
ABSTRACT 
 

ROBERTSON-HOYT, LEILANI ANN.  Identifying quantitative trait loci (QTLs) for 
fumonisin accumulation and ear rot resistance in maize (Zea mays L.).  (Under the 
direction of James Holland and Gary Payne.) 
 
 

 Fusarium verticillioides and F. proliferatum are fungal pathogens of 

maize that cause ear rot and contaminate maize with fumonisin.  The first objective was 

to investigate the relationship between Fusarium ear rot and fumonisin contamination.  

Two populations, BC1F1:2 families created from the cross of GE440 × FR1064 (GEFR 

population) and recombinant inbred lines created from the cross of NC300 × B104 (NCB 

population) were studied.  Moderate to high heritabilities and strong genetic correlations 

between ear rot and fumonisin concentration were estimated and suggest that selection 

for reduced ear rot should frequently identify low fumonisin lines.  Quantitative trait loci 

(QTL) mapping was then used to study genetic relationships between the two traits and to 

investigate consistency of QTL across populations.  Eight QTL in the GEFR population 

and five QTLs in the NCB population affected both traits.  At least three ear rot and two 

fumonisin contamination QTLs mapped to similar positions in the two populations. Two 

QTL appeared to be consistent for both traits across both populations.  To investigate the 

relationship between resistance and agronomic utility in the GEFR population, yield and 

agronomic performance were measured in line testcrosses.  Correlation and QTL analyses 

were employed to study these relationships.  QTLs identified included 7 yield, 5 grain 

moisture, 8 plant height, 6 ear height, 3 silk date, and 4 tassel date QTLs.  If backcrossing 

were utilized to move fumonisin contamination resistance alleles into the FR1064 

background, our correlation results suggest that correlated responses would include an 

increase in grain moisture and a decrease in stalk lodging.  Our QTL mapping results 



suggest that only a small reduction in grain yield and a small increase in plant height 

would be expected from backcrossing fumonisin resistance alleles into FR1064.  

However, marker-assisted selection may facilitate breaking linkages between resistance 

alleles and alleles reducing agronomic performance.  The second objective was to 

investigate the resistances to Fusarium and Aspergillus ear rots and fumonisin and 

aflatoxin contamination in selected lines.  Based on the NCB study, the 24 highest and 24 

lowest mean fumonisin concentration lines were selected.  The low fumonisin group had 

significantly lower levels of both mycotoxins and ear rots.  All four traits were 

significantly correlated, suggesting that at least some of the genes involved in resistance 

to ear rots and mycotoxin contamination by these fungal species are identical or 

genetically linked. 
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ABSTRACT 

 

Marker-assisted breeding (MAB) is a tool that could be implemented in crop 

breeding for the reduction of mycotoxin contamination.  Identifying DNA markers linked 

to resistance quantitative trait loci (QTLs) will allow breeders to introduce resistance 

QTLs and track their inheritance throughout each generation of a breeding program.  

Resistance QTLs can then be fixed more quickly into an agronomically elite genetic 

background, providing growers with a commercially competitive product.  MAB can be 

faster and less expensive than phenotypically evaluating plants for mycotoxin 

contamination, and unlike most conventional chemical assays used to identify 

contamination, markers can be used to screen individual plants without destroying grain.  

MAB can also be carried out in winter nurseries or greenhouses, allowing for more 
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breeding generations per year.  This review outlines the major challenges and rewards of 

a marker-assisted breeding program for the reduction of mycotoxin contamination. 

 

Keywords: Marker-assisted breeding, selection, quantitative trait loci, mycotoxin, 

Fusarium verticillioides, Aspergillus flavus, Fusarium graminearum, fumonisin, 

aflatoxin, deoxynivalenol. 

 

INTRODUCTION 

 

 Naturally occurring fungal toxins, such as aflatoxin, produced by Aspergillus 

flavus, and fumonisin, produced by Fusarium verticillioides, are chronic contaminates of 

maize grain in the United States.  Similarly, barley grain is often contaminated with 

deoxynivalenol (DON), produced by Fusarium graminearum (1).  Cultural practices such 

as early harvest, planting adapted cultivars, managing nutrient inputs, and optimizing 

planting dates may help reduce the level of aflatoxin and fumonisin contamination of 

maize grain in most growing seasons (2-5).  However, when environmental conditions 

are conducive for the production of these mycotoxins, cultural practices alone are not 

sufficient to prevent mycotoxin contamination that exceeds the standards established by 

the United States and its foreign trading partners (5-7).  

Even though genetic resistance to plant diseases has been proven to be one of the 

most effective disease control strategies, especially for grain crops that require minimum 

production inputs, at present, for example, there are no commercial maize hybrids that are 
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completely resistant to mycotoxin contamination.  However, maize genotypes differ in 

resistance to mycotoxin contamination (8), indicating that there are genetic components 

of resistance that can be selected for.  Also, resistance to mycotoxin contamination and 

visible disease symptoms, such as resistance to fumonisin contamination and ear and 

kernel rot, have the potential for being distinct phenotypes (5).  The ultimate breeding 

goal is to develop cultivars that are both resistant to mycotoxin contamination as well as 

visible disease symptoms while having commercially valuable agronomic characteristics.   

The first challenge to implementing marker-assisted breeding (MAB) for reduced 

mycotoxin contamination is to find sources of resistance and to accurately identify the 

genome regions containing resistance loci.  Since resistance to mycotoxin accumulation 

varies quantitatively among genotypes, we expect that resistance is controlled by multiple 

quantitative trait loci (QTLs). Identifying DNA markers linked to resistance QTLs will 

allow breeders to track the inheritance of resistance QTLs throughout each generation of 

a breeding program.  Using this MAB approach, resistance QTLs can be introduced and 

fixed in the genetic background of an agronomically elite cultivar, providing growers 

with a commercially competitive product. 

 MAB has proven in some cases to be a strategy for breeding resistant cultivars 

more quickly and more efficiently, and it should be an effective strategy for breeding for 

resistance to mycotoxin contamination for four main reasons.  First, once markers linked 

to resistance genes are identified, the need for performing inoculations, which are time-

consuming, labor-intensive, and expensive, can be greatly reduced.  Second, screening 

plants with markers associated with known resistance genes is more cost-efficient than 
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phenotypically evaluating mycotoxin levels each season throughout a breeding program, 

because phenotypic evaluations require costly lab techniques such as HPLC or ELISA to 

quantify toxin levels.  Third, selection for marker alleles linked to resistance genes can be 

performed on individual plants, unlike mycotoxin assays, which usually require multiple 

plants and multiple replications to obtain accurate data.  Lastly, MAB can be performed 

in environments that are not conducive to disease.  Thus, MAB can be implemented in 

greenhouses or in off-season nurseries, permitting multiple generations of selection each 

year, and therefore speeding up the development of a resistant cultivar.   

Because using MAB as a tool for breeding for reduced mycotoxin contamination 

is in its preliminary stages, for the purposes of this paper we have examined the uses of 

MAB for the selection of other traits, and we have identified the benefits and challenges 

associated with using MAB.  We also discuss some preliminary studies of breeding for 

resistance to mycotoxin accumulation.  By also examining the use of MAB for traits 

other than resistance to mycotoxin contamination resistance, we can better understand the 

conditions under which MAB is likely to be more efficient than traditional breeding.   

 

Strategy for Marker-Assisted Breeding  

 The first step in breeding for resistance to mycotoxin contamination, either 

through conventional selection or marker-assisted breeding techniques, is to identify 

sources of resistance.  When dealing with the fungi that produce mycotoxins, inoculation 

procedures which will provide equal coverage of all experimental units is crucial, so that 

there are no plants that escape contact with the pathogen.  Even if the pathogen is present 
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in sufficient populations to produce disease naturally, artificial inoculation will provide a 

more uniform coverage of fungal spores, minimizing the non-genetic differences among 

plots.  Application of inoculum is also important to induce a greater amount of disease 

and mycotoxin contamination than might occur naturally.  Several experiments have been 

performed to identify the inoculation techniques that yield the best results (9-11).  

  Inoculation of maize with mycotoxin-producing fungi has been shown to reduce 

the error variance associated with mycotoxin level estimates and to lead to better 

separation between resistant and susceptible genotypes.  Low levels of within-line 

variation combined with high levels of between-line variation results in more accurate 

and precise phenotyping of resistant and susceptible genotypes within a segregating 

population.  This facilitates correct identification of resistant sources.  Proper inoculation 

techniques will promote accurate phenotyping in segregating mapping populations, which 

will allow QTLs to be identified more easily. 

 Whereas many disease resistances can be identified on juvenile plants, mycotoxin 

accumulation resistance can only be evaluated on grain produced by mature plants.  

Similarly, whereas many other disease resistances can be scored by simple visual 

inspections of plants, evaluation of mycotoxin accumulation resistance requires time 

consuming and expensive toxin assays.  Despite these difficulties, maize genotypes that 

can serve as sources of resistance to aflatoxin accumulation (12, 13) and to fumonisin 

accumulation (14) have been identified through careful and extensive evaluation.  Once 

resistance sources have been identified, they must be tested in multiple environments to 
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assure they confer resistance even in environments that are most conducive to disease and 

toxin development.  After this is accomplished, the actual breeding program can begin.   

Understanding the genetic basis of toxin accumulation resistance will help to 

effectively plan a marker-assisted breeding program.  Levels of resistance to mycotoxin 

contamination display continuous variation among different genotypes, suggesting that 

they are due to the joint effects of multiple genes.  This quantitative form of resistance is 

distinct from gene-for-gene types of disease resistance, which often are mediated by 

hypersensitive responses, segregate as discrete phenotypes controlled by single-gene 

differences, and can confer complete resistance to a disease (15).  In contrast, quantitative 

resistance is conferred by multiple genes, or quantitative trait loci (QTLs).  QTLs 

involved in quantitative resistance may be comprised of many loci each with small 

effects or a few major-effect loci along with many smaller effect loci.  In typical mapping 

studies, estimates of QTL positions are not sufficiently precise to determine whether an 

identified QTL region consists of one gene or a cluster of genes (16).   

In order to identify QTLs associated with a reduction in mycotoxins, a mapping 

population needs to be developed that is segregating for resistance QTLs.  This is often 

achieved by crossing a resistant parent line to a susceptible parent line and developing a 

population of progeny lines that can be replicated through self-fertilization.  At harvest, 

each line or family within the segregating population is evaluated to determine the 

concentration of the mycotoxin.  There must be sufficient genotypic variability for 

resistance to permit the accurate identification of QTLs.   
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DNA markers that are polymorphic between the two parents must be chosen.  

Markers should be evenly distributed throughout the genome in order to assure accurate 

coverage.  There are many options when choosing the type of marker, and each marker 

type has different advantages and disadvantages such as the amount of polymorphism, 

ease of use, cost, labor, and time (17, 18). 

DNA markers are then used to genotype each family or line within the mapping 

population.  To test if a QTL is linked to a marker locus, the population is classified into 

two groups.  One group consists of progeny lines that have the same genotype as the first 

parent at the locus being tested.  The other group consists of progeny lines that have the 

same genotype as the second parent at that locus.  If there is no significant difference 

between the mean phenotypic values of the two classes, then we accept the null 

hypothesis that the marker is not associated with a QTL.  If, however, the mean of the 

families of one genotypic class have a significantly lower toxin level than the mean of the 

families with the other genotypic class, then we conclude that a QTL is genetically linked 

to the marker locus.  This type of test can be repeated for each marker locus that has been 

scored in the population, leading to identification of regions of the genome that contain 

resistance QTLs.  Statistical advances in QTL mapping techniques have refined this 

method to identify the most likely position of QTLs in intervals between markers, to 

estimate QTL effects while simultaneously controlling for segregation of QTLs at other 

chromosomal regions, and to account for epistatic interactions among QTLs (16, 19, 20).  

Even with the best available statistical procedures, however, identifying QTLs is time-

consuming and expensive.  In addition, false-positive and false-negative errors can occur, 
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and these can only be minimized by carefully controlling experimental conditions and 

using large mapping population sizes (16). 

 

Challenges in QTL Identification 

There are many challenges that, when not overcome, can hinder the identification 

of QTLs for toxin-accumulation resistance, such as genotype by environment interaction, 

low heritabilities, low power of QTL detection, and a low correlation between disease 

symptoms and toxin concentration.  However, if markers that are consistently associated 

with resistance QTLs could be identified, they could be used in future generations of 

selection to more easily select resistant lines, avoiding the difficulties of accurately 

measuring resistance phenotypes.  For the markers to be useful, such associations must be 

made, requiring highly accurate phenotypic evaluations at least for the identification of 

the QTLs. 

 Quantitatively inherited traits tend to be highly influenced by the environment, 

and mycotoxin contamination resistance seems to be particularly sensitive to 

environmental conditions.  For example, hot and dry conditions contribute to high levels 

of both aflatoxin and fumonisin production, with heat stress alone being able to 

significantly influence the production of high concentrations of mycotoxins (2, 21). 

Since mycotoxin contamination is highly influenced by the environment, the 

environment must be considered when designing experiments in order to accurately and 

efficiently identify QTLs.  Such experiments should be performed in a sample of 

environments that are representative of those where the resulting cultivars are to 
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eventually be grown.  This is important since QTL alleles that are beneficial in one 

location may have no effect or even be unfavorable in another location where there are 

different environmental conditions.  Also, if the environment is not conducive to disease 

and mycotoxin production every season, more seasons of phenotyping may need to be 

performed to ensure the data sufficiently supports the accurate identification of QTLs.  

Paul et al. (22) conducted experiments to identify loci associated with reduced aflatoxin 

production in maize in F2:3 and BC1S1 generations of the cross between a more resistant 

parent line, Tex6, and a more susceptible parent line, B73.  They found that the large 

genotype by environment interaction observed for aflatoxin content hindered the accurate 

characterization of QTL positions and effects.  They were not able to identify any QTL 

regions consistently associated with mycotoxin levels across years within either 

generation, nor were QTL regions consistent across populations in the first year of the 

study.  In the second year, though, one marker on chromosome 10 was found to be 

significant across both populations.  This marker locus, BMC1185 (more commonly 

named BNLG1185), was associated with about 14% of the phenotypic variation for 

aflatoxin content in the F2:3 population and with about 5% of the variation in the BC1S1 

population. 

Another example of genotype by environment interaction for mycotoxin 

accumulation was observed by Zhu et al. (1).  They identified QTLs associated with so-

called Type III resistance (i.e., degradation of the mycotoxin DON) in a barley mapping 

population.  They identified potential QTLs for Type III resistance in two of four 

environments.  Of these two environments, two QTLs were identified in a low disease 
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environment and four QTLs were identified in a high disease environment.  Only one of 

these QTLs was consistent across environments, and the consistent QTL was associated 

with between 7 and 13% of the variation in the population. 

Heritability (the proportion of observed phenotypic variation that is due to 

genetic, rather than environmental, effects) is another key determinant of the probability 

of successful QTL identification.  Detecting QTLs and accurately estimating their effects 

is more difficult for traits of low heritability (23).  For example, blackmold resistance 

QTLs were mapped in an interspecific cross between a wild species of tomato, 

Lycopersicon cheesmanii, and cultivated tomato, Lycopersicon esculentum, (24).  The 

heritability of blackmold resistance in this mapping population was estimated to be only 

16%.  Robert et al. (24) reported that with such a low heritability, QTLs could not be 

mapped accurately, and that two of the five resistance QTLs identified, when introgressed 

into the cultivated tomato line using MAB, did not confer resistance.  These results 

illustrate how a low heritability can result in errors in the detection of QTLs, which can 

reduce the effectiveness of MAB.  The loss of wild species QTL effects following their 

introgression into cultivated tomato could also have been due to their dependence on their 

original genetic background (i.e., epistasis), however (24). 

  Heritability of resistance to aflatoxin accumulation has been estimated in 

numerous maize populations.  Campbell et al. (25) estimated heritability of aflatoxin 

production on a progeny mean basis in F3 families to be 66%.  Hamblin and White (26) 

estimated aflatoxin production heritability on a progeny mean basis for a Mo17 x Tex6 

population as 63% and for a B73 x Tex6 population as 65%.  Walker and White (27) 
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estimated aflatoxin production heritabilities in the broad sense (i.e., including dominance 

effects in the estimated genetic variance) of a B73 x CI2 population to be 32% and 26% 

for F3 and BC1S1 families, respectively, and heritability in the narrow-sense (i.e., 

including only heritable additive effects in the genetic variance estimate) to be 25% and 

17% for F3 and BC1S1 families, respectively.  Paul et al. (22) found that in their 

experimental populations heritability for aflatoxin content was low (ranging from 19% to 

29%), indicating that much of the phenotypic variation observed was due to 

environmental or genotype-by-environment interaction effects, rather than direct genetic 

effects. In addition to the studies in maize, Urrea et al. (28) estimated the heritability of 

the accumulation of deoxynivalenol to be 46% and Fusarium head blight resistance to be 

65% in barley. Heritabilities represent the upper limit on the amount of phenotypic 

variation due to genetics (the joint effects of QTLs).   

The variation in heritability among these experiments may be due in part to 

different levels of segregation of resistance QTLs, leading to different amounts of 

additive genetic variance among populations.  Probably more importantly, however, is 

the fact that heritability of line means is a function of the experimental design, with 

heritability of family means increasing with increasing numbers of replications and 

environments in which data are collected (29).  Thus, one can increase the line mean 

heritability of a trait by phenotyping the population in more environments, and this will 

lead to greater power to detect QTL for the trait.    

To illustrate how heritabilities can affect the identification of QTLs, simulation 

studies indicate that if ten loci affect a trait with 30% heritability, mapping in a 
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population of 100 F2 progeny will result in detection of each true QTL with only 9% 

probability, and the variance explained by each true QTL will be overestimated 5.6 times 

(23).  Increasing the number of progenies tested will improve the power of QTL detection 

for any level of heritability.  Increasing the number of replications, and the number of 

testing environments in the mapping stage will increase the family mean heritability for 

any sample size.  Thus, mapping population sample sizes and the extent of replication 

within and across environments need to be sufficient to permit accurate identification of 

QTL positions and effects, which will lead to effective MAB.  Simulation studies suggest 

that population sample sizes should be substantially greater than 100 and line mean 

heritabilities greater than 30% to achieve reasonable power and accuracy in QTL 

detection studies (23).  

 van Berloo and Stam (30) compared MAB and conventional selection in breeding 

for the extreme phenotypes of early and late flowering time in Arabidopsis thaliana.  

They found that with a highly heritable trait such as flowering time, both methods were 

equally successful.  The high heritability of the trait allowed them to accurately identify 

QTLs.  Flowering time is very easy to phenotype accurately, and with its high 

heritability, there is no reason to use MAB.  However, for resistance to mycotoxin 

accumulation, if QTLs could be identified accurately, MAB might be more economically 

efficient than phenotypic selection if the cost of DNA marker assays is less than the cost 

of biochemical assays required to inoculate and assay toxin concentrations, or if MAB 

could be implemented in additional generations grown in greenhouses or winter 

nurseries, where phenotypic selection is inaccurate.  Thus, if resources are available to 
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conduct extensive and accurate phenotypic evaluations of mycotoxin accumulation for 

the initial QTL identification experiment, the heritability of resistance can be made to be 

high enough to permit accurate QTL identification, at which point MAB could be used 

instead of the more costly phenotypic selection.  

The number of loci conditioning a trait also influences the potential efficiency of 

MAB.  Bernardo (31) used computer simulation to determine the usefulness of marker-

assisted selections assuming that all of the QTL positions affecting yield were known.  

He found that it is more advantageous to make selections on the basis of known QTLs if 

there are only a few loci controlling the trait (e.g. ten loci).  With many loci controlling 

the trait (e.g. ≥50 loci), estimates of QTL effects become imprecise and selections based 

on gene information can become less and less useful, and may even become detrimental 

as more and more QTLs are discovered.  This result implies that QTL mapping studies 

for mycotoxin accumulation resistance should be focused on accurately identifying the 

most important 10 or fewer QTLs for resistance, rather than trying to detect all possible 

QTLs that might have only small effects on resistance. 

 Many plant pathologists and plant breeders have argued that if disease symptoms, 

such as ear rot on maize, can be eliminated, then mycotoxin contamination will also be 

eliminated, assuming that no disease implies the absence of the fungus, which means that 

no mycotoxin can be produced.  An example of this would be breeding for resistance to 

aflatoxin contamination by breeding for resistance to Aspergillus ear and kernel rot.  

However, the assumption that reducing ear rot will also reduce mycotoxin contamination 

is not necessarily correct.  This assumption can be tested by estimating correlations 
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between disease symptom levels and mycotoxin levels, or more precisely, by testing if 

QTL map positions for both disease and mycotoxin levels are congruent.  

Campbell et al. (32) found only a limited correlation (r = 0.49) between aflatoxin 

contamination and ear rot in progeny of a B73 x LB31 cross.  Using the same mapping 

population, Kaufman et al. (33) identified three QTL regions significantly associated with 

ear rot resistance and four QTL regions significantly associated with resistance to 

aflatoxin production, with only one QTL region significantly associated with resistance to 

both ear rot and aflatoxin production.  Walker and White (27) found that in the progeny 

of a B73 x CI2 cross, there was no significant relationship between Aspergillus ear rot 

and aflatoxin production in the 1998 growing season and only a slight but statistically 

significant relationship in the 1999 growing season, indicating that the relationship 

between ear rot and aflatoxin contamination is inconsistent across environments.  

Clements et al. (14) found moderately high correlations between ear rot and fumonisin 

concentration in two environments (r = 0.54 and r = 0.60).  In barley, Zhu et al. (1) found 

that levels of F. graminearum penetration and mycotoxin (DON) concentrations 

measured in the same environment were correlated (from r = 0.40 to 0.67).  However, 

they found few coincident QTLs for these two traits that would explain these correlations. 

As more QTL studies are performed, we will be able to further elucidate the relationship 

between visual fungal symptoms and mycotoxin contamination by gaining more 

knowledge about the consistency of QTLs associated with one or both of these traits.  

Until we understand more of the genetics of resistance, we must assume, based on the 
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data from studies such as these, that breeding strictly for ear rot or other symptoms of 

infection will not necessarily result in improved resistance to mycotoxin contamination. 

 

Applications of Marker-Assisted Breeding 

Resistance alleles are often found in lines and plant introductions that are not 

commercially desirable.  MAB can be used to select for rare progeny in which 

recombination events near the target gene have produced chromosomes that contain the 

target allele and as little possible surrounding DNA from the donor parent. Young and 

Tanksley (34) demonstrated that large amounts of donor parent chromosomal material 

may remain around a target gene even after many generations of conventional 

backcrossing. Since this surrounding material may contribute to linkage drag, especially 

if the donor parent is a wild relative or exotic germplasm source, minimizing the size of 

the introgressed segment from the donor parent is often critical to the successful 

backcross breeding of a new cultivar.   

 An experiment with wheat demonstrated that if MAB is used in the first backcross 

generation, plants containing the gene of interest from the donor parent and 50% or less 

of the donor parents’ chromosome on which that gene resides could be selected (35).  

However, if traditional selection methods were used, the length of the donor segment 

could be up to 94% of the chromosome containing the donor gene.  In general, selection 

for parental alleles at markers unlinked to the target gene being introgressed can reduce 

the number of generations of backcrossing required to obtain progeny that are very 

similar (say 98% or more identical) to the recurrent parent (36), thus recovering the genes 
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that confer the favorable parent phenotype.  Therefore, using DNA markers can increase 

the speed of backcrossing programs, even when the target alleles from the donor parent 

can be easily selected.  

