multi-level variation, residual errors 
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can be separated into a spatially dependent random error vector (𝛏), and a random error 

vector (𝛈), such that 𝐞 = 𝛏 + 𝛈. For example, the 𝛏 structure might contain an autoregressive 

model on plot error variances, and the 𝛈 the global random effect of row. These effects are 

assumed normal with mean zero and (𝐮, 𝛏, 𝛈) are assumed pairwise independent (Cullis et al., 

1997). This changes the mixed model to: 

𝐲 = 𝐗𝛕 + 𝐙𝐮 +  𝛏 + 𝛈 

which can be simplified to a regular ANOVA model by omitting u and either 𝛏 or 𝛈.  

 The selection of the appropriate error variance structures for field experiments is a 

topic of considerable research (Kempton et. al, 1994; Cullis and Gleeson, 1991; Gilmor, 

1997). Gilmor recommended the use of separable first order autoregressive models (AR1) in 

two directions (AR1 x AR1), and found that this model in generally superior to an 

incomplete blocking structure, and a useful place to start spatial modeling of plot error 

variance. In AR1 models, the residuals are correlated based on distance between plots in the 

row or column direction, with the correlation decreasing with increasing powers as distance 

increases such that, for a field with three rows: 

𝚺𝑹(𝝆𝑹) = [

𝟏   
𝝆𝑹

 𝟏  

𝝆𝑹
𝟐 𝝆𝑹

 𝟏
] 

 

where 𝚺𝑹 is a square correlation matrix with dimensions equal to the number of rows in an 

experiment, and 𝝆𝑹 is the auto-correlation parameter in the row direction and is bound 

between zero and one. A matrix for the column direction can be similarly defined for four 

columns as follows: 
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 𝚺𝑪(𝝆𝑪) =

[
 
 
 
𝟏    
𝝆𝑪

 𝟏   

𝝆𝑪
𝟐 𝝆𝑪

 𝟏  

𝝆𝑪
𝟑 𝝆𝑪

𝟐 𝝆𝑪
  𝟏]

 
 
 

 

 

Then, by sorting the residuals as rows within columns, the variance covariance matrix of the 

residuals can be written as the direct product of these two matrices: 

𝝈𝒆
𝟐𝚺𝑪(𝝆𝑪)⨂𝚺𝑹(𝝆𝑹)= 

 

 

The correlation of residuals between any two plots is the product of autocorrelation 

parameters in each direction, raised to the power of the distance between the plots, such that 

two plots two rows and four columns apart would have correlation 𝝆𝑹
𝟐𝝆𝑪

𝟒. Since the auto-

correlation parameters are less than or equal to one, the correlation between any two plots 

approaches zero as the distance increases. The AR1 structure can be used in either direction 

in the model, or can be used in both directions to define the R matrix in the mixed models 

equations, assuming that only local trends are considered. If the model is parameterized with 



 

 117 

residuals as both local spatial trends and global trends (𝐞 = 𝛏 + 𝛈), then the AR1 structure 

will define the covariance matrix for the 𝛏 part of the model. The global trends part of the 

residuals (𝛈), also must be considered for an adequate selection of a plot error variance 

model. Common approaches to selection of the global trends are to fit rows and columns as 

random effects, regardless of the design of the experiment as a row-column incomplete block 

design (Isik et al., 2017). A more complex, and possibly more appropriate, choice for the 𝛈 

structure is the use of a random nugget variance, which fits an independent (non-spatially 

correlated) error term for each plot that is then coupled with the correlated error term 

between plots in the 𝛏 structure to define the residuals for each plot, such that: 

𝐀𝐑(𝟏)𝐱 𝐀𝐑(𝟏) + 𝐍𝐮𝐠𝐠𝐞𝐭 =  𝛔𝐞
𝟐(𝛄𝐧𝐈𝐧 + 𝚺𝐑(𝛒𝐑) ⊗ 𝚺𝐂(𝛒𝐂)) 

where 𝛄𝐧represents the nugget variance of plot n. This model fits the agronomic intuition 

about plots, where each plot is subject to continuous trends across the field (𝛏), but also 

within plot variation and random measurement errors (𝛈).  

 Smith et al. (2001) describes the use of a two-stage mixed models approach in which 

individual sites are analyzed using a spatial model, and then predictions from individual 

locations are combined in a weighted analysis of the whole data set to produce predictions 

across locations. In this analysis, a model for each contiguous set of plots is selected using a 

series of spatial models, as described in the previous paragraph. Then, using variety effects as 

fixed, E-BLUEs are produced which can then be used as the response variable in a second 

stage of analysis to predict across locations and years. However, each of these E-BLUEs is 

an estimate with an associated standard error, information that is lost if only combining the 

E-BLUEs for analysis. To remedy this problem and gain more information about varieties, 
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Smith et al. use a weighted analysis, where the standard errors, in some form, are used to 

weight the analysis of the first-stage predictions in the second stage. There are numerous 

approaches to calculating these weights, including using the standard error of the mean for a 

genotype at a location, or the inverse of the standard errors, among others (Smith et al., 2001; 

Frensham et al., 1997). Exploration of various weighting methods revealed that the optimal 

weighting method varied based on the data, but that there was little difference between 

methods in general (Möhring and Piepho, 2009). All two-stage models are approximations of 

more efficient one-stage approaches, but the decrease in computational load makes two-stage 

analysis an appealing choice for analysis of large datasets (Smith et al., 2001a).  

 The appropriate choice of model for each field experiment will vary, with some 

locations being appropriately specified by very simple models, and others requiring more 

complex models to appropriately specify the model. The use of mixed models to analyze 

field experiments, however, gives researchers the model flexibility needed to account for the 

differing error variance structures, and allow for more accurate predictions of yield 

responses, which is highly valuable for both breeders and farmers who are selecting the best 

varieties. Maize ex-PVP topcrosses make a perfect candidate for the use of mixed models 

due to the unbalanced design across time and space required due to the time-delayed release 

of ex-PVP lines. With the need to directly compare the value of maize ex-PVPs in mind, we 

used mixed models and various error structures to create a set of directly comparable 

predictions for a large set of ex-PVPs grown across a large number of site years in the 

Southeast.  
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Materials and Methods 

Genetic Materials  

Expired Plant Variety Protection (ex-PVP) lines were obtained from the North 

Central Regional Plant Introduction Station in Ames, Iowa as they became available to the 

public, beginning in 1990 and extending to 2015. Each line was topcrossed to either a stiff 

stalk tester, a non-stiff stalk tester, or to testers from both heterotic patterns based on 

available pedigree information. In some cases a single line was topcrossed to multiple stiff 

stalk testers. Ear quality ratings were taken on each row of inbred line selfs. A set of ex-PVPs 

were also crossed to each other based on pedigree information and the resulting seed was 

entered into yield trials. Non-stiff stalk testers were FR697.FR615 and LH283.LH287. Stiff 

stalk testers were LH132.FR1064, FR992.FR1064, LH244.LH245, LH132.PHG39, and 

NC368. Related line testers, like those used in all cases here, allow for testing combining 

ability with another heterotic pool, with the added benefit of improved agronomics (Hallauer 

et al, 2010). Lines with prefix “FR” are Illinois Foundation Seed, Inc. (IFSI) lines, and are 

not available through the US PVP system. The following provides derivations for the FR 

lines used here with line followed by derivation in parentheses: FR615 (C103), FR697 (C103 

x Pa91), FR1064 (FR1141 B73), FR992 (B73). Plant Variety Protection Act numbers for all 

ex-PVPs are reported in Table A2-1. Numbers of years, locations, experiments, and testers 

for each entry are presented in Table A2-2. All germplasm is denoted by PVP certificate 

name; occasionally designators from the NCSU corn breeding program are attached for 

reference and are in parentheses (e.g. 207 is “(PH)207”).  
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Yield Trials 

Hybrids from each of these crosses were grown in replicated yield trials at five 

locations each year, although specific locations changed over the span of the experiment. 

Location summary information and years at each physical location are presented in Table 6.1 

Multiple spatially contiguous experiments involving ex-PVPs were often run at a location in 

a year due to the continuous introduction of new hybrid combinations. 

Table 6.1. Research stations where yield trials were conducted along with plot 

descriptions and years each station was used. * indicates that row spacings changed across 

the experiment period 

Site Location Plot Width (m) Plot Length Years 

Central Crops RS Clayton, NC 0.97 4.88 08-17 

Piedmont RS Salisbury, NC 0.76 4.88 11-17 

Caswell Farm Kinston, NC 0.76-0.97* 4.88 08-17 

Cunningham RS Kinston, NC 0.76-0.97* 4.88 08-17 

Peanut Belt RS Lewiston- Woodville, NC 0.91 4.88 08-17 

Tidewater RS Plymouth, NC 0.91 4.88 08-10 

Sandhills RS Jackson Springs, NC 0.91 4.88 08-10 

 

Data Set Description 

 The total first stage dataset consisted of data from 20,440 plots at seven locations 

across ten years from 2008-2017. Yield, grain moisture, plant height, and ear height were 
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recorded for each plot. The second stage data consisted of 888 unique hybrids and checks, 

containing 355 Ex-PVP lines crossed to testers or to each other.  

Statistical Analysis  

Data were analyzed using a weighted two-stage mixed model approach due to 

computational limits. Data from 172 contiguous experiment environments 

(year/site/experiment combinations) were coded as individual sites for spatial analysis.  

Stage One: 

Stage one of the analysis involved fitting a series of nine error variance structures to 

each spatially-contiguous environment using ASREML 4.1 standalone to select the optimal 

model for each environment. The model for each location was selected based on 

minimization of the Akaike Information Criterion; models that did not converge or that 

converged to local maxima after 5,000 iterations were ignored for model selection. These 

models all consisted of random replication and fixed genotype effects, in combination with 

differing error variance structures. Possible models for each location fit at each location are 

summarized in Table 6.2. Empirical-Best Linear Unbiased Estimators (E-BLUEs) were 

produced for each genotype at each contiguous site. Weights for the second stage analysis 

were calculated by the inverse of the variance of each genotype’s E-BLUE at each site, so 

that highly variable estimates were given low weight and more precise estimates higher 

weights in the second stage analysis. E-BLUEs and weights were then compiled across sites 

and combined with year, location, and experiment information to form the dataset for the 

second stage. Independent analyses were conducted for grain yield, moisture, ear height, and 

plant height, such that the optimal spatial model for each trait was not constrained to be the 
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same as any other trait in order to produce the best predictions of each trait for each 

genotype.  

Table 6.2. Models fit in first stage of the analysis. 

Model Fixed Random R Structure 

1 
Intercept, 

Genotype 
Replication 𝛔𝐞

𝟐𝐈𝐧 

2 
Intercept, 

Genotype 

Replication, 

Row, Column 
 𝝈𝒆

𝟐(𝜸𝒓𝑰𝒓 + 𝜸𝒄𝑰𝒄) 

3 
Intercept, 

Genotype 

Replication, 

Row, Column 

 

 𝝈𝒆
𝟐(𝜸𝒓𝑰𝒓 + 𝜸𝒄𝑰𝒄 + 𝚺𝑪(𝝆𝑪)⨂𝚺𝑹(𝝆𝑹) 

 

4 
Intercept, 

Genotype 
Replication 

 𝛔𝐞
𝟐(𝚺𝐑(𝛒𝐑) ⊗ 𝚺𝐂(𝛒𝐂)) 

 

5 
Intercept, 

Genotype 

Replication, 

Nugget 

 

 𝛔𝐞
𝟐(𝛄𝐧𝐈𝐧 + 𝚺𝐑(𝛒𝐑) ⊗ 𝚺𝐂(𝛒𝐂)) 

 

 

6 
Intercept, 

Genotype 
Replication  𝛔𝐞

𝟐(𝚺𝐂(𝛒𝐂)) 

7 
Intercept, 

Genotype 
Replication 

 𝛔𝐞
𝟐(𝚺𝐑(𝛒𝐑)) 

 

8 
Intercept, 

Genotype 

Replication, 

Nugget 
 𝛔𝐞

𝟐(𝛄𝐧𝐈𝐧 + 𝚺𝐑(𝛒𝐑)) 

 

9 
Intercept, 

Genotype 

Replication, 

Nugget 
 𝛔𝐞

𝟐(𝛄𝐧𝐈𝐧 + 𝚺𝐂(𝛒𝐂)) 

 

 

Stage Two 

The second stage analysis consisted of fitting E-BLUEs from the first stage as the 

response variable, weighted by the inverse of their variances. The contiguous environments 

in the first stage sometimes contained experimental lines that were not PVP lines, and were 

excluded from the second stage analysis. Fixed effects were fit for intercept, genotype, tester 

heterotic pattern, and genotype by heterotic pattern interaction. The heterotic pattern effect 
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was categorical, separating topcrosses to stiff stalk, non-stiff stalk, ex-PVP by ex-PVP 

Hybrids (Hybrids), and Commercial Checks (Checks) into separate classes. Random effects 

were location, year, experiment, all interactions between these three and interactions with 

genotype effect. The four-way interaction between genotype-location-year-experiment was 

highly significant, so all terms and interactions were maintained in the model. Second-stage 

E-BLUEs were produced for each genotype by tester heterotic pattern, producing E-BLUEs 

for each line with each tested heterotic pattern. Predictions were not produced for 

line/heterotic pattern combinations not evaluated. Analysis was conducted separately for 

each trait, using the same model. For rank comparison, the analysis was also performed using 

lines as random to produce E-BLUPs for yield due to the common use of E-BLUPs by 

breeding programs.  

Significance Testing 

 The selected models were reproduced in ASReml-R (V 3.0) and pairwise differences 

were calculated between each pair of predictions using R package asremlPLUS. Significance 

tests for grain were retained for significant differences from pairwise Least Significant 

Differences from B73-non-stiff stalk average for non-stiff stalk topcrosses, from Mo17-stiff 

stalk average for stiff stalk topcrosses, and from highest yielding check for all yield 

predictions (indicated by those that are not significantly different than highest yielding 

check). All tests declared significance at the p<0.05 levels. Significant tests for moisture, 

plant height, and ear height are indicated as significant difference from the B73 non-stiff 

stalk average moisture.  
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Model Selection 

 Model selection data were combined for each trait, and significant differences 

between models were calculated using Tukey’s HSD with a family-wise confidence level of 

0.05. Significance groups were assigned based on resulting pairwise p-values. Experiments 

were subsequently divided into two groups based on number of plots in the contiguous site, 

with the small group consisting of experiments ranging from 39 to the mean site value of 

118, and the large group consisting of experiments with greater than 118 plots.  

PVP-Certificate Information Correlations 

All available information from 135 PVP certificates was obtained directly from the PVP 

certificates and combined with plant height, ear height, yield, and moisture predictions to 

produce a dataset for use. Where predictions were made across both tester patterns, the PVP 

data was attached to both measurements independently, raising the total dataset size to 195 

observations. For each ex-PVP the following measurements were obtained from the PVP 

certificate: inbred plant height, inbred ear height, ear length, ear diameter, row number, shank 

length, kernel length, kernel width, kernel thickness, and 100 seed weight. Correlations were 

conducted using Pearson’s method. Significance testing was performed with a confidence 

level of 95%. 

Ear Quality Scores 

Average ear quality ratings were calculated for inbred lines identified as potentially useful by 

this study. 
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Results 

Figure 6.1 presents summary information for the number of sites optimized by each 

model for each trait. Model 1 (random replication effect only) minimized AIC in the largest 

proportion of cases, with a mean selection percentage of 26.3% across traits. Model 5 (AR1 x 

AR1 + nugget) had the second highest mean selection percentage at 18.6% across traits.  

Figure 6.2 presents the percentages of each model selected in small and large sites. Table 6.3 

presents the model convergence criteria for each trait. Data for average predicted PVP 

performance across testers within each heterotic group are presented in Table 6.4. Average 

predictions for lines of known Non-Stiff stalk background topcrossed to stiff stalk testers are 

presented in Table 6.5; Table 6.6 presents lines of known stiff stalk background topcrossed to 

non-stiff stalk testers. Table 6.7 reports the predicted performance of selected ex-PVP-by-ex-

PVP hybrids. Table 6.8 reports the predicted performance of hybrid checks across the 

experiment. Table 6.9 presents ear quality ratings for potentially useful inbred lines. Figure 

6.3 presents the predicted yields of ex-PVP topcrosses by release date and heterotic pattern, 

as well as comparisons to B73, Mo17 and the highest predicted yielding check, Pioneer 

32D99. Figure 6.4 presents the yields and standard errors of yield by quantile. Figure 6.5 

presents the predicted yields of ex-PVP by ex-PVP hybrids, as well as comparisons to B73, 

Mo17 and the highest predicted yielding check, Pioneer 32D99. The Pearson’s and rank 

correlations between the fixed and random yield predictions were both greater than 0.99. A 

scatterplot of the entire dataset is presented in Figure 6.6, and Figure 6.7 presents scatterplots 

for each subgroup of predictions. Correlations between information obtained from PVP 

certificates and predicted values are presented in Figure 6.8.  
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Table 6.3. Model convergence criteria for each trait. First stage AIC for the Yield-

Random model is the same as for the Yield-Fixed model.  

Trait 
First Stage 

Average AIC 

Second Stage 

AIC 

Second Stage 

BIC 

Second Stage  

REML 

LogLiklihood 

Yield-Fixed 402.37 53202.63 53308.15 -26586.31 

Yield-Random - 57085.44 57206.24 -28525.72 

Moisture 39.37 6568.41 6673.94 -3269.21 

Plant Height 401.01 54056.64 54163.57 -27013.32 

Ear Height 363.35 42865.80 42971.29 -21417.90 
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Figure 6.1. Numbers of sites optimized by each model for each trait along with significance groupings 
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Figure 6.2. Comparison of model selection percentage by environment size. 
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Table 6.4.  Predicted trait values for ex-PVPs topcrossed to Stiff-Stalk (SS) and Non-Stiff-Stalk (NSS) testers. Yields are 

reported in bushels per acre, moisture as a percentage, and heights are in centimeters. * Indicates significantly different 

from reference line (B73 for NSS, Mo17 for SS topcrosses) for yield, significantly different from B73 for both heights and 

moisture. 

 Non-Stiff-Stalk Stiff-Stalk 

Line Yld SE Yld Moi SE Moi Pht SE Pht Eht SE Eht Yld SE Yld Moi SE Moi Pht SE Pht Eht SE Eht 

B73 118.67 6.8 16.75 0.54 102.7 4.45 269.7 9.06         

Mo17         117.26 6.28 16.47 0.53 101.58 4.27 266.33 8.86 

5707 96.01 7.23 17.25 0.56 87.19* 4.72 246.8* 9.33 113.96 6.46 18.41 0.53 99.16 4.33 264.9 8.93 

29MIBZ2 93.70 8.70 15.83* 0.60 80.01* 5.22 226.6* 9.79 96.13 8.70 16.05 0.6 81.45* 5.24 240.42* 9.81 

3IIH6 101.57 8.74 15.73* 0.59 92.71* 5.24 254.8* 9.79 103.22 8.78 15.9* 0.59 92.31* 5.25 254.39* 9.8 

3IJI1 94.73 8.60 15.8* 0.60 89* 5.30 235* 9.83 108.28 8.66 16.2 0.6 94.8 5.3 242.4* 9.83 

4676A 105.60 7.07 15.6* 0.55 91.36* 4.55 256.4* 9.20 90.37 6.84 16.08* 0.55 86.2* 4.46 243.57* 9.07 

6F545 119.34 9.90 18.09 0.67 97.25 5.78 250.5* 10.60 85.98 9.90 18.42 0.67 97.14 5.81 254.16* 10.6 

6M502 109.28 9.13 17.81 0.62 82.2* 5.66 249.7* 10.28 120.92 7.20 18.06 0.55 99.08 4.62 266.12 9.2 

78371A 80.96 7.12 17.10 0.55 85.18* 4.57 251.3* 9.30 102.64 6.78 18.37 0.54 93* 4.45 263.56 9.07 

78551S 67.98 8.95 14.89* 0.65 67.98* 5.50 237.8* 10.16 106.48 6.97 15.99* 0.55 83.74* 4.53 252.54* 9.11 

84BRQ4 107.12 8.59 17.31 0.60 89.02* 5.25 248* 9.84 87.85 8.59 17.43 0.6 87.91* 5.25 251.8* 9.83 

84QAB1 119.53 8.60 17.49 0.60 90.22* 5.25 257.2* 9.83 95.85 8.58 17.23 0.6 92.41* 5.25 254.42* 9.83 

8M116 119.46 9.95 16.78 0.67 90.42* 5.81 263.00 10.60 117.58 9.92 18.22 0.67 96.93 5.81 274.49 10.61 

8M129 114.40 8.74 16.60 0.59 97.89 5.24 263.80 9.78 114.96 8.77 16.59 0.6 109.84 5.24 283.66 9.79 

91BMA2 92.42 8.60 15.99* 0.60 91.25* 5.27 241.7* 9.85 69.22 8.58 16.43 0.6 88.79* 5.25 241.58* 9.83 

AQA3 91.54 8.76 15.71* 0.59 88.66* 5.24 239.2* 9.79 76.81 9.18 16.2 0.61 87.51* 5.46 231.43* 9.98 

CL614 89.31 8.64 15.92* 0.60 88.8* 5.29 243.7* 9.88 91.81 8.61 16.24 0.6 92.52* 5.28 249.97* 9.83 

CQ702rc 96.47 8.75 15.52* 0.59 94.46* 5.24 256.9* 9.79 103.93 8.74 16.07 0.59 99.27 5.24 269.98 9.79 

CQ806 95.83 8.58 16.45 0.60 83.78* 5.27 233.9* 9.84 109.67 8.62 16.91 0.6 99.02 5.27 254.14* 9.83 

G35 108.11 8.72 17.14 0.61 95.56 5.24 251.5* 9.96 111.27 7.00 17.26 0.55 96.41* 4.55 258.18* 9.12 

G39 112.39 6.94 17.17 0.55 95.5* 4.55 265.60 9.13 92.12 9.60 17.22 0.68 95.61 5.74 261.69 10.6 

G50 98.40 8.73 16.01 0.61 95.50 5.24 243.8* 9.97 97.02 7.02 16.68 0.56 95.66* 4.55 249.75* 9.12 
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Table 6.4. Continued. 

