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Aflatoxins are carcinogenic compounds produced by the fungal pathogen
Aspergillus flavusind otheAspergillusspp. A. flavusinfects maize4{ea may4..)
and other agricultural commodities. Regulationieveloped countriggermitsonly
extremely low leels of aflatoxin in food, and as a result farmers are exposed to
significanteconomidosses. In developing countries, whérdlavuspopulations are
more prevalent and regulations aaeelyenforced, aflatoxins cause significant health
burdens for human populations. Management with the use of maize lines that are
resistant to aflatoxin accumulation could benefit farmers around the world. Little is
known about the factors contributing teistance and its interaction with the
environment. The objective of this dissertation was to better understand resistance to
aflatoxin accumulation in maize so that this resistance can be incorporated into maize
hybrids. A new technique for the evaluatiof A. flavuscolonization using
guantitative reatime PCR (qPCR) was developed and validated. There was a strong
correlation between colonization Af flavus as measured by qPCR, and aflatoxin
levels. In addition to resistance to aflatoxin accunutatvariationwas detectedh
maize for susceptibility to silk and kernel colonization. Resistance to aflatoxin
accumulation was correlated with flowering time, and with kernel physical traits, such
as fiber, ash, carbohydrate and seed weight. An asalfythe inheritance of
resistance was conducted in the CML322 x B73 population. Moderate levels of
heritability (63%) suggestlthat significant gains could be obtained from breeding
with this population. Thirteen quantitative trait loci (QTL) for st@nce to aflatoxin

accumulation and other silk and kernel traits were found in three years of experiments.



One QTL with moderate effect in maize bin 4.08 was confirmed using near isogenic
lines. A metaanalysis of QTL was conducted with all the repoi@&l found in the
literature including QTL for resistance to other ear rots. This-aneddysis indicated
that QTL for multiple ear rot diseaseslogalize. The analysis resulted in reduced
confidence intervals, presumably increasing the feasibilityed#ding strategies that

utilize molecular markers.
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CHAPTER1

LITERATURE REVIEW
RESISTANCE TO AFLATOXIN ACCUMULATION IN MAIZE: GENETICS OR
ENVIRONMENT?

Introduction

Aspergillus flavud.ink:Fr is a soitinhabiting fungus that is a weak
opportunistic pathogen of plants and animals. It is the most common causal agent of
Aspergillus ear rot of maize, but causes relatively little direct yield loss as a pathogen
(73). A. flavusis of great concern because it produces toxic secondary metabolites, the
most dangerous of which are aflatoxins. Several species of the Aspergillus
produce aflatoxins, which apotentcarcinogenicompoundsffectinghumans and
animalsat low doses Aflatoxin accumulation varies with host genotype and
environment.Despte the strong genotypay-environment interaction, there are
numerous reports of significant variation in the levels of aflatoxin accumulation
among distinct maize ling§, 25, 78, 84). This chapter reviews the literature with an
emphasis on maize resistance as a means to man#igeuscolonization and

aflatoxin accumudtion.

A. flavusis an ascomycete in the class Eurotiomycesaisclass
Eurotiomycetidae. This subclass is characterized by producing prototunidate asc
cleistotheca (23). Phylogenetic analysw five gene regions has placadflavusin
the clade Hrotiales together ith Peniciliumspp Many Rurotiales areonsidereds

aggressive saprobemd characteristically aseerotolerant (tolerate extremely low



wateractivities),osmotolerant and thermotolerant. This group of fungi also cantain
the model organisr. nidulans(Emericella nidulang(23). Molecular analysis shows
that there are clearly two groupsAfflavusisolates. Within these groups thés a

long higory of reproductive isolationTheteleomorph fexual stageof A. flavuswas
recently described d@etromyces flavug83). InterestinglyA. oryzae used for soy
sauce productions monophyletic withA. flavus(22). In addition to aflatoxinsA.
flavusand othe Aspergillusspp.produce a wide array of mycodos such as

cyclopiazonic acid, aflatremnd many other polyketid€48).

Aflatoxins

A. flavus A. parasiticusA. nominusA. pseudotamarjiA. bombycisA.
ochraceoroseuandEmericella venezualengwoduce aflatoxingd8). Aflatoxins are
polyketidederived furanocoumarins that were first discoverefl.iflavusafter an
outbreak of Turkey X disease in Englai88). There are at least 15 aflatoxin
intermediates in the gavay. Sterigmatocystin and dihydrosterigmatocysitin are close
to the end of the pathway and are produced by the model orgAnisiiulans Four
major aflatoxins are found in agricultural commodities: B, G; and G.
Hydroxylated sufproducs thatareusually found in animals th&aveconsumed

contaminated foodreknown as aflatoxiaM and M.

Aflatoxin B, is the most potent naturalbyccurring chemicdiver carcinogen
known. Mutagenesis occurs because a reactive oxygen derivative from the
metbolismof aflatoxins in the liver binds to DNAausing transversiorasnd
transitiong(75). The ingestion of high doses of aflatoxirsually from contaminated
food such asnaize causes liver damage than be fata(26). Chronic exposure to

aflatoxins has been implicatédimmunosupressio(¥6) andshown to produce



growth impairment in childre(24). Exposure to low and high doses of aflatoxins can

produce cancg0, 77).

There is no known function of aflatoxinsAspergillusspp. ForA. flavus
production of aflatoxin on maize coincides with a switch in substrate availability from
saccharides to triglycerid¢d44). The attenuation of aflatoxin with antioxidant
compounds such as gallic acid led to the hypothesis that aflatoxigenenesis is a fungal
response to oxidative streg@b, 38, 60). Usirg in-vitro assays, it was found that
caffeic acid (an antioxidant) reduced aflatoxin by more than 95% compared to the
control while fungal biomass remained the same. In addition, all the genes in the
aflatoxin biosynthetic cluster were dowegulated inhe caffeic acid treatme(i39).
However, aeview of the effect of antioxidants shows that, althoughyniambitors
of aflatoxin productiorare antioxidants and inducers are oxidaatsioxidant

capacity does not predict an effect on aflatoxins biosyntk&bis

The Problem for Agricultural Production

Developed nations strictly regulate the amounts of aflatoxins present on food
to lowlevels For examp, Canada and the United States allow maximum levels of
aflatoxins on food products of EHnd20 ppb (ppb = Ing per metric tor ng/g) (30).
TheFood andDrug Administration imposes a limit &0 ppb for interstate commerce
of food and feed, and limit of 0.5 ppb ofaflatoxinM; for sale of milk(10).
European countries have standards of 4 ppb and other nations such as India have limits
of 30 ppb. In the United Stateshe standard for animal feed is 300 ({pld). Because
of this, aflatoxin accumulaiin can cause significant economic losses but in general
aflatoxins do not reach the food chaibhhas been estimated that maize producers in

North Carolina lost $97 million in 1980 dueatiatoxin contaminatioif47).



Unfortunately, not all countridsave effectiveegulatiors for levels of
aflatoxins infood products.In many developing countrigaize is primarily usetbr
human foodand even if there were specific standards for aflatoatentsand a way
to detemine them, the presence of toxic compounds may not be enopgtvent
people from using that foo@9, 77). Some of the poorest people in the world are
subsistence farmers who consume the maize that they produce. This could be
dangerous because it has been proved that presence of aflatoxins in the diet increases
the risk of liver cancer 3.3 fol@8), impairs child growth and developm€@d), and

interferes with the immune systg80, 39).

In people exposed to the hepatitis B virus, aflatoxin induced risk of liver
cancer increases significan{®6, 77). The United Nations organization that develops
food standards, Codédimentarius, does not specify recommended aflattriits
because of fears that this might force developing countries to retain contaminated
products for local consumption. As a resoibre emphasis has been placed in
vaccination for hepatitis controba measto reduce hepatic cancer rather than in
regulating levels of aflatoxin@0). Codex Alimetarius also recommends cultural
practices to reduce aflatoxin B raw materialsincludingthe use of varieties

resistant taA. flavus

Life Cycle
A. flavusinhabits the soilwhere it decomposes plant and animal matégia)l.

Sclerotia carserveas an overwintering structure, but it has also been showA that
flavuscan oerwinter as mycelium and conidi4?7). Low background populations of

A. flavushave been reported in soils and atmosphere, but deposits of inested



maize werdound to be the source of primary inoculum in field expents(50).
Conidiaarethe primary inoculum. Injury caused by insects increases the chances of

infection, but is not indispensable for diset&®.

In addition to ear roin maize A. flavuscauses daping-off and yellow mold
in peanut (Arachis hypoged.) as well adint contamination in cotto{Gossypium
spp. L). Itis alsdound in insect frasand it colonizeslead and parasitizedsects
It causes Stonebrood disease of honey(Bpi&s melliferal.) and Koji Cabi disease of
silkworm (Bombyx morL.) (18). A. flavusis capable of infecting animals and causes
symptoms ranging from hypersensitivity to invasive pulmonary infections in humans

(29).

In maize, gtological studies have shown thiae fungus typically colonizes
the silk atthe yellowbrown stage and theéhe glume tissugn the maize ear. Maize
silk is the main entry point into the ear and the kernels in the absence of physical
damage. Although there are substantial amounts of dead silk tissue at th#s time,
flavushas been reported to kill the silk ahead of its inMasn a necrotrophic
interaction(66). Systemic infection of maize plants though the stalk is extremely
limited (86). On its wayto the maize kernels, yoelium has been observed to
colonize spiklets tirough the junction of the bracts and rachillas or through the air
spacebetweerthe rachis and spdets. Therthe fungugenetrates into the grain
through the upper rachill@6). Recently, another ear rot pathogen of maize,
Fusarium verticillioideswas found to penetrate the maize kernel through the stylar

canal(19). In the kernelA. flavuscolonizes the aleurone layer and forms a fungal mat



between the germ and the endosperm (G.A. Pg@grepnal communication No
aflatoxins have been found independenAoflavushyphae in inoculated maize ears
(65). The distribution of aflatoxin levels in an infected maize ear varies widely even

for grains that are next to each ot(@5).

Aspergillusflavus Populations

Populations oA\. flavusare highly polymorphic and produce variable amounts
of aflatoxins(4). The quantitative genetics of aflatoxin synthesis have not, however,
been characterized. Morphologicallgp®nding on the size of the sclerpfaflavus
has been divided into two typessBainsthatprodice small and abundant sclerotia,
andL strainsthatproduce largederotia In addition, S strains in general produce
more aflatoxins than L strairfS). Limited sampling in Kenya also has suggested that
S strains are more often associated with outbreaks of aflatoxin contamination than L
strains(58). In a study of soil populations in the BSA. flavuswas found to be the
dominantAspergillusspecies in soamples.Significantly moreA. flavuswas found
in Central exas Georgiaand Aabamathan in Mrginia, North Carolinaand western
Texas(32). In general, theréquency of soil samples containiAgflavusandA.

parasiticusincrease from subtropical to tropical latitudag).

In addition to these strain types, vegemtompatibility groups (VCGS)
biologically divideA. flavusinto an unknown number of grouf&?). VCGs divide
isolates based on their ability to form heterokaryons. Recently, pspwgation

genetics analyses, it was found that V@&Bssexuallyisolatedwith norecombination



even betweegroups from different mating typ€27). Sexual reproduction of both.
parasiticusandA. flavushas been observed under laboratory camutafter leaving
plates with opposite miag types at 3%C for 6 to11 monthqg33). The teleomorphs
were namedPetromyces parasiticuandP. flavus respectively, because of the
morphological similarities t®. alliaceusa nonraflatoxigenic specie3). It is not
known whetheA. flavusreproduces sexually in more tropical latitudes where high

temperatures in the soil are common.

Interestingly, noraflatoxigenicA. flavusstrains have been shown to reduce
aflatoxin contaminatioi(9) to the extent that atoxigenic strains are now being used as
biological control agents in several crops. Themacsms by which aflatoxin
accumulation is reduced by the raftatoxigenic strain are not clear, especially since

competitive exclusion has been shown not to explain all the ¢ff@ct

Management

Preharvest aflatoxin contamination is mainly managed by cultural practices,
which have a limited effect. Practices that lead to healthy plants are usually
recommended, such as avoidance of drought stress by planting at appropriate times or
irrigation ard deep tillagg49). Insect control reduces aflatoxin centrations but is
not necessarily cosffective(10). A. flavusdoes not require insect presence to infect
maize ears, because it can emieoughthe silk channel. Studies have been
conducted on the effect génetically modifiednaize Ines that are insect resistant

(Bt-corn)on mycotoxin accumulation. Despite some contradictory re@l8i$4),



the overall trend in carefullglesigned experiments indicates that Bt hybrids can
reduce the levels of aflatoxin when insects are pré8@nt The reduction of aflatoxin
levels in these studies was not below the threshold set for human consumption in the

Us.

Another important prdarvest practice is these of resistant hybrids or
varieties. Moderate levels of resistance to aflatoxin accumulation have been
incorporated into some hybrids. Resistance by itself, however, may not be sufficient
to prevent high concentrations of aflato¥é®, 73). The genetics of resistanceAo

flavusare reviewed and discussed below.

Postharvest accumulation of aflatoxins can be avoided through the use of
proper storage conditions (e.g. dryikernels to 15% or less within 24 to 48 hours of
harvest)49, 69). Resistance in mature kernels has been rep@ried?) and it might
be different from prénarvest resistance (S.utiga and R. Nelsomnpublishejl
After contamination has occurred, intervention is still possible to reduce damage to
human populations. Some possibilities include the use of trapping agents such as
NovaSil or detoxifiers such as chlorophyl{@6). NovaSil is a naturalkpccurring
clay which selectively binds aflatoxins, producing no sideat$fto humangl).
Clorophyllin, derived from chlorophylls sequesters aflatoxins, also without adverse
effects to human@0). There is also secondary intervention systems that reduce the
risk of liver cancer such as gmtea polyphenols and others reviewed by Groopman et

al. (26).



Drivers of PreHarvest Epident Severity in Maize

AlthoughA. flavuspopulations are found in soils through the year, epidemic
severity varies widelyl8). Several factors that affect the pathogen, the host, the
environment and their interacti®iover a year cycle are responsible for this variation.
For example, a recurrent theme in the literature is the effect of drought stress in
aflatoxin accumulation. As indicated previously, mArdlavusis found at lower
latitudes. The risk of aflatoricontaminations greatesbetween 35°N and 35°S.
However, whether it is at low or high latitudes, aflatoxin contamination can be
perennial, sporadic or infrequent depending on the specific loqa®pn Several
studies (e.g(87) describe strong yedo-year variation in the leals of contamination
at the same location. Furthermore, infection levels of the crop are also extremely
variable. For instance, two kernels located next to each other on the same ear were
reported to have aflatoxin levels of 0 and more than 151§)bbut the real range in
natural infection surely exceeds that. The specific source of variability in multiple

year studies has been studied to some extent but is not understood.

On the pathogen side, there is exteng@eetic diversityamongpopulations of
A. flavus This isreflectedin variation inmycotoxin productionmorphology.genetic
fingerprintsandthe large number of vegetative compatibility group€@J. In
addition the amount of natural inoculum is amothariable. It has already been stated
thatA. flavusis more common in tropical soils. Populationg\oflavusvary

significantly from season to season and from year to({&xarpresumably due to



environmental kanges. Given that inoculation techniques that challenge the plant
with high numbers of spores and with controlled wounding produce more consistent
results(87) it may be the case that inoculum levels are an important driver of natural

epidemics.

Environmental effectsuch as rainfall are an important factor for aflatoxin
accumulation in cotton se€tl7). In maize, howevetemperature@nd not rainfall was
correlated withaflatoxin accumulatioi87). Greenhouse studies have also implicated
high temperature as a main driverfofflavuscolonization and aflatoxin accumulation
in maize(53). Further analyses under natural conditions are complicated due to the
sporadic occurrence of the disease without inoculation. Haweneseffect of the
environment on aflatoxin accumulation afdflavuspopulations should be further

studied.

With regard to the maize host, natural variation in maize lines for aflatoxin
accumulation exist&, 7, 10, 84). Early studies indicated that@&bxin accumulation
starts long before harve@?2, 53). Significant differences in the levels of aflatoxin on
resistant versus susceptible lines were found 60 days after female flo(@&)ingd his
resistance to aflatoxin accumulation could be due to several factors. Lower levels of
aflatoxin can be correlated with traits bBuas flowering time and fiber content in
kernels (Chapter 3). Some studies have reported significant genotypic and phenotypic
correlations between aflatoxin accumulation and (among other traits) endosperm

texture(7). Conversely, no correlation was refgal in one study among aflatoxin

10



content ane&ndosperm texture or kernel content tragimated by neanfrared

spectroscopy3).

Finally, the interaction of host and environment is confusing. Moreno and
Kang(47) review several reports of plastress significantly increasing the levels of
aflatoxin. These factors are drought, nutrient deficiencies, and insect and weed
infestationg47). The effects of environment on the host suggest that the maize plant
maybe using active defense mechanisms agéin8avusunder normal conditions,
that the plant is incapable of maintaining under stress, resulting in higher levels of
disease. Another posibility is that stress on plants could have developmental or
structual consequences, such as slower closure of the physical pathways that the

fungus uses to gain access into the kernel.

Resistance

Plants are resistant to most fungi though mechanisms that range from
avoidance mechanisms by which pathogens are kept t& distance by
morphological features, to an innate immune system that recognizes pathogen
compounds and triggers reactions that stop the intruder. Researchers have reported
resistance to aflatoxin accumulation aadlavusinfection since the early 198(49).
However, the challenge posed by this pathosystem, especially the genotype by
environment interaction, has been such that only low levels of resistance are available
in elite lines, and the mechanisms of resistan@e ftavusremain unknown. It is

important to note that resistant materials could have orders of magnitude lower levels

11



of aflatoxin than susceptible genotypes, indicating that resistance could be a useful
tool. For example, a resistant line accumulated 38 ng of aflatoxin per gram after a
strong pathogenic challenge while a susceptible control reached 3710 ng of aflatoxin
per gram(84). Other challenges for the proper understanding and deployment of
resistance were to characterize the disease cycle, after which effective inoculation
techniques had to be déoped(10). A fundamental difficulty is the low levels at

which aflatoxins are dangerous. A key limitation for this area of research, and for
surveillance and management in the food system, is that expensive tests need to be
conducted for amurate measurements. These problems remain but much has been

learned and sources of resistance are now available.

Several maize breeding programs located in aflatprame areas of the USA
have developed and released maize lines that are resistant to aflatoxin accumulation.
Mp420 and Mp313Bkvere developed and released in the early 1990s in Mississippi
(63, 64). More recently the same program has developed and released Mp715 and
Mp717(79, 80). The GFMas:gk populationwas described agsistant tdA. flavus
(10). Screening of inbred lines in the midwest US showedMii@2, Cl12, T115,
Tex6, LB31, CI2 and Oh51&re also resistant to aflatoxin accumulaifd@). In
addition, inbred lines NC400, NC408, NC38B0aCML348, as well as two
accessions from the Germplasm Enhancement of Maize project (GEM), were found to

be resistant in two locatior{84).

12



More development of resistant materials comes from research institutes with
international mandate. Scientists at the International Institute of Tropical Agriculture,
in collaboration with the United States Department of Agriculture, have developed
inbredlines resistant té. flavusin Nigeria. Six lines that were resistantimavitro
inoculation assays and that accumulated lower levels of aflatoxin in field assays have
been release@5). Tropical lines have also been evaluated elsewhetealBet al.

(6) reported that CML269 and CML322 as well as Tx772, CML285, CML326 and

FR2128 are good sources of resistance for white and yellow endosperm inbreds

respectively. CML322 was highlighted because of respectable yidlceaistance to

insecty(6). QTL positions on the maize genome for a cross between CML322 and

B73 are reported in Chapter 4. Anot her sc

69 of flinty orange germplasi7).

As indicatecearlier, the mechanisms by which resistant maize lines
accumulate lower levels of aflatoxin are unknown. In addition to aflatoxin
accumulation, several traits relatedoflavuspathogenesis have been evaluated.
vitro screening of maize inbreds foolonization using a GUS transformed strain
resulted in the finding that some lines that were resistat flavusstill had high
levels of aflatoxin accumulatiofd2). This indicated that relatedmponents of
resistance might not always be correlated. On the other hand, the expense and
difficulty of evaluating multiple breeding lines for mycotoxin levels prompted
investigators to rate other traits with the hope that they would be correlated with

aflatoxin accumulation. Using multiple inoculation techniques, various components
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have been evaluated through the years and it is important to clearly distinguish them,
as they might not always be correla(@d). Examples of other components of
resistance té\. flavusare ear rot severity, kernel sporulation, and bright greenish
yellow fluorescence (BGYF, a sign of kojic acid, another toxin produces Bgvug.

In addition, at least two different maize tissues are involved in the infection process:
silk and kernels. Some authors have also looked for resistance in tfb;dhe

stalk has been proven to play an extremely limited (&g

Silk resistance presents an interesting case because there are several lines of
evidence that the maize silk is capable of restricting the growah ftdvus First,
there is clear evidence of silk resistanc&usarium graminearum(another ear rot
pathogen) in the line Co2129). SecondA. flavussusceptible hybriglhad the same
levels of contamination whetirectly inoculated via kernels silk, while more
resistant hybrids had differences depending on the inoculation m@&™hoduggesing
that silkplays a role irresistance Finally, dhitinases and other proteins have been
foundto differentially accumulaten silk tissues of lines that aresistanor

susceptibléo A. flavus(56).

Genetic Basis ofResistance

The gemetic basis of resistance to aflatoxgiated traits has been studied using
diallel crosses and QTL mapping populations. Early studies showed the absence of
complete resistance and suggested a strong importance for general combining ability,

which suggestthat the genetic effects are mainly additive. In some reports, however,
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specific combining ability was the main effect, indicating the presence of dominant or
epistatic gene effect§, 13, 25, 81). More recent QTL mapping experiments confirm
the importance of additive genetic effects and indicate the existence of at least 14
regions of the genome where Qifbm multiple studies ctocalize. Most of these

QTL have small additive effec{31, 72).

Other traits that have been studied in relatioA.thavusresistance are BGYF
and ear rot severity. Pearsarrrelations between BGYF and aflatoxin accumulation
have been reported between fsgnificant 0.21 and a significant 0.6/3). BGYF
expression by. flavusstrains seems to vary depending on the source of resistance; as
a result, this trait was not recomnud for selection of resistant lin@s3). The
relationship between ear rot severity and aflatoxin accumulation has also been studied.
The correlation over two years varied from a significant 0.53 to no correlation in the
second year in BGSamilies of BB x Oh516(13), or it was stably significant
between 0.41 to 0.64 in two years for BGFfamilies from B73 x MI8442). The
possibility of using alternate traits for aflatoxin accumulation such as grain
composition or plant traits such as husk coverage have been sudggstedvo
studies have found significant correlations between aflatoxin accumulation and other

traits: grain texture, husk cover, grain yield and silk channel I1€Bg6).

Development of reaime PCR methods for the estimation of fungal biomass
now allows adding this component to the studies of resistaffechae reported a

strong correlation (0.85) between aflatoxin accumulation and colonization estimated
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by gPCR(46). Colonization estimated by qPCR has also been studied in a complete
diallel cross. Significant correlations were found between fungal biomass and
aflatoxin (0.90) and ear rot ratings (0.51). General combirbiigyaand specific
combining ability were, however, not significant for fungal biomass. For ear rot and
aflatoxin accumulation, general and specific combining abilities were significant and
as usual, general combining ability was a larger source ofncarilian specific

combining ability(83), suggesting that additive genetic effects are the norm.

