
ABSTRACT 

ELLER, MAGEN STARR. Improving Resistance to Fusarium Ear Rot and Fumonisin 
Contamination and Increasing Yield with Exotic Maize Germplasm. (Under the direction of 
James B. Holland and Gary A. Payne.) 
 

Exotic and unadapted varieties contribute advantageous alleles to crop species.  

Incorporating exotic germplasm into adapted lines has the additional advantage of 

broadening genetic diversity within the common maize germplasm pool.  I explored 

contributions of unadapted or exotic maize germplasm to improved resistance to Fusarium 

ear rot and fumonisin accumulation or topcross grain yield (quantitatively inherited traits) 

using different breeding approaches and population structures.   

Topcrosses of BC1F1:2 lines, developed by backcrossing GE440 to FR1064 and 

selected for divergent levels of resistance to Fusarium ear rot and fumonisin contamination, 

were used to test the hypothesis that inbred lines with greater resistance to fumonisin 

contamination produce hybrids with greater ear rot resistance and greater resistance to yield 

loss under inoculation.  Experimental results did not support the hypothesis, but this result 

may have been due to low levels of infection in the field trials. 

Selected BC4F1:3-derived lines representing advanced backcross generations of 

GE440 alleles into the FR1064 genetic background and their topcrossed hybrids were 

evaluated in field trials for disease resistance and yield potential. Experimental results 

demonstrate that advanced backcross generations produced lines comparable to FR1064 for 

grain yield but with better ear rot and fumonisin resistance, and that indirect selection for 

reduced fumonisin content by selection for ear rot resistance was partially effective, but that 



selection for improved inbred disease resistance again did not result in improved topcross 

disease resistance.   

A random-mated, genetically broad-based population referred to as the Resistant to 

Fusarium population, was developed to combine alleles for Fusarium ear rot resistance and 

improved agronomic traits from diverse maize germplasm. One cycle of selection was 

conducted in this population to test the hypothesis that index selection for reduced Fusarium 

ear rot, reduced lodging, and increased yield results in reduced fumonisin contamination. 

Selected lines S0:3 were not significantly different than the base population for ear rot 

percentage or fumonisin content.  In S0:2 topcrosses, however, selected lines showed 

significant improvement for ear rot resistance and fumonisin accumulation compared to the 

unselected Cycle 0 topcross control.  Additional cycles are needed to increase favorable 

allele frequencies for each of the target traits. 

By genotyping a segregating F2:3 population from a cross between phenotypically 

distinct F4-derived sister lines, genome region(s) were identified which confer a topcross 

yield difference in a nearly-isogenic genetic background and determined that the tropical 

parent was the source of the favorable allele(s).  
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OVERVIEW  

 Exotic and unadapted plant varieties have long been recognized as important sources 

of advantageous alleles not commonly found in domesticated crop species.  In addition to 

contributing alleles for disease resistance to many crop species (Lenné and Wood, 1991), 

exotic germplasm has been shown to contribute superior alleles for many traits, including 

fruit size (Bernacchi et al., 1998; Rau et al., 2003), fruit shape (Monforte et al., 2003), seed 

protein content (Sullivan and Bliss, 1983), oil content and milling and baking qualities 

(Kunert et al., 2007).  Incorporating exotic germplasm into adapted lines has the additional 

advantage of broadening the genetic diversity within the common germplasm pool for a 

crop species.   

Unadapted and exotic germplasm is not a major contributor to commercial maize 

hybrids (Goodman, 1999), although many studies have documented the usefulness of 

unadapted maize material for improving temperate U.S. material (Crossa and Gardner, 

1987; Goodman et al. 2000; Lewis and Goodman, 2003; Tarter and Holland, 2006).  The 

following thesis explores contributions of unadapted or exotic maize germplasm to 

improving resistance to Fusarium ear rot and fumonisin accumulation or topcross grain 

yield (all quantitatively inherited traits) using different breeding approaches and population 

structures.  Fusarium ear rot is an economically important disease found in maize growing 

regions around the world, and topcross grain yield is the most economically important trait 

evaluated by maize breeders.   
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Fusarium ear rot is caused by the ascomycete Fusarium verticillioides (Saccardo) 

Nirenberg (teleomorph: currently Gibberella moniliformis, formerly G. fujikuroi mating 

population A) and F. proliferatum (Matsushima) Nirenberg (teleomorph: currently G. 

intermedia, formerly G. fujikuroi mating population D) (Munkvold et al., 1997; White, 

1999).  Fusarium spp. overwinter in corn debris from previous seasons (Cotten and 

Munkvold, 1998) and can be spread by windblown spores during mechanical harvest and by 

rain splash and insect larvae during the growing season.  Fusarium verticillioides and F. 

proliferatum most commonly infect maize ears through the silk channel, but F. 

verticillioides is also known to grow systemically throughout the maize plant as an 

endophyte (Kedera et al. 1992).  Conditions contributing to the shift from endophyte to 

pathogen are unknown.  Both species produce mycotoxins, of which fumonisin is the most 

significant (Leslie and Summerell, 2006).  Fumonisin is associated with cancer (Prelusky et 

al., 1994) and a number of animal diseases (Morgavi and Riley, 2007). 

This study evaluated a backcross population in which the unadapted temperate 

maize line GE440 was backcrossed to FR1064, a commercially important improved B73-

type inbred.  GE440 exhibits relatively high levels of resistance to Fusarium ear rot and to 

fumonisin accumulation, both of which FR1064 lack.  BC1F1:2 topcrosses, BC4F1:3-derived 

lines and BC4F1:3 topcrossed hybrids from this population (referred to as the GEFR 

population) were evaluated.  

The 10 BC1F1:2-derived lines from the GEFR population with lowest fumonisin 

content and sufficient seed availability, and the 10 lines with highest fumonisin content and 
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sufficient seed availability were evaluated as topcrosses to the single cross tester FR615 × 

FR697.  Grain yield and Fusarium ear rot were measured under inoculated and 

noninoculated conditions to test the hypothesis that inbred lines with greater resistance to 

fumonisin contamination would produce hybrids with greater ear rot resistance and greater 

resistance to yield loss when challenged with the pathogen.  The two groups of hybrids did 

not have significantly different levels of ear rot or grain yield, but this experiment did not 

prove a suitable test of the hypothesis because generally low levels of ear rot were observed 

in the testing environments, minimizing the expression of variation for resistance to ear rot.  

The 10 GEFR population BC1F1:2-derived lines with lowest fumonisin levels were 

advanced without selection to the BC4 generation, BC4F1 families were evaluated for ear 

rot, and 20 most resistant families were selected based on mean ear rot.  Selected BC4F1s 

were advanced to the BC4F1:3 and evaluated under inoculated conditions as lines per se and 

as topcrosses onto the single cross tester FR615 ×FR697.  Three hypotheses were tested: 

that advanced backcross generations would produce lines comparable to FR1064 for grain 

yield but with better ear rot and fumonisin resistance, that indirect selection for reduced 

fumonisin content could be accomplished by selection for ear rot resistance, and that 

selection for improved inbred disease resistance would result in improved topcross disease 

resistance.   

GEFR BC4-derived lines comparable to the recurrent parent for many agronomic 

traits, but exhibiting greater ear rot and fumonisin resistance than FR1064 were recovered. 

Selection at the BC4F1 generation reduced ear rot levels when BC4F1:3 lines were compared 
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to an unselected BC4F3 control, even though selection was carried out in an environment 

with low rot levels.  Additional selection among BC4F1:3 lines in second year trials produced 

lines with significantly lower ear rot and fumonisin content than the unselected BC4F3 

controls, demonstrating that when selection is conducted under appropriate environmental 

conditions, indirect selection for fumonisin content can be achieved by selection against ear 

rot.  In topcross trials, selected BC4F1:3 lines were lower in ear rot than the unselected 

control under inoculated conditions.  No differences for fumonisin content were observed. 

These results demonstrate that backcross breeding is an effective way to improve 

quantitative ear rot resistance in a genetically elite, commercially important genetic 

background, but backcross breeding limits the potential for long-term improvement for 

target traits because most loci are fixed for recurrent parent alleles, and loci that are 

segregating do so for a maximum of only two alleles.   Another approach to improving 

Fusarium ear rot and fumonisin resistance and incorporating exotic germplasm into 

temperate programs with less short-term effectiveness but greater long-term potential is to 

combine quantitative resistance alleles from multiple germplasm sources via recurrent 

selection. 

The Resistant to Fusarium (ReFus) population was developed to combine alleles for 

Fusarium ear rot resistance with alleles for improved agronomic traits from diverse maize 

germplasm.  The ReFus population was then used to test the hypothesis that index selection 

for reduced Fusarium ear rot, reduced lodging, and increased yield results in reduced 

fumonisin contamination.   
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ReFus Cycle 0 S0:1 lines underwent index selection based on percentage ear rot, 

percent lodging, and grain yield per se.  Selected lines were evaluated as S0:3s and early 

generation S0:2 topcrosses to the ear rot susceptible tester FR1064.  The selected lines 

yielded significantly higher than the base population, but even with greater gains from 

selection than expected, selected lines were not significantly different than the base 

population for ear rot percentage or fumonisin contents.  In topcrosses, however, selected 

lines showed significant improvement for ear rot resistance and fumonisin accumulation 

compared to the unselected Cycle 0 topcross control.  Although direct and indirect selection 

responses are favorable, additional cycles of recurrent selection are needed to increase 

favorable allele frequencies for each of the target traits. 

Yield drag due to linkage of favorable target alleles with unfavorable alleles is often 

associated with incorporating unadapted and exotic germplasm into elite breeding gene 

pools.  In the third exotic × temperate-derived population discussed here, my objective was 

to identify the genome region(s) conferring a topcross yield difference in a nearly-isogenic 

genetic background and to determine if the exotic or temperate parent was the source of the 

favorable allele(s).  Phenotypically distinct F4-derived sister lines were crossed to develop a 

segregating F2:3 population.  A sample of 39 F2:3 lines was genotyped at polymorphic 

markers, and topcrosses were evaluated for grain yield and other agronomic traits.  QTL 

mapping revealed a grain yield QTL in chromosomal bin 3.06, at which the alleles derived 

from the tropical hybrid founder were associated with increased yield.  This result 

demonstrates directly the yield advantage conferred by an allele originating in an exotic 
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hybrid over an allele from an elite commercial U.S. inbred line in U.S. growing 

environments. 
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Abstract 

 Maize grain infected by Fusarium verticillioides may contain the mycotoxin 

fumonisin which causes disease in livestock and is a suspected carcinogen.  To reduce 

levels of fumonisin in grain efforts are underway to identify sources of maize with increased 

resistance to the fungus, and lower levels of accumulated fumonisins.  This effort reviews 

field and laboratory techniques that more accurately measure these two aspects of the 

disease, application of these techniques to the identification of resistant maize lines, and 

dissecting the quantitative inheritance of ear rot and fumonisin accumulation resistance.  We 

review recent quantitative trait loci and their application to breeding for resistance to 

fumonisin accumulation. 

Key words:  Quantitative Trait Loci (QTL), fumonisin, Fusarium verticillioides 

 



 
 
 
 

11 

 

Introduction 

The fungal toxin fumonisin is a common contaminate of maize grain in the United 

States, and world wide (van Egmond et al., 2007).  Fumonisin may be produced when 

Fusarium verticillioides (formerly F. moniliforme, teleomorph Gibberella moniliformis) or 

the related species F. proliferatum colonize the maize ear.  This mycotoxin is of particular 

concern because it is suspected of being carcinogenic (Miller, 1994; Prelusky, 1994), is 

linked with neural tube defects in humans (Hendricks, 1999; Missmer et al., 2006), and 

causes severe diseases in a variety of livestock (Colvin and Harrison, 1992; Ross et al., 

1992; Morgavi and Riley, 2007). Furthermore, it is commonly found at biologically 

significant concentrations in corn grain produced throughout the United States (Shelby et al, 

1994) and in processed foods (Sydenham et al, 1991).  

Although this disease is prevalent in warm, dry conditions, like those common to the 

southern United States, F. verticillioides is found in grain or crop residue of virtually all 

mature corn fields in the United States.  As no- till acreage increases across the United 

States (Conservation Technology Information Center, 2006), incidence of Fusarium 

infection is expected to increase because spores survive longer on surface residue than on 

residue that is plowed under (Cotten and Munkvold, 1998).  F. verticillioides is also 

frequently found colonizing symptomless maize plants (Munkvold and Desjardins, 1997) 

and can grow systemically without causing visible symptoms (Kedera et al. 1992). 
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Resistance to fumonisin accumulation and fungal growth exists among maize lines, 

but high levels of resistance have not been identified and adequate resistance is not present 

in commercial hybrid varieties (Munkvold and Desjardins, 1997).  F. verticillioides and F. 

proliferatum also cause Fusarium ear rot and stalk rot in corn (White, 1999). The symptoms 

of fusarium ear rot can range from mild “starbursting” of mycelia in kernels to full blown 

destruction of kernels and cob tissue. Severe incidence of fusarium ear rot is associated with 

reduced grain yield (Presello, 2008). Ear rot and fumonisin contamination are distinct 

aspects of the disease, but, as will be discussed below, they are at least partly related. 

 Research and breeding efforts aimed at improving resistance to these two aspects of 

the disease have focused on accurately measuring Fusarium ear rot and fumonisin 

concentrations, identifying sources of resistance, and characterizing the inheritance of ear 

rot and fumonisin accumulation.  Recently, quantitative trait loci (QTLs) were identified for 

both resistance to ear rot (Pérez-Brito et al., 2001; Robertson-Hoyt et al., 2006), and 

resistance to accumulation of fumonisin (Robertson-Hoyt et al., 2006). Techniques to 

ensure accurate phenotyping of Fusarium ear rot and fumonisin contamination also have 

been developed and validated, and DNA marker technologies have matured and become 

economically feasible for some DNA marker-assisted selection programs.  We consider the 

application of these two approaches (which are not exclusive) to breeding for reducing 

susceptibility to Fusarium ear rot and fumonisin contamination.   
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Measuring Fusarium Ear Rot and Fumonisin – Field and Laboratory Techniques 

 Optimal phenotyping of ear rot and fumonisin concentration rely on accurate assays 

in the field and laboratory.  Bush et al. (2004) studied the onset of fungal growth and toxin 

accumulation and determined that maximum infection occurs around 20% kernel moisture, 

while fumonisin first appears in the dent stage of development at 35 to 40% moisture.  In 

hybrids, the peak for kernel infection is at seven weeks after pollination and the peak for 

fumonisin concentration is nine weeks after pollination (Bush et al., 2004).  This is the 

optimal time for measurement because fumonisin levels can fluctuate unpredictably if 

harvest is delayed (Bush et al., 2004).   

Ears and kernels are a mixture of tissues that are genotypically 100% maternal (cob, 

glume, and aleurone), 50% maternal and 50% paternal (embryo), and 67% maternal and 

33% paternal (endosperm),  so we conducted a study to determine if paternal (pollen) 

genotype could affect ear rot severity and fumonisin content. Previous studies indicated that 

Fusarium ear rot resistance is controlled by the maternal parent (Scott and King, 1984; 

Headrick and Pataky, 1991; Nankam and Pataky, 1996), but no information on the effect of 

pollen source on fumonisin content was available. We compared Fusarium ear rot and 

fumonisin content of self-fertilized ears and open-pollinated ears in a study of 143 

recombinant inbred lines of the NC300×B104 population in a lattice design with two 

replications in one environment (Starr, et al. 2006).  Each plot was subdivided into sub 

plots, one of which contained open-pollinated plants and one of which contained self-

pollinated plants; all plants were artificially inoculated twice with a mixture of F. 
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verticillioides and F. proliferatum isolates (Robertson et al., 2006). Our results indicated 

that pollen source did not significantly affect either Fusarium ear rot or fumonisin 

concentration, nor was there a significant genotype-by-pollen source interaction due to 

imperfect genetic correlation between the two types of measurements (Starr et al., 2006).  

Therefore, Fusarium ear rot and contamination resistance evaluations can be effectively 

performed on open-pollinated plants. 

 Because F. verticillioides can over-winter in the soil (Cotten and Munkvold, 1998) 

and is predominately spread by wind, rain splash and insect larvae, artificial inoculation is 

needed to ensure equal distribution of the pathogen among plants throughout the field.  For 

F. verticillioides, infection through the silks is a more important pathway for kernel 

infection than through the seeds, stalk, or crown; therefore, silk inoculation is best for 

evaluating genetic resistance to Fusarium ear rot (Munkvold, McGee, and Carlton, 1997).  

However, not all ear and silk inoculation techniques are equally effective.  A comparison of 

four techniques found that only inoculum injection through the husk significantly increased 

rot severity and fumonisin concentration.  This technique also effectively differentiated 

levels of susceptibility and resistance between lines (Clements et al., 2003).  Bush (2001) 

conducted a similar study to compare the potential of five inoculation techniques for 

determining resistance or susceptibility of a variety.  Two inoculation techniques, 

inoculation by penetrating husks with pin bars, and injecting inoculum down the silk 

channel, were best able to discriminate different levels of resistance to fungal infection and 
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fumonisin accumulation.  Husk penetration mimics natural inoculation by insect and silk 

channel injection mimics spores splashed onto silks by rain, or carried by the wind.  

 Good field techniques are important for accuracy and consistency in both ear rot and 

fumonisin scores, but fumonisin analysis also requires accurate laboratory assays that are 

cost-efficient for the large numbers of samples evaluated by genetics and breeding 

programs.  High-performance liquid chromatography (HPLC) can be used to very 

accurately estimate fumonisin concentrations (Bush et al., 2004), and differentiate between 

structural forms of fumonisin, but this is too expensive to for use in large-scale breeding 

programs. For example, a laboratory at NC State University charges at least $30 per sample 

for HPLC analysis of fumonisin.  An alternative to HPLC are ELISA assays which detect 

fumonisins B1, B2, and B3 (structurally different toxins in the fumonisin family of 

compounds). We have used ELISA assays based on antibodies to fumonisin B1 developed 

by Chris Maragos of the USDA-ARS Mycotoxin Research Unit in Peoria, IL and a 

technique optimized by the Immunological Resource Center at the University of Illinois 

(Clements et al., 2003). In addition, we have used commercially available quantifiable 

ELISA kits (e.g., from Diagnostix Laboratories) to analyze the fumonisin content of ground 

corn samples in our program.  There are many similar kits available in individual sample or 

96 well format that can be used as qualitative or quantitative assays. 
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Identifying Sources of Resistance 

Resistance to Fusarium ear rot is under genetic control (King and Scott, 1981), but 

no complete resistance has been identified in maize.  Similarly, Shelby et al. (1994) 

reported significant variation among commercial maize hybrids for fumonisin content, but 

no hybrid was found to be immune.  Furthermore, the hybrid with lowest mean fumonisin 

content across 11 locations grown without the use of artificial inoculum in Shelby et al.’s 

(1994) study had 5.78 parts per million (PPM, µg g-1), which is above the threshold content 

level for human food or horse feed provided by the FDA’s guideline for industry 

(Anonymous, 2001). To incorporate resistance to fumonisin accumulation into commercial 

maize, lines with acceptable resistance levels must first be identified.  

Transgenic maize varieties with European Corn Borer resistance derived from 

Bacillus thuringiensis Cry genes have good resistance to insect feeding damage on maize 

ears (Magg et al., 2001), which is an important route for Fusarium infection. Transgenic 

maize exhibited reduced incidence and severity of Fusarium ear rot (Munkvold, Hellmich, 

and Showers, 1997), as well as reduced levels of mycotoxins compared to near-isogenic 

non-transgenic lines (Munkvold et al., 1999; Pabst et al., 2005). While transgenic lines are 

important for reducing fumonisin accumulation (Wu, 2006), in these studies, transgenic 

lines still exhibited infection and mycotoxin production, indicating that natural sources of 

resistance are also needed to protect the corn crop in combination with transgenic insect 

resistances. 
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 The United States hybrid maize crop is based almost entirely on crosses between 

proprietary commercial inbred lines (Mikel and Dudley, 2006). Many of the commercial 

inbred lines are derived from older publicly developed inbred lines, representing a relatively 

narrow sampling of the available maize gene pool (Mikel and Dudley, 2006; Nelson et al, 

2008). Therefore, because commercial hybrids do not appear to provide adequate levels of 

resistance, it is reasonable to search for higher levels of resistance in germplasm not closely 

related to the progenitors of modern commercial hybrids. Two important alternative sources 

of diverse maize germplasm are older public inbred lines and tropical germplasm.  Older 

public inbred lines are often better adapted to typical USA corn production environments, 

but tend to have lower inherent yield potential, and often poor stalk strength. Tropical 

germplasm may have higher yield potential, but it is poorly adapted to temperate production 

environments, limiting its immediate utility to breeding programs in the United States 

(Goodman et al., 2000).  

To identify sources of resistance among older public inbred lines, Clements et al. 

(2004) evaluated Fusarium ear rot and fumonisin accumulation in testcrosses of 1,589 

public inbred lines to the susceptible tester, FR1064. They identified several inbreds with 

superior resistance to production or accumulation of fumonisin. Resistance in these lines 

appears to be dominant, as it is evident both in the inbreds and the hybrids between 35 

selected resistant lines and FR1064 (Clements et al., 2004).   

 To supplement the germplasm screens conducted by Clements et al. (2004), we have 

been conducting screening trials for both Fusarium ear rot and fumonisin concentration 
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using material selected by Dr. Mike Blanco from the Germplasm Enhancement of Maize 

(GEM) project (Pollak and Salhuana, 2001) and advanced lines from Dr. Major Goodman’s 

breeding program at N.C. State University (Goodman et al., 2000). Both of these programs 

are focused on identifying superior tropical maize germplasm, adapting it to temperate 

growing conditions, and breeding for maximum hybrid combining ability (Betran et al., 

2004). Each year we screen approximately 50 lines, in two replications at one location.  

Each plant in these trials is inoculated twice with a mixture of F. verticillioides and F. 

proliferatum isolates, similar to the methods described by Robertson et al. (2006) with 

modifications.  The first inoculation is conducted about 10days post mid-silk and involves 

injecting a consistent quantity of spore suspension down the silk channel. The second 

inoculation is performed about 7 days later by injecting a spore suspension through the 

husk.  Promising lines are retested in subsequent years to verify results in multiple 

environments. Using Best Linear Unbiased Prediction (BLUP; Piepho et al., 2007) this 

screen has identified several lines with good levels of resistance across years to both 

Fusarium ear rot and fumonisin accumulation (Table 1.1). Importantly, these lines have 

unique genetic backgrounds, and may therefore carry unique alleles for disease resistance 

that can complement those present in public inbred lines and elite commercial maize gene 

pools. 
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Inheritance of Fusarium Ear Rot and Fumonisin Contamination 

 Once suitable sources of resistance have been identified, inheritance of resistance 

should be considered before selecting a breeding strategy.  Clements et al. (2003) found a 

positive, but only moderate, phenotypic correlation between incidence of Fusarium ear rot 

and fumonisin concentration, and concluded that the two traits should be considered 

separately in breeding programs, since improvement of ear rot resistance may not result in 

gains in the resistance to fumonisin content.    

Phenotypic correlation estimates include both genetic and non-genetic effects   and 

cannot be used to predict the correlated response in some trait, Y, to selection on a different 

trait, X. Therefore, Robertson et al. (2006) conducted experiments to specifically estimate 

the correlation between genetic effects on Fusarium ear rot and fumonisin content. Two 

populations were grown in three to four environments, were inoculated as described above, 

and evaluated for fumonisin concentrations by quantitative ELISA.  Multivariate analysis 

was used to partition the genotypic variances and covariances from the phenotypic 

variances and covariances and to estimate the genotypic correlation between Fusarium ear 

rot and fumonisin content.  Estimated genotypic correlations were surprisingly high, rg = 

0.96 and 0.87, in the two populations, even though phenotypic correlations were not (Table 

1.2; Robertson et al., 2006). The high genotypic correlations suggest that genotypes with 

greater resistance to Fusarium ear rot also tend to have greater resistance to fumonisin 

contamination.  Further, it suggests that the genetic components of resistance are largely the 

same for the two traits, even though they are not highly phenotypically correlated 
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(Robertson et al., 2006).  Although surprising, this does not contradict observations that 

fumonisin sometimes accumulates to high levels in kernels with little ear rot (Munkvold and 

Desjardins, 1997).  Though the genetic controls of resistance seem to be similar, 

environmental factors which promote ear rot do not appear to promote fumonisin 

production to the same extent.  

The high genetic correlations between Fusarium ear rot and fumonisin in these two 

populations lead to the question: how effective would selection aimed solely at reducing ear 

rot be at reducing susceptibility to fumonisin contamination?  Response of fumonisin levels 

to indirect selection against ear rot is predicted to be less effective than direct selection 

against fumonisin accumulation because fumonisin concentration had a higher heritability 

than resistance to Fusarium ear rot in both populations (Table 1.2).  This is likely because 

fumonisin assays are more precise than visual scores of percent ear rot.  However, ear rot 

can be scored quickly in the field, whereas assaying fumonisin content requires harvesting 

the inoculated ears, shelling grain, grinding grain to a precise particle size, weighing 

samples, performing fumonisin extractions in the laboratory, and finally conducting ELISA 

or HPLC assays.  Considering the labor required to conduct these additional steps, and the 

price of ELISA or HPLC assays, indirect selection against ear rot could be a more 

economically efficient way to reduce fumonisin content in the grain than direct selection 

against fumonisin contamination.  Because ear rot is easier to evaluate, population sizes 

could be increased, permitting higher selection intensity, or the number of evaluation 
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environments and replicates could be increased, resulting in a greater entry mean heritability 

for ear rot compared to fumonisin concentration.  

For the nearly 200 lines we evaluated in the GEM fusarium screening trials that 

between 2003 and 2007 (Table 1.1), the estimated genetic correlation between percent ear 

rot and fumonisin content was rg = 0.56 (p <.0001).  This value is lower that those estimated 

by Robertson et al. (2006) but these lines represent a wider sample of genetic diversity than 

the two populations in that study.  Data from the GEM screening trials suggest that there are 

more trait-specific genes than pleiotropic effects in this diverse set of material. 

Nevertheless, even across this very broad sample of germplasm, the genetic correlation 

between the two traits was highly significant and of at least moderate positive magnitude, 

indicating that selection against ear rot is expected to have favorable consequences for 

reducing susceptibility to fumonisin contamination.  

 

QTLs for Fusarium Ear Rot and Fumonisin Contamination 

 Phenotypic evaluations of Fusarium ear rot and fumonisin concentration present 

some practical difficulties. The traits must be scored on grain harvested from mature ears; 

two inoculations with calibrated spore suspensions are needed to obtain consistent ear rot 

ratings (Clements et al., 2004); and evaluation of fumonisin content requires an expensive, 

laborious, toxin assay on precisely ground and weighed samples.  In addition, Fusarium ear 

rot and fumonisin contamination are often strongly affected by environmental factors.   
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 Given the difficulties of phenotypic evaluation of Fusarium ear rot and fumonisin 

contamination and the reasonably high heritability of both traits, marker assisted selection 

may be a more efficient selection strategy than phenotypic evaluation if PCR-based DNA 

markers linked to genes with moderate effects on resistance can be identified (Holland, 

2004; Robertson et al., 2005).  Therefore, Robertson-Hoyt et al. (2006) mapped QTLs for 

ear rot resistance and fumonisin contamination in the same two populations used for 

heritability and genetic correlation estimation by Robertson et al. (2006). They identified 

seven QTLs for Fusarium ear rot resistance in the GEFR population (derived from 

backcrossing resistant line GE440 into susceptible line FR1064), and five Fusarium ear rot 

resistance QTLs in the NCB population (NC300xB104, in which both parental lines exhibit 

some resistance).  They also identified nine and six QTLs for resistance to fumonisin 

accumulation in the GEFR and NCB populations, respectively (Robertson-Hoyt et al. 