 Non-Stiff-Stalk Stiff-Stalk 

Line Yld SE Yld Moi SE Moi Pht SE Pht Eht SE Eht Yld SE Yld Moi SE Moi Pht SE Pht Eht SE Eht 

HBA1 115.04 6.65 17.72 0.54 97.72 4.48 265.50 9.06 111.83 6.42 17.7 0.53 96.54* 4.33 270.72 8.93 

IBB14 98.14 7.26 15.57* 0.56 91.26* 4.65 237.2* 9.24 87.89 7.56 15.49* 0.57 86.73* 4.86 232.79* 9.4 

IBB15 93.31 7.42 15.37* 0.57 82.57* 4.72 240.9* 9.30 91.32 7.57 15.53* 0.58 85.57* 4.79 247.78* 9.41 

IBH9 107.76 8.59 16.47 0.60 87.64* 5.25 253* 9.83 112.50 8.62 16.36 0.6 91.87* 5.32 263.97 9.86 

IBO14 103.67 8.66 16.84 0.61 90.89* 5.35 249.3* 9.86 93.94 7.38 16.67 0.57 93.11* 4.71 248.7* 9.27 

IBO2 93.15 7.53 15.99* 0.57 82.53* 4.81 243.9* 9.40 84.69 8.04 15.03* 0.58 96.31 5.04 249.38* 9.65 

ICI_740 117.93 8.34 17.09 0.58 93.27* 5.11 263.00 9.66 44.11 8.78 16.38 0.59 82.69* 5.25 225.5* 9.8 

ICI_986 92.27 8.76 16.51 0.59 97.98 5.24 242.5* 9.79 91.83 8.74 17.05 0.59 99.91 5.23 251.71* 9.79 

L_127 92.67 7.40 15.86* 0.57 76.38* 4.72 228.4* 9.30 87.28 7.40 16.16 0.57 80.34* 4.72 231.57* 9.31 

L_135 93.83 7.41 15.4* 0.57 82.58* 4.72 235.1* 9.30 90.83 7.57 15.6* 0.58 87.45* 4.8 241.74* 9.41 

L_139 88.41 7.55 15.42* 0.57 79.82* 4.85 249.8* 9.40 99.88 7.24 15.57* 0.56 84.47* 4.65 249.85* 9.23 

L222 82.10 8.60 16.55 0.60 80.77* 5.26 232.7* 9.83 88.45 8.61 16.88 0.6 89.37* 5.26 241.28* 9.83 

LH123HT 95.48 8.75 16.52 0.61 99.97 5.23 264.10 9.96 110.11 6.52 17.07 0.53 107.24 4.35 281.33 8.95 

LH150 103.70 7.27 17.44 0.56 104.55 4.66 268.50 9.43 96.77 6.65 17.67 0.54 103.49 4.41 266.52 9.03 

LH156 103.76 7.36 19.48 0.56 83.04* 4.66 243.7* 9.31 109.50 6.65 19.66 0.54 90.02* 4.4 252.93* 9 

LH159 128.77 8.64 19.27 0.60 96.12 5.30 269.90 9.86 108.68 8.66 18.97 0.6 104.41 5.31 273.6 9.83 

LH163 91.54 8.69 15.33* 0.60 79.08* 5.22 243.5* 9.79 87.40 8.66 15.81* 0.6 82.4* 5.22 243.99* 9.8 

LH164 86.95 8.81 15.82* 0.59 77.62* 5.24 226.3* 9.79 80.48 9.20 16.06 0.61 86.35* 5.46 250.25* 9.98 

LH166 95.83 8.48 16.72 0.58 77.55* 5.23 231.6* 9.72 87.01 7.50 16.31 0.56 80.15* 4.74 242.44* 9.3 

LH284 85.13 9.24 15.92* 0.62 81.43* 5.64 236.2* 10.15 119.72 8.63 16.53 0.6 93.42* 5.32 259 9.83 

LH38 87.20 8.72 16.27 0.61 73.53* 5.22 232* 9.96 102.49 6.66 16.92 0.54 82.14* 4.41 241.6* 9 

LH39 90.74 8.74 15.93* 0.61 86.82* 5.23 250.5* 9.96 102.04 6.72 15.78* 0.54 89.73* 4.43 246.64* 9.01 

LH82 88.95 8.75 16.95 0.61 81.31* 5.23 217.2* 9.96 97.97 7.00 16.43 0.55 83.35* 4.54 228.56* 9.12 

LH85 89.50 7.11 15.38* 0.56 82.98* 4.56 237.8* 9.21 93.70 6.94 16.3 0.55 86.89* 4.5 240.45* 9.11 

LH93 104.85 7.00 15.81* 0.55 95.88* 4.63 253.3* 9.21 104.73 6.81 15.7* 0.55 97.95 4.5 260.41* 9.07 

LIBC4 92.00 8.67 15.61* 0.60 78.9* 5.22 231.3* 9.79 101.83 8.67 15.79* 0.6 85.13* 5.22 241.45* 9.79 
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Table 6.4. Continued. 

 Non-Stiff-Stalk Stiff-Stalk 

Line Yld SE Yld Moi SE Moi Pht SE Pht Eht SE Eht Yld SE Yld Moi SE Moi Pht SE Pht Eht SE Eht 

MBPM 108.54 7.33 16.95 0.56 94.37* 4.68 265.90 9.33 106.35 8.58 17.59 0.62 98.36 5.21 265.98 10.39 

MBST 98.01 8.77 17.27 0.61 82.61* 5.23 247.8* 9.96 114.45 6.90 17.87 0.55 91.58* 4.5 255.3* 9.11 

MBWZ 108.48 8.74 17.40 0.59 88.94* 5.24 248.6* 9.79 114.06 8.74 17.51 0.59 98.73 5.24 263.47 9.79 

MBZA 100.13 9.92 16.19 0.67 79.58* 5.79 229.9* 10.60 89.98 10.09 16.59 0.67 77.77* 5.9 229.42* 10.72 

ML606 104.07 7.00 16.69 0.55 88.75* 4.57 250.9* 9.26 103.22 6.49 17.72 0.53 94.9* 4.34 256.54* 8.96 

(NK)779 64.10 7.20 15.49* 0.56 79.71* 4.58 231* 9.23 61.98 7.20 15.14* 0.56 81.57* 4.57 234.98* 9.2 

(NK)787 115.15 8.71 18.32 0.61 94.26* 5.23 265.30 9.98 118.92 6.81 18.89 0.54 99.73 4.47 273.71 9.07 

(NK)792 110.50 6.79 16.32 0.54 95.06* 4.47 251.3* 9.10 79.24 6.78 16.62 0.55 85.63* 4.44 236.92* 9.07 

(NK)907 71.25 9.39 16.03 0.62 74.66* 5.65 219.5* 10.16 88.83 8.63 16.05 0.6 86.09* 5.3 237.13* 9.83 

(NK)991 103.03 7.68 14.96* 0.57 88.55* 4.76 250.5* 9.41 87.66 9.16 15.27* 0.62 88.99* 5.28 241.8* 9.96 

NQ402 105.34 8.60 15.22* 0.60 96.88 5.26 250.4* 9.83 97.07 8.60 15.85* 0.6 94.18* 5.26 255.94* 9.84 

NQ508 92.28 7.30 15.96* 0.56 105.34 4.67 258.3* 9.43 94.57 6.84 16.47 0.55 97.5 4.49 252.36* 9.09 

NS701 118.33 6.94 16.37 0.55 103.60 4.52 265.40 9.14 75.48 9.62 16.63 0.68 94.71 5.72 241.69* 10.62 

NS815 120.31 9.91 16.23 0.67 96.62 5.80 261.10 10.60 88.32 9.90 16.79 0.67 89.22* 5.78 254.1* 10.59 

OQ403 84.67 8.74 15.63* 0.60 76.29* 5.22 236.5* 9.79 76.17 8.66 16.18 0.6 84.73* 5.22 233.4* 9.8 

OQ414 83.43 10.00 16.18 0.67 70.86* 5.81 228.2* 10.67 79.83 9.95 16.14 0.67 77.71* 5.81 236.69* 10.6 

(PH)207 93.98 7.46 15.36* 0.57 93.21* 4.80 244.7* 9.37 89.82 6.89 16* 0.55 89.72* 4.52 245.97* 9.09 

PH5HK 107.62 8.60 16.97 0.60 84.76* 5.25 254* 9.84 87.74 8.62 16.78 0.6 92.44* 5.25 255.82* 9.85 

PHAJ0 54.71 9.99 14.8* 0.68 62.54* 5.78 207.3* 10.60 72.08 10.00 15.66* 0.68 84.06* 5.8 246.65* 10.6 

PHAP8 82.35 9.91 16.23 0.67 76.97* 5.80 233.3* 10.60 87.08 9.90 16.39 0.67 89.75* 5.78 246.12* 10.59 

PHAP9 95.74 9.94 16.81 0.67 88.76* 5.81 249* 10.60 97.78 9.93 17.2 0.67 95.83 5.8 269.23 10.59 

PHBF0 86.87 9.92 15.81 0.67 91.65* 5.80 234.8* 10.61 100.93 9.94 16.16 0.67 86.05* 5.81 247.74* 10.6 

PHDD6 67.59 9.71 16.09 0.62 53.72* 5.64 190.9* 10.15 76.05 8.98 16.35 0.61 61.26* 5.31 208.75* 9.84 

PHEM7 71.90 8.80 16.53 0.60 79.9* 5.31 245.9* 9.83 80.91 8.70 16.3 0.6 83.92* 5.32 245.2* 9.84 

PHFA5 70.24 9.60 16.30 0.64 67.79* 5.77 218.3* 10.29 80.42 8.87 16.22 0.61 74.38* 5.33 235.79* 9.85 

PHG29 94.36 7.36 15.85* 0.56 86.61* 4.72 243.4* 9.32 97.59 7.36 16.56 0.56 93.73* 4.7 252.27* 9.27 
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Table 6.4. Continued. 

 Non-Stiff-Stalk Stiff-Stalk 

Line Yld SE Yld Moi SE Moi Pht SE Pht Eht SE Eht Yld SE Yld Moi SE Moi Pht SE Pht Eht SE Eht 

PHG47 101.30 8.70 15.63* 0.61 89.04* 5.23 261.30 9.96 104.30 6.47 15.77* 0.53 84.79* 4.33 247.22* 8.93 

PHG72 100.20 7.07 15.93* 0.55 90.93* 4.63 237.9* 9.21 98.35 6.82 16.39 0.55 93.05* 4.5 241.02* 9.08 

PHG83 108.21 7.38 15.91* 0.56 95.96* 4.72 259.7* 9.32 91.19 7.37 16.24 0.56 94.9* 4.7 261.1* 9.27 

PHG84 113.08 6.82 17.40 0.54 97.77 4.48 270.90 9.09 109.64 7.02 18.15 0.55 97.72 4.57 272.44 9.2 

PHGG7 66.48 9.71 15.44* 0.65 85.66* 5.60 243.5* 10.31 78.94 9.78 15.68* 0.65 96.08 5.61 253.83* 10.31 

PHGW7 98.48 8.74 16.07 0.59 88.41* 5.24 238.3* 9.79 90.65 8.75 16.54 0.59 88.14* 5.24 244.99* 9.79 

PHHH9 116.72 8.75 17.31 0.59 95.25 5.24 258.8* 9.79 95.97 9.18 17.54 0.61 90.94* 5.47 259.82 9.98 

PHHV4 109.89 8.75 16.91 0.59 92.35* 5.24 256.7* 9.79 74.53 9.17 17.13 0.61 92.9* 5.47 244.78* 9.98 

PHJ31 110.58 7.25 18.56 0.56 91.7* 4.65 262.30 9.23 106.97 7.35 18.08 0.56 94.7* 4.72 269.71 9.29 

PHJ33 65.53 9.78 16.86 0.64 82.89* 5.87 239.4* 10.55 116.86 8.26 16.9 0.58 103.79 5.04 264.74 9.65 

PHJ40 80.02 7.35 15.62* 0.56 82.79* 4.72 234.7* 9.32 89.63 7.76 15.85* 0.57 84.37* 5.08 242.52* 9.6 

PHJ65 115.11 8.34 18.00 0.58 99.50 5.11 276.30 9.66 121.11 8.33 17.98 0.58 98.81 5.1 277.93 9.65 

PHJ75 78.29 7.67 15.24* 0.58 73.04* 4.87 230.1* 9.42 86.12 7.60 15.22* 0.58 89.55* 4.81 255.17* 9.43 

PHJ90 95.96 8.72 16* 0.60 84.02* 5.24 231.2* 9.81 98.74 8.71 16.66 0.6 86.37* 5.25 241.1* 9.81 

PHK05 65.41 7.59 14.97* 0.58 75.81* 4.82 234.8* 9.46 84.61 7.50 16.38 0.58 84.61* 4.8 245.87* 9.39 

PHK35 114.13 8.28 16.62 0.59 98.04 5.05 267.20 9.66 59.70 9.71 16.61 0.64 81.72* 5.87 247.01* 10.53 

PHK42 101.86 7.03 15.54* 0.55 93.87* 4.58 246.7* 9.23 93.01 6.83 16.3 0.55 88.16* 4.48 246.26* 9.08 

PHK46 124.42 8.64 17.55 0.60 106.13 5.30 276.80 9.84 122.83 8.64 17.66 0.6 104.61 5.28 282.52 9.8 

PHK74 107.49 7.90 16.36 0.57 85.82* 5.05 230.3* 9.56 101.94 7.41 15.95* 0.56 95.84* 4.72 252.78* 9.28 

PHK76 95.92 7.02 16.67 0.55 86.24* 4.58 246* 9.23 95.98 6.81 16.96 0.55 88.33* 4.48 243.59* 9.08 

PHK93 111.48 7.99 18.61 0.57 91.06* 4.98 265.50 9.52 118.56 7.36 18.94 0.56 103.22 4.68 264.55 9.24 

PHKE6 92.36 9.22 16.36 0.61 80.18* 5.47 234.8* 9.98 104.19 8.77 16.06 0.59 87.91* 5.23 241.66* 9.79 

PHKM5 73.23 7.64 15.81* 0.57 71.92* 4.83 216.7* 9.41 73.37 7.62 15.87* 0.57 74.92* 4.85 215.9* 9.42 

PHM10 94.53 9.83 16.22 0.65 91.7* 5.89 237.4* 10.54 97.05 8.77 16.3 0.61 96.15 5.24 260.39 9.88 

PHM49 104.73 7.33 17.23 0.56 92.08* 4.68 257.7* 9.33 88.43 8.71 17.05 0.61 95.54 5.21 254.23* 10.39 

PHM57 119.39 7.14 18.15 0.55 97.82 4.60 266.70 9.19 114.04 7.14 17.77 0.55 101.27 4.61 265.17 9.19 
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Table 6.4. Continued. 

 Non-Stiff-Stalk Stiff-Stalk 

PVP Yld SE Yld Moi SE Moi Pht SE Pht Eht SE Eht Yld SE Yld Moi SE Moi Pht SE Pht Eht SE Eht 

PHM81 77.50 7.60 17.03 0.56 62.6* 4.81 204.3* 9.38 79.59 7.36 16.45 0.56 71.18* 4.71 213.61* 9.28 

PHN11 93.77 7.04 15.75* 0.55 88.45* 4.59 244.2* 9.23 83.37 6.89 16.37 0.55 84.91* 4.51 243.04* 9.1 

PHN18 114.24 8.62 18.00 0.60 93.33* 5.29 254.2* 9.82 82.52 9.32 18.01 0.62 88.59* 5.68 232.92* 10.16 

PHN34 97.61 7.74 16.95 0.57 95.13* 4.84 259.2* 9.44 95.15 7.41 17.19 0.56 101.18 4.69 261.16* 9.28 

PHN37 90.77 9.75 16.48 0.64 84.14* 5.87 246.2* 10.58 108.46 8.25 16.26 0.58 92.66* 5.04 261.53 9.65 

PHN41 110.89 8.63 16.91 0.60 87.14* 5.30 244.5* 9.83 80.43 9.18 16.82 0.62 81.99* 5.64 227.14* 10.16 

PHN47 117.25 6.75 18.42 0.54 104.75 4.46 267.30 9.08 116.93 6.74 18.64 0.54 108.53* 4.46 271.72 9.07 

PHN73 94.46 9.71 16.08 0.64 86.24* 5.87 251.7* 10.53 108.27 8.26 16.09 0.58 95.54* 5.04 264.48 9.65 

PHN82 105.45 8.26 17.58 0.58 83.87* 5.04 237.4* 9.65 108.40 8.28 17.38 0.58 89.25* 5.05 246.57* 9.66 

PHP02 97.41 7.30 15.7* 0.56 85.39* 4.66 242.5* 9.25 91.40 7.56 15.76* 0.57 89.8* 4.79 249.6* 9.41 

PHP55 98.53 9.65 16.28 0.64 85.01* 5.87 232.4* 10.52 110.36 8.25 16.19 0.58 99.19 5.04 261.84 9.65 

PHP76 92.62 9.83 16.27 0.64 88.87* 5.87 237.8* 10.56 98.30 8.26 16.92 0.58 93.5* 5.04 247.76* 9.65 

PHPR5 105.60 8.68 17.56 0.60 80.04* 5.23 241.2* 9.79 95.79 9.50 16.72 0.63 86.37* 5.56 250.16* 10.28 

PHR25 82.79 7.58 15.96* 0.58 78.88* 4.80 231.9* 9.41 86.15 7.45 15.4* 0.57 84.82* 4.72 241.88* 9.3 

PHR30 108.57 8.66 15.91* 0.60 92.73* 5.23 258.1* 9.79 99.20 8.67 15.63* 0.6 88.82* 5.23 247.09* 9.8 

PHR32 110.71 6.98 17.68 0.55 101.80 4.57 282.60 9.22 116.73 6.79 17.86 0.54 100.34 4.47 272.2 9.08 

PHR36 108.51 6.95 16.36 0.55 99.14 4.49 258.4* 9.17 103.91 6.47 17.02 0.53 97.3* 4.32 254.42* 8.93 

PHR62 96.43 9.66 16.71 0.64 92.71* 5.86 252.6* 10.52 105.57 8.25 16.63 0.58 101.44 5.04 266.76 9.65 

PHR63 112.86 8.26 18.63 0.58 90.16* 5.04 252.2* 9.65 115.05 8.27 18.44 0.58 99.21 5.04 258.37* 9.65 

PHRD6 79.28 7.67 16.03* 0.57 73.15* 4.85 226.5* 9.44 82.85 7.60 16.23 0.57 81.16* 4.84 237.62* 9.41 

PHT22 103.88 7.15 17.03 0.55 89.16* 4.61 246.5* 9.19 106.63 7.21 17.19 0.56 92.73* 4.64 251.9* 9.22 

PHT60 102.57 7.54 17.76 0.57 92.49* 4.75 260* 9.49 108.23 7.89 17.38 0.58 90.37* 4.98 255.41* 9.73 

PHT69 89.53 7.48 16.48 0.56 84.84* 4.71 241.4* 9.28 88.11 7.61 16.45 0.56 90.52* 4.77 245.37* 9.34 

PHT73 57.56 9.05 14.8* 0.60 67.29* 5.31 213.5* 10.03 71.78 7.39 15.29* 0.56 77.64* 4.71 229.12* 9.27 

PHT77 104.02 6.90 16.27 0.55 94.62* 4.55 260.3* 9.20 104.68 6.45 16.48 0.53 96.94* 4.32 265.96 8.93 

PHTD5 69.35 9.92 15.48* 0.67 73.87* 5.80 220.8* 10.60 82.29 9.90 16.35 0.67 81.45* 5.78 240.17* 10.6 
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Table 6.4. Continued. 