MAB is not only useful in backcrossing breeding programs.  It can also be 

implemented in forward crossing programs (i.e., breeding programs using mainly crosses 

between already elite germplasm).  The examples where MAB has been, or is expected to 

soon be, an important part of mainstream forward crossing breeding programs have two 

important factors in common. First, the markers are associated with a small number of 

genes with relatively large effects on traits that are difficult or costly to accurately 

phenotype. Second, specific marker alleles are associated with desired alleles at target 

genes consistently across multiple breeding populations (37). This second point is key as 

it eliminates the need to establish the linkage phase between the marker and the target 

alleles in every population. If this were not the case, then MAB could not be easily 

implemented in forward crossing programs where many crosses are made annually 

between constantly changing sets of breeding parents.  It is important to note that these 

two situations are not expected to be generally applicable for most traits and most 

populations (38).  Wheat Fusarium head blight (FHB) resistance illustrates this principle. 

The most important source of FHB resistance currently being used by North American 

wheat breeders is a Chinese cultivar, Sumai3. Various resistant lines are being used in 

different breeding programs, but most trace their resistance back to Sumai3 (39). 

Therefore, markers developed for resistance derived from Sumai3 tend to be consistent 

across all populations that use a derivative of Sumai3 as the resistant parent (40). 
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Conventional Breeding vs. Marker-Assisted Breeding 

 There have been several studies to compare conventional breeding with MAB.  

Willcox et al. (41) transferred regions associated with resistance to first generation 

southwestern maize borer into an elite line using backcrossing.  Their objective was to 

compare marker-assisted backcrossing with conventional backcrossing.  When the results 

of the three trials were combined, they found that there were no significant differences 

between the two selection methods, and both methods produced lines that were 

significantly improved over the original lines.  Ultimately, MAB resulted in 8% more 

fixed recurrent parent background after several rounds of selection.  The researchers 

estimated that their MAB program would cost three times as much as a conventional 

breeding program, with their phenotyping expenses being limited to the cost of rating leaf 

damage and weighing larva.  Inferring this result to breeding for reduced mycotoxin 

contamination, a critical issue is how much more time and money would be required for a 

conventional breeding program if inoculations had to be performed and their phenotyping 

had consisted of running HPLC or ELISA on each experimental line, relative to 

genotyping costs? 

Another study comparing the cost of marker-assisted backcrossing with 

conventional backcrossing was conducted by Morris et al. (42).   They compared costs of 

marker-assisted and traditional backcrossing of a single major gene into an elite line, and 

found that marker-assisted backcrossing was faster but cost more than traditional 

selection.  They concluded that whether or not to use MAB depends upon the difference 

in cost between phenotypic and genotypic screening, the amount of time saved, the 
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distribution of benefits associated with accelerated release of improved lines, and the 

availability of a large enough budget to handle a MAB program.  This result supports the 

use of MAB for developing cultivars resistant to mycotoxin contamination, because 

phenotypic screening for mycotoxins is very expensive.  Also, if the environment does 

not consistently favor disease development, or if a breeder wishes to utilize a winter 

nursery, MAB could reduce the number of growing seasons needed to release a resistant 

cultivar. 

 

Argument for Marker Assisted Breeding 

 In a MAB program, QTLs conferring resistance to mycotoxin contamination must 

first be successfully identified.  Once the positions of the QTLs are known, MAB can 

provide an easier and more reliable method to breed for resistance.   MAB works by 

successfully identifying a marker closely linked to a locus associated with resistance.  

The inheritance of the identified marker can then be followed throughout the breeding 

program, with only plants containing the marker, and therefore, with a high probability, 

the resistance locus, being used to create the next generation.  Presumably, multiple 

QTLs for reduced mycotoxin contamination can be identified, and the inheritance of each 

QTL would then be tracked based on its associated marker genes. 

 Because there is no inoculation step required, and because environment is not 

important for tracking the presence of resistance QTLs, MAB can be conducted in any 

environment, including winter nurseries and greenhouses, and at any stage in a plant’s 

development.  Furthermore, marker-based selection can be applied to individual plants, 
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whereas accurate phenotypic selection would require evaluation of a family or line 

containing multiple progeny that can be replicated within and across environments.  

These two factors would reduce the number of generations needed to breed resistant lines 

with MAB than with conventional breeding methods.   

 In order for MAB to move from the academic exercise of identifying QTLs to 

becoming a truly useful tool for breeding for mycotoxin resistance, several factors must 

come together.  QTLs identified for mycotoxin accumulation resistance must remain 

functional resistance alleles when transferred from their donor parent into an elite 

breeding line, whether through a backcrossing or a forward crossing breeding program.  

If there is reduced effectiveness of a gene in a different genetic background, then the 

QTLs will have limited utility.  Identification of QTLs whose functions are conserved in 

many different backgrounds will greatly increase their use in multiple breeding crosses. 

 Once we have an estimate of the heritability and the number of QTLs involved in 

mycotoxin accumulation resistance, the relative effect of each QTL, and the relative costs 

of phenotypic and genotypic analyses, we can decide if applying MAB approach is worth 

the cost.  If there are many genes that confer resistance, each with a small effect, it could 

be very difficult to transfer resistance alleles at each of those genes into the same elite 

line, as seems to be the case for Fusarium ear rot resistance in tropical maize (43).  MAB 

will, however, markedly improve the likelihood of identifying a line with many of the 

resistance QTLs; furthermore, it may permit the pyramiding of resistance QTLs from 

multiple sources. 
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 If many QTLs control resistance it will be difficult to select progeny with all of 

the resistance QTLs without also selecting a larger than desired proportion of the donor 

genome linked to these loci.  If the resistance source is exotic or otherwise unadapted, 

then the linkage drag—often yield reduction or a loss of other quality traits— that 

accompanies this introgression can counteract much of the value gained from the addition 

of the resistance gene.  Thus, although MAB provides the opportunity to introgress QTLs 

while selecting for plants with minimal linkage drag, this becomes increasingly difficult 

as selection is applied to more QTLs. 

 MAB is a tool that when used correctly will allow plant breeders to move 

resistance QTLs into useful breeding material more quickly and more efficiently.  It will 

allow growers to obtain high quality resistant seed more quickly than with conventional 

selection methods.  With genotyping supplies and equipment becoming less expensive as 

the technology continues to develop, more public plant breeders and pathologists will be 

able to take part in the identification of resistance QTLs along with the movement of 

these loci into breeding lines, which can then either be used by the public breeders 

themselves, or passed on to private companies, for the development of resistant cultivars. 
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ABSTRACT  

 

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

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

(teleomorph: G. intermedia) are fungal pathogens of maize (Zea mays L.) that cause ear 

rot and contaminate grain with fumonisins, a family of mycotoxins that adversely affects 

animal and human health.  The objective of this study was to estimate heritabilities of and 

genotypic and phenotypic correlations between fumonisin concentration, ear rot, and 

flowering time in two maize populations.  In the (GE440 × FR1064) × FR1064 backcross 

population, the genotypic and phenotypic correlations between ear rot and fumonisin 

concentration were 0.96 and 0.40, respectively.  Heritability estimated on an entry-mean 

basis was 0.75 for fumonisin concentration and 0.47 for ear rot resistance.  In the NC300 

× B104 recombinant inbred line population, the genotypic and phenotypic correlations 

between ear rot and fumonisin concentration were 0.87 and 0.64, respectively.  

Heritability estimated on an entry-mean basis was 0.86 for fumonisin concentration and 

0.80 for ear rot resistance.  Correlations between fumonisin concentration and silking 

date were not significant in either population, and correlations between ear rot resistance 

and silking date were small (less than 0.30) in both populations.  Moderate to high 

heritabilities and strong genetic correlations between ear rot and fumonisin concentration 

suggest that selection for reduced ear rot should frequently identify lines with reduced 

fumonisin concentration.  Ear rot can be screened visually, and so is less costly and less 

time-consuming to evaluate than laboratory assays for fumonisin concentration.  
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INTRODUCTION 

 

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

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

(teleomorph: G. intermedia) cause Fusarium ear rot of maize and contaminate the grain 

with fumonisins, a family of mycotoxins that adversely affects animal and human health 

(Munkvold and Desjardins, 1997).  These toxins are of increasing concern due to 

mounting evidence of their involvement in a number of human and animal diseases.  

These diseases include esophageal cancer (Gelderblom et al., 1988; Rheeder et al., 1992) 

and neural tube birth defects (Hendricks, 1999) in humans, and Equine 

Leukoencephalomalacia (Ross et al., 1992) and Porcine Pulmonary Edema (Colvin and 

Harrison, 1992) in animals.  The FDA has published a Guidance for Industry that 

suggests limiting fumonisin concentrations to between 2 and 4 parts per million (ppm) for 

corn flour and other milled corn products used for human consumption (CFSAN, 

2001a,b).  

Conditions, such as high humidity, hot weather and drought at or just before 

flowering (Shelby et al., 1994; White, 1999), are favorable on the coastal plain of North 

Carolina for high levels of ear rot and fumonisin contamination of maize.  A study with 

14 hybrids typically grown in North Carolina showed that by harvest, 11 of the 14 

hybrids were naturally infected with Fusarium spp. and contained fumonisin at 

concentrations above 20 ppm.  Grain of the hybrid with the greatest amount of fumonisin 

had a concentration of 77 ppm, while grain from the hybrid with the least amount of 
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fumonisin had a concentration of 7 ppm (Heiniger and O’Neal, 2002).  No effective 

control strategies are available to prevent fumonisin accumulation in grain. 

In food processing for human consumption, nixtamalization (treating maize grain 

with lime) can eliminate a portion of the total amount of fumonisins.  Palencia et al. 

(2003) found that nixtamalization, when performed appropriately with adequate amounts 

of fresh water, eliminated approximately 50% of the fumonisin in maize used to make 

tortillas.  Grain processing methods can be inefficient and time-consuming, however, and 

grain used for animal feed is not processed by nixtamalization.  Therefore, researchers 

have proposed that breeding for resistance to fumonisin accumulation should be the most 

effective and sustainable approach, as economical management options are limited (Bush, 

2001). 

Genetic variation for resistance to Fusarium ear rot exists among inbred lines and 

hybrids of field corn (Smith and Madsen, 1949; Koehler, 1953; King and Scott, 1981; 

Clements et al., 2004) and sweet corn (Headrick and Pataky, 1989; Nankam and Pataky, 

1996).  There is no evidence of complete resistance to either ear rot or fumonisin 

contamination in maize.  Pérez-Brito et al. (2001) demonstrated that resistance to 

Fusarium ear rot in two tropical maize populations is polygenic with relatively low 

heritability.    Shelby et al. (1994) reported significant variation among commercial maize 

hybrids for fumonisin concentration, but no hybrid was found to be completely resistant.  

Clements et al. (2004) screened topcrosses of more than 1000 inbred lines to the 

susceptible inbred tester FR1064 and found significant genetic variation for both 

Fusarium ear rot and fumonisin concentration, but no complete resistance to either.  
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Analysis of the most resistant inbreds, their F1 hybrids with FR1064 (a more susceptible 

B73-type inbred), and their F2 and backcross to FR1064 progeny demonstrated nearly 

complete dominance or overdominance of fumonisin concentration resistance alleles.   

Fumonisin concentration is generally greater in symptomatic kernels than in 

asymptomatic kernels (Desjardins et al., 1998).  However, maize is often colonized 

endophyticially by Fusarium spp. (Oren et al., 2003), and it has been argued that 

significant amounts of fumonisin can be produced in symptomless or only slightly rotten 

grain (Bacon and Hinton, 1996; Munkvold and Desjardins, 1997).  Furthermore, the 

phenotypic correlation between Fusarium ear rot and fumonisin concentration has been 

reported to be moderate to low.   

Clements et al. (2004) estimated the correlation between fumonisin concentration 

and ear rot in maize to be r = 0.54 (P < 0.0001) in Illinois and r = 0.60  (P<0.0001) in 

North Carolina.  Furthermore, Clements et al. (2003a) found that ear rot and fumonisin 

concentration were not significantly correlated in plants inoculated with Fusarium spp., 

but ear rot and fumonisin concentration were significantly correlated in plots that had not 

been inoculated, although this phenotypic correlation was low (r = 0.38, P = 0.0002).  

Clements et al. (2004) observed low ear rot (less than 5%) and high fumonisin 

concentrations (greater than 20 µg per g) for 6% of hybrids evaluated in Illinois and 3% 

of hybrids evaluated in North Carolina.    

The correlations reported between ear rot and fumonisin concentration 

phenotypes in these studies were affected by covariances between genetic, genotype-by-

environment, and experimental error effects on these two traits.  Therefore, the 
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correlations reported do not necessarily provide an accurate indication of the magnitude 

of response of resistance to fumonisin concentration that would occur when selecting for 

ear rot resistance.  To more precisely predict correlated responses to selection, the 

phenotypic correlation should be partitioned into genotypic and non-genotypic effects 

(Falconer and Mackay, 1996).  This has not yet been reported for ear rot and fumonisin 

concentration.  Due to the limited understanding of the relationships between Fusarium 

infection, symptom development, and fumonisin contamination, the objective of this 

study was to estimate the heritabilities of, and the genotypic and phenotypic correlations 

between, fumonisin concentration, ear rot, and flowering time in two populations of 

maize.  This information was used to predict the relative efficiency of direct selection on 

ear rot for indirectly improving fumonisin concentration levels.  

.   

MATERIALS AND METHODS 

 

Population Development 

GE440 (Clements et al., 2001) and NC300 (Holland, unpublished) were identified 

in preliminary studies as potential sources for low fumonisin concentration and resistance 

to Fusarium ear and kernel rot.  Two segregating populations, derived from the crosses 

GE440 × FR1064 and NC300 × B104, were created.  Resistant inbred GE440 was 

crossed and backcrossed once to susceptible inbred FR1064 and BC1F1 plants were self-

pollinated to form 215 BC1F1:2 families.  This population will be referred to as the GEFR 

population.  A second population was formed by crossing inbred NC300 to inbred B104.  
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Random samples of F2 plants from this cross were self-pollinated to form F2:3 families. 

F2:3 families were grown ear-to-row, and a single self-fertilized ear was harvested from 

each row without conscious selection.  This procedure was repeated until 143 F6-derived 

recombinant inbred lines (RILs) were developed.  F7 or F8 generation seeds were used in 

this study to represent the RILs.  This population was developed by Dr. M.M. Goodman 

and will be referred to as the NCB population. 

 

GEFR Population Evaluation 

In 2002, the GEFR population was grown at two locations, Mt. Olive, NC and 

Urbana, IL.  The experiment was planted in a randomized complete block design.  Plots 

were single-row individual BC1F1:2 families replicated twice at each location.  In 2003, 

the GEFR population was grown at two locations, Clayton, NC and Plymouth, NC, with 

single-row plots of each BC1F1:2 family replicated twice at each location.  The treatment 

design in 2003 was a replication within sets design, wherein each BC1F1:2 family was 

randomly assigned to one of three sets.  Each set also contained the two parent lines and 

seven check lines (B73, Mo17, K55, NC300, NC390, NC402, and Va35).  The 

experimental design for each set was an 8 ×10 α-lattice with two replications at each 

location.  Sets were planted in adjacent plots at each location.  At all locations, 

experimental units were single row plots of 3.05 m in length with 0.91 m between plots, 

and were overplanted and thinned to approximately 20 plants. 
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RIL Population Evaluation 

In 2002, the NCB population was grown at Clayton, NC with single row plots of 

each RIL in a randomized complete block design with two replicates.  Each replicate also 

contained the two parent lines and the check inbred B73.  In 2003, the population was 

grown at two locations, Clayton, NC and Plymouth, NC.  The NCB population plus the 

two parent lines and the check inbred B73 were evaluated using a 12×12 lattice design 

with two replications at each location.  At both locations, experimental units were single 

row plots of 3.05 m in length with 0.91 m between plots.  Plots were overplanted and 

thinned to approximately 20 plants. 

 

GEFR and NCB Inoculation Procedures 

In order to represent the heterogeneity of pathogen species in the natural 

environment, ears were inoculated with three isolates each of F. verticillioides and F. 

proliferatum (Clements et al., 2003b).  Fusarium verticillioides isolates ISU95082, 

ISU94445, and ISU94040 and F. proliferatum isolates 310, 37-2, and 19 were removed 

from glycerol storage at –80°C and cultured separately on potato dextrose agar (Difco, 

Sparks, MD).  Inoculum was prepared by washing conidia from the cultures with 0.05% 

Triton X-100 (Fisher Biotech, Fairlawn, NJ) and diluting the resulting conidial 

suspension of the six isolates to a final concentration to approximately 1 ×106 conidia 

ml-1 in water.  

A preliminary experiment conducted in one environment to determine the effect 

of self-pollination vs. open-pollination on fumonisin concentration in the NCB 
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population revealed no significant interaction between genotype and pollination method 

(Robertson, unpublished).  Therefore, all ears were allowed to open pollinate.  At each 

inoculation, the primary ear of each plant was inoculated with 10 ml of the inoculum.  In 

order to reduce the chance of escapes, two inoculations, one week apart, were done on 

primary ears of all plants in each plot, except for the NCB population in 2002, where only 

12 plants were inoculated per plot.  Silk channel inoculation (injecting inoculum into the 

silk channel while the silks are fresh) was performed approximately ten days after mean 

silking date for each experiment within each location, and direct ear inoculation 

(injecting inoculum directly through the husk onto the ear) was performed seven days 

later (Clements et al., 2003b).   

When all plants reached physiological maturity, primary ears were hand-harvested 

and air-dried to approximately 14% moisture concentration.  After drying, ears were rated 

by visually identifying the percentage of kernels exhibiting Fusarium ear rot symptoms 

on each inoculated ear.  Grain from all inoculated ears within a plot was bulked and 

ground to a fine particle size with a Romer mill (Series II Mill, Romer Labs Inc., Union, 

MO).  Fumonisin concentration was determined from a 25 g sample of ground grain from 

each plot.  Samples were evaluated in triplicate with an enzyme-linked immunosorbant 

assay (Clements et al., 2003b).  

Silk date was also recorded on every plot of the NCB population in Clayton in 

2002 and 2003 as the number of days between planting and silk emergence on 50% of the 

plants in a plot.  Silk date was recorded on every plot of the GEFR population in the 

Clayton, 2003 environment only.  The GEFR population was also grown in an 
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independent field trial at Clayton, 2002.  Each family was represented once in a single 

row plot in a randomized complete block.  Silk date was recorded on each plot. 

  

Statistical Analyses 

 For the GEFR population, fumonisin data were natural log transformed to remove 

heterogeneity of variance.  Although sets and blocks were not originally used in the 2002 

experiments, sets were added using the same set designation as in 2003, wherein each 

BC1F1:2 family had been randomly assigned to one of three sets, and in 2002, a single 

incomplete block was assigned to each replication.  These modifications were made so 

that the environments could be analyzed together and the added information of set and 

block effects from the 2003 experiments would not be lost.   

The model used in all of the GEFR analyses was 

 

Yijklm = µ + Ei + Sj + SEij + R(SE)ijk + B(RSE)ijkl + G(S)jm + GE(S)ijm + εijkm, 

 

where µ = overall mean; Ei = effect of environment i; S = effect of set j; SEij = interaction 

of environment i and set j; R(SE)ijk = effect of replication k within environment i and set 

j; B(RSE)ijkl = effect of incomplete block l within environment i, set j, and replication k; 

G(S)jm = effect of genotype m within set j; GE(S)ijm = effect of interaction between 

environment i and genotype m within set j; and εijkm = effect of experimental error on plot 

containing genotype m in replication k within set j and environment i.  For ear rot, data 
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was collected on individual plants, so the term ωijkmn was added to represent the effect of 

plant n of genotype m grown in plot k of set j and environment i.   

A univariate analysis was conducted on each trait using PROC MIXED in SAS 

version 8.2 (Littell et al., 1996; SAS Institute, 1999).  All effects in the model except the 

overall mean were considered random. The model including plants within plots for ear rot 

would not converge, so in that case we eliminated the incomplete block term to obtain 

convergence.  

Genotypic correlations between the same trait measured in different environments 

were estimated for the GEFR population (Cooper and DeLacy, 2004).  Heritabilities for 

fumonisin concentration and ear rot resistance in the GEFR population were estimated 

from the univariate mixed model analyses (Holland et al., 2003).  Heritabilities were 

estimated on a family-mean and per-plot basis for both traits.  Heritability on a per-plant 

basis was estimated for ear rot only.  

 For the purposes of comparing the experimental entries to the parental lines and 

checks, a separate mixed model analysis was done, which included parental lines and 

considered genotypes to be fixed effects (Holland et al., 2003).  Least square means of 

parents and BC1F1:2 families adjusted for set effects were obtained and the average 

standard error of a mean comparison was estimated for each trait. 

 We attempted to estimate genotypic and phenotypic correlations between 

fumonisin concentration, ear rot, and the silk dates taken in the Clayton, 2003 

environment using multivariate REML in PROC MIXED of SAS version 8.2 (Holland et 

al., 2001).  However, the multivariate REML model would not converge, so a 
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multivariate analysis of variance was performed for ear rot and fumonisin concentration 

using the MANOVA option of PROC GLM of SAS version 8.2.  This permitted 

estimation of covariances between the traits due to each effect in the model specified 

above.  In addition, linear correlations between mean fumonisin concentrations or ear rot 

scores averaged over the four disease evaluation environments with silk date measured in 

the independent environment were estimated using PROC CORR of SAS.  These 

estimate genotypic correlations because only the genotypic effects have a covariance 

between plots grown in separate environments (Casler, 1982).  The silk dates taken in the 

Clayton 2003 environment were used to determine the significance of the silk dates 

among GEFR families. 

For the NCB population, fumonisin data were square root transformed to remove 

heterogeneity of variance.  A univariate analysis was done on each trait with PROC 

MIXED in SAS version 8.2, considering all effects in the model except the overall mean 

to be random. The model used in all NCB analyses was  

Yijklm = µ + Ei + R(E)ij + B(RE)ijk + Gl + GEjl + εijkl, 

where µ = overall mean; Ei = effect of environment i; Rij = effect of replication j within 

environment i; B(RE)ijk = effect of incomplete block k within environment i and 

replication j; Gl = effect of genotype l; GEil = effect of interaction between environment i 

and genotype l; and εijl = effect of experimental error on plot containing genotype l in 

replication j and environment i. 

Genotypic correlations between the same trait measured in different environments 

were estimated for each population (Cooper and DeLacy, 1994).  Heritabilities for 
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fumonisin concentration and ear rot resistance in the NCB population were estimated 

from the univariate mixed model analyses (Holland et al., 2003). Heritabilities were 

estimated on a family-mean and per-plot basis for both traits.  Heritability on a per-plant 

basis was estimated for ear rot only.  Approximate standard errors for heritability 

estimates were estimated with the delta method as described by Holland et al. (2003). 

Genotypic and phenotypic correlations between fumonisin concentration, ear rot, 

and maturity in the NCB population were estimated using multivariate REML in PROC 

MIXED of SAS (Holland et al., 2001).  Standard errors of genotypic and phenotypic 

correlations obtained with multivariate analyses were also obtained with the delta method 

(Holland et al., 2003). 

  Relative efficiency of indirect selection in each population was obtained by 

calculating the ratio of correlated response of fumonisin concentration (CRfum) when 

selection is based on ear rot severity to direct response when selection is based on 

fumonisin concentration (Rfum).  Equal selection intensities were assumed, so that 

CRfum/Rfum = )ˆ/ˆˆ( fumrotG hhr , where Gr̂  is the estimate of genotypic correlation between 

fumonisin and ear rot and rotĥ  and fumĥ  are the square roots of the family-mean basis 

heritability estimates for rot and fumonisin, respectively (Falconer and Mackay, 1996). 
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RESULTS 

 

In the GEFR and NCB populations, entries differed significantly (P < 0.0001) for 

ear rot, fumonisin concentration, and silk date.  In the GEFR population, entry-mean rot 

scores were distributed normally (Figure 1).  The entry-mean rot scores in the NCB 

population were highly skewed towards lower rot scores (Figure 2), probably because 

both parents have good resistance to Fusarium ear rot.   In the GEFR population, entry-

mean fumonisin levels were skewed slightly towards lower fumonisin concentration 

(Figure 3).  In the NCB population, entry-means for fumonisin concentration, like the rot 

scores, were highly skewed towards lower fumonisin concentration (Figure 4).   