The inheritance of resistanceAoflavushasbeen studied in at least seven
maize populations (Table 1). Broad sense heritabilitiésttHaflatoxin accumulation
ranged from nossignificant (0%) to 74%. In most of the studies, the heritability of
resistance to aflatoxin accumulation was significand greater than 50%. Ear rot
heritabilities ranged from nesignificant (0%Yo 66%. Heritabilities for multiple
traits were rather high for some populations such as B73 x B2 This could be
due to the environmental conditions on which this population was tested or other
factors. Contrastingly, there was ndik the B73 x Tex6 population fear rot, and
for aflatoxin the Hwas low(51). Overall, low to intermediate levels of heritability
are found for aflatoxin accumulation and ear rot in multiple populations indicating that

gains in resistance should be achievable.
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Table 1. Esmates of broad sense heritability’jind narrow sense heritability’Jh

for aflatoxin resistance and other related traits reported in the literature.

Study Population Trait H? h?
- 0fg ——--
Hamblin and Whit€28) (B73/Tex6)R Aflatoxin 63 45
Ear rot 58 39
(Mo17/Tex6)R Aflatoxin 65
Ear rot 66
Walker and Whit&70) (B73/CI2)R; Aflatoxin 32 25
Ear rot 48 39
(B7ZICI2)S, Aflatoxin 26 17
Ear rot 37 25
Maupin et al(42) (B73/IM182)S Aflatoxin 74
BGYF 84
Ear rot 63
Paul et al(51) (Tex6/B73)S, Aflatoxin 19
Ear rot ns.
Busboom and Whitél3) (B73/0Oh516)S Aflatoxin ns.
BGYF 21
Ear rot 11
Mideros et al. (Chapter 4) (B73/CML322)§  Aflatoxin 63

Colonization 11
Sporulation 14

Mapping QTL for Aflatoxin-Related Traits

The first reported mapping experiment for resistande ftavuswas
conducted in the cro$3T-Al x GT119(74). GT-Alis an inbred developed from the
GT-MAS:gk population Although the authors foun@TL for silk maysin husk
tightness and husk phenotyp® markerassociated with resistance to aflatoxin were
reported(74). Paul et al(51) conducted a QTL study with two populations of the
crossTex6 x B73. Several QTL were found in this study by multiple regression

analysis in two years and by composite interval mapping in one year. Some regions
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that were present in more than one analysis were in chromosomal bins 4.07 and 4.08
(51). In adlition to a complete characterization of the genetics of resistance to
aflatoxin concentration in a cross of Oh516 by B73, Busboom and \IB)tenapped

QTL for resistance to ear rot, BGYF and aflatoxin accumulation. QTLs for resistance

to aflatoxin were fond on chromosomes 2, 3 and 7.

A series of k3 mapping populations have been studied in Mississippi. Brooks
et al.(8) mapped QTL for resistance to aflatoxin accumulation from Mp313E x B73.
Two QTL were found in three out of four environments: one on chromosome 2 and
another on chromosome 4. Warburton e{#) mapped QTL in the Mp717 x NC300
population, finding QTLs on all but chromosomes 4, 6 and 9. QTL on chromosome 7
were observed in two yeaf82). Finally, Warburton et a(71) found QTL in multiple

years on chromosomes 1, 3, 5 and 10 using the Mp717 x T173 population.

RobertsorHoyt et al.(61) used a subset of recombinant inbred lines (RILS)
from the population NC300 x B104 to analyze the relationship between resistance to
aflatoxin and fumonisin. Twentfpur lines with the highest resistance and
susceptibility to fumonisin accumulation werged for mapping resistance to aflatoxin
and fumonisin accumulation as well as for ear rot. QTLs on chromosomes 5 and 8 had
effects on both mycotoxin traits. One QTL on chromosome 3 affected both ear rot
traits. These results added support to the caivalaf resistance between the two ear

rots(61).
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Maize Proteins and @nesinvolved in Resistance

Several studies have been conducted to identify proteins involved in resistance
to A. flavusor to the accumulation of aflatoxin$iese were reviewed by Luo et al.
(40). Some examples include ribosemeactivating proteins, trypsin inhibitors,
zeamatin(15), pathogenesiselated protein 10 (PR1Q)6), catalas€41), and
oxylipins (21). PR10 was silenced using RNAI to confirm its ilwemnent in
resistance to aflatoxin accumulati(i¥). Catalase3 of maize was found to have a
higher activity in a resistant line when compared to a susceptible one and sequencing
comparison pointed to a Z0mno acid deletion in the forméd1). Oxylipins, which
are part of the jasmonic acid padny and are involved in plant signaling, have also
been shown to be involved in resistancé&tdlavus Surprisingly, disruption of
ZmLOX3(an oxylipin) results in plants that are susceptiblé.tavuswhile these
same plants are resistant to other maize ear rot path(®#@ns\No resistance genes
have been cloned for resistancétdlavususing a magbased pproach but resistance

to Gibberella ear rot was associated witiuanylyl cyclas€89) by positional

mapping.

Proteomics have also been used to compare silks of resistant and susceptible
maize lires Different levels of accumulation were found for several silk proteins
when resistant vs. susceptibléiads were compared. Among the differentially
expressed proteins were several antioxidant enzymes, PR10, chitinases, and germin
like proteins(56). Chitinase activity assays indicdtthat the resistant inbreds

degradd chitin better than susceptible or(&3).
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Kelley et al.(36) usedmicroarrays to analyze gene expression in resistant and
susceptible lines. They report over 200 genes whose expression patterns changed after
challenge withA. flavus(36). No reliable pattern was distinguishable from the study
and these microarray results still require confirmation. However, this study clearly
indicated that the maize plant undergoes considerable changes in transcription levels
as a result oA. flavusinfection and that pathways involved in transport, protein
modification and metabolism are reprogrammed in the plant. A dedicated database is
available online that permits searches of this expressior{igtaln a separate study,
four genes from tis data set were tested for expression by-fCR. Transcripts for
a predicted transposon increased significantly two days after inoculation in the
resistant line. Transcripts for a predicted atrgsponsive gene and for an ind@le
glycerol phosphateyase increased significantly three days after inoculation in the
resistant line, while a protein involved in ethylene signaling increased in both the

resistant and susceptible lines, although to a lesser extent in th€atter

Analysis of the cob proteome of resistant (Mp313E and Mp420) and susceptible
(B73 and SC212m) inbreds suggested that tissue from the resisarhadnore
constitutive defense prates while that from susceptible lines hadre induced
defense protein5). Forty-two proteins were identified as more abundant in
resistant inbreds while 26 were more abundant in subteeptbreds. In addition,
significant differences were found over time, suggesting that resistant lines accumulate

constitutive defenses faster than susceptible lines. This study highlights several
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candidate genes, many of which had been located imopisty described QTL regions

(55).

Conclusions and Future Work

Awareness of aflatoxin contamination in food systems has increased in the last
five years, since work related to this dissertation began. Because of the complexity of
the problem, solutions could derive from diverse fields including human health,
nutrition, policy and agriculture, among others. It is clear that resistance to aflatoxin
accumulation exists in maize. However, there is a substantial lack of knowledge abou
what this resistance is and if it could be effective as management method.
Interventions to reduce the levels of aflatoxin contamination could include the
development and deployment of plant varieties that accumulate lower levels of
aflatoxin. We workunder the reasonable assumption that the use of resistant varieties
would significantly reduce the levels of aflatoxin that reach food chains in developing

countries.

In this dissertation, after a phenotypic dissection of the trait in Chapter 3, we
find that resistance to aflatoxin accumulation is strongly correlated with resistance to
colonization ofA. flavusin kernels. We also find that there is natural variation in
maize lines for resistance to colonization in silks and kernels. These results suggest
that resistance may be due to plant defense mechanisms that slow the colonization in
maize. However, theris also evidence for other mechanisms to be involved in

resistance. A significant correlation between flowering time and lower aflatoxin
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levels suggests that avoidance might be another important part of resistance. Resistant
inbred lines tend to flowdater in the season arguably experiencing the pathogen
challenge under environmental conditions that are more favorable to the host.
Surprisingly, kernel morphological traits at maturity were also correlated with

aflatoxin accumulation. This suggests kiypothesis that structural features in the

kernel might prevent pathogen ingress. Microscopic analysis of these structures might
reveal new entry points such as those recently describ&disarium verticillioides

(19).

Further phenotypic characterization of resistance mechanisms is complicated
by the significant yeato-year variation. After carefully controlling the environment
with in-vitro inoculation procedures in Chapter 3, vesclude that this variation must
be due to the environment in which the plant is grown, and that this environmental
effect on the mother plant significantly changes the expression of resistance in the silk
and kernels. A testable hypothesis is that wedths a significant effect on kernel
defense capabilities. Some alternatives for exploration in this area are the
accumulation of preformed defense substances, structural variation and endophyte

colonization of kernels under diverse weather conditions.

The genotypic dissection of resistance in Chapter 4 confirms that there is
moderate heritability for this trait and that selection is possible for resistance to
aflatoxin accumulation. At least one QTL on chromosome 4 was confirmed using

near isogenic lies. The importance of chromosome 4 as a source of resistance is also
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highlighted in Chapter 5. Even after reducing the confidence intervals with the meta
analysis of QTL, the smallest region of the maize genome associated with aflatoxin
accumulation is b (mgcAFL4.09). This region contains a couple dozen predicted
genes in the reference maize genome. None of these genes is one of the proteins
previously implicated in resistance. Although these results are encouraging
confirmation of the metaqtl shoule conducted using break point analysis in-a by
parental population, or association mapping in a panel of diverse maize lines, or with
nearisogenic lines. In the future, positional mapping could be used in the maize
genome regions that harbor promis@gLs (for example those that are effective

against multiple ear rot pathogens). Proteins that have been implicated in resistance to

aflatoxin accumulation could be used as candidate genes.

The ultimate goal of this dissertation is to facilitate the ipoation of
resistance into maize. The metaQTL analysis in Chapter 5 significantly reduced the
confidence intervals of QTL for resistance to multiple components of resistance and
one marker was validated with one set of near isogenic lines in Chaprker-
assisted selection requires tightly linked and validated molecular mé8igrs
Considering that most of the QTL for resistance to aflatoxin accumulation have
limited phenotypic effect, multiple QTL should be introgressed into elite lines. Thus,
more markers need to be validated. Crop improvement, in theotaflatoxin
resistance, should be applied to populations using methods such as asarkied

recurrent selectio(67). Another alternative is the use of genomic selection, which is
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well positioned to incorporate multiple QTL with small effect in a trait that has

moderate levels of heritabili{B4).

Finally, it is important to point out that very little is known about pathogen
populations, especially in the areas of the world where the disease is most prevalent.
Proper deployment of any form of resistance requires a good understanding of the

actual mpulations in the field and of the effect that resistance could have on them

(67).
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CHAPTER 2

Aspergillus flavu8IOMASS ESTIMATION BY QUANTITATIVE REAL-TIME

PCR

Introduction

Aspergillus flavud.ink:Fr is a widely distributed fungus that spends most of its
life cycle as a saprophyte in the S@0). It is also an opportunistic pathogen that is
able, under certain conditions, to cause disease in plants and animals, including maize
(Zea mayd.. subg. mayg and humang8, 13). A. flavusis a common cause of ear rot
of maize in warm climates. This fungus can also contaminate a number of agricultural
commodities with a wide array of secondary metabolites, some of which are toxic to
humans and farm animals. Of particular releesaie aflatoxins produced by some
strains ofA. flavus A. parasiticusandA. nominus Aflatoxins are polyketides that
often accumulate in infected plant seeds such as maize kernels or a@nuthe
B1 form of aflatoxin is the most potent carcinogen found in nature. While moderate
exposure leads to cancer in humans, acute aflatoxicosis causes direct liver damage that
often results in cirrhosi@l5, 40). Perhaps more important and not as widely reported
are the effects of chronic exposure, which cause inoswppression and nutritional

interferencg39).

! Mideros, S. X., Windham, G. L., Williams, W. P., and Nelson, R. J. 2889ergillus flavudiomass
in maize estimated by quantitative réiahe PCR is strongly correlated with aflatoxin concentration
Plant Disease 93:116B170
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The strict regulation on trade of contaminated maize leads to economic burdens on
farmers in developed countries. In developing countries, where regulations may be
nonexistent or not enforced, and where consumption of fgyoven maize is typical,
people may be widely exposed to this toxin. High concentrations of aflatoxins are
consumed by humans in areas of the world that have higher than average levels of
liver carcer, childhood malnutrition, and disease. Many of these health problems
interact with and are exacerbated by aflatoxicosis, increasing morbidity or mortality
(33). For example, aflatoxin and the hepatitis B virus have synergistic effects in

causing liver cancgd5, 40).

A. flavusconidia are the primary source of inoculum and infect developing maize
ears. Cytological studies indicate that the silk tissue after pollination is the primary
portal of entry into the maize e@@?2). Mycelium then colonizes the young kernels
through the rachilla. It has beebserved that the pathogen destroys the cells ahead of
itself in a typical necrotrophic interacti¢®4). High temperatures (>30°C) and

drought favor lte development of this diseaS9).

Control measures generally consist of-pagvest cultural practices that reduce
plant stress, peharvest practices that reduce grain moistund, @ostharvest
management practices that maintain low grain humidity and avoid pest infestation.
However, cultural practices have a limited effect, especially witthpreest aflatoxin

contamination The development of ptearvest host resistance tdaddxin
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contamination is an important component of integrated managéa®nfrogress on
this strategy has been limited however, due in part to the complexity of this trait.
Aflatoxin resistance behaves as a quantitative trait, which presents relatively low
levels of heritability and extremely high environmadréffects. Maize lines with high
degrees of resistance have been identified angdgaiution QTL maps have been
generated for reduced aflatoxin accumulation and Aspergillus ear rot resi@ace

27, 38). These forms of resistance have not been consistently incorporated into elite

maize lines.

Resistance té. flavuskernel infection and accumulation of aflatoxin may be seen
as distinct trait$24, 46). Two reports examining the relationship between the two
traits suggested strong but variable correlat{@38s36), while a hird study indicated
that the two traits were independ€bt. An African inbred found to be resistant to
aflatoxin production allowed high levels Af flavusgrowth, as measured using a
GUStransformé strain. In addition, certain inbreds that were found to be susceptible
to aflatoxin accumulation supported low levels of fungal graw}h There is also
indirect evidence from QTL mapping experimeirt which loci affecting ear rot and
aflatoxin accumulation were associated with different molecular markers, suggesting
that the loci mapped to distinct chromosomal regi@hs Further support for the
separate nature of fungal growth and aflatoxin accuiounlatas inferred from the
effect of antioxidant compounds such as caffeic acid.dravusin culture, which
reduced aflatoxin content more than 95% while fungal weight on membrane filters

was unaltered. Microarray analysis indicated that genes indlgrithetic pathway of
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aflatoxins were significantly dowregulated in the presence of caffeic adifl). It

has been recently proposed that aflatoxigenesis is a fungal reaction to oxidative stress
(18, 19). Itis possible that maize lines that produce more reactive oxygen species
(ROS) in response taspergillusinfection accumulate higher concentrations of

aflatoxins.

Further exploration of this and related hypotheses requerestive tools for the
measurement of both aflatoxin aAdflavus ELISA assays are available for the
measurement of aflatoxin, but tools are needed that allow efficient and specific
measurement of fungal biomass. Conventional assessment methodseiailAsp
ear rot do not provide accurate evaluations of the levels of infection, because they only
allow rating of the superficial signs of the fungus. Percentage ear rot has the
disadvantage of subjectivity, which adds error to the already environnyeaitaitted
trait. Accurate measurements can be achieved using transformed strairfigadis
that express either GUS or GE3; 11, 29), but the use of transgenic straiin the
field requires compliance with regulatory guidelines and limits the range of strains that
may be utilized. For these reasons, we developed a quantitatiieme®dCR

(qPCR) technique for the evaluation of infection levels in maize kernels.

gPCR is a modification of the traditional PCR that measures the amount of
amplification product at every cycle of the reaction. Two different florescent dyes can
be used to measure the increase of PCR product. The SYBR green dye binds to

double strande®NA and the fluorescence increases as a result of the logarithmic
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growth of the target sequence. The other method is the use of TAQMAN sequence
specific probes with dual fluorochromé (14). One déthese labels is a reporter
(such as VIC or FAM) and the other is a quencher (TAMRA). Due to physical
proximity of the reporter to the quencher, the probe is not fluorescent until the
polymerase separates the two labels during each of the amplificatiess.c The
fluorescence due to SYBR green or the reporter dyes in the TAQMAN reactions is
measured after every replication cycle of the PCR. When this fluorescence exceeds a
specific threshold, a Ct value is produced. This Ct value is compared t@ardtan
curve of known quantities of DNA and the concentration of DNA in the unknown
sample can be inferrdd, 14). Pathogen DNA concentration irsample of host

tissue can be used as an estimator of fungal bio(@a28). Recently, a TAQMAN
gPCR technique was used to quan#ifyflavusin pure culture but its use in the
presence of DNA from other species including corn in the samgple was not

validated(9).

In this paper we report the development and validation of two quantitative real
time PCR (gPCR) techniques for the accurate estimation of fungal colonization in
maize grain. One important application of this assay is in characterizing the nature of
aflatoxin in maize germplasm. In particular, it is of considerable practical and
biological interest to determine whether there are maize genotypes that reduce the
levels of colonization oA. flavuswithout triggering the accumulation of high
aflatoxin concentrations, and conversely whether maize genotypes exist that suppress

fungal growth while inducing toxin accumulation. Because there is evidence for the
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induction of aflatoxin production by reactive oxygen species and a reduction in the
toxin concentration caused by certain antioxidéhi}, we tested the hypothesis that
different types oA. flavusresistance have differential effects on fungal biomass and
aflatoxin accumulation. For this purpose, we used the TAQMAN method developed
in the first part of the study to anabyboth aflatoxin concentrations and fungal DNA
concentrations on hybrids that were fighdculated in Mississippi. The parents of

these hybrids contain early tropical and +siff stalk maize lines as defined by a

genetic diversity study by Liu et &2@03) and are maintained by the USBBRS

Corn Host Plant Resistance Research Unit at Mississippi State University. Because
the strong correlation found on these hybrids could have been attributed to common
source(s) of resistance, we subsequently tessetl @ 18 diverse inbred lines. These
inbreds are a subset of the founders of tfF
that have been developed to maximize the number of alleles captured for quantitative
genetics studie@5). These genotypes contained not only tropical andstiffrstalk

maize lines but also stiff stallknesand lines with mixed ancest($2, 21).

Materials and Methods

Primers and TAQMAN Probes. Three pairs oA. flavusspecific primers and
their respective probes were designethie internal transcribed spacer 1 (ITS1) using
Primer Express 1.5 (Applied Biosystems, Foster City, CA). Sequences of the ITS1
regions were obtained from GenBank forflavus(AB000532), and the closely
related speciel. oryzag AB00533),A. sojag(D84357),A. parasiticugD84356),A.

tamarii (D84358) andEmericella nidulangAB243115 (30, 37). The sequences were
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aligned with ClustalX 1.8135). Primers were designed to correspond to regions with

the highest polymorphism between species as indicated by ClustalX. Primer pair Af2

(for war d-ATCATTARCCGAGTETAGGGTTCCF3 6; rever-se pri me
GCCGAAGCAACTAAGGTACAGTAAA-36) was used for the SYB
TAQMAN reactions, resulting in an amplified product of 73 bp. The Af2 TAQMAN

probe wasLGAGCECARGCNICCCACCCE 6 TAMRA) .

For maize, four pairs of primers were designed using the maize alphia sgglience
obtained from GenBank (x73980.1). Pri mer
TCCTGCTCGACAATGAGGC3 6; rever-se primer: 50
TTGGGCGCTCAATGTCAA3 6) was used for the SYBR gre
an amplified product of 63bp. In addition to thenpers designed for this experiment,

the primers INCWZX7 designed by Murragt al.(26) were tested in the optimization

assays for the TAQMAN reactions.

Quantitative PCR Development and Optimization. Two gPCR methods,
SYBR Green and TAQMAN, were developed and validat#itithe gPCR
experiments were conducted in an Applied Biosystems ABI PRISM 7000 Sequence
Detection System, with 96 well reaction plates and optical adhesive covers or optical
caps (AppliedBiosystems, Foster City, CA). Sequence detection primers and

TAQMAN TAMRA probes were also obtained from Applied Biosystems.
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SYBR Green Optimization.he specificity of each primer and the optimal
annealing temperature were determined by gradientwi@Rcontrol DNA of
Fusarium graminearurandPenicillium spbecause these fungi are commonly found
in maize ears. Reactions for optimization were conducted as recommended for Power
SYBR Green PCR Master Mix (Applied Biosystems). gPCR reactions were firs
tested with a profile of 95°C for 10 min and 40 cycles of 95°C for 30s, 37°C for 30s
and 72°C for 30s. DNA samples were pure pathogen or host DNA at 10 ng/ul and a
mixed sample of 10 ng/ul of pathogen diluted in 1 ng/pl of host DNA. Each reaction
was pepared in 25 pl with 1X Master Mix, 3 pl of template and variable
concentrations of forward and reverse primers. Af2 and Zmt3 primer concentrations
were tested at 200, 75 and 50 nM. A dissociation curve was created for each reaction.
Temperature profds were adjusted to reduce the presence of dimer. Atepo

profile was tested and reduced times for each step of the cycle were also assessed.

To create standard curves, pathogen DNA was diluted in water at 10, 1, 0.1, 0.01,
0.001 ng/pl. Host DNA wadiluted to 100, 10, 1, 0.1, 0.01, 0.001 ng/pl and a mixed
DNA standard curve was prepared by diluting pathogen DNA at 10, 1, 0.1, 0.01, 0.001
ng/pl in 1 ng/ul of host DNA. Aliquots were prepared and froze2@iC, keeping a
working dilution at 4°C.For the efficiency calculation of each primer pair, gPCR was
conducted in 25 pl reactions and 40 cycles. Efficiency of the reaction was determined
by the formula: E = 13/8°P2.1, as recommended by the Applied Biosystemsties
PCR training modulesWhen using a standard curve with a logarithmic dilution, such

as the one used in this study, a 100% efficient reaction would have a si3@z386.
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This efficiency value can be used to evaluate the quality of the primer design for
absolute quantificain of DNA in a gPCR reaction. Slopes betweerl20%

efficiency are generally considered acceptable.

TAQMAN Optimization.The reactions for optimization were conducted as
recommended for the TAQMAN Universal PCR Master Mix (Applied Biosystems)
and aseported by Valsesia et 7). The initial reaction conditions were the optimal
SYBR green reaction. As before, a tatep PCR was tested. Primer concentrations
were tested individually fohte Af2, Zmt3 and INCW:D7 primers at 200, 75 and 50
nM, with probes at 200 nM. When the appropriate primer concentrations were
identified, the probes were tested at 50, 100, 150, 200 and 250 nM. After probe and
primer concentrations were optimized, muiéx reactions were tested using 75 nM
Af2 primers, 200 nM Af2 probe, 75 nM Zmt3 or INCWZ primers and variable

Zmt3 or INCW297 probe concentrations.

gPCR Reproducibility Assays. SYBR Green Reproducibiliti2NA was
extracted from four samples of gred maize for which aflatoxin concentrations had
been previously determined (as described below). For each of the samples, six
independent subamples of approximately 100 mg were extracted in a single 96 well

plate.