2006).  Despite the very high correlations between Fusarium ear rot and fumonisin 

contamination, the QTLs identified were associated with only 65% (GEFR) and 31% (NCB) 

of the genetic covariance between the traits.  The relatively low proportions of genotypic 

covariance that were associated with QTLs suggest that not all QTLs were identified.  It is 

possible that a large number of genes with small effects that are hard to detect (i.e., the 

polygenic background) may explain much of the remaining genetic covariance. Supporting 

this idea is our observation that the combined effect of QTLs accounted for as little as 39% 

of genotypic variation for ear rot (Robertson-Hoyt et al., 2006), suggesting that, at least for 

some traits, some QTLs were not identified. Greater power to detect QTLs and estimate 
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QTL effects could be gained by increasing population size, improving ear rot phenotyping 

methods, increasing the number of environments for phenotyping, and increasing the 

number of markers used (Robertson et al., 2006). 

 Comparison of QTLs detected for ear rot across two populations studied by 

Robertson-Hoyt et al. (2006) and two populations studied by Pérez-Brito et al. (2001) 

revealed few QTL regions in common across populations (Robertson-Hoyt et al., 2006). 

Similarly, comparison of QTLs detected for fumonisin concentration across two populations 

revealed limited congruence in the genetic controls across populations (Robertson-Hoyt et 

al., 2006).  

 Having reliable estimates of trait heritabilities and genetic correlations, and QTL 

positions and effects would allow accurate prediction of the relative value of traditional 

phenotypic selection versus marker-assisted selection. Marker-assisted selection could offer 

several advantages over either indirect selection on ear rot or direct selection on fumonisin 

concentration.  Both phenotypic traits require multiple plants per plot and multiple 

replications and environments to obtain accurate data.  In contrast, if QTLs have been 

accurately mapped, selection on marker loci flanking QTLs could be effective on individual 

plants (Robertson et al., 2005).  Furthermore, marker-assisted selection could be conducted 

in greenhouses and off-season nurseries without concern for genotype-by-environment 

interaction that would likely reduce (or eliminate entirely) the response to phenotypic 

selection in these environments. 
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Unfortunately, QTL effects on highly polygenic traits cannot be reliably estimated in 

typical mapping population sizes (Schon et al., 2004; Holland, 2007), such as those used by 

Robertson-Hoyt et al. (2006) and Pérez-Brito et al. (2001). If moderate-to-large effect QTLs 

exist in these populations, they have been reliably mapped, but if only small-effect QTLs 

exist, their effects may be overestimated to appear as moderate-effect QTLs (Schon et al., 

2004). Therefore, until these QTL have been validated in independent studies, we cannot be 

certain as to the reliability of their effect estimates. Furthermore, the substantial variation 

for QTLs segregating in different mapping populations indicates a high level of genetic 

heterogeneity for both Fusarium ear rot and fumonisin contamination resistances. This 

situation, in combination with complex genetic control by numerous genes, each with 

relatively small effects, inhibits the widespread application of QTL information for marker-

assisted selection across broader arrays of breeding crosses (Holland, 2004; 2007).  

Encouragingly, specific genes putatively providing resistance to Fusarium pathogens 

have recently been identified.  Gao et al. (2007) reported that a defective lipoxygenase 

mutation (lox3) in maize reduces fumonisin B1 contamination and F. verticillioides 

conidiation as well as providing resistance to several other pathogens of maize. In addition, 

Yuan et al. (2007) reported a maize guanylyl cyclase gene associated with resistance to 

Gibberella ear rot, caused by the related fungus, F. graminearum.  Two of the multiple 

copies of this gene in maize map near QTL positions for ear rot resistance, the gene 

transcript is up-regulated in response to pathogen inoculation, and the more resistant parent 

has a higher level of expression of the gene family (Yuan et al., 2007). If the effects of these 
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genes on resistance can be validated in independent studies and if markers can be developed 

to distinguish the resistant alleles consistently across breeding populations, then such 

markers would be ideal tools for implementing marker-assisted selection on a broader scale 

in maize breeding programs. Each gene contributes only partial resistance, so marker-

assisted selection would still need to be complemented by phenotypic selection for 

resistance.  

 

Application of Inheritance and QTL Studies for Improving Ear Rot and Fumonisin 

Contamination Resistance 

As mentioned previously, the high genotypic correlation between resistance to 

Fusarium ear rot and fumonisin implies that indirect selection on ear rot could be used to 

improve resistance to fumonisin contamination in an economically efficient manner.  

Because at least some of the QTLs for the two traits appear to be different, and because the 

genetic correlation is lower in more diverse genetic material, however, we suggest that ear 

rot evaluations for large numbers of early generation breeding materials should be followed 

by combined ear rot and fumonisin content analysis of fewer selected late-generation lines 

and hybrids. 

 Experiments are underway to determine the effectiveness of selection against ear rot 

for improving resistance to fumonisin contamination. In one experiment, we are testing this 

in advanced backcross lines containing alleles from GE440 (which has good resistance but 

poor agronomic quality) introgressed into an elite genetic background that lacks effective 
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resistance (FR1064).  A second, independent test of the hypothesis that selection against ear 

rot will improve fumonisin contamination resistance is being conducted in a genetically 

broad-based population that we created and in which we have initiated recurrent S1 

selection. The results of these two experiments should provide more definitive insights into 

the genetic relationship between ear rot and fumonisin contamination resistances and will 

help guide future breeding efforts.  

The results of these two ongoing experiments will also provide insight into a number 

of other unresolved issues related to resistance to fumonisin contamination. Among these is 

the question of the effects of improving disease resistance on other key traits related to 

agronomic performance, such as hybrid combining ability for yield, lodging resistance, and 

grain dry down. Some predictions about these effects were made by Robertson-Hoyt et al. 

(2007), who crossed each of the GEFR mapping population to a common unrelated tester 

and evaluated the resulting hybrids for yield and other agronomic characters across eight 

environments. Hybrid grain yields were correlated to a small extent with increased ear rot, 

suggesting that selection for increased ear rot resistance may result in small decreases in 

grain yield potential. In addition, both Fusarium ear rot and fumonisin content were 

negatively correlated (r = -0.22 to -0.30, p < 0.001) with grain moisture, suggesting that 

improving resistance to fumonisin contamination and ear rot may result in slower grain dry-

down (Robertson-Hoyt et al., 2007). We will be able to directly evaluate the effect of 

selection for improved resistance to Fusarium ear rot on agronomic potential in the two 

selection populations described. 
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The advanced backcross lines selected in the GEFR population will also represent a 

valuable resource for developing near-isogenic lines (NILs) for finer-scale genetic analysis 

of the resistance QTLs previously mapped. By homogenizing the genetic background and 

isolating the effects of individual QTL, these NILs will improve resolution of the positions 

and effects of QTLs ( Zamir, 2001; Szalma et al., 2007).  They will also provide an 

independent test to validate the QTLs originally mapped by Robertson-Hoyt et al. (2006) 

and a higher resolution test to determine to what extent genes for Fusarium ear rot have 

pleiotropic effects on fumonisin contamination. 

Finally, experiments are underway with both of these populations to test the 

relationship between Fusarium ear rot and fumonisin contamination resistance measured in 

inbred lines and in hybrids created from those lines. If the relationships are strong, this 

validates the use of selection and genetic analysis in inbred lines for the improvement of 

resistance to fumonisin contamination. If resistance in inbreds is not highly correlated with 

resistance in hybrids, however, this will greatly complicate breeding methods for improving 

resistance. 
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Fusarium ear rot (% rotted kernels)     Fumonisin content (ppm) 

Material BLUP 
Standard 

Error 

No. 
years 
tested   Material BLUP 

Standard 
Error 

No. 
years 
tested 

10 most resistant lines 

GEMS-0136 (Dekalb Brazilian hybrid XL380) 0.8 4.5 1   GE440
2 (Hastings Prolific) 5.1 7.5 4 

NC358 (Tropical Hybrid derived line) 1.7 4.5 1   BR51675:N0620-033-001 (unreleased GEM line) 6.6 11.2 1 

UR11003:S0302-937-1 (unreleased GEM line) 3.0 2.9 3   GEMS-0002 (Florida Synthetic) 6.7 9.3 2 

NC406 (SC76^4×B52) 3.2 4.5 1   DK212T:S11-2088-01 (unreleased GEM line) 7.1 9.3 2 

NC444 (NC258×NC296^2) 3.4 2.6 4   DKXL370A:N11-1883-002 (unreleased GEM line) 8.4 11.2 1 

1128-1/94 (NC350sister×NC258) 3.4 4.5 1   1801-1/94 (KUI2301×NC296) 8.7 11.2 1 

NC458 (KU2301×PM703) 3.7 2.4 5   BR51675:N0620-053-001 (unreleased GEM line) 9.7 11.2 1 

DK888:S11-2132-03 (unreleased GEM line) 3.7 3.5 2   3170b-1/98 (NC320×NC258A) 9.9 8.1 1 

GE440 (Hastings Prolific) 3.7 2.7 4   UR11003:S0302-937-1 (unreleased GEM line) 10.2 11.2 3 

DKXL370:N11a20-199-2 (unreleased GEM line) 3.7 4.5 1   6959-2.3564-2 (1478-1×NC354)×NC458 derived line) 10.5 6.7 1 

           

5 most susceptible lines 

3520-blk/03 (NC262A sister×NC298)
3
 28.9 4.5 1   3520-blk/03 (NC262A sister×NC298) 59.4 11.2 1 

AR17056:N2035-421-001 (unreleased GEM line) 31.9 4.5 1   MDI022:N2120-333-001(unreleased GEM line) 64.0 11.2 1 

1005-9/04 TAMU (NC300^4×CML288)  38.1 4.5 1   NC378 [(PX105A×P306B)B73] × [Fla Syn×Va35^4] 65.4 11.2 1 

UR13085:N0215-021-001 (unreleased GEM line) 44.7 4.5 1   NEI9004:S2818-025-001 (unreleased GEM line) 65.6 11.2 1 

MDI022:N2120-333-001(unreleased GEM line) 50.3 4.5 1   6513-1/95 (NC258×NC296^4) 69.3 11.2 1 

           

Susceptible check 

FR1064 (B73 type) 12.5 2.6 4   FR1064 46.9 7.3 4 

 

Table 1.1. Maize inbred lines from NC State University and USDA Germplasm Enhancement of Maize breeding programs with highest and lowest 

predicted genetic values (BLUPs) for ear rot and fumonisin accumulation in screening trials at Clayton, NC from 2003 to 2007
1
.  

1 Each year, at least 50 experimental lines are grown in randomized complete block experiments with two replications at one location in North Carolina and 
artificially inoculated with F. verticillioides and F. proliferatum. Lines with best or worst ear rot or fumonisin contamination may be retested in additional 
years.  Data were analyzed as a single unbalanced experiment across years with mixed models, considering year, replication, and genotype effects all to be 
random.  BLUPs are best estimate of line values, adjusted for environmental differences across tests. 
2 Lines in bold font appear in group of lowest 10 BLUPs for both Fusarium ear rot and fumonisin content. 
3 Lines in italic font appear in group of highest five BLUPs for both Fusarium ear rot and fumonisin content. 
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Table 1.2. Estimates of heritability on a line mean basis for Fusarium ear rot and fumonisin content 

resistance, of the genotypic and phenotypic correlations between ear rot and fumonisin content, and of 

the predicted ratio of response of fumonisin content to indirect selection on ear rot to response to direct 

selection on fumonisin content in two maize populations (adapted from Robertson et al., 2006). 
 

Parameter estimate  GEFR population  NCB population 

Ear rot line mean h2  0.47  0.86 
Fumonisin line mean h2  0.75  0.88 

Genotypic correlation (rg)  0.96  0.87 
Phenotypic correlation  (rp)  0.40  0.64 
Indirect selection response ratio  0.76  0.86 
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Lines with Varying Levels of Resistance 

 

 

 

 

Citation 

Eller, M.S., L.A. Robertson-Hoyt, G.A. Payne, and J.B. Holland. 2008. Grain Yield and 

Fusarium Ear Rot of Maize Hybrids Developed from Lines with Varying Levels of 

Resistance. Maydica 53: 231-237. 



 
 
 
 

36 

Grain Yield and Fusarium Ear Rot of Maize Hybrids Developed from Lines with 

Varying Levels of Resistance  

 

Magen S. Eller1, Leilani A. Robertson-Hoyt2, Gary A. Payne3, James B. Holland1* 

1
USDA-ARS, Plant Science Research Unit, Department of Crop Science, North Carolina State University, 

Raleigh, NC 27695-7620 

2
Department of Crop Science, North Carolina State University, Raleigh, NC 27695-7620 

3
Department of Plant Pathology, North Carolina State University, Raleigh, NC 27695-7567

 

Abstract 

Fusarium ear rot, caused by Fusarium verticillioides and other Fusarium spp. occurs 

in all U.S. maize (Zea mays L.) growing regions.  Affected grain often contains 

carcinogenic mycotoxins called fumonisins.  We tested the hypothesis that inbred lines with 

greater resistance to fumonisin contamination would produce hybrids with greater ear rot 

resistance and greater resistance to yield loss under artificial inoculation with Fusarium spp. 

Grain yield and Fusarium ear rot were measured under artificially inoculated and 

noninoculated conditions in two groups of hybrids created by topcrossing lines which 

exhibited either high or low levels of ear rot and fumonisin accumulation as early 

generation backcross lines  per se in a previous study.  Our results demonstrated that our 

hypothesis is not universally valid: the two groups of hybrids did not have significantly 

different ear rot or yield, perhaps because of generally low levels of ear rot observed in the 

testing environments.  

Key words : Maize; Fusarium ear rot; fumonisin 
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Introduction 

Fusarium verticillioides (Sacc.) Nirenberg (formerly F. moniliforme Sheldon) 

(teleomorph Gibberella moniliformis) and F. proliferatum (Matsushima) Nirenberg 

(teleomorph: G. intermedia) can colonize maize ears and cause Fusarium ear rot. Fusarium 

ear rot is prevalent in the warm, dry conditions common in the southern United States and 

lowland tropics but F. verticillioides and F. proliferatum can be found worldwide in grain 

or crop residue of mature maize fields (van Egmond et al., 2007).  Fusarium ear rot 

generates additional concern because high levels of resistance are not present in commercial 

hybrid maize (Munkvold et al., 1997) and F. verticillioides and F. proliferatum can produce 

mycotoxins called fumonisins that contaminate maize grain. Fumonisins are suspected 

carcinogens (Gelderblom et al., 1988; Miller et al., 1994; Prelusky, 1994) and cause a 

number of human and animal diseases (Ross et al., 1992; Colvin and Harrison, 1992; 

Hendricks, 1999; Missmer et al., 2006; Morgavi and Riley, 2007).   

Selection for resistance to both ear rot and mycotoxin contamination are important 

objectives to improve grain quality and reduce fumonisins in hybrid maize to acceptable 

levels. The United States Food and Drug Administration’s Guidance for Industry 

recommends that fumonisin concentrations should not exceed 2 parts per million (ppm = µg 

g-1) for many milled maize products used for human consumption (CFSAN, 2001a,b). 

European Union regulations limit fumonisin concentration to less than 1 ppm for human 

foods, and to less than 0.2 ppm for baby foods (Commission of the European Communities, 

2007).  Ear rot and fumonisin contamination are distinct aspects of the disease with low to 
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moderate phenotypic correlations, but they are highly positively genetically correlated in 

both partly and highly inbred lines (Robertson et al., 2006).  Robertson et al. (2006) also 

reported moderate to high family mean heritabilities for both fumonisin contamination and 

Fusarium ear rot (between .47 and .89), suggesting that phenotypic selection against ear rot 

should be effective at improving resistance to these traits in inbreds.  The relationships 

between these disease resistance traits and important agronomic traits also impact the 

development of cultivars with improved resistance.   

Robertson-Hoyt et al. (2007) evaluated agronomic potential of 213 topcrosses of 

BC1F1 lines from the backcross of resistant parent GE440 to the commercial inbred 

FR1064.  An unrelated non-Stiff Stalk hybrid (FR697×FR615) was used as the tester, and 

yields were evaluated without artificial inoculation. Their results suggested that 

backcrossing GE440 into FR1064 would not significantly reduce the agronomic features of 

that line, except in the case of grain moisture, which was predicted to increase slightly.  The 

small positive correlation observed by Robertson-Hoyt et al. (2007) between ear rot and 

hybrid yield might have resulted from lines with fewer GE440 alleles having higher yield 

potential, despite their lower levels of ear rot resistance.  Ear rot was not observed in the 

hybrids, so it was not clear if ear rot resistance alleles could contribute to higher yield under 

higher disease pressure.   

The objective of this study was to determine the direct effect of ear rot resistance on 

hybrid yield by measuring yield of each genotype under higher and lower levels of 

Fusarium ear rot.  This would allow direct estimation of the effect of resistance on yield 
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under inoculated conditions, and to determine if resistance to ear rot in early generation 

backcross lines is indicative of hybrid tolerance under high levels of ear rot.   For this study, 

we selected early generation backcross lines demonstrating highest or lowest levels of 

resistance to fumonisin contamination as lines per se in a previous study (Robertson et al., 

2006).  Topcross hybrids of these lines were evaluated under both inoculated and 

noninoculated conditions.  Our working hypothesis was that lines with greater levels of 

resistance to fumonisin would produce hybrids with greater ear rot resistance and yield 

tolerance to artificial inoculation with Fusarium spp.  

 

Material and Methods 

Population Development 

Fusarium ear rot resistant inbred GE440 (derived from the open-pollinated variety 

Hasting’s Prolific) was crossed and backcrossed once to susceptible inbred FR1064 (an 

improved B73 type). BC1F1 plants were self pollinated to form 213 BC1F1:2 families.  The 

ten most resistant and ten most susceptible families were selected based on mean fumonisin 

content in replicated trials in four environments in a previous study (Robertson et al., 2006).  

The two groups also differed significantly for percentage of Fusarium ear rot incidence 

under inoculated conditions in the same study. BC1F1:2 families and the population parents, 

GE440 and FR1064, were topcrossed to an unrelated single-cross tester, FR615 x FR697, 

which represents the non-Stiff Stalk heterotic group. Two commercial hybrids, Pioneer 

brands 31G66 and 31G98, were included as checks. 31G98 is a 117 comparative relative 
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maturity (CRM) hybrid that was recently popular in North Carolina which exhibits average 

Fusarium ear rot resistance and average staygreen (Robertson-Hoyt, personal 

communication), while 31G66 has a 118 CRM, exhibits fast dry-down and some tolerance 

to Fusarium ear rot (Pioneer Hi-Bred, 2007).  Twenty-nine genotypes were included in this 

study: topcrosses of the 20 selected lines, four additional lines were used as some of the 

original selected lines were short on seed, the topcrossed parents GE440 × (FR615 × 

FR697) and FR1064 × (FR615 × FR697), the tester itself (FR615 × FR697), and two 

commercial checks (Pioneer 31G98 and 31G66.) 

 

Field Evaluation 

The experiment was conducted in both 2005 and 2006 in four North Carolina 

environments: the Central Crops Research Station at Clayton, the Tidewater Research 

Station at Plymouth, the Peanut Belt Research Station at Lewiston, and the Sand Hills 

Research Station at Jackson Springs.  Soils at the experiment sites are classified as Marlboro 

Loamy Sand (clayey, kaolinitic, thermic Typic Paleudult) at Clayton, Portsmouth Fine 

Sandy Loam (fine-loamy over sandy or sandy-skeletal, mixed, thermic, Typic Umbraquult) 

at Plymouth, Norfolk Sandy Loam (fine-loamy, siliceous, thermic Typic Kandiudult) at 

Lewiston, and Candor Sand (sandy, siliceous, thermic Arenic Paleudult) at Jackson Springs. 

A randomized split-plot design was used, with three replications at each location. 

The whole plot factor was genotype, and the sub plot factor was inoculation treatment. Each 

whole plot was six rows of a common genotype.  Each row was 3.66 m in length, with a 



 
 
 
 

41 

1.22-m alley between ranges of plots.  Inter-row spacing was 0.914 m between plots in 

Lewiston, NC and 0.9652 m in Clayton, Plymouth, and Jackson Springs, NC.  Plots were 

over seeded and thinned to target population densities of 44 plants per plot (62,288 plants 

ha-1 in Clayton, Plymouth, and Jackson Springs, NC or 65,750 plants ha-1 in Lewiston, NC.  

The sub plot factor was inoculation treatment with Fusarium spp.; three rows of the plot 

received inoculation and three did not.  Of the six rows in a whole plot, the outer rows were 

hand harvested to score percent ear rot from each of the sub plots and the inner four rows 

were mechanically harvested as two separate sub plots of two rows each to measure grain 

yield and grain moisture.   No border rows separated the inoculated and noninoculated plots, 

but F. verticillioides spreads very little from plant to plant during the growing season (Yates 

and Sparks, 2008). 

 

Inoculation Technique 

Three isolates of F. verticillioides (ISU95082, ISU94445, and ISU94040) and three 

isolates of F. proliferatum (310, 37-2, and 19) were cultured separately on PDA (Potato 

Dextrose Agar, Fisher Scientific Pittsburg, PA).  Conidia were collected by washing the 

cultures with distilled water and diluting the conidia suspension of the six isolates to 

approximately 2x106 mL-1 in water.  Two inoculations were conducted seven days apart to 

reduce escapes and simulate common methods of natural infection. 

The primary ear of each plant was injected with 10 ml of 1 x 106 conidial suspension in 

2005 at each of two inoculation times.  In 2006, 5 mL of 2 x 106 conidial suspension was 
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injected using a 5mL Allflex draw-off injection syringe (Allflex Inc, Dallas, TX) fitted with 

a 16 gauge needle that had the point filed off. One drop of undiluted Tween-20 was added 

to each liter of inoculum suspension to break the surface tension of the suspension.  A silk 

channel inoculation 10 to 14 days post mid-silk was followed by a direct ear inoculation 

seven days later.  In the rows of sub plots designated for inoculation and hand harvest the 

first 15 ears were inoculated. 

 

Phenotypic Data Collection 

 Stand count four to six weeks after planting was determined in the two rows of each 

sub plot designated for mechanical harvest.  A maximum stand count of 44 was maintained 

by thinning overpopulated plots. Silk date and tassel date for each line were recorded at 

Clayton, NC.  Silk date was recorded when half of the ears in each plot had reached 50% 

silk emergence. Anthesis date was recorded when approximately 50% of the pollen in the 

plot had been shed. 

 When all plants reached physiological maturity, 10 primary ears from the outside 

row of each whole plot were hand harvested and air dried to approximately 140 g kg-1 

moisture.  Individual ears were visually rated for the percent of kernels displaying visible 

symptoms of Fusarium ear rot. Ear rot ratings were estimated to 5% increments. The center 

four rows of each whole plot were mechanically harvested to collect grain moisture and 

yield data.   
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Statistical Analysis 

  Yields for each plot were adjusted to 155 g kg-1 grain moisture.  Traditional analyses 

of variance and spatial analyses were performed on the data for each environment separately 

to estimate genotypic least square means for each trait within each environment for the 

variable yield (Brownie et al., 1993).  Models with up to fourth-order polynomial effects of 

row and columns in the field layout were tested.  Trend effects were maintained if 

significant in the model at p < 0.01 (Brownie et al., 1993).  The following models were 

compared using PROC MIXED in SAS version 9.1 (SAS Institute, 2004): a model 

including complete and incomplete block effects, a model with significant row and column 

trend effects, a model with correlated errors, and a model with both significant trend effects 

and correlated errors (Brownie et al., 1993).  Percent stand was included as a covariate if 

significant at p = 0.01.  For each environment, the model that minimized Akaike’s 

Information Criterion was chosen (Akaike, 1974).   

Environments with an average ear rot of less than 5% after spatial analysis were 

discarded.  Four locations were not conducive to Fusarium infection and fungal growth and 

were discarded, leaving four locations for further analysis; Clayton in 2005, and Lewiston, 

Plymouth and Jackson Springs in 2006. Analysis of anthesis and silk date was performed on 

data collected in both years from Clayton. 

Least square means for each combination of hybrid, inoculation treatment, and 

environment were estimated using the most appropriate statistical model and used as the 

basis for a combined factorial analysis of variance (ANOVA) across all environments.  



 
 
 
 

44 

Combined ANOVAs across environments were implemented with SAS Proc MIXED, 

considering inoculation treatment and hybrid as fixed effects, and environment as a random 

effect.  Satterthwaite (SAS Institute, 2004) or Kenward-Rogers (Kenward and Roger, 1997) 

methods were used to estimate the denominator degrees of freedom for tests of fixed effects 

and for treatment comparisons.  One form of the combined ANOVA included all entries and 

was used to estimate genotypic means across environments for each inoculation treatment.  

A second combined ANOVA was performed, excluding the check and parental hybrids, to 

determine the significance of genotype, inoculation, and genotype-by-inoculation 

interaction effects for the experimental hybrids only.  

 

Results and Discussion 

The combined ANOVA across environments excluding check hybrids indicated that 

genotypes varied significantly for grain yield (p ≤ 0.0005), grain moisture (p ≤ 0.0001), 

erect plants (p =.01) and silking date (p =.025).  Percent ear rot did not vary significantly 

across genotypes (Table 2.1). Inoculation treatment significantly affected yield (p < 0.03), 

but not ear rot, grain moisture, erect plants, or silking date in the combined analysis (Table 

2.1). The interaction of inoculation treatment and genotype was not significant for grain 

yield or any other trait (Table 2.1).   

 The topcross of resistant parent GE440 had significantly lower ear rot than the 

topcross of susceptible parent FR1064 under both inoculated and noninoculated conditions 

(Table 2.2).  Inoculation more than doubled the difference in ear rot between the two 
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topcrosses from 2.9% to 6.9% (Table 2.2), but this difference was not statistically 

significant.  The overall levels of ear rot were much lower in this experiment than in our 

previous studies on early generation lines from this population.  For example, the mean ear 

rot percentage under inoculation for FR1064 × (FR615 × FR697) was 11.6% in this study 

(Table 2.2), but inbred FR1064 had 22% in a previous study in North Carolina and Illinois 

environments by Robertson et al. (2006).  Similarly, the mean ear rot percentages for the 10 

experimental lines with lowest fumonisin contamination and of the 10 lines with highest 

fumonisin contamination were 9 and 26%, respectively in the previous study by Robertson 

et al. (2006), whereas the ear rot percentages of their respective topcrosses were 8 and 9% 

in the current study (Table 2.2).  Although the difference in mean ear rot for the two groups 

of early generation backcross lines was significant (Robertson et al., 2006), the differences 

between the corresponding two groups of topcrosses was not significant under either 

inoculation condition in this study (Table 2.2).  The resistant parent GE440 topcross had the 

lowest ear rot among entries, but this was not significantly lower than either of the check 

hybrids, Pioneer brand hybrids 31G66 and 31G98.   

 The genotype with greatest ear rot percentage was the sister-line hybrid tester, 

FR615 × FR697 (Table 2.2). This entry also had the lowest yield because of the limited 

heterosis expressed in the cross between related non-Stiff Stalk lines.  This suggests that ear 

rot is easier to induce in plants with lower vigor, which is one explanation for the generally 

lower ear rot percentages in this study compared with previous studies on partly or 

completely inbred lines (Robertson et al., 2006). 
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 The topcross of commercial line FR1064 had significantly greater yield than the 

GE440 topcross under noninoculated conditions, but its yield advantage was reduced from 

1.8 Mg ha-1 to 0.9 Mg ha-1 with inoculation and the difference was not significant.  As 

predicted under our hypothesis, resistance genes from GE440 reduced yield loss under 

inoculation (Table 2.2).  On average, the topcrosses of the lines with lowest fumonisin 

content had yields similar to those of the topcrosses of the lines with highest fumonisin 

content under both inoculation treatments (Table 2.2).  Neither topcrosses of low fumonisin 

accumulating lines, or the topcrosses of high fumonisin accumulating lines had a yield 

advantage in this study, suggesting that disease resistance per se did not confer a yield 

advantage. This result was not supportive of our hypothesis and contrasts with the yield 

response to inoculation observed in the parental lines.  The topcrosses of lines with lowest 

fumonisin content had significantly higher moisture than topcrosses of lines with the highest 

fumonisin content (Table 2.2), in agreement with the previous study (Robertson-Hoyt et al., 

2007).  No other significant differences were observed between the two groups. 