 In the GEFR population, GE440, the parent line that was selected on the basis of 

previous information indicating that it possessed some resistance to fumonisin 

concentration, differed significantly from the susceptible parent line, FR1064, for mean 

fumonisin concentration within and across environments (Table 1).  In the NCB 

population, however, neither ear rot nor fumonisin concentration differed significantly 

between the two parents across environments, but both lines had lower mean fumonisin 

concentrations than the check inbred B73 (Table 2).   

Evidence of transgressive segregation exists in both populations. One family in 

the GEFR population had significantly greater fumonisin concentration and one family 

had significantly greater ear rot than the susceptible parent, FR1064, across environments 

(Table 1).   In the NCB population, ear rot and fumonisin concentration levels 

significantly greater than the B104 parent were observed in 18 and 26 lines across 
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environments, respectively.  In neither population was there a family or line that had a 

significantly lower fumonisin concentration or ear rot than the more resistant parent 

across environments.  The GEFR population mean values within and across all locations 

for ear rot and fumonisin concentration were intermediate between the two parental lines, 

but closer to the FR1064 values, as expected because the population is derived from a 

backcross to FR1064 (Table 1).  In contrast, the NCB population mean ear rot and 

fumonisin concentration exceeded both parental values within and across all locations 

(Table 2).   

Fumonisin concentration was significantly affected by genotype-by-environment 

interaction (GEI) in the GEFR (P < 0.0001) and in the NCB  (P = 0.0021) populations.  

Ear rot was also significantly affected by GEI in both populations (P < 0.0001).  Despite 

the significant GEI for both disease traits in both populations, the mean genetic 

correlations of traits measured in different environments were always equal to or greater 

than 0.70.  In the GEFR population, the mean genetic correlations between a disease trait 

measured in different environments were high for both ear rot (rG = 0.70) and fumonisin 

concentration (rG = 0.79).  The mean genetic correlations between environments were 

also high in the NCB population for both ear rot (rG = 0.74) and fumonisin concentration 

(rG = 0.87). 

Further evidence of the stability of resistance is provided by the ear rot and 

fumonisin concentration values within each environment of the ten lines with lowest and 

ten lines with highest mean fumonisin concentrations across environments in each 

population (Tables 1 and 2).  In both populations and within every environment, except 
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for ear rot in the Plymouth 2003 environment for the GEFR population, the mean ear rot 

and fumonisin concentration of the ten lines with lowest mean fumonisin concentrations 

was significantly lower than the overall population means.  Similarly, the ten lines with 

highest mean fumonisin concentrations had significantly higher mean fumonisin 

concentration and ear rot values than the overall population mean within each 

environment in both populations.   

Heritabilities on an entry-mean basis were moderately-high to high for fumonisin 

concentration in both the GEFR  (h2 = 0.75, SE = 0.03) and NCB (h2 = 0.86, SE = 0.02) 

populations.  Heritability of ear rot on an entry-mean basis was moderately high in the 

GEFR population (h2 = 0.47, SE = 0.06) and high in the NCB population (h2 = 0.80, SE = 

0.03).  Heritabilities on a plot basis were much lower than entry-mean heritabilities for 

fumonisin concentration in both the GEFR  (h2 = 0.31, SE = 0.03) and NCB (h2 = 0.54, 

SE = 0.04) populations.  Heritabilities on a plot basis for ear rot were also lower in the 

GEFR  (h2 = 0.13, SE = 0.03) and NCB (h2 = 0.47, SE = 0.04) populations.  Heritabilities 

on an individual plant-basis for ear rot were h2=0.21 (SE = 0.03) in the NCB population 

and only h2=0.03 (SE = 0.01) in the GEFR population.  For both traits, corresponding 

heritability estimates were always higher in the NCB population than in the GEFR 

population. 

Genotypic and phenotypic correlations between ear rot and fumonisin 

concentration were positive and significant in both populations.  In the GEFR population, 

genotypic correlation was very high (rG = 0.96, SE = 0.07), whereas the phenotypic 

correlation was only moderate (rP = 0.40; SE = 0.03).  Genotypic correlation between 
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fumonisin concentration and silk date was not significant, and the correlation between ear 

rot and silk date was significant but low (rG = 0.18, P = 0.0099).   

In the NCB population, genotypic correlation between fumonisin concentration 

and ear rot was high (rG = 0.87, SE = 0.04) and phenotypic correlation was moderate (rP 

= 0.64, SE = 0.03).  Genotypic and phenotypic correlations between fumonisin 

concentration and silk date did not exceed twice their standard errors, so were not 

considered significant (rG = 0.20, SE = 0.11; rP = 0.10, SE = 0.06).  Genotypic and 

phenotypic correlations between ear rot and silk date were significant but low (rG = 0.28, 

SE = 0.11; rP = 0.15, SE = 0.06). 

In the GEFR population, when comparing indirect selection to direct selection, we 

predicted CRfum/Rfum = 0.76.  In the NCB population, we predicted CRfum/Rfum = 0.84.  In 

both populations, direct selection is expected to be more effective than indirect selection 

because CRfum/Rfum ≤ 1. 
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DISCUSSION 

 

The component of the G × E interaction that complicates selection in different 

environments is the change in rank of genotypes.  By calculating the genetic correlation 

of a single trait measured in different environments (Cooper and DeLacy, 1994), we were 

able to estimate the importance of genotypic rank changes across environments for ear rot 

and fumonisin concentration.  The high genetic correlations across environments in both 

populations indicated that the significant G × E effects were primarily due to 

heterogeneity of genotypic variance, rather than a lack of correlation of genotype 

performance, in the different environments.  Therefore, genotype means across 

environments are presented, and significant differences among genotypic means across 

environments were observed (Tables 1 and 2).   

The estimates of heritability on an entry-mean basis provided further evidence of 

the greater importance of genetic effects in the estimation of family means across 

environments.  Heritability estimated on an entry-mean basis is relevant to predicting 

selection among families based on their mean phenotypes using the same experimental 

design as was used for heritability estimation.  Although the heritability estimates on 

individual plant-bases (for ear rot) and on individual plot-bases for both traits were very 

low to moderate, our results suggest that with adequate replication within and across 

environments, estimates of family means that are influenced primarily by genetic effects 

can be obtained.  These heritability estimates suggest that ear rot and fumonisin 

contamination resistance should respond well to selection using family means. 
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  Heritability estimated on an individual plant-basis indicates the extent to which 

selection among individual plants will result in genetic gain.  Heritability on an individual 

plant basis was almost zero in the GEFR population, but substantially greater (0.21) in 

the NCB population.  This is likely because the NCB population is composed of inbred 

lines, whereas the GEFR population is composed of early generation segregating 

families.  Therefore, plant-to-plant genetic and environmental variation within early 

generation families may be sufficiently large to make selection among individual plants 

unreliable.  Even the heritabilities for ear rot and fumonisin on a plot-basis were 

relatively low in the GEFR population, suggesting that replicated, multi-environment 

trials will be substantially more effective at identifying superior families than 

unreplicated progeny rows. 

In the NCB population, genetic variance for ear rot resistance and fumonisin 

concentration is due to additive effects only, since families are composed of inbred lines.  

Therefore, the estimate of heritability from this population is appropriate for predicting 

gain from selection among RILs.  The estimate of heritability from the GEFR population 

is also appropriate for predicting response to selection among BC1F1:2 families, in the 

absence of epistasis.  This is surprising, because the families are not highly inbred.  

Dominance variance contributes to the genotypic variance, but it turns out that the 

deviations of BC1F1:2 families from the mean of their population, which is not a Hardy-

Weinberg population, are directly proportional to deviations of their random-mated 

progeny from the mean of the resulting Hardy-Weinberg population (derivation not 

shown). Therefore, the ratio of the genotypic variance among BC1F1:2 families to the 
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phenotypic variance of family means is an appropriate estimate of heritability for 

predicting response to selection (Holland et al., 2003). 

Due to the silk dates being significantly different among genotypes in the GEFR 

and NCB populations and the small but significant positive correlation only between silk 

date and ear rot in the both populations, it seems that maturity plays a real but minor role 

in ear rot resistance.  This suggests that the severity of ear rot symptoms depends, in part, 

on the developmental stage of plants when ears are infected with Fusarium spp.  

Alternatively, such a correlation also could arise due to linkage between resistance genes 

and flowering genes.  Since the correlation between ear rot and silking date was positive, 

the later a plant flowered, the more likely the ear would display rot symptoms.   

Genotypic correlation was greater than phenotypic correlation between ear rot and 

fumonisin concentration in both populations, indicating that genotypic effects on 

susceptibility to ear rot and fumonisin concentration are highly correlated, but that 

genotype-by-environment and error effects are not as highly correlated between the two 

traits.  This suggests that the genetically controlled mechanisms of resistance to these two 

aspects of disease are largely the same, and that selection for ear rot should affect 

fumonisin concentration and vice versa.  The GEFR population had a lower phenotypic 

correlation between ear rot and fumonisin concentration than the NCB population.  This 

was probably a result of evaluating the GEFR population in more diverse environments 

(North Carolina and Illinois), and having greater within-plot variation due to genetic 

segregation within families.  Although primary ears on all plants were injected with the 

same quantity of inoculum, there is a large environmental effect on Fusarium infection 



 51

and symptom development.  This can be illustrated by differences in mean rot scores and 

fumonisin concentrations between the North Carolina location (mean ear rot 45%; mean 

back-transformed fumonisin concentration 36.6 ppm) and the Illinois location (mean ear 

rot 7%; mean back-transformed fumonisin concentration 10.0 ppm) in the 2002 GEFR 

population study.   

Genotypic and phenotypic relationships between fumonisin concentration and ear 

rot can be observed in scatter diagrams of the two traits measured on individual plots 

within each population (Figures 5 and 6).  In general, the trend of simultaneously 

increasing ear rot and fumonisin concentration is obvious, but outliers can be observed in 

the bottom right-hand corners of each plot. These outliers represent individual plots that 

had severe ear rot but low fumonisin concentrations.  In some severely rotted ears, much 

of the kernel tissue was so badly destroyed that it did not contribute to the ground grain 

sample.  Conversely, outliers also were observed in the upper left-hand corners of both 

diagrams. These outliers represent plots with low ear rot but high fumonisin 

concentrations.  This supports the suggestion of Munkvold and Desjardins (1997) that 

fumonisin can accumulate in kernels with minimal ear rot.   

High genotypic correlation between the two traits suggests that those genotypes 

that are most resistant to ear rot will, on average, across replications and environments, 

tend to be the same genotypes that are most resistant to fumonisin contamination.  Thus, 

from a breeder’s point of view, selecting against ear rot may be a useful strategy for 

selecting genotypes with less genetic susceptibility to high fumonisin concentration.  In 

the NCB population (Figure 5), if selection is made for lines with individual plot ear rot 
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severity less than 20%, 95% of these plots would have represented the ten lines with the 

lowest fumonisin concentrations.  Or if ten lines with least mean fumonisin 

concentrations were selected, only 5% of their individual plots would have fumonisin 

concentrations greater than 4 ppm (Figure 5).  Since families in the GEFR population are 

segregating, the families with the least ear rot or least mean fumonisin concentration 

could have high fumonisin concentrations in some individual plots (Figure 6).  Within-

family segregation for resistance could have lowered the heritability of both traits, 

because data were collected on a plot basis and a few susceptible plants within a plot can 

make the entire plot more susceptible.  

In both populations predicted correlated response on fumonisin concentration 

when selection is based on low ear rot severity was lower than the predicted response to 

direct selection for low fumonisin concentration.  However, this calculation does not 

represent relative economic efficiency of indirect selection.  Fumonisin assays are 

expensive, time-consuming, and destructive, and it is not practical or cost-efficient to 

perform evaluation on individual ears.  Although heritability for ear rot was lower than 

heritability for fumonisin concentration estimated with a bioassay, a trained researcher 

can easily and rapidly visually select families and individual plants with low ear rot.  

Since phenotyping ear rot is less costly and time consuming that performing laboratory 

analysis of fumonisin concentration, greater numbers of genotypes and greater numbers 

of replications of experiments can be screened.   This should lead to greater selection 

intensity and perhaps higher entry-mean basis heritability for ear rot for a fixed 

investment of resources.  Nevertheless, later-generation lines selected for reduced ear rot 
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should be evaluated for low fumonisin concentration directly to verify that resistance has 

been identified.  In conclusion, moderate to high heritabilities and strong genetic 

correlations suggest that selection for resistance to ear rot should result in lines with 

greater resistance to fumonisin contamination in grain.   
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Table 1.  Mean natural log transformed fumonisin concentration and ear rot (rot) of BC1S1 families with greatest  
environments and across replications within environments.     
                 

 
Across 

Env   
MTO†  

2002   
URB 
2002   

CLY 
2003   

PLY 
2003  

               
     Fum Rot  Fum Rot  Fum Rot  Fum Rot  Fum Rot
  ppm    %  ppm    %  ppm    %  ppm    %    ppm   % 
  
Families with least fumonisin concentration averaged over all environments 
  
397-8        0.4(1.5‡) <1 0.9(2.5) 14 0.8(2.2) 2 0.1(1.1) 3 -0.1(0.9) 3
399-3 1.2(3.3) 3 2.7(14.9) 20 1.4(4.1) 4 0.7(2.0) 1 2.5(12.2) 8
400-9 1.2(3.3) 17 2.4(11.0) 71 1.5(4.5) 7 0.4(1.5) 5 0.8(2.2) 7
397-10 1.2(3.3) 7 3.1(22.2) 37 1.0(2.7) 4 1.1(3.0) 4 0.2(1.2) 5
412-13 1.3(3.7) 21 1.8(6.0) 22 1.5(4.5) 2 0.0(1.0) 1 1.4(4.1) 53
396-14 1.3(3.7) 11 3.4(30.0) 55 0.9(2.5) 2 -0.3(0.7) 3 1.4(4.1) 4
402-3 1.4(4.1) 8 2.3(10.0) 20 0.3(1.3) 1 1.2(3.3) 1 2.1(8.2) 5
399-13 1.4(4.1) 2 2.2(9.0) 17 2.5(12.2) 6 1.8(6.0) 2 -0.4(0.7) 6
400-3 1.4(4.1) 7 3.4(30.0) 39 1.2(3.3) 2 0.5(1.6) 2 1.1(3.0) 5
399-1 1.5(4.5) 6 2.7(14.9) 36 2.1(8.2) 7 0.8(2.2) 1 0.8(2.2) 1
  
Mean of ten families 
with least fumonisin 

1.2 (3.3) 9 2.5(12.2) 33 1.3(3.7) 4 0.6(1.8) 2 1.0(2.7) 10
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Table 1 (continued) 
 
Families with greatest fumonisin concentration averaged over all environments 
  
402-10   3.4(30.0) 25 3.7(40.4) 67 3.6(36.6) 9 2.8(16.4) 3 3.7(40.4) 13
405-1 3.5(33.1) 23    4.8(121.5) 56 3.3(27.1) 8 3.3(27.1) 12 2.9(18.2) 8
402-11 3.5(33.1) 30     4.1(60.3) 53 2.8(16.4) 10 3.2(24.5) 9 4.1(60.3) 42
401-6 3.5(33.1) 27     4.3(73.7) 67 3.8(44.7) 14 3.3(27.1) 21 3.2(24.5) 29
397-13 3.5(33.1) 22      4.3(73.7) 57 3.8(44.7) 14 4.0(54.6) 30 2.4(11.0) 12
403-11 3.5(33.1) 19     4.2(66.7) 39 3.5(33.1) 7 3.7(40.4) 19 3.4(30.0) 10
399-7 3.6(36.6) 23     4.3(73.7) 51 3.5(33.1) 16 3.5(33.1) 15 3.4(30.0) 30
410-4 3.6(36.6) 36     4.3(73.7) 94 3.0(20.1) 11 2.6(13.5) 6 3.9(49.4) 16
413-5 3.7(40.4) 26 4.2(66.7) 50 3.4(30.0) 12 3.2(24.5) 7 3.7(40.4) 21
413-7 4.2(66.7) 32 3.9(49.4) 46 4.8(122.0) 20 3.5(33.1) 19 4.1(60.3) 28
  
Mean of ten families 
with greatest 
fumonisin 

3.6(36.6) 26 4.2 (66.7) 58 3.6 (36.6) 12 3.3(27.1) 14 3.5(33.1) 21

  
Mean of GEFR 
population 2.5(12.2) 18 3.6(36.6) 45 2.3(10.0) 7 2.0(7.4) 7 2.2(9.0) 14
  
Parental lines and 
checks  
  
GE440 0.8(2.2) 11 - - - - 0.5(1.6) 2 0.1(1.1) 4
FR1064 3.3(27.1) 22 - - - - 2.5(12.2) 8 3.4(30.0) 22
B73 4.2(66.7) 41 - - - - 3.8(44.7) 37 3.7(40.4) 31
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Table 1 (continued) 
 
K55 3.0(20.1) 38 - -

 
 

- - 3.1(22.2) 29 2.0(7.4) 31
Mo17     2.0(7.4) 31 - - - - 0.5(1.6) 9 2.7(14.9) 38
NC300 1.2(3.3) 16 - - - - 0.5(1.6) 5 1.1(3.0) 11
NC390 2.1(9.0) 20 - - - - 1.5(4.5) 12 1.8(6.0) 13
NC402 3.3(27.1) 36 - - - - 3.1(22.2) 28 2.6(13.5) 29
Va35 2.4(11.0) 27 - - - - 1.4(4.1) 8 2.6(13.5) 31
  
LSD-1 (0.05)§ 0.9(NA¶) 13 1.1(NA) 26 1.4(NA) 7 1.6(NA) 15 1.7(NA) 26

LSD-2 (0.05)# 0.2(NA¶) 3  0.3(NA) 6  0.3(NA) 2  0.4(NA) 3  0.4(NA)    6 
  
† MTO= Mt. Olive, NC; URB=Urbana, IL; CLY=Clayton, NC; and PLY=Plymouth, NC. 
  
‡ Values in parentheses represent means back-transformed to approximate their original value of parts per million. 
  
§ LSD-1 is appropriate to compare a pair of entry (family or check) means. 
  
¶ Not applicable.  
  
# LSD-2 is appropriate to compare the mean of ten families to the overall population mean. 
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Table 2.  Mean square root transformed fumonisin concentration and ear rot of RILs with greatest and least fumonisin 
concentrations, checks, and parents in the NCB population, averaged across replications within environments. 
               

 
  Across Env     CLY† 2002     CLY 2003     PLY 2003  
            
         Fumonisin Rot  Fumonisin Rot  Fumonisin Rot  Fumonisin Rot 
           ppm    %          ppm    

% 
         ppm   %          ppm    % 

    
Lines with least fumonisin concentrations averaged over all environments      
   
RIL 41        0.5 (0.3‡) 3 0.9 (0.8) 5  0.4 (0.2) 2 0.3 (0.1) 1
RIL 135 0.8 (0.6) 5 0.6 (0.4) 3  0.5 (0.3) 3 1.3 (1.7) 8
RIL 73 0.9 (0.8) 4 0.5 (0.3) 4  1.0 (1.0) 2 1.4 (2.0) 7
RIL 42 1.0 (1.0) 11 - -  1.3 (1.7) 4 1.2 (1.4) 16
RIL 137 1.0 (1.0) 8 0.9 (0.8) 5  0.7 (0.5) 3 1.3 (1.7) 17
RIL 120 1.0 (1.0) 8 0.5 (0.3) 5  1.1 (1.2) 5 1.5 (2.3) 14
RIL 68 1.1 (1.2) 3 1.0 (1.0) 5  0.8 (0.6) 2 1.5 (2.3) 2
RIL 118 1.1 (1.2) 8 0.4 (0.2) 5  1.6 (2.6) 6 1.4 (2.0) 11
RIL 1 1.2 (1.4) 5 1.0 (1.0) 5  0.7 (0.5) 2 1.8 (3.2) 8
RIL 5 1.2 (1.4) 6 0.8 (0.6) 5  1.7 (2.9) 6 1.0 (1.0) 6
   
Mean of ten lines with least 
fumonisin 

1.0 (1.0) 6 0.7 (0.5) 5  1.0 (1.0) 4 1.3 (1.7) 9

Lines with greatest fumonisin concentrations averaged over all environments 
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Table 2 (continued)  

RIL 91 4.8 (23.0) 26 6.8 (46.2) 26 

 

2.7 (7.3) 6 4.4 (19.4) 45
RIL 126 5.2 (27.0) 26 6.2 (38.4) 31  2.8 (7.8) 9 6.6 (43.6) 36
RIL 65 5.4 (29.2) 31 6.7 (44.9) 30  3.9 (15.2) 15 5.6 (31.4) 49
RIL 113 5.5 (30.3) 67 8.0 (64.0) 92  3.2 (10.2) 32 6.6 (43.6) 85
RIL 139 5.8 (33.6) 49 6.9 (47.6) 75  5.4 (29.2) 36 5.2 (27.0) 37
RIL 117 5.9 (34.8) 24 5.2 (27.0) 35  4.8 (23.0) 19 7.9 (62.4) 18
RIL 80 6.6 (43.6) 24 9.0 (81.0) 37  6.5 (42.3) 20 4.3 (18.5) 15
RIL 57 7.6 (57.8) 30 7.2 (51.8) 31  - - - -
RIL 105 7.7 (59.3) 59 8.4 (70.6) 82  8.0 (64.0) 60 6.9 (47.6) 36
RIL 64 9.7 (94.1) 82 - -  10.1(102.0) 76 9.8 (96.0) 85
   
Mean of ten lines with 
greatest fumonisin 

6.4 (41.0) 42 7.2 (51.8) 49  5.3 (28.1) 30 6.4 (41.0) 45

   
Mean of NCB population 2.6 (6.8) 16 2.1 (4.4) 17  2.2 (4.8) 12 3.3 (10.9) 19

   
Parental Lines and Checks   
   
NC300 0.9 (0.8) 5 1.3 (1.7) 6  1.0 (1.0) 6 1.5 (2.3) 5
B104 2.0 (4.0) 13 0.2 (0.0) 10  2.0 (4.0) 12 2.8 (7.8) 17
B73 3.8 (14.4) 21 - -  3.5 (12.3) 7 4.6 (21.2) 33
   
LSD-1 (0.05)§ 1.4 (NA¶) 13 2.2 (NA) 20  2.0 (NA) 17 2.3 (NA) 19
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Table 2 (continued) 
 

  

LSD-2 (0.05)# 0.5 (NA¶) 4  0.5 (NA) 5   0.5 (NA) 4  0.5 (NA) 4
    
† CLY=Clayton, NC and PLY=Plymouth, 
NC. 

  

            
‡ Values in parentheses represent means back-transformed to approximate their original value of parts per million. 
   
§ LSD-1 is appropriate to compare a pair of entry (line or check) means. 
   
¶ Not applicable.    
   
# LSD-2 is appropriate to compare the mean of ten lines to the overall population mean. 
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Figure 1. Distribution of Fusarium ear rot among GEFR families.  Values represent entry-

means across all environments.  Parent line GE440 is represented by the letter a, and 

parent line FR1064 is represented by the letter b. 
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Figure 2. Distribution of Fusarium ear rot among NCB RILs.  Values represent entry-

means across all environments.  Parent line NC300 is represented by the letter c, and 

parent line B104 is represented by the letter d. 
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Figure 3. Distribution of fumonisin concentration among GEFR families.   Values 

represent back-transformed entry-means across all environments.  Parent line GE440 is 

represented by the letter a, and parent line FR1064 is represented by the letter b. 