Optimal conditions (see results seai for the SYBR green reaction were used

with one of the extracted samples for each aflatoxin concentration. DNA was diluted
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10 fold to have total DNA concentrations between 1 and 100 ng/pl. Each gPCR plate
contained eight replicates of each sampleaddplicated standard (0.1 ng/ul

pathogen DNA in 1 ng/ul host DNA). There were two wells for each sample, one

with Af2 primers and another with Zmt3 primers. The gPCR experiment was
conducted four times. Ct values for each plate were corrected bagesistandard
sample by adding a dCT, where dCT=Value at which the standard curve is 0.1

for pathogen, or 1 for host)Ct, (average CT on each plate for the standard sample;
37). Using the standard curves obtained previously from the mixed DNA samples, the
corrected CT value was transformed into DNA concentration. A ratio of pathogen to
host DNA (p/h) was obtained by dividing the pathogen DNA by the host DNA

concentrations.

For statistical analysis, the p/h ratios were log transformed and the following
mixed model was run on JMP 7 (SAS Institute Inc, Cary, NC): log pih+BR); +
C;, where P= the random effect of each platey;B the random effect of replicate

within plate and €= the fixed effect of sample.

TAQMAN reproducibility. Approximately 100 mg (estimated by volume) of
infected ground kernels with four concentrations of aflatoxin contamination (including
zero) were placed in three independent plates. BXPaction was performed using
the CTAB method indicated below and diluted 1:10 in water prior to use. In the gPCR
reaction, each plate contained a set of mixed standard curves in duplicate with

concentrations of 10, 1, 0.1, 0.01 and 0.001 ng/.dfavusDNA diluted in 1 ng/ul
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of maize DNA. Three replicates of the gPCR procedure (QPCR plates) were
conducted for each DNA extraction plate. Concentrations of pathogen DNA for each
sample were estimated using the ABI Prism 7000 SDS Software VersionpghlietA

Biosystems).

Because a multiplex reaction to estimate the amount of host and pathogen DNA in
a single tube was not possible with the primers and probes tested in this study, an
infection coefficient was calculated by obtaining the ratio of DNAwsked by gPCR
to the amount of DNA estimated by PICO green (pathogen/total DNA). These values
were log transformed prior to analysis. Data analysis was carried out in JMP 7 (SAS
Il nstitute Inc, Cary, NC) wsjithgd tghie fol |l owi
wherwas the random effect jowastizkeAdop!| ate (or
effect of technical repl i thafiegedeffectcoa PCR pl at
each mai z ewsithe mndonaimetactioriiof the DNA extractiomimize

sample.

Infection Coefficients in 20 Hybrids. The experiment was set up in the field in a
randomized complete block design with four blocksmples from each of the four
biological replicates were placed in a@8ll plate three times for threedependent
DNA extractions. Each DNA plate was qPCR analyzed with three technical
replicates. The gPCR settings and determination of the infection coefficient were as
indicated for the optimal TAQMAN reaction. Infection coefficients were log

transformed Data analysis was carried out in JMP 7 (SAS Institute Inc, Cary, NC)
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using the foll owing mi+;edgrefbhre ctip+Himode |

o W+ gyt RByyr o ldwhiewmae bhe random effegct of b
was the random ef f ec jwasfthe @idiédm effecttor act i on pl
technical replicate (qPCR pWaatherandomt hi n DN/
interaction of biol ogi cal,wnsdahefixedceectef by DNAZA
maizeh y b r i @ n d;bvé@ré the random interactions of hybrid by biological
replicate and DNy aeax jignere the randompnteradtiens of G *

maize hybrid and biological replicate by technical replicate within DNA extraction

plate; ad [ was the random thregay interaction of biological replicate by DNA

extraction and by maize hybrid.

Aflatoxin concentrations were obtained using the VICAM AflaTest (Watertown,
MA) from 50 g of the same samples used for gPCR. For the AN@Watpxin

concentrations were log transformed.

Infection Coefficients in 18 Diverse Inbreds.This experiment was established
in the field in a randomized complete block design with 3 blocks. DNA was extracted
from ground kernels from each line once.CéPwas conducted as indicated for the
optimal TAQMAN reaction and replicated three times. Infection coefficients were log
transformed. Data analysis was carried out in JMP 7 (SAS Institute Inc, Cary, NC)
using the following mixed effects model: log I~ ¥ ,0 wh;evase¢he b
random effect of (wastbelramdpm effedt of teahrpchl replieate e ¥

a n d, was the fixed effect of maize inbred.
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Plant Materials and Fungal Inoculation. For the development of the gPCR and
tests of is reproducibility, four samples of ground maize kernels with 0, 60, 630 and
2320 ng/g aflatoxin contamination were used (Table 1). For all inoculafioflayus
isolate NRRL 3357 was seeded onto 50 g of sterile maize cob grits with 100 ml of
H,0 and incibated at 28°C for 3 weeks. Before adjusting the concentration of the
inoculum, the suspension was filtered through four layers of cheesecloth. The side
needle technique was used in which 3.4 ml of a suspension df@xiifia per mi
was injected undegath the husk into the side of the top ear seven days after 50% of

the silks had emerged on each r@w).

In orderto study the correlation of aflatoxin concentration anélavus
colonization, two sets of maize lines were inoculated. First, a set of 19 hybrids
developed at the USDARS Corn Host Plant Resistance Research Unit breeding
program and a commercial hythiPioneer Brand 3394 were field inoculated as
explained above at the Mississippi State field station. This experiment was planted in
a randomized complete block design with four replicates. Second, 18 diverse inbreds
(12, 21) were planted in a randomizedmpleteblock design with three replicates.
Each line was planted in 4 m singlaw plots spaced 0@mapart Standard
production practices for the region were follow@8). At harvest, the top ears of
each plant in a row were dried at 38°C for seven daysneds from each row were
ground with a Romer mill (Union, MO), and a subsample of 50 g was used for

aflatoxin measurement using the VICAM AflaTest (Watertown, MA).
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DNA Extraction. For the initial primer specificity tests and preparation of
standard curveg. flavusstock cultures (kept in 50% glycerol-80°C) were streaked
on potato dextrose agar plates (PDA, BD, Sparks, MD). Forty eight hours later, a
single colony was seleed and plated on a PDA plate. Three to five days later,
abundant conidia were harvested by rinsing the plate with 5 ml of GYEP(B8)th
and transferring the conidial suspension to a plate with 8 ml of GYEP broth. These
plates wee incubated for two days at room temperature. Mycelia were separated on
filter paper (Whatman #1) with the help of a vacuum pump and rinsed twice with
sterile water. Mycelia were then scraped with a sterile plastic loop into 2 ml

microcentrifuge tubesTissue was lyophilized and stored-&9°C until processing.

DNA extraction protocols were adapted from standard met{i@)ls For the
standard curve preparation, lyophiliz&dflavustissue or maize kernels were ground
with a pestle in a mortar containing liquid nitrogen and placed in 2 ml tubes along
with 1 ml of cetyltrimethylammonium bromide (CTAB) extraction buffer (2% CTAB,
1.4M NacCl, 100 nM Tris at pH 8, 20 nM EDTA at pH 8 and 0.1%&captoethanol).
Samples were agitated with a vortex mixer for 10 seconds and inverted twice before
incubation at 60°C for 10 min. DNA was extracted twice with 700 pl of
phenol:chloroform:isoamydlcohol 25:24:1, and centrifuged for 5 min at 12000 x g.
The supernatant was transferred to clean tubes. DNA was precipitated with 100%
ethanol and centrifuged for 5 min at 600 x g, and then again with 75% ethanol. Pellets

were dried and resuspended in 100 pl gDHELGA ultrapure water system, High

51



Wycomle, UK). DNA concentration was determined with a spectrophotometer

(Biophotometer, Eppendorf, Hamburg, Germany).

Prior to DNA extractionA. flavusinfected dry maize kernel samples (ground and
prepared for aflatoxin determination) were kept at 4°C pnticessed.
Approximately 100 mg of infected ground kernels were placed in 1.2 mi
polypropylene Costar cluster tubes (Corning Inc., Corning, NY) that contained
stainless steel 5/320 grindingwebrackss s ( OPS
Plates wee homogenized in GENO/GRINDER 2000 (SPEX CertiPrep Inc.,
Metuchen, NJ) at 550 strokes per min for 40 seconds. Plates were transferred to liquid
nitrogen and then homogenized again. CTAB extraction buffer (500 pl per sample)
was added and plates wereubated at 60°C for 5 min. Samples were mixed by
inverting the plates 70 times, and then incubated at 60°C for 10 min. Cloroform :
isoamylalcohol (24:1) was then added in two rounds for a total of 400 pl, and the
plates were inverted 70 times. Platesenéien centrifuged at 3000 x g for 12 min at
4°C. The supernatant was transferred to clean tubes and 300 pl of isopre@i©@) (
were added. The plates were mixed by inverting 15 times and then chilled for a
minimum of 1 hour at20°C. Plates were thecentrifuged at 1700 x G for 15 min at
4°C. Three hundred pl of 70%, and then 90% ethanol was added to the samples and
centrifuged at 5890 x G. The pellets were dried and resuspended in 100 pl of
nanopure KHO. DNA was quantified using Picogreen (Inggen Corp., Carlsbad,
CA) in a SPECTRAFLUOR PLUS fluorometer (Tecan US Inc., Research Triangle

Park, NC) as indicated by the manufacturer
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Results

Quantitative real-time PCR optimal conditions. SYBR Green Reaction.
Optimal primer concentrains were 200 and 75 nM for the Af2 forward and reverse
primers respectively. Power SYBR green PCR Master Mix (Applied Biosystems,
Foster City, CA) was used at 1X concentration with 3 pl of sample templat0(-1
ng/pl) in 25 pl reactions. The most susskil PCR conditions were 95°C for 10 min
and 40 cycles of 95°C for 30s, 59°C for 30s and 72°C for 30s. For the SYBR green
reactions, maize primers were used to estimate the amount of host DNA present in the
sample in separate reactions under the sanditom s but with Zmt3 primers at
concentrations of 50 nM. There was a consistent dimer formation of the Zmt3 primers

in the presence @&. flavusDNA.

SYBR Green Standard Curves.Af2 primers had a good linear relation with
111% efficiency within 10 ngAtto 0.001 ng/ul range (Fig. 1A). The efficiency of
these same primers was 98% in the pathagey DNA sample if considering only
DNA concentrations from 10 to 0.01 ng/ul. In the standard curves from mixed DNA
samples, amplification was detected ontynfr10 to 0.01 ng/pl and the efficiency of
the reaction was 76%. This was the curve used for the SYBR reproducibility assays
with regression function: y=31.34.04(x) and®’=0.97. Using the Af2 primers, there
was no detectable amplification of maize DNbAit a small dimer band was visible at
the lowest maize DNA concentrations. Dissociation curves confirmed the occurrence

of nonspecific amplification.
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For maize primers Zmt3, there was a strong dimer band visible on agarose gels
when amplification was calucted in the presence Af flavusDNA (not shown). The
reaction efficiency of the PCR from 100 to 0.01 ng/ul was 130% (Fig. 1B). This value
is outside the accepted range (100% +10). In spite of this, for the mixtArdlavus
and maize DNA, CT vaks for the mixed curve were almost exactly those of the host
standard curve at 1 ng/ul, supporting the validity of the assay. At the maize DNA
concentrations expected to be in samples for quantification (between 1 and 100 ng/ul),
we consider the use ofdbe primers to be acceptable. For the SYBR reproducibility
assays, the maize standard curve was used only in the range of 100 to 1 ng/ul, which

had an efficiency of 101% (the regression line was y=33.89 [x]).

TAQMAN Reaction. Optimal primer and ptoe concentrations were 75 nM for
Af2 forward and reverse primers and 200 nM for the Af2 probe. As before, 3 pl of
DNA template was used along with 1X PERFECTA gPCR SUPER MIX, UNG, ROX
(Quanta Biosciences, Inc. Gaithersburg, MD) or TAQMAN Universal PCBtdfa
Mix (Applied Biosystems, Foster City, CA). Tweriye microliter reactions were
carried out with a profile of 2 min at 50°C, 10 min at 95°C and 40 cycles of 95°C,
59°C and 72°C for 30 seconds each. The Zmt3 primers and probe produced
nonspecific arplification when used in tandem and thus were not used for the

TAQMAN reactions.

54



TAQMAN Standard Curves. The standard curves indicated that the Af2 primers
and probe worked very well; a linear relation was found with an efficiency of 101.5%
andR?=0.99 (Fig. 1C). This reaction was repeated twice with four replicates each and
similar results were obtained. When using mixed standard curyedlabusDNA
diluted in 1 ng/pl of maize DNA, the efficiency of the Af2 detector was reduced to
61.4% R*=0.99) and the detection only occurred from 10 to 0.1 ng/Al davus
DNA (Fig. 1D). Fungal biomass was estimated using the curke ftdvusdiluted in

1 ng/ul of maize DNA that had the following a regression line: y= 34%81(x).

The standardurves using the Zmt3 primers and probe for the mixed standard
curves clearly showed nonspecific interaction of the Zmt3 detectorAwithvus
DNA, and they were not used for further analysis. Other detectors were also tried, but
the INCW297 primers ad probe used for maiZ26) did not work in tandem

reactions with the Af2 primers and probe.

Reproducibility Assay. SYBR Green Reproducibilityrthere were no significant
differences for the total DNA concentratiof the samples with 2320, 630, 60 and 0
ng/g aflatoxin concentratioPE 0.517; mean 128.1 ng/pl, data not shown). In the
gPCR experiments, technical replicates were a significant source of random variance
while the replicates of the samples within atplwere not a significant source of
variation. Significant difference®€0.0001) for the p/h ratio were found among

samples with different concentrations of aflatoxin contamination (Table 1, Fig. 2).
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The correlation between p/h DNA ratio and aflatocemcentration was 0.98 in 95

samplesP<0.0001).

TAQMAN Reproducibility Multiple DNA extraction plates were included in this
experiment. The analysis of variance showed that DNA extractions did not contribute
significantly to the random variance of eperiment. However, technical replicate
(gPCR plate), similarly to the results in the SYBR Green reaction, were a significant
source of random variance (51 and 53% of the total variance estimates respectively).
Significant differencesR <0.0001) werdound for the fixed effect of maize sample
with different aflatoxin concentrations (Table 1, Fig. 2B). The correlation between IC

and aflatoxin concentration was 0.81 in 36 samte® 0001).

Fungal infection and aflatoxin concentration in 20 maize hyhds. The maize
hybrids tested showed a wide range of responses to inoculatioA vidtvus with
aflatoxin measurements ranging from 19 to 1188 ng/g. Significant differdnces (
<0.0001) were found for fungal biomass estimated as infection coeffiorethie
fixed effect of hybrid (Table 2). Differences among hybrids were also significant
(P<0.0001) for aflatoxin concentration levels (Table 3). DNA extraction was not a
significant source of random variation. However, technical replicates within DNA
extraction plate and the interaction of hybrid by biological replicate were significant
sources of random variation (Table 2). Pearson correlation between the infection
coefficient determined by gPCR and aflatoxin concentration was B<&bJ001;

n=20; kg. 3A).
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Fungal infection and aflatoxin concentration in 18 diverse inbreds Significant
differences were found among the diverse inbred maize & {001) that showed
a wide range of aflatoxin concentrations (94 to 22734 ppb; Table 4). The infectio
coefficients were also significantly differef®<0.0001) but the range of values was
smaller than for aflatoxin. Pearson correlation between the infection coefficient

determined by gPCR and aflatoxin concentration was ®8Q2.0001; n=18; Fig. 3B).

Discussion

We have demonstrated that qPCR can be used to reproducibly qéariteyus
infection in maize kernels. Although the SYBR Green technique was found to be
acceptable, we favor the TAQMAN method because of the higher levels of efficiency
and sasitivity obtained during the validation experiments. For this method, DNA is
extracted from 100 mg of infected tissue. Optimized PCR reactions (25 pl) contained
75 nM Af2 forward and reverse primers, 200 nM Af2 probe and 1X PerfeCTa qPCR
Super Mix, UNGROX (Quanta Biosystems) or TAQMAN Universal PCR Master
Mix (Applied Biosystems). Three microliters of DNA template was added to each
reaction. DNA concentration of each sample was determined using Picogreen and alll
the samples were diluted equally irder to have a maximum concentration of 100
ng/pl DNA. We did not adjust the template DNA concentration for each sample
before the gPCR reaction. Each gPCR plate contained a set of mixed standard curves
in duplicate with concentrations of 10, 1, 0.1, Cadd 0.001 ng/pl oA. flavusDNA

diluted in 1 ng/pl of maize DNA. The thermal profile was 2 min at 50°C, 10 min at
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95°C and 40 cycles of 95°C, 59°C and 72°C for 30 seconds each. Three replicates of
the qPCR procedure (qPCR plates) were conducted forsaaeple. Concentrations

of pathogen DNA for each sample were estimated using the ABI Prism 7000 SDS
Software Version 1.0 (Bplied Biosystems). Infectioroefficients (IC) were

calculated by dividing the amount of pathogen DNA by the total DNA for each

sample.

We have shown that the levels of fungal biomass were strongly correlated with
aflatoxin accumulation in two sets of fieildoculated maize lines representing a broad
range of genetic diversity. This finding indicates that fungal biomass estimated
gPCR could be used to infer the concentration of aflatoxin and that aflatoxin
concentration should reflect levels of fungal biomass. It is important to acknowledge
that this conclusion is based on a limited sample of maize germplasm, and is not
necessaly applicable to all maize lines under all environmental conditions. Other
studies have found that maize genotype could affect the accumulation of aflatoxin as
discussed below. ltnefuture, it would be informative to apply our gPCR technique
to a lager maize population to clarify the effect of maize genotypes on the production

of aflatoxins byA. flavus

The cost of gPCR in a wedlquipped molecular biology laboratory is lower than
immunocapture aflatoxin determination (e.g. VICAM AflaTest) buterexpensive
than other platdased ELISA methods. Our technique is especially valuable for

pathology and breeding programs in whichflavusinfection levels are under study.
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The method may also prove useful for detection and quantification in sgilesam

The use of this technique with oth&spergillusspp.should be tested prior to use.

gPCR is now commonly used in plant pathology as a detection method, for
example to identiffPhytophthoraspecies in forest81). It has also been suggested as
a method for the assessment of host resistariélasmopara viticolan grapevine
(37). Quantitative PCR has also been used successfully to monitor the progression of
aspergillosis, caused Iy fumigatusin human serum and moude 7). A previous
study reported on the quantificationAfflavusin food by quantitative real time PCR,
using primers to thaor-1 gene in the aflatoxin producing pathw@g). For our
study, we designed thRe flavusprimers within the internal transcribed spacer region
1. This region is located between the 18S and 5.8S rRNA genes and it is estimated
that there are approximately 100 copies per gend®e For this reason, we
obtained high sensitivity demonstrated by the detection of 1 pgftdvusDNA in
the standard curves. Cruz and Buttf®@mused primers designed in theagomal
DNA genes and the ITS2 to successfully differentftéavusgrown in culture from
36 other fungal species grown on Petri plates as well as human and bacterial DNA.
Unfortunately, by the time our study was completed we were not aware of tluis res
so we did not use their primers in our study. Inaticle we demonstrated the value
of the method by identifying maize hybrids that allow significantly lower levefs of
flavusbiomass estimated as an infection coefficient. The use of thidand
primers provide a tool for the detailed study of the infection process and its

relationship with aflatoxin accumulation. For example, the early rates of colonization
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could be studied in different maize lines by dissecting infected tissue aydiagdly
gPCR. Along this line, we are successfully using the TagMan technique to map
resistance QTLs affecting the early infection process in developing kernels and silk

tissue.

Several pairs of. maysspecific primers failed to produce reliable resalhd thus
we were unable to create a multiplex TAQMAN reaction in which both host and
pathogen DNA could be quantified from the same sample. The maize alpha tubulin
genes designed for this study had problems of dimer formation but performed
acceptably fothe SYBR green reaction. However, for the TAQMAN reaction the
PCR amplification was nonspecific, perhaps due to the addition of the probes. Murray
et al (26) reported on a gPCR technique used to estimate madzgyenous DNA
degradation using maize specific primers and TAQMAN probes in the cell wall
invertase gene (INCW primgrsThese primers and probe were quite specific when
using pure maize DNA from the inbred line B73, but did not work when used in
tandem (ost plus pathogen) PCR reactions. Results not shown from the optimization
assays indicated that the addition of maize DNA at higher concentrations (100 instead
of 1ng/pl) to theA. flavusstandard curve had the effect of delaying the reaction
instead ofaffecting the efficiency when using the Af2 primers and probe. This
indicates that variable amounts of maize DNA do not affect the accuracy of the
guantification. Adding the INCW primers, in contrast, had a negative effect on the
efficiency of the Af2 deector, and this would make for an inaccurate quantification.

Possible causes for this are the amplification oftaoget regions or primer
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interactions with other nucleic acids that compete with the amplification of the

specific product. In additior. flavusisolates have been reported to have PCR
inhibitors(9). In the end, it was concluded that the most accurate quantification of
fungal biomass in maize lines with diverse genetic backgrounds would be achieved by
using only théA. flavusspecific primers and probe with a standard curve of pathogen

DNA diluted in 1 ng/pl of maize DNA in each plate.

Through a series of reproducibility assays and an experiment involving multiple
biological and technical replicates, we were able to determine the most important
effects for biomass determination using gPCR. We fabatdDNA extraction and its
interaction with hybrid lines, as well as replicates within a plate, did not add
significant levels of variance to our experimentfiese results suggeakat, with our
methods, DNA extraction or the number of replicates withplate does not affect the
outcome of the biomass estimation. On the other hand, technical replicates are a
source of variation, so multiple qPCR plates must be run in order to obtain accurate
results. Significant sources of random variance were féamall the interactions
involving biological replicates. Aflatoxin concentrations in field experiments are
highly variable, and our results suggest that this variation is due to how extensively
maize kernels are colonized as opposed to how much topiodsiced for a given

degree of colonization.

A strong correlation betweeh flavusbiomass and aflatoxin accumulation was

found among the maize genotypes tested in this experiment. In another study,
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conducted using a GHbroducing isolate, a similaoorelation (0.85) was found
between fluorescence and aflatoxin concentration in ce#ed(29). A good
correspondence in ranks between visual GUS ratings and aflatoxin concentration was
also reported from five maize lines inoculated with a GUS transformed i¢djate
These results are not consistent with the idea that pathogen load and aflatoxin
accumulation are distinct traits in maize, at least with the germpasl conditions

used here. However, it is important to point out that there is evidence of conditions
that allow fungal growth with low aflatoxin contamination. Using a GUS expressing
A. flavusstrain, Brown et af5) showed that one African aflatoxin resistant inbred
maize line (1368) allowed high levels of infection while two inbred maize lines (1188
and 15) with high aflatoxin contents supported low levels of infection. The set of
inbreds tested vgaselected to represent a relatively broad genetic diversity. Our panel
of hybrids represented a limited sample of maize diversity but a wide range of
guantitative responses in accumulation of aflatoxin concentration and pathogen
biomass. The parents thfe hybrids include three inbreds released as sources of
resistance to aflatoxin accumulation: Mp313E, Mp715, and Mp92:673 (released as
Mp717)(32, 41, 42). In addition, the line Mp494 has also been shown to have
significant general combining ability for resistancafiatoxin accumulatio43).