 Silking date was significantly correlated (r = -0.5; p = 0.02) with ear rot under 

noninoculated conditions (Table 2.3).  This agrees with studies by Clements et al. (2003) 

which show that time of inoculation is important for fungal growth.  However, silking date 

was not significantly correlated with ear rot under inoculated conditions.  It appears that the 

inoculation techniques used in these experiments were sufficient to overcome the effect of 

the slight correlation due to flowering time. 
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 Ear rot scores under inoculated and noninoculated conditions were not correlated 

(Table 2.3).  This result, in addition to the correlation between flowering time and ear rot in 

noninoculated conditions and the low levels of ear rot observed, suggests that environmental 

and developmental effects on ear rot masked genetic contributions to resistance, particularly 

in the noninoculated plots.  In contrast, yield was highly correlated between the two 

inoculation treatments (Table 2.3), suggesting that it was reliably measured under both 

conditions. 

 The effect of inoculation treatment on individual line yields was correlated with 

their mean yield only under noninoculated conditions. In contrast, the effect of inoculation 

on ear rot of individual lines was highly correlated with their ear rot only under inoculated 

conditions (Table 2.3). The signs of the significant correlation coefficients indicate that 

inoculation increased ear rot more on more susceptible lines and decreased yield more for 

lines with greater yield potential. 

This study was designed to test the hypothesis that lines with greater resistance to 

fumonisin contamination would produce hybrids with greater ear rot resistance and greater 

resistance to yield loss under artificial inoculation with Fusarium spp. The topcrosses made 

from lines with greater fumonisin contamination resistance had better ear rot resistance on 

average, but the difference between groups was not significant.  The topcrosses of lines with 

greater fumonisin contamination resistance had better yield than the more susceptible lines, 

but this difference was also not significant, and occurred under both inoculation conditions.  

We predicted two results based on our hypothesis: (1) the decrease in yield due to 
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inoculation would be lower in the topcrosses of the more resistant lines, and (2) the 

difference in yield between inoculated and noninoculated conditions would be negatively 

correlated with the difference in ear rot between inoculated and noninoculated treatments 

because of the protective effect of resistance genes on yield.  In fact, we observed that 

topcrosses of the more resistant lines had the same decrease in yield under inoculation as 

those of the less resistant lines (Table 2.2), and that the differences between inoculated and 

noninoculated treatments measured in yield and ear rot were not significantly correlated 

(Table 2.3). 

We conclude from these results that our hypothesis is not universally valid, but may 

be dependent on the level of ear rot disease present.  Under the low to moderate levels of ear 

rot observed in this study, resistance of early generation backcross lines per se is not 

predictive of ear rot tolerance in hybrids.  Nevertheless, it is still possible that our 

hypothesis would hold when comparing yield under conditions amenable to ear rot.  The 

results observed in this study may be due to the lower than expected levels of ear rot 

encountered.  

Low levels of rot in this study likely resulted because weather conditions at the 

environments sampled were not as favorable to pathogen growth as in previous studies.  

This affect was observed in a screening trial of experimental and check inbred lines that is 

grown annually at Clayton, NC under artificial Fusarium inoculation (Starr et al., 2006). In 

that trial, mean ear rot percentage for B73 was 11.4% in 2004, but only 7.1% in 2005/2006; 

similarly FR1064 had 26.7% ear rot in 2004 but 4.9% in 2005/2006, indicating that while 
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this study was being executed we observed lower ear rot percentages compared with 

previous years when the FR1064/GE440 backcross population was first studied.   

 Despite these factors, previous reports indicate that commercial hybrids grown in 

North Carolina can exhibit significant levels of Fusarium ear rot and fumonisin 

contamination, even without artificial inoculation (Shelby et al., 1994; Munkvold and 

Desjardins, 1997; Bush et al., 2004; Clements et al., 2004).  Therefore, future studies on 

hybrids may require manipulating the environment to promote Fusarium ear rot and 

fumonisin contamination. 

One way to accomplish this may be to induce greater levels of plant stress during the 

pollination and grain-filling growth stages. Conditions that result in plant stress favor 

growth and pathogenicity of F. verticillioides (Bacon and Hinton, 1996; Oren et al., 2003).  

Plant stress was lower than expected in the growing seasons evaluated, possibly reducing 

the visible symptoms of fungal ear rot. Weather conditions during the 2006 growing season 

did not create an optimum environment for fungal growth.  While temperatures were 

suitable, late season rainfall was low which reduced dry-down time and likely limited 

mycelial growth.  Plant stress could be induced by reducing fertilizer applications and 

irrigation.  Drought stress is known to be associated with aflatoxin contamination (Payne et 

al., 1986; Diener et al., 1987), and may also be conducive to Fusarium ear rot and 

fumonisin contamination.  One possibility would be to restrict irrigation until the later grain 

filling stages, to permit both drought stress on the host plant and adequate moisture to incite 

ear rot in developing kernels. Finally, we have also collected more aggressive Fusarium 
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spp. isolates from field plots in North Carolina to use in future experiments. Further 

research is needed to test these ideas. 

 To better understand the relationship between hybrid vigor, ear rot, and fumonisin 

accumulation we are evaluating a diallel mating of diverse inbred material with various 

combining abilities, and ear rot resistance levels. 
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Table 2.1 F-tests for significance of genotype, inoculation treatment, and genotype-by-treatment 

interaction effects in the combined analysis of variance across environments, excluding checks and 

parental line hybrids. 

 

Source of 

Variation 

Grain 
yield 

(Mg ha-1)1 

Fusarium 
ear rot 

(µg g-1)1 

Grain 
moisture 

(%)1 

Erect 
plants 
(%)1 

Silking 
date 

(DAP)2 

Genotype 3.0 * 1.2 ns 4.9 *** 2.5 **  1.8 * 
Treatment 12.6 * 4.1 ns 3.1 ns 0.8 ns 1.0 ns 

Genotype x 
Treatment 1.2 ns 1.4 ns 0.7 ns 0.7 ns 0.8 ns 

1 Data from four of eight environments. Clayton 2006; Lewiston, Plymouth, and Jackson Springs 2005 were 
excluded because each averaged <5% ear rot. 
2 Silking data from Clayton, NC environment in 2005 and 2006. 
*, **, *** = significant at p = 0.05, 0.01, and 0.001, respectively.  
DAP =Days after planting 
ns not significant at p=.05. 
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Table 2.2.  Trait means measured on topcrosses of BC1F1:2 lines to FR615 × FR697 in four North Carolina environments.  Assignment of lines to 

groups of highest and lowest fumonisin contaminated families was based on their per se performance in Robertson et al. (2006). 

 
 Fusarium Ear Rot  Grain Yield  Erect Days Grain 

     Plants3 To Silk Moisture 

 
 Inoculated 

 
Noninoculated 

 
Difference 

Non – Inoc1 
 Inoculated 

 
Noninoculated 

 
Difference  
Non - Inoc1  

Average across treatments 
 

  % of ear % of ear % of ear  Mg Ha-1 Mg Ha-1 Mg Ha-1  % DAP2 % 

Low Fumonisin  
Group (Resistant) 

 

7.6 4.3 -3.3 

 

6.0 6.5 0.5  84 75.9 16.1 

High Fumonisin  
Group (Susceptible) 

 

9.1 5.0 -4.1 

 

5.9 6.4 0.5  88 76.2 15.7 

Difference between High 

and Low  groups 

 

1.5
 ns

 0.7
 ns

 -0.8 

 

-0.1
 ns

 -0.1
 ns

 0.00  4.0
 ns

 0.3
 ns

   -0.40** 

GE440xTester 
(Resistant)  

 

4.6 2.5 -2.1 

 

5.2 5.5 0.3  49 76.3 17.6 

FR1064xTester  
(Susceptible) 

 

11.5 5.4 -6.1 

 

6.0 7.3 1.3  98 75.2 15.5 

Difference between  

FR1064 and GE440 

 

6.9* 2.9* -4.0 

 

0.8
 ns

 1.8** 1.0  49.0**   -1.0
 ns

 -2.1* 

FR615xFR697 (Tester)  26.7 10.8 -15.9  4.18 5.17 0.99  95 78.0 13.2 

31G66  6.2 3.1   -3.1  7.66 8.20 0.54  92 76.1 16.4 

31G98  7.7 4.2   -3.5  8.11 9.28 1.16  86 76.0 16.3 

LSD‡  7.0 3.1 -  0.94 0.77 -  0.10 1.79 0.54 

  
1 Difference Non – Inoc, difference between mean value in inoculated and noninoculated treatments.  
2 DAP, days after planting 
3 Lodging was not measured in Sandhills in 2006 because no lodging was observed.  
ns not significant at p=.05. 
*, ** significant at P = 0.05, and .0001, respectively. 
‡ The LSD shown is appropriate for comparing pairs of individual hybrid means. Comparisons involving checks may have higher precision. 
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Table 2.3. Pearson’s correlations and associated P-values among traits measured in inoculated or noninoculated plots, excluding check entries. 
 

 Ear rot: 
noninoculated 

Ear rot: 
inoculated 

Difference  
in ear rot (N-I)1 

Grain yield: 
noninoculated 

Grain yield: 
inoculated 

Grain yield 
 loss (N-I) 

Silking 
Date 

Ear rot: 
noninoculated 

1 NS
2
 NS NS NS NS 

r = -0.5 
P = 0.024 

Ear rot: 
Inoculated 

1 
r = -0.71 

P = 0.0004 
NS NS NS NS 

Difference 
in ear rot (N-I) 

1 NS NS NS NS 

Grain yield: 
noninoculated 

1 
r = 0.797 

P = <0.0001 
r = 0.547 
P = 0.013 

NS 

Grain yield: 
inoculated 

1 NS NS 

Grain yield loss 
(N-I) 

 1 NS 

Silking Date 
 

 

 

 

 

  1 

  
1 N-I, Difference between trait observed in noninoculated and inoculated treatments 
2 NS, non significant at P = 0.05 
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Abstract 

Backcross breeding is an important method to improve elite cultivars for traits 

controlled by a small number of loci but has been used less frequently to improve 

quantitatively controlled traits. Resistance to Fusarium ear rot and contamination by the 

associated mycotoxin fumonisin in maize are quantitatively inherited.  We backcrossed the 

highly resistant but unadapted inbred GE440 for four generations to the more susceptible 

but agronomically elite commercial inbred FR1064 to test improved resistance to Fusarium 

ear rot and fumonisin contamination.  A selected set of 19 BC4F1:3 lines had greater 

resistance to ear rot and fumonisin content that their recurrent parent FR1064. Compared to 
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an unselected set of BC4 lines derived from the same initial BC1 families, these selected 

lines had increased resistance to ear rot, but not to fumonisin contamination.  Topcrosses of 

the selected lines had greater resistance to Fusarium ear rot and similar grain yield 

compared to the topcross of the recurrent parent FR1064. The selected line topcrosses were 

not significantly improved for resistance to fumonisin contamination compared to FR1064, 

nor were they significantly improved for resistance to ear rot or fumonisin contamination 

compared to the topcrossed random BC4 control. We also genotyped selected lines at DNA 

markers linked to ear rot and fumonisin resistance quantitative trait loci (QTL) identified in 

the BC1 generation of this cross to determine which QTL demonstrated allele frequency 

shifts due to selection.  Markers for QTL on the long arm of chromosome four, and the short 

arm of chromosome four inherited the GE440 allele significantly more often than expected 

by random chance. 

 

Introduction 

 

 The backcross breeding method has been used by breeders for many years to 

improve an elite genetic background which is deficient for a particular trait (Allard 1960).  

It is particularly efficient breeding method when an advantageous trait under simple genetic 

control has been discovered in exotic or unadapted material because it has the advantage of 

limiting the introduction of deleterious alleles from the unadapted material while retaining 

the beneficial allele(s) for the trait of interest. It has been used less often for improving 
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quantitatively inherited traits because, by intention, it limits the introgression of donor 

parent alleles to a small proportion of the genome (Fehr, 1987). Fehr (1987) suggested that 

backcrossing for quantitatively inherited characteristics is most successful when the 

environment has limited impact on trait expression.   

 Bliss (1981), however, demonstrated the inbred backcross line (IBL) method, a 

modified backcrossing method for quantitatively inherited traits.  Bliss (1981) conducted at 

least two generations of backcrossing and selfed before imposing selection on advanced 

lines.  With this method improvement for quantitative traits without loss of recurrent parent 

phenotype was demonstrated in common bean (Sullivan and Bliss, 1983a, 1983b) and 

cucumber (Owen et al. 1985a, 1985b) using an unadapted or exotic donor parent.  

Tanksley and Nelson (1996) proposed a similar approach called advance backcross 

QTL (AB-QTL) analysis in which materials are advanced to the BC2 or BC3 generations 

with only minimal culling before mapping QTL  and implementing marker-assisted 

selection.  Both Sullivan and Bliss (1983b) and Tanksley and Nelson (1996) suggested that 

backcross breeding is very effective with unadapted donor varieties because of the rapid 

reduction of the donor parent germplasm, and the segregation of the remaining donor alleles 

among different inbred backcross lines. 

An important quantitatively inherited trait of maize is resistance to Fusarium ear rot, 

caused by Fusarium verticillioides (Sacc.) Nirenberg (teleomorph Gibberella moniliformis). 

Fusarium verticillioides infects maize in many parts of the world (van Egmond et al., 2007), 

but is most severe in warm, dry climates like those found in the southeastern United States 
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and lowland tropics.  In addition to damage from rotten kernels, F. verticillioides and 

related species F. proliferatum produce the mycotoxin fumonisin, a suspected carcinogen 

(Gelderblom et al., 1988; Prelusky et al., 1994; Miller, 1994, Ehrlich et al., 2002), which 

contaminates the grain.  Fumonisin contamination causes a number of animal diseases, 

(Colvin and Harrison, 1992; Ross et al., 1992; Morgavi and Riley, 2007) human diseases, 

and birth defects (Hendricks, 1999; Missmer et al., 2006). Treatment of grain for food and 

feed consumption to remove fumonisins is not commercially viable and cultural practices 

which reduce fumonisin levels in grain are often impractical or logistically difficult to 

implement in areas where fumonisins are most problematic. 

Ear rot and fumonisin contamination are distinct aspects of the disease, with fairly 

low phenotypic correlations, but high positive genetic correlations in both partially and 

highly inbred lines (Robertson et al., 2006).  Resistance to both Fusarium ear rot and 

fumonisin accumulation is quantitative in nature, and no sources of complete resistance 

have been identified for either trait (Munkvold and Desjardins, 1997).  

 Whereas ear rot can be scored fairly rapidly with a visual rating scale, measuring 

fumonisin content requires High Performance Liquid Chromatography (HPLC) or Enzyme 

Linked Immunosorbent Assay (ELISA). Sample preparation is expensive, time consuming 

and labor intensive for both of these analyses.  Robertson et al. (2006) reported moderate to 

high entry mean heritabilities for both fumonisin contamination (0.75) and Fusarium ear rot 

(0.47) in the GEFR (GE440 × FR1064) population, suggesting that phenotypic selection 

against ear rot should be an effective way to improve resistance to both ear rot and 
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fumonisin contamination in backcross-derived lines.  Although fumonisin concentration is 

more highly heritable than resistance to Fusarium ear rot (Robertson et al., 2006) and 

response in fumonisin levels to indirect selection is predicted to be less effective than direct 

selection, indirect selection on the basis ear rot is much less expensive and time consuming. 

Therefore, selection against ear rot susceptibility is a potentially more economically 

efficient method of producing maize lines with decreased fumonisin content. 

The goal of this research was to test if backcross breeding using unadapted 

germplasm as a donor parent is an effective strategy for improving quantitative disease 

resistance in maize.  The donor parent used was GE440; an older public inbred line with 

poor yield potential and limited range of adaptation, but with high levels of resistance to 

Fusarium ear rot and fumonisin contamination (Clements et al., 2004; Robertson et al., 

2006, Robertson-Hoyt et al., 2006). The recurrent parent was a commercially important but 

more susceptible proprietary line, FR1064.  Specific objectives of this study were to test the 

following hypotheses: (1) that backcross breeding will prove to be an effective way to 

introgress quantitatively inherited traits from unadapted donor material into elite 

germplasm, (2) that selection for reduced ear rot will result in lines with greater resistance 

to both ear rot and fumonisin accumulation, (3) that selection for improved ear rot resistance 

in inbred generations will result in favorable indirect responses in topcross generations 

selected lines, and (4) that donor parent alleles at markers linked to previously identified 

Fusarium ear rot and fumonisin contamination resistance QTL will be recovered more often 

than expected by chance in selected lines.   
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Material and Methods 

Population Development 

Inbred GE440 (derived from the open-pollinated variety Hasting’s Prolific) is 

relatively tall, highly susceptible to lodging, and produces small white-seeded ears. It was 

identified by Clements et al. (2004) as conferring a relatively high level of resistance to 

Fusarium ear rot and fumonisin contamination in topcross to the susceptible commercial 

inbred line FR1064 (an improved B73 type). Dr. Don White (University of Illinois) 

developed a set of families derived from the first backcross (BC1) generation of GE440 to 

recurrent parent FR1064, followed by one generation of self-fertilization (BC1F1:2 lines. 

Robertson et al. (2006) evaluated these families under artificial inoculation with Fusarium 

verticillioides and Fusarium proliferatum in replicated trials in four environments. The 10 

BC1F1:2 families with lowest mean fumonisin contents identified in these trials were selected 

for additional backcrossing to FR1064.  A modified single seed backcrossing method was 

used to advance the 10 BC1F1 lines with seed that exhibited lowest mean fumonisin content 

(Robertson, 2006) to the BC4F1 generation (Figure 1).  In this method 10 backcrossed ears 

were harvested from each BC1F2:3 family and two seeds were chosen from each ear to create 

a balanced BC2F1 bulk of 20 seeds per family.  Each of these bulks was planted in a single 

row, and backcrossed to FR1064 the following season; 10 backcrossed ears were harvested 

from each row (BC2F1 family) and the process repeated.  A balanced remnant bulk was also 
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created each generation. No intentional selection was applied during these backcrossing 

steps. Each original BC1 family was represented in the BC4 generation. 

 

Field Evaluation of BC4F1 Families 

Selection against susceptibility to Fusarium ear rot was conducted among the 455 

BC4F1 families generated by the backcrossing program. The 455 BC4F1 families were 

evaluated at two locations (the Central Crops Research Station in Clayton, NC and the 

Peanut Belt Research Station in Lewiston-Woodville, NC) in summer, 2006. In addition to 

the 455 BC4F1s, the recurrent parent, FR1064, was added five times, to bring the total 

number of entries to 460.  The experimental design was a 20 x 23 α-lattice with two 

replications, with a single replication planted in each location. The α-lattice was then 

augmented by adding FR1064 to each block in a random position to bring the total number 

of experimental plots to 483.  At both locations plots were 3.05 m in length, with 0.965 m 

between plots in Clayton, and 0.914 m between plots at Lewiston-Woodville. Plots were 

overplanted and thinned to a uniform density of 23 plants per row, resulting in population 

densities of 65,100 plants hectare-1 at Clayton and 68,750 plants hectare-1at Lewiston. 

 

Inoculation Technique 

Three isolates of F. verticillioides (ISU95082, ISU94445, and ISU94040) and three 

isolates of F. proliferatum (310, 37-2, and 19) were cultured separately on PDA (Potato 

Dextrose Agar, Fisher Scientific Pittsburg, PA).  Conidia were collected by washing the 
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cultures with distilled water, loosening conidia by brushing with a paint brush, straining the 

suspension through cheese cloth, and diluting the conidia suspension of the six isolates to 

approximately 2×106 mL-1 in water.  Two inoculations were conducted seven days apart to 

reduce escapes and simulate common methods of natural infection. A silk channel 

inoculation ten to fourteen days post mid-silk was followed by a direct ear inoculation seven 

days later.  The primary ear of the first 10 plants in each row at Lewiston-Woodville, and 

the first 15 plants in each row at Clayton was injected with 5 mL of 2 × 106 conidial 

suspension using a 5 mL Allflex draw-off injection syringe (Allflex Inc, Dallas, TX) fitted 

with a 16 gauge needle that had the point filed down. One drop of undiluted Tween-20 was 

added to each liter of inoculum suspension to break the surface tension of the suspension.    

Ear rot was scored as percent of kernels exhibiting kernel rot or infection symptoms 

per ear; 10 ears were scored per row, and the 20 families with lowest mean ear rot scores 

were selected for advancement.   

 

Advancement to BC4F1:3 Generation 

Four self-pollinated ears (each representing a BC4F1:2 line) were harvested from 

each of the 20 selected families, except one family which had only three selfed ears 

available for advancement. Each line was advanced in bulk to form 79 BC4F1:3 lines, which 

were evaluated as lines per se and as topcross hybrids using a common single-cross tester 

FR615 × FR697.  At the time selections were made, one kernel was also collected from each 

of four self-pollinated ears from all 455 BC4F1 families to form a control BC4F2 unselected 
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bulk.  A random sample of 360 seeds of this bulk was advanced to the BC4F3 generation and 

bulked to serve as a control for selection evaluation experiments.   

 

Backcross Derived Line Evaluation 

To determine if selection for Fusarium ear rot resistance in advanced backcross lines 

resulted in lines with greater ear rot resistance and reduced fumonisin accumulation, 

selected BC4F1:3 lines and the unselected control BC4F1:3 bulk population were evaluated 

under artificial inoculation for ear rot and fumonisin content in 2007 and 2008.  Seventy-

nine BC4F1:3 lines, the population parents (GE440 and FR1064), the two inbred lines used to 

make the single cross tester used in hybrid evaluations (FR615 and FR697), and a random 

BC4F3 control bulk of the population were evaluated in two environments (Central Crops 

Research Station and Peanut Belt Research Station) in the summer of 2007. The random 

BC4F3 control population bulk was included as an entry seven times per replication to make 

a total of 90 entries per complete replication. Two replications were evaluated in each 

location with entries arranged in a 10 × 9 α-lattice.   

The trial was modified in 2008 to contain only the 20 best BC4F1:3 lines based on 

mean ear rot from the 2007 trial, five BC4F3:4 sub lines from each of the top four BC4F1:3s 

from the previous year, the population parents, and the random BC4F3 control repeated 

seven times in each replication. Entries were tested in two replications at the same two 

locations in a 7 × 7 α-lattice.  
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   The line GEFR402-3-7-5-1 was included in the field trial, but dropped from the 

analysis in 2007 and 2008, and its sub lines were dropped in 2008 because it has a red cob, 

and therefore is likely contaminated.  This reduced the number of selected BC4F1:3 lines to 

19, and number of BC4F3:4 sub lines to 16. 

 

Topcross Hybrid Evaluation 

BC4F1:3 lines were topcrossed to the commercial non-Stiff Stalk single cross F1 

tester (FR615 × FR697), and topcross yield trials were performed to assess hybrid 

performance of backcross derived lines.  Evaluations were conducted at each of four North 

Carolina locations in 2007 and 2008; the Central Crops Research Station at Clayton, the 

Tidewater Research Station at Plymouth, the Peanut Belt Research Station at Lewiston, and 

the Sand Hills Research Station near Jackson Springs.   

In 2007 the 90 entries included topcrosses of the 79 BC4F1:3 families and the 

population parents, GE440 and FR1064, to (FR615 × FR697).. The topcross tester (FR615 

× FR697) itself was included as a check. A random bulk of BC4F3 seed, advanced in each 

generation without evaluation for ear rot, and topcrossed to (FR615 × FR697), was included 

six times in each replication as a repeated control. Two commercial hybrids, Pioneer brand 

31G66 and 31G98, were also included as checks.  31G98 is a 117 comparative relative 

maturity (CRM) hybrid that was recently popular in North Carolina which exhibits average 

Fusarium ear rot resistance and average staygreen (Robertson-Hoyt, personal 
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communication), while 31G66 has a 118 CRM, exhibits fast dry-down and some tolerance 

to Fusarium ear rot (Pioneer Hi-Bred, 2007).   

In 2008, entries were limited to hybrids of the 20 best lines based on mean ear rot 

scores from the previous year, the topcrossed parents, and the check entries (Pioneer 31G66, 

Pioneer 31G98, (FR615 × FR697) and five entries composed of the topcrossed GEFR 

Random BC4F3 bulk). The topcrossed random BC4F3 bulk was later dropped from analysis 

in 2008, because the wrong tester was used when increasing the seed.  The topcross of 

GEFR402-3-7-5-1 was dropped from the analysis in 2007 and 2008 because the line was 

contaminated.   

The experimental design to evaluate yield and ear rot under inoculated and 

noninoculated conditions was a split-plot design with two replications within each 

environment.  The whole plot factor was genotype and the sub plot factor was inoculation 

treatment. Each whole plot consisted of six 3.66-m rows of a common genotype planted 

0.94 or 0.97 m apart. Whole plots were randomized across replications as a 5 × 6 lattice 

design. Plots were over seeded and thinned to target population densities in the two rows of 

each sub plot for mechanical harvest (62,288 plants ha-1 in Clayton, Plymouth, and Jackson 

Springs, NC or 65,750 plants ha-1 in Lewiston, NC).  Sub plots consisted of three rows 

which were assigned an inoculation treatment: inoculation with F. verticillioides or 

noninoculated.  Ten ears from the outer rows of each whole plot (one from each sub plot) 

were hand harvested, dried, and scored for percent ear rot.  The inner four rows (two rows 

of each sub plot) were mechanically harvested to measure grain yield and grain moisture.  
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Border rows were not needed to separate inoculated and noninoculated plots, because F. 

verticillioides spreads very little from plant to plant during the growing season (Yates and 

Sparks, 2008). 

 

Inoculation Technique - Hybrids 

 The inoculation protocol used for hybrid evaluation trials was the same as that used 

when conducting selection with the following exceptions.  Six isolates of F. verticillioides 

(NC-i6, NC-i7, NC-i9, NC-n16, NC-n17, and NC-n22) originally collected from maize in 

North Carolina and deposited with the Fusarium Research Center collection 

(http://frc.cas.psu.edu/) were selected for use based on their superior prolificacy and higher 

fumonisin production levels in culture.  Only plants in the inoculation treatment whole plots 

were inoculated. The first 12 primary ears in the rows designated for hand harvest were 

inoculated, while all primary ears were inoculated in the rows of inoculated topcross sub 

plots designated for mechanical harvest. 

 

Phenotypic Data Collection - Backcross Derived Lines 

Stand count was recorded four to six weeks after planting, and plots were not 

thinned.  Silk and anthesis date for each line were recorded at Clayton, NC.  Silk date was 

recorded when half of the ears in each plot had reached 50% silk emergence. Anthesis date 

was recorded when approximately 50% of the pollen in the plot had been shed.  Plant and 

ear heights were recorded after grain fill to the nearest 5 cm.  Plant height was measured to 
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the height of the flag leaf, and ear height was measured at the node from which the ear 

emerged.  

Primary ears of the first 12 plants per row that were inoculated were hand-harvested 

and air-dried to approximately 140 g kg-1 moisture.  Individual ears were visually rated for 

the percent of kernels displaying visible symptoms of Fusarium ear rot. Ear rot ratings were 

estimated to 5% increments. In 2008, ears with less than 5% ear rot were given scores of 

0%, 1% or 3%.  After rating, ears were shelled and a sub-sample of shelled grain was 

ground on a Romer II Series Mill (Romer Labs, Union, MO). A sample of 20 g of ground 

grain was weighed out and tested for fumonisin content (µg g-1) using Diagnostix fumonisin 

ELISA assay kits (Diagnostix, Mississanga, ON, Canada). 