 

 

 

 

 

 

 

 

 

 

 

0

0.05

0.1

0.15

0.2

0.25

0.3

0-
5

6-
10

11
-1

5

16
-2

0

21
-2

5

26
-3

0

31
-3

5

36
-4

0

41
-4

5

46
-5

0

51
-5

5

56
-6

0

61
-6

5

66
-7

0

Fumonisin (back-transformed to ppm)

Fa
m

ili
es

 (%
)

 a  b



 70

 

 

 

 

 

 

 

 

Figure 4. Distribution of fumonisin concentration among NCB RILs.   Values represent 

back-transformed entry-means across all environments.  Parent line NC300 is represented 

by the letter c, and parent line B104 is represented by the letter d. 
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Figure 5.  Scatter diagram of individual plot values of Fusarium ear rot and transformed fumonisin concentration in the NCB 

population in 2002 and 2003.  The darker points indicate the ten RILs with the lowest entry-mean fumonisin concentration 

over all environments.  Fumonisin (concentration) represents square root transformed data and fumonisin (ppm) represents 

back-transformed data. 
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Figure 6.  Scatter diagram of individual plot values of Fusarium ear rot and transformed fumonisin concentration in the GEFR 

population in 2002 and 2003.  The darker points indicate the ten families with the lowest entry-mean fumonisin concentration 

over all environments.  Fumonisin (concentration) represents natural log transformed data and fumonisin (ppm) represents 

back-transformed data. 
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Erratum for “Heritabilities and Correlations of Fusarium Ear Rot Resistance and 
Fumonisin Contamination Resistance in Two Maize Populations: 
 
46: 353-361 (2006) 
 
Due to a calculation error, the estimates of heritability for fumonisin concentration and 
Fusarium ear rot in the NC300 x B104 recombinant inbred population have changed.  
The heritability on an entry mean basis is now 0.88 (SE = 0.03) for fumonisin 
concentration and 0.86 (SE = 0.03) for ear rot.  The heritability on a plot basis is now 
0.58 (SE = 0.06) for fumonisin concentration and 0.55 (SE = 0.07) for ear rot.  The 
heritability on an individual plant basis is now 0.22 (SE = 0.03).  The change in the entry 
mean heritability estimate changed the relative efficiency of indirect selection to 0.85.  
All of the new estimates are higher than the original estimates reported, and the changes 
do not affect our interpretation of the data. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 76

QTL mapping for Fusarium ear rot and fumonisin contamination resistance in two 

maize populations 

 

Leilani A. Robertson-Hoyt, Michael P. Jines, Peter J. Balint-Kurti, Craig E. 

Kleinschmidt, Don G. White, Gary A. Payne, Chris M. Maragos, Terence L. Molnár, and 

James B. Holland* 

 

L. A. Robertson-Hoyt, Department of Plant Pathology and Department of Crop Science, 
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Kurti USDA-ARS, Plant Science Research Unit, Department of Plant Pathology, North 

Carolina State University, Raleigh, NC  27695-7616; C. E. Kleinschmidt and D. G. 

White, Department of Crop Sciences, University of Illinois, Urbana-Champaign, IL  

61801; G. A. Payne, Department of Plant Pathology, North Carolina State University, 

Raleigh, NC  27695-7567; C.M. Maragos, USDA-ARS National Center for Agricultural 

Utilization Research, 1815 N University St., Peoria, IL, 61604; T.L. Molnár, Pioneer 

Génétique, Pacé, France; J.B. Holland, USDA-ARS, Plant Science Research Unit, 

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

*Corresponding author (james_holland@ncsu.edu). 
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ABSTRACT 

 

Fusarium verticillioides (Sacc.) Nirenberg and F. proliferatum (Matsushima) 

Nirenberg are fungal pathogens of maize (Zea mays L.) that cause ear rot and 

contaminate grain with fumonisins, mycotoxins that can harm animals and humans. The 

objective of this study was to identify quantitative trait loci (QTL) for resistance to 

Fusarium ear rot and fumonisin contamination in two maize populations, comprised of 

213 BC1F1:2 families from the first backcross of GE440 to FR1064 (GEFR) and 143 

recombinant inbred lines from the cross of NC300 to B104 (NCB). QTL mapping was 

used to study the genetic relationships between resistances to ear rot and fumonisin 

contamination and to investigate consistency of QTL across populations. In the GEFR 

population, seven QTL explained 47% of the phenotypic variation for mean ear rot 

resistance and nine QTL with one epistatic interaction explained 67% of the variation for 

mean fumonisin concentration. In the NCB population, five QTL explained 31% of the 

phenotypic variation for mean ear rot resistance and six QTL and three epistatic 

interactions explained 81% of the phenotypic variation for mean fumonisin 

concentration. Eight QTL in the GEFR population and five QTL in the NCB population 

affected both disease traits. At least three ear rot and two fumonisin contamination 

resistance QTL mapped to similar positions in the two populations. Two QTL, localized 

to chromosomes four and five, appeared to be consistent for both traits across both 

populations. 
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Abbreviations: ELISA, Enzyme-linked immunosorbant assay; GEFR, (GE440 x FR1064) 

x FR1064; GEI, genotype-by-environment interaction; NCB, NC300 x B104; QTL, 

quantitative trait locus; RIL, Recombinant inbred lines. 
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INTRODUCTION 

 

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

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

(teleomorph: G. intermedia) cause Fusarium ear rot of maize and contaminate the grain 

with fumonisins, a family of mycotoxins that affects animals and human health 

(Munkvold and Desjardins, 1997).  These toxins are of increasing concern due to 

mounting evidence of their involvement in a number of human and animal diseases.  

These diseases include esophageal cancer (Gelderblom et al., 1988, Rheeder et al., 1992) 

and neural tube birth defects (Hendricks, 1999) in humans, and Equine 

Leukoencephalomalacia (Ross et al., 1992) and Porcine Pulmonary Edema (Colvin and 

Harrison, 1992) in animals.  The FDA has published a Guidance for Industry that 

suggests limiting fumonisin concentrations to between 2 and 4 parts per million (ppm) for 

corn flour and other milled corn products used for human consumption (CFSAN, 

2001a,b).  

 Quantitative genetic variation exists for resistance to Fusarium ear rot and 

fumonisin contamination among  genotypes (Clements et al., 2004; Robertson et al., 

2006) and both disease traits have moderate to high entry mean heritabilities (Robertson 

et al., 2006; Table 1).  Therefore, we expect that phenotypic selection for improved 

resistance should be effective.  However, practical difficulties complicate phenotypic 

selection for these traits. For example, although many diseases can be evaluated on 

juvenile plants or before flowering, ear rots and mycotoxin concentrations can only be 
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evaluated on grain produced by mature plants.  Also, whereas most polycyclic leaf 

diseases in maize can be reliably induced either by planting in a disease-prone location or 

by dropping sorghum grains colonized with fungi into juvenile plant whorls (Carson et 

al., 2004), two inoculations into ears with calibrated concentrations of liquid spore 

suspensions are often needed to obtain consistent Fusarium ear rot ratings (Clements et 

al., 2003a).  Similarly, whereas relatively fast and simple visual ratings can be used to 

accurately assess resistance to many plant diseases, evaluation of fumonisin 

contamination resistance requires time consuming and expensive toxin assays on 

precisely ground and weighed grain samples.  Finally, whereas some diseases can be 

reliably evaluated in greenhouses and off-season nurseries, Fusarium ear rot and 

fumonisin contamination appear to be strongly affected by environmental factors, 

restricting their evaluation to target environments that are conducive to disease and 

mycotoxin accumulation (Shelby et al., 1994).  Given the difficulties of phenotypically 

evaluating Fusarium ear rot and mycotoxin contamination, the availability of PCR-based 

DNA markers linked to genes with at least moderate effects on resistance could permit 

more efficient selection strategies based on marker genotyping (Holland, 2004; 

Robertson et al., 2005).  

The effectiveness of marker-assisted selection for quantitative traits depends on 

the accuracy of quantitative trait locus (QTL) position and effect estimates (Holland, 

2004). Detecting QTLs and accurately estimating their effects are more difficult for traits 

of lower heritability (Beavis, 1998).  Pérez-Brito et al. (2001) demonstrated that 

resistance to Fusarium ear rot in two tropical maize populations is polygenic with 
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relatively low heritability.  They concluded that because many genes, each with small 

effects, conferred ear rot resistance, and that QTLs for resistance were not consistent 

across populations, marker-assisted selection for Fusarium ear rot resistance was not 

likely feasible (Pérez-Brito et al., 2001).  Robertson et al. (2006) found moderate to high 

entry mean heritabilities for fumonisin concentration in two populations of maize, 

comprised of 213 BC1F1:2 families from the first backcross of GE440 to FR1064 (GEFR) 

and 143 recombinant inbred lines from the cross NC300 × B104 (NCB) (Table 1).  These 

heritabilities were greater than those reported by Pérez-Brito et al. (2001; h2 = 0.26 to 

0.42); therefore, we expect greater power to detect QTLs for Fusarium ear rot and 

fumonisin contamination resistance and accurately estimate their effects in the GEFR and 

NCB populations. Entry-mean heritabilities can be increased by reducing experimental 

error or by increasing the number of environments in which populations are evaluated 

(Holland et al., 2003). Entry mean heritabilities may have been higher in the study of 

Robertson et al. (2006) than in Pérez-Brito et al. (2001) in part because Robertson et al. 

(2006) used two artificial inoculations per plant and three to four evaluation 

environments compared to one inoculation per plant and two testing environments used 

by Pérez-Brito et al. (2001).  

In addition to providing the opportunity to conduct marker-assisted selection, 

QTL mapping provides a powerful method to understand the genetic relationships 

between correlated traits. Although phenotypic correlations between Fusarium ear rot and 

fumonisin concentration tend to be low to moderate (Clements et al., 2003b; Clements et 

al., 2004) and fumonisin can accumulate to high levels in symptomless or only slightly 
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rotted grain (Bacon and Hinton, 1996; Munkvold and Desjardins, 1997; Clements et al., 

2004), Robertson et al. (2006) reported high genotypic correlations between Fusarium ear 

rot and fumonisin concentration (Table 1).  These high genotypic correlations suggest 

that although Fusarium ear rot and fumonisin concentration are not highly phenotypically 

correlated, genotypes with greater potential to resist ear rot also tend to have greater 

potential to avoid contamination by fumonisin.  Further, it suggests that the genetic 

components of resistance are largely the same for the two traits (Robertson et al., 2006).  

 The objectives of this project were to identify QTLs for resistance to Fusarium ear 

rot and fumonisin contamination in two maize populations, to evaluate the consistency of 

QTL positions across populations and environments, and to evaluate the extent to which 

QTLs for ear rot resistance had pleiotropic effects on fumonisin contamination.   

 

MATERIALS AND METHODS 

 

Population Development 
 

GE440 and NC300 were identified in preliminary studies as potential sources for 

resistance to Fusarium ear and kernel rot and low fumonisin contamination (Clements et 

al., 2001; Robertson et al., 2006).  Two segregating populations, derived from the crosses 

GE440 × FR1064 and NC300 × B104, were created.  Resistant inbred GE440 (derived 

from the open-pollinated variety Hastings Prolific) was crossed and backcrossed once to 

the susceptible inbred FR1064 (an improved B73 type), and BC1F1 plants were self-

pollinated to form 213 BC1F1:2 families.  This population will be referred to as the GEFR 
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population.  A second population was formed by crossing inbred NC300 (derived from 

the tropical hybrids Pioneer X105A, Pioneer X306B, and H5; Senior et al., 1998) to 

inbred B104 (derived from the BS13 strain of Iowa Stiff Stalk Synthetic; Hallauer et al., 

1997).  A random sample of F2 plants from this cross were self-pollinated to form F2:3 

families. F2:3 families were grown ear-to-row, and a single self-fertilized ear was 

harvested from each row without selection.  This procedure was repeated until 143 F6-

derived recombinant inbred lines (RILs) were developed.  F7 or F8 generation seeds were 

used in this study to represent the RILs.  This population will be referred to as the NCB 

population. 

 

GEFR Population Evaluation 

In 2002, the GEFR population was grown at two locations, Mt. Olive, NC and 

Urbana, IL.  The experiment was planted in a randomized complete block design with 

two replications at each location.  Plots consisted of single-rows containing individual 

BC1F1:2 families.  In 2003, the GEFR population was grown at two locations, Clayton, 

NC and Plymouth, NC, with single-row plots of each BC1F1:2 family replicated twice at 

each location.  The treatment design in 2003 was a replication within sets design, wherein 

each BC1F1:2  family was randomly assigned to one of three sets.  Each set also contained 

the two parent lines and seven check lines (B73, Mo17, K55, NC300, NC390, NC402, 

and Va35).  The experimental design for each set was an 8 ×10 α-lattice with two 

replications at each location.  Sets were planted in adjacent plots at each location.  At all 
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locations, plots were 3.05 m in length with 0.91 m between plots, and were overplanted 

and thinned to approximately 20 plants. 

 

NCB Population Evaluation 

In 2002, the NCB population was grown at Clayton, NC with single row plots of 

each RIL in a randomized complete block design replicated twice.  Each complete block 

also contained the two parent lines.  In the summer of 2003, the population was grown at 

two locations, Clayton, NC and Plymouth, NC.  The NCB population plus the two parent 

lines and the check inbred B73 were evaluated using a 12 × 12 lattice design with two 

replications at each location.  At both locations, plots were 3.05 m in length with 0.91 m 

between plots.  Plots were overplanted and thinned to approximately 20 plants. 

 

Artificial Inoculation Techniques 

In order to represent the heterogeneity of pathogen species in the natural 

environment, we inoculated ears with three isolates each of F. verticillioides and F. 

proliferatum (Clements et al., 2003a).  Fusarium verticillioides isolates ISU95082, 

ISU94445, and ISU94040 and F. proliferatum isolates 310, 37-2, and 19 were removed   

from glycerol storage at –80°C and cultured separately on potato dextrose agar.  

Inoculum was prepared by washing conidia from the cultures with 0.05% Triton X-100 

(Fisher Biotech, Fairlawn, NJ) and diluting the resulting conidial suspension of the six 

isolates to a final concentration to approximately 1 ×106 conidia ml-1 in water.   
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At each inoculation, the primary ear of each plant was inoculated with 10 ml of 

inoculum.  In order to reduce the chance of escapes, two inoculations, one week apart, 

were performed on primary ears of all plants in each plot, except for the NCB population 

in 2002, where only 12 plants were inoculated per plot.  Silk channel inoculation 

(injecting inoculum into the silk channel while the silks are fresh) was performed 

approximately ten days after mean silking date for each experiment within each location, 

and direct ear inoculation (injecting inoculum directly through the husk onto the ear) was 

performed seven days later (Clements et al., 2003a). 

 

Phenotypic Data Collection   

When all plants had reached physiological maturity, primary ears were hand-

harvested and air-dried to approximately 14% moisture.  After drying, ears were rated by 

visually identifying the percentage of kernels exhibiting visible Fusarium ear rot 

symptoms on each inoculated ear.  Ear rot ratings were estimated in 5% increments.  The 

grain from all inoculated ears within a plot was then shelled, bulked and ground to a fine 

particle size using a Romer mill (Series II Mill, Romer Labs Inc., Union, MO).  The 

fumonisin concentration was obtained from 25g of ground grain from each plot, which 

was evaluated in triplicate using enzyme linked immunosorbant assay (ELISA) 

(Clements et al., 2003a).  One family in the GEFR population and four lines in the NCB 

population were mostly barren in all environments, preventing measurement of ear rot or 

fumonisin concentration in those lines.   
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Genotyping and Linkage Map Construction 
 
 For the GEFR population, young leaves from eight plants per family and per 

parent line were sampled for DNA extraction, and for the NCB population, four plants 

per RIL and parental line were sampled for extraction.  In the NCB population, 142 of the 

143 lines were genotyped.  DNA extractions were performed using DNeasy Plant Mini 

Kit system (Qiagen, Inc., Valencia, CA).  Simple sequence repeat (SSR) primers were 

selected for screening in both populations using consensus map information from the 

Maize Genetics and Genomics Database (www.maizedgb.org) to reference location of 

marker loci.  Parental lines in both populations were screened with SSR primers to 

identify polymorphisms (Senior et al., 1998).  Polymerase chain reaction (PCR) products 

were separated by electrophoresis in 4% SFR agarose gels (Amresco, Solon, OH) and 

visualized by staining gels with 0.05% ethidium bromide and exposing them to 

ultraviolet light.   

 Locus orders and recombination frequencies were estimated using multipoint 

mapping in MapmakerEXP (Whitehead Institute, Cambridge, MA).  Recombination 

frequencies were then transformed to centiMorgans (cM) using Haldane’s mapping 

function in MapmakerEXP.  Segregation distortion was tested with chi-square tests using 

Windows QTL Cartographer version 2.5 (Wang et al., 2005 ).  

 

Statistical Analyses  

 Details of the statistical analysis to obtain line means for subsequent QTL analysis 

were given by Robertson et al. (2006).  Briefly, fumonisin data on the GEFR population 
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were natural log transformed and fumonisin data on the NCB population were square root 

transformed to remove heterogeneity of variance.  Genotype least square means across 

environments and across the two common environments were estimated for each trait 

within each population using a single mixed models analysis in PROC MIXED of SAS 

version 8.2 (Littell et al., 1996; SAS Institute, 1999).  For these analyses, genotypes were 

considered fixed effects and all other effects (environments, replications, incomplete 

blocks, sets, and genotype-by-environment interactions) were considered random.  

Heritabilities across environments and across the two common environments were 

estimated for each trait each population on an entry-mean basis from the univariate mixed 

model analyses (Holland et al., 2003).  For these analyses, all effects were considered 

random.   

 

QTL Detection and Estimation  

 Composite interval mapping (CIM) was implemented in Windows QTL 

Cartographer version 2.5 to provide initial models for the multiple interval mapping 

procedure (MIM).   For CIM, the forward regression method was used for cofactor 

selection and a 10 cM window size was used for the genome scans.  The threshold LOD 

score to declare significance at α = 0.05 was estimated empirically with 300 permutations 

(Churchill and Doerge, 1994).  QTL analysis was performed for each trait within the two 

common environments and across all environments. 

QTL peak positions from the CIM analysis (with a LOD threshold value of 2.0 

and minimum 5 cM minimum between QTLs) were used as the initial models for 
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multiple interval mapping (MIM) in Windows QTL Cartographer 2.5.  MIM models were 

created and tested in an iterative, stepwise fashion, searching for new QTLs to add to the 

current model, and testing their significance after each search cycle.  New models were 

accepted if they decreased the Bayesian Information Criterion (BIC) (Piepho and Gauch, 

2001.) The BIC favors models with higher likelihoods, but includes a penalty for each 

additional parameter added to the model, to help prevent overfitting the models. After no 

additional QTLs could be added to a model according to the BIC, each pair of QTLs in 

the model was tested for epistatic interactions. Epistatic interactions were maintained in 

the model if they decreased the BIC.  While deriving the model using multiple interval 

mapping, we were mindful not to overfit the model such that the proportion of total 

variation due to QTLs exceeded the heritability, which can occur even when BIC is used 

as a model selection criterion. If this occurred, the QTLs associated with the smallest 

amount of variation was dropped from the model and the remaining QTL effects were re-

estimated.  This process continued until we obtained a model that explained a proportion 

of the phenotypic variance that was equal to or less than the heritable proportion of 

phenotypic variance. 

When no additional QTL main effects could be added to the model, the model 

with minimum BIC was chosen and QTL effects were simultaneously estimated using the 

“summary” option.   The proportion of phenoptyic variation explained by each QTL was 

estimated from the simultaneous fitting of QTL positions in the final model by Windows 

QTL Cartographer.  Genetic variability explained by QTLs mapped for each trait was 
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calculated as the total phenotypic variation explained by QTLs combined divided by the 

entry mean heritability of the trait. 

QTL main and epistatic effects for fumonisin concentration were estimated using 

natural log transformed (GEFR population) or square root transformed (NCB population) 

data.  To report QTL effects in original units, we back-transformed the population mean 

and marginal genotypic effects for each QTL allele class.  Additive and epistatic effects 

were estimated from the back-transformed genotypic mean estimates following Holland 

(2001).  QTLs for maturity were not estimated because Robertson et al. (2006) found that 

in both the GEFR and NCB populations the genotypic correlation between fumonisin 

concentration and silk date was not significant and the genotypic correlations between ear 

rot and silk date were low. 

 

 

Multivariate QTL Mapping 

 To investigate the effects of QTLs on ear rot and fumonisin contamination 

simultaneously, we conducted multivariate multiple regression analysis on the two traits, 

using marker loci as regressor variables.  For each population, the initial regression 

analysis model contained one marker locus nearest each QTL peak from the final MIM 

models for both traits.  Multivariate analysis was conducted using the MANOVA option 

of PROC GLM in SAS version 8.2 (SAS Institute, 1999).  A single degree of freedom 

contrast was defined for each marker locus or epistatic interaction.  The contrast with the 

largest Type III P-value of Wilks’ Lambda statistic (which tests the null hypothesis of no 

marker effect on the two traits simultaneously) was dropped from the model.  The 
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resulting new model was tested in the same way, and this process continued iteratively 

until all marker loci had significant (P = 0.05) effects according to the Wilks’ Lambda 

statistic. 

 The genetic covariance between the two traits associated with each marker locus 

in the final model was estimated by the method of moments, using the Type III mean 

cross products for each marker contrast obtained from the Proc GLM analysis. To obtain 

unbiased estimates of the covariances, the coefficients of the covariance components 

were based on the equations of Charcosset and Galais (1996).  These estimates were used 

to calculate the proportion of total genotypic covariance between the two traits due to 

each marker locus. 

 

QTL by Environment Interactions 

 QTLs detected in the final MIM models for each trait and population were 

tested for QTL by environment interactions. A single marker locus closest to each QTL 

identified by MIM was tested for environmental interactions using PROC GLM in SAS 

version 8.2.  The model used for all analyses was: 

 

Yijk = µ + Ei + Lj + G(L)jk + LEjk + εijk, 

 

where µ = overall mean; Ei = effect of environment i; Lj = effect of marker locus j; G(L)jk 

= effect of line k within locus j; and LEik = the interaction of locus j with environment i; 

and εijk = residual variation effect.  Loci with significant (P < 0.05) locus-by-environment 
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interaction effects were then analyzed using single factor analysis in SAS PROC GLM 

within each individual environment to estimate environment-specific QTL effects.  

 

RESULTS 

 

 In the GEFR population, 453 SSR markers were screened and 105 polymorphic 

markers were chosen to genotype the population.  In the NCB population, 258 SSR 

markers were screened and 113 polymorphic markers were chosen to genotype the 

population.  The length of the GEFR map was 1969 cM, and the average distance 

between markers was 20.7 cM (Supplemental Fig. 1).  Segregation distortion was 

observed at 25% of the markers.  The length of the NCB map was 1993 cM, and the 

average distance between markers was 19.4 cM (Supplemental Fig. 2).  Segregation 

distortion at P = 0.05 was observed at 19% of the markers.  The segregation distortion 

seen in both populations was within the typical range seen in maize populations (Lu et 

al., 2002).  Locus orders were consistent with consensus genetic maps of maize 

(www.maizegdb.org). 

 Fumonisin contamination was significantly affected by genotype-by-

environment interaction (GEI) in the GEFR (P < 0.0001) and in the NCB (P = 0.0021) 

populations.  Ear rot was also significantly affected by GEI in both populations (P < 

0.0001).  Despite the significant GEI for both disease traits in both populations, the mean 

genetic correlations of traits measured in different environments were always at least 0.70 

and the main effects of genotypes were highly significant (P < 0.0001) (Robertson et al., 
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2006).   Because of these high correlations, means over environments were appropriate to 

identify QTLs, but we then tested these detected QTLs for interactions with 

environments.  To avoid potential bias due to GEI when comparing QTLs across 

populations, we also computed genotypic means across the two environments in which 

both populations were evaluated (Clayton and Plymouth, NC, 2003) and conducted MIM 

based on these means for cross-population comparisons.  