Not surprisingly, crosses involving these lines had significantly lower levéls of
flavusbiomass and aflatoxin contamination.| 81 these resistant lines have the open
pollinated cultivar Tuxpfio (reported as Tuxpaim)their pedigrees and thus it is
possible that we are assessing a single source of resistance. The use of a common

source of resistance may account for the highetation between infection levels and
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aflatoxin contents. While the sources of resistance tested in the African maize
germplasm may be different is possible that prior conclusions have been affected by
the use of methods that do not permit accuratesomement of pathogen biomass.
Interestingly, among our inbredbe line IBM262 allowed high levels of aflatoxin
contamination while the inftion coefficient levels were @histinguishable from the

most resistant lines. Currently our inbreds are beiagptl again in the field to

confirm our results. It is also possible that the environment has differential effects on
fungal growth and aflatoxin biosynthesis. More studies are needed to further explore
the effects of defined host genes on colonizatimh@ntamination of maize .

flavus
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Table 1. Reproducibility assays for tHf&YBR green ath TagMan reactioassays for
A. flavusbhiomass estimated as pathogen to host DNA ratio (p/h) or infection

coefficients (IC) on aflatoxin contaminated kernel samples.

Sample Aflatoxin SYBR green assay Tagman assay
(ng/g) log p/h p/h % log IC IC
High 2320 -1.35 a’ 26.0 470 a* 109.4
Medium 630 -2.70 b 6.7 250 b 111
Low 60 -540 c 0.5 121 ¢ 2.4
Control 0 -8.72 d 0.0 0.03 d 0

% Levels not connected by same letter are significantly different as determined by Tukey test

(U=0.05) .
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Table 2. F tests for the fixed and random efféan the infection levels estimated by

gPCR of 20 hybrids field inoculated with flavus

Source df F statistic P

Biological replicate (BR) 3 0.8919 0.4808
DNA extraction (DE) 2 1.5053 0.2777
Technical replicate (TR) within DE 6 5.9038 0.0013
BR x DE 6 1.9561 0.0919
Hybrid 19 7.7169 <.0001
Hybrid x BR 57 2.0504 0.0006
Hybrid x DE 38 0.6776 0.9151
Hybrid x TR[DE] 114 1.1987 0.1100
BR x TR[DE] 18 7.0273 <.0001
BR x DE x hybrid 114 5.7637 <.0001

& See text for details on the model.
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Table 3. Differences betweeA. flavusbiomass infection coefficient (IC) determined by gPCR and aflatoxin concentration

for maize hybrids inoculated in the field.

A. flavus Aflatoxin
Pedigree/Line log (IC+1) IC log (hg/g +1) ng/g
P3394 3.67 & 38.1 7.08 A 1188
(CH05015:n12-43-1-B-B)-3-2 x T173 347 ab 31.2 6.75 ab 850
Mp97:154 x T173 2.98 abc 18.7 6.70 ab 812
GA209 x SC212M 2.71 abcd 14.0 6.83 ab 922
(Mp313E x Va35 Fam 58)-2-3-1-1-2-2 x T173 245 abcde 10.6 5.46 abcde 235
CML322 x T173 231 abcde 9.1 6.56 abc 705
CML326 x T173 231 abcde 9.0 6.39 abcd 597
Mp420 x T173 222 abcde 8.2 6.02 abcde 412
CML342 x T173 215 abcde 7.6 6.26 abcd 522
(MBR-ET WHITE F2-112-1-1xB-B-#-B-#)-1-2 x T173 1.96 bcde 6.1 6.53 abc 687
Mp97:161 x T173 156 cde 3.7 5.59 abcde 266
CML247 x T173 143 cde 3.2 4.39 cdef 79
Mp92:673 x T173 1.34 cde 2.8 4.30 def 73
(Mp 715 x Va35)-1-3-4-2-1 x T173 1.18 de 2.3 5.10 abcdef 163
CML348 x T173 1.18 de 2.3 5.05 abcdef 156
Mol18W x Mp313E 1.09 de 2.0 5.06 abcdef 156
Mp494 x Mp92:673 1.03 de 1.8 322 F 24
(MBR-ET WHITE F2-112-1-1xB-B-#-B-#)-1-1 x T173 1.03 de 1.8 4.77 bcdef 117
Mp313E x Mp715 092 e 1.5 299 F 19
Mp494x Mp715 0.85 e 1.3 3.89 ef 48
‘Levels not connected by same |letter are significantly different as
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Table 4. Differences betweeA. flavusinfection coefficient (IC) determined by

gPCR and aflatoxin concentration for a panel of diverse maize inbi@ridared in

the field.
A. flavus Aflatoxin

Pedigree/Line log (IC+1) IC log (ng/g+1)  nglg
CML103 0.78 a 1.18 10.03 a 22735
Mol7 0.62 ab 0.85 9.39 ab 11982
B73 0.51 abc 0.67 9.54 ab 13917
B97 0.33 bcd 0.39 9.22 abc 10118
MS71 0.28 bcd 0.33 8.21 abcde 3689
Oh43 0.27 bcd 0.31 7.84 bcde 2542
Oh7B 0.21 cd 0.23 8.16 abcde 3483
IBM54 0.11 d 0.12 7.93 bcde 2790
NC358 0.11 d 0.11 6.75 defg 854
IBM262 0.09 d 0.10 8.75 abcd 6283
Ky21 0.08 d 0.08 6.96 defg 1056
Tx303 0.06 d 0.06 7.20 cdef 1333
Ki3 0.05 d 0.06 7.46 bcde 1739
Mp339 0.05 d 0.05 6.79 defg 886
M37W 0.02 d 0.02 6.43 efgh 622
CML52 0.00 d 0.00 455 h 94
Mp313E 0.00 d 0.00 484 gh 126
CML247 0.00 d 0.00 5.15 fgh 172

? Levels not connected by same letter are significantly different as determined by Tukey test

(U=0.05) .
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Figure 1. Standard Curves A) SYBR green reaction vAtHflavusDNA and Af2
primers, efficiency: 1108°=0.98; y = 28.12 3.08(x). (N=3). B) SYR green
reaction with maize DNA and Zmt3 primers, efficiency: 186:0.93; y = 32.57
2.75(x). (N=2). C) TagMan reaction with flavusDNA and Af2 primers and probe,
efficiency 101;R?=0.99; y= 29.25 3.29(x) (N=4). D) TagMan reaction with mixed
DNA and Af2 primers and probe efficiency: 6186:=0.99; y = 34.55 4.81(x).

(N=3).
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Figure 2. Reproducibility assays. A) SYBR green reaction for three samples of
ground maize kernels infected with known concentrations of aflatoxin contamination
anda control. A ratio of the pathogen to host DNA (p/h) was obtained. Significant
differences were found among treatmefs(.0001). The correlation between p/h
and aflatoxin concentration was 0.98<0.0001, N=95). B) Tagman reaction for the
same fousamples. An infection coefficient (IC) was calculated by dividing the
amount of DNA estimated with qPCR by the amount estimated with PicoGreen
(pathogen/total DNA). Significant differences were found for the category effect (

<0.0001). The correlatiorebween IC and aflatoxin ppb was 0.81 (P<0.0001, N=36).
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Figure 3. A) Correlation (0.85; P&0001) between fungal biomass estimated as
infection coefficient (IC) and aflatoxin concentration for 20 field inoculated maize
hybrids. The field experiment had four biological replicates. IC was estimated by
TagMan gPCR from three independent DNA agtions, and each DNA sample was
analyzed three times (technical replicates). IC was calculated by dividing the amount
of A. flavusDNA obtained from qPCR by the total DNA present in the sample. B)
Correlation (0.81P<0.0001) between infection coeffioie(IC) and aflatoxin average
levels for a set of diverse maize inbreds (N=18). The field experiment had three
replicates, and the gPCR experiment was conducted three times (technical replicates).

IC was calculated as indicated for the TagMan reproditgibssay.
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CHAPTER3

TISSUESPECIFIC COMPONENTS OF RESISTANCE TO ASPERGILLUS EAR
ROT OFMAIZE

Introduction

Aflatoxins are fungal secondary metabolites produced by several species from
the genu#\spergillus In maize the most common causal agent of aflatoxin
contamination igAspergillus flavus Aflatoxin accumulation in maize occurs ireth
field (pre-harvest) and in storage (pdsdrvest). Control measures could range from
regulatoryenforcemento detoxification in the diet.nlthis study we focus athe
characterization of maize resistance to aflatoxin accumulation. There are several
reports of maize inbred lines that accumulate lower levels of aflatoxin, this is resistant
lines(3, 12, 24, 26). Themechanisms by which maize plants accumulate lower levels
of aflatoxin are unknown. A confounding factor for the use of this resistance is that
yearto-year accumulationfaflatoxins is highly variabland weather conditions

particularlytemperature andumidity, strongly affect aflatoxin conten(g7).

The genetic basis of resistance has been studied using diallel studies and QTL
mapping populations. Early studies indicated the absence of complete resistance and
point to a strong importance for general combining ability, which suggests that the
geneticeffects are additive. However there are some reports where specific
combining ability is the main effect, pointing to the presence of dominant or epistatic

gene effect$3, 6, 12, 25). More recent QTL mapping experiments confirm the
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importance of additive genetic effects and indicate the existence of at least 14 regions
of the gemme where QTL from multiple studies-tmcalize. Most of these QTL have

small additive effects (Chapter 5).

In an influential review, Parlevli€il8) divided ratereducing resistance, also
known asncomplete or quantitative resistance, into resistance to infection,
colonization, and reproduction. Since then there have been many technical advances;
for example, Chapter 2 describes the development of quantitativiemegPCR to
accurately measurbe levels ofA. flavuscolonization(17). Further advances come
from QTL mapping studies that dissect quantitative resistance into multiple causal
loci. A few QTL for quantitative resistance in plants have been cl@&and many
genes have been implicated in resistance through gewiheeassociation studies
(14, 20), suggesting that diverse host functions contribute to quantitative disease
resistance. A detailed microscopic analysis of components of quantitative resistance
using neaiisogenic maize lines ataining different QTL for resistance to
Setosphaeria turciceecently proved that, while one QTL reduces infection efficiency,
the other limits colonizatio(i7). Therefore, we expethat the multiple genes that

underlie quantitative resistanceAoflavusaffect different components of resistance.

No previous studies of the components of resistanée flavusin maize have
been published. Aflatoxins are not known to play a part in the pathogen#sis of
flavuson maize, yet aflatoxin accumulation is the main target for studies of maize

resistance té\. flavusbecause of the importance of this trait in foostegns.
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However, analysis of aflatoxin levels in multiple lines is time consuming and costly.
Thus other traits associated with the disease have been used as proxies for aflatoxin
accumulation, for example: bright greenish yellow fluorescence (BGYF) amdtea
severity. The correlation of BGYF with aflatoxin accumulation has ranged from 0.59
to 0.79 in different studies, but since this trait seems to vary depending on the source
of resistance it was not recommended for selection of resistan{@neSar ra

severity has also been studied but its correlation with aflatoxin accumulation varied
from a significant 0.53 in one year to no correlation in the second year for one
population(6) or was significantly stable between 0.41 to 0.64 in two years for

another poplation (15).

Tissue specific resistance may also play a role in resistadcdlavus
because inite absence of insect damage, the pathogen colonizsitktbefore
proceeding into the maize kerné®2). ForUstilago maydisanother maize pathoge
different QTL were found associated with resistance in various maize t{@ues
Even though silk resistance to infection by another ear rot pathBgear{um
graminearum) has been clearly characteriz@d), eviderte for silk resistance tA.
flavusis indirect(19, 27). Finally, several authors have pointed out that aflatoxin
accumulation may be related to other kernel traits such as grain composition or plant
traits such as husk pericarp(12). Two studies have found significant correlations
between aflatoxin accumulati@and traits such as grain texture, husk cover, grain

yield and silk channel lengi{i, 3).
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In order to dissect the highly variable phenotype by looking for resistance at
the multiple steps of the plafungal interaction, we used a panel of diverse inbred
maize lines and evaluated four components of silk resistance and six components of
kernel esistance in replicated experiments over three years. We conduuted
and field inoculations with the objective of directly challenging the two plant tissues
and to better test the various components of resistance. We hypothesized that natural
variability exists in maize for colonization in silk and kernel tissues. It was expected
that some of these traits would be less variable than aflatoxin accumulation. Finally,
in order to know if any of the components is a reliable predictor of aflatoxin
acamulation, we conducted a correlation analysis and included other traits available

for the panel of diverse maize lines.

Materials and Methods
Plant and Fungal M aterials. For a preliminary experiment, seven inbreds
were planted in single pots in a greeake during the winter of 2007 in Ithaca NY
(Table 6). Up to twenty six maize inbreds (Table 2) selected by others to maximize
their diversity(11) or because they are sourcésesistance or susceptibility to
aflatoxin accumulation were planted in 2007, 2008 and 200%at nel | 6 s Rober t
Musgrave Research Farm in Aurora, ldivd in 2008, 2009 and 2010thé R. R. Foil

Plant Science Research Center at Mississippi State Urtyevks (MSU).
Inoculumfor in-vitro proceduresvas prepared by growind. flavusisolate

NRRL 3357 m 20 g of corn kernelsPrior to inoculation, the corn kernels were

soaked overnight with 10 ml &f,0 in 500 ml flasksand then autoclavedConidia
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were washed 2-18 daysafter inoculatiorwith 20 ml of distilled HO containing0.2%
Tween 20. Conidia concentration was adjusted to “odifidia per ml, with a

hemocytometer.

Forfield inoculations A. flavusisolate NRRL 3357 was seeded onto 50 g of
sterile maize cob grits with 100 ml of,B and incubated at 28°C fthreeweeks.
Before adjusting the concentration of the inoculum to 3gafidia per ml, the
suspension was filtered through four layers of cheesecloth. Ears were inoculated

seven daysfter 50% of the silks had emerged

Components of Silk Resistance To produce the test tissufes in-vitro
inoculaton 12 kernels of each maize | ine were
Robert Musgrave Research Farm in Aurora, NFive individualpots were planted
for the greenhouse greauts At anthesis, silks of four planits a row were cut at the
tip and the ears were covered with shoot bags. The next day, the newly emesged silk
weresib or selfpollinated. One day after pollination, thpstof the eas, including

the recently pollinated silks, were cut and transported to the laboratory on ice.

For each experimental unit (one planiyefsilksin 2007 and 10 in 2008 and
2009 were placed in a Petri plate withalid. Dishes wereontanedin culture trays
lined with chromatography paperistenedvith 30 ml of sterile HO to maintain
humidity. Four replicates of each lineexe prepared from the four plants in a row.
Silks were inoculated witldO plin 2007 and 5@ in 2008 and 2008f A. flavus
conidia prepared as indicated above. After inoculation, culture tranesplaced in an

incubator at 3%C for seven days in the dark.
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For latent period (LPjating, trays were observed daily under a dissecting
microscope until the appearance of the first conidiopbesging yellowgreen
conidia. $orulationrating(SP)was conductedeven days after inoculatiovith a
dissectingnicroscopeusing ascale fran 0 to 5 where 0 meant no spores and 5 was
the highest density a@onidiophores Along with SP infection frequencyIF) was
rated as a percentage of the silk harboring conidiophd#en SP and IF rating were
complete, the top three centimeters ofsltikes were cut and ket -80°C until DNA

extraction for colonization rating using qPCR as explained below.

Field inoculation was conducted in an environn@ntducive to aflatoxin
accumulation aMSU. Inbredlines were planted in a randomizeaimpleteblock
design with three replicates. Each line was plantédunrmetersinglerow plots
spaced 0.97 rapart In order to measure components of resistance in the silk and in
the kernels, both sites were inoculated by injecting 1.7 ml of the conidiahsispen
the silk channel and 1.7 ml underneath the husk into the side of the &iseaen

days after miekilk stage

In order to determine the levels of silk colonization, two ears from each row
were collected seven days after inoculation and tratesp¢o the labratoryonice.
Approximately 100 mgikk tissuefrom the ear chann&ascollected in 1.2 ml
polypropylene Costar cluster tubes (Corning Inc., Corning, NY frazén until
processing. Silk samples were lyophilized prior to DNA extracti©nlonization
levels were determined using Tagman chemistry gPCR as described previously
(Chapter 217). Briefly, total DNA concentratiomwasdetermined using Picogreen on
all the samplesA. flavusDNA concentration was determined by comparing to a

standard curve included in each PCR plate. Three replicates of the gPCR procedure
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were conducted for each samplehe colonizatiorwas calculated by dividing the

amount of pathogen DNA by the total DNér each sample.

Components of Kernel Resistance Forin-vitro inoculation of developing
kernels, each inbred planted in the field in Aurora NY was self or sib pollinated.
Three weeks after pollinatioa procedure similar to the kernel screening assay was
conducted4). Four ears @re harvesteffom each inbre@ndfive developing kernels
per ear vere placed in small Petri plates in culture trays lingti wiiromatography
paper that habeenmoistened with 3@nl of sterile HO. Kernels were dimnoculated
in a conidial suspension & flavusisolate NRRL 3357 at 1xI@onidia per ml,
prepared as explained for the silk experimeiitse four ears were considered

technical replicates for each experiment.

Latent period and infection frequency were visually rated seven days after
inoculation. All inbred lines and all kernels had at least some clearly visible spores
three days aftenoculation. Sporulation(SP)wasrated on each kernsévendays
after inoculation using a dissectingarascope as a percentage of the kernel covered
with conidiophores. After SP rating, kernelsrekept in envelopes a80°C until
processed byPCR aalysisfor colonization estimatianKernel samples were
lyophilized prior to DNA extractionlnfection levels were determined using Tagman

chemistry qPCR as described previoudly).

Field inoculation for kernel components of resistance was conducted as
indicated for the silk experiments at MSBor aflatoxin determination at harvest, the
top ears of each plant in a row were dried at 38°C for seven days. Kernels from each

row were ground with a Romer mill (Union, MO), and a subsample of 50 g was used
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for aflatoxin measurement using the VICAM Aflest (Watertown, MA).This same
subsample of dried kernels was kept at 4°C until processed to determine the levels of

colonization using Tagman chemistry gPCR.

Statistical Analysis. All statistical analyses were conducted on JMP V 8.0
(SAS Institute, Cgy, NC). In all cases, the data was analyzed for the overall studies
including year in a mixed model as a random variable, and on dyegaar basis.
For the combined analysis, only lines for which there was data available for at least
two years weresed, and then-vitro inoculation with tissue from the greenhouse
study was not included. In order to standardize the varianitekPsand SRlata
werelog transformedwhile IF and colonization were arcsine square root transformed.
Some of the develapg kernel assays for LP and IF did not require a statistical
analysis because all the kernels had visible sporangia at the same time. The levels of
sporulation, however, presented significant variation. SP data on developing kernels
was arcsine squareat transformed prior to analysis. Finally, data from field
inoculations in the kernel for colonization and aflatoxin accumulation was log

transformed.

Pairwise correlations among components of resistance were conducted using
the least squares means atle component of resistance for the three years of
experiments and on a yelay-year basis. For comparison purposes, aflatoxin
accumulation in kernels from field studies was included with the silk data correlations.
Two other sets of data gathered omnailar panel of inbred lines were included for
comparison: kernel traits reported by FHiarcia et al(10), and days to silk

(flowering time) reported by Buckler et &b).
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Results

Significant differences ii\. flavuscolonization on silks and mature kernels as
well as aflatoxin accumulation in mature kernels were detected among entries for three
years of experiments (Tables 1 and 2). All the components of resistance were highly
influenced by the environment with sifioant effects for the random variation due to

the interaction between year and inbred line.

For silk tissuejn-vitro infection frequency and sporulation means were the
only significantly correlated components of resistance. None of the compofents o
silk resistance correlated with aflatoxin accumulation or with days to silk (Table 3).
For kernel tissuan-vitro inoculation of developing kernels was consistent within a
year but was highly influenced by the environment. The interaction betweeangkar
inbred was the dominant source of variation, rendering differences between lines
insignificant in the overall analysis (Table 1). However, at maturity in field
inoculation experiments, we found significant differences in the panel of maize lines
for colonization and aflatoxin accumulation (Tables 1 and 2). Aflatoxin levels and
colonization were significantly correlated (0.70***) (Table 4). Aflatoxin
accumulation was negatively correlated with, fiber and ash in kernels, while a positive
correlation vas found between aflatoxin with carbohydrate and seed wdiglvitro
sporulation levels on developing kernels were negatively correlated with moisture
levels of mature kernels. There were significant correlations between days to silk
(flowering time) ad aflatoxin accumulation in the field as welliassitro sporulation

of developing kernels (Table 4).

On a yeaiby-year basis, there were significant differences among inbred lines

for 10 of the 14 components of silk resistance studiedimthitro inoculation (Table
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5). For two of them (latent period for fiegtown material in 2007 and sporulation

from greenhouse materials in 2007), despite the significant differences found in the
analysis of variance, the differences among inbred lines were netrdide by Tukey
test (U=0.05). For field inoculation asse
colonization among inbred linésr each of the three years of study. The ranking of
lines varied from year to year for those components of resistance that were both
significantly different with an analysis of variance and a mulip&tcontrolling

statistic (Tukey)(Table 6 and 7).0Ne of the components of silk resistance was
significantly correlated with aflatoxin accumulation on kernels (Table 8). Rankings

for silk colonization from field inoculations in 2008, 2009 and 2010 were significantly
correlated as determined by a sigrafit Spearman correlation. In addition, the
components of resistance in 2009 evaluatedtro were significantly correlated with

each other, as were sporulation in 2009 and infection frequency in 2007. Rankings of
latent period evaluated-vitro from greenhouse materials were negatively correlated
with infection frequency and sporulation in 2009, but positively correlated with

colonization in 2008 (Table 8).

There were significant effects for inbred lines in every experiment for
sporulation and colona&ion of developing kerneldn-vitro inoculations on
developing kernels in four experiments indicated that there were no differences for
latent period or infection frequency among the inbreds tested in this study.
Conversely, in field inoculation experents every year we found significant
differences for colonization and aflatoxin accumulation (Table 5). Rankings for the
components of kernel resistance also varied from year to year (Tables 9 and 10).
Aflatoxin accumulation and colonization from figltbculations were generally

correlated, with some exceptions with the 2010 data. Aflatoxin accumulation in 2008
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was significantly correlated with sporulation framvitro inoculations in 2008
(0.59*) and by ranks in 2007 (0.37*). The ranksm¥itro sporulation in 2008 were
also correlated with colonization in the field in 2008. Howewevjtro sporulation
rankings were negatively correlated with colonization in 2608%*). Colonization
for in-vitro inoculations with greenhouse materials waselated with sporulation

from the same materials (Table 11).