 

Phenotypic Data Collection –Topcross Hybrids 

Phenotypic data were collected on the hybrids using the methods described for the 

backcross derived lines, with the following exceptions. Stand counts were taken as 

described above following thinning to target planting densities. The row designated for hand 

harvest in each sub plot was not thinned.  When all plants reached physiological maturity, 

two rows of each sub plot (representing the center four rows of each whole-plot) were 

mechanically harvested to collect grain moisture and yield data.  Lodging data were 

collected just before harvest on the mechanically harvested rows; the number of plants in 

each plot exhibiting root lodging (leaning more than 30 percent from vertical) or stalk 

lodging (with a stalk broken below primary ear or with a dropped primary ear) were 
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recorded separately and later summed and reported as percent erect plants, or percent of the 

stand count that did not exhibit lodging.   

Ten primary ears were hand-harvested from the outside row of each whole plot, air 

dried, and rated for ear rot.  Hand-harvested ears from each inoculated sub-plot were shelled 

after rating and a sub-sample of shelled grain was ground and assayed for fumonisin content 

(µg g-1) while ears from noninoculated sub plots were discarded after rating.  

 

Statistical Methods - Backcross Derived Lines 

PROC MIXED in SAS Version 9.1.3 (SAS Institute, Cary, NC) was used to analyze 

percent ear rot, fumonisin content, flowering time, plant height and ear height data on the 

backcross derived lines.  A standard model with fixed genotypes and random location, 

replication and incomplete block effects was used on the full dataset for each trait. This 

model was compared to a model with heterogeneous error variances within each 

environment, and a heterogeneous errors model weighted by number of ears rated (when 

appropriate). The best model was selected based on improved Akaike’s Information 

Criterion (AIC; Akaike, 1974).  A heterogeneous errors model, weighted by the number of 

ears scored was the best model for ear rot.  A heterogeneous errors model, with no 

weighting was the best model for fumonisin.  The standard model was used for plant and ear 

height and flowering time.  Pearson’s correlation coefficients among genotype means across 

all locations for different traits were estimated using PROC CORR.   
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The ESTIMATE statement in PROC MIXED was used to test the null hypotheses of 

no significant differences between the parental lines, between the 78 BC4F1:3 lines advanced 

from the selected BC4F1s and each parent, and between the 78 BC4F1:3 lines and the control 

random BC4F3 bulk.  The ESTIMATE statement was then used to test the null hypotheses 

of no significant differences between the parental lines, between the 19 BC4F1:3 lines 

selected after the 2007 trial and each parent, and between the 19 selected lines and the 

control random BC4F3 bulk.  

 

Statistical Methods - Comparison of BC4F1:3s to BC4F1:4 Sub lines 

 Data from the 2008 season, in which four sub lines of the four BC4F1:3s with the 

lowest ear rot were grown, were used to test for variation within and among the 

BC4F1lineages.  Checks were removed from the dataset and analysis of variance was 

conducted using the MIXED procedure in SAS.  Two models were analyzed.  The first 

model excluded the sub-lines and analyzed the 19 tested BC4F1:3 lines as fixed effects, and 

location, replication within location, incomplete block, and location × mother line as 

random.  This model was used to test the null hypothesis of no variation among the 19 

BC4F1:3 lines. The second model excluded the BC4F1:3 line data and included only the five 

BC4F3:4 sub lines randomly chosen from the four most ear rot resistant BC4F1:3 mother 

lines. This model treated mother-line lineage and sub-lines within mother lines as fixed, and 

location, replication within location, incomplete block, location × mother line and location 

× sub line within mother line as random.  This second model was used to test the null 
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hypotheses of no variation among the four selected mother line lineages and of no variation 

among sub-lines within mother-line lineages. 

 

Statistical Methods – Topcross Hybrids 

 A mixed model analysis of variance was conducted on the topcross hybrid dataset 

combined across the two years of testing using ASReml Version 2.0 software (Gilmour et 

al., 2002).  Genotype, treatment, and the genotype × treatment interaction were considered 

fixed effects, and environment, environment-by-treatment, environment-by-genotype 

interaction, environment-by-treatment-by-genotype interaction, replication, and incomplete 

block effects were random.  A model with heterogeneous error variances among 

environments was compared to a model with homogeneous error variance, and the model 

with the most significant F-test for genotype main effect was chosen for each trait.  Models 

including heterogeneous error variances were selected for analyses of grain yield, grain 

moisture, and fumonisin.  A model with homogeneous error variance was used for percent 

ear rot, plant height, and ear height.  Contrasts were used to test the null hypotheses of no 

significant differences between the topcrossed parents, between the BC4F3 random control 

and topcrosses of the 78 BC4F1:3 lines, the FR1064 topcross and topcrosses of the 78 

BC4F1:3 lines, the BC4F3 random control and the 19 selected BC4F1:3 lines, and between the 

FR1064 topcross and the 19 selected BC4F1:3 line topcrosses.   

A correlation between the magnitudes of residual and predicted values was observed 

in the original ear rot data.  Square root and natural log transformations were compared and 
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the square root transformation was used because it most effectively eliminated the 

dependency of residual values on predicted values.  

 

Inheritance of QTL Regions 

To test the null hypothesis that selection for ear rot had no effect on the allele 

frequency of markers flanking QTL for ear rot and fumonisin content, DNA from the 79 

selected BC4F1s was analyzed at DNA markers flanking the Fusarium ear rot and fumonisin 

contamination resistance QTL regions mapped by Robertson-Hoyt et al. (2006) in the 

BC1F1:2 generation of this same population.  Leaf or root tissue was collected and bulked 

from eight plants in each of the seventy nine selected BC4F1s, and the GEFR population 

parents (GE440 and FR1064). DNA was extracted from ground tissue using Invitrogen 

Charge Switch ® (invitrogen.com) or an alcohol/salt DNA precipitation method adapted 

from Mogg and Bond (2003).  The thirty three Simple Sequence Repeat (SSR) markers 

identified by Robertson-Hoyt et al. (2006) as flanking ear rot resistance and/or fumonisin 

accumulation resistance QTL (Table 3.1) were assayed using the Polymerase Chain 

Reaction (PCR) method (Senior, 1998).  PCR amplification products were separated by 

electrophoresis on 4% (v/w) SFR agarose gels (Amresco, Solon, OH). Gels were stained 

with 0.05% (v/w) ethidium bromide and exposed to ultra-violet light to fluoresce DNA.   

 Null hypotheses of random inheritance of alleles were tested separately for each 

marker locus linked to a previously identified QTL. For each marker, the test was conducted 

only on those lines descended from a heterozygous BC1 parent. According to the null 
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hypothesis of no selection for QTL alleles conditional on a heterozygous BC1 parent, 

GE440 alleles should be present in 50% of the BC2 progeny, 25% of the BC3 progeny and 

12.5% of the BC4 generation.  This null hypothesis was tested for each marker with the 

observed data from BC4-derived lines at each marker with a Chi - squared test.  Expected 

values were dependant on the number of progeny descended from the parent groups 

segregating for each marker. 

 

Results and Discussion 

Evaluation of Backcross Derived Lines  

 Analysis of variance of the inbred line per se evaluations revealed significant 

genotype main effects for ear rot (p = 0.001), fumonisin content (p = 0.002) plant height (p 

= 0.0001), ear height (p = 0.0001) and flowering time (p = 0.005 for anthesis date and p = 

0.01 for silk date; Table 3.2).   The recurrent parent FR1064 exhibited 25 percentage points 

greater ear rot and accumulated 33 µg g-1 more fumonisin than the donor parent GE440.  

FR1064 was also 0.65 m shorter than GE440, with ear placement 0.5 m lower, and flowered 

approximately 7 days earlier than GE440 (Table 3.2).  

On average, the 78 BC4F1:3 lines had 12 percentage points greater ear rot than 

GE440 (p = 0.0008), but 13 percentage points less ear rot than FR1064 (p = 0.0005; Table 

3.2), and otherwise were not significantly different from FR1064.  The mean of the 78 

BC4F1:3 lines was not significantly different than either parent for fumonisin content.  
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The 78 BC4F1:3 lines had on average 10 percentage points less ear rot than the 

unselected BC4F3 control (p = 0.0004), but exhibited no significant differences from the 

control for fumonisin content, plant height, ear height or flowering time (Table 3.2). After 

one generation of truncation selection, lines derived from the selected families showed 

improvement over the recurrent parent for ear rot, the trait under selection, but not for 

fumonisin content, the trait under indirect selection.  For other traits measured (plant height, 

ear height, and flowering time) the selected lines were comparable to the recurrent parent 

FR1064 (Table 3.2). 

In the 2006 selection experiment, the 455 BC4F1 families ranged from 10.0% ear rot 

to 37.2%, with and overall population mean of 17.2% ear rot.  The 20 selected BC4F1 

families exhibited 12.0% rot (SE=2.6), whereas the recurrent parent FR1064 exhibited 19.2 

% rotten kernels.  The selection differential was 5.2% for ear rot, and selection intensity was 

0.04.  Heritability on an entry mean basis for ear rot was relatively low (0.31) in the 2006 

selection experiment, due to relatively low mean levels of ear rot observed and limited 

replication. 

The 19 selected lines chosen after the second round of truncation selection based on 

the 2007 season data had 8 percentage points greater ear rot than GE440,  but 17 percentage 

points less ear rot than FR1064 (p < 0.05; Table 3.2).  It is not surprising that the backcross 

lines did not exhibit the high level of ear rot resistance displayed by GE440 as the BC4F1:3 

lines are still segregating at any disease resistance loci they may have inherited from 

GE440.  In addition, since ear rot resistance is quantitatively inherited, it would be unlikely 
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to recover resistance alleles at all QTL that confer ear rot resistance in GE440.  The selected 

lines accumulated an average of 22 µg g-1 less fumonisin than FR1064, and there was no 

significant difference between fumonisin content in GE440 and the 19 selected lines.  These 

selected lines did not differ significantly from FR1064 in plant height, ear height, and 

flowering times (Table 3.2).  Thus, the backcrossing program achieved much of its primary 

practical objective to obtain lines with improved resistance to Fusarium ear rot and 

fumonisin accumulation while recovering the FR1064 phenotype for other agronomic traits. 

 The 19 selected BC4F1:3 lines were compared to the random BC4F3 control bulk for 

each trait of interest to test the null hypothesis that selection among BC4F1 families had no 

effect.  Selected lines exhibited less ear rot than the control (14.34%, p ≥ 0.0001), and also 

accumulated lower levels of fumonisin (14.02, p = 0.056; Table 3.2).  There were no 

significant differences between the selected lines and the BC4F3 controls for plant and ear 

height, or silk and tassel date.  Percent ear rot and fumonisin µg g-1 were phenotypically 

correlated in this population (r = 0.43, p = 0.001) in close agreement with results reported 

by Robertson et al. (2006).  These results demonstrate that indirect selection for resistance 

to fumonisin accumulation via selection for percent ear rot was effective.   

 

Comparison of BC4F1:3 Lines and BC4F3:4 Sub lines 

Analysis of variance based on only the 19 selected lines in the BC4F1:3 generation 

grown in 2008 showed significant variation among lines for fumonisin (p = 0.05), plant 

height (p = 0.002), ear height (p = 0.0002), mid silk date (p = 0.02), and anthesis (p = 
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0.005), but not for percent ear rot (Table 3.3).  When ANOVA was used to partition 

variation among and within the four selected BC4F1:3 mother lines that were represented in 

the 2008 evaluation by four BC4F3:4 sub lines each, significant main effects were revealed 

among mother lines for plant height (p = 0.01), and ear height (p = 0.01), but not for 

percent ear rot, fumonisin content, or either measure of flowering time (Table 3.3).  Within-

mother line variation was significant for percent ear rot (p = 0.03) only (Table 3.3).  As 

expected, less variation was observed among the 19 BC4F1:3 lines for traits under selection 

(ear rot and fumonisin), than for traits that experienced limited selection pressure.  Less 

variation was observed among the best four lines than among the best 19, as expected due to 

the smaller sample size, and as a result of undergoing truncating selection for ear rot based 

on mean values from the 2007 evaluation environments.  The variation observed among 

sub-lines within mother lines for ear rot suggests that additional progress could be made 

from selection within lines, which should be segregating at disease QTL at which they 

inherited alleles from GE440.     

 

Topcross Hybrid Evaluation 

 Analysis of variance for the topcross hybrid trial conducted at four environments 

revealed significant main effects for genotypes for grain yield (p < 0.001), ear rot (p < 

0.001), grain moisture (p < 0.001), fumonisin accumulation (p = 0.015), erect plants (p 

=0.022) and plant height (p < 0.001).  No significant genotype main effects were observed 

for ear height, days to anthesis, or days to mid silk.  Significant inoculation treatment effects 
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for genotypes were found for grain yield (p = 0.01), and ear rot (p = 0.003; Table 3.4). 

Inoculation treatment had no effect on grain moisture, erect plants, plant height, ear height, 

or flowering time.  No significant genotype × inoculation treatment interactions were 

revealed for any of the traits observed (Table 3.4).  

 FR1064 topcrosses exhibited significantly greater grain yield (0.54 Mg ha-1, p = 

0.04) and significantly lower grain moisture (-0.24 g kg-1, p = 0.002) than the GE440 

topcross on average across treatments.  Under inoculation, the FR1064 topcross had lower 

plant height (0.26 m, p = 0.001) and greater fumonisin content (24.34 µg g-1, p = 0.001; 

Table 3.5) than the GE440 topcross (Table 3.5).  The parental topcrosses did not differ for 

ear height, erect plants, or flowering time.  Within treatments, grain yield did not differ 

significantly between the parental topcrosses, but the inoculated FR1064 topcrosses 

exhibited 10.5 percentage points greater rot (p = 0.02) than the inoculated GE440 topcross, 

while under non-inoculated conditions the difference was smaller but still significant (3.02 

percentage points, p = 0.04; Table 3.5).  

 The mean value of topcrosses of the 78 BC4F1:3 derived from selected BC4F1s 

exhibited no significant differences from the topcross of the random BC4F3control.  The 78 

BC4F1:3 topcrossed lines exhibited significantly less ear rot than topcrosses of the FR1064 

topcross under inoculated conditions (4 percentage points, p = 0.048; Table 3.5).  For all 

other traits, no significant differences were identified between topcrossed FR1064 and 

topcrosses of the BC4F1:3s.    
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Topcrosses of the 19 selected lines were 0.14 m shorter on average, and had 0.072 g 

kg-1 lower grain moisture, than the random BC4F3 control bulk (p = 0.001) but did not differ 

significantly from the random BC4F3 controls for grain yield, percent ear rot, fumonisin 

content, ear height, erect plants or flowering time (Table 3.5). Thus, two generations of 

selection among inbred lines resulted in significant improvement in ear rot resistance and 

nearly significant improvement in fumonisin contamination resistance observed in inbred 

lines per se, but not in topcrosses of those lines. Non-significant trends of improved 

resistance for ear rot and fumonisin content were observed in topcrosses, but these results 

suggest that evaluation and selection among topcrosses will be necessary to make 

significant gains from selection in topcross performance for Fusarium ear rot resistance and 

fumonisin contamination. 

 The 19 selected line topcrosses averaged less ear rot than the FR1064 topcross under 

inoculated conditions (4.12 percentage points, p = 0.008) and when averaged across 

inoculation treatments (p = 0.04), but not under noninoculated conditions.  The 19 selected 

lines had slightly lower plant height (-0.03 m, p =0.05; Table 3.5), but did not differ from 

FR1064 for grain yield, fumonisin content, or ear height (Table 3.5).  

Although differences among topcrosses for fumonisin content were not significant, 

several lines were identified which performed well as both inbreds and hybrids were 

identified (Table 3.6).  Additional evaluations of these lines as topcrosses to multiple testers 

to evaluate their combining ability for yield and disease resistance is warranted. 
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Inheritance of QTL Regions 

 Thirty-three SSR markers which flank QTL for ear rot and fumonisin content were 

identified in the BC1 generation of this population (Robertson-Hoyt et al., 2006) and were 

genotyped in the 78 selected BC4F1:3 lines studied here.  The 78 lines selected in the BC4F1 

generation are offspring of nine of the original 10 selected BC1 lineages. One marker 

(phi001) was not reproducible in the BC4 generation, and three markers were fixed for the 

recurrent parent allele across all lineages (bnlg1811, umc1134, and umc1594; Table 3.7).  

Across the 78 BC4F1:3 lines, marker loci at which the GE440 amplicon was most frequently 

inherited were umc2280, bnlg2244, and dupssr6 with 27, 26, and 24 BC4F1:3 lines carrying 

the GE440 allele at these loci, respectively (Table 3.7).   

The null hypothesis of random inheritance of alleles was rejected at nine markers at 

p < 0.001 (Table 3.7).  Robertson-Hoyt et al. (2006) identified 7 SSR markers associated 

with QTL for both rot and fumonisin; at five of these GE440 alleles were recovered at 

significantly higher frequency than dictated by random chance (p < 0.001). These markers 

are located in bins 2.08, 4.03, 4.09 and 5.05 and the GE440 allele at each of these QTL was 

estimated by Robertson-Hoyt et al. (2006) to reduce ear rot by 3.2, 2.6, 3.1 and 3.1 

percentage points respectively and fumonisin content by 4.0, 2.6, 3.3 and 5.8 µg g-1, 

respectively,. Four SSR markers associated only with fumonisin variation (Robertson-Hoyt 

et al., 2006) were also inherited at significantly higher frequency than dictated by random 

chance (p < 0.001). Three of these markers are closely linked to the ear rot QTL in bins 

4.03, and 4.09). Dupssr06 (p < 0.001) is located near a fumonisin content QTL in bin 9.02 
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(where the GE440 allele estimated to reduce fumonisin content by 1.83 µg g-1 by 

Robertson-Hoyt). 

The ear rot QTL with the largest effect detected previously by Robertson-Hoyt et al. 

(2006) (located in bin1.02 with GE440 allele effect of reducing ear rot by 6.08%) is flanked 

by phi001, the marker we could not reproduce, and bnlg1953, which deviated significantly 

(p = 0.01) from random inheritance.  The largest-effect fumonisin QTL was also in this 

region (bin1.03, at which the GE440 allele reduced fumonisin content by 5.27 µg g-1), 

flanked by phi001 and bnlg1811, both of which also deviated from the expectation of 

random inheritance (p = 0.05).   

In the subset of 19 selected BC4F1:3 lines, eleven markers linked to ear rot or 

fumonisin contamination QTL exhibited significant deviations from random inheritance (p 

< 0.05; Table 3.7). GE440 alleles at these loci are present at frequencies higher than 

expected due to random chance in the group of 78 BC4F1:3 lines as well (Table 3.7). Fewer 

marker loci were detected with significant deviations in the subset of 19 selected lines 

compared to larger set of 78 lines because of lower power for detection due to smaller 

sample size. 

 The selected 19 lines varied widely for the number of GE440 alleles carried at the 

surveyed SSR markers.  The BC4F1:3 line GEFR399-2-10-4-1 contained GE440 alleles at 11 

markers, while GEFR400-9-9-3-3 contained GE440 alleles at only two.  The markers at 

which GE440 alleles occurred in the most lines were dupssr34 and umc2280, at which 10 

and nine lines inherited the GE440 allele, respectively.  These two loci also carried the 
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highest frequencies of GE440 alleles across the 79 selected BC4F1:3 lines.  The subset of 19 

selected lines inherited the recurrent parent allele at a higher frequency than all 80 lines.  In 

addition to bnlg1811, umc1134, and umc1594, the recurrent parent allele has been fixed at 

markers umc1193 and umc1355.   

The three markers which were segregating in the BC1 generation but were fixed for 

the recurrent parent in BC4F1:3s (bnlg1811, umc1134, and umc1594) are located in bins 

1.03, 7.02, and 3.09 respectively.  All three markers were flanking fumonisin QTL.  The 

additional two markers which were fixed for the recurrent parent in the 19 selected lines 

(umc1193 and umc1355) are located in bins 7.02 and 5.03, and were also flanking 

fumonisin QTL.  This may suggest that indirect selection for lower fumonisin content is not 

strong enough to maintain these alleles in the population.  Another possibility is that, the 

resistant QTL alleles may still be maintained in the population but cannot be tracked 

because of recombination between the flanking markers and QTL at these loci in previous 

generations. 

 It is possible that lines inheriting GE440 alleles at more loci would have reduced 

agronomic performance than lines with fewer donor alleles.  Our results do not indicate 

such as relationship, however. For example, GEFR399-2-10-4-1, which carried GE440 

alleles at 11 loci performed well in both inbred and hybrid studies (Table 3.6) for ear rot 

resistance and had low levels of fumonisin in inbred trials. It was not significantly different 

than the FR1064 topcross for grain yield, flowering time, plant height or ear height. 
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Conclusions 

Is backcrossing a good strategy for improving elite lines for quantitative traits in 

general?  Results reported here demonstrate the effectiveness of a backcrossing program for 

improving quantitatively inherited disease resistance traits, which are strongly influenced by 

the environment.  Through backcross breeding, we were able to improve an important 

commercial inbred line, FR1064, for ear rot and fumonisin contamination resistance without 

significantly lowering its yield potential, even with the use of a donor line with poor 

agronomic potential.   

Following one generation of selection on advanced backcross derived lines, gains 

were observed for the primary trait of interest in advanced inbred generations. Following 

two generations of selection, we improved per se performance for ear rot resistance and 

reduced fumonisin accumulation in the 19 selected lines without significantly affecting 

important agronomic characteristics such as plant height, ear height, or flowering time 

compared to the recurrent parent, FR1064.  The 19 selected lines were also significantly 

more resistant to ear rot under inoculated conditions than the FR1064 topcross without 

exhibiting significant reductions in topcross grain yield or other agronomic traits. Several 

individual lines that were not statistically different that GE440 for ear rot or fumonisin 

content as inbreds, and that were not statistically different for ear rot from the GE440 

topcross were recovered (Table 3.6).  These lines exhibited topcross yield comparable to the 

FR1064 topcross, although they were not competitive with commercial check yields.  Thus, 
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from a practical standpoint, the backcrossing method was effective at improving 

quantitative disease resistance in an elite commercial line using an unadapted donor parent. 

Gains from selection were clearer following two combined generations of inbred 

line selection than the first generation of selection in the BC4F1 generation alone. These 

results underscore the need to evaluate quantitative traits across multiple environments.  

Selection in the first generation was less effective at reducing fumonisin levels because the 

selection environment was not representative of a target environment conducive to the 

development of Fusarium ear rot. The low mean level of Fusarium ear rot permitted only 

limited expression of variation for disease resistance.  The use of a single replication at only 

two environments, necessitated by the large population size and limited seed quantities 

available, was not sufficient to provide highly heritable mean disease resistance scores. 

Was selection against susceptibility to Fusarium ear rot effective at indirectly 

reducing susceptibility to fumonisin contamination? Results on this point were mixed. Two 

generations of selection for ear rot resistance combined were effective at indirectly reducing 

fumonisin levels in advanced inbred generations compared to unselected controls at p = 

0.056. Further, the selected lines were significantly more resistant to fumonisin 

contamination than the recurrent parent.  

Did selection for improved inbred line disease resistance result in correlated gains in 

topcrosses? No significant differences were observed between the selected and unselected 

topcrosses, indicating that the desired gains in topcross performance were not achieved by 

selection for inbred per se disease resistance.  Eller et al. (2009) observed a similar result 
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when comparing topcrosses of lines with divergent levels of Fusarium ear rot and fumonisin 

contamination as inbreds per se.  They hypothesized that the use of tester hybrid FR615 × 

FR697 was a major factor limiting the expression of variation for disease resistance, 

because inbred line FR697 has a relatively high level of resistance (not significantly 

different from GE440 in inbred trials, Table 3.8).  When the susceptible line FR1064 was 

used as a topcross tester for non stiff-stalk lines, significant variation has been observed 

among topcrosses (Clements, 2004; Eller, Chapter 3 of this thesis).   

Finally, were GE440 alleles recovered more frequently than expected by chance at 

markers linked to previously identified Fusarium ear rot and fumonisin contamination QTL? 

Selection among inbred lines appeared to significantly increase the recovery of GE440 

alleles at a number of previously identified resistance QTL regions, including the most 

important QTL identified in the BC1 generation of this same cross. This result confirms the 

importance of these QTL for conferring disease resistance and indicates the effectiveness of 

phenotypic selection for enhancing frequencies of favorable alleles at QTL. 
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Table 3.1. Chromosome and map positions in BC1F1:2 lines , nearest flanking marker loci, effects, 

and variances associated with QTL identified through multiple interval mapping across four 

North Carolina environments, or across Clayton, NC and Plymouth, NC (environment with 

higher levels of rot) for Fusarium ear rot resistance and fumonisin contamination resistance 
(adapted from Robertson-Hoyt et al., 2006.) 

Trait 
Chromo-

some 
QTL 

position 
Bin 

Left 
Marker 

Right 
Marker 

QTL 
Effect 

Percent 
phenotypic 
variation 
explained 

Across all environments      

Ear rot 1 75.9 1.02 bnlg1953 phi001 6.08‡ 18.4 
Ear rot 1 221.89 1.10 bnlg1347 bnlg2331 3.37 5.7 
Ear rot 2 7.9 2.02 bnlg1017 bnlg1017 3.07 4.4 
Ear rot 2 151.9 2.08 bnlg2144 bnlg1662 3.16 5.8 
Ear rot 4 52.7 4.03 umc2280 umc2280 2.55 3.4 
Ear rot 4 182.3 4.09 umc1086 umc1101 3.1 5 
Ear rot 5 99.6 5.05 umc2111 umc2111 3.06 3.8 

Fumonisin 1 95 1.03 phi001 bnlg1811 5.27 10.3 
Fumonisin 2 177.1 2.08 bnlg1662 bnlg1606 3.97 6.2 
Fumonisin 3 189.9 3.09 umc1489 umc1594 4.09 6.1 
Fumonisin 4 53.7 4.03 umc2280 umc2061 2.58 5.5 
Fumonisin 4 144.8 4.08 bnlg2244 umc1086 3.71 9.2 
Fumonisin 4 193.3 4.09 umc1086 umc1101 3.33 7.7 
Fumonisin 5 96.6 5.05 umc2111 umc2111 5.8 13.1 
Fumonisin 7 24 7.02 umc1193 umc2098 3.71 6.6 
Fumonisin 9 36.9 9.02 dupssr6 dupssr6 1.83 0.1 

Across Clayton and Plymouth, NC environments    

Ear rot 1 67.9 1.02 bnlg1953 phi001 3.74 6.7 
Ear rot 2 189.43 2.08 bnlg1606 bnlg1520 3 4.1 
Ear rot 4 35.3 4.03 umc2150 umc2281 3.54 6.9 
Ear rot 4 187.33 4.09 umc1086 umc1101 3.64 6.1 
Ear rot 5 86.31 5.03 umc1355 umc2111 2.73 3.7 
Ear rot 9 136.29 9.05 umc1078 bnlg1270 22.6 3.1 

Fumonisin 1 100 1.04 phi001 bnlg1811 0.43 6.7 
Fumonisin 1 191.7 1.09 umc1085 umc2047 0.19 1 
Fumonisin 2 149.6 2.08 mmc0271 bnlg2144 0.44 8.6 
Fumonisin 3 174.9 3.07 umc1489 umc1594 0.32 3.3 
Fumonisin 4 53.7 4.03 umc2280 umc2061 0.37 8.7 
Fumonisin 4 133.9 4.08 dupssr34 bnlg2244 0.26 5.3 
Fumonisin 4 180.3 4.09 umc1086 umc1101 0.32 6.8 
Fumonisin 5 94.3 5.05 umc1355 umc2111 0.55 12.2 
Fumonisin 7 37.2 7.02 umc2098 umc1134 0.37 6.2 
Fumonisin 8 7 8.03 umc1360 umc1778 0.3 3.7 

†QTL effect estimated as the difference between homozygous FR1064 genotypes and heterozygous 
GE440/FR1064 genotypes in the GEFR population. Effects of ear rot resistance are reported in 
percent rotten kernels, and effect estimates of fumonisin as back-transformed data to approximate 
their original value of µg g-1. 