 

QTL Analyses 

 QTLs were identified in both populations for both ear rot and fumonisin 

contamination resistance (Tables 2 and 3 and Supplemental Figs. 1 and 2).  Over all 

environments, in the GEFR population, seven QTLs were identified for ear rot resistance, 

with the beneficial allele (the allele that reduces mean ear rot) always derived from the 

GE440 parent (Table 2).  These seven QTLs explained 47% of the phenotypic variation 

and 99% of the genotypic variation.  In the NCB population, five ear rot QTLs were 

identified which explain 31% of the phenotypic variation and 36% of the genotypic 

variation (Table 2).  At two of these QTLs the NC300 allele was favorable, and at three 

of the QTLs the B104 allele was favorable.  

 The ear rot resistance QTL with the largest effect in the GEFR population was on 

chromosome one near marker bnlg1953 and explained 18% of the phenotypic variation 

(Table 2).  The ear rot resistance QTL with the largest effect in the NCB population was 

on chromosome three near marker bnlg1063 and explained 11% of the phenotypic 
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variation.  In both populations, each of the remaining ear rot resistance QTLs identified 

explained less than 10% of the phenotypic variation. 

 Over all environments, in the GEFR population, nine fumonisin contamination 

resistance QTLs were identified, as well as one epistatic interaction between QTLs 

(Table 3).  The combined QTL and epistasis model explained 67% of the phenotypic 

variation and 89% of the genotypic variation.  In the NCB population, six fumonisin 

contamination resistance QTLs and three epistatic interactions between QTLs were 

identified (Table 3).  These QTLs explained 81% of the phenotypic variation and 92% of 

the genotypic variation.   

 In the GEFR population, two fumonisin contamination resistance QTLs were 

identified that each explained over 10% of the phenotypic variation, one on chromosome 

one near marker phi001 that explained 10% of the variation and one on chromosome five 

near marker umc2111 that explained 13% of the phenotypic variation (Table 3).  In the 

NCB population, three fumonisin QTLs were identified that each explained more than 

10% of the phenotypic variation (Table 3).  These major QTLs were located on 

chromosome 1 near bnlg1884 (associated with 17% of the phenotypic variation), on 

chromosome 6 near umc2059 (associated with 16% of the phenotypic variation), and on 

chromosome 8 near umc1034 (associated with 11% of the phenotypic variation). 

 In the GEFR population, eight QTLs explained a combined 65% of the covariance 

between ear rot and fumonisin concentration (Table 4, Figure 1).  Two QTLs were unique 

to ear rot, as they were detected with multiple interval mapping of ear rot alone, but were 

not detected in the multivariate marker analysis (Figure 1). One non-pleiotropic ear rot 
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QTL was on chromosome 1 near bnlg1347 (associated with 6% of the phenotypic 

variation), and the other was on chromosome two near bnlg1017 (associated with 4% of 

the phenotypic variation) (Table 2).  One QTL was unique to fumonisin contamination 

(Figure 1), and it was located on chromosome nine near dupssr6 but explained only 0.1% 

of the phenotypic variation (Table 3).  However, if the true effect of this QTL were really 

that small, it could not be reliably estimated with our population size (Beavis, 1998).  

In the NCB population, five QTLs explained 31% of the covariance between ear 

rot and fumonisin contamination (Table 4, Figure 1).  One QTL, located on chromosome 

2 near bnlg469, was unique to ear rot, and explained 5% of the phenotypic variation 

(Table 2).  One QTL, located on chromosome eight near umc1034, was unique to 

fumonisin contamination, and explained 11% of the phenotypic variation (Table 3).  

QTLs detected by MIM based on genotypic means across environments were 

tested for interactions with environments. Among QTLs for both traits detected in the 

GEFR population, only one locus, one QTL for ear rot, located near phi001 (bin 1.02), 

exhibited significant (P < 0.001) locus-by-environment interaction.  This QTL was 

significant (P < 0.0001) in only two of the four individual environments (Mount Olive, 

NC, 2002 and Urbana, IL, 2002) when using single marker analysis at phi001.  The QTL 

effects varied in magnitude, but not sign, across environments.   

Among the QTLs identified based on genotypic means across environments in the 

NCB population, only one QTL region exhibited significant locus-by-environment 

interaction. The QTL located near the marker pair umc1941 – umc1524 (0.8 cM apart in 

bin 5.06) had significant locus-by-environment interactions for both ear rot (P < 0.05) 
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and fumonisin content (P < 0.01).  This QTL was significant (P < 0.05) for fumonisin 

content only at Plymouth, NC in 2003, but was almost significant (0.05 < P < 0.10) at 

Clayton, NC in 2002.  Its effect on ear rot was significant (P < 0.05) at Clayton in 2002 

and almost significant at Plymouth (0.05 < P < 0.10) in 2003.  However, this QTL had no 

effect on either trait at Clayton in 2003.  The QTL effects differed in magnitude, but not 

sign, across environments.   

 The GEFR and NCB maps cannot be compared directly because different sets of 

markers were used in them.  Therefore, consistency of QTL positions between the two 

populations was judged by referencing chromosomal bin position of markers in the maize 

IBM2 Neighbors consensus map (or other consensus maps, as required; 

www.maizegdb.org).  Furthermore, the phenotypic evaluations were conducted in 

different sets of environments.  Therefore, we also conducted multiple interval mapping 

on phenotypic means across the two environments that were common to the two studies 

(Clayton, 2003 and Plymouth, 2003) in order to make cross-population comparisons.  

 Among the QTLs identified using means across all environments, three ear rot 

QTLs and two fumonisin QTLs were putatively consistent across populations (Tables 2 

and 3).  For ear rot resistance, three QTLs (bins 2.08/2.09, 4.03, and 5.05/5.06) were 

putatively consistent QTL.  For fumonisin contamination resistance, two QTL regions 

(bins 4.02/4.03 and 5.05/5.06) were putatively consistent QTL.  Two QTL regions were 

consistent across populations for both traits (bins 4.02/4.03 and 5.05/5.06).    

 QTL mapping based on phenotypic means across the two common 

environments (Clayton and Plymouth in 2003) identified QTLs that were consistent 
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across populations in bins 1.04/1.05, 3.06/3.07, and 4.03 (Tables 5 and 6).  One QTL 

identified was potentially consistent across populations for fumonisin contamination 

resistance (bins 1.04/1.05) (Table 6).  The QTL region identified in bins 3.06/3.07 was 

potentially consistent for fumonisin contamination resistance across populations (and also 

affected ear rot resistance in the NCB population).  This is partly congruent with the 

results of the analysis of means across all environments, in which QTLs for both ear rot 

and fumonisin contamination resistance in the NCB population were identified in bin 

3.06 (Tables 2 and 3) and a QTL was identified in bin 3.09 for fumonisin contamination 

resistance in the GEFR population (15 cM from the QTLs identified in the GEFR 

population in the common environment analysis, Tables 3 and 6).   

 A QTL region in bin 4.03 was potentially consistent across populations (and 

also affected fumonisin contamination resistance in the GEFR population, Tables 5 and 

6).  QTLs were also identified in bins 4.02/4.03 for both traits in both populations in the 

analysis of means across all environments (Tables 2 and 3). 

 

DISCUSSION 

 

 Across environments, the largest QTLs for either trait explained only 18% of the 

phenotypic variation, with most QTLs for both traits explaining less than 10% of the 

phenotypic variation (Tables 2 and 3).  The genetic architecture of these traits appears 

complex, with many small effect QTLs controlling resistance to these two traits.  The 

complexity of the genetics governing these traits and the large influence of environments 
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hinder the accurate identification of QTL positions and estimates of their effects.  

Inaccuracies in QTL mapping will reduce the success of a marker assisted selection 

program.  Furthermore, we caution that our QTL effect estimates are likely overestimated 

because of the moderate population sizes used.  QTL mapping in finite populations leads 

to upwardly biased estimates of the proportion of variance explained by QTLs (Beavis, 

1998; Melchinger et al., 1998); estimating the amount of this bias requires cross-

validation (Utz et al., 2000). 

 By comparing QTLs identified between the two populations in the two common 

environments, we identified several QTL regions that were consistent across populations.  

The largest QTL for each trait was consistent with at least one QTL for either trait in the 

other population, suggesting that some resistance genes are common between the 

populations.  However, the population-consistent QTLs identified explained only small 

amounts of phenotypic variation, further highlighting both the complexity of the 

resistance and the likelihood that the different resistant parental lines contain different 

resistance QTLs that could be combined into one line. 

 Both disease traits were affected by overall genotype-by-environment 

interactions (Robertson et al., 2006); therefore QTLs detected in MIM analyses of line 

means across environments were further analyzed for QTL by environment interactions.  

Only one QTL region within each population interacted significantly with environments, 

indicating that most of the QTLs had stable effects across environments. This is 

congruent with Robertson et al.’s (2006) finding that the genetic correlations of genotypic 

values measured in different environments were high for both traits.  The two QTL 
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regions that interacted with environments interactions seem to be affected by either a 

change in magnitude between locations or by QTLs not being significant in all 

environments.  However, there was no case of a QTL that had significant positive effects 

in one environment and significant negative effects in a different environment.  Such 

QTLs may, in fact, exist, but we likely would never have detected them in the original 

MIM analysis of genotype means across environments. In summary, the QTLs detected 

were generally stable across environments with some minor exceptions.  

 QTLs in the GEFR population evaluated across all environments explained more 

of the genotypic variability for ear rot and more of the genotypic covariance between 

traits than did QTLs in the NCB population.  This is probably largely due to the NCB 

population being smaller than the GEFR population, and hence provides lower power to 

detect QTLs.  It may also be due in part to the difference in structure of the two 

populations.  The NCB population consists of inbred lines which have undergone more 

generations of recombination, such that linkage disequilibrium between loci with equal 

recombination frequencies is lower in the recombinant inbred lines than in the first 

backcross generation.  Therefore, a denser linkage map may be required in the NCB than 

in the GEFR population to achieve the same power to detect the same number of QTLs.   

 Our experiment could not determine the relative importance of additive and 

dominant gene action because the NCB population was composed of nearly homozygous 

recombinant inbred lines and the GEFR population was composed of first backcross 

generation-derived families (in which the dominant and additive effects of donor parent 

alleles are confounded).  However, we did detect epistasis for fumonisin contamination 
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resistance.  Heritabilities were higher for fumonisin contamination resistance than for ear 

rot resistance, and the higher precision of fumonisin data may have provided greater 

power to detect QTLs and QTL-by-QTL interactions.   

 Robertson et al. (2006) reported high genetic correlations between ear rot and 

fumonisin contamination in these two populations, based on this same phenotypic data 

set.  Based on that result, they suggested that the genetic mechanisms for resistance to ear 

rot and fumonisin contamination were largely identical.  However, we found fewer QTLs 

with effects on the two traits than would be expected given the high genetic correlations. 

Multivariate analysis of markers closest to the detected QTLs demonstrated that we 

detected only 31% of the total estimated genetic covariance in the NCB population and 

65% of the total estimated genetic covariance in the GEFR population. These may be 

underestimates of the true genotypic covariances associated with markers, since the 

multivariate analyses were conducted directly at marker loci, where the effects of linked 

QTLs are estimated with a downward bias due to recombination (Edwards et al., 1987).  

This contrasts with the univariate analyses conducted with multiple interval mapping, 

which permitted the estimation of QTL effects at their most likely positions, which may 

be in intervals between markers.  Nevertheless, the relatively low proportion of genotypic 

covariance that was associated with markers near QTLs suggests that not all QTLs were 

identified.  It is possible that a large number of genes with small effects that will be hard 

to detect (i.e., the polygenic background) may explain much of the remaining genetic 

covariances. Greater power to detect QTLs and estimate QTL effects could be gained by 

increasing population size, improving ear rot phenotyping methods, increasing the 
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number of environments for phenotyping, and increasing the number of markers used 

(Robertson et al., 2005).  

 Our results are consistent with those of Pérez-Brito et al. (2001), who identified 

many QTLs, each with small effects on Fusarium ear rot resistance.  Pérez-Brito et al. 

(2001) used two mapping populations for ear rot QTL identification.  In their first 

population, based on bin position, QTL regions were identified that were consistent with 

QTLs in the GEFR population (bins 1.10, 2.02, 2.08, and 4.09) and two ear rot QTL 

regions were identified that were consistent with QTLs in the NCB population (bins 2.09 

and 6.07).   In their second population, they identified, based on bin position, one QTL 

region that was consistent with a QTL identified in the GEFR population (bin 4.03), and 

two regions that were consistent with QTLs identified in the NCB population (bins 4.03 

and 6.07), and one region that was consistent with a QTL identified across the NCB and 

both Pérez-Brito populations (bin 6.07).  Fine mapping of QTLs in the different 

populations could determine the true consistency of these QTLs. 

 Marker assisted breeding could prove very useful when breeding for a trait, such 

as resistance to Fusarium ear rot or fumonisin contamination, that is very difficult to 

phenotype and is highly influenced by the environment, provided that the true QTLs can 

be accurately identified (Robertson et al., 2005).  The number of loci conditioning a trait 

influences the potential efficiency of marker assisted breeding.  Bernardo (2001) used 

computer simulation to determine the usefulness of marker-assisted selections assuming 

that all of the QTL positions affecting yield were known.  He found that it is more 

advantageous to make selections on the basis of known QTLs if there are only a few loci 
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controlling the trait (e.g. ten loci).  With large numbers of loci controlling a trait, 

estimates of QTL effects become imprecise and selections based on genotypes can 

become less and less useful, and may even become detrimental as more and more QTLs 

are discovered.  Therefore, in practice, marker-assisted selection is most effective when a 

few QTLs, each with moderate to large effects on target traits and consistent effects 

across breeding populations, can be identified (Holland, 2004).  

In our study, we found numerous QTLs with small to moderate effects, and 

limited consistency across populations.  Therefore, it is appears that marker-assisted 

selection cannot be generally recommended for these traits at this time.  However, given 

the costs and effort required to obtain accurate fumonisin concentration data, a program 

focused on improving agronomically good lines, such as FR1064, with alleles at the most 

important resistance QTLs from resistant but agronomically poor lines, such as GE440, 

via marker-assisted backcrossing may be relatively economically efficient.  For breeding 

programs in general, however, phenotypic recurrent selection or pedigree breeding 

approaches, targeted at improving both ear rot and fumonisin contamination resistance, 

while also selecting for yield and other agronomic traits may be more efficient.  With 

sufficient resources, such traditional methods can be combined with marker-assisted 

breeding by screening juvenile plants for larger effect QTLs before pollinations, with the 

goal of increasing the proportion of favorable QTLs in the population each generation.  

Due to the high environmental effect on these traits, further studies may need to be 

performed to confirm the presence, location, and effects of ear rot and fumonisin 
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contamination resistance QTLs and to more precisely map the QTLs to minimize linkage 

drag.   

We hesitate to speculate about resistance mechanisms or candidate genes because 

each of the QTL regions spans about 20 cM, or about 1% of the maize genetic map.  If 

this relates to 1% of all estimated ~59,000 maize genes (Messing et al., 2004), then we 

expect that almost 600 genes may reside within each QTL region.  Relating QTLs to 

candidate genes and potential mechanisms will require finer-scale genetic mapping of 

these regions.  
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Table 1.  A summary of parental line means, overall mapping population means and entry 

mean heritabilities of, and genotypic correlations between, fumonisin content and 

Fusarium ear rot in the GEFR and NCB populations, based on field evaluations in four 

and three environments, respectively (Robertson et al., 2006).  A small correction to the 

heritability calculations resulted in slightly higher heritability estimates in the NCB 

population than were reported in Robertson et al. (2006).  The corrected estimates are 

reported in this table. 

   

GEFR population 

 

NCB population 

Parameter estimate  Fumonisin 
content 

Fusarium 
ear rot 

Fumonisin 
content 

 Fusarium 
ear rot 

  µg g-1 % µg g-1  % 

Mean of more resistant 
parent 

   2.2 11 0.8    5 

Mean of more susceptible 
parent 

 27.1 22 4.0  13 

Mean of mapping 
population 

 12.2 18 6.8  16 

Entry mean h2  0.75(0.03) 0.47(0.06) 0.88(0.03)  0.86(0.03)

Genotypic correlation 
between ear rot and 
fumonisin content 

 0.96(0.07)  0.87(0.04)   
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Table 2.  Chromosome and map positions, nearest flanking marker loci, effects, and 

variances associated with QTL identified through multiple interval mapping across 

environments in the two maize populations for Fusarium ear rot resistance.   

Chromo
- some 

QTL 
position 

 
 
 

Bin Left marker 
Right 

marker Effect† 

Percent 
phenotypic 
variation 
explained 

   % % 
GEFR Population 

1 75.90 1.02 bnlg1953 phi001 6.08‡ 18.4 
1 221.89 1.10 bnlg1347 bnlg2331 3.37 5.7 
2 7.90 2.02 bnlg1017 bnlg1017 3.07 4.4 
2 151.90 2.08 bnlg2144 bnlg1662 3.16 5.8 
4 52.70 4.03 bnlg2280 umc2280 2.55 3.4 
4 182.30 4.09 umc1086 umc1101 3.10 5.0 
5 99.60 5.05 umc2111 umc2111 3.06 3.8 
   Total variation explained§: 46.5 

     
NCB Population 

2 258.90 2.09 bnlg469 umc1696 -3.00 5.1 
3 75.64 3.06 bnlg1063 bnlg1160 4.38 11.2 
4 21.38 4.03 umc1294 umc2082 3.47 5.6 
5 146.84 5.06 umc1524 phi048 2.86 4.6 
6 132.07 6.07 umc2375 bnlg1740 -2.88 4.8 
    Total variation explained§: 31.3 

 

† QTL effect estimated as half the difference between homozygous FR1064 genotypes 

and heterozygous GE440/FR1064 genotypes in the GEFR population and as half the 

difference between homozygous NC300 and homozygous B104 genotypes in the NCB 

population.  Effects of ear rot resistance are reported in percent rotten kernels. 

‡ Positive effects refer to GE440 (in the GEFR population) or B104 (in the NCB 

population) as the origin of the beneficial allele, and negative effects refer to FR1064 (in 

the GEFR population) or NC300 (in the NCB population) as the beneficial allele. 
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Table 2 (continued) 

§ Total variation associated with all of the QTL in the model fitted simultaneously.  
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Table 3.  Chromosome and map positions, nearest flanking marker loci, effects, and variances 

associated with QTL identified across environments through multiple interval mapping in the 

two maize populations for fumonisin contamination resistance.   

Chromo- 
some 

QTL 
position 

 
 
 

Bin  Left marker 
Right 

marker 

Back-trans-
formed 
effect† 

Percent 
phenotypic 
variation 
explained 

   µg g-1   % 
GEFR Population 

1 95.00 1.03 phi001 bnlg1811 5.27‡ 10.3 
2 177.10 2.08 bnlg1662 bnlg1606 3.97 6.2 
3 189.90 3.09 umc1489 umc1594 4.09 6.1 
4 53.70 4.03 umc2280 umc2061 2.58 5.5 
4 144.80 4.08 bnlg2244 umc1086 3.71 9.2 
4 193.30 4.09 umc1086 umc1101 3.33 7.7 
5 96.60 5.05 umc2111 umc2111 5.80 13.1 
7 24.00 7.02 umc1193 umc2098 3.71 6.6 
9 36.90 9.02 dupssr6 dupssr6 1.83 0.1 

3.09 x4.03§     -4.17 1.8 
   Total variation explained¶: 66.6 

     
NCB Population 

1 109.20 1.05 bnlg1884 umc1335 3.71 16.5 
3 75.60 3.06 bnlg1063 bnlg1063 2.07 8.2 
4 8.00 4.02 umc1294 umc2082 3.32 9.3 
5 146.00 5.06 bnlg278 umc1941 0.86 1.8 
6 140.00 6.08 bnlg1740 umc2059 -4.05 15.7 
8 81.30 8.03 umc1034 umc1172 2.66 10.7 

1 x 8     18.52 10.7 
4 x 8     12.23 1.2 
6 x 8     -18.00 7.0 

     Total variation explained¶: 81.1 
 

† QTL effect estimated as half the difference between homozygous FR1064 genotypes and 

heterozygous GE440/FR1064 genotypes in the GEFR population and as half the difference 

between homozygous NC300 and homozygous B104 genotypes in the NCB population.  Effect 

estimates are presented as back-transformed data to approximate their original value of µg g-1.     
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Table 3 (continued) 

 

‡ Positive effects refer to GE440 (in the GEFR population) or B104 (in the NCB population) as 

the origin of the beneficial allele, and negative effects refer to FR1064 (in the GEFR population) 

or NC300 (in the NCB population) as the beneficial allele. 

§ Epistatic interactions are presented using the chromosome and bin location (if necessary to 

specify QTL) to designate which QTL is involved in the interaction. 

¶ Total variation associated with all of the QTL in the model fitted simultaneously.  
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Table 4. Proportion of total genotypic covariance between, and genotypic variance of, 

fumonisin concentration and ear rot in the GEFR and NCB populations explained by 

marker loci nearest to QTL identified across environments in a multivariate analysis.  

 

 

†Bin location based on bin position of marker closest to umc1193. 

 

 

 

 

 

Marker 
locus Bin 

Genetic 
covariance 
between 

fumonisin 
and ear rot

Genetic 
variance for 
fumonisin 

Genetic 
variance 

for ear rot 
  % associated with locus 

GEFR Population 
phi001 1.03 0.19 0.10 0.35 
bnlg1606 2.08 0.11 0.06 0.16 
umc1594 3.09 0.05 0.03 0.06 
umc2280 4.03 0.04 0.03 0.03 
bnlg2244 4.08 0.01 0.03 -0.01 
umc1101 4.09 0.05 0.05 0.04 
umc2111 5.05 0.13 0.14 0.10 
umc1193 7.02† 0.07 0.08 0.05 
  Total: 0.65 0.52 0.78 
     

NCB Population 
bnlg1884 1.05 0.04 0.08 0.01 
bnlg1063 3.06 0.14 0.10 0.14 
umc2082 4.03 0.06 0.05 0.06 
umc1524 5.06 0.06 0.03 0.08 
umc2059 6.08 0.01 0.03 0.00 
  Total: 0.31 0.29 0.29 
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Table 5.  QTL for Fusarium ear rot resistance identified with multiple interval mapping  

based on means across two environments (Clayton and Plymouth, NC in 2003) in which  

both GEFR and NCB populations were evaluated. 

Chromosome 
QTL 

position Bin Left marker 
Right 

marker Effect† 

Percent 
phenotypic 
variation 
explained 

      %  %  
GEFR Population 

1 67.9 1.02 bnlg1953 phi001 3.74‡ 6.7 
2 189.43 2.08 bnlg1606 bnlg1520 3.00 4.1 
4 35.3 4.03 umc2150 umc2281 3.54 6.9 
4 187.33 4.09 umc1086 umc1101 3.64 6.1 
5 86.31 5.03 umc1355 umc2111 2.73 3.7 
9 136.29 9.05 umc1078 bnlg1270 -2.60 3.1 
      Total variation explained§: 30.6 

     
NCB Population 

2 260.9 2.10 bnlg469 umc1696 -2.59  5.0 
3 75.64 3.06 bnlg1063 bnlg1160 4.23 10.3 
4 15.01 4.03 umc1294 umc2082 4.71 10.7 
5 146.84 5.06 umc1524 phi048 1.99       2.6 
6 132.07 6.07 umc2375 bnlg1740 -2.53  4.6 

3x4¶     3.15  4.9 
      Total variation explained§: 38.1 

 

† QTL effect estimated as half the difference between homozygous FR1064 genotypes 

and heterozygous GE440/FR1064 genotypes in the GEFR population and as half the 

difference between homozygous NC300 and homozygous B104 genotypes in the NCB 

population.  Effects of ear rot resistance are reported in percent rotten kernels. 
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Table 5 (continued) 

 

‡ Positive effects refer to GE440 (in the GEFR population) or B104 (in the NCB 

population) as the origin of the beneficial allele, and negative effects refer to FR1064     

(in the GEFR population) or NC300 (in the NCB population) as the beneficial allele. 