Discussion

Significant yeatby-inbred interactions for every component of resistance
studied indicated that the environment in which the plant is grown has a large effect on
the expression of sestance. No component of resistance was stable across
environments.In-vitro experiments kept the plants in a homogeneous environment
and we still found significant variation from year to year, indicating that the
environment in which the plant is growletermines thé. flavus- maize interaction.
In addition, a significant negative correlation of flowering time with aflatoxin
accumulation indicates that lines that are inoculated later in the season accumulate
lower levels of aflatoxin. This could al®e due to environmental variation towards

the end of the season.

Despite the environmental variation, there is clear evidence in field
inoculations of resistance to silk colonizationAyflavusin maize. Controlling for
the interaction by including in the mixed model, we still found significant
differences among lines across three years for silk and kernel colonization and for
aflatoxin accumulation in field inoculation experiments. A strong correlation
(0.70***) between aflatoxin accumulation andlonization in field experiments

confirms our previous results, in which the two traits were significantly correlated
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(0.85) in the first year of this stuq¥7). Although aflatoxin and silk colonization in

the field were not correlated, it is important to keep in mind that our aflatoxin
determination was de@non kernels that were inoculated in the eampassing any
possibility of silk resistance. We have demonstrated the existence of silk resistance
but the question remains about the importance of silk in natural aflatoxin

accumulation.

Strong variation mong years fom-vitro traits sharply contrasted with the
reproducibility within any given year (Table 5). This again suggests that the
environment in which the plants are grown affects the quality or composition of the
kernel and silk tissue. With regktoin-vitro studies, our data also clearly indicate
that there is no correlation with aflatoxin accumulation in the field, establishing the
lack of utility of this type of trait for breeding efforts, and making this an important
point when designing stlies of theA. flavus aflatoxin and maize interaction because

thein-vitro results do not seem to be extendable to field applications.

The discrepancy among years iimvitro experiments prompted us to explore
kernel composition as a possible determinanAfdtavuscolonization and aflatoxin
accumulation. FlinGarcia et al(10) had determined kernel composition and seed
characteristics in a panel that contained 19 of the inbreds used in this study.
Significant corréation of aflatoxin content with fiber, ash, carbohydrates, and seed
weight suggests that kernel composition traits should be further explored in the future.
Surprisingly, kernel colonization was not significantly correlated with any kernel
composition tait, although some correlation coefficients were relatively high (0.5).

This finding suggests that while aflatoxin production may be influenced by kernel

composition, infection of the kernel occurs regardless of the substrate. This

89



hypothesis is in agregent with the finding that some antioxidant compounds reduce

aflatoxin productior(13).

Another interesting significant negative correlation was found between kernel
sporulation fromn-vitro assays and kernel moisture. This is puzzling sincenthe
vitro assays were conducted using developgné&ls and moisture was determined on
ground kernels after harvest and dry(@@). This suggests a testable hypothesis that
structural features that prevent drying also prevent pathogen ingress. Supporting this
hypothesis is the recent finding ttratverticillioidesenters the kernel though the
stylar canal and that stylar canal apertures vary between resistant and susceptible
maize lineqg9). It would be prudent to characterize the diverse panehes lused in
this study for the stylar canal size. Such a study would require scanning electron
microscopy. Itis also interesting to note that the microscopic analysis conducted on
the initial infection ofA. flavusand maize kernels were conducted a flmeades ago
and no recent detailed infection study such as the one conductedsésticillioides

has been conducted.

In this chapter, compelling evidence is presented that, in addition to resistance
to aflatoxin accumulation, there is variation in meagermplasm for susceptibility to
silk and kernel colonization. We found tlilaé environmenin which the plants were
grown heavily influenceth-vitro inoculation assays fdk. flavus We did not identify
a component of resistance that is not envirentally affected but we found that
kernel characteristics and flowering time were significantly associated with resistance
to aflatoxin accumulation. Many of the lines used in this study are part of maize

diversity sets or other large public efforts t@rdcterize quantitative traits in maize

9C



and our results could provide a guide for future hypothesis testing using these

resourcegll, 16).
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Table 1.P-valuefor the effect of inbred line omultiple year evaluations of
components of resistanceAoflavusin a divese set of maize inbred lirfes

Maize Tissue
Developing Mature

Component of resistance Silk kerneP kernef
Latent Period 0.3799 ns
In-vitro Infection_Frequency 0.2270 ns
Sporulation 0.2390 0.0963
Colonization (QPCR) - 0.2097

Field Colonization (QPCR) 0.0312 - 0.0301

Aflatoxin accumulation - - 0.0006

& In-vitro experiments were replicated four times using field materials grown in NY

for three years. Field inoculation experiments were replicated three times in a
randomized complete blocks design for three years. For all the experiments except for
silk latent p&iod evaluation, there was a significant effect of the random variation due
to the interaction of year by inbred line.

® In-vitro experiments on kernels were conducted on three voéekernels. Field

evaluation of components of resistance was conductedadure kernels.

¢ ns = not significant, no statistical analysis required.
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Table 2. Least squares means for silk and kernel components of resistance in a panel
of diverse maize inbredsoculated for three years in the field.

Silk Mature kernel
Colonization Colonization Aflatoxin
(1C) (16) (ng/g)
Mo17 014 ¢ 1.63 ab 6596 a

Sc212m 0.07 bc
CML103 0.43 bc 1.08 abc 5173 ab

B73 021 ¢ 0.85 Dbcde 4596 ab
IBM262 4.37 ab 0.69 bcde 4536 ab
B97 0.61 ¢ 1.75 a 3932 abc
Ooh7B 0.51 bc 3423 abcd
tnn® 001 c 0.26 cde 1675 abcde
Oh43 11.01 a 0.71 pcde 1440 abcde
114H 1.04 bc

Mp339 0.05 c 0.64 cde 1182 abcdef
Ky21 0.69 bc 0.91 abcd 1046 abcdef
NC350 0.67 bc 889 abcdef
Tx303 1.77 bc 0.38 cde 874 abcdef
MS71 0.07 ¢ 0.73 bcde 705 bcdef
NC358 8.78 a 0.26 e 661 bcdef
NC300 0.10 ¢ 0.19 de 559 bcdefg
IBM54 0.41 bc

M37W 0.03 ¢ 0.20 e 541 bcdefg
CML322 0.01 ¢ 0.28 cde 389 cdefg
Ki3 0.81 bc 023 e 268 defg
Mp717 0.00 ¢ 264 bcdefg
CML247 0.02 c 0.37 cde 233 efg
CML52 0.04 ¢ 0.31 cde 136 fg
Mp313E  0.14 c 0.31 cde 23 g

P4 45¢é =58-$2445¢BBV
Tukey test U=0.05
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Table 3. Paiwise correlationgmong components of sitiesistanceo Aspergillus
flavusin apanel of diverse maize inbreds

Field In-vitro
Aflatoxin® Colonizatior? Latent Infection Sporulation
Period Frequency
-------------------- - = Field -
Colonizatiof} 0.22
-------------------------------- IN-VItro ---------m-memememe oo
Latent Period 0.23 -0.17
Infection Frequendy -0.12 -0.29 -0.19
Sporulatioft -0.28 -0.16 -0.37 0.63**
--------------------------- Floweringtime (Buckler etl. 2009)
Days to silk -0.61* -0.44 0.32 0.14 0.40

#The components of resistance studied were: aflatoxin accumulatioouind
kernekincluded hereas a contro{(Aflatoxin), field colonizationestimated by gPCR
(Colonization), in-vitro latent periodin-vitro infection frequency anph-vitro
sporulation

** Significant atP<0.01

Table 4. Pairwise correlations among components of kernel resistaspergillus
flavusandother maizecharactéstics in apanel of diverse maize inbreds

Field In-vitro
Aflatoxin Colonizatiod =~ Colonizatio Sporulation

-------------------- - Field ----------mm oo
Colonization 0.70***

-------------------------------------- In-vitro -
Colonization 0.02 -0.16
Sporulation 0.06 -0.01 0.00

------ Flowering time (Buckler eal. 2009)
Days to silk -0.61* -0.47 -0.04 -0.60*
------------------ Kernel traits (FliiGarcia etal. 2009)------------------

Moisture -0.03 -0.02 0.33 -0.53*
Protein -0.45 -0.21 -0.38 0.39
Fat -0.25 -0.17 0.03 0.27
Fiber -0.68** -0.47 -0.07 0.03
Ash -0.57* -0.5 0.03 0.26
Carbohydrate 0.52* 0.27 0.23 -0.38
Seed weight 0.57* 0.46 0.14 -0.41
% Endosperm 0.12 0.09 -0.05 0.15

& Colonization estimated by gPCR
* o kkx Gignificant at P<0.05, 0.01 and 0.0Qfespectively.

94



Table 5. Components of resistance to Aspergillus Ear Retalues by year of study.

Resistance Silk Kernel
Component P n P n Source of material Year
------------------------- In-vitro inoculation---========= e
Latent Period 0.0129 19 ng 19 Field NY 2007
0.0003 7 0.368 7 Green House 2007
0.4269 21 ng 25 Field NY 2008
0.0109 20 ns 26 Field NY 2009
Infection Frequency  0.0001 12 ng 12 Field NY 2007
0.0580 8 0.629 8 Green House 2007
0.1293 21 ng 25 Field NY 2008
<0.0001 20 ng 26 Field NY 2009
Sporulation 0.0116 17 <0.0001 15 Field NY 2007
0.0100° 7 <0.0001 7 Green House 2007
0.4934 21 <0.0001 25 Field NY 2008
<0.0001 20 <0.0001 26 Field NY 2009
Colonizatiorf - - Field NY 2007
<0.0001 7 <0.0001 7 Green House 2007
<0.0001 19 <0.0001 25 Field NY 2008
- <0.0001 20 Field NY 2009
---------------------------------------- Field inoculation------=========cmem e
Colonizatiorf <0.0001 16 <0.0001 20 Field MS 2008
<0.0001 24 <0.0001 21 Field MS 2009
<0.0001 21 <0.0001 19 Field MS 2010
Aflatoxin - <0.0001 18 Field MS 2008
- <0.0001 23 Field MS 2009
- 0.0409 25 Field MS 2010

% Inbred lines were not significantly different for multiple comparisons using Tukey

test.

Phs = not significant, no statistical analysis required.
& Colonization estimated by qPCR
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Table 6.Values for various components of silk resistanc&dpergillusear rot aftein-vitro inoculation by year of study

Greenhouse Field NY 2007 Field NY 2008 Field NY 2009
Lat((eg;yPst)enod Colonization(IC) Infectlor(]o/l:)requency Sporulation(%) Colonization(IC) Lat?é];;s«;rlod Infectlor(]o/loz)requency Sporulation(scale)
Mp339  7.60 & CML322 138 a Ki3 8043 a NC300 79.62 a CML103 254 a sc212m 1.7  be P39 1000 a Sc212m 48  ab
Mp313E 523 b NC300 1.17 a M162W 7629  ab M162W  46.99 ab Oh7B 241 a MS71 22 abc Sc212m 994  ab NC300 4.3  abc
CML322 502 b CML247 0.88 ab IBM54  70.60  abc Mol7  39.60 ab IBM262 2.30  ab IBM262 2.4  abc oh43 943  abc IBM54 3.8 abcd
NC300 491 b Mp313E  0.56 bc P448¢ 6752 abc CML69  38.65 ab NC408 211  abc Mp339 2.4 abc NC300 940 abc M37W 3.8 abcd
CML52 485 b B73 0.39 bc B73 54.48 abcd Ki3 3379 ab Mol7  1.88  abc TX303 2.4 abc X303 934  abc P39 3.8 abcd
B73 340 b CML52 034 bc CML69  37.70 abcd CML322 2083 ab P445¢  1.73  abcd IBM54 2.5 abc IBM54 854  abc P445¢ 35 abcd
CML247 279 b Mp339 018 ¢ CML322 3321 abed B73 2046 ab Ky21 1.44  abcd NC300 25 abc oh7B 854  abc Tx303 35 abcd
NC300  32.43 abcd TX303  16.95 ab Mp339  1.37 abcd P39 25 abc CML322 834 abc CML322 33 abcd
IBM262  30.00 abcd Oh43E 579 ab M37W  1.37  abcd NC358 2.6 abc 1114H 763  abc I114H 3.3  abcd
Ky21 14.64  abcd NC358  4.98 ab 1114H 1.28  abcd CML322 2.7 abc P445¢ 664 abc B73 2.9 abcd
Tx303 9.44  bed Ky21 442  ab P39 1.26  abcd 1114H 27 abc Mo17 62.9 abc Mol7 2.8 abcd
M37W 747  cd Ms71 368 ab Tx303 113  bed oh43 2.7 abc Ky21 59.3  abc oh43 2.8 abcd
oh7B 0.00 d P445¢ 277 ab CML322 1.12  bcd P445¢ 28 abc B73 56.7  abc oh7B 28 abcd
B97 153 ab NC358 089 cd Mol7 29 abc M37W 52,9  abc Ky21 2.3 abcd
P39 153 ab B97 075 cd Oh7B 3.1 abc IBM262  47.4  abc NC358 2.3 abed
M37W 114  ab IBM54 039  cd M37TW 3.4  abc Mp339 385  abc MS71 20  bed
oh7B 000 b B73 020 d B73 35 abc Ki3 296  bc IBM262 2.0  bcd
MS71 011 d Ky21 36 abc B97 282  bc B97 1.9  bed
Ki3 43 ab MS71 250 ¢ Mp339 1.8 cd
B97 46 a NC358 149 ¢ Ki3 13 d

P 445 ¢é =58-62445BBV
Tukey test U=0.05
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Table 7. Values for colonization of lines for resistance to silk colonization for field
inoculation assays witAspergillus flavudy year of study

Mississippi 08 Mississippi 09 Mississippi 10
-------------------------------- Colonization(IC) --------==-=====mmmmmmmmmmmeee-
Oh43 22.762 & NC358 19.555 a Oh43 13.3 a
IBM262 5238 b l114H 2231 b IBM262 7.9 ab
P39 3.389 bc Ki3 1.049 b NC358 5.6 abc
NC358 2.037 bc Oh43 1.045 b Tx303 4.6 abcd
Ki3 0.897 bc B97 0.961 b CML103 2.7 abcd
B97 0.748 bc Tx303 0.784 b NC350 1.8 abcd
IBM54 0.546 bc Oh7B 0.457 b Ky21 1.3 abcd
Oh7B 0.321 bc Mo1l7 0.387 b Ki3 0.5 bcd
B73 0.308 c IBM262 0.336 b MS71 0.3 bcd
Mp313E 0.127 ¢ B73 0.180 b B97 0.2 bcd
CML69 0.109 c MS71 0.167 b Sc212m 0.2 bcd
MS71 0.011 c Mp313E 0.146 b Mp717 0.1 bcd
CML247 0.010 c NC300 0.126 b NC300 0.1 bcd
Mp339 0.010 c CML103 0.115 b Mo1l7 0.0 cd
M37W 0.009 c Mp339 0.113 b TBBC3_19 00 d
CML52 0.004 c Mp717 0.110 b M37W 0.0 bcd
NC350 0.105 b B73 0.0 cd
M37W 0.077 b P44t 0.0 cd
CML52 0.064 b CML322 0.0 cd
Ky21 0.045 b Mp339 0.0 bcd
CML322 0.038 b NIL_99 0.0 cd
P44% 0.017 b
IBM54 0.012 b
CML247 0.007 b

®Tukey test U=0.05
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Table8.Pear son correlation (above the diagonal) and Spear mar
by yeaf
Control In-vitro Field
Greenhouse 2007 2008 2009 2008 2009 2010
Aflatoxin® Col° LP IF SP Col LP IF SP Col Col Col
Control Afla® 1 -0.15 0.11 -0.21  -0.21 0.42 -0.17  0.23 0.10 0.31 0.04 0.20
GH Col -0.14 1 -0.48 -0.98 0.37 0.08 0.52 0.26 0.31 0.01 -0.43 0.48
LP -0.04 -0.18 1 -0.99 043 0.81 0.43  -0.93 -0.94 -0.36 0.26 -0.45
o007 F -0.16 -0.50 -0.50 1 0.61* -0.56 -0.10  -0.15 -0.01 0.18 -0.12 -0.32
In-vitro SP -0.20 0.50 0.50 0.57 1 -0.26 -0.25  0.18 0.18 -0.09  -0.07 -0.08
2008  col 0.47 -0.50  1.000** -0.52 -0.22 1 0.33 -0.02 -0.26 0.37 -0.13 0.32
LP -0.14 0.80 0.40 -0.05 -0.25 0.38 1 -0.55*  -0.63* -0.02 0.05 -0.01
2009 IF 0.28 0.20  -1.00%** -0.06 0.12 -0.01 -0.35 1 0.82%+* 0.32 -0.37 0.00
SP 0.02 0.20  -1.00*** 0.04 0.06 -0.19 -0.37  0.80*** 1 -0.04  -0.25 -0.27
2008  Col 0.50 0.31 -0.10 0.36 0.06 0.14 0.13 0.13 -0.08 1 0.27  0.91%*
Field 2009  Col 0.31 -0.29 0.21 -0.26  0.07 -0.04 014 -0.11 -0.38 (0) 7/7 1 0.43
2010  Col 0.23 0.40 -0.80 -0.43 -0.01 0.16 0.07 -0.17 -0.28 0.88*  0.56** 1

@For correlations we only used the components of resistance that presented significant differences for inbred line within a

ear.

Aflatoxin control values are the least square means from the three years ofd@lthiion experiments.
“ The components of resistance evaluated are colonization (Col), latent period (LP), infection frequency (IF) and sporulation

(SP).
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Table 9. Values for various components of developing kernel resistankspergillusEar Rot afier in-vitro inoculation by
year of study

Greenhouse Field NY 2007 Field NY 2008 Field NY 2009
Sporulation(%) Colonization(IC) Sporulation(%) Sporulation(%) Colonization(IC) Sporulation(%) Colonization(IC)
CML247 760 & CML247 7.01 a NC358 67.2 a NC350 858 a IBM262 535 a Sc212m 80.3 a Sc212m 924 a
Mp339 79 b B73 270 a Mol7 628 a Oh7B 834 a Tx303 3.30 ab 1114H 775 a IBM262 8.80 ab
NC300 42 bc Mp339 074 b IBM54 61.7 a P445¢ 781 ab Ky21 3.06 abc MS71 67.4 abc M37W 6.00 abc
Mp313E 34 bc NC300 022 b B73 571 a P39 779 ab 1114H 2.05 abcd IBM262 65.7 abcd Ki3 5.62 abc
B73 29 bc CML322 0.09 b M162W 53.3 abc Ms71 73.6 ab Mp339 1.80 abcd M37W 63.8 abcde Tx303 5.23 abc
CML52 1.9 bc Mp313E 0.08 b B97 52.6 ab Mo1l7 721 ab M37wW 1.33 abcd CML322 60.5 abcdefg Oh7B 4.59 abc
CML322 07 c CML52 0.08 b IBM262 39.5 abc CML322 68.2 ab CML103 1.31 abcd B73 59.3 abcdef Mp339  3.86 abc
NC300 38.2 abcd B73 67.2 ab Mo17 1.18 abcd Mp339  57.5 abcdefg NC358  3.07 abc
Ky21 36.9 abcd IBM262 66.4 ab CML247 1.02 abcd NC358 52.9 abcdefgh MS71 2.98 abc
Oh7B 27.3 bcd IBM54 63.7 abc P39 0.95 abcd IBM54 50.4 abcdefgh B97 2.86 abc
CML69 259 bcd Sc212m 61.6 abc CML322 0.95 abcd P4 45¢ 375 bcdefghi Ky21 259 abc
CML322 22.0 cd CML69  56.0 abc B73 0.66 bcd B97 35.2 bcdefghi P39 2.47 abc
Oh43E 185 «cd M37W 50.6 abc P445¢ 051 abcd Ky21 30.4 bcdefghi 0Oh43 2.42 abc
Tx303 115 d NC358  50.0 abc IBM54 0.43 abcd CML103 28.8 bcdefghi CML322 2.07 abc
M37W 10.2 d 1114H 49.9 abc B97 0.29 «cd Oh7B 28.2 cdefghi P445¢ 181 abc
CML103 46.5 abc CML69 0.23 «cd 0Oh43 27.6 cdefghi 1114H 1.74 abc
B97 39.8 bc MS71 0.16 d Ki3 26.6 defghi B73 171 bc
Mp339 33.8 bc Sc212m 0.09 cd CML69  24.4 bcdefghi Mol7 158 c
Tx303 27.0 bc Oh7B 0.06 d NC300 20.9 fghi NC350 113 c
Ky21 26.8 bc NC408 0.05 d Mo1l7 19.0 ghi NC300 086 c
Tx303 179 c NC358 0.05 d P39 13.2 hi
CML247 146 c Tx303 122 i
NC350 9.8 i
P4 45¢é =586R4BBB
Tukey test U=0.05
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Table 10. Values for components of kernel resistance for field inoculation assayAspéigillus flavudy year of study

Mississippi 08 Mississippi 09 Mississippi 10
Aflatoxin (ng/g) Colonization(IC) Aflatoxin (ng/g) Colonization(IC) Aflatoxin (ng/g) Colonization(IC)
CML103 22735 & CML103 1.183 a Mol7 13379 a 1114H 218 a Oh7B 6252 a NIL_99 4.91 ab
B73 13917 ab Mol7 0.850 ab IBM262 7376 ab B97 198 a Mp339 3473 ab B97 4.68 a
Mol17 11982 ab B73 0.668 abc CML103 4244 ab IBM262 1.08 ab B73 2969 ab  Ky21 4.17 ab
B97 10118 abc B97 0.391 bed Oh43 4045 ab MS71 0.85 abc Sc212m 2599 ab  Mp339 3.59 ahc
IBM262 6283 abcd MS71 0.328 bed B97 3656 ab CML103  0.79  abcd Ky21 2244 ab  Oh43 2.88 abhc
MS71 3689 abcde Oh43 0.311 bed B73 2123 abc Oh43 0.65  bcd IBM262 2014 ab B73 2.45 abc
Oh7B 3483 abcde Oh7B 0.230 cd Mp339 1353 abcd Tx303 0.58  bcd Mol7 1790 ab TBBC3_19 2.12 abc
IBM54 2790 bcde IBM54 0.119 d P4455é 1219 abcd Mp339 0.55  bcd B97 1643 ab  Mol7 1.76 abc
0Oh43 2542 bcde NC358 0.113 d MS71 1101 abcd B73 0.45  bcd CML103 1434 ab CML247 1.71 abc
Ki3 1739 bcde IBM262 0.099 d Tx303 1057 abcd CML322  0.39  bcd TBBC3 19 1360 ab CML103  1.26 abc
Tx303 1333 cdef Ky21 0.081 d 1114H 637 abcde M37wW 0.33 bcd P445¢é 1312 ab  Tx303 1.13 abhc
Ky21 1056 defg CML69 0.069 cd NC358 603 bed Ky21 0.30  bcd NC350 777 ab P445é 0.99 abc
Mp339 886 defg Tx303 0.058 d M37W 566 abcd NC358 0.28  bcd NIL_99 737 ab  NC350 0.78 bc
NC358 854 defg Ki3 0.055 d NC300 494 abcd Ki3 0.24  bcd M37W 654 ab CML322 0.75 bc
M37W 622 efgh Mp339 0.054 d Ky21 483 bed P445é 021 cd NC358 560 ab  NC300 0.36 abhc
CML247 172 fgh M37W 0.018 d NC350 355 abcde  NC300 0.20  bcd Tx303 520 ab M37W 0.28 bc
Mp313E 126 gh CML52 0.004 d CML322 181 cde Mp715 011 d CML322 476 ab  Mp717 0.27 ¢
CML52 94 h Mp313E 0.004 d CML247 155 cde Mp313E  0.11  bed CML247 473 ab Ki3 0.25 bc
NC300 0.003 d CML52 66 def CML52 0.09  bcd Mp717 467 ab NC358 0.18 ¢
CML247 0.001 d Mp717 34 def CML247  0.00 cd NC300 447 ab
Ki3 7 ef Ki3 436 ab
Mp715 7 ef CML69 385 ab
Mp313E 1 f CML52 348 ab
0Oh43 290 ab
MS71 86 b
P 445 ¢é =5364BBB
Tukey test U=0.05
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Tablell.Pear son correlation (above the diagonal) and Spear ma
resistance pyeaf