‡ Positive effects refer to GE440 as the origin of the beneficial allele, and negative effects refer to 
FR1064 as the beneficial allele. 
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Table 3.2.  F-tests and estimated differences between the recurrent and resistant donor parents, between 19 selected BC4F1:3 lines and each 

population parent, and between the 19 selected lines and the BC4F3 randomly chosen control lines for percent Fusarium ear rot, fumonisin 

content, plant and ear heights, and flowering times from evaluations of  lines per se across four locations in 2007 and 2008.   
 Ear Rot 

(%) 
Fumonisin 
(µg g-1) 

Plant Height 
(m) 

Ear height 
(m) 

Anthesis  
Date (DAP†) 

Silk date 
(DAP) 

FR1064 – GE440 25.7*** 33.2* -0.7*** -0.005*** -7.3*** -8.2*** 
FR1064 – 78 BC4F1:3 lines 13.1*** -15.0ns‡ -0.02ns -0.05ns -1.5ns -1.2ns 
GE440 – 78 BC4F1:3 lines -12.6*** -18.2ns 0.64*** 0.46*** 5.7*** 7.0*** 
BC4F3 control - 78 BC4F1:3 lines 10.2*** 7.0ns -0.03ns 0.003ns 0.05ns -0.02ns 
FR1064 – 19 selected lines 17.18***  22.0*  0.001ns -0.05 ns  -1.2ns  -0.64ns 

GE440 – 19 selected lines -8.53*  -11.19 ns 0.66*** 0.46***  6.08*** 7.56*** 
BC4F3 control – 19 selected 
lines 

14.36*** 14.02 ns  
 

-0.86 ns  
 

0.19ns       0.39ns       0.51ns 

F- test 1.7*** 1.6** 7.1*** 2.3*** 2.6** 2.2* 
†DAP = days after planting. 
‡ns = not significant at p = 0.05. 
*,**, and *** = p-values of 0.05, 0.01, and 0.001 respectively.  
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Table 3.3. Analysis of variance F-tests for variation among all BC4F1:3 lines, among the four BC4F1:3 

lines whose BC4F3:4 sub lines were included in the trial, and among sub lines evaluated in two locations 

in 2008.  

 

Ear rot 
(%) 

Fumonisin 
(µg g-1) 

Plant 
height  

(m) 

Ear 
height 

(m) 

Silking 
date 

(DAP‡) 

Anthesis 
date 

(DAP) 

All BC4F1:3 lines 1.66ns 2.32* 4.18** 6.27*** 2.32* 2.75** 
BC4F1:3 Mother 
lines 

1.13ns 1.20ns 23.64** 24.75** 1.36ns 2.78ns 

Sub line(Mother) 3.09* 0.64ns 1.64ns 1.81ns 0.87ns 0.92ns 
‡DAP = days after planting 
*,**,*** significant at p = 0.05, 0.01 and 0.001 respectively 
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Table 3.4. Analysis of variance F-tests for BC4F1:3 topcross trials over eight environments in 2007 and 

2008 in a split plot design where genotype was the whole plot variable and inoculation or non-

inoculation was the sub plot treatment. 

Source of 

Variation 
Grain 
yield 

Fusarium 
ear rot 

Grain 
moisture 

Erect 
plants 

Fumonisin‡  

Genotype 3.6*** 1.9*** 7.1*** 1.5*  - 
Treatment 12.5** 20.3** 0.6ns‡ 0.3ns 1.6* 

Genotype × 
Treatment 1.0ns 1.1ns 1.1ns 0.6ns - 

‡Measured on inoculated treatments only. 
‡ns = not significant at p = 0.05. 
*,**,*** = significance at p = 0.05, 0.01 and 0.001 respectively 
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Table 3.5. Least square means within treatments for Fusarium ear rot, grain yield and fumonisin content, and across treatments for grain 

moisture, plant height and ear height in GEFR BC4F1:3 lines topcrossed onto FR615 × FR697 and evaluated in four locations in 2007 and 2008.  
Estimates of within-treatment differences between topcrossed parents, between topcrossed random BC4F3 control and 78 BC4F1:3 topcross lines, 

FR1064 and78 BC4F1:3 lines, topcrossed random BC4F3 control and 19 selected BC4F1:3 lines, and between FR1064 and 19 selected BC4F1:3 lines.  

 Fusarium ear rot (% of ear)† Grain Yield (Mg ha-1) 
 Inoculated Non-

inoculated 
Difference 
(I – N) ‡ 

Inoculated Non-
inoculated 

Difference 
(I – N) 

Average of 78 BC4F1:3 topcrosses 12.07 3.98 8.09 6.39 6.93 -0.54 
Average of 19 selected line topcrosses 11.95 3.83 8.12 6.28 6.83 -0.55 
FR1064 Topcross 16.07 4.70 1.37 6.23 6.88 -0.65 
GE440 Topcross 5.59  1.68 3.91 5.80 6.34 -0.54 
Random BC4 topcross 10.90  3.86 7.04 5.85 6.43 -0.58 
Commercial check mean 10.04 2.69 7.35 7.71 8.49 -0.78 
FR1064 Topcross -78 BC4F1:3 Topcrosses 4.00* 0.72 ns§ -6.72 -0.16 ns -0.06 ns -0.11 
Random BC4F3 – 78 BC4F1:3 lines -1.17 ns -0.12 ns -1.05 ns -0.54ns -0.50 ns -0.04 ns 
FR1064 Topcross -19 selected line 
topcrosses 

4.12** 0.87ns -6.75 -0.05ns 0.05ns -0.01 

Random BC4F3  -19 selected line 
topcrosses 

-1.05ns 0.03ns -1.08 -0.43ns -0.40ns -0.03 

Difference between parents  
(GE440 – FR1064) 

-10.48* -3.02* -7. 46 -0.43ns -0.54ns 0.11 

Standard Error of the Difference 1.38 1.38 - 0.40 0.36 - 
†Backtransformed from the natural log. 
‡ Difference in ear rot percentage or grain yield between noninoculated and inoculated treatments. 
§ns = not significant at p = 0.05. 
*,**,*** = significance at p = 0.05, 0.01 and 0.001 respectively 
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Table 3.5 continued 

  Fumonisin  
(µg g-1) 

Grain Moisture 
(g kg-1) 

Plant Height  
(m) 

Ear  Height 
(m)  

Average of 78 BC4F1:3 topcrosses 29.80 1.522 1.87 0.92 
Average of 19 selected line topcrosses 30.21 1.531 1.87 0.92 

FR1064 Topcross 36.35 1.513 1.84 .91 
GE440 Topcross 12.01 1.749 2.10 1.00 
Random BC4 topcross 25.72 1.603 2.01 0.92 
Commercial check mean 21.24 1.651 2.00 0.93 
FR1064 Topcross -78 BC4F1:3 Topcrosses 6.55 ns -0.009 ns -0.03 ns -0.01 ns 

Random BC4F3 – 78 BC4F1:3 lines -4.08 ns 0.081 ns 0.14 ns 0 ns 
FR1064 Topcross -19 selected line topcrosses 6.14ns -0.018ns -0.03* -0.01ns 

Random BC4F3  -19 selected line topcrosses -4.49ns 0.072*** 0.14*** 0.00ns 

     
Difference between parents  
(GE440 – FR1064) 

24.34** -0.236** -0.26*** -0.09 ns 

Standard Error of the Difference 6.42 0.24 0.005 0.055 
†Backtransformed from the natural log. 
‡ Difference in ear rot percentage or grain yield between noninoculated and inoculated treatments. 
§ns = not significant at p = 0.05. 
*,**,*** = significance at p = 0.05, 0.01 and 0.001 respectively 
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Table 3.6. Least square means of superior GEFR (GE440 × FR1064) lines for fumonisin content and Fusarium ear rot resistance as inbreds per se 

(four environments) and for fumonisin content, Fusarium ear rot and grain yield.  grain moisture, and percent erect plants as topcrosses to the 

single cross tester, FR615 × FR697  (evaluated in eight locations). 

 Inbred Topcrosses 

Experimental lines 

Fumonisin 
(µg g-1) 

Ear Rot 
(%) 

Fumonisin 
(µg g-1) 

Ear Rot 
(%) 

Grain 
Yield 
(Mg ha-1) 

Grain 
Moisture 
(g kg-1) 

Erect 
Plants 
(%) 

GEFR 399-1-5-1-3  33.9 17.1 26.75 10.8 6.42 152.3 0.989 
GEFR 399-2-10-4-1  31.0 13.0 28.69 9.3 6.79 152.6 0.996 
GEFR 399-2-10-4-2  54.1 14.9 26.06 10.3 6.31 151.2 0.998 
GEFR 399-3-7-4-2  29.5 19.6 29.13 12.4 6.64 151.4 0.995 
GEFR 400-9-9-3-2  36.8 17.2 2983 10.9 6.91 152.8 0.992 

Checks        

FR1064 68.3 35.4 36.35 15.1 6.57 151.3 1.000 
FR615 17.1 33.9 20.88 - - - - 
FR615 × FR697 - - - 18.6 5.02 147.6 0.997 
GE440 38.0 10.6 12.01 7.7 5.94 174.9 0.951 
Pioneer brand 31G66 - - 17.18 9.0 8.20 169.9 0.993 
Pioneer brand 31G98 - - 25.30 15.0 8.10 160.2 0.996 
Mean of 80 selected 
lines 

52.0 18.7 29.80 12.1 6.65 152.2 0.995 

LSD (0.05) 36.7 14.6 8.0 6.1 0.36 6.2 0.020 
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Table 3.7. Recovery of donor parent (GE440) alleles in selected BC1-derived lines at SSR markers flanking QTL identified previously in the BC1 

generation by Robertson-Hoyt et al. (2006).  IBM bin position, trait affected by QTL, number of BC1 founder families that were segregating at a 

locus, and number of BC1 lineages still segregating in the BC4 generation at the locus are presented for each tested SSR locus. For both the 

initially selected set of 78 BC4-derived lines and the set of 19 lines resulting from two generations of selection against ear rot the excess number of 

BC4-derrived lines carrying the GE400 allele over the number expected in the absence of selection, and the chi-square value associated with this 

excess are presented for each marker is displayed. 

Marker locus 
IBM bin 
number † 

Trait(s) affected by 
linked QTL in BC1 

generation  

Number of 
founder BC1 

families  
segregating at 

locus 

Number of BC1–
derived BC4F1:3 

lineages 
segregating at 

locus 

Excess number of lines segregating for GE440 allele above 
expectation 

Among 78 selected BC4F1:3 
lines 

Among 19 selected BC4F1:3 
lines 

Number χ
2 Number χ

2 

Bnlg1017 2.02 Ear rot 7 4 3.625 1.79 -0.25 0.03 
Bnlg1270 9.05 Ear rot 6 4 4.375 2.87 1.5 1.71 
Bnlg1347 1.1 Ear rot 8 7 5.125 3.38 2 2.29 
Bnlg1520 2.08 Ear rot 6 4 5.25 4.67* 1.375 1.33 
Bnlg1606 2.08 Ear rot/fumonisin 7 4 5.5 5.32 2.125 2.75 
Bnlg1662 2.08 Ear rot/fumonisin 7 5 8.75 12.07*** 3 5.14* 
Bnlg1811 1.03 Fumonisin 7 0 -6.875 7.86** -2 2.29 
Bnlg1953 1.02 Ear rot 7 5 7.5 7.56** 4.125 10.37** 
Bnlg2144 2.08 Ear rot 7 2 -0.375 0.03 -0.875 0.47 
Bnlg2244 4.08 Fumonisin 7 5 19.125 60.80*** 5 14.29*** 
Bnlg2331 1.1 Ear rot 8 6 5.625 4.318* 1.25 1.02 
dupssr06 9.02 Fumonisin 6 6 18.375 68.60*** 3.5 9.33** 
dupssr34 4.08 Fumonisin 8 5 9.5 13.75*** 7.625 27.98*** 
mc0271 2.08 Fumonisin 5 4 5.875 6.44* 1.5 1.71 
phi001‡ 1.02/1.03 Ear rot/fumonisin 5 - - - - - 
Umc1078 9.05 Ear rot 6 3 0.75 0.09 0.375 0.10 
Umc1085 1.09 Fumonisin 6 4 5.375 4.33* 4.375 13.46*** 
Umc1086 4.08/4.09 Ear rot/fumonisin 6 3 8.25 13.53*** 0 0.00 
Umc1101 4.09 Ear rot/fumonisin 7 6 8.625 19.43*** 2.75 6.91** 
Umc1134 7.02 Fumonisin 5 0 -5.375 6.14* -0.75 0.86 
Umc1193 7.02 Fumonisin 8 4 -0.25 0.01 -2.125 2.43 
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Table 3.7 continued 

Marker locus 
IBM bin 
number† 

Trait(s) affected by 
linked QTL in BC1 

generation  

Number of 
founder BC1 

families 
segregating at 

locus 

Number of BC1–
derived BC4F1:3 

lineages 
segregating at 

locus  

Excess number of lines segregating for GE440 allele above 
expectation 

Among 78 selected BC4F1:3 
lines 

Among 19 selected BC4F1:3 
lines 

Number χ
2 Number χ

2 

Umc1355 5.03 Ear rot 5 2 -0.875 0.15 -2.125 2.43 
Umc1360 8.03 Fumonisin 5 4 1.5 0.40 -0.5 0.19 
Umc1489 3.09 Fumonisin 7 5 -0.375 0.019 -0.625 0.27 
Umc1594 3.09 Fumonisin 5 0 -5.375 6.14* -1.25 1.43 
Umc1778 8.03 Fumonisin 4 3 4.875 5.30* 1.75 2.80 
Umc2047 1.09 Fumonisin 7 6 7.625 7.93** 4.25 11.80*** 
Umc2061 4.03 Fumonisin 7 6 10.5 19.38*** 2.875 4.45* 
Umc2098 7.02 Fumonisin 8 5 2.75 1.048 -0.625 0.27 
Umc2111 5.05 Ear rot/fumonisin  6 5 12.875 26.59*** 3 5.14* 
Umc2150 4.03 Ear rot 5 1 -1.25 0.55 -1 0.57 
Umc2280 4.03 Ear rot/fumonisin 7 6 20.125 67.33*** 6.625 21.12*** 
Umc2281 4.03 Ear rot 7 5 4.5 3.56 0.75 0.29 
†The IBM (Intermated B73 x Mo17) genetic map is divided into 100 bins; each roughly 20cM in size, and designated by the chromosome number and a 
two digit decimal (www.maizegdb.org).  
‡We were unable to score phi001 on the BC4:F1:3 progeny. 
*,**,*** = significance at p < 0.05, 0.01 and 0.001 respectively 
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Table 3.8. Fusarium ear rot least squared means observed in 2006.  Data was collected from two 

replications in two locations.   

Material Group Ear rot (%)† 

FR1064 Susceptible Check 24.8 
FR615 Tester Parent  24.0 
FR697 Tester Parent 7.0 
GE440 Resistant Check 6.0 
LSD  9.7 
†Ear rot was back transformed from the natural log. 
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Two kernels from each of ten ears in the 

row will be bulked at harvest.  Each season 

a replicate bulk is collected and stored as 

remnant seed.

Each bulk becomes one row the following 

generation , and is backcrossed to FR1064.

Two kernels from ten ears of  a low 

fumonisin line are bulked together.

 
Figure 3.1.  Modified Single Seed Backcrossing Scheme. (photographs and editing by Magen Starr Eller.) 
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CHAPTER 4: Indirect Selection for Reducing Fumonisin Accumulation Susceptibility 

in a Genetically Broad-based Recurrent Selection Population 

Magen S. Eller, Gary A. Payne, and James B. Holland* 

M.S. Eller and J.B. Holland, USDA-ARS Plant Science Research Unit, Department of Crop 

Science, North Carolina State University, Raleigh, NC 27695-7620 

G.A. Payne, Department of Plant Pathology, North Carolina State University, Raleigh, NC 

27695-7616 

Abstract 

 Fusarium verticillioides causes Fusarium ear rot of maize (Zea mays L.), a disease 

which is found in all U.S. maize growing regions.  Affected grain contains the carcinogenic 

mycotoxin fumonisin.  We developed a recurrent selection population with twenty two 

publicly available parental lines to test the hypothesis that index selection to improve 

resistance to ear rot, standability, and grain yield would indirectly improve resistance to 

fumonisin accumulation in the grain.  Two hundred- six Cycle 0 S0:1 lines were evaluated 

for a selection index incorporating information on ear rot, lodging and grain yield per se.  

We evaluated selected lines as partially inbred lines (S0:3s) and as early generation S0:2 

topcrosses onto the commercially important but relatively ear rot susceptible tester FR1064.  

The selected lines were significantly better than the base population for grain yield per se, 

but although gains from selection were greater than expected, selected lines were not 

significantly different than the base population for ear rot.  Selected lines were also not 

significantly different than the base population for fumonisin content.  In topcrosses, 
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however, selected lines showed significant improvement for ear rot resistance and 

fumonisin accumulation compared to the unselected Cycle 0 topcross control.  Lodging 

resistance was not evaluated in either inbred or topcross studies due to limited expression of 

lodging in the test environments.  These results suggest that both direct and indirect 

selection responses are in the favorable direction, but that additional cycles of recurrent 

selection are needed to increase favorable allele frequencies for each of the target traits. 
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Introduction 

Fusarium ear rot most commonly affects maize grown in the warm, dry conditions 

prevalent in the southern United States and lowland tropics, but Fusarium verticillioides 

(Sacc.) Nirenberg (formerly F. moniliforme Sheldon; teleomorph Gibberella moniliformis) 

and F. proliferatum (Matsushima) Nirenberg (teleomorph: G. intermedia), causal agents of 

the disease, can be found worldwide in grain or maize crop residue (van Egmond et al., 

2007).  Fusarium ear rot can reduce yields and grain quality and no commercial maize 

hybrids are immune to the disease (Munkvold and Desjardins, 1997).  In addition to the 

direct effect of Fusarium ear rot on yield, F. verticillioides and F. proliferatum can produce 

mycotoxins called fumonisins that contaminate corn grain. Fumonisins are suspected 

carcinogens (Gelderblom et al., 1988; Miller, 1994; Prelusky et al., 1994) and cause a 

number of human and animal diseases (Colvin and Harrison, 1992; Ross et al., 1992; 

Hendricks, 1999; Missmer et al., 2006; Morgavi and Riley, 2007).   

Increased resistance to both ear rot and mycotoxin contamination are important 

objectives in the effort improve grain quality and reduce fumonisins in hybrid maize to 

acceptable levels. The United States Food and Drug Administration’s Guidance for Industry 

recommends that fumonisin concentrations should not exceed 2 parts per million (ppm = µg 

g-1) for many milled corn products used for human consumption (CFSAN, 2001). European 

Union regulations limit fumonisin concentration to less than 1 µg g-1 for human foods, and 

to less than 0.2 µg g-1 for baby foods (Commission of the European Communities, 2007).  

Ear rot and fumonisin contamination are distinct aspects of the disease with low to moderate 
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phenotypic correlations, but they are highly positively genetically correlated in both partly 

and highly inbred lines (Robertson et al., 2006).   

Response of fumonisin levels to indirect selection against ear rot is predicted to be 

less effective than direct selection against fumonisin accumulation because fumonisin 

concentration is more highly heritable than resistance to Fusarium ear rot (Robertson et al., 

2006).  Fumonisin assays are likely more highly heritable than ear rot scores because they 

are more precise than visual scores of percent ear rot.  However, ear rot can be scored 

quickly in the field, whereas assaying fumonisin content requires harvesting the inoculated 

ears, shelling grain, grinding grain to a precise particle size, weighing samples, performing 

fumonisin extractions in the laboratory, and finally conducting ELISA or HPLC assays.  

Considering the additional labor, time, and the price of ELISA or HPLC assays, Robertson 

et al. (2006) proposed that indirect selection against ear rot could be a more economically 

efficient way to reduce fumonisin content in grain than direct selection against fumonisin 

contamination.  Because ear rot is easier to evaluate than fumonisin, population sizes could 

be increased, permitting higher selection intensity, or the number of evaluation 

environments and replicates could be increased, resulting in a greater entry mean heritability 

for ear rot compared to fumonisin concentration for fixed economic resources.   

Breeding for resistance to Fusarium ear rot and fumonisin contamination will rely on 

identification of germplasm with good resistance to both aspects of the disease. High levels 

of resistance to fusarium ear rot appear to be rare in U.S. commercial hybrids, so germplasm 

not closely related to the progenitors of modern U.S. commercial hybrids may be useful 
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untapped sources of resistance. Two important alternative sources of diverse maize 

germplasm are older public inbred lines, which are often well adapted to U.S. corn 

production areas, but can exhibit poor stalk strength, lower inherent yield potential and 

other undesirable traits, and tropical germplasm which may have higher yield potential, but 

is poorly adapted to temperate production environments limiting its immediate utility to 

breeding programs in the United States (Goodman, 1999; Goodman et al., 2000).  

Clements et al. (2004) evaluated Fusarium ear rot and fumonisin accumulation in 

testcrosses of 1,589 public inbred lines to the relatively highly susceptible tester, FR1064. 

They identified several older public inbreds with superior resistance to production or 

accumulation of fumonisin. Resistance in these lines appears to be dominant, as it is evident 

both in the inbreds and the hybrids between 35 selected resistant lines and FR1064 

(Clements et al., 2004).  Additional sources of resistance have been identified by screening 

tropical-derived inbred lines for both Fusarium ear rot and fumonisin concentration (Eller et 

al., 2008). Two key public tropical germplasm projects have been included in these screens: 

the Germplasm Enhancement of Maize (GEM) project (Pollak, 2003) and Dr. Major 

Goodman’s inbred line development breeding program at N.C. State University (Goodman 

et al., 2000; Holland and Nelson, 2009). Both of these programs focus on identifying 

superior tropical maize germplasm, adapting it to temperate growing conditions, and 

breeding for maximum hybrid combining ability (Betrán et al., 2004).  The proportion of 

tropical germplasm parentage in the inbred lines screened ranged from 25% to 100%. 
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The objective of this study was to develop a genetically broad-based population that 

combines alleles from diverse maize germplasm with many desirable agronomic traits of 

Corn Belt maize with multiple sources of resistance to Fusarium ear rot.  We then used this 

Resistance to Fusarium (ReFus) population to test the hypothesis that selection for reduced 

Fusarium ear rot results in reduced fumonisin contamination.   

 

Material and Methods 

Population Development 

The ReFus population was developed from 22 inbred founders.  Lines were chosen 

based on low fumonisin content and ear rot observed under artificial inoculation conditions 

in previous evaluations of diverse public maize germplasm or based on recommendations 

by other maize breeders, regardless of adaptation to North Carolina growing environments. 

Some parents were selected on the basis of a large scale evaluation of older publicly 

developed inbred lines in topcross trials by Clements et al. (2004). Additional parents were 

chosen from among experimental and released inbreds developed by Dr. Major Goodman at 

North Carolina State University (Holland and Nelson, 2009), Dr, Javier Betrán at Texas 

A&M University, or Dr. Michael Blanco of the USDA-ARS Germplasm Enhancement of 

Maize program at Iowa State University based on data from two years of screening trials at 

Clayton, NC (Eller et al., 2008), or general fungal resistance observed in unreplicated 

nursery plots. 
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Consideration was given to superior combining ability for yield and agronomic 

performance and adaptation to North Carolina growing environments; in addition to general 

fungal ear rot resistance based on unreplicated nursery observations (M.M. Goodman, 

personal communication).  

Parental lines were divided into two sets and crossed using a Design II factorial 

mating approach (Comstock and Robinson, 1948), in which each parent in set I was mated 

to each parent in set II.  The following crosses were not made because lines did not flower 

simultaneously: A131 × NC258, A131 × NC320, A131 × NC346, A131 × NC446, A131 × 

NC448, and A131 × NC492, Ky21 × NC456, and NC300 ×NC448.  The two groups of 

parents overlap both for resistance levels and for adaptation. Germplasm from the Stiff 

Stalk heterotic group was excluded from both sets of parents of this population; all parental 

lines have a tropical or non-stiff stalk pedigree and a better likelihood of combining well 

with Stiff Stalk inbreds. 

F1s from the factorial mating were grouped by predicted maturity classes, based on 

parental flowering times. We developed 11 such groups, each represented by a balanced 

bulk of F1 seeds from the different crosses in that group. Groups with more crosses were 

represented by more seeds, so the entire set of F1s planted represented a balanced bulk of 

seeds across all paired matings. The groups were planted on different days to minimize 

differences in their predicted flowering dates. The first generation of intermating was 

conducted by bulking pollen from the entire population, thoroughly mixing, and applying it 

to available silks each day. A second generation of intermating was conducted by planting a 
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balanced bulk of seeds from each ear of the previous intermating.  The planting was divided 

into two sets; pollen from set 1 was applied to silks in set 2 and vice versa to reduce the 

chances of inadvertent selfing.   A minimum of 200 ears was harvested each generation to 

minimize genetic drift.  After the second intermating, the population was self-fertilized to 

obtain 206 S0:1 families, the base population (Cycle 0) to which selection was applied.  The 

206 S0:1 families were also self-fertilized a second generation and harvested in bulk to make 

S0:2 lines.  

 

Field Evaluation of Base Population 

The 206 S0:1 lines comprising the C0 population were evaluated in 2007 at two 

North Carolina environments: the Central Crops Research Station at Clayton, and the 

Peanut Belt Research Station at Lewiston-Woodville.  Each replication contained 206 C0 

S0:1 families, plus GE440 and FR1064, resistant and susceptible inbred standards 

respectively, which were included twice in each replication, to result in a total of 210 plots 

per complete replication. Experimental design was a 14 × 15 α-lattice, with two replications 

at each location. 

Plots consisted of single-rows containing individual C0 S0:1 families. At both 

locations, plots were 3.05 m in length with 0.965 m between plots in Clayton, and 0.914 m 

between plots at Lewiston-Woodville. Plots were overplanted and thinned to a uniform 

density of 23 plants per row, resulting in population densities of 65,100 plants hectare-1 at 

Clayton and 68,750 plants hectare-1 at Lewiston. 
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Inoculation Technique 

Six isolates of F. verticillioides (NC-i6, NC-i7, NC-i9, NC-n16, NC-n17, and NC-

n22) were cultured separately on PDA (Potato Dextrose Agar, Fisher Scientific Pittsburg, 

PA).  Isolates were submitted to the Fusarium Research Center collection for identity 

verification and storage (http://frc.cas.psu.edu/).  Conidia were collected by washing the 

cultures with distilled water, loosening conidia by brushing with a paint brush, straining the 

suspension through cheese cloth, and diluting the conidia suspension of the six isolates to 

approximately 2×106 mL-1 in water.  Two inoculations were conducted seven days apart to 

reduce escapes and simulate common methods of natural infection. A silk channel 

inoculation ten to fourteen days post mid-silk was followed by a direct ear inoculation seven 

days later.  The primary ear of the first twelve plants in each row was injected with 5 mL of 

2 × 106 conidial suspension using a 5mL Allflex draw-off injection syringe (Allflex Inc, 

Dallas, TX) fitted with a 16 gauge needle that had the point filed down. One drop of 

undiluted Tween-20 was added to each liter of inoculum suspension to break the surface 

tension of the suspension.   This inoculation method was used for both selection in 2007 and 

evaluation in 2008. 

 

Phenotypic Data Collection 

Stand count was determined four to six weeks after planting.  Silk date and tassel 

date were recorded at Clayton, NC when half the ears in each plot showed 50% silk 
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emergence and approximately 50% of the pollen in the plot had been shed.  Plant and ear 

heights were recorded to the nearest 5 cm after inoculations were complete.  Plant height 

was measured to the flag leaf, and ear height to the node from which the ear emerged.   

When all plants reached physiological maturity, each plot was rated for the number 

of plants lodged (leaning more than 30% from vertical, with broken stalks, or with a 

dropped ear).  Percent lodging was calculated as number of plants lodged / stand count.  The 

first 10 primary ears from each plot were harvested by hand and air-dried to approximately 

140g kg-1 moisture.  These ears were visually rated for the percentage of kernels displaying 

visible symptoms of Fusarium ear rot. Ear rot ratings were estimated to 5% increments.  

Grain yield (g plant-1) was determined by weighing the bulk shelled grain from the sample 

ears for each plot and dividing by the number of ears.   