§ Total variation associated with all of the QTL in the model fitted simultaneously.  

¶ Epistatic interaction is presented using the chromosome to designate which QTL is 

involved in the interaction.
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Table 6.  QTL for fumonisin contamination resistance identified with multiple       

interval mapping based on means across two environments (Clayton and Plymouth,     

NC in 2003) in which both GEFR and NCB populations were evaluated. 

Chromo- 
some 

QTL 
position Bin Left marker 

Right 
marker 

Back 
Trans- 
formed 
Effect† 

Percent 
phenotypic 
variation 
explained 

     µg g-1  %  
GEFR Population 

1 100.00  1.04 Phi001 bnlg1811 0.43‡ 6.7 
1 191.70 1.09 umc1085 umc2047 0.19 1.0 
2 149.60 2.08 mmc0271 bnlg2144 0.44 8.6 
3 174.90 3.07 umc1489 umc1594 0.32 3.3 
4 53.70 4.03 umc2280 umc2061 0.37 8.7 
4 133.90 4.08 dupssr34  bnlg2244 0.26 5.3 
4 180.30 4.09 umc1086 umc1101 0.32 6.8 
5 94.30 5.05 umc1355 umc2111 0.55 12.2 
7 37.20 7.02 umc2098 umc1134 0.37 6.2 
8 7.00 8.03 umc1360 umc1778 0.30 3.7 
      Total variation explained§: 62.5 

     
NCB Population 

1 110.19 1.05  bnlg1884 umc1335 0.37 7.5 
2 14.46 2.02 bnlg1017 umc2403 0.39 6.4 
3 75.64 3.06 bnlg1063 bnlg1160 0.42 9.0 
6 139.96 6.08 bnlg1740 umc2059 -0.41 8.4 

10 71.14 10.04 umc2163 umc2043 0.09 1.0 
3x10¶      5.2 

      Total variation explained§: 37.5 
 

† QTL effect estimated as half the difference between homozygous FR1064 genotypes 

and heterozygous GE440/FR1064 genotypes based on log-transformed data in the GEFR 

population and as half the difference between homozygous NC300 and homozygous 

B104 genotypes based on square root-transformed data in the NCB population.  Effect  
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Table 6 (continued) 

 

estimates are presented as back-transformed data to approximate their original value of 

µg g-1.     

‡ Positive effects refer to GE440 (in the GEFR population) or B104 (in the NCB 

population) as the origin of the beneficial allele, and negative effects refer to FR1064 (in 

the GEFR population) or NC300 (in the NCB population) as the beneficial allele. 

§ Total variation associated with all of the QTL in the model fitted simultaneously.  

¶ Epistatic interaction is presented using the chromosome in order to designate which 

QTL is involved in the interaction 
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Figure 1: Schematic depiction of the maize chromosomes, with horizontal lines 

demarking bins (Davis et al., 1999).  Centromeres are shown as thick black lines.  Ovals 

represent QTLs mapped in GEFR population and rectangles represent QTLs mapped in 

the NCB population based on means across all testing environments.  Hash marks 

indicate QTL for both Fusarium ear rot and fumonisin contamination, black shapes 

indicate QTL for fumonisin contamination only, and white shapes indicate QTL for 

Fusarium ear rot only.  Genetic maps and QTL locations for individual populations are 

presented in Supplemental Figs. 1 and 2. 
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Fumonisin and Ear Rot
Ear Rot 
Fumonisin 

Supplemental Figure 1.  Approximate chromosomal locations of markers significant  

for the two traits in the GEFR population.  Ovals indicate significant regions for  

fumonisin contamination resistance and ear rot resistance QTL over environments.   

Regions significant for both rot and fumonisin (cross-hatched ovals) were determined  

by multivariate analysis.  Locations of significant markers are based on multiple  

interval mapping using QTL cartographer version 2.5.  Ovals are centered on  

maximum likelihood positions of QTL and extend 10 cM to either side, to reflect  

typical uncertainty levels in QTL positions (Cardinal et al., 2001).  
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Fumonisin and Ear Rot
Ear Rot 
Fumonisin 

Supplemental Figure 2.  Approximate chromosomal locations of markers significant  

for the two traits in the NCB population.  Ovals indicate significant regions for  

fumonisin contamination resistance and ear rot resistance QTL over environments.   

Regions significant for both rot and fumonisin (cross-hatched ovals) were determined  

by multivariate analysis.  Locations of significant markers are based on multiple  

interval mapping using QTL cartographer version 2.5.  Ovals are centered on  

maximum likelihood positions of QTL and extend 10 cM to either side, to reflect  

typical uncertainty levels in QTL positions (Cardinal et al., 2001). 
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ABSTRACT 

 

Resistance to Fusarium ear rot and fumonisin contamination is heritable and 

controlled by at least 11 gene regions in a maize population created by backcrossing the 

highly resistant but agronomically poor donor line, GE440, to the susceptible but 

agronomically superior recurrent parent line, FR1064.  This population could be a useful 

resource for backcrossing resistance alleles from GE440 into FR1064.  To investigate the 

relationship between disease resistance and agronomic utility in this population, 

resistances to Fusarium ear rot and fumonisin concentration were measured in BC1F1:2 

lines and yield and agronomic performance were measured in testcrosses of these lines.  

Correlation and quantitative trait locus (QTL) analyses were employed to study these 

relationships.  QTLs identified included 7 yield, 5 grain moisture, 8 plant height, 6 ear 

height, 3 silk date, and 4 tassel date QTLs.  Fumonisin contamination was not correlated 

with yield, but two fumonisin QTLs mapped to similar positions as yield QTLs.  

Fusarium ear rot was positively correlated with testcross yield (r = 0.29), but no QTLs for 

the two traits mapped to similar positions.  Fumonisin contamination and Fusarium ear 

rot were both negatively correlated with grain moisture; however, no resistance QTLs 

overlapped grain moisture QTL positions.  Fumonisin contamination and Fusarium ear 

rot were positively correlated with stalk lodging, but no QTLs were identified for stalk 

lodging.  There was a positive correlation between Fusarium ear rot and plant height, and 

one QTL region on chromosome 5 affected both of these traits.  If backcrossing were 

utilized to move fumonisin contamination resistance alleles into the FR1064 background, 



 125

our correlation results suggest that correlated responses would include an increase in 

grain moisture and a decrease in stalk lodging.  Our QTL mapping results suggest that 

only a small reduction in grain yield and a small increase in plant height would be 

expected from backcrossing fumonisin resistance alleles into FR1064.  However, marker-

assisted selection may facilitate breaking linkages between resistance alleles and alleles 

reducing agronomic performance.  

 

Abbreviations: BIC, Bayesian Information Criterion; CIM, composite interval mapping; 

MIM, multiple interval mapping; PCR, polymerase chain reaction; QTL, quantitative trait 

locus; SSR, simple sequence repeat. 
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INTRODUCTION 

 

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

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

(teleomorph: G. intermedia) cause Fusarium ear rot of maize and contaminate the grain 

with fumonisins, a family of mycotoxins that can harm animal and human health 

(Munkvold and Desjardins, 1997).  These toxins are of increasing concern due to 

mounting evidence of their involvement in a number of human and animal diseases 

(Gelderblom et al., 1988, Rheeder et al., 1992; Hendricks, 1999; Ross, 1992; Colvin and 

Harrison, 1992).  The FDA has published a Guidance for Industry that suggests limiting 

fumonisin concentrations to between 2 and 4 parts per million (ppm) for corn flour and 

other milled corn products used for human consumption (CFSAN, 2001a,b).  

To limit the negative impacts of fumonisin contamination and Fusarium ear rot, 

selection for resistance to these two aspects of the disease is an important objective.  

Robertson et al. (2006) reported high family mean heritabilities and high positive 

genotypic correlations between fumonisin contamination and Fusarium ear rot, 

suggesting that phenotypic selection should be effective at improving resistance to these 

traits.  The relationship between these disease resistance traits and other important 

agronomic traits also impacts the feasibility of developing cultivars with improved 

resistance, especially if the sources of disease resistance are unadapted exotic germplasm.  

Negative genetic relationships between disease resistance and other agronomic traits may 

occur due to negative pleiotropy or to repulsion-phase linkages between favorable alleles 
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at disease resistance loci and at genes affecting agronomic traits.  Conversely, positive 

genetic relationships between disease resistance and yield may occur due to the 

protection afforded by resistance genes against the yield-reducing effects of ear rot.    

 Further backcrossing of resistance alleles from GE440 via phenotypic selection 

and marker assisted selection will be conducted with this population.  However, the 

question remains as to what the effects on other agronomic traits will be in this 

backcrossing program. 

The relationship between resistances to Fusarium ear rot and fumonisin 

contamination and agronomic performance have not been previously reported.  The 

objectives of this study were to investigate the relationships between disease resistance 

traits measured in partially inbred lines and agronomically important traits (grain yield, 

grain moisture, lodging, plant and ear height, and silk and tassel dates) measured in 

testcrosses of these lines to a common tester.  Relationships among traits were studied 

with correlation analysis and comparison of QTLs mapped for the different traits on a 

common linkage map. These two approaches provided complementary approaches to 

study the genetic relationship between Fusarium ear rot and fumonisin contamination 

resistance and other phenotypic traits 
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MATERIALS AND METHODS 

 

Population Development 

GE440 was identified in preliminary studies as a potential source for resistance to 

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

Robertson et al., 2006; Robertson-Hoyt et al., 2006).  A segregating population derived 

from the cross FR1064 × GE440 was created.  Resistant inbred GE440 (derived from the 

open-pollinated variety Hastings Prolific) was crossed and backcrossed once to the 

susceptible inbred FR1064 (an improved B73 type), and BC1F1 plants were self-

pollinated to form 213 BC1F1:2 families.  Testcross hybrids of FR1064,GE440, and of the 

213 BC1F1:2 families were produced in an isolated field in Clayton, NC in 2002.  Plants of 

all families were detasseled and used as female parents.  Between every four rows of 

female lines, two rows of the F1 hybrid tester FR615 × FR697 were planted on multiple 

dates to produce pollen.  FR615 and FR697 are non-stiff stalk type lines unrelated to 

FR1064 and GE440.  Hybrid testcross seed was harvested from female rows. 

 

Field Evaluation 

In 2003 and 2004 an experiment was planted in four locations in North Carolina: 

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 
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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.  Experimental entries included the 213 BC1-derived family testcrosses, 

the two parental line testcrosses [FR1064 × (FR615 × FR697) and GE440 ×(FR615 × 

FR697], and 7 check cultivars (B73 × Mo17, Pioneer brand hybrids 31G66, 31G98, 

32R25, 33M54, and Dekalb brand hybrids DK697 and DK743).  Testcross seed was 

limited for two BC1-derived family testcrosses, so those entries were replaced by check 

hybrid 32K61 in some plots.  

The treatment design was a sets design, wherein each BC1F1:2 family testcross 

hybrid was randomly assigned to one of three sets.  Each set contained 71 BC1F1:2  

testcrosses, the two parent line testcross hybrids, and seven check hybrids.  The 

experimental design was a replication within sets design, and each set was arranged as an 

8 ×10 α-lattice with two replications at each location.  Sets were planted in adjacent field 

blocks at each location.  Experimental units were two-row plots 3.05 m in length, 

separated by 1.22-m alleys.  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 

overseeded 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), or less in some environments because of poor germination due to cold weather.  For 

Clayton, NC, the target stands for 2003 and 2004 were 31 and 44 plants per plot, 

respectively.  For Plymouth, NC, the target stands for 2003 and 2004 were 38 and 44 
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plants per plot, respectively.  For Lewiston, NC, the target stands for 2003 and 2004 were 

28 and 44 plants per plot, respectively.  For Jackson Spring, NC, the target stands for 

2003 and 2004 were 28 and 44 plants per plot, respectively.  Stand counts were then 

taken approximately four weeks after planting and plots were thinned by hand to the 

target population density if needed.   

When all plants had reached physiological maturity, ear and plant heights were 

measured on six plants per plot.  Plant height was measured from the ground to the 

terminal node; ear height was measured from the ground to the node of the topmost ear. 

Counts were taken of root-lodged plants (leaning greater than 30 percent from vertical 

with intact stalks) and stalk-lodged plants (broken below the ear or plants with dropped 

ears).  Plots were harvested mechanically, and grain yield and grain moisture were 

measured. 

 

Genotyping and linkage map construction  

 The procedure for the development of the linkage map is detailed in Robertson-

Hoyt et al. (2006).  Briefly, young leaves from eight plants per family and parent line 

were sampled for DNA extraction.  DNA extractions were performed using the DNeasy 

Plant Mini Kit system (Qiagen, Inc., Valencia, CA).  Simple sequence repeat (SSR) 

primers were selected for screening in both populations using consensus map information 

from the Maize Genetics and Genomics Database (www.maizedgb.org) to reference 

locations of marker loci.  Parental lines were screened with SSR primers to identify 

polymorphisms (Senior et al., 1998).  Polymerase chain reaction (PCR) products were 
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separated by electrophoresis in 4% SFR agarose gels (Amresco, Solon, OH) and 

visualized by staining gels with 0.05% ethidium bromide and exposing them to 

ultraviolet light.   

 Locus orders and recombination frequencies were estimated using multipoint 

mapping in MapmakerEXP (Whitehead Institute, Cambridge, MA).  Recombination 

frequencies were then transformed to centiMorgans (cM) using Haldane’s mapping 

function in MapmakerEXP.  The resulting map consisted of 105 loci distributed across 

the 10 chromosomes and were consistent with consensus genetic maps of maize 

(www.maizegdb.org).  Average intermarker distance was 20.7 cM and the largest gap 

between markers was 57.6 cM (Robertson-Hoyt et al., 2006). 

 

Statistical Analyses  

Estimation of family means 

   Yields were converted to a common 155 g kg-1 moisture basis.  Percent stand 

was computed as the plot stand count divided by the target stand for the given 

environment.  Percent lodging was computed for each plot as number of plants root or 

stalk lodged divided by plot stand. Traditional analyses of variance and spatial analyses 

were performed on the data for each set within each environment separately to estimate 

genotypic least square means for each trait within each set and environment (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: 
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a model including complete and incomplete block effects, a model with row and column 

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

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

significant at P = 0.01.  For each set within each environment, the model that minimized 

Akaike’s Information Criterion (Lynch and Walsh, 1997) was chosen.  Entry least square 

means from each set within each environment were then calculated using the most 

appropriate statistical model.  These least square means were then used as the basis for a 

combined analysis across all experiments and environments. The combined analysis 

across environments and sets was based on the model: 

 

Yijklm = µ + Ei + Sj + SEij  + Gk + GEik + εijk, 

 

where µ = overall mean; Ei = effect of environment i; S = effect of set j; SEij = interaction 

of environment i and set j; Gk = effect of genotype k; GEik = effect of interaction between 

environment i and genotype k; and εijkm = residual error.  In this analysis, the residual 

variation is based on the means of check cultivars repeated across different sets.  For the 

purposes of comparing the experimental entries to the parental lines (in hybrid 

combination) and hybrid checks, genotypes were considered to be fixed effects (Holland 

et al., 2003) and all other effects were considered to be random effects.  This mixed 

model was analyzed using PROC MIXED in SAS and the least-square means of parents 

and hybrid checks adjusted for set effects were obtained and the average standard error of 

a genotype mean comparison was estimated for each trait. As part of this analysis, 
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contrasts were used to test the null hypothesis that the ten BC1-derived families with 

lowest mean fumonisin content as lines per se in the experiment by Robertson et al. 

(2006) were not significantly different for agronomic traits in testcrosses than the ten 

BC1-derived families with highest fumonisin content in the same study. 

For the purposes of estimating genetic variance components, parental testcrosses 

and hybrid checks were dropped from the data set and genotypes were considered 

random effects.  Heritabilities for each trait on an entry mean basis were estimated from 

the univariate mixed model analyses using PROC MIXED of SAS (Holland et al., 2003).  

Approximate standard errors for heritability estimates were estimated with the delta 

method as described by Holland et al. (2003).  PROC CORR of SAS (SAS Institute, 

1999) was used to estimate the correlations between the genotypic means of the different 

traits measured in the hybrid trials with the means of fumonisin contamination and 

Fusarium ear rot measured in an inbred study (Robertson et al., 2006).  This was 

performed in order to approximate a genotypic correlation between traits, since ear rot 

and fumonisin were measured mostly in different environments than the testcross 

agronomic traits.  There is a small bias due to genotype-by-environment covariances in 

this estimator because two of the eight yield trial environments coincided with two of the 

four disease evaluation environments.   

 

QTL detection and estimation  

QTLs were identified using the procedure described in Robertson-Hoyt et al. 

(2006) based on the genotypic least square means across environments.  Briefly, 
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composite interval mapping (CIM) was implemented in Windows QTL Cartographer 2.5 

only to provide initial models for further analysis by the multiple interval mapping 

(MIM) method.  QTL peaks from the CIM analysis, with a LOD threshold value of 2.0 

and minimum 5 cM between QTLs, were used as the initial models for MIM in Windows 

QTL Cartographer 2.5.  Models were then created and tested in an iterative, stepwise 

fashion, searching for new QTLs to add to the model, and testing the significance of the 

QTLs after each search cycle.  New models were accepted if they decreased the Bayesian 

Information Criterion (BIC) (Piepho and Gauch, 2001).   After no additional QTLs could 

be added to the model according to the BIC, each pair of QTLs in the model was then 

tested for epistatic interactions.  Epistatic interactions were kept in the model if they 

decreased the BIC.  While deriving the model using multiple interval mapping, we were 

aware that overfitting the model was possible, such that the proportion of total variation 

due to QTLs exceeding the heritability.  Therefore, if this occurred, the QTL with 

smallest effect was dropped from the model, and the model was retested.  If the model 

still explained a higher proportion of the phenotypic variance than the heritable 

proportion, the QTL with smallest effect in this reduced model was dropped.  This 

process was continued until we obtained the best model according to the BIC that did not 

explain a greater proportion of the variation that heritability of the trait. 

When no additional QTL main effects could be added to the model, the model 

with minimum BIC was chosen and QTL effects were simultaneously estimated using the 

“summary” option.  Genetic variability explained by QTLs for each trait was calculated 

as the total phenotypic variation explained by QTLs divided by the entry mean 
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heritability of the trait.  When comparing QTLs for two or more traits, QTL positions 

were considered to be overlapping when they were within 20 cM (Visscher et al., 1996; 

Melchinger et al., 1998; Cardinal and Lee, 2005).   

To test the null hypothesis that the proportion of loci at which BC1-derived lines 

possessed GE440 alleles had no effect on testcross agronomic performance, we estimated 

correlations between proportion of segregating loci in the BC1-derived lines and testcross 

trait means of each line.  

 

RESULTS 

 

 BC1F1:2 testcrosses differed significantly (P < 0.0001) for all traits except for root 

lodging, for which entries did not significantly differ.  Because root lodging values were 

not significantly different, root lodging was not included in any further analyses.   The 

hybrids created from the two parental lines did not significantly differ for days to mean 

silk or tassel date.  However, the GE440 testcross hybrid had significantly higher values 

than the FR1064 testcross hybrid for grain yield, grain moisture, plant height, ear height, 

percent stalk lodging, and percent target stand.    

 We found evidence of transgressive segregation for three of the traits measured.  

No family hybrids had significantly lower yield than the FR1064 testcross, but one family 

hybrid had significantly higher mean yield than GE440 testcross across environments.  

Two family hybrids had significantly lower moisture than the FR1064 testcross, but no 

family hybrid had significantly higher moisture than the GE440 testcross.  Two family 
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hybrids silked significantly earlier than the FR1064 testcross, but no family hybrid silked 

later than the GE440 testcross.  No transgressive segregation was detected for lodging, 

plant height, ear height, anthesis date, or target stand. 

 

Comparisons of Highest and Lowest Fumonisin Contaminated Families 

 As one test of the relationship between disease resistance and testcross agronomic 

performance we compared the mean testcross values for each trait of the ten families with 

lowest mean fumonisin concentration to the means of the ten families with highest mean 

fumonisin concentration.  The fumonisin data were taken from the study of the families 

as lines per se by Robertson et al. (2006)  These two groups were significantly different 

for three traits: stalk lodging (P = 0.0168) , grain moisture (P < 0.0001), and percent 

stand (P < 0.0001).  The family hybrids created from the 10 families with lowest 

fumonisin concentration averaged 6% stalk lodged plants per plot, while the 10 families 

with highest fumonisin content averaged 5% (Table 1).  For grain moisture, the family 

hybrids created from the 10 families with lowest fumonisin content averaged 157.2 g kg-1 

while the 10 families with highest fumonisin content averaged 152.7 g kg-1 (Table 1).  

For percent stand, the family hybrids created from the 10 families with the lowest 

fumonisin content averaged 97 percent target stand while the 10 families with the highest 

fumonisin content averaged 88 percent target stand. 
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Heritabilities 

Heritabilities on an entry mean basis for traits measured ranged from moderately 

low to high: yield (h2 = 0.54, SE = 0.05), moisture (h2 = 0.65, SE = 0.04), lodging (h 2 = 

0.30  SE = 0.07), plant height (h2 = 0.80, SE = 0.02), ear height (h 2 = 0.84, SE = 0.02), 

days to silking (h2 = 0.37 SE = 0.09),  days to anthesis (h2 = 0.44, SE = 0.08), and percent 

target stand (h2 =  0.84, SE = 0.02).   

 

Correlations 

Many of the correlations between Fusarium ear rot or fumonisin concentration of 

BC1F1:2 families per se and agronomic traits measured in the hybrid study were 

significant.  Significant correlations ranged from r = -0.30 (P < 0.0001, between 

Fusarium ear rot and moisture content) to r = 0.29 (P < 0.0001 between Fusarium ear rot 

and yield) (Table 2).  The correlation between the number of loci in BC1F1:2 lines that had 

GE440 alleles and testcross yield was positive (r = 0.17, P = 0.0160).  This indicates that, 

in general, having more GE440 alleles improved testcross yield, although the correlation 

was low.  The proportion of loci in BC1F1:2 lines that had GE440 alleles was also 

correlated with testcross grain moisture (r = 0.34, P < 0.0001), plant height (r = 0.30, P < 

0.0001), and ear height (r = 0.34, P < 0.0001) were also positive, indicating that, in 

general, the GE440 genetic background is associated with increased grain moisture 

content as well as increased plant and ear heights. 
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QTLs Identified 

Yield QTLs 

 Seven yield QTLs were identified on 7 different chromosomes (Table 3; Figure 

1).  FR1064 was the favorable allele at the two yield QTLs with largest effects (each of 

which explained up to 9% of the variation among family means), but GE440 was the 

favorable allele at the remaining QTLs. Together the QTLs explained 38% of the 

phenotypic variation and 70% of the genotypic variation. 

 

Grain Moisture QTLs 

 Five grain moisture QTLs were identified on 4 different chromosomes (Table 3; 

Figure 1).  The QTL with largest effect, at which FR1064 was the beneficial (lower 

moisture) allele, explained 14% of the phenotypic variation.  The FR1064 allele was 

associated with reduced grain moisture at three of the five QTLs.  Together the QTLs 

explained 31% of the phenotypic variation and 48% of the genotypic variation. 