Control in-vitro Field
Greenhouse 2007 2008 2009 2008 2009 2010
Aflatoxin® SP Col SP SP Coal SP Col Aflatoxin Col Aflatoxin Col Aflatoxin  Col
Control Afla® 1 -0.08 0.36 0.51 0.43  0.06 -0.08  -0.02 0.90%+ 0.70% 0.92% 0.69** 0.67++ 0.56*
GH SP 0.11 1 0.84* 0.68 -0.90 0.05 -0.22 0.37 -0.25 -0.25 0.03 -0.51 -0.16 0.18
Col 0.61 0.64 1 0.91 -0.63 -0.31 039 0.2 0.33 0.35 0.36 -0.17 0.23 0.44
2007 SP 0.60 0.50  1.00%* 1 022 -0.34 0.09 -0.46 0.50 0.56 0.48 0.19 0.32 0.28
In-vitro 2008 SpP 0.28 -1.00%*  -0.80 0.19 1 -0.40 0.08 -0.15 0.59* 0.37 0.40 0.14 0.11 -0.34
Col 0.10 0.60 0.00 -0.37 -045% 1 -0.05 0.17 -0.09 -0.16 0.15 0.13 0.15 0.26
2009 SP -0.09 -0.80 -0.20 -0.02 0.04 -0.02 1 037 -0.16 -0.11 0.02 0.27 0.08 -0.05
Col -0.18 0.20 0.00 -0.40 -0.24  0.00 037 1 -0.39 -0.46 -0.07 0.06 0.19 -0.09
2008 Afla 0.90%+ 0.30 0.70 0.37* 050 -0.06 012 -0.47 1 0.81%% 0.74%  0.77%* 0.38 0.26
Col 0.85%* -0.54 -0.09 0.68 0.56* -0.33 0.05 -0.41 0.92%* 1 0.59* 0.52* 0.28 0.26
Feld 2009 Afla 0.92%* 0.11 0.61 0.55 0.33 0.5 0.04 0.03 0.81%*  .79% 1 0.58%* 0.44 0.56*
Col 0.73%* -0.14 0.18 0.03 0.05 024 034 015 0.8%% 0.78%* 0.78%* 1 0.22 0.53*
2010 Afla 0.69%+ 0.20 0.49 0.33 010 0.1 022 0.16 0.31 0.27 0.51* 0.28 1 0.62%
Col 0.63* 0.30 0.50 0.10 040 0.18 -0.10  -0.12 0.27 0.31 0.57* 0.52 0.58* 1

@For correlations we only used the components of resistance that presented significant differences for inbred lines within a
ear.
Aflatoxin field mean are the least square means from the three years of field inoculation experiments.

“ The components of resistance evaluated are colonization (Col), aflatoxin accumulation (Afla) and sporulation (SP).
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CHAPTER 4

MAPPING QTL AFFECTING MULTIPLE COMPONENTS OF MAIZE

RESISTANCE TOAspergillusflavus

Introduction

Colonization of maize by the fungéspergillus flavugan result in
accumulation of various mycotoxins. The most dangerous mycotoxins are aflatoxins,
which are secondary metabolites that have extremely deleterious effects on humans
and animals. Several authors have reported maize lines with geneticoesista
aflatoxin accumulatiofil, 5, 19, 21). Resistance to aflatoxin accumulation is
quantitative and highly influendeby the environment (Chapter @) 4, 5, 20).
Previously, in a panel of diverse maize lines, we found that there is resistance to silk

and kernel colonization b&. flavus(Chapter 3).

Broad sense heritability for resistance to aflatoxin accumulation has been
calculated in several populations. fRets range from no heritability in the B73 x
Oh516 populatiorfd) to 74% for the B73 x M182 populati¢B). QTL for resistance
to aflatoxin accumulation have been reported in several st{#]i¢sl1, 16-18).
Because of thetrongvariation few QTL were identifiedover multiple yearsso

analyses have typically been conducted on data from each year sepdragely.
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reportedQTLs encompass regions from 8 to 38 cM on a congegsnetic map

(Chapter 5).

In this study we conducted QTL mapping in a population of recombinant
inbred lines derived from a cross between B73 and CML322. Previous reports
indicated that CML322, a tropical line with white endosperm, was among the most
resistant lines to aflatoxin accumulation (Chapters 21,3)0). The population is part
of the nested association mapping (NAM) population and has been densely genotyped
(9). In order to identify novel QTL for resistanceAoflavus we evaluated five
components of resistance to silk and kernel indedior three years, using-vitro and
field inoculation. We hypothesized that resistance to the various components of
resistance would map to different regions of the genome. To confirm QTL in this
population, we developed neiapgenic lines (NILs) ahtested them in one yeariof

vitro inoculation assays. In addition, we used two NILs developed by Syngenta.

Materials and Methods

Mapping Population. The B73 x CML322 population from the NAM project
(9) was used for QTL mapping. The population is composed of recombinant inbred
lines (RILs) at the S5 level. Genotyping data for the whole population for 1200 SNP
markerss publicly availablg3, 9). In 2007, 2008 and 2009, 120, 162 and 153 lines
of the population, respectively, were plante€ai r n e | It Mlissgrd¥® Research
Farm in Aurora, NY Each line was planted in a single row. Silk or developing kernel

tissue was collected and transported to the lamfeitro inoculations, as explained
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below. In 2008, 2009 and 2010, 95, 148 and 179 lines vienéep athe R. R. Foill
Plant Science Research Center at Mississippi State University Lihes were
planted in three blocks in a randomized complete blocks design and field inoculated as

explained below.

Fungal Isolate and Inoculation Procedures Inoculafor in-vitro and field
inoculationswere prepareds explained previously (Chapter 3). Briefly, we used
1x10 conidia per milliliter ofA. flavusisolate NRRL 3357or in-vitro inoculations
and3x1 conidia per milliliter of the same isolate fioeld inoculations. In the field,
maize ears were inoculated directly into the kernels and in the silk channel using a

treemarking gun.

QTL mapping was conducted for five components of resistance, here referred
to as traits. Silk infection frequencyulation and developing kernel sporulation
were evaluated witm-vitro inoculations, while silk colonization and aflatoxin
accumulation at maturity were evaluated from figldculated plantsin-vitro
inoculations were conducted on tissue grown irfigdd in NY, as explained
previously. Shoots were covered before emergence and one day after sib or self
pollination, silk tissue was transported to the lab and five silks in 2007 or ten silks in
2008 and 2009 were inoculated with one drop of a corsdsppension placed at the
tip of the silk. Infection frequency and sporulation were evaluated seven days after
inoculation. Each year, tissue from four different plants was analyzed as four

replications. Trays were arranged in a block design in the grcdvaimber. For
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developing kernel assays, ears were collected from the field three weeks after
pollination and transported to the lab. Five developing kernels were carefully excised
and placed in petri plates in a humid chamber as described previoushe€Csla

Seven days after inoculation, the percentage area covered by sporulation was rated

with the help of a dissecting microscope.

Field inoculation was conducted in MS as explained previously (Chapter 3).
Seven days after inoculation, silk materiaksre collected and frozen until DNA
extraction and qPCR was conducted to estimate the levels of fungal colonization of the
silk channel (Chapter 2, @)0). For aflatoxin determination, ears were harveated
maturity, dried and ground. Fifty grams of each subsample were used for aflatoxin

guantification using th&¥ICAM AflaTest (Watertown, MA)

Statistical Analysis Phenotypic data were analyzed for each year
independently and for the three years of data together. JMP V 8.0 (SAS Institute,
Cary, NC) was used for calculation of the least square means (LSMgatability.

For the statistical analysis and LSM estimation, replicates were considered random
factors while lines of the population were considered fixed factors. In the overall
analysis, years were included in the model as a random factor. Fstithat®n of

broad sense heritability @ all the factors in the model were considered rangldin

QTL Mapping . Least squares means for the five traits were used for QTL

mapping. In addition to the combined data for three years, data from each year were
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also used for mapping. Asresult, QTL mapping was conducted on 20 data sets.

QTL mapping was conducted with a stepwise regression approach as described by
Buckler et al(3) and implemented using GLMSELECT in SAS V 9.2 (SAS Institute,
Cary, NC). The cubff value (threshlal of significance) for entry of markers in the

model was 0.001, and markers were retained if thealpes were less than 0.0(B).

Allelic effects for each marker (QTL) were obtained from the GLMSELECT output.
Confidence intervals for each QTLeve created by successively adding flanking

markers to the model on each side of the selected marker until a marker was found not

to be associated(@with the trait at U=0.05

Near Isogenic LineDevelopment and Testing Preliminary data analysis in
2007 and 2008 indicated the presence of QTL for resistance to aflatoxin accumulation,
developing kernel sporulation, and silk sporulation in maize bins 4.08, 6.07 and 8.06
respectively. These QTL weedesignated gbAFL4.08, gbKSP6.07 and gbSSP8.05.
QTL gbKSP6.07 was identified in 2008 and 2009 data but with lowesftut
thresholds. Near isogenic lines (NILs) were developed using the heterogeneous inbred
family approach{13). Sixteen B73 x CML322J5; lines that were heterozygous at
eight SNP markerst@ar near the significant QTL marker were identified and self
pollinated for two generations in 2009 in NY and in a winter nursery in Puerto Rico.
Six hundred and thirty four lines were planted in NY in 2010. These lines
corresponded to eight familiesrfqgbAFL4.08, four families for gpKSP6.07 and nine

families for gbSSP8.05.
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Each of the 634 lines were genotypedaligle specific PCRysing KASPar
chemistry and protocols (KBioscience, Hoddesdon, Hertfordshire, UK) and using
dried CTAB extracted DNAJamann eal. unpublished). Two to four lines that
differed at the appropriate SNP marker for each family were identified and inoculated
in-vitro as indicated above in 2010. Four components of resistance were evaluated on
these lines: developing kerrsgorulation, silk infection frequency, silk sporulation

and silk latent period.

In addition, two NILs produced by Syngenta that had fixed introgressions from
lines CML103 and Tx303 at markers within gbAFL4.08 were identified. The pedigree
of these linesvas (B73/CML103)S and (B73/Tx303)S and they had been
designated NIL10 and NIL99. NIL10 was testedifvitro components of resistance
only in 2010 while NIL99 was tested-vitro in 2009 and 2010 and with field

inoculations in 2010.

Results

QTL Map ping. At least one QTL was found for every trait analyzed (Table
1). Means for three years of data for the parental lines were significantly different for
aflatoxin accumulation (Figure 1). Transgressive segregation was observed for all
traits. In thre years of phenotypic evaluations, no variance was found to be due to
genotypes (RILs) for silk infection frequency and silk sporulatiomentro

inoculation assays. Estimates dffdr in-vitro sporulation on developing kernels and
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field colonizationin silk tissue were low while moderaté ttas found for aflatoxin

accumulation in field inoculation assays (Table 2).

Thirteen QTLs spanning regions from 12 to 60 cM on the B73 x CML322
genetic map were identified for the 20 data sets analyzed (Tab@ng&)QTL was
identified for silk infection frequency and another for silk sporulation despite the fact
that no heritability was detected for these two traits. QTLsfwitro sporulation on
developing kernels were identified in the 2008 data as well #@® combined
analysis across years (QbKSP8.02 and qaKSP8.03). Similarly, for field colonization of
silks, one QTL was found on chromosome 4 in the combined-jie@edata set as
well as the 2010 data. Four aflatosdocumulation QTL were identifiecho
chromosomes 4, 7 and 10. The QTL on chromosome 10 was significant in the

combined thregear data set as well as in the 2010 data.

Three QTL for resistance in field inoculation assay$ocalized to
chromosome 4 bins 4.08 and 4.09 while other threke ¢pllocalized to chromosome
10 bins10.06 and 10.07 (Fig 2). In addition, four QTLifevitro inoculation assays
co-localized to chromosome 8 bins 8.02 to 8.05. Single QTLs for aflatoxin
accumulation and developing kernel sporulation were found omdsames 7 and 9.

A QTL for silk infection frequency was found on chromosome 4.

Near Isogenic Lines Twentytwo families of heterogeneous inbred lines with

opposite alleles at the loci of interest were inoculatedtro in 2010. Each one of
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these families has the target chromosome segment in a different genetic background
that represents a different combination of parental alleles. Significant differences
were found in five of the eight families developed for gbAFL4.08. For sporulation on
developing kernels, three families had lines that were significantly different (Table 3).
In two of the families (C and F), the CML322 allele was significantly more resistant
but in the third family (G) the B73 allele was more resistant (Table 3). Fdyfam

there were significant differences among lines for silk infection frequency and for silk

sporulation (Tables 4 and 5).

Significant differences were found within two out of five families developed
for gbKSP6.07. For family D, the B73 allele cend resistance (as expected) to
sporulation on developing kernels. There were also significant differences in family A
for latent period in silk (Table 6). Significant differences were found in four of the
nine families developed for gbSSP8.05. Irethfamilies (D, E and G), there were
differences for sporulation on developing kernels. For two of them, the B73 allele was
more resistant while for the other family the CML322 allele was more resistant (Table
3). Finally, in one family (1), there wergsificant differences for sporulation on
silks were the B73 allele was more resistant than the CML322 allele (opposite from

expected) (Table 5).

The Syngenta line NIL99 was significantly different from B73ifewitro
developing kernel sporulation, siiporulation and silk latent period in 2009 and for

silk latent period in 2010 (Figure 3). This line was also evaluated with field
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inoculations in 2010, where it accumulated lower levels of aflatoxin than B73 but this
difference was not statistically sifjoant (Figure 3E). There were no significant
differences foin-vitro developing kernel sporulation, silk latent period, silk
sporulation or silk infection frequency between NIL10 and the recurrent parent B73

(data not shown).

Discussion

Because of th strong environmental effect reported previously (Chapter 3), for
this study, QTL analysis was conducted on a per year basis and on a combined basis.
The parental lines (B73 and CML322) have been reported to be significantly different
only for aflatoxinaccumulatior(1) (Chapter 3). In this study, we did not find
differences for other silk or kernel traits. However, the presence of transgressive
segregation indicates that there are combinations of genes in the populatiomlthat co
allow us to map QTL for resistance to these traits. This also suggests that recurrent

selection for aflatoxin resistance could lead to the accumulation of resistance factors.

Heritabilities allow for comparisons of traits within and across populgation
(14). Broad sense heritability for aflatoxin accumulation has been reported to range
from nonexigent on the B73xOh516 populati¢f) to 74% in the B73 x MI82
population(8). Our H of 63% for aflatoxin igowards the high range of previously
reported heritability and indicates that selection for resistance is possible for this
population. The low Bifound for silk colonization (11%) and kernel sporulation

(14%) are lower than reported values of 21% and 8t%BGYF in B73 x Oh516 and
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B73 x MI82, respectively4, 8). H for ear rot ratings has ranged from 11% for the

B73 x Oh516 population to 62% for the B73 x MI82 popula(#r8). Considering

the added cost and time of conductingitro inoculations or evaluating silk

colonization by gPCR compared to ear rot ratings, it seems clear that the former traits
are not useful fobreeding purposes, at least on our B73 x CML322 population.
However, the objective of this study was to discover novel QTL associated with
resistance to silk colonization and sporulation on kernels. Our twointlgro silk

traits, disappointingly, &d heritabilities of zero. Busboom and WH#efound the

same situation on their B73 x Oh516 population for aflatoxin accumulation while

moderate Fiwas reported for other populatiof@ 8, 11, 15).

QTL for resistance to aflatoxin accumulation have been detected on all maize
chromosomes except for chromosome 9 (Table 4 of Chapter 5). In this study we
found a QTL on chromosome 9 for sporulation on developing kernels in one year of
data. The largestumber of QTL reported for aflatoxin accumulation for any
chromosome is 11 on chromosome 4 (Chapter 5). In this study we found that four out
of 13 QTL were located on chromosome 4. In the field inoculation assays, we also
found a QTL for resistance to afbxin accumulation on chromosome 4. This
chromosome also harbored a QTL for silk colonization that was significant in one year
of data as well as in the combined data set. Fnewitro inoculation assays, we
found a QTL for silk infection frequency amromosome 4. The repeated localization

of QTLs for resistance to aflatoxin accumulation and other components of resistance
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in multiple populations and by various authors make this chromosome a high priority

target for the dissection of this trait.

Fou QTL were found on chromosome 8. Prior to this, only one QTL for
resistance to aflatoxin had been reported on this chromosome (Table 4 in Chapter 5).
Co-localization of QTL for field resistance of silk and kernel traits on chromosome 4,
as well as theazlocalization of QTL forin-vitro inoculation for silk and kernel traits
on chromosome 10, suggests some degree of genetic correlation for these traits. No
correlation for silk and kernel traits was found among diverse inbred lines in a
previous study (@apter 3). This discrepancy might be due to the small effect of each
of these QTL. In addition, considerable environmental variance makes differences

due to these QTL difficult to detect with the power used in our experiments.

The R of QTLs for resistace to aflatoxin accumulation in previous QTL
mapping experiments is lower than 0.15 for most previously reported QTL (Table 4 in
Chapter 5). One exception is a QTL found in the Mp313E x B73 population on
chromosome 4 and another in the Mp313E x Va35 jabipn on chromosome 1 with
reported R of 0.21 and 0.22, respectively. Compared to these effects, several QTLs in
our population are larger, especially those for aflatoxin accumulation Withl&es
that range from 0.25 to 0.41. There are substarniffatehces between the methods
for QTL mapping between our experiment and those of the previously reported
mapping experiments. The previous QTL mapping experiments used composite

interval mapping while in our experiment we used stepwise regressiondapiplée
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denser genetic map. The heritability of aflatoxin accumulation in our population was
higher than expected and this factor, along with high density of our map, could

produce a more precise location of the QTL and perhaps also a higher R

Chromosore 4 was the target for the selection of two near isogenic lines from
the Syngenta NILs. In this study, we found the largest effect QTL qbAFL4.08 in
maize bin 4.08. NIL10 and NIL99 had introgressions in this region. NIL99 was
significantly more resistarthan B73 in two years fan-vitro and field inoculation
studies. To our knowledge, this is the first time that a QTL for resistance to aflatoxin
accumulation has been confirmed with near isogenic lines. In addition, we generated
our own NILs from the B3 x CML322 population. In one year of data, two families
designed for gbAFL4.08 (C and F), showed the CML322 allele, to be more resistant
than the B73 allele, as expected. No aflatoxin accumulation data on these families has
been gathered yet but thisperiment is planned for 2011. In addition, for family D of
NILs targeting gbKSP6.07, the B73 allele was more resistant than the CML322 allele

as expected. This family has also been included in tests for 2011.

Overall, we have thoroughly studied the intace of resistance #. flavus
in the NAM B73 x CML322 population. We found moderate levels of heritability for
aflatoxin accumulation and low levels for silk colonization amulitro sporulation.
We have found QTL for resistance to sitdated trés. We described a medium
effect QTL on chromosome 4, bin 4.08 and confirmed this QTL in a NIL developed

by Syngenta. It would be important to further characterize these QTLs as a means to

118



better understand thfe flavusi maize interaction, and to assats use in breeding

resistant materials.
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Table L QTL identified using a step wise regression approach in the B73 x CML322 population for five traits phenotyped

over three years.

" " TL
QTL Tissue Trait Marker Bin Position Position Effect P Clstart Clend in'?erval
(cM) RefGen_V2

(cM)

4n-vitro inoculation --

gbSIF4.05 Silk Infection Frequency (2009 PZA0044% 4.05 55.2 49,917,660 -0.14 0.00049 PZA0235¢ PZA0045:2 45
gbKSP8.02 Dev. Kernels Sporulation (2009) PZA02454 8.02 42.0 18,215,366 0.08 0.00002 PZA0317& PzB0215t 37
gaKSP8.03 Dev. Kernels Sporulation (3 years) PHM3978 8.03 57.5 101,178,563 0.06 0.00005 PZA0317& PZA0011¢€ 38
gbSSP8.05 Silk Sporulation (2008) PZA0042<¢ 8.05 74.3 145,842,587 -0.18 0.00010 PZA0147C PZA0050% 60
gbKSP9.07 Dev. Kernels Sporulation (2008) PZA0357% 9.07 114.8 154,462,461 0.07 0.00060 PZA0070€ PZA03573 12

Field inoculation

gbAFL4.08 Mat. Kernels Aflatoxin (2008) PHM3637 4.08 92.7 180,672,091 -0.41 0.00005 PZA00453 PZA00694 40
gaSCO04.09 Silk Colonization (3 years) PZA0315t 4.09 112.2 216,608,367 0.02 0.00008 PZA01187 PHM2100 38
gbhSCO04.09 Silk Colonization (2010) PZA0087¢ 4.09 1125 220,606,809 0.03 0.00025 PZA0327t PZA0332z 43
gbAFL7.04 Mat. kernels Aflatoxin (2009) PZAOO79: 7.04 105.2 165,102,982 0.28 0.00068 PZA0317€ PZA0069: 31
gbhSCQ08.04 Silk Colonization (2010) PHM3993 8.04 64.2 120,061,120 -0.03 0.00018 PZA0118€ PZA00951 33
gbAFL10.06 Mat. kernels Aflatoxin (2010) PZA03607 10.06 75.4 142,189,643 -0.29 0.00040 PZA0232C PZA00062 38
gaAFL10.07 Mat. kernels Aflatoxin (3 years) PZA0013C 10.07 80.8 143,674,115 -0.25 0.00015 PZA02663 PZA02527 37
gaSCO010.0° Silk Colonization (3 years) PZA0257¢ 10.07 91.2 147,014,677 -0.02 0.00216 PZA01072 PZA02527 19
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Table 2. Components of variance used for the calculation of broad sense heritability
(H? on a line mean basis for five traits phenotyped in the B73 x CML322 population

for three years.

In-vitro Inoculation Field Inoculation
Silk DvK Silk Kernel
Infection Sporulation Sporulation Colonization  Aflatoxin
Frequency
Pedigree variance 0 0 0.0066 0.0006 0.47
Year variance 0.11 0.16 0.0023 0.00 0.28
Error variance 0.17 0.24 0.12 0.014 0.56
H 0.14 0.11 0.63
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Table 3. Near isogenic line families with significant differences for developing kernel

sporulation (seven out of 22 tested).