 

Statistical Analysis of Cycle 0 Population Evaluation 

A model in which genotypes were considered fixed effects and location, replication 

within location, incomplete block, and location × entry interactions were considered random 

was fit for each trait using the MIXED procedure of SAS (SAS Institute, 2004). 

Significance of genotypic variation was tested with F-tests from this model.  In addition, 

least square means for genotypes and their average standard errors of pairwise comparison 

were estimated from this model.  

The long-term goal of this research is to develop germplasm with enhanced 

resistance to Fusarium ear rot and fumonisin contamination combined with good agronomic 
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potential.  Therefore, based on observation of the material and initial statistical analyses, 

three traits were chosen as the basis of selection within this population: percent ear rot, 

grain yield, and percent lodging.  Following independent culling for flowering time, an 

optimal selection index (Baker, 1986; Falconer and Mackay, 1996) was developed to 

integrate selection on these traits.   

The weights applied to the three traits in the selection index were obtained from the 

equation b=P
-1

Ga; where b is the vector of weights applied to the traits, P is the phenotypic 

covariance matrix, G is the genotypic covariance matrix, and a is the vector of trait value 

economic weights (Falconer and Mackay, 1996).  We chose economic weights of 
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σσ ++= , the phenotypic standard deviation of S0:1 line means for trait i. 

Thus, reductions in two phenotypic standard deviations of ear rot were given equal 

economic importance to one phenotypic standard deviation reduction in lodging and one 

phenotypic standard deviation increase in grain yield.    

The MANOVA option of the GLM procedure was used to conduct multivariate 

analysis (excluding checks) of each pair of traits for the purpose of building a selection 

index. Genotypic, genotype-by-environment, and error variances and covariances for each 

pair of traits were estimated using the method of moments (Holland, 2006).  Elements of the 

P matrix were obtained by dividing the matrix of mean squares and cross products for entry 
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by the coefficient of the variance component for entry.  G was estimated by subtracting the 

matrix of means squares and cross products for genotype × environment from the matrix of 

mean squares and cross products for genotype and dividing by the coefficient of the 

variance component for genotype in the expected mean square for genotype (Mode and 

Robinson, 1959).  

Selection index values for each line were obtained by summing the product of each 

trait’s selection index weight by the centered least square mean for the line and trait in the 

original units used for measurement. Twenty S0:1 lines were selected by truncation selection 

using the selection index values. The effectiveness of selection was then evaluated by 

comparing phenotypes of S0:3 lines derived from selected or unselected S0:1 lines. In 

addition, the selected lines were intermated twice to form a Cycle 1 population to initiate a 

longer-term recurrent selection population.  

The original least squares multivariate analysis to develop the selection index was 

by necessity performed within a one-week time frame between scoring ear rot on dried, 

harvested ears and shipping seeds of selected lines to winter nursery. For the purposes of 

presentation, we later reanalyzed each trait individually to estimate entry means heritability 

using a completely random model with Proc MIXED, excluding check entries (Holland et 

al., 2003). Each pair of traits from the selection trial were also reanalyzed using multivariate 

mixed models, excluding checks and considering all effects random, to estimate phenotypic 

and genotypic correlations and their standard errors (Holland, 2006).   
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Evaluation of Selected S0:3 Lines 

To provide an assessment of the effectiveness of selection, S0:3 lines from the 20 

selected S0:1 families were evaluated in 2008.  They were compared to the 22 founder 

inbreds, a balanced bulk of the entire C0 population at the S0:3 generation (repeated 6 times 

in each replication), one resistant check (GE440) and one susceptible check (FR1064). The 

lines were evaluated at the same two locations where selections were conducted.  

Experimental design was a 7 × 7 α-lattice design with two replications per environment. 

Plot dimensions, planting densities, and inoculation techniques were identical to 

those in 2007.  Data collection was identical to that conducted in 2007 with the following 

exceptions: when scoring percent ear rot, if less than 5% rot was visible, scores of 0, 1, or 

3% were assigned.  Lodging was minimal and not recorded, and grain yield (as g plant-1) 

was measured at Lewiston-Woodville only. 

Fumonisin data were collected on the selected S0:3 lines in 2008 using enzyme-

linked immunosorbent assay (ELISA, Ono et al., 2000).  A sub-sample of shelled kernels 

was ground in a Romer Series II Mill (Romer Labs, Union, MO). Twenty grams tested for 

fumonisin content (µg g-1) using Diagnostix fumonisin ELISA assay kits (Diagnostix, 

Mississanga, ON, Canada).    

 

Statistical Analysis of S0:3 Line Evaluations 

Traits measured at multiple environments were analyzed with a standard model 

including fixed genotype effects and random location, location-by-genotype interaction, 
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replication and incomplete block within replication effects.  This model was compared to a 

model with heterogeneous error variances within each environment, and the model with the 

lowest Akaike’s Information Criterion (AIC; Akaike, 1974) was selected.  The 

heterogeneous error model was best for fumonisin content and plant height; the standard 

model was best for ear height.  In addition, ear rot data (collected on multiple ears per plot) 

were analyzed with a weighted analysis using the number of ears scored per plot as weight, 

and a weighted analysis with heterogeneous within-environment error variances. Grain 

yield, days to silk, and days to anthesis were measured at only one location and analyzed 

with a model containing only replication and incomplete block within replication as random 

factors and genotype as a fixed factor.  The null hypotheses of no significant differences 

between resistant and susceptible checks (GE440 and FR1064) and between the selected 

lines and the unselected Cycle 0 population were tested using the ESTIMATE statement in 

PROC MIXED. 

The full dataset was used to estimate differences involving Cycle 0 controls and 

parental lines, with specific standard errors for genotype group comparisons obtained with 

the “estimate” statement in PROC MIXED.  Checks were then removed from the dataset 

and the analysis models were re-run to test the null hypothesis of no variation among 

experimental lines only using F-tests. 
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Field Evaluation of Selected Topcross S0:2 Lines 

To determine if selection among S0:1 lines resulted in correlated responses to 

selection in a related topcross hybrid generation, S0:2 lines from the selected S0:1 families 

were crossed to the susceptible commercial stiff-stalk tester inbred, FR1064 (Robertson et 

al., 2006). The resulting topcrosses were evaluated in four North Carolina locations in 2008: 

Central Crops Research Station in Clayton, the Tidewater Research Station in Plymouth, the 

Peanut Belt Research Station in Lewiston-Woodville, and the Sandhills Research Station 

near Jackson Springs, NC.  A total of 30 entries were tested: the top 20 ReFus C0 lines 

topcrossed to FR1064, three commercial checks (Pioneer hybrids 31G98, 31G66, and 

DeKalb hybrid 697), and a bulk of randomly chosen Cycle 0 lines topcrossed to FR1064. 

This random Cycle 0 bulk was included seven times in each replication to represent the 

unselected population.  Experimental design was a split-plot design with two replications at 

each location. Genotype was the whole plot factor and inoculation treatment was the sub 

plot treatment. Whole plots were arranged following a 5 × 6 α-lattice design.  

Each whole plot contained six rows of a common genotype.  Inoculation treatment 

factor levels (inoculation with Fusarium verticillioides or no inoculation) were assigned to 

two subplots within each whole plot. The subplots consisted of three rows, each measuring 

3.66 m in length, with a 1.22-m alley between ranges of plots.  Inter-row spacing was 0.914 

m in Lewiston, NC and 0.9652 m in Clayton, Plymouth, and Jackson Springs, NC.  Plots 

were over seeded and thinned to target population densities (62,288 plants ha-1 in Clayton, 

Plymouth, and Jackson Springs, NC or 65,750 plants ha-1 in Lewiston, NC).  
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10 ears from the outer rows of each whole plot (one row per subplot) were hand 

harvested, dried, and scored for percent ear rot while the inner four rows (two rows per 

subplot) were mechanically harvested to measure grain yield and grain percent moisture on 

each sub plot.   Inoculated and noninoculated plots were not separated by border rows, 

because F. verticillioides spreads very little from plant to plant during the growing season 

(Yates and Sparks, 2008).   

Data collection was identical to the S0:3 lines with the following modifications. Plots 

were thinned to the target population density when stand was recorded, four to six weeks 

after planting.  Silk and anthesis date for each plot were recorded at Clayton, NC as 

described above.  Two rows of each subplot, comprising the center four rows of each whole 

plot, were mechanically harvested to collect grain moisture and yield data. Lodging data 

were collected just before mechanical harvest; number of root lodged and stalk lodged 

plants were recorded separately and later merged together.  Percent erect plants was 

calculated as (stand – lodged plants) / stand.  Hand harvested ears from the outside rows of 

each whole plot were air dried to approximately 140g kg-1 moisture, rated for Fusarium ear 

rot, shelled, ground, and tested for fumonisin content (µg g-1) as described for the S0:3 lines. 

 

Statistical Analysis of Topcrossed S0:2 Lines  

Each trait was analyzed using both traditional analyses of variance and spatial 

analyses with the MIXED procedure in SAS.  A standard model with fixed treatment, 

genotype, and treatment-by-genotype interaction effects and random location, location-by-
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treatment location, location-by-genotype interaction, location-by-treatment-by-genotype 

interaction, replication, and incomplete block effects was compared to up to three 

alternative models for each trait. Alternative models incorporated heterogeneous error 

variances across locations or weighted error weighted by the square root of the inverse of 

the number of ears scored (where appropriate), or included both modifications together. The 

model which minimized the AIC was chosen.  Because experimental design was a split plot, 

the Satterthwaite option of Proc MIXED (SAS Institute, 2004) was used to estimate 

denominator degrees of freedom for tests of fixed effects and treatment comparisons for all 

traits except fumonisin. 

A correlation between residual and predicted values was observed in the original ear 

rot data.  Square root and natural log transformations were compared and the natural log 

transformation was used because it most effectively eliminated the dependency of residual 

values on predicted values.  Error variances for the natural log of percent ear rot were 

consistent across locations, so a heterogeneous error model was not used; the ANOVA was 

weighted by the number of ears scored because this improved the AIC score of the analysis.   

Grain yield for each plot was adjusted to 155g kg-1 grain moisture.  Spatial analyses 

were investigated for each location to estimate genotypic least squared means for grain yield 

within each environment.  The final model accounted for heterogeneous error variances 

across locations.  Unweighted, homogeneous error variance models were selected as best 

for plant and ear heights, and percent erect plants.  
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The full dataset was used to estimate differences involving check hybrids, with 

specific standard errors for comparison obtained with the “estimate” statement in PROC 

MIXED.  Checks were then removed from the dataset and ANOVA estimated using PROC 

MIXED to determine the overall F-test significance of effects for genotype, inoculation, and 

genotype by inoculation interaction effects for the experimental hybrids only. 

 

Results and Discussion 

Evaluation of Base Population for Selection 

S0:1 lines varied significantly (p ≤ 0.0001) for ear rot, grain yield, and lodging, with 

family mean heritabilities for those traits estimated to be 74% (SE = 0.04), 57% (SE = 

0.06), and 64% (SE = 0.05), respectively, in the evaluation of the base population in 2007.   

Significant (p ≤ 0.0001) differences among entries were also observed for days to silking 

and anthesis (Table 4.2). 

In the ReFus population percent ear rot had negative phenotypic correlations with 

both grain yield (r= -0.21, SE=0.04) and lodging (r= -0.13, SE = 0.04; Table 4.3). Grain 

yield also exhibited a slight negative phenotypic correlation with lodging (r = -0.09, 

SE=0.04), perhaps because heavy ears contribute to lodging under the high wind conditions 

experienced in 2007 (Table 4.3).  Genotypic correlations for percent ear rot and lodging 

were higher than phenotypic correlations (r = -0.26, SE = 0.10), but those for percent ear rot 

and grain yield, as well as grain yield and lodging were not significant (Table 4.3). 
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Following selection among S0:1 lines based on the multiple trait index, the selection 

differential, or “average superiority of the selected parents” (Falconer and Mackay, 1996), 

was estimated for each trait. Selection differentials were -2.12 percentage points for ear rot, 

22.2 g plant -1 for grain yield, and -0.6% for lodging, indicating that the direction of 

selection was favorable for each trait, although the selection differential on any one trait was 

not as large as it would have been under single trait selection. 

 

Comparison of Selected S0:3 Lines and Cycle 0 Population 

In the 2008 evaluation of S0:3 lines per se, genotype-by-environment interactions 

were not significant for ear rot; however error variation was different between the two 

locations, so a heterogeneous errors model was used to analyze percent ear rot.  A 

significant (p = 0.003) difference of 29 percentage points in ear rot was observed between 

the resistant control GE440 and the susceptible control, FR1064 (Table 4.4), indicating that 

enough ear rot was observed in this population to distinguish resistant and susceptible lines.  

The 22 founder lines of the population varied widely for grain yield, Fusarium ear rot, and 

fumonisin contamination; several of the founders appeared to have very poor resistance to 

Fusarium ear rot, possibly due to their poor adaptation (Supplemental Table B.1). 

A key test of the direct response to selection against ear rot susceptibility was the 

comparison of the mean of the 20 selected lines and the bulk of the unselected lines from 

the ReFus population. Selected lines exhibited lower ear rot than the unselected control S0:3 
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lines in this study, but those differences were not statistically significant (p = 0.3) (Table 

4.5).  

Grain yield was measured in Lewiston-Woodville only in 2008. Analysis of variance 

revealed significant (p < 0.0001) differences among entries (Table 4.4).  The selected lines 

yielded 11 g plant-1 (p = 0.002) more than the control S0:3s, on average, indicating that grain 

yield per se was improved through this selection (Table 4.5).  Since lodging was extremely 

rare in 2008 when the selected lines were tested, we were not able to estimate the effect of 

selection on this trait. 

These results demonstrate that selection among S0:1 lines for a multi-trait index 

resulted in a direct response for grain yield only, as measured in the descendant S0:3 

generation.  The testing environment in 2008 was not appropriate to evaluate response to 

selection for lodging.  The primary trait of interest, Fusarium ear rot, exhibited a non-

significant response to selection in the favorable direction.  To compare observed selection 

responses to expectations, we computed expected gains for each trait as R = h2(XS - XO), 

where R is genetic gain, h2 is entry mean heritability estimated among S0:1 lines in 2007, XS 

is the mean of the selected S0:1 lines in 2007, and XO the mean of all S0:1 lines composing 

the C0 population in 2007.  Realized genetic gain was estimated as the difference between 

the mean values of the selected S0:3 lines and the mean values of the unselected control bulk 

of S0:3 lines from the evaluation experiment conducted in 2008.  We expected a mean 

reduction of 1.6 percentage points in Fusarium ear rot and achieved a reduction of 5.0 

percentage points, which represented 14% of the population mean value for ear rot.  For 
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yield, we expected a gain of 14.0 g plant-1 and realized a gain of 10.8 g plant-1 (Table 4.6).  

This gain represented 24% of the population mean value for grain yield.  We expected a 

reduction in lodging of 0.4%, but were unable to determine actual gain because lodging was 

very low in the 2008 season (Table 4.6). Thus, for Fusarium ear rot, we observed a greater 

gain from selection than was predicted, however the amount of gain was not statistically 

significant, because our experiment lacked power to distinguish relatively small differences 

in ear rot.  In contrast, we observed less gain for yield than predicted, but this gain was 

statistically significant.  

 

Effect of Selection on Fumonisin Content 

Robertson et al. (2006) proposed that indirect selection against ear rot could be a 

more economically efficient method than direct selection to improve resistance to fumonisin 

contamination in maize. Plot values for fumonisin content and Fusarium ear rot from the 

2008 evaluation experiment were moderately positively correlated (r = 0.39, p < 0.0001), 

congruent with previously reported estimates of the phenotypic correlation (Roberson et al., 

2006, Clements et al., 2004). Genetic correlations between these two disease traits have 

been consistently measured as greater than phenotypic correlations (Robertson et al., 2006; 

Eller et al., 2008) however we did not have a random set of lines in 2008 on which to 

estimate a genotypic correlation. Analysis of variance revealed significant differences 

among entries in 2008 (p = 0.05) for fumonisin content. A comparison of GE440, the 

resistant check, and FR1064, the susceptible check, revealed that the lines vary by 19 µg g-1, 
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but this difference was not significant (p = 0.19), suggesting that fumonisin content data 

from these two locations were insufficient to detect differences previously observed 

between lines with quite divergent levels of fumonisin contamination resistance (Robertson 

et al., 2006).  Thus, it is not surprising that, although the selected S0:3 ReFus lines had lower 

mean fumonisin contents than the control S0:3 lines, this difference was not significant.   

 

Evaluation of Topcrosses of Selected and Unselected S0:2 Lines 

Combined analysis across environments excluding commercial checks indicated that 

experimental genotypes varied significantly for percent ear rot (p ≤ 0.0001), fumonisin 

content (p = 0.03), and silking date (p ≤ 0.0001), but not for grain yield or erect plants 

(Table 4.7).  Inoculation treatment significantly affected percent ear rot (p = 0.01). Grain 

yield was reduced on average 0.75 Mg ha-1 due to inoculation, and this difference was 

nearly significant (p = 0.056). Genotype-by-treatment interactions were not significant for 

any trait (Table 4.7). 

 Selected topcross lines differed significantly from the Cycle 0 unselected population 

control.  Across treatments, selected line topcrosses exhibited 1.3 percentage points less ear 

rot than the Cycle 0 unselected population control (p  = 0.018).  Under inoculated 

conditions, the selected topcross lines exhibited a significant reduction in mean ear rot (by 

1.5 percentage points, p = 0.009) compared to the population control (Table 4.5).  The 

ReFus selected line topcrosses had significantly (p = 0.0008) lower fumonisin content under 

inoculation than the unselected ReFus topcrosses by 15.2 µg g-1 (Table 4.5).  
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When compared to commercial hybrid checks, ReFus selected topcross lines did not 

differ significantly for percent ear rot under either inoculated or noninoculated conditions.  

The selected line topcrosses had greater fumonisin content (24.3 µg g-1, p = 0.0002) under 

inoculation than the hybrid checks, however.  

 

Conclusions 

One generation of selection followed by self-fertilization resulted in significantly 

improved grain yield per se in selected lines compared to unselected controls of the ReFus 

population. The selected lines, however, did not have significantly reduced mean ear rot 

percentage.  Given the lack of statistical power to detect a significant direct response to 

selection for ear rot resistance, it is not surprising, that no significant reduction was made in 

the amount of fumonisin present in the grain.  

Although significant reductions in ear rot were not observed in S0:3 lines when 

compared to the ReFus Cycle 0 population mean, realized gain in S0:3 lines was greater than 

expected gain, and significant reductions in ear rot were demonstrated in S0:2 topcrosses. 

Gain from selection for ear rot resistance is expected to be greater when selections are based 

solely on percent ear rot.  However, germplasm with polygenic resistance to ear rot will be 

more useful as breeding material if it also possesses acceptable combining ability for yield, 

lodging resistance, and other agronomic traits.  The diverse range of parental materials used 

to develop this population necessitated selection on agronomic traits as well as ear rot 

resistance to provide a reasonable chance of obtaining useful breeding lines.  Evaluation of 
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a complete cycle of selection will require comparison of lines from C1 and C0 populations. 

Substantial progress for a single trait under index selection may not be observed until 

several full cycles of selection are completed.  

Despite the lack of indirect response in fumonisin content observed in the S0:3 per se 

evaluation, the topcrosses of those lines demonstrated a significant reduction in fumonisin 

contamination. The evaluation of topcrosses across four environments instead of only the 

two environments used for S0:3 evaluations likely contributed to the greater power to detect 

significant differences for this trait, significant differences are observed between the 

selected lines and the population control for both percent ear rot and fumonisin content.  

Here we were able to demonstrate that lines selected for ear rot resistance resulted in 

hybrids with greater ear rot resistance and greater resistance to fumonisin accumulation than 

the population from which these lines were selected.  Conversely, we were able to 

demonstrate improvement for grain yield per se in the selected lines over the population as 

S0:3s, but this difference was not significant in the S0:2 topcross hybrids. 

Because ear rot is a highly quantitative trait that cannot be dramatically altered with 

a single generation of selection, and because we employed multiple trait selection, which 

reduced the potential selection differential on ear rot, several cycles of selection will likely 

be required to demonstrate clear responses to selection for this trait. The same is true for the 

other quantitative traits of interest measured in this experiment, fumonisin content, grain 

yield, and lodging resistance. In addition, although we demonstrated improvement for 

Fusarium ear rot and fumonisin contamination resistance in topcrosses resulting from 
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selection among S0:1 lines, our selected lines were significantly poorer performing than the 

commercial check hybrids for grain yield, ear rot, and fumonisin content. The commercial 

checks were selected specifically because they have exhibited relatively high levels of 

resistance to Fusarium ear rot in previous trials (unpublished observations). Nevertheless, 

these results demonstrate that multiple cycles of multiple trait selection in the ReFus 

population will be required to develop lines that have sufficiently high levels of ear rot and 

fumonisin contamination resistance united with combining ability for yield to represent a 

useful source of germplasm for improvement of commercial U.S. maize. 
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Table 4.1. Pedigrees of 22 parent lines used to create the ReFus population. 

Inbred Pedigree 

Set I  

B116 (B97 × B99)-047-1-1-1-1-1-1 

B97 BSCB1(C9) 

NC258 TZ(2) × [(NC248 × 246) × C103] 

NC320 SC76-type (non-SS) B52 

NC346 Pioneer X105A × H5 

NC446 KU2301 ×  NC296 BC3 

NC448 Pioneer X105A × H5 

NC450 101-12-2-1 × NC296 

NC452 NC296 × NC304  

NC456 Pioneer IJ100 × PioneerX304C  

NC492 NC258 × NC296 
 
Set II   

A131 A12 × A39 

GE440 Hasting's Prolific 

UR13085:N0215-21-1-B-B-B UR13085 × N02 

Ki21 Pacific 9-S8-45 

Ky21 Boone County White 

Mo17 CI187-2 × C103 

NC300 Pioneer X306B × (Pioneer X105A × H5) 

NC356 TROPHY low moist. rec. selection 

NC458 KU2301 × PM703 

T236 T115×(I205 × L289)/×T115-S11 

NC300/CML288-B-4-B-B-B-B NC300 × CML288 

 



 

 
 
 
 

129 

Table 4.2.  Family mean heritabilities and their standard errors, overall population means, and ANOVA 

F- tests on the ReFus Cycle 0 base population before selection was applied, conducted over two 

environments in 2007.  

 Ear rot 
(%) 

Grain Yield 
(g plant-1) 

Lodging 
(%) 

Tassel 
(DAP) 

Silk 
(DAP) 

Family Mean h2 0.74 0.63 0.72 0.88 0.54 
ReFus C0 mean 12.73 78.93 16.50 74.24† 75.52† 
ANOVA F-test of 
base population 

3.80*** 2.60*** 3.81*** 8.13*** 2.61*** 

†DAP = Days after planting. 



 

 
 
 
 

130 

Table 4.3. Phenotypic and genotypic covariance matrix estimates of Cycle 0 ReFus population estimated 

from the evaluation of 206 S0:1 lines at two locations in 2007.  The phenotypic and genotypic covariances 

are shown on the upper half of the matrices, phenotypic and genotypic correlations (r) and standard 

errors (SE) of correlations are shown on the lower half. 
 Phenotypic covariance  

Matrix 
 Genotypic covariance  

matrix 
 Ear rot 

(%) 
Grain Yield 
(g plant-1) 

Lodging 
(%) 

 Ear rot 
(%) 

Grain Yield 
(g plant-1) 

Lodging 
(%) 

Ear rot 9.13 -4.05 -4.07  5.42 -1.91 -4.05 
Grain 
Yield 

r = -0.21 
SE = 0.04 

172.95 -15.47  r = -0.15 
SE = 0.11 

97.47 -8.81 

Lodging r = -0.13 
SE = 0.04 

r = -0.09 
SE= 0.04 

35.32  r = -0.26 
SE = 0.10 

r = -0.1 
SE = .13 

25.67 
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Table 4.4.  Analysis of variances on selected ReFus S0:3 lines over two environments in 2008. ANOVA 

(Overall F-test) was conducted on the complete data set, and contrasts estimated between resistant and 

susceptible checks (GE440 –FR1064).  Checks and parents were then excluded from the dataset and 

ANOVA conducted on selected ReFus S0:3 entries (significance of genotype F-test) to determine the 

overall F-test significance of effects for genotype.  
 Overall F-test GE440 – Fr1064 significance of genotype F-test  
Ear rot (%)      9.4***        -28.97**           16.91*** 
Weight (g plant-1)†      7.01***        -10.16ns       2.62ns 
Fumonisin (µg g-1)      1.8*        -19.24ns       2.24* 
† Weight is based on data from one location only.  
ns = not significant at p = 0.05.  
*, **, *** = significant at p = 0.05, 0.01, and 0.001, respectively.  
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Table 4.5. Entry means from S0:1 selected lines in the selection study (conducted in 2007 at two 

locations), selected lines advanced to the S0:3 generation in the testing study (conducted in two locations 

in 2008), and advanced as topcrossed S0:2 to the early generation testing study (four locations in 2008).  
Differences between the selected lines and checks or controls used in each study are reported. 

 Selection Study (2007) S0:3 line Testing Study (2008) 

 
Ear rot 

(%) 
Yield 

(g plant-1) 
Lodging 

(%) 
Ear rot 

(%) 
Yield† 

(g plant-1) 
Fumonisin 

(µg g-1) 

ReFusC0-010 9.32 100.12 08.46 37.89 41.24 39.98 

ReFusC0-016 8.92 102.06 39.41 26.29 46.41 32.25 

ReFusC0-020 12.67 96.74 15.08 24.15 72.42 43.08 

ReFusC0-032 7.04 89.78 34.10 8.33 55.86 13.51 

ReFusC0-046 11.24 112.04 13.53 33.73 53.77 24.42 

ReFusC0-051 14.91 100.18 10.41 39.01 64.03 20.66 

ReFusC0-064 12.12 111.52 19.78 17.73 45.09 16.87 

ReFusC0-089 23.95 110.91 14.40 82.38 56.55 55.45 

ReFusC0-108 8.93 94.15 12.41 11.67 39.68 14.98 

ReFusC0-124 7.66 97.07 22.82 20.29 37.50 20.23 

ReFusC0-129 13.60 106.53 08.33 18.70 58.98 17.00 

ReFusC0-131 5.94 90.03 18.47 26.29 71.93 40.25 

ReFusC0-142 9.44 96.53 10.52 24.35 48.09 17.27 

ReFusC0-143 7.72 110.44 12.47 16.30 66.96 22.94 

ReFusC0-147 6.36 99.33 35.19 12.75 88.37 14.06 

ReFusC0-154 10.35 94.24 30.79 21.27 48.56 26.41 

ReFusC0-157 9.66 93.26 0.00 52.69 60.13 17.09 

ReFusC0-161 6.19 93.78 11.52 25.67 64.15 26.97 

ReFusC0-173 17.23 113.61 10.05 37.06 76.41 54.12 

ReFusC0-177 8.99 92.04 1.01 64.45 28.35 61.68 

Mean of Selected lines  10.61 100.22 16.39 30.05 56.22 28.96 

Population mean 12.74 78.01 17.1 - - - 

C0 Control mean - - - 35.01 45.44 32.43 

Selected Mean- C0 control mean - - - -4.96ns 10.78** -2.68ns 

LSD§ 8.51 24.97 21.95 19.14 20.27 29.37 
† S0:3 grain yield was measured at only 1 location in 2008. 
‡ Back transformed from the natural log. 
§ LSDs are appropriate for pair wise comparisons. 
ns = not significant at p = 0.05 
*, **, *** = significant at p = 0.05, 0.01, and 0.001, respectively.  
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Table 4.5 continued. 