 Non-Stiff-Stalk Stiff-Stalk 

Line Yld SE Yld Moi SE Moi Pht SE Pht Eht SE Eht Yld SE Yld Moi SE Moi Pht SE Pht Eht SE Eht 

PHV07 96.13 8.74 16.88 0.61 84.82* 5.24 241.7* 9.88 83.51 8.73 16.81 0.61 88.79* 5.24 238.77* 9.87 

PHV37 104.03 8.26 16.51 0.58 85.46* 5.04 253.3* 9.65 93.57 9.75 16.84 0.64 84.73* 5.87 249.73* 10.54 

PHV53 113.32 8.37 18.04 0.58 97.16 5.11 267.00 9.66 114.52 8.41 18.04 0.58 102.71 5.13 279.28 9.68 

PHV57 92.76 8.80 16.90 0.59 85.11* 5.26 227.5* 9.82 98.54 8.75 17.07 0.59 92.51* 5.24 240.63* 9.79 

PHV63 103.22 7.02 16.44 0.55 93.48* 4.58 251.1* 9.23 92.84 6.81 17.52 0.55 86.55* 4.48 237.57* 9.08 

PHV78 110.33 7.48 16.74 0.56 95.72* 4.68 262.90 9.32 98.44 7.02 17.04 0.55 97.43 4.52 260.61* 9.12 

PHVJ4 84.38 8.84 16.16 0.59 85.43* 5.25 242.9* 9.80 86.87 8.75 16.3 0.59 90.03* 5.24 255.98* 9.79 

PHW03 105.75 7.15 16.73 0.55 89.48* 4.60 258* 9.19 94.95 7.51 16.62 0.57 93.91* 4.79 261.1 9.4 

PHW06 89.08 8.69 15.28* 0.60 80.89* 5.29 234.4* 9.81 81.55 8.62 15.45* 0.6 82.73* 5.3 243.59* 9.85 

PHW17 106.26 6.88 17.43 0.54 96.29* 4.48 266.80 9.09 61.45 8.10 16.95 0.57 95.91 5.1 246.42* 9.59 

PHW20 90.06 7.80 16.72 0.57 88.49* 4.91 249.6* 9.47 98.57 7.30 16.62 0.55 95.38* 4.65 256.87* 9.23 

PHW43 95.11 7.54 16.31 0.57 82.04* 4.85 254.1* 9.40 100.77 7.26 16.84 0.56 81.97* 4.65 249.26* 9.23 

PHW51 103.66 8.25 16.93 0.58 93.27* 5.04 253.1* 9.65 86.75 9.99 17.03 0.64 94.14 5.87 249.77* 10.59 

PHW53 100.42 8.78 16.56 0.59 75.97* 5.24 231.7* 9.78 107.47 8.76 17.12 0.59 89.2* 5.24 244.76* 9.79 

PHW65 106.55 6.92 17.60 0.55 91.39* 4.55 254.5* 9.20 106.66 6.45 17.8 0.53 93.47* 4.33 259.18* 8.93 

PHW79 114.95 7.33 17.84 0.56 95.79* 4.68 265.10 9.32 110.86 8.67 17.67 0.61 97.88 5.22 254.73* 10.39 

PHW80 87.74 8.75 16.60 0.59 77.84* 5.24 231.7* 9.78 93.42 8.79 16.82 0.59 88.51* 5.24 238.83* 9.79 

PHW86 85.30 8.74 15.61* 0.61 79.32* 5.24 219.5* 9.88 82.25 9.87 15.73* 0.65 84.75* 5.89 234.09* 10.63 

PHZ51 101.21 6.72 16.46 0.54 97.71 4.50 267.50 9.07 102.94 6.71 16.52 0.54 101.54 4.48 267.79 9.05 

UACQ702rc 95.02 9.95 14.8* 0.67 93.28* 5.82 253.3* 10.62 89.35 9.94 15.78* 0.67 104.07 5.8 269.18 10.6 

UAS1538 98.45 8.67 16.16 0.60 85.78* 5.23 247.9* 9.80 91.03 9.52 16.16 0.63 83.65* 5.59 253.21* 10.28 

WIL500 94.33 9.99 17.78 0.65 83.53* 6.02 220.9* 10.76 98.61 8.27 17.6 0.58 85.07* 5.04 233.16* 9.65 

ZS01250 67.37 7.91 15.3* 0.60 79.41* 5.09 232.9* 9.60 68.07 7.41 15.31* 0.57 89.35* 4.72 251.03* 9.3 

ZS365 108.28 8.70 17.76 0.60 86.84* 5.30 247.6* 9.83 95.54 9.26 17.69 0.62 85.78* 5.66 236.27* 10.15 

ZS635 100.54 8.59 16.03 0.60 88.57* 5.28 252.1* 9.83 67.57 9.36 16.47 0.62 83.65* 5.63 244.44* 10.15 
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Table 6.5.  Predicted trait values across testers for ex-PVPs topcrossed to Stiff-Stalk (SS) testers. Yields are reported in 

bushels per acre, moisture as a percentage, and heights are in centimeters. * Indicates significantly different from 

reference line (Mo17) for yield, significantly different from B73 for both heights and moisture. 

Line SS Yield SE SS Yld SS Moi SE SS Moi SS Eht SE SS Eht SS Pht SE SS Pht 

Mo17 117.26 6.28 16.47 0.53 101.58 4.27 266.33 8.86 

3IBZ2 71.89 9.77 15.28* 0.65 73.13* 5.6 221.42* 10.33 

83IBI3 83.82 8.71 15.38* 0.6 85.12* 5.23 238.38* 9.8 

8F196 74.42 8.66 16.79 0.6 88.64* 5.27 239.45* 9.85 

91IFC2 91.5 7.43 15.78* 0.56 89.14* 4.73 241.48* 9.29 

BCC03 106.93 8.36 16.72 0.58 86.08* 5.11 252.43* 9.65 

(Carg)11430 102.6 8.52 15.94* 0.6 90.15* 5.21 250.48* 9.88 

E8501 112.49 6.92 17.51 0.55 88.61* 4.51 256.7* 9.09 

IBC2 93.71 7.39 15.41* 0.56 88.24* 4.71 247.3* 9.27 

ICI581 90.7 8.8 16.32 0.6 89.97* 5.25 251.12* 9.81 

J8606 105.04 6.97 17.44 0.55 96.42* 4.53 261.3* 9.11 

LH127 89.67 8.63 15.64* 0.61 82.81* 5.26 241.82* 9.81 

LH128 98.97 9.71 17.59 0.69 98.94 5.81 254.17* 10.63 

LH160 94.57 9.68 15.35* 0.68 88.4* 5.76 262.82 10.58 

LH162 87.59 9.74 15.39* 0.68 90* 5.78 240.41* 10.62 

LH165 100.47 8.77 16.45 0.6 87.68* 5.25 226.4* 9.79 

LH167 76.35 8.64 16.42 0.6 82.34* 5.3 231.69* 9.83 

LH168 89.68 9.95 16.46 0.67 83.33* 5.82 241.79* 10.61 

LH172 96.78 8.69 16.31 0.6 76.4* 5.33 223.58* 9.87 

LH175 93.12 9.94 16.64 0.67 74* 5.79 223.27* 10.6 

LH176 88.86 9.97 15.89 0.67 79.12* 5.84 227.21* 10.61 

LH181 97.45 8.78 16.51 0.6 95.67 5.24 264.63 9.79 

LH183 101.3 8.72 16.25 0.6 105.61 5.3 272.12 9.86 

LH184 96.25 8.77 15.7* 0.6 96.37 5.25 255.2* 9.79 
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Table 6.5.  Continued  

Line SS Yield SE SS Yld SS Moi SE SS Moi SS Eht SE SS Eht SS Pht SE SS Pht 

LH185 113.57 8.9 16.53 0.6 91.49* 5.29 264.6 9.8 
LH186 114.94 8.66 16.66 0.6 104.77 5.31 268.08 9.83 

LH189Ht 110.74 10.14 16.47 0.67 99.12 5.91 265.25 10.7 

LH199 45.55 8.85 17.28 0.6 72.65* 5.26 210.47* 9.81 

LH210 109.39 8.76 16.95 0.6 105.11 5.24 268.73 9.79 

LH211 131.6 8.82 17.32 0.61 115.23* 5.34 285.01 9.91 

LH212Ht 110.21 8.34 16.9 0.58 101.71 5.11 267.24 9.66 

LH213 111.6 8.35 17.38 0.58 92.61* 5.11 269.37 9.66 

LH214 113.09 8.36 17.18 0.58 93.6* 5.1 261.31 9.66 

LH215 107.96 8.67 16.84 0.6 94.05* 5.23 261.52 9.79 

LH216 104.87 8.78 16.91 0.6 97.89 5.25 259.92 9.8 

LH217 115.69 8.94 16.95 0.62 93.37* 5.37 252.58* 9.93 

LH218 124.63 8.62 17.14 0.6 108.79 5.33 282.58 9.84 

LH219 97.8 9.94 17.4 0.67 98.84 5.83 262.27 10.61 

LH224 65.03 8.83 16* 0.6 88.78* 5.24 235.12* 9.8 

LH250 97.05 9.94 18.07 0.67 93.96 5.81 265.29 10.6 

LH252 124.4 9.98 17.68 0.67 114.84* 5.83 293.8 10.61 

LH260 105.38 9.93 16.78 0.67 111.38 5.81 266.58 10.6 

LH299 84.18 8.61 16.09 0.6 75.94* 5.25 223.04* 9.83 

LH51 115.49 6.52 17.21 0.53 105.12 4.35 264.27 8.95 

LH52 93.06 7.02 15.45* 0.56 96.03* 4.53 250.33* 9.11 

LH54 99.77 6.53 16.72 0.54 88.03* 4.34 238.22* 8.95 

LH57 105.51 6.53 15.89* 0.54 86.09* 4.34 242.08* 8.95 

LH59 108.27 6.53 16.62 0.54 94.16* 4.34 252.39* 8.95 

LH60 110.47 6.53 18.06 0.54 94.23* 4.34 258.59* 8.94 

LH61 101.62 6.68 16.17* 0.54 88.87* 4.4 240.17* 9 
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Table 6.5.  Continued  

Line SS Yield SE SS Yld SS Moi SE SS Moi SS Eht SE SS Eht SS Pht SE SS Pht 

LH65 110.22 8.51 16.52 0.6 95.99 5.21 252.5* 9.89 
Lp215D 94.55 8.69 16.65 0.6 93.73* 5.24 255.26* 9.8 

MBNA 102.82 8.52 15.96* 0.6 94.22* 5.32 257.75* 9.85 

MBSJ 93.8 7.48 16.47 0.56 81.57* 4.72 254.43* 9.28 

MBUB 118.11 8.34 17.45 0.58 92.42* 5.1 265.23 9.66 

MDF-13D 98.84 7 16.85 0.55 99.06 4.55 268.76 9.12 

MM402A 117.01 8.34 16.47 0.58 90.52* 5.1 265.86 9.66 

MM501D 109.37 8.76 17.4 0.6 87.31* 5.24 252.41* 9.79 

NC492 119.99 8.54 19.39 0.6 105.91 5.33 271.22 9.87 

(NK)740 113.21 6.51 16.66 0.53 100.04 4.34 255* 8.94 

(NK)899 112.99 8.64 16.4 0.6 94.9 5.26 262.93 9.84 

(NK)904 100.43 8.67 16.57 0.6 82* 5.23 249.11* 9.8 

(NK)911 94.75 8.68 16.3 0.6 83.55* 5.22 251.43* 9.8 

(NK)912 93 8.7 15.97* 0.6 86.18* 5.24 255.87* 9.8 

OQ101 75.01 7.63 16.36 0.57 75.91* 4.8 227.74* 9.39 

PHAP1 121.75 9.93 17.71 0.67 109.25 5.81 271.14 10.61 

PHBA6 99.03 8.67 16.26 0.6 97.23 5.23 282.89 9.79 

PHBE2 124.22 9.93 17.64 0.67 98.45 5.79 272.93 10.6 

PHGV6 111.67 8.77 17.47 0.6 107.83 5.24 270.58 9.79 

PHN46 109.4 7.41 16.51 0.56 103.94 4.73 258.96* 9.29 

PHR03 105.74 8.94 18.19 0.61 102.55 5.36 272.1 9.95 

PHR31 108.77 8.77 16.86 0.6 93.35* 5.24 248.5* 9.79 

PHR55 113.17 8.34 17.21 0.58 95.45 5.11 263.67 9.66 

PHR58 118.12 8.34 17.42 0.58 108.41 5.11 282.5 9.66 

PHTE4 90.5 8.63 17.02 0.6 88.28* 5.26 254.46* 9.86 

PHTM9 93.96 8.77 16.36 0.6 86.78* 5.25 259.34 9.79 
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Table 6.5.  Continued  

Line SS Yield SE SS Yld SS Moi SE SS Moi SS Eht SE SS Eht SS Pht SE SS Pht 

PHW30 105.39 8.72 16.22 0.6 98.15 5.25 266.11 9.83 

PHWG5 115.84 8.37 17.96 0.58 105.05 5.13 274.53 9.67 

S8326 114.32 6.91 16.5 0.55 98.48 4.51 266.13 9.11 

Seagull Seventeen 112.85 6.52 16.67 0.53 101.59 4.35 262.04* 8.95 

WIL900 121.98 7.54 18.03 0.57 101.74 4.75 258.76* 9.33 

WIL901 120.59 7.32 17.93 0.56 111.63* 4.68 280.45 9.25 

WIL903 109.05 7.53 17.64 0.57 103.58 4.74 261.02* 9.32 

ZS1513 99.23 9.97 15.97 0.67 85.89* 5.83 252.13* 10.6 

 

Table 6.6. Predicted trait values across testers for ex-PVPs topcrossed to Non-Stiff-Stalk (NSS) testers. Yields are reported 

in bushels per acre, moisture as a percentage, and heights are in centimeters. * Indicates significantly different from reference line 

(B73) for yield, significantly different from B73 for both heights and moisture.  

Line NSS Yld SE NSS Yld NSS Moi SE NSS Moi NSS Eht SE NSS Eht NSS Pht SE NSS Pht 

6103 97.44 7.38 16.5 0.56 91.63* 4.73 250* 9.33 

78004 100.28 7.34 16.09* 0.56 93.11* 4.73 256.1* 9.33 

78010 101.77 7.34 15.57* 0.56 95.89* 4.72 252.4* 9.32 

2FACC 103.02 7.25 16.12* 0.56 85.26* 4.66 244.5* 9.24 

2FADB 117.61 8.77 16.72 0.6 83.73* 5.24 238.4* 9.79 

2MA22 103.35 6.94 16.62 0.55 88.2* 4.53 264.1 9.14 

2MCDB 107.44 8.77 16.38 0.6 88.75* 5.24 266.8 9.79 

4N506 110.09 7.25 16.6 0.56 100.87 4.65 267.4 9.23 

6F629 118.9 8.36 16.7 0.58 93.56* 5.11 257* 9.66 

78002A 99.72 7.34 16.01* 0.56 92.49* 4.72 257* 9.32 

87916W 113.12 7.34 18.33 0.56 103.19 4.68 266.1 9.34 

AM0776 96.26 8.83 15.43* 0.61 82.63* 5.33 242.7* 9.92 



 

 139 

Table 6.6. Continued  

Line NSS Yld SE NSS Yld NSS Moi SE NSS Moi NSS Eht SE NSS Eht NSS Pht SE NSS Pht 

B09 97.85 7.35 15.82* 0.56 94.37* 4.72 252.7* 9.32 

B47 108.91 6.94 15.89* 0.55 93.47* 4.54 257.5* 9.13 

B73 118.67 6.8 16.75 0.54 102.7 4.45 269.7 9.06 

Carg2369 115.36 6.94 17.11 0.55 100.82 4.53 270.1 9.13 

CR14 100.19 7.25 15.63* 0.56 86.36* 4.66 237.6* 9.24 

CR1Ht 75.24 8.68 13.87* 0.61 85.37* 5.14 243.3* 9.82 

CS405 98.29 9.74 15.94 0.65 87.44* 5.6 248.9* 10.33 

CS608 101.44 8.69 16.54 0.6 89.02* 5.23 245.9* 9.8 

DJ7 110.59 6.97 16.86 0.55 99.9 4.55 267 9.13 

F118 122.15 8.37 17.65 0.58 97.62 5.1 267.6 9.66 

F274 116.1 9.99 17.18 0.67 90* 5.85 258.4 10.62 

F42 109.41 6.94 17.43 0.55 98.24 4.55 265.7 9.13 

FAPW 102.76 7.33 15.93* 0.56 89.91* 4.71 248.4* 9.32 

FBHJ 88.73 7.01 15.46* 0.55 90.2* 4.5 258.3* 9.15 

FBLA 84.94 8.7 15.68* 0.6 79.54* 5.23 249.2* 9.8 

FBLL 118.82 8.65 16.77 0.6 98.25 5.31 264.5 9.86 

FR_19 101.39 7.34 15.88* 0.56 95.58* 4.72 253* 9.32 

FR1064 100.73 7.61 16.6 0.57 95.16* 4.78 257.4* 9.37 

FR992  110.47 7.58 17.32 0.57 84.64* 4.78 245.7* 9.37 

G80 105.89 7.35 17.21 0.56 87.75* 4.72 248.5* 9.32 

H8431 104.32 6.94 14.83* 0.55 86.49* 4.52 250.6* 9.13 

HB8229 100.24 7.25 16.82 0.56 87.36* 4.66 245.6* 9.24 

ICI_193 99.74 8.69 15.15* 0.6 96.57 5.24 250.1* 9.8 

ICI_441 114.34 8.34 17.04 0.58 88.06* 5.1 258.3* 9.66 

ICI_893 112.6 8.33 17.5 0.58 83.33* 5.11 243* 9.66 
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Table 6.6. Continued  

Line NSS Yld SE NSS Yld NSS Moi SE NSS Moi NSS Eht SE NSS Eht NSS Pht SE NSS Pht 

L_155 86.61 8.8 15.8* 0.6 84.35* 5.23 233.9* 9.79 

L163 109.77 8.62 15.96* 0.6 96.45 5.26 259.3 9.83 

LH1 108.13 7.34 17.45 0.56 84.31* 4.72 243* 9.32 

LH119 107.15 6.94 17.58 0.55 92.67* 4.54 263 9.13 

LH132 115.12 6.94 17.42 0.55 95.36* 4.54 263.7 9.13 

LH143 93.26 8.51 15.29* 0.6 94.9 5.33 252.9* 9.85 

LH145 88.24 7.34 15.76* 0.56 84.36* 4.71 241* 9.32 

LH146Ht 93.08 7.39 15.06* 0.56 88.46* 4.67 256.6* 9.31 

LH149 105.82 6.95 15.7* 0.55 89* 4.53 249.6* 9.14 

LH188 92.39 10 16.64 0.68 87.93* 5.81 251.2* 10.6 

LH190 102.16 8.26 17.05 0.58 95.74 5.04 253.3* 9.65 

LH191 115.32 8.37 16.86 0.58 86.73* 5.11 241.4* 9.67 

LH192 110.66 8.26 18.12 0.58 86.5* 5.04 247.4* 9.65 

LH193 115.21 8.26 17.33 0.58 84.93* 5.04 248.2* 9.65 

LH194 112.15 8.27 18.27 0.58 96.78 5.04 261.7 9.65 

LH195 118.31 8.26 17.46 0.58 93.38* 5.04 253.1* 9.65 

LH196 109.61 8.26 17.19 0.58 83.55* 5.04 257* 9.65 

LH197 132.95 8.76 17.17 0.6 98.27 5.24 263 9.79 

LH198 124.44 8.77 16.75 0.6 97.86 5.24 260.7 9.79 

LH200 115.48 8.65 17.18 0.6 95.29 5.28 258.6* 9.86 

LH202 111.1 8.26 16.49 0.58 88.19* 5.04 247.2* 9.65 

LH204 114.91 8.8 16.2 0.6 93.55* 5.24 252.5* 9.79 

LH205 99.49 8.26 16.14 0.58 85.6* 5.04 247.6* 9.65 

LH206 99.3 8.76 16.98 0.6 85.31* 5.24 239* 9.79 

LH208 104.55 8.26 16.82 0.58 92.12* 5.04 252.1* 9.65 
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Table 6.6. Continued  

Line NSS Yld SE NSS Yld NSS Moi SE NSS Moi NSS Eht SE NSS Eht NSS Pht SE NSS Pht 

LH209 114.26 8.35 16.75 0.58 86.5* 5.11 250.8* 9.67 
LH220Ht 92.39 8.75 15.89* 0.61 82.39* 5.24 239.1* 9.88 

LH222 94.97 7.36 15.89* 0.56 81.03* 4.71 241.1* 9.28 

LH223 93.33 8.76 15.86* 0.6 85.77* 5.24 237.9* 9.79 

LH225 96.42 8.67 15.78* 0.6 86.51* 5.27 241.2* 9.87 

LH231 119.8 9.97 17.55 0.67 94.7 5.8 255.2* 10.6 

LH74 101.2 7.33 15.74* 0.56 93.51* 4.72 248.7* 9.32 

LP1 CMS HT 94.72 8.52 15.4* 0.6 100.63 5.32 260.7 9.85 

LP1 NR HT 103.16 7.34 15.5* 0.56 98.55 4.72 262.9 9.32 

Lp5 107.23 8.75 16.46 0.61 90.69* 5.23 248.1* 9.97 

MQ305 101.28 7.37 15.54* 0.56 81.23* 4.71 241.2* 9.28 

NC320 130.01 9.4 18.83 0.65 110.51 5.56 277.6 10.02 

NC328 111.61 8.75 17.82 0.61 100.07 5.35 263.8 9.87 

NC338 124.44 9.39 19.13 0.65 106.07 5.58 271.2 10.02 

NC340 117.98 9.45 19.71 0.65 103.75 5.58 270.7 10.02 

NC366 121.77 9.45 18.9 0.65 98.97 5.57 280.2 10.02 

NC368 112.34 9.51 18.38 0.65 100.76 5.58 268 10.03 

NC370 128.01 9.41 18.84 0.65 105.32 5.58 270.9 10.02 

NC374 115.62 9.41 17.95 0.65 106.51 5.58 271.3 10.04 

NC460 117.97 9.44 18.85 0.65 96.38 5.59 269.6 10.02 

NC464 131.79 9.4 18.92 0.65 102.02 5.58 273.2 10.03 

NC474 117.2 8.26 18.1 0.58 95.79 5.04 261.4 9.65 

(NK)764 105.35 7.58 16.03* 0.57 87.93* 4.78 240* 9.37 

(NK)778 100.46 7.4 14.74* 0.56 87.96* 4.67 246.1* 9.33 

(NK)790 104.02 7.33 15.54* 0.56 97.78 4.68 263.8 9.33 

(NK)793 110.32 7.33 16.04* 0.56 100.44 4.68 259.1* 9.33 

 