Genotype at locus (QTL)

Line Sporulation PHM3637 PHM7922 PZA02011
(%) (qbAFL4.08' (qbKSP6.07 (gbSSP8.05
Parents

B73 AA AA AA

CML322 CcC CC GG
gbAFL4.08 family*G

10SHO0121 64 a AA

10SHO011¢ 45 b AA

10SHO11¢6 37 b CcC
gbAFL4.08 family*F

10SHO565 91 a AA

10SH056C 64 b CcC

10SHO0562 54 b CcC
gbAFL4.08 family &

10SHO058C 79 a CcC

10SHO0571 47 b AA
gbKSP6.07 family*D

10SH0428 80 a CcC

10SHO0429 74 a CcC

10SH0431 67 ab AA

10SHO0432 36 b AA
gbSSP8.05 family B

10SHO16¢€ 93 a AA

10SH016C 79 a GG

10SHO165 58 b AA
gbSSP8.05 family-E

10SHO0181 87 a AA

10SH0187 67 b GG
gbSSP8.05 family &

10SH0547 57 a AA

10SHO0544 44 ab GG

10SH0546 23 b AA

* Further characterization is planned in the summer of 2011
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Table 4. Heterogeneous inbred families with significant differences for silk infection

frequency (one out of 22 tested).

Genotype
Line Infection PHM3637
frequency (%) (qbAFL4.08
------------------ Parents-------------------
B73 AA
CML322 CC

———————————— gbAFL4.08 family &----------
10SH0223  99.83 a CC
10SH0224  38.46 b AA

Table 5. Heterogeneous inbred families with significant differences for silk

sporulation (two out of 22 tested).

Genotype
Line Sporulation PHM3637 PZA02011
(scale) (qbAFL4.08' (ghSSP8.05
Parents
B73 AA AA
CML322 CcC GG
gbAFL4.08 family &
10SH0223 3.28 a CcC
10SH0224 182 b AA
gbSSP8.05 family+
10SH0554 3.36 a GG
10SHO0553 0.68 b AA
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Table 6. Heterogeneous inbred families with significant differences for latent period

(one out of 22 tested).

Genotype
Latent
Line period PZA00910
(days) (qbKSP6.07)
----------------- Parents------—-----------
B73 CcC
CML322 TT
—————————— gbKSP6.07 family A---—-—-
10SHO009¢ 5.6 a CcC
10SHO0101 2.3 b TT
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Figure 1. Distribution of data for five traits used for QTL mapping) Transformed
aflatoxin accumulation ifield inoculateckernels CML322 = 5.72, B73 = 8.45B)
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= 0.03 C) Transformed sporulation on developing kernels feritro inoculation
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CHAPTER 5

META-ANALYSIS OF QTL INVOLVED IN RESISTANCE TO EAR ROT

PATHOGENSOF MAIZE

Introduction

Human consumption of food commoditesch as maize, wheat and peanut
contaminated with mycotoxins resailh deleterious effects thaiclude reduced
growth and development, impaired immune function, liver failure and death.
Aflatoxins are produced by fungi of the genus AspergilaspeciallyAspergillus
flavus causal agent of Aspergillus ear rot of maize. Aflatoxin B1 is the pusht
naturallyoccurring chemical liver carcinogen known. Mutagenesis occurs because a
reactive oxygen derivative from the metalsatiof aflatoxins in the liver binds to
DNA, causing transversions and base substitutions. Aflatoxicosis caused by the
ingestion of high doses of aflatoxin causes liver dam&gmsumption of
contaminated maize baed to periodic outbreaks of fatal aflatoxicosihronic
exposure to aflatoxins has besssociatedvith immunosupression and growth
impairment in childrer§33). Other mycotoxins commonly found in maize are
fumonisin produced bifusarium verticillioidegteleomorphGibberella fujikuroi
complex) causal agent of Fusarium ear rot of maazed dexynivalenol (DON)

produced byrusarium graminearuniteleomorphGibberella zeag causal agent of
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Gibberrella ear rot. There is strongdmnce that fumonisins cause esophageal cancer

while DON produces nausea and vomit(24).

Aflatoxin accumulation in maize occurs in the field ¢pvest) and in storage
(postharvest). Fumasin and DON accumulain occumainly beforeharvest. This
study deals only with prharvest resistance to mycotoxins, with emphasis on
alfatoxins. There are numerous reports of significant variation in the levels of
aflatoxin accumulation among distinct maize lig@sl3, 34, 36). The genetic basis
of resistance has been studied usiiaiel crosses and QTL mapping populations.
Resistance to aflatoxin accumulation is quantitative with mainly additive genetic
effects(3, 6, 13, 35). Reports of broad sense heritability for aflatoxin are as high as
74%(18). However, preharvest aflatoxaccumulation is highly variable
Temperature and humidistrongly affect final aflatoxin contents in mai&¥) and it
is thought that drought conditions predispose maize to higher levels of contamination.
Rain ha been reported to have a siganfluence oraflatoxin accumulation in cotton
seed9). InChapter 3, the role of environmental factors as drivers of aflatoxin
accumulation in a set of maize inbreds was described. Also in Chapter 3, a significant

correlation of flowering time with resistance to aflatoxin acumulation was reported.

As of early 211,we are aware afinepublished andt least twainpublished
studies mapping quantitative trait loci (QTL) for resistance to aflatoxin accumulation
and othelA. flavusrelated traits (Table 1)Even though some level of resistance to

aflatoxin accumudtion have been incorporated into commercial hybrids, it is not
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enough to provide adequate confi20). This might be due in part to the imprecision

of the mapping studies, the lack of confirmation of these QTL and low levels of
heritability. Better levels of resistance are available for Gibberella and Fussaium
rots(20). Onestudyhas reporte@TL mapping of resitance to Gibberella ear rot and

five studieshave analyzed QTL faesistance to Fusarium ear rot (Table [h).

addition, n a subset that included the 24 more resistant and 24 more susceptible lines
for fumonisin concentratigrRobertsorHoyt etal. (25) also tested aflatoxin

accumulation and found significant genotypic and phenotypic correlations between
resistances to the two toxins and ear rot ratings for the two diseases. Considering that
the infection and toxin accumulatipnocesses are simildhis fact is not completely

unexpected.

All studies for resistance to aflatoxin accumulation highlight the issue of year
to-year variability in their results. QTL mapping studies find that different QTL appear
in different years fothe same populations. It is unclear whether QTL from the same
population but found in different years represent a single QTL. Perhaps because of the
variation, QTL are located within large confidence intervals. Finally it is possible that
mycotoin related QTL are the indirect result of loci affecting flowering time (Chapter

3).

QTL metaanalysis uses statistical tools to test fotaxalization of QTL from

distinct studieg11). QTL metaanalysis integrates multiple QTL studies by creating a

consensus genetic map, projecting the @&tived from multiple studiesho that
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consengs map, tegtg how many QTLdestexplain the data of multip studies, and
finally clusteringmultiple QTL into composite or me@TL. Veryrierasetal. (29)
expan@don this method by allowing more théour QTL to betested athe same
time and integratinghe creation of a consensus genetic mép the QTL meta
analysisper-sein aJava computer packad29). Metaanalysis of QTL was first used
to identify metaQTL for flowering time in maiz€7), and has since been usied
multiple other casesFor disease resistantiee methodology has been used to find
metaQTL for resistance to soybean cyst nematdd, rice blasi(2), Fusarium head
blight of wheat(16, 17) and recently maize ear r(89). Theear rotreport included
only threeAspergillus ear rot studies and did motolve metaanalysis on mycotoxin

accumulatior(39).

In this studywe wanted toi) redwce confidence intervals of mycotoxialated
QTLs so that they can be used in crop improvemerigst)the hypothesis that QTL
for resistance to aflatoxin accumulation and other Aspergillus, Fursarium and
Giberella ear rot traits elmcalize on the maizgenome and iii) determine whether
mycotoxinrelated resistance QTL docalize with flowering time QTL Finally, to
confirm the presence of me@rL, we selectedntrogressiorines(ILs) from a public
source(27), targetingoutativemetaQTL. These ILsvere used tbest components of

silk and kernel resistance in field aimdvitro inoculation assays.
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Materials and Methods

Synthesis of QTL Sudies. To our knowledge, there are six published QTL
mapping studies for aflatoxin accumulation in mg#es, 21, 30-32). In addition, we
have access to the original data sets for two additional, unpublished studies for
resistance to Aspergillus ear rot and aflatoxin accumulatiahl€Tl). The
unpublished Wilcox study was conductadMississippi State from 1997 to 1998
using the same methodsthose reported by Brooks et &1). The unpublished
Mideros study is presented irh@pter 4in this analysiswe include aflatoxin
accumulation data from 2008 and 2009. Becauseeddithilarity of the interaction,
as well agprevious reports of linkagof resistance tdspergillusandFusarium(25),
QTL maps for resisince to Giberella and Fusarium eatisrwere also included in our
analysig(1, 10, 22, 26). Several of these publications report QTL maps on more than

one population (Table 1).

For metaanalysis, we included only studies that reported a genetic map or for
which we had access to full datasets. Presumably becausevafititeon observed
from year to year, most of the authors of the QTL publications pexbibatir results
on a petyear basis. Some also included an overall analysis based on data from
multiple years. QTL metanalysis was conducted with three data sptsly
Aspergillus ear rot (AER) studies, using reported QTLs for multiple years and

locations (Metaanalysis A), ii) the AER studies, considering each year and location

136



for each study as an independent data set (sieddysis B) and iii) all ear rot QTL

mapping studies considering each year and location as an independent data set (Meta
analysisC). ForQTLmeanal ysi s the software O0Met aQTL:
UNIX platform as indicated by Veyrieras et @29). As suggested by Trtrier et al.

(29), if there were overlapping confidence intervals in studies for the same population

in the same year, only the QTL with highest contribution to phenotypic variation was

included in the analyses.

Consensus GeneticMapsThe software O6MetaQTLO® uses
squares strategy to build a consensus genetic map from multiple genetic maps.
Several assumptions were necessary to build this consensus map. First, it is expected
that the genetic nps be from independent populations. For Matalyses B and C,
even though the populations used in multiple years are the same, we assumed
independence because QTL results were different, possibly due to environmental
variation. Second, it was assumedtttinere is no recombination interference. Third,
it was assumed that the true marker order and recombination rate are the same in the
different populations. Maps were inverted, if necesdarglignchromosoms
Finally, it was assumed that all genetiaps share some common mark@g). One

exception using a different marker type is explained below.

Using the Al nfoMapo command in O06Met aQTL

consistent between publications where identi{@2] 29). Sixteen markers with
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inconsistent positions among genetic maps \eéneinatedfor Metaanalysis A and B

and30 markers were deleted fMetaanalysis C. An xml veion of the

Genetic2008 map downloaded frdmtp://www.maizegdb.orgl15), which contained

only the markers that were present in any of the five studies included irahtaigses

A and B was created using the A2Xml commaridsing this auxiliary map, the SNP

basednap reported ilChapter 4vasjoinedwith the map used in thather sudies,

which were based mainly on SSR and RFLP me
used to create a consensus map and calculate the gootHiiesslue of the

consensus map for each chromos¢g&: 29).

QTL Metaanalysis The LARYToj 06 command projects QTL
each study onto the consensus genetic map by scaling the original marker interval into
the corresponding interval in the consensus (B8p After projection of QTL, we
used t he 0 QahdGihiohdits & Gaassiammixture model of various
numbers of QTL for each chromosome and uses five model selection criteria to return
the number of QTL that provided the best results. As suggested by Truntzler et al.
(28), QTL confidence intervals used for our analysis were conservative: we used the
largest value among those reported or the calculation derived frdR. ther model
selectionwe also chose the Akaike Information Criterion except in the rare case that
most of the other criterion values were di
creates a file that contains the consensus genetic map, the projected QTL from each

study andlie metaQTL on each chromosome.
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I n order to generalize the results ideni

molecular markers closest to the confidence intervals of each consensus map and their
position on the maize genome RefGen_V1. Using these anclanelihates for each
metaQTL from Analysis G we also determined if they included any of 132 SNP

markers recently found to be significantly associated with flowering time in rf&ize

Chromosome Introgression Lines (ILs). In order to confirm the @sence of
QTL identified by preliminary synthesis of QTL studies and by our faptdysis
results, we selected chromosome introgression lines (ILs) from the TBBC3 population
that carry segments of the Tx303 genome in the B73 genetic backd@)ndVhile
Tx303 is not a parent used in any of the QTL mapping studies used in the meta
analyses, revious reports indicate that Tx303 is a possible resistance source for
aflatoxin accumulatiof19). The original TBBC3 lines were created by Szalma.et al
(27) from a cros®f B73 and Tx303 and are currently at the;B£; stage. Two of

these lines have been further backcrossed and advancedRe(BC

TBBC3 lines with introgressions in bins 1.@106, 4.07, 6.05 and 7.03 (5, 6,
10, 3, and 4 ILsrespectively) were selected. In addition, the more advancg;BC
lines developed by Chung et ), targeting bins 1.02 and B0were included in the
trials. Because the TBBC3 lines have multiple-temget introgressions, other

random nortarget loci were also indirectly tested. Selected TBBC3 lines were
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plantedfor two yearseachin New York(NY) for in-vitro and in Mississipi (MS) for

field inoculation studies.

In-vitro Components of Resistancelnoculum was prepared by growidg
flavusin 20 g of sterile corn kernels (soaked overnight with 10 ml.¥ Blvernight
before autoclaving) in 500 ml flasks for-18 daysfollowed by washingwith 20 ml
of distilled HO with 0.2% Tween 20. Thmonidialconcentration was adjusted with a

haemocytometeto 1 x 10 conidia per milliliter

Silks and developing kernels were inoculated in the laboratory. Samples were
taken fromfield-grown plants thahad been hanglollinated To produce the test
tissues, 12 kernels of each maize line were planted in single rows at Cornell
Uni v e rRolxeit Mugghase Research Farm in Aurora, NY. At anthesis, silks of
four plants per row wercut at the tip and the ears were covered with shoot bags. The
next day, the newly emerged silk was sib or-pelfinated. One day after pollination,
the tips of the eas, including the recently pollinated silks, were cut and transported to

the laboradry on ice.

Ten silks from each plant were placed ih0® mmPetri plate without a lid.
The plate was placed 24 x 24 mnculture tray lined with chromatography paper.
In order to keep a constant humidity, 30 ml of water was added to the chroapatpg

paper. Silks were inoculated by adding 50 pl of a conidial suspens#arflafus
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isolate NRRL 3357 with 1xTGonidia per ml. Culture trays were placed in an
i ncubator at 30 eC in the dark. All trays
Latent period (LP) was evaluated as the day when the first sporangium with

yellow/green coloration was visible.

For developing kernel (DvK) assays, ears were harvested three weeks after
pollination and transported to the laboratory on ice. Five DvK were pla&&inm
Petri plates that were in culture trays lined withistenecchromatography papes
previously eéscribed Kernels were diinoculated in a conidial suspensionfof
flavusisolate NRRL 3357 at 1x1@onidia per milliliter prepared as explained above
for the silk experiments. Sporulation on each kernel was visually oated

percentagscale 7days after inoculation using a dissectingmoscope

Field Components of ResistanceA field environment conducive to aflatoxin
accumulation was used for the field inoculation experiments at the R. R. Foil Plant
Science Research CentgrMississippi Site UniversityMSU). Introgression lines
were planted in a randomizedmpleteblocks design with three replicates. Each line
was planted in 4 m singi®w plots spaced 0.97 apart For all inoculationsA.
flavusisolate NRRL 3357 was seeded ontogstf sterile maize cob grits with 1200 ml
of H,O and incubated at 28°C for 3 weeks. Before adjusting the concentration of the
inoculum to 3x18conidia per ml, the suspension was filtered through four layers of
cheesecloth. Ears were doubteculated sesn days after 50% of the silks had

emerged on each row. In order to measure components of resistance in the silk and in
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the kernels, both sites were inoculated by injecting 1.7 ml of the conidial suspension in

the silk channel and 1.7 ml underneath thekhato the side of the top ear.

For determinatiomf silk infection, two ears of each row where collected seven
days after inoculation and transported to thedlakre. Silk samples from the ear
channel were collected in 1.2 ml polypropylene Costatehtubes (Corning Inc.,
Corning, NY) and frozen until processingGolonizationlevels were determined using
Tagman chemistry gPCR as described previo{ify Briefly, total DNA
concentratiorwasdetermined using Picogreen on all the sampfedlavusDNA
concentration was determined by comparing $etafstandard included in each
PCR plate. Three replicates of the gPCR procedure were conducted for each sample.
Thecolonization valuavas calculated by dividing the amount of pathogen DNA by

the total DNA for each sample.

For aflatoxin determinatioat harvest, the top ears of each plant in a row were
dried at 38°C for seven days. Kernels from each row were ground with a Romer mill
(Union, MO), and a subsample of 50 g was used for aflatoxin measurement using the

VICAM AflaTest (Watertown, MA).

Statistical Analysis and QTL Mapping. Data analysis was conducted in JMP
8.0 (SAS Institute, Cary, NC). LP and afisin data were log transformed while

colonizationwas arcsine square root transformed prior to ANOVA to standardize

142



variances. Every componsof resistance was analyzed both treating every year as a
different location and within each location using a mixed effects modadghich
replicates and location were considered random effects and line a fixed effect.
Because a strong environmental eff@as observed, QTL mapping was conducted on

each year separately.

Locuseffects were determined as indicated by Szalma €4l. Briefly, a
mixed-effects model was fit for each locus, in which the lines with the Tx303 allele
were compared to the recurrent parent B73. To refine QTL locations among the
linked significant loci, only the locus with the lest P value was selected. Correlated
loci were then identified using a matrix of all ILs and their introgressions. This was
done to identify loci that could not be separated because they were present in the same
introgression lines and were found to havagnificant effect. Statistical tests were
conducted for two correlated markers by selecting fixed lines for the second marker
and segregating lines for the first marker. If the lines with the introgressed allele were
significantly different from thas with the recurrent parent allele, a QTL was reported

for the first marker.

RESULTS

QTL Meta-analysis Consensus genetic map A was produced using each of the

Aspergillus ear rot (AER) studies separately and using only the QTLs identified with
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thecombined data for multiple years and locations. The map was 1,773 cM long with

989 markers. Thegoodnessf i t st atistic produced by 0Me
chromosome was high, ranging from 77 to 103. For all the chromosomeé;tése

rejected the nulypothesis of having the same genetic map among experiments.

Twenty-two QTL were projected @athe consensus genetic map (Table 2). Our

results indicated that the best model for chromosomes 1, 2, 3, 4 and 5 included clusters

of QTLs or meteQTL (Table 3. Ten meteQTL were identified a chromosome$-

5. Thesemet) TL wer e given descriptive designat
QTL, 6éad i-andlysis A, the reext Wred letters refer to the trait (e.g. AFL =

aflatoxin accumulation), finallthe numbers indicate the bin position in the maize

genome. For example, mgaAFL1.01 stands for #Q@&th from Metaanalysis A for

aflatoxin accumulation in maize bin 1.01. Basedhmanchored markeos the

RefGen_V1 maize genonihe metaQTL from analgis Arange from 1.4 to 123.7

Mb.

Consensus genetic map B was formed with the studies for aflatoxin
accumulation resistance considering each year independently. The map was 1,791 cM
long and included 989 markers. The goodredsie value ranged from 309 to 1,376
and thec?-test rejected the null hypothesis of similar genetic maps among
experiments. Thirgnine QTL were projected émthe consensus genetic map B
(Table 4). Clusters of QTLs or mefarL were identified in chromosomes 1, 2, 3, 4, 6

and7. Fourteen met@®TL were identified that corresponded to regions from 2.2 to
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156.7 Mb on RefGen_V1 (Table 5). Two m&aL from metaanalysis B overlapped
with metaQTL from metaanalysis A: mgaAFL4.06 with mgbAFL4.07 and

mqgaAFL4.09 with mgbAFL4.09.

Consensus genetic map C was created with fdata all the ear rot studies
considering each year independently. The map was 2,222 cM long with 1,521
molecular markers. The goodneassdfit was also high for all the chromosomes,
ranging from 616 to 1,848. HEc?test rejected the null hypothesis of similar genetic
maps for all the chromosomeEighty-one QTL were projected on consensus genetic
map C. Clusters of QTL or me@TL were identifiedon all chromosomes except for
chromosome 10 (Table 6, Fig 1). The anchored markers on RefGen_V1 ranged from
1 to 96 Mb for the 36 met@TL identified. One met®TL (mgcAFL7.02a) could not
be anchored to RefGen_V1 because none of the markers locatedeneamftience
interval could be located on the published maize gendfoetwometaQTL
(mqcAFL3.06 and mqcAFL3.09)he genetic map positions overlapped thaywere
recognized as distinct clusters by the program. In addition, three more pairs-of meta
QTL had coordinates that overlapped on RefGen_V1 (mgcAFL2.09 with
mgcAFL2.10; mgcAFL4.08a whit mgcAFL4.08b; andhqcAFL5.06 with
mMgcAFL5.07). Every met®TL from metaanalysis B was contained in one or more
metaQTL from analysis C. In one case, the twalgses produced an identically
anchored met®TL (mgbAFL6.06 and mqcAFL6.06). In most cases, the +Qath

from analysis Bvererepresented by more than one m@fEL of a smaller interval in
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analysis C (Table 6). Fifteen out of tB&(41.6%)metaQTL found in metaanalysis

C contained flowering time QTL (Fig 1).

Resistance QTL Mapped Using htrogressionLines. Components of silk
and kernel resistance £ flavus including aflatoxin accumulation in ttselected
TBBC3 lines were variableetweerthetwo years tested. In the silB73 was more
resistant than Tx303 fan-vitro latent period and field colonization in 2009, but
differences were not significant in 2008 (Table 7, Big For kernel studies, as
expected, Tx303 was significantly moreis¢ésnt than B73 foin-vitro sporulation in
2008 and 2009, but significant differences for aflatoxin and colonization were only

observed in 2008.