 

Plant Height QTLs 

 Eight plant height QTLs were identified on 7 different chromosomes (Table 3; 

Figure 1).  FR1064 alleles were associated with the favorable response of lower plant 

height at six of eight QTLs. Two QTLs, at which FR1064 was the beneficial allele, each 

explained 12 to 13% of the phenotypic variation.  Together the QTLs explained 57% of 

the phenotypic variation and 71% of the genotypic variation. 
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Ear Height QTLs 

 Six ear height QTLs were identified on 6 different chromosomes (Table 3; Figure 

1).  FR1064 alleles were associated with lower ear height at five of the six QTLs. The 

largest QTL, at which the FR1064 allele was associated with lower ear height, explained 

23% of the phenotypic variation.  Together the QTLs explained 60% of the phenotypic 

variation and 72% of the genotypic variation. 

 

Silk Date QTLs 

 Three silk date QTLs were identified on 3 different chromosomes (Table 3; 

Figure 1).  The largest QTL, at which FR1064 was associated with earlier silk date, 

explained only 7% of the phenotypic variation.  Together the QTLs explained 14% of the 

phenotypic variation and 39% of the genotypic variation. 

 

Anthesis Date QTLs 

 Four anthesis date QTLs and one epistatic interaction were identified (Table 3; 

Figure 1).  The largest effect was from the epistatic interaction, which explained 5% of 

the phenotypic variation.  Together the QTLs explained 17% of the phenotypic variation 

and 39% of the genotypic variation. 

 

Stalk Lodging QTLs 

 No stalk lodging QTLs were identified. 
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Comparison of disease resistance QTLs and agronomic performance QTLs  

 Fusarium ear rot was positively correlated with testcross yield (Table 2), but no 

Fusarium ear rot QTLs (reported in Robertson-Hoyt et al., 2006) mapped to the same 

positions as yield QTLs.  In contrast, despite the lack of significant correlation between 

fumonisin content and testcross yield, two fumonisin contamination QTLs mapped to 

similar positions as yield QTLs.  In the region of 95.00-109.8 cM on chromosome 1, the 

fumonisin QTL (which accounted for 10% of the phenotypic variation) overlapped the 

yield QTL with the largest effect.  On chromosome 7, in the region between 24 and 30 

cM, a fumonisin contamination QTL (which accounted for 7% of the phenotypic 

variation) overlapped a yield QTL. The GE440 allele contributed to reduced fumonisin 

content at all QTLs, but the GE440 allele was associated with reduced yield at the 

overlapping yield QTL on chromosome 1, whereas the GE440 allele was associated with 

increased yield at the overlapping QTL on chromosome 7. The fumonisin QTL on 

chromosome 1 is also overlapping with a plant height QTL (FR1064 beneficial allele) 

and an ear height QTL (FR1064 beneficial allele) (Table 3; Figure 1; Robertson-Hoyt et 

al., 2006).   

Fumonisin contamination and Fusarium ear rot were both positively correlated 

with stalk lodging and negatively correlated with grain moisture (Table 2).  However, 

there were no lodging QTLs identified, and Fusarium ear rot and fumonisin 

contamination QTLs did not overlap with grain moisture QTLs (Table 3; Figure 1; 

Robertson-Hoyt et al., 2006). 
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Fusarium ear rot and plant height were positively correlated and one region on 

chromosome 5 (83 - 100 cM) contained QTLs for both traits.  The favorable alleles for 

both traits (shorter plants and lower ear rot) in this region are from GE440.  There are 

three QTLs overlapping between fumonisin concentration and plant height, even though 

these two traits were not significantly correlated (chromosome 1, 95 - 104 cM; 

chromosome 4, 135 - 145 cM; and chromosome 5, 83 - 97 cM). 

 

DISCUSSION 

 

Unexpectedly, the GE440 testcross hybrid had significantly higher yield than the 

FR1064 testcross hybrid, and no BC1 family hybrid yielded significantly less than 

FR1064.  This was surprising because the GE440 inbred is tall with spindly, weak stalks 

and has very small, poorly filled ears, whereas FR1064 is an improved B73 line that was 

used for commercial hybrid production in the recent past.  The superiority of GE440 was 

also observed in the positive correlation between the proportion of loci in BC1F1:2 lines 

that contained GE440 alleles and testcross grain yield, although the correlation was low (r 

= 0.17).  Finally, at five of the seven yield QTLs identified, the GE440 allele was 

associated with increased yield. These results suggest that GE440 may have a more 

suitable background in hybrid combination with tester FR615 × FR697 for increasing 

yield under growing conditions in North Carolina.  The greater testcross yield of GE440 

may be due in part to greater heterosis due to greater genetic distance from the tester.  It 

may also be due to better local adaptation of GE440 (developed in Georgia) to North 
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Carolina environments than FR1064 (developed by Illinois Foundation Seeds, Inc. 

mainly from a Midwestern USA adapted line, B73).   Finally, under conditions conducive 

to Fusarium ear rot, the resistance alleles in GE440 and its progeny may have contributed 

to greater yields directly by preventing loss due to ear rot. 

The FR1064 testcross hybrid’s poor yield was also likely associated with its poor 

stand (61% of target stand compared to 98% for GE440 testcross) (Table 1), despite our 

attempt to adjust yield for differences in stand by using stand as a covariate in the 

analysis.  A similar significant difference was observed between the high fumonisin 

progeny (88%) mean stands and the low fumonisin group (97%) mean stands, which also 

had higher and lower mean ear rot, respectively (Robertson et al., 2006).  The testcross 

seeds were produced using GE440, FR1064, or the BC1 derived family as the female 

parent in an environment prone to Fusarium ear rot.  Therefore, it is likely that the 

FR1064 testcross and the more susceptible family testcrosses had higher proportions of 

seed that was damaged by Fusarium spp., leading to lower germination and lower stands.  

However, although there was a difference between the yield of the two parental testcross 

hybrids, there was no significant yield difference between the two BC1-derived family 

groups (Table 1).  This suggests that using stand as a covariate in our analyses corrected 

for differences in stand within part of the range of variability, but perhaps was not 

adequate to adjust for the extremely low stands of the FR1064 testcross. 

 There are, however, negative traits expressed by GE440 in hybrid combination, 

such as significantly greater stalk lodging and taller plant and ear heights than the 

FR1064 testcross hybrid.  If negative alleles for some traits are linked to positive alleles 
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for other traits, understanding the genetic basis for these traits can allow breeders to more 

easily identify plants where these linkages have been broken.  

 Based on the percent of genotypic variation explained by QTLs (Table 3), we 

were able to identify QTLs associated with the majority of genetic variation for yield, 

plant height and ear height (in each case the combined effects of mapped QTLs explained 

greater than 70% of the genotypic variation).  Many QTLs influencing moisture were 

identified.  However, most of the QTLs identified for moisture had small effects, 

suggesting that there may be many very small effect QTLs that were not identified.  For 

silk date and anthesis date, however, only a small number of QTLs were identified (for 

silk and anthesis date, QTLs explained only 39% of the genotypic variation) and for 

lodging no QTLs were identified.  For silk and anthesis date, the low number of QTLs 

identified could be due to low power of detection, because only two environments were 

used to collect data on flowering time.   Flowering time in hybrids, however, was not 

correlated with resistance to either fumonisin or ear rot, which confirms the results 

measured in lines per se by Robertson et al. (2006) and demonstrates that resistance is not 

due to disease escape due flowering time effects.   We were unable to map QTLs with 

effects on mean lodging ratings because a large proportion of the variation in stalk 

lodging was due to genotype by environment interaction. 

 There was a negative correlation between Fusarium ear rot or fumonisin 

contamination and grain moisture.  Bush et al. (2004) reported that early harvest (in order 

to force a dry down as fast as possible) is a good control strategy for reducing fumonisin 

contamination, by escaping the disease pressure that would lead to high levels of 
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fumonisin.  The correlation we see in this study between lines with low mean fumonisin 

and testcrosses with higher moisture content is likely due to linkage between high 

moisture alleles and disease resistance alleles in GE440.  This illustrates the commonly 

observed phenomenon that introgression of unadapted germplasm is often accompanied 

by unexpected and possibly unwanted phenotype change along with favorable changes 

(Goodman, 1985). 

 The results of the parental line comparisons correlation analysis and QTL analysis 

were not always similar.  For example, there was a positive, but small (r = 0.15), 

correlation between Fusarium ear rot and plant height.  This was surprising because 

GE440 had significantly less ear rot than FR1064 and its testcross was significantly taller 

than the FR1064 testcross.  However, at the one QTL region that affected both Fusarium 

ear rot and plant height, the GE440 allele was associated with shorter plants.  Therefore, 

this QTL region contributes to the positive correlation between these two traits.   Another 

example was that the trait pair that had the greatest number (three) of overlapping QTLs, 

(fumonisin content and plant height) was not significantly correlated.  Finally, two 

overlapping QTLs for fumonisin content and grain yield were discovered, despite the 

lack of correlation between these two traits.  Careful consideration of these results, 

however, reveals that different QTLs often contributed in opposite directions to the total 

genetic covariance between the two traits.  For example, of the three QTL regions that 

affected both fumonisin concentration and plant height, the GE440 allele of the two most 

important QTLs head nearly identical effect magnitudes but opposite signs (-2.73 on 

chromosome 1 and +2.88 on chromosome 4) (Table 3).  Similarly, for grain yield and 
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fumonisin concentration, the overlapping QTL region on chromosome 1 would have 

contributed a positive genetic covariance, whereas the region on chromosome 7 would 

have contributed a negative genetic covariance.  Since the contributions of these unlinked 

gene regions would be summed in their respective total genetic covariances, they would 

have partly canceled each other out in both cases. 

 In summary, the correlation results suggest that if rot resistance alleles were 

backcrossed into FR1064, yield, stalk lodging, and plant height would decrease, while 

grain moisture content would increase.  If fumonisin contamination resistance alleles 

were backcrossed into FR1064, stalk lodging would decrease, while grain moisture 

content would increase.  The strength of these correlation results are such that even with a 

small population size, we should be able to identify correlated traits and make predictions 

about the effects of marker assisted backcrossing of resistance alleles on agronomic trait 

performance.  Many of these correlations are supported by few or no overlapping QTLs.  

This could be a result of low power of QTL detection in a small population.  However, in 

some cases where overlapping QTLs were detecting, QTLs contributing in opposite 

directions to the total genetic covariance between two traits may reduce or cancel out the 

pleiotropic effects, therefore the overall correlation estimates may not be good indicators 

of response to selection at the most important gene regions.   

 In general, marker assisted selection could prove useful in helping to break 

linkages between resistance QTLs and other important agronomic traits if backcrossing 

resistance QTLs is the breeding goal.  However, the QTLs identified in this study explain 

such a small percentage of the variation, that marker assisted selection for testcross 
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agronomic traits cannot be recommended.  Also, in the cross of GE440 and FR1064, 

GE440 was the beneficial parent for not only disease resistance but also yield at most 

QTL regions.  This suggests that instead of implementing an introgression strategy via 

backcrossing, an incorporation strategy (reviewed by Holland, 2004), in which 

populations containing large amounts of exotic germplasm are developed and improved 

might be beneficial in helping to broaden the genetic base of maize germplasm. 
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Table 1: Mean fumonisin contents and Fusarium ear rot means measured by Robertson et 

al., 2006 in BC1F1:2 lines in four North Carolina environments; means of testcross 

agronomic traits measured in eight North Carolina environments for parental lines and 

each of highest 10 and lowest 10 fumonisin contaminated families.  The LSD shown is 

appropriate for comparing individual hybrids.  Differences between the hybrids created 

from the highest 10 and lowest 10 fumonisin contaminated families are presented where 

significant. 
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Table 1 (continued) 
  

 
       

 
Traits Measured In 
Pure Lines Per Se  

 
 

Traits Measured in 
Testcrosses    

Family 
Inbred 

Fumon.  
Inbred 

Rot
Grain 
Yield

Grain 
Moisture

Stalk 
Lodging 

Plant 
Height

Ear  
Height

Silk  
Date

Anthesis 
Date Stand

 µg g-1 % Mg Ha-1 g kg-1 % cm cm DAPe DAP %
Families with lowest fumonisin concentration  
397-8 0.4 (1.5)‡ <1 7.54 162.0 8 214 95 60 59 92
399-3 1.2 (3.3) 3 8.82 159.1 7 213 92 60 59 99
400-9 1.2 (3.3) 17 8.14 159.0 9 209 92 60 59 96
397-10 1.2 (3.3) 7 7.73 154.3 9 210 94 61 61 99
412-13 1.3 (3.7) 21 9.17 154.9 6 216 85 - - 100
396-14 1.3 (3.7) 11 7.72 154.3 5 214 90 60 59 95
402-3 1.4 (4.1) 8 8.00 158.0 6 213 98 60 59 98
399-13 1.4 (4.1) 2 7.80 159.0 6 211 94 60 60 99
400-3 1.4 (4.1) 7 7.52 156.4 4 209 88 60 58 99
399-1 1.5 (4.5) 6 7.98 155.4 4 213 92 60 59 97
Mean  
(Lowest 10) 1.2 (3.3) 9 8.04 157.2 6 212 92 60 59

 
97

Families with highest fumonisin concentration  
402-10 3.4 (30.0) 25 7.96 150.2 4 210 92 61 59 90
405-1 3.5 (33.1) 23 7.72 151.1 6 218 92 59 58 86
402-11 3.5 (33.1) 30 8.01 156.8 4 215 90 61 60 90
401-6 3.5 (33.1) 27 8.09 151.5 4 210 87 60 60 80
397-13 3.5 (33.1) 22 7.49 158.4 7 214 99 61 60 95
403-11 3.5 (33.1) 19 7.61 160.8 4 215 92 60 60 84
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Table 1 (continued)  
  
399-7 3.6 (36.6) 23 7.92 158.0 4 222 96 61 60 94
410-4 3.6 (36.6) 36 7.71 143.4 4 207 87 60 59 75
413-5 3.7 (40.4) 26 7.60 145.8 5 207 84 57 57 93
413-7 4.2 (66.7) 32 8.65 151.4 4 213 91 60 59 97
Mean 
(Highest 10) 3.6 (36.6) 26 7.88 152.7 5 213 91 60 59 88
Lowest 10 
Mean - 
Highest 10 
Mean NA NA NS 4.5*** 1* NS NS NS NS 9***

BC1F1:2 
Family 
Overall Mean 2.5 (12.2) 18 7.96 154.4 5 212 92 60 59 92
Range of 
Families 0.4 – 4.2 0 – 36

6.81–
9.87

143.4-
163.7 2–10 

200–
225 81-101 57–62 57–61 64-100

GE440 × 
Tester 

0.8 (2.2) 11
8.33 166.3 17 228 114 61 60 98

FR1064 × 
Tester 3.3 (27.1) 22 7.07 151.4 4 205 84 60 59 61
Check Mean     NA§ NA 9.74 163.7 5 220 94 62 61 98
LSD .09 (NA) 0.78 0.6 4 7 5 2 2 8

 

† DAP, days after planting.   

‡ Values in parentheses represent means back-transformed to approximate their original value of µg g-1 (Robertson et al., 2006). 
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Table 1 (continued) 

 

§  NA, not applicable. 

* Significant at P < 0.05 

*** Significant at P < 0.0001 
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Table 2: Correlations between means for fumonisin contamination or Fusarium ear rot measured in an inbred           

study (Robertson et al., 2006) with traits measured in testcross hybrids. 

 

 

 

 

 

 

 

 Yield Moisture Stalk 
Lodging 

Plant Height Ear 
Height

Silk 
Date 

Anthesis 
Date 

Target 
Stand 

Fumonisin 
Concentration 

NS r = -0.29 
P  <  0.0001 

r = 0.17 
P = 0.0132 

NS NS NS NS r = -0.20 
P = 0.0034  

         
Fusarium  
Ear Rot 

r = 0.29 
P < 0.0001 

r  = -0.30 
P  <  0.0001 

r = 0.18   
P = 0.0078 

r = 0.15 
P = 0.0285 

NS NS NS r = -0.25 
P = 0.0002 
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Table 3: QTL identified through multiple interval mapping for traits measured in the hybrid trials.  Yield effect is in Mg ha-1,                 

grain moisture (MOIS) is in g per 100g, plant height (PHT) and ear height (EHT) are in centimeters, and effects of average 

mid-silk (SILK) and anthesis (ANTH) date are in days.  The heritability (h2) estimate listed is entry mean heritability.   

Trait 
Beneficial 

Allele 
Chromo 

some 
QTL 

Position

 
 
 

Bin 
Left 

Marker 
Right 

Marker Effect† 

Percent 
Phenotypic 
Variation 
Explained 

Yield FR1064 1 109.08 1.04 bnlg1811 bnlg1884   0.23   9.2 
Yield GE440 4 106.54 4.07 umc1329 dupssr34 -0.16   5.1 
Yield GE440 5 220.15 5.09 bnlg1118 umc1153 -0.18   5.8 
Yield GE440 7 30.18 7.02 umc2098 umc1134 -0.13   2.7 
Yield GE440 8 82.18 8.05 bnlg666 bnlg1031 -0.14   3.5 
Yield GE440 9 245.67 9.07 bnlg1375 umc1982 -0.15   3.6 
Yield FR1064 10 37.45 10.02 mmc0501 umc1785  0.19   7.8 
      Total‡: 37.7 
        
MOIS GE440 1 0.01 1.01 phi056 bnlg1124   0.07   0.9 
MOIS GE440 1 192.58 1.09 umc1085 umc2047   0.18   5.6 
MOIS FR1064 2 106.17 2.04 bnlg1175 bnlg1036  -0.21   7.7 
MOIS FR1064 3 80.14 3.04 bnlg2136 bnlg1452 -0.12   3.1 
MOIS FR1064 6 111.29 6.05 bnlg1702 umc2375 -0.29 14.0 
      Total: 31.3 
        
PHT FR1064 1 103.99 1.04 phi001 bnlg1811 -2.73 6.2 
PHT FR1064 3 91.06 3.04 bnlg1452 phi053 -1.94 3.4 
PHT GE440 4 134.75 4.08 bnlg2244 umc1086   2.88 8.6 
PHT GE440 5 83.32 5.03 umc1355 umc2111   0.90 0.4 
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Table 3 (continued)        
         
PHT FR1064 5 215.15 5.09 bnlg1118 umc1153 -3.79 11.7 
PHT FR1064 6 0.01 6.02 umc1257 umc1014 -2.51   6.5 
PHT FR1064 8 54.93 8.05 bnlg1812 bnlg666 -2.78   7.5 
PHT FR1064 9 161.16 9.05 bnlg1270 bnlg1375 -3.61 12.9 
      Total: 57.2 
        
EAR FR1064 1 99.99 1.04 phi001 bnlg1811 -2.08   4.6 
EAR FR1064 3 110.49 3.06 phi053 bnlg1449 -4.15 22.7 
EAR GE440 4 139.75 4.08 bnlg2244 umc1086   2.08   7.4 
EAR FR1064 6 0.01 6.02 umc1257 umc1014 -1.77   5.1 
EAR FR1064 8 54.93 8.05 bnlg1812 bnlg666 -2.61   8.5 
EAR FR1064 9 173.16 9.07 bnlg1270 bnlg1375 -2.80 11.5 
      Total: 59.8 
        
SILK GE440 4 116.95 4.07 dupssr34 bnlg2244   0.32   5.1 
SILK FR1064 8 61.18 8.05 bnlg1812 bnlg666 -0.25   2.7 
SILK FR1064 9 150.16 9.05 bnlg1270 bnlg1375 -0.39   6.6 
      Total: 14.4 
        
ANTH GE440 2 209.48 2.09 bnlg1520 umc2214   0.32   4.4 
ANTH GE440 4 63.70 4.05 umc2280 umc2061   0.19   1.3 
ANTH GE440 7 45.18 7.03 umc2098 umc1134   0.20   2.3 
ANTH FR1064 9 245.67 9.07 bnlg1375 umc1982 -0.30   4.1 
ANTH  4*7§      0.64   5.0 
       Total: 17.1 
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Table 3 (continued) 

† QTL effect estimated as half the difference between homozygous FR1064 genotypes and heterozygous GE440/FR1064     

genotypes. 

 

‡ Total variation associated with all of the QTL in the model fitted simultaneously. 

 § Epistatic interaction is presented using the chromosome to designate which QTL is involved in the interaction. 
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ABSTRACT 

 

Fusarium verticillioides (syn. F. moniliforme), F. proliferatum, and Aspergillus 

flavus cause ear rots of maize and contaminate the grain with mycotoxins (fumonisin or 

aflatoxin).  The objective of this study was to investigate the relationships between 

resistances to Fusarium and Aspergillus ear rots and fumonisin and aflatoxin 

contamination in selected lines from one maize population.  Based on a previous study of 

143 recombinant inbred lines from the cross NC300 × B104, 24 lines with highest and 24 

lines with lowest mean fumonisin concentration were selected for further evaluation.  

Paired plots of each line were inoculated with F. verticillioides and F. proliferatum or 

with A. flavus in replicated field trials in four environments.  Depending on which species 

was used for inoculation, Fusarium ear rot and grain fumonisin concentration or 

Aspergillus ear rot and grain aflatoxin concentration were measured on each plot. The 

low fumonisin group had significantly lower levels of fumonisin, aflatoxin, and Fusarium 

and Aspergillus ear rots.  Based on line means across environments, all four traits were 

significantly correlated, ranging from rG = 0.88 (SE = 0.06; aflatoxin and Aspergillus ear 

rot) to rG = 0.99 (SE = 0.01; Fusarium and Aspergillus ear rot).  All four traits were 

significantly correlated within each environment as well.  These results suggest that at 

least some of the genes involved in resistance to ear rots and mycotoxin contamination by 

these different fungal species are identical or genetically linked; hence they could be 

exploited by plant scientists looking for resistance to multiple fungal species. 
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Abbreviations: RIL, Recombinant inbred lines; NCB, NC300 × B104 population; LSD, 

least significant difference; QTL, quantitative trait locus. 
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INTRODUCTION 

 

Mycotoxins in maize, such as fumonisins, produced by Fusarium species, and 

aflatoxins, produced by Aspergillus species, are a concern due to issues such as livestock 

poisoning (Colvin and Harrison, 1992; Ross, 1992) and cancer and birth defects in 

humans (Castegnaro and McGregor, 1998; Gelderbloom et al., 1988; Rheeder et al., 

1992; Hendricks, 1999).  When conditions for fungal growth are optimum, there are no 

cultural practices that are sufficient for keeping mycotoxin levels below FDA limits and 

suggestions for safe toxin levels (CFSAN, 2000; CFSAN, 2001a; CFSAN 2001b).  

Genetic resistance is the best defense against mycotoxin contamination.  However, at 

present no commercial hybrids are completely resistant to mycotoxin contamination.  

Both fumonisin and aflatoxin can be found on the same maize ear, but there is 

debate over whether Fusarium and Aspergillus are antagonistic pathogens.  Marín et al 

(1998) found that the growth of Aspergillus spp. was slowed in the presence of Fusarium 

spp., suggesting a competitive relationship and a negative correlation between the growth 

of these two species, perhaps due to competition for the same resources or niche 

environment on maize ears.  Similarly, Zummo and Scott (1992) found lower levels of 

aflatoxin in grain of plants inoculated with both Fusarium spp. and A. flavus than in grain 

of plants inoculated with A. flavus alone.  They concluded that Fusarium spp. are able to 

inhibit A. flavus growth, leading to lower aflatoxin levels.  These pathogens may require 

similar subtrates for growth and development, and also may have similar interactions 

with the host plant.  If this were true, host plant resistance to one pathogen species would 
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be associated with resistance to the other.  It is possible that the genes responsible for 

common resistances could be the same or genetically linked.  Wisser et al. (2006) 

reported evidence that quantitative trait loci (QTLs) conferring resistance to different 

diseases are clustered in the maize genome.   

In contrast, however, Ono et al. (2001) found that fumonisin and aflatoxin were 

both found in Brazilian corn, although fumonisin was the more prevalent mycotoxin.  