 



 

 142 

Table 6.6. Continued  

Line NSS Yld SE NSS Yld NSS Moi SE NSS Moi NSS Eht SE NSS Eht NSS Pht SE NSS Pht 

(NK)794 111.81 6.97 16.02* 0.55 92.23* 4.52 252.3* 9.13 
(NK)807 91.04 7.39 15.84* 0.56 94.35* 4.67 256.3* 9.31 

(NK)901 118.44 8.63 17.44 0.6 89.63* 5.26 260 9.84 

(NK)948 97.42 9.96 15.62* 0.67 85.68* 5.83 259 10.61 

NL001 103.12 8.82 16.17 0.6 97.53 5.24 248.5* 9.79 

NS501 87.41 7.35 14.84* 0.56 88.55* 4.69 235.5* 9.33 

OQ603 93.13 7.7 16.13 0.57 93.51* 4.78 247.3* 9.41 

OS602 93.42 8.67 15.41* 0.6 85.85* 5.23 248.9* 9.8 

PB80 113.94 6.91 16.8 0.55 101.71 4.51 265.5 9.11 

PHAA0 99.59 8.63 17.26 0.6 82.14* 5.29 234.3* 9.81 

PHAG6 121.69 9.92 16.6 0.67 95.22 5.79 262.3 10.6 

PHAW6 98.14 8.78 16.37 0.6 88.27* 5.24 238.9* 9.79 

PHBB3 103.34 8.62 16.61 0.6 93.63* 5.31 266.6 9.83 

PHBW8 106.97 8.79 17.08 0.6 88.8* 5.24 237.8* 9.79 

PHEG9 118.66 8.65 17.42 0.6 92.91* 5.31 258.5* 9.86 

PHEM9 90.55 8.65 15.95* 0.6 80.39* 5.32 241.5* 9.83 

PHEW7 114.64 8.68 16.03 0.6 91.29* 5.31 272.7 9.83 

PHG71 95.28 7.39 15.12* 0.56 92.92* 4.73 247.3* 9.33 

PHG86 109.23 7.38 17.35 0.56 99.9 4.67 268.6 9.32 

PHH93 91.26 7.33 15.45* 0.56 89.9* 4.68 249.1* 9.33 

PHHB4 121.56 8.63 17.16 0.6 94.22* 5.32 274.1 9.83 

PHHB9 110.54 8.82 17.16 0.61 88.01* 5.34 261.8 9.92 

PHJ70 104.33 7.31 16.77 0.56 96.31* 4.67 258.5* 9.25 

PHJ89 96.65 8.29 16.54 0.59 77.81* 5.05 247.4* 9.66 

PHJR5 110.31 8.81 17.23 0.6 93.91* 5.24 264.7 9.79 

PHK29 112.22 7.69 16.17 0.57 95.65* 4.77 265.4 9.41 
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Table 6.6. Continued  

Line NSS Yld SE NSS Yld NSS Moi SE NSS Moi NSS Eht SE NSS Eht NSS Pht SE NSS Pht 

PHK56 111.42 8.78 16.37 0.6 88.65* 5.24 258.9* 9.79 
PHMK0 124.71 8.61 17.07 0.6 99.88 5.28 271.1 9.83 

PHN29 98.96 7.32 15.31* 0.56 88.19* 4.67 255.5* 9.25 

PHN66 99.05 8.71 16.39 0.6 90.32* 5.24 253.2* 9.82 

PHP38 110.65 8.78 16.7 0.6 92.32* 5.24 256.5* 9.79 

PHP60 114.21 8.28 17.91 0.59 97.59 5.05 264.5 9.66 

PHP85 113.89 8.36 17.32 0.58 97.63 5.11 265.3 9.66 

PHR47 101.39 7.33 16.49 0.56 94.8* 4.68 269.1 9.33 

PHR61 111.11 8.82 17.06 0.61 91.22* 5.33 267.9 9.91 

PHRE1 88.5 8.69 15.5* 0.6 77.73* 5.34 220.4* 9.86 

PHT10 104.39 7.34 16.42 0.56 97.56 4.69 267.5 9.33 

PHT11 116.76 8.66 16.92 0.6 94.25* 5.29 269.1 9.8 

PHT47 111.17 8.78 16.98 0.6 92.37* 5.24 266.1 9.79 

PHT55 114.29 6.93 17.63 0.55 106.26 4.52 275.2 9.13 

PHVA9 110.07 8.68 16.09 0.6 81.92* 5.22 255.1* 9.8 

PHW52 115.32 6.93 17.69 0.55 92.4* 4.53 256* 9.13 

Q381 93.81 7.33 15.43* 0.56 89.45* 4.72 247* 9.32 

RS710 82.1 7.41 15.86* 0.57 66.94* 4.72 222.5* 9.3 

S8324 107.85 6.96 16.45 0.55 87.48* 4.53 254.7* 9.14 

UAOQ601 91.8 9.95 15.64* 0.67 89.67* 5.85 242.2* 10.61 

W8304 116.02 6.94 17.55 0.55 101.49 4.53 269.7 9.13 

W8555 119.57 7.08 16.98 0.55 100.49 4.58 271.7 9.16 

WDAD1 113.21 8.64 16.55 0.6 86.16* 5.27 251.3* 9.84 

ZS0114 118.97 9.92 16.37 0.67 95.67 5.79 265.1 10.6 

ZS0510 87.15 9.92 15.47* 0.67 80.81* 5.79 236.7* 10.6 

ZS0560 107.89 9.94 17.29 0.67 94.85 5.83 251.6* 10.61 
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Table 6.6. Continued  

Line NSS Yld SE NSS Yld NSS Moi SE NSS Moi NSS Eht SE NSS Eht NSS Pht SE NSS Pht 

ZS1791 106.65 9.94 17.36 0.67 83.25* 5.79 238.4* 10.6 

 

Table 6.7. Predicted trait values of ex-PVP x ex-PVP hybrids. Yields are reported in bushels per acre, moisture as a percentage, 

and heights are in centimeters. * Indicates significantly B73 for both heights and moisture. 

Hybrid Yield SE Yld Moi SE Moi Eht SE Eht Pht SE Pht 

2FADB x HBA1 90.74 9.93 16.06 0.66 83.92* 5.58 242.39* 10.31 

2FADB x LH211 102.36 9.96 15.43* 0.66 98.92 5.6 258.21 10.3 

2FADB x MBWZ 84.56 9.93 15.41* 0.66 85.7* 5.58 241.24* 10.31 

2FADB x MM402A 85.51 9.9 15.01* 0.66 89.92* 5.57 245.78* 10.3 

87916W x PHK93 111.91 9.82 19 0.66 108 5.83 267.2 10.21 

F118 x HBA1 117.87 8.89 19.1 0.61 112.22 5.23 286.31 9.86 

F118 x LH211 116.1 10.06 18.84 0.66 105.57 5.63 276.14 10.38 

F118 x PHK46 137.82* 8.93 18.96 0.61 121.43 5.24 297.39 9.88 

HBA1 x PHG84 107.68 9.91 17.69 0.66 99.6 5.62 268.97 10.32 

HBA1 x PHJ65 108.67 9.95 18.6 0.66 109.55 5.58 285.46 10.3 

LH132 x HBA1 103.52 10.03 17.44 0.66 95.74 5.61 263.9 10.34 

LH132 x LH211 106.99 9.91 17.46 0.66 103.04 5.58 278.56 10.3 

LH132 x MBWZ 100.86 9.91 17.18 0.66 96.98 5.58 257.25 10.3 

LH132 x MM402A 121.46 8.88 16.54 0.61 92.33* 5.23 272.54 9.85 

LH132 x PHK46 124.84 8.88 18.33 0.61 109.5 5.22 275.64 9.85 

MM402A x F118 112.64 9.93 17.26 0.66 101.34 5.59 273.31 10.3 

NS701 x PHK46 122.75 8.91 16.24 0.61 114.89 5.23 272.39 9.87 

PHK46 x 2FADB 120.84 8.88 16.9 0.61 96.78 5.22 258.26* 9.85 

PHK46 x PHMK0 122.18 8.88 17.32 0.61 111.52 5.22 281.39 9.86 

PHK93 x PHN41 113.18 8.77 19.12 0.61 106.95 5.32 269.82 9.85 



 

 145 

Table 6.7. Continued.  

Hybrid Yield SE Yld Moi SE Moi Eht SE Eht Pht SE Pht 

PHK93xPHN34 114.25 8.72 18.41 0.61 98.64 5.3 268.43 9.82 
PHK93xPHR36 111.89 8.74 18.12 0.61 95.92 5.3 258.29* 9.83 

PHMK0 x HBA1 129.83 8.88 17.1 0.61 107.17 5.22 279.98 9.86 

PHMK0 x LH211 126.62 8.9 17.37 0.61 112.02 5.22 283.07 9.86 

PHN34 x PHN41 94.95 9.46 17.77 0.65 108.31 5.61 255.67* 10.14 

PHN34xPHR36 56 9.47 17.25 0.65 97.36 5.61 236.59* 10.13 

PHN34xPHT60 102.33 8.76 17.36 0.61 103.62 5.3 273.14 9.82 

PHN34xPHV63 95.94 9.47 17.3 0.65 97.15 5.62 250.85* 10.15 

PHN34xPHW17 79.12 9.58 17.46 0.66 108.65 5.67 267.76 10.17 

PHR03 x HBA1 115.25 9.94 17.54 0.66 99.96 5.59 266.25 10.3 

PHR36 x PHN41 83.83 9.47 17.98 0.65 97.77 5.6 236.24* 10.13 

PHR36xPHW17 76.12 9.48 17.22 0.66 99.1 5.6 249.32* 10.13 

PHT47 x HBA1 110.59 10.03 16.95 0.66 95.73 5.65 266.97 10.37 

PHT47 x MBWZ 99.86 9.91 16.64 0.66 90.2* 5.58 257.64 10.3 

PHT47 x MM402A 108.25 9.91 15.34* 0.66 97.35 5.6 277.42 10.3 

PHT47 x PHK46 112.44 9.95 17.97 0.66 105.68 5.58 275.31 10.3 

PHT60 x PHN18 114.97 9.98 18.32 0.67 103.28 5.82 263.48 10.22 

PHT60 x PHN41 94.38 8.74 18.25 0.61 96.81 5.3 250.33* 9.83 

PHT60xPHR36 98.83 9.48 17.48 0.65 97.17 5.61 255.34* 10.14 

PHT60xPHV63 112.24 8.75 17.59 0.61 91.67* 5.3 243.48* 9.82 

PHT60xPHW17 90.03 9.48 17.38 0.65 94.78 5.61 260.89 10.14 

PHV63xPHK93 119.08 8.73 18.51 0.61 94.23* 5.3 252.59* 9.82 

PHV63xPHR36 100.53 9.6 17.27 0.66 96.84 5.69 238.89* 10.19 

PHW17 x PHN41 48.23 9.61 18.15 0.65 102.95 5.61 246.49* 10.13 

PHW17xPHK93 113.09 9.48 18.04 0.65 97.75 5.61 267.73 10.13 

PHW17xPHV63 83.47 9.49 17.79 0.66 94.9 5.66 244.63* 10.18 
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Table 6.7. Continued.  

Hybrid Yield SE Yld Moi SE Moi Eht SE Eht Pht SE Pht 

PHW20 x PHN41 95.8 9.5 17.54 0.65 107.32 5.61 260.64 10.13 

PHW20xPHK93 104.46 9.46 17.54 0.65 92.67* 5.61 262.81 10.13 

PHW20xPHN34 90.41 9.47 17.3 0.65 105.51 5.6 270.68 10.13 

PHW20xPHT60 97.41 9.48 17.52 0.65 96.41 5.61 264.46 10.15 

PHW20xPHV63 95.07 9.48 17.15 0.65 103.47 5.62 262.92 10.14 

 

Table 6.8. Predicted trait values of hybrid checks. Yields are reported in bushels per acre, moisture as a percentage, and heights 

are in centimeters. * Indicates significantly B73 for both heights and moisture.  

Hybrid Yld SE Yld Moi SE Moi Eht SE Eht Pht SE Pht 

Asgrow 561XY 115.32 9.94 15.87 0.67 93.22* 5.82 260.58 10.61 

Asgrow 6507W 119.89 9.49 17.84 0.65 92.58* 5.61 267.63 10.13 

Asgrow 6637W 106.2 9.18 17.75 0.64 96.3 5.38 252.51* 9.93 

Asgrow RX953W 113.69 8.72 20.89 0.61 111.15 5.3 275.19 9.82 

B73 x LH287.LH283 114.7 6.63 17.09 0.54 101.29 4.4 266.25 8.98 

BR71PM50 102.91 7.61 17.08 0.57 96.89 4.85 258.12* 9.38 

C65-18 134.59 9.57 18.23 0.7 83.12* 6.43 240.92* 10.27 

C68-04 126.22 6.96 18.08 0.55 91.16* 4.53 252.6* 9.11 

DeKalb 697 136.53* 6.04 18.71 0.52 108.46 4.17 271.69 8.78 

DKHBA1.NC476xNC368.NC320 129.54 9.91 18.08 0.65 124.83 5.96 280.23 10.24 

Garst 8288 123.21 6.16 19.01 0.52 94.13* 4.21 273.03 8.82 

HBA1.NC476xNC368.NC320 120.43 9.43 18.68 0.65 121.79 5.58 288.12 10.02 

HC33 x TR7322 115.88 7.01 16.5 0.55 97.13 4.54 266.13 9.11 

LH132 x LH51 118.88 6.43 17.4 0.53 99.4 4.34 265.43 8.92 

LH200 x LH262 118.13 6.36 18.41 0.53 110.14 4.29 273.65 8.89 

LH310 x LH256 118.15 7.38 19.92 0.57 110.51 4.76 278 9.3 
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Table 6.8. Continued.  

Hybrid Yld SE Yld Moi SE Moi Eht SE Eht Pht SE Pht 

NC320 x FR992.FR1064 126.87 10 17.89 0.66 95.09 5.57 259.49 10.21 

NC320 x LH244.LH245 133.94* 6.8 18.84 0.55 102.76 4.53 271.4 9.07 

NC320 x NC368 135.11* 6.38 18.22 0.53 132.01 4.3 294.67 8.89 

NC320 x P33M54 139.74* 9.41 18.77 0.65 116.33 5.57 286.06 10.01 

NC368 x LH283.LH287 118.65 6.94 17.98 0.55 96.7* 4.53 266.4 9.11 

NC492 x LH244.LH245 115.75 7.76 19.81 0.59 104.79 5.01 267.25 9.53 

Pioneer 1184 126.06 8.66 17.12 0.6 92.41* 5.26 256.96* 9.87 

Pioneer 1197R 129.59 7.32 16.36 0.56 85.25* 4.65 244.15* 9.24 

Pioneer 1431W 117.75 8.71 17.71 0.61 92.33* 5.3 261 9.82 

Pioneer 1498 123.27 7.43 17.77 0.57 86.78* 4.76 251.35* 9.28 

Pioneer 1637R 137.52* 7.62 17.73 0.57 100.98 4.76 283.85 9.36 

Pioneer 1794VYHR 147.13* 7.63 17.5 0.57 104.33 4.76 280.69 9.35 

Pioneer 2088R 139.21* 7.1 18.57 0.56 93.72* 4.58 274.26 9.14 

Pioneer 31G65 132.88* 7.43 17.54 0.57 102.82 4.76 281.52 9.28 

Pioneer 32B10 127.45 8.74 18.33 0.61 101.47 5.3 269.56 9.83 

Pioneer 31D58 137.92* 6.11 18.36 0.52 98.28 4.2 268.43 8.8 

Pioneer 31G66 140.57* 6.15 18.46 0.52 101.04 4.21 278.76 8.82 

Pioneer 31G98 143.3* 7.13 18.04 0.56 111.58 4.6 276.96 9.17 

Pioneer 31P41 142.5* 6.22 18.27 0.52 98.01 4.24 267.74 8.84 

Pioneer 31R88 125.8 7.54 19.08 0.57 105.59 4.74 280.39 9.32 

Pioneer 32D99 149.91* 7.52 19.89 0.57 108.47 4.73 281.09 9.32 

Pioneer 33M54 129.09* 6.24 18.22 0.53 93.78* 4.25 268.99 8.85 

Pioneer 33V15 130.83 8.53 17.89 0.6 96.79 5.2 276.39 9.88 
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Table 6.9. Average ear quality ratings for inbred lines with superior topcross yields.  

Line Yield SE Yld Pattern 
Average Ear 

Quality Score 

Heat Units 

to Silk 

Region of 

Adaptation 

PVP 

Number 
Patent Number 

LH197 133 8.76 NSS 5.0 1449 Most Regions 9200020 US 5,304,716 

LH211 132 8.82 SS 4.0 1520 North Central 9000051 US 5,387,743 

LH159 129 8.64 NSS 4.4 1810 Southeast 92000247 US 5,276,267 

LH218 125 8.62 SS 5.0 1465 Southeast 9300300 US 5,436,387 

PHMK0 125 8.61 NSS 6.0 1590 Southeast 9300112 US 5,365,014 

PHK46 125 8.64 NSS 5.6 1660 Southeast 9000246 US 5,543,575 

LH198 124 8.77 NSS 4.5 1510 Most Regions 9200021 US 5,304,717 

PHBE2 123 9.93 SS 4.0 1490 Southwest 95000200 US 5,563,325 

LH252 124 9.98 SS 3.0 1785 North Central 9500060 US 5,495,076 

PHK46 123 8.64 SS 5.6 1660 Southeast 9000246 US 5,543,575 

WIL900 122 7.54 SS 3.3 1677 South Central 8900092 - 

PHJ65 121 8.33 SS 5.5 1710 Southeast 9000245 US 5,220,114 
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Figure 6.3. Scatterplot of predicted yields of ex-PVP lines by tester heterotic pattern, along with reference lines. Highest 

and lowest yielding lines are labeled 
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Figure 6.4. Plot of predicted yields and standard errors, seperated by quantiles and heterotic pattern.  
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Figure 6.5. Scatterplot of predicted yields of ex-PVP x ex-PVP hybrids with reference yields. Index is alphabetical.  
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Figure 6.6. Comparison of E-BLUEs and E-BLUPs for yield by prediction set.  
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Figure 6.7. Scatterplots, correaltions, and rank correlations for each prediction set.  
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Figure 6.8. Correlation matrix between PVP certificate information and predicted values. Only correlations significant at the 

95% confidence level are shaded.
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Discussion 

 Through the use of a two-stage mixed models approach, we were able to model the 

within-site spatial variability and combine sites across years and locations to produce a set of 

yield and moisture predictions for 355 ex-PVPs averaged over topcross testers from stiff-

stalk and non-stiff-stalk testers, yields and moistures for 51 ex-PVP by ex-PVP hybrids, and 

36 check hybrids, all of which are directly comparable. This set represents 86% (355/412) of 

the total number of ex-PVPs available as of August 2017. Our analyses provide a valuable 

tool set for assessing the value of a large set of ex-PVP lines as parental materials in the 

Southeast, and highlights some potentially valuable genetic resources. We also show the 

frequencies of selection for various spatial models across a decade of yield trial data, 

providing some insight into what models might work best for fitting experiments of this type.  

 The first stage of the model focused on identifying the best spatial model from a 

series of commonly used structures based on minimization of AIC. In total, our experiment 

fit 1,548 spatial models to 172 different sites for each trait (6,192 models total) in ten years 

across seven locations in North Carolina for four traits of interest. From examining the 

selected models for all traits in Figure 6.1, it is clear that model one, uncorrelated errors 

model with only random replication effects, was the model most often selected and optimized 

slightly over one quarter of the models. This indicates there is often not a need to consider 

more complex models at a site, but in the majority of the cases (~75%) spatial models 

produce better fits than traditional error models. Significance groups for the models show 

that model one optimized a significantly higher number of sites when compared to all models 

expect for model five.  Model five, autoregessive in row and column directions plus nugget 
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variance, optimized the largest number of sites among spatial models, optimizing 18.6% of 

the total sites. Examination of Figure 6.2 shows that for small sites (plot numbers less than 

the mean) model one optimizes a greater percentage of sites, while, in larger sites, the 

percentage decreases and is replaced by model five, indicating that as sites become larger the 

need to account for spatial variability increases, as expected. In terms of physical 

experimental areas, the division in Figure 6.2 represents experiments with areas smaller (top) 

or larger (bottom) than 0.25A. That model five is the optimal spatial model at the largest 

percentage of sites indicates there is often a need to account for spatial variability in both the 

row and column directions, but that the error variance should be separated into both local and 

global trend components. Model five is not significantly different from models two, four, six, 

and seven, all of which account for spatial variability in at least one direction. The two 

models that optimize the greatest percentage of models among this set are models four and 

seven, which each optimize 12.5 percent of the total sites. Model four, autoregressive one in 

row and column directions, imposes the same error structure as model five, but only allows 

plot error variances to have global trends. Sites optimized by this model may have true global 

trends in both directions (or a global trend at an angle to the rows/columns), or the penalty 

for adding the nugget parameter may overcome the value of the added flexibility.  