Significant introgression effects were identified for silk and kernel components
of resistance (Tables 8 aAdFig 3). Because of the multiple introgressions on each
line, some of the significant effeatgerefor groups of correlated markers. For the
single independent markers, QTL for silk resistance were identified in maize bins
5.00, 5.04, 7.01, 9.01 an@.04. For kernel resistance, single markers associated with
resistance were identified in maize bins 1.01, 1.03, 4.01, 4.05, 10.03 and 10.04.
Among the independent QTL, only the introgression in bin 10.04 was identified for
more than one component ofistance (silk latent period and kernel sporulation). No
singleintrogression QTL were found for kernel resistance in 2008. A large group of

correlated markergoveringmost of chromosome 2, was associated with resistance to
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silk latent period in 2008 @2009 and for silk colonization in 2009. In addition, a
group of correlated markers, including those in maize bins 7.04 and M4,
associated with resistance for silk colonization in 2008 and 2009 as well as kernel

sporulation in 2008 and aflatoxatcumulation in 2009 (Tables 8 and 9,.Bp

Our QTL analysis using introgression lines was designed to confirm QTLs in
five maize bins (1.01, 4.06, 4.07, 6.05 and 7.03fsed on thpreliminary meta
analysis results. From them, oniheintrogressiorregion in bin 1.01 was
significantly associated with field aflatoxin accumulatiandthe resistance was
detectednly in one year (2009). The marker associated with this introgression line is
umcl071. This marker is located between position 7,82&880822,522 of
chromosome one on Reén_V1, and is located in our mgaAFLL.@Mhich does not

contain any marker associated with flowering time (E)g

Discussion

Metaanalysis of QTL is based on the assumption that genetic maps obtained
from multiple populations are similar. However, it is known that genetic diversity
among maize inbred lines is hi¢t?). Therefore it is not surprising that we obtained
large goodnesef-fit statistics and that the’-test for every chromosome of the
consensus gerietmaps created in this study rejected the existence of the same genetic
map for all the mapping populations. Similar results have besmfim previous

QTL metaanalyss that reporgoodnessf-fit values ranging from 56 to 2128).
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Another reason for the heterogeneity of the genetic maps is that recombination might
vary across different populationslonetheless, theonsensus genetic mgpesented

here aligned well to the reference maize genome (RefGen Afihther indication

that consensus genetic maps are reliable is that ordytlé 1005markers had to be
removed for metanalyses A and B and 38it of 1554markers for metanalysis C
because of inconsistent positions across studies. In additashof theseemoved

markers were in close proximity to each other.

There was little overlap of QTL found for combined multiptar data and
metaQTL for independent year Only two pairs of met®TL, both onchromosome
four, were found in metanalygs A and B. This result was lower than expedbgd
some authorbased on reportsf resistance QTL for aflatoxin accumulatjdar which
there is the sense that the results from independergameagenerally in agreement
with those of multiple year@81). In this studywe shovedthat these are mainly
exceptionge.g. those foundrochbmosome ¥and that the use of mulyear averages
for QTL mappinghor this highly variable trait can lead to erroneous conclusions on
the position of the QTL. Itis evidefrom this analysishat environmental factors
have a predominant effect in thepegssion of QTL for resistance to Aspergillus ear

rot.

An interesting feature of metmnalysis is the reduction of confidence intervals

on metaQTL compared to the original QTL. Thi&cursbecause in regions where

more than one QTL is reportetie me&QTL is projected only in the area covered by
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two or more QTL. Projected QTL covered 28.9, 46.8 and 81.5% of consensus maps
A, B and G respectivelywhile metaQTL covered only 16.3, 21@nd37.2 %. The
metaQTL areeachrepresented by two or more Q&hd reduced average confidence
intervals by factors of 1.7, 2.19 and 2fd® our three analyse Smaller confidence

intervals make the use of this information for breeding purposes more likely.

MetaQTL are represented by QTL for multiple traits foe same disease and
for multiple diseases. For instance mqcAFL1.03 represents a QTL for resistance to
Gibberella ar rot disease severity, aflatoxin accumulation Rmshrium ar rotscore
At this metaQTL, we also find cdocalization of QTL for toxiraccumulatiorand
disease severity symptoms. Because maize inbred lines vary widely with respect to
flowering time and ear rot diseases develop after flowerihig could be a significant
source of variation that is difficult to contr@speciallyin field experiments.More
than half the mycotoxin me@TL containecknown QTL markers associated with
flowering time. LocusmqcAFL1.03 whichconsolidatd QTL for the tiree diseases
also containedlowering time QTL and thui is possible that the effé on multiple

ear rots is the indirect result of plant maturity

Xiang etal. (39) identified metaQTL for resistance to ear rat maize but did
notanalyzemycotoxin traits. Because they did not anchor their +@8th to the
physical maize genetic mapis difficult to make direct comparisomgth our results.
However they highlighedmetaQTL on chromosomes 3 and 4 becausg tieve

smaller confidence intervals and because ey tiepresented l@agh number of original
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QTL. Onchromosomes 3 and wWe also find several me@TL with confidence
intervals of less than 20 cbhthe consensus map and less than 20 Mb on
RefGen_V1. h addition mqcAFL3.06, mqcAFL4.03 and mqcAFL4.09 do not

include flowering time QTL.

To confirm the existence of me@TL, weselected lines from an unrelated
population with introgressions in bins 1.01, 4.06, 4.07, 6.05 and Tl@&semaize
bins wereselected from preliminary mef@TL analyses. Although the environment
in this study significantly affected these line® present clear evidence that Tx303 is
more resistant than the recurrent parent B73 for kernel traits. However, the
introgression lies produced highly variable results over multiple locationghe two
years of study. These resutsggesthe hypothesis that single QTL are highly
susceptible to environmental effecté/e find support for this hypothesis multiple
areas of this dipter: first in yeaby-year differences in QTL maps for all aflatoxin
studies; second, in the variation among years for ILs; and third bdosstat
contain multiple introgressions seem to be the most stable across years and
components of resistancéts is also possible that the effect of every individual QTL
is not large enough to be detected with the power of our experiments and therefore
multiple introgressions presumably with QTL that have additive afégetthe only
ones that we find signifant. A recent study found that most QTL for resistance to
northern leaf blight, another fungal disease of maize, were too small to be scored on

their own(23).
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Overall, we have used a statistieaklysis to showhatcertain segments of the
mize genome are associated wihistane to all earots We have reduced QTL
confidence interval which could be useful for breeding purpospscially on marker
assisted selection and genomic selectidre attempted tdemonstrat¢he existence
of these QTLusinga nonrelated population and only found significant levels of
resistance in one set of lineskim 1.01 during one year f@flatoxin accumulation
Themarker that hadeen introgresed inthis set of ILs is located is umc1071
contained in mgcAFL1.01The metaQTL does not contain known flowering time
QTLin the 2.5Mb of the maize genome and the marker (umc1071) is a lghnatS
transferasd?2 (GST) Interestingly, a recent publication found a different maize GST

to be associated with resistancetteee foliar pathogenS38).
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Table 1QTL mapping studies for eaptrresistance in maiaesed for metanalysis

Plant Population ~ Population =~ Component of Meta
Diseas@ Reference Germplasm type size resistanc® analysi$§
AER Widstromet al. (2003) GT-MAS:gk(Al) x GT119 F,3 250 Afl

AER Paul et al. (2003) Tex6 x B73 Fas 176 Afl, ER

AER Paul et al. (2003) Tex6 x B73 BC:S, 100 Afl

AER Busboom and White (2004) B73 x Oh516 BC:S; 217 Afl, BGYF, ER

AER Busboom and White (2004) (B73x Oh516) x LH185 Test Cross 217 Afl, BGYF, ER

AER Wilcox et al. (unpub.) Mp313E x Va35 Fo.s 216 Afl A B, C
AER Brooks et al. (2005) Mp313E x B73 Fos 210 Afl A B, C
AER Alwala etal. (2008) Mp313E x Sc212m Fos 142 PKU, PG

AER Warburton et al(2009) Mp717 x NC300 Fos 270 Afl A B, C
AER Warburton et al. (2011) Mp715 x T173 Fas 225 Afl A B, C
AER Mideros et al. (unpub.) B73 x CML322 F.S 185 Afl A B, C
GER Ali et al. (2005) C0387 x CG62 F.S 144 KDS, SDS C

FER PerezBrito et al. (2001) 3x18 Foa 238 ER C

FER PerezBrito et al. (2002) 5x18 Foa 206 ER C

FER Ding et al. (2008) 87-1 x Zone3 Fso 185 ER C

FER RobertsorHoyt et al. (2006) GE440 x FR1064 BCiF1.» 213 ER, Fum C

FER RobertsorHoyt et al. (2006) NC300 x B104 F.Ss 143 ER,Fum C

#The ear rots of maize included in auetaanalysis were: Aspergillus eatr{AER) caused bfspergillus flavusGibberella ear

rot (GER) caused blyusarium graminearugrand Fusarium eaot (FER) caused bly. verticillioides.

P The various resistance components or traits majspeach studyn each study were aflatoxin accumulation (Afl), percentage
kernels uninfected (PKU), pollen germination (PG), severity of ear rot (ER), percent bright greenish yellow florescenge (BGYF
kernel disease severity (KDS), silk disease severity (SDS), and fumonisin accumulation (Fum).

“ We conducted three mesmalyses with different sets of data. Matalysis A was done with the overall results for each study
for resistane toA. flavus Metaanalysis B was conducted with the reported QTLs of dadlavusstudy. Finally, metanalysis

C was conducted with studies of B plus the other ear rot studies.

152



Table 2Projected QTL on consensus genetic map A created fa. thavusstudies

using their overall results only.

Chromosome QTL name Position  CI from Clto FR?
1 Warburton_2010_6ALL 21.0 13.9 33.0 0.02
1 Willcox_unpb_1ALL 32.6 17.8 46.9 0.07
1 Mideros_unpb_qgaf1.03 62.8 0.33
2 Mideros_unpb_qgaf2.03 23.0 0.29
2 Willcox_unpb_2ALL 94.1 83.0 99.8 0.04
2 Mideros_unpb_gaf2.06 103.0 0.27
3 Warburton_2010_9ALL 27.7 16.7 41.4 0.02
3 Brooks_2005_afl4ALL 103.6 92.1 118.0 0.04
3 Warburton_2010_1ALL 1135 88.9 1225 0.04
3 Willcox_unpb_3ALL 136.1 1131 142.1 0.02
3 Willcox_unpb_4ALL 153.6 143.6 164.5 0.03
4 Willcox_unpb_5ALL 98.8 86.6 113.0 0.05
4 Mideros_unpb_qgaf4.07 107.9 0.26
4 Brooks_2005_afl®ALL 121.2 113.7 129.9 0.13
4 Brooks_2005_aflSLALL 166.3 156.8 177.0 0.21
4 Willcox_unpb_6ALL 190.0 184.3 198.3 0.15
5 Warburton_2010_12ALL 107.2 77.0 122.6 0.02
5 Warburton_2010_8ALL 148.6 1454 1546 0.12
7 Warburton_2009_1ALL 43.7 42.7 50.2 0.02
7 Mideros_unpb_qaf7.04 114.0 0.25
10 Warburton_2010_5ALL 73.9 65.6 99.8 0.06
10 Mideros_unpb_qgaf10.07 106.3 0.30
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Table 3MetaQTL analysis A pased or\. flavusresistanceysing the overall resultsf the contributing studigs Positions
indicated are¢he closesmolecular markerand coordinates of the closest confidence interval markerr@sensus genetic

map Aof the maize genome.

Consensus Genetic Map A RefGen_V1 for Cl markers

Chromosome QTL name Position Cl from Cl to bin Start End Mb

1 mgaAFL1.01 32.0 17.7 46.4
rab30 miol bnlg1953 1.01 6,221,168 12,209,110 6

1 mgaAFL1.03 62.7 60.2 65.2
AY110052 pzb01662  pco063726 1.03 34,478,875 41,390,349 6.9

2 mqgaAFL2.00 23.0 18.1 28.0
cl37982_1 npi239 cl4178 1 2.00 1,423,984 2,795,395 1.4

2 mqaAFL2.06 102.7 99.6 105.8
pco084268 pza01902 umc1080 2.06 89,520,517 171,586,692 82.1

3 mqaAFL3.02 27.7 -17.6 73.1
bnigl1144 umc2105 73.63 3.02 1,460,847 125,192,807 123.7

3 mgaAFL3.06 120.9 75.8 166.0
pzb27 phm15449 bnl15.20 3.06 125,077,410 188,817,479 63.7

4 mgaAFL4.06 110.9 106.4 1154
bnlg2291 pza01926 pza00271 4.06 158,125,912 171,613,479 135

4 mgaAFL4.09 166.3 156.2 176.4
cl14668_1 gpm553 hcpl101b 4.09 226,125,606 243,938,016 17.8

4 mqaAFL4.11 190.0 181.3 198.7
pza00282 hcpl101b php20608 411 243,932,999 247,095,508 3.2

5 mqaAFL5.08 148.0 141.9 154.1
pza01140 phi058 umcl153 5.08 207,119,780 215,801,019 8.7
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Table 4Projected QTL on consensus genetic map B created fév. tieevusstudies

using the results of each year separately.

Chromosome QTL name Positon ClPfrom ClPPto R?
1 Mideros_unpb08_gaf1.03 4.7 0.33
1 Warburton_2010_6 23.6 0.04
1 Brooks_2005_afl1M02 72.9 68.4 823 0.04
1 Warburton_2009_4MS05 125.2 121.5 133.9 0.01
1 Wilcox_unpb_10M98 132.1 125.8 143.6 0.22
1 Brooks_2005_afl2M01 185.0 173.5 1914 0.07
1 Wilcox_unpb_7M97 212.5 193.1 239.1 0.07
2 Warburton_2009_6Tf05 75.3 64.9 102.7 0.11
2 Mideros_unpb08_qaf2.03 83.9 0.29
3 Warburton_2010_7 28.8 134 429 0.07
3 Warburton_2010_9 43.4 0.05
3 Warburton_2009_5Tf04 60.9 46.5 61.9 0.04
3 Brooks_2005_afl4M01 88.2 67.3 100.0 0.05
4 Brooks_2005_afls8M02 59.0 56.3 69.8 0.11
4 Wilcox_unpb_5M97 99.9 91.6 119.5 0.07
4 Brooks_2005_afl®2?M01 120.3 1147 1279 0.10
4 Brooks_2005_afl®2M02 122.4 1143 133.8 0.11
4 Brooks_2005_afl®2M00 126.6 116.3 136.6 0.11
4 Brooks_2005_afl®2S00 126.6 1145 1459 0.06
4 Mideros_unpb08_qaf4.08 133.6 0.26
4 Wilcox_unpb_9M98 166.6 152.6 179.3 0.09
4 Brooks_2005_aflsLM0O0 174.6 163.8 184.3 0.21
4 Wilcox_unpb_6M99 181.3 162.3 187.7 0.11
4 Wilcox_unpb_6M97 187.7 1729 199.8 0.09
4 Wilcox_unpb_6M98 187.7 185.9 199.1 0.08
5 Wilcox_unpb_8M97 32.9 249 451 0.10
5 Warburton_2010_10 79.7 63.7 101.7 0.16
5 Warburton_2010_3 151.8 1458 1574 0.11
5 Warburton_2010_8 156.2 146.3 158.2 0.09
6 Wilcox_unpb_9M97 31.0 232 382 0.06
6 Brooks_2005_afl7M00 97.6 78.7 108.1 0.08
6 Mideros_unpb08_qaf6.06 107.7 0.34
7 Warburton_2009_1MS04 44.1 43.1 514 o0.01
7 Warburton_2009_1MS05 441 431 51.4 0.01
7 Warburton_2009_3MS05 92.5 0.02
7 Mideros_unpb08_qaf7.04 114.0 0.35
8 Wilcox_unpb_11M99 76.1 58.1 86.8 0.08
10 Warburton_2010_11 15.9 13.9 258 0.05
10 Mideros_unpb08_qaf10.07 108.5 0.36

2CI = confidencemterval
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Table 5 Results from rataQTL analysis B (onhA. flavusstudies using results by year). Positions indicated are closest

molecular markesand coordinates of the closest confidence intg@Blmarker on consensus genetic mapfihe maize

genome.
Consensus énetic Map B RefGen_V1 for Cl markers

Chromosome QTL name Position Cl from Clto Bin Start End Mb

1 mgbAFL1.01 5.2 0.1 10.3
dmt103b phi056 umcl292 1.01 2,022,607 5,384,214 3.4

1 mgbAFL1.04 74.0 44.8 103.2
asg45(ptk) vp5 bnlg1884 1.04 17,596,049 91,728,396 74.1

1 mgbAFL1.06 132.0 123.1 140.8
umc1035 pza00068 bnl7.08a 1.06 183,831,232 207,123,567 23.3

1 mqgbAFL1.09 196.2 167.4 225.0
pza00339 AY110159 pzb01403  1.09 227,896,232 285,274,085 57.4

2 mgbAFL2.04 83.5 81.2 85.8
AY104214 pza03142 pzb00183  2.04 22,896,855 43,923,497 21.0

3 mgbAFL3.02 32.9 20.1 45.6
pza03212 bnlg1325 phm4204 3.02 5,415,447 17,335,986 11.9

3 mgbAFL3.04 65.0 39.6 90.3
phm13823 bnlg1647 pza01396  3.04 8,153,417 164,833,650 156.7

4 mgbAFL4.03 59.0 47.0 71.0
pza02138 gpm480 pza03048  4.03 9,733,559 26,162,524 16.4

4 mgbAFL4.07 125.6 121.0 130.3
pza03275 umc66 pcol23260 4.07 170,127,442 177,666,768 7.5

4 mqgbAFL4.09 178.6 174.4 182.9
pcol06324 PC0O088312 hcpl101b 4.09 241,722,897 243,938,016 2.2

6 mgbAFL6.01 31.0 10.8 51.2
bnlg249 bnlg238 umc65 6.01 2,440,673 104,604,534 102.2

6 mgbAFL6.06 107.1 104.4 109.8
AY105728 umc2389 umc2170 6.06 156,739,894 159,816,325 3.1

7 mgbAFL7.03 72.2 41.0 103.4
gst23 umcl978 pcol36752 7.03 20,955,574 153,023,970 132.1

7 mgbAFL7.04 113.8 109.6 118.0
AY108844 pcol36752 cl16175 1 7.04 153,023,970 161,994,205 9.0
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Table 6. Results from met®TL analysis C (eart studies using results by yeaBositions indicated atée closest

molecular markesand coordinates of the closest confidence intg@Blmarker on consensus genetic mapf@e maize

genome.
Consensus Genetic Map C RefGen_V1 for Cl markers

Chromosome QTL name Position Cl from Clto BIN Start End Mb

1 mqcAFL1.01 2.5 -1.6 6.5
dmt103b phi056(tubl) cl15090 1 1.01 2,022,607 4,491,045 2.5

1 mqcAFL1.03 77.6 73.1 82.0
AY106736 bnlg1484 AY110393 1.03 34,967,368 51,407,926 16.4

1 mgcAFL1.05 1151 105.5 124.6
pza03200 asg30 umcl67a 1.05 61,103,759 157,176,044 96.1

1 mQgcAFL1.06 142.8 136.1 149.5
umc1035 bnlg1057 bnlg400 1.06 189,472,433 212,637,488 23.2

1 mgcAFL1.09 197.4 187.5 207.2
phm16605 umc1955 kipl 1.09 235,256,135 255,578,330 20.3

1 mgcAFL1.11 234.0 220.1 248.0
pza03188 AY110019 umcl129 1.11 270,001,597 287,309,081 17.3

2 mqgcAFL2.02 7.9 -17.8 33.6
bnlg1017 phi96100 pzb01233 2.02 2,818,792 5,044,801 2.2

2 mqcAFL2.03 89.6 85.2 94.0
pza01755 pza03142 bnlg1175 2.03 22,896,855 42,960,640 20.1

2 mgcAFL2.08 162.2 157.9 166.5
bnlg1662 pza00804 cl1288_l1la 2.08 212,078,520 218,269,636 6.2

2 mgcAFL2.09 208.5 198.8 218.2
bnlg1520 AY110389 bnlg469 2.09 231,190,201 233,060,254 1.9

2 mqgcAFL2.10 231.2 218.6 243.7
umc2214 bnlg1520 umc2214 2.10 220,594,039 233,060,494 125

3 mqcAFL3.04 57.0 51.8 62.2
nc030 bnlg1447 pco081323 3.04 10,274,096 30,701,731 20.4

3 mqcAFL3.05 92.5 85.8 99.2
pza00828 zag2 pza03073  3.05 133,480,452 168,444,020 35.0

3 mqcAFL3.06 116.5 110.4 122.5
cl35759 la bnlg1063 csu3Ba(taf) 3.06 172,927,166 178,021,981 5.1
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mgcAFL3.09
mgcAFL4.03

magcAFL4.06

magcAFL4.08a

mQgcAFL4.08b

mgcAFL4.09
mgcAFL5.01
mgcAFL5.03
mgcAFL5.04
mMgcAFL5.06
mMgcAFL5.07
mgcAFL5.08
mgcAFL6.02
mgcAFL6.06

mgcAFL6.07

mqgcAFL7.02a

mqcAFL7.02b

mqcAFL7.03
mqcAFL7.04

mgcAFL7.05

172.8
umc63a
63.9
pza02138
104.0
gpm458
137.2
umcl667
161.2
cl42326_1
187.4
pcol06324
85.2
cl35669_1
115.7
pza01523
149.5
AY105205
167.6
mmc0481
197.9
phi058
223.8
umcl225
43.3
csul83
111.0
umcl38a
160.5
umc2059
61.5
BC399 1400
177.2
umc5b
196.8
pza02449
230.8
AY108844
242.1

118.7
bnlg1350
56.3
umc3la
88.2
hdal108
130.4
pcol43166
150.7
umcl27
182.0
cl14668 1
74.0
gpm707
105.1
bnlg105
144.0
bnl7.71
160.1
serk2
191.4
phi048
216.6
pza01140
36.3
sil
106.5
umc2389
149.6
umcl653
394

BC618_1000

172.6
AY109968
188.5
cl7143 _1b
225.3
umc2332
240.0

227.0
umcl136
71.4
nc004
119.7
bnlg2291
144.0
bnl7.65
171.6
csul78a
192.7
umcl101
96.4
bnlg565
126.3
cpnl
155.1
umcl221
175.0
pcol43014
204.4
umcl072
230.9
bnlg386
50.3
AY104775
115.4
umc2170
171.4
umcll27
83.7
BC126_580
181.8
umcll6a
205.0
umcl251
236.2
pcol120172
244 .2
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228,963,490
13,359,836
168,691,443
182,985,362
201,487,149
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8,606,121
30,239,239
168,079,328
207,274,544
209,947,929
215,800,501
102,566,352
159,816,325

168,811,242

121,073,757
151,621,874

162,173,496
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2.0
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1.0
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3.1

2.6

19.8
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pza01028 umc245 cl48276_1  7.05 162,579,718 165,518,425 2.9

8 mgcAFL8.05 81.4 73.0 89.8
cycl umc1460 umc2c 8.05 109,479,980 132,155,868 22.7
9 MQgcAFL9.07 136.5 68.5 204.6
phm4303 umcl688 umc1982 9.07 92,800,721 150,899,845 58.1

Table 7. Means of the components of silk andre resistance tAspergillus @r rot studied in selected introgression lines
(ILs).

Silk Kernel

In-vitro LP? Field Cof In-vitro DvK SP* Field aflatoxin Field Cobnizatior?
2008 2009 2008 2009 2008 2009 2008 2009 2008 2009

Parental lines
Tx303 2.00 2.41 0.58 0.78 26.95 12.17 1333 1161 0.04 0.11
B73 2.22 1.45 0.31 0.18 67.21 59.32 11803 2221 0.65 0.10
Tx303B73 0.22 -0.96 -0.27 -0.60 40.25 47.15 10470 1059 0.61 -0.01
P-valué 0.583 0.042 0.684 0.012 <0.001 <0.001 0.002 0.368 <0.001 0.745
ILs tested 9 27 7 23 9 27 7 19 7 12

@Components of resistance studied were latent period (LP), silk colonization (Col), developing kernel spbwiktion
SP), aflatoxin accumulation and kerre®lonization(IC).
® paired comparisorbetween Tx303 and BABs i ng s-testdent 6 s t
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