Moreover, Abbas et al. (2006) found that across test environments, in hybrids naturally 

infected with both Fusarium spp. and A. flavus, aflatoxin and fumonisin levels were 

positively correlated. These results suggest that both species can thrive on the same plant 

without necessarily competing for the same resources if host plants are highly 

susceptible.  The positive correlation between the two mycotoxins suggests that some 

resistance mechanisms to the fungi may be shared, but this cannot be determined with 

certainty without partitioning the genetic components from the total phenotypic 

correlation (Robertson et al., 2006).  To our knowledge, neither genetic correlations 

between Fusarium ear rot, Aspergillus ear rot, and fumonisin and aflatoxin concentration, 

nor shared mechanisms of resistance among ear rots have been demonstrated. 

Due to the limited understanding of the relationship between A. flavus and 

Fusarium spp. infections in corn and the lack of understanding of common or distinct 

resistance mechanisms to different ear rot pathogens, the objective of this study was to 

estimate the correlations between Fusarium and Aspergillus ear rot, fumonisin, and 

aflatoxin contamination in maize.  To minimize the confounding effects of interactions 
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between pathogen species on the evaluation of host plant resistance, we inoculated plants 

with only one pathogen or the other.  

 

MATERIALS AND METHODS 

 

Population Development 

NC300 was identified in preliminary studies as a potential source of resistance to 

Fusarium ear and kernel rot and low fumonisin contamination (Robertson et al., 2006).  A 

segregating population, derived from the cross NC300 × B104, was created.  Inbred 

NC300 (derived from the tropical hybrids Pioneer X105A, Pioneer X306B, and H5) was 

crossed to inbred B104 (derived from the BS13 strain of Iowa Stiff Stalk Synthetic).  A 

random sample of F2 plants from this cross were self-pollinated to form F2:3 families.  F2:3 

families were grown ear-to-row, and a single self-fertilized ear was harvested from each 

row without selection.  This procedure was repeated until 143 F6-derived recombinant 

inbred lines (RILs) were developed.  F7 or F8 generation seeds were used in this study to 

represent the RILs.  Robertson et al. (2006) evaluated this population in replicated and 

artificially inoculated trials in three environments.  Mean fumonisin concentration was 

estimated for each line and the 24 lines with highest mean fumonisin concentration and 

24 lines with lowest mean fumonisin concentration were selected for further study.  

These two groups of lines will be referred to as the high and low fumonisin groups, 

respectively, based on their performance in the previous trials reported by Robertson et 

al. (2006).  
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Field Evaluation 

The 24 high fumonisin lines, 24 low fumonisin lines, with the two parental lines, 

NC300 and B104, and six check inbreds (CML176, CML269, CML288, FR2128, 

TX110, and TX770) comprised a total of 56 experimental entries for the study.  The 

experiment was planted in 2004 and 2005 in two locations: Clayton, NC and College 

Station, TX.  The experimental design was a split-plot design where whole plots were 

genotypes and subplots were pathogen inoculations (Fusarium or Aspergillus).  The 

whole plots were arranged following 7 × 8 α-lattice designs replicated three times in each 

environment.  Whole plots were two-row plots, and each subplot was one row, which was 

inoculated with either Fusarium spp. or with A. flavus.  Plots were 3.048 m in length with 

0.9144 m between plots in both locations.  Plots were overplanted and thinned to 

approximately 20 plants.  Each subplot row was tagged before inoculation to indicate 

which inoculation treatment was to be applied. 

All plants in the Fusarium sub-plot rows were inoculated with three isolates each 

of F. verticillioides and F. proliferatum: Fusarium verticillioides isolates ISU95082, 

ISU94445, and ISU94040 and F. proliferatum isolates 310, 37-2, and 19.  This mixture 

of isolates was created to represent the heterogeneity of pathogen species in the natural 

environment (Clements et al., 2003).  The Fusarium isolates were removed from glycerol 

storage at –80°C and cultured separately on potato dextrose agar.  Inoculum was prepared 

by washing conidia from the cultures with 0.05% Triton X-100 (Fisher Biotech, 

Fairlawn, NJ) and diluting the resulting conidial suspension of the six isolates to a final 

concentration to approximately 1 ×106 conidia ml-1.   
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In order to reduce the chance of escapes, two inoculations of Fusarium spp., one 

week apart, were performed.  At each inoculation, the primary ear of ten plants in one 

row (one subplot) of each two-row whole plot was inoculated with 10 ml of inoculum.  

Silk channel inoculation (injecting inoculum into the silk channel while the silks are 

fresh) was performed approximately ten days after mean silking date within each 

location, and direct ear inoculation (injecting inoculum directly through the husk onto the 

ear) was performed seven days later (Clements et al., 2003). 

A. flavus inoculum was prepared using isolate NRRL 3357 (Wicklow et al., 1998; 

Windham et al., 2003).  The isolate was cultured on autoclaved corn kernels, and 

inoculum was prepared by washing conidia from the kernels with 2-3 drops of Tween-20 

(Fisher Biotech, Fairlawn, NJ) per 100 ml water and diluting the resulting conidial 

suspension to a final concentration to approximately 1 × 107 conidia ml-1.  One 

inoculation was performed approximately ten days after mean silking date within each 

location, using silk channel inoculation.  The primary ear of ten plants in one subplot of 

each whole plot was inoculated with 3ml of inoculum.   

When all plants had reached physiological maturity, primary ears were hand-

harvested and air-dried to approximately 14% moisture.  After drying, ears on the 

Fusarium spp. inoculated row were rated by visually identifying the percentage of 

kernels exhibiting Fusarium ear rot symptoms on each inoculated ear.   Ears on the A. 

flavus inoculated row were rated by visually identifying the percentage of kernels 

exhibiting Aspergillus ear rot symptoms on each inoculated ear.  The grain from all 

inoculated ears within each individual row of a plot was then shelled, bulked and ground 
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to a fine particle size using a Romer mill (Series II Mill, Romer Labs Inc., Union, MO).  

Fumonisin concentrations were measured on 25 g of ground grain from each Fusarium 

subplots.  Fumonisin concentrations were measured in triplicate for each sample using 

enzyme linked immunosorbant assay (Clements et al., 2003).   Aflatoxin concentrations 

were obtained from a 50 g subsample of ground grain from each Aspergillus subplot 

using the VICAM Aflatest (VICAM, Watertown, MA).  Aflatoxin concentrations in ng g-

1 were log-transformed to equalize variance.  Antilogarithmic values were used to report 

the results. 

 

Statistical Analysis 

 Analysis of variance for each trait (fumonisin concentration, aflatoxin 

concentration, Fusarium ear rot, and Aspergillus ear rot) was conducted and least square 

means for each line were estimated with the PROC MIXED procedure from SAS (SAS 

Institute, 1999).  Since each trait was measured on only one subplot of each whole plot, 

the analysis was conducted on the basis of the lattice design of whole plots.  Line was 

considered a fixed effect.  Environment, replication within environment, incomplete 

block within rep by environment, and environment by line interaction were considered 

random effects.  Tests for significance of genotype by environment interaction were 

performed with a chi-square test of the difference between -2 times the logs of the 

restricted maximum likelihoods of the complete model and a reduced model lacking the 

genotype by environment interaction (Littell et al., 1996).  The approximate P-value of 

the test was obtained by dividing the P-value of the one degree of freedom chi-square 
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statistic by two (Self and Liang, 1987; Littell et al., 1996).  F-tests using the CONTRAST 

statement of PROC MIXED from SAS (SAS Institute, 1999) were used to compare the 

means of line groups chosen based on high and low levels of fumonisin for all four traits 

measured.  Genotypic and phenotypic correlations between Fusarium ear rot, Aspergillus 

ear rot, fumonisin, and aflatoxin were estimated using multivariate REML in PROC 

MIXED of SAS (Holland et al., 2001).  Standard errors of genotypic and phenotypic 

correlations obtained with multivariate analyses were obtained with the delta method 

(Holland et al., 2003).   

 

RESULTS 

 

Lines differed significantly (P < 0.0001) for concentration of aflatoxin and 

fumonisin, as well as for Fusarium and Aspergillus ear rots across all environments.  The 

means of the parent lines, NC300 and B104, across all environments, differed 

significantly for only Aspergillus ear rot (Table 1) in agreement with Robertson et al. 

(2006), who reported that these parent lines exhibited similar levels of resistance to 

Fusarium ear rot and fumonisin contamination, although their progeny exhibited 

significant transgressive segregation for susceptibility to both aspects of this disease.  

None of the checks differed significantly for aflatoxin concentration, although FR2128 

did have four times the amount of aflatoxin as TX770 (Table 1).  FR2128 also had 

significantly greater fumonisin concentration than all but one other check line (Table 1).  

None of the checks were significantly different for either Aspergillus or Fusarium ear rot. 
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Means for aflatoxin levels across environments ranged among RILs from 261 to 

4876 ng g-1, and fumonisin levels ranged from 5 to 128 µg g-1 (Table 2).  Aspergillus ear 

rot levels across environments ranged among RILs from 9 to 73% and for Fusarium ear 

rot, averages ranged from 8 to 85% (Table 2).  For each trait, the five lowest-ranking 

lines across environments were always from the selected low fumonisin group, and the 

highest-ranking five lines were from the selected high fumonisin group, with one 

exception (Table 2).  The one exception was RIL-48, which ranked among the top five 

lines for high mean aflatoxin concentration, but was among the ten lines with lowest 

fumonisin concentration and ranked near the middle for both ear rots (Table 2). 

Genotype by environment interaction was significant for all traits (P < 0.0001).  

Therefore, we also compared trait means for parents, checks, and high and low fumonisin 

groups within each environment.  The group of 24 RILs selected for high fumonisin 

levels had significantly higher levels of fumonisin, aflatoxin, and Fusarium and 

Aspergillus ear rots (Table 2).  The magnitude of the difference between low and high 

fumonisin groups differed among environments, contributing to the genotype by 

environment interaction variance.  Ranks of individual checks also varied across 

environments (Table 3).  Across environments, the group of 24 RILs selected for high 

fumonisin levels had significantly (P < 0.0001) higher levels of fumonisin, aflatoxin, and 

Fusarium and Aspergillus ear rots than the group of RILs selected for low fumonisin 

concentration (Table 2).   

  Genotypic and phenotypic correlations between all four traits were significant 

and high (Table 4).  Genotypic correlations ranged from rG = 0.88 (SE = 0.06) between 
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aflatoxin and Aspergillus ear rot, to rG = 0.99 (SE = 0.01) between Fusarium ear rot and 

Aspergillus ear rot.  The phenotypic correlations ranged from rP = 0.53 (SE = 0.06) 

between aflatoxin and fumonisin concentration, to rP = 0.81 (SE = 0.03) between 

Fusarium ear rot and Aspergillus ear rot.  Genotypic correlations were higher than their 

corresponding phenotypic correlation for all pairs of traits.  The high correlations were 

evident in the consistency of RIL ranks across traits (Table 2).  Three RILs ranked among 

the lowest five RILs for at least three traits, and two RILs ranked among the highest five 

lines for all traits (Table 2).  The high correlations are also demonstrated in the 

scatterplots of entry means for fumonisin concentration with aflatoxin concentration 

(Figure 1) and for Fusarium ear rot with Aspergillus ear rot (Figure 2). 

 

DISCUSSION 

 

 Even though both parents of this population exhibited similar levels of rot and 

mycotoxin contamination resistance, significant segregation was observed in the 

population, illustrated by the range of line means (Tables 1 and 2).  None of the checks 

differed significantly for either Aspergillus or Fusarium ear rot, but this was not 

surprising, as these check inbreds have not exhibited consistency across years and 

locations.  For example, in a separate test of white food corn inbreds, CML176 ranked 

lowest of 15 for aflatoxin resistance in the first year of an experiment, but ranked 10 and 

13 of 15 in the two locations of the second year of the experiment.  Similarly, in the same 

experiment, TX110 ranked 7 of 15 in the first year of an experiment, but ranked 14 and 
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15 of 15 in the two locations of the second year of the experiment (Betrán, unpublished 

data).   Because environmental variability is a common feature of aflatoxin 

contamination, it is important to find sources of resistance that behave consistently across 

environments. 

The two groups of RILs, selected based on high and low fumonisin levels from a 

previous experiment, were significantly different for all four traits in the four 

environments (Table 3),  suggesting that response to selection for reduced fumonisin 

concentration based on three North Carolina environments was significant in independent 

Texas and North Carolina environments. This also suggests that genotype by 

environment interaction for fumonisin contamination is mainly due to differences in 

genetic variance for fumonisin within environments, rather than to significant changes in 

genotype ranks (Robertson et al., 2006).  Finally, the correlated response of Fusarium and 

Aspergillus ear rots and aflatoxin concentration to divergent selection on fumonisin 

concentration strongly implicates a genetic correlation between fumonisin concentration 

and the other disease traits   

The relationship of resistance to both mycotoxin contaminations and ear rots is 

also supported by the correlation estimates.  Both genotypic and phenotypic correlations 

between all sets of traits are high (Table 4).  However, the genotypic correlations are 

always greater than the phenotypic correlations, suggesting that environmental factors 

influence the extent to which these traits are phenotypically correlated.  A caveat to this 

conclusion is that the genotypic correlation estimates are biased upwards by the selection 

for extreme mean fumonisin concentrations based on a previous study.  Because of the 



 172

high correlations between all traits across environments, the significant differences of the 

means of the selected high and low fumonisin groups for all traits, and the high genotypic 

correlation between fumonisin contamination and Fusarium ear rot (Robertson et al., 

2006), we predict that making selections against Fusarium ear rot would also select lines 

with lower fumonisin contamination.  Similarly, the strong correlations between 

Fusarium and Aspergillus ear rots, and between Aspergillus ear rot and aflatoxin 

contamination observed in this study suggest that selection against Fusarium ear rot 

should also result in reduced susceptibility to Aspergillus ear rot and aflatoxin 

contamination. This is a favorable situation because Fusarium ear rot is easy to score in 

the field, relatively stable across environments, and much less expensive to phenotype 

than mycotoxin contamination. 

When looking for the similarities between resistance mechanisms to these two 

fungi, many questions need to be addressed to further elucidate their relationships with 

maize.  Fungal resistance mechanisms of maize, as well as infection and virulence 

mechanisms of the fungi, need to be investigated for similarities.  Other factors, such as 

insect resistance, should also be considered.  Abbas et al. (2006) found that both 

Aspergillus and Fusarium ear rot were significantly correlated with insect damage.  Also, 

genes that control plant stress reactions may also contribute to the correlation between 

resistances to these two fungi.  For example, stress due to weather conditions influences 

both fumonisin and aflatoxin contamination (Payne, 1992; Abbas et al., 2002). 

One approach to investigating the relationship between resistances to the ear rot 

pathogens is QTL mapping.  QTLs for different disease resistances have some tendency 
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to map to similar genome locations (Wisser et al., 2006).  Localizing QTLs for resistance 

to different diseases on a common genetic map provides circumstantial evidence for 

common genetic mechanisms.  Fine-scale genetic mapping will be necessary to 

distinguish linked QTLs, such as those in a resistance “cluster” from pleiotropic QTL that 

influence resistance to both fungi.  When comparing the Robertson-Hoyt et al. (2006) 

QTL data to the data synthesized by Wisser et al. (2006), for example, several fumonisin 

contamination QTL were consistent with QTL for aflatoxin contamination on 

chromosomes 1, 2, 3, 4, 5 and 9.  These results, along with the high positive correlations 

between the four traits reported in this study suggest that at least some of the genetic 

factors are linked or identical pleiotropic QTLs.  In either case, these QTL clusters can be 

exploited by plant scientists looking for resistance to multiple fungal species.  Although 

host resistance to these traits is complex, with different sets of resistance factors in 

different lines, it appears that some resistance QTL regions may have pleiotropic effects 

on Fusarium ear rot, Aspergillus ear rot, fumonisin and aflatoxin. 
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Table 1: Means across four environments of check lines, parent lines, and the means of 

the selected high and low fumonisin groups for aflatoxin, Aspergillus ear rot, fumonisin, 

and Fusarium ear rot.   

 

  
 

Aflatoxin
Aspergillus

Ear Rot Fumonisin 
Fusarium
Ear Rot 

 ng g-1 % µg g-1 % 
     
Check and parent lines   
CML176 298 6 2 10 
CML269 586 10 9 12 
CML288 576 21 7 12 
FR2128 1034 21 41 26 
TX110 247 21 16 25 
TX770 742 12 9 22 
NC300 122 4 3 7 
B104 643 25 10 24 
      
Mean of High Fumonisin Lines 2422 45 66 50 
Mean of Low Fumonisin Lines 849 17 12 18 
High – Low Fumonisin Lines 1573**** 28**** 54**** 32**** 
LSD (0.05) † 1629 21 30 20 

 

† LSDs are appropriate for comparing any two line means. 

**** Significant at P < 0.0001. 
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Table 2.  Mean aflatoxin concentration, Aspergillus ear rot, fumonisin concentration, and 

Fusarium ear rot across four environments of RILs ranking in the highest (1 – 5) or 

lowest (44 -  48) five for each trait.  The grouping of the line, based on previous data by 

Robertson et al. (2006), as either high (H) or low (L) fumonisin, is shown in parentheses 

next to the line name.  The rank of the line for each trait is shown within each trait 

category next to the line name in parentheses.  Values in boldface are included in the 

highest or lowest five ranks for that trait. 

 

  
Aflatoxin 

 
Aspergillus 

Ear Rot 
Fumonisin Fusarium Ear 

Rot 
 ng g-1 (rank) %  (rank) µg g-1 (rank) % (rank) 
Lines ranking in lowest five for at least one trait   
RIL-1 (L) 261 (48) 9 (46) 7 (45) 8 (48) 
RIL-82 (L) 283 (47) 12 (40) 7 (44) 14 (40) 
RIL-84 (L) 295 (46) 9 (47) 10 (35) 9 (45) 
RIL-5 (L) 431 (45) 22 (27) 10 (37) 21 (35) 
RIL-68 (L) 501 (44) 9 (45) 8 (41) 9 (47) 
RIL-119 (L) 1336 (24) 9 (48) 19 (28) 12 (43) 
RIL-67 (L) 907 (32) 10 (44) 11 (34) 13 (41) 
RIL-120 (L)  556 (40) 12 (39) 5 (48) 12 (42) 
RIL-73 (L)  505 (43) 21 (33) 6 (47) 24 (28) 
RIL-135 (L) 849 (33) 11 (42) 6 (46) 9 (46) 
RIL-137 (L) 939 (31) 11 (41) 8 (39) 11 (44) 
     
Lines ranking in highest five for at least one trait   
RIL-48 (L) 3285 (5) 25 (29) 10 (36) 28 (25) 
RIL-64 (H) 3309 (4) 73 (1) 92 (5) 81 (2) 
RIL-126 (H)  3441 (3) 41 (14) 111 (2) 64 (6) 
RIL-105 (H) 3918 (2) 61 (3) 128 (1) 67 (3) 
RIL-113 (H)  4876 (1) 68 (2) 83 (8) 85 (1) 
RIL-139 (H) 1694 (18) 57 (5) 90 (6) 52 (12) 
RIL-60 (H) 2447 (14) 57 (4) 109 (3) 63 (7) 
RIL-80 (H) 3225 (6) 40 (15) 107 (4) 32 (21) 
RIL-66 (H) 2461 (13) 45 (12) 27 (23) 65 (5) 
RIL-20 (H) 1464 (23) 56 (6) 85 (7) 65 (4) 
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Table 2 (continued)    
     
LSD (0.05):  1629 21 30 20 
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Table 3.  Data shown are check inbred means, parent line means, and the means of high and low selected fumonisin lines for 

aflatoxin concentration, Aspergillus ear rot, fumonisin concentration, and Fusarium ear rot within each of the four environments.  

Results of comparing selected high and low fumonisin groups for each trait using contrasts are also shown.  LSDs are appropriate 

for comparing any two line means.  

 

  A. flavus† 
 
A. flavus 

 
A. flavus 

 
A. flavus 

Fusarium 
spp. ‡ 

Fusarium 
spp. 

Fusarium 
spp. 

Fusarium 
spp. 

 NC 2004 
 
TX 2004 

 
NC 2005 

 
TX 2005 NC 2004 

 
TX 2004 

 
NC 2005 

 
TX 2005 

 ng g-1, % 
 
ng g-1, % 

 
ng g-1, %    

 
ng g-1, % 

 
µg g-1, %    µg g-1, %    µg g-1, %    µg g-1, %    

Check and parent lines       
CML176 183, 2 313, 14 48, 0 53, 0 3, 1 1, 19 0, 3 40, 16 
CML269 89, 5 790, 10 98, 0 1367, 20 12, 16 6, 11 4, 3 11, 11 
CML288 61, 21 162, 29 0, - 3761, 30 11, 9 4, 11 5, - 2, 39 
FR2128 1227, 15 211, 40 470, 2 677, 25 36, 19 46, 17 13, 5 29, 66 
TX110 244, 3 260, 26 76, 2 493, 55 9, 8 22, 26 1, 0 5, 68 
TX770 376, 5 239, 20 778, 2 1582, 20 12, 8 10, 35 1, 3 14, 39 
         
NC300 214, 2 165, 10 36, 0 0, 6 4, 2 2, 13 1, 1 4, 10 
B104 285, 3 710, 18 408, 2 1076, 73 10, 7 10, 23 3, 3 16, 61 
                  
Mean of High 
Fumonisin Lines 1036, 23 

 
3440, 64 

 
1248, 11 

 
3629, 80 

 
65, 41 

 
70, 64 

 
41, 16 

 
68, 75 
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Table 3 (continued)         
         
Mean of Low 
Fumonisin Lines 302, 7 

 
743, 22 

 
440, 2 

 
2031, 38 

 
12, 11 

 
11, 22 

 
5, 4 

 
18, 34 

High – Low Means 734, 16 2697, 42 808, 9 1598, 42 53, 30 59, 42 36, 12 50, 41 

Contrasts ****,**** 

 
 
****,**** 

 
 
****,**** 

 
 
*, **** 

 
 
****, **** ****, **** ****, **** ****, **** 

LSD (0.05)  746, 15 1305, 20 853, 8 3743, 34 40, 17 44, 17 27, 7 50, 32 
 

 
† Means in columns labeled A.  flavus are aflatoxin concentration (ng g-1), followed by Aspergillus ear rot (%). 
‡ Means in columns labeled Fusarium spp. are fumonisin concentration (µg g-1), followed by Fusarium ear rot (%). 
**** significant at P < 0.0001 
* significant at P < 0.05 
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Table 4.  Genotypic and phenotypic correlation estimates (and their standard errors) 

between the four disease traits.  The correlation estimates are biased upward because they 

are based on a selected (non-random) set of lines. 

 
 Aflatoxin Fusarium  

Ear Rot 
Aspergillus 
Ear Rot 

Fumonisin 
 

rG = 0.95 (0.06) 
rP = 0.53 (0.06) 

rG = 0.92 (0.04)
rP = 0.67 (0.05) 

rG = 0.91 (0.05)
rP = 0.60 (0.05) 

Aflatoxin 
 

 rG = 0.94 (0.05)
rP = 0.63 (0.05) 

rG = 0.88 (0.06)
rP = 0.63 (0.05) 

Fusarium 
Ear Rot 

  rG = 0.99 (0.01)
rP = 0.81 (0.03) 
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Figure 1.  Scatter diagram of entry mean values of fumonisin and aflatoxin concentration 

for recombinant inbred lines.  Fumonisin concentration values are in µg g-1 and aflatoxin 

concentration values are in ng g-1.  The correlation of mean phenotype values is r = 0.77. 
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Figure 2.  Scatter diagram of entry mean values of Fusarium and Aspergillus ear rot for 

recombinant inbred lines.  Ear rot values are in percent rotten kernels.  The correlation of 

mean phenotype values is r = 0.95. 

 
 
 
 
 

 

 
 
 
 
 
 
 
 
 
 
 
 
 