Model seven, autocorrelation in the row direction, imposes a global trend in one 

direction, and is likely selected due to the larger distance between plot centers experienced in 

the row direction (4.9 meters) when compared with the column direction (0.7-1 meter), and 

we see this clearly in the lower (although not significantly) percentage of sites optimized by 

model six, autocorrelation in the column direction, especially when considering large sites 
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(Figure 6.2). On the highly variable soils of North Carolina, the relative frequency of 

selection for each model is informative about the utility of each R structure to capture the 

spatial and non-spatial variation in yield trial data, and as such we suggest the fitting of 

models with uncorrelated errors, along with AR1+Nugget models in both directions as 

general first steps in model selection for yield trial data.   

 Comparisons of the predicted yields for modeling lines as fixed (E-BLUEs) versus 

modeling lines as random effects (E-BLUPs) show the almost perfect correspondence 

between the two prediction methods for this data set, with overall Pearson and Spearman 

correlations of 0.99 (Figure 6.6). Examination of each subgroup (Figure 6.7) shows near 

perfect correspondence between the two methods, especially for the larger groups. Despite 

the theoretical benefits of using E-BLUPs, we believe the decision to use E-BLUEs more 

accurately reflects the inferential space of our experiment, where we consider ex-PVP lines a 

selected set of lines and are interested in the performance of these lines, rather than a sample 

of a larger set of lines as in a random effects model.  

 Examination of predicted line performances across both heterotic patterns reveals an 

insight into commercial line development. Interestingly, no ex-PVP lines were identified 

with yields that were significantly better than Mo17 x stiff stalk topcrosses or B73 x non-stiff 

stalk topcrosses; a testament to the exceptional value of these two historically important 

lines. That ex-PVP lines are not performing significantly better than B73, in addition to a 

lack of a positive trend in yields with increasing release order (Figure 6.3) is indicative of a 

focus on specific combining abilities in company germplasm, rather than general combining 
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abilities. That yields for the entire set of ex-PVPs were significantly lower than the highest 

yielding check provides further evidence of this.  

 Our analysis identified a few promising lines for each heterotic pattern, and one line 

that appears to have superior performance across heterotic patterns. The best stiff stalk lines 

(those lines with superior performance across non-stiff stalk testers) in our analysis were, 

along with their yields: LH197 (133 Bu/A), LH159 (125 Bu/A), PHMK0 (125 Bu/A), 

PHK46 (125 Bu/A), and LH198 (124 Bu/A). The best non-stiff stalk lines (those lines with 

superior performance across stiff-stalk testers) in our analysis were, along with their yields: 

LH211 (132 Bu/A), LH218 (125 Bu/A), LH252 (124 Bu/A), PHEB2 (124 Bu/A), PHK46 

(123 Bu/A), WIL900 (122 Bu/A), and PHJ65 (121 Bu/A). PHK46, as indicated, had superior 

performance across both heterotic patterns, with an average predicted yield of 124 Bu/A 

across both stiff stalk and non-stiff stalk testers. The standard errors of prediction for these 

lines are all near the third quantile of standard errors (Figure 6.4), with the exception of 

PHEB2 and LH252, which have high standard errors, and WIL900, which has a much lower 

standard error that is more closely aligned with the commercial hybrids in this experiment. 

Based on yield and standard errors, we recommend the use of this set of lines as potentially 

useful lines for Southeastern breeding programs, with the caveat that LH252 and PHEB2 

warrant additional testing across more environments. WIL900, on the other hand, is more 

precisely estimated, and provides consistently high yields. Interestingly, all of the top 

performing lines, with the exception of WIL900, are also protected by a utility patent and 

LH211’s PVP application was withdrawn in favor of a utility patent, highlighting the 
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differences between intellectual property strategies employed to protect these valuable inbred 

lines. 

According to PVP certificate information, PHK46 has an iodent background (207), 

was developed in the Southeast (Union City, TN), and region of adaptation is indicated as 

Southeast (PVP 9000246, US patent 5,554,375). That it combines well with both stiff stalk 

and non-stiff stalk testers is likely due to the iodent background of the line, and its 

performance in our trials aligns well with its development in and adaptation to the Southeast. 

The top performing stiff stalk (LH197) and non-stiff stalk (LH211) lines were both 

developed in Iowa and have backgrounds that reflect the heterotic pools, with LH197 being 

B73-derived and LH211 being Mo17-derived based on pedigree information. PHJ65, a high-

performing non-stiff stalk line, is also noted as being adapted to the Southeast, and is a 

favorite parent line of several Mennonite corn breeders in Tennessee and Kentucky for a 

combination of yield performance under traditional management and characteristics that 

make its hybrid progeny amenable to hand-harvest. Examination of PVP certificate 

information shows that nine of the top eleven lines are indicated as adapted to southern or 

general growing conditions, with five of those indicated for Southeast specifically (Table 

6.9). The relatively high reported heat units to silking indicate that the majority of these lines 

are intended for use in the later relative maturity groups, which may explain their good 

performance in North Carolina, but is also problematic for breeding for <118 RM corn 

becoming increasingly preferred in the region. The moderate positive correlations between 

PVP-certificate reported heat units to silk and hybrid yield performance aligns with this 

observation, (Figure 6.8) although the relationship between heat units and other hybrid 
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characteristics may be indicative of increased general vigor and resulting yield. Based on 

these observations, screening lines for full season maturity and southern adaption may be a 

reasonable starting point for identifying valuable lines among future ex-PVP releases.  

 Examination of the ex-PVP x ex-PVP hybrid results also provides some promising 

directly useful single-cross hybrids, as well as validation of our recommended inbred lines. 

The top performing hybrid, F118 x PHK46, had a predicted yield of 137.82 Bu/A which puts 

it on par with the top ten of commercial check yields and it was the only experimental hybrid 

that had a predicted yield significantly higher than B73’s topcross performance. Based on 

these results, we suggest additional testing of this hybrid combination across replicated 

environments for use as a full-season (120+ RM hybrid). The lines that constitute the parents 

of the top performing ex-PVP x ex-PVP hybrids also provide validation to the value of two 

lines, PHK46 and PHMK0, for use are parents in the Southeast. PHK46 was a parent in half 

of the top ten hybrids, PHMK0 was a parent in three of the top ten, and the hybrid between 

these two lines was the sixth highest yielding hybrid in the set, indicating the good general 

value of these two lines. That these lines perform well across a range of other genotypes 

likely indicates a high general combining ability. PHK46, especially, is valuable in this 

respect as a southern-adapted iodent line and may be useful as a parent in breeding programs 

and to those interested in double-cross hybrids. That both of these lines have high average ear 

quality scores will aid production of hybrid seed, both having ratings of over five.  

 In general, our analysis has provided a useful resource for those interested in the 

relative value of ex-PVP lines for use in the Southeast. We have produced a large dataset of 

directly comparable topcross yield, moisture, ear height, and plant height predictions across 
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both commonly used heterotic patterns, along with a large number of hybrid checks. We have 

identified several lines that seem most generally useful for breeding, notably LH211, LH197, 

PHK46, and PHMK0. We have also identified a single-cross hybrid composed entirely of ex-

PVP lines that performs on par with commercial check hybrids. Our analysis noted the 

outstanding performance of both B73 and Mo17 in topcross yields, indicating the true value 

of these historically important lines. The majority of the “best” lines identified in our 

analyses were full season maturity lines with southern adaptations based on their PVP 

certificate information, and we suggest the value of these two characters as a method of pre-

screening future PVP-releases for potential value in the Southeast. Through the fitting of a 

large number of spatial models to sites across North Carolina and examining the relative 

selection frequencies of each model, we have also made recommendations about what spatial 

error models might work best as starting points for the variable soils often experienced in the 

Southeast. Overall, we believe we have produced a highly valuable resource for Southern 

corn breeders, identifying the relative utility of lines across heterotic patterns, which we hope 

will serve as a launching point for additional corn breeding efforts in the Southeast. 
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Chapter VII: Regeneration of the Alabama Maize Inbred Lines 

The Alabama maize inbred lines were developed by Auburn University and were released to 

the public on January 1, 1967 in a letter signed by Mr. D.R.Collum. These collections were 

regenerated from seed stored at North Carolina State in summer 2016 and were sent to the 

North Central Regional Plant Introduction Station in Ames, Iowa. Plant Introduction (PI) 

numbers were assigned at this time.  

The following descriptions come directly from a release notice from Auburn, designating 

availability of these materials on January 1, 1967: 

 

PI 686031-Ab16: Originated from selfing M14 x GT152. Relative maturity is a little earlier 

than Mo5. Good combining ability. Has short plants with single ear placed medium low. 8 on 

husk 

 

PI 686032-Ab18E: Originated from selfing NC7 x F6. Maturity similar to F6. Good, short 

stalk. Light green leaves. Prolific. Small ears. Ab18E is a little taller than Ab18. Ab18E 

kernels are deeper yellow then are grains of Ab18. Ab18 has been used in hybrids released 

both by Alabama and Arkansas (AR21) 

 

PI 686033-Ab20: Originated from selfing M14 x local variety. Relative maturity same as 

Mo5. Fair combining ability. Poor husk. Susceptible to aphids. Excellent grain quality.  

 

PI 686038-Ab30: Origin unknown. Relative maturity of Mo5. Short plants with low ears. 

Prolific. Large tassel. Susceptible to aphids.  

 

PI 686039-Ab44B: Originated from selfing F1E1E-4 x K155. Maturity similar to GT112. 

Fair stalk. Good roots. Low Ears. Good tassel. Good combining ability. Susceptible to 

aphids.  

 

PI 686040-Ab408A: Originated from selfing NC82 x T204. 2 to 3 days later in maturity than 

CI 21E. Tall plants with medium height ears. Strong stalk, Weak roots, Large, stubby ears. 

Good combining ability.  

 

PI 686041-Ab412A: originated from the “B” cycle of Florida’s recurrent selection program. 

Two to three days later in maturity than CI21E. Short plants. Prolific. Long, loose husk. Poor 

tassel. Good combining ability.  
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PI 686042-Ab416: Originated from the “C” cycle of Alabama’s recurrent selection program. 

Relative maturity same as Ab412A. Short plants with dark green leaves. Low ears. Weak 

tassel. Susceptible to corn earworm.  

 

PI 686043-Ab418: Originated from selfing Ab8xT202. About 3 days later in maturity than 

Ab416. Tall plants. High ears. Good combining ability.  

 

PI 686044-Ab424: Originated from an outcross with GT3 x F3. Same maturity as Ab418. 

Short plants with low ears. Prolific. Good combining ability.  

 

PI 686046-Ab604B: Originated from the “B” cycle of Florida’s recurrent selection program. 

Maturity similar to GT112. Dark green plants. Medium height ears. Strong stalk and roots. 

Good tassel.  

 

Unassigned (seed unavailable)-Ab612: Originated from selfing L101 x GT169a. Maturity 

equal to GT112. Tall plants. Medium high ears. Excellent stalk and roots. Poor quality grain.  

 

PI 686047-Ab612A: Similar to Ab612 except kernels are a brighter yellow.  

 

PI 686049-Ab626: Originated from “C” cycle of Alabama’s recurrent selection program. 

Matures with GT112. Short, dark green plants. Large ears. Susceptible to root lodging.  

 

 

Not included on original document: 

PI 686034-Ab24E 

PI 686045-Ab602  

PI 686048-Ab618 

 

War Eagle! 
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Chapter VIII: Exploring the Use of Small Unmanned Aircraft Systems (sUAS) for 

Collection of Stand and Leaf Expansion Data in Corn Breeding at North Carolina State 

University 

Small Unmanned Aircraft Systems (sUAS), often referred to as Unmanned Aerial 

Vehicles (UAVs) or drones, represent a potentially valuable tool for the collection of data 

from field experiments. Due to the low level operational abilities of sUAS, they are able to 

capture image data on very fine scales, and can do so across both time and space. For many 

years, sUAS operations were hampered by both legal and aircraft performance issues, 

limiting the widespread adoption of the technology. Recently, however, sUAS have gained a 

firm legal footing for operation and have developed technologically to become a very 

precision tool for image acquisition, but the analysis of the resulting images remains more 

complex.  

Plant breeders spend several months each year in the field, taking visual observations 

of each plot for a range of traits, including stand counts. These ratings are often used as a 

covariate to adjust plot yields, as well as for selection per se. High school students or 

undergraduates, however, often take these important measurements, and the exact 

repeatability of plot-level stand counts is often low. This process often takes several days to 

conduct, often including extensive travel, all for less than top quality data, even with skilled 

counters. A quick estimation of the cost of the North Carolina State University Corn 

Breeding Program’s expenses for stand count data is as follows: 

The breeding program utilizes research stations in Clayton, NC, Lewiston-Woodville, 

NC, Salisbury, NC, and two sites in Kinston, NC. From the work site at Clayton, NC, the 
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Salisbury and Lewiston sites are two hours drive, and the Kinston sties are a one-hour drive. 

It takes approximately two days to count each outlying site, and one week to count the 

Clayton site with four people, for a total 104 work hours. These four people generally consist 

of three undergraduates who earn $10/hour and one technician who earns $25/hour, for a 

total of $55/hour for the crew. The cost of stand count data is then the product of the hourly 

cost and the number of hours, or $5,720. Considering then the cost of sUAS to take stand 

count, the aircraft generally cost $1,500 with a standard 20-megapixel RBG camera. The 

flight times to cover each station would be approximately one hour for each of the outlying 

locations, and three hours for the Clayton location. Then adding travel times for one 

technician and travel times, the total hours required is reduced to 17 work hours, at $25/hour 

or $425. Assuming the sUAS will last five years, the total cost of data collection per year is 

then $725, a savings of $4,995/year. Even assuming data processing takes 40 hours for a 

technician, an overestimate, the cost savings is still over $3,000/year, making the use of 

sUAS a highly economical decision, if the technology is sufficient.  

Another area of interest to the North Carolina State University Corn Breeding 

program is breeding for adaptation to certified organic production systems. Recently, the 

breeding program has worked with organic farmers to identify a double-cross hybrid well 

adapted to production under organic management for both grain and silage. This particular 

hybrid, (NC320.NC368xNC476.HBA1), was identified by the farmers as desirable because 

of its broad leaves and rapid early-season growth, allowing for quicker shade out of the row 

middles and thus reduced weed management concerns. The breeding program does not 

routinely collect leaf expansion data, so there is a need to develop a new method of data 
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collection, and to explore the variation for that trait, especially since farmers in one of the 

target production system environments have identified it as a key trait of interest. Taking 

ratings on this trait, although much less demanding than taking stand counts, will still require 

extensive time in the field, all for qualitative (1-9) ratings. A better solution would be the use 

of sUAS to collect data and automatically provide a quantitative summary of the canopy 

area, reducing the need for already busy breeders to take ratings on yet another trait.  

 sUAS operation in the United States for research purposes constitutes a commercial 

act, and thus falls under the umbrella of the recently established 14 CFR Part 107 rules for 

operating an sUAS in US airspace. Under these rules, certified operators are allowed free 

operation in Class G airspace during daylight hours, and only within line-of-sight of a 

certified remote pilot, among other rules and regulation. Operations in other classes of 

airspace are permitted with special approval, but the regulatory and approval framework for 

this is still being worked out. Luckily, the Central Crops Research Station in Clayton, NC is 

in Class G airspace, and is thus unrestricted for FAA certified operators. The expansion of 

data collection to other sites is also promising, with the Salisbury and Lewiston sites also 

falling in Class G airspace. The two Kinston locations, however, fall firmly within the Class 

D airspace surrounding Kinston Regional Jetport/Stallings Field (ISO), creating a need to 

obtain an airspace authorization for sUAS operations in this location. The operational rules 

defined by Part 107 are also conducive to operations on the research stations, with the visual 

line-of-sight operations and the operations in populated areas requirements not being 

concerns. Overall, the airspace landscape and opportunities are promising, provided the 

program/university can get authorization for operations in the Kinston Class D airspace.  
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 Despite the economic benefits and operational freedoms, the actual acquisition and 

processing of the data is still the key component in determining the utility of sUAS for data 

collection. The sUAS captures a large number of images across a defined survey area, each 

of which have metadata tags containing flight parameters (altitude, speed, coordinates), 

which are can then be processed into orthomosaic composite images. Orthomosaics are 

single images produced from a number of overlapping images, and then corrected for 

topographical distortions. This orthomoasic image combines many images without much 

information into one large image of the survey area, which is also referenced to the 

geographic coordinates. 

 All digital photographs can be thought of as large matrices with each pixel a 

representation of three sub-matrices, one for each color band of the image (red, blue, and 

green), or equivalently as a representation of a point in three-dimensional space, having a 

value for each of the color bands. The single plant shown in Figure 8.1A, for example, is 

made up of raster bands 1B, 1C, and 1D. Figure 8.2 provides a three-dimensional scatterplot 

of these ordered pairs, from which we can see that the three bands present us with the same 

information, or, in other words, they are collinear. Examination of the correlations between 

pixel values of each band produces correlation coefficients of >0.95 for all combinations. 

These multicollinear bands, like any highly multicollinear data, can be aided by the use of 

principal components decomposition of the data. Principal component decomposition of the 

image bands produces new image bands that are uncorrelated, with the first band accounting 

for the most variability in the dataset, and each subsequent band representing less variability. 
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The use of these new principal component bands in place of the original image bands 

eliminates the correlation between bands, making for easier classification of the image.  

 Image classification in a GIS is the process of extracting data from the multiband 

image, and generally takes two forms, supervised and unsupervised. Supervised classification 

entails an analyst selecting different sets of training samples for each desired class, which are 

then used to train classification algorithms. Unsupervised classification, on the other hand, 

trains the classifier based on creating a number of clusters that define the number of levels to 

be classified in an image. This latter method, if it returns reasonable results, can be 

automated, reducing the need for an analyst to classify each image. The value of this 

automated process translates to even greater increases in cost savings, making the use of 

sUAS even more potentially useful.  

 Plant breeding programs spend a large number of hours in the field taking notes on 

traits of interest to aid in selection. Some of these traits, however, are time consuming to 

collect, like stand count, or rely on subjective ratings, like leaf areas, both of which often 

produce data that is error prone. The use of sUAS could potentially resolve these issues, and 

would represent a cost savings to breeding programs if it can be shown to be equivalent to 

human-observed data collection. The use of unsupervised classification methods can expedite 

this process by reducing the need for an analysis to work up each image. With these benefits 

in mind, we explored the use of a highly routinized image analysis process to extract stand 

counts and leaf areas from sUAS collected images.  
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Figure 8.1. Color rendered and individual component bands of one corn plant 

 

A B 

C D 
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Figure 8.2. Three dimensional scatterplot of band pixel values 

 

Materials and Methods 

Image Collection and Preprocessing 

Images were collected using a DJI Phantom 4 Professional quadcopter at Clayton, 

NC. Data was collected at four time points based on weather conditions, starting at 

approximately V2 and proceeding for 28 days. Initial images were taken on 20 April 2017 

with subsequent images taken on 25 April, 7 May, and 17 May 2017. All flights were 

conducted using DroneDeploy, with missions planned at 90’ AGL with 70% frontlap and 

60% sidelap. Missions were also planned to operate at an angle to the field rows based on 

previous experience suggesting improved orthomosaic stitching. Images were uploaded and 

processed by DroneDeploy, from which orthorectified-geotiffs were downloaded for 

processing in ArcGIS. Geotiffs from each of the time points were uploaded and georectified 
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to each other based on the position of fixed field markers. All flight operations were 

conducted by an FAA certified remote pilot in Class G airspace.   

Processing 

 Each geotiff (layer) was reprojected to North Carolina State Plane (ft US) (ESRI 

102719). Three principal component bands were then calculated for each orthomoasic to 

remove correlation between bands. Each PCA orthomoasic was classified using Iso Cluster 

Unsupervised Classification in the ArcGIS spatial analysis toolbox to produce two classes, 

plants and background. Signature files were saved from unsupervised classification and used 

in Maximum Likelihood Classification with equal priors. The background layer (non-plant) 

was set to “no data” using the Set Null tool, and the remaining raster layer of plant outlines 

was converted to a polygon layer.  

Data Extraction 

In order to sample equal areas for each time point and to remove extraneous variation, 

6” wide row polygons were placed covering each row. These polygons were then used to 

sample the plant polygon layer, removing any plant layer that fell outside of the sampling 

polygon. Sampling grids of each plot were placed over the centers of each paired-row yield 

trial plot, with each plot measuring 13’ x 6.1’, and being separated from the neighboring plot 

by 3’ in the row direction and 3” in the range direction to ensure sampling did not overlap. 

Plot sampling polygons were spatially joined with plant polygon layers to produce sums of 

object counts, and sums of areas for the image layer for each time point. Each plot sampling 

polygon consisted of two row polygon segments, each 6” wide and 13’ long. Object counts 

and polygon area totals were calculated for each sampling time point.  
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Survey Area 

 Observations were made on 262 individual paired row yield trial plots at Central 

Crops Research Station in Clayton, NC. Rows were 38” apart, and plots were 14’ long. Plots 

represented three different two replication yield trial experiments, with 64, 42, and 25 entries. 