 Early generation S0:2 Topcross  Testing Study 

 
Inoculated 

Ear rot 
(%)‡ 

Noninocu-
lated Ear 
rot  (%)‡ 

Inoculated 
Yield 

(Mg ha-1) 

Noninocu-
lated Yield 
(Mg ha-1) 

Fumonisin 
(µg g-1) 

Erect 
Plants 
(%) 

ReFusC0-010 15.30 3.97 5.34 6.74 50.23 0.97 

ReFusC0-016 11.04 4.48 6.25 6.76 44.42 0.97 

ReFusC0-020 13.40 1.94 6.48 7.59 73.31 0.95 

ReFusC0-032 7.90 2.33 6.25 7.46 45.85 0.94 

ReFusC0-046 12.17 3.42 6.40 7.08 51.34 0.93 

ReFusC0-051 18.28 4.33 6.43 7.63 65.83 0.97 

ReFusC0-064 23.89 5.93 6.85 7.92 59.69 0.95 

ReFusC0-089 45.47 10.15 6.01 7.29 75.43 0.97 

ReFusC0-108 17.15 4.55 5.94 7.23 45.58 0.99 

ReFusC0-124 12.29 2.24 6.37 7.28 59.52 0.95 

ReFusC0-129 14.07 3.55 6.42 7.46 45.37 0.98 

ReFusC0-131 18.02 3.90 6.46 7.56 62.87 0.94 

ReFusC0-142 18.46 4.80 6.46 7.41 57.55 0.93 

ReFusC0-143 10.53 3.24 6.66 7.45 40.38 0.98 

ReFusC0-147 11.09 4.37 5.99 6.91 48.40 0.95 

ReFusC0-154 17.57 4.95 6.35 8.04 75.98 0.97 

ReFusC0-157 21.37 2.53 6.05 7.22 63.30 0.99 

ReFusC0-161 12.44 4.99 6.78 7.87 50.54 0.97 

ReFusC0-173 26.44 4.42 6.70 7.55 55.33 0.97 

ReFusC0-177 15.67 3.35 6.47 7.23 38.13 0.95 

Selected lines mean  17.13 4.17 6.33 7.38 55.45 0.96 

C0 control mean 24.07 4.90 6.15 7.26 70.63 0.97 

Selected line mean- C0 control 
mean -1.37* 0.15ns - -0.66* 
Selected line mean- C0 control 
treatment mean  -1.55** -1.24ns 0.18ns 0.12ns -15.18*** - 

Commercial check mean 16.63 6.42 7.60 8.67 31.13 0.97 
Commercial check – Selected 
line mean -1.02ns 1.33*** - 1.1* 
Commercial check - Selected 
line treatment mean -1.12ns -1.15ns 1.33*** 1.33*** -24.31** - 

LSD§ 1.88‡ 2.03‡ 0.91 0.81 27.31  
† S0:3 grain yield was measured at only 1 location in 2008. 
‡ Back transformed from the natural log. 
§ LSDs are appropriate for pair wise comparisons. 
ns = not significant at p = 0.05 
*, **, *** = significant at p = 0.05, 0.01, and 0.001, respectively.  
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Table 4.6. Gain from selection estimated from heritabilities over two locations in 2007 in the selection 

environment, and from means of selected line S0:3s and random control unselected S0:3 lines in two 

locations in 2008 in the testing environment.  Selected line averages across selection environments, and 

testing environments.  Expected and realized gains from selection, and the percentage of the mean 

population value those gains account for. 
 Ear Rot (%) Yield (g plant-1) Lodging (%)† 

Selected S0:2 average (2007) 10.6 100.2 16.4 
Selected S0:3 average (2008) 30.1 56.2 - 
Expected gain (R) -1.57 13.99 -0.4 
R as a percent of population mean  -0.12 .24 -2.6 
Observed gain (Robs) -4.96 10.78 - 
Robs as a percent of the population 
control mean 

-0.14 .18 - 

†Lodging was not measured in the selected S0:3s in 2008, minimal levels occurred. 
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Table 4.7.  ANOVA F-tests on early generation ReFus C0 selected S0:2 topcrosses over four 

environments in 2008 with commercial checks excluded from the dataset.  Genotype, inoculation 

treatment, and genotype-by-treatment interaction effects are reported. 
Source of 
variation 

Ear rot† 
(%) 

 Fumonisin 
(µg g-1) ‡ 

Grain Yield  
(Mg ha-1) 

Erect Plants  
(% of row) 

Silking Date§ 

(DAP) 

Genotype 4.05*** 1.88* 1.18ns 1.4ns 3.8*** 
Treatment 14.07** - 9.03ns 1.2ns 5.4* 
Genotype × 
treatment 

1.13ns - 0.6ns .78ns .58ns 

*, **, *** = significant at p = 0.05, 0.01, and 0.001, respectively.  
ns not significant at p =.05. 
† The natural log of percent ear rot was used to calculate F-tests.  
‡
 Fumonisin analysis was only conducted on inoculated sub plots. 

§
Flowering time data was recorded at Clayton only. 
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CHAPTER 5: Increased Yield Conferred by a Tropical Maize-Derived QTL Allele 

Identified in a Mapping Population Derived from Highly Related Lines 
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M.S. Eller and J.B. Holland, USDA-ARS Plant Science Research Unit, Department of Crop 

Science, North Carolina State University, Raleigh, NC 27695-7620. 

J.A. Hawk, Department of Plant and Soil Sciences, University of Delaware, Newark, DE 

19716-2170. 

Abstract 

 Tropical maize germplasm represents an important source of rare or unique alleles 

that could contribute to improved productivity of temperate maize.  Previous breeding work 

identified highly related “sister” lines derived from a common F4 parent that differed 

substantially for grain yield potential in topcrosses. The F4 parent was obtained from a cross 

between a tropical hybrid and a U.S. commercial inbred as part of the Germplasm 

Enhancement of Maize project. To identify the genome region(s) conferring this yield 

difference in a nearly-isogenic genetic background and to determine if the tropical hybrid 

parent was the source of the favorable allele(s), the phenotypically distinct sister lines were 

crossed to develop a segregating F2:3 population. SSR markers were screened on the F5 

lines, the original tropical parent, and a segregating F2 bulk of the tropical by temperate 

cross to identify genomic regions that were segregating in the F2:3 population and to identify 

the founder origin of the alleles carried by each sister line. A sample of 39 F2:3 lines was 



 

 
 
 
 

137 

genotyped at polymorphic markers, and topcrossed to a common tester line. Topcrosses 

were evaluated for grain yield and other agronomic traits in replicated trials in two 

environments in 2005.  QTL mapping revealed a grain yield QTL in chromosomal bin 3.06, 

at which the alleles derived from the tropical hybrid founder were associated with increased 

yield. These results directly demonstrate the advantage conferred by an allele of tropical 

origin over an elite commercial U.S. inbred line for yield under U.S. growing environments. 
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Introduction 

 QTL mapping populations range from widely segregating parental crosses to near-

isogenic line pairs that typically segregate only for small genomic regions.  Traditionally, 

backcross- or F2- derived populations, including recombinant inbred lines, are developed 

from genetically distinct parental lines to increase the frequency of segregating QTL and 

markers (Lynch and Walsh, 1997).  Large samples sizes are required to obtain accurate 

estimates of the effects of numerous QTL if they are segregating simultaneously in a 

population (Beavis, 1994; Melchinger et al., 1998; Schon et al., 2004; Vales et al., 2005).  

Alternatively, near isogenic lines (NILs) limit the genome differences between each line and 

its recurrent parent, improving reliability of QTL effect estimation in the tested regions 

(Eshed and Zamir, 1995; Szalma et al., 2007).  NILs, however, require substantial effort to 

backcross specific genome regions into the recurrent parent, limiting their widespread use. 

Heterogeneous inbred families (HIFs, Tuinstra et al., 1997) represent a similar approach 

that is used to fine-map QTL previously mapped in a single genomic region segregating 

within an RIL.  As an intermediate alternative to the extremes of widely segregating crosses 

used for whole-genome scans and NIL-type populations used for fine mapping selected 

regions, we demonstrate here QTL mapping in a cross between related inbred lines derived 

from a common partially inbred parent. This approach has some of the advantages of NIL 

mapping (e.g., reduced background genetic segregation) but rather than targeting a 

previously identified QTL region (e.g., Yamamoto et al., 1998) or randomly sampling 

genome segments (e.g., Monforte and Tanksley, 2000; Szalma et al., 2007), this method 
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begins with the identification of a phenotypic difference segregating between highly related 

“sister” lines descended from a common partially inbred parent plant.   

Because the two parental lines are closely related, genetic variation is limited to only 

a fraction of the genome.  More extensive initial parental surveys for marker 

polymorphisms are required to identify polymorphic genome regions.  However, with a 

smaller population sample and thorough parental screens, it is possible to accurately identify 

and estimate the effects of one or a few segregating QTL in an otherwise highly 

homogeneous genetic background. Although the proportion of polymorphic markers will be 

smaller in related line crosses, the chance that a polymorphic marker is associated with a 

phenotypic difference increases because the sample of polymorphic loci is enriched with 

those linked to QTL.  This approach should decrease the time and expense of genetic 

mapping by reducing the population size and the number of markers tested on the progeny.   

 We tested this method of mapping QTL in crosses between highly related lines by 

examining a population derived from related parents developed through the USDA 

Germplasm Enhancement of Maize (GEM).  The GEM program (Pollak, 2003) is a 

collaborative effort between universities, private companies, and the USDA which focuses 

on enhancing the genetic diversity of maize grown in the United States.  Crosses are made 

between tropical and U.S. germplasm by cooperating companies, segregating F2 lines are 

distributed to cooperating universities, and new inbred lines are selected and released to 

participating companies and public institutions.  A number of lines with good agronomic 

potential and disease resistance have been publicly released from the GEM program (Abel 
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et al., 2001; Pratt, Pollak, and Montgomery, 2005; Balint-Kurti et al., 2006; Carson et al., 

2006) but direct demonstration that tropical germplasm contributed to improvements in 

these lines has been hindered because the proprietary nature of one parent line prevents 

genetic screening by public sector researchers.  

In one population created through the GEM program, topcross grain yields were 

observed to differ substantially between a pair of F5 lines descended from a common F4 

ancestor across a large number of environments. To identify the genome region(s) 

controlling this difference, we developed a segregating F2:3 population from a cross of the 

two F5 sister lines. Here we demonstrate the effectiveness of QTL analysis in a highly 

related population derived from a cross between a tropical commercial hybrid and a U.S. 

inbred line and identify the origin of the allele contributing to increased grain yield.   

 
 

Materials and Methods 

 
Population Development   

A population was developed by a GEM collaborator between a Brazilian tropical 

single cross hybrid, Dekalb XL212, and a proprietary non-stiffstalk inbred coded N11a.  

Seed of this cross was selfed to the F5 generation by ear to row method and evaluated in 

topcross trials for yield.  Yield trials were conducted in 17 environments using two different 

testers.  A 2.01 Mg ha-1 difference (LSD.05 =0.66 Mg ha-1, p = 0.05) was observed between 

two lines with a common F4 ancestor when using a B73 type tester.  A significant yield 

difference (0.87 Mg ha-1, LSD.05 =0. 70 Mg ha-1, p = 0.05) was also observed when an 
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LH198 tester was used (Hawk, unpublished).  The higher-yielding line was released by the 

University of Delaware as DE4 (Hawk and Weldekidan, 2005).  Its lower-yielding “sister” 

line, 365-1-1-1, was not released. Since these lines share a common F4 progenitor they are 

expected to be 92% genetically similar. To identify the genome region(s) underlying this 

large difference in topcross yield, DE4 was crossed to 365-1-1-1 to form a mapping 

population comprised of 39 random F2:3 lines.   

  
PCR Methods 

Leaf tissue was collected from eight plants of each parent and mapping line, and 

from 50 plants of the XL212 × N11a F2 bulk.  DNA was extracted from ground tissue using 

a standard C-TAB extraction with three ethanol washes or using a Qiagen MaxiPrep DNA 

Easy kit (Qiagen, Inc., Valencia, CA) and samples were bulked by line.   SSR (Simple 

Sequence Repeat) markers were chosen based on Intermated B73 × Mo17 (IBM ) map 

position in the Maize Genetic and Genomic Database (maizegdb.org, verified June 10, 

2009) and assayed using the PCR (Polymerase Chain Reaction) method (Senior, 1998).  

PCR amplification products were separated by electrophoresis on 4% (v/w) SFR agarose 

gels (Amresco, Solon, OH). Gels were stained with 0.05% (v/w) ethidium bromide and 

exposed to ultra-violet light to fluoresce DNA.   

 

Parental Screens 

SSR markers were used to genotype DE4, 365-1-1-1, XL212 (the tropical parent of 

DE4), and a bulk of F2 seed made by intermating the original F1s of the XL212 × N11a 
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cross to identify polymorphic genome regions between the sister lines and to identify the 

founder sources of the alleles carried by the two sister lines.  With representatives of two 

parental generations, markers were scored as follows: non-informative markers produced a 

single amplicon of the same size in XL212 and the N11a × XL212 F2 bulk, and therefore 

did not allow classification of the amplicon fluoresced in DE4 and 365-1-1-1. Informative 

markers produced at least one unique amplicon in N11a × XL212 F2 bulk compared to 

XL212, making it possible to determine which parent contributed alleles to DE4 and 365-1-

1-1.  Informative markers were then divided into two classes: monomorphic when the same 

amplicon appeared in DE4 and 365-1-1-1, and polymorphic when DE4 and 365-1-1-1 

contained different amplicons (Figure 1.)  With this method it was possible to determine 

identity by descent relationships between each sister line and XL212 and N11a for each 

informative marker locus.    

The maize genome is divided into 100 bins, representing approximately even genetic 

distances over each of the 10 chromosomes (Davis et al., 1999). A region was determined to 

be monomorphic if 1) four markers in that bin were non-informative, 2) if two markers were 

informative but monomorphic in that bin or 3) if one informative monomorphic, and four 

non-informative markers were mapped to a bin.  

 

Progeny Screens 

Progeny screens were conducted on the 39 F2:3 lines derived from the DE4 × 365-1-

1-1 F1 for informative polymorphic markers identified with the parental screens.  Loci were 
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ordered based on their IBM consensus order, and, where multiple markers in a region were 

polymorphic by linkage analysis, using MapmakerEXP (Whitehead Institute, Cambridge, 

MA).   

 

Phenotypic Data Collection  

 The F2:3 lines were topcrossed to the public tester B73Ht and evaluated at two 

Delaware locations (Magnolia and Smyrna) in 2005.  A randomized complete block design 

with two replications was grown at each location.  In addition to the 39 F2:3 mapping lines, 

entries included three commercial hybrid checks, the topcross of each parent (DE4 and 365-

1-1-1), and the topcross of the DE4 × 365-1-1-1 F1.  Each plot was comprised of four rows 

4.57 m in length, with a 0.71 m ally between ranges of plots. Inter-row spacing was 0.76 m.  

Planting density was about 74,000 plants per hectare. 

Stand counts were taken in the center two rows of each plot.  Plant height was 

measured to the height of the node from which the tassel emerges.  Ear height was measured 

to the node from which the topmost ear emerges.  Plant and ear heights were measured to 

the nearest 5 cm on six different plants from the two center rows of each plot.  

Days to anthesis were recorded as the number of days since planting on which 50% 

of the plants in the plot have shed some pollen. Days to mid silk were recorded as the 

number of days since planting on which 50% of the plants in the plot have visible silk 

emergence.  Measurements of flowering time were taken at both locations.  Ears per plant 
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were counted on the two center rows of each plot.  An ear was considered any cob with one 

or more kernels. 

The two center rows of each plot were mechanically harvested to measure grain 

yield and grain moisture.  Grain yield for each plot was adjusted to 155 g kg-1 grain 

moisture before analysis.  Two primary ears were pulled from the outside rows of each plot 

by hand for measurements on ear traits. Ear length was measured to the nearest cm and the 

number of rows per ear was counted. Ears were shelled and total grain was weighed.  A 

sample of 100 randomly-chosen kernels was weighed to estimate 100-kernel weight.  The 

number of kernels per ear was then estimated according to the following formula: Estimated 

number of kernels per ear = [(total grain weight/ weight of 100 kernels) * 100].  Percent 

grain fill was estimated visually. Individual ear measurements were averaged over ears 

within each plot before further analysis. 

 

Statistical Analysis 

 Traditional analyses of variance for the randomized complete block design were 

compared to spatial analyses of grain yield data from each environment separately using 

Proc MIXED in SAS version 9.1 (SAS Institute, 2004).  Spatial models tested included field 

row and column trend analyses, isotropic and anisotropic correlated errors models (Brownie 

et al., 1993).  Spatial analyses did not improve the efficiency of the analyses, so were not 

used further.  Therefore, all traits were analyzed with a combined mixed model for data 

from both environments where stand within location and entry were considered fixed, and 
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location, replication within location, and location × entry were considered random variables.  

A model which fit stand as a covariate, and accounted for heterogeneous error variance 

among the two environments was used to for all traits.  The null hypothesis of no difference 

between the two F4 derived F5 lines was tested with estimate statements in Proc MIXED for 

each trait. Parents and checks were then removed from the dataset, and the same model was 

used to test the null hypothesis of no variation among F2:3 topcrosses with the F-test for 

entry. Finally, a completely random model was applied to the data set containing only F2:3 

topcrosses to obtain genotypic variance component and heritability estimates. 

 The CORR procedure in SAS was used to estimate Pearson correlation coefficients 

among traits using the least squared means of each trait over both environments.   

 

QTL Mapping   

 Genotype least square means were obtained for each trait from the combined 

analysis model including heterogeneous within-environment error variances. One-way 

analyses of variance were conducted for each informative polymorphic SSR marker to test 

the null hypothesis of no difference between genotypic class means.  A simple model where 

the marker was fixed, and all other factors were considered random was run in proc GLM of 

SAS.  For markers detected with significant effects, regression of marker scores onto 

phenotypic trait variation was performed to determine the percent of the variation which 

each marker explained.  For regions with more than one polymorphic marker, linkage group 

maps were established using Mapmaker/EXP.  Those regions were then analyzed with 
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Windows QTL Cartographer version 2.5 (Wang et al., 2005) using single marker and 

interval mapping methods.   

 

Results and Discussion 

Marker Assay 

A total of 702 markers were assayed in parental screens, 477 of which were reliably 

scorable.  This resulted in a minimum of two markers per bin, with an average bin density 

of 4.8 markers.  Of the scorable markers, 79 (17%) were informative but monomorphic and 

26 (5%) showed polymorphism between DE4 and 365-1-1-1.  The remaining 78% of 

markers were non-informative. 

Pedigree relationship suggests that about 8% of the genomes of DE4 and 365-1-1-1 

are expected to be not identical by descent. The polymorphic markers identified in this 

study account for 6% of the IBM total map length, in good agreement with the expectation.  

Regions polymorphic between DE4 and 365-1-1-1 were found on all chromosomes.  

Chromosomes 1, 2,4, 5, 7, 8 and 10 each only showed 1 polymorphic region.  Chromosome 

6 had 3 segregating regions and chromosomes 3 and 9 both had 4 segregating regions.  

 

Phenotypic Variation Among Topcrosses 

The DE4 topcross had 1.93 Mg ha-1 greater grain yield than its sister line’s topcross 

(Table 5.1), congruent with previous observations of the yield potential difference between 

the two sister lines, which prompted this study.  In addition, DE4 had significantly higher 
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grain percent moisture (3.6%), ear height (16.7cm), and plant height (17.5 cm) than 365-1-

1-1 topcross lines.  Silk emergence occurred 1.6 days earlier in the DE4 topcrosses than in 

the 365-1-1-1 topcross, but anthesis was not significantly different between DE4 and 365-1-

1-1.  

Analysis of variance on the ear traits that were taken to elucidate a mechanism for 

the observed difference in combining ability between the two parents revealed the DE4 

topcross had significantly higher ear weight (47.3 g), number of kernels per ear (132.4), and 

ear length (2.3 cm), but was not significantly different than the 365-1-1-1 topcross for 100 

kernel weight, average ear fill, number of ears per plant or number of rows per ear (Table 

5.1). 

To determine if genotypic variation among the segregating F2:3 line topcrosses was 

significant, analysis of variance for grain yield was performed across locations with checks 

and parental topcrosses removed. Grain yield varied significantly among F2:3 entries 

(p=0.03) (Table 5.1).  Significant differences among F2:3 entries were also observed for 

grain percent moisture (p=0.0006), ear height (p=<0.0001), plant height (p=0.0003), but not 

for ears per plant, days to anthesis or days to mid silk.   

A relatively low heritability was estimated for days to anthesis (0.29), moderate 

heritabilities were estimated for grain yield (0.50), grain percent moisture (0.52), and days 

to mid silk (0.50), while plant and ear height both had high heritabilities (0.74 and 0.85 

respectively). Ear weight heritability was estimated at 0.24 and heritability for number of 

kernels at 0.66.  Heritability estimates for ear length, 100 k weight, ear fill, and 100 kernel 
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weight were zero because estimates of the entry variance component were zero for these 

traits. Grain yield was positively correlated with plant height (r = 0.42) and ear height (r = 

0.56) but not with flowering time, or any of the ear traits measured (Table 5.2).   

 

QTL Mapping 

Four small linkage groups were identified: an 18.2 cM region which includes 

regions of IBM bins 9.03 and 9.04, a 14.1 cM region the covers parts of bins 4.06 and 4.07, 

a 33.5 cM region in bins 3.06 and 3.07, and a group that has two markers in bin 3.05 (Figure 

2).  

Four polymorphic markers with significant effects for grain yield were identified in 

the linkage group around bin 3.06.  Umc2050, bnlg1160, umc2169, and umc2076, with 

estimated additive effects of between 0.30, and 0.46 Mg ha-1, individually explained 25, 21, 

15, and 18% of the total variation, respectively (Table 5.1). These four markers were 

identified as linked to a grain yield QTL based on analyses in both Proc GLM in SAS and in 

Windows QTL Cartographer. 

Interval mapping identified the maximum likelihood peak position of the grain yield 

QTL in this region as position 29.7 cM of linkage group, flanked by markers umc2169 and 

umc2050.  At this position, the LOD score for grain yield is 2.66 and the estimated additive 

effect is 0.53 Mg ha-1.  The 2-LOD support interval for this QTL includes the entire linkage 

group, about 30 cM (Figure 3). The high LOD support for this QTL suggests that our 

sample of 39 lines was sufficient for detecting this QTL of large effect on yield. The broad 
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support interval, however, reveals a limitation of QTL mapping with a relatively small 

population, which is low precision on the QTL position estimate.  

Since the goal of the GEM program is to introduce diverse germplasm that 

positively impacts U.S. maize diversity, it is of interest which founder parent contributed 

the favorable allele at the chromosome 3 grain yield QTL.  Without access to seed of the 

proprietary inbred parent N11a, it was still possible to determine the parental origin of 

alleles in the mapping population by comparing XL212 to a bulk F2 population derived 

from intermating several F1s from the original cross.  At the umc2050 and umc2076 loci, 

the DE4 amplicon is identical to that of XL212, indicating that XL212 contributes the 

favorable allele. At the bnlg1160 and umc2169 loci, XL212 is heterozygous and the DE4 

amplicon matches one of the XL212 amplicons, but is not present in the XL212:N11a DNA. 

The absence of these bands in the XL212:N11a bulk DNA is likely due to allelic sampling 

variation in the formation of the XL212:N11a bulk combined with allelic competition for 

PCR amplification (Wattier et al., 1998).  These results indicate that a linkage block 

encompassing all four marker loci in the region of this QTL was inherited from the tropical 

parent, XL212, and that the XL212 allele at the QTL in this region confers greater topcross 

yield.   

Markers that were associated with overall differences in grain yield (linkage group 

in bins 3.05-3.06) were also associated with ear height (umc2076 and umc2169) and 

moisture (umc2076; Table 5.1).  When interval mapping was performed in Windows QTL 

Cartographer, the ear height QTL’s maximum likelihood position is directly at marker 



 

 
 
 
 

150 

umc2076 (position 0 cM) and is associated with a LOD score of 1.98.  The grain moisture 

QTL covers the first 2 cM of the linkage group, with its highest point at 0 cM, directly over 

umc 2076, where it has a maximum LOD score of 2.21, and an additive effect of 0.83 

percentage points.  Although other markers have main effects significant at p < 0.05, none 

have LOD scores greater than 2.0 (Table 5.1). These results suggest that the allele at the 

grain yield QTL also causes greater grain moisture at harvest or is linked to an allele that 

increases grain moisture and probably also ear height.  These pleiotropic or linked 

correlated effects are unfavorable, but do not eliminate the overall positive contribution to 

crop value provided by the favorable grain yield QTL allele. 

This study provides direct evidence that incorporating a specific allele from tropical 

germplasm can add value to the genetic base of U.S. maize. Previous studies have shown 

that tropical germplasm is a valuable breeding resource (Goodman,1999; Goodman et al., 

2000) and that tropical-derived alleles have been recovered in superior progeny derived 

from crosses between tropical and temperate parents (Lewis and Goodman, 2003; Tarter et 

al., 2004).  

This study is the first to our knowledge to demonstrate that an allele of tropical 

origin contributed to higher grain yield compared to an elite commercial inbred maize line. 

It must be noted however, that exotic commercial lines often contain U.S. germplasm.  In 

this case the final population used by Jim Hawk was probably 87.5% US germplasm even 

though XL212 is an exotic line (Walter Trevisan, personal communication).  The additive 

genetic effect of this allele in topcrosses was 0.53 Mg ha-1. Thus, topcrosses of lines 
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homozygous for this allele had an average of 1.06 Mg ha-1 yield compared to topcrosses of 

lines homozygous for the temperate parent allele.    

This allelic difference for yield potential was measured in lines with approximately 

94% identity by descent, suggesting that the estimated genetic effect was measured reliably, 

and was not confounded by segregation of many yield QTL throughout the genome. The 

large effect conferred by this QTL and the high genetic homogeneity of the mapping 

population permitted efficient use of a relatively small population sample size to identify the 

QTL. A much larger population sample will be required to map this QTL to a higher level 

of resolution, however. 
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Table 5.1.  ANOVA, Contrasts, and estimates of marker effects for grain yield, grain percent moisture, number of ears per plant, 100 kernel 

weight, ear weight, ear fill, number of kernels per year, ear length, ear fill, number of kernels per row, ear height, plant height, silk date and 

anthesis.  Analysis of variance was conducted on F2:3 topcross lines with the commercial hybrid checks and parental topcrosses removed.  

Contrasts between parental topcrosses are estimated using the complete data set.  
 Grain 

yield  
(Mg ha-1) 

Grain  
Moisture 
(%) 

Ears per 
Plant 

100 
kernel 
weight (g) 

Ear 
weight 
(g) 

Kernels 
per Ear 

Ear 
length 
(cm) 

Ear 
fill 
(%) 

Rows 
per  
Ear 

Ear 
height 
(cm) 

Plant 
height 
(cm) 

Silk 
Date 
(DAP) 

Anthesis  
Date 
(DAP) 

F-test 1.9* 2.1** 0.8 ns 1.1 ns 1.5 ns  1.9* 0.8 ns 0.9 ns 0.8 ns 4.1*** 3.2*** 1.6 ns 1.4 ns 
Difference between parental 
topcrosses 

1.93* 3.6*** -0.001 ns 1.4 ns 47.3** 132.4* 2.3*** 0.06 ns 0.79ns 16.69*** 17.5** 1.6 ** 1.1 ns 

Bnlg1233 
IBM 509.2; bin 2.08 

          -3.93** 
r2 = 0.29 

  

Umc1027 
IBM 401.2; bin 3.06 

     17.7* 
r2 = 0.05 

       

Umc2076  
IBM 461.1; bin 3.06 

0.46** 
r2 = 0.18 

0.61** 
r2 = 0.22 

       2.1* 
r2 = 0.17 

   

Bnlg1160 
IBM 491.4; bin 3.06 

0.43** 
r2 = 0.21 

            

Umc2169 
IBM 491.4; bin 3.06 

0.30* 
r2 = 0.15 

        1.8* 
r2 = 0.12 

   

Umc2050 
IBM 538.3; bin 3.07 

0.44** 
r2 = 0.25 

            

Dupssr34 
IBM 409.4; bin 4.07 

     23.3** 
r2 = 0.25 

       

Bnlg 1444 
IBM462.5; bin 4.08 

   -0.93* 
r2 = 0.14 

      3.3* 
r2 = 0.05 

  

Bnlg1131 
IBM628.2; bin 8.09 

 0.44* 
r2 = 0.16 

           

Umc1589 
IBM 259.7; bin 10.04) 

         2.2* 
r2 = 0.12 

   

  
*, **, *** p-values of 0.05, 0.01. and 0.001 respectively. 
ns = not significant at P=0.05 
DAP days after planting 
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Table 5.2.  Correlations among F2:3 topcross least squared means with checks and parents removed.  

 

Grain Yield 
(Mg ha-1) 

Weight of 
100 kernels 

(g) 

Average 
Ear 

Weight (g) 

Average 
kernels 
per Ear 

Average Ear 
Length (cm) 

Average 
number of 
rows per 

ear 

Grain 
Moisture 

(%) 

Plant 
Height 
(cm) 

Ear Height 
(cm) 

Anthesis 
Date (DAP) 

Silk Date 
(DAP) 

Grain Yield (Mg ha-1) 1 0.13ns 0.06 ns -0.05 ns 0.24 ns -0.02 ns 0.30 ns 0.42** 0.56*** -0.06 ns -0.08 ns 

Weight of 100 kernels (g)  1 0.64*** -0.13 ns 0.47** -0.18 ns 0.27 ns -0.28 ns -0.01 ns 0.08 ns -0.21 ns 

Average Ear Weight (g)   1 0.67*** 0.60*** 0.37* 0.26 ns -0.05 ns 0.03 ns 0.08 ns -0.07 ns 

Average kernels per Ear    1 0.33* 0.66*** 0.05 ns 0.20 ns 0.08 ns 0.02 ns 0.10 ns 

Average Ear Length (cm)     1 0.03 ns 0.30 ns 0.07 ns 0.17 ns 0.23 ns 0.06 ns 

Average Rows per Ear      1 -0.17 ns 0.18 ns 0.07 ns -0.07 ns -0.07 ns 

Grain Moisture (%)       1 0.36* 0.25 ns 0.19 ns 0.23 ns 

Plant Height (cm)        1 0.57*** 0.02 ns 0.13 ns 

Ear Height (cm)         1 0.03 ns -0.09 ns 

Anthesis Date (DAP)          1 0.79*** 

Silk Date (DAP)           1 

ns = not significant at p = 0.05 
*,**,*** significant at 0.05, 0.01, and 0.001 
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Figure 5.1.  Parental screening of SSR markers.  Noninformative markers do not distinguish which parent (N11a or XL212) contributed an allele 

to the sister lines.  Informative markers differentiate between N11a and XL212.  Informative polymorphic markers differentiate between DE4 and 

365-1-1-1. 
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Figure 5.2.  Map distances between linked polymorphic markers.  Other tested markers did not associate with any linkage groups.
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Figure 5.3.  Interval mapping QTL peaks for grain yield and moisture in region 3.06 - 3.07.  
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APPENDIX A 

Supplemental Material for Chapter 3 

 
Table A.1  SSR scores on BC4F1 GEFR families segregating for ear rot and fumonisin accumulation resistance.  SSR markers evaluated were 

identified as flanking major QTL for ear rot or fumonisin accumulation resistance in ancestral BC1F1:2 lines (Robertson-Hoyt et al., 2006).  
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07CL row 
# 

3
7

3
 

3
7

4
 

3
7

5
 

3
7

6
 

3
7

7
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7

8
 

3
7

9
 

3
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0
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3
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3
8

8
 

3
8

9
 

3
9

0
 

3
9

1
 

3
9

2
 

3
9

3
 

3
9

4
 

3
9

5
 

well 
position 

A2 A3 A4 A5 A6 A7 A8 A9 A10 A11 A12 B1 B2 B3 B4 B5 B6 B7 B8 B9 B10 B11 B12 

bnlg1017 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 

bnlg1270 1 1 1 1 1 H H 1 H 1 . H 1 1 1 1 1 1 1 1 1 1 1 

bnlg1347 1 1 1 1 1 1 1 1 1 1 2 2 1 2 1 2 1 1 1 1 1 1 1 

bnlg1520 H H 1 2 1 . 1 1 1 1 1 1 1 1 1 1 1 1 1 H 1 1 2 

bnlg1606 1 2 1 H 1 1 . 1 .  . 1 1 1 1 1 1 1 1 1 2 1 1 . 

bnlg1662 1 1 1 1 H 1 1 1 1 1 H H 1 1 1 1 1 1 1 H 1 1 H 

bnlg1811 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 

bnlg1953 2 H H H 1 H 1 H 1 1 H 1 1 1 1 1 1 1 1 2 2 2 2 

bnlg2144 1 1 1 1 1 1 1 1  . 1 1 1 . 1 .  .  1 1  . .  .  1 .  

bnlg2244 1 1 1 1 1 1 1 1 1 1 1 1 H 1 H H 1 H 1 1 1 1 1 

bnlg2331 1 1 1 1 1 1 1 1  . 1 .  1 1 H 1 H .  H . 1 1 1 1 

dupssr06 H 1 H 1 H . 1 1 1 1 1 H 2 1 1 1 1 H H . 1 . . 

dupssr34 1 1 1 1 1 1 1 1 1 1 1 1 H 1 . H H H 1 H 1 1 1 

mmc271 1 1 1 1 1 1 1 1 1 1 H 1 1 1 1 1 . 1 1 H 1 1 H 

phi001 . . . . . . . . . . . . . . . . . . . . . . . 
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Table A.1 continued. 
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G
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umc1078 1 1 1 1 1 1 H . H 1 1 H 1 1 1 1 1 1 1 1 1 1 1 

umc1085 2 H 2 H 1 1 1 1 1 1 H H 1 1 1 H H 1 1 1 1 1 1 

umc1086 1 1 1 1 1 1 1 1 1 1 1 1 2 1 H H 1 H 1 1 1 1 1 

umc1193 1 1 1 1 1 1 1 1 1 1 1 1 2 H 1 1 . 1 1 1 1 1 1 

umc1355 1 1 1 1 1 1 1 1 1 1 1 1 H 1 1 H 1 1 1 1 1 1 1 

umc1360 1 1 1 1 1 H 1 1 1 H . 1 1 2 1 H 1 1 1 1 . 1 1 

umc1489 . H H 2 1 1 1 1 1 H 1 1 1 1 1 1 . 1 1 1 1 1 H 

umc1594 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 

umc1778 H H H 1 1 1 1 1 H H 1 1 1 H 1 H 1 1 1 1 H 1 1 

umc2047 H 1 2 1 1 1 1 1 1 1 H H 1 1 1 1 1 1 1 1 1 H 1 

umc2061 1 1 1 1 1 2 1 1 1 H . 1 H 1 H 1 1 H 1 H 1 H H 

umc2098 1 1 1 1 1 1 1 1 1 1 1 1 2 H H 1 .  1 1 1 1 H 1 

umc2111 2 H . H 1 1 1 1 . H 2 1 1 1 1 1 1 1 H 1 1 1 1 

umc2150 1 1 1 1 1 . . . . . . 1 1 1 1 1 . 1 1 1 1 1 . 

umc2280 1 2 1 1 1 1 1 H 1 H 1 H H 1 1 1 1 H 1 H 2 1 2 

umc2281 1 1 1 1 1 1 1 1 1 H 1 H 1 1 H 1 1 H 1 H H 1 H 
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Table A.1 continued.  G
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well 
position 

C1 C2 C3 C4 C5 C6 C7 C8 C9 C10 C11 C12 D1 D2 D3 D4 D5 D6 D7 D8 D9 D10 D11 D12 

bnlg1017 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 H 1 H H 1 H 1 H H 
bnlg1270 1 1 1 1 1 1 1 1 1 H H H H 1 H H 1 1 1 1 1 1 1 . 
bnlg1347 H 1 1 2 1 1 1 1 1 1 1 1 1 1 1 1 1 H 2 1 1 1 1 1 

bnlg1520 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 H 1 1 H 1 1 1 1 
bnlg1606 2 H 1 . . 1 1 1 H H 1 1 1 H 1 . . 1 1 . 1 1 1 1 
bnlg1662 2 H 1 H 1 1 1 1 . 1 1 1 1 H 1 1 1 1 1 1 1 1 1 1 

bnlg1811 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 
bnlg1953 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 
bnlg2144 H 1 1 H 1 1 1 1 1 1 1 1 1 H 1 1 1 1 1  . 1   1 1 

bnlg2244 H H 2 2 1 2 H 2 1 2 1 1 1 1 1 1 1 1 1 1 H 1 H H 
bnlg2331 H H 1 1 1 1 1 1 1 1 1 1 1 1 1 1 H 1 H 1 . 1 1 1 
dupssr06 1 H 1 1 1 1 1 1 1 2 H 1 H H 2 2 . . 1 1 1 1 1 1 
dupssr34 H 1 H 1 1 H H H 2 H 1 1 1 1 1 1 1 H 1 H H 1 . 1 

mmc271 2 H 1 H 1 1 1 1 . 1 1 1 1 1 H 1 . 1 1 . 1 1 1 1 
phi001 . . . . . . . . . . . . . . . . . . . . . . . . 

umc1078 1 1 1 1 1 1 1 1 . H 1 H 1 1 H 1 1 1 1 1 1 1 1 1 
umc1085 1 1 1 1 1 1 1 . 1 1 . 1 1 1 1 1 1 1 1 1 1 1 1 1 
umc1086 . . . . . . . . 1 . 1 1 1 1 1 1 1 1 1 1 1 1 1 1 

umc1101 1 1 1 1 . H . H . H . . . 1 . . . . 1 . . H . . 
umc1134 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 
umc1193 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 H 1 H 1 1 1 1 1 

umc1355 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 2 2 2 1 
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Table A.1 continued.  G
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umc1360 1 1 . 1 1 1 1 1 1 . 1 1 1 1 . 1 1 1 1 . 1 . 1 1 
umc1489 1 1 1 1 1 1 1 1 1 1 1 H 1 1 1 1 1 1 1 . 1 1 1 1 
umc1594 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 
umc1778 1 1 . 1 1 1 1 1 1 . 1 1 1 1 1 1 . 1 1 1 1 1 . 1 
umc2047 H 1 1 2 1 1 1 1 H 1 H 1 1 1 H 1 1 1 . 1 1 1 1 1 
umc2061 1 1 H 1 1 1 1 1 H 1 1 1 H H H H 1 1 1 1 H 1 1 . 
umc2098 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 H 1 1 1 1 1 
umc2111 1 H 1 1 1 1 H 1 1 H 1 H H 1 1 H 1 . 1 1 2 . . 1 
umc2150 1 1 1 1 1 1 1 . 1 1 1 1 1 1 1 1 1 1 1 1 2 1 . 2 
umc2280 2 2 H H H 1 1 H 1 1 1 H H 2 1 H 2 H 1 H H H 2 H 
umc2281 H 1 1 1 1 1 1 H 1 1 1 1 1 1 1 1 1 1 1 1 H H . . 



 

 
 
 
 

166 

Table A.1 continued.  
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well 
position 

E1 E2 E3 E4 E5 E6 E7 E8 E9 E10 E11 E12 F1 F2 F3 F4 F5 F6 F7 F8 F9 F10 F11 F12 

bnlg1017 1 1 1 1 1 1 1 1 1 1 1 1 H H H H 1 H H 1 1 1 1 1 

bnlg1270 1 1 1 1 1 1 1 H 1 1 1 . 1 1 1 1 1 1 1 1 1 1 1 1 

bnlg1347 1 1 1 1 1 1 1 1 1 1 1 H 1 1 1 1 1 1 1 1 1 H H 1 

bnlg1520 1 1 1 1 1 1 1 1 2 . 2 1 1 H 1 1 1 H 1 H 1 . 1 . 

bnlg1606 1 . 1 . . 1 1 1 H H H 1 1 1 1 1 H . 1 1 1 1 1 1 

bnlg1662 . 1 .  . 1 2 H .  H . .  . H 1 1 1 1 1 1 1 1 1 1 1 

bnlg1811 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 

bnlg1953 1 2 1 1 1 1 1 1 1 1 1 1 H 1 2 2 1 1 1 1 1 1 1 1 

bnlg2144 1 1 1 1 1 1 1 1 H H    1 1 1  1 H   1 1 1 1 1 

bnlg2244 1 1 1 1 1 1 1 1 1 1 1 1 2 1 H 1 H 2 1 1 H 1 H H 

bnlg2331 1 1 1 1 1 1 1 1 1 1 1 H 1 1 1 1 1 1 1 1 1 H H H 

dupssr06 1 1 1 1 1 H 1 1 H H 1 1 H 1 2 1 1 1 1 1 1 . 1 1 

dupssr34 1 H H 1 1 . 1 1 1 1 1 1 1 1 . . 1 1 1 . 1 1 1 1 

mmc271 1 1 .   . 1 H H . H . . . 1 1 1 1 1 2 H 1 1 1 1 1 

phi001 . . . . . . . . . . . . . . . . . . . . . . . . 

umc1078 1 1 . . 1 1 1 . 1 . . . 1 1 1 1 1 1 1 1 1 1 1 1 

umc1085 1 . 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 H H 1 

umc1086 1 1 1 1 1 1 1 1 1 1 1 1 2 H 2 1 1 . 1 1 H H H H 

umc1101 1 1 1 1 1 . 1 1 1 1 1 1 . 1 1 1 1 1 1 1 1 1 1 1 

umc1134 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 
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Table A.1 continued. 
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umc1193 1 1 1 1 1 1 1 1 1 2 2 2 1 1 1 1 1 1 H 1 1 1 1 2 

umc1355 1 1 1 1 1 1 1 1 1 1 . 1 1 1 1 1 1 1 . . 1 1 1 1 

umc1360 1 1 1 1 1 1 1 1 1 . H 1 1 H 1 1 1 . 1 1 1 . 1 1 

umc1489 1 . 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 2 1 . 1 1 1 1 

umc1594 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 

umc1778 1 H H 1 1 1 1 1 1 1 1 1 1 1 . 1 1 1 1 1 1 1 1 1 

umc2047 1 1 1 1 1 1 1 1 1 1 2 1 1 1 1 1 1 1 1 1 1 H H 1 

umc2061 1 1 1 . 1 1 1 . 1 . . 1 1 1 1 . 1 . . . 1 . 1 1 

umc2098 1 1 1 1 1 1 1 1 1 H H H 1 1 1 1 1 1 1 1 1 1 H H 

umc2111 1 1 1 1 1 H H 1 H H H 1 H H 1 1 1 . 1 1 1 . 1 . 

umc2150 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 

umc2280 1 H 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 . 1 1 1 1 1 1 

umc2281 1 1 1 . . 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 
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Table A.1 continued. 
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well 
position 

G1 G2 G3 G4 G5 G6 G7 G8 G9 G10 

bnlg1017 1 1 1 1 1 1 1 1 2 1 

bnlg1270 H 1 1 1 1 1 1 1 2 1 

bnlg1347 H 1 H 1 1 H H 1 2 H 

bnlg1520 1 1 1 1 1 1 1 1 2 1 

bnlg1606 . 1 1 1 1 1 1 1 2 1 

bnlg1662 1 1 1 1 H 1 H H 2 1 

bnlg1811 1 1 1 1 1 1 1 1 2 1 

bnlg1953 H 1 1 1 1 1 1 1 2 1 

bnlg2144 1 1 1 1 1 1 1 1 2 1 

bnlg2244 H H H H 1 1 1 1 2 1 

bnlg2331 1 1 H 1 H H 1 1 2 1 

dupssr06 2 2 2 H H 1 1 1 2 1 

dupssr34 1 . 1 1 1 1 1 1 2 1 

mmc271 . 1 1 1 1 1 1 1 2 1 

phi001 . . . . . . . . . . 

umc1078 2 1 H 1 1 1 1 1 2 1 

umc1085 1 1 1 1 H 1 H H 2 1 

umc1086 H 2 2 1 1 1 1 1 2 1 

umc1101 1 . 1 1 H H H H 2 1 

umc1134 1 1 1 1 1 1 1 1 2 1 

umc1193 1 1 1 1 1 1 1 1 2 1 

umc1355 1 1 1 1 1 1 1 1 2 1 

umc1360 . 1 1 1 1 1 1 1 2 1 

umc1489 2 1 1 1 1 1 1 1 . 1 

umc1594 . 1 1 1 1 1 1 1 . 1 

umc1778 1 1 1 1 1 1 1 1 2 1 

umc2047 2 1 H 1 1 1 1 H 2 1 

umc2061 . 1 1 1 1 H 1 H 2 1 

umc2098 1 1 H 1 1 1 1 1 2 1 

umc2111 1 1 1 1 1 1 1 1 2 1 

umc2150 1 1 1 1 1 1 1 1 2 1 

umc2280 1 . 1 1 1 1 1 1 2 1 

umc2281 1 1 1 1 1 1 1 1 2 1 
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Protocol for Fusarium Isolation from Field Grown Kernels 

 

1.  While shelling grain, collect kernels near infected areas of the ear which appear to 

be uninfected. 

2. Wash kernels for 5 minutes in running water. 

3. Sit for 5 minutes in 200 mL of 10% 95% Ethanol, 20% household bleach (5%), and 

70% distilled water. 

4. Using sterile technique, cut open the kernels with a razor blade.  Remove the 

embryo and aleurone layer.  Plate each kernel on a separate plate of PDA (Potato 

Dextrose Agar).  (I use 60 × 15 mm plates.) Keep plates in approximately 12 hours 

light, 12 hours dark for Fusarium growth. 

5. Allow a few days for cultures to grow large enough to identify Fusarium from other 

fungi.  Using sterile technique and a thin blade, transfer a single hypheal tip from 

each plate to a new plate.  

6. Allow a few days for growth, then scrape mycelium and conidia from surface into 

microfuge tube with 1 mL of water.  Vortex. Dilute 1:99, and plate 100µl onto the 

center of a PDA plate.  

7. The following day scrape 1 colony from this plate and repeat the procedure. 

8. The following day transfer 1 colony to a new plate and grow this plate for conidia 

collection.  
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9. After 3-5 days of growth (no more than 2 weeks) plates can be washed of conidia, 

and stored in glycerol or used to inoculate. 

 

Protocol for Glycerol Storage Stocks. 

1. Wash spores of plate. Harvest each isolate separately into 1 mL tube. Bring 

volume to 1mL.  (follow Robertson-Hoyt Protocol for harvesting spores). 

2. Spin down tube, for 1 minute at low rpm.  Pipette off water.  

3. For 1mL of s Add 127.5 µl distilled water, and 22.5 µL glycerol. 

4. Vortex to resuspend and freeze at -80C.  

 

Protocol for Inoculating Cracked Corn in the Laboratory (adapted from Charles 

Woloshuk). 

Useful for testing efficacy or fumonisin production of an isolate. 

1. Place intact kernels in a beaker of water and autoclave for 10 minutes.  This 

helps the kernels imbibe water. They can sit overnight in the water in a 

refrigerator. 

2. Crack the kernels with pliers. Aeration is important so do not pulverize kernels, 

just crack them. 

3. Place 5 to 10 g of cracked corn in a 50 ml beaker with 1 mL of water and 

autoclave for 15 min. (You will need a beaker for each isolate that you are 

testing.) 
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4. Inoculate with 100 µl of 106 spore suspension. Incubate for 5 days (no more than 

10), covered loosely.  Shake the flask each day, and add a few drops of water if 

the kernels look dry.  

5. Kernels can be frozen before HPLC or ELISA analysis at -80C. 
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Table A.2. Fusarium strains were isolated from inoculated or noninoculated fields by single hypheal transfer.  The 4 isolates with lowest spore 

counts were not tested for fumonisin content.  Fumonisin levels were determined from HPLC analysis. Comments on appearance were noted when 

isolates were grown on PDA. Control isolates 19, 37-2, 310, ISU94040, ISU 94445, and ISU95082 are stocks previously used for inoculation. 
Isolate Ear treatment Spore 

count 
Fumonisin Levels (ng g-1) Appearance 

B2a B2b B1 Total 
I1 Inoculated 185 13,920 33,863 92,216 139,999 Lavender mycelial growth and agar stain 

I2 Inoculated 268 2,672 606,073 10,361 619,105 White mycelial growth, purple agar stain 

I3 Inoculated 57 - - - - - 

I4 Inoculated 216 284 130,132 1,675 132,091 White mycelial growth, purple agar stain 

I5 Inoculated 195 890 243,581 4,271 248,742 White mycelial growth,  purple agar stain 

I6 Inoculated 153 3,428 817,447 16,159 837,034 White mycelial growth, purple agar stain 

I7 Inoculated 204 89,111 271,951 510,279 871,341 White mycelial growth, purple agar stain 

I8 Inoculated 108 - - - - - 

I9 Inoculated 244 16,594 1254,389 112,119 1,383,102 White mycelial growth, lavender agar 
stain 

I10 Inoculated 119 - - - - - 

I11 Inoculated 244 14,848 31,081 101,432 147,360 White mycelial growth, purple agar stain 

N12 Noninoculated 392 63,754 157,443 360,443 581,640 White mycelial growth, purple agar stain 

N13 Noninoculated 255 120,320 74,835 166,811 361,966 White mycelial growth, lavender agar 
stain 

N14 Noninoculated 130 39,880 62,202 170,757 272,840 White and lavender mycelial growth, 
purple agar stain 

N15 Noninoculated 191 93,452 219,308 512,489 825,249 White mycelial growth, purple agar stain 

N16 Noninoculated 207 220,030 219,004 607,452 1,046,485 White and lavender mycelial growth, 
lavender agar stain 

N17 Noninoculated 161 223,976 434,991 943,695 1,602,662 White mycelial growth, purple agar stain 

N18 Noninoculated 219 46,198 65,779 215,180 327,157 White mycelial growth, purple agar stain 

N19 Noninoculated 159 78,843 174,475 439,367 692,685 White mycelial growth, purple agar stain 

N20 Noninoculated 194 6,109 6,683 27,300 40,093 White mycelial growth, purple agar stain 

N21 Noninoculated 68 - - - - White mycelial growth, purple agar stain 

N22 Noninoculated 120 172,464 324,873 730,936 1,228,273 White mycelial growth, purple agar stain 
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Table A.2 continued. 

Isolate Ear treatment Spore 
count 

Fumonisin Levels (ng g-1) Appearance 

B2a B2b B1 Total 

F. proliferatum 19 Freezer stock check 37 11,955 26,224 165,031 203,210 White mycelial growth 

F. proliferatum 310 Freezer stock check 46 1,605 1,387 14,918 17,910 White mycelial growth 

F. proliferatum 37-2 Freezer stock check 42 40,027 81,698 145,741 267,466 White mycelial growth 

F. verticillioides 

ISU94040 

Freezer stock check 31 6,999 18,752 79,679 105,679 Lavender mycelial growth, pink agar stain 

F. verticillioides 

ISU94445 
Freezer stock check 181 12,099 3,375 24,292 39,766 White mycelial growth, purple agar stain 

F. verticillioides 

ISU95082 
Freezer stock check 43 4,158 11,406 29,514 45,078 White mycelial growth, lavender agar 

stain 
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APPENDIX B 

 

Supplemental Material for Chapter 4 

 
 
Table B.1.  Least squared means for 22 founder lines of the ReFus Population evaluated at two environments in 2008.   

 
Ear rot 
(%) 

Weight 
(g plant-1) 

Plant  
Height (cm) 

Ear Height 
(cm) 

Days to 
Silk (DAP) 

Days to  
Anthesis (DAP) 

Fumonisin 
(µg g-1) 

Set I Parents        
B116 45.85 53.84 155 67 82 77 32.84 
B97 24.74 42.99 123 61 81 76 20.36 
NC258 24.92 44.14 145 71 89 85 43.55 
NC320 8.25 83.10 146 78 87 83 25.06 
NC346 19.69 15.77 115 44 87 82 25.73 
NC446 11.93 52.91 110 57 88 87 21.52 
NC448 24.97 34.23 118 47 88 81 14.58 
NC450 5.25 47.06 122 62 84 83 13.70 
NC452 19.91 29.30 117 42 84 81 18.93 
NC456 9.76 11.75 145 65 91 90 47.42 
NC492 22.58 32.46 136 73 86 83 34.33 
Set I Parent Mean 19.80 40.69 130 61 86 82 27.09 

Set II Parents        
A131 82.49 5.37 78 19 65 64 16.70 
GE440 3.00 23.63 203 120 89 84 9.64 
Ki21 52.81 52.79 136 82 86 85 16.41 
Ky21 56.86 21.74 140 73 89 84 24.19 
Mo17 31.86 36.91 127 49 84 80 18.37 
NC300 17.23 31.64 156 62 89 88 18.47 
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Table B.1 continued. 

 
Ear rot 
(%) 

Weight 
(g plant-1) 

Plant  
Height (cm) 

Ear Height 
(cm) 

Days to 
Silk (DAP) 

Days to  
Anthesis (DAP) 

Fumonisin 
(µg g-1) 

NC300/CML288-B-4-B-B-
B-B 96.00 3.56 144 79 92 87 65.87 
NC356 12.43 38.33 128 58 85 82 25.14 
NC458 14.84 47.45 133 61 87 86 13.03 
T236 19.52 32.92 157 79 85 83 10.19 
UR13085:N0215-21 48.33 48.47 118 50 81 76 26.31 
Set II Parent Mean 38.09 31.16 138 67 85 82 22.45 
        
Overall Parental Mean 28.95 35.26 134 64 85 82 24.77 
Pairwise LSD 19.14 20.27 17 14 3 3 29.37 
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Table B.2.  Least squared means for Cycle 0 of the ReFus Population evaluated at two environments in 2008. 

 
Ear rot 
(%) 

Weight 
(g plant-1) 

Plant  
Height (cm) 

Ear Height 
(cm) 

Days to 
Silk (DAP) 

Days to  
Anthesis (DAP) 

Fumonisin 
(µg g-1) 

Control S0:3s 35.01 45.44 151.96 79.46 85.88 81.74 32.43 
ReFusC0-010 37.89 41.24 156.79 79.79 86.34 82.87 39.98 
ReFusC0-016 26.29 46.41 159.99 82.77 83.84 82.99 32.25 
ReFusC0-020 24.15 72.42 139.48 58.73 84.34 82.21 43.08 
ReFusC0-032 8.33 55.86 141.39 60.18 81.38 78.29 13.51 
ReFusC0-046 33.73 53.77 122.80 61.06 87.80 83.46 24.42 
ReFusC0-051 39.01 64.03 117.76 52.36 81.55 77.53 20.66 
ReFusC0-064 17.73 45.10 137.13 64.70 84.24 82.13 16.87 
ReFusC0-089 82.38 56.55 160.45 82.77 83.99 79.33 55.44 
ReFusC0-108 11.67 39.68 138.8 70.26 86.86 83.39 14.94 
ReFusC0-124 20.30 37.50 144.82 74.97 84.94 78.93 20.23 
ReFusC0-129 18.70 58.98 126.23 63.60 82.20 79.91 16.99 
ReFusC0-131 26.30 71.93 155.31 75.70 80.96 77.69 40.25 
ReFusC0-142 24.35 48.09 147.58 71.41 87.01 83.27 17.27 
ReFusC0-143 16.30 66.96 126.21 65.92 84.12 81.47 22.94 
ReFusC0-147 12.75 88.37 166.92 85.85 80.25 76.43 14.06 
ReFusC0-154 21.27 48.56 166.05 76.84 85.74 85.17 26.41 
ReFusC0-157 52.70 60.13 146.27 70.99 85.56 80.13 17.10 
ReFusC0-161 25.67 64.15 128.85 60.13 86.22 81.55 26.97 
ReFusC0-173 37.06 76.41 186.25 113.12 86.70 85.03 54.12 
ReFusC0-177 64.45 28.35 126.72 56.59 87.96 82.24 61.68 
        

Cycle 0 mean 30.05 56.22 144.79 71.39 81.20 84.60 28.96 
Pairwise LSD 19.14 20.27 17 14 3 3 29.37 

 