Plots were planted using a cone planter, and plot alleyways were created using a wire-based 

trip system.   

Validation Data 

 Stand count was taken for each plot in the survey area at approximately V2. Yield 

was measured based on plot weights, adjusted for moisture and row spacing at the research 

station to convert to bushels/acre.  

Time Weighted Leaf Expansion 

 Time weighted leaf expansion was calculated as a summary statistic of the leaf area 

measurements across time points. For each time point was subtracted from the next 

sequential time point and then divided by two and multiplied by the difference in days 

between the two measurements. All such summary values between time points were then 

summed to produce the summary Time Weighted Leaf Expansion (TWLE) value. 

Calculation method is as follows: 

 

𝑇𝑊𝐿𝐸 =  ∑ (
𝑦𝑖+1 − 𝑦𝑖

2
) (𝑡𝑖+1 − 𝑡𝑖)

𝑁𝑖−1

𝑖=1
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Results 

Stand 

 Observed correlations between observed stand and UAV-observed stand at the three 

time points were 0.05, 0.30, and -0.01 at the 20 April, 7 May, and 17 May time points, 

respectively. Data ranges, mean differences, and standard errors for the difference between 

observed stand and each time point are presented in Table 8.1. Correlations between the 

observed stand and each time point, as well as histograms and scatterplots are presented in 

Figure 8.3.  

Table 8.1. Mean difference summary data for the difference of observed stand with 

sUAS-observed stand and each time point.  

Time Point Mean Difference Standard Error Min, Max 

20 April -0.67 0.44 -26, 26 

7 May 5.45 0.77 -66, 28 

17 May 22.83 0.62 -24, 38 
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Figure 8.3. Correlations between and scatterplots of observed and sUAS-observed stand 

 

Leaf Area and Expansion 

 Correlations between yield and leaf area at each time point were 0.273, 0.279, and 

0.264 for the 20 April, 7 May, and 17 May observations, respectively. Mean leaf areas for 

each time point, standard errors, and value ranges are presented in Table 8.2. Correlations 

between the yield and leaf area at each time point, as well as histograms and scatterplots are 

presented in Figure 8.4. Figure 8.5 presents the mean trajectory of each genotype in the 

survey area across time.  
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Table 8.2. Mean leaf area data summary for each time point.  

Time Point Mean Leaf Area Standard Error Min, Max 

20 April 0.41 ft2 0.01 0.05, 0.88 

7 May 7.69 ft2 0.09 3.49, 11.02 

17 May 13.42 ft2 0.17 6.00, 21.29 

 

Time Weighted Leaf Expansion 

 Figure 8.4 presents a longitudinal plot of the mean leaf area for each genotype across 

the dataset. The mean TWLE value for all plots was 86.902, with a standard error of 1.02 and 

a range of 45.61-133.58. Variance of TWLE for geonotype means was 179.02. TLWE had a 

Pearson’s correlation coefficient of 0.27 with yield, a slight improvement over any individual 

time point. A scatterplot of TWLE and Yield is presented in Figure 8.6. Correlation between 

genotype mean yield and mean TWLE was 0.28, meaning that TWLE accounted for 7.8% of 

the variation in yield. Figure 8.7 presents boxplots for each of 131 genotypes present in the 

survey area.  
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Figure 8.4. Correlations between and scatterplots of yield and leaf areas at each time 

point. Summarizing data by genotype showed average standard errors of mean leaf areas of 

0.06, 0.70, and 1.23 for the 20 April, 7 May, and 17 May time points, respectively.  
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Figure 8.5. Mean leaf area for each genotype across time. Each color represents the 

mean leaf area of a genotype. 
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Figure 8.6. Scatterplot of TWLE and Yield with correlation coefficient.   
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Figure 8.7. Boxplots for 131 genotypes for Time Weighted Leaf Expansion (TWLE)
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Discussion 

 Examination of the results from sUAS-observed stand counts shows that, although on 

average the 20 April time point was less than one plant different from the human-observed 

stand, that the method was over and under estimating plot stands by as many as 26 plants per 

plot, which represents 59% of the plants in each yield trial plot. This amount of variation is 

excessive to consider using sUAS-collected stands processed via our method as a covariate to 

adjust plot yields. The 20 April time point represented very small plants, and visual 

inspection of the classified images reveled that the image classification occasionally missed 

very small plants, as well as occasionally classified soil clumps as plants based in similarity 

in the image. There was also an issue with double-planted seeds, that is two seeds dropping at 

the same time from the planter, which were visually distinguishable but classified as one 

object by the image classification process. As time increases and the plants grow, eventually 

the individual plant canopies begin to overlap and multiple plants become considered one 

object. This is clear from the increased error and range of mean differences for the later time 

points, with the correlation between observed and sUAS-observed stand becoming negative 

by the last measurement. The misclassification of plants while they are small due to size and 

when they are large due to overlap seems to imply a couple of potential solutions to improve 

stand counts. The first option is decrease flight altitude to increase the number of pixels 

covering each plant, hopefully allowing for increased ability to classify plant and non-plant 

objects separately. This solution, however, comes with tradeoffs in both sUAS-operational 

safety and in post-flight processing time. The lower altitude flights (<90’) present notably 

more risk factors, especially in our survey area, where trees, power lines, etc. become much 
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more of a concern than at 90’ where the aircraft readily clears all airspace obstacles. The 

second challenge in decreasing altitude is the increase in the number of images required to 

over the survey area and in the content of those images, dramatically complicating the 

production of orthomosaic images. Flights at lower altitudes generate images with very few 

readily identifiable features, making the positioning of these images in relation to one another 

more complex and increasing the time required to process the imagery, as well as the risk of 

processing failure. An easier solution from an operational and processing perspective is to 

identify an optimal collection time, which our results suggest is after V1, but before canopy 

overlap, likely in the very early V2 stage. Our results also suffered from the use of a cone-

planter due to double-planted seeds being misclassified as single objects. The use of a more 

precise planter type, like a vacuum planter, with known seed spacing would likely result in 

increased accuracy, and the seed spacing could also be used to help increase the classification 

accuracy.  

 Examination of the leaf area and leaf area expansion results provides a slightly more 

promising result. On a plot level, correlations between each set of time points were 

moderately and highly correlated, with Pearson’s correlation coefficients of 0.5 and 0.7. This 

indicates that the sUAS is consistently measuring the leaf area of each plot. Examination of 

the linear relationship between genotype mean yield and mean TWLE shows a positive 

relationship (R= 0.28), suggesting that increased leaf expansion across the surveyed time 

points does not decrease yield. There is also notable variability in TWLE values across 

genotypes, and genotypes with both high TWLE values and yield values, suggesting that it is 

possible to produce hybrids with high TWLE values and high yields. This especially 



 

 183 

promising for organic and other reduced-tillage/input farming systems, where increased early 

canopy can aid in preventing weed competition. There is likely some limit to this 

relationship, however, as suggested by the widespread use of B73 as parent line for it’s very 

upright leaf angles. Examination of Figure 8.6 shows that there is considerable variability in 

evaluating genotypes for TWLE, and we suggest that heritability studies, as well as studies 

across environments be conducted to see if these relationships hold across environments and 

to see if this is a useful metric for selection. We also suggest that, if TWLE is heritable, that 

increased replication would aid in reducing the variability of individual estimates of leaf 

expansion, as well as provide a more accurate assessment of yield performance if TWLE is 

assessed in yield trial plots, as we have done in this study.  

 The four genotype with the highest average TWLE values were genotypes 91, 105, 

32, and 52, all of which had TWLE values greater than 112. Genotype 91 is an experimental 

line cross (NC476.P3737 x NC492 x (NC320.NC368)) with a TWLE value of 121.34 and a 

standard error of 12.23. Genotype 105 is a commercial hybrid (P1794VYHR) with a TWLE 

value of 115.58 and a standard error of 14.33. Genotype 32 is a double-cross hybrid 

(NC320.NC368xPHN47.HBA1) with a TWLE value of 112.37 and a standard error of 3.79. 

Genotype 52 is a single-cross hybrid known to have good shade-out (NC476 x HBA1), with 

a TWLE value of 112.35 and a standard error of 0.33. That several of these lines share 

component parent lines suggest that TWLE might be at least moderately heritable, and thus 

useful for breeding. For comparison, a double-cross hybrid selected by farmers because of its 

early shade out (NC320.NC368xNC476.HBA1) had a TWLE value of 91.4 with a standard 

error of 6.85. B73 x LH287.LH283 was actually in the experiment twice and estimated 
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independently, with mean TLWEs of 91.01 and 84.56, and standard errors of 6.26 and 2.99, 

respectively. Comparison of these results of the genotypes with the highest TWLEs shows 

that we have identified a double-cross hybrid with higher TWLE than one selected by 

farmers for early leaf expansion, suggesting that it might serve those farmers even better than 

the product they currently produce and grow. The higher TWLE double-cross also has 

slightly higher average yield (139.5 Bu/A) than the currently used product (132.5), further 

suggesting it’s potential value to farmers. The multiple estimates of B73x LH287.LH283 

show that the estimates across the field are fairly consistent, but that that they are still 

variable, suggesting that increased replication, or potentially spatial modeling of the 

response, might improve accuracy of estimates.  

 Overall, our study has shown that stand counts via PCA and iso-cluster training of a 

maximum likelihood classifier were not sufficient alone to replace human observed stand 

count data, and has shown some potential utility to the use of sUAS to measure leaf area and 

expansion. As we highlight, the collection of stand count data is an optimization process of 

both plant timing and data acquisition, and we suggest more work on the optimization of the 

data collection time rather than changing the image acquisition parameters. We have shown 

the classified leaf areas as measured by sUAS have weak positive correlations with yield, 

indicating that high yielding hybrids that shade out the row middles quickly can be produced. 

We created a new summary value for exploring leaf expansion, TWLE, showed that it is 

positively correlated with yield, and provided some evidence to suggest that the characteristic 

is heritable, although much more work needs to be done on the latter to validate it. Through 

the use of TWLE we have identified a double-cross hybrid that performs better than a 
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currently grown double-cross hybrid and yields slightly better, suggesting it may be a better 

product to deliver to organic farms who are especially concerned with quick shade-out. In 

conclusion, we believe our results represent an important step forward in the use of sUAS to 

collect data in plant breeding, and hope that our results will serve as the basis of future 

research in this area.  
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APPENDIX 
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APPENDIX A 

Table A1-1. Details for each yield trial site. 

Site Location Plot Width Plot Length 

Central Crops RS Clayton, NC 0.97 4.88 

Piedmont RS Salisbury, NC 0.76 4.88 

Caswell Farm Kinston, NC 0.76 4.88 

Cunningham RS Kinston, NC 0.76 4.88 

Peanut Belt RS Lewiston- Woodville, NC 0.91 4.88 

 

Table A1-2. Yield and isolation field evaluation results for gametophytic line by tester 

topcrosses. 

Pedigree Tester 
Kernel

s 
Ears 

Col

or 

K/

E 

Yield 

Kg/Ha 

% 

Moi 

536*2xZ51.J78_298-

1222_S1 
P1498 100 7 Y 14 6967.47 18.2 

354x_Z51.J78_298-1____S2 P1498 150 9 Y 17 6841.93 19.4 

2664-1*2xZ51.J78_298-

1S1_HM 

LH132 x 

PHG39 
300 8 B 38 6841.93 18.5 

302*2x_Z51.J78_298-

1M1222S2 
P1498 300 8 B 38 6716.39 19.7 

2664-

1*2xZ51.J78_298_1222S1 

LH132 x 

PHG39 
350 9 B 39 6402.54 18.6 

536*2xZ51.J78_298-

1222_S1 
P1498 300 7 Y 43 7532.4 19 

2664-

1*2xZ51.J78_298_1222S1 

LH132 x 

PHG39 
350 8 B 44 6967.47 17.7 

P4639-1*8xTcb_517-

1_000S1 

LH132 x 

PHG39 
400 9 B 44 7281.32 18.7 

T3x96*2.Z51/J78y8163-2S1 
LH283 x 

LH287 
400 9 B 44 6653.62 17.4 

NC400*4xTcb1+Ga1-

M_S2_M 
P1498 450 9 B 50 7971.79 19 

NC354xZ51.J78_298-

1___S2 
P1498 350 7 B 50 7532.4 19.9 

354*2xZ51.J78298-1_S1 P1498 450 9 B 50 7469.63 20.1 
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Table A1-2. Continued  

Pedigree Tester 
Kerne

ls 
Ears 

Co

lor 

K/

E 

Yield 

Kg/Ha 

% 

Moi. 

2664-1xZ51.J78_298-

1M1222_S2 

LH132 x 

PHG39 
450 9 B 50 6904.7 19 

2664-1xZ51.J78_298-

1M1222_S2 

LH132 x 

PHG39 
450 9 B 50 6025.92 19 

B73TIC.Z51/J78_298_1222

_S2 

LH283 x 

LH287 
400 8 Y 50 5900.38 17.6 

2664-1*2xZ51.J78_298-

1S1_HM 

LH132 x 

PHG39 
500 9 B 56 6402.54 18.4 

1246-1*2xZ51.J78_298-

1M1222S2XT30 
P1498 400 7 B 57 6841.93 18.4 

P4639-1*8xTcb_517-

1_000S1 

LH132 x 

PHG39 
550 9 Y 61 7657.94 19 

2664-1*2xZ51.J78_298-

1S1_HM 

LH132 x 

PHG39 
500 8 B 63 6214.23 18.5 

B73TIC.Z51/J78_298_1222

_S2 

LH283 x 

LH287 
600 9 B 67 6465.31 16.8 

NC296*2xZ51.J78y1222-

3BCS3 

NC320 x 

NC368 
450 6 Y 75 6904.7 18.7 

T3x96*2.Z51/J78y8163-2S1 
LH283 x 

LH287 
700 9 B 78 6716.39 16.9 

T3x96*2.Z51/J78y8163-2S1 
LH283 x 

LH287 
700 9 B 78 6653.62 17.6 

T3x96*2.Z51/J78y8163-2S1 
LH283 x 

LH287 
700 9 B 78 6590.85 18 

534xZ51.J78_298-1_1222 P1498 750 9 B 83 7344.09 18.3 

2664-1*2xZ51.J78_298-

1S1_HM 

LH132 x 

PHG39 
750 9 B 83 6339.77 18.4 

2350-1xZ51.J78_298-

1_1222S1 

NC328 x 

SGI890 
750 9 B 83 5586.53 18.2 

NC520x_Z51.J78_298-1_S2 
LH132 x 

PHG39 
800 9 B 89 6967.47 19.1 

2350-1*2xZ51.J78_298-

1S1_HM 

LH132 x 

PHG39 
800 9 B 89 6904.7 18.8 

2350-1*2xZ51.J78_298-

1S1_HM 

LH132 x 

PHG39 
800 9 B 89 6214.23 18.3 

2350-

1*2xZ51.J78_298S1_1222 

LH132 x 

PHG39 
800 9 B 89 6214.23 17.6 

2350-1xZ51.J78_298-

1_1222_S1 

NC328 x 

SGI890 
800 9 B 89 6214.23 18.4 
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Table A1-2. Continued  

Pedigree Tester Kerne

ls 

Ea

rs 

C

ol

or 

K/E Yield 

Kg/Ha 

% 

Moi

. 

T3x96*2.Z51/J78y8163-2S1 

 

LH283 x 

LH287 
800 9 B 89 5963.15 17.7 

2664-1*2x51.J78_298-

1_122G_S1XT25 

NC328 x 

SGI890 
800 9 B 89 5963.15 17.6 

B73TICxZ51.J78_298-

1_1222_S1 

NC328 x 

SGI890 
750 8 B 94 6528.08 18 

522*2x_Z51.J78_298-1_S1HM 
LH132 x 

PHG39 
850 9 B 94 7281.32 19.3 

536*2xZ51.J78_298-1_1222S1 

 
P1498 600 6 B 100 7846.25 18.9 

2350-1*2xZ51.J78_298-

1S1_HM 

LH132 x 

PHG39 
800 8 B 100 7155.78 18.6 

B73TICxZ51.J78_298-

1_1222S1 

FR1064 x 

NC328 
800 8 B 100 6590.85 18.9 

296x_Z51.J78_298-

1almw_122S1 

NC320 x 

NC368 
400 4 Y 100 6339.77 18.9 

522*3xZ51.J78_298-1_S1_HM 
LH132 x 

PHG39 
750 7 B 107 7783.48 19 

400GxZ51.J78_298-1_1222_S1 P1498 999 9 B 111 8097.33 19.1 

TRO.EL.C8gRS_2184-

016/07S4 
P1498 999 9 B 111 8034.56 20.5 

TRO.EL.C8gRS_2184-

069/07S4 
P1498 999 9 B 111 7971.79 19.1 

NC302.460xNC296___F2S4xP

1498 

FR1064 x 

NC328 
999 9 B 111 7909.02 18.4 

296*2xZ51.J78_298-1a.w_S1 P1498 999 9 B 111 7657.94 19.3 

NC296*5xZ51.J78wh_222-3S1 P1498 999 9 Y 111 7595.17 18.6 

P4639-1*8xTcb_517-1_000S1 
LH132 x 

PHG39 
999 9 B 111 7469.63 19.1 

NC520x_Z51.J78_298-1_S2 
LH132 x 

PHG39 
999 9 B 111 7406.86 20.3 

NC296x(NK)792.NC460_SS_w

hF2S4 

LH283 x 

LH287 
999 9 B 111 7406.86 18.5 

NC354*2x_Z51.J78_298-

1S1_M 
P1498 999 9 B 111 7406.86 20.1 

T3x96*2.Z51/J78y_8163-

2__S1 
P1498 999 9 B 111 7406.86 18.6 

NC302.460xNC296___F2S4xP

1498 

FR1064 x 

NC328 
999 9 B 111 7344.09 19.1 
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Table A1-2. Continued  

Pedigree Tester 
Kerne

ls 

E

ar

s 

C

ol

or 

K/E 
Yield 

Kg/Ha 

% 

Moi. 

NC520*2xZ51.J78_298-1_S1 
LH132 x 

PHG39 
999 9 B 111 7281.32 18.5 

NC368*3xTcb1+Ga1-

M_BC2S2 

NC328 x 

SGI890 
999 9 B 111 7281.32 17.6 

522*3xZ51.J78_298-

1_00?MS1 

LH132 x 

PHG39 
999 9 Y 111 7218.55 20.1 

T3x96*2.Z51/J78y8163-2S1 
LH283 x 

LH287 
999 9 B 111 7218.55 18.3 

520.476/Z51/J78_298-1_S2 
LH132 x 

PHG39 
999 9 Y 111 7155.78 18.4 

368x132.MD_G141_9531-

80_S1 

NC328 x 

SGI890 
999 9 B 111 7155.78 17.6 

368*5x9531-

9BC3_00_G141_G_S1 

NC328 x 

SGI890 
999 9 Y 111 7155.78 18.9 

NC296x(NK)792.NC460_SS

___F2S4 

LH283 x 

LH287 
999 9 Y 111 7093.01 18.7 

320*2xZ51.J78_298-1_S2 
LH132 x 

PHG39 
999 9 Y 111 7030.24 18.5 

320*2xZ51.J78_298-1_S2 
LH132 x 

PHG39 
999 9 Y 111 6967.47 18.8 

N46*3xZ51.J78_298-

1_4_S1_HM 

LH132 x 

PHG39 
999 9 B 111 6904.7 18.2 

NC296x(NK)792.NC460_SS

_Y_F2S4 

LH283 x 

LH287 
999 9 Y 111 6904.7 18 

B73TICxZ51.J78_298-

1_1222_S1 

NC328 x 

SGI890 
999 9 Y 111 6904.7 17.2 

524*2xZ51.J78_298-

1_00_BCS2 

LH132 x 

PHG39 
999 9 B 111 6841.93 19.2 

526x_Z51.J78_298_1222-2S2 
LH132 x 

PHG39 
999 9 B 111 6779.16 18.1 

476*2xZ51.J78_298-

1_S1_HM 

LH132 x 

PHG39 
999 9 B 111 6779.16 18.4 

2350-

1*2xZ51.J78_298S1_1222 

LH132 x 

PHG39 
999 9 B 111 6779.16 17.4 

2664-1*2xZ51.J78_298-

1S1_HM 

LH132 x 

PHG39 
999 9 B 111 6653.62 18.1 

NC368*3xTcb1+Ga1-

M_BC2S2 

NC328 x 

SGI890 
999 9 B 111 6653.62 17.6 
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Table A1-2. Continued  

Pedigree Tester 
Kerne

ls 

E

ar

s 

C

ol

or 

K/E 
Yield 

Kg/Ha 

% 

Moi. 

476*2xZ51.J78_298-1_BCS2 
LH132 x 

PHG39 
999 9 Y 111 6590.85 17.7 

2350-

1*2xZ51.J78_298_1222S1 

LH132 x 

PHG39 
999 9 B 111 6590.85 17.7 

2350-1*2xZ51.J78_298-

1S1_HM 

LH132 x 

PHG39 
999 9 B 111 6590.85 18.1 

NC296x(NK)792.NC460_SS

___F2S4 

LH283 x 

LH287 
999 9 B 111 6590.85 18.2 

P38*3xZ51.J78_298-

1_00_S1 

LH283 x 

LH287 
999 9 B 111 6590.85 17.5 

2664-1xZ51.J78_298-1_S1 
NC328 x 

SGI890 
999 9 B 111 6590.85 18.3 

2664-

1*2xZ51.J78_298_1222S1 

LH132 x 

PHG39 
999 9 B 111 6528.08 18.4 

2350-1*2xZ51.J78_298-

1S1_HM 

LH132 x 

PHG39 
999 9 B 111 6465.31 19 

2350-

1*2xZ51.J78_298S1_1222 

LH132 x 

PHG39 
999 9 B 111 6465.31 17 

2664-1*2xZ51.J78_298-

1S1_HM 

LH132 x 

PHG39 
999 9 B 111 6465.31 18.5 

368xB73TIC.Z51.J78_298S1

_HN 

LH283 x 

LH287 
999 9 B 111 6402.54 17.6 

474*3xZ51.J78_298-1_M_S1 
NC328 x 

SGI890 
999 9 B 111 6402.54 18.9 

N46*3xZ51.J78_298-1_04S1 
LH132 x 

PHG39 
999 9 B 111 6277 18.4 

2350-1*2xZ51.J78_298-

1S1_HM 

LH132 x 

PHG39 
999 9 Y 111 6277 18.5 

P38*3xZ51.J78_298-

1_00_S1 

LH283 x 

LH287 
999 9 B 111 6277 17.4 

368xB73TIC.Z51.J78_298S1

_HN 

LH283 x 

LH287 
999 9 Y 111 6277 17.2 

2350-

1*2xZ51.J78_298_1222-2 

LH132 x 

PHG39 
999 9 B 111 6214.23 18.2 

2350-

1*2xZ51.J78_298_1222S1 

LH132 x 

PHG39 
999 9 B 111 6214.23 18.4 

1274-1/2_334 
NC328 x 

SGI890 
999 9 B 111 6214.23 17.9 
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Table A1-2. Continued 

Pedigree Tester 
Kerne

ls 

E

ar

s 

C

ol

or 

K/E 
Yield 

Kg/Ha 

% 

Moi. 

KutkaNxNC396.NC320_F2S

4 

LH132 x 

PHG39 
999 9 B 111 6151.46 18.1 

NC302.NC338xKutkaS____

F2S4 

LH283 x 

LH287 
999 9 Y 111 6151.46 18.8 

368xB73TIC.Z51.J78S1_298

_HN 

LH283 x 

LH287 
999 9 Y 111 6088.69 17.2 

P38*3xZ51.J78_298-1_00S1 
LH283 x 

LH287 
999 9 B 111 6088.69 16.5 

KutkaNxNC396.NC320_F2S

4 

LH132 x 

PHG39 
999 9 B 111 6025.92 18.1 

NC474*3xTcb1+Ga1-

M_BC2S2 

NC328 x 

SGI890 
999 9 B 111 5963.15 17.1 

1274-1*4xZ51.J7823-10 
NC328 x 

SGI890 
999 9 B 111 5774.84 17.3 

528xZ51.J78_298-1_1222-

2_S2 

LH132 x 

PHG39 
900 8 B 113 6716.39 19.1 

NC520x_Z51.J78_298-1_S2 
LH132 x 

PHG39 
900 8 B 113 6151.46 18.9 

290xZ51.J78_298-1_1222-

2S1 

NC320 x 

NC368 
450 4 Y 113 5272.68 19.2 

T3x96*2.Z51/J78y8163-2S1 
LH283 x 

LH287 
800 7 B 114 6716.39 18 

NC520*2xZ51.J78_298-1_S1 
LH132 x 

PHG39 
999 8 Y 125 7532.4 19.5 

T3x96*2.Z51/J78y8163-2S1 
LH283 x 

LH287 
999 8 B 125 7532.4 17.4 

NC296xPHN82.NC460_F2S4

xP1498 

FR1064 x 

NC328 
999 8 B 125 7218.55 19 

354x_Z51.J78_298-1____S2 P1498 999 8 B 125 7218.55 20.7 

1246-1xZ51.J78_298-1_1222-

2S2XT30 
P1498 999 8 B 125 7218.55 18.1 

NC296xPHN82.NC460_F2S4

xP1498 

FR1064 x 

NC328 
999 8 B 125 7155.78 18.6 

320*2xZ51.J78_298-1_S2 
LH132 x 

PHG39 
999 8 Y 125 7093.01 18.8 

368*2xB47.132/9540_Z182 
NC328 x 

SGI890 
999 8 B 125 7093.01 16.7 
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Table A1-2. Continued  

Pedigree Tester 
Kerne

ls 

E

ar

s 

C

ol

or 

K/E 
Yield 

Kg/Ha 

% 

Moi. 

1246-1xZ51.J78_298-1_1222-

2S2XT30 
P1498 999 8 B 125 7093.01 17.8 

NC296x(NK)792.NC460_SS_

whF2S4 

LH283 x 

LH287 
999 8 Y 125 7030.24 17.9 

NC296xPHN82.NC460_F2S4

xP1498 

FR1064 x 

NC328 
999 8 B 125 7030.24 19.2 

NC296x(NK)792.NC460_SS

wh_F2S4 

LH283 x 

LH287 
999 8 Y 125 6967.47 17.9 

T3x96*2.Z51/J78y8163-2S1 
LH283 x 

LH287 
999 8 B 125 6653.62 17.7 

368xB73TIC.Z51.J78_298__

_HN 

LH283 x 

LH287 
999 8 B 125 6590.85 17.4 

KutkaNxNC396.NC320_F2S

4 

LH132 x 

PHG39 
999 8 B 125 6528.08 18.3 

520.476/Z51/J78_298-1_S2 
LH132 x 

PHG39 
999 8 Y 125 6528.08 18.9 

524*2xZ51.J78_298-

1_00_BCS2 

LH132 x 

PHG39 
999 8 B 125 6528.08 19.6 

2350-1*2xZ51.J78_298-

1S1_HM 

LH132 x 

PHG39 
999 8 B 125 6528.08 18.6 

T3x96*2.Z51/J78y8163-2S1 
LH283 x 

LH287 
999 8 B 125 6528.08 17.7 

368xB73TIC.Z51.J78_298S1

_HN 

LH283 x 

LH287 
999 8 Y 125 6465.31 17.2 

HBA*2.N47x301.298-a_8348 
LH132 x 

PHG39 
999 8 B 125 6339.77 18.2 

320*2xZ51.J78_298-1_S2 
LH132 x 

PHG39 
999 8 Y 125 6277 18.6 

476xZ51.J78_298-1_S2 
LH132 x 

PHG39 
999 8 Y 125 6277 18.4 

2350-1*2xZ51.J78_298-

1S1_HM 

LH132 x 

PHG39 
999 8 B 125 6214.23 18.3 

NC296xPHR63.NC460_F2S4

xP1498 

LH283 x 

LH287 
999 8 B 125 6151.46 19.2 

476xZ51.J78_298-1_S2 
LH132 x 

PHG39 
999 8 Y 125 6088.69 18.6 

400GxZ51.J78_298-

1_1222_S1 
P1498 250 2 B 125 7344.09 18.2 
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Table A1-2. Continued  

Pedigree Tester 
Kerne

ls 

E

ar

s 

C

ol

or 

K/E 
Yield 

Kg/Ha 

% 

Moi. 

NC296*4xZ51.J78wh_1222-

3_S1 
P1498 999 7 B 143 7783.48 18.4 

T3x96*2.Z51/J78y8163-2S1 P1498 999 7 B 143 7783.48 18.9 

296*2xZ51.J78_298-1a.w_S1 P1498 999 7 B 143 7595.17 19 

NC296xPHR62.NC460__F2S

4 

LH132 x 

PHG39 
999 7 B 143 7344.09 18 

T3x96*2.Z51/J78y8163-2S1 
LH283 x 

LH287 
999 7 B 143 7344.09 17.8 

1246-1xZ51.J78_298-1_1222-

2S2XT30 
P1498 999 7 B 143 7030.24 18.8 

476xZ51.J78_298-1_S2 
LH132 x 

PHG39 
999 7 Y 143 6339.77 17.9 

476xZ51.J78_298-1_S2 
LH132 x 

PHG39 
999 7 Y 143 6339.77 17.5 

1274-1xZ51.J78_298-

1_1222_S1 

NC328 x 

SGI890 
999 7 B 143 6339.77 18.5 

2350-

1*2xZ51.J78_298S1_1222 

LH132 x 

PHG39 
999 7 B 143 6277 17.2 

1274-1xZ51.J78_298-

1_1222_S1 

NC328 x 

SGI890 
999 7 B 143 6214.23 18.4 

1274-1xZ51.J78_298-

1_1222_S1 

NC328 x 

SGI890 
999 7 B 143 6214.23 18.4 

KutkaNxNC396.NC320_F2S

4 

LH132 x 

PHG39 
999 7 B 143 6151.46 18.5 

KutkaNxNC396.NC320_F2S

4 

LH132 x 

PHG39 
999 7 B 143 6151.46 18.4 

32x508/74.N46*2/Z182_1411

S1 
P1498 999 6 B 167 7657.94 17.2 

320*4x368.9531-

5_0_G141_S1 

LH132 x 

PHG39 
999 6 B 167 7281.32 18.7 

N46*4xZ182____1411-13 
NC320 x 

NC368 
999 6 B 167 6967.47 17 

NC520x_Z51.J78_298-1_S2 
LH132 x 

PHG39 
999 6 B 167 6967.47 19.2 

KutkaNxNC396.NC320_F2S

4 

LH132 x 

PHG39 
999 6 B 167 6716.39 18.1 

NC400xPHT55.NC460__F2S

4 

LH132 x 

PHG39 
999 6 B 167 6528.08 18.6 
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Table A1-2. Continued  

Pedigree Tester 
Kerne

ls 

E

ar

s 

C

ol

or 

K/E 
Yield 

Kg/Ha 

% 

Moi. 

1274-1*3xZ51.J78_23-

10su0S1 

FR1064 x 

NC328 
999 6 B 167 6339.77 18 

KutkaNxNC396.NC320_F2S

4 

LH132 x 

PHG39 
999 6 B 167 5837.61 18.4 

1801-

1/94.NC474xNC368F2S4 

LH132 x 

PHG39 
999 6 B 167 5523.76 18 

520.476/Z51/J78_298-1_S2 
LH132 x 

PHG39 
999 5 B 200 6967.47 18.9 

1246-1xZ51.J78_298-

1_1222_S2 
P1498 999 5 B 200 6716.39 18.5 

NC368xNC348_F2S4 
LH132 x 

PHG39 
999 5 B 200 6653.62 20 

290xZ51.J78_298-1_1222-

2S1 

NC320 x 

NC368 
999 5 B 200 6025.92 19 

T3x96*2.Z51/J78_y_8163-

2_S1 
P1498 999 4 B 250 7469.63 17.7 

N46*4xZ182_SOS1411-13 
NC320 x 

NC368 
999 4 B 250 7093.01 17.2 

296xZ51.J78_298-

1alwS1_1222 

NC320 x 

NC368 
999 4 B 250 6716.39 19 

NC400xPHT55.NC460__F2S

4 

LH132 x 

PHG39 
999 4 B 250 6590.85 18.3 

NC508_x_NC474_ga1:08,10_

F2S4 

LH132 x 

PHG39 
999 4 B 250 6590.85 19.1 

Pioneer 2088R 
     

8662.26 19.1 
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Table A2-1. Name and PVP numbers of evaluated lines.  

Line  PVP No. Line PVP No. Line PVP No. Line PVP No. Line PVP No. 

5707 8600036 87916W 8800189 F274 9400227 ICI 893 9200040 LH85 8700088 

6103 8500005 8F196 9400234 F42 8300157 ICI 986 9200041 LH93 8500038 

78004 8500125 8M116 9400235 FAPW 8200152 ICI581 9300049 LH119 8200064 

78010 8500126 8M129 9300090 FBHJ 8700173 J8606 8900226 LH123HT 8400030 

29MIBZ2 9100124 91BMA2 9400225 FBLA 9100035 L_127 8900201 LH127 9000064 

2FACC 9000016 91IFC2 9300083 FBLL 9100034 L_135 8900202 LH128 9100067 

2FADB 9300084 AM0776 9400186 FR_19 8000011 L_139 8900203 LH132 8300148 

2MA22 8800193 AQA3 9300082 G35 8300140 L_155 9100163 LH143 8300138 

2MCDB 9300091 B09 8300142 G39 8300115 L163 9400281 LH145 8300102 

3IBZ2 9100223 B47 8300141 G50 8300143 L222 9500003 LH146Ht 8700089 

3IIH6 9300087 BCC03 9100002 G80 8400128 LH1 7600047 LH149 8800053 

3IJI1 9300086 (Car)11430 8800177 H8431 8800152 LH38 8000066 LH150 8500153 

4676A 8600092 (Car)2369 8800178 HB8229 8800190 LH39 8000067 LH156 8700090 

4N506 8900263 CL614 9300195 HBA1 8500069 LH51 8200062 LH159 9200247 

6F545 9400222 CQ702rc 9300186 IBB14 8800192 LH52 8700020 LH160 9000122 

6F629 9100036 CQ806 9300187 IBB15 8700196 LH54 8600128 LH162 9000123 

6M502 8800191 CR14 8900095 IBC2 8700198 LH57 8600129 LH163 9000065 

78002A 8600091 CR1Ht 8400042 IBH9 9400236 LH59 8700213 LH164 9100265 

78371A 8700172 CS405 9200059 IBO14 8500123 LH60 8700087 LH165 9200248 

78551S 8800195 CS608 9200122 IBO2 8700197 LH61 8700137 LH166 9300035 

83IBI3 9100256 DJ7 8500086 ICI_193 9200037 LH65 8800050 LH167 9300039 

84BRQ4 9400223 E8501 8900233 ICI_441 9200038 LH74 8200063 LH168 9400034 

84QAB1 9400224 F118 9100248 ICI_740 9200039 LH82 8500037 LH172 9200249 
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Table A2-1. Continued 

Line PVP No. Line PVP No. Line PVP No. Line PVP No. Line PVP No. 

LH175 9400267 LH206 9000067 LH299 200600028 (NK)790 8800030 OS602 9200064 

LH176 9500056 LH208 9100069 LIBC4 9100255 (NK)792 8900234 PB80 8700174 

LH181 9100068 LH209 9100218 LP1 CMS HT 7800019 (NK)793 8800031 (PH)207 8300144 

LH183 9300088 LH210 9000050 LP1 NR HT 7800020 (NK)794 8700046 PH5HK 200200009 

LH184 9300038 LH211 9000051 Lp215D 9100084 (NK)807 8700151 PHAA0 9400091 

LH185 9400036 LH212Ht 9100070 Lp5 8700031 (NK)899 9400106 PHAG6 9500195 

LH186 9400037 LH213 9100071 MBNA 8500127 (NK)901 9400107 PHAJ0 9500196 

LH188 9500057 LH214 9100266 MBPM 8700175 (NK)904 9200123 PHAP1 9500197 

LH189Ht 9500058 LH215 9100201 MBSJ 9100134 (NK)907 9400064 PHAP8 9500198 

LH190 9000124 LH216 9200028 MBST 8800194 (NK)911 9200012 PHAP9 9500199 

LH191 9000139 LH217 9300036 MBUB 9100135 (NK)912 9200013 PHAW6 9300104 

LH192 9000140 LH218 9300300 MBWZ 9300081 (NK)948 9400279 PHBA6 9200078 

LH193 9000141 LH219 9400268 MBZA 9400229 (NK)991 9600117 PHBB3 9400089 

LH194 9000125 LH220Ht 9000068 MDF-13D 8200151 NL001 9100038 PHBE2 95000200 

LH195 9000047 LH222 9200032 ML606 9400242 NQ402 9300188 PHBF0 9500201 

LH196 9000066 LH223 9200250 MM402A 9100222 NQ508 9200061 PHBW8 9200079 

LH197 9200020 LH224 9200251 MM501D 9300085 NS501 8800149 PHDD6 9200080 

LH198 9200021 LH225 9300301 MQ305 9200060 NS701 8700134 PHEG9 9400090 

LH199 9200024 LH231 9500059 (NK)740 8800028 NS815 9400243 PHEM7 9400092 

LH200 9300037 LH250 9400269 (NK)764 8700036 OQ101 9200062 PHEM9 9300105 

LH202 9000126 LH252 9500060 (NK)778 8700045 OQ403 9200063 PHEW7 9300106 

LH204 9000048 LH260 9500061 (NK)779 8700041 OQ414 9400244 PHFA5 9300107 

LH205 9000049 LH284 9800092 (NK)787 8800029 OQ603 8800150 PHG29 8600047 
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Table A2-1. Continued 

Line PVP No. Line PVP No. Line PVP No. Line PVP No. Line PVP No.   

PHG47 8600131 PHK05 8800001 PHN47 8800217 PHRD6 9400096 PHW06 9000253   

PHG71 8400157 PHK29 8700214 PHN66 9100096 PHRE1 9300114 PHW17 8700018   

PHG72 8600134 PHK35 8900311 PHN73 8900316 PHT10 8800214 PHW20 8900325   

PHG83 8500152 PHK42 8800035 PHN82 8900317 PHT11 9100101 PHW30 9100102   

PHG84 8600130 PHK46 9000246 PHP02 8800212 PHT22 8900322 PHW43 8900326   

PHG86 8700170 PHK56 9000247 PHP38 9000250 PHT47 9200091 PHW51 9000254   

PHGG7 9200081 PHK74 9200085 PHP55 8900318 PHT55 8800046 PHW52 8800215   

PHGV6 9200082 PHK76 8800036 PHP60 8900319 PHT60 8800219 PHW53 9300116   

PHGW7 9200083 PHK93 9100094 PHP76 9000251 PHT69 9200092 PHW65 8800040   

PHH93 8800216 PHKE6 9300111 PHP85 9200087 PHT73 9200093 PHW79 8800220   

PHHB4 9400093 PHKM5 9400097 PHPR5 9200088 PHT77 8800038 PHW80 9300117   

PHHB9 9300108 PHM10 8900312 PHR03 9100097 PHTD5 9400095 PHW86 9000255   

PHHH9 9300109 PHM49 8800211 PHR25 8800002 PHTE4 9400094 PHWG5 9200097   

PHHV4 9200084 PHM57 8900313 PHR30 9200089 PHTM9 9200094 PHZ51 8600132   

PHJ31 8900307 PHM81 9100095 PHR31 9200090 PHV07 9000252 Q381 8500098   

PHJ33 8900308 PHMK0 9300112 PHR32 8800218 PHV37 8900323 RS710 9000129   

PHJ40 8600133 PHN11 8800037 PHR36 8700017 PHV53 9200095 S8324 8800153   

PHJ65 9000245 PHN18 9200086 PHR47 8800213 PHV57 9300115 S8326 8800154   

PHJ70 8900309 PHN29 8900314 PHR55 9100098 PHV63 8800039 Seagull Seventeen 7900077   

PHJ75 8900310 PHN34 9000248 PHR58 9100099 PHV78 8800003 UAOQ601 9400241   

PHJ89 9100092 PHN37 8900315 PHR61 9100100 PHVA9 9200096 (UAS)1538 8900075   

PHJ90 9100093 PHN41 9300113 PHR62 8900320 PHVJ4 9300103 W8304 8800032   

PHJR5 9300110 PHN46 9000249 PHR63 8900321 PHW03 8900324 W8555 8900227   
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Table A2-1. Continued 

Line PVP No. 

WDAD1 9400230 

WIL500 8900156 

WIL900 8900092 

WIL901 8900093 

WIL903 8900094 

ZS0114 9400261 

ZS01250 9600271 

ZS0510 9600263 

ZS0560 9400256 

ZS1513 9400260 

ZS1791 9500299 

ZS365 9300304 

ZS635 9300305 
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Table A2-2. Key data for each estimated PVP.  

PVP Years Experiments Patterns Testers Locations Sites 

5707 6 6 2 6 7 50 

6103 4 2 1 2 7 17 

78004 4 2 1 2 7 17 

78010 4 2 1 2 7 18 

29MIBZ2 2 1 2 2 5 10 

2FACC 4 2 1 2 7 24 

2FADB 2 1 1 1 5 9 

2FADB x HBA1 1 1 1 1 5 5 

2FADB x LH211 1 1 1 1 5 5 

2FADB x MBWZ 1 1 1 1 5 5 

2FADBxMM402A 1 1 1 1 5 5 

2MA22 5 3 1 2 7 24 

2MCDB 2 1 1 1 4 8 

3IBZ2 1 1 1 1 5 5 

3IIH6 2 1 2 2 5 9 

3IJI1 2 1 2 2 5 10 

4676A 4 4 2 5 7 35 

4N506 4 2 1 2 7 24 

561XY 1 1 1 1 5 5 

6F545 1 1 2 2 5 5 

6F629 3 1 1 1 5 15 

6M502 4 2 2 2 5 29 

78002A 4 2 1 2 7 18 

78371A 4 4 2 5 7 37 

78551S 4 3 2 3 7 24 

83IBI3 2 1 1 1 5 10 

84BRQ4 2 1 2 2 5 10 

84QAB1 2 1 2 2 5 10 

87916W 4 2 1 2 7 19 

87916W x PHK93 1 1 1 1 4 4 

8F196 2 1 1 1 5 10 

8M116 1 1 2 2 5 5 

8M129 2 1 2 2 5 9 

91BMA2 2 1 2 2 5 10 

91IFC2 3 2 1 1 5 19 

A6507W 1 1 1 1 5 5 

A6637W 1 1 1 1 5 5 

AM0776 2 1 1 1 5 9 
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Table A2-2. Continued  

PVP Years Experiments 
Het. 

Patterns 
Testers Locations Sites 

AQA3 2 1 2 2 5 9 

Asgrow RX953W 2 1 1 1 5 10 

B09 4 2 1 2 7 18 

B47 5 3 1 2 7 23 

B73 4 3 1 2 7 38 

B73 x 

LH287.LH283 
5 5 1 1 5 36 

BCC03 3 1 1 1 5 15 

BR71PM50 3 2 1 1 5 14 

C65-18 1 1 1 1 5 5 

C68-04 4 3 1 1 5 29 

(Car)11430 2 1 1 1 5 10 

(Car)2369 5 3 1 2 7 24 

CL614 2 1 2 2 5 10 

CQ702rc 2 1 2 2 5 9 

CQ806 2 1 2 2 5 10 

CR14 4 2 1 2 7 24 

CR1Ht 2 1 1 1 5 9 

CS405 1 1 1 1 5 5 

CS608 2 1 1 1 5 10 

DeKalb 697 9 13 1 1 7 135 

DJ7 5 3 1 2 7 22 

DKHBA1.NC476x

NC368.NC320 
1 1 1 1 4 4 

E8501 4 3 1 2 7 29 

F118 3 1 1 1 5 14 

F118 x HBA1 2 1 1 1 5 9 

F118 x LH211 1 1 1 1 5 5 

F118 x PHK46 2 1 1 1 5 10 

F274 1 1 1 1 5 5 

F42 5 3 1 2 7 23 

FAPW 4 2 1 2 7 18 

FBHJ 4 3 1 2 7 23 

FBLA 2 1 1 1 5 9 

FBLL 2 1 1 1 5 10 

FR_19 4 2 1 2 7 18 

FR1064 3 2 1 1 6 14 
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Table A2-2. Continued  

PVP Years Experiments 
Het. 

Patterns 
Testers Locations Sites 

FR992 x 

LH283.LH287 
3 2 1 1 6 14 

G35 4 4 2 4 7 36 

G39 5 4 2 3 7 26 

G50 4 4 2 4 7 34 

G80 4 2 1 2 7 18 

Garst 8288 6 10 1 1 7 95 

H8431 5 3 1 2 7 24 

HB8229 4 2 1 2 7 24 

HBA1 6 7 2 6 7 55 

HBA1 x PHG84 1 1 1 1 5 5 

HBA1 x PHJ65 1 1 1 1 5 5 

HBA1.NC476 x 

NC320.NC368 
1 1 1 1 5 5 

HBA1.NC476xN

C368.NC320 
3 3 2 2 5 20 

HC33 x TR7322 4 3 1 1 5 24 

IBB14 4 2 2 4 7 24 

IBB15 3 2 2 4 7 19 

IBC2 3 2 1 2 7 19 

IBH9 2 1 2 2 5 10 

IBO14 2 3 2 3 5 26 

IBO2 4 2 2 3 7 19 

ICI 193 2 1 1 1 5 9 

ICI 441 3 1 1 1 5 15 

ICI 740 3 2 2 2 5 24 

ICI 893 3 1 1 1 5 15 

ICI 986 2 1 2 2 5 9 

ICI 581 2 1 1 1 5 9 

J8606 4 3 1 2 7 24 

L 127 3 2 2 4 7 19 

L 135 3 2 2 4 7 19 

L 139 4 2 2 4 7 24 

L 155 2 1 1 1 5 9 

L 163 2 1 1 1 5 10 

L 222 2 1 2 2 5 10 

LH1 4 2 1 2 7 18 
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Table A2-2. Continued  

PVP Years Experiments 
Het. 

Patterns 
Testers Locations Sites 

LH38 5 5 2 5 7 44 

LH39 5 5 2 5 7 41 

LH51 5 5 1 4 7 40 

LH52 2 3 1 3 5 27 

LH54 5 5 1 4 7 41 

LH57 5 5 1 4 7 41 

LH59 5 5 1 4 7 41 

LH60 5 5 1 4 7 41 

LH61 4 4 1 4 7 35 

LH65 2 1 1 1 5 9 

LH74 4 2 1 2 7 18 

LH82 4 4 2 4 7 35 

LH85 4 4 2 5 7 30 

LH93 4 4 2 5 7 35 

LH119 5 3 1 2 7 22 

LH123HT 6 6 2 5 7 50 

LH127 2 1 1 1 5 9 

LH128 1 1 1 1 4 4 

LH132 5 3 1 2 7 23 

LH132 x HBA1 1 1 1 1 5 5 

LH132 x LH211 1 1 1 1 5 5 

LH132 x LH51 8 5 1 1 7 41 

LH132 x MBWZ 1 1 1 1 5 5 

LH132 xMM402A 2 1 1 1 5 10 

LH132 x PHK46 2 1 1 1 5 10 

LH143 2 1 1 1 5 9 

LH145 4 2 1 2 7 18 

LH146Ht 4 2 1 2 7 18 

LH149 5 3 1 2 7 24 

LH150 4 5 2 6 7 41 

LH156 6 6 2 5 7 50 

LH159 2 1 2 2 5 10 

LH160 1 1 1 1 4 4 

LH162 1 1 1 1 4 4 

LH163 2 1 2 2 5 10 

LH164 2 1 2 2 5 9 

LH165 2 1 1 1 5 9 
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Table A2-2. Continued  

PVP Years Experiments 
Het. 

Patterns 
Testers Locations Sites 

LH166 3 2 2 2 5 18 

LH167 2 1 1 1 5 10 

LH168 1 1 1 1 5 5 

LH172 2 1 1 1 5 10 

LH175 1 1 1 1 5 5 

LH176 1 1 1 1 5 5 

LH181 2 1 1 1 5 9 

LH183 2 1 1 1 5 10 

LH184 2 1 1 1 5 9 

LH185 2 1 1 1 5 10 

LH186 2 1 1 1 5 10 

LH188 1 1 1 1 5 5 

LH189Ht 1 1 1 1 5 5 

LH190 3 1 1 1 5 14 

LH191 3 1 1 1 5 15 

LH192 3 1 1 1 5 14 

LH193 3 1 1 1 5 14 

LH194 3 1 1 1 5 13 

LH195 3 1 1 1 5 13 

LH196 3 1 1 1 5 14 

LH197 2 1 1 1 5 9 

LH198 2 1 1 1 5 9 

LH199 2 1 1 1 5 9 

LH200 2 1 1 1 5 10 

LH200 x LH262 7 6 1 1 7 55 

LH202 3 1 1 1 5 14 

LH204 2 1 1 1 5 9 

LH205 3 1 1 1 5 14 

LH206 2 1 1 1 5 9 

LH208 3 1 1 1 5 14 

LH209 3 1 1 1 5 15 

LH210 2 1 1 1 5 9 

LH211 2 1 1 1 5 9 

LH212Ht 3 1 1 1 5 15 

LH213 3 1 1 1 5 14 

LH214 3 1 1 1 5 15 

LH215 2 1 1 1 5 10 
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Table A2-2. Continued  

PVP Years Experiments 
Het. 

Patterns 
Testers Locations Sites 

LH216 2 1 1 1 5 9 

LH217 2 1 1 1 5 9 

LH218 2 1 1 1 5 9 

LH219 1 1 1 1 5 5 

LH220Ht 2 1 1 1 5 9 

LH222 4 2 1 1 5 20 

LH223 2 1 1 1 5 9 

LH224 2 1 1 1 5 9 

LH225 2 1 1 1 5 10 

LH231 1 1 1 1 5 5 

LH250 1 1 1 1 5 5 

LH252 1 1 1 1 5 5 

LH260 1 1 1 1 5 5 

LH284 2 1 2 2 5 10 

LH299 2 1 1 1 5 10 

LH310 x LH256 2 2 1 1 5 17 

LIBC4 2 1 2 2 5 10 

LP1 CMS HT 2 1 1 1 5 9 

LP1_NR HT 4 2 1 2 7 18 

Lp215D 2 1 1 1 5 9 

Lp5 2 1 1 1 6 9 

MBNA 2 1 1 1 5 8 

MBPM 4 2 2 3 7 19 

MBSJ 3 2 1 1 5 18 

MBST 6 4 2 3 7 32 

MBUB 3 1 1 1 5 15 

MBWZ 2 1 2 2 5 9 

MBZA 1 1 2 2 5 5 

MDF-13D 2 3 1 3 5 27 

ML606 6 6 2 6 7 51 

MM402A 3 1 1 1 5 15 

MM402A x F118 1 1 1 1 5 5 

MM501D 2 1 1 1 5 9 

Mo17 8 7 1 3 7 67 

MQ305 4 2 1 1 5 19 

NC320 1 1 1 1 5 5 

 



 

 206 

Table A2-2. Continued  

PVP Years Experiments 
Het. 

Patterns 
Testers Locations Sites 

NC320 x 

FR992.FR1064 
1 1 1 1 5 5 

NC320 x 

LH244.LH245 
4 4 1 1 7 24 

NC320 x NC368 6 7 1 2 7 43 

NC320 x P33M54 1 1 1 1 5 5 

NC320xNC368 x 

HBA1.PHN47F1 
2 2 1 1 5 15 

NC320xNC368 x 

NC476xP3737.N

C492BC 

2 2 1 1 5 15 

NC328 2 1 1 1 5 8 

NC338 1 1 1 1 5 5 

NC340 1 1 1 1 5 5 

NC366 1 1 1 1 5 5 

NC368 1 1 1 1 5 5 

NC368 x 

LH283.LH287 
4 3 1 1 7 24 

NC370 1 1 1 1 5 5 

NC374 1 1 1 1 5 5 

NC460 1 1 1 1 5 5 

NC464 1 1 1 1 5 5 

NC474 3 1 1 1 5 14 

NC492 2 1 1 1 5 9 

NC492 x 

LH244.LH245 
2 2 1 1 5 9 

(NK)740 5 5 1 4 7 42 

(NK)764 3 2 1 1 6 14 

(NK)778 4 2 1 2 7 18 

(NK)779 4 3 2 4 7 27 

(NK)787 7 4 2 3 7 37 

(NK)790 4 2 1 2 7 19 

(NK)792 5 6 2 5 7 46 

(NK)793 4 2 1 2 7 19 

(NK)794 5 3 1 2 7 22 

(NK)807 4 2 1 2 7 18 

(NK)899 2 1 1 1 5 10 

(NK)901 2 1 1 1 5 10 
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Table A2-2. Continued  

PVP Years Experiments 
Het. 

Patterns 
Testers Locations Sites 

(NK)904 2 1 1 1 5 10 

(NK)907 2 1 2 2 5 10 

(NK)911 2 1 1 1 5 10 

(NK)912 2 1 1 1 5 10 

(NK)948 1 1 1 1 5 5 

(NK)991 3 2 2 3 7 14 

NL001 2 1 1 1 5 9 

NQ402 2 1 2 2 5 10 

NQ508 4 4 2 5 7 37 

NS501 4 2 1 2 7 19 

NS701 5 4 2 3 7 28 

NS701 x PHK46 2 1 1 1 5 9 

NS815 1 1 2 2 5 5 

OQ101 3 2 1 1 5 15 

OQ403 2 1 2 2 5 10 

OQ414 1 1 2 2 5 5 

OQ603 3 2 1 2 6 12 

OS602 2 1 1 1 5 10 

Pioneer 1184 2 1 1 1 5 10 

Pioneer 1197R 2 3 1 1 5 23 

Pioneer 1431W 2 1 1 1 5 10 

Pioneer 1498 2 3 1 1 5 19 

Pioneer 1637R 2 2 1 1 5 20 

Pioneer 1794VYHR 2 2 1 1 5 18 

Pioneer 2088R 2 4 1 1 5 29 

Pioneer 31G65 2 3 1 1 5 20 

Pioneer 32B10 2 1 1 1 5 10 

PB80 5 3 1 2 7 24 

(PH)207 4 4 2 5 7 36 

PH5HK 2 1 2 2 5 10 

PHAA0 2 1 1 1 5 10 

PHAG6 1 1 1 1 5 5 

PHAJ0 1 1 2 2 5 5 

PHAP1 1 1 1 1 5 5 

PHAP8 1 1 2 2 5 5 

PHAP9 1 1 2 2 5 5 

PHAW6 2 1 1 1 5 9 
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Table A2-2. Continued  

PVP Years Experiments 
Het. 

Patterns 
Testers Locations Sites 

PHBA6 2 1 1 1 5 9 

PHBB3 2 1 1 1 5 10 

PHBE2 1 1 1 1 5 5 

PHBF0 1 1 2 2 5 5 

PHBW8 2 1 1 1 5 9 

PHDD6 2 1 2 2 5 10 

PHEG9 2 1 1 1 5 10 

PHEM7 2 1 2 2 5 10 

PHEM9 2 1 1 1 5 10 

PHEW7 2 1 1 1 5 10 

PHFA5 2 1 2 2 5 10 

PHG29 4 4 2 4 7 36 

PHG47 7 6 2 5 7 54 

PHG71 4 2 1 2 7 17 

PHG72 4 4 2 5 7 35 

PHG83 4 4 2 4 7 35 

PHG84 5 4 2 4 7 33 

PHG86 4 2 1 2 7 18 

PHGG7 1 1 2 2 5 5 

PHGV6 2 1 1 1 5 9 

PHGW7 2 1 2 2 5 9 

PHH93 4 2 1 2 7 19 

PHHB4 2 1 1 1 5 10 

PHHB9 2 1 1 1 4 8 

PHHH9 2 1 2 2 5 9 

PHHV4 2 1 2 2 5 9 

PHJ31 4 2 2 4 7 24 

PHJ33 3 1 2 2 5 14 

PHJ40 4 2 2 3 7 18 

PHJ65 3 1 2 2 5 15 

PHJ70 3 2 1 2 7 24 

PHJ75 3 2 2 4 7 19 

PHJ89 3 1 1 1 5 14 

PHJ90 2 1 2 2 5 10 

PHJR5 2 1 1 1 5 9 

PHK05 2 3 2 4 7 23 

PHK29 3 2 1 2 7 13 
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Table A2-2. Continued  

PVP Years Experiments 
Het. 

Patterns 
Testers Locations Sites 

PHK35 3 1 2 2 5 14 

PHK42 4 4 2 5 7 37 

PHK46 2 1 2 2 5 10 

PHK46 x 2FADB 2 1 1 1 5 10 

PHK46 xPHMK0 2 1 1 1 5 10 

PHK56 2 1 1 1 5 9 

PHK74 3 2 2 2 5 19 

PHK76 4 4 2 5 7 37 

PHK93 3 2 2 2 5 24 

PHK93 x PHN41 2 1 1 1 5 10 

PHK93xPHN34 2 1 1 1 5 10 

PHK93xPHR36 2 1 1 1 5 10 

PHKE6 2 1 2 2 5 9 

PHKM5 3 2 2 3 5 15 

PHM10 2 1 2 2 5 9 

PHM49 4 2 2 3 7 19 

PHM57 4 2 2 4 7 29 

PHM81 4 2 2 2 5 20 

PHMK0 2 1 1 1 5 9 

PHMK0 x HBA1 2 1 1 1 5 10 

PHMK0 x LH211 2 1 1 1 5 10 

PHN11 4 4 2 5 7 33 

PHN18 2 1 2 2 5 9 

PHN29 3 2 1 2 7 24 

PHN34 4 2 2 2 5 23 

PHN34 x PHN41 1 1 1 1 5 5 

PHN34xPHR36 1 1 1 1 5 5 

PHN34xPHT60 2 1 1 1 5 10 

PHN34xPHV63 1 1 1 1 5 5 

PHN34xPHW17 1 1 1 1 4 4 

PHN37 3 1 2 2 5 13 

PHN41 2 1 2 2 5 10 

PHN46 3 2 1 1 5 19 

PHN47 6 5 2 4 7 38 

PHN66 2 1 1 1 5 10 

PHN73 3 1 2 2 5 14 

PHN82 3 1 2 2 5 14 
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Table A2-2. Continued  

PVP Years Experiments 
Het. 

Patterns 
Testers Locations Sites 

PHP02 3 2 2 4 7 24 

PHP38 2 1 1 1 5 9 

PHP55 3 1 2 2 5 14 

PHP60 3 1 1 1 5 14 

PHP76 3 1 2 2 5 14 

PHP85 3 1 1 1 5 15 

PHPR5 2 1 2 2 5 10 

PHR03 2 1 1 1 5 9 

PHR03 x HBA1 1 1 1 1 5 5 

PHR25 3 2 2 4 7 19 

PHR30 2 1 2 2 5 10 

PHR31 2 1 1 1 5 9 

PHR32 6 4 2 4 7 32 

PHR36 6 6 2 6 7 48 

PHR36 x PHN41 1 1 1 1 5 5 

PHR36xPHW17 1 1 1 1 5 5 

PHR47 4 2 1 2 7 19 

PHR55 3 1 1 1 5 14 

PHR58 3 1 1 1 5 14 

PHR61 2 1 1 1 5 9 

PHR62 3 1 2 2 5 14 

PHR63 3 1 2 2 5 14 

PHRD6 3 2 2 3 5 15 

PHRE1 2 1 1 1 5 10 

PHT10 4 2 1 2 7 19 

PHT11 2 1 1 1 5 10 

PHT22 4 2 2 4 7 29 

PHT47 2 1 1 1 5 9 

PHT47 x HBA1 1 1 1 1 5 5 

PHT47 x MBWZ 1 1 1 1 5 5 

PHT47xMM40A 1 1 1 1 5 5 

PHT47 x PHK46 1 1 1 1 5 5 

PHT55 5 3 1 2 7 24 

PHT60 4 2 2 3 7 19 

PHT60 x PHN18 1 1 1 1 5 5 

PHT60 x PHN41 2 1 1 1 5 10 

PHT60xPHR36 1 1 1 1 5 5 
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Table A2-2. Continued  

PVP Years Experiments 
Het. 

Patterns 
Testers Locations Sites 

PHT60xPHV63 2 1 1 1 5 10 

PHT60xPHW17 1 1 1 1 5 5 

PHT69 3 2 2 2 5 19 

PHT73 4 2 2 2 5 20 

PHT77 6 6 2 6 7 51 

PHTD5 1 1 2 2 5 5 

PHTE4 2 1 1 1 5 9 

PHTM9 2 1 1 1 5 9 

PHV07 2 1 2 2 5 9 

PHV37 3 1 2 2 5 14 

PHV53 3 1 2 2 5 15 

PHV57 2 1 2 2 5 9 

PHV63 4 4 2 5 7 35 

PHV63xPHK93 2 1 1 1 5 10 

PHV63xPHR36 1 1 1 1 5 5 

PHV78 5 4 2 4 7 27 

PHVA9 2 1 1 1 5 10 

PHVJ4 2 1 2 2 5 9 

PHW03 4 2 2 4 7 28 

PHW06 2 1 2 2 5 10 

PHW17 6 3 2 3 7 26 

PHW17 xPHN41 1 1 1 1 5 5 

PHW17xPHK93 1 1 1 1 5 5 

PHW17xPHV63 1 1 1 1 5 5 

PHW20 4 2 2 3 5 23 

PHW20 xPHN41 1 1 1 1 5 5 

PHW20xPHK93 1 1 1 1 5 5 

PHW20xPHN34 1 1 1 1 5 5 

PHW20xPHT60 1 1 1 1 5 5 

PHW20xPHV63 1 1 1 1 5 5 

PHW30 2 1 1 1 5 10 

PHW43 4 2 2 4 7 24 

PHW51 3 1 2 2 5 13 

PHW52 5 3 1 2 7 23 

PHW53 2 1 2 2 5 9 

PHW65 6 6 2 6 7 51 

PHW79 4 2 2 3 7 19 
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Table A2-2. Continued  

PVP Years Experiments 
Het. 

Patterns 
Testers Locations Sites 

PHW80 2 1 2 2 5 9 

PHW86 2 1 2 2 5 9 

PHWG5 3 1 1 1 5 15 

PHZ51 5 5 2 5 7 41 

Pioneer 31D58 8 11 1 1 7 98 

Pioneer 31G66 8 9 1 2 7 94 

Pioneer 31G98 2 3 1 1 5 21 

Pioneer 31P41 6 8 1 1 7 79 

Pioneer 31R88 3 2 1 1 5 14 

Pioneer 32D99 2 2 1 1 5 16 

Pioneer 33M54 8 7 1 1 7 75 

Pioneer 33V15 2 1 1 1 5 10 

Q381 4 2 1 2 7 18 

RS710 3 2 1 2 7 19 

S8324 5 3 1 2 7 23 

S8326 5 3 1 2 7 24 

Seagull 

Seventeen 
5 5 1 4 7 39 

UACQ702rc 1 1 2 2 5 5 

UAOQ601 1 1 1 1 5 5 

(UAS)1538 2 1 2 2 5 10 

W8304 5 3 1 2 7 23 

W8555 5 2 1 2 7 33 

WDAD1 2 1 1 1 5 10 

WIL500 3 1 2 2 5 14 

WIL900 3 2 1 1 5 14 

WIL901 4 2 1 1 5 18 

WIL903 3 2 1 1 5 14 

ZS0114 1 1 1 1 5 5 

ZS01250 3 2 2 3 7 19 

ZS0510 1 1 1 1 5 5 

ZS0560 1 1 1 1 5 5 

ZS1513 1 1 1 1 5 5 

ZS1791 1 1 1 1 5 5 

ZS365 2 1 2 2 5 10 

ZS635 2 1 2 2 5 10 

 